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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurodegenerative
disorder, caused by the degeneration of upper and lower motor neurons for which there
is no truly effective cure. The lack of successful treatments can be well explained by the
complex and heterogeneous nature of ALS, with patients displaying widely distinct
clinical features and progression patterns, and distinct molecular mechanisms
underlying the phenotypic heterogeneity. Thus, stratifying ALS patients into consistent
and clinically-relevant subgroups can be of great value for the development of new
precision diagnostics and targeted therapeutics for ALS patients.

In the last years, the use and integration of high-throughput ‘omics’ approaches
(i.e., genomics, transcriptomics) have dramatically changed our thinking about ALS,
offering exciting opportunities to decipher the molecular landscape of ALS and
underlying heterogeneity of the disease, which will undoubtedly open new doors to
therapeutics.

The present PhD thesis aims to apply integrated and comprehensive analyses of
multi-omics layers from ALS patients, in order to better characterize the biological
heterogeneity underlying ALS and the complex molecular networks that may drive its
pathogenesis, providing a rational foundation for exploring new candidate therapeutic
targets and biomarkers for the establishment of a more efficacious and personalized

genome-guided medicine for ALS.
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Chapter 1

AMYOTROPHIC LATERAL SCLEROSIS
Amyotrophic lateral sclerosis (ALS) 1s a devastating untreatable neurodegenerative
disease characterized by the progressive muscular paralysis reflecting degeneration of
motor neurons in the brain and spinal cord, leading to paralysis and death, usually from
respiratory failure, after 3-5 years . ALS is the commonest of the motor unit diseases
in Europe and North America and its incidence is reported to be around 5 cases for
100,000 population per year worldwide 234, Approximately 10% of patients newly
diagnosed with ALS report a positive family history and are classified as FALS, often
with an autosomal dominant pattern of inheritance, and for which several causal genes
have been identified, including SODI1, ALS2, SETX, SPG11, FUS, VAPB, ANG,
TARDBP, FIG4, OPTN, ATXN2, UBQLN2, PGRN, PFN1, DCTNI1 and C9ORF725. The
remaining 90%-95% of ALS cases are considered as sporadic (SALS) and appears to be
associated to a complex polygenic and multifactorial etiology, involving multiple
biological processes, such as oxidative stress, protein aggregation, mitochondrial
dysfunction, excitotoxicity and impaired axonal transport 6. (Figure 1). However, this
distinction is increasingly recognized to be artificial;, FALS and SALS are, in fact,
phenotypically indistinguishable and seem to show similar patterns of selective MN
degeneration and vulnerability, and many mutations in one or more known FALS-
associated genes have been found in SALS patients, suggesting the existence of common

molecular mechanisms between these two disease forms 3.67,
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Figure 1. Schematic representation of the complex mosaic of ALS pathogenesis. From (Morello G. et al., 2017)

Currently, no cure for ALS exists and only a small number of treatments (e.g.,
riluzole, edaravone, non-invasive ventilation) appear to mildly slow disease progression
and only in some patients 8-19. One of the reasons for this failure is the use of the lack
of adequate knowledge about molecular and cellular players involved in the
neurodegenerative progression of ALS and the inappropriate recruitment of patients in
clinical studies, without taking into account the medical and molecular heterogeneity of
ALS. At present, in fact, the diagnosis is mainly based on clinical, electrophysiological
or neuropathologic examination such as evidence for progressive involvement of both
upper and lower motor neuron (UMN and LMN) and exclusion of diseases mimicking
ALS (i.e., cervical spondylotic myelopathy, multifocal motor neuropathy, Kennedy's
disease) as set out in the Revised El Escorial Criteria (REEC), Airlie House criteria
(AHC) and Awaji criteria 111, However, it is known that the disease starts with hidden
symptoms initiating long before the appearance of any pathological sign and this delay

between disease onset and symptoms means missed opportunities for early therapeutic
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intervention for ALS patients. Moreover, current diagnostic classification criteria are
inadequate to characterize the complex and heterogeneous nature of ALS, as well as the
use of a single compound to treat the patient population as a whole may hinder the
identification of an effective therapy. Therefore, thus achieving better care for ALS

patients.

‘OMIC PROFILING FOR MOLECULAR CLASSIFICATION AND
BIOMARKER/ TARGET DISCOVERY IN ALS
Advances in “omics” technologies (genomics for DNA, transcriptomics for RNA,
epigenomics for histone or DNA modifications, etc.) and their correlation with the
clinical phenotypes of the individual patient, are enabling medicine to move from a “one-
size-fits-all” approach toward a “personalized” model, helping to clarify the molecular
mechanisms underlying pathophysiological aspects of complex human diseases and for
uncovering suitable biomarkers and pharmacological targets for a more detailed patient
stratification and personalized medicine 10.12-14 (Figure 2). To this regard, oncology
represents the first and the most well-characterized example of the application of this
molecular-based taxonomy paradigm to daily practice, with a multitude of successful
individualized or customized therapeutic strategies and immunotherapies available for
a wide range of cancers. Based on these promising results, in the last years, this new
molecular reclassification has been extended to other polygenic and multifactorial
human disorders, including cardiovascular, rheumatic and neuromuscular diseases.
Genome-wide association studies, whole-genome/exome sequencing combined with
functional genomics, transcriptomics, proteomics, metabolomics, and other omics have
already enabled researchers to obtain comprehensive snapshots of biological systems at

real time, and with single molecule resolution, thus identifying multiple genomic
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alterations related to ALS phenotypes, and providing biological insights to decipher the

molecular underpinnings of the disease 1516,

Transcriptomics Proteomics

Epigenomics N Pharmacogenomics

Metabolomics

Systems Biology
Vs

Improve understanding Personalized medicine
of disease mechanisms Prioritize diagnostic markers
and therapeutic targets

Figure 2. The systems biology approach: from integration of large-scale
“omics” data to personalized medicine practice. From (Morello G. et al., 2017).

However, to date, lack of progress remains in the understanding of detailed molecular
mechanisms underlying ALS and other neurodegenerative disorders, as well as in the
patient-specific molecular diagnosis and the consequent translation of this into tailored
clinical trials and specific treatments, mostly because of their heterogeneous and
multifactorial etiology and the poor availability and complex architecture of nervous

tissue.
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During the last ten years, our research group has taken important steps towards
the development of a new approach to the classification of neurodegenerative diseases,
highlighting for the first time the existence of a biological and molecular heterogeneity
of ALS 12-14, In particular, taking advantages of an extensive database of whole genome
expression profiles in the motor cortex of sporadic ALS patients, we performed a
comprehensive transcriptional analysis of motor cortex samples from control and
sporadic ALS (SALS) patients, grouping these on the basis of their similarities
measured over the most "hypervariable genes" (9.646 genes with a standard deviation
> 1.5). Unsupervised hierarchical clustering analysis allowed to discriminate controls
from SALS patients and clearly distinguished two greatly divergent SALS subtypes,
each associated with differentially expressed genes and pathways (Figure 3). In
particular, we identified antigen presentation/processing and extracellular matrix
organization as the most representative subgroup-specific pathways in SALS1, while
deregulated genes in SALS2 were associated with axonal guidance, oxidative stress and
inflammatory intracellular signaling cascades. On one hand, our pathway-based
analysis has confirmed the importance of molecular mechanisms that are known to be
implicated in ALS pathogenesis. On the other hand, and most importantly, it has been
suggested for the first time the differential involvement of these processes in specific

subsets of ALS patients.
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Figure 3. Panel a. Unsupervised hierarchical clustering of control and SALS patients and correlation between patient
stratification and technical variation (array hybridization) or patient demographic (gender, age at onset, age at death,
survival time from date of onset, post-mortem intervals (PMI)). Unsupervised hierarchical clustering (similarity
measure: Pearson centered; linkage rule: average) was used to cluster control and SALS patients on the basis of their
similarities measured over the most informative genes expressed in motor cortex (9646 genes with a standard deviation >
1.5). Similarly, the same genes were clustered on the basis of their similarities measured over the motor cortex of control
and SALS patients. In this two-dimensional presentation, each row represents a single gene and each column a motor
cortex from control or SALS patients. In the “microarray slide” bar, samples hybridized on the same array are shown
with the same color. As shown in the color bar, red indicates up-regulation, green down-regulation, black no change.
White squares indicate n/a values. In the dendrograms shown (left and top), the length and the subdivision of the
branches display the relatedness of the expression of the genes (left) and the motor cortex (top). Although SALS patients
could be clearly distinguished on the basis of their motor cortex gene expression patterns, no significant association was
found between their clinical characteristics and cluster assignment. Panel b. Pathways differentially deregulated in
cluster SALS patients. Red boxes represent cellular processes mainly up-regulated, green bars down-regulated,
red/green bars indicate signal pathways both up- and down-regulated, grey bars indicate no significant change when
compared to controls. From (Aronica E. et al., 2015).
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Interestingly, the same accurate transcriptome-based classification was confirmed by
utilizing just a restricted subset of genes extensively implicated in monogenic forms of
ALS, suggesting that sporadic and monogenic forms of ALS share common
etiopathogenic mechanisms and confirming the existence of a molecular heterogeneity
in ALS. Moreover, a similar stratification of ALS patients into different molecular
subtypes has been confirmed in other recent studies »16.17, In particular, Tam and co-
authors were able to stratify the transcriptomes of two independent cohorts of ALS
postmortem cortex samples into three distinct molecular subtypes, two of which
overlapped with the molecular signatures observed in our ALS patient samples 6. The
existence of a molecular sub-classification of SALS patients is not completely surprising
if we consider that clinical studies on edaravone, a free radical scavenger recently
approved by FDA for ALS treatment showed effectivess only in specific sub-cohorts of
patients, supporting the need for clinical trials to take individual variability and
genotypic features into account. To this regard, beyond refining ALS molecular
architecture, our analyses also revealed a number of potential biomarkers and
therapeutic targets that were differentially deregulated in specific subsets of ALS
patients 1821, Of note, some of these selected target genes exhibit conserved expression
patterns in mouse and human ALS, thus providing a rationale to ensure their
preclinical trial success. Besides identifying new potential pharmacological targets, our
analysis also provided a rational approach for “drug repositioning” for ALS. Under this
perspective, many known drugs that were abandoned at clinical stages because of their
low efficacy and/or toxicity might be re-evaluated in light of the emerging molecular
taxonomy of ALS patients.

Overall, our findings may hold profound implications both for identification of
etiopathogenic mechanisms that were not put in evidence by considering ALS pathology

18
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as a single entity, but also for the individualization of diagnostic and therapeutic
approaches, bringing us a step closer to the establishment of a more efficacious and
personalized genome-guided medicine for ALS. However, single-omics analyses cannot
provide a systemic understanding of the precise picture of the composite molecular
machinery involved in motor neuron degeneration, making difficult to discriminate
genes critical to disease pathogenesis (driver genes) from non-relevant genes (passenger
genes). In this context, an integrated and comprehensive view of multiple genomic data
types (such as genome and transcriptome) provides powerful opportunities for defining
disease subgroups and their molecular drivers, allowing for an overall understanding of
the complex molecular networks that drive ALS pathogenesis at yet another level of
systemic complexity. In turn, a detailed understanding of how the interaction of
multiple pathways drives disease progression may offer a rational foundation for new
potential therapeutic targets and biomarkers that will assist in the rapid diagnosis and
prognosis of the disease, and for the stratification of patients into different subgroups

with the aim of personalized therapeutic strategies.

AIMS OF THE PhD WORK

The aim of the present PhD thesis is to evaluate how the application of an integrative
multi-omics approach in ALS may offer the possibility not only to understand how the
interaction of multiple altered pathways may determine motor neuron degeneration in
ALS (thus providing a powerful means for better defining molecular signatures of the
disease), but mostly to identify key molecular drivers that may represent potential
biomarkers and therapeutic targets for the development of a patient-oriented diagnosis
and therapy. The specific aims discussed in next pages can be summarized as follows:

e To analyze genomic structural aberrations (in particular copy number variants-

CNVs) occurring in the motor cortex of same set of SALS samples clinically and
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transcriptomically characterized in our previous works, to determine whether
transcriptional alterations in SALS may be related to genomic DNA alterations,
offering the potential for a molecular-based stratification of SALS patients at yet
another level of systemic complexity. The integrative analysis of copy number
profiles with their associated transcriptomic data revealed distinct genomic
signatures and candidate driver genes positively associated with the two
previously characterized transcriptome-based sALS subgroups, suggesting a
strong interaction between genomic and transcriptomic events in ALS.

To evaluate the most significant contributions of omics approaches and their
integration in unraveling the biological complexity of ALS, highlight how holistic
systems biology approaches and multi-omics data integration are ideal to provide
a comprehensive characterization of patient-specific molecular signatures that
could potentially guide therapeutic decisions.

To provide a comprehensive multi-omics characterization of some of the most
promising molecular targets and signaling mechanisms that have emerged as
dysregulated in our works, focusing on those that have already shown results
both in in vitro and in vivo models of ALS.

To employ a systems biology approach for investigating the complex genetic
factors and pathogenic mechanisms that may contribute to motor neuron
dysfunctions in a large SCA1l family characterized by the co-existence of a
clinically-definite ALS individual bearing an intermediate ATXN1 expansion and
SCA1 patients with a full expansion, some of which manifesting signs of lower
motor neuron involvement. Our analysis identified both common and distinctive
genomic signatures that may explain the phenotypic heterogeneity observed in
this family.
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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is an incurable and fatal neurodegenerative
disease. Increasing the chances of success for future clinical strategies requires more
in-depth knowledge of the molecular basis underlying disease heterogeneity. We
recently laid the foundation for a molecular taxonomy of ALS by whole-genome
expression profiling of motor cortex from sporadic ALS (SALS) patients.

Here, we analyzed copy number variants (CNVs) occurring in the same patients,
by using a customized exon-centered comparative genomic hybridization array (aCGH)
covering a large panel of ALS-related genes. A large number of novel and known
disease-associated CNVs were detected in SALS samples, including several subgroup-
specific loci, suggestive of a great divergence of two subgroups at the molecular level.
Integrative analysis of copy number profiles with their associated transcriptomic data
revealed subtype-specific genomic perturbations and candidate driver genes positively
correlated with transcriptional signatures, suggesting a strong interaction between
genomic and transcriptomic events in ALS pathogenesis. The functional analysis
confirmed our previous pathway-based characterization of SALS subtypes and
identified 24 potential candidates for genomic-based patient stratification.

To our knowledge, this is the first comprehensive “omics” analysis of molecular events
characterizing SALS pathology, providing a road map to facilitate genome-guided

personalized diagnosis and treatments for this devastating disease.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder, characterized by
progressive loss and degeneration of motor neurons in both the motor cortex, brainstem
and spinal cord, and is usually fatal due to respiratory failure within 3-5 years of onset!.
The disease has an incidence of 2.6 per 100,000 individuals-years and prevalence rates
of around 6-7/100,000 in Europe, making it the most common adult-onset motor neuron
disease?. About 5-10 % of ALS cases show a family history (FALS), while the remainder
of cases are classified as sporadic (SALS), and are probably associated to a polygenic
and multifactorial etiology3-5.

The remarkable advances in genome technologies over the last years have led to
a huge progress in deciphering the genes and pathways involved in ALS pathogenesis.
From the discovery of the first ALS-associated gene SODI, several candidate-gene or
genome-wide association studies (GWAS) have identified multiple single-nucleotide
polymorphisms (SNPs) affecting potentially ALS-associated genes, including C9orf72,
TDP43, FUS, MATR3, UBQLNZ2, VCP and OPTN¢%9. In this context, a recent large-scale
genome-wide association study identified a common missense variant and several rare
loss-of-function (LOF) mutations within the microtubule motor protein-encoding gene,
KIF5A, as candidate ALS risk factors, further supporting perturbations in cytoskeletal
function play an important role in ALS and offering a potential target for drug
development10.11,

In addition to the contribution of SNPs, which account for only a limited number
of familial and sporadic ALS cases, evidence suggests that other genomic variants, such
as copy-number variations (CNVs), that changes gene dose rather than gene function,
may exert a more pronounced effect on the onset and rate of disease progression?1213,
In particular, the involvement of CNVs in ALS susceptibility has been clearly
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highlighted in two ALS genome-wide association studies, where multiple rare CNVs
were shown to represent a more important risk factor for SALS than common CNVs1415,

The complexity of its molecular architecture has completely transformed the way
we think about ALS, leading us to reconsider the traditional classification and
therapeutic systems. In fact, despite intensive research efforts, the precise causes of
ALS remain unknown and there is no cure for this devastating disease. The absence of
effective treatments can be due in part by the complex and heterogeneous clinical,
biochemical and molecular features of ALS, which is also supported by clinical studies
on Edaravone (MCI-186), a free radical scavenger recently approved by FDA for ALS
treatment showing effectiveness only in specific sub-cohorts of patientsé. Developing a
robust molecular disease portrait that can explain the heterogeneity of ALS is thus
fundamental to improve our understanding of the precise molecular mechanisms
underlying disease pathogenesis and develop effective treatments for patients.

Our research group has recently characterized the transcriptional profiles of
motor cortex samples from control and SALS patients, grouping these on the basis of
their similarities measured over the most "hypervariable genes" (9.646 genes with a
standard deviation > 1.5). Unsupervised hierarchical clustering analysis allowed to
discriminate controls from SALS patients and clearly distinguished two greatly
divergent SALS subtypes, each associated with differentially expressed genes (DEGs)
and biological pathways®!7.18, In particular, the most representative functional
processes deregulated in SALS1 were annotated as involved in the regulation of
chemotaxis, immunity, and cell adhesion and communication. Deregulated genes in
SALS2, in turn, were selectively associated with cytoskeleton organization, regulation
of transport and mitochondrial oxidative phosphorylation®17. While these findings are
consistent with previous evidence about the crucial role of these pathogenetic
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mechanisms in ALS1719-24 they suggest for the first time the differential involvement of
these mechanisms in specific subsets of ALS patients, offering a useful starting point
for the further development of personalized diagnostics and targeted therapies.

While our work lays the foundation for a molecular taxonomy of ALS, very little
information is so far available from the single-omic analysis, which makes difficult to
discriminate genes critical to ALS pathogenesis (driver genes) from non-relevant genes
(passenger genes). An integrated and comprehensive view of multiple genomic data
types (such as genome and transcriptome) may provide a powerful potential for defining
disease subgroups and their molecular drivers, allowing for an overall understanding of
the complex molecular networks that drive ALS pathogenesis at yet another level of
systemic complexity.

In this study, we applied the customized exon-centric comparative genomic
hybridization array (aCGH) NeuroArray platform, designed to target genes associated
with ALS as well as genes associated with other neurological disorders 25, to analyze
copy number variants (CNVs) in 40 motor cortex samples of control (10) and SALS (30)
patients, clinically and transcriptomically characterized in our previous work!7.25, Next,
we provided the first comprehensive integrative analysis of genomic aberrations with
expression data derived from the same patients to identify specific chromosomal regions
and genes with concordant alterations in DNA and RNA profiles that may represent
promising key molecular candidates for SALS. Finally, functional pathway and network
analyses were carried out to gain further insights into the molecular complexity of ALS
and reveal novel and yet unrecognized biomarkers and therapeutic targets, potentially

useful for the development of personalized medicine in ALS.
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RESULTS

Transcriptomically distinct SALS patient subgroups show specific copy

number alterations

The customized exon-centric NeuroArray aCGH platform was used to identify DNA copy
number alterations in 30 SALS patients and 10 controls. A total of 1472 CNVs were
detected in SALS, including 780 losses and 692 gains (Figure 1a). The chromosomal
distribution of all CNVs across the 30 SALS genomes tested is plotted in Figure 1b. To
reduce individual heterogeneities and identify ALS-related significant CNVs, we
focused on those that occurred in at least 10% SALS samples. Accordingly, a total of 488
significant CNVs ranging in size from 7 bp to 5.9 Mb were identified in SALS patients,
including 271 losses and 217 gains (Figure 1c, Supplementary Table 1). Recurrent
CNVs were dispersed in the chromosome 1 to 22, with the most frequent amplifications
(76.7%) found in chromosome 14, followed by amplifications in chromosome 17 (70%)
(Supplementary Table 1). The most common linkage rate in SALS mapped to
chromosome 20 with a frequency of 80%, followed by chromosome 1 with a frequency of
76.6% (Supplementary Table 1).

To identify subgroup-specific genomic signatures, we analyzed CNV events
taking into account the previously characterized transcriptome-based stratification of
SALS patients in the two subgroups, SALS1 and SALS2. Overall, 813 aberrant regions
were associated with SALS1 and 659 with SALS2 patients (Figure 1a). Among these,
335 CNVs (218 losses and 117 gains) were detected as frequently altered in SALS1
patients, while 308 (135 losses and 173 gains) were frequently associated with the

SALS2 subgroup (Figure 1c, Table 1, and Supplementary Tables 2-3).
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Interestingly, a large number of these recurrent amplifications and deletions were

detected exclusively in SALS patients (absent in the control samples) (Table 2).
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Figure 1. Significant copy number regions in SALS patient subgroups. (a) Graphical overview of CNV regions
detected in SALS patients by NeuroArray platform. The bars represents the number of regions that may be involved
in CNV detected in SALS patients (ADM-2 aberration filter: threshold=6; Log2 ratio>0.5 and 3 consecutive interval
probes), both with and without the assignment into the hierarchically determined two sets (SALS1 and SALS2). The
blue bar represents the number of deleted regions and the red bar represents the number of amplified regions. (b)
Chromosome distribution of CNVs detected with high-resolution custom exon-centered NeuroArray aCGH from SALS
patients. The horizontal axis represents different chromosomes and the vertical axis represents the number of regions
of each chromosome that may be involved in CNV. (¢) Graphical overview of recurrent gains or losses (occurred in at
least 10% of the SALS patients), both with and without the assignment into the hierarchically determined two sets
(SALS1 and SALS2). The blue bar represents the number of deleted regions and the red bar represents the number of
amplified regions that occurred at a high frequency (= 10 %) in our cohort of SALS patients.
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Table 1. The top most frequent copy number gain and loss in both SALS patient subgroups.

SALSI1 patients

SALS2 patients

HEey NeuroArray

Chr Start Stop S 0 Chr Start Stop 2L Fr?,q' O
(bps) %) genes (bps) (%) genes
14 31552632 31552690 59 76.47 AP4S1 14 31552632 31552690 59 76.92 AP48S1
17 17716576 17720711 4136 70.59 SREBF1 17 17716576 17720711 4136 69.23 SREBF1
122318451 122336599 18149 70.59 GRIA3 22 24376158 24384300 8143 69.23 GSTT1
122318291 122318451 161 64.71 GRIA3 17 17720711 17726812 6102 61.54 SREBF1
7 100493729 100493862 134 58.82 ACHE 9 129247201 129458220 186207 53.85 LMX1B
(£ X 122318031 122318291 261 58.82 GRIA3 9 131338807 131394672 6600 53.85 -
©
5 X 122336599 122459975 123377 58.82 GRIA3 17 17715816 17716576 761 53.85 SREBF1
S DHCR24
E 17 17720711 17726812 6102 52.94 SREBF1 1 55331123 55527185 196063 46.15 PCSK9 ’
&
=) 12780799
a 7 100488043 100490289 2247 47.06 ACHE 2 7 128439169 631173 46.15 BIN1, LIMS2
24165735
7 100493373 100493729 357 47.06 ACHE 2 6 241728764 71409 46.15 KIF1A
9 131388073 131394672 6600 47.06 5 176825385 176869527 15676 46.15 GRK6
1 47716828 47775972 59145 88.24 STIL 3 155564758 155560259 12674 69.23 SLC33A1
uece, UQCC, NFS1,
NFS1,
PHF20,
PHF20,
EPB41L1 158833 EPB41L1,
20 33986975 35569474 1582500 88.24 DLGAP4’ 20 33986975 35575306 9 69.23 DLGAP4,
) NDRGS3,
NDRGS3,
TLDC2,
TLDC2, SAMHD1
SAMHD1
c:g 20 35569474 35575306 5833 82.35 SAMHD1 1 47767175 47770585 3411 61.54 STIL
9 1 47435653 47716828 281176 76.47 STIL 18 9117815 9134199 16385 61.54 NDUFV2
H
= 2 32339724 32429834 90111 76.47 SPAST, 3 15556025 155560361 103 53.85 SLC33A1
E SLC30A6 9
11195617
A 3 155551254 155560202 8949 76.47 SLC33A1 12 4 111993684 37511 53.85 ATXN2
9 128001127 128001733 607 76.47 HSPA5 1 47435653 47767175 331523 46.15 STIL
1 47775972 47776133 162 70.59 STIL 1 47770585 47770755 171 46.15 STIL
SPAST, SPAST,
2 32323849 32339724 15876 70.59 SLC30A6 2 32314495 32409410 94916 46.15 SLC30A6
2 32429834 32432100 2267 70.59 SPAST, 10 70432579 70441196 8618 46.15 TET1
SLC30A6
3 155547586 155551254 3669 70.59 SLC33A1 14 92527804 92562372 34569 46.15 ATXN3

The table lists the gains and losses that occurred in at least 10% of the two previously characterized transcriptome-
based SALS subgroups. The chromosomal regions, including the start and end positions, aberration size, frequency
in SALS patients and CNV embedded NeuroArray genes are listed. Chromosomal positions are referred to the human

reference sequence hg19 assembly. Genes previously identified as potential risk factors in ALS are in bold.
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Table 2. Chromosomal distribution of the most frequent CNVs exclusively detected in SALS patients

Start
19229182

22216964

22222489

22222904

110280992
165377539
165378926
127805579
152954807
37824072
135810367
117263667
8790922
8791519
34198604
56349278
50364607

18907140
62886007

Start

173797400
173827623
207791343
207793150
207795258
155560361
155572231
156645399
1810306
31625489
31777500
31783348

74354308

94767910
94805417
39140211
125947382
101934013
108124607
63579805
63673002
70551635
44496313
42373034
40460110
119673121

Stop
19826022

22222489

22222904

22379326

110467801
165378926
165406335
127806098
152955141
37834861
136390729
117265845
8791519
8794231
34415754
56350271
50364748

18918487
63005325

Stop

173826691
174553313
207791566
207795258
207815117
155572231
156645173
156660486
3434075
31777500
31783348
31797880

74530628

94777676
94830376
41979303
126690362
101938026
108155047
63673002
64226370
70553577
44496400
42373060
41599792
119676960

Lenght
(bps)
596841

5526

416

156423

186810
1388
27410
520
335
10790
580363
2179
598
2713
217151
994
142

11348
119319

Size
29292
725691
224
2109
19860
11871
1072943
15088
1623770
152012
5849
14533

176321

9767
24960
2839093
742981
4014
30441
93198
553369
1943
88
27
1139683
3840

Duplications
SALS patients
6

5

w

W W Wk Wwwotw

4

3 (only SALS1)
3
5

3 (only SALS1)
3
Deletions

Ratio SALS/Control

ot

D Wk WWhRAR 90 W W

3 (only SALS2)

W B W W WWwWwwotwbks b

3

NeuroArray-related genes

ALDH4A1, UBR4

CLCNKA, CLCNKB, FBX042, RCC2, IGSF21, HTRS6,
VWA5B1, CDA, PINK1, DDOST, EIF4G3, ECE1, USP48,
LDLRAD2, HSPG2, APL

CLCNKA, CLCNKB, FBX042, RCC2, IGSF21, HTRS6,
VWA5B1, CDA, PINK1, DDOST, EIF4G3, ECE1, USP48,
LDLRAD2, HSPG2, APL, CDC42

CLCNKA, CLCNKB, FBX042, RCC2, IGSF21, HTRS6,
VWA5B1, CDA, PINK1, DDOST, EIF4G3, ECE1, USP48,
LDLRAD2, HSPG2, APL

GSTM3, CSF1

LMXI1A, RXRG
LMXI1A, RXRG
BIN1, LIMS2
CACNB4
GDNF

TSC1, RXRA, EDF1, TRAF2, ABCA2, MAN1B1, GRIN1
CEP164
PIK3R5
PIK3R5

CCL5, CCL3
MPO

PNKP

PRODH
ARHGEF9

NeuroArray-related genes

DARS2

ZBTB37, RABGAP1L

CR1

CR1

CR1

SLC33A1
SLC33A1, KCNAB1, TIPARP, LEKR1
LEKR1

FGFR3, POLN, ZFYVE28, FAM193A, NOP14, RGS12
HSPA1L

HSPA1L, HSPA1A

HSPA1A, HSPA1B

SLC17A5
TMEM67
TMEM67
CNTNAP3, KGFLP2
STRBP, DENND2A
ERLIN1

ATM

APH1B, CA12
HERC1, DAPK2
COG4

CBS

SEPT3

ATP6AP2, MED14, DDX3X, CASK
CUL4B

The table lists the duplications and deletions that occurred in at least 10% of SALS patients and absent in the
control samples. The chromosomal regions, including the start and end positions, number of SALS patients and
CNV embedded NeuroArray genes are listed. Chromosomal positions are referred to the human reference
sequence hg19 assembly. Genes previously identified as potential risk factors in ALS are in bold.
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To investigate the reliability of our results and further confirm the potential

functional implications of the detected CNVs in ALS pathogenesis, we interrogated our

data for overlap with genomic aberrations previously associated to ALS cases available

in publicly available databases (i.e., CNVD) and published PubMed literature. Highly

similar genomic altered patterns were observed, supporting the functional importance

of these regions in disease etiopathogenesis (Table 3).

Table 3. Characteristics of the most frequent CNV regions detected in SALS patients and previously

associated to ALS from different database and/or published literature.

Previously
Chr Start Stop onv Overlapped Genes* SALS (n=30) Cm_ltml reported Reference/D
type (n=10) A atabase
aberrations
7 Loss Corcia P. et
5 70320678 71554990  Toss SMNL Shﬁ\gfgﬁlp’ BDPL 6 SALS1 and 2 n=27/167 ALS al;eA;‘;‘(‘)ls of
1 SALS2) n=6/167 controls urotogy
2002
Wain L.V. et
. al., PlosOne,
5 Gain 2009;
8 144635580 145024441 Gain  GSDMD, EEF1D, PLEC1 (2 SALSI and 1 n=12/781 ALS Cronin S et
3 SALS2) n=0//621 controls al., Hum Mol
Gen, 2008
ANO9, DRD4, DEAF1, Gain Wain L.V. et
11 424565 792284 Gain SLC25A22, OR4A5, 3 (SALS?2) 1 n=11/575 ALS al., PlosOne,
OR4C12 n=0/621 controls 2009
STIM1, HBB, TRIM5, 4 Loss Wain L.V. et
11 4056596 7324468 Loss CCKBR, APBB1, RRPS, (1 SALS1 and 1 n=5/575 ALS al., PlosOne,
TPP1, SYT9 3 SALS2) n=0/621 controls 2009
Loss 10 Loss and Gain CNH\SI); tBlTuw
15 20575646 23060821 and NIPA1, NIPA2 (6 SALS1 and 3 n=15/4434 ALS ]; zaa"
Gain 4 SALS2) n=8/14618 controls um20§0 €,
Loss 3 Loss and Gain CNH\SI); tBlTuw
15 27017550 27018935 and GABRB3 (1 SALS1 and 1 n=15/4434 ALS z;ozaa';n
Gain 2 SALS?2) n=8/14618 controls " 010
. CNVD; Blauw
Loss 5 Loss and Gain ’
15 41535920 42703427 and  CHPL NUSAPL NDUFAFL, o oup oy ong 3 n=15/4434 ALS HM et al,,
an MGA, PLA2G4E, CAPN3 ! Hum Mol Gen,
Gain 3 SALS2) n=8/14618 controls 2010
APHIB, CA12, HERCI, 4 Loss CI}%?;?;T“W
15 63579805 64226370 Loss  DAPK2, DPP8, PTPLAD1, (3 SALSI and 0 n=1/1875 ALS Hum Mol G
C150rf44, SLC24A1 1 SALS?2) n=0/8731 controls um20¥0 en,
OR1D5, OR1D4, OR1D2,
OR1G1, OR1A2, OR1Al, 9 Loss and Gain CNVD; Blauw
SPNS2, ALOX15, PELP1, " - HM et al.,
17 2580007 4605227 Loss  yRRB2, MED11, CXCL16, © féﬁié ;)nd 4 _110—/;/7138175 A{Js1 Hum Mol Gon,
ZMYND15, PAFAH1BI, n= controls 2010
RAP1GAP2, ITGAE
SEPT9, TNRC6C, DNAH17, b CN}XDt’t "
CYTH1, TIMP2, C1QTNF1- 7 Gain tan g € )
17 75277604 78092622  Gain  AS1, CLQTNF1, RBFOX3, (4 SALSI and 2 n=1/12 ALS etal, Ij””"“
TBC1D16, CHMP6, AATK, 4 SALS2) n=0/24 controls o
Neuroscience,
BAIAP2
2011
9 Schoichet S.A.
X 153127628 153602907  Gain L1CAM, MECP2, FLNA (4 SALS1 and 2 Loss et al., Amy Lat

5 SALS2)

Scl, 2009
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The table shows the most frequent CNV loci and relative NeuroArray genes that partially or completely overlap with genomic aberrations
previously associated to ALS cases and reported in publicly available databases (i.e., CNVD) and/or published PubMed literature. The
chromosomal regions, including the start and end positions, aberration type and CNV embedded NeuroArray genes are listed. In addition,
the number of controls and ALS cases from both our experiment and previous scientific reports of these CNV loci was also shown.
Chromosomal positions are referred to the human reference sequence hg19 assembly. Genes that may be reasonable ALS candidates are
in bold. Chr: Chromosome

Identifying CNV signature genes in SALS

To identify ALS driver genes from aberrant regions, the recurrent CNVs in SALS
were annotated and filtered out for genes previously linked to ALS and other
neurological diseases as causative and/or susceptibility factors and included in the
NeuroArray design. A total of 406 significant CNV genes were obtained, including 251
duplications and 161 deletions (Figure 2a, Supplementary Table 4). Among these,
36 were previously identified as ALS-linked genes (Supplementary Table 4). The
same analysis was also performed on the most frequent subgroup-specific CNV regions,
revealing 310 genes as the most significantly altered CNV-genes in SALS1 (137
duplicated and 174 deleted) and 454 genes in SALS2 patients (320 duplicated and 140
deleted). Among these, 28/310 SALS1 and 39/454 SALS2 CNV genes were already

associated to ALS (Figure 2a, Supplementary Tables 5-6).
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a. CNV-embedded NeuroArray genes
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Figure 2. Integrative analysis of DNA copy number and expression variation in SALS patients reveals a good number
of overlapping ALS candidate genes. (a) Graphical overview of the most frequent (> 10%) CNV-embedded genes
detected in SALS patients, both with and without the assignment into the hierarchically determined two sets (SALS1
and SALS2). (b-c) Venn diagrams compare the number of protein-coding genes obtained from CNV analyses with the

genes found to be differentially expressed in SALSI1 (b) and SALS2 (c¢) patients.

Integrated analysis of CNVs and gene expression profiling identify candidate

ALS-driver genes

To determine whether genomic aberrations contribute to global gene expression
patterns in SALS, the identified CNV genes were checked for overlap with the DEGs
previously detected in the same patient cohort!”’. We identified 70 overlapping CNV
genes (29 duplications and 42 deletions) that were also differentially expressed in
SALS1 patients and 246 CNV-driven DEGs in SALS2 patients (173 duplicated and 76

deleted) (Figure 2b-c, Supplementary Tables 7-8). Among these, 35 CNV-driven
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genes (50%) in SALS1 and 112 CNV-driven genes (45%) in SALS2 showed a positive
association between gene expression and DNA copy number changes, including 77 up-
regulated genes (24 in SALS1 and 53 in SALS2) and 70 down-regulated genes (11 in
SALS1 and 59 in SALS2) (Figure 2b-c, Supplementary Tables 7-8). Interestingly,
several CNV-driven genes were SALS-patient specific (not detected in 10 controls) and
most of them were previously linked to ALS.

To demonstrate that the correlation found in our work is meaningful, we also
performed a “control experiment” in which we evaluated the overlap between the
genomic and transcriptomic data between two random groups within the total SALS
samples (different from SALS1 and SALS2). We observed a very low overlap between
CNV genes and differentially expressed genes in these randomized disease-related
subgroups, confirming the appropriateness/accuracy of our analysis (Supplementary

Figure 2 and Supplementary Table 14).

Computational systems biology analysis identified distinct drivers and

pathways in SALS molecular subtypes

To gain further insights into the biological role of identified CNV-driven DEGs in SALS,
functional annotation and pathway enrichment analyses were performed by using
specialized bioinformatics tools and databases (i.e., Enrichr, IPA, Metacore). According
to GO analysis, the CNV-driven DEGs in SALS1 were significantly enriched in
biological processes such as regulation of cellular component organization (GO:0051129,
P value=0.0002), DNA conformation change (GO:0071103, P value=0.0004) and
regulation of neuron death (G0:1901214, P value=0.0012), whereas regulation of
synaptic transmission (G0O:0050804, P value=3.45E-12) and learning and memory

(GO:0007611, P value= 5.26E-12) were the most enriched in SALS2 (Figure 3a,
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Supplementary Table 9). On the basis of molecular function, the CNV-driven DEGs

in SALS1 prominently accumulated in small conjugating protein ligase binding

(GO:0044389, P value=0.0004) and ubiquitin protein ligase binding (G0O:0031625, P

value=0.0004), while the CNV-driven DEGs in SALS2 were enriched in amino acid

binding (GO:0016597, P value=7.00126E-06) and transcription factor binding

(GO:0008134, P value=6.6232E-05) (Figure 3a, Supplementary Table 9).
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Figure 3. Functional enrichment analysis for GO and pathway map ontologies revealed significant biological processes
associated with the candidate CNV-driven genes in SALS. (a) Pie charts represent the top 10 enriched (P<0.05) GO terms
for the 70 CNV-encompassed DEGs in SALSI and SALSZ2 patients. The GO terms were subdivided into three GO
categories: biological processes, molecular functions and cellular components. Enrichment analyses were performed using
the Enrichment Analysis tool in Enrichr. For each category, GO terms or biological features represented in CNV-driven
differently expressed genes are indicated. (b) Representation of the top 20 most significantly enriched (P value <0.05)
canonical pathway maps associated with the candidate CNV-driven genes in SALS1 and SALS2 patients. A histogram
of statistical significance (-log P value) is shown: the list is arranged in descending order with the most significant
pathways at the top. The analysis was performed using the MetaCore™ pathway analysis suite.

Further pathways enrichment analysis identified an immune/inflammatory
response, cytoskeleton remodeling and apoptotic processes as the major deregulated
processes in SALS (Figure 3b, Supplementary Table 10). In particular, Huntington's
disease signaling, T cell activation, Apoptosis and survival signaling were the most
significantly enriched pathways in both SALS patient subgroups, with AKT1, NFKB1
and SOS as the major key involved genes. In addition, ubiquitin-proteasome pathway,
immune-cell mediated inflammatory response and apoptosis were significantly up-
regulated in SALS1, while axonal guidance, oxidative stress and inflammatory
intracellular signaling cascades were mainly up-regulated in SALS2 (Figure 4a).
Notably, the majority of the enriched pathway for CNV-driven DEGs in SALS patients
represented processes already associated with ALS pathogenesis, such as immune
response, cell adhesion and cell communication (Figure 4a).

To better understand the interactions of the CNV-driven genes and identify the
best candidate genes in SALS, a protein-protein interaction (PPI) network analysis of
their encoding products was performed, revealing a highly interconnected functional
network, also including a greater number of ALS-associated genes (Figure 4b). The
PPI network consisted of 147 nodes and 2787 edges, including 46 CNV-driven DEGs in

SALS. Node degree >10 was selected as the threshold. UBA52, RPS27A and HIST2H3A

were selected as the hub genes.
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Figure 4. Definition of SALS subtype-specific genomic signature using pathway and network analyses. (a) A representative
illustration showing the functional correlation between SALS associated CNV-driven genes and their biological processes.
Interaction map represents the most promising candidate genes showing a positive correlation between gene expression and
underlying genomic changes, grouped on the basis of the main biological processes associated with them. The map was
created using the MetaCore Pathway Map Creator tool (GeneGo). Gene expression and CNV values are presented on the map
as ‘thermometer-like’ figures with SALSI1 patients data represented as thermometer #1 and SALS2 patients #2. Genes
associated with overexpression and CNV gain regions are labeled with red dots while genes associated with downregulated
expression and homozygous or heterozygous deleted CNVs are labeled with blue dots. A detailed legend for the network
objects is shown in the Supplementary Figure 1. (b) Functional network of known and predicted interactions of the most
promising candidate CNV-driven genes. The network was produced by the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) v10 (http:/ /string-db.org/) using default settings. Proteins are represented by spheres. Lines
linking proteins indicate evidence for interactions: a red line indicates the presence of gene fusion (genes that are sometimes
fused into single open reading frames); a green line — gene neighborhood (genes that reside within 300 bp on the same strand
in the genome); a blue line — co-occurrence (gene families whose occurrence patterns across genomes show similarities); a
purple line - experimental evidence (interaction extracted from protein-protein interaction databases); a yellow line — text
mining (interaction extracted from scientific literature); a light blue line - database (interaction extracted from curated
databases); a black line — co-expression (proteins whose genes are co-expressed in the same or in other species).

To assess the value of CNV-driven genes as potential biomarkers for patient-
specific diagnosis and prognosis, we reviewed and analyzed the literature on the CNV-
driven genes exhibiting the same expression tendencies. A total of 24 candidate gene
markers were selected, including 6 up-regulated CNV-driven DEGs in SALS1 and 18
deregulated (10 up-regulated and 8 down-regulated) CNV-driven genes in SALS2.

Interestingly, some of these candidate genes (TIMP2, AKT1, MMP9, CST3, SMN1 and
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SMNZ2) were previously associated with susceptibility to ALS while the remaining 18

genes (GAA, KIF1A, MCI1R, MECP2, ALPL, HSPG2, LICAM, PLEC, STK11, CSF1, F2,

GSTM3, TRAF2, HSPA5, HTT, IL6, LETMDI1, SOATI) represent novel candidate

mediators for disease progression. The set of CNV-driver genes also included many

patient-specific ‘druggable’ genes that may represent good candidates for the

development of personalized, molecularly targeted therapies for SALS patients (Table

4).

Table 4. The most promising candidate CNV-driven genes and their utility as potential biomarkers/targets for

SALS.
SALS1-specific Biomarkers/Targets
. Biological .
Symbol Gene Name Location Family Molecu!ar Tissue/ Fluid Blon.larlfer Diseases Drug
aberration Cells - Application
detectability
Blood,
Plasma/Serum, Immunological
Bronchoalveolar /Inflammatory
Brain Lavage Fluid, diagnosis, Disease,
CST3 cystatin C Extracellular other Gain/UP Cerebral Cerebral Spmal efﬁcacy, Nfaurologlcal
Space Cortex Fluid, Saliva, prognosis, Disease,
Sputum, safety Skeletal and
Synovium/ Muscular
Synovial Fluid, Disorders, et al
Tears, Urine
Immunological/
Brain, ]I;ﬂs;n;natory
1 d Cerebral Bronchoalveolar Nesuroslo, ical Voslibose
GAA grucosicase Cytoplasm enzyme Gain/UP Cortex, Lavage Fluid, diagnosis . g 8 UDOSE,
alpha, acid . . Disease, Miglustat
Spinal Urine
Cord Skeletal and
Muscular
Disorders, et al
Immunological
kinesin family o Cerebral Blood, diagnosis, Disease,
KIF1A member 1A Cytoplasm other Gain/UP Cortex Plasma/Serum prognosis Neurological
Disease, et al
Immunological/
Inflammatory
melanocortin 1 Plasma G-protein Ezf:;i’ ical
MCIR coupled Gain/UP Brain Blood diagnosis ¢ g
receptor Membrane " Disease,
receptor Skeletal and
Muscular
Disorders
Immunological/
Brain, g;gs:;;natory
methyl-CpG C Cerebral . . b
MECP2  binding protein Nucleus transcriptio Gain/UP Cortex, Not Qetecped in unsp.emf.led Nfaurologmal
n regulator . biofluid application  Disease,
2 Spinal
Skeletal and
Cord
Muscular
Disorders, et al
. Immunological/
Brain, Blood Inflammator;
TIMP Extracellular Cerebral Plasrna/Se’rum Disease Y Pravastatin
TIMP2  metallopeptidas other Gain/UP Cortex, L efficacy ! , ABT751
e Space . Cerebral Spinal Skeletal and D
e inhibitor 2 Spinal . - (inhibitors)
Cord Fluid, Urine Muscular

Disorders, et al

39



SALS2-specific Biomarkers/Targets

Chapter 2

. Biological .
Symbol 1t (B0 Location Family Molecu%ar Tlssl‘lle/ Fluid Iflmll.laﬂfer Diseases Drug
Name aberration Cells ey pplication
Immunologica
i
Inflammatory
. diagnosis, Disease, Thalidomide,
AKT Brain, ; .
AKT1 serine/threonin Cytoplasm kinase Gain/UP Cerebra Blood rezféfr?:g]’to giesl:;::;glcal g%‘;igb
e kinase 1 I Cortex therapy ~ Skeletal and  (inhibitors)
Muscular
Disorders, et
al
Immunologica
}/nﬂamrnatory Alendronic
alkaline Blood, Disease acid, .
hosphatase Plasma Spinal Plasma/Serum, efficacy. Neurolo’gical Zoledyomc
ALPL l’p /ls)p A b phosphatase Gain/UP é) q Bronchoalveolar fot ? Di acid,
iver/bone/kidne Membrane or Lavage Fluid, safety isease, Dexamethaso
J Urine Skeletal and ne, Zaprinast
Muscular (inhibitors)
Disorders, et
al
Immunologica
Blood, }/nﬂamrnatory
Plasma/Sergm, Disease,
heparan sulfate Extracellular . Spinal CerebraI. Spinal unspecified  Neurological
HSPG2 enzyme Gain/UP Fluid, AR N -
proteoglycan 2 Space Cord Bronchoalveolar application  Disease,
Lavage Fluid f/}‘elet‘i‘l and
. uscular
Tears, Urine Disorders, et
al
Immunologica
}/nﬂamrnatory .Eth?n‘?l’
Blood, Disease Rivanicline,
L1 cell adhesi Pl Brain, = Plasma/Serum, /o ifed  Neurological ~ “Anabaseine,
L1CAM cell adhesion asma other Gain/UP Cerebra Synovium/Syno specth . g Ketamine,
molecule Membrane 1 Cortex vial Fluid, application  Disease, Mecamylamin
Urine Skeletal and e, Bupropion
Muscular inhibitors)
Disorders, et (inhi
al
Immunologica
i
Brain, Inflammatory
Cerebra Disease,
. . 1 Blood, unspecified  Neurological
PLEC plectin Cytoplasm other Gain/UP Cortex, Plasma/Serum  application  Disease, )
Spinal Skeletal and
Cord Muscular
Disorders, et
al
Immunologica
i
Brain, Inflammatory
Cerebra Disease,
STK11 SGZEE’I ;hsie‘ﬁ“n Cytoplasm kinase Gain/UP Corltex’ Blood efficacy gies‘;ﬁ;gmal .
Spinal Skeletal and
Cord Muscular
Disorders, et
al
Blood, Immunologica
. Plasma/Serum, V
Brain, . Inflammatory
Cerebral Spinal .
colony Cerebra Fluid, Elseasle, -
CSF1 stimulating Extracellular cytokine Gain/UP 1 Bronchoalveolar diagnosis eurologica -
Space Cortex, . Disease,
factor 1 Spinal Lavage Fluid, Skeletal and
Cord Synovium/Syno Muscular
vial Fluid, R
Urine Disorders, et

al

40



F2

GSTM3

TRAF2

HSPA5

HTT

IL6

LETMD

MMP9

SMN1/
SMN2

coagulation
factor II,
thrombin

glutathione S-
transferase mu
3

TNF receptor
associated
factor 2

heat shock
protein family A
(Hsp70)
member 5

huntingtin

interleukin 6

LETM1 domain
containing 1

matrix
metallopeptidas
e9

survival of
motor neuron 1,
telomeric

Extracellular
Space

Cytoplasm

Cytoplasm

Cytoplasm

Cytoplasm

Extracellular
Space

Plasma
Membrane

Extracellular
Space

Nucleus

peptidase

enzyme

enzyme

enzyme

transcription

regulator

cytokine

other

peptidase

other

Gain/UP

Gain/UP

Gain/UP

Loss/DOWN

Loss/DOWN

Loss/DOWN

Loss/DOWN

Loss/DOWN

Loss/DOWN

Brain,
Cerebra
1 Cortex

Cerebra
1 Cortex

Brain

Amygd
ala,
Brain,
Cerebel
lum,
Cerebra
1 Cortex

Brain,
Cerebra
1 Cortex

Cortical
neurons
, Brain,
Cerebra
1
Cortex,
Spinal
Cord

Brain,
Cerebra
1 Cortex

Brain,
Cerebra
1 Cortex

Brain,
Cerebra
1
Cortex,
Spinal
Cord

Blood,
Plasma/Serum,
Cerebral Spinal

Fluid,
Bronchoalveolar

Lavage Fluid,
Tears, Urine

Blood,
Plasma/Serum,
Urine

Blood,
Plasma/Serum

Blood,
Plasma/Serum,
Synovium/Syno

vial Fluid,
Tears, Urine

Blood,
Plasma/Serum

Blood,
Plasma/Serum,
Synovium/Syno

vial Fluid,
Tears, Urine

Blood,
Plasma/Serum

Blood,
Plasma/Serum,
Bronchoalveolar
Lavage Fluid,
Saliva, Sputum,
Synovium/Syno
vial Fluid,
Tears, Urine

Blood

diagnosis,
unspecified
application

diagnosis,
prognosis

diagnosis

efficacy,
unspecified
application

unspecified
application

diagnosis,
disease
progression,
efficacy,
prognosis,
response to
therapy,
safety,
unspecified
application

unspecified
application

diagnosis,
disease
progression,
efficacy,
prognosis,
unspecified
application

diagnosis
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Immunologica
i
Inflammatory
Disease,
Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al

Neurological
Disease, et al

Immunologica

Inflammatory
Disease, et al
Immunologica
i
Inflammatory
Disease,
Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al
Immunologica
VInflammator
y Disease,
Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al

Immunologica
i
Inflammatory
Disease,
Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al

Neurological
Disease, et al

Immunologica
i
Inflammatory
Disease,
Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al

Neurological
Disease,
Skeletal and
Muscular
Disorders, et
al

enoxaparin,
desirudin,
dabigatran
etexilate,
Fibrinogen,
ximelagatran,
thrombin
inhibitor,
antithrombin
alfa,
aspirin/dabig
atran
etexilate,
dabigatran,
ulinastatin,
aspirin/
bivalirudin,
argatroban,
bivalirudin,
lepirudin

Mefloquine
(activation)

Tocilizumab,
Siltuximab,
Mifamurtide,
Mycophenolat
e mofetil,
Acetaminophe
n, Rifampicin,
Prostaglandin
E2, Morphine,
Hyaluronic
acid
(activators)

GS-5745,
Rebimastat,
Marimastat,
Prinomastat,

Glucosamine,
Ciprofloxacin,
Aclarubicin,
Prostaglandin
E2, Phorbol
12-myristate
13-acetate
(activators)

41



Chapter 2

pactimibe,
. ezetimibe/
Immunologica .
v fluvastatin,
atorvastatin/e
Inflammatory o
. zetimibe,
Disease, L
sterol O- Pituitar unspecified  Neurological ezetimibe/ros
SOAT1 acyltransferase Cytoplasm enzyme Loss/DOWN Blood pecth . g uvastatin,
y Gland application  Disease, .
1 ezetimibe/fen
Skeletal and .
ofibrate,
Muscular .. .
R ezetimibe/sim
Disorders, et .
al vastatin,
ezetimibe,
hesperetin

The table lists CNV-driven genes showing the same expressional tendencies between DNA copy number and mRNA
expression in SALS subgroups as potential candidate biomarkers and therapeutic targets for ALS. Target and
biomarker assessment was performed by using dedicated tools in IPA and MetaCore.

UP: upregulation

DOWN: downregulation

DISCUSSION
In this work, we reported the first fully integrated analysis of CNVs and gene expression
profiling derived from the same SALS patients to provide a more comprehensive
genomic framework for dissecting molecular heterogeneity of ALS and identify the
DEGs with alterations in genomic segments that may represent novel potential markers
and/or therapeutic targets.

Taking advantage of the custom-made NeuroArray platform, designed to uncover
CNVs in clinically relevant genes for ALS and other neurological diseases 25, we
performed an exon-focused evaluation of structural imbalances occurring in motor
cortex samples from 30 SALS and 10 control patients trascriptomically characterized in
our previous work!?, A large number of aberrations were detected in over 10% of SALS
patients, with the highest number of gains documented at chromosomes 14 and 17, and
the majority of losses found on the p arm of chromosome 1 and at cytoband 20q11.22-
ql11.23 (Figure 1c and Supplementary Table 1). Notably, at 17p region the SREBF1,
a gene encoding a lipogenic transcription factor whose expression levels were increased

in the spinal cords of FALS and SALS patients as well as in ALS animal models, and
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whose direct causative role in excitotoxicity-induced neuronal cell death, has been
extensively established?26-28,

Our analysis also revealed distinct genomic signatures associated with two
previously characterized transcriptome-based SALS subgroups. In particular, the loss
of chromosome 1p was the most common chromosomal aberration in SALS1 (~90%),
while 60-70% of the SALS2 patients showed simultaneous deletion of precise regions of
chromosomes 3q and 18p (Figure 1lc, Table 1, Supplementary Table 1)29. It is
Interesting to note that genes in these CNV regions showed the same subgroup-specific
expressional tendencies. In fact, the 1p33 deletion includes STIL, a gene involved in
neural protection and survival and whose expression was down-regulated in SALSI,
suggesting that a “loss-of-function” of this gene may contribute to render motor neurons
vulnerable to excitotoxic insults in these patients3?. Likewise, SALS2 patients carried
the deletion of 18p11.22 that encompassed NDUFV2, one of the many components of
the mitochondrial oxidative phosphorylation pathway, whose expression levels were
decreased in the same patient subgroup. Defects in this subunit have been associated
with altered energy production, mitochondrial dysfunction and oxidative stress,
representing a risk factor for several neuronal diseases, including ALS3!.

Compared with previous CNV reports32, some genomic aberrations identified in
our study partially or totally overlap with those previously associated with ALS, further
supporting them as disease susceptibility variants (Table 3). Among these, of particular
interest 1s the deletion of chromosomal region 15q22.2-q22.31 that was detected
exclusively in SALS patients and not altered in any controls in our study nor listed in
the Database of Genomic Variants — DGV.

Besides strengthening previously reported results, we identified new potential
susceptibility loci that were overrepresented in SALS patients and absent in controls
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(Table 2). Among these, we distinguished the deletion at the chromosome 1gq32.2, which
encompassed CRI (also known as CD35), a member of the human regulator of
complement activation gene cluster33:34, This gene encodes one of the major immune
adherence receptors and plays an important role in immune complex processing and
clearance via reducing activation of classical and alternative complement cascade
activity. Deletion of CR1 is consistent with the lower mRNA expression level of this
receptor in SALS patients, providing support for aberrant complement regulation as a
part of ALS process and highlighting the potential use of complement molecules as
disease biomarkers35:36, Another interesting association is represented by a 162.362-kb
duplicated region in 1p36.12 spanning several neuronal genes, including the FBX042
encoding an important member of the F-box protein family involved in the ubiquitin-
proteasome system and already known to be associated with ALS (Table 2)37. Of
particular interest, three CNV regions (17q12, 22q11.21; 6q13) were selectively detected
in specific SALS patient subgroups and absent in all control individuals, providing the
basis for a CNV-based molecular classification of the disease (Table 2). In particular,
the deletion at the 6q13 region harbors the SLC17A5 gene encoding sialin, a vesicular
excitatory amino acid transporter, whose loss-of-function leads to defect in myelin
structure and function, contributing to the disruption of axonal integrity and the motor
phenotype38:39, The increase in gene copy numbers for the 17q12 region encompassing
several chemokines (i.e., CCL5 and CCL3) 1s consistent with the observation that high
mRNA expression levels of these chemokines may increase activation of the
inflammatory system and changes in blood-brain barrier permeability, two key
mechanisms implicated in, and possibly aggravating, motor neuron damage*0-4L,

By integrating the analysis of CNVs and gene expression profiling in the same
patients and tissue sample, we found that 71.2% of CNV genes were differentially
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expressed in SALS patients in comparison to controls, the majority of them were cluster
specific, further suggestive of the great divergence of two SALS subgroups at the
molecular level (Figure 2b-c, Supplementary Tables 7-8). Among these genes, 49%
showed a positive association between CNV and mRNA expression, suggesting them as
potential driver genes in ALS. These included some genes (SYNE1, SDKI1, EEFID,
GSDMD, TIMP2, CSTS3, ALAD, AKT1, EPHA4, SPAST, SMN1, SETX, ATXNZ2, TBK]1,
SPG11, TAF15, MMPY) previously reported as potential risk factors in ALS, as well as
novel candidates whose association with ALS was previously unappreciated. These
genes may represent overlapping genetic signatures among different neurological
condition, providing additional features for exploring ALS pathogenesis. To name a few
of those detected exclusively in SALS patients (i.e., absent from controls) are ALDH4A]I,
a component of the mitochondrial matrix contributing to protect cells from oxidative
stress??; BINI, the most significant late-onset susceptibility locus for Alzheimer’s
disease whose alterations in expression levels and splicing seem to induce muscle
weakness and T tubule alterations*3, and RABGAPIL, a GTPase-activating protein
whose loss-of-function exacerbates neuronal loss*4.

On the other hand, our analysis identified a number of CNV genes, including
known ALS-related genes (i.e., NIPA1, NAIP, VPS54 and GRIN3B), which do not
appear to exert any apparent influence on expression levels, suggesting that the
expression of these genes may be not gene-dose dependent and that they are likely to
represent secondary ‘passenger’ events in ALS pathogenesis. Genes differently
regulated at the transcriptomic and genomic level (i.e., showing no or negative
correlation), in turn, could result from other, non-CNV-related regulatory mechanisms,
such as those associated with gene mutation, promoter methylation, and non-coding
RNA regulation (Figure 2b-c, Supplementary Tables 7-8). An example is KIF5A, a
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gene encoding a neuronal kinesin heavy chain that acts as a molecular motor and whose
genetic alteration was recently associated with ALS susceptibility10. SALS2 patients
showed a selective downregulation of KIF5A not overlapping with any CNV, suggesting
reduced mRNA expression of this gene is probably due to defective splicing events
and/or loss-of-function variants rather than to deletion within its genomic region. It is
Interesting to note that in the same subgroup we also observed defects in axonal
transport as well as a general downregulation of genes involved in mitochondrial
oxidative phosphorylation machinery, suggesting a link between loss-of-function events
in KIF5A and impaired transport and dysfunction of mitochondria in ALS17,45.
Integrated analysis of CNVs and corresponding expression data represents an
effective approach to elucidate mediators and mechanisms involved in ALS. However,
it has become clear that the process of motor neuronal degeneration is complex and
requires many genomic alterations acting in concert. This also emerged by our analysis
of PPI network constructed for CNV-driven DEGs that revealed a great number of close
interconnections and identified three hub genes (UBA52, RPS27A and HIST2H3A)
involved in inflammatory and immune responses (Figure 4b)46. We also put forward a
‘systems biology’ analysis to identify biological processes and signaling pathways that
were overly represented by CNV-driven genes in both SALS patient subgroups.
Functional enrichment analysis of these candidate genes showed that they were mainly
involved in immune/inflammatory signaling, neuronal migration, differentiation and
survival, and neurite outgrowth, supporting the concept that these pathways may
crosstalk with each other to drive the disease pathogenesis (Fig 4a). In particular,
Huntington's disease (HD) signaling and Protein folding and processing were among
the top canonical pathways for both SALS patient subgroups, supporting the possibility
of a causal link between protein aggregation, neurotoxicity and disease severity in ALS
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and other neurological diseases, like HD*74¢ (Fig 4a). Among the most important
candidate genes involved in these processes is AKTI, a gene encoding a cAMP-
dependent serine-threonine kinase that was amplified in both SALS subgroup and
overexpressed in SALS2. Our results are supported by previous evidence that abnormal
AKT activation is implicated in several cellular mechanisms involved in ALS, such as
the altered elimination of toxic protein aggregates, increasing oxidative stress and
rendering cells susceptible to ROS-triggered cell death*?. Our PPI network analysis
1dentified AKT as a highly interconnected node, suggesting that alterations in this
protein are not mere passenger events, but may have a great impact on one or more
signaling pathways that are recurrently involved in ALS. Pharmacological inhibition of
AKT and its downstream pathways has already demonstrated neuroprotective effects
by modulating the activation state of microglial cells during neuroinflammation, and
promoting cellular clearance in neurodegenerative storage diseases, suggesting a
potential role of AKT inhibitors in ALS treatment50:51,

It is interesting to note that although partially complementary and convergent,
the two SALS patient clusters showed different significantly deregulated processes and
mediators. In particular, antigen processing and presentation, and extracellular matrix
organization were the most significantly enriched pathways for the CNV-driven genes
in SALS1, while the pathways of highest significance in SALS2 were associated with
axonal guidance, oxidative stress and inflammatory intracellular signaling cascades
(Fig 4a). Therefore, a careful monitoring of these signaling cascades may help to better
diagnose the specific subtype of ALS and optimize treatment strategies. To this regard,
the convergent functional analysis of CNV-driven genes also pinpointed known and
novel candidate therapeutic targets and biomarkers for early diagnosis, molecular
subtyping and targeted therapy in SALS (Table 4). In particular, among CNV-driven
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genes in SALS1 showing the same expressional tendencies between DNA copy number
and mRNA expression, we distinguished some genes (KIF1A, MCIR and MECP?2) that
were not previously implicated in ALS, representing new candidates for molecularly
guided diagnosis and treatments. Within the cluster of CNV-driven genes in SALS2, we
found a large number of new candidate ALS genes mainly implicated in oxidative and
inflammatory signaling cascades®?57. Among these, identification of gain and
overexpression of TRAF2 was in accordance with previous evidence that correlated
elevated expression levels of this gene with inflammatory processes in PD and other
neurological disorders®859, On the contrary, copy number loss and reduced expression
levels HSPA5 in SALS2 may reflect the suppression of neuroprotective role of this
molecule against ER stress-associated cell death, leading to oxidative stress and
alterations in calcium homeostasis, and rendering neurons vulnerable to degeneration
60-64. Concordantly, pharmacological activation of HSPA5 and its co-chaperones has
demonstrated to exert neuroprotective effects on motor neurons of ALS by reducing ER
stress-mediated cell death, supporting a translational potential for HSPA5 induction as
a therapy against ALS and other neurologic disorders®>.

Overall, our study provided the first comprehensive and integrated map of
genomic and transcriptional events characterizing different SALS subtypes, revealing
key drivers and etiopathogenic mechanisms that may have been masked by considering
SALS pathology as a single entity. Despite the most obvious limitation in this research
was that of a small and unbalanced number of samples, our brain tissue samples
represent a vanishingly rare resource for investigating molecular mechanisms
underlying neurological disorders. The importance of an integrative analysis such as
the one presented here, emerges from recent published data that highlight the presence
of somatic changes in brain tissue of patients affected by neurological diseases®6.67,
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Moreover, the custom-designed platform used in this study has some disadvantages,
including limited use for discovering novel genes or gene features; inability to detect
nucleotide repeat expansions or balanced structural chromosomal abnormalities.
However, the possibility to simultaneously detect multiple genes involved in
neurological disorders may allow for differential diagnosis between common
neurological disorders, refine the genotype-phenotype correlations and explore the
potential genetic overlapping signatures among different neurological conditions.

In conclusion, the present study proposes the use of a multi-omics analysis as a
promising approach for the identification of somatic alteration and candidate drivers in
ALS for defining disease subtype and directing molecular targeted clinical trials that
more accurately reflect inter-individual differences among patients. Future more in-
depth functional and integrative omics studies will be necessary to verify our findings

and explore the impact of candidate genes on the outcome of the disease.

MATERIAL AND METHODS

The analysis workflow is shown in Figure 5 and described below.
Subject cohorts and sample preparation

All samples were provided by the Department of Pathology of the Academic Medical
Center (University of Amsterdam). This cohort included motor cortex samples from 30
patients with clear SALS diagnosis and 10 control individuals collected as previously
described!?’, and whose clinico-pathological parameters are detailed in the
Supplementary Table 12. Informed consent was obtained for the use of brain tissue
and for access to medical records for research purposes, and approval was obtained from
the relevant local ethical committees for medical research. All experiments were
performed in accordance with relevant guidelines and regulations of both institutions.
Genomic DNA was extracted from 10pm-thick sections using the QIAamp Fast DNA
Tissue Kit according to the manufacturer’s instructions (QIAGEN, Hilden, Germany).

The extracted genomic DNA was quantified by using the NanoDrop ND-1000
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spectrophotometer (Thermo Fisher Scientific, MA, USA), and assessed for quality by
microcapillary electrophoresis on 2100 Bioanalyzer (Agilent Technologies, Palo Alto,

CA).

Selection fiiter: at least 3 consecutive pr

ADM-2 threshold: 6.0; window size: 2 Mb
with log2ratiotest/control=0.5

Frequent loss/gain (>10%)
chromosomal loci in SALS2.

 Protein codinggenes |
(n=454) showing
deletion/amplificationin
SALS2.

Selection criteria: P value<0.05 (one-way ANOVA
followed by the Benjaminiand Hochberg Fakse Discovery
Rate andtheTukey'sPost Hoctest)andFC2£1.5.

Genes with disconcordant changes in
both gene expression and CNV

_ CNV-driven differentially
expressed genes

| Deleted and underexpressed |

Gene Ontology categories
and canonical pathways enrichment
analys Enrichr

Functional in silico analysisusing
human protein-protein interaction

Identification and validation of
candidate molecular biomarkers by
qPCR.

Figure 5. Experimental workflow of multi-omics analysis for characterization of CNV-driven differentially expressed
genes in SALS patients. The workflow depicts the steps performed in this study, from data acquisition to the
visualization, validation and export of results in various output formats. See Materials and Methods section for details.
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NeuroArray aCGH processing and data analysis

High-resolution exon-centered analysis of CNVs was done using an 8x60K custom exon-
centric NeuroArray platform v.2.0 (Agilent Technologies, Santa Clara, CA), tailored to
detect single/multi-exon deletions and duplications in a large panel of ALS-related
genes (n=154) and to others additional neurological disorders (Supplementary Table
13)?5. Details concerning the NeuroArray aCGH platform can be found in
Supplementary Materials. DNA labeling and hybridization on NeuroArray were
performed according to the manufacturer’s protocol (Agilent Technologies, Santa Clara,
CA). Briefly, DNA test and a reference of the same sex (Euro Reference, Agilent
Technologies, Santa Clara, CA), both at the concentration of 500 ng, were double
digested with Rsal and Alul for 2 hours at 37°C. After heat inactivation of the enzymes
at 65°C for 20 min, each digested sample was labeled by random priming by using the
genomic DNA Enzymatic Labelling Kit (Agilent Technologies, Santa Clara, CA) for 2
hours using Cy5-dUTP for patient DNAs and Cy3-dUTP for reference DNAs. Labeled
products were column purified by using the SureTag DNA Labeling Kit Purification
Columns (Agilent Technologies, Santa Clara, CA). After probe denaturation and pre-
annealing with Cot-1 DNA, hybridization was performed at 65°C with rotation for 24
hr. After two washing steps, arrays were scanned at 3 um resolution using an Agilent
G4900DA SureScan Microarray Scanner System and aCGH image data were processed
using Agilent’s Feature Extraction software to assess the array spot quality as well as
check signal and background intensity statistics in the default setting. Feature
extracted raw data was normalized, analyzed and visualized using Agilent
CytoGenomics v. 4.0.3.12 and Genomic Workbench v. 7.0.4.0 software (Agilent

Technologies, Santa Clara, CA, USA). Briefly, after filtering for saturated and non-
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uniform probes, data were normalized by GC correction with a window size of 2 kb and
Diploid Peak Centralization. The Centralization Normalization Algorithm with a
threshold of 6.0 and a bin size of 10 was also used for detecting aberrant regions or
regions of constant CNVs. Aberrations were detected by the Aberration Detection
Method II algorithm (ADM-2), with a sensitivity threshold of 6.0 and moving average
window of 2Mb, which permits to identify all aberrant intervals in a given sample with
consistently high or low log ratios based on the statistical score. An aberration filter was
applied for identifying copy number alterations; changes were considered as true
positive events with a minimum log2ratio test/control of 0.5 and a minimum of 3
consecutive probes. Positive statistical score meant amplification, while a negative score
indicated deletion. Human reference sequence hgl9 assembly was used to define the
genomic coordinates of detected CNVs. Raw data of the microarrays are available at

NCBI's Gene Expression Omnibus (GEO) with the accession number GSE107375.

Identification of significantly altered genomic regions and CNV-encompassed

genes

For statistical analysis, the ALS samples were divided into two groups (SALS1 and
SALS2) based on their previously characterized gene expression profiles!’. The
chromosomal distribution and the frequency of the copy number gains and losses in both
SALS subgroups were also investigated. Using ADM-2 generated interval-based
amplification and deletion data, penetrance analysis was performed to find the
percentage of samples that share aberrations in a particular genomic region among
multiple samples. A recurrent CNV was called when the gains or losses occurred in at
least 10% of the SALS patients, both with and without the assignment into the

hierarchically determined two sets. Multiple amplifications and deletions were counted
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as separate events. Aberrant intervals were also filtered taking into account those
occurring in at least 10% of the cases and absent in individual controls. In addition, to
assess the effective relations between the detected CNVs and ALS pathogenesis, we
compared these aberrant regions with those previously associated with ALS wvia
screening of publicly available databases (i.e., CNVD) and published literature.

Frequent amplifications and deletions observed in both SALS patient subgroups were
reviewed and annotated to the human hg19 reference genome and then were screened
out for only genes included in the NeuroArray aCGH design. In addition, significant
probe signals were clustered for pathologies according to their location on causative or
susceptibility genes through a homemade script on R-platform, in order to search for

CNVs in candidate genes of ALS disease®8.

Source of gene expression data

Gene expression data set E-MTAB-2325 was downloaded from EBI ArrayExpress
database, which was annotated using the platform of GPL6480 (Agilent-014850 Whole
Human Genome Microarray 4x44K G4112F). A total of 40 samples were selected out,
including 10 normal and 30 SALS motor cortex samples. Raw signal values were
thresholded to 1, log2 transformed, normalized to the 50th percentile, and baselined to
the median of all samples using GeneSpringGX v.14.5 (Agilent Technologies, Italy). Fold
change (FC) values were calculated between SALS patients and individual controls.
Positive FC meant over-expression, whereas negative FC indicated under-expression.
Probes not corresponding to an ENTREZ ID were removed. In cases where several
probes corresponded to one ENTREZ ID, the probe showing the highest variance over
all samples was chosen for further analysis. Genes that showed a significant P value <

0.05 (one-way ANOVA followed by the Benjamini and Hochberg False Discovery Rate
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and the Tukey’s Post Hoc test) and FC > + 1.5 were considered differentially expressed

and were taken for further analysis.

Integration of the aCGH and gene expression data

To assess the contribution of genomic aberrations to global gene expression pattern
changes in SALS and identify CNV-associated DEGs, we performed an integrated
analysis of differential expression values and the corresponding DNA copy number
changes through a gene-by-gene approach. In particular, each gene expression
measurement was assigned to the corresponding copy number probe interrogating the
same named gene. A CNV-driven gene was defined when the gene expression trend was
consistent with the copy number change (i.e., up-regulated gene transcript with a
chromosomal amplification and down-regulated gene transcript with a chromosomal

deletion).

Functional enrichment and biological network analysis

The function of CNV-associated DEGs in SALS patients was annotated and analyzed
according to the three organizing principles of Gene Ontology (BP: Biological Process,
MF': Molecular Function, CC: Cellular Component) by using the enrichment analysis
tool Enrichr®®. To interpret the biological significance of CNV-driven genes in the
context of known biological pathways, we used QIAGEN's Ingenuity Pathway Analysis
(IPA®; http://www.ingenuity.com/) and MetaCore repository (Clarivate Analytics,
Philadelphia, United States)’0. Both these programs identify significantly enriched
biological pathways and signaling cascades that are associated with a given list of genes
by calculating the hypergeometric distribution. P-value <0.05 was set as the threshold
to filter out significant terms. In addition, to increase the statistical power of our

analysis, we compared our results with three other pathway enrichment analysis tools
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and databases (KEGG; Reactome; Panther) and selected signaling pathways that were
identified as significantly deregulated by two or more platforms.

To better understand the interactions of the CNV-driven genes and identify the
best candidate genes in SALS, an extended protein-protein interaction (PPI) network of
their encoding products was predicted by using the STRING database”™ and visualized
with the Cytoscape v.3.5.0 software”. The extended network was constructed by using
the CNV-driven genes as seed molecules and setting a high level of confidence between
molecular interactions (high confidence score of at least 0.8) and a maximum number of
interactions to 100. In order to identify the “Hub” nodes, a network topology analysis
was performed by using the Cytoscape plug-in NetworkAnalyzer based on topological
parameters 73. The relative importance of the genes in each network, meaning their
ability to hold together the communicating nodes in a biological network, was
determined based on the node centrality measure setting the topological parameter
“node degree” >10. Nodes with high degree (hub genes) represented the genes having
important biological functions: the higher the value, the higher the relevance of the gene
in connecting regulatory molecules. Likewise, values of edge betweenness were mapped
with the edge size: high values of this parameter correspond to a large edge size. The
final PPI network was visualized based on node degree and edge betweenness
parameters.

Finally, target and biomarker assessment tools in both IPA and Metacore were
used to screen candidate CNV-driven genes in order to identify potential candidate

biomarkers and therapeutic targets for ALS.
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Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) validation

To confirm the reliability of our data, we validated the NeuroArray CGH results
performing ad hoc real-time quantitative polymerase chain reaction (RT-qPCR) assays.
Briefly, we used DNA extracted from the motor cortex samples of 15 donors assayed by
NeuroArray, including 5 controls, 4 SALS1 and 6 SALS2 (Supplementary Table 11).
From the list of CNV-driven DEGs genes, we selected 5 candidates (GAA, KIF1A, CSF1,
TRAF2, HSPAS5) on the basis of their potential clinical relevance as patient-specific
biomarkers and therapeutic targets (Supplementary Table 11). The primer sets
flanking the putative exonic imbalances were designed using the PrimerBlast tool

(http://[www.ncbi.nlm.nih.gov/tools/primer-blast/) as described 74 and were available in

Supplementary Table 11. RT-qPCR was performed in triplicate using the LightCycler
1.5 (Roche Diagnostics, Germany). Cycling conditions were 95°C for 15 s followed by 40
cycles of 95°C (5 s), 60°C (15 s) and one cycle of 95°C (15 s), 60°C (60 s), 95°C (15 s). The
data were analyzed by the 2-AACt method that requires a healthy control sample
(diploid) as a calibrator in all amplifications 75. 2-AACt> 1.4 or < 0.6 was defined as copy
number gain or loss, respectively, whereas 2-AACt values included from 0.8 to 1.2 were
considered as normal diploid. As calibrator control, we used the same DNA reference
hybridized in NeuroArray experiments. The specific PCR products were confirmed by

the results of melting curve analysis and agarose gel electrophoresis.
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ABSTRACT
Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurodegenerative
disorder, caused by the degeneration of upper and lower motor neurons for which there
is no truly effective cure. The lack of successful treatments can be well explained by the
complex and heterogeneous nature of ALS, with patients displaying widely distinct
clinical features and progression patterns, and distinct molecular mechanisms
underlying the phenotypic heterogeneity. Thus, stratifying ALS patients into consistent
and clinically-relevant subgroups can be of great value for the development of new
precision diagnostics and targeted therapeutics for ALS patients. In the last years, the
use and integration of high-throughput ‘omics’ approaches have dramatically changed
our thinking about ALS, improving our understanding of the complex molecular
architecture of ALS, distinguishing distinct patient subtypes and providing a rational
foundation for the discovery of biomarkers and new individualized treatments. In this
review, we discuss the most significant contributions of omics technologies in unraveling
the biological heterogeneity of ALS, highlighting how these approaches are revealing

diagnostic, prognostic and therapeutic targets for future personalized interventions.

Keywords: Amyotrophic lateral sclerosis, ALS-FTD, personalized medicine, molecular

taxonomy, multi-omics, systems biology
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurodegenerative
disease, characterized by the progressive deterioration of cortical and spinal motor
neurons (MNs), leading invariably to progressive muscle weakness and paralysis.
Death, often resulting from respiratory failure due to respiratory muscle weakness,
generally occurs after 3—5 years from symptom onset, with only 5-10% of patients’
survival beyond 10 years!. ALS is the most common adult motor neuron disease with a
worldwide annual incidence of about 2 per 100,000 persons and with an estimated
prevalence of 5.4 per 100,000 individuals2. In most cases, mean age at onset is 50-60
years, while juvenile (before 25 years of age) and “young-onset” ALS cases (before 45
years), represent ~1% and ~10% of all patients, respectively3. No disease-modifying
strategies are available so far, and therapies that can effectively stop or reverse the
disease progression are urgently needed. The mainstay of treatment for ALS is mainly
based on symptom management and respiratory support, with only two Food and Drug
Administration (FDA)-approved treatments, riluzole and edaravone, that appear to
mildly slow disease progression and only in some patients4%. The paucity of effective
treatments has been attributed in part to the absence of complete knowledge of ALS
pathogenesis, and in part to its heterogeneity with patients displaying widely distinct
clinical features and progression patterns, together with a plurality of associated genes.
Over the last few years, the complexity of ALS has led to the concept of a
spectrum of different disorders with different pathogenic mechanisms rather than a
single disease. From a clinical point of view, in addition to typical or classic ALS
(characterized by the simultaneous involvement of upper and lower motor neuron (UMN
and LMN) at disease onset), several different phenotypic subtypes can be recognized
based on the rate of progression, survival, age of onset, site of onset (bulbar vs spinal)
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and prevalence of UMN or LMN motor signs!. Additionally, while ALS was historically
judged as a pure motor neuron disease, it is now recognized that it represents a multi-
systemic disorder affecting other brain regions, including frontotemporal, oculomotor,
cerebellar, and/or sensory systems, and more rarely the basal ganglia and autonomic
nervous system 7.8, To this regard, the most common alternative deficit observed in ALS
patients is behavioral dysfunction and/or subtle cognitive impairment, which is also
comorbid to ALS in about half of ALS individuals, and where a subset of ~15% of
patients receive the concomitant diagnosis of ALS with a frontotemporal dementia
(FTD) syndrome (referred to as ALS-FTD or FTD-ALS patients)®-12. The ALS-FTD
relationship has been confirmed through genetic studies, suggesting these conditions
can be viewed as divergent ends of the spectrum of a single clinically and etiologically
heterogeneous condition?.

Different clinical profiles are likely to reflect molecular heterogeneity in ALS.
In fact, for example, the majority (~90%) of ALS cases are sporadic (SALS), with
unknown cause, while ~10% of ALS patients show familiarity for the disease, usually
transmitted according to an autosomal dominant inheritance!3. However, this
distinction is increasingly recognized to be artificial, FALS and SALS are, in fact,
phenotypically indistinguishable and seem to show similar patterns of selective MN
degeneration and vulnerability, and many mutations in one or more known FALS-
associated genes have been found in SALS patients, suggesting the existence of common
molecular mechanisms between these two disease forms!416. The complexity and
heterogeneity of ALS also emerged from a pathophysiologic point of view, with a series
of several biological and molecular pathways differently contributing to its development
and progression. Despite the understanding of disease pathogenesis is far from
exhaustive, numerous genetic and epidemiological risk factors have been identified, as
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well as various mechanisms have been suggested, including inflammatory and immune
abnormalities, oxidative stress, mitochondrial dysfunction, glutamate excitotoxicity,
proteasomal/autophagic impairment, defects in axonal transport and RNA metabolism
14 With this in mind, it is clear that the current diagnostic classification criteria of ALS,
primarily based on person's signs and symptoms, are inadequate to characterize the
complex and heterogeneous nature of ALS, as well as the use of a single compound to
treat the patient population as a whole may hinder the identification of an effective
therapy. Defining and stratification of ALS patients into disease subtypes can not only
provide important insights for diagnosis and prognosis but also for clinical trial
planning and interpretation, thus achieving better care for ALS patients.

Advances in “omics” technologies (e.g., genome, transcriptome, proteome,
epigenome, metabolome) and their correlation with the clinical phenotypes of the
individual patient, are enabling medicine to move from a “one-size-fits-all” approach
toward a “personalized” model, helping to clarify the molecular mechanisms underlying
human disease and to provide both potential biomarkers and pharmacological targets
for a more detailed patient stratification and personalized treatments (Figure 1). In
this review, we discuss advances in the application of “-omics” to further our
understanding of ALS, outline the evolving landscape of molecular classifications, and
discuss how these techniques are contributing to reveal diagnostic and prognostic

biomarkers and molecular targets for future personalized therapeutic interventions.
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Transcriptomics
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Figure 1. From omics technology to precision medicine in ALS. Multi-omics (e.g., genomics, transcriptomics,
proteomics, epigenomics, metabolomics) data analysis and integration may allow patient stratification and targeted
therapies. Through a “systems biology” approach, these technologies may move medicine from a “one-size-fits-all”
toward a “personalized” model.

APPLICATION OF OMICS: A STEP TOWARDS A BETTER UNDERSTANDING
OF ALS PATHOGENESIS

Applications of omics platforms range from the detection of genes (genomics), mRNA
(transcriptomics), proteins (proteomics), epigenomic factors (epigenomics) and
metabolites (metabolomics). Thanks to omics technologies, it is now possible to quantify
the amount of particular molecules (genes, mRNA, protein levels, and metabolites) of a
biological system, and observe massive interactomes describing their complex
interconnections. For complex and multifactorial pathologies such as ALS, the analysis
and integration of different omics layers are crucial for the full knowledge of the disease,
opening the way to the development of personalized diagnostic and therapeutic tools.
Several omics studies have suggested multiple pathologic mechanisms associated to
ALS, providing new insights into molecular signatures/markers and moving toward

molecular-based classifications and tailored interventions.
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Genomics

The genomic landscape of ALS has been extensively surveyed, contributing to our
understanding of ALS biological and clinical complexity. Analysis at this level requires
not only the study of DNA sequence variations, including single nucleotide
polymorphisms (SNPs) or mutations, but also genomic alterations and chromosomal
changes, with consequent protein dysfunction or differences in concentration levels.
Detailed information regarding ALS-related genes is available via the Amyotrophic

Lateral Sclerosis Online Database (ALSOD; https:/alsod.ac.uk). After the

identification of mutations in the SODI gene in 1993 (Rosen and others 1993), more
than 30 genes have been involved in the pathology, with the most common disease-
causing variants in C9orf72, SODI1, FUS, and TARDBP. However, monogenic forms
explain only a fraction of the diagnosed cases, suggesting ALS as a polygenic diseasel718,

Thanks to the development of genome-wide association studies (GWAS) as
well as the advances in massive parallel sequencing approaches, including whole-
genome sequencing (WGS) and whole-exome sequencing (WES), enormous progress has
been made in understanding genomics of ALS19-26, A growing number of causative and
susceptibility genes have been identified so far in both familial and sporadic cases, the
majority of which encode proteins implicated in cytoskeleton remodeling and axonal
transport, mitochondrial metabolism and turnover, autophagy and proteostasis,
membrane trafficking, RNA processing and DNA repair (Table 1)!82427-30, These
genetic findings may guide patient stratification into different subgroups depending on
which combination of pathways is deregulated, improving their recruitment for

translational research and clinical trials 3132,
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Table 1. Summary of the most known genes linked to ALS, their clinical phenotypes and affected
pathway
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SOD1 Superoxide Dismutase 1 ALS, PMA, juvenile ALS X| X X | X
DAO D-amino acid oxidase ALS X
Peroxisome proliferator-activated
PPARGC1A receptor gamma coactivator 1-alpha | ALS X
OPTN Optineurin ALS, FTD X| X
ALS, ALS-FTD, FTD,
CHCHD10 | Coiled-Coil-Helix-Coiled-Coil-Helix cerebellar ataxia, X| X X
Domain Containing 10 myophathy
NEK1 NIMA Related Kinase 1 ALS, ALS-FTD XXX X
KIF5A Kinesin family member 5A ALS X
NEFH Neurofilament heavy subunit ALS X
TUBA4A | Tubulin Alpha 4a ALS X
DCTN1 Dynactin subunit 1 ALS, ALS-FTD X X
PFN1 Profilin 1 ALS X | X
ELP3 Elongator protein 3 ALS, ALS-FTD X X
EPHA4 EPH Receptor A4 ALS X
Chromosome 9 open reading frame
Coorf72 179 ALS, ALS-FTD, FTD XXX X
PRPH Peripherin ALS X
CHMP2B gl}garged Multivesicular Body Protein ALS. FID x| x| x
ALS, ALS-FTD, FTD,
veP Valosin containing protein IBM, PDB X A
FIG4 Phosphoinositide 5-Phosphatase ALS, PLS, CMT X
Vesicle-associated membrane
VAPB protein-associated protein B/C ALS, PMA X X
ALS, ALS-FTD, juvenile
UBQLNZ | 1311 quilin 2 ALS X
TBK1 TANK Binding Kinase 1 ALS, FTD X X
ALS, ALS-FTD, FTD,
SQSTM1 Sequestosome 1 IBM, PDB X
CCNF Cyclin F ALS, ALS-FTD X
TARDBP | TAR DNA binding protein ALS, ALS-FTD, FTD X
Heterogeneous Nuclear ALS, ALS-FTD, FTD,
hnRNPA1 Ribonucleoprotein Al IBM, PDB X X
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hnRNPA2B | Heterogeneous Nuclear ALS, ALS-FTD, FTD, X
1 Ribonucleoprotein A2/B1 IBM, PDB
Juvenile ALS, infantile
ALS2 Alsin HSP X
Spatacsin vescicle trafficking
SPG11 associated Juvenile ALS, HSP XX
MAR Sigma Non-Opioid Intracellular
SIG 1 Receptor 1 Juvenile ALS, dHMN X
Cilia- and flagella-associated protein
C21orf2 410 ALS X
Juvenile ALS, AOAZ2,
SETX Senataxin dHMN X
FUS Fused in sarcoma ALS, ALS-FTD, FTD X
ATXN2 Ataxin 2 ALS, SCA2 X X
ANG Angiogenin ALS, ALS-FTD X
ALS, ALS-FTD, distal
MATR3 Matrin 3 myopathy X
EWSR1 EWS RNA Binding Protein 1 ALS X
TATA-Box Binding Protein
TAF15 Associated Factor 15 ALS X

The table lists genes thought to be causative or risk factors for ALS sorted on the basis of their functional similarity.
ALS=Amyotrophic lateral sclerosis; FTD=Frontotemporal dementia; PMA=Progressive muscular atrophy; IBM=
Inclusion-body myositis; PDB=Paget disease of bone; HSP=Hereditary Spastic Paraplegia; dHMN=Distal Hereditary
Motor Neuropathy; AOA2=Ataxia with oculomotor apraxia type 2; SCA2=Spinocerebellar ataxia type 2

Another important factor increasing the complexity of phenotype-genotype
correlations in ALS is the observation of a clinical pleiotropy for ALS genes. Although
some mutations associate with very specific ALS clinical profiles (e.g., patients with the
Ala4Val mutation in SOD1 usually have an aggressive form of ALS, whereas those with
the homozygous Asp91Ala mutation tend to have a very slowly progressive disease with
a generally ascending upper motor neuron phenotype), the majority of disease-causing
genes show a high degree of phenotypic heterogeneity, with mutations in the same gene
giving rise to different clinical entities, supporting a genetic basis for the observed
clinical heterogeneity in ALS. A striking example of pleiotropy is due to C9orf72
hexanucleotide repeat expansion mutation, which is clearly linked to ALS and FTD but
pathogenic expansions have been also observed in a small percentage of patients
affected by Alzheimer’s (<1%), Huntington’s (1-5%), and Parkinson's diseases (1%), as
well as atypical parkinsonian syndromes, such as progressive supranuclear palsy (1-

8%), corticobasal degeneration (3%), and Lewy body dementia (2%)37. Another
72



Chapter 3

interesting example regards a newly identified ALS gene, KIF5A. In fact, missense
mutations in the N-terminal motor domain of this gene are known to cause hereditary
spastic paraplegia and Charcot—Marie—Tooth disease type 2, while ALS-associated
mutations are predominantly located at the C-terminal tail domain38:39, The possible
existence of a common genetic background in neurodegeneration is also supported by
the observation that mutations in ATXNZ2, SPAST, FIG4, SETX, DCTN1, MATRS3,
CHCHDI10, SQSTM1, VAPB, HNRNPA1, VCP, APOE and OPTN have been reported
both ALS and other multisystem disorders, including FTD, spinocerebellar ataxias,
parkinsonism and schizophrenia. Among these, APOE, the most prevalent genetic risk
factor of AD, has been also studied both as a risk factor for ALS and as a modifier of
various phenotypic aspects, including age at onset, site of onset, and duration of the
disease. As already found for AD, inheritance of APOE alleles is associated with
differences in the clinical course of ALS (with a protective role of E2 allele and a
deleterious role of E4 allele) suggesting a potential implication of APOE genotype as a
biomarker to discriminate clinical efficacy in ALS clinical trials*0-43, Another genetic
determinant of ALS is the trinucleotide repeat expansion occurring in the ATXNZ2 gene,
with long-expanded repeats that are found to cause spinocerebellar ataxia 2 while
intermediate-length polyQ expansion seems to increase the risk of developing ALS,
significantly correlate to a spinal phenotype, and associate with shorter survival44-48,
As for mutant C9orf72 and other pathological repeats, ATXN2-mediated toxicity seems
to involve the creation of small toxic homopolymeric proteins, called dipeptide repeats
(DPRs), through a process known as repeat-associated non-ATG-initiated (RAN)
translation, leading to an impairment of ribosomal biogenesis, nucleocytoplasmic
transport, RNA metabolism and protein sequestration, that can cause
neurodegeneration and behavioral deficits49-5!. Disease-modifying therapies designed
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or formulated to specifically target the ATXNZ2 gene, including the use of antisense
oligonucleotides, are currently being studied as a promising therapeutic approach for
ALS51-53

Besides clinical diagnosis and identification of risk variants and disease
modifiers, the genomic analysis may be helpful for explaining the considerable
differences in prognostic profiles of ALS patients, thus providing valuable information
for designing new therapeutic strategies®-58, In particular, mutations in SODI,
EPHA4, KIFAP3 and UNC13A seem to affect the progression of ALS disease or the
survival of ALS patients. Loss-of-function mutations in EPHA4 results in significantly
longer survival of ALS patients and pharmacological inhibition of EPHA4 signaling has
demonstrated to improve functional performance and motor neuron survival in ALS
animal models®9.60, Other genetic variants associated with ALS survival include
Asp91Ala, one of the most common mutations in SOD1 that is associated with a long
survival when the locus had homozygous genotype, while that of affected heterozygotes
varies; and the rs12608932 located in intron 21 of the UNC13A gene that is associated
with an increased risk and shorter survival of ALS patients 61-68,

In addition to genetic mutations, the screening of submicroscopic
chromosomal changes, known as copy-number variations (CNVs), is potentially
informative of genomic alterations related to disease phenotype through the modulation
of the expression and function of genes. Several studies have investigated the
involvement of these variants in ALS, demonstrating their involvement as risk factors,
with multiple rare CNVs more important than common ones®-74, In particular, a large
number of rare and novel ALS-specific CNV loci were identified in ALS patients, with
the majority of these variants exerting a role in biochemical pathways relevant to ALS
pathogenesis, including regulation of synaptic transmission and neuronal action
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potential, immune response and inflammation, cell adhesion, ion transport,
transcriptional regulation and mRNA processing’-72, One of the most interesting
example is represented by the survival motor neuron (SMN) genes, whose copy number
alterations seems to increase risk of developing SALS as well as other
neurodegenerative disorders, including progressive muscular atrophy (PMA)9.70.75.76,
However, other studies have not found any significant association between the deletion
of either SMN1 or SMNZ2 in ALS, suggesting these conflicting results may be due, in
part, to the existence of heterogeneous subgroups of ALS patients. The same ambiguous
results are found for copy number changes affecting mitochondrial DNA (mtDNA), with
some ALS patients characterized by an accumulation of deletions and other cases
showing increased mtDNA copy numbers?:77.78, Other examples are heterozygous
deletions of EPHAS3, which seem to confer a protective role against the risk of developing
ALS, and deletions in NEFL associated with a delayed disease onset and slowed disease
progression®8.70,

Notwithstanding the increased knowledge of ALS from a genomic
perspective, substantial dilemmas remain from a clinical perspective and large-scale
NGS and GWAS projects are currently underway to fully unravel the underlying causes.
Among these, of note is Project MinE, an international, large-scale research initiative
devoted to discovering genetic causes of ALS by performing whole-genome sequencing
of at least 15,000 ALS patients and 7,500 controls, resulting in an open-source genome
database, in conjunction with the collection of skin samples to make patient induced
pluripotent stem cell lines 1IPSCs) 7980, Future follow-up studies will be necessary to
shed light on the biological drivers of disease and evaluate the direct effect of newly
discovered genes on disease diagnosis and management, also determining if they could
form candidates for novel gene therapies.
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Transcriptomic

Changes in gene expression are widespread in ALS, as revealed by a large body of work
on gene expression profiling of RNA samples from peripheral cells or postmortem
nervous tissue of ALS patients and animal models. These signature patterns of gene
expression have started to provide a more detailed picture of molecular events
implicated in ALS pathobiology®1.82,91-97.83-90

The advent of systems biology and development of high-throughput
technologies, including RNA sequencing and high-density microarray platforms, is
enabling us not only to discover and define mechanisms of pathogenesis in ALS, but
also to differentiate ALS from the "ALS mimic syndromes" and healthy controls and
stratify ALS patient into subgroups, facilitating the discovery of biomarkers and new
individualized treatments for patients94.98-101 In this regard, our research group, in the
last years, has taken important steps towards the characterization of a biological and
molecular heterogeneity of ALS based on transcriptional profiles. In particular,
unsupervised hierarchical clustering of genome-wide transcriptomic profiles generated
from post-mortem motor cortex samples from SALS patients has led to separate healthy
controls and SALS patients and identify two distinct patient groups (SALS1 and SALS2)
depending on the combinations of genes and pathways that were deregulated 102, In
particular, we observed that cell death, antigen processing and presentation and
regulation of chemotaxis were the most representative subgroup-specific pathways in
SALS1, while deregulated genes in SALS2 were associated with axonal guidance,

oxidative and proteotoxic stress (Figure 2)102-104,
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Figure 2. Molecular-based classification of SALS. (a) Unsupervised hierarchical clustering (similarity measure: Pearson centred;
linkage rule: average) was used to cluster control (10 fresh-frozen motor cortex samples from non-neurological patients) and SALS
patients (31 fresh-frozen motor cortex samples) on the basis of the similarity in expression profiles of the most "hypervariable
genes" (9.646 genes with a standard deviation > 1.5). The same clustering method clearly distinguished two SALS subgroups
(SALS1 and SALS?2), each associated to differentially expressed genes and pathways. In this two-dimensional presentation, each
row represents a single gene and each column a motor cortex from control or SALS patients. As shown in the color bar, highly
expressed genes are shown in orange, down-regulated genes in blue, no change in white. In the dendrograms shown (left and top),
the length and the subdivision of the branches display the relatedness of the expression of the probes and the motor cortex (top).
The disease state is marked as follows: controls patients are indicated by brown rectangles and SALS patients by red rectangles.
In the cluster panel, red rectangle refers to control patients, brown to SALSI and blue to SALSZ2 patients. For further details, the
reader is referred to (Aronica et al., 2015b). (b) Functional pathways deregulated in clustered SALS patients. Orange boxes
represent signalling pathways significantly up-regulated, blue bars down-regulated, green bars both up- and down-regulated,
white bars indicate no significant change. Figure adapted from Morello et al. (Morello and Cavallaro, 2015).

Our analysis also showed that some of the deregulated genes in SALS patients were
previously associated with FALS, further supporting the existence of common
pathological events between two disease forms. Interestingly, we found the differential
expression of a substantial number of genes encoding splicing factors in the motor cortex
and spinal cord of the same SALS cohort!%5. In particular, we observed transcriptional

deregulation across the tissue types and/or disease states (SALS1, SALS2, controls),
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with expression changes that were more pronounced for the motor cortex regions than
the spinal cord and revealing a significant trend of overexpression for the SALS1 group
and a decreased trend in expression for SALS2105, Despite, taken together, our results
provided a powerful means for revealing etiopathogenetic mechanisms that were not
emerged by considering SALS as a single pathology, it is clear that to successfully
translate this knowledge to the real-world clinical contexts, the number of biomarkers
should be limited. For this purpose, we next asked if the transcriptome-based
classification can be reproduced by utilizing just a list of 203 genes highly associated
with an increased ALS susceptibility196:107, Qur results showed that this restricted gene
panel was sufficiently representative to separate control from SALS patients,
reproducing our previous classification of these patients into molecularly-defined and
biologically meaningful subtypes and, consequently, facilitating the identification of
promising cluster-specific biomarkers. Further studies will be necessary to investigate
if peripheral tissues or easily accessible biological fluids (e.g., peripheral blood
monocytes, cerebrospinal fluid, or muscle) can reproduce specific molecular patterns
observed in brain regions of ALS patients, allowing for an effective mechanism-based
selection of patients for clinical trials of molecular-targeted therapies. Emerging
molecular heterogeneity of ALS lays the foundations for developing new therapeutic
strategies, targeting disease pathogenesis as a complex system rather than at the level
of the single protein molecule and that may have greater relevance to distinct sets of
patients. In this regard, altered biological pathways emerged from our analysis provided
a good number of potential subgroup-specific biomarkers and therapeutic targets,
opening the way to the implementation of genomics-based personalized medicinel08-110,

Of note, some of these target genes exhibit expression profiles similar to those observed
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in animal models of ALS, thus providing a rationale to ensure their preclinical trial
success!11-113,

Recently, a good number of studies investigated and confirmed the existence
of distinct molecular-based clusters of ALS patients, calling attention to the need for
better understanding their mechanistic underpinnings and developing treatments
based on specific forms of ALS113-116_In particular, Tam et al. (2019) were able to stratify
the transcriptomes by RNA-seq of a largely sporadic set of ALS patients' motor cortex
samples into three distinct molecular subgroups, two of which overlapped the molecular
signatures observed in our ALS patient samples!!6. Another study compared brain
transcriptome profiles in SALS cases carrying and not carrying the C9orf72 repeat
expansion, revealing both shared and distinct transcriptome changes and pathways
associated with these two subsets of ALS cases!!’. A further interesting aspect is the
possibility of separating rapid and slow ALS in earlier phases of drug development. To
this regard, whole-genome expression analysis conducted by Nardo G. et al. (2013) in
ALS animal models identified specific key genes and molecular pathways associated
with fast or slow disease progression, highlighting their role as putative molecular
targets for future therapeutic strategies!1?,

The majority of the above-described studies assessed RNA samples from
postmortem brain tissues. Although they provide essential elements in the
pathophysiology of ALS that cannot be otherwise obtained through other approaches
used 1n living patients, these studies reveal end-stage pathogenic mechanisms and do
not clarify whether transcriptional differences that separate patient subtypes are a
cause or a consequence of the disease process. In that context, the use of iPSC derived
from patients suffering from ALS has provided important insights into disease
pathophysiology, enabling researchers to explore molecular heterogeneity of ALS and
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follow the course of degeneration in the dish!18119.128-133120-127  Ipn addition,
transcriptome studies on whole tissue (i.e., motor cortex and spinal cord) fail to capture
dynamic changes and the complex heterogeneity of the nervous system, making it
difficult to determine how gene expression changes disrupt functional interaction
between motor neurons and non-neuronal cells (e.g., microglia, oligodendroglia and
astroglia) implicated in ALS pathology. Promising approaches, such as laser capture
microdissection (LCM) coupled with RNA sequencing, offer a previously unavailable
view of disease progression in ALS, enabling us to explore cell type-specific changes
involved in the disease at a particular time point!34135 In a recent paper, Maniatis et
al. (2019) used new RNA-seq based technologies, which they called “spatial
transcriptomics”, for mapping gene expression changes occurring at different disease
stages and in different regions of murine models of ALS and human postmortem spinal
cords samples, providing important clues for identifying disease-associated pathways

and establishing the key steps in motor neuron degeneration observed in ALS36,
Proteomics

Detection of specific protein changes in affected brain tissue samples, cell cultures or
body fluids such as CSF represents an important pillar in ALS. The discovery of protein
biomarkers for ALS, in fact, may aid earlier diagnosis, measure disease progression,
exclude other ALS-mimicking syndromes, discriminate between subtypes of ALS that
may theoretically respond to different therapeutic strategies and monitoring drug
efficacy during clinical trials!37-142, It is well established that the key neuropathological
hallmark of the disease is the accumulation of misfolded cytoplasmic proteins in
degenerating motor neurons and their non-neuronal neighbor!43-150, One of the main

protein components of these protein aggregates is TDP-43, a nuclear RNA binding
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protein that under stress conditions or when mutated translocates to the cytoplasm
where it is hyperphosphorylated and forms insoluble ubiquitin-positive
aggregates!43.151, Such aggregates are present in almost all cases of ALS, including
SALS and FALS patients with pathogenic variants of CIORF72152.153  ag well as in other
neurodegenerative disorders, including FTD, Parkinson’s and Alzheimer’s disease54155,
It is interesting to note that ALS and FTD have different forms of TDP-43 pathology,
suggesting its utility for designing novel diagnostic procedures that could discriminate
against these two diseases!®®. In addition, although controversial, several results
reported that TDP-43 aggregates occur in the vast majority of SODI- and FUS-negative
FALS patients, but not in SOD1/FUS mutation carriers, suggesting that mutant TDP-
43 may cause ALS through specific pathways of inclusion formation that are distinct
from those that underlie SALS or other FALS-associated mutations, opening the way to
the development of specific therapeutic approaches that take into account these
selective modifications!57.158,

Due to the complex and heterogeneous nature of ALS, it is plausible that a
single biomarker could not detect or differentiate between disease subgroups and/or
control subjects, sustaining the importance of developing biomarker panels for specific
and sensitive diagnostic tests. Recent development of high-throughput Mass
Spectrometry-based proteomic (MS) technologies has allowed the simultaneous analysis
of multiple proteins, allowing for the definition of comprehensive lists of possible
candidate ALS biomarkers!?9-162, In this regard, due to its proximity to the central motor
system, the cerebrospinal fluid (CSF) may most probably reflect disease-related
alterations, including changes in protein expression, post-translational modification or
biochemical turnover than in other body fluids (i.e., blood or urine)'62-166.166.167 Analyses
of the CSF proteome of ALS patients revealed a panel of candidate biomarkers
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implicated in synaptic activity, extracellular matrix, inflammatory processes, glial
response, axonal damage and apoptosis161,162,170-173,163-166,166-169 [t 1s interesting to note
that many candidate ALS protein biomarkers show subgroup-specific differential
mRNA expression in SALS patients, suggesting their utility in patient stratification
and personalized medicine (Table 2). Among the most extensively studied fluid
biomarkers correlating with the survival of ALS patients, higher levels of neurofilament
light chain (NF-L) and the phosphorylated form of neurofilament heavy chain (pNFH)
in CSF and plasma samples, as well as their accumulation in brain tissue, have been
correlated to shorter life expectancy and a more rapid disease progression and have
demonstrated high sensitivity and specificity for separating ALS from ALS-mimic
disorders 171.174-178, Recent works also demonstrated the diagnostic utility of CSF pNFH
levels in CYORF72-ALS patients, revealing higher pNFH levels in ALS or ALS/FTD
patients carrying CIORF72 expansion compared with controls and other ALS or
ALS/FTD patients 179181 Several other proteins in CSF of ALS patients have
demonstrated elevated sensitivity and specificity in distinguishing between ALS
patients and neurological disease controls, including IL-10, IL-6, GM-CSF, IL-2, and IL-
15 182, Proteomic profiling of CSF also identified proteins with a potential prognostic
value in ALS, including MIP-1a, wrCRP, HMGB, creatine kinase, granzyme B, and IL-
8, whose increased levels have been correlated with more rapidly progressive disease;
cystatin C protein levels were positively correlated with survival; increase in GPNMB
and UCHL1 were specific for ALS patients showing a short survival time; bFGF
increased in ALS patients with longer survival, whereas VGF levels correlated with

progressing muscle weakness 183,184,
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Table 2. Putative protein biomarkers and their differential expression in distinct SALS patient subgroups.

Biomarker
Symbol

Biomarker Name

Neuron specific

MAPT

NEFH

NEFM

NEFL

microtubule-associated

protein tau

neurofilament, heavy
polypeptide

neurofilament, medium

polypeptide

neurofilament, light
polypeptide

Hormones and growth factors

VEGFA

GDNF

IGFBP-2

IGFBP-3

IGFBP-5

FGF-2

HGF

vascular endothelial
growth factor A

glial cell-line derived
neurotrophic factor
insulin-like growth

factor binding protein 2

insulin-like growth

factor binding protein 3

insulin-like growth

factor binding protein 5
fibroblast growth factor

2
hepatocyte growth
factor

Inflammatory system related

IL2

1L4

IL5

1L6

IL-10

1L-13

IL-15

TNF

TNFRSF1A

interleukin 2

interleukin 4

interleukin 5 (colony-
stimulating factor,
eosinophil)

interleukin 6
(interferon, beta 2)

interleukin 10

interleukin 13

interleukin 15

tumor necrosis factor-
alpha

tumor necrosis factor
receptor superfamily,
member 1A

CSF/Serum/

Plasma

CSF

CSF

CSF

CSF

CSF

CSF

Plasma, Serum
Plasma, Serum

Plasma, Serum

CSF, Serum

CSF

CSF

CSF, Plasma

Plasma

CSF, Plasma

CSF, Plasma

Plasma

CSF, Plasma

CSF, Plasma

Prognostic/
Diagnostic
Value

Disease
progression

Diagnosis and
progression

Diagnosis and
progression

Diagnosis and
progression

Diagnosis and
progression

Diagnosis

Diagnosis and
progression
Diagnosis and
progression
Diagnosis and
progression

Diagnosis

Diagnosis

Diagnosis

Diagnosis and
progression

Diagnosis

Diagnosis and
progression

Diagnosis and
progression

Diagnosis and
progression

Diagnosis

Diagnosis

Serum, Plasma Diagnosis
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IFNG interferon, gamma CSF, Plasma progression (Guo et al., 2017a) l
transforming growth Disease (Duque et al.,
TGFB1 factor beta 1 Plasma progression 2020)
glial fibrillary acidic . . (Benninger et al.,
GFAP protein CSF Diagnosis 2016) 1
chemokine (C-X-C Diagnosis and (Tateishi et al.,
CXCL10 motif) ligand 10 CSF progression 2010) l
Enzymes and enzyme inhibitors
. . . (Ranganathan et
CST3 cystatin C CSF Diagnosis al., 2005) 1
matrix
metallopeptidase 2 . .
MMP2 (gelatinase A, 72kDa CSF, Plasma Diagnosis (Niebroj-Dobosz et
. al., 2010)
gelatinase, 72kDa type
IV collagenase)
matrix
metallopeptidase 9 (Beuche et al.,
MMP9 (gelatinase B, 92kDa ngl’assill‘;m’ Diagnosis 2000; Lorenzl et
gelatinase, 92kDa type al., 2002)
IV collagenase)
. (Lorenzl et al.,
TIMP1 1’11‘11}1:11115 tI:);etlallopeptldase ngl’assill‘;m’ Diagnosis 2002; Niebroj- 1
Dobosz et al., 2010)
superoxide dismutase . . (Jacobsson et al.,
SOD1 1, soluble CSF, Plasma Diagnosis 2001)
chitinase 1 Diagnosis and (Thompson et al.,
CHIT1 (chitotriosidase) CSF progression 2018)
Others
. (Majumder et al.,
TARDBP Tft{eglNA binding CSF Diagnosis 2018; Kasai et al.,
P 2019)
S100 calcium binding Disease (Stissmuth et al.,
S100B CSF
protein B progression 2003)

1 = Concentration increased in SALS patients compared to controls, | = Concentration decreased in SALS patients compared
to controls.

*Aronica et al., 2015

As for genomics studies, systems biology-oriented approaches in proteomics
play a crucial role to reveal relevant biological knowledge on pathological mechanisms
that trigger the onset and progression of ALS, providing a mechanistic rationale for
stratification of ALS patients based on unique molecular profiles, and identification of
disease biomarkers and targets for drug efficacy measurements. In this scenario, the
analysis of protein-protein interaction (PPI) networks provides the possibility to group
proteins that are interacting with each other's in functional complexes and pathways,

resulting critically important in helping us to comprehend complex processes, like ALS,

84



Chapter 3

and identify key signaling cascades, upstream regulatory components, interactome
domains, and novel disease-associated protein candidates suitable for therapeutic
Intervention!85-189, In this regard, an interesting example is represented by a recent
study investigating modules of co-expressed genes or proteins altered in postmortem
cortex samples from patients affected by ALS, FTD, ALS/FTD, and healthy disease
controls. In this work, Umoh et al. (2018) identified co-expression modules (i.e., RNA
binding proteins, synaptic transmission, inflammation) differing across the ALS-FTD
disease spectrum that may be useful for identifying genes associated with different

clinical phenotypes along the ALS-FTD disease spectrum?55,

Other omics (metabolomics, epigenomics, miRNomics)

In addition to genomics, transcriptomics and proteomics, the exponential advances in
technologies and informatics tools have stimulated an exponential growth of other areas
of biomedical science (metabolomics, epigenomics, spliceomics), offering exciting new
possibilities for ALS research. In this context, metabolomics, the scientific study of
chemical processes involving metabolites (e.g., sugars, lipids, amino acids, organic
acids), represents the downstream of systems biology that links the genome,
transcriptome and proteome to patient phenotype, providing an important key tool for
discovering potential markers in health or disease!?99-194, In the last years, thanks to the
development of high-throughput technologies (such as Mass Spectrometry Combined
with Liquid and Gas Chromatography), metabolomics studies identified specific
metabolic markers and signatures that can discriminate ALS from controls and non-
ALS cases, as well as identify distinct subgroups of SALS patients, moving research
towards the development of novel targeted personalized treatments!95.19, In particular,

Gross et al. (2018) recently identified two subgroups of SALS case fibroblasts displaying
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distinct metabotropic patterns that were also observed in plasma samples from the
same patients, thus providing a basis for stratify SALS patients for appropriate targeted
therapies!?. Other metabolite profiling-based studies revealed significantly different
metabolic profiles among FALS, SALS and ALS patients carrying different mutations
in disease-causing genes (i.e., C9ORF72, SODI1, TARDBP, and FUS), suggesting the
existence of distinct neurodegenerative processes associated with different subtypes of
ALS97-199 Tt is interesting to note that changes in the metabolome as well as alterations
1n energy metabolism, such as an increase in resting energy expenditure, often precede
the development of motor symptoms in ALS and correlates to disease progression. For
instance, a lipid-specific metabolic abnormality is present at the pre-symptomatic stage
of ALS animal models while increased serum levels of total cholesterol, LDL, LDL/HDL
ratio, and triglycerides were associated with longer survival and slower disease
progression in ALS patients and animal models 200-202, However, the relationship
between lipid levels and ALS is still rather controversial and poorly understood, and
some follow-up observational studies of ALS did not observe any association between
dyslipidemia and the incidence of ALS203-205, These conflicting results may be partly due
to the relatively small sample sizes often employed in these observational studies and
to the fact that lipid changes can be affected by a myriad of confounding factors,
including genetic, nutritional, physical and pathological factors.

Analysis of metabolite profiles can be also used to identify metabolites and
biochemical pathways in ALS patients that are modified before or after treatment
exposure, giving rise to a new field called pharmacometabolomics!92206.207 To this
regard, an interesting example is represented by a study that analyzed changes in
metabolites and lipids composition in the plasma of ALS patients enrolled in a phase II1
clinical trial for assessing the effects of TRO19622 (olesoxime), a compound with
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neuroprotective and neurodegenerative properties208, This study has permitted not only
to identify distinct metabolic changes that can distinguish the placebo from the
olexosime group but also to reveal metabolic pathways specifically altered after
treatment with olesoxime and riluzole in combination in comparison to riluzole therapy
alone, supporting the value of blood metabolomic profiles as biomarkers for evaluating
the individual response to drug treatments and their side effects208,

Another layer of complexity to the understanding of complex interactions
between the genome and the environment is represented by epigenetic modifications,
including DNA methylation, histone post-translational modifications, ATP-dependent
chromatin remodeling and RNA-dependent gene silencing209-216, Several lines of
evidence associate epigenome modifications to ALS development, with alterations in
DNA methylation and DNA-(cytosine-5)- methyltransferase (DNMT) enzyme activity,
as well as alterations to the balance between histone acetylation and deacetylation
observed in blood and post-mortem neural tissue from patients with ALS and in
different experimental models?17-219, Of note, variations in epigenetic marks and
modifier enzymes, and alterations in the methylation status of some ALS-related genes
promoters were also determined, including hypomethylation of OPTN,
hypermethylation of C9orf72 expansion CpG islands in the blood of FTD/ALS patients,
whereas mutant SOD1, FUS and TDP43 contribute to global epigenome alteration by
inducing alterations in histone post-translational modifications and DNA methylation
220, While several high-density microarrays or sequencing-based epigenomic
technologies are available, particular attention should be paid to EpiSwitch™, a high-
resolution platform, recently developed by Oxford BioDynamics, for analyzing
structural-functional epigenetic changes in genomic architecture associated with
pathological phenotypes called “chromosome conformation signatures”. Using this
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innovative technological platform, Salter and colleagues performed a comparative
interrogation of the genomic architecture from healthy and ALS-patient blood samples
revealing unique chromosomal conformation signatures with the ability to discern
between diseased subjects and healthy controls, predict faster versus slower progressing
patients at baseline and stratify responsive and non-responsive patients, representing
a crucial step towards personalized medicine in ALS221-223,

MicroRNAs (miRNAs), small non-coding molecules of about 20-22
nucleotides, represent an additional layer of epigenetic regulation that, thanks to their
capability to be highly stable in human body fluids, are considered promising
biomarkers for neurodegenerative diseases, including ALS224225, Qver the last few
years, several whole-genome miRNA profiling studies have identified a panel of a dozen
miRNAs that can distinguish ALS from controls with high accuracy in blood cells, serum
and CSF, and may be altered in pre-symptomatic ALS mutation carriers even years
before the estimated disease onset, representing potentially useful biomarkers of early-
stage ALS in coming years226-228, Despite the heterogeneous nature of ALS may prevent
a significant correlation of miRNA levels with clinical disease parameters, down-
regulation of two miRNAs, miR-1234-3p and miR-1825, not only is specific for ALS, at
least when compared with cohorts of Alzheimer’s and Huntington’s disease, but also
significantly correlated with disease characteristics like age of onset, disease severity
and duration229.230, In particular, while the downregulation of miR-1825 is a general
early feature in both FALS and SALS, miR-1234-3p is significantly downregulated only
in SALS patients. Of note, a large proportion of SALS patients showed miRNA
signatures resembling those of FALS patients and mutation carriers, suggesting
alteration of common pathways and a high contribution of genetic factors also in
SALS229.230, Other examples include down-regulation of miR-206, a specific modulator
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of skeletal muscle growth involved in nerve regeneration after injury, which accelerates
disease progression in ALS mice, whereas up-regulation of miR-208B and miR-499 is
found in the skeletal muscles of patients with slower disease progression, suggesting
the potential utility of these microRNAs as promising candidate biomarkers and targets

for this motor neuron disease 231-234,

FROM SINGLE LEVEL TO MULTI-OMICS INTEGRATIVE ANALYSES: TOWARD
PRECISION MEDICINE IN ALS

As detailed in the previous paragraphs, omics technologies have been used to identify
and / or provide functional supporting information for deciphering important players
and pathways involved in ALS pathogenesis and identifying a panel of candidate
therapeutic targets and biomarkers that will assist in the rapid diagnosis and prognosis
assessment of the disease, and in the stratification of patients into different subgroups
for specific targeted therapies. However, if considered individually, these technologies
are insufficient to clarify the intricate disease mechanisms implicated in ALS. Taking a
holistic molecular approach, based on the integration of multiple types of omics data
with existing biological knowledge, has the potential role in improving the knowledge
of the molecular basis underlying complex and heterogeneous diseases, establishing
different molecular subtypes and patient stratification, thus providing a rational
foundation for designing new studies to identify novel targets and clinical trials (Figure
1)235-238, Numerous studies have demonstrated the utility of whole- and multi-omics
strategies for deciphering the molecular landscape of neurodegenerative
diseases, including ALS, providing a feasible opportunity to develop an efficient and

effective personalized diagnostics and patient-guided therapieg3!:239-246,
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An interesting example of applying integrated omics approaches to define an
individual's molecular profile useful for the development and application of personalized
medicine in ALS, is represented by recent studies carried out by our research groups.
As previously described, transcriptional profiling of post-mortem motor cortex samples
from SALS patients has allowed to differentiate two distinct patient subgroups
characterized by different deregulated genes and pathways!02.104107.109.110  Tqo
investigate whether these transcriptional alterations may be related to genomic DNA
alterations, and thus represent potential markers for a molecular-based stratification
of SALS patients, we integrated gene expression profiling with the analysis of genomic
structural aberrations occurring in the motor cortex of the same set of SALS samples?47.
This comprehensive molecular characterization at the genomic and transcriptomic
levels revealed subtype-specific genomic alterations positively correlating with
transcriptional signature profiles, further confirming the existence of molecular and
functional heterogeneity in SALS and suggesting that genomic and transcriptomic
events complement each other in driving disease pathogenesis2?4’. Beyond refining ALS
molecular architecture, our results also pinpointed candidate driver genes potentially
useful as therapeutic targets and biomarkers for genomic-based patient stratification
and individualized treatmentl109-111.247 Among these, numerous genes involved in
histamine receptors, metabolism, transport, secretion and signal transduction, were
differentially expressed in the motor cortex as well as in the spinal cord of two
molecular-based subgroups of SALS patients and, of note, some of these genes are
located within genomic regions disrupted by DNA copy number occurring in SALS
patients 112, By integrating our data with the known pathogenic variants of ALS-related
gene reported in the ALSOD database, we identified a good number of coding variants
in these genes, supporting the hypothesis that histamine-related genes might represent
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candidate biomarkers and targets for patient-oriented ALS carell4. In this regard,
pharmacological modulation of the histamine-related pathway has already proved
broad efficacy in ameliorating ALS features, improving motor performance and survival
in ALS mice and increasing motor neurons survival in vivo and in vitro ALS

modelgl12.113,248

CONCLUSIONS

In the past decade, advanced omics technologies have fostered our understanding of the
complex molecular architecture of ALS, contributing in part to explain its clinical
heterogeneity, and providing a basis for a molecular taxonomy that may radically
change our medical approach to ALS. The identification of relevant classifiers and
subgroup-specific diagnostic, prognostic and predictive biomarkers is in fact urgently
needed for accelerating the development of effective and personalized treatment
approaches in ALS. In this review, we discuss the most significant contributions of omics
approaches in unraveling the biological complexity of ALS, highlight how holistic
systems biology approaches and multi-omics data integration are ideal to provide a
comprehensive characterization of patient-specific molecular signatures that could
potentially guide therapeutic decisions. We strongly believe that the future research in
ALS, as well as in other neurodegenerative diseases, calls a multidisciplinary holistic
approach, integrating multi-layer omics data with multimodal neuroimaging and
clinical data. This approach will provide a clear understanding of disease prognosis and
progression and accelerate development of innovative, effective and personalized

strategies for ALS.
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ABBREVIATIONS

ALS = amyotrophic lateral sclerosis; MNs= motor neurons; FDA= Food and Drug
Administration; UMN= upper motor neuron; LMN= lower motor neuron; FTD=
frontotemporal dementia; FALS= familial ALS; SALS= sporadic ALS; SNPs= single
nucleotide polymorphisms; SODI1= Superoxide dismutase 1 [Cu-Zn]; C9orf72=
chromosome 9 open reading frame 72; FUS= Fused in Sarcoma RNA binding protein;
TDP-43/TARDBP= TAR DNA binding protein; GWAS= genome-wide association
studies; WGS = whole-genome sequencing; WES= whole-exome sequencing; KIF5A=
kinesin family member 5A; ATXNZ2=ataxin 2; SPAST= spastin; FIG4= FIG4
phosphoinositide 5-phosphatase; SETX= senataxin; DCTN1= dynactin subunit 1;
MATR3= matrin 3; CHCHD10= coiled-coil-helix-coiled-coil-helix domain containing 10;
SQSTM1= sequestosome 1; VAPB= VAMP associated protein B and C; HNRNPA1=
heterogeneous nuclear ribonucleoprotein Al; VCP= valosin containing protein; OPTN=
optineurin; EPHA4= Ephrin type-A receptor 4; KIFAP3= Kinesin Associated Protein 3;
UNC13A= Unc-13 Homolog A; CNVs= copy-number variations; SMN=survival motor

neuron; PMA= progressive muscular atrophy; mitochondrial DNA (mtDNA); EPHA3=
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Ephrin type-A receptor 3; iPSC= induced pluripotent stem cells; LCM= laser capture
microdissection; MS= Mass Spectrometry; CSF= cerebrospinal fluid; NF-L=
neurofilament light chain; pNFH= phosphorylated neurofilament heavy chain; IL-10=
interleukin 10; IL-6=interleukin 6; IL-2= interleukin 2; IL-15= interleukin 15; IL-8=
interleukin 8; GM-CSF= Granulocyte-Macrophage Colony-Stimulating Factor; MIP-1a=
Macrophage Inflammatory Proteins 1-alpha; wrCRP= wide-range C-reactive protein;
HMGB= High Mobility Group Box 1; GPNMB= glycoprotein NMB; UCHL1= ubiquitin
C-terminal hydrolase L1; bFGF= basic fibroblast growth factor; VGF= VGF Nerve
Growth Factor Inducible; PPI= protein-protein interaction; LDL= low-density
lipoprotein; HDL= high- density lipoprotein, DNMT= DNA-(cytosine-5)-
methyltransferase; miRNA= MicroRNA.
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ABSTRACT

A plethora of genetic and molecular mechanisms have been implicated in the
pathophysiology of the heterogeneous and multifactorial amyotrophic lateral sclerosis
(ALS) disease, and hence the conventional “one target-one drug” paradigm has failed so
far to provide effective therapeutic solutions precisely because of this complex nature of
ALS. This review intends to highlight how the integration of emerging “omics”
approaches may provide a rational foundation for the comprehensive exploration of
molecular pathways and dynamic interactions involved in ALS, the identification of
candidate targets and biomarkers that assist in the rapid diagnosis and prognosis,
finally in the stratification of patients into different subgroups for personalized
therapeutic strategies. To this purpose, particular emphasis will be placed on some
potential therapeutic targets, including neurotrophic factors and histamine signaling
mediators that have emerged as dysregulated at different omics levels in specific
subgroups of ALS patients, and have already shown promising results both in in vitro
and in vivo models of ALS. Finally, we will discuss about the utility of using integrated
omics coupled with network-based approaches to provide additional guidance

for personalization of medicine applications in ALS.

Keywords: ALS, drug targets, histamine, multiomics, network pharmacology,

neurotrophins
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a rare progressive and chronically debilitating
motor neuron disease with a new case diagnosed as fast as every 90 minutes. It is
estimated that around 450,000 people worldwide are living with ALS and the number of
cases 1s projected to increase as the population ages!. The etiology is not defined yet for
most ALS patients. In particular, approximately 10%-15% of individuals with ALS have
an inherited form of the disease thus classified as familial ALS (fALS)2, while the cause
of the remaining percent of cases, known as sporadic ALS (sALS), is still
unknown. Currently, no cure exists and only a small number of treatments (e.g., riluzole,
edaravone, non-invasive ventilation) delay death?.

One of the reasons for this failure is the use of inappropriate recruitment of patients
in clinical studies, without taking into account the medical and molecular heterogeneity
of ALS. At present, the diagnosis is mainly based on clinical examination, but it is known
that the disease starts with hidden symptoms initiating long before the appearance of
any pathological sign, i.e. when an initial and peripheral disconnection of motor axons
from the muscles gradually evolves into a loss of approximately one-third of the total
motor neurons. This occurs long before any muscular weakness and/or atrophy is
perceived. Because of this lag between disease onset and symptoms, ALS patients have
to face with a first lost opportunity for therapeutic intervention. Due to a further
underestimation of early symptoms by both patients and clinicians, and to a diagnosis
often based on the exclusion of other possible diseases, another temporal delay of more
than one year usually elapses before a definite ALS diagnosis can be formulated.

Regrettably, this represents a second lost opportunity for initiating therapy.
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Despite tremendous progress has been made during the past decade, there is yet lack
of knowledge about ALS pathogenesis, but many hypotheses. It is now recognized that
ALS is heterogeneous and multifactorial, characterized by the complex interplay between
multiple genetic and environmental factors. Most consolidated pathogenic mechanisms
include growth factor deprivation and glutamate toxicity, accompanied by oxidative
stress, aberrant free radical handling, mitochondrial failing, metabolic alteration,
proteasome dysfunction, protein aggregation, cytoskeletal impairment, and deranged
axonal transport45. This complicated etiopathogenesis is obviously the summation of
many pathological events and the main reason why ALS is undefeated today. Thus, far
more research is necessary to shed light on the mechanisms underlying ALS, and to find
effective and personalized treatments for patients.

Recent advances in high-throughput functional omics technologies and analytical
tools for data integration, offer exciting opportunities to decipher the molecular landscape
of ALSS and the dynamics of disease manifestation. This review intends to highlight the
perspectives of integrative multi-omics approaches, with a particular emphasis on some
candidate genes and pathways that might be useful for the development of a personalized

genome-guided medicine for ALS.

INTEGRATIVE “OMICS” APPROACHES IN THE SEARCH FOR
THERAPEUTIC TARGETS IN ALS

The pressing need for treating ALS has not yet met due to the complexity of disease
mechanisms and multiple unknown genes and pathways. In the past decade, numerous
high-throughput “omics” studies have been conducted on ALS to better understand the
biology behind the disease, which will undoubtedly open new doors to therapeutics.

Genome-wide association, whole genome/exome sequencing combined with functional
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genomics, transcriptomics, proteomics, metabolomics, and other omics have already
enabled researchers to obtain comprehensive snapshots of biological systems at real time,
and with single molecule resolution, thus identifying multiple genomic alterations
related to ALS phenotypes, and providing biological insights to decipher the molecular
underpinnings of the disease®’. For instance, a recent study by Maniatis and coworkers
has reported the use of RNA sequencing to define transcriptomic changes of mouse spinal
cords over the course of the disease, as well as of postmortem tissues from ALS patients,
identifying disease-associated pathways and establishing the key steps of motor neuron
degeneration observed in ALS8. Moreover, the growing number of ALS-linked genes has
allowed researchers to identify a number of shared intracellular processes contributing
to motor neuron degeneration in ALS, including oxidative stress, mitochondrial
dysfunction, apoptotic mechanisms, disordered axonal transport, neuroinflammation,
and protein aggregation®10, In particular, some mutated RNA-binding proteins,
including TDP43, FUS, SOD1, UBQLN1 and OPTN, have been found in aggregates in
the cytoplasm of motor neurons in ALS patients, leading either to a broad range of deficits
in RNA metabolism or to misfolding and mislocalizations!!l. Other interesting studies
have shown that phosphorylated neurofilament heavy subunit protein concentrations in
the cerebrospinal fluid (CSF) and blood of ALS patients represent candidate diagnostic
and prognostic biomarkers, allowing to: (1) discriminate between patients with ALS and
healthy individuals, and among different subtypes of motor neuron patients in the
diagnostic assessment at an early stage, when clinical signs are localized and subtle; (i1)
provide monitoring during clinical trials to ensure target engagement 12.13-14,

Although each layer of the omics profile offers exciting opportunities to identify
important players in ALS pathogenesis, it is not sufficient by itself to acquire the precise
picture of the composite molecular machinery involved in motor neuron degeneration.
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In this direction, integration of multi-omics measures with existing biological
knowledge is essential for understanding how the interaction of multiple pathways is
driving disease progression, providing a rational foundation for new potential
therapeutic targets and biomarkers that will assist in the rapid diagnosis and prognosis
of the disease, and for the stratification of patients into different subgroups with the
aim of specific therapeutic strategies. A good example for such an approach is seen in
previous works published by our research groups, in which we have established the
foundation for a functional molecular taxonomy of ALS. In particular, we have firstly
analyzed transcriptional profiles of motor cortex samples from sporadic ALS (sALS)
patients and identified two specific subgroups of patients (SALS1 and sALS2) depending
on the combinations of genes and pathways that were deregulated!® 6. 17, We have
identified antigen processing and presentation, and extracellular matrix organization
as the most representative subgroup-specific pathways in sALS1, while deregulated
genes in sALS2 were associated with axonal guidance, oxidative stress and
inflammatory intracellular signaling cascades. On one hand, our pathway-based
analysis has confirmed the importance of molecular mechanisms that are known to be
implicated in ALS pathogenesis. On the other hand and most importantly, it has been
suggested for the first time the differential involvement of these processes in specific
subsets of ALS patients. It is interesting to note that a similar stratification of ALS
patients into different molecular subtypes has been confirmed in other recent studies
1820 Tn particular, Tam O.H. et al. (2019) were able to stratify the transcriptomes of
two independent cohorts of ALS postmortem cortex samples into three distinct
molecular subtypes, two of which overlapped the molecular signatures observed in our

ALS patient samples 18.
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To further elucidate the genomic events characterizing sALS pathology, we have
recently characterized copy number variants (CNVs) occurring in the same patients 21.
Our findings have revealed distinct genomic signatures associated with the two
previously characterized transcriptome-based sALS subgroups, suggesting a strong
interaction between genomic and transcriptomic events in ALS. Beyond refining ALS
molecular architecture, our goal was to identify and validate potential candidates for
genomic-based patient stratification and individualized treatment. In other words, our
aim was to identify genes that functionally drive or protect from ALS, and interrogate
about their respective signaling pathways and therapeutic targets?2.23.24¢, Therefore,
genes and pathways identified in the characterization of ALS subtypes were explored
by using different pharmacological databases (i.e., PharmGkb, DrugBank), in order to
identify compounds that inhibit or induce specific genes or proteins expression, or that
block or stimulate specific pathways 2526, Our analysis has revealed a good number of
potential biomarkers and therapeutic targets that are differentially deregulated in
specific subsets of ALS patients, bringing us a step closer to the establishment of a more
efficacious and personalized genome-guided medicine for ALS. Besides identifying new
potential pharmacological targets, our analysis might also provide a rational approach
for “drug repositioning” for ALS. Under this perspective, many known drugs that were
abandoned at clinical stages because of their low efficacy and/or toxicity might be re-
evaluated in light of the emerging molecular taxonomy of ALS patients. Of note, some
of the selected target genes that have emerged from our analysis exhibit
conserved expression patterns in mouse and human ALS, thus providing a rationale to
ensure their preclinical trial success 22.

Overall, a more complete analysis and evaluation of the molecular characteristics of
the disease in each single patient is essential not only to reveal etiopathogenic
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mechanisms that were not clear by considering sALS pathology as a single entity (thus
providing a powerful means for defining molecular signatures for this disease), but
mostly to design more efficacious and individualized therapeutic interventions. In the
following sections, we will provide a comprehensive multi-omics characterization of
some of the most promising molecular targets and signaling mechanisms that have
emerged as dysregulated in our works, focusing on those that have already

shown results both in in vitro and in vivo models of ALS27-31,

OMICS-BASED EXPLORATION AND FUNCTIONAL VALIDATION OF
NEUROTROPHIC FACTORS AND NEUROPEPTIDES AS THERAPEUTIC
TARGETS IN ALS

As potential targets for therapy, neurotrophic factors (NTFs) have been exploited in
ALS, because of their large spectrum of biological effects, and because they regulate
several physiological processes in the CNS, for instance neuronal differentiation and
survival, axonal outgrowth and synapses maintenance, proliferation and differentiation
of neural stem cells. Interestingly, several studies have already demonstrated the
crucial role of NTFs to promote survival, and to be in part protective in both in vitro
and in vivo models of motor neuron degeneration, thus representing a promising
therapeutic strategy to treat ALS 3233, In agreement with these works, our integrative
omics analysis has identified a good number of potent neurotrophic and neuroprotective
molecules as statistically deregulated in the same direction both in ALS mouse models
and human patients (Table 1) !5 16, 17 These include, among others, Ciliary
Neurotrophic Factor (CNTF), Brain-derived Neurotrophic Factor (BDNF), Pituitary
Adenylate cyclase-activating Polypeptide (PACAP), Epidermal growth factor (EGF) and

Endothelin-1 (ET-1), Fibroblast Growth Factors (FGF's), Insulin-like Growth Factor 1
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(IGF-1), Vascular Endothelial Growth Factor (VEGF), and Granulocyte-Colony

Stimulating Factor (G-CSF), together with their corresponding receptors.

Table 1. Neurotrophins and histamine signaling pathways differentially deregulated in cluster SALS

patients
Signaling pathway Gene target
EGF signaling ErbB2

FGF1
FGF-family signaling
FGFR2
HIR
Histamine signaling
H4R
Signaling pathway Gene target
BDNF signaling TrkB
ADCYAPI
PACAP signaling
ADCYAPIRI1
EGF
EGF signaling EGFR
ErbB2
EDNI
EDN1 signaling
EDNRB
FGF1
FGF-family si li FGERI
-family signalin
ysig & FGFR2
FGFRS3
IGF'—l reqeptor IGFIR
signaling
VEGF-family signaling VEGFA
CSF1
G-CSF signaling
CSF2RA
HIR
H2R
Histamine signaling
H3R
H4R

SALS1

Expression

Up-regulated

Up-regulated

Down-regulated

Up-regulated

Down-regulated

SALS2
Expression

Up-regulated

Down-regulated

Up-regulated

Up-regulated

Up-regulated

Up-regulated

Down-regulated
Down-regulated
Up-regulated
Up-regulated
Down-regulated
Down-regulated

Up-regulated

Therapeutic proposal

EGFR inhibitors (i.e., PKI166, BMS690514,
Canertinib, Masoprocol, Gefitinib, Suramin,
PD153035, Genistein, Erlotinib, Everolimus)

FGFR agonist (i.e., PF-05231023)

H1-H4R modulators (i.e., Clozapine,
Orphenadrine, JNJ7777120)

Therapeutic proposal

TrkB inhibitors (i.e., Cyclotraxin-B and Ana-12)

PACAP receptor agonists (i.e., Maxadilan)

EGFR/ErbB inhibitors (i.e., PKI166,
BMS690514, Canertinib, Masoprocol, Gefitinib,
Suramin, PD153035, Genistein, Erlotinib,
Everolimus)

EDNR-B antagonists (i.e., BQ-788, Bosentan,
IRL-2500)

FGFR inhibitors (Orantinib, Brivanib,
Dovitinib, Suramin, Pentosan polysulfate)

IGF1R inhibitors (ie., Masoprocol, BMS-754807
and Linsitinib)

VEGF agonists (i.e., SB-509, Celecoxib)

G-CSF modulators (i.e., pegfilgrastim, JNdJ-
40346527)

Histamine receptor modulators (i.e.,
Orphenadrine, Ranitidine, Thioperamide,
JNJ7777120)
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HDC Up-regulated
HNMT Up-regulated
DAO Up-regulated

Ciliary Neurotrophic Factor

CNTF, a polypeptide hormone promoting neurotransmitter synthesis and neurite
outgrowth, is one of the first NTFs to be investigated as potential drug target in ALS
models, showing to improve motor function and survival and decreasing neuronal
degeneration and muscle atrophy, when injected intraperitoneally or subcutaneously in
the pmn/pmn and wobbler mice models of motor neuron disease 3435, Altered levels of
CNTF expression are found in the brain and spinal cord of both ALS patients and
animal models, and CNTF knockout mice develop atrophy and loss of motor neurons
with aging, suggesting CNTF as a possible modifier gene for ALS 36-38, In addition,
genetic alterations in the CNTF gene are also reported in individuals affected by ALS,
including for example null mutations affecting splice sites 38. Despite these premises, in
the 90’s, two clinical phase I/Il and phase III results obtained by subcutaneous
administration of recombinant human CNTF (rHCNTF) in ALS patients, have
demonstrated no statistically difference between rHCNTF-treated patients and
placebo-treated patients, and even adverse effects at high doses3®. The subsequent,
phase I clinical trial with intrathecal pump delivery has suggested intrathecal
administration as the potential preferred route for administrating CNTF but, also in
this case, no significant clinical benefits were obtained for ALS patients 4140, Despite
clinical trials in ALS patients have failed to show significant effects of CNTF on disease
progression, promising results in vivo were obtained when CNTF was co-administrated

with other NTFs, such as BDNF, suggesting that a synergistic action of these molecules
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(or their derivatives) may overcome side effects and increase the chances of success in

arresting or reducing disease progression 41-42,

Brain-derived Neurotrophic Factor

BDNF is a neurotrophic factor that by binding two different receptors, respectively the
low affinity p75NTR and the high affinity Tyrosine Receptor Kinase B.T1 (TrkB.T1),
modulates glutamate receptor activity, synapse stability, dopaminergic, cholinergic,
serotonergic, and GABAergic signaling, synaptogenesis, and dendritogenesis?3.
Increased expression of BDNF and its TrkB receptor was found in the motor cortex of
sALS patients, in accordance with the observation that a prolonged TrkB activation may
render the motor neurons more vulnerable to pathophysiological insults, perhaps
contributing to ALS 15. 16,17 In fact, early synaptic hyper-excitability of motor neurons
in ALS apparently enhances BDNF-mediated signaling, thereby causing glutamate
excitotoxicity, and motor neuron death. In addition, the decrease of p75NTR expression,
as well as the deletion of TrkB.t1, correlated with the delay of impairment and mortality
in a mouse model of ALS 4445, Despite the search for pharmacological compounds
interacting with TrkB has been difficult, selective TrkB inhibitors (i.e., Cyclotraxin-B
and Ana-12) have now shown promising effects by protecting motor neurons and
decreasing neurotoxicity. The manipulation of BDNF/TrkB may thus give rise to

neuroprotective therapeutic strategies in the treatment of diseases such as ALS 46:47,

Pituitary Adenylate Cyclase-activating Polypeptide

Another interesting neurotrophic factor is PACAP, belonging to the vasoactive
intestinal polypeptide/secretin/glucagon superfamily and involved in a wide range of
physiological processes, including cell survival, stress response and cell division 4849,

PACAP can initiate multiple signaling pathways by binding to three seven-
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transmembrane G protein-coupled receptors, PAC1R, VPAC1 and VPACZ2,
characterized by different ligand-binding specificities. Several in vitro and in vivo
studies have revealed numerous biological activities of PACAP in the peripheral and
central nervous system and its protective effects in neurodegenerative disorders
including ALS 50-56, For instance, neuroprotective activities of PACAP are already
demonstrated against glutamate-induced excitotoxicity in vitro and in vivo in the most
exploited animal model of ALS that recapitulates many features of the disease, the
SOD1-G93A mice 5659, In our studies, PACAP and its receptor PAC1R exhibit a
completely different mRNA and protein expression profile in the two sALS subgroups,
perhaps due to different turnover rates or translation efficacy. While in sALS2 both
PACAP and PACI1R are downregulated, in sALS1 they show opposite expression levels
15,16,17 To validate PACAP as therapeutic target in ALS, we have then investigated the
potential contribution of PACAP/PACIR axis in motor neuron survival by using two
well-characterized in vitro models of ALS, the motor neuron-like hybrid cell line NSC-
34 expressing human SOD1-G93A, and human induced Pluripotent Stem Cells (PSC)-
derived motor neurons 69-61, Qur data have demonstrated that PACAP is able to rescue
neuronal cells from apoptosis following neurodegenerative stimuli induced by growth
factors deprivation, suggesting the involvement of the PACAP-PAC1R pathway in ALS

pathology, and its role as a potential drug target to enhance motor neuron viability.
Epidermal Growth Factor

The mechanism underlying neuroprotective properties of PACAP could involve EGF
pathway by activating its receptor EGFR and stimulating survival, proliferation,
maturation, and migration of different cell types 61-63, Despite its neuroprotective role,

several lines of evidence suggest that the activation of EGFR signaling pathway may
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trigger quiescent astrocytes to become reactive astrocytes and, consequently, to play a
role in the pathophysiology of many neurodegenerative disease including ALS 6364,
Consistent with the view that EGFR activation may be a marker of reactive astrogliosis
surrounding degenerating motor neurons, we have observed increased expression levels
of EGF and EGFR both in sALS2 patients and SOD1-G93A mouse models, making
EGFR signaling pathway and PACAP/EGFR axis as attractive candidates for further
pre-clinical studies 15 16.17 To this regard, pharmacological inhibition of EGFR signaling
cascade has been already successful in ALS preclinical studies by enhancing axon
regeneration, and providing a significant delay in the onset of multiple behavioral

measures of disease progression 65-70,

Endothelin-1

Another neuropeptide that is able to interfere with EGFR signaling in astrocytes is ET-
1 encoded by the EDNI1 gene that, together with its G-protein coupled receptor B
(EDNR-B), 1s abundantly expressed in sALS motor cortex and in reactive astrocytes in
the spinal cord of SOD1-G93A mice 15 16.17. 71,72 EDN1 exerts toxic effects on motor
neurons by activating several processes implicated in ALS pathogenesis, such as axonal
degeneration, alteration of water homeostasis, increased sensitivity to oxidative stress
and excitotoxic damage 7374, Moreover, recent studies have shown that EDN1
overexpression may be a direct consequence of reduced C9ORF72 levels, one of the most
common known cause of ALS 7475, Consistently with these data, we have demonstrated
that pharmacological treatments aimed at lowering EDN1 levels or antagonizing its
effects may represent interesting therapeutic strategies in ALS, by protecting motor
neurons from oxidative stress, inflammation and axonal damage both in ALS animal

models and in mixed spinal cord cultures enriched with reactive astrocytes 7476,
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Fibroblast Growth Factors

FGFs constitute a family of multifunctional proteins expressed in the brain where
mediate diverse physiologic functions, including cell differentiation, migration and
survival, playing an important role in brain development and neuroprotection 77. The
aberrant activity of FGFs and their receptors, either through gain or loss of function,
has been involved in different neuropathological conditions, including ALS 7879,
Differential expression of multiple genes encoding FGFs and their receptors FGFRs has
been reported in sALS patients and in SOD1-G93A transgenic mice, starting at a pre-
symptomatic stage and progressing with the spread of disease 15 16.17 If, on the one
hand, disruption of FGF's signaling induces demyelination and axonal damage in ALS,
on the other one, SOD1 aberrant function seems to mediate oxidative-stress-induced
damage by inducing the release of FGF-1 from motor neurons that, in turn, activates
spinal cord astrocytes and initiates motor neuron apoptosis in ALS 80, Of note, the
selective inhibition of FGFRs has shown promising results in ALS preclinical studies
demonstrating to prevent motor neuron death by reducing astrocyte activation and
oxidative damage. Similarly, molecular and pharmacological modulation of FGFs
signaling may represent a therapeutic approach for ALS due to effects not only on
neurogenesis, but also on synaptic formation, neuron-glia interactions and

inflammation 80-82,

Insulin-like Growth Factor 1

In addition to the FGF's signaling system, also IGFs are part of a complex system used
by cells to communicate with their physiologic environment and regulate normal
physiology as well as a number of pathological states. It has been reported that the

production of IGF-1 is impaired in skeletal muscle fibers of ALS patients 83.
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Administration of IGF-1 is protective in the transgenic rodent model of ALS 84,
suggesting the possibility to use IGFs signaling as a potential strategy for the treatment
of ALS. While intra-parenchymal spinal cord delivery of IGF in SOD1-G93A mice has
shown higher expression of IGF-1 accompanied only by partial rescue of pathological
features, a stereotaxic injection into the deep cerebellar nuclei significantly extends
mice lifespan .86, Recently, the injection of self-complementary adeno-associated viral
vector 9 (scAAV9), a more efficient transducing agent for IGF-1, has extended survival,
and motor performance of SOD1-G93A mice when injected either intramuscularly or
intravenously 8788, Despite these premises, the safety and efficacy identified in animal
studies was not translated to human trials. In fact, two randomized double-blind
placebo-controlled clinical trials administering recombinant human IGF to patients
with ALS have demonstrated limited or no effect on disease progression, while a phase
IT clinical trial is under investigation but results are not available yet 8990, The
differential expression of IGF and its receptors between the two subgroups of sALS
patients, as demonstrated previously 5, may contribute to explain this clinical failure,
suggesting that further clinical investigations should take into consideration genomic

heterogeneity of ALS for a more accurate enrollment of patients into clinical trials.

Vascular Endothelial Growth Factor

Trophic factors possess a short time frame for protection of motor neurons once the
noxious process is triggered, and this is probably due to the rate at which motor neurons
die during the time course of the disease. In murine models of familial ALS, the
administration of VEGF before the beginning of symptoms provides a significantly
better protection, as proven by delayed symptoms progression and increased lifespan,

as compared to that obtained when the trophic factors are administered at the
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symptoms onset 9192, VEGF is part of the system that restores the oxygen supply to
tissues when blood circulation is inadequate such as in hypoxic conditions. VEGF's
normal function is to create new blood vessels during embryonic development, after
injury, in muscle following exercise, and new vessels to bypass blocked vessels.
Decreased expression levels of VEGF-A are found in a specific subgroup of sALS
patients (sALS2), enforcing the view that reduced VEGF signaling may play a role in
the pathogenesis of ALS 15. Activation of VEGF receptor 2 triggers the phosphorylation
of intracellular pathways driven by phosphatidyl-inositol-3-kinase (PI3-K), Akt,
phospholipase C-B8, and mitogen-activated protein kinase that promote the inhibition of
pro-apoptotic factors like Bad and caspases 9 and 3. The activation of these intracellular
signaling pathways has been extensively studied in the CNS, and VEGF-dependent
activation of PI3-K/Akt is sufficient to prevent motor neuronal death in familial models
of ALS in vitro 9394, In addition, some drugs activating VEGF (i.e., SB-509, Celecoxib)

have been tested in phase II clinical trials for ALS, showing encouraging results 9596,
Granulocyte-Colony Stimulating Factor

G-CSF, a cytokine/hormone produced by the endothelium, macrophages, and immune
cells, stimulates the bone marrow to produce granulocytes and hematopoietic stem cells,
and release them into the bloodstream stem. Protective properties with reduction of
disease progression and increased survival and rescue of motor neurons are
demonstrated in SOD1-G93A mice when delivered continuously of G-CSF 97, Similar
results are also obtained with subcutaneous injection of a more stable analog of G-CSF,
pegfilgrastim 9. It is interesting to note that also another secreted cytokine belonging
to the same family, the colony stimulating factor 1 (CSF1), has been associated with

inflammation in the central and peripheral nervous system in ALS, particularly by
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inducing microglial cell proliferation and neuronal damage in disease 98. Differential
expression of CSF1 is found in the motor cortex of SALS patients as well as in the spinal
cord of SOD1-G93A mice 15 16: 17, Pharmacological administration of selective inhibitors
of CSF1-CSF1R signaling has demonstrated neuroprotective and anti-inflammatory
effects in ALS, by reducing microglial cell proliferation and protecting skeletal muscle
from denervation, consequently slowing disease progression, attenuating motor neuron

cell death and extending survival of SOD1-G93A mice 9899,

Interactions with Glutamate

Due to their wide spectrum of functions in the CNS, neurotrophic factors have been
exploited for decades as therapeutic hypothesis in ALS. However, some intrinsic
drawbacks have emerged between preclinical success and clinical failure of trophic
factors in ALS therapy, perhaps due to routes of administration, CNS penetrance, safe
dosages, treatment start time or long-term efficacy, and need of synergistic drug
association. Notwithstanding these limitations, trophic factors remain essential for
motor neuron maintenance and survival and are still considered as potential candidate
molecules for the treatment of patients with ALS. To this regard, the use of new delivery
systems to improve bioavailability, including prodrugs, nanocarriers and small
molecules that can mimic the effects of these molecules, may overcome NTFs limits and
represent a useful therapeutic strategy for ALS patients.

In addition to their trophic roles, neurotrophic factors are known to interact with
glutamate and modify glutamate signaling directly, by modulating the expression of
glutamate receptor subunits and calcium-regulating proteins, or also indirectly, by
controlling the production of antioxidant enzymes, energy-regulating proteins, and anti-

apoptotic or autophagy protein family members. Physiological glutamate has been
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known for several years to regulate neurogenesis, neurite outgrowth, synaptogenesis,
and neuron survival in the developing and adult mammalian nervous system, other
than possessing its canonical role as neurotransmitter at the synapses. The trophic
effect of glutamate receptor activation is developmental stage-dependent, and
determinant to the selective survival of neurons that have to make proper connections.
During this sensitive developmental stage, any interference with the glutamate
receptor functioning may generate widespread neuronal loss. This often involves
neuron-glia interactions also through glutamate-induced release of trophic factors from
glia. For instance, glutamate can stimulate the production of BDNF, which, in turn,
modifies neuronal glutamate sensitivity, calcium homeostasis, and plasticity. However,
depending on the strength of the stimulus, glutamate receptors can mediate biphasic
effects, with excessive stimulation becoming neurotoxic. In particular, under conditions
of oxidative and metabolic stress, excessive activation of glutamate receptors may
contribute to neuronal dysfunction and degeneration in diseases ranging from stroke to
Alzheimer's disease to psychiatric disorders 190, Attention must therefore be paid to
these features, when therapeutic manipulation of excitatory amino acid receptors is

considered in the clinical setting.

OMICS-BASED EXPLORATION AND FUNCTIONAL VALIDATION OF
HISTAMINE SIGNALING AS THERAPEUTIC TARGET IN ALS

Not only neuropeptides and neurotrophic factors, but also several other
neurotransmitters and neuromodulators can interfere with the glutamatergic signaling
in the nervous system. Among these, histamine (HA) modulates glutamate receptor
activity, increases the excitatory post-synaptic potentials, and facilitates the induction

of long-term potentiation in the hippocampus, also favoring the direct release of
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glutamate evoked for instance by depolarization in hippocampal synaptosomes and in
cultured astrocytes 101,102,

Since its discovery back in 1910 and further acceptance as a neurotransmitter in
1984, HA has indeed gained always more attention in health and disease, although its
role in CNS dysfunctions still remains under investigation. Histaminergic neurons are
located in the tuberomamillary nucleus of the posterior hypothalamus from where they
project their axons all over the CNS, thus granting to HA a well-distinct and important
pleiotropic role. As a neuroimmune modulator acting both in vivo and in vitro, of course
HA has a central role in several neurological functions, for instance regulating the sleep-
wake cycle, nociception, motor circuits, satiety signaling, energy balance, learning, and
memory 103-105. HA signaling in neuronal and non-neuronal cells including mast cells,
is mediated by different classes of proteins abundantly distributed throughout the CNS
that are: 1) G protein-coupled receptors named H1R, H2R, H3R, H4R; ii) intracellular
and extracellular enzymes accountable for HA synthesis (histidine decarboxylase, HDC)
and degradation (histamine N-methyltransferase, HNMT, and diamine oxidase, DAO
or AOC); 1ii) transporters among which primarily the VMAT?2 that is responsible for HA
vesicular uptake in the CNS 106-108 Thege receptors, enzymes and transporters are thus
the fundamental partners in the intercellular communication system mediated by HA
in the CNS and involved in several neuropathological conditions 109,

Recent studies by our group have shown that HA behaves as a bioactive molecule
also in ALS 110112 First of all, H1IR-H4R, HDC, HNMT and DAO proteins are
abundantly expressed in primary microglia 29 and motor neurons 27-29 isolated from
SOD1-G93A mice. Of note, HA receptors and enzymes are expressed also in microglia
and motor neurons localized in lumbar spinal cord of SOD1-G93A mice at symptomatic
phase of the disease and, most importantly, they are dysregulated during disease

126



Chapter 4

progression. For example, HIR is down regulated in lumbar spinal cord at pre-
symptomatic and symptomatic phases, but up regulated in cortex and hypothalamus at
symptomatic and end stage of the disease. H2R is down regulated in spinal cord at end
stage and in cortex at symptomatic phase. H3R is increased of about two-fold in the
hypothalamus at end stage, while it’s not apparently modulated as a function of disease
progression in spinal cord and in motor cortex. H4R is increased in spinal cord at
symptomatic phase, while in cortex at pre-symptomatic phase. HDC in spinal cord is
significantly down regulated at pre-symptomatic phase, but up regulated at end stage
of disease, and over expressed in cortex and hypothalamus at symptomatic phase.
HNMT is augmented in both spinal cord and cortex at symptomatic phase, and in
hypothalamus at symptomatic and end stage of disease. Finally, DAO is up-regulated
in lumbar spinal cord and hypothalamus at symptomatic and end stage, but it’s not
affected during the disease in cortex 29,

In addition to the protein expression data, whole-genome expression profiles of
motor cortex and spinal cord from healthy subjects and sporadic patients have
demonstrated that numerous genes involved in HA receptors, metabolism, transport,
secretion and signal transduction, are deregulated in the two transcriptome-based
subgroups of patients sALS1 and sALS2 2729113 gegregated by unsupervised
hierarchical clustering 5. In particular, the cortical mRNA expression of H1R, HDC,
HNMT and DAO is increased in sALS2, while H2R and H3R are selectively reduced.
HA4R is differently modulated in sALS1 (down-regulated) versus sALS2 (up-regulated),
with respect to healthy individuals. However, spinal cord analysis has demonstrated
that H1R is reduced and H3R is increased in sALS1 and sALS2 patients 113, Despite
some peculiarities and exceptions, the HA axis in both sALS1 and sALS2 subgroups of
patients demonstrates a substantial up-regulation of H1R in cortex (similarly to what
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reported in SOD1-G93A mice) and down-regulation in spinal cord (as found in pre-
symptomatic and symptomatic SOD1-G93A mice), in addition to the increased
expression of H3R in spinal cord. These results clearly indicate that the histaminergic
system 1is affected during ALS, within relevant tissue- and disease phase-specific
deregulations of expression. Furthermore, the vast majority of HA-related genes that
appear deregulated in SOD1-G93A mice at terminal stage are also deregulated in at
least one of sALS patient subgroups (e.g. HRH1, HRH3). This evidence offers a good
rationale for the selection and prioritization of HA genes as potential biomarkers and
targets for patient-oriented ALS care.

Under this perspective, a large-scale meta-analysis of genome-wide association
studies performed on patients affected by sALS has moreover identified that the Ile105
polymorphism on the Thr105Ile allele in the HNMT gene (generating about 60%
decrease of HA-degrading activity), causes a trend in delaying the onset of ALS
symptom by about three years. This suggests that the Thr105Ile allele in the HNMT
gene could potentially become an important therapeutic target and protective modifier
for the treatment of ALS 115,

By combining gene expression profiles, copy number variants and single nucleotide
polymorphisms of ALS patients, further studies have then adopted a multiomics
approach for integrating transcriptomic and genomic data with the ALS-linked
pathogenic variants obtained from the ALSdb database. This approach has allowed to
capture HA pathway associations in ALS 27-29. 113, The genes coding for HA receptors,
enzymes and transporters have shown numerous pathological variants. In particular,
genome-wide analysis of multiple genomic aberrations occurring in sALS patients has
identified some HA-related genes that are copy number variants-affected (H2R and
DAO show amplification, while H3R duplication), and that also show a positive
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correlation with transcriptomic changes in one or both of sALS patient subgroups.
Among these, we find for instance the genes encoding ADCYAPI, CCKBR and H3R.
Moreover, single nucleotide polymorphisms occur in HIR, H2R, H3R, H4R, HDC,
HNMT and DAO genes 113, In detail, the histamine H3R presents genetic, transcription
as well as protein variations correlated with ALS (Figure 1). The genome profiling from
sALS patients’ data indicates that the HR3R gene associates with CNV duplication
regions and missense SNV. Moreover, the profiling from post-mortem spinal cords from
the two molecularly distinct SALS patients subgroups, proves that the transcription of
HRS3R is increased between 3.2- and 3.3-fold in comparison with individual controls.
Finally, protein expression data demonstrates that the receptor is increased at least 2-
fold in the hypothalamus of SOD1-G93A mice at end stage of disease. In other words,
a clear homogeneity exists between the HA-related HR3R gene driven by protein, gene
expression, CNV, and SNP data. This knowledge validates the hypothesis that HA-
related genes might indeed represent candidate drivers in ALS pathogenesis, and that

the HA axis might become a potential target for therapy.
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Figure 1. Multiomic involvement of histamine H3 receptor in ALS. The picture shows that the histamine H3 receptor presents
genetic, transcription and protein variations correlated with ALS. In particular from sALS patients’ data, the genome
profiling indicates that the HR3R gene associates with copy number variants (CNV) duplication regions and missense single
nucleotide variants (SNV). Moreover, the profiling from post-mortem spinal cords from two molecularly distinct SALS patients
subgroups, shows that the transcription of HR3R is increased between 3.2- and 3.3-fold in comparison with control healthy
subject. Finally, protein expression data demonstrates that the receptor is increased at least 2-fold in the hypothalamus of
SODI1-G93A mice at end stage of disease. The data are reported from references 27-29, 113,

In support of this, current research indeed validates this hypothesis by
demonstrating that chronic administrations of the HA precursor histidine to SOD1-
G93A mice from disease onset up to the end stage of the disease, increases the histamine
content in spinal cord, most importantly giving raise to general ameliorative effects. In
particular, histidine improves behavioral features of ALS, retards disease progression,
recovers motor performance, increases life-span, reduces motor neuron loss and
neuroinflammation in spinal cord, and finally ameliorates neuromuscular junction
integrity and muscle atrophy 27. Besides the established neuroprotective effects in motor
neurons and anti-inflammatory actions described in microglia, the induction of the heat
shock and autophagy response by HA observed in in vitro and in vivo ALS systems
surely contributes to the rescue of motor neurons and spine density loss that occurs in
the motor cortex of treated ALS mice 28. By proposing that the histaminergic modulation
can indeed interfere at different levels and within different time frames with the ALS

course, we trust that HA might assume a new translational benefit in the development

of more effective therapeutics against the disease 116-117,

SYSTEMS PHARMACOLOGY: A NEW PARADIGM FOR DRUG
DEVELOPMENT AND PERSONALIZED MEDICINE IN ALS
Given the multifactorial etiopathogenesis of ALS, it is not surprising that the

conventional ‘one target-one drug” paradigm fails to provide effective treatments
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against the disease. Indeed, complex diseases like ALS, are rarely caused by a single
gene abnormality, but rather by the perturbation of multiple series of intracellular and
intercellular interactions between molecular entities, including protein-protein binding,
gene co-expression, RNA interactions, and many other types of molecular functional
association 118-121  On this basis, it would be advisable to shift the ALS drug discovery
research towards new alternative approaches aimed at the simultaneous targeting of
multiple proteins (and therefore etiologies) involved in disease onset and progression,
and at the identification of synergistic drug effects, thus offering the possibility to reach
dysfunctional processes that may be impractical to resolve with a single drug therapy.
This approach, known as poly-pharmacology, will not only facilitate the discovery of new
and interesting drug-target associations, but also will provide a comprehensive
understanding of the drug’s mechanisms of action and off-target effects, thus offering
new hope for the design of more effective and safer treatments for patients 122123, To
this regard, the application of network-based approaches, particularly protein-protein
interaction networks, represents a useful tool in the drug-discovery pipeline, because
each protein-target is not working alone, but in a framework containing its connectivity
with other proteins, allowing for a comprehensive understanding of the molecular basis
of the disease and identification of important alternative targets for its treatment, by
using multi-omics datasets 124-127, Despite in the last years a diverse range of works
have been reported in the literature highlighting the power of multi-target approaches
and network pharmacology for neurodegenerative diseases, including Charcot-Marie-
Tooth disease type I and Alzheimer’s disease, the application of polypharmacology to
ALS has been minimal 128130, To provide an example of how the use of the molecular
interactome could substantially support drug discovery for personalized medicine in
ALS, we have built two drug-target networks genes encoding neurotrophins and HA
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signaling mediators that we have found differentially deregulated in the two sALS
patient subgroups (sALS1 and sALS2), together with their pharmacological modulators
(Figures 2-3). In particular, we downloaded 373 human genes related to neurotrophins
(CNTF, BDNF, PACAP, EGF, ET-1, GFG, IGF-1, VEGF, G-CSF) and histamine
signaling mediators from the Gene Ontology database AmiGO

(http://amigo.geneontology.org/amigo), and then evaluated their expression in the two

sALS patient subgroups. Next, we investigated drug-gene interactions and potential
druggability of these neurotrophins/HA-related differentially expressed genes, by using

the Drug Gene Interaction Database (DGIdb, http:/dgidb.org). Finally, the two SALS

clusters-associated drug-target networks were visualized and analyzed by Cytoscape

software (v3.2.0, http:/www.cytoscape.org/), in order to identify the most highly-

interconnected drugs/targets, known as “hub nods”. Personalized drug-target
interactions not only provide a comprehensive mapping of the different involvement of
neurotrophins and HA signaling cascades in two sALS subgroups, but also identify
selective candidate driver genes and drugs, thus providing guidance for precision
medicine in the future. For example, both networks highlighted a significant role of
EGFR/ERBB signaling in ALS pathogenesis, supporting its relative pharmacological
modulators as promising therapeutic approaches. In particular, ERBB2 and one of its
modulators, everolimus, were the most interconnected target/drug in the sALS1-related
network and among the top five hub nods in the sALS2-related network (Figures 2 and
3, Table 2). Despite not already tested in ALS, the rapamycin analogue everolimus has
demonstrated to reduce degeneration of neurons and ameliorate early declines in motor
performance in preclinical models of multiple neurodegenerative diseases including
Huntington’s and Alzheimer’s diseases, suggesting its repositioning in ALS 134-137, In
addition, the sALS1-related network has also revealed the selective alteration of tumor
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necrosis factor-a (TNF), suggesting that its pharmacological modulation may represent
a therapeutic strategy to block or slow disease progression in specific subgroups of ALS

patients (Figure 2, Table 2).
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Figure 2. Drug-Gene network in sALS1. The DG-network is generated between the neurotrophins and histamine
related target genes in SALSI and their known pharmacological modulators. Circles and rhombus correspond to target
genes and drugs, respectively. Each node (target/drug) is colored along a color gradient on the basis of its degree of
connectivity (the number of connections with other nodes) and the edges represent interactions between drugs and
targets as well as between two genes. ERBB2 and everolimus were the hub protein and drug, respectively, in the
network. Network properties for the 5 most connected “hub nodes” (drugs and targets) are detailed in Table 2.
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Figure 3. Drug—Gene network in sALS2. The DG-network (a) is generated between the neurotrophins and histamine
related target genes in SALS2 and their known pharmacological modulators. Circles and rhombus correspond to target
genes and drugs, respectively. Each node (target/drug) is colored along a color gradient on the basis of its degree of
connectivity (the number of connections with other nodes) and the edges represent interactions between drugs and
targets as well as between two genes. HRHI1 and paclitaxel were the hub protein and drug, respectively, in the network
(b). Network properties for the 5 most connected “hub nodes” (drugs and targets) are detailed in Table 2.

Table 2. The 5 top nodes (Targets/Drugs) of SALS1 and SALS2-related
networks based on degree values.

SALS1

Target Degree Drug Degree
ERBB2 57 EVEROLIMUS 5
TNF 43 DOXORUBICIN 4
BRAF 38 VORINOSTAT 4
MYC 21 CETUXIMAB 4
HRAS 17 TRASTUZUMAB 3

SALS2

Target Degree Drug Degree
HRH1 186 PACLITAXEL 9
EGFR 146 GSK-690693 8
ERBB2 139 EVEROLIMUS 7
GABRA1 113 DOXORUBICIN 7
BRAF 100 ENZASTAURIN 6
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To this regard, lenalidomide is a potent immunomodulatory agent that, by reducing the
TNF expression, inactivates downstream effector caspases, extending survival in
transgenic mouse models of ALS 138139 On the other hand, the complex sALS2-related
drug-target network has highlighted several targets involved in inflammatory,
apoptotic, and survival gene signaling (Figure 3 a-b). In particular, we have observed
a significant and selective contribution of GABAergic and histaminergic signaling with
HRH1 as the most interconnected target in the network (Figure 3 a-b, Table 2). In the
context of a multi-targeted therapy for ALS, an interesting example is represented by
clopazine, an HRH1 antagonist that induces changes in GABA release in brain regions
and also modulates DRD4, exerting neuroprotective effects in a variety of neurological
disorders 140.141 (Figure 3a-b, Tables 1-2). Moreover, sALS2-related network analysis
has supported the potential repurposing of multiple microtubule-binding anticancer
drugs (i.e., paclitaxel, docetaxel) for the genomics-driven therapy in ALS (Figure 3 a-
b, Table 2). Despite the clinical use of these drugs is often limited by their neurotoxicity,
they have shown to restore lost nerve signals in neurodegenerative diseases like
Alzheimer's and their safety analogues have shown remarkable neuroprotective
properties for motor neurons both in cell culture and in rodents, by stimulating neuronal

survival and axonal sproutingl42.143,

CONCLUSIONS

While ALS has been known for over 200 hundred years, we are still in an initial stage
for its comprehension, with most research carried out in the last thirty years or so,
thanks also to the advent of high-throughput omics data analysis for the identification
of molecular alterations, candidate gene drivers and their impact on the outcome of the

disease. In the last years, our research group has highlighted for the first time the
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existence of a biological and molecular heterogeneity in ALS postmortem cortex
samples. Although the use of postmortem brain tissues does not allow to clarify whether
investigated signaling cascades are a cause or consequence of the disease process, it
represents a vanishingly rare resource for investigating molecular mechanisms,
underlying neurological disorders, and providing essential features that cannot be
obtained by using other approaches or living patients.

With this in mind, the most important goal for the next decade of ALS research
should include the (i) understanding of the origins of motor neuron death as hallmark
of the disease; (i1) recognition of the overall contribution of genes, protein targets and
mechanisms involved in the pathogenesis and progression of the disease; (ii1) validation
of new biomarkers to help early and precise diagnosis; (iv) rational and effective patient
stratification and system therapy efforts; (v) not least, repurposing or discovering new
treatments including drugs, antibodies, stem cell and gene therapies. Overall, as
highlighted by the several examples provided in the present work, the potential of
network pharmacology and molecular subtyping in ALS may not only provide new
important clues to the causes of the disease but, mostly, provide a clear understanding

of disease prognosis and progression and thus guide personalized treatments.
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PACAP, pituitary adenylate cyclase-activating polypeptide; sALS, sporadic ALS; SNV,

single nucleotide variations; SOD1, Superoxide Dismutase 1; TrkB.T1, Tyrosine Receptor
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ABSTRACT
An expanded repeat region in the spinocerebellar ataxia type 1 (SCA1) gene ATXNI
increases the risk for amyotrophic lateral sclerosis (ALS), supporting the existence of a
relationship between these two neurodegenerative disorders. We recently reported the
co-existence, in a large SCA1 family, of a clinically-definite ALS individual bearing an
intermediate ATXN1 expansion and SCA1 patients with a full expansion, some of which
manifesting signs of lower motor neuron involvement (here referred as SCA1-MN). In
this study, to fully investigate the complex genetic factors and pathogenic mechanisms
that may contribute to motor neuron dysfunctions, we employed a systems biology
approach that integrated multiple genomic analysis (sequence and copy number
variations) of the ALS patient and some SCA1 family members (with or without MN
phenotype). Our analysis identified candidate genes/variants that, in addition to or in
combination with ATXN1, may contribute to motor neuron degeneration phenotype.
Functional and pathway enrichment analysis of these variants revealed both common
and distinctive biological processes significantly altered in ALS and SCA1-MN patients.
Among alterations detected exclusively in the ALS patient (absent in SCA1), we
distinguished likely pathogenic genetic variants in TAF15 and C9ORF72, two ALS-
linked genes involved in the regulation of RNA metabolism, similarly to ATXNI,

suggesting a selective role for this pathway in ALS pathogenesis.

Keywords: Spinocerebellar ataxia, Amyotrophic Lateral Sclerosis, SCA1-MN, NGS,

customized aCGH, Multi-omics, Pathway, Network.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disorder
characterized by a severe muscle weakness with atrophy caused by the loss of motor
neurons (MNs) in the motor cortex, brainstem, and spinal cord !. The genetic and
molecular architecture of ALS is complex as the disease is associated with a multitude
of causative genes and biological pathways. A limited number of genes, including Cu/Zn
superoxide dismutase (SOD1I), fused in sarcoma/translocated in liposarcoma (FUS/TLS
or FUS), transactive response DNA binding protein 43 kDa (T’DP-43) and chromosome
9 open reading frame 72 (C9ORF72), are responsible for a significant percentage of both
familial (FALS) and sporadic ALS (SALS) cases 234 In addition to multiple disease-
associated genetic variants, there is evidence about putatively associated variants with
a moderate or small effect size that may act as predisposing factors or modifiers of the
disease phenotype 57. Among the different genetic risk factors for ALS is ataxin-1
(ATXNI), a gene involved in transcriptional regulation that normally contains a
segment of 22-23 CAG trinucleotide repeats, encoding for a polyglutamine (polyQ) tract.
Intermediate-length (~29-33 CAG) repeats are consistently associated with increased
risk for ALS, while high poly-Q repeat expansions (>34 CAG) cause spinocerebellar
ataxia type 1 (SCA1), an adult-onset autosomal dominant neurodegenerative disease
that is characterized by progressive cerebellar degeneration causing loss of motor
coordination and balance &°.

In our previous work, we described a large SCA1 family, in which one non-SCA1
member, bearing an intermediate ATXNI poly-Q expansion, was instead affected by
ALS 10 (Figure 1). The coexistence of ALS and SCA1 in the same family is very rare,
and supports a role for ATXN1 in the pathogenesis of ALS 10, Traditional genetic testing
for the ALS patient did not identify mutations in the ALS-causing genes SODI,
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CIORF72, FUS, TARDPB, and ANG. The phenotypic variability of this family is further
complicated by the presence of a “central branch” in the genealogical tree (termed as
MN-branch), including SCA1 patients showing early signs and symptoms of lower MN
involvement, reinforcing a putative pathogenic link between SCA1 and other

degenerative MN diseases, including ALS (Figure 1).
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Figure 1. SCAI-ALS family pedigree. Square indicates male; circle female; slash deceased; black symbols indicate patients affected
by SCAI; blue symbol indicates the patient affected by ALS. The red arrows indicate the patients in whom genomic analyses were
performed. The “central branch” of the genealogical tree, presenting patients showing ataxic-spastic phenotype with lower MN signs
or symptoms is highlighted in yellow.

In this study, we employed a systems biology approach that integrated multiple
genomic data (sequence and copy number variations, CNV) from the ALS patient along
with some SCA1 family members (with or without MN phenotype), in order to fully
investigate the complex genetic factors and pathogenic mechanisms that may contribute
to motor neuron dysfunctions.
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RESULTS

Identification of potentially disease-causing sequence variants in ALS

associated genes

We utilized a 39-ALS gene panel NGS-based targeted sequencing !! in the ALS patient
and some SCA1 individuals (with or without lower MN signs and symptoms), in order
to search for genetic variants that, in addition to or in combination with ATXNI, may
influence ALS phenotype or susceptibility. Our analysis identified a total of 19 non-
synonymous variants in the ALS patient (Supplementary Table 1). After applying
the filtering criteria (MAF < 5% and in silico pathogenicity prediction), 6 gene variants
in ALS2, CCNF, NEFH, NEK1, SETX, TAF15 genes were selected (Table 1). Among
these, we distinguished three novel coding variants (previously not catalogued in
dbSNP), including two missense SNVs in ALS2 and NEFH genes and a frameshift
insertion in TAF15 exon 15 that was selectively found in the ALS patients (absent in
SCA1 individuals) (Table 1). Of note, the majority of variants (4/6) detected in the ALS
proband were shared with SCA1 family memers belonging to the MN-branch but not
with the “pure” SCA1 patient (IV-26), suggesting these variants may contribute to

induce motor neuron dysfunctions (Table 1).
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Table 1. Potential pathogenic variants identified in the ALS patient by targeted panel sequencing

16

22

17

Genotype
#IV-15 #V-4
Ref Gene f?i(f:g:::f)e E;,‘icf dbSNP P°ls3i‘1’?}%en/ fg';;’ (SCA1- (SCA1-
a MN) MN)
p-Ser80Arg Damaging/
202626479 | T | ALSg | DomSYnOny o, | (NM_0011357 8ing TG TIG
mous SNV 1) Pathogenic
p-Arg406GIn D ine/
2498978 | G | CCNF | DORSYRODY | 15 | \NM_0013235 0,00 | rs146438723 & o asing G/A G/A
mous SNV 38) Pathogenic
nonsynony p.Asp760Gly Damaging/
29885908 A NEFH mous SNV 4 (NM_021076) ’ ’ Pathogenic AG AG
p.Ala626Thr Damagine/
170428901 | C | NEK1 | DOPSYmODY | 99 | (NM_0011993 | 0,05 rs33933790 gimng C/T ; C/T
mous SNV 97.1) Pathogenic
p-Lys992Arg Damaging/
135204010 = T | SETX | "OPSYROLY | 45 | (NM_0013515 | 0,02 rs61742937 g1ng TIC ; T/C
mous SNV 27) Pathogenic
frameshift p-Ser433fs Damaging/
34171599 i TAF15 insertion 15 (NM_139215) ) : Pathogenic ciea

Chromosome coordinates are given according to hgl9 assembly (UCSC genome browser https://genome.ucsc.edu/).

Identification of copy number variants related to ALS phenotype

In addition to point mutations in ALS driver genes, we searched for numerical
chromosomal aberrations in the ALS patient and SCA1 patients of the MN-branch.
Using a customized exon-centric high-resolution aCGH platform “NeuroArray v. 1.0”
1213 we identified 16 significant CNVs in the ALS patient, five of which encompass
known ALS genes (VPS54, SCN7A, CHMPZ2B, LPA, C9ORF72) (Table 2). According to
ACMG guidelines 4, 9 variants were classified as likely pathogenic, 4 as likely benign
and 3 of uncertain clinical significance (Table 2). Most of the observed CNVs were rare
deletions, including 3 novel deletions affecting parts of C9orf72, SCN1A, and WRN
genes that did not overlap with any CNVs previously described in the DGV (Table 2).
The large majority of these alterations were not detected in SCA1 patients, suggesting
their specific relevance in ALS etiopathogenesis (Table 2, Supplementary Tables 2-

4). Four of the 15 deletions in the ALS patient were also detected in SCA1 family
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Table 2. CNVs identified in the ALS proband by NeuroArray aCGH
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members belonging to MN-branch, suggesting these alterations may play a role in motor

neuron dysfunction (Table 2, Supplementary Tables 2-4). In particular, deletion of

the NSF gene was identified and validated in the ALS patient as well as in all SCA1

patients of the MN-branch (IV-18, IV-13, IV-15, V-4), while it was absent in patients

with a ‘pure’ SCA1 phenotype (IV-26 and IV-2).

Detected in

o PCR SCA1-MN
. ommon q P .
il
Chr Start Stop #Probes %’I(‘) egsztlgzj::?l(; pval Gene CNV (DGV  validat . Cllnlcal. famby
frequency) .- interpretation mem. ers
(patient
code)
1 98,164,881 98,187,177 6 0.63967  154E-10 ppyp  Yes (0:005- Likely No
0.04%) pathogenic
1 *
2 64,146,992 64,211,176 25 -0.340603  5.01E-13 VPS54  Yes (0.003%) X leely. Yes (#18",
pathogenic #13,#15)
oooan Likely
2 166,852,501 166,870,328 14 -0.532297  4.49E-14  SCNIA Not . No
pathogenic
. Likely
2 166,911,120 166,913,035 5 -0.675035  5.51E-11  SCNIA Yes (0.1%) . No
pathogenic
2 167,328,904 167,334,011 6 -0.754815  4.24E-11 SCN7A Yes(oo'O%%' X leely. No
1%) pathogenic
- Likely
2 179,536,740 179,540,750 9 -0.573806  1.35E-10 TTN Yes (0.4%) . No
pathogenic
Uncertain
ans CHMP2B  Yes (0.003- .
3 87,299,007 89,814,870 10 -0.452305  1.51E-10 EPHA3 1%) X .Ch.n.lcal No
significance
Uncertain
. Yes (0.006- O
3 93,772,085 113,652,487 20 -0.285366  4.68E-11 ARLISB 0.03%) clinical No
' significance
6 161,026,135 161,067,305 17 0.477799  2.80E-21 LPA Yes (>70%) Likely benign No
7 17,362,101 17,375,411 12 -0.648473  3.43E-22 AHR Yes(0'2034' leely. Yes (#13)
0.04%) pathogenic
8 30,947,985 30,999,316 23 0307664  1.60E-11  WRN Not Likely No
pathogenic
9 27,558,554 27,573,862 13 -0.399277  2.08E-11  CYorf72 Not X leely. No
pathogenic
10 70,892,631 70,931,418 15 -0.364046  4.32E-10 VPS26A  Yes (>10%) Likely benign No
. . #1
17 44,301,037 44,771,900 16 -0.612643  4.50E-29 NSF Yes X Likely benign Yes (#18,
#13,#15)
Yos (0.003 Uncertain
21 38,791,571 38,865,493 15 -0.358089  8.53E-11 DYRKIA es;%') ’ clinical Yes (#13)
significance
X 108,902,635 108,906,573 6 -0.732362  5.03E-10  ACSL4 Yes (2%) Likely benign No

Chromosome coordinates are given according to hgl9 assembly (UCSC genome browser https://genome.ucsc.edu/). ALS
genes inside CNVs are depicted in bold. Log2 ratio (test/ctrl)= duplications (red), deletions (blue). DGV frequency indicates
the population frequency of respective CNV in the Database of Genomic Variants (DGV, http://dgv.tcag.ca/dgv/app/home).
Clinical interpretation was manually assessed and classified into different categories, according to the American College
of Medical Genetics and Genomics (ACMG) guidelines for CNVs. Of note, some of alterations reported here were
previously described to validate the NeuroArray v.1 platform as a genomic profiling assay for ALS 2. *Sample #18
reported a duplication in the same genomic region.
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Functional and pathway enrichment analysis of CNV-driven genes identified

disease-specific molecular signatures

To explore the overall contribution of CNV-driven dysregulated genes to motor neuron

dysfunctions, we performed a functional enrichment analysis to characterize their

aberrant functions in the ALS patient and SCA1 patients with MN signs. Gene Ontology

and pathway enrichment analyses revealed both common and distinctive biological

processes and signaling cascades significantly altered in ALS and SCA1-MN patients

(Table 3, Supplementary Table 5). In particular, the regulation of synaptic

transmission and membrane trafficking were overrepresented in all patients, whereas

endocytosis, regulation of growth rate and cytoskeleton organization were specifically

affected in the ALS patient (Table 3, Supplementary Table 5).

Table 3. Functional enrichment anal

GO biological processes

growth
vacuolar transport

circadian rhythm

peptidyl-tyrosine modification, phosphorylation
regulation of hydrolase activity

cell morphogenesis

regulation of endocytosis

regulation of growth rate

lysosomal transport

membrane depolarization during action potential
regulation of microtubule cytoskeleton organization
neuronal action potential

regulation of microtubule-based process

endosomal transport

Golgi vesicle transport

autophagy

regulation of microtubule cytoskeleton organization

sis of CNV-associated gene sets in ALS and SCA1-MN patients
SCA SCA
IvV-13 1V-15
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Interaction between L1 and Ankyrins - -
Phase 0 - rapid depolarisation - -
Retrograde transport at the Trans-Golgi-Network --_-
Muscle contraction - -
L1CAM interactions - -
Cardiac conduction - -
Intra-Golgi and retrograde Golgi-to-ER traffic --_-
Axon guidance L I
Membrane Trafficking --_-
Fatty acid, triacylglycerol, and ketone body metabolism I I
Endocytosis -

Vesicle-mediated transport --_-

Green boxes represent processes significantly enriched in ALS and SCA1-MN patients; grey bars indicate no
significant change.

WES-based mutation profile confirms the functional impact of axon

guidance, cell adhesion and immune response in ALS

As both targeted panel sequencing and NeuroArray aCGH focuses on a limited set of
known disease-associated genes, the ALS patient’s specific genomic profile was further
investigated by performing WES analysis in order to looking for novel disease causing
genes and mechanisms potentially associated with ALS pathogenesis (Supplementary
Table 6). Due to the complexity to identify likely damaged genes among the large
number of genetic variants discovered by WES and considering that genes do not play
independent roles but form biological function and pathway networks through their
Intricate interactions, we applied a systems biology approach to prioritize genes with
variants and investigate their potential functional impact on ALS. Interestingly, this
functional analysis confirmed our previous CNV-based molecular characterization of
the ALS patient, highlighting cytoskeleton organization, transmembrane transport, axon
guidance and cell adhesion as the most significantly enriched GO terms and focal
adhesion, extracellular matrix organization and autophagy-lysosome as the most
overrepresented pathways within the set of mutated genes in the ALS patient (Figure

2a, Supplementary Table 7).
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-LOG P value
s

Figure 2. Functional enrichment analysis of the SNP mutant genes identifiedin the ALS patient by WES. The most
representative (a) GO and (b) pathways terms that exhibit statistically significant differences are shown in the graphic (Fisher’s
exact test, FDR; P < 0.05).

Genes affected by rare and/or potentially pathogenic variants identified in the ALS
patient were mapped to the PPI network in order to further investigate how these genes
could jointly confer ALS susceptibility (Supplementary Table 8, Supplementary
Figure 1). In addition to support the pathogenic role of genes already known to be
associated with ALS (i.e., CHMP2B MAPT, DYNC1H1, ERBB4, GRN, OPTN, SQSTM]1,
TBK1, TUBA4A, VCP, VEGFA), our WES-based network analysis identified new
potential causal genes, including RPS27A, UBA52, UBC and UBB that were identified
as the most significant bottleneck proteins connecting different complexes or pathways
in the network (Figure 3a). Of note, 25 mutated genes in the ALS patient showed a
direct interaction with ATXNI (Figure 3b). Between them, of note, we distinguished
some SCA genes (ATXN3, ATXN7, ATXN2L) as well as two genes already known to be

associated with ALS (SETX, VCP) (Figure 3b).
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Figure 3. Integrative network analysis of the genetic variants in the ALS patient. (a) Protein-protein interaction (PPI)
network of hub genes (degree > 10) affected by rare missense mutations in the ALS patient. The node size was
proportional to the degree and the edge width was proportional to the combined score based on the STRING database.
Genes with higher degree values have a stronger capacity of modulating adjacent genes. (b) ATXN-1 gene-centered
subnetwork. The subnetwork includes most of the ATXN-1 -related genes involved in the Notch-specific miRNA-TF
regulatory network. The node size was proportional to the degree and the edge width was proportional to the combined
score based on the STRING database.

DISCUSSION

The aim of this study was to provide a comprehensive genomic profiling of a clinically-
definite ALS individual, bearing an intermediate ATXNI1 poly-Q expansion and
belonging to a large SCA1 family with a “central branch” of SCA1 patients showing
early signs and symptoms of lower MN involvement 10. In particular, we used a set of
parallel high-throughput genomic approaches, including (1) a NGS-based targeted
mutational analysis focused on a restricted number of ALS genes (exons and flanking
regions) and characterized by high coverage, (i1) an high-resolution exon-targeted CNVs
analysis of ALS-related genes expanded to those concerning other neurological

disorders, and (ii1)) GO and pathway-based analyses of genetic variants identified in the

ALS patient by NeuroArray aCGH and WES.

157



Chapter 5

With regard to targeted NGS panel analysis of the ALS patient, we identified six
potentially deleterious exonic variants in genes traditionally associated with ALS
(Table 1). Among these, we distinguished three novel heterozygous exonic variants
(c.238A>C 1in ALS2, ¢.2279A>G in NEFH and ¢.1296_1297in in TAF15) showing
consistent results for their pathogenicity between the in-silico predictors used (Table
1, Supplementary Table 1). In particular, the frameshift mutation in exon 15 of the
TAF15 gene was detected exclusively in the ALS patient (absent in all SCA1 samples),
suggesting a selective role for this variant in disease etiopathogenesis (Table 1). Similar
to other ALS-linked RNA-binding proteins, including ATXN1, TAF15, when mutated,
1s more aggregation prone in vitro, supporting a key role for RNA metabolism defects in
ALS and suggests that this class of proteins might contribute very broadly to ALS
pathogenesis 1516,

Using the customized NeuroArray aCGH platform we identified a list of
chromosomal aberrations in genes previously implicated in a wide range of neurological
disorders, that could be responsible for motor neuron degeneration phenotypes observed
in this family (Table 2). In particular, our analysis identified nine likely pathogenic
deletions, some of which encompassing ALS genes, including a novel deletion in
CIORF72 gene that was detected exclusively in the ALS patient and absent in other
SCA1 family members (Table 2). Apart from CIORF72 hexanucleotide (GGGGCC)
repeat expansion, representing the most common genetic cause of both familial and
sporadic ALS, decreased CIORF72 mRNA levels were found in patient-derived cells and
tissue, as well as deletion of this gene locus leads to disruption in endosomal trafficking,
synaptic vesicle function, regulation of the actin cytoskeleton and formation of
autophagosome, resulting in MN degeneration (19,20). Moreover, previous results
indicated that loss-of-function of C9ORF72 not only induces a deleterious effect on
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neuron survival by itself, but synergizes with polyQ-Ataxin-2 toxicity to induce motor
neuron dysfunction and neuronal cell death 19 Considering that ataxin-1 has
similarities with ataxin-2, our data prompted us to explore the potential contribution of
a multiple-hit pathological mechanism in ALS involving C9ORF72 haploinsufficiency
and neuronal toxicity resulting from mutant ATXN1.

In the context of a systems biology view, the assessment of the functional impact
of CNVs detected in ALS and SCA1-MN patients, revealed both specific and common
disease-associated molecular signatures (Table 3). In particular, the regulation of
synaptic transmission and vesicular trafficking to lysosomes were significantly enriched
both in the ALS patient and SCA1-MN family members, suggesting these mechanisms
may be involved In motor neuron degenerative processes characterizing these
individuals (Table 3). To this regard, the deletion of NSF, a gene encoding an enzyme
that plays an important role in synaptic vesicle release, was found both in ALS and
SCA1-MN patients (but absent in patients with ‘pure’ SCA1 phenotype) (Table 2).
Although further studies are needed to deepen the role of NSF in MN degenerative
processes, decreased expression levels of NSF were previously found in the motor cortex
of SALS patients and its depletion is known to attenuate calcium-dependent delivery of
adherens junction proteins to intercellular junctions, thereby producing defects of
protein exocytosis and resulting in severe neuronal damage and eventually neuronal
death 20-22, Functional analysis also identified endosomal transport and regulation of
cytoskeleton organization as signaling pathways selectively deregulated in the ALS
patient, supporting previous reports indicating dysregulated autophagy and
microtubule dynamic instability as biological processes implicated in familial and
sporadic insults in ALS 2324, Of note, the NeuroArray-based genomic signature of the
ALS proband was reproduced by functional enrichment analysis of WES data generated
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for this patient, further supporting the role of cytoskeletal defects in axons and aberrant
transmembrane transport as well as immune response and regulation of ubiquitin-
mediated proteolysis in disease pathogenesis (Figure 2, Supplementary Table 7).

The involvement of dysregulated immune system, proteasome activity and
altered cytoskeleton remodeling in driving the ALS phenotype also emerged in the PPI
network analysis that highlights the central role of multiple ubiquitin coding genes (i.e.,
UBA52, RPS27A, UBC, UBB) identified as the most interconnected nodes in the
network (Figure 3a). Substantial contribution by these molecules to ALS pathogenesis
was previously described 25 and their abnormal processing and assembling were
demonstrated to confer cytotoxic effects, contributing to motor neuronal damage 26-28,
Interestingly, network analysis also revealed a strong interaction between some
mutated genes in the ALS patient and ATXNI (Figure 3b). Among these, we
distinguished SNV and indel variations in some SCA genes (ATXNS3, ATXN7, ATXN2L)
as well as known ALS-linked genes (i.e., SETX, VCP), suggesting that genetic variations
in these genes may play an additive role in potentiating the neuropathological effects
mediated by ATXNI repeat expansion (Figure 3b, Supplementary Table 6).

Our integrative genomic analysis allowed us to comprehensively investigate
genetic variations and molecular mechanisms occurring in ALS and SCA1-MN patients
of a large SCA1 family, revealing specific and genomic signatures that may explain
progressive degeneration of motor neurons observed in these patients. Overall, our
study supports the utility of an individual genomics approach in identifying genetic
modifiers for complex disorders characterized by different molecular mechanisms and

extreme phenotypic heterogeneity.
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MATERIALS AND METHODS

The SCA1 family with a member affected by ALS

Figure 1 shows the large pedigree of the SCA1 family, spanning five generations 10.
The founder could not be identified. All patients belonging the fourth-generation of this
large family underwent an accurate clinical evaluation, which confirmed in all the
presence of cerebellar ataxia 10, Interestingly, patients belonging to a branch of the
family, all descendants from the patient II-4, showed early signs and symptoms of lower
MN involvement (this branch, termed as “MN-branch”, is highlighted in yellow in
Figure 1). The ALS patient, bearing an ATXNI intermediate expansion, was in this
branch too. None of the other fourth-generation patients, belonging to the other
branches of this family, showed signs or symptoms of lower MN degeneration, even after
years-long disease duration. After a psychological and genetic counselling, we obtained
blood from four of the five SCA1 individuals of the MN-branch (i.e., IV-13, IV-15, IV-18,
V-4), from the ALS patient (i.e., IV-19) and from a SCA1 patient (IV-26) without lower
MN signs and symptoms. All these subjects underwent a comprehensive clinical
evaluation.

The ALS member of this family was a 47-year-old worker affected by an upper-
limb onset disease while having an ATXN1I intermediate CAG expansion. His phenotype
has been already fully described 1°. Shortly, he had a history of progressive atrophy and
weakness of the right hand, which quickly spread to the contralateral limb. Genetic
screening for the major ALS-related genes (SODI1, C9ORF72, FUS, TARDPB, ANG) was
negative. Analysis of ATXNI showed an intermediate CAG expansion in both alleles
(33/33) with no CAT interruptions. He had a rapidly evolving disease (AFS > 3.33). Ten

months after diagnosis, he died due to myocardial infarction. IV-18 was the ALS
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patient’s brother (Figure 1). When he was 30 years old, unsteadiness when walking,
truncal titubation and slurred speech occurred. No symptoms or signs of lower MN
degeneration were reported at onset. Genetic testing revealed an expanded CAG repeat
of 33/564 in ATXN1. As expected, cerebellar ataxia worsened over time. By the age of 45,
a full-blown ALS phenotype occurred, with rapidly progressive distal, and then
proximal, muscle atrophy, marked weakness, brisk reflexes in all four limbs, anarthria,
dysphagia and atrophy of the tongue with fasciculations. He died at the age of 46 years
because of respiratory failure.

The other three SCA1 members of the family, i.e., IV-13, IV-15, and V-4, showed,

respectively, a clinical onset at age 37, 40 and 22 with an ataxic-spastic phenotype, and
with early lower bulbar-related MN signs or symptoms (i.e., mixed ataxic and flaccid
dysarthria, dysphagia and atrophy of the tongue with abundant fasciculations). Genetic
testing revealed expanded ATXNI CAG repeats of 30/49 for IV-13, 30/49 for IV-15 and
29/57 for V-4, but not mutations in the four ALS-related genes.
In the other SCA1 member of the family (i.e., IV-26), belonging to a branch not showing
early lower MN signs or symptoms (Figure 1), the clinical onset was at the age of 25
with a prominent ataxic-spastic phenotype and slow progression. At the time of the
clinical examination, she was 43-years old, wheel-chair-bound and with a severe
cerebellar ataxia. Genetic testing revealed expanded ATXN1 CAG repeats of 30/45.

All subjects described in this study signed informed consent. All samples were
collected and all experiments were performed in accordance with the World
MedicalAssociation Declaration of Helsinki. This study was approved by the Ethics

Committees of the University of Palermo (document 04/2019, April 29, 2019).
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DNA extraction

Blood samples were obtained from all subjects. Genomic DNA was isolated from
peripheral blood leukocytes using the salting out method, quantified by using the
NanoDrop ND-1000 spectrophotometer and assessed for quality by microcapillary

electrophoresis on a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).

Targeted Next-Generation Sequencing and Data Processing

A custom targeted NGS-based panel, encompassing 39 ALS-related genes and their 25
bp flanking regions, was used on an Ion Torrent™ Personal Genome Machine™ (PGM)
sequencer (ThermoFisher Scientific), as previously described !1. Briefly, genomic DNA
(50 ng) from the ALS proband and 3 SCA1 patients (IV-15, IV-26, V-4), two of which are
SCA1-MN affected (IV-15, V-4), was used for library preparation with the Ion
AmpliSeq™ Library Kit 2.0. Libraries were then quantified using the Invitrogen™
Qubit™ Fluorometer to determine the dilution factor resulting in a concentration of
~ 100 pM. The template preparation was performed with the ITon PGM™ Hi-Q™ View
OT2 Kit on the ION OT2 instrument (ThermoFisher Scientific) using an emulsion
polymerase chain reaction (PCR) method. The enriched libraries were purified using the
Ion OneTouch™ ES, according to the manufacturer's protocol. The Ion Sphere Particles
were loaded onto an Ion 316 chip and sequenced with the Ion PGM™ Hi-Q™ View
Sequencing Kit using the ION PGM machine. Sequencing was performed by running 10
samples on a ION 316 chip. For more information about data related to the run, please
refer to our previous work 11,

After sequencing, the raw data were processed by the Torrent Suite Software v5.10
(Thermo Fisher Scientific, Inc.) using the standard pipeline parameters. Read

alignment and variant identification were carried out with the Torrent Mapping
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Program (TMAP) v3.4.1 and Torrent Variant Caller (TVC) v5.0 software. The readings
were mapped to the human reference sequence build GRCh37/Hg19 (Genome Reference
Consortium Human Build 37,

https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/), by limiting to the regions

of target genes. The Coverage Analysis plugin was applied to all data and used to assess
amplicon coverage for regions of interest. Initial variant calling from the Ion
AmpliSeq™ sequencing data was generated using Torrent Suite and Ion Reporter
Software with the plug-in ‘variant caller’ program. To eliminate erroneous base calling,
two filtering steps were used to generate the final variant calls. For basic filtering, raw
variants were selected using the following parameters: Phred quality score > 20, an
average depth of total coverage > 20, each variant coverage > 5, and P<0.0001. The
second filter was employed by filtering out possible strand-specific errors (i.e., a

mutation was detected only in one, but not both, strands of DNA).

Variant prioritization and assessment of pathogenicity

Potential pathogenic variants were sequentially assessed by following the guidelines for
the interpretation of sequence variants proposed by the ACMG 14. In particular, we
filtered only non-synonymous exonic variants that were either absent or had a minor

allele frequency (MAF) <0.05 in ExAC Browser (http://exac.broadinstitute.org/).

Moreover, the functional impact of the missense mutations was estimated using

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT (https://sift.bii.a-

star.edu.sg/), Mutation Taster (http:/www.mutationtaster.org/) and PhyloP

(http://compgen.cshl.edu/phast/background.php) tools. Retained variants were revealed

to be damaging by at least one of the prediction programs.
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NeuroArray aCGH processing and data analysis

High-resolution exon-centered analysis of CNVs was done using an 8x60K custom exon-
centric NeuroArray platform v.1.0 (Agilent Technologies, Santa Clara, CA), tailored to
detect single/multi-exon deletions and duplications in a large panel of genes associated
to several neurological disorders, including ALS (n=154) and SCA (n=52) 12. DNA
labeling and hybridization on NeuroArray were performed according to the
manufacturer’s protocol (Agilent Technologies, Santa Clara, CA). Briefly, DNA test from
the ALS proband and some SCA1-MN affected family members (IV-18, IV-13, IV15),
together with a reference of the same sex (Euro Reference, Agilent Technologies, Santa
Clara, CA), at the concentration of 500 ng, were double digested with Rsal and Alul for
2 hours at 37°C. After heat inactivation of the enzymes at 65°C for 20 min, each digested
sample was labeled by random priming by using the genomic DNA Enzymatic Labelling
Kit (Agilent Technologies, Santa Clara, CA) for 2 hours using Cy5-dUTP for patient
DNAs and Cy3-dUTP for reference DNAs. Labeled products were column purified by
using the SureTag DNA Labeling Kit Purification Columns (Agilent Technologies,
Santa Clara, CA). After probe denaturation and pre-annealing with Cot-1 DNA,
hybridization was performed at 65°C with rotation for 24 hr. After two washing steps,
arrays were scanned at 3 pum resolution using an Agilent G4900DA SureScan
Microarray Scanner System, and aCGH image data were processed using Agilent’s
Feature Extraction software to assess the array spot quality as well as check signal and
background intensity statistics in the default setting.

Feature extracted raw data were normalized, analyzed and visualized using
Agilent CytoGenomics v. 4.0.3.12 software (Agilent Technologies, Santa Clara, CA,
USA). Briefly, after filtering for saturated and non-uniform probes, data were

normalized by GC correction with a window size of 2kb and Diploid Peak
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Centralization. The Centralization Normalization Algorithm with a threshold of 6.0 and
a bin size of 10 was also used for detecting aberrant regions or regions of constant CNVs.
Aberrations were detected by the Aberration Detection Method II algorithm (ADM-2),
with a sensitivity threshold of 6.0 and moving an average window of 2 Mb, which
permits to identify all aberrant intervals in a given sample with consistently high or
low log-ratios based on the statistical score. An aberration filter was applied for
identifying copy number alterations; changes were considered as true positive events
with a minimum log2 ratio test/control of = 0.25 and a minimum of 3 consecutive probes.
A positive statistical score meant an amplification, while a negative score indicated a
deletion.

Human reference sequence hgl9 assembly was used to define the genomic
coordinates of detected CNVs. To assess the effective relations between the detected
CNVs and ALS pathogenesis, we compared identified aberrant regions with those
previously associated with ALS via screening of publicly available databases and
published literature. Once identified, aberrations were manually assessed and classified
into different categories (pathogenic, benign, likely benign, likely pathogenic, uncertain
clinical significance), according to the American College of Medical Genetics and
Genomics (ACMG) guidelines for CNVs !4, In addition, all CNVs that are absent both

from DGV or that are reported in very low frequency (<1%) were considered as rare.

CNYV validation

Ad hoc quantitative real-time polymerase chain reaction (QPCR) assays were performed
to validate genomic imbalances detected by the NeuroArray. Briefly, we used DNA
extracted from peripheral blood samples of 3 patients (IV-13, IV-18, IV-19), assayed by

NeuroArray, and additional 3 samples including a SCA1-MN patient (V-4) and two
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“pure” SCA1 family members (IV-2, IV-26). Primers flanking the putative exonic
imbalances were designed using the PrimerBlast tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) as described [41]. RT-qPCR was
performed in triplicate using the LightCycler 1.5 (Roche Diagnostics, Germany). Cycling
conditions were 95°C for 15 s followed by 40 cycles of 95°C (5 s), 60°C (15 s) and one
cycle of 95°C (15 s), 60°C (60 s), 95°C (15 s). The relative quantification was measured
using the AACt method that requires a healthy control sample (diploid) as a calibrator
in all amplifications [42]. As calibrator control, we used the same DNA reference
hybridized in the NeuroArray experiments. A control gene, checked as normal double-
copies on NeuroArray, was used as a reference for normalization. 2-AACt> 1.4 or < 0.6
was defined as copy number gain or loss, respectively, whereas 2-AACt values from 0.8
to 1.2 were considered as normal diploid. PCR products were visualized by agarose gel

electrophoresis.

Functional enrichment analysis of the CNV-associated gene sets

To analyze and visualize functional and biological shared- or specific-features with
respect to ALSS and/or MN phenotypes, genes located in the identified CNV regions, both
in ALS patients and its SCA1-MN relatives, were used for ontology and pathway
enrichment analyses. In particular, the CNV-associated gene sets for each patient were

submitted to the bioinformatics resource ToppGene Suite (https://toppgene.cchmc.org/)

and ToppCluster (https:/toppcluster.cchmec.org/), which allow to perform a gene list

functional enrichment based on Gene Ontology, KEGG, Reactome, and Panther
pathway 2930, The extent of statistical enrichment for each functional group was

determined by applying a Fisher’s Exact Test then corrected by Benjamini-Hochberg
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False Discovery Rate (FDR) procedure and the number of enriched genes >2 and P<0.05

were selected as cut-off criteria to consider statistically significant differences.

Genomic scale profiling of ALS by whole-exome sequencing

The ALS patient’s specific genomic profile was further investigated by performing a
pathway enrichment analysis of whole-exome sequencing (WES) data, in order to verify
also if a mutational signature extracted from WES data confirmed our previous
pathway-based CNV characterization of the disease phenotype. Specifically, genomic
DNA of the ALS patient was sequenced using the Ion Chef and Ion S5 Next Generation
Sequencing platform (Thermo Fisher Scientific), following the manufacturer’s
recommended protocol. In brief, 100 ng of DNA was used as starting quantity for library
preparation by using the Ion Ampliseq Exome RDY Kit 1 X 8 that permits to obtain a
coverage >97% of the Consensus Coding Sequences (CCDS), >90% base on-target, and
>90% coverage uniformity. After barcode ligation using an Ion Xpress Barcode Adapters
kit (Thermo Fisher Scientific), library samples were purified using Agencourt AMPure
XP reagent (Beckman Coulter, Brea, CA) and subsequently inspected for quality by
using Bioanalyzer 2100 instrument and DNA High Sensitivity kit (Agilent
Technologies). The final sequencing libraries were quantified using a Qubit 4.0
Fluorometer (Thermo Fisher Scientific) and subsequently diluted to a concentration of
100 pM before being clonally amplified on the Ion Chef System using the Ion 540 Chip
kit-Chef prior to loading on an Ion 540 Chip with an additional sample for sequencing
with the Ion S5 platform (Thermo Fisher Scientific).

Data were processed using Ion Torrent platform-specific pipeline software,
Torrent Suite Software v5.10 (Thermo Fisher Scientific, Inc.) using Germ Line - Low

Stringency parameters to generate sequence reads, trim adapter sequences, filter, and
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remove poor signal-profile reads. The alignment was done against the human reference
sequence build GRCh37/Hgl9 (Genome Reference Consortium Human Build 37,

https://www.ncbi.nlm.nih.gov/assembly/GCF _000001405.13/). Initial variant calling

from the Ion AmpliSeq™ sequencing data was generated using Torrent Suite and Ion
Reporter Software with a plug-in ‘variant caller’ program. To eliminate erroneous base
calling, two filtering steps were used to generate the final variant calling. For basic
filtering, raw variants were selected using the following parameters: Phred quality
score > 20, average depth of total coverage > 20, each variant coverage > 5, and
P<0.0001. The second filter was employed by filtering out possible strand-specific errors
(i.e., a mutation was detected only in one, but not both, strands of DNA).

Exome variants were further  filtered for rare non-coding
variants, nonsynonymous SNVs, frameshift INDELs, MNVs and SNVs/INDELs
affecting stop codons and splice sites. The KEGG pathway enrichment analysis of the
genomic regions affected by the remaining variants was carried out using the ToppFun

tool (https://toppgene.cchme.org/enrichment.jsp) to identify the most relevant functional

pathways plausibly involved in driving the ALS phenotype. Pathway enrichment
analysis was performed by using the human genome as background and applying a
corrected Fisher's exact test with a P<0.05 as a threshold to consider statistically

significant differences.

Visualization of the protein-protein interaction network

To further investigate the interaction and correlation between genes harboring
rare non-coding and/or potentially pathogenic coding variants we constructed an
extended protein-protein interaction (PPI) network of their encoding products by using

the STRING database and visualized with the Cytoscape v.3.7.1 software. The extended
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network was constructed by using the candidate genes as seed molecules and setting a
high level of confidence between molecular interactions (high confidence score of at least
0.8) and a maximum number of interactions to 100. In order to identify the “Hub” nodes,
a network topology analysis was performed by using the Cytoscape plug-in
NetworkAnalyzer based on topological parameters. The relative importance of the genes
in each network, meaning their ability to hold together the communicating nodes in a
biological network, was determined based on the node centrality measure setting the
topological parameter “node degree” >10. Nodes with high degree (hub genes)
represented genes having important biological functions: the higher the value, the
higher the relevance of the gene in connecting regulatory molecules. Likewise, values of
edge betweenness were mapped with the edge size: high values of this parameter
correspond to large edge size. After removing the nodes with a score of 0, the final PPI
network was visualized based on node degree and edge betweenness parameters.
Moreover, an additional PPI network was constructed in order to assess possible
interactions between ATXNI and other SNP- and CNV-driven genes in the ALS
proband. This ATXN1-centered network was constructed by setting a moderate level of
confidence between molecular interactions (confidence score of at least 0.4) and a

maximum number of interactions to 100.
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ALS = amyotrophic lateral sclerosis; ATXN-1 = ataxin-1; ATXN-2 = ataxin-2; SCA1 =

spinocerebellar ataxia type I; SCA2 = spinocerebellar ataxia type II; aCGH =
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comparative genomic hybridization array; WES = whole-exome sequencing; NGS = next-
generation sequencing; SOD1 = Cu/Zn superoxide dismutase-1; FUS= fused in
sarcoma/translocated in liposarcoma; TARDBP/TDP-43= transactive response DNA
binding protein 43 kDa; C9ORF72= chromosome 9 open reading frame 72; SNV = single-
nucleotide variant; CNV = copy number variant; MN = motor neuron; CSF =
cerebrospinal fluid; MRI = magnetic resonance imaging; EMG = electromyography;
MUPs = motor unit potentials; PSWs = positive sharp waves; DSF = disease-free
survival; Cy5 = cyanine 5; Cy3 = cyanine 3; dUTP= deoxyuridine triphosphate; ADM-2
= aberration detection method II algorithm; CNVD = Copy Number Variation in
Disease; ACMG = American College of Medical Genetics; DGV = Database of Genomic
Variants; UTR = untranslated region; ncRNA = non coding RNA; LoF = loss-of-function;
MAF = minor allele frequency; EVS = Exome Variant Server; HGMD = Human Gene
Mutation Database; LOVD = Leiden Open Variation Database; OMIM = Online
Mendelian Inheritance in Man; GO = Gene Ontology; BP = biological process; MF =
molecular function; CC = Cellular Component; PPl = protein-protein interaction;
SCN1A = sodium voltage-gated channel alpha subunit 1; WRN = Werner syndrome
ATP-dependent helicase; LPA = Lipoprotein(A); SCN7A = sodium voltage-gated channel
alpha subunit 7; EPHA3 = Ephrin type-A receptor 3; EPHA1 == Ephrin type-A receptor
1; EPHA2 = Ephrin type-A receptor 2; EPHA4 == Ephrin type-A receptor 4; EPHA5 =
Ephrin type-A receptor 5; EPHA6 = Ephrin type-A receptor 6; EPHB1 == Ephrin type-
B receptor 1; EPHX1 = Epoxide Hydrolase 1; CHMP2B = Charged Multivesicular Body
Protein 2B; VPS54 = Vacuolar Protein Sorting-Associated Protein 54; TTN = Titin; AHR
= Aryl Hydrocarbon Receptor; NSF = N-Ethylmaleimide Sensitive Factor, Vesicle
Fusing ATPase; ARL13B = ADP Ribosylation Factor Like GTPase 13B; MNVs =
Multiple nucleotide variants; INDEL = Insertion/Deletion; CAPN2 = Calpain 2; DCC =
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DCC netrin 1 receptor; LRRK1 = Leucine Rich Repeat Kinase 1; MMRN1 = Multimerin

1; NOS2 = Nitric Oxide Synthase 2; ARSB = Arylsulfatase B; TMEM216 =

Transmembrane Protein 216; LRP2 = LDL Receptor Related Protein 2; NOTCH4
Notch Receptor 4; PCK1 = Phosphoenolpyruvate Carboxykinase 1; TNK1 = Tyrosine
Kinase Non Receptor 1; CNTN4 = Contactin 4; DIAPH3 = Diaphanous Related Formin
3; CDH13 = Cadherin 13; DYNC1H1 = Dynein Cytoplasmic 1 Heavy Chain 1; CPZ =
Carboxypeptidase Z, NEFH = Neurofilament Heavy; TRPM7 = Transient Receptor
Potential Cation Channel Subfamily M Member 7; VPS26A = Vacuolar Protein Sorting-
Associated Protein 26, Retromer Complex Component A; KIF1A = Kinesin Family
Member 1A; CYP2D6 = Cytochrome P450 Family 2 Subfamily D Member 6; GLE1 =
GLE1 RNA Export Mediator; SETX = Senataxin; ALS2 = Alsin Rho Guanine Nucleotide
Exchange Factor ALS2; CCNF = Cyclin F; PFN1 = Profilin 1; CEP112 = Centrosomal
Protein 112; VAPB = Vesicle-Associated Membrane Protein Associated Protein B And
C; AVS=ALS variant server; DPYD = Dihydropyrimidine Dehydrogenase; SNARE =
soluble NSF attachment protein receptor; MATR3 = Matrin 3; ERBB4 = Erb-B2
Receptor Tyrosine Kinase 4; NEK1 = NIMA Related Kinase 1; OPTN = Optineurin;
ANO2 = Anoctamin 2; CHCHD10 = Coiled-Coil-Helix-Coiled-Coil-Helix Domain
Containing 10; ELAVL4 = Embryonic Lethal, Abnormal Vision, Drosophila (ELAV)-
Like 4; GRIN1 = Glutamate Ionotropic Receptor NMDA Type Subunit 1; NMDA = N-
methyl-D-aspartate; ZNF280A = Zinc Finger Protein 280A; C220rf46 = Chromosome 22
Open Reading Frame 46; APEH = Acylaminoacyl-Peptide Hydrolase; MST1 =
Macrophage Stimulating 1; DCHS2 = Dachsous Cadherin-Related 2; FAT1 = FAT

Atypical Cadherin 1; BACE1 = Beta-Secretase 1.
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Supplementary Material can be made available in the online version of this

article.
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Chapter 6

GENERAL DISCUSSION

Advances in high-throughput genomic, transcriptomic, proteomic, and other diagnostic
techniques in the past decades has provided a framework for developing a new, more
accurate, and refined “molecular taxonomy” of human diseases which implies the use of
molecular data (i.e., gene expression, copy number variants, single nucleotide
polymorphisms, and haplotype analysis) to classify patients into distinct subgroups
with differing diagnostic, prognostic, or therapeutic implications 22-25, This new disease
classification has profound implications not only providing new insights into studying
mechanisms and environmental causes underpinning diseases but also facilitating the
development of a more precise diagnosis and individualized treatment for optimal
therapeutic efficacy. While incredible successes have been achieved for several
multifactorial diseases such as cancer, determination of specific molecular signatures
and biomarkers for mechanism-based classification and tailored therapeutic
interventions remains an aspirational objective when dealing with multifaceted
heterogeneous clinical states such as neurodegenerative disorders, which may reflect
combined effects of various genes and their interaction with environmental factors.

Within this context, a perfect example i1s represented by the complex and
heterogeneous nature of ALS, characterized by distinct clinical features and progression
patterns, together with a plurality of associated genes. Recently, works from others and
our laboratory have started to characterize and explore the hidden biological and
molecular heterogeneity of SALS, enabling the identification of etiopathogenic
mechanisms and potential therapeutic targets that were not put in evidence by
considering SALS pathology as a single entity 1217, In particular, by using an
unsupervised hierarchical clustering of genome-wide transcriptomic profiles generated
from post-mortem motor cortex samples from SALS patients we were able to separate
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healthy controls and SALS patients and identify two distinct patient groups (SALS1
and SALS2) depending on the combinations of genes and pathways that were
deregulated 4. Of note, a similar stratification of ALS patients has been reproduced in
a recent study conducted by Tam O.H. et al. (2019) and other transcriptome profiling-
based studies confirmed the existence of distinct molecular subtypes of ALS 151617,
Despite these works lay the foundation for a molecular taxonomy of ALS, very little
information is so far available from the single-omic studies, that if considered
individually, are insufficient to clarify the intricate disease mechanisms implicated in
ALS. Therefore, taking a holistic molecular approach, based on the integration of
multiple types of omics data with existing biological knowledge, may offer the
opportunity to improve the knowledge of the molecular basis underlying ALS at yet
another level of systemic complexity, providing a feasible opportunity to better defining
disease subgroups and their molecular drivers in order to develop an efficient and
effective personalized diagnostics and patient-guided therapies 22-25,

With these premises in mind, in Chapter 2 of this PhD thesis we explored the
ALS heterogeneity at different levels of omics data, by integrating gene expression
profiling with the analysis of genomic structural aberrations occurring in the motor
cortex of the same set of SALS samples, in order to investigate whether transcriptional
alterations may be related to genomic DNA alterations, and thus represent potential
markers for a molecular-based stratification of SALS patients. Taking advantage of the
custom-made NeuroArray platform, designed to uncover CNVs in clinically relevant
genes for ALS and other neurological diseases, we were able to reveale distinct genomic
signatures associated with two previously characterized transcriptome-based SALS
subgroups, suggesting that genomic and transcriptomic events complement each other
in driving disease pathogenesis and further confirming our previous pathway-based
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characterization of SALS subtypes. In fact, although partially complementary and
convergent, the two SALS patient clusters showed different significantly deregulated
processes and mediators. In particular, antigen processing and presentation, and
extracellular matrix organization were the most significantly enriched pathways for the
CNV-driven genes in SALS1, while the pathways of highest significance in SALS2 were
associated with axonal guidance, oxidative stress and inflammatory intracellular
signaling cascades. Therefore, a careful monitoring of these signaling cascades may help
to better diagnose the specific subtype of ALS.

Emerging molecular heterogeneity of ALS lays the foundations for developing
new therapeutic strategies, targeting disease pathogenesis as a complex system rather
than at the level of the single protein molecule and that may have greater relevance to
distinct sets of patients. In this regard, altered biological pathways emerged from our
analyses provided a good number of potential subgroup-specific biomarkers and
therapeutic targets, opening the way to the implementation of genomics-based
personalized medicine 19-21, In Chapter 3 and 4, we emphasized how the analysis and
integration of different omics layers are crucial for the full knowledge of the biological
heterogeneity of ALS and for proving a comprehensive characterization of patient-
specific molecular signatures that could potentially guide therapeutic decisions. To this
purpose, we performed a comprehensive multi-omics characterization of some of the
most promising molecular targets and signaling mechanisms, including neurotrophic
factors and histamine signaling mediators, that have emerged as dysregulated at
different omics levels in specific subgroups of ALS patients in our analysis, focusing on
those that have already shown results both in in vitro and in vivo models of ALS26-28,
Besides identifying new potential pharmacological targets, our analysis also provided a
rational approach for “drug repositioning” for ALS. Under this perspective, many known
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drugs that were abandoned at clinical stages because of their low efficacy and/or toxicity
might be re-evaluated in light of the emerging molecular taxonomy of ALS patients.

Finally, in Chapter 5, we employed a systems biology approach to
comprehensively investigate genetic variations and molecular mechanisms occurring in
in a large SCA1 family, in which one non-SCA1 member was a clinically-definite ALS
individual bearing an intermediate ATXN1 expansion and SCA1 patients with a full
expansion, some of which manifesting signs of lower motor neuron involvement. In
particular, we used a set of parallel high-throughput genomic approaches, including (i)
a NGS-based targeted mutational analysis focused on a restricted number of ALS genes
(exons and flanking regions) and characterized by high coverage, (i1) an high-resolution
exon-targeted CNVs analysis of ALS-related genes expanded to those concerning other
neurological disorders, and (ii1)) GO and pathway-based analyses of genetic variants
identified in the ALS patient by NeuroArray aCGH and WES. Our integrative genomic
study allowed us to identify both common and distinctive candidate genes/variants and
related biological processes that, in addition to or in combination with ATXNI1, may
contribute to motor neuron degeneration phenotype observed in this family. Among
these, we distinguished the involvement of synaptic vesicle trafficking in driving motor
neuron degenerative processes characterizing both the ALS patient and SCA1-MN
family members, while defects in the regulation of RNA metabolism and ubiquitin
system seems to be selectively implicated in the ALS pathogenesis.

Overall, the data presented in this PhD thesis provided evidences regarding the
utility of an individual genomics approach in identifying genetic modifiers for a complex
disorder like ALS, characterized by different molecular mechanisms and extreme
phenotypic heterogeneity, also offering a rational foundation for exploring new
candidate therapeutic targets and biomarkers for a genomic-based patient stratification
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and personalized diagnostic and treatment approaches. Future more in-depth
functional and integrative omics studies will be necessary to verify our findings and

explore the impact of candidate genes on the outcome of the disease.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The significant advancement of high-throughput technologies (such as genomics,
transcriptomics, proteomics, metabolomics), and diagnostic techniques throughout the
past decades outlines a transformative approach to defining, studying and treating
complex, multifactorial and heterogenous disorders, such as ALS. Rather than
approaching ALS as a single entity, we advocate targeting therapies to distinct
“clusters” of patients based on their specific genomic and molecular features.

Although still in its early stages and despite some existing drawbacks, the
potential of molecular taxonomy in neurology is clear and the hurdles for the
employment of this powerful new tool are rapidly being overcome. The intersection of
omics and precision medicine in the future will rely on several components, including
advanced bioinformatics, the merger of multi-omics technologies, big health data, and
deep machine learning to extract novel insights. Looking into the future, we envision
that prodigious advances in genomics, proteomics and biomarker development for ALS
and other complex disorders may combine with the standard classification system,
bringing us a step closer to the establishment of a precision medicine approach in

neurology practice.
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