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ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a currently incurable and adult-onset
neurodegenerative disease, characterized by the progressive and selective loss of upper
and/or lower motor neurons, leading to a relentless and severe muscular atrophy with rapid
death of patients, usually due to respiratory failure. The majority of ALS patients (90%)
manifest a sporadic form with a multifactorial etiology, while 10% of cases are familial with
more than 30 causative genes identified so far. The main genetic cause of ALS is
represented by the intronic GGGGCC hexanucleotide repeat expansion (HRE) in C9ORF72
gene which is polymorphic in healthy subjects (2-23 units), while in ALS patients it expands
from 30 to more than 4000 units. The pathomechanisms associated to C9ORF72 HRE
include a loss of function due to COORF72 protein haploinsufficiency because of reduced
transcription, and a toxic gain of function caused by both the formation of pathological HRE-
containing RNA foci and the synthesis of dipeptide repeat proteins (DPR) resulting from
RAN translation of the HRE-containing transcripts. C9ORF72-associated defects include
impairment of RNA metabolism, genomic stability, DNA damage response (DDR), nuclear
pore integrity and axonal transport.

The study of ALS pathomechanisms has always been hampered by the lack of suitable
experimental models that could properly mimic the pathophysiology of the disease. The
quite recent possibility to obtain patient-derived induced pluripotent stem cells (iPSC)
represents a great advancement to study neurodegenerative disorders, because iPSC
maintain the individual genetic background and can be differentiated into different neuro-
glial cell lineages, including motoneurons and cortical neurons.

In my PhD project | exploited iPSC, reprogrammed from C9ORF72 ALS patients, to study
DNA damage and DDR and their possible link with actin cytoskeleton remodeling, and to
test a novel RNA- based therapeutic approach to reduce C9ORF72 pathology. | also
established a new patient-derived iPSC line to elucidate the different pathomechanisms
associated with KIF5A gene mutations.

To study DNA damage and DDR, we differentiated three C9ORF72 and two healthy control
iPSC lines, already reprogrammed in the lab, into both neural stem cells (iPSC-NSC) and
motor neurons (iPSC-MN) at different maturation time (day 34 and 56). DNA damage was
induced with the radiomimetic agent Neocarzinostatin and the phosphorylated histone H2AX
(yH2AX) was used as marker of DNA breakage. By measuring the mean number of yH2AX-

positive foci, the yH2AX mean fluorescence intensity in the cell nucleus and the percentage
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of yH2AX foci-positive cells, we found that the presence of the C9ORF72 HRE did not impact
on the extent of DNA damage and DDR ability in iPSC-NSC. C9O0RF72 iPSC-MN (day 34)
displayed a higher extent of DNA damage at physiological level compared to wild-type
controls and they were able to recover the induced DNA damage after 6 hours rescue.
However, prolonging the maturation time of iPSC-MN in vitro (day 56), we observed both a
significant higher extent of DNA damage and an impaired ability of C9ORF72 iPSC-MN to
activate DDR compared to control iPSC-MN.

During my 3-months internship in the USA, | applied an innovative method to differentiate
cortical neurons from one C9ORF72 and one isogenic wild-type i3-iPSC line using an
inducible system. | found that modulation of the F-actin cytoskeleton using actin-modifier
drugs had an impact on the incidence of DNA damage, DDR and chromatin remodeling.
To decrease C9ORF72-associated pathology, | used iPSC to test a novel RNA-based
approach consisting in a modified spliceosomal U1 snRNA specifically designed to bind the
sense transcript of the C9ORF72 HRE. We first demonstrated U1 snRNA efficacy in
reducing RNA foci and DPR formation in HEK293T cells, then we validated our results in
CI90RF72 iPSC-MN infected with U1-lentiviral vectors. We found that modified U1 snRNA
could significantly decrease both the mean number of pathological RNA foci/cell and the
percentage of C9ORF72 iPSC-MN forming RNA foci.

| also took advantage of iPSC technology to establish a new in vitro model to study why
different mutations in KIF5A gene may cause ALS or hereditary spastic paraplegia (HSP).
KIF5A encodes for a microtubule motor protein involved in the anterograde transport in
neurons. | reprogrammed fibroblasts from a HSP patient carrying a novel KIFS5A mutation
(p-R17Q) into iPSC and also generated its isogenic wild-type and a lof iPSC line using
CRISPR/Cas9 gene editing. | differentiated these iPSC lines into MN to study and compare
their differentiation capacity, mitochondria morphology and distribution along neurites as
well as the axonal transport of mitochondria through live-cell imaging assay.

The results obtained in my PhD thesis provide evidence that patient-derived iPSC and iPSC-
MN represent suitable in vitro platforms both to model C9ORF72 and KIF5A-related
pathogenetic mechanisms and to screen new promising therapeutic approaches for the
treatment of ALS disease.
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INTRODUCTION

1. Amyotrophic Lateral Sclerosis

1.1.  Clinical features

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is the most
common adult motor neuron disease (MND) accounting for 80-90% of all MND cases (1).
ALS has a mean incidence between 0.6 and 3.8 per 100.000 persons per year, and occurs
with a higher frequency in males than in females with a 2:1 ratio (2).

ALS is an adult-onset, rapidly progressive and ultimately fatal disorder, presenting a great
clinical heterogeneity across patients in terms of age of onset, progression rate and clinical
symptoms. The mean age of onset ranges from 51 to 66 years and the mean survival ranges
from 2 to 5 years (2).

Two main ALS clinical variants are identified according to the clinical site of onset, which
includes a spinal or a bulbar one. The spinal onset is the most common form of ALS (80%
of cases), selectively involving the motor function of upper or lower limbs without affecting
sensitive and autonomic aspects. The bulbar site of onset (20% of cases) causes dysarthria
(slurred speech), dysphagia (difficulty in swallowing), dysphonia (abnormal voice),
sialorrhea (excessive drooling) and ab ingestis pneumonia (aspiration pneumonia), being
epidemiologically related to a more rapid disease course. The other main clinical
stratification of ALS forms is based on the early involvement of upper motor neuron (UMN)
in the motor cortex (central motor neuron) or lower motor neuron (LMN) in the brainstem
and spinal cord (peripheral motor neurons). Patients can suffer from hyporeflexia, flaccid
paralysis, fasciculations and muscular atrophy if the LMN is primary involved, or from
hyperreflexia and spastic paralysis due to UMN degeneration. The disease is characterized
by a progressive and severe muscular atrophy which leads to a progressive paralysis with
patients usually dying for respiratory failure within 2-3 years from the onset.

Over the last decades, more than 40 randomized controlled trials in ALS patients have been
carried out, but they all failed to show a beneficial effect on disease progression or on
survival (3). So far, Riluzole (t/a Rilutek, Aventis Pharma S.A.), an inhibitor of glutamate
release, remains the first and only disease-modifying drug to prolong mean survival by 3-6
months with no effect on muscular strength (4). More recently, the free radical scavenger
Edaravone (t/a Radicava™, Mitsubishi Tanabe Pharma America), which is thought to

prevent oxidative stress damage to neurons, has been approved for the treatment of ALS in



the USA, Canada, Japan, South Korea and Switzerland, but not in the European Union (5).
It ameliorates patients’” mobility, increasing survival just by few months. Another therapy
under investigation is Masitinib (t/a Masivet, AB Science), an oral tyrosine kinase inhibitor,
which recently received the FDA approval to start Phase Il clinical trial(6). However, none
of these drugs can ameliorate the course of the disease, and progress towards finding
effective therapies is hampered by an incomplete understanding of disease

etiopathogenesis and by the lack of suitable experimental disease models.

1.2.  Etiology

Similar to other neurodegenerative disorders (Alzheimer’s and Parkinson’s diseases), ALS
has a multifactorial etiology consisting in a combination of both genetic and environmental
risk factors and aging-related dysfunctions. 90% of ALS cases manifest a sporadic form of
the disease (SALS), since no other cases of ALS or related neurodegenerative disorders
have been previously diagnosed in the same pedigree.

The remaining 10% of ALS cases are instead considered familial (FALS), with a higher
frequency in females, an earlier age of onset and a more rapid disease progression. Among
FALS cases, about 70% are due to mutations in 30 different causative genes. Four major
genes (C90ORF72, SOD1, TARDBP and FUS) account for about 60% of FALS cases,
whereas 10% is due to a plethora of minor genes (7). The remaining 30% FALS cases still
have an unknown genetic cause and Next Generation Sequences (NGS) approaches,
including Whole Exome Sequencing (WES) and Whole Genome Sequencing (WGS), are
now exploited to identify this missing hereditability in large international collaborative efforts.
Among SALS cases, about 10% are represented by unrecognized FALS cases, because of
de novo mutations, incomplete penetrance, somatic mosaicism or incomplete familial
anamnesis. The majority of SALS cases are due to a multifactorial etiopathogenesis and
Genome-Wide Association (GWA) studies in association to WGS have recently allowed to
define several common variants (single nucleotide polymorphisms - SNPs) conferring
susceptibility to the disease development (8). Among these risk factors, intronic SNPs in
UNC13A gene are among the strongest hits associated with ALS and determine a
decreased TDP-43 binding affinity which leads to the inclusion of a repressed cryptic exon
with a premature stop codon in UNC13A mRNA (9,10).

The genetic architecture of ALS is therefore complex, ranging from monogenic mutations
with high effect size in FALS cases to common and rare genetic variants with low and
moderate effect size in SALS cases with an oligogenic model (11).



Among the environmental factors, smoke, exposure to chemicals, heavy metals and intense
physical exercise have been associated to an increased risk of developing ALS, together

with genome-wide epigenetic modifications (12).

1.3. ALS and fronto-temporal dementia spectrum

Clinical studies conducted in the last 20 years have demonstrated an overlap between motor
neuronal degeneration in ALS and cortical neuron death in frontotemporal dementia (FTD).
During the course of the disease, 15% of ALS patients may indeed develop also FTD,
resulting in abnormalities of behavior and language, whereas about 40% of ALS patients
show subclinical executive and behavioral dysfunctions (ALS-ci, ALS-bi) (13). Conversely,
15% FTD patients also develop ALS, but many more have some evidence of lower motor
neuron involvement (14). The existence of common neuropathological features between
ALS and FTD was discovered in 2006 with the identification of TDP-43 as a major disease
protein in the cytosolic ubiquitinated and phosphorylated inclusions of 97% ALS and of 45%
FTD brain tissues (15,16). TDP-43 inclusions indeed represent the neuropathological
hallmark of nearly all ALS patients, both FALS and SALS, with the exception of SOD7- and
FUS-mutated patients. Defective TDP-43 nucleocytoplasmic transport, post-translational
modifications or impairment of the protein degradation system are some of the mechanisms
that have been proposed to promote nuclear TDP-43 protein mislocalization and
aggregation in the cytoplasm (17). Moreover, mutations in TARDBP gene (encoding TDP-
43), identified in 5% of FALS patients, may promote an increased localization and
aggregation of the mutant protein in the cytoplasm (18).

The further identification of a common genetic cause of ALS and FTD — the chromosome 9
open reading frame 72 (C9ORF72) gene (19,20) — definitively confirmed the clinical and
neuropathological evidence that ALS and FTD represent two ends of the same disease

spectrum.

1.4. C90ORF72 gene

CI90ORF72 was identified in 2011 as causative of both ALS and FTD (19,20). C9ORF72 is
so far the major causative gene in both disorders, accounting for about 35% of FALS and
6% of SALS cases, and for 26% of familiar FTD and 5% of sporadic FTD cases (21).



CI90ORF72 has been additionally identified as a rare cause of other neurodegenerative and
psychiatric disorders, including Alzheimer's disease, Parkinson’s disease, Huntington’s
disease, multiple sclerosis, bipolar disorder and schizophrenia (22,23).

CI90ORF72 mutation consists in the expansion of the GGGGCC hexanucleotide repeat (HRE)
located in the first intron of the gene. In the normal population, the length of the
hexanucleotide repeat is polymorphic and ranges from 2 to 23 units, whereas in ALS/FTD
patients it exceeds 30 up to more than 4000 units (24). The age of onset of COORF72 HRE
carriers is slightly earlier than in C9ORF72-negative ALS/FTD patients, survival is reduced,
and families exhibit high phenotypic variability regardless HRE size (25). Genetic
anticipation is not so evident and both expansions and contractions of the HRE length are
observed in ALS/FTD pedigrees (26,27). The mutation has an autosomal dominant
inheritance, but the penetrance is incomplete and age-dependent (nearly complete by 83
years of age) (28,29) so that apparently sporadic mutated patients indeed represent
undiagnosed familiar C9ORF72 cases. Interestingly, there is not a clear correlation between
the HRE size and the disease clinical presentation in terms of age of onset, progression rate
and clinical symptoms, including the development of ALS, FTD or both. This suggests that
the genotype-phenotype correlation could be also influenced by modifying factors such as
somatic mosaicism, oligogenicity and promoter DNA methylation (25,30).

CI90RF72 gene is located on the reverse strand of the short arm of chromosome 9
(C9p21.2-p13.3). The gene is 27,320 base pair long and is composed of 12 exons and 11
introns. The two first exons belong to the non-coding 5’UTR of the gene and contain
alternative transcription start sites (TSS) which generate three different C9ORF72 mRNA
isoforms (V1, V2 and V3) (Fig. A). V1 and V3 are transcribed from the first exon 1a TSS,
upstream the intronic GGGGCC repeat, while the V2 isoform, that is the most abundant
transcript, is transcribed from exon 1b TSS, located downstream the hexanucleotide repeat
which acts as a promoter (29). V2 and V3 are translated into a long protein isoform of 55
kDa (481 amino acids), encoded by exons 2-11, while the V1 isoform (exons 2-5) is shorter
and encodes for a 25 kDa (222 amino acids) protein (Fig. A).
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Fig.A CIORF72 gene structure, transcript variants and protein isoforms. Representation of the COORF72
gene with its 11 exons and the three mRNA isoforms generated by transcription from the alternative exons 1a
and 1b and alternative splicing. The two protein isoforms, short (S) and long (L), generated by translation of
the three transcript variants are shown. The GGGGCC repeat, located in the first intron of variants 1 and 3 and
in the promoter of variant 2, is indicated in red.

CI90RF72 protein activity is still unclear although, based on protein structure analysis, it was
found to contain a DENN-like (Differentially Expressed in Normal and Neoplastic cells)
domain typical of GDP-GTP exchange factors (GEFs) for Rab GTPases, which regulate
intracellular compartments trafficking (31). The N-terminal end of the three mRNA isoforms
(exon 2-5) harbors a Longing domain, that is known to interact with various types of
GTPases involved in the endoplasmic reticulum to Golgi transport, while only the long
isoforms (exon 2-11) also contain the DENN and the C-terminal alpha domain involved in
GTPase activation (31). The long C9ORF72 isoforms were identified to participate in the
autophagosome assembly machinery and to mediate the trafficking of the key autophagy
initiation ULK1 complex (32). Furthermore, C9ORF72 was demonstrated to be localized at
the lysosome membranes, where it seems to recruit mTORC1 targets, contributing also to
protein synthesis control by the mTOR pathway (33). C9ORF72 knock-out mice did not
develop motor neuron disease but showed alterations in myeloid and/or lymphoid cell
populations in the spleen and lymph nodes with increased levels of inflammatory cytokines,
suggesting an important role of COORF72 also in immune response regulation (34).
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1.4.1. C9ORFT72-related pathogenetic mechanisms

In ALS and FTD the presence of C9O0RF72 HRE can induce neurodegeneration by three
distinct, and not mutually exclusive, pathogenetic mechanisms, that are all likely to

contribute to disease development (Fig. B).
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Fig. B Proposed pathogenic mechanisms for the GGGGCC HRE in C9ORF72 gene. (A) The HRE located
upstream exon 1b in the V2 promoter may inhibit the transcription of this isoform, leading to C9ORF72 protein
haploinsufficiency. (B) The intronic HRE can be transcribed from the alternative exon 1a, leading to the
formation of stable secondary structures containing the HRE, visualized as RNA foci in cells, that can also
sequester RNA-binding proteins. (C) The transcribed HRE-containing RNAs undergo non-canonical repeat-
associated non-ATG dependent (RAN) translation and lead to the production of different dipeptide proteins in
each of three reading frames (35).

The first pathomechanism is a C90ORF72 protein loss-of-function (LOF). In the brain of
C90RF72 patients the total level of C9O0RF72 mRNA and protein was found to be reduced
by nearly 50% compared to controls (36,37). In particular, gene expression analysis of
CI90RF72 showed that the main V2 isoform is downregulated, indicating that the presence
of the HRE in the V2 promoter inhibits the transcription of this isoform, resulting in protein
haploinsufficiency (37).

The affected downstream pathways resulting from C9ORF72 LOF have been widely studied.
Knock-down of C9ORF72 in human cell lines and primary neurons inhibits autophagy
induction and neurons from C9ORF72 patients show impaired basal autophagy, indicating
that C9ORF72 reduced levels contribute to cellular distress (32,34). Moreover, reduced
endocytosis was reported in C9ORF72 knock-down cell lines (38) and impaired endosomal

and lysosomal trafficking was observed in C9ORF72 patients-derived fibroblasts and iPSC-
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neurons (39). Transcriptomic changes in immune system pathways similar to those
observed in the central nervous system (CNS) tissue from patients with C9ORF72 HRE
have also been found in C9ORF72 knock-out mice, suggesting an immune system
dysregulation caused by C9ORF72 haploinsufficiency (34).

The second pathomechanism is a toxic gain-of-function (GOF) at the RNA level. When the
intronic HRE is transcribed from exon 1a, the formating V1 and V3 pre-mRNAs are very rich
in GC nucleotides that give rise to secondary RNA structures, including hairpins and highly
stable G-quadruplexes, as well as to RNA-DNA hybrids called R-loops (40,41). The HRE is
also transcribed by the antisense strand giving rise to antisense RNA foci (42). The stable
RNA G-quadruplex structures promote the formation of truncated RNA transcript containing
the HRE that distribute both in the cytoplasm and in the nucleus as RNA foci (19,43,44).
The HRE-containing transcripts act as an RNA GOF mechanism because the RNA foci can
sequester, and consequently deplete, nuclear RNA-binding proteins and splicing factors,
thus leading to possible alterations in RNA processing and transcription (45,46).

The third pathomechanism regards the toxic GOF at protein level. The sense and antisense
transcribed HRE-containing RNAs are bidirectionally translated in all possible reading
frames through a non-canonical repeat-associated non-ATG dependent (RAN) translation,
leading to the production of five different dipeptide proteins (DPR): poly(GA), poly(GP) and
poly(GR) from the sense frame; poly(GP), poly(PA) and poly(PR) from the antisense
transcript (47,48). These DPRs form toxic aggregates in the cytoplasm specifically of brain
and testis cells, in contrast to RNA foci which are ubiquitous (47,48). DPRs induce nucleolar
stress, impair splicing and ribosomal RNA biogenesis, interfere with stress granules
formation and cause nucleocytoplasmic transport alterations, contributing to neuronal cell
death by different mechanisms (49,50).

Despite the debate in identifying the main pathomechanism responsible for C9ORF72-
related pathology, it is likely that CO9ORF72 haploinsufficiency and RNA or DPR toxicity
altogether contribute, at different extent, to induce damage in multiple and fundamental
pathways, culminating in neuronal loss in the motor system (ALS) and in frontal and
temporal lobes (FTD).
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1.5. KIF5A gene

A large-scale and combined GWA and WES study identifed mutations in KIF5A as a novel
ALS-causative gene (51,52). KIF5A gene encodes for the Kinesin heavy chain isoform 5A
and belongs to the ATP-dependent microtubule motor proteins, responsible for the
anterograde transport in neurons. KIF5A gene is located on the sense strand of the long
arm of chromosome 12 (12913.3), encompasses 40,608 bases pair and is composed of 29
exons. In ALS patients, a mutational hot-spot was identified in the C-terminal domain of
KIF5A gene (Fig. C). The p.Pro986Leu variant was identified as a relatively common, but
low penetrance, risk allele for ALS, while loss-of-function variants in the C-terminal domain
constitute rare, but with high penetrance, variants (51). The latters are predominantly located
at the 5’ and 3’ splice junction of exon 27 (residues 998-1007) and they are expected to
affect splicing causing the skipping of exon 27 (AExon27) yielding a protein with the normal
C-terminal 34 aminoacids replaced by 39 aberrant aminoacids (51,52)

Interestingly, mutations in KIF5A have already been found to cause both Charcot-Marie-
Tooth type 2 (CMT2), an autosomal dominant axonal sensorimotor peripheral neuropathy,
and SPG10, an autosomal dominant form of Hereditary Spastic Paraplegia (HSP), a
neurodegenerative disorder characterized by a slow, gradual, progressive weakness and
spasticity of the lower limbs (53,54). In these disorders, in contrast to ALS, mutations are
mainly localized at the N-terminal domain and are mostly missense variants mapping in the
motor domain (53,55) (Fig. C, on the left). The motor protein kinesins are classified into 15
subfamilies (from 1 to 14B) and are encoded by 45 mammalian genes, 38 of which are
expressed in the nervous system (56). Among them, Kinesin-1 isoform (also known as KIF5)
is required for neuronal development and function, contributing to fast axonal transport (50-
200 mm per day) of membranous organelles and slow axonal transport (0.1-3 mm per day)
of cytoplasmic proteins, as well as dendritic and cell body transport. The list of their cargoes
includes RNA granules containing RNA-binding proteins (like FUS and hnRNPA1), synaptic
vesicle precursors (synaptotagmin and synaptobrevin), neurofilaments, mitochondria,
lysosomes, tubulin dimers, endosomes, AMPA and GABA-A receptors and many other
cargoes (57). Kinesin 1 isoform KIF5A, together with KIF5B and KIF5C isoforms, represent
the heavy-chain subunits of the conventional kinesin, a tetrameric motor protein complex
composed by two kinesin heavy chains (KHC) and two kinesin light chains (KLC), both
assembled as homodimers (Fig. C, on the right). While KIF5B is ubiquitously expressed,
with a prominent glial cells expression, KIF5A and KIF5C are, on the other hand, specific for

neurons (58). In particular, KIF5A is composed by 1032 amino acids and organized in three
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different domains: the motor domain, the stalk domain and the cargo-binding domain (Fig.
C, on the right). At the N-terminal (1-324 residues) there is the globular motor domain
(“head”), containing an ATP-binding sequence and a microtubule-binding sequence. This
domain contains three elements (P-loop, switch 1, switch 2) which form the y-phosphate-
sensing regions. A “neck-linker” region (residues 325-340) connects them with the “neck”
region (residues 341-370). The a-helical coiled-coil stalk domain (residues 371-906), flanked
by two flexible regions, is involved in the KIF5A homodimerization and in the interaction with
KLC dimer. The C-terminal globular domain (residues 907-1032), called the “tail”, is
responsible for the cargo and KLC binding, microtubule sliding/bundling and for the

autoinhibition mechanism (59,60) (Fig. C, on the right).
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Fig. C KIF5A structure. On the left: Localization of reported KIF5A variants within the different regions of the
gene and the associated phenotype (59). On the right: Structure of conventional kinesin tetrameric complex
with two heavy chains (KIF5A) and two light chains. The different domains of KIF5A heavy chains are indicated
(61).

The kinesin-1 motor proteins move toward the plus-ends of microtubules by processive
motility, taking hundreds of sequential 8-nm steps, with multiple gating strategies
responsible for an efficient movement. The two kinesin heads exert a “hand-over-hand”
motion: at each step they exchange leading and trailing positions, hydrolysing ATP
alternatively (62).

Several works conducted in Drosophila, mice and in vitro models showed that KIF5A is
essential to supply constant energy to neurons, representing a structural scaffold for the
elongation and maintenance of axon growth (63—65). For this reason, growing evidence
suggest that defects in the axonal transport machinery or impairment in the axonal transport

process could impair neuronal homeostasis, finally leading to neuronal degeneration.
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2. ALS pathomechanisms

More than 30 causative genes have been associated to ALS so far and they have helped
understand all the molecular mechanisms potentially leading to neurodegeneration also in
sporadic ALS. These genes are involved in different cellular and molecular pathways,
including RNA metabolism, protein quality control, autophagy, cytoskeletal dynamics and
axonal transport, mitochondrial functionality, oxidative stress and DNA damage repair (66).
| will specifically focus my attention on three ALS-related pathomechanisms: DNA damage
and DNA damage response (DDR), cytoskeleton alterations and axonal transport.

2.1.  DNA damage and DNA damage response (DDR)

DNA damage is a common event in cells and every cell is estimated to experience 104/10°
DNA lesions per day. Despite mutations are necessary to drive evolution, genomic instability
has in most cases adverse effects on cell viability and human health. DNA damage can arise
by both endogenous causes, such as spontaneous base modifications, replication errors or
reactive oxygen species (ROS) production, and exogenous ones, such as genotoxic
chemical agents or ultraviolet and ionizing radiations. Multiple types of DNA damage exist,
including base modifications, base insertions-deletions or substitutions, formation of abasic
sites, pyrimidine dimers, DNA adducts, DNA cross-links and DNA breaks, that can be single-
strand breaks (SSB), if they involve just one chain, or double-strand breaks (DSB) (67).
Depending on the extent of the damage and the risk of mutation, the cell activates DNA
repair pathways or, following chronic activation of DNA damage response (DDR), induces
apoptosis as a protective mechanism. The formation of SSBs or DSBs activates
phosphorylation of the histone subunit H2AX (yH2AX), that initiates the recruitment of ATM
(Ataxia-Telangiectasia Mutated) and ATR (Ataxia Telangiectasia and Rad3-related)
proteins, triggering the DDR (68). PARP (Poly ADP-Ribose Polymerase) and 53-BP1 (p53
Binding Protein) are other important sensors that signal DNA damage during DDR.
Depending on the type of DNA damage, the DDR can activate several different DNA repair
pathways. SSBs are repaired primarily by excision repair mechanisms, whereas DSBs are
repaired by either homologous recombination (HR) or non-homologous end-joining (NHEJ).
However, in neurons, NHEJ is the primary mechanism, because HR requires active
progression through the cell cycle (69). Another important player in DDR is represented by
the nucleolus, because it contains over 160 DNA repair proteins and is responsible for the
biogenesis of ribosomes and the regulation of response to stress (70). However, it is unclear
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whether the nucleolus is simply a storage hub for DDR proteins or if these proteins have
specific roles in DNA repair in the nucleolus.

Neurons are generally considered to be more vulnerable to DNA damage than other cell
types, because of their high metabolic rate and their reliance on oxidative phosphorylation
for energy production that leads to very high ROS levels. A further explanation is their post-
mitotic status, that makes them more likely to accumulate DNA damage compared to mitotic
cells.

DNA damage and impaired DDR have been implicated to play a role in multiple
neurodegenerative disorders, including Alzheimer’s, Parkinson’s and Huntington’s
diseases, as well as in ALS. DNA damage and DDR defects were established to be involved
in ALS pathogenesis two decades ago, when increased levels of oxidative DNA damage
and reduced levels of factors involved in DDR were identified in both FALS and SALS
autoptic spinal cord motor neurons (71). Subsequently, the discovery that many important
ALS causative genes are involved in DDR reinforced the idea of defective DNA repair as a
novel ALS pathogenetic mechanism. SOD1 protein, with its antioxidant activity, protects
DNA from oxidative DNA damage and its mutations result in increased ROS production,
thus favoring DNA insults (72). Indeed, SOD7-mutated spinal motor neurons from post-
mortem tissues displayed increased DNA damage and motor neuron degeneration (73).
Interestingly, in mutant SOD7 iPSC-motor neurons DNA repair capacity was not affected,
suggesting that vulnerable ALS neurons accumulate DNA damage and strongly activate
response and DNA repair genes effectors (73). It has also been demonstrated that the
nuclear FUS RNA-binding protein indirectly regulates HR and NHEJ in primary mouse
neurons and increased expression of yH2AX has been found in the motor cortex of ALS
patients with FUS mutations (74). This evidence indicates that FUS could be involved in
DNA damage signaling and suggests that the formation of pathological FUS aggregates into
the cytoplasm may affect the prevention and/or repair of aberrant transcription associated
to DNA damage. Although a possible function of TDP-43 in the regulation of transcription-
associated DNA damage has been suggested (75), a convincing role for TDP-43 in DNA
repair has not been demonstrated yet.

Other ALS genes have also been related to DNA damage and DDR, among which C9ORF72
(see below paragraph 2.1.1.) and other minor genes such as NEK1 (76) and the risk factor
C210RF2 (77), which act together in DNA damage repair, and SETX, a DNA helicase
associated also to R-loops resolution (78).
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2.1.1. C90ORF72 gene in DNA damage and DDR

Major evidence of C9ORF72 gene involvement in DNA damage and DDR was gained when
increased DNA damage levels were found in autoptic spinal cord motor neurons (79,80) and
iPSC-motor neurons (iPSC-MN) from C90ORF72 patients in an age-dependent manner
(81,82), compared to wild-type healthy controls. Products of COORF72 HRE, the toxic HRE-
containing RNA and DPRs, have been suggested as the primary effectors through which
CI90ORF72 mutations lead to increased DNA damage, as their sole expression in different
neuronal cell models is sufficient to induce DSB (79,81,83). The expression of the HRE-
containing RNA or of the DPR poly(GA) in human immortalized cell lines was able to favor
DSB via increased formation of R-loops, naturally occurring RNA-DNA hybrids that are
known to favor DNA strand breaks. Accordingly, overexpression of SETX, also mutated in
some FALS cases, partially rescued DNA damage levels, as well as cell death (84).
Moreover, R-loops, in parallel to DNA damage, were shown to be increased in C9ORF72
patient’s post-mortem spinal cord tissue (80). Expression of the DPR poly(GR) in iPSC-MN
derived from wild-type controls, instead, induced DNA damage via increased production of
ROS (81). Moreover, increased ROS levels in an age-dependent manner were found in
CI90ORF72 patient-derived iPSC-MN and, accordingly, the treatment of these iPSC-MN with
an antioxidant partially rescued DNA damage levels (81). iPSC-MN from C9ORF72 patients
showed increased DNA damage levels not only in basal conditions, but also after induction
of DNA damage by y-irradiation, suggesting an impaired DDR (82). Chromatin compaction
and the expression of histone-modifying factors that promote this process are increased in
CI90ORF72 patients’ autoptic spinal cord MN and in cells transfected with the DPR poly(GA),
which could further inhibit the access of repair factors to DNA. Accordingly, induction of
chromatin relaxation in poly(GA)-transfected cells was able to reduce DNA damage levels
and cell death (80). While poly(GA), poly(GR) and poly(PR) expression in human
immortalized cell lines all caused DNA damage, the dipeptide proteins showed different
effects on DDR (85). While cells transfected with poly(GA) showed reduced levels of pATM-
positive foci, cells transfected with poly(GR) and poly(PR) showed increased levels of pATM,
suggesting that poly(GA) DPRs sequester pATM in the cytoplasm, preventing its recruitment
to DNA damage sites (86). Moreover, poly(GA), poly(GR) and poly(PR) were shown to affect
non-homologous recombination and single-strand annealing, while having no effect on

homologous recombination (83).
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2.2.  Nucleocytoplasmic transport (NCT)

Nucleocytoplasmic transport (NCT) is a tightly regulated process that controls the exchange
and the cellular distribution of proteins and RNA molecules between the nucleus and the
cytoplasm. NCT function is regulated by three main group of proteins, including:

1) nucleoporins, that constitute the nuclear pore complex (NPC), acting as a tightly
controlled barrier for the shuttling of high molecular weight proteins in and out of the nucleus.
In this context, the nuclear lamina interacts with both the nucleoporins on the nucleoplasmic
side, mediating their positioning and anchoring to the nucleus, and with the cell cytoskeleton
on the cytoplasmic side through its interaction with the LINC (LInker of Nucleoskeleton and
Cytoskeleton) complex (87).

2) the Nuclear Transport Receptors (NTRs), which drive RNA and protein cargo through the
selective permeability barrier of the NPC.

3) the small GTPase RanGAP1 (Ran with associated GTPase-Activating Protein) or
RanGEF/RCC1 (Ran Guanine nucleotide Exchange Factor), which are responsible for the
directionality of transport and regulate NTR-specific cargo loading and release in the
nucleoplasm and cytoplasm (88).

In ALS, abnormal protein aggregation, oxidative stress and cytoskeletal dysregulation may
directly or indirectly cause NCT defects, such as loss of nuclear pores and nucleoporin
aggregation, altered nuclear morphology and impaired nuclear transport, contributing to
protein mislocalization between the nuclear and cytoplasmic compartments (89). The first
evidence linking NCT machinery defects to ALS pathogenesis was from the observation of
nuclear membranes with an abnormal shape and aberrant NTRs distribution in spinal motor
neurons from SALS and FALS patients carrying SOD1 mutation (90). Another study showed
that fibroblasts from TDP-43-mutated and SALS patients were characterized by abnormal
nuclear shape and nucleoporin distribution (91). The NCT defects are caused by the
presence of pathological TDP-43 inclusions that sequester nucleoporins into aggregates,
preventing their normal localization and function (91). In contrast to TDP-43, there is
currently little evidence that FUS pathology directly induces NCT defects, although FUS
cytoplasmic mislocalization in ALS has been well studied (92). It is known that the silencing
of Exportin-1, which mediates the nuclear export of proteins, significantly reduced the
propensity of both WT and mutant FUS to form cytoplasmic granular inclusions upon stress
induction with sodium arsenite (93), suggesting that NCT proteins can modulate FUS
subcellular localization and aggregation, thus affecting its cell toxicity.
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Overall, all this evidence suggests that NCT defects represent a common hallmark in ALS
pathobiology, even if the molecular mechanisms regulating NPC stability and function

triggering NCT disruption have not been explored yet.

2.2.1. C90ORF72 gene in NCT disruption

As mentioned before, COORF72 protein activity has not been fully elucidated yet. However,
it has been demonstrated that the short COORF72 protein isoform localizes at the nuclear
membrane in healthy neurons, with an apparent relocation at the plasma membrane in ALS
motor neuron (94). Co-immunoprecipitation experiments also demonstrated that both long
and short COORF72 isoforms interact with Ran and importin-1, suggesting that COORF72
protein isoforms could have a role in nucleocytoplasmic shuttling. Further evidence
demonstrated that the HRE can physically bind to and sequester RanGAP1, which formed
large perinuclear puncta in Drosophila HRE-expressing cells, in iPSC-derived neurons and
in the motor cortex of C9ORF72 ALS/FTD patients (95). Disrupting the interaction between
RanGAP1 and HRE rescued NCT defects, suggesting the first possible mechanistic link
between C9ORF72 mutation and NCT dysfunction (95). Another study conducted in HRE-
overexpressing fly models and in C9ORF72 iPSC-derived neurons reported a direct
connection between C90ORF72 pathology and NCT defects including NPC disruption,
RanGAP mislocalization and nuclear protein import inhibition (96).

The link between DPR toxicity and NCT defects emerged from a genetic screening in yeast
which identified potent modifiers of DPR toxicity, including karyopherins and effectors of
Ran-mediated NCT (97-99). Of note, transportin-1 was also identified as one of the
strongest suppressors of toxicity in yeast and Drosophila models of poly(PR) pathology
(97,99). Moreover, the DPR poly(PR)50 has been shown to increase the permeability of
NPC (100). Taken together, these studies demonstrate that pathological C9O0RF72 HRE
RNA as well as DPR-mediated toxicity can cause NCT defects both in cellular and animal
models.

2.2.2. NCT defects and DNA damage linked to cytoskeletal alteration

Although NCT defects such as decreased NPC numbers, nuclear lamina disruption and
impaired nuclear import rates have been extensively described in different ALS models, the
causes and the consequences of such defects are not fully understood. In recent years,
several studies have hypothesized a disease-relevant association between cytoskeletal
structures and disruption of nuclear pore stability and function. Mutations in many
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cytoskeletal-related genes are, in fact, causative of FALS, including actin-binding Profilin-1
(PFN1), Tubulin alpha-4A (TUBA4A) and KIF5A (101). In particular, PFN1 mutations have
been shown to cause subtle changes to actin polymerization, leading to reduced F-actin
levels in motor neurons growth cones and reduced axonal outgrowth in vitro (102).
Supporting this evidence, another work demonstrated that alterations to actin polymerization
caused by mutant PFN17 or Latrunculin A, a selective actin depolymerizing drug, in primary
motor neurons and patient-derived cells lead to defects of nuclear morphology, lamin
structure, localization of nucleoporins at the nuclear envelope and nuclear import rates.
Furthermore, promotion of actin polymerization by pharmacological (i.e. Intramimic01 drug-
IMMO1-) or genetic induction of formins (i.e. GFP-mDia1) mitigates many of the defects
observed in mutant PFN1 cells and also in mutant C9ORF72 patient-derived fibroblasts
(103). Similarly, actin depolymerization via Latrunculin A treatment in healthy neurons
disrupted the normal nucleocytoplasmic Ran gradient and RanGAP1 localization to the
nuclear envelope, suggesting that modulation of actin can directly affect the NCT process.
Although decreased levels of C9ORF72 protein have been found to be associated with
reduced actin dynamics in iPSC-neurons (104), the mechanisms linking C9ORF72 mutation
to actin cytoskeleton defects, especially in post-mitotic neurons, is currently unknown. One
suggested hypothesis is their association via the LINC complex, because it connects to both
the cytoskeletal components from the cytoplasmic side and to the nuclear lamina from the
nucleoplasmic side, transmitting the tensile force generated from the cytoskeleton or the
extracellular environment to the nucleus to modulate nuclear morphology and function (105).
Among nuclear mechanics alterations induced by actin modulation, DNA damage incidence
and DDR have gained increasing interest. In particular, it has already been demonstrated
that MCF-7 cancer cells treated with Latrunculin B and pectenotoxin-2, two actin-
depolymerization drugs, displayed higher levels of DNA damage compared to untreated
cells (106). To reinforce this idea, dos Santos et al. showed that cisplatin-treated cells grown
on soft surfaces, where the nuclear tension is low due to reduced cytoskeletal forces, have
lower levels of the DNA damage marker yH2AX (107). Overall, these data suggest an
important effect of cytoskeleton alteration on nuclear changes, including DNA damage
induction, even if the functional mechanisms, especially in post-mitotic motoneurons, are

still unknown.
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2.3. Axonal transport

Growing evidence suggests that axonal transport defects can impair neuronal homeostasis
and lead to neurodegenerative diseases and motor neuron degenerations in ALS and HSP.
The first evidence linking ALS pathogenesis to axonal transport defects revealed abnormal
accumulations of phosphorylated neurofilaments (a pathological hallmark of
neurodegenerative disorders), mitochondria and lysosomes in axons of post-mortem ALS
motor neurons (108). Other studies reported a significant reduction in the anterograde
transport (slow and fast) of cytoskeletal components and mitochondria in both mutant SOD1
transgenic mouse (109-111) and in primary cortical neurons expressing mutant SOD1
(111). Also TDP-43, which is actively transported along motor neuron axons (112), was
shown to alter the stability of neurofilament light chain (NF-L) mRNA when mutated (113)
and to impair the anterograde transport of ribonucleoprotein (RNP) granules (114). A very
recent work demonstrated impaired microtubule-based transport in iPSC-motor neurons
from C9ORF72 patients, probably due to the association of arginine-rich DPRs with
microtubules and motor proteins, as shown by interaction studies (115). Moreover, several
cytoskeleton-related proteins have been associated to ALS pathogenesis, such as PFN1,
Tubulin Alpha 4a (TUBA4A), neurofilament heavy subunit (NEFH) and peripherin (PRPH)
(102,116-118). When also KIF5A was identified as a novel ALS causative gene (52), the
evidence that a defective axonal transport might be implicated in ALS pathogenesis and
might contribute to motor neuron death was reinforced, although the molecular mechanisms

associated to different KIF5A mutations in ALS and HSP are still unclear.

2.3.1. KIF5A gene in axonal transport defects

Several works have already studied the functional consequences of the KIF5A variants
differently localized in the gene and their association with ALS or HSP phenotype, in order
to better elucidate the different pathomechanisms underlying KIF5A-related disorders.
Mutations in the C-terminal cargo-binding domain of KIF5A gene are causative of ALS
(51,52) (see paragraph 1.5) and generate an aberrant KIF5A protein (KIF5A AExon27). A
previous study conducted in zebrafish showed that the loss of KIFS5A C-terminal cargo
domain resulted in the disruption of axonal localization of mitochondria, suggesting a
defective KIF5A-mediated transport (63). HEK293T cells and primary neurons
overexpressing KIFS5A AExon27 showed mutated KIFS5A cytoplasmic aggregation which
also had a dominant negative effect on the wild-type protein, thus preventing KIF5A function
and triggering cellular toxicity. Moreover, KIF5A AExon27 accumulated in granules along
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neurites and at plus-ends of microtubules of primary neurons overexpressing the mutant
KIF5A, suggesting an aberrant motility of the protein and/or association of the mutant protein
along microtubules (119,120). The same groups also demonstrated that ectopic expression
of KIF6A AExon27 in Drosophila caused wing defects, motor impairment, paralysis and
premature death (119,120). A very recent study confirmed these observations and
demonstrated that KIF5A C-terminal mutant sequence relieved motor domain autoinhibition,
increased motor self-association and led to drastically enhanced processivity on
microtubules, thus displaying a toxic gain-of-function mechanism (60). The ALS phenotype
associated to KIF5A-related mutations is consistent with classical ALS, but is associated
with lower age of onset (around 46.5 years) and increased survival (nearly 10 years) (121).
Mutations in the N-terminal motor domain of KIF5A gene are instead causative of the SPG10
form of HSP, so that KIF5A represents a genetic link in the phenotypic continuum between
ALS and HSP diseases.

Functional alterations associated to N-terminal KIFS5A mutations included both a decreased
flux of cargo and a reduced velocity of the axonal cargo transport, probably due to a lower
microtubule binding affinity, decreased microtubule gliding velocity, reduced ATP hydrolysis,
impaired motor domain dimerization and altered order-disorder transition of the neck linker
(which hampers the directionality and processivity of kinesin) (122). Overall, studies
conducted in Drosophila and mouse models carrying SPG 10-associated mutations support
a loss of endogenous KIF5A function and a consequent disruption of axonal transport,
leading to the formation of axonal swellings, synapse alterations, behavioral deficits, and
increased mortality (64,123).

The association between the localization of KIFS5A pathogenetic variants (motor vs cargo
domain), their nature (missense vs loss-of-function variants) and the different clinical
phenotypes associated (ALS vs SPG10) is currently not clear, but it is likely that both
common and distinct mechanisms lead to KIF5A-dependent neurodegeneration.

22



3. Patient-derived cell models in ALS

3.1.  Patient-derived induced Pluripotent Stem cells (iPSC)

The study of neurodegenerative disorders has always been hampered by the impossibility
to obtain patient-derived neurons as suitable in vitro models. In the past years, different
disease models have been used including animals, immortalized cell lines and human or
murine primary cell cultures, each of which has its advantages and limitations. Patient-
derived primary fibroblasts or peripheral blood mononuclear cells (PBMC) have revealed to
be good in vitro models as they have the advantage of maintaining the patient’s genetic
background. However, they have the limit to be peripheral tissue cells, not representing the
neuronal and glial cells affected in the neurodegenerative diseases.

The quite recent possibility to obtain human neurons from induced Pluripotent Stem Cells
(iPSC) has completely changed the experimental approach to study neurodegenerative
diseases and, in particular, motor neuron disorders. iPSC can be obtained from
differentiated somatic cells (fibroblasts, PBMC) by the exogenous expression of four
transcription factors Oct3/4, Sox2, Kif-4 and c-Myc to reprogram them back into an
uncommitted and stem cell phenotype (124).

Given the possibility to obtain a partial reprogramming efficiency or the insertion of unwanted
genetic variants, it is fundamental to characterize the newly reprogrammed iPSC for their
morphology, expression of specific stemness and pluripotency markers, capacity to
spontaneously differentiate into the three germ-layers cells and genome integrity (karyotype
and, possibly, WES). Once generated, iPSC can be differentiated towards a more neural
phenotype, such as the multipotent Neural Stem Cells (iPSC-NSC), or into multiple mature
neuronal cell types, including motor neurons (iPSC-MN) and cortical neurons (iPSC-CN),
and into glial cells (astrocytes, microglia, oligodendrocytes). iPSC and differentiated iPSC-
neurons can therefore be used for disease modeling, drug screening or cell therapy with a
personalized medicine approach. Compared to other non-human experimental models, they
have the advantage of being obtained directly from patients carrying all their causative and
risk factors. iPSCs can be genetically modified by gene editing technologies, such as
CRISPR/Cas9, to generate the isogenic wild-type line, that represents the ideal
experimental control, or to introduce a target mutation that needs to be studied, and to make
cell therapy approaches and autologous transplantation more feasible.

An important advantage of iPSC-neurons is also represented by the possibility to make 2D

co-cultures with other differentiated cell types, including glial cells and muscle cells, or to
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generate of 3D organoids, thus mimicking the complexity of the human brain and the
neuronal circuitry (125).

Nevertheless, iPSC and iPSC-neurons have some disadvantages and limitations that still
need to be overcome. Firstly, the cost for their generation and handling is high and not
always affordable. Moreover, the different iPSC reprogramming efficiency and the use of
multiple protocols both for iPSC generation and differentiation lead to dissimilarities among
laboratories or even among iPSC originated from the same donor sample. The use of
standardized protocols and quality control processes are therefore highly needed (126). A
further important limitation includes the difficulty to mimic the process of ageing and the
environmental influence in vitro, two factors that are crucial in the etiology of

neurodegenerative diseases such as ALS.

3.2. IPSC to study C9ORF72 and KIF5A-related pathomechanisms

A range of animal and cellular models have been developed to understand the pathological
mechanisms underlying mutations in C9ORF72 and KIF5A gene in ALS.

As regards C9ORF72, valuable insights have been obtained using C. elegans, Zebrafish,
Drosophila and transgenic mice expressing three human BACs (Bacterial Artificial
Chromosomes). All these mice developed RNA foci and DPR in the CNS, but they did not
show any TDP-43 inclusion or neuronal loss, suggesting that their phenotype was not fully
recapitulating all ALS or FTD pathological signs (127-129).

In this context, patient-derived iPSC-neurons and iPSC-motor neurons have the great
advantage to derive from both FALS and SALS patients and to properly mimic the disease
being the mutant C9ORF72 gene expressed at physiological level. However, there is an
open debate regarding the genomic stability of the HRE in in vitro cultures: the group of
Almeida S (45) has shown that iPSC reprogramming or culturing could affect the stability of
the repeat, while Cohen-Hadad Y et al (130) reported that the HRE is maintained stable in
these cell models after reprogramming. In our lab we have evidence that HRE size is stable
up to 40 passages in vitro although, given high somatic mosaicism of the original
fibroblasts/PBMCs, it is possible to obtain iPSC clones with different HRE lengths from the
same patient (unpublished data).

Almeida and colleagues were the first to utilize human iPSC from two patients with
CI90RF72 HRE to generate a neuronal cell population expressing the telencephalic marker
BF1 (FOXG1) (45). They demonstrated that C9ORF72 iPSC were able to efficiently
differentiate into neurons similarly to wild-type controls, but they showed the presence of

24



RNA foci and DPR, thus recapitulating the pathological findings seen in C9ORF72 ALS
patients (45). Moreover, C9ORF72 iPSC and iPSC-MN displayed the typical expression
profile observed in blood, such as the decrease of the main isoform V2 and the increase of
the V1 and V3 ones (45).

The use of iPSC and iPSC-neurons has helped to study several cellular pathways disrupted
by CI9ORF72 mutation, such as NCT defects (see paragraph 2.2.1.), vulnerability to
endoplasmic reticulum stress, oxidative stress, abnormal neuronal excitability, persistent
glutamate-mediated excitotoxicity, DNA damage (see paragraph 2.1.1.) and axonal
transport impairment (see paragraph 2.3) (66,131,132).

Since KIF5A was found to be a novel causative gene for ALS, the generation of patient-
derived iPSC lines carrying different KIF5A-associated mutations has been recently
reported (133,134). However, one recent study has also generated, by CRISPR/Cas9 gene-
editing, an iPSC line with the ALS-related KIF5A mutation c.R1007K to perform functional
studies (60). In particular, immunoprecipitation and mass spectrometry analysis showed that
the ALS-mutated KIF5A alters the binding of several proteins involved in RNA transport,
neuromuscular junction (NMJ) function and neurite outgrowth, which might in turn contribute
to ALS pathogenesis (60). The same group also identified a mislocalization and an altered
function of RBMZ24, an RNA-binding protein essential for cell fate decision and
differentiation, because of its aberrant interaction with the mutant KIF5A protein (60). So far,
the use of human iPSC has helped study the disease phenotype associated to ALS KIF5A
mutations, but further studies on patient-derived iPSC-neurons are necessary to confirm the
aberrant functions of mutated KIF5A observed in animal models and in vitro overexpression
systems, as well as to decipher the different pathomechanisms associated to C-term
mutations in ALS and to N-term mutations in SPG10.

3.3. iPSC to test therapeutic approaches for C9ORF72 pathology

Therapeutic approaches aimed at preventing the pathogenic effects caused by mutations in
the main ALS genes C9ORF72 and SOD1 have already been developed. A way to treat
genetically defined diseases is to target the mutant mRNA with antisense oligonucleotides
(ASOs) that recruit enzymes, such as RNAse-H, to specifically degrade the pathological
transcript. The first applications of ASOs in ALS were developed on the evidence that SOD1
mutations cause neuronal death through a GOF mechanism (135). After years of
experiments on animal models indicating improvement of neuromuscular function and

decrease of mutated SOD1 protein in cerebrospinal fluid using ASOs, a phase Il trial on
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SOD1 mutated patients is now ongoing (VALOR SOD1-ALS trial; Biogen) (136). ASOs to
knock-down pathological C9ORF72 transcripts harboring the HRE have been subsequently
developed and they have been demonstrated to reduce RNA foci number in C9ORF72
iPSC-MN (95,137) and also DPR in C90ORF72 BAC transgenic mice (127,138). Two different
ASOs, WVE-004 and BIIBO78, entered in phase | trial (NCT04931862) and phase I/l trial
(NCT03626012), respectively. Unfortunately, BIIBO78 tested by Biogen did not demonstrate
any clinical benefits during the 6-month experimental period, and the research program was
withdrawn (Biogen, 2022). The WVE-004 trial is still ongoing.

Another strategy used for C9ORF72 is the use of chemical compounds that target the
secondary structure of C9O0RF72 HRE-containing RNA to prevent the sequestration of
nuclear RNA-binding proteins and splicing factors and/or RAN translation. Small molecules
(i.e. 1a-CA-Biotin and DB1273) have been shown to efficiently reduce the production of RNA
foci and toxic DPR aggregates in C9ORF72 iPSC-neurons (139,140). Another tested
strategy is gene silencing of the transcription elongation factor SPT4, which resulted in
decreased levels of both sense and antisense C9ORF72 HRE-containing transcripts and in
an improvement of the disease phenotype in C9ORF72 iPSC-neurons (141). Recently,
Disney et al. have identified a potent, selective, and brain-penetrant small molecule which
is able to directly interact with the pathological HRE, promoting the specific degradation of
the intronic RNA sequence containing the HRE by native RNA quality control mechanisms
(142). Elimination of the HRE-containing introns decreased the downstream pathology in
CI90ORF72 iPSC-derived spinal neurons and in two C9ORF72 mouse models (142). These
results represent a significant advancement in the field of small molecules targeting
CI90RF72 pathological RNA, demonstrating that such molecules can be potentially
designed to selectively degrade toxic RNAs in a mechanistically defined manner.
Nevertheless, it is fundamental to test novel molecules targeting the pathological RNA for
their therapeutic long-lasting effects, especially in post-mitotic motor neurons, with the final

aim to develop an effective treatment for ALS/FTD patients carrying C9ORF72 mutations.
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AIM OF THE THESIS

My PhD project had the objective to use patient-derived iPSC and iPSC-motoneurons as in

vitro platforms to model ALS-related pathogenetic mechanisms and to test new personalized

therapeutic strategies at pre-clinical level for ALS patients carrying C9ORF72 gene
mutation.

In particular in my work | addressed the following three specific aims:

1. To evaluate DNA damage and DNA damage response (DDR) associated to mutant
CI90RF72 gene in iPSC-neural stem cells and iPSC-motoneurons at different maturation
stage, and to assess if there is a link between DNA damage, DDR and actin cytoskeleton
dynamics.

2. To test the efficacy of a novel RNA-based therapeutic approach to reduce pathological
RNA foci in C90ORF72 iPSC-motoneurons by using a modified spliceosomal U1 small
nuclear RNA (U1snRNA), already proved to be effective in mice models of Spinal Muscle
Atrophy and Familial dysautonomia.

3. To establish a new patient-derived iPSC line carrying the novel mutation (p.R17Q) in
KIF5A gene and its isogenic wild-type line by CRISPR/Cas9, in order to perform
functional studies and elucidate the different pathomechanisms underlying KIF5A-
related disorders.
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MATERIALS AND METHODS

1. Reagents

Cell cultures reagents

DMEM, high glucose medium
DMEM/F-12

Neurobasal™ medium

Essential 8™ medium

StemFlex™ medium

Opti-MEM™ Reduced Serum Medium
Fetal Bovine Serum (FBS)
Amphotericin B

Penicillin- Streptomycin 100X
Sodium Pyruvate 100 mM
hESC-Qualified Matrix

UltraPure™ 0.5M EDTA, pH 8.0
Poly(2-hydroxyethyl methacrylate)
KnockOut™ Serum Replacement
L-Glutamine (200 mM)

MEM Non-essential Amino Acid Solution (100x)
2-Mercaptoethanol (50 mM)

Matrigel Matrix Basement Membrane
PSC Neural Induction Medium
StemPro™ Accutase™

N-2 Supplement (100X)

B-27™ Supplement (50X)

Heparin sodium

Trypsin-EDTA (0.25%), phenol red
Bovine Serum Albumin (BSA)
DNase | recombinant, RNase-free
Poly-D-lysine hydrobromide
GlutaMAX™ Supplement

Y-27632 2HCI (ROCK inhibitor)

SB 431542

SMLO0559 - LDN193189 hydrochloride
Ascorbic acid (AA)

Retinoic acid = 98 HPLC

SAG Supplier

Purmorphamine - Smoothened Receptor Agonist
Recombinant human GDNF
Recombinant human CTNF
Recombinant human FGF
Recombinant human BDNF

Laminin, mouse

Doxycycline hyclate

Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Sigma-Aldrich

Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Corning

Gibco (Thermo Fisher Scientific)
Sigma-Aldrich

Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Corning

Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Gibco (Thermo Fisher Scientific)
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Gibco (Thermo Fisher Scientific)
Selleckchem

Tocris Bioscience
Sigma-Aldrich

BDH Chemicals (VWR)
Sigma-Aldrich

Tocris Bioscience
Sigma-Aldrich

PeproTech

PeproTech

PeproTech

PeproTech

Corning

Sigma-Aldrich



y-Secretase Inhibitor XXI, Compound E
RevitaCell™ Supplement (100X)

Other reagents

TRIzol™ Reagent

Chloroform

DNase |

RNasin® Ribonuclease Inhibitor

Random primers

dNTPs (Deoxynucleotide Triphosphates)
Super Script Il Reverse Transcriptase
Oligo(dT) primer

GoTaq G2 DNA Polymerase

Agarose GellyPhor®

Midori Green Advance — nucleic acid stain
SYBR Green gPCR Master Mix
Paraformaldehyde solution in 4% PBS

Triton X-100

PBS (10X), pH 7.4

OmniPur® Dextran Sulfate Sodium
Formamide

Tween-20

Amersham ECL rainbow molecular weight markers
NuPAGE™ MOPS SDS Running Buffer (20X)
Tris Buffered Saline

Normal Goat Serum (NGS)

Methanol

FluorSave™ Reagent

Lipofectamine™ 2000 Transfection Reagent
CytoTune®-iPSC 2.0 Sendai Reprogramming Kit
Pierce BCA Protein Assay Kit

Pierce™ ECL Western Blotting Substrate
Amaxa Human Stem Cell Nucleofector
Synthemax II-SC Substrate

Synthetic sgRNA CRISPR kit

Alt-R S.p. HiFi Cas9 Nuclease V3

Alt-R HDR Enhancer

Molecules

Neocarzinostatin from Streptomyces carzinostaticus
Latrunculin B supplier

IMMO1/mDia agonist

Merck Millipore
Gibco (Thermo Fisher Scientific)

Invitrogen (Thermo Fisher Scientific)
Carlo Erba

Invitrogen (Thermo Fisher Scientific)
Promega

Invitrogen (Thermo Fisher Scientific)
Invitrogen (Thermo Fisher Scientific)
Eurofins Genomics

Invitrogen (Thermo Fisher Scientific)
Promega

EuroClone

NIPPON genetics

Applied Biosystem

Santa Cruz Biotechnology
Sigma-Aldrich

Gibco (Thermo Fisher Scientific)
Calbiochem (Merck Millipore)

IBI Scientific

Sigma-Aldrich

Cytiva lifesciences

Invitrogen (Thermo Fisher Scientific)
Santa Cruz Biotechnology

Gibco (Thermo Fisher Scientific)
Carlo Erba

Merck Millipore

Invitrogen (Thermo Fisher Scientific)
Invitrogen (Thermo Fisher Scientific)
Thermo Fisher Scientific

Thermo Fisher Scientific

Lonza

Sigma-Aldrich

Integrated DNA Technologies
Integrated DNA Technologies
Integrated DNA Technologies

Millipore Sigma
Tocris Bioscience
AxonMedchem
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2. Samples supply

Skin biopsies and clinical data for this study were provided by the Neurology Unit at Istituto
Auxologico lItaliano (for ALS-C90ORF72 and wild-type control patients) and Instituto
Neurologico “Carlo Besta” (for HSP-KIF5A patient). The informed consent for research
purpose was obtained from each participant according to the ethic committee of the
respective Institute (Approval number 2022 03 15_12 for IRCCS Istituto Auxologico
Italiano; Approval number 64 for IRCCS Instituto Neurologico “Carlo Besta”).

Commercially available i*-iPSC lines (one ALS-C9ORF72 and one isogenic control) were
acquired at Infinity BiologiX company by Professor Claudia Fallini and used in her lab at
University of Rhode Island (USA). All the research has been performed in accordance with
the Declaration of Helsinki and with relevant guidelines and regulations for the use of patient-
derived cells.

3. Cell cultures

All the cell cultures are maintained at 37°C and at 5% CO2 concentration.

Generation and maintenance of Induced Pluripotent Stem Cell (iPSC)

iPSC clones were obtained by reprogramming of primary fibroblasts collected from skin
biopsies and cultured in DMEM high glucose medium with 20% Fetal Bovine Serum (FBS),
1 mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin and 2,5 pg/ml
amphotericin. At first passages 3X10° fibroblasts were seeded in 6-well plates. When
fibroblasts reached a confluence of approximately 40-60%, they were transduced using the
CytoTune®-iPSC 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific) that uses a
modified, non-transmissible form of Sendai virus to deliver and to transiently express the
four Yamanaka factors (Oct3/4, Sox2, KlIf-4 and cMyc). The day of reprogramming, the
viruses were diluted according to manufacturer’s instruction in fresh fibroblast medium that
was then used to replace the spent medium. 24 hours after transduction (day 1), the medium
was replaced with fresh fibroblast medium and cells were then cultured for 6 more days,
replacing the medium every other day. At day 7, fibroblasts were split and plated in fresh
fibroblast medium onto a new well of a 6-well plate pre-coated with iPSC Matrigel. The day
after, the fibroblast medium was replaced with Essential 8 medium for the following 3-4
weeks, monitoring for the emergence of iPSC colonies. When emerged colonies reached
the appropriate size, clones were picked and transferred onto new Matrigel pre-coated well
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in E8 medium, where they were expanded for at least six passages. 80-90% confluence
iPSC were split as follows: after the spent medium was removed and the well was washed
with PBS, cells were incubated with EDTA 0.5 mmol/L solution for 4-5 minutes at room
temperature (RT). The colonies were checked under a microscope and when they start to
separate and round up, EDTA solution was removed. 1 ml of Essential 8 medium was added
to the 6-well plate, gently pipetting cells up and down few times. Cells were splitted 1:10 and
transferred onto a new iPSC Matrigel-coated 6-well plate with 2 ml of Essential 8 medium.

iPSC clones were therefore fully characterized for the expression of stemness markers
(OCT3/4, SOX2, NANOG) and for their pluripotency to spontaneously differentiate into the
three germ layers. Karyotype analysis was also performed to confirm the absence of
chromosomal rearrangements. iPSC were subsequently differentiated or subjected to

experiments.

iPSC in vitro spontaneous differentiation

To test the in vitro spontaneous differentiation of the established iPSC, embryoid bodies
(EBs) were generated by gently resuspending iPSC colonies in HUES medium (DMEM/F12,
20% KnockOut serum replacement, 200mM L-Glutamine 1.5 %, 1% MEM Non-Essential
Amino Acids solution, 100 U/ml penicillin, 100ug/ml streptomycin, 1% 2- Mercaptoethanol
1000X), with the addition of 20ng/ml Rho-associated kinase (ROCK) inhibitor Y27632
(20uM) and fibroblast growth factor (FGF) (Peprotech) to promote single cell survival. iPSC
were plated onto a 60 mm low-adhesion Petri dish pre-coated with 10 mg/ml poly-HEMA to
further promote cell suspension growth. The poly-HEMA coating was performed as follows:
poly-HEMA was diluted in 96% ethanol pre-heated at 56 °C, the solution was filtered,
distributed in the dish and let evaporate under the hood for approximately 3 hours.

At day 7, EBs were collected and plated on Matrigel-coated 24 multi-well coverslips in
Essential 8 medium. The medium was changed every day until the EBs started to
spontaneously differentiate. Expression of the three germ layers specific markers was
evaluated by immunofluorescence (alpha-fetoprotein for endoderm, desmin for mesoderm

and BlIl tubulin for ectoderm).

Gene-editing by CRISPR/CAS9

CRISPR/Cas9 system was used to correct the KIF5A mutation into a wild-type sequence
using recombinant Cas9 protein and RNA guides (all provided by Integrated DNA
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technologies-IDT). The gRNA sequence used was GAGAAACTTTTCAATGCGTT TGG,
targeting a region in the first intron of KIF5A gene containing the mutation c.50G>A.

We used the following single-stranded oligo donor (ssODN) sequence to introduce the
wild-type KIF5A sequence (c.50G):
AGACCAACAACGAATGTAGCATCAAGGTGCTCTGTCGATTCCGGCCCCTGAACCAGG
CTGAGATTCTGCGGGGAGACAAGTTC.

The first day, iPSC were split with PBS/EDTA in wells of a 6-well plate as previously
described. The day after, iPSC at about 50% confluence were washed with PBS and
incubated with Accutase for 5 minutes at 37 °C. The Accutase was then neutralized with
Neurobasal medium and cells were counted. 800.000 cells were placed into a new tube and
centrifuged for 5 minutes at 500 rpm. The supernatant was removed and the cell pellet was
resuspended in the nucleofection solution, composed by 18 ul of Supplement Solution 1 and
82 ul of Solution 2. This mix was then transferred into a tube containing the RNP complex
solution, which was previously incubated at RT for 45 minutes and was composed of 16 ug
of synthetic sgRNA, 20 ug of Alt-R HiFi Cas9 nuclease V3, 4 uM of Eletroporation Enhancer
and 200 pmol of single-stranded oligodeoxynucleotides Alt-R ssODN (used as donor
template). The iPSC solution mix was then placed into the proper cuvette and a specific
program for iPSC transfection in the Amaxa nucleofector was set. The nucleofected cells
were cultured into one Matrigel-coated well of 6-well plate in StemFlex medium and 3 nM
Alt-R HDR enhancer (IDT) was added, in order to improve transfection efficiency. Cells were
then incubated at 32 °C, 5% CO2 for 48 hours, and then at 37 °C for the rest of the protocol.
24 hours after nucleofection, the media was replaced with fresh StemFlex medium, then the
medium was changed every other day until day 10. At day 11, iPSC colonies were detached
with Accutase as previously described, and a clonal dilution was performed to obtain single
cells. Single iPSCs were plated into a Cell Bind surface 100 mm culture dish previously
coated with Synthemax [I-SC substrate (Corning) for 24 hours at 37 °C and Revitacell was
added to StemFlex medium in order to promote single cell survival. The medium was then
changed every other day until day 21. When colonies reached approximately 1 mm of
diameter, they were ready to be picked. Single colonies were picked at approximately day
22, transferred into 96 multi-well U-bottom plate, triturated and then placed into 96-multi well
flat-bottom plate previously coated with iPSC-matrigel. They were let grown until they
reached confluence, then they were detached both for being analyzed with Sanger
sequencing and for being further expanded.
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Differentiation and maintenance of iPSC-Neural Stem Cells (iPSC-NSC)

iPSC-Neural Stem Cells (iPSC-NSC) differentiation was performed using the iPSC Neural
Induction Medium protocol (Gibco). At day 0, iPSC were plated at 15-25% confluence onto
iPSC-Matrigel pre-coated wells. After 24 hours (day 1), the medium was replaced with
Neural Induction Medium (NIM), composed by 98% of Neurobasal medium and 2% of Neural
Induction Supplement (Gibco), and it was then replaced again at days 3, 4 and 5. At day 7,
iPSC-NSCs were detached with Accutase, centrifuged and plated onto iPSC-Matrigel pre-
coated wells in Neural Expansion Medium (NEM), composed by 49% of Neurobasal
medium, 49% of Advanced DMEM/F-12 and 2% of Neural Induction Supplement. The
medium was replaced twice a week and cells were expanded for at least six passages before
being characterized or subjected to experiments.

80-90% confluence NSC were split as follows: after the spent medium was removed and the
well was washed with PBS, cells were incubated with Accutase for 5 minutes at 37 °C. The
Accutase was then neutralized with Neurobasal medium and cells were centrifuged for 5
minutes at 500 rpm. The surnatant was removed and the cell pellet was resuspended in
Neural expansion medium, pipetting cells up and down to obtain single cells. Cells were
splitted 1:10 and transferred onto a new iPSC Matrigel-coated 6-well plate with 2 ml of
Neural Expansion Medium.

To characterize NSC, cells were plated onto iPSC-Matrigel pre-coated glasses in wells of a
24-well plate and subjected to immunofluorescence staining. For neocarzinostatin (NCS)
treatment, cells were plated at a density of 70’000 cells/well and treated with NCS the day
after.

Differentiation and maintenance of iPSC-motoneurons (iPSC-MN)

iPSC-motoneurons (iPSC-MN) were differentiated from iPSCs using a modified protocol
from Amoroso (143), that included the formation Embryoid Bodies (EBs) and their
subsequent dissociation and differentiation with specific factors.

In detail, iPSC were plated onto a 100 mm low-adhesion Petri dish pre-coated with 10 mg/ml
poly-HEMA and cultured in HUES medium (day 0), as previously described. To replace the
medium, EBs were collected with a pasteur pipette, centrifuged at 300 x g for 3 minutes and
then re-plated onto the same dish. The medium was changed as follows:

e day 1: medium replacement with HUES with addition of 20 ng/ml bFGF, 20 uM ROCK

inhibitor, 10 yM SB431542 and 0,2 yM LDN193189, to induce neuralization
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e day 2: addition of 20 ng/ml bFGF and 20 yM ROCK inhibitor to the medium, without
replacing it

e day 3: medium replacement with the same medium as day 1

e day 4: medium replacement with NIM, composed of DMEM/F12, 1% L-glutamine, 0,1%
Penicillin 10.000 U/ml and streptomycin 10 mg/ml, 1 % MEM Non-Essential Amino Acids
solution, 2 ug/ml heparin, 1% N2 supplement with addition of 20 yM ROCK inhibitor, 10
MM SB431542, 0,2 pl LDN, 10 ng/ml brain-derived neurotrophic factor (BDNF) and 0,4
pug/ml ascorbic acid (AA)

e day 7: medium replacement with the same medium as day 4, but with the addition of 1
MM retinoic acid (RA)

e days 9/11/14/16/18: medium replacement with NIM with addition of 20 yM ROCK
inhibitor, 10 ng/ml BDNF, 0,4 pug/ml ascorbic acid (AA), 1 uM retinoic acid (RA), 1 yM
smoothened agonist (SAG), 0,5 uM purmorphamine (Pur)

At day 21, EBs were collected and incubated with pre-heated 0.05% trypsin to disgregate

EBs, obtaining only the external ectodermal cells. 2 ml of FBS and 4 ml of pre- heated wash

buffer CTWM (composed by 25 mM glucose, 0,1% BSA, 2% B27 supplement, 1% N2

supplement, 2 mM MgCI2, EDTA 1:1460, FBS 1:40, DNase 1:1000) were then added and

the solution was centrifuged at 1000 x g for 5 minutes. The pellet was resuspended in 3 mi

of wash buffer: the big cellular aggregates were let sediment, while the supernatant was

transferred into a new tube and centrifuged at 1000 x g for 5 minutes. The obtained cellular
pellet was resuspended in Neural Differentiation Medium (NDM), composed of Neurobasal

Medium, 1% L-glutamine 200mM, 0.1% Penicillin 10.000 Units/ml and 10 mg/ml

streptomycin, 0.1 mM MEM NEAA, 1% N2 supplement with the addition of 20 yM ROCK

inhibitor, 10 ng/mI BDNF, 0,4 ug/ml AA, 1 uM RA, 1 uM SAG, 2% B27, 1 pg/ml laminin (lam),

25 uM glutamate (Glu), 1X B-mercaptoethanol, 10 ng/ml glial-derived neurotrophic factor

(GDNF), 10 ng/ml ciliary neurotrophic factor (CTNF).

20’000 cells per wells of a 24-well plate and 90’000 cells per well of a 6-well plate were

plated in wells pre-coated with Poly-D-lysine (50 pg/ml)/PBS for three days and laminin

(15/pg)/PBS for 1 hour at 37° C.

At days 23, 25, 28, 30, 32 half of the medium was replaced with NDM with addition of 0,4

ug/ml AA, 2% B27, 1 pg/ml lam, 25 uyM glu, 10 ng/ml GDNF and 10 ng/ml CTNF. iPSC-MN

were then analyzed at day 13 and 33 from EBs dissociation.
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Differentiation and maintenance of iPSC-cortical neurons (iPSC-CN)

iPSC-cortical neurons (CN) were differentiated from already available i3- iPSC (integrated,
inducible, isogenic), obtained by CRISPR/Cas9 mediated DNA integration of the cortical
dopaminergic differentiation factor neurogenin2-NGN2 (pUCM-AAVS1-TO-hNGN2, plasmid
#105840, Addgene) into a safe-harbour locus in the genome. The expression of NGN2 can
be induced by doxycicline and in only 14 days is possible to obtain functionally mature
glutamatergic cortical neurons, making this differentiation rapid and one-step (144).

At day 1, hIPSC were washed with PBS and then incubated with PBS/EDTA solution for 10
minutes to obtain single cells. When the cells began to detach, DMEM/F12 medium was
added into the well and cells were triturated 3-4 times. 1X106 cells per 100 mm well plate
were counted, transferred into a 15 ml conical tube and centrifuged for 5 minutes at 300 g.
After centrifugation, cells were resuspended in 2 ml of StemFlex medium with 10 uM of
ROCK inhibitor and then placed into a 100 mm well plate previously coated with iPSC-
matrigel. 24 hours later, the medium was replaced with induction media (IM), which was
composed by DMEM/F12, 1% N2 supplement, 1% MEM Non-Essential Amino Acids
solution, 1% GlutaMax with the addition of 10 nM ROCK inhibitor, 2 ug/ml Doxycycline and
0,2 uM Compound E. At day 3, differentiated cells were checked under an inverted
microscope and half of the medium volume was replaced with fresh IM media. The day after,
partially differentiated cells were transferred to motor neurons culture conditions: cells were
detached with 2 ml of Accutase and then triturated with 10 ml of PBS 4-5 times, to obtain
single cells. The cell solution was passed through a 40 um cell strainer to ensure full
dissociation and then centrifuged 5 min at 500 x g. The supernatant was discarded, and the
cell pellet was resuspended in freshly made IM media. 250’000 cells were plated in pre-
coated Poly-Lysin/Laminin glass into wells of 12-multi well plate. 24 hours later, IM media
was changed with motoneuron media (CNM), which was composed by Neurobasal media,
2% B27 supplement, 1% N2 supplement 1:100, 1% MEM Non-Essential Amino Acids
solution and 1% GlutaMax with the addition of 1Tug/ml Laminin. Half of MN media was then
changed every two days until day 13, when cells were subjected to treatments with actin-
modifier drugs and/or Neocarzinostatin.

iPSC-MN infection

Third generation lentiviruses containing GFP-tagged U1C or U1G sequence were provided
by Franco Pagani at ICGEB in Trieste (sequence under patent). The obtained viral title
(TU/ml) corresponded to 1X10° TU/m.
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At day 47 of MN differentiation, C9ORF72 iPSC-MN were infected with the GFP-U1-C/G
lentiviruses: NDM medium was replaced with 300 pL of fresh medium and the viruses were
directly added into the well. 2X107 TU/ml was used to infect 60’000 iPSC-MN per wells of a
24-well plate, and 5X10” TU/ml to infect 150’000 iPSC-MN per well of a 6-well plate. 24
hours later, the medium was completely removed and replaced with fresh NDM medium.
After four days, cells were checked for the integration of the viruses through the fluorescent
expression of GFP, then fixed and analyzed for FISH.

HEK293T cell

The human embryonic kidney 293 (HEK293) cell line was cultured in DMEM high glucose
supplemented with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 100 U/ml
penicillin, and 100 ug/ml streptomycin. Cells were mechanically detached and seeded at a
concentration of 10° cells/mm? every three days. For each experimental condition, 60.000
cells were plated in duplicate in 24-well plates and transfected with plasmid DNA as following

described.

HEK?293T cell transfection

Transient transfections were performed with Lipofectamine Plus reagent following
manufacturer instruction (Invitrogen). Briefly, 0,7 ug of plasmid DNA were incubated 15
minutes at RT with 2 pl of Lipofectamine Plus, using OptiMEM medium. The
DNA/Lipofectamine solution was then added to sub-confluent HEK cells (around 60%)
cultured in complete medium without antibiotics. Cells were fixed 24 hours after transfection

to perform the following experiments.

Cell treatment

Cell treatment with neocarzinostatin (NCS, Sigma) was performed as follows: the spent
medium was replaced with the appropriate fresh medium (NEM for NSC, NDM for MN, CNM
for CN, DMEM for HEK cells) in which NCS was diluted at a final concentration of 50 ng/ml.
Cells were exposed to NCS for 20 minutes, at the end of which they were either analyzed
by IF or subjected to rescue experiments. Rescue experiments were performed replacing
the media containing NCS with fresh media and restoring normal cell growth conditions for
different time frames (4, 6, 8, 10 or 24 hours), at the end of which cells were fixed and

analyzed by IF.
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HEK cells and iPSC-CN were treated with actyin-modifier drugs in basal condition or after
20 minutes of exposure to NCS: the medium containing NCS was replaced with fresh
medium containing Latrunculin B or Intramimic drug diluted at a final concentration of 0,5

uM and 0,1 uM, respectively. After 6 hours, cells were fixed and analyzed by IF.

4. RNA analysis

RNA extraction and quantification

The dried cell pellet was resuspended in 1 ml of TRIzol and incubated at RT for 5 minutes
to lysate it. 100 pl of 100% chloroform per 500 pl of TRIzol was added, mixed and incubated
for 3 minutes. After centrifugation at 12’000 x g at 4 °C for 30 minutes, three phases were
visible: an upper aqueous phase containing the RNA, an intermediate phase containing the
denatured proteins and a lower phenol-chloroform phase containing soluble proteins and
DNA.

The aqueous phase was collected and RNA was precipitated by incubating samples with
250 pl of 100% isopropanol per 500 ul of TRIzol and with 1 ul of glycogen for 20 minutes at
-80 °C. Subsequently, the sample was centrifuged at 12°000 x g for 30 minutes at 4°C, the
supernatant was discarded and 1 ml of cold 75% ethanol was added to wash the RNA pellet.
The sample was then centrifuged again at 7500 x g for 10 minutes at 4°C, the supernatant
was removed and the RNA dry at RT. RNA was finally resuspended in an appropriate
volume of DEPC H2>0O and stored at -80°C. Nanodrop instrument was used to perform the
RNA quantification.

Reverse transcription PCR (RT-PCR)

The extracted and quantified RNA was retrotranscribed into complementary DNA (cDNA)
through a three steps process: DNA removal, RNA retro-transcription into cDNA and cDNA
amplification.

4 pl of a solution composed by 3 ul of First Strand Buffer 5x, 0,5 ul of DNAse and 0,5 pl of
ribonuclease inhibitor (RNAsin) were added to the RNA to perform the DNA removal. H20
was added to reach a final volume of 15 pl. The sample was then run at the thermocycler
with the following program: 20 minutes at 37°C and 2 minutes at 94°C.

The samples were then incubated with 13 pl of a solution composed by 3 ul of First Strand
Buffer 5x, 3 pl of 0,1 M dithiothreitol (DTT), 1 pl of Random Primers 200 ng/pul, 1,5 pl of
deoxynucleotide triphosphates (ANTPs), 0,5 ul of RNAsin and 4 ul of H20 for 10 minutes at
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RT. 1 pl of Super Script || Reverse Transcriptase and 1 pl of oligoDT were then added and
the sample was run at the thermocycler for 40 minutes at 42°C and 15 minutes at 70°C, to
retro-transcribe the RNA. The cDNA was amplified by incubating the sample with a mix
composed by 1x buffer, 0,3 mM dNTPs, 1,25 uM Forward primers, 1,25 yM Reverse primers
(Table 1) and 0,025 U/ul Taq polymerase (GoTaq G2 DNA Polymerase, Promega). The
sample was run at the thermocycler with the protocol in the Scheme 1.

Gene Forward primer Reverse primer

ChAT TGAGTACTGGCTGAATGACATG AGTACACCAGAGATGAGGCT
hRPL10 | CAAGAAGCTGGCCAAGAAGTATG TCTGTCATCTTCACGTGAC

Table 1: Primers used for step 3 RT-PCR

95°C | 95°C

5’ 30'}
72°C | 72°C
60 °C 1 5

x 35

Scheme 1: Protocol used for RT-PCR step 3

Agarose gel electrophoresis

Agarose gel electrophoresis was performed on a 1,5% agarose gel prepared in TAE (Tris-
acetate-EDTA) 1x buffer and using 5 ul of Midori Green Advance per 50 ml of gel, a
commercial nucleic acid stain. The electrophoretic run was performed at 100 mV, using a

100 bp marker. The gel bands were visualized at the transUV illuminator.

Quantitative real-time PCR (QPCR)

Quantitative real-time PCR was performed loading on a MicroAmp Fast 96-weel reaction
50ng/ul of cDNA to 23 pl of a mix composed by 8,5 ul of H20, 0,75 pl of Oligonucleotide
Forward 10 uM, 0,75 pl of Oligonucleotide Reverse 10 uM and 12,5 pl of SybrGreen 2x (an
asymmetrical cyanine dye able to bind to double stranded DNA). The plate was closed with
the MicroAmp Optical Adhesive Film and run at the thermocycler with the protocol shown in
Scheme 2. The oligonucleotides used are depicted in Table 2. The results were analysed
by normalizing the mean cycle threshold (Ct) against the internal control (Ct of the gene of

38



interest — Ct of internal control RPL10) and then against the isogenic sample (Ct of the
sample of interest — Ct of the isogenic sample) obtaining the ACt. The AACt was calculated

as follows: 2-4Ct,

Gene Forward primer Reverse primer

KIF5A CAGAGACTGAGCACCTGTCCTCC GGGGAAGAGGATGAAGGATGAGC

Sox2 TTGCGTGAGTGTGGATGGGATTGGTG | GGGAAATGGGAGGGGTGCAAAAGAGG

Oct3/4 GACAGGGGGAGGGGAGGAGCTAGG | CTTCCCTCCAACCAGTTGCCCCAAAC

Nanog CAGCCCTGATTCTTCCACCAGTCC GTTCTGGAACCAGGTCTTCACCTG

Table 2: oligonucleotides used in qPCR

95°C | 95°C 95 °C 95°C
10 | 157 15 15
60°C 60°C
50°C i r
2 x 40

Scheme 2: Protocol used for gqPCR

Fluorescence in situ hybridization (FISH)

Fluorescence In Situ Hybridization (FISH) was performed in a RNAse free-environment and
using sterile material, in order to preserve RNA integrity. Cells plated onto glasses in wells
of a 24-well were washed twice for 5 minutes with 1X PBS, they were fixed with 300 pl of
4% paraformaldehyde at dark for 20 minutes and then washed again twice for 5 minutes
with 1X PBS. Cells were permeabilized with 500 pl of 0,2% Triton for 10 minutes and then
washed twice for 5 minutes with 1X PBS. After being dehydrated with 70% ethanol, they
were transferred into a desiccant chamber with drierite. Non-specific sites were blocked with
200 pl of hybridization buffer (composed by 10% SSC 20X, 5% sodium phosphate 1X, 10%
dextran sulfate and 50% formamide) at 66° C for 1 hour in a humid incubation chamber
containing saline-sodium citrate 2x (SSC), to prevent buffer evaporation.
Hybridization was performed using a 30 nM &' TYE-563-labelled locked nucleic acid (LNA)
(CCCCGG)3 probe complementary to the sense RNA foci containing the GGGGCC-repeats
(Exigon Qiagen). The probe was denatured at 80° C for 75 seconds and it was then
maintained in ice at dark for 75 seconds. It was then diluted in 200 pl per well of hybridization
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buffer and vortexed for 20 seconds. Glasses were incubated with hybridization buffer
containing the probe in the incubation chamber containing SSC 2X at 66° C overnight.
The following day, glasses were washed once for 5 minutes with 500 pl of Wash | solution,
composed by 90% DEPC H20, 10% SSC 20X and 0,1% Tween-20, and then four times for
10 minutes at 65° C with 500 pl of Wash Il solution, composed by 99,5% DEPC H20 and
0,5% SSC 20X. Nuclei were stained with 500 pl of DAPI for 10 minutes and glasses were
then washed three times with DEPC H>O for 5 minutes. They were dehydrated as previously
described and they were finally mounted on microscope slides.

5. Immunofluorescence

Cells plated onto glasses in wells of a 24-well plate were washed twice for 5 minutes with
PBS 1X, fixed with 300 ul of paraformaldehyde 4% for 20 minutes at dark and then washed
twice with PBS 1X for 5 minutes.

To visualize the mitochondria, cells were previously incubated for 15 minutes at dark with
Mitotracker Red CMX Ros 1 mM (excitation wavelength range 579/599), diluted in
Neurobasal medium to a final concentration of 10 nM. The medium containing Mitotracker
was then removed and cells could be either analysed through time-lapse imaging or they
could be fixed for immunofluorescence.

The immunofluorescence procedure started by washing cells plated onto glasses in wells of
a 24-well twice for 5 minutes with 300 pl of a solution composed by PBS 1X and 10% Normal
Goat Serum (NGS) (PBS-NGS). The cells were then permeabilized with 300 pl of cold 100%
Methanol (-20°C) for 5 minutes and then with 300 pl of a solution composed by PBS-NGS
10% and Triton 0,3% for 5 minutes. Non-specific sites were blocked with 300 ul of PBS-
NGS 10% for 20 minutes. Subsequently, the cells were transferred into a humid chamber to
prevent antibody evaporation and were incubated with 60 pl of the chosen primary antibody
diluted at the required concentration (Table 3) in PBS-NGS 10% at 37°C for 90 minutes.
After the incubation with primary antibody, glasses were washed twice with PBS-NGS 10%
for 5 minutes and then incubated for 45 minutes at dark with 300 ul of the proper secondary
antibody diluted at the required concentration (Table 4) in PBS-NGS 10%. After this phase,
the cells underwent a series of 5 minutes long washes at dark: two with 300 pl of PBS-NGS
10%, two with 300 pl of PBS 1x and two with 300 pl of distilled H2O. Nuclei were stained by
incubating them with 300 ul of DAPI for 10 minutes and glasses were then washed once for
5 minutes with 300 pl of H2O. They were then mounted on microscope slides using 7 pl of
FluorSave Reagent.
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Primary Antibody (Abl)

Specie

Dilution

53-BP1
(63BP1 Antibody #4937, Cell Signaling)

rabbit

1:1000

yH2AX
(Anti-phospho-Histone H2A.X (Ser139) Antibody, clone JBW301, Sigma-
Aldrich)

mouse

1:800

Nestin
(Anti-Nestin Antibody, clone 10C2, Chemicon)

mouse

1:100

Alkaline phosphatase
(Alkaline phosphatase, ab108337 Abcam)

rabbit

1:250

SSEA-4
(SSEA4 monoclonal antibody, eBioMC-813-70, eBioscience ™)

mouse

1:100

TRA-1-60
(TRA-1-60, Podocalyxin, monoclonal, eBioscience™)

mouse

1:125

BllI-tubulin
(Anti-beta Il Tubulin antibody [EP1569Y], ab52623 Abcam)

rabbit

1:500

HB9
(monoclonal, DSHB, NIH)

mouse

1:100

MAP2
(monoclonal, MAB3418 Chemicon)

Mouse

1:100

SMI-312
(SMI-312 antibody, monoclonal, SIG-32248 Covance)

mouse

1:1000

KIF5A
(KIF5A antibody, polyclonal, A3303 Abcloncal)

rabbit

1:100

Table 3: Primary antibodies used for IF experiments

Secondary Antibody (Ab Il) Specie | Dilution | Absorbance

Emission

M488

Life Technologies)

(Alexa Fluor™ 488 goat anti-mouse IgG (H+L), | mouse 488 nm

500 nm

R488

Life Technologies) 1:500

(Alexa Fluor™ 488 goat anti-rabbit IgG (H+L), | rabbit 488 nm

500 nm

M555

Life Technologies)

(Alexa Fluor™ 555 goat anti-mouse IgG (H+L), | mouse 561 nm

570 nm

R555

Life Technologies)

(Alexa Fluor™ 555 goat anti-rabbit IgG (H+L), | rabbit 561 nm

570 nm

Table 4: Secondary antibodies used for IF experiments
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6. Protein analysis

Protein extraction and dosage

The dried cell pellet was resuspended in 20 pl of lysis buffer composed by 20 mM of Tris-
HCI pH 7,5, 150 mM of NaCl, 1 mM of EDTA, 1 mM of EGTA, 1% Triton and H2O, then it
was sonicated 5 times for 10 seconds while being kept on ice.

Pierce BCA Protein Assay Kit was used to quantify the extracted proteins. A standard curve
of absorbance was created using a series of solutions with known dilutions of albumin and
10 ul of each were loaded on a 96-well plate. 9 pl of H2O and 1 ul of sample were then
loaded onto the plate. 200 yl of a standard working solution composed by the reagents A
and B of the kit (50:1) were added in each well. The plate was covered by parafilm and silver
foil and incubated at 37°C for 30 minutes. The plate was then analysed at the
spectrophotometer.

The concentration of the sample (ug/pl) was then calculated interpolating the obtained
absorbance of the sample protein with the known absorbance of the standard curve.

Western Blot

The desired quantity of extracted protein (ug) was diluted with Loading buffers (1x, 2x and
3x) and DTT 1 M and then incubated at 99 °C for 10 minutes.

The marker (Full Range Rainbow) and samples were loaded on a 3-8% or 10% (based on
the molecular weight of interest) polyacrylamide gel. Tris-acetate 1X or MOPS (3-N-
morpholino propanesulfonic acid) 1X were used as running buffers. Electrophoresis was
performed at 120 mV for approximately 1.5 hours.

Gels were then transferred to a nitrocellulose membrane using iBlot (Invitrogen). The
membrane was incubated with 5% milk in TBST (Tris Buffered Saline + 0,1% Tween) buffer
or in 5% BSA (Bovine Serum Albumin) in TBST for 1 hour at RT to block the unspecific
protein binding sites. The membrane was then incubated overnight at 4°C with the primary
antibody diluted at the required factor (Table 5) in 5% BSA/TBST or milk/TBST.

The membrane was washed 4 times with TBST for 5 minutes and incubated 1 hour with the
horse-radish peroxidase (HRP)-conjugated secondary antibodies, diluted at the required
factor (Table 6) in 5% BSA/TBST or milk/TBST. The membrane was washed 4 times with
TBST for 5 minutes.
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Signals were detected with Western Enhanced Chemiluminescence (ECL) Substrate
(containing HRP substrate) 5 minutes at dark, and X-ray films exposed for different times (1
minute-45 minutes) depending on the primary antibody.

Densitometric analyses of the bands were performed with the QuantityOne software. Bands
intensities were normalized against the background noise of the film. The primary and
secondary antibodies used are listed in table.

. . . e WB Molecular

Primary Antibody (Abl) Specie Dilution weight
KIF5A Rabbit 1:500 130 kDa
Tubulin Mouse 1:1000 52 kDa

Table 5: Primary antibodies used for Western Blot experiments
Secondary Antibody (Abll) Specie Dilution
Anti-mouse .
(Anti-mouse IgG, peroxidase antibody, goat, A9309 Sigma) mouse 1:20000
Anti-rabbit

rabbit 1:2000

(Anti-rabbit IgG, HRP-linked antibody, goat, 7074S Cell Signaling)

Table 6: Secondary antibodies used for Western Blot experiments

7. Image acquisition and analysis

Confocal microscopy

The confocal microscope A1R FRET FLIM with a 60x oil-immersion objective was used to
acquire the images.

The DAPI signal was acquired using a 408 nm laser, the fluorophore 488 signal with a 488
nm laser and the fluorophore 555 signal with a 561 nm laser. The images were acquired
with a scanning velocity of 1/16 pixel/second and a resolution of 1024-pixel. A Z-stack mode
was used for the acquisition of the images, taking approximately 10 stacks with a distance
of 0,5 ym among them. A minimum of 5 images from different fields were taken for each

glass.
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Immunocytochemical image analysis

The Imaged software was used to analyse the acquired images. Different analyses have

been performed:

% of yYH2AX DNA damage foci+ cells and medium number of DNA damage foci. The
multiple stacks of each channel were firstly summed to each other, and cell nuclei
were then selected as region of interests (ROI). The number of yH2AX and 53BP1
foci in the selected ROI was quantified using the “Find Maxima” function, setting a
prominence value for each experiment.

% of C90ORF72 foci+ cells and medium number of C9ORF72 foci. The multiple stacks
of each channel were combined to each other using the maximum intensity criterion.
Channels were split and the one corresponding to RNA foci was binarized using the
“Adjust Threshold” function, by selecting an appropriate threshold value for each
experiment. The number of RNA foci was quantified using the “Analyze Particles”
function, with parameters of size and circularity set at 0,05-100 and 0-1, respectively.
Mean fluorescence intensity. The multiple stacks of each channel were combined to
each other using the sum slices criterion. For the DNA damage analysis, the mean
fluorescence intensity was quantified on the selected ROI using the “measure”
function. For the KIF5A analysis, the mean fluorescence intensity signal was
measured on specific segments areas of the neurons. The “Rectangle” function was
used to select a defined area of the neurites, which was measured with the “Measure”
function.

Mitochondrial morphology and density. The multiple stacks of each channel were
combined to each other using the maximum intensity criterion. The “Segment line”
function, with a width of 15, was used to select the segments of interest. The “Line to
area” function allowed to obtain an area and the “Measure” function quantified the
selected area. The channels were split and the channel corresponding to
mitochondria was binarized using the “Adjust Threshold” function, setting the
appropriate threshold. The mitochondria were analysed using the “Analyze particles”
function, setting the size as 5-infinity, whose output included the particle counting and
the total area occupied by the particles. Moreover, the area, the mean fluorescence
intensity, the major (width) and the minor (height) parameter were given for each
particle. The analysis was performed to determine the aspect ratio (width/height) and

the mitochondrial density (mitochondrial area/segment area).
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Live imaging acquisition and analysis

The confocal microscope Nikon Eclipse Ti with a 20x objective was used to perform the live
imaging. The cells chamber conditions were set at 5% COz, 37 °C, 95% RH. Two image
frames were acquired every 3 minutes.

For cells plated on 35 mm FluorDish with glass bottom cover, a minimum of 5 images from
different fields were taken.

The Imaged software was used to analyse the acquired images. The “Segmented line”
function, with a width of 15, was used to select segments of interest. The “MTrackJ” plugin
was used to perform the analysis: using its “Add” function every single mitochondrial particle
is marked and then analysed through the “Measure” function, whose output included the
minimum velocity (micron/second), maximum velocity (micron/second) and mean velocity

(micron/second).

8. Statistical analysis

Statistical analysis of data was performed using the GraphPad Prism software 9.0.
Statistically significant differences were determined using the student’s t-test (to compare
two groups), the One-way ANOVA or Two-way ANOVA test (to compare two or more groups
with one or more variables, respectively). Results were considered significative when p-
value was <0,05. The statistical tests that were applied for each experiment and sample

replicates are indicated in each figure.
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RESULTS

1. DNA damage and DNA damage response in C9ORF72 mutant patient-
derived iPSC

1.1.  Generation and characterization of C9ORF72 iPSC

The first aim of our study was to investigate DNA damage and DNA damage response
(DDR) in mutant C9ORF72 patient-derived iPSC.

To address this issue, iPSC lines from fibroblasts of 2 C9ORF72 patients (C9#1, C9#2 and
C9#3) carrying different HRE length (150u, 1200u, 630u, respectively) and 2 healthy control
wild-type (WT) individuals (CNTRL#1 and CNTRL#2) were previously generated in our lab
and were available at the time of the experiments (Table 7).

Sample Phenotype | Sex Age of Age at Disease duration C90RF72 HRE

onset collection (months) length
C9#1-1 150u
CO#1-2 ALS F 47 49 12 1200u
C9#3 ALS M 62 65 58 630u
CNTRL#1 - M - 37 - -
CNTRL#2 - F - 45 - -

Table 7. iPSC available in the lab. Features of the patients whose iPSC were available in our laboratory,
including 2 C9ORF72 mutant and 2 healthy control WT individuals. C9#1-1 and C9#1-2 are referred to two
different iPSC clone carrying different expansion length derived from the same patient.

In particular, fibroblasts were reprogrammed using a commercial kit based on a modified
non-transmissible form of Sendai virus for the delivery and the transient expression of the
four Yamanaka factors Oct3/4, Sox2, Kif-4 and C-Myc (detailed protocol in Materials and
Methods section) (Fig. 1a). iPSC lines have already been proven to be positive for the
expression of the specific stemness transcription factors OCT3/4, SOX2 and NANOG, and
of the pluripotency markers ALP (alkaline phosphatase), SSEA-4 (stage-specific embryonic
antigen-4), and TRA-1-60 (podocalyxin) by immunofluorescence (IF) (Fig. 1b). In order to
assess whether the three different C9ORF72 iPSC lines recapitulated C9ORF72 hallmarks,
we analyzed the presence of pathological RNA foci by Fluorescence In Situ Hybridization
(FISH), using a fluorescent 5 TYE 563 labelled oligonucleotide (C4G2)25 for detecting the
sense HRE-containing transcript (Fig. 1¢). As a negative control, we used an iPSC line from
a healthy control WT individual. We analyzed FISH images by quantifying the percentage of
cells which were positive for RNA foci and the mean number of RNA foci per RNA foci-

positive cells. Our results showed, as expected, the absence of RNA foci in control WTiPSC.
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The three different COORF72 iPSC showed a variable percentage of RNA foci-positive cells,
that ranged from 3% to 20%, with a mean number of 1-3 foci per foci-positive cells. A

correlation between HRE length and RNA foci formation was not observed (Fig. 1d).
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Fig.1 Generation and characterization of CJORF72 iPSC lines. a) Timeline of iPSC reprogramming from primary
fibroblasts. b) Expression of the specific pluripotency markers OCT3/4, SOX2, NANOG (all in red), ALP, SSEA-4, TRA-1-
60 (all in green) by IF. Cell nuclei were stained with DAPI (blue). Scale bar, 10 ym. ¢) Analysis of COORF72 RNA foci (red)
by FISH on a control WT iPSC (CNTRL#1) and the 3 C9ORF72 iPSC. Cell nuclei were stained with DAPI (blue). Scale
bar, 10 um. d) Quantification of pathological COORF72 RNA foci, represented as the percentage of RNA foci-positive cells
(above) and the mean number of RNA foci per foci-positive cells (below). Mean+SEM; one-way ANOVA; Kruskall-Wallis
test. (n=3, >50 cells per iPSC line were analyzed). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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1.2.  Evaluation of DNA damage and DDR in C9ORF72 iPSC-neural stem cells

We first investigated DNA damage and DDR in Neural Stem Cells (NSC) that, compared to
the pluripotent iPSC, are multipotent and already committed towards a neural phenotype
and can be further differentiated into neurons and glial cells. We therefore differentiated 3
mutant C9ORF72 and 2 control WT iPSC into NSC (iPSC-NSC) by culturing them in neural
induction medium for 7 days and in neural expansion medium for further 5 days (Fig. 2a).
We next characterized the differentiated iPSC-NSC for the expression of the specific neural
stem/progenitor cell marker Nestin by IF. Images showed positivity for the expression of the
analyzed marker (Fig. 2b) in all iPSC-NSC, indicating a successful NSC differentiation.

a Neural .
induction Expansion Cyro-preservation
iPSC maintenance in Day 1 of i
- » ——» PONCS —» P1 NCS —» Expansion
feeder-free medium splitting 7 days 4-6 days \ P
Differentiation

b CNTRL#1 Co#1 Co#2 C9#3

Fig.2 Generation and characterization of control WT and C9ORF72 iPSC-neural stem cells. a) Timeline
of iPSC differentiation into NSC (adapted from Thermo Fisher Scientific protocol). b) Expression of the
neuronal marker Nestin (green) by IF for the control WT line (a representative image of one control is shown)
and 3 C9ORF72iPSC-NSC lines. Cell nuclei were stained with DAPI (blue). Scale bar, 10 pm.

We next evaluated the DNA damage and DDR in 3 C9ORF72 iPSC-NSC compared to the
2 control WTiPSC-NSC. To this end, we induced DNA double-strand breaks (DSB) with the
radiomimetic agent neocarzinostatin (NCS) for 20 minutes. We then investigated DNA
damage levels at basal condition, immediately after the treatment with NCS agent and at
different rescue time points (4, 8 and 24 hours) after NCS removal (Fig. 3a), by performing
IF staining for the phosphorylated form of the H2AX histone (yH2AX), a well-established
marker of DSB, and the p53 binding protein 53BP1 (Fig. 3b).

We analyzed the images by quantifying the percentage of cells forming for yH2AX and the

mean number of yH2AX foci per foci-positive cells.
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Our results showed that, at basal level, both C9ORF72 and control WT iPSC-NSC have a
high percentage of yH2AX foci-positive cells ranging from 70% to 85%, without significant
differences between the two groups. After the treatment with NCS agent, the percentage of
YH2AX foci-positive cells significantly increased up to 100% and it then returned to the
respective basal level 24 hours after NCS removal in all iPSC-NSC (Fig. 3c).

We also demonstrated that, at basal level, C9ORF72 iPSC-NSC had a similar number of
yH2AX foci per foci-positive cells compared to the control WT iPSC-NSC, normalizing all
values to the untreated control WT iPSC-NSC (Fig. 3d). After DNA damage induction with
NCS agent, the mean number of foci per foci-positive cell increased (2,3X and 3,1X for
control and C9ORF72, respectively) and it then returned to the respective basal levels 24
hours after NSC removal, with no significant differences among groups (Fig. 3d).

We also classified cells into four arbitrary categories according to the number of foci they
presented: from 2 to 5 foci, from 6 to 20 foci, from 21 to 30 foci and more than 30 foci. At
basal level, the number of foci per foci-positive cells mainly belonged to the two smaller
categories (2-5 and 6-20 foci/foci positive cells). After treatment, there was an increased
representation of the two cell categories with higher numbers of yH2AX foci (21-30 and >30),
but the distribution pattern then returned similar to the basal condition with no significant
changes between control WT and C9ORF72 iPSC-NSC (Fig. 3e).

Altogether, these results suggest that C9ORF72 mutation has no effect on DNA damage
and DDR in iPSC-NSC in our experimental conditions.

49



% yH2AX foci+ cells

1004

Neocarz (NCS)

Rescue
| Il 1
t0 20’ 4h 8h 24h
L [ | [ | | I+
| | | | | | | | | Tlme
Neocarz.
removal
b NCS 20’ rescue 4h rescue 8h rescue 24h
~ . - ’
3+
] woog AL
|n_: u é A - ..'
prd 55 X
N
B:3
o)
O
c d e n* yH2AX foci/cells
@ CNTRLiPSC-NSC ® CNTRLIPSC-NSC H>30
B C9ORF72iPSC-NSC m C9ORF72iPSC-NSC W 21-30
[ 6-20
*% 025
‘ *k
kokok Fokkk ‘ sdokokok
;** 17 ‘ ‘ hoex !L\ e NCS rescue
S s e m ‘ . rrk x NT NCS 20° an 8h 24h

i s 1 T

~
h

n”* yH2AX foci / foci+ cells (norm.)

YH2AX foci categorization %

T T
@ @ @ N AV
o5 o5 &

Fig.3 DNA damage and DDR in C9ORF72 iPSC-neural stem cells. a) Timeline of the DNA damage
experiment with neocarzinostatin (NCS). b) Evaluation of yH2AX (green) and 53BP1 (red) foci by IF. Cell
nuclei were stained with DAPI (blue). Representative images of 1 control WT and 1 C9ORF72 iPSC-NSC
are shown for each condition. Scale bar, 10 uym. iPSC derived from 2 control WT and from 3 mutant
CI90RF72 ALS patients were used for comparison. Quantification of yH2AX foci after neocarzinostatin
(NCS) treatment (20’) and at different rescue time points (4-8-24h), represented as c) the percentage of
yH2AX foci-positive cells, d) the mean number of yH2AX foci per foci-positive cells, normalized to the
untreated control WT iPSC-NSC and e) the yH2AX foci number distribution in four arbitrary categories.
MeantSEM; two-way ANOVA and multiple comparison test on replicate measures for each cell line (n=3,
150 cells were analyzed for each line/condition). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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1.3. Assessment of DNA damage and DDR in C9ORF72 iPSC-motoneurons

To investigate DNA damage and DDR in post-mitotic neuronal cells, we differentiated 2
mutant C9ORF72 and 2 control WT iPSC into motoneurons (iPSC-MN), using a protocol
that included the generation of embryoid bodies for 21 days and their subsequent
dissociation and differentiation with specific factors (Fig. 4a).

At day 34, we characterized the newly differentiated iPSC-MN for the expression of the
specific neuronal markers SMI-312 (neurofilaments, pan-axonal), MAP2 and BllI-tubulin
(neuronal microtubules) and for the specific MN marker HB9 (homeobox transcription factor)
by IF. Images showed positivity for the expression of all the analyzed markers, indicating a

successful MN differentiation (Fig. 4b).
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Fig.4 Generation and characterization of control WT and C9ORF72 iPSC-MN. a) Timeline of iPSC-MN
differentiation. b) Representative images showing the expression of the neuronal markers SMI-312 (green),
MAP2 (red), BlllI-tubulin (green), and of the specific MN marker HB9 (red) by IF; cell nuclei were stained
with DAPI (blue). Scale bar, 10 ym. iPSC-MN derived from 2 control WT and from 2 mutant CO9ORF72 ALS
patients were used for comparison.
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To assess the extent of DNA damage and DDR in C9ORF72 iPSC-MN, we used the same
experimental paradigm of iPSC-NSC, inducing DSB with NCS agent for 20 minutes (Fig.
5a). The analysis of DNA damage in the newly differentiated iPSC-MN at physiological level
revealed that C9ORF72 iPSC-MN showed a significant higher percentage of yH2AX-
positive cells (Fig. 5b) compared to control WT iPSC-MN. C9ORF72iPSC-MN present also
a higher mean fluorescence intensity of yH2AX inside the nucleus (Fig. 5¢) with a similar
mean number of yH2AX foci (Fig. 5d) compared to the normalized control WT iPSC-MN,
suggesting that C9ORF72 iPSC-MN could form larger yH2AX foci. These results suggest
that C9ORF72 mutation could make iPSC-MN more vulnerable to DNA damage events in
physiological conditions.

To study DDR, since in iPSC-NSC we observed that DNA damage levels were rescued
between 8 and 24 hours, we decided to set the rescue time point at 6 hours (Fig. 5a), in
order to better evidence possible differences in DDR during the recovery time.

Our results showed that after the treatment with NCS agent, the mean number of yH2AX
foci, normalized to the untreated control WT iPSC-MN, increased both in C9ORF72 (2,2X)
and in control WTiPSC-MN (3X) compared to their basal condition (Fig. S5e-f). Upon 6 hours-
rescue time from NCS treatment, both iPSC-MN groups significantly rescued the induced
DNA damage without significant differences between the two groups (1.8 vs 1.9,
respectively), although they did not return to the respective basal levels (Fig. 5e-f).
Altogether, these results indicate that in our experimental conditions the presence of
CI90ORF72 mutation does not affect DDR even in iPSC-MN.
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Fig.5 DNA damage and DDR in C9ORF72 iPSC-MN. a) Timeline of the DNA damage experiments with
neocarzinostatin (NCS). iPSC-MN from 2 control WT individuals and from 2 mutant C9ORF72 ALS patients
were used for comparison. Quantification of yH2AX foci at physiological level, represented as b) the
percentage of yH2AX foci-positive cells, ¢) the mean fluorescence intensity of yH2AX in the cell nucleus
and d) the mean number of yH2AX foci per foci-positive cells, normalized to the control WT iPSC-MN.
Mean+SEM; Unpaired t-test (n=3, 150 cells were analyzed for each iPSC-MN line). e) Evaluation of yH2AX
(green) foci by IF. Cell nuclei were stained with DAPI (blue). Representative images of 1 control WT and 1
CI90RF72 iPSC-MN are shown for each condition. Scale bar, 10 um. f) Quantification of yH2AX foci after
neocarzinostatin (NCS) treatment (20’) and at 6h rescue, represented as the mean number of yH2AX foci
per foci-positive cells, normalized to the untreated control WT iPSC-MN. Mean+SEM; two-way ANOVA and
multiple comparison test on replicate measures for each cell line (n=3, 150 cells were analyzed for each
line/condition). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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1.4. Study of DNA damage and DDR in aged C9ORF72 iPSC-motoneurons

Given that ALS is an adult-onset disease, we then wanted to better mimic the aging process
by differentiating motoneurons for a longer time until day 56, following the same
experimental paradigm of DNA damage induction shown in (Fig. 5a).

We found that in physiological condition C90RF72 iPSC-MN present a trend, although not
significant, of a higher percentage of yH2AX-positive cells (Fig. 6a).

Moreover, the mean number of yH2AX foci per cells (Figure 6b) and mean fluorescence
intensity of yH2AX inside the nucleus (Fig. 6¢) were significantly higher in aged C9ORF72
compared to the normalized control WT iPSC-MN. These results suggest that the higher
susceptibility of mutant C9ORF72 iPSC-MN to DNA damage is maintained during aging in
culture.

When we treated iPSC-MN with NCS, the DNA damage was induced as expected in both
experimental groups (Fig. 6d), but with a significant fold increase in the number of yH2AX
foci per cells (Fig. 6e) and mean fluorescence intensity of yH2AX (Fig. 6f) in C9ORF72
iPSC-MN compared to control ones, normalizing all values to the untreated control WT
iPSC-MN. At 6h after NCS treatment, both control WT and C9ORF72 iPSC-MN rescued the
induced DNA damage, even if C9ORF72 iPSC-MN still presented a significant higher level
of DNA damage compared to the control (Fig. 6e-f), suggesting that C9ORF72 mutation
could impair the ability of more “aged” iPSC-MN to activate DNA damage response

pathways.
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Fig.6 DNA damage and DDR in CIORF72 aged iPSC-MN. iPSC-MN from 2 control WT individuals and from 2 mutant
CI90RF72 ALS patients were used for comparison. Quantification of yH2AX foci at physiological level, represented as a)
the percentage of yH2AX foci-positive cells, b) the mean number of yH2AX foci per foci-positive cells and ¢) the mean
fluorescence intensity of yH2AX in the cell nucleus, normalized to the control WT iPSC-MN. Mean+SEM; unpaired t-test
(n=3, 150 cells were analyzed for each line/condition). d) Evaluation of yH2AX (green) foci by IF. Cell nuclei were stained
with DAPI (blue). Representative images of 1 control WT and 1 C9ORF72 iPSC-MN are shown for each condition. Scale
bar, 10 um. Quantification of yH2AX foci after neocarzinostatin (NCS) treatment (20’) and at 6h rescue, represented as
e) the mean number of yH2AX foci per foci-positive cells and f) the mean fluorescence intensity of yH2AX in the cell
nucleus, normalized to the untreated control WT iPSC-MN. Mean+SEM; two-way ANOVA and multiple comparison test
on replicate measures for each cell line (n=3, 150 cells were analyzed for each line/condition). ****p<0.0001, *** p<0.001,
** p<0.01, * p<0.05.
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2.

2.1.

Impact of actin cytoskeleton modulation on DNA damage in C9ORF72 iPSC

DNA damage and DDR following actin modulation in HEK293T cells: a pilot study

During my 3-months internship at Dr. Claudia Fallini’s lab (University of Rhode Island, USA),
| investigated the existence of a possible crosstalk between cytoskeleton forces and DNA
damage, by studying how modulation of the actin cytoskeleton impacts on the incidence of
DNA damage in C9ORF72 patient-derived cells. To modulate actin cytoskeleton, we used
two drugs: Intramimic (IMM) to induce polymerization of unbranched actin filaments, and
Latrunculin B (LATR), which induces actin filament depolymerization.

We first conducted a pilot study to assess the action of these opposite actin-modifier drugs
treating HEK293T cells with IMM 0,1 uM or LATR 0,5 uM for 6 hours (Fig. 7a). We found
that IMM drug, but not LATR, significantly increased the mean fluorescence intensity of
YH2AX (Fig. 7b), suggesting that induction of actin cytoskeleton polymerization is able to
promote DNA damage in HEK293T cells.
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Fig.7 DNA damage in HEK293T cells upon actin modulation. a) Representative image of HEK293T cells
in basal condition (Untr), after treatment with 0,1 yM Intramimic (IMM) or 0,5 uM Latrunculin (LATR) drugs,
showing yH2AX (green) foci by IF. Cell nuclei were stained with DAPI (blue). Scale bar, 10 um. b)
Quantification of yH2AX foci upon actin-modifier drugs in HEK293T cells, represented as the mean
fluorescence intensity of yH2AX, normalized to the untreated cells. Mean+SEM; one-way ANOVA, Kruskall-
Wallis test. (n=3, 150 cells were analyzed for each condition). ****p value <0.0001, *** p<0.001, ** p<0.01,
* p<0.05.

To analyze whether actin cytoskeleton modulation impacts on the capacity of HEK293T cell
to respond to a DNA damage insult, we first induced DNA damage using NCS for 20
minutes, at the end of which we replaced the media with fresh media containing IMM or
LATR drugs for 6 hours (Fig. 8a).

As expected, DNA damage levels significantly increased after 20 minutes of NCS treatment
compared to the normalized untreated level. After 6 hours rescue from DNA damage
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induction, we observed that in HEK293T cells treated with IMM the yH2AX mean
fluorescence significantly increased compared to cells at 6h rescue without any drugs, while
in cells treated with LATR DNA damage levels were comparable (Fig. 8b). Indeed, our

results suggest that actin polymerization impairs the ability of HEK293T cells to DDR.
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Fig.8 DDR in HEK293T cells upon actin modulation. a) Timeline of the DNA damage experiments.

b) Quantification of yH2AX foci represented upon neocarzinostatin (NCS) treatment (20’) and at 6h rescue
in presence of actin-modifier drugs (IMM 0,1 uM or LATR 0,5 pM). All values were normalized to the
untreated cells. Mean+SEM; one-way ANOVA, Kruskall-Wallis test. (n=3, >150 cells were analyzed for
each condition). ****p value <0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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2.2. DNA damage and DDR following actin modulation in C9ORF72 i-cortical
neurons

We validated the results obtained in HEK293T cells in i3-cortical neurons (i3-CN)
differentiated from 1 isogenic WT and 1 C9ORF72 i*-iPSC lines, using the novel method
described by Dr. Ward with minor modifications, which is schematized in (Fig. 9a) and
explained in detail in the Materials and Methods section. This method relies on the
integration of the gene expression cassette containing the glutamatergic cortical factor
neurogenin2 (NGN2) in a safe harbor locus into the genome and produces >90% pure
cortical populations (144). We assessed the differentiation efficiency of i3-CN visualizing
their positivity to the most commonly used cortical neurons markers (Fig. 9b).
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Fig.9 Differentiation and characterization of i’-cortical neurons (i3-CN) derived from 1 isogenic WT

and 1 C9ORF72 i*-iPSC line. a) Timeline of i>-CN differentiation (adapted from Ward et al., 2020) b)
Representative image showing the expression of the neuron MAP2 marker (green) and the specific
glutamatergic cortical neuron TAU-1 marker (purple), by IF; cell nuclei were stained with DAPI (blue). Scale
bar, 10um.

We evaluated the extent of DNA damage and DDR comparing the mutant COORF72 i3-CN
with the isogenic WT by measuring the mean fluorescence intensity of yH2AX (Fig. 10a),
normalized to the untreated isogenic iPSC-MN values. We showed that, in contrast to iPSC-
MN, C9ORF72 mutation did not increase physiological DNA damage in i3-CN (Fig. 10b).
Because of this similar behavior, we believed that i*>-CN could represent a suitable cell model
to study the effects caused by actin modulation on DNA damage and DDR in mutant and
control human neurons.

We treated i3-CN with the agent NCS to induce DNA damage and with IMM or LATR to
modulate actin cytoskeleton dynamics, using the same experimental paradigm previously
shown for HEK293T cells (Fig. 8a). Our results showed that after 6 hours of DNA damage
rescue from NCS treatment, C9ORF72-i>-CN presented a higher level of yH2AX marker

58



compared to the isogenic WT i3-CN (Fig. 10a-b), suggesting that COORF72 i>-CN are more
susceptible to DNA damage accumulation than control WT i*-CN.

After 6 hours rescue in presence of each actin-modifier drug (IMM or LATR), we observed
a further significant increase of DNA damage levels in the isogenic WT i*-CN with both drugs,
indicating that changes in F-actin polymerization may influence DDR. Interestingly,
C90ORF72-i*-CN didn’t respond to the two actin-modifier drugs (Fig. 10a-b), suggesting that
cytoskeleton dynamics is already impaired in mutant C9ORF72-i*>-CN.
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Fig.10 Impact of actin modulation on DDR in C9ORF72 i’-CN. a) Evaluation of yH2AX (green) foci by IF
upon neocarzinostatin (NCS) treatment at 6h rescue (NCS 6h) in presence of actin-modifier drugs (IMM or
LATR). Cell nuclei were stained with DAPI (blue). Scale bar,10 ym. i*-CN from 1 isogenic WT individual
and from 1 mutant C9ORF72 ALS patient were used for comparison. b) Quantification of yH2AX foci
represented as the mean fluorescence intensity of yH2AX, upon neocarzinostatin treatment at 6h rescue
(NCS 6h) in presence of actin-modifier drugs (IMM 0,1 uM or LATR 0,5 pM). All values were normalized to
the untreated isogenic WT i*>-CN. Mean+SEM; two-way ANOVA and multiple comparison test on replicate
measures for each cell line (n=3, >80 cells were analyzed for each line/condition). ****p<0.0001, ***
p<0.001, ** p<0.01, * p<0.05.
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2.3. Chromatin remodeling following actin modulation in C9ORF72 i3-iPSC-CN

We then investigated if modifications to the F-actin cytoskeleton may induce also changes

in chromatin organization. We analyzed the mean fluorescence intensity of H3K9me3

(Histone 3 lysine 9 trimethylation), an epigenetic marker associated to changes in chromatin

remodeling at the periphery of the nucleus.

We observed a higher level of H3K9me3 in C9ORF72-i*-CN compared to the isogenic WT
cells (Fig. 11a-b). We then assessed if modulation of F-actin polymerization also affects the
distribution of peripheral chromatin in i*-CN. We treated i>-CN with IMM and LATR for 6

hours and we found that the two actin-modifier drugs increased the level of H3K9me3 in

both the isogenic WT and the C9ORF72-i>-CN (Fig. 11a-b).
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Fig.11 Impact of F-actin modulation on chromatin remodeling in C9ORF72 i’-CN. a) Evaluation of
H3K9me3 (green) staining by IF. Cell nuclei were stained with DAPI (blue). Scale bar,10 um. i3-CN from
1 isogenic WT individual and from 1 mutant C9ORF72 ALS patient were used for comparison. b)
Quantification of H3K9me3 represented as the mean fluorescence intensity of H3K9me3, upon actin-
modifier drugs (IMM 0,1 uM or LATR 0,5 uM) treatment for 6 hours. All values were normalized to the
untreated isogenic WT i3-CN. Mean+SEM; two-way ANOVA and multiple comparison test on replicate
measures for each cell line (n=3, >80 cells were analyzed for each line/condition). ****p<0.0001,

p<0.001, ** p<0.01, * p<0.05.
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3. New RNA-based therapeutic approach to decrease C9ORF72
pathology

In this part of my thesis, | tested a new RNA-based therapeutic approach which consists in
a modified spliceosomal U1 small nuclear RNA (U1 snRNA) designed by our collaborator
Dr. Franco Pagani (ICGEB, Trieste) to specifically identify and bind the C9ORF72 repeat
sequence in the pre-mRNA, by means of its engineered 5’ tail. In particular, two U1 snRNA
have been generated, the U1C and U1G, which bind the pathological pre-mRNA four
nucleotides before the HRE with two different binding efficiency.

These U1 snRNA were hypothesized to block RNA polymerase Il activity, thus preventing

transcription and formation of pathological RNA foci and, consequently, their translation into
DPR (Fig. 12a-b).
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Fig.12 U1 snRNA design and mechanism of action. a) Schematic sequence of modified plasmid U1
snRNA and RNA secondary structure, including a 5" engineered tail. b) Possible mechanism of action of
two the U1 snRNA, U1C and U1G, that directly bind the pathological HRE-sequence with different
efficiencies, acting similarly to an ASO.

3.1.  Preliminary assessment of U1-snRNA efficacy on C9ORF72 pathology in
HEK293T

We conducted a pilot study in HEK293T cells to preliminary test whether the two modified
U1 snRNA U1C and U1G are able to reduce C9ORF72-associated formation of RNA foci.

The U1C and U1G constructs and the U1 mock designed on an unrelated sequence were
transfected into HEK293T cells overexpressing the C9ORF72 HRE (GGGGCC)ss. The
formation of RNA foci was visualized by fluorescence in situ hybridization (FISH) using a
specific fluorescent probe against the sense hexanucleotide repeat sequence (5TYE563-
(C4G2)25) (Fig. 13a). We quantified the percentage of HEK293T cells containing RNA foci
and we found that both U1 snRNA constructs significantly decreased the number of cells

with RNA foci compared to U1 mock-transfected cells (Fig. 13b).
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Fig.13 U1 snRNA efficacy on C9ORF72 RNA foci formation in HEK293T cells. a) Analysis of
pathological C9ORF72 RNA foci (red) by FISH, upon transfection with the control U1 mock, U1C or U1G
plasmids. Cell nuclei were stained with DAPI (blue). Scale bar, 5 pm. b) Quantification of pathological
RNA foci, represented as the mean number of RNA foci per foci-positive cells. MeantSEM; one-way
ANOVA, Kruskall-Wallis test (n=3, >100 cells were analyzed for each condition). ****p<0.0001, ***
p<0.001, ** p<0.01, * p<0.05.

To assess whether the observed decrease in C9ORF72 RNA foci was associated also to a
decreased synthesis of dipeptide proteins (DPR), we used a previously reported cell-based
assay (145). In particular, we transfected HEK293T cells with a plasmid containing (G4C2)ss
repeats upstream GFP devoid of the AUG sequence to detect RAN translation, and with the
plasmid construct AUG-RFP to detect canonical translation (Fig. 14a). Upon cotransfection
with the U1 snRNA plasmids, we performed quantitative analysis by measuring the ratio
between GFP and RFP mean fluorescence intensity (Fig. 14b), and we found that in
presence of both U1C and U1G snRNA a significant reduction of GFP/RFP ratio was

observed compared to the U1 mock transfected cells, suggesting that U1 snRNA have a

downstream effect also on RAN translation (Fig. 14b-c).
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Fig.14 U1 snRNA efficacy on dipeptide protein (DPR) formation in HEK293T cells. a) Schematic representation of
the constructs utilized in the cell-based assay for RAN translation. The first construct contains (G4Cz),, repeats upstream
GFP devoid of the AUG sequence in the dipeptide frame, to detect RAN translation. The second construct AUG-RFP is
used as positive control of canonical translation. b) Representative image of cells undergoing RAN translation (green)
and/or canonical translation (red) upon U1 constructs transfection for 48 hours. Cell nuclei were stained with DAPI (blue).
Scale bar,10 pm. ¢) Quantification of RAN translation events, represented as the ratio between GFP and RFP mean
fluorescence intensity, in U1 mock-transfected cells or upon U1C or U1G transfection. Mean+SEM; one-way ANOVA,
Kruskall-Wallis test (n=3, >100 cells were analyzed for each condition). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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3.2. Validation of U1 snRNA efficacy in C90RF72 iPSC-motoneurons

To validate our results in patient-derived cells, we transfected the previously obtained
CI90RF72 iPSC-NSC (See Results 1.2.) with GFP-labelled U1C or U1G snRNA. However,
when we performed a co-FISH analysis to quantify GFP-transfected cells forming
pathological RNA foci, we failed to detect green fluorescence because the formamide used
in the FISH protocol bleached the GFP signal (data not shown). Therefore, as we obtained
~70% transfection efficiency with a high cell mortality, we revised our experimental plan and
decided to deliver GFP-tagged U1 snRNA-containing lentiviral vectors directly into
CI90RF72 patient-derived iPSC-MN. Third generation lentiviral vectors were generated
cloning the U1 mock or U1G-GFP expression cassette into pRRL human immunodeficiency
virus-derived backbone. We infected C9ORF72 iPSC-MN carrying 1200 HRE units at day
47 of differentiation with U1 mock or U1G-GFP lentiviral vectors. After 5 days infection we
obtained about 95% of infection efficiency for both constructs (Fig. 15a). Subsequent FISH
analysis revealed a significant decrease in the number of C9ORF72 RNA foci per cells (2,7
vs 1,5) (Fig. 15b-c) and a decrease in the percentage of cells containing C9ORF72 RNA
foci (46,9% vs 9,5%) (Fig. 15d), suggesting that U1G snRNA decreased the content of
pathological RNA foci in C9ORF72 mutant iPSC-MN.
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Fig.15 U1 snRNA efficacy on C9ORF72 RNA foci formation in C9ORF72 iPSC-MN. a) C90RF72 iPSC-
MN at day 47 of differentiation were infected with lentivirus-containing GFP-tagged U1 mock or U1G snRNA.
The infection efficiency was visualized five days later (green). b) Analysis of C9ORF72 RNA foci (red) by
FISH, upon infection with U1 mock or U1G lentiviral vector. Cell nuclei were stained with DAPI (blue). Scale
bar, 5 um. Quantification of C9ORF72 RNA foci, represented as c¢) the mean number of RNA foci per foci-
positive cells, and d) the percentage of RNA foci-positive cells. Mean+SEM; paired t-test (n=3, >100 cells
were analyzed for each condition). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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4. Axonal transport in mutant KIF5A patient-derived iPSC

4.1.  Generation and characterization of mutant KIF5A iPSC derived from a HSP patient and
its isogenic iPSC line

Given the central role of axonal transport in ALS, we aimed to elucidate the biological impact
of KIFSA gene mutations which, based on their localization in the gene, are specifically
associated to ALS (C-term cargo-binding domain) or to HSP (N-term microtubule-binding
domain). Our collaborator Dr. Franco Taroni (Istituto Neurologico “Carlo Besta”, Milan)
recently identified a novel KIF5A missense mutation (p.R17Q) in the N-term region at the
predicted ATP-binding domain in heterozygous state, in a HSP patient. We reprogrammed
the HSP patient’s fibroblasts into iPSC using the CytoTune®-iPS 2.0 Sendai kit as described
in Materials and Methods section, and we obtained 9 mutant KIF5A iPSC clones. One iPSC
clone was selected to perform gene editing by CRISPR/Cas9 to generate the isogenic WT
KIF5A iPSC line (Iso), as well as an iPSC line with a loss-of-function mutation (Lof)
(p-Asn20Lysfs*4) in heterozygous state, as confirmed by Sanger sequencing (Fig. 16a).
Cytogenetic analysis by G-banding confirmed a normal karyotype and no gross
rearrangements in the generated KIF5A iPSC lines and its gene-edited derivatives (data not
shown). All KIF5A iPSC lines tested positive for the expression of specific stemness markers
by both immunofluorescence (TRA-1-60, SSEA-4) (Fig. 16b) and RT-PCR (OCT3/4, SOX2
and NANOG) (Fig. 16c), confirming their proper reprogramming.
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Fig.16 Generation and characterization of mutant KIF5A (p.R17Q), isogenic WT and loss-of-function iPSC lines.
a) DNA electropherograms of the KIFS5A R17Q, isogenic WT and Lof iPSC. b) Representative image showing the
expression of TRA-1-60 (red) and SSEA-4 (green) markers by IF. Cell nuclei were stained with DAPI (blue). Scale bar,10
pm. c) Expression of the stemness transcription factors OCT3/4, SOX2 and NANOG by gPCR in patient’s fibroblasts and
in the isogenic WT, mutant R17Q and lof KIF5A iPSC-MN, normalized to markers expression in KIF5A fibroblasts (n=1).
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4.2. Evaluation of KIF5A protein level and distribution in iPSC-motoneurons

We differentiated the three KIF5A iPSC lines into iPSC-MN as described in Fig. 4a. At day
34 of MN differentiation, the isogenic WT, mutant R17Q and Lof KIF5A motoneurons were
tested for the expression of specific neuronal (SMI312, MAP2 and Blll-tubulin) and
motoneuronal markers by IF (HB9) (Fig. 17a) by RT-PCR (ChAT) (Fig. 17b). The positivity
for all these markers proved the successful differentiation of all the KIF5A iPSC lines into
MN.
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Fig.17 Characterization of KIF5A iPSC-MN. a) Representative images of differentiated KIF5A iPSC-MN
expressing neuronal markers SMI312 (green), MAP2 (red) and BllI-tubulin (green) and the specific
motoneuronal marker HB9 (red) by IF. Cell nuclei were stained with DAPI (blue). Scale bar, 10 pm. b)
Expression of the specific motoneuronal marker ChAT in KIF5A isogenic WT, mutant R17Q and Lof iPSC-
MN by RT-PCR (n=1).

To assess if KIFSA R17Q mutation could impair the stability of KIFS5A protein, we next
indirectly analyzed KIF5A protein levels by western blot (WB). The mutant R17Q KIF5A
iPSC-MN didn’t show any difference compared to the isogenic WT line, whereas in the Lof
iPSC-MN KIF5A protein content was significantly reduced by half, as expected (Fig. 18a).
Since KIF5A is involved in the axonal anterograde transport, we investigated whether R17Q
KIF5A mutation is associated with alterations in the distribution of KIFS5A protein along
neurites. To this purpose, we performed IF staining for KIF5A protein and we measured the
mean fluorescence intensity (MFI) in different areas: soma, neurite segments nearby soma
(5-20 pm long) and neurite segments far ~50 ym from the soma (40-60 pm long),
normalizing all values to the isogenic WT KIF5A iPSC-MN (Fig. 18b). We then calculated
the ratio of the KIF5A MFI localized nearby soma and the KIFSA MFI of the soma to evaluate
the fraction of KIF5A protein which is able to exit from the soma cytoplasm into neurites (Fig.
18c). Lof iPSC-MN showed a significant reduction in the quantity of KIF5A protein localized
in the proximity of the cell soma compared to the isogenic WT and the mutant iPSC-MN
(Fig. 18c). To assess the ability of the mutant and Lof KIF5A protein to distribute along

neurites, we also determined the ratio between KIFSA MFI nearby soma and along neurites
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(Fig. 18d). We observed a decreased ratio of KIF5A protein level in the proximity of the
soma in Lof iPSC-MN compared to control WT and mutant R17Q KIF5A iPSC-MN, although
the difference was significant only compared to the mutant R17Q KIF5A iPSC-MN,
suggesting that Lof KIF5A iPSC-MN have an increased KIF5A distribution along neurites
(Fig. 18d). These results overall suggest that KIF5A haploinsufficiency, but not the R17Q
mutation, can impact on KIF5A distribution in iPSC-MN neurites.
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Fig.18 KIF5A protein level and distribution in iPSC-MN. a) KIF5A protein expression in isogenic WT,
mutant R17Q and Lof KIF5A iPSC-MN by WB (on the left). Quantitative analysis of KIF5A protein, normalized
to the isogenic WT KIF5A iPSC-MN values. MEAN+SEM; one-way ANOVA, Kruskal-Wallis test (n=4) (on the
right). b) Staining of KIF5A (green) by IF. Cell nuclei stained with DAPI (blue). Scale bar, 10 ym. KIF5A
distribution was analyzed in different neuronal areas (nearby soma, soma and neurites) in isogenic WT,
mutant R17Q and Lof KIF5A iPSC-MN. c) Ratio of KIF5A mean fluorescence intensity (MFI) in segments
nearby soma (5-20 pm long) over the soma cytoplasm. d) Ratio of the KIF5A MFI in segments nearby soma
over the segments in neurites far ~50 um from the soma (40-60 pm long). All measurements were normalized
to the isogenic WT KIF5A iPSC-MN values. Mean+SEM; one-way ANOVA, Kruskal-Wallis test (n=3, ~15
cells/line were analyzed). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05.
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4.3. Analysis of mitochondria dynamics and transport in KIF5A iPSC-
motoneurons

Since KIF5A is involved also in the anterograde axonal transport of mitochondria (63), we
investigated the impact of KIFSA mutation on mitochondrial morphology, density and
transport velocity. It is known that defects in neuronal mitochondrial morphology are linked
to HSP and that mitochondrial morphology depends on mitochondrial dynamics (146). To
this end, we treated iPSC-MN with the mitochondrial stain Mitotracker Red CMX Ros and
we analysed mitochondria morphology within neurite segments distinguishing them in two
groups, similarly to our previous analysis: nearby soma (5-20 um long) and far ~50 ym from
the soma (40-60 um long) (Fig. 19a).
We calculated the mitochondrial aspect ratio (AR) (width/height), a commonly used
quantitative parameter of mitochondrial dynamics. We observed a significant higher AR in
both mutant R17Q and Lof KIF5A iPSC-MN, both nearby the soma and along neurites (Fig.
19b), suggesting an impact of KIF5A mutation on mitochondrial morphology.
To investigate the mitochondrial density parameter, we calculated the ratio of the total area
occupied by the mitochondria in a specific segment over the total segment area, using the
“analyse particle” function of ImagedJ software. The results showed a trend, although not
significant, of an increased mitochondrial density nearby soma in both mutant R17Q and Lof
KIF5A iPSC-MN compared to isogenic WT iPSC-MN (Fig. 19c). The mitochondrial density
along neurites was instead similar in all the analysed KIF5A iPSC-MN (Fig. 19c). In order
to study the mitochondrial transport velocity, we set up and preliminary performed time-lapse
imaging assays, after treating iPSC-MN with Mitotracker Red CMX Ros for 15 minutes at
dark (Fig. 19d, left). Images (time=5min, frame count=2sec) were then analysed by the
“‘MTrackd” plug-in of Imaged software. We preliminary observed no differences between the
three KIF5A iPSC-MN (n=1) (Fig. 19d, right). Although further statistical confirmation is
needed, our data suggest that neither the R17Q KIF5A mutation nor haploinsufficiency seem
to impact on the transport velocity of the motile mitochondria.
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Fig. 19 Mitochondrial dynamics transport in KIF5A iPSC-MN. a) Representative images of KIF5A iPSC-
MN treated with Mitotracker Red CMX Ros 10 nM (red) for 15 minutes at dark. Cell nuclei stained with DAPI
(blue). Scale bar,10 um. Different areas were selected: neurite segments near the soma (5-20 ym long) and
neurite segments far ~50 ym from the soma (40-60 um long). b) Analysis of mitochondrial aspect ratio in
isogenic WT, mutant R17Q and Lof KIF5A iPSC-MN, nearby soma (left) and along neurites (right). ¢) Analysis
of mitochondrial density in isogenic WT, mutant R17Q and Lof KIF5A iPSC-MN, nearby soma (left) and along
neurites (right). All measurements were normalized to the isogenic WT KIF5A iPSC-MN values. Meant+SEM,;
one-way ANOVA, Kruskal-Wallis test (n=3, ~50 neurite segments/line were analyzed). d) Time-lapse imaging
with Mitotracker Red CMX Ros (red) (left) and quantitative analysis of the mitochondrial transport velocity in
isogenic WT, mutant R17Q and Lof KIF5A iPSC-MN. MeantSEM; one-way ANOVA, Kruskal-Wallis test (n=1,
n= ~10 mitochondria/line). ****p<0.0001, *** p<0.001, ** p<0.01, * p<0.05. 68



DISCUSSION

Patient-derived iPSC have revolutionized the field of neurodegenerative disease modelling,
as they provide an ideal in vitro platform to conduct functional studies of multifactorial
disorders whose genetic causes are hard to model in any other experimental model.

In this PhD project we successfully used iPSC and differentiated iPSC-MN derived from
different ALS patients carrying C90RF72 gene mutation to study some ALS
pathomechanisms associated to DNA damage, DNA damage response and actin
cytoskeleton modulation, and to test a novel therapeutic approach to counteract COORF72
pathology. We also established new iPSC lines from a HSP patient carrying a novel mutation
in KIF5A gene, thus generating in vitro models to investigate KIF5A-specific defects in ALS
and HSP disorders.

Modelling C9ORF72 pathology in vitro and in vivo is still very challenging because mutated
patients may carry HRE of different size and so far the link between repeat expansion length
and clinical phenotype is not so clear in ALS/FTD if compared to other repeat expansion
disorders. The use of C9ORF72 patient-derived iPSC has the advantage to reproduce in
vitro the high variability observed in HRE size (>30-4000 units) and, given the high somatic
mosaicism, to obtain iPSC clones carrying different HRE length from the same patient as
we recently showed (147).

When we characterized our three C9ORF72 patient-derived iPSC lines with different HRE
size (150-1200 units), we observed that they recapitulate the formation of pathological HRE-
containing RNA foci, even if at a different extent among the three C9ORF72 iPSC lines as
regards both the number of RNA foci/cell and the percentage of cells with RNA foci. RNA
foci are an important hallmark of C9ORF72 pathology as they are detectable in all tissues
and cells, including peripheral blood leukocytes and fibroblasts, in contrast to DPR which
are brain- and testis-specific (19,148,149). In our C90RF72iPSC cohort, RNA foci formation
seems not to directly correlate with HRE length, an issue which is still unclear in literature
(43,46). Epigenetic modifications, including C9ORF72 promoter methylation, were shown to
down-regulate the expression of the V1 and V3 isoforms that give rise to RNA foci and
therefore they might contribute to influence RNA foci formation, regardless HRE size.

In our study we used iPSC derived from two healthy patients as controls who were already
tested for the absence of pathogenetic variants in 30 ALS gene by next generation sequence
(NGS) gene panel in our lab. The use of an appropriate control line is important when using
iPSC but, in the case of C9ORF72 HRE, it is particularly difficult to excise the large HRE by

conventional CRISPR/Cas9 technology, in contrast to point mutations, in order to obtain
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isogenic lines with the same genetic background. Moreover, given the nature of the
CI90ORF72 mutation and the so far unknown genetic/epigenetic factors that can influence
RNA foci formation and DPR synthesis, the use of iPSC lines from different patients with
different HRE and genetic assets may represent a valuable experimental design to take this
high variability into account. Nonetheless, two groups have recently reported the generation
of isogenic iPSC lines from their C9ORF72 iPSC lines using CRISPR/Cas9-mediated HDR
to replace the pathogenic expansion with a donor template carrying a normal HRE repeat
size, thus providing further models to study the effects of HRE in the same genetic
background of the original mutant C9ORF72 iPSC (150,151).

In this project, to study DNA damage and DDR, we decided to first differentiate our
CI90RF72 iPSC lines into NSC before generating motor neurons, a process that is time-
consuming and expensive. iPSC-NSC have the advantage, compared to the pluripotent
iPSC, to be still multipotent, but already committed towards a neural phenotype, and can be
further differentiated into neurons and glial cells (152). We used the phosphorylated H2AX at
Ser 139 (YH2AX) as the most effective readout to detect the DNA breakage foci, indicative
of both the extent of DNA damage and the recruitment of proteins involved in DDR (153).
Our results showed that C9ORF72 mutation did not impact either on DNA damage at
physiological lever or on DDR after treatment with the genotoxic agent neocarzinostatin
(NCS) compared to wild-type cells. Of note, we observed a high percentage of both
CI90ORF72 and control iPSC-NSC positive for yH2AX in basal conditions (70-85%),
suggesting that these cells, although more committed towards a neuronal phenotype
compared to iPSC, still remain actively dividing stem cells that intrinsically undergo genomic
damages. This could also explain why iPSC-NSC require at least 8 hours to recover from
DNA damage induction and to recruit factors that mediate the resolution of the damage. We
hypothesize that the already compromised genomic stability in the highly-mitotic iPSC-NSC
could mask the possible effect of C9ORF72 mutation on DDR. To support this idea, a
previous study also reported that iPSC derived from an ALS C9ORF72 patient did not show
increased DNA damage, neither at basal condition nor after DNA damage induction with y-
irradiation, compared to iPSC derived from wild-type healthy individuals (82). Differences
emerged instead in differentiated iIPSC-MN, suggesting that post-mitotic and more
differentiated cells would be more vulnerable to DNA damage than the actively dividing iPSC
(82).

When we differentiated the three C9ORF72 and the two wild-type iPSC lines into motor
neurons using a modified protocol from Amoroso et al (143) for 34 days (day 13 from EB
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dissociation), we, too, observed a higher extent of DNA damage in C9ORF72 iPSC-MN
compared to controls, confirming that C9ORF72 mutation confers susceptibility to an
increased genomic instability in post-mitotic neurons. However, both C9ORF72 and control
iPSC-MN were able to recover from the induced DNA damage after 6-hours rescue with no
differences between them. This result seems instead to be in contrast with the one
previously reported by Higelin et al where they found an impaired rescue of C9ORF72 iPSC-
MN 24 hours after the genotoxic y-radiation treatment compared to wild-type cells (82).

As ALS is an age-related disease, it is important to assess if DNA damage is also age-
dependent in vitro by using a differentiation protocol that mimics, as close as possible, the
motoneuronal aging process. Regarding this issue, Lopez-Gonzalez et al indeed observed
increased DNA damage levels in 4-months-old C9ORF72 iPSC-MN generated using a
modified protocol by Amoroso compared to control cells, while these differences were
absent in younger, 2-weeks old, iPSC-MN (81,143). However, by using another
differentiation protocol (154), Lopez-Gonzalez et al described the presence of a higher DNA
damage level in 2-months old C9ORF72 iPSC-MN, that was absent in 1-month old iPSC-
MN (81). Higelin et al (82) found similar results after 42 days of MN differentiation using
another modified protocol (155). Although the protocols used in all these articles and in our
experiments to obtain MN are different and therefore the time points can not be compared,
our 34-days old iPSC-MN could be still too young to see the effect elicited by C9ORF72
mutation on DNA repair mechanisms as observed by Higelin et al (82). We therefore cultured
CI90ORF72iPSC-MN for a longer time until day 56 (day 23 from EB dissociation) and at this
differentiation time we observed that, although C9ORF72 iPSC-MN were able to rescue the
induced DNA damage after 6 hours, they still presented a significant higher level of DNA
damage compared to control cells, suggesting that C9ORF72 mutation affects the ability of
aged iPSC-MN to respond efficiently to induced DNA damage.

A limitation we encountered in maintaining prolonged in vitro cultures is the propensity of
iPSC-MN to detach from the substrate, as they tend to fuse into large cell clusters with their
processes fasciculated and organized into well-defined bundles (156). To further assess if
aging is an importan factor in DDR, different methods that ameliorate iPSC-MN survival in
vitro are now available, such as the use of dendritic polyglycerol amine (dPGA)-coated
dishes as a substrate for culturing iPSC-MN(156) or the establishment of co-cultures with
Schwann cells, that can release trophic factors ameliorating MN viability and axon growth
(157).
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Overall, we here report a detailed assessment of the impact of C9ORF72 mutation on
genomic integrity in patient-derived iPSC and iPSC-motoneurons based on yH2AX
measurements as effective readout to detect DNA damage and DDR. We, however, plan to
confirm our data investigating other DNA damage markers such as p-ATM, p-ATR and BP53
and to also elucidate if different DDR downstream pathways are affected by C9ORF72
mutation.

During my 3-months internship in the USA, | studied if modulation of F-actin cytoskeleton
dynamics might mediate and influence DNA damage and DDR. For this purpose, | used one
CI90ORF72 and one isogenic wild-type i3-iPSC lines already available in the host lab, that rely
on the i® system that has been recently developed (144). It consists in the stable integration
of the transcription factor Neurogenin 2 (NGNZ2) cassette into a safe-harbour site in the
genome by iPSC transfection. By inducing NGN2 expression by doxycycline, it is possible
to obtain iPSC-cortical neurons in a very efficient and rapid way in only 14 days compared
to 1-3 months of classical methods with a 100% culture purity (144).

For this reason, i3-iPSC technology seems to overcome many limitations of the available
protocols, making neuronal differentiation more standardized and implemented. However,
the NGN2 cassette needs to be inserted in each iPSC line to be studied and this can
represent a limit if handling several iPSC lines from different patients.

Previous work suggested an important effect of cytoskeleton alterations on nuclear activity
and structure, including DNA damage induction (107,158), but if these mechanisms occur
also in post-mitotic neurons is still unknown. We observed that both C9ORF72 and the
isogenic i3-cortical neurons (i>-CN) show a similar level of DNA damage at basal level, in
contrast to what occurs in iPSC-MN. For this reason, i>-CN represent a suitable model to
study the effects of F-actin modulation on DNA damage and DDR in the two C9ORF72
mutant and wild-type genetic backgrounds.

To modulate F-actin cytoskeleton, different kind of drugs were already used in literature.
Formin proteins and CK66 molecule mediate the polymerization of unbranched or branched
actin filaments by Arp2/3 induction or inhibition, respectively (159,160). Cytochalasin D and
Latrunculin toxins are produces by fungi and sponges to promote the depolymerization of F-
actin filaments (161). Rock inhibitor and Caliculin reduce or promote the interaction between
F-actin and myosin, respectively (162,163).

For our purposes, we decided to use the formin agonist Intramimic drug (IMMO1) and
Latrunculin B (LATRB) to study the effects of two opposing actin modifier drugs on DDR.
We observed that, while treatment of isogenic i>-CN with both drugs caused a similar
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increase of DNA damage, in C9ORF72i3-CN both drugs were ineffective in influencing DDR.
These data suggest that modulation of F-actin cytoskeleton may affect how the healthy
neuron is capable of responding to DNA damage, while in C9ORF72 i3-CN the actin
cytoskeleton may be already compromised and unable to respond to actin modifiers.

Of note, previous works have already demonstrated an alteration of the F-actin cytoskeleton
dynamics in patient-derived C9ORF72 fibroblasts and iPSC-neurons (103,104), but the
molecular mechanisms linking C9ORF72 mutation to actin cytoskeleton defects are
currently unknown. We here reinforced the evidence of an impaired F-actin cytoskeleton
dynamics linked to C9ORF72 mutation and DDR. We also found that F-actin remodeling
may influence chromatin remodeling by increasing H3K9me3 levels in both C9O0RF72 and
isogenic i3-CN. However, H3K9me3 is an epigenetic marker specifically associated with the
formation of heterochromatin and gene silencing at the periphery of the nucleus (164) so
that the study of other types of epigenetic markers will be necessary to understand the global
epigenetic changes in the chromatin induced by actin cytoskeleton remodeling.

We hypothesize that the LINC complex could represent the mechanistic connection between
actin cytoskeleton dynamics and nuclear changes, including DNA damage and chromatin
remodeling, because it physically interacts with the nuclear lamina and DNA from the
nucleoplasmic side and to the cytoskeleton on the cytoplasmic side (105). Future
experiments will aim at further investigating the role of this complex in the crosstalk between
cytoskeleton forces and nuclear alterations in C9ORF72 patient-derived iPSC-neurons.

In the third part of my work | tested the efficacy of a novel RNA-based therapeutic approach
to modulate the pathological transcript in C9ORF72 iPSC-MN. A personalized therapy in
CI90RF72 mutation carriers must target the HRE-containg transcripts and up to date some
antisense oligonucleotides (ASO) and small molecules have proven to be effective in in vitro
and in vivo disease models (95,127,137,138,142). Since the BIIBO78 ASO has been recently
withdrawn from phase Il clinical trial by Biogen and the WVE-004 trial is still ongoing,
effective therapeutic approaches are needed and the field is still open to research.

In 2012 the group of our collaborator Dr Franco Pagani (ICGEB, Trieste) optimized a novel
strategy to correct splicing defects based on modified U1 small nuclear RNA (U1 snRNA),
part of the small nuclear ribonucleoprotein particles (snRNP). These modified U1 snRNA
are designed to bind, by complementarity, to intronic sequences downstream the 5’ splice
site so to improve exon-intron definition and correct exon skipping caused by different types
of mutations (165). In more recent years, they applied this strategy to several diseases,
including spinal muscular atrophy, cystic fibrosis, Netherthon syndrome (a genodermatosis),
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haemophilia B and familial dysautonomia characterized by splicing defects (166—170). One
important aspect of this U1 snRNA molecules is represented by the possibility to insert the
modified U1 snRNA cassette (650 pb) into viral vectors, which are currently used in gene
therapy. AAV vectors, in particular, have long-lasting expression in post-mitotic cells
including motor neurons, and AAV9-U1s have already been shown to be effective and safe
in a mouse model of the motor neuron disease Spinal Muscle Atrophy (171,172).

In collaboration with Dr Franco Pagani we therefore proposed to use the modified U1 snRNA
as an alternative therapeutic strategy for C9ORF72 pathology in ALS/FTD patients. U1
snRNA have been designed to identify and directly bind the C9ORF72 repeat sequence in
the pre-mRNA by means of their engineered 5’ tail. In particular, the U1C and U1G snRNA
were generated to bind the C9ORF72 pre-mRNA 4 nucleotides before the HRE with two
different binding efficiencies. In this condition, the U1 snRNA were hypothesized to act, not
as splicing promoting factors, but more like ASO, favoring the degradation of the nascent
pathological transcripts.

Our pilot results in HEK293T cells expressing the pathological HRE showed that both U1C
and U1G constructs lead to a significant decrease in both the number of CO9ORF72 RNA
foci and DPR formation. Using iPSC-MN from a C9ORF72 patient carrying 1200 repeat
units, we obtained very promising results about the ability of U1 snRNA to reduce RNA foci
formation. Many groups are currently using the quantification of RNA foci number as the
most effective readout to evaluate the effectiveness of gene targeting therapies (127,138).
However, it is to be kept in mind that RNA foci formation has never been correlated to a
worse clinical phenotype in C9ORF72 patient’s tissue or cells, supporting the observation
that the gain of function mechanism by toxic RNA aggregation does not exclusively cause
the pathology (43). For this reason and to further confirm our results, we plan to further test
the efficacy of U1 snRNA in other patient-derived C9ORF72 iPSC already available in the
lab and carrying different HRE length. Moreover, the measurement of the dipeptide proteins
polyGP by Meso Scale Discovery (MSD) assay, optimized in Prof. Petruccelli’s lab, will allow
us to assess U1 snRNA efficacy on reducing also RAN translation in iPSC-MN. We will also
evaluate the possible genome-wide off-target effects of U1 snRNA by RNA seq analysis.
We do not expect widespread effects on gene expression also because the group of Dr
Pagani has previously assessed the specificity of modified U1 snRNA for SMN2 gene
splicing in mouse spinal cord (173) and in human cells (172), where they found altered
expression of only few genes. Overall, we believe that the results we obtained in C9ORF72
iPSC-MN are promising and that this novel therapeutic strategy has the potential to
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counteract the main defects associated to C9ORF72 HRE in ALS and FTD patients with
long-lasting effects.

In the last part of my work | established a new iPSC line derived from a HSP patient carrying
a novel mutation in the N-terminal domain of KIF6A gene, found by a targeted NGS
screening conducted by the group of our collaborator Dr Franco Taroni (Istituto Neurologico
Carlo Besta, Milan) to identify new variants in a large cohort of patients with
neurodegenerative and neurodevelopmental disorders. The purpose of this part of my thesis
was to investigate the mechanisms whereby KIF5A gene variants in the cargo binding C-
terminal or in the motor N-terminal protein domains cause different neurodegenerative
diseases, ALS and HSP, respectively. For this reason, we also aim to obtain iPSC carrying
KIF5A mutations in the C-terminal cargo-binding domain derived from ALS patients or, if not
available, from wild-type iPSC in which the KIF5A mutation will be introduced by
CRISPR/Cas9 technology as described by Baron et al (60). Indeed, for my PhD project |
have already gene-edited the iPSC line carrying the novel KIF5A p.R17Q varinat to both
correct the mutation into a wild-type sequence (isogenic) and to create a loss-of-function
mutation (lof) using recombinant Cas9 protein and specific RNA guides.

When we differentiated the three iPSC lines obtained into MN, we observed a similar
differentiation efficiency. However, preliminary semi-quantitative RT-PCR results seem to
suggest a reduced ChAT mRNA level in KIF5A lof iPSC-MN, even if more analysis will be
necessary to confirm these data. Previous findings showed a remarkable decrease of
axonal and dendrites outgrowth and of axonal branches number in motor neurons from
KIF5A knock-out mice, but not in heterozygous KIF5A +/— motor neurons (64). Therefore,
further analysis will be necessary to assess if KIFSA protein content is important for neuronal
differentiation and maintenance of neuronal functions in human motor neurons.

KIF5A p.R17Q is a novel mutation mapping in the ATP-binding domain and whether it
causes HSP by a loss of function or a dominant negative mechanism is unknown. To assess
if the allelic p.R17Q and lof mutations could impair the ability of KIF5A protein to be correctly
processed and matured, we preliminarily analysed KIF5A protein content by western blot in
iPSC-MN. Our results showed that KIF5A protein level is not changed in p.R17Q iPSC-MN,
suggesting that the mutation does not cause any degradation of the protein. However, to
better evaluate KIF5A protein stability, we plan to perform the cycloheximide chase assay
which allows to evaluate KIF5A protein levels at different time points from protein synthesis
inhibition.
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There is large body of evidence that mitochondrial abnormalities are among the primary cell
defects underlying both ALS and HSP, and it is known that KIF5A is involved in the
anterograde transport of mitochondria mainly via the adaptor Milton-Miro complex, as
previously showed in Drosophila and zebrafish models (63,174). Interestingly, motor
neurons from KIF5A knock-out mice display mitochondrial axonal transport deficits and
reduced survival (64). Defects in mitochondrial morphology are already linked to HSP
disease (175) and they correlate with mitochondrial dynamics events of fusion and fission
(146). Therefore, we investigated the impact of KIF6A mutation on mitochondria
morphology, density and velocity. When we analysed mitochondrial aspect ratio (AR;
width/height), a commonly used quantitative parameter of mitochondrial dynamics, our
results showed an increased AR value in both KIF5A p.R17Q and lof iPSC-MN, indicating
more elongated mitochondria and a likely unbalance between fusion and fission
mechanisms in favor of fusion.

The analysis of the mitochondrial density showed a trend to an increased mitochondrial
density near the soma in both KIF5A p.R17Q and lof iPSC-MN compared to wild-type
isogenic iPSC-MN. The possible accumulation of mitochondria in the proximity of cell soma
could indicate an impaired transport of mitochondria mediated by the mutant KIF5A,
suggesting a loss of function mechanism also for the missense p.R17Q variant. Indeed, this
result is supported by the evidence that deficiency in KIFSA expression correlates with an
accumulation of phosphorylated neurofilaments and amyloid precursor protein in the
neuronal cell bodies of patients with multiple sclerosis (176). We also evaluated if the
neuronal distribution of the N-terminal mutant KIF5A reflected the high mitochondrial density
near the cell soma and we observed a similar localization of the mutant KIF5A both nearby
the cell soma and along neurites compared to the isogenic iPSC-MN.

Conversely, it has recently reported that N2A cells overexpressing C-term mutant KIF5A
displayed an increased accumulation of KIF5A within distal neurites compared to wild-type
KIF5A, indicating that ALS-mutant KIF5A results in a hyperactive kinesin motor protein
conferring a toxic gain of function (60). The Authors further confirmed this hypothesis
showing a higher percentage of moving mitochondria and an increased anterograde, but not
retrograde, velocity in cells overexpressing the C-term mutant versus the wild-type (60).
Mutation in the N-term domain of KIF5A gene (N256S) have instead been associated to a
defective anterograde and retrograde flux of mitochondria, but not to a different
mitochondrial velocity compared to wild-type KIF5A in a Drosophila model (123). Also,
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studies conducted in heterozygous KIF5A mice did not show significant difference in the
mean mitochondrial velocity compared to wild-type mice (64).

We conducted time-lapse live imaging assays to assess mitochondria velocity and we did
not find any difference in the three iPSC-MN lines although further replicates are needed to
confirm these data (n=1). To better characterize the functional effects of mutant KIF5A, we
also plan to differentiate KIF5A iPSC into iPSC-MN using microfluidic devices that are
already exploited to properly track trafficking of several cargoes along axons, such as
lysosomes, and/or to study axonal degeneration (177,178). Given that KIF5A is involved in
the transport of multiple RNA-binding proteins (179), we will also analyze TDP-43 and other
RNA-binding proteins (i.e. FMRP, SFPQ, HnRNPA1) movement along axons.

The generation and functional characterization of iPSC-MN from an HSP patient carrying
this novel mutation in the N-terminal KIFS5A domain certainly represents a personalized
approach to disease modelling to help elucidate the different KIF5A-related
pathomechanisms leading to ALS or HSP.

In conclusion, the results obtained in my PhD work strongly support the use of patient-
derived iPSC and iPSC-MN as suitable in vitro platforms to model C9ORF72 and KIF5A-
related pathogenetic mechanisms in ALS disease and to test the efficacy of a novel
therapeutic strategy, based on engineered U1 snRNA, to counteract C9ORF72 pathology in
ALS/FTD patients.
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A. Ratti, V. Silani

12. 33" INTERNATIONAL SYMPOSIUM ON ALS/MND, Virtual, 6-9/12/2022

“Characterization of iPSC-motoneurons from a HSP patient with a novel mutation in KIF5A N-
terminal region”

S. Santangelo, P. Bossolasco, C. Fallini, S. Magri, M. Bertocchi, S. Invernizzi, D. Di Bella, D.
Bardelli, C. Colombrita, V. Silani, F. Taroni, A. Ratti

2. Publications on journals

“Generation of five induced pluripotent stem cells lines from four members of the same family
carrying a C9orf72 repeat expansion and one wild-type member”. Stem Cell Research, 2022.
Chiara Lattuada; Serena Santangelo; Silvia Peverelli; Philip McGoldrick; Ekaterina Rogaeva;
Lorne Zinman,; Georg Haase, Vincent Géli; Vincenzo Silani; Janice Robertson; Antonia Ratti.
https://doi.org/10.1016/j.scr.2022.102998

“Generation of an iPSC line from a patient with spastic paraplegia type 10 carrying a novel
mutation in KIF5A gene”. Stem Cell Research, 2022.
Serena Santangelo; Patrizia Bossolasco,; Stefania Magri; Claudia Colombrita; Sabrina
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Invernizzi; Cinzia Gellera; Lorenzo Nanetti; Daniela Di Bella; Vincenzo Silani; Franco Taroni,
Antonia Ratti. https://doi.org/10.1016/j.scr.2022.103008

Under review

“Association of APOE genotype and CSF A and tau biomarkers with cognitive and motor
phenotype in ALS”. Brain, 2022.

Maranzano, Alessio; Verde, Federico; Dubini, Antonella; Torre, Silvia; Colombo, Eleonora; Doretti,
Alberto; Gentile, Francesco; Manini, Arianna; Milone, llaria; Brusati, Alberto; Peverelli, Silvia;
Santangelo, Serena; Torresani, Erminio; Gentilini, Davide; Messina, Stefano; Morelli, Claudia;
Poletti, Barbara; Ratti, Antonia; Silani, Vincenzo; Ticozzi, Nicola

3. Lay summary

Amyotrophic Lateral Sclerosis (ALS) is an incurable and adult-onset neurodegenerative
disease characterized by the loss of motor neurons, leading to a progressive and severe
muscular atrophy with rapid death for respiratory failure.

The study of ALS has always been hampered by the lack of suitable experimental models
to study disease mechanisms. The recent possibility to obtain induced pluripotent stem cells
(iPSC) directly from patients’ blood or biopsies has revolutionized the study of
neurodegenerative disorders because iPSC can be differentiated into any kind of cell,
including motor neurons and glial cells, and used to generate brain organoids.

My research provides evidence that patient-derived iPSC carrying different genetic
mutations represent suitable platforms to study the disease and to test new potential
therapeutic approaches for ALS treatment.

La sclerosi laterale amiotrofica (SLA) € una malattia neurodegenerativa incurabile dell’eta
adulta, che causa la perdita dei neuroni motori e porta a progressiva paralisi e atrofia
muscolare, culminante con la morte per arresto respiratorio. Lo studio della SLA € da
sempre stato ostacolato dalla mancanza di modelli sperimentali che potessero mimare in
modo adeguato i meccanismi alla base della malattia.

La recente possibilita di generare cellule staminali pluripotenti indotte (iPSC) direttamente
da sangue o da biopsie cutanee del paziente ha rivoluzionato lo studio delle malattie
neurodegenerative poiché le iPSC possono essere differenziate in qualsiasi tipo cellulare,
inclusi i neuroni motori e cellule gliali, e anche usate per ottenere organoidi cerebrali.

Il mio lavoro di ricerca dimostra che queste cellule derivate da paziente rappresentano una
piattaforma efficace per studiare in modo efficace la SLA in vitro e per testare nuovi
potenziali approcci terapeutici per la cura della malattia.
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Generation of an iPSC line from a patient with spastic paraplegia type 10 [’
carrying a novel mutation in KIF5A gene

Serena Santangelo &b patrizia Bossolasco ", Stefania Magri ©, Claudia Colombrita b

Sabrina Invernizzi °, Cinzia Gellera ®, Lorenzo Nanetti ©, Daniela Di Bella®, Vincenzo Silani ¢,
Franco Taroni®, Antonia Ratti

a,b,*

d

@ Department of Medical Biotechnology and Translational Medicine, Universita degli Studi di Milano, Milan, Italy

Y Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, Milan, Ttaly

€ Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto Neurologico Carlo Besta, Milan, Italy

d Department of Pathophysiology and Transplantation, “Dino Ferrari” Center, Universita degli Studi di Milano, Milan, Italy

ABSTRACT

We generated an iPSC line from a patient with spastic paraplegia type 10 (SPG10) carrying the novel missense variant ¢.50G > A (p.R17Q) in the N-terminal motor
domain of the kinesin family member 5A (KIF5A) gene.

This patient-derived in vitro cell model will help to investigate the role of different KIF5A mutations in inducing neurodegeneration in spastic paraplegia and in
other KIF5A-related disorders, including Charcot-Marie-Tooth type 2 (CMT2) and amyotrophic lateral sclerosis (ALS).

Resource table

Unique stem cell line identifier
Alternative name(s) of stem cell line
Institution

Contact information of distributor

Type of cell line

Origin

Additional origin info required for
human ESC or iPSC

Cell Source
Clonality
Method of reprogramming

Genetic Modification

Type of Genetic Modification

Evidence of the reprogramming
transgene loss (including genomic
copy if applicable)

Associated disease

Gene/locus

Date archived/stock date
Cell line repository/bank

* Corresponding author.

1AIi010-A

KIF5A_C3

IRCCS Istituto Auxologico Italiano,
Milan, Italy

Antonia Ratti, antonia.ratti@unimi.it
iPSC

Human

Ethnicity: Caucasian

Age: 79

Sex: Female

Skin fibroblasts

Clonal

CytoTune iPS 2.0 Sendai Reprogramming
Kit

NO

N/A

RT-PCR

Autosomal dominant Spastic Paraplegia
type 10 (SGP10)

KIF5A, chromosome 12q13.13
NM_004984.3: ¢.50G > A (p.R17Q)
October 2022

(continued on next column)

E-mail address: antonia.ratti@unimi.it (A. Ratti).

https://doi.org/10.1016/j.scr.2022.103008
Received 18 November 2022; Accepted 19 December 2022

Available online 21 December 2022

Resource table (continued)

https://hpscreg.eu/user/cellline/edit/
IAIi010-A

Ethical committee Regione Lombardia,
sezione Fondazione IRCCS Istituto
Neurologico “Carlo Besta”, Milan, Italy,
Approval n.64

Ethical approval

1. Resource utility

Allelic mutations in KIF5A gene are associated to different neuro-
degenerative disorders, such as spastic paraplegia type 10 (SPG10),
axonal Charcot-Marie-Tooth type 2 (CMT2), and amyotrophic lateral
sclerosis (ALS) as well as to neonatal intractable myoclonus (NEIMY)
with distinct mutational hotspots.

We generated an iPSC line from a SPG10 individual carrying the
novel missense mutation p.R17Q (c.50G > A) in KIF5A protein motor
domain.

This iPSC line represents a new in vitro disease model to elucidate,
upon differentiation into motoneurons, the pathomechanisms associated
with KIF5A mutations.

1873-5061/© 2022 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2. Resource details

The kinesin family member 5A (KIF5A) gene encodes for the heavy
chain of the kinesin motor protein involved in the anterograde transport
of synaptic vesicles, RNA granules, mitochondria and neurofilaments
along dendrites and axons in neurons.

KIF5A forms a dimer of identical heavy chains which associate with 2
identical 60-70-kDa light chains. The KIF5A heavy chain contains 3

B
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KIF5A iPSCs
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domains: an N-terminal globular domain (motor domain), a long alpha-
helical coiled coil domain (stalk domain), and a small C-terminal glob-
ular domain (cargo domain).

Interestingly, KIF5A missense mutations in the N-terminal motor
domain have been linked to SPG10 and CMT2 (Reid et al., 2002), loss-of-
function variants in the C-terminal cargo-binding domain to ALS (Nic-
olas et al., 2018; Brenner et al., 2018 Mar), while C-terminal variants
with a dominant-negative effect to the neurodevelopmental disorder
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Fig. 1. Characterization of the generated iPSc line.
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NEIMY (Duis et al., 2016).

The establishment of in vitro models to study KIF5A-related disorders
is essential to understand the exact mechanisms whereby KIF5A allelic
variants lead to neurodegeneration and cause different clinical
phenotypes.

A targeted mutational screening of patients with hereditary spastic
paraplegia allowed to identify a novel heterozygous missense variant
(c.50G > A, p.R17Q) in the ATP-binding motor domain of KIF5A at the
N-terminal region.

We isolated skin fibroblasts from the mutant SPG10 patient which
were then reprogrammed into iPSC (IAIi010-A) using the Cytotune™-
iPS 2.0 Sendai Reprogramming kit (ThermoFisher Scientific). The clonal
iPSC colonies were isolated and, after expansion in E8 medium, they
showed the typical stem cell morphology (Fig. 1A) and a normal kar-
yotype (46, XX) at G-banding analysis (Fig. 1B).

We evaluated their pluripotency status by the expression of OCT3/4,
SOX2 and NANOG by Q-PCR (Fig. 1C) and of OCT3/4, AP (Alkaline
Phosphatase), SOX2, SSEA-4 and TRA-1-60 pluripotency markers by
immunofluorescence staining (Fig. 1D).

Sanger sequencing confirmed the presence of the heterozygous c.50
G > A mutation in KIF5A exon 1 both in the SPG10 patient’s fibroblasts
and in the derivative iPSC line (Fig. 1E). Perfect matching with the
original fibroblasts was also assessed by genotyping 22 different STRs
(short tandem repeats) (data available on request).

Absence of the Sendai vector transcripts (Klf4, Kos, c-Myc, and Sev)
was confirmed by semi-quantitative RT-PCR (Fig. 1F).

The ability of this iPSC line to spontaneously differentiate into de-
rivatives of the three germ layers was assessed by in vitro embryoid body
(EB) formation and immunofluorescence staining for specific markers:
a-fetoprotein (AFP; endoderm), Desmin (mesoderm) and PIII-tubulin
(ectoderm) (Fig. 1G).

The generated iPSC line tested negative for Mycoplasma infection
(Supplementary Fig. 1).

The complete characterization is summarized in Table 1.

3. Materials and methods
3.1. Fibroblast reprogramming

Primary fibroblasts were obtained from skin biopsy and reprog-
ramming was performed within the fifth passage in vitro. iPSCs were
obtained using the CytoTune®-iPS 2.0 Sendai Reprogramming Kit
(Thermo Fisher Scientific) following manufacturer’s instructions.

Briefly, 24 h after transduction, the fibroblast cell medium was
replaced with fresh medium and cells were then cultured for 6 more
days, replacing the medium every other day. At day 7, fibroblasts were
plated in fresh fibroblast medium into 6-well plate pre-coated with
hESC-Qualified Matrix (Corning). At day 8, the medium was replaced
with Essential 8 medium (Thermo Fisher) until emerging colonies
reached a suitable size to be manually picked. Colonies were grown at
37 °C, 5 % CO2 and splitted 1:10 using 0.5 mM EDTA solution.

3.2. Karyotyping

Standard cytogenetic procedures were used to analyse iPSC karyo-
type. Following overnight addition of Colcemid solution (KaryoMAX™,
Thermo Fisher Scientific), chromosome analysis was achieved by Q-
Band staining.

3.3. Immunocytochemistry

iPSCs cultured on glass coverslips were fixed in 4 % para-
formaldehyde for 20 min and permeabilized with 0.3 % Triton X-100
(Sigma-Aldrich) for 10 min at room temperature. Cells were then incu-
bated for 20 min in 10 % normal goat serum (NGS)(Gibco) in PBS and
primary antibodies were added for 90 min at 37 °C.

Stem Cell Research 66 (2023) 103008

Table 1

Characterization and validation.
Classification Test Result Data
Morphology Brightfield image Typical human Fig. 1A

pluripotent stem
cell colony

morphology
Phenotype Qualitative analysis by Expression of Fig. 1D
immunocytochemistry pluripotency
markers: OCT3/4,
Alkaline
Phosphatase,
SOX2, SSEA-4,
TRA-1-60
Quantitative analysis by Expression of Fig. 1C
Q-PCR pluripotency
markers: OCT3/4,
SOX2, NANOG
Genotype Karyotype (Q-banding) 46, XX Fig. 1B
and resolution
Identity 22 STR analyzed Available
with 22 perfect from the
matches Authors
STR analysis
Mutation Sanger sequencing Heterozygous Fig. 1E
analysis mutation
NM_004984.3:
c.50G > A (p.
R17Q) in KIF5A
Southern Blot OR WGS N/A N/A
Microbiology Mycoplasma Mycoplasma Suppl.
and virology testing by PCR: Fig. 1
Negative
Differentiation Embryoid body-derived Expression of Fig. 1G
potential germ layers specific markers:
endoderm (AFP),
mesoderm
(Desmin) and
ectoderm (BIII-
Tubulin)
List of Expression of specific Positivity for the Fig. 1G
recommended germ layers markers by AFP (endoderm),
germ layer Immunofluorescence Desmin
markers (mesoderm) and
BII-Tubulin
(ectoderm)
markers
Donor screening HIV 1 + 2 Hepatitis B, N/A N/A
(OPTIONAL) Hepatitis C
Genotype Blood group genotyping N/A N/A
additional info  HLA tissue typing N/A N/A
(OPTIONAL)

After two washes with 10 % NGS/PBS, cells were stained with sec-
ondary antibodies. Nuclei were stained using DAPI (Sigma-Aldrich) and
images acquired with a confocal microscope Nikon Eclipse Ti using a
60x oil-immersion objective. All the antibodies used are listed in Table 2.

3.4. In vitro spontaneous differentiation

Embryoid bodies (EBs) were generated by suspending iPSC in low-
adhesion plates in HuES medium (DMEM/F12, NEAA, KSR, Gluta-
mine, Pen/Strep, f-mercaptoethanol). After 7 days, EBs were plated on
Matrigel-coated (Corning) coverslips and grown in Essential 8 medium
for additional 10 days. Expression of the three-germ layer-specific
markers was evaluated by immunofluorescence (Table 2).

3.5. Quantitative PCR (Q-PCR)

Total RNA was isolated with the TRIzol reagent (Invitrogen) and
reversed transcribed using SuperScript II reverse transcriptase (Invi-
trogen). Q-PCR was performed using SYBRGreen reaction mix
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Table 2
Reagents details.

Stem Cell Research 66 (2023) 103008

Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Pluripotency Markers Mouse anti-Alkaline Phosphatase (AP) 1:250 Abcam RRID: AB_10862036
cat# ab-108337
Mouse anti-SSEA-4 1:100 Invitrogen RRID: AB 657847
14-8843-80
Mouse anti-TRA-1-60 1:125 Invitrogen RRID: AB 891612
14-8863-80
Mouse anti-OCT-3/4 1:200 Santa Cruz Biotechnology RRID: AB_628051
cat#sc-5279
Rabbit anti-SOX2 1:70 Abcam RRID: AB 443255
cat#ab15830
Differentiation Markers Rabbit anti-pIII-Tubulin 1:500 Abcam RRID: AB 869991
cat#ab-52623
Rabbit anti-Desmin 1:10 Chemicon Millipore RRID: AB 2092609
cat#AB907
Mouse anti-Alpha-fetoprotein (AFP) 1:125 Invitrogen RRID: AB 2865213
cat#14-6583-80
e.g. Secondary antibodies Alexa FluorTM 488 goat anti-mouse IgG (H + L) 1:500 Life Technologies RRID: AB_2534069
cat# A-11001
Alexa FluorTM 555 goat anti-mouse IgG (H + L) 1:500 Life Technologies RRID: AB 2535844
cat#A21422
Alexa FluorTM 555 goat anti-rabbit IgG (H + L) 1.500 Life Technologies RRID: AB_2535849
cat# A-21428
Nuclear stain 4/,6-diamidino-2-phenylindole, dihydrochloride (DAPI) 2 ug/mL Sigma-Aldrich
D9542
Primers
Target Size of band Forward/Reverse primer (5’-3')
Pluripotency Markers (QPCR) OCT3/4 81 bp Fwd: AGTGCCCGAAACCCACACTG
Rev: CCACACTCGGACCACATCCT
SOX2 151 bp Fwd: GGGAAATGGGAGGGGTGCAAAAGAGG
Rev: CACCAATCCCATCCACACTCACGCAA
NANOG 154 bp Fwd: TGAACCTCAGCTACAAACAG
Rev: TGGTGGTAGGAAGAGTAAAG
House-Keeping Genes (Q-PCR) RPL10a 51 bp Fwd: GAAGAAGGTGTTATGTCTGG
Rev: TCTGTCATCTTCACGTGAC
Sendai virus detection (RT-PCR) Kif4 528 bp Fwd: TTCCTGCATGCCAGAGGAGCCC
Rev: AATGTATCGAAGGTGCTCAA
Kos 410 bp Fwd: ATGCACCGCTACGACGTGAGCGC
Rev: ACCTTGACAATCCTGATGTGG
c-Myc 532 bp Fwd: TAACTGACTAGCAGGCTTGTCG
Rev: TCCACATACAGTCCTGGATGATGATG
Sev 181 bp Fwd: GGATCACTAGGTGATATCGAGC
Rev: ACCAGACAAGAGTTTAAGAGATATGTATC
RPL10a 228 bp Fwd: CAAGAAGCTGGCCAAGAAGTATG
Rev: TCTGTCATCTTCACGTGAC
Genotyping 22 STRs (CyberGene AB kit) N/A N/A
Targeted mutation analysis/sequencing KIF5A 370 bp Fwd: CAGAGACTGAGCACCTGTCCTCC

Rev: GGGGAAGAGGATGAAGGATGAGC

(ThermoFisher Scientific) and specific primer pairs (Table 2) using
QuantStudio 12 k Flex instrument (Applied Biosystems). Target gene
expression data (Ct) were normalized to RPL10a gene Ct values (ACt)
and fold change was calculated as 244,

3.6. Sanger sequencing

Genomic DNA was extracted using the Wizard® Genomic DNA Pu-
rification Kit (Promega) and amplified by PCR using specific primer
pairs (Table 2). Amplicons were sequenced with BigDye Terminator v3.1
Cycle Sequencing Kit on an ABI 3500 Genetic Analyzer (Applied
Biosystems).

3.7. STR analysis

The genetic STR profile was obtained using ChromoQuant Super-
STaR Optima QF-PCR Kit (CyberGene AB) detecting 22 STR loci ac-
cording to the manufacturer’s instructions. Amplicons were run on ABI

Prism 3500 Genetic Analyzer and fragment lengths determined by Gene
Mapper v.4 software (Applied Biosystems).

3.8. Mycoplasma detection

Mycoplasma test was performed using the N-GARDE Mycoplasma
Detection PCR Kit (Euroclone) following the manufacturer’s in-
structions. Amplicons were run on 1.5 % agarose gel together with
positive and negative control samples.

Resource table.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.



S. Santangelo et al.

Acknowledgments

This work was financially supported by the Italian Ministry of Health
(Grant RF-2018-12367768 and RRC 2022).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scr.2022.103008.

Stem Cell Research 66 (2023) 103008
References

Aude Nicolas, A., Kenna, Kevin P., Renton, Alan E., et al., 2018 Mar 21. Genome-wide
analyses identify KIF5A as a novel ALS gene. Neuron 97 (6), 1268-1283.e6. https://
doi.org/10.1016/j.neuron.2018.02.027.

Brenner, David, Yilmaz, Riistem, Miiller, Kathrin, et al., 2018 Mar. Hot-spot KIF5A
mutations cause familiar ALS. Brain 141 (3), 668-697. https://doi.org/10.1093/
brain/awx370.

Duis, Jessica, Dean, Shannon, Applegate, Carolyn, et al., 2016 Oct. KIF5A mutations
cause an infantile onset phenotype including severe myoclonus with evidence of
mitochondrial dysfunction. Ann. Neurol. 80 (4), 633-637. https://doi.org/10.1002/
ana.24744.

Reid, Evan, Kloos, Mark, Ashley-Koch, Allison, Hughes, Lori, et al., 2002 Nov. A Kinesin
Heavy Chain (KIF5A) Mutation in Hereditary Spastic Paraplegia (SPG10). Am. J.
Hum. Genet. 71 (5), 1189-1194. https://doi.org/10.1086/344210. Epub 2002 Sep
24,


https://doi.org/10.1016/j.scr.2022.103008
https://doi.org/10.1016/j.scr.2022.103008
https://doi.org/10.1016/j.neuron.2018.02.027
https://doi.org/10.1016/j.neuron.2018.02.027
https://doi.org/10.1093/brain/awx370
https://doi.org/10.1093/brain/awx370
https://doi.org/10.1002/ana.24744
https://doi.org/10.1002/ana.24744
https://doi.org/10.1086/344210

Stem Cell Research 66 (2023) 102998

Contents lists available at ScienceDirect £ gTEM CE,LL:

Stem Cell Research

s =
ELSEVIER journal homepage: www.elsevier.com/locate/scr

Lab Resource: Multiple Cell Lines ' :.)

Check for

Generation of five induced pluripotent stem cells lines from four members [
of the same family carrying a C9orf72 repeat expansion and one
wild-type member

Chiara Lattuada ®, Serena Santangelo *”, Silvia Peverelli *, Philip McGoldrick ©,
Ekaterina Rogaeva ¢, Lorne Zinman “, Georg Haase °, Vincent Géli ! Vincenzo Silani *,
Janice Robertson ¢, Antonia Ratti ™', Patrizia Bossolasco ™"

@ Department of Neurology and Laboratory of Neuroscience, IRCCS Istituto Auxologico Italiano, Milan, Italy

Y Department of Medical Biotechnology and Translational Medicine, Universita degli Studi di Milano, Milan, Ttaly

¢ Tanz Centre for Research in Neurodegenerative Diseases, University of Toronto, Canada

d Sunnybrook Health Sciences Centre, Toronto, Canada

€ MPATHY Laboratory, Institute of Systems Neuroscience, U1106 INSERM & Aix-Marseille University, Marseille, France

f Marseille Cancer Research Centre (CRCM), Inserm U1068, CNRS UMR7258, Institut Paoli-Calmettes, Aix-Marseille University, Marseille, France
8 “Dino Ferrari” Center, Department of Pathophysiology and Transplantation, Universita degli Studi di Milano, Milan, Italy

ABSTRACT

The most common genetic cause of Amyotrophic Lateral Sclerosis (ALS) is the expansion of a G4C2 hexanucleotide repeat in the C9orf72 gene. The size of the repeat
expansion is highly variable and a cut-off of 30 repeats has been suggested as the lower pathological limit. Repeat size variability has been observed intergenera-
tionally and intraindividually in tissues from different organs and within the same tissue, suggesting instability of the pathological repeat expansion. In order to study
this genomic instability, we established iPSCs from five members of the same family of which four carried a C9orf72 repeat expansion and one was wild-type.

continued
Resource Table: ( )
Unique stem cell lines identifier IAIi005-A (IALi007-A)
IATIi006-A , Age:57, Sex: FemaleEthnicity: Caucasian
TALi007-A (IAIi008-A)
IATi008-A , Age:51, Sex: FemaleEthnicity: Caucasian
TAII009-A (IAIi009-A)
Alternative name(s) of stem cell lines ~ AC52 (IAIi005-A)BC6 , Age:65, Sex: Female
(IALi006-A)CC5 Cell Source Fibroblasts
(TAIi007-A)DC2 Clonality Clonal
(1IAIi008-A)EC1 Method of reprogramming Sendai virus
(1AIi009-A) Genetic Modification No
Institution IRCCS Istituto Auxologico Italiano, Milan, Type of Genetic Modification N/A
Italy Evidence of the reprogramming RT-PCR
Contact information of distributor Patrizia Bossolasco, p. transgene 10.55 (including genomic
bossolasco@auxologico.it copy if applicable)
Type of cell lines iPsc Associated disease Amyotrophic lateral sclerosis (ALS)
Gene/locus C9orf72 gene/chromosome 9p21.2
Origin Human Date archived/stock date
Additional origin info required Ethnicity: Caucasian (IATi005-A), Age:89, Cell line repository/bank https://hpscreg.eu/cell-line/IAIi005-A
Sex: MaleEthnicity: Caucasian (IATi006-A) https://hpscreg.eu/cell-line/IATi006-A

, Age:65, Sex: FemaleEthnicity: Caucasian https://hpscreg.eu/cell-line/IAIi007-A

(continued on next column) (continued on next page)

* Corresponding author.
E-mail address: p.bossolasco@auxologico.it (P. Bossolasco).
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Ethical committee of IRCCS Istituto
Auxologico Italiano, approval number
2022031512

Ethical approval
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1. Resource utility

Hexanucleotide repeat expansions in C9orf72 cause ALS and Fron-
totemporal Dementia (FTD), two neurodegenerative diseases in a clin-
ical continuum. Generation of iPSCs from four individuals with different
repeat expansions and clinical history (3 ALS and 1 asymptomatic) and a
wild-type member of the same family will enable study of C9orf72-
related pathomechanisms.
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Fig. 1. Characterization of the five iPSC lines.
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2. Resource details

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative
disease affecting spinal, bulbar and cortical motor neurons and leading
to a progressive muscular atrophy with rapid death of patients, usually
due to respiratory failure. Expansion of the G4Cy hexanucleotide repeat
in the first intron of C9orf72 gene is the most common genetic cause of
ALS and Frontotemporal Dementia (FTD) (DeJesus-Hernandez and
Mackenzie, 2011; McGoldrick et al., 2018). The number of G4C; repeats
is polymorphic: 2-23 units in healthy subjects, but>30 to up to thou-
sands in ALS/FTD patients. The correlation between repeat expansion
length and disease severity or phenotype still needs to be fully clarified
in particular for small expansions (<100 repeats). Similarly, how these
expansions may have occurred by genome instability is still under
debate. We generated iPSCs lines from five members of the same
C9orf72 family (PED25) already described (Renton et al., 2011; Xi et al.,
2015). Previous Southern Blot analysis on both peripheral blood and
fibroblasts revealed a small expansion for the asymptomatic father
(AC52) (70 repeats), while the three daughters with ALS (BC6, CC5,
DC2) had a larger expansion (~1,750 repeats) and one unaffected
daughter (EC1) was wild-type (Renton et al., 2011; Xi et al., 2015).
Reprogramming was performed on fibroblasts of all these family mem-
bers using a non-integrating Sendai virus commercial kit. One clone
from each subject was fully characterized. All clones displayed an iPSC-
like morphology (Fig. 1A), were positive both by immunocytochemistry
(Fig. 1B) and qPCR (Fig. 1C) for the pluripotent markers Oct3/4, Nanog
and Sox2 and exhibited a normal karyotype (Fig. 1D). Short tandem
repeat (STR) analysis confirmed matching of all 22 STR markers be-
tween fibroblasts and iPSC, indicating cell identity. Maintenance of a
small repeat expansion (47 repeats) in iPSCs of the father, a larger
expansion in iPSCs of three ALS daughters and the absence of the
expansion in the wild-type daughter’s iPSCs was confirmed by Repeat-
primed PCR (Fig. 1E). Absence of Mycoplasma contamination was
verified by PCR (Suppl. Fig. 1). All clones were able to spontaneously
differentiate into the three germ layers in vitro as revealed by positivity
to specific markers by immunocytochemistry (endoderm: alpha-
fetoprotein (AFP); mesoderm: desmin; ectoderm: pIII Tubulin
(BIITub)) (Fig. 1F). Absence of Sendai vector transcripts (KIf4, KOS, c-
myc, and Sev) was confirmed by semi-quantitative RT-PCR (Fig. 1G and
Table 1).

In summary, we generated clonal cell lines from five members of the
same family, fulfilling all the criteria to be considered iPSCs and rep-
resenting a useful in vitro model to study genetic instability of the
C9orf72 repeat expansion. Indeed, in this family, the small repeat
expansion of the unaffected father jumped to a larger pathogenic length
in the three daughters presenting with ALS (Renton et al., 2011; Xi et al.,
2015).

3. Materials and methods
3.1. Fibroblast reprogramming

Fibroblasts from the five family members were obtained and prop-
agated as previously described (Renton et al., 2011). Fibroblasts below
passage six were frozen and shipped to the laboratory of Neurosciences
(Istituto Auxologico Italiano IRCCS, Italy) where they were reprog-
rammed using the CytoTune®-iPS 2.0 Sendai Reprogramming Kit
(Thermo Fisher Scientific). At day 7, transduced cells were harvested
and plated onto Matrigel (Corning) coated dishes. Medium was switched
to Essential 8 medium (Thermo Fisher Scientific) until emerging col-
onies reached a suitable size to be picked. Colonies were grown at 37 °C,
5 % CO2 and passaged 1:10 using 0.5 mM EDTA solution.

3.2. Stemness evaluation

Expression of stemness markers was evaluated by
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Bright field Normal Fig. 1A
Phenotype Qualitative analysis: Expression of the Fig. 1B
immunocytochemistry pluripotency
markers: Oct3/4,
Nanog, Sox2
Quantitative analysis: Expression of the Fig. 1C
qPCR pluripotency
markers: Oct3/4,
Nanog, Sox2
Genotype Karyotype (Q-banding) AC52: 46,XY Fig. 1D
and resolution BC6: 46,XX
CC5: 46,XX
DC2: 46,XX
EC1: 46,XX
Identity STR analysis 22 loci analyzed, Available
22 matched from the
authors
Mutation Sequencing Number of Fig. 1E
analysis (IF GGGGCC repeats
APPLICABLE) in C9orf72
AC52: 2/47
BC6: 2/> 145
CC5: 2/> 145
DC2: 2/> 145
EC1: 2/2
Southern Blot OR WGS Not performed
Microbiology Mycoplasma Venor®GeM Suppl.
and virology OneStep Fig. 1
Mycoplasma
detection: all
negative
Differentiation Embryoid body derived Expression of Fig. 1F
potential germ layers specific markers:
endoderm: AFP,
mesoderm:
desmin and
ectoderm: BIIITub
List of Expression of the markers ~ Expression of Fig. 1F
recommended has to be demonstrated at  specific markers:
germ layer mRNA (RT PCR) or endoderm: AFP,
markers protein (IF) levels, at least ~ mesoderm:
2 markers need to be desmin and
shown per germ layer ectoderm: BIIITub
Donor screening HIV 1 + 2 Hepatitis B, Not performed N/A
(OPTIONAL) Hepatitis C
Genotype Blood group genotyping Not performed N/A
additional info = HLA tissue typing Not performed N/A
(OPTIONAL)

immunocytochemistry and by qPCR. iPSCs grown for 6 passages on
coverslips were fixed in 4 % paraformaldehyde (Santa Cruz Biotech-
nology), permeabilized with 0.3 % Triton X-100 and incubated for 20
min in blocking buffer containing 10 % normal goat serum (Gibco) in
PBS. Cells were incubated with primary antibodies (Table 2) for 90 min
at 37 °C and then with fluorescently-labelled secondary antibodies
(Table 2) for 45 min at room temperature, both antibodies diluted in
blocking buffer. Nuclei were stained with DAPI (Sigma-Aldrich). Images
were acquired with Eclipse C1 confocal microscope and NIS-elements
software (Nikon). For qPCR, total RNA was extracted from iPSCs and
fibroblasts using TRIzol Reagent following manufacturer instructions
and reverse transcribed using SuperScript II reverse transcriptase.
Amplicons were obtained in duplicates with specific primer pairs
(Table 2) and SYBRGreen reaction mix (All from ThermoFisher Scien-
tific) using QuantStudio 12 k Flex instrument (Applied Biosystems).
Target gene expression data (Ct) were normalized to RPL10a gene Ct
values and fold change was calculated as 244,

3.3. Karyotyping

Standard cytogenetic procedures were used to analyse iPSC
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Table 2
Reagents details.
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Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Pluripotency marker Mouse anti-Oct-3/4 1:200 Santa Cruz Biotechnology cat#sc-5279 RRID:AB_628051
Rabbit anti-Nanog 1:200 Abcam cat#ab21624 RRID:AB_446437
Rabbit anti-Sox2 1:70 Abcam cat#ab15830 RRID:AB_443255
Differentiation Markers Rabbit anti-p III tubulin 1:500 Abcamcat#ab-52623 RRID:AB_869991
Rabbit anti-Desmin 1:10 Chemicon Milliporecat#AB907 RRID:AB_2092609
Mouse anti-Alpha-fetoprotein 1:125 Invitrogen cat#14-6583-80 RRID:AB_2865213
Secondary antibodies Alexa FluorTM 488 goat anti-mouse IgG (H-+L) 1:500 Life Technologies cat# A-11001 RRID:AB_2534069
Alexa FluorTM 488 goat anti-rabbit IgG 1:500 Life Technologiescat#A-11008 RRID:AB_143165
Alexa FluorTM 555 goat anti-rabbit IgG (H+L) 1:500 Life Technologies cat# A-21428 RRID:AB_2535849
Nuclear stain 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI) 2 pg/mL Sigma-Aldrich D9542
Primers
Target Size of band Forward/Reverse primer (5'-3")
Pluripotency Markers (q-PCR) Oct-04 81 bp Fwd: AGTGCCCGAAACCCACACTG
Rev: CCACACTCGGACCACATCCT
NANOG 154 bp Fwd: TGAACCTCAGCTACAAACAG
Rev: TGGTGGTAGGAAGAGTAAAG
SOX2 151 bp Fwd: GGGAAATGGGAGGGGTGCAAAAGAGG
Rev: CACCAATCCCATCCACACTCACGCAA
House-Keeping Genes (q-PCR) RPL10a 51 bp Fwd: GAAGAAGGTGTTATGTCTGG
Rev: TCTGTCATCTTCACGTGAC
Sendai virus detection (RT-PCR) KOS 528 bp Fwd: ATGCACCGCTACGACGTGAGCGC
Rev: ACCTTGACAATCCTGATGTGG
Kif4 410 bp Fwd: TTCCTGCATGCCAGAGGAGCCC
Sev 181 bp Rev: AATGTATCGAAGGTGCTCAA
c-myc 532 bp Fwd: TAACTGACTAGCAGGCTTGTCG
Rev: TCCACATACAGTCCTGGATGATGATG
Sev 181 bp Fwd: GGATCACTAGGTGATATCGAGC
Rev: ACCAGACAAGAGTTTAAGAGATATGTATC
RPL10a 228 bp Fwd: CAAGAAGCTGGCCAAGAAGTATG
Rev: TCTGTCATCTTCACGTGAC
Genotyping C9orf72 expansion From 129bp AmplideX® PCR/CE C9orf72 Kit - Asuragen
Targeted mutation analysis/sequencing Not performed N/A N/A

karyotype. Following overnight addition of Colcemid solution (Kar-
yoMAX™, Thermo Fisher Scientific), chromosome analysis was ach-
ieved by Q-Band staining.

3.4. STR analysis

Genomic DNA from the 5 iPSCs cell lines and from the parental fi-
broblasts was extracted using Wizard Genomic DNA Purification kit
(Promega). The genetic STR profile was obtained using ChromoQuant
SuperSTaR Optima QF-PCR Kit (CyberGene AB) detecting 22 STR loci
(mix solution 1) according to the manufacturer instructions. Amplicons
were run on ABI Prism 3500 (Applied Biosystems) and analyzed using
Gene Mapper v.4 software (Applied Biosystems).

3.5. Mutation analysis

The presence of the C9orf72 repeat expansion in iPSCs and fibro-
blasts was evaluated by Repeat-primed PCR using a commercial kit
(Asuragen). Amplicons were analyzed on ABI 3500 Genetic Analyzer
and by using Gene Mapper v.4 software. The kit allows detection of
repeat expansions up to 145 units.

3.6. Mycoplasma detection

Absence of mycoplasma contamination was evaluated by PCR using
a commercial Kit from Minerva biolabs.

3.7. Invitro spontaneous differentiation

To evaluate the spontaneous differentiation potential of iPSCs into
the three germ layers, we generated embryoid bodies (EBs) cultured on
low adhesion plates in for 7 days (HUES medium). EBs were seeded onto

Matrigel-coated plates in Essential 8 medium for an additional 10 days.
Immunocytochemical analysis were performed to evaluate the expres-
sion of mesodermal, ectodermal and endodermal specific markers
(Table 2).
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