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Introduction

1. Neurodegenerative diseases

Neurodegenerative diseases are age-related progressive disorders characterized by the loss of
neurons in specific regions of the human nervous system. Different disease phenotypes occur with
neuron loss depending on the neuronal population affected (Soto 2003). Although these diseases
have different clinical signs and symptoms, some similarities exist between them. This subset,
defined as “proteinopathies”, is characterized by the accumulation of specific proteins (Giacomelli,
Daniele et al. 2017). A common pathological hallmark is indeed the presence of inclusions derived
from the accumulation and deposition of misfolded proteins in neurons; aggregates can be nuclear,
cytoplasmic or extracellular. The classification of neurodegenerative disorders relies on the different
distribution of the aggregates within the brain, and the different composition of the aggregates
(table 1). Protein aggregation can result from a mutation in the sequence of the disease-related
protein, a genetic alteration that causes an elevation in the amounts of a protein, or can occur in
the absence of genetic alterations, perhaps triggered by environmental stress or aging (Ross and

Poirier 2005).

Inclusion bodies are frequent pathological features of neurodegenerative disorders; however, the
role of aggregation in the disease process is not fully understood. Many indirect lines of evidence
link aggregation to toxicity while other studies suggest that inclusion body formation might

represent a cellular protective response against misfolded proteins (Ross and Poirier 2005).

Based on their nature of inheritance, neurodegenerative diseases can be classified into two types:
idiopathic or sporadic when there is no definable pattern of inheritance, and familial. Genetic risk

factors as well as environmental factors are associated with the development of sporadic forms.

Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), Amyotrophic Lateral
Sclerosis (ALS) and Frontotemporal Dementia (FTD) are the best known neurodegenerative
diseases; tauopathies (e.g. Pick’s diseases, frontotemporal dementia with parkinsonism) and other
polyQ diseases (e.g. Spinocerebellar ataxia) and synucleopathies such as Dementia with Lewy Bodies

are also included in the category of neurodegeneration.



In each neurodegenerative disease, different neuronal populations are affected. Common factors
that are potential mediators of the disease process include: increased oxidative burden (reactive
oxygen species), impaired energy metabolism, lysosomal dysfunction, protein
aggregation/inclusion-body formation, inflammation, excitoxicity, necrosis and/or apoptosis

(Jellinger 2010).

Disease Affected brain Aggregating proteins Type of protein
regions deposits

Alzheimer’s  Disease | Cerebral cortex, Amyloid B (AB), tau Extracellular plaques,

(AD) hippocampus Intracellular tangles

Amyotrophic lateral Spinal cord, motor TDP-43, SOD1, FUS Intracellular

sclerosis (ALS) cortex, brain stem cytoplasmic inclusions

Huntington’s Disease | Striatum, cerebral Huntingtin Intracellular nuclear

(HD) cortex inclusions

Parkinson’s  Disease | Substantia nigra o - synuclein Intracellular

(PD) cytoplasmic inclusions
(Lewy bodies)

Spinocerebellar Cerebellum Ataxin-1, ataxin-2, Intracellular nuclear

ataxias (SCAs) ataxin-3, ataxin-7.. or cytoplasmic
inclusions

Table 1. Main neurodegenerative diseases characterized by deposition of aggregated proteins.

1.1. Amyotrophic lateral sclerosis

1.1.1. General overview

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease is a muscle wasting disease
that is characterized by the degeneration of upper motor neurons in the motor cortex and lower
motor neurons in the brain stem and anterior horn of the spinal cord (Robberecht and Philips 2013).
This disease was first described in 1869 by the neurologist Jean-Martin Charcot, and its name

reflects the degeneration and consequent hardening of the anterior and lateral corticospinal motor



neurons (“Lateral Sclerosis”) with secondary denervation of muscles, which progressively lose the
ability to contract leading to muscle wasting (“Amyotrophy”) (figure 1) (Rowland and Shneider

2001).

Amyotrophic Lateral Sclerosis (ALS)

L Nerve Cell

Normal

i / | Affected
Nerve Cell

ALS

Figure 1. Denervation of muscles due to motor neuron degeneration leads to muscle wasting.

Adapted from ALS Foundation

Degeneration of these neurons leads to typical symptoms of ALS such as progressive muscle
weakness, muscular atrophy, spasticity and fasciculations (Robberecht and Philips 2013). Any
voluntary muscle can be affected, however muscles responsible for eye movement and sphincter
control usually remain unaffected (van Es, Hardiman et al. 2017). ALS is a very heterogeneous
disease. Initial symptoms are different depending on the involvement of different sets of motor
neurons; in about two-thirds of ALS cases, lower motor neurons are the first to be affected (spinal-
onset), causing patients to develop weakness and atrophy of the limbs. On the other hand, when

the brainstem is involved (bulbar-onset), tongue atrophy followed by difficulty in swallowing
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(dysphagia) and speaking (dysarthria) are the first symptoms to appear (figure 2). However,
symptoms progressively spread to other body regions and eventually to respiratory muscles (Taylor,
Brown et al. 2016, Hardiman, Al-Chalabi et al. 2017). Most people die because of respiratory failure

typically after 3-5 years from the onset of the disease (Ajroud-Driss and Siddique 2015).

UPPER MOTOR
NEURONS

BRAINSTEM
BULBAR
LOWER
MOTOR
NEURONS

tongue

axon bundies
(nerves)

arm

!
muscie rib muscles
nvolved in

breathing

SPINAL

LOWER

MOTOR
NEURONS

leg muscle

Figure 2. ALS mechanism. Upper motor neurons send signals to lower motor neurons, which in turn

send signals to muscles. In ALS patients both upper and lower motor neuron are lost. Adapted from

MD’s ALS Division Publication.

Prefrontal and temporal lobes can also be affected in some forms of ALS; degeneration of neurons
in these areas of the brain results in frontal executive dysfunction in many patients. In fact, currently
at least 50% of patients with ALS show cognitive or behavioural dysfunction (ALS-Ci/Bi), and in
around 15% the cognitive impairment is severe enough to meet the criteria of FTD (ALS-FTD)

(Ringholz, Appel et al. 2005, Swinnen and Robberecht 2014).
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The age onset is usually between 55 and 65 years of age and the life expectancy is 2-5 years after
the diagnosis (Chio, Logroscino et al. 2013). ALS is diagnosed in approximately 2/100,000 people
each year in most of the countries, while the prevalence is about 5/100,000 individuals, which
reflects the rapid lethality of the disease (Logroscino, Traynor et al. 2010, Al-Chalabi and Hardiman
2013). In most population-based studies, ALS is found to be more common in men than in women

(Logroscino, Traynor et al. 2010, Huisman, de Jong et al. 2011).

1.1.2. Diagnosis

Diagnosing ALS is based on the El Escorial and Airlie House criteria (Brooks, Miller et al. 2000).
According to these criteria, ALS diagnosis requires progressive weakness spreading within a region
or to other regions, such as bulbar regions (affecting speech and swallowing), cervical regions
(affecting the upper limbs), thoracic regions (affecting the chest wall and abdominal muscles) or
lumbar regions (affecting the lower limbs). Moreover, the involvement of both lower motor neurons
(through the presence of specific symptoms or evidence of denervation on electromyography) and
upper motor neurons (through the presence of specific symptoms and brisk deep tendon reflexes)
has to be visible (Hardiman, Al-Chalabi et al. 2017). However, the absence of specific biomarkers,
the growing understanding of the extra-motor features of ALS and the presence of phenotypic
overlap with other neurodegenerative diseases can make ALS diagnosis extremely challenging (Al-

Chalabi, Hardiman et al. 2016).

1.1.3. Pathophysiology

The causes underlying cell death in ALS are still not fully understood. Several cellular and molecular
mechanisms are thought to be involved in motor neurons degeneration, such as mitochondrial
dysfunction (Muyderman and Chen 2014), hyperactivation of microglia (Lee, Hyeon et al. 2016),
impaired axonal transport (De Vos and Hafezparast 2017), defective protein degradation (Webster,

Smith et al. 2017) and aberrant RNA metabolism (Hardiman, Al-Chalabi et al. 2017). Glutamate-
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induced excitotoxicity has also been found to be involved in ALS pathogenesis (Van Damme, Dewil
et al. 2005), but the mechanism by which glutamate mediates motor neuron degeneration remains
unclear (Kiernan, Vucic et al. 2011) (figure 3). Even though multiple processes seem to be involved
in the pathogenesis of the disease, the main pathological hallmark is the abnormal accumulation of
protein aggregates, called inclusions, in the affected areas of the nervous system (Van Langenhove,
van der Zee et al. 2012, Blokhuis, Groen et al. 2013). Ubiquitin positive inclusions were first observed
in the degenerating motor neurons of ALS patients in 1988 (Leigh, Anderton et al. 1988). In 2006,
TDP-43 was discovered as the main component of inclusions in 97% of ALS cases (Arai, Hasegawa et

al. 2006, Neumann, Sampathu et al. 2006).
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Figure 3. Cellular and molecular mechanisms mediating neurodegeneration in ALS.

Adapted from Kiernan et al., 2014.

1.1.4. Familial and sporadic ALS

In 5-10% of patients with ALS a family history exists. In these cases, an inherited genetic mutation,
usually dominant, is responsible for the disease (familial ALS or fALS). In all the others (90-95%), the
disease is thought to be caused by environmental and genetic risk factors, such as smoking,

exposure to pesticides and organic toxins. This form is commonly known as sporadic ALS (Al-Chalabi
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and Hardiman 2013). Genome-wide association studies that have the objective of identifying
genetic variants associated with an increased or decreased risk for developing sporadic ALS have led
to the conclusion that also sporadic ALS can occur in presence of a genetic mutation although not

inherited (figure 4) (Renton, Chio et al. 2014).
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Figure 4. Proportion of ALS explained by each gene known to carry mutations in sALS.

Adapted from Renton et al., 2014.

Mutations in 9 genes account for the etiology of about two-thirds (68%) of fALS cases (figure 5). The
remaining one-third is still unknown. Among the identified genes, Cu/Zn superoxide dismutase 1
(SOD1)(Rosen 1993), TAR-Binding protein 43 (TARDBP)(Kabashi, Valdmanis et al. 2008, Sreedharan,
Blair et al. 2008), fused in sarcoma/translocated in liposarcoma (FUS/TSL)(Kwiatkowski, Bosco et al.
2009, Vance, Rogelj et al. 2009) and C90RF72 (DelJesus-Hernandez, Mackenzie et al. 2011, Renton,
Majounie et al. 2011) account for over 50% of fALS cases. Mutations in Optineurin (OPTN), Valosin-
containing protein (VCP), Ubiquilin 2 (UBQLN2), Sequestosome 1 (SQSTM1) and Profilin 1 (PFN1) are

known to cause the other 18% of the cases.
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Figure 5. Proportion of ALS explained by each gene known to carry mutations in fALS.

Adapted from Renton et al., 2014.

1.1.5. ALS-related genes
1.1.5.1. SOD1

The first ALS gene to be identified was SOD1 (Rosen 1993), which accounts for about 20% of familial
ALS and 2-3% of sporadic cases (Renton, Chio et al. 2014). SOD1 encodes for the Cu/Zn superoxide
dismutase, a cytoplasmic enzyme responsible for the conversion of superoxide, a natural by-product
of respiration, to oxygen or hydrogen peroxide. It is expressed ubiquitously and highly conserved
through species. So far, more than 140 mutations, spanning the five exons of SOD1 have been
described (Taylor, Brown et al. 2016). The A4V mutation is the most common mutation in North
America (responsible for about 50% of cases), followed by the 1113T mutations (Cudkowicz,
McKenna-Yasek et al. 1997). One of the proposed pathogenic mechanisms underlying SOD1
pathology is that the enzymatic activity of the protein might be impaired, thus causing the increase
of reactive oxygen species inside the cell (Boillée, Vande Velde et al. 2006). However, mutants
expressing dismutase active (Wong, Pardo et al. 1995) as well as inactive (Bruijn, Becher et al. 1997)
forms of the enzyme develop comparable disease pathologies similar to those observed in patients.
Furthermore, SOD1 deletion in mice does not cause motor neuron disease (Reaume, Elliott et al.
1996) arguing against the loss-of-function hypothesis. Our current understanding of the pathogenic
role of mutant SOD1 comes primarily from the study of transgenic rodents overexpressing mutant

SOD1 and in particular from the G93A mouse model (Gurney 1994) as it recapitulates many features
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of the human SOD1 type disease. Although the exact toxic mechanism of SOD1 mutations is not
completely elucidated, the mutant protein gains many toxic functions that can cause endoplasmic
reticulum (ER) stress and include: overloading the unfolded protein response, mitochondrial
dysfunction and disruption of axonal transport (Boillée, Vande Velde et al. 2006, Ajroud-Driss and
Siddique 2015). Moreover, several studies showed that mutant SOD1 is prone to misfolding, leading
to accumulation and formation of ubiquitinated cytoplasmic aggregates (Johnston, Dalton et al.
2000, Wang, Xu et al. 2002, Ip, Mulligan et al. 2011, Tokuda, Nomura et al. 2018). In turn, aggregates
may lead to cell death by sequestering other cytoplasmic proteins essential for cell survival. Mutant
SOD1 forms aggregates through an oxidation-mediated mechanism and recruit wild-type SOD1 by
crosslinking of intermolecular disulifide bonds (Deng, Shi et al. 2006, Furukawa, Fu et al. 2006).
Inclusions containing these aggregates are observed in lower motor neurons of both sporadic and
familial ALS due to SOD1 mutations and in the SOD1 mouse models (Dal Canto and Gurney 1995,
Bruijn, Houseweart et al. 1998, Kato, Takikawa et al. 2000). Not only mutant SOD1 but also wild type
SOD1 has been shown to undergo misfolding and aggregation (Ezzi, Urushitani et al. 2007, Medinas,
Rozas et al. 2018). Using conformation-specific antibodies, misfolded wild-type SOD1 has been
reported in the spinal cord of sporadic ALS patients and in non-SOD1 familial ALS but not in controls,
implicating wild-type SOD1 aggregation in the pathogenesis of sporadic ALS (Bosco, Morfini et al.
2010, Rotunno and Bosco 2013).

1.1.5.2. TARDBP

A major step forward in ALS was the identification in 2006 of TAR DNA-binding protein (TDP-43) as
the major component of ubiquitin-positive neuronal inclusions observed in patients’ brain and
subsequently also in those of other neurodegenerative diseases such as frontotemporal lobar
degeneration (FTLD) (Neumann, Sampathu et al. 2006). This finding was followed by the discovery
of mutations in the TARDBP gene in some cases of ALS (Kabashi, Valdmanis et al. 2008, Sreedharan,
Blair et al. 2008). TARDBP is located on chromosome 1p36.22 and contains five coding and one non-
coding exon. It encodes for TDP-43, a highly conserved DNA/RNA binding protein expressed
ubiquitously (Buratti and Baralle 2001); TDP-43 is predominantly localized in the nucleus where it is

involved in many aspects of RNA metabolism (Buratti and Baralle 2010, Ratti and Buratti 2016). TDP-
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43 contains two RNA recognition motifs (RRM), a nuclear localization signal (NLS) in the N-terminus
and a nuclear export signal (NES) within the second RRM that allows the protein to shuttle between
the nucleus and the cytoplasm (Ayala, Zago et al. 2008). To date, about 50 TARDBP missense
mutations have been identified in both familial and sporadic ALS accounting for 1-2% of total cases
(Renton, Chio et al. 2014, Buratti 2015). Most of TARDBP mutations identified were found in exon 6
(figure 6) (Mackenzie and Rademakers 2008, Gendron, Rademakers et al. 2013, Buratti 2015), which
encodes for the C-terminus of the protein, known to be involved in protein-protein interactions
(Mackenzie and Rademakers 2008, D'Ambrogio, Buratti et al. 2009). These mutations were
suggested to increase TDP-43 phosphorylation due to a change of the original amino acid to
threonine or serine residues. A change in phosphorylation could interfere with protein interactions
or nuclear transport leading to accumulation of the protein in the cytoplasm (Pesiridis, Lee et al.
2009, Newell, Paron et al. 2018). Two exceptions are the Asp169Gly mutation, located on exon 4,
and the Tyr374X that leads to a truncated and inactive form of the protein; however, these two
mutations have been identified in just one patient with sporadic ALS (Mackenzie, Rademakers et al.

2010). A deeper overview of TDP-43 will be given in chapter 2.
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Figure 6. Schematic overview of protein domains of TDP-43 and identified gene mutations

associated with ALS. Adapted from Mackenzie et al., 2010.
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1.1.5.3. FUS

Shortly after the discovery of TARDBP as an ALS-related gene, mutations in fused in
sarcoma/translocated in liposarcoma (FUS/TLS) were identified (Kwiatkowski, Bosco et al. 2009,
Vance, Rogelj et al. 2009). Thirty mutations have been reported so far which account for 4% of fALS
and 1% of sALS and they are associated with young onset disease (Lagier-Tourenne, Polymenidou
et al. 2010, Renton, Chio et al. 2014). Most are missense mutations, affecting highly conserved
regions in exon 15 that encodes the C-terminus. The inheritance pattern is usually dominant with
the exception of one family with autosomal recessive disease (Kwiatkowski, Bosco et al. 2009). Most
patients with FUS mutations show a typical ALS clinical phenotype, with no associated cognitive
dysfunction (Lagier-Tourenne, Polymenidou et al. 2010). The FUS gene, located on chromosome 16,
encodes for a 15-exon RNA binding protein formed by 526 amino acids, which is involved in many
cellular processes such as splicing, transcription and miRNA processing (Aman, Panagopoulos et al.
1996, Ratti and Buratti 2016). FUS/TSL contains different functional domains including an N-terminal
domain enriched in glutamine, glycine, serine and tyrosine residues (QGSY region), a glycine-rich
region, a RNA-recognition motif (RRM) and a highly conserved C-terminal nuclear localization signal
(NLS) where the majority of the mutations reported occur (figure 7) (lko, Kodama et al. 2004). FUS
is ubiquitously expressed and is present in both the nucleus and cytoplasm; however, in neurons
there is proportionally more in the nucleus and expression in glia is exclusively nuclear (Andersson,
Stahlberg et al. 2008). Post-mortem analysis of brain and spinal cord from patients with FUS/TLS
mutations found abnormal FUS/TLS cytoplasmic inclusions in neurons and glial cells (Neumann,
Rademakers et al. 2009). The presence of FUS inclusions in the cytoplasm of ALS-FUS patients
suggested that mislocalization of FUS to the cytoplasm may have a role in the pathogenesis of the
disease. FUS is an aggregation prone protein, but this may not be influenced by ALS-linked

mutations.
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Figure 7. Schematic overview of protein domains of FUS and identified gene mutations associated

with ALS. Adapted from Mackenzie et al., 2010.

1.1.5.4. C90ORF72

Recently, linkage analysis of single kindreds presenting both ALS and FTLD phenotypes and genome
wide association studies (GWAS) identified a locus on chromosome 9p21 as a potential cause of ALS
(Vance, Al-Chalabi et al. 2006, Laaksovirta, Peuralinna et al. 2010, Shatunov, Mok et al. 2010). A
huge GGGGCC hexanucleotide repeat expansion within the first intron of chromosome 9 open
reading frame 72 (C90ORF72), which was shown to co segregate with the disease in several families,
was found to be causative (Delesus-Hernandez, Mackenzie et al. 2011, Renton, Majounie et al.
2011). The size of the expansion has been estimated to range between 700 and 1600 units in ALS
and FTLD patients, while in healthy individuals the repeat length is usually between 2 and 23
hexanucleotide units (Delesus-Hernandez, Mackenzie et al. 2011). This mutation now accounts for
20-80% of familial and 5-15% of sporadic ALS (Renton, Chio et al. 2014). There are three potential
mechanisms associated with the GGGGCC repeat expansion: haploinsufficiency, RNA gain of
function and RAN translation (Ling, Polymenidou et al. 2013). The first mechanism to be proposed
is a reduction in the expression levels of C90RF72. Loss of function as a potential underlying
mechanism leading to neurodegeneration was indeed reported by different studies (Ciura, Lattante
et al. 2013, Xi, Rainero et al. 2014). Moreover, RNA foci containing the hexanucleotide repeat
expansion have been found to accumulate in the brain and spinal cord of people with ALS (Delesus-
Hernandez, Mackenzie et al. 2011); RNA foci are able to sequester RNA-binding proteins thus
affecting RNA metabolism (Mori, Lammich et al. 2013), suggesting another possible disease
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mechanism. Another pathogenic pathway underlying C9ORF72-related neurodegeneration is repeat
associated non-ATG translation (RAN). RAN translation is an unconventional mechanism of
translation that occurs in the absence of an upstream AUG codon and was first described by Zu et
al. in 2011 (Zu, Gibbens et al. 2011). In C9 ALS, RAN translation occurs from sense and antisense
transcripts and it results in the production of different dipeptide repeats proteins (DPRs) that can

accumulate inside the cell (Mori, Arzberger et al. 2013, Mori, Weng et al. 2013, Zu, Liu et al. 2013).

2. TDP-43

2.1. TDP-43 in physiological conditions

TDP-43 is a DNA/RNA binding protein expressed ubiquitously. It is formed by 414 amino acids and
contains an N-terminal domain (NTD), two well-folded and stable RNA recognition motifs (RRM1
and RRM2), spanning residues 106-177 and 192-259, respectively, followed by a long intrinsically
disordered C-terminal region. TDP-43 and, in particular, its N-terminal and RRM domains are well
conserved in animals. Recent findings show that the NTD is stably folded and that its structure is
crucial for TDP-43 to be able to carry out its physiological functions (Mompedn, Romano et al. 2016,
Mompedn, Romano et al. 2017). The deletion of a short segment of the NTD corresponding to the
first B-strand, which causes the domain's denaturation, has severe physiological effects in mice
(Sasaguri, Chew et al. 2016). The stably folded NTD also promotes dimerization, which is relevant to
the protein's activities (Mompedn, Romano et al. 2017). In contrast to the N-terminal and RRM
domains, the C-terminal region of the protein is intrinsically disordered and consists of four
segments. Two of which (residues 267—320 and 367—414) are rich with Gly and trigger the formation
of liquid phases (known as “microdroplets” such as stress granules). A third segment is hydrophobic
and tends to adopt helical conformations (Jiang, Che et al. 2013, Lim, Wei et al. 2016) and also drives
the formation of a distinct, non-aqueous liquid phase (Conicella, Zerze et al. 2016). The fourh
segment of TDP-43 is the Q/N-rich region, as it contains high proportion of GIn and Asn residues

(Budini, Buratti et al. 2012, Mompean, Hervas et al. 2015).
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The nuclear localization signal (NLS) and the leucine-rich nuclear export signal (NES) allow TDP-43
to shuttle between the nucleus and the cytoplasm, although under physiological conditions the
majority seems to be nuclear (Ayala, Zago et al. 2008). The first RRM is necessary and sufficient for
nucleic acid binding activity with high specificity for UG-rich sequences (Buratti and Baralle 2001).
In particular, Phenylalanine 147 and 149, which are located in the RNP-1 sequence of RRM-1, form
a structure that allows DNA and RNA binding (Buratti and Baralle 2001, D'Ambrogio, Buratti et al.
2009). The role of RRM2 is still unclear, however it does not appear to be involved in RNA interaction
since its RNA binding affinity was found to be much lower than that of RRM-1 (Kuo, Doudeva et al.
2009). Furthermore, the C-terminal domain as well is involved in regulating the alternative splicing

of CFTR exon 9 through the recruitment of other hnRNPs (D'Ambrogio, Buratti et al. 2009).

TDP-43 was originally described as a factor binding to the long terminal repeat (LTR) of the Human
Immunodeficiency Virus type 1 (HIV-1) and thereby suppressing its transcription and gene
expression (Ou, Wu et al. 1995). Since then however this role has come into question. In 2001, TDP-
43 was indeed identified as a heterogeneous nuclear ribonucleoprotein (hnRNP), involved in the
splicing regulation of human cystic fibrosis transmembrane regulator (CFTR) by binding to the UG
repeats near the 3’ splice site of CFTR exon 9 (Buratti and Baralle 2001). Subsequently, TDP-43 has
been shown to regulate gene expression and alternative splicing of several other targets, and to be
involved in microRNA and mRNA biogenesis as well as RNA turnover and stability (Buratti and Baralle

2010, Ratti and Buratti 2016).

2.1.1. Regulation of POLDIP3 exon 3 alternative splicing

Particular relevant to this thesis is TDP-43 known role as regulator of polymerase delta interacting
protein (POLDIP3) alternative splicing. POLDIP3 is a substrate for S6K1, which is downstream of
mTOR, and has been reported to enhance mTOR/S6K1 dependent translation of mRNA, which is
involved in cell proliferation and growth (Ma, Yoon et al. 2008). It can exist in two isoforms according
to the inclusion or exclusion of exon 3 in the mature mRNA: variant-1, which includes exon 3, and
variant-2 that lacks exon 3. It was reported by two different groups that, when TDP-43 is silenced in
cells, POLDIP3 variant-1 decreases while variant-2 increases, meaning that alternative splicing is

dependent on TDP-43 activity (figure 8) (Fiesel, Weber et al. 2012, Shiga, Ishihara et al. 2012).
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Furthermore, POLDIP3 variant-2 was found to increase in the affected tissues of ALS patients,
including motor cortex and spinal cord, suggesting that a loss of function of TDP-43 may be involved

in the pathogenesis of ALS (Shiga, Ishihara et al. 2012, Yang, Wang et al. 2014).
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Figure 8. POLDIP3 alternative splicing is regulated by TDP-43.
Representative gel of RT-PCR products from control cells, and cells treated with TDP-43 siRNA, using

POLDIP3 specific primers spanning exon 3. Adapted from Shiga et al., 2012.

The RNA binding ability of TDP-43 is necessary for the inclusion of exon 3. In fact, mutations in
Phel147 and Phel49 in RRM1, which abolish TDP-43 nucleic acid binding activity, prevent exon 3
inclusion (Budini, Romano et al. 2015). TDP-43 binds to the intronic sequences, preferentially (UG),
sequence, and the position of the TDP-43 binding site is associated with exclusion or inclusion of an
exon. However, the precise mechanism for regulation of splicing is still not clear (Tollervey, Curk et

al. 2011, Shiga, Ishihara et al. 2012).

Variant-1 and variant-2 are both located in the nucleus. However, the function of variant-2 has not
been well elucidated (Richardson, Broenstrup et al. 2004). Most recently, it has been reported that
POLDIP3 variant-2 enhanced the mTOR/S6K1-dependent translation of mRNA, and the depletion of
TDP-43 increased cell size in HEK293E cells (Fiesel, Weber et al. 2012).
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2.2. TDP-43in ALS

Although predominantly nuclear, in pathological conditions TDP-43 is mislocalized to the cytoplasm
in the form of inclusion bodies leading to a loss of normal TDP-43 immunoreactivity in the nucleus
of inclusion-bearing cells (figure 9); this is a striking feature of ALS and the other TDP-43
proteinopathies (Neumann, Sampathu et al. 2006, Geser, Martinez-Lage et al. 2009, Igaz, Kwong et
al. 2009, Neumann 2009). TDP-43 proteinopathy has indeed been found in the majority of sporadic
and familial ALS cases (97%), with the exception of patients harbouring SOD1 mutations, which have

ubiquitin-positive neuronal inclusions that are negative for TDP-43 (Mackenzie, Bigio et al. 2007).
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Figure 9. Representation of TDP-43 cytoplasmic inclusions in motor neurons in ALS.

The presence of abnormal proteinaceous aggregates in affected neurons and glia is a pathological
hallmark of most age-related neurodegenerative diseases (Ross and Poirier 2005). However, the
presence of inclusions does not necessarily lead to the reduction of a protein in its normal location;
clearance of huntingtin protein is not observed in cells that show huntingtin inclusions associated

with Huntington’s disease (DiFiglia, Sapp et al. 1997).

What triggers aggregation in disease is one of the most unresolved questions in ALS and other
neurodegenerative diseases characterized by the presence of protein inclusions. Dysfunction of
proteostasis (e.g. misregulation of protein folding) that occurs with aging and mutations that
increase the aggregation propensity of proteins (e.g. the A90V ALS-linked mutation of TDP-43 results

in increased cytoplasmic localization (Winton, Van Deerlin et al. 2008)) are thought to be involved.
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As for sporadic diseases, environmental/stress and genetic-risk factors might contribute to the

pathogenic process (Lee, Lee et al. 2011, Polymenidou and Cleveland 2011).

Whether inclusions are toxic themselves or they are protective is also in many cases still unclear. In
the case of TDP-43, several experimental models have demonstrated that TDP-43 aggregates are
not necessary to induce neurodegeneration, however they might still contribute to cell death. Other
pathogenic changes such as nuclear clearance and post-translational modifications of TDP-43 such

as ubiquitylation, truncation and phosphorylation could also be important to trigger disease.

Currently, two main hypotheses have been proposed for TDP-43-mediated neurodegeneration in
ALS: the loss-of-function hypothesis suggests that nuclear depletion of TDP-43 following its
aggregation in the cytoplasm might cause a dysfunction in RNA processing thus affecting the whole
cell metabolism. In this case, the aggregates act as sinks, entrapping TDP-43 in the cytoplasm and
causing loss of function (Winton, Igaz et al. 2008, Budini, Buratti et al. 2012). On the other hand, the
second hypothesis, known as gain-of-function, suggests that inclusions might be toxic by themselves
(Johnson, Snead et al. 2009, Zhang, Xu et al. 2009). It is still not clear which hypothesis is correct;
however, both mechanisms could equally contribute to disease onset and progression. Different
experimental models have been created in order to address this issue; most of them have been
developed by over expression of different C-terminal regions of TDP-43 (Igaz, Kwong et al. 2009) or
by restricting its localization to the cytoplasm (Winton, Igaz et al. 2008). A deeper overview on TDP-

43 ALS models will be given in the next chapter.

2.2.1. TDP-43 autoregulation

Considering the gain and loss of function models, many studies have concentrated their efforts on
better understanding the way TDP-43 protein levels are regulated. We now know that regulation of
protein levels occurs through a negative feedback loop that has been reported for different RNA

processing factors including hnRNP members (Rossbach, Hung et al. 2009).

Overexpression of exogenous TDP-43 leads to a decrease in endogenous TDP-43 mRNA and protein
in mice and cultured cells (Winton, Igaz et al. 2008, Igaz, Kwong et al. 2011). Indeed, as for other

RNA regulatory proteins, TDP-43 acts as a regulator of its own expression through a negative
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feedback loop (Ayala, De Conti et al. 2011). This happens at the transcript level through a
mechanism that involves binding to a specific region of its 3" UTR that is called the TDP-43 binding
region (TDPBR). This region has been found to contain low affinity binding sites for TDP-43 that are
not made by continuous UG repeats that has been identified as the highest affinity-binding
sequence for TDP-43. This suggests that several TDP-43 molecules would be required to bind to that
region in order to have an effect (Ayala, De Conti et al. 2011). When TDP-43 nuclear levels increase,
binding to the 3’ UTR promotes mRNA instability, which in turn will result in lower levels of protein
being produced (Ayala, De Conti et al. 2011, Avendafio-Vazquez, Dhir et al. 2012). The opposite
effect should be achieved in the case of a drop of TDP-43 levels under the physiological threshold.
The interaction between TDP-43 and its own 3’ UTR has been confirmed by crosslinking and
immunoprecipitation as well (Tollervey, Curk et al. 2011). Increased instability of mRNA is not the
only active mechanism in mediating autoregulation. The exosome system, has also been observed
to reduce the levels of TDP-43 mRNA under overexpression conditions (Buratti and Baralle 2011).
Moreover, it has been shown that the C-terminal domain, and in particular the region between aa
321 and 366, is also involved in the autoregulation process and is likely to involve hnRNP
recruitment. This suggested that TDP-43 mutations might interfere with its homeostatic control

resulting in the aberrant accumulation of the protein (Ayala, De Conti et al. 2011).

2.2.2. Autoregulation and disease

It has been shown that both an increase and a decrease in the levels of TDP-43 lead to cytotoxicity
(Ling, Polymenidou et al. 2013). Homozygous TDP-43 null mice do not survive beyond embryonic
day 6, while heterozygote mice are viable with autoregulation keeping TDP-43 levels nearly normal
(Kraemer, Schuck et al. 2010); ubiquitous post-natal knock down of TDP-43 caused lethality (Chiang,
Ling et al. 2010), while selective removal of TDP-43 from motor neurons produced age-dependent
progressive degeneration with ALS-like pathology (Iguchi, Katsuno et al. 2013). On the other side,
increased TDP-43 levels are highly deleterious as well (Wils, Kleinberger et al. 2010, Igaz, Kwong et
al. 2011). Increasing TDP-43 levels in mice and rats by expression of RNAs missing the autoregulatory

sequences (Wegorzewska, Bell et al. 2009) or by disrupting autoregulation (lgaz, Kwong et al. 2011)
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led to neurodegeneration. Thus, TDP-43 levels has to be tightly regulated in order to guarantee cell

function and survival.

However, it is still not clear whether nuclear or cytoplasmic TDP-43 regulates the amount of TDP-
43. In ALS, nuclear TDP-43 decreases, while cytoplasmic TDP-43 increases as inclusions. The newly
synthetized protein is indeed sequestered into the cytoplasmic aggregates constantly depleting it
from the nucleus. If cytoplasmic TDP-43 contributes to the autoregulation mechanism,
mislocalization and subsequent accumulation of the protein in the cytoplasm will trigger a negative-
feedback loop that decreases TDP-43 synthesis leading to a drop in nuclear levels (Lee, Lee et al.
2011). On the other hand, if nuclear TDP-43 is involved in autoregulation, then loss of TDP-43 from
the nucleus due to sequestration into the insoluble aggregates might stimulate an upregulation of
the synthesis of TDP-43 in order to maintain its physiological levels. Increased production of TDP-43
could lead to an increase in aggregate formation, creating a vicious cycle that might accelerate
disease progression (Buratti and Baralle 2011). Different studies found the amount of cytoplasmic
TARDBP mRNA increased in affected neurons from ALS patients, indicating that nuclear TDP-43 is

involved in the autoregulation mechanism (Koyama, Sugai et al. 2016).

2.2.3. Post translational modifications of TDP-43

As already mentioned, TDP-43 is the major component of ubiquitin-positive inclusions in the
affected regions of the central nervous system of approximately 97% of patients suffering from ALS.
It was shown that these aggregates were formed by full-length as well as C-terminal fragments of
TDP-43 that were abnormally phosphorylated and ubiquitinated (Arai, Hasegawa et al. 2006,
Neumann, Sampathu et al. 2006). In physiological conditions, these post translational modifications
do not occur, making the presence of these modified TDP-43 species in ALS disease-specific.
However, it is not clear whether they are a cause of aggregate formation and/or neurotoxicity or
they are a normal reaction to the presence of inclusions. Studies on human tissue show that not all
TDP-43 inclusions are ubiquitin positive; in particular, the so-called pre-inclusions, that are granular
and less dense cytoplasmic inclusion, are often not ubiquitin positive (Giordana, Piccinini et al.
2010), suggesting that ubiquitination might not be involved in aggregate formation but might be a

later event in the disease process. However, the presence of ubiquitinated aggregates might also be
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an indirect evidence of a failure in the degradation of defective proteins, which normally occurs
through the proteasome or autophagy (Winton, Igaz et al. 2008). A more detailed discussion on

autophagy and proteasome dysfunction in ALS will be given in a separate chapter.

On the other side, phosphorylation seems to be an early event in the onset and progression of ALS
(Hasegawa, Arai et al. 2008, Neumann, Kwong et al. 2009). However, the precise role of TDP-43
phosphorylation in the disease mechanisms is still unclear. A recent paper by Nonaka and
collaborators shows that hyperphosphorylation of TDP-43 causes its mislocalization and
accumulation in the cytoplasm. According to them, multiple phopsphorylation at Ser393/395 and/or
Ser403/404 is likely to trigger aggregation by causing conformational changes in the structure of the
protein. The phosphorylated amino acid residues are located in the C-terminal domain, which is
thought to be important in the self-aggregation process (Nonaka, Suzuki et al. 2016). Alternatively,
as TDP-43 was shown to be associated with insolubility, it is also possible that phosphorylation may
inhibit UPS-mediated degradation thus contributing to aggregation (Zhang, Gendron et al. 2010).
Whether phosphorylation enhances TDP-43 accumulation, or it is a defence mechanism to reduce

aggregation remains unknown (Li, Yeh et al. 2011).

The presence of detergent-insoluble TDP-43 C-terminal fragments (CTFs) is a pathological hallmark
of ALS pathology in the brain (Neumann, Sampathu et al. 2006, Hasegawa, Arai et al. 2008). CTFs
derive from the proteolytic cleavage of full-length TDP-43 that results in the accumulation of 35 and
20/25 kDa fragments. CTFs identified in brain are more prone to form aggregates than the full-length
protein, in cultured cells (Igaz, Kwong et al. 2009, Nonaka, Arai et al. 2009); the C-terminal domain
has indeed been shown to be important for aggregation in vitro (Johnson, Snead et al. 2009).
Further, CTFs are able to bind endogenous TDP-43 inducing aggregation, as reported in different
papers (Nonaka, Kametani et al. 2009, Zhang, Xu et al. 2009). Therefore, generation of CTFs may
have a crucial role in the disease pathogenesis. However, Nonaka and collaborators reported that
full-length TDP-43 aggregation occurred before the deposition of CTFs, suggesting that cleavage of
TDP-43 is not a trigger for cytoplasmic accumulation. On the contrary, CTFs might be a consequence

of the degradation of phosphorylated full-length TDP-43 (Nonaka, Masuda-Suzukake et al. 2013).

Multiple mechanisms for the generation of CTFs have been proposed; alternative splicing has been
shown to generate 35 kDa CTFs (Xiao, Sanelli et al. 2015). However, proteolytic cleavage seems to
be more likely. Caspase 3 is indeed able to cut full-length TDP-43 into 25 and 35 kDa C-terminal

fragments (Dormann, Capell et al. 2009); furthermore, TDP-43 has several calpain cleavage sites for

27



the generation of 33-36 kDa fragments (Yamashita, Hideyama et al. 2012). Further studies are
required to better understand the mechanisms underlying CTFs generation and their role in the

development of TDP-43 pathology in ALS and other TDP-43 proteinopathies.

2.2.4. TDP-43 prion-like properties

Prions are infectious agents formed by a misfolded form of a normal protein. Prions replicate by
recruiting the wild-type protein into prion-containing aggregates and inducing a pathological
misfolded conformation (Prusiner 1982). In the past years, several neurodegenerative diseases have
shown “prion-like” phenomena. The term “prion-like” is normally used to describe molecular events
that resemble the infectious cycle of prion proteins, which include seeded aggregation and
spreading of misfolded conformations of proteins involved in neurodegenerative diseases

(Polymenidou and Cleveland 2011).

TDP-43 forms aggregates in vitro (Johnson, McCaffery et al. 2008, Johnson, Snead et al. 2009,
Furukawa, Kaneko et al. 2011) and ALS-linked mutations were shown to enhance this behaviour
(Johnson, Snead et al. 2009, Guo, Chen et al. 2011). The C-terminal domain of TDP-43, where the
majority of the mutations are found (Lagier-Tourenne, Polymenidou et al. 2010), is thought to play
an important role in ALS pathogenesis, especially since it was discovered to be the main proteolytic
fragment of cytoplasmic inclusions in sporadic patients (Arai, Hasegawa et al. 2006, Neumann,
Sampathu et al. 2006, Igaz, Kwong et al. 2008). The same region was found to contain a
glutamine/asparagine-rich domain (Q/N) that share similarities with yeast prions (Fuentealba, Udan
et al. 2010), proteins that can switch their conformation between an unfolded one and an
aggregated one that imposes its conformation to its unfolded counterpart, showing self-
perpetuating aggregation (Chien, Weissman et al. 2004, Cushman, Johnson et al. 2010). Results
coming from a structural characterization of this Q/N prion-like region, has recently shown that this
domain is normally in a disordered conformation that can form B-sheet strands spontaneously over
time (Mompean, Buratti et al. 2014), suggesting a possible TDP-43 aggregation pathway during
disease. Moreover, overexpression of tandem repetitions of the Q/N region of TDP-43 (residues
339-369) linked to enhanced green fluorescent protein (EGFP) in cells, produced aggregates that

were able to sequester full-length TDP-43 and recapitulated some properties of the inclusions found
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in patients such as ubiquitination and phosphorylation (Budini, Buratti et al. 2012). Collectively,
these data suggest that aggregation of TDP-43 is probably driven by its prion-like C-terminal region
and that ALS-linked mutations are likely to promote this process. A study conducted by Nonaka et
al. showed that TDP-43 aggregates in brains of ALS patients have prion-like properties, including the
ability to trigger intracellular TDP-43 aggregation and cell-to-cell transmissibility. According to them,
prion-like aggregates are released from cells and then taken up by neighbouring cells, where they
act as seeds for endogenous TDP-43 aggregation. Phosphorylated TDP-43 aggregates are probably
propagated between cells via exosomes in a way that is similar to that of prions (Nonaka, Masuda-
Suzukake et al. 2013). Different studies suggest that prion-like propagation of protein aggregates
may be involved in the pathogenesis and progression of neurodegenerative diseases (Braak, Del

Tredici et al. 2003, Goedert, Clavaguera et al. 2010, Nonaka, Watanabe et al. 2010).

3. Intracellular proteolytic pathways

Proteins are dynamic molecules that undergo synthesis, proper folding and assembly and ultimately
degradation. A network of pathways called the proteostatic network is responsible for maintaining
the balance between these events and involves molecular chaperones and the proteolytic
machinery (Crippa, Carra et al. 2010, Carra, Crippa et al. 2012). Proteolysis is important in the
elimination of misfolded proteins and aggregates (Balch, Morimoto et al. 2008). Formation of
misfolded protein aggregates is indeed a physiological phenomenon, and the quality control
mechanisms of the cell either degrade the misfolded proteins to avoid aggregate formation or clears
aggregates that have already formed. However, the high presence of protein inclusions in ALS and
other neurodegenerative diseases suggests a dysfunction in these mechanisms. In eukaryotic cells
there are two main proteolytic pathways: the ubiquitin-proteasome system (UPS) and the lysosome-

autophagy pathway (Ramesh and Pandey 2017).
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3.1. The ubiquitin-proteasome system

The proteasome is responsible for the degradation of the majority of intracellular misfolded or
short-lived proteins in all tissues (Rock, Gramm et al. 1994). Cellular proteins that are targeted for
degradation by the proteasome are tagged to ubiquitin, a protein formed by 76 amino acids.
Ubiquitin is conjugated to the target protein through a covalent bound that is created between the
C-terminal glycine of ubiquitin and a specific lysine residue on the target protein (Lecker, Goldberg
et al. 2006). A similar linkage is formed between ubiquitin and another ubiquitin molecule to form
poly-ubiquitin chains. The lysine residue on which polybiquitination occurs is important; formation
of polyubiquitin chains by linkage at Lys-48 and Lys-29 act as a signal for proteasome-mediated
degradation, whereas ubiquitination at other lysine residues may act as signals for DNA repair or
activation of transcription factors etc. (Weissman 2001). Three enzymatic components are required
to link ubiquitin chains onto proteins that are destined for degradation; an activating enzyme (E1)
transfers ubiquitin to a carrier enzyme (E2) which tags ubiquitin to the substrate with the help of an
E3 ligase (figure 10). In cells, there are more than 1000 E3s, which conjugate Ub to proteins in a
highly regulated manner. E3s catalyse the transfer of the activated Ub from an E2 enzyme initially
to a lysine in the target protein and subsequently to lysines that are present in Ub, yielding a

substrate-anchored chain of Ub molecules (Jentsch 1992).
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Figure 10. The Ubiquitin-Proteasome Pathway.

Target proteins are ubiquitinated in a three-step ATP-dependent process involving E1, E2, and E3.
The protein is then unfolded and degraded into small peptides in the proteasome, where they can
be used in antigen presentation or hydrolyzed to individual amino acids. Adapted from (Lecker,

Goldberg et al. 2006).

The structure of the proteasome consists of the 20S subunit, harbouring the proteolytic core, linked
to the 19S subunit or cap complex. The proteasome degrades unfolded proteins in an ATP-
independent manner, but it cannot degrade ubiquitin-protein conjugates. Thus, ubiquitin has to be
removed from the tagged proteins before they enter the proteolytic core of the proteasome. The
19S complex, also known as regulatory particle, has the role of directing ubiquitinated proteins into
the catalytic core for degradation. The active sites of the 20S subunit are indeed located within the
lumen of the catalytic core particle to avoid non-specific degradation of cellular proteins. The 19S
contains subunits that bind the polyubiquitin chains plus two deubiquitinating enzymes (also called
isopeptidases) that disassemble the Ub chain so that ubiquitin can be reused in the degradation of
other proteins. By utilizing its ATPase activity, the 19S acts as a reverse chaperone to unfold target
proteins and facilitates opening the pore of 20S. (Glickman and Maytal 2002). The core particle
consists of four heptameric rings (two outer a rings and two inner B rings) that are made of seven
different but related subunits. The a subunits form a selective barrier between the catalytic
chamber and the cytoplasm. On the other hand, B subunits harbour the proteolytic site (Voges,
Zwickl et al. 1999). Eukaryotic proteasomes have three major peptidase activities: chymotrypsin-
like activity (cleavage after hydrophobic amino acids), trypsin-like activity (cleavage after the basic
amino acids) and caspase-like activity (cleavage after acidic amino acids) (Voges, Zwickl et al. 1999).
After the substrate enters the 20S’s central chamber, the polypeptide is cleaved by its six proteolytic
sites forming small peptides that range from three to 25 residues in length (Kisselev, Akopian et al.
1999). The proteasome digests the substrates all the way to small peptides that exit the particle,
unlike traditional proteases, which cut a protein once and release the fragments. Peptides that are
released by the proteasome are quickly digested into amino acids by the abundant cytosolic
endopeptidases and aminopeptidases. The amino acids can be then reutilized to synthesize new

proteins or metabolized, yielding energy (Saric, Graef et al. 2004).
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3.2. Autophagy

Autophagy is a degradative system normally active at basal levels in the majority of cell types where
it is involved in maintaining the integrity of intracellular organelles and proteins. However, it is
strongly induced by starvation and is a key component of the adaptive response of cells to nutrient
deprivation (Mizushima 2007). Under normal conditions, maintenance of the amino acid pool relies
primarily on the ubiquitin-proteasome system. During starvation, necessary amino acids are
produced by autophagy instead, which is up-regulated as an adaptive response (Vabulas and Hartl
2005). Indeed, it has been shown that in autophagy-deficient yeast cells and mice, amino acids levels
decrease when they are under starvation conditions (Kuma, Hatano et al. 2004, Onodera and

Ohsumi 2005).

There are three types of autophagy: macro-autophagy, micro-autophagy, and chaperone-mediated
autophagy; all of them are degradative-recycling systems coupled with the lysosome. Macro-
autophagy delivers cytoplasmic cargo to the lysosome through double membrane vesicles, referred
to as autophagosomes, which fuse with the lysosome to form autolysosomes. On the other side, in
micro-autophagy cytosolic components are directly taken up by the lysosome itself. Both of them
are able to engulf large structures through selective and non-selective mechanisms. Autophagy
begins with an isolation membrane, known as phagophore, which expands to engulf intra-cellular
cargo such as protein aggregates, organelles and ribosomes forming an autophagosome.
Autophagosomes are formed in the cytoplasm and are moved along microtubules in a dynein-
dependent manner towards the microtubule-organizing centre; here they fuse to lysosomes
forming autolysosomes where the content is degraded by lysosomal acid proteases. Lysosomal
permeases and transporters then export amino acids and other by-products of degradation out to

the cytoplasm where they can be recycled (figure 11) (Mizushima 2007).

32



LC3I

(soluble) Q)
p62
OO 000% Protein aggregate

Ubiquitin
Lcail ~— Lysosomal
e hydrolase
Forming autophagosome G G .

Fusion with lysosome,
involving HDAC6 -
Forming autolysosome

Figure 11. Model of the degradation of protein aggregates through autophagy.
Ubiquitination of the protein aggregates is the signal that triggers the degradation of the protein

aggregate. Main players include LC3, p62 and HDAC6. Adapted from Tyedmers et al., 2010.

Although autophagy was considered as a random and non-selective process, there is evidence that
the phagophore membrane can interact selectively with protein aggregates and organelles.
Microtubule-associated light chain (LC3B-Il), which is recruited and integrated into the growing
phagophore, has been proposed to function as a receptor that interacts with specific molecules on
the target to induce their selective uptake and degradation. In this regard, p62/SQSTM1 is the best
characterized molecule. Indeed, p62/SQSTM1 interacts with polyubiquitinated proteins and
aggregates through its ubiquitin-binding domain (UBD) and with LC3B-II through its LC3-interacting
region (LIR) (Bjgrkgy, Lamark et al. 2005, Pankiv, Clausen et al. 2007). P62 has been shown to

accumulate in autophagy-deficient cells suggesting that it is usually degraded by autophagy (Wang,
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Ding et al. 2006, Nakai, Yamaguchi et al. 2007). LC3B is expressed in most cell types as a full-length
cytosolic protein that, upon autophagy induction, is cleaved to generate LC3B-l. The
carboxyterminal glycine is then activated in an ATP-dependent manner and conjugated to
phosphatidylethanolamine (PE) to generate LC3B-Il, which is then integrated into the growing
phagophore. The synthesis and processing of LC3 is increased during autophagy, making it a key

readout of levels of autophagy in cells (Barth, Glick et al. 2010).

3.3. UPS and autophagy in ALS

Protein aggregates in ALS are ubiquitinated, suggesting that they are marked for degradation by the
UPS but eventually deposit due to dysfunction in the UPS system. In this regard, studies on spinal
cord tissue from patients showed that ubiquitination occurs before accumulation starts (Giordana,
Piccinini et al. 2010). Moreover, proteasome inhibition has been previously found to increase
endogenous TDP-43 levels and induce aggregates of full-length TDP-43 (Zhang, Gendron et al. 2010,
van Eersel, Ke et al. 2011). Consistently, knockout of different subunits of the proteasome in motor
neurons was shown to cause neurodegeneration with loss of spinal motor neurons and locomotor
dysfunction in mice (Bedford, Hay et al. 2008, Tashiro, Urushitani et al. 2012). Interestingly, these
mice had inclusions positive for TDP-43, indicating that proteasome dysfunction itself was sufficient

to trigger aggregation.

The presence of intracellular protein inclusions are a pathological hallmark in the majority of
neurodegenerative diseases, and are thought to be dependent on autophagy for their clearance
from neurons (Williams, Jahreiss et al. 2006, Rubinsztein, Gestwicki et al. 2007). Different studies
reported an increase in the number of autophagosomes in the spinal cord of patients suffering from
ALS (Sasaki 2011). This finding suggested that dysfunction in autophagy might contribute to the
pathogenesis of this disorder. On the other hand, more recent studies showed that accumulation of
autophagosomes represents activation of autophagy as a protective mechanism. However, genetic
or functional alterations (e.g. impair in autophagosome-lysosome fusion) and decreased autophagic

activity associated with aging may occur leading to aggregate accumulation.

Interestingly, treatment of transgenic TDP-43 mice with autophagy inducers was shown to reduce
locomotor deficits and neuron loss (Wang, Guo et al. 2012). This was accompanied by a decrease in
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TDP-43 inclusions, indicating that clearance of aggregates by autophagy is able to reduce
neurotoxicity. Furthermore, knock out of Atg5 or Atg7 in the central nervous system of mice leads
to movement disorders and neurodegeneration characterized by ubiquitin-positive inclusions in

different brain areas (Hara, Nakamura et al. 2006, Komatsu, Waguri et al. 2006).

In conclusion, protein degradation pathways have emerged as important modulators of protein
aggregation and toxicity in ALS. It is likely that degradation of soluble TDP-43 is mediated primarily
by the UPS, and that its accumulation following UPS dysfunction can lead to aggregate formation;
on the other hand, autophagy seems to be involved in aggregate clearance. However, in presence
of UPS inhibitors, autophagy alone could not degrade aggregates completely indicating that it could
not fully compensate for UPS impairment (Scotter, Vance et al. 2014). During aging, the efficiency
of both proteolytic pathways declines. Nevertheless, in aged healthy individuals TDP-43 aggregates
do not accumulate, suggesting that there might be other causes underlying TDP-43 aggregation.
Increasing UPS function could help restoring TDP-43 proteostasis while activation of autophagy
might help reducing aggregated TDP-43. Therefore, identifying molecules that selectively enhance
each of these processes, and that can be used in combination to reduce TDP-43 accumulation, is a

valid therapeutic strategy.

3.4. Tricyclic compounds and their possible role in aggregate
clearance

Tricyclic compounds are composed by a three-ring nucleus, which can be substituted on the central
ring with a side-chain substituent. They were first used as antihistamines with sedative properties,
and later as antipsychotics. They include an important group of tricyclic antidepressants (TCAs),
which have been used for over 50 years. TCAs have been identified as inhibitors of mitochondrial
permeability transition, which is one of the key factors in the damage to neurons. The increased
permeability of the mitochondrial membrane to molecules smaller than 1,500 kDa causes the
depolarization of the mitochondria; therefore, the electrochemical gradient, which is necessary for
the ATP production, is lost. The common involvement of mitochondria in cell death pathways
suggests that heterocyclic compounds might be considered as potential candidates to treat

individuals suffering from neurodegenerative diseases that involve neuron loss in the central
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nervous system (Stavrovskaya, Narayanan et al. 2004). More recently, other studies reported a
neuroprotective role for different tricyclic compounds (Lin, Yeh et al. 2012, Kandil, Abdelkader et al.
2016, Tran, Nguyen et al. 2017). As part of the possible neuroprotective effect, there is evidence
that supports that these compounds could reduce protein aggregation (Tsvetkov, Miller et al. 2010,
Collier, Srivastava et al. 2017). Regarding this, Tsvetkov and collaborators demonstrated that some
tricyclic compounds (nortriptyline, thioridazine and chlorpromazine among others) induce a
protective autophagy response in striatal neurons. Moreover, the neuroprotective effect of
nortriptyline was further established in a primary striatal culture model of HD. In this study the
authors generalized that structurally related tricyclic compounds have similar actions in autophagy
induction (Tsvetkov, Miller et al. 2010). Furthermore, in a United States Patent Application
Publication the authors confirmed that tricyclic compounds could be used to treat protein
aggregation diseases. It was suggested the use of a first active medicament (fluphenazine or
thioridazine, among others) to prevent aggregation and a second active medicament (clomipramine
or nortriptyline, among others) to disaggregate previously formed inclusions (Wilson & Standley,
2011). From the list of the FDA approved tricyclic compounds, and because of the reasons stated so

far, we have selected five compounds for this study as shown in figure 12.

36



=

XN\H IQ
Oy X

Chlorpromazine Fluphenazine

O

Thioridazine Clomipramine

CLO)

HN
I

CH,

Nortriptyline

Figure 12. Chemical structure of the five FDA-approved tricyclic compounds used in this study.
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4. Disease models of TDP-43 proteinopathy

Development of models is the primary stage for understanding the molecular mechanisms behind
a disease. In animals these also allow to understand the pathophysiology and for testing future

effective therapies.

In order to understand the molecular basis of the pathology, different disease models that
overexpress WT human or mouse TDP-43 have been created. Since some consistent mutations in
the TARDBP gene have been discovered, transgenic models expressing a mutated form of TDP-43
have also been developed. To evaluate the effect of TDP-43 overexpression, different promoters
have been used. Indeed, different promoters trigger different expression patterns of TDP-43, which

lead to transgenic animals bearing different phenotypes.

4.1. Cellular ALS TDP-43 models

Several studies have been undertaken in cells trying to mimic TDP-43 aggregation and subsequent
nuclear depletion. These models are useful not only to investigate the impact of aggregation on cell

survival but also to develop new therapeutic strategies.

As already stated, the majority of the mutations linked to familial ALS are localized in the C-terminal
domain of the protein and are likely to increase the aggregation tendency of TDP-43 (Johnson, Snead
et al. 2009). Indeed, six of seven ALS-linked TDP-43 mutants, especially the Q331K and M337V
mutant, induced the formation of TDP-43 aggregates. Thus, a single amino acid change is sufficient
to accelerate TDP-43 misfolding, supporting the notion that some ALS-linked mutations can cause

disease by a toxic “gain-of-function mechanism” at the protein level (Johnson at al., 2009).

Several of the more successful models make use of the previously described TDP-43 C-terminal
domain that contains a Q/N-rich region that is involved in protein-protein interactions (D'Ambrogio,
Buratti et al. 2009); this region has also been recently found to be involved in the self-aggregation
process (Fuentealba, Udan et al. 2010). Moreover, the expression of C-terminal fragments of TDP-

43 was observed to be sufficient to generate cytoplasmic aggregates (Igaz, Kwong et al. 2009).
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Based on these findings, our laboratory developed a cellular model of aggregation using a 30 amino
acid TDP-43 C-terminal peptide to induce aggregation (Budini, Buratti et al. 2012, Budini, Romano
et al. 2012). The introduction of tandem repeats of the Q/N rich amino acid sequence 331-366
(12xQ/N) linked to EGFP is able to trigger the formation of cytoplasmic aggregates that are capable
of sequestering endogenous TDP-43 (figure 13). However, there was no detectable splicing function
deterioration in the presence of these aggregates, suggesting that they were not efficient enough

in trapping endogenous TDP-43 to cause loss of function.

Endo TDP-43 Merge
EGFP anti-TDP-43 DAPI EGFP/anti-TDP-43

>

EGFP

EGFP-12xQ/NN

Figure 13. Immunoflorescence of U20S cells transfected with EGFP or EGFP-12xQ/N constructs.
EGFP-12xQ/N forms aggregates, which co-localizes with endogenous TDP-43. Adapted from Budini
etal., 2012a.

In order to generate a model that could accomplish the nuclear loss of function of TDP-43 seen in
ALS, a new variant of the previous model was created. This model was based on the overexpression
of the TDP-43 molecule itself linked to tandem repeats of the Q/N region (TDP-12xQ/N). The two
phenylalanine in RRM1 and RRM2 were mutated to abolish the RNA binding ability of TDP-43, in
order to avoid toxicity due to TDP-43 overexpression. The TDP-12xQ/N model was shown to induce
cytoplasmic aggregation (figure 14) followed by TDP-43 nuclear depletion and consequent loss of

function as assessed by the POLDIP3 splicing pattern (figure 15) (Budini, Romano et al. 2015).
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Figure 14. Imnmunoflorescence of TDP-12xQ/N HEK293 stable cells.
Adapted from Budini et al., 2014.
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Figure 15. POLDIP3 alternative splicing is affected in cells expressing TDP-12xQ/N.
Representative gel of RT-PCR products from control cells, cells treated with TDP-43 siRNA, and cells
expressing TDP-12xQ/N construct (upon tetracycline induction), using POLDIP3 specific primers

spanning exon 3. Adapted from Budini et al., 2014.
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4.2. Mammalian models

The prion promoter is commonly used to drive the expression of a protein at high levels in the CNS.
In ALS, the expression of TDP-43 is around 1.5 fold higher than that of healthy individuals (Cairns,
Neumann et al. 2007, Gitcho, Bigio et al. 2009); thus, in an attempt to mimic this scenario, mice
overexpressing mutant TDP-43 driven by the mouse prion promoter have been created and were
observed to develop motor dysfunction (Wegorzewska, Bell et al. 2009, Stallings, Puttaparthi et al.
2010, Xu, Zhang et al. 2011). However, Xu et al. reported that even WT TDP-43 expressed at higher
levels is sufficient to trigger TDP-43 proteinopathy (Xu, Gendron et al. 2010). Other transgenic mice
lines have been created for the human mutant A315T TDP-43 that has been associated with ALS.
These mice had a shorter lifespan with cytosolic aggregates that were ubiquitinated and
phosphorylated (Stallings, Puttaparthi et al. 2010). Moreover, prion-promoted TDP-43 Q331K
expressing mice produced age-dependent motor neuron disease with a 50% motor neuron loss in
the spinal cord. However, motor neuron degeneration occurred without nuclear depletion or
cytoplasmic aggregation of TDP-43. The disease then plateaued and the animals died but not of ALS-
like symptoms (Arnold, Ling et al. 2013). Furthermore, WT or mutant TDP-43 overexpression under

the control of the prion promoter often results in transgenic mammals with early lethality.

Overexpression of WT or mutant TDP-43 regulated by a human endogenous promoter may be better
as it allows the generation of transgenic mice with age-related neurodegeneration and motor
dysfunctions mimicking those observed in ALS patients. Both wild type and two mutant (G348C and
A315T) TDP-43 lines were generated that similarly overexpress TDP-43 approximately 3-fold as
compared to the mouse endogenous TDP-43. These mice developed cytosolic TDP-43 aggregates
and age-related motor deficits similar to those observed in ALS. However, they did not die of motor

neuron disease (Swarup, Phaneuf et al. 2011).

As loss of nuclear function of TDP-43 is clearly involved in ALS pathogenesis, due to the fact that
nuclear depletion together with cytoplasmic accumulation of TDP-43 are observed in the vast
majority of patients (Neumann, Sampathu et al. 2006), mice have been created using human TDP-
43 lacking the nuclear localization signal (NLS). These animals showed a severe phenotype with
motor impairments. However, cytoplasmic aggregates as well as C-terminal fragments were not
found (lgaz, Kwong et al. 2011, Alfieri, Pino et al. 2014). Mouse models with TDP-43 knock out in

motor neurons have also been generated. The homozygote mice where TDP-43 was conditionally
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depleted developed a late onset age-dependent motor neuron degeneration with ALS-like
pathology (lguchi, Katsuno et al. 2013). On the other hand, ubiquitous post-natal removal of TDP-
43 through conditional gene inactivation produced early lethality but without significant ALS-
symptoms (Chiang, Ling et al. 2010). Furthermore, mice with a complete knock out of TDP-43 results

in embryonic lethality (Kraemer, Schuck et al. 2010, Wu, Cheng et al. 2010).

In general, none of the TDP-43 mice models created to date seems to develop ALS disease as seen
in humans. Mild phenotypes are usually observed in the CNS of animals expressing TDP-43. Indeed,
the loss of cortical and spinal motor neurons is very modest if compared to what is seen in ALS
patients. Moreover, these models die of causes unrelated to ALS disease pathogenesis. Both wild
type and mutant TDP-43 overexpressing models develop motor dysfunctions meaning that high
levels of TDP-43 contributes to the phenotype. However, from the animal studies, it seems that both

gain and loss of function of TDP-43 might be involved.

Moreover, pathological changes typical of TDP-43 pathology such as cytoplasmic aggregation, C-
terminal fragmentation and phosphorylation are seen in some models but not all and are usually
found at more moderate levels when compared to what observed in ALS patients. Furthermore, in
humans, these changes have more time to develop than in mice and are thought to contribute to
neurodegeneration. Therefore, the use of rodent models to study late onset neurodegenerative

diseases might be limited.

4.3. Non-mammalian models

Non-mammalian animal models are convenient for understanding the pathological roles of TDP-43
in ALS. C. Elegans, zebrafish and Drosophila Melanogaster are the organisms of choice due to the
simple nervous system. Transgenic C. Elegans expressing either mutated or wild type human TDP-
43 developed age-dependent motor dysfunction, shorter lifespan and TDP-43 proteinopathy
including TDP-43 aggregation, truncation and phosphorylation (Liachko, Guthrie et al. 2010).
Transgenic Drosophila models for TDP-43 proteinopathy have also been generated. Neurotoxicity
due to abnormal levels of TDP-43 caused by overexpression of mutant or wild type human TDP-43

has been observed in Drosophila eyes (Lu, Ferris et al. 2009, Miguel, Frébourg et al. 2011). Specific
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overexpression of WT or mutant hTDP-43 in motor neurons leads to progressive motor dysfunction
with up-regulation of cytoplasmic TDP-43 (Li, Ray et al. 2010, Estes, Boehringer et al. 2011, Diaper,
Adachi et al. 2013). Moreover, pan-neuronal overexpression of either WT dTDP-43 or hTDP-43
caused not only up-regulation of cytoplasmic TDP-43, but also hyperphosphorylated TDP-43 (Li, Yeh
et al. 2011, Miguel, Frébourg et al. 2011, Diaper, Adachi et al. 2013).

Knock out studies of TDP-43 have highlighted its essential role during development as they result in
embryonic lethality in mammalian models. Loss of TDP-43 in non-mammalian models result in high
mortality at the embryonic stage with only a few surviving into the adult stage. These non-
mammalian models develop severe motor dysfunctions similar to those seen in ALS (Feiguin,
Godena et al. 2009, Diaper, Adachi et al. 2013), indicating the importance of TDP-43 in motor

neurons.

Following on from these results, a Drosophila model made along the similar lines of the cellular
model described in section 4.2 has been created to explore the connection between the reduction
of TDP-43 levels and the onset of the disease. These flies started to show significant motor deficits
during adulthood. Interestingly, a 4-fold drop in TDP-43 protein levels is observed and coincides with
the time point where the locomotive defects start to be visible. Thus, according to this study, the
motor phenotype is correlated with a loss of function of TDP-43 due to a drop in its protein levels

(Cragnaz et al., 2015).

5. Drosophila melanogaster as a model system

5.1. General overview

Drosophila melanogaster has emerged as a powerful model to study human neurodegenerative
diseases during the last decade. Several characteristics make Drosophila the organism of choice.
Among them, the short generation time (approximately 10 days) and short life span (around 60 to
80 days). In particular, these features make Drosophila amenable to study age-related disorders. In
addition, approximately 75% of human genes known to be associated with disease have a

Drosophila ortholog (Reiter et al., 2001). For each disease, specific neuronal regions begin to
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degenerate late in life. In order to study this, several methods are available to express genes in a
spatially and temporally restricted manner. Moreover, synaptic activity can be measured in
Drosophila using electrophysiological and imaging techniques from the neuromuscular junction and
adult central nervous system, making this organism particularly amenable to study
neurodegenerative diseases, such as ALS. Drosophila melanogaster has a segmented body,
composed by head, thorax and abdomen. The six legs and the two wings are attached to the thorax.
Drosophila has also two antennae and one pair of red eyes on its head. Flies have four pairs of
chromosomes, usually represented as lines for the arms and circles for the centromeres. The X and
the fourth chromosome have major left arms and tiny right arms. The size of the X, 2L, 2R, 3L and

3R are roughly comparable, whereas chromosome 4 is only about one-fifth as large (figure 16).
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Figure 16. Schematic representation of flies’ chromosomes. The upper portion of the figure shows
a representation of the karyotype of D. melanogaster. Chromosomes from female third instar larval
neuroblasts on the left and males on the right. Below is a diagrammatic representation of the
genome indicating the names of the arms of the sex chromosomes and autosomes. The euchromatic
portions of the genome are shown in black and the heterochromatin in gray. In this figure, arms are
represented as lines and centromeres as circles. Adapted from Genetics by Thomas C. Kaufman (vol.

206 Issue 2, June 2017)
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The sex determination in Drosophila is based on the ratio of X chromosomes to autosomal set. In
males, one X with two autosomal sets gives a ratio of 0.5, whereas the ratio is 1 in females. The Y
chromosome is not required for most aspects of male development, only for proper sperm motility.
One important feature of fly genetics is the total absence of recombination in males. On the other
hand, recombination in females is completely normal. Males are smaller and have darker and more
rounded abdomens compared to females. Furthermore, the males have black sex combs on their

first pair of legs that are important for male mating success (figure 17).

Figure 17. Schematic representation of the
adult external dorsal aspect of Drosophila.
Males (left) and females (right) are
phenotypically different. Adapted from St. Pierre
etal.. 2014

Drosophila melanogaster has a rapid development, but this can vary with the temperature. As other
insects, the Drosophila’s life cycle consists of four stages: egg, larva, pupa and adult (Figure 18). In
optimal conditions (25°C with 60% of humidity), it will take approximately 10 days to complete the
life cycle. After mating, the females deposit the eggs in the food. Embryogenesis occurs within the
egg, and around 24 hours later the first instar larvae hatches. Immediately after hatching the larvae
start to feed themselves, moulting 1 day, 2 days and 4 days after hatching, known as the first, second
and third instar larval stages. During the growth period that lasts in total 4 to 5 days, the larva
increases approximately 200-fold weight. After 2 days, the third instar larva moults one more time
to form an immobile pupa. Metamorphosis takes place in the pupal case, lasting 4 to 5 days. After
metamorphosis, the newly born fly breaks the pupal case to emerge. Immediately after birth, the
fly has the wings still closed and a clear body pigmentation. The wings are completely opened 3

hours after birth, at the same time that the body acquires the normal brownish pigmentation.
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Figure 18. Schematic representation of Drosophila melanogaster’s life cycle.

The cycle lasts approximately 10 days and includes four stages: egg, larva, pupa and adult.

5.2. Gal4/UAS system

Currently, almost all Drosophila models of neurodegenerative diseases have been developed using
the Gal4/UAS system (Brand & Perrimon, 1993), which allows the expression of a gene of interest
in a tissue-specific manner. This system relies on two different components: a transcriptional
activator derived from yeast under the control of a tissue specific promoter, and an upstream
activating sequence (UAS). The transgene of interest is placed downstream of the UAS that consists
of Gal4-binding sites. In the absence of Gal4, the transgene will be transcriptionally repressed. When
flies that carry the transgene are crossed with flies that express Gal4 in a specific tissue (also known
as “driver” flies), the transgene will be activated in the offspring; however, transgene expression
will occur exclusively in those tissues where Gal4 is expressed (figure 19). A wide array of “driver”
flies has been generated. The Gal4 is placed under a specific cell or tissue specific promoter, and
this is of particular interest for the study of neurodegenerative diseases, where specific neuronal
regions are compromised in patients’ brain.
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Figure 19. Directed gene expression in Drosophila melanogaster. Adapted from (Mugqit and Feany

2002).

5.3. Markers and balancers

Marker mutations are the key to deciphering genotypes. A vast array of mutations affecting eye
colour, eye shape, wing shape, wing vein morphology, bristle colour, bristle shape, and cuticle
pigmentation (these are the main categories) serve to tag the various chromosome arms. They may

be used to mark the chromosomes that need to be followed or lost during a cross.

Balancer chromosomes are multiple inverted chromosomes, which cannot undergo exchange with
their normal homolog during the homolog recombination process. Balancer chromosomes also
carry marker mutations, in order to facilitate the synthesis of defined genotypes by segregation
analysis. Many balancers exist for the X, 2 and 3 chromosomes. There is no need of balancer of the
fourth because there is no exchange on that chromosome. The most effective balancers are those,

which suppress the exchange all along the chromosome.
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5.4. TBPH

TDP-43 protein is highly conserved through species. Like many other genes, TDP-43 has a Drosophila
homologue, which is called TBPH (Tar DNA Binding Protein Homologue). TBPH contains similar
domains to the human protein: the nuclear localization signal (NLS), the nuclear export signal (NES),
and the glycine-rich domain are all conserved between these two species. In particular, the human
and Drosophila melanogaster proteins show striking similarities in their nucleic acid binding
domains (75% of identity). However, the C-terminal region is less well conserved. Despite the
differences, there is a high degree of functional similarity between the Drosophila and human TDP-
43. Moreover, the Drosophila TDP-43 is able to replace the function of the human protein both in
vitro and in vivo (Ayala, Pantano et al. 2005, Feiguin, Godena et al. 2009). The Drosophila protein,
TBPH, is coded by the homonymous gene, which is located in the second chromosome. Six different
isoforms have been identified so far, encoded by 5-6 exons, generated by alternative splicing (figure

20).
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Figure 20. TBPH chromosomal location and representation of its transcripts.

Adapted from FlyBase.
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Research aims

The absence of an effective treatment that blocks the progression of Amyotrophic Lateral Sclerosis
(ALS) is in part due to the lack of models that faithfully recapitulate ALS phenotypes to use in studies
of ALS drug development. The main histologic hallmark of ALS is TDP-43 aggregation in motor
neurons. Irrespectively of the exact role of the aggregates, their eventual reduction represents an
important therapeutic pathway, either by removal of their potential intrinsic toxicity or by
elimination of self-templating conformers that can sequester endogenous TDP-43 into the

aggregates resulting in a lack of its soluble and functional form.

The aim of this thesis is to create and characterize a new cellular model of TDP-43 aggregation,
developed with the aim of using it in a phenotypic high throughput screen to identify new
therapeutic compounds that, by reducing TDP-43 aggregates, could revert the ALS-symptoms.
Subsequently, exemplar candidate compounds coming from the screen will be further characterised
in regards to their mode of action in the cellular model by knocking out key components of the UPS

and autophagy pathway.

A Drosophila melanogaster model carrying the same construct used to create the cell line will also
be generated and characterised. This model will be used to test the compounds, identified from the
high throughput screen using the cellular model, which are able to clear TDP-43 aggregates and
restore functional TDP-43 and test whether they are able to rescue or improve the motor

phenotype.
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Materials and Methods

1. General reagents and protocols

1.1. Bacterial cultures

Escherichia coli K12 strain DH5a was used to perform transformation with all the plasmids of
interest. Bacterial colonies were maintained at 4°C on Luria-Bertani (LB) agar plates with the desired
antibiotic. When necessary, bacteria were grown overnight in liquid LB medium. In this case the

antibiotic was added directly to the medium at a final concentration of 100 ug/ml.

1.2. Preparation of bacterial competent cells

Bacterial competent cells were prepared following standard procedures. Briefly, E. coli K12 strain
DH5a was grown overnightin 10 ml liquid LB at 37°C (pre-inoculum). The day after, the pre-inoculum
was transferred to a 300 ml fresh liquid LB, and cells were grown at 37°C for about 4-5 hours until
0D600 was 0,3-0,4. Cell growth was stopped by putting the cells on ice and then centrifuged at 4°C
for 10 minutes at 0,1 x g. The pellet was resuspended in 30 ml of cold TSS solution (10% (w/v) PEG,
5% (v/v) DMSO, 35 mM MgCl,, pH 6.5 in LB medium). Finally, cells were aliquoted and rapidly frozen

in liquid nitrogen and stored at -80°C.

1.3. Bacterial transformation

Transformation was performed using 10 pl of ligation reaction, or 20 ng of DNA plasmids. DNA was
incubated with 60 pl of competent cells on ice for 20 minutes and then the heat shock was
performed by transferring the vial to 42°C for 2 minutes. Another incubation on ice was performed
for 5 minutes and finally the bacteria were allow to recover at 37°C for 30 minutes. Cells were then
plated on LB agarose plates containing the proper antibiotic and incubated for about 12 hours at

37°C.
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1.4. Small-scale preparation of plasmid DNA from bacterial cultures

In order to extract DNA plasmids from bacterial cultures, a single colony was inoculated and grown
in 6 ml of Terrific Broth (TB) medium overnight at 37°C. The Wizard plus SV miniprep DNA
purification system from Promega (Promega # A1330) was used according to the manufacturer’s

instructions.

1.5. Digestion of plasmid DNA

DNA digestion was performed using the corresponding digestion buffer specifically created by the
same company for each restriction enzyme. In general, the digestion was performed with 100-500
ng of DNA in a final volume of 50 ul containing 5 units of the restriction enzyme of interest. 2-3

hours incubation was performed at the optimal temperature indicated by the manufacturer.

1.6. DNA ligation

To perform DNA ligation the T4 ligase (Roche # 11635379001) was used. This enzyme is able to
adjoin double stranded DNA fragments having compatible sticky or blunt ends. The reaction was
performed with 20 ng of digested vector and 5-10 fold molar excess of the digested insert in a total
volume of 20 pl, containing 1X ligase buffer and 1 unit of T4 DNA ligase. The reaction was incubated

for 4-10 hours at room temperature.

1.7. Agarose gel electrophoresis of DNA

Size fractionation of DNA samples was performed through electrophoresis in agarose gel 1-2% (w/v)
prepared in TBE 1X (220 mM Tris; 180 mM Borate; 5 mM EDTA; pH 8.3). The samples of interest
were loaded in gels containing ethidium bromide (0,5 pug/ul), at 80 mA in TBE 1X running buffer.
DNA was visualized by UV trans illuminator machine and the result was photographed using a digital

camera.
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1.8. DNA sequencing

Sequence analysis was performed by sending 2 pg of plasmid DNA preparation to Macrogen

Company.

1.9. Quick change mutagenesis

Two complementary oligonucleotide primers that carry appropriate modifications were designed
and used during PCR mutagenesis. The reaction mix was made in a final volume of 50 pl containing
1 pl of PfuDNA polymerase (Promega), 5 ul PfuBuffer 10x, 10 uM of each primers (forward and
reverse), dNTPs mix (5mM each) and 50-60 ng of the desired template to be modified. PCR was
performed using DNA Polymerase (Biolabs # M0273L) with the following settings: 95 °C for 30 s,
95°C for 30s, 55°C for 1 min, 68°C for 8 min and 68°C for 7 min repeated 18 times for step 2 to step
5. Following the PCR, the product was digested with 1 ul of Dpnl enzyme for 2-4 h at 37°C.

After Dpnl digestion 10 ul of the nicked plasmid DNA containing the mutation of interest were

transformed into DH5a E. coli cells and the clones were then analysed through sequencing.

1.10. SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used method
to separate proteins according to their sizes. Protein samples were diluted in Laemmli buffer (0.1 M
Tris-HCl pH 6.8, 30% (v/v) glycerol, 8% (w/v) SDS, 9.8% (v/v) B-mercaptoethanol and 0.1% (w/v)

bromophenol blue), and boiled at 95°C for 5 minutes. Gels were prepared as detailed in Table 2.
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Components Resolving gel Stacking gel
Acrylamide-BIS 8% or 10% (v/v) 5% (v/v)
Tris-HCl pH 8.8 0.37 M -

Tris-HCl pH 6.8 - 0.125 M
SDS 0.1% (w/v) 0.1% (w/v)
Ammonium persulphate 0.1% (w/v) 0.1% (w/v)
TEMED 0.02% (w/v) 0.02% (w/v)

Table 2. SDS gel preparation

The amperage applied for the running was 25mA in 1X running buffer prepared from a 10X stock

solution (table 3).

Reagent Quantity
Tris (Invitrogen #15504-020) 30,3 gr
Glycine (Sigma #33226) 144 gr
SDS (BDH #301754L) 5gr

Table 3. 10X running buffer preparation

2. A cellular model of TDP-43 aggregation

2.1. Creation of EGFP-TDPF4L12xQ/N plasmid

The EGFP-TDP43 F4L 12xQ/N plasmid to generate the corresponding stable cell line was prepared
taking the advantage of a previously described construct FLAG-TDP43 F4L/pCDNA5/FRT/TO (Budini,
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Romano et al. 2015) to which enzyme restriction sites Xhol and BamHI were introduced in position
1209 of TDP-43 as described in Budini et al 2015. Then FLAG tag was deleted and simultaneously
EcoRV enzyme restriction site was inserted by Quick Change mutagenesis strategy (Stratagene)
using the following  oligonucleotides: FAL/pcDNAS FLAGdel-EcoRVins Fw  5'-
ATCCAGCCTCCGGACTCTAGCGTTTAAATTtAAatcgttaagatatcctttctgaatatattcgggtaaccgaagatgaga-3’

and FAL/pcDNA5S FLAGdel-EcoRVins Rv 5'-
tctcatcttcggttacccgaatatattcagaaaggatatcttaacgatTTaAATTTAAACGCTAGAGTCCGGAGGCTGGAT-3'.
EGFP tag was amplified from pEGFP-C2 plasmid using oligonucleotides carrying EcoRV target
sequence (EcoRV EGFP Fw 5’-ccggatatcATGGTGAGCAAGGGCGA-3’ and EcoRV EGFP Rv 5'-
ccggatatcgATCTGAGTCCGGCCGGACTT-3’), cut using EcoRV restriction enzyme and ligated into the
already digested and dephosphorylated plasmid generating the EGFP-TDP43-F4L/pcDNA5/FRT/TO
plasmid. As final step, the plasmid was digested using Xhol and BamH] restriction enzymes and 12
repetitions of the Q/N rich region of TDP-43 were inserted as previously described (Budini, Romano
et al. 2015). All the cloning steps were followed by sequencing procedure to check that all the

inserted fragments were correct.

2.2. Creation of EGFP-TDPF4L12xQ/N cell line

The HEK293 EGFP-TDPF4L12xQ/N cell line used in this study was developed in our lab using the Flp-
In System (Invitrogen # K6010-01) and the T-Rex-293 cells (Invitrogen # R710-07). The cell line was
cultured in Dulbecco’s Mem with Glutamax | (Dulbecco’s modified Eagle’s medium with glutamine,
sodium pyruvate, pyridoxine and glucose) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (FBS) and 1X antibiotic-antimycotic (Sigma # A5955). Plasmid transfections were
carried out using Effectene Transfection reagent (Qiagen # 301425) according to the manufacturer's
instructions. To generate the stable clones, 0.5 pg of plasmid EGFP-TDPF4L12xQ/N was co-
transfected with 0.5 pg pOG44 vector that expresses the Flp-recombinase. After 24 hours from co-
transfection, the stable integration was gradually selected using 100 pg/ml of Hygromycin B
(Invitrogen # 10687-010). 10 pg/ml Blasticidin S (Sigma # 15205) was used to select the T-Rex-293
plasmid containing the tetracycline repressor (pcDNA6/TR). The expression of the gene of interest
is controlled by the CMV promoter into which two copies of the Tet operator 2 (TetO2) sequence
have been inserted in tandem. Insertion of these TetO2 sequences into the CMV promoter confers
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regulation by tetracycline to the promoter. For the induction of the transgenic protein, 1 ug/ml of

anhydrous-tetracycline (Sigma # 87128) was added to the culture media.

For cell seeding, dishes containing confluent monolayer of cells were washed with PBS 1X, treated
with 3 ml of PBS/EDTA/trypsin solution (PBS containing 0.04% (w/v) EDTA and 0.1% (w/v) trypsin)
at 37°Cfor 30 seconds in order to detach the cells. Then, trypsin was deactivated by adding complete
DMEM, and the cells were collected and pelleted by centrifugation for 5 minutes at 0,1 x g at room
temperature. The cellular pellet was suspended in 10 ml of DMEM and cells were counted with the

Neubauer chamber and plated.

2.3. Immunohistochemisty

Cells were plated into a 6-well plate, containing, in each well, a cover glass that was previously
sterilized. After induction with tetracycline, cells were washed with 3 ml of PBS 1X (NaCl 137 mM,
KCl 2.7 mM, Na;HPO4 10 mM, KH,PO4 1.8 mM pH 7.4) and fixed with 3.7% (v/v) paraformaldehyde
for 40 minutes at room temperature. After fixing, three 5-minutes washes were performed with PBS
1X. Subsequently, the plate was placed on ice and 2 ml of PBS with 0.3% (v/v) Triton X-100 were
added for 5 minutes. This step was done in order to permeabilize the cells, and after it, a washing
step (three 5-minutes washes with PBS 1X) was performed to remove the permeabilization solution.
The cells were then blocked for 20 minutes at room temperature with 2% (w/v) of BSA prepared in
PBS 1X. Then, the slides were incubated in a humidified chamber with the primary antibodies: rabbit
anti-TDP-43 (1:200, Proteintech # 10782-2-AP). After 1-hour incubation at room temperature, three
5-minutes washes with PBS 1X were performed and the secondary antibody Alexa 594 anti-rabbit
(1:500, Invitrogen # 997874) was added and incubated for 1 hour at room temperature in a
humidified chamber. Finally, the slides were rinsed with PBS 1X for 5 minutes. For the mounting,
the slide was placed up side down on a cover slip with a small drop of mounting medium containing
DAPI (Vector Laboratories # H1200), and sealed with nail polish. The samples were imaged under a
confocal laser-scanning microscope (LSM 510 META; Carl Zeiss, Inc). Images were acquired by using

63X oil immersion objective. Image processing was done with Imagel software.
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2.4. Clearance assay

100,000 cells/well were seeded in a 6-well plate, and induced for 24 hours with tetracycline 1 pg/ml.
After induction, cells were washed twice with PBS 1X in order to get rid of the tetracycline. Fresh
DMEM without antibiotic-antimycotic was added to the wells, and cells were incubated for 24 hours
with five different FDA approved drugs at different concentrations: Thioridazine 4 uM (Sigma #
T9025), Nortriptyline 10 uM (Sigma # N7261), Clomipramine 10 uM (Sigma # C7291), Fluphenazine
5 uM (Sigma # F4765) and Chlorpomazine 10 uM (Sigma #C8138). Subsequently, the medium was
replaced with fresh medium and cells were further cultured for 24 hours in presence of the selected
drugs. Control cells were also induced for 24 hours and then kept in culture for 48 hours without
any additive. After the incubation time was finished, cells were collected and pelleted at 0,1 x g for

5 minutes at room temperature. Finally, protein and RNA were extracted.

2.5. Inhibitors experiment

After 24 hours of EGFP-TDPF4L-12XQ/N induction, tetracycline was washed out with PBS 1X twice.
Subsequently, DMEM without antibiotic/antimycotic was added to the wells. One hour prior to the
addition of either Nortriptyline 10 uM or Thioridazine 4 uM, the proteasome or autophagy inhibitors
were added to the culture medium. For the autophagy blockage NH4Cl 30 mM (Merck # 101145)
and chloroquine 10 uM (Sigma # C6628) were used and as a proteasome inhibitor Bortezomib 7nM
(Selleckem # S1013) was used. These concentrations were used based on standard procedures. As
for the clearance assay, cells were incubated for 24 hours with the inhibitors plus the drugs.
Subsequently, the medium together with inhibitors and selected compounds were replaced and
cells were further cultured for 24 hours. As for control cells, after tetracycline was washed out, they
were incubated with the inhibitors alone for 48 hours (24h+24h). After 48 hours of incubation, cells
were collected and proteins and RNA were extracted. SDS-PAGE followed by immunoblotting and

POLDIP3 splicing analyses were performed.
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2.6. Protein extraction

For cellular protein analysis, cells with and without drug treatment were harvested and cellular lysis
was performed using home-made Lysis buffer (15 mM Hepes pH=7.5, 250 mM NaCl, 0.5% (v/v) NP-
40, 10% (v/v) Glycerol and protease inhibitors (Roche Diagnostic # 11836170001)). Cell lysates were
then sonicated for 10 minutes at the highest potency. The total amount of protein per each sample

was quantified by Bradford assay using Biorad reagent (Biorad # 500-0006).

2.7. Immunoblotting

Proteins (20-30 pg/sample) were separated by 10 or 12,5% SDS-PAGE, transferred to nitrocellulose
membranes (Whatman # NBAO83C) and probed with primary antibodies: rabbit anti-GFP (1:1,000,
Santa Cruz # sc-8334), rabbit anti-TDP-43 (1:1,000, Proteintech # 10782-2-AP), rabbit anti-LC3B
(1:1,000, Sigma # L7543), guinea pig anti-p62 (1:2,000, Progen # GP62-C), rabbit anti-ubiquitin
(1:1,000, Cell Signaling technology # 3933), mouse anti-Flag (1:1,000, Sigma # F1804) and mouse
anti-tubulin (1:4,000, Calbiochem # CP06). The membranes were incubated with the secondary
antibodies: HRP-labeled anti-mouse (1:2,000, Thermo Scientific # 32430), HRP-labeled anti-guinea
pig (1:10,000, Jackson ImmunoResearch #706-035-148) or HRP-labeled anti-rabbit (1:2,000, Thermo
Scientific # 32460). Finally, protein detection was assessed with ECL Western Blotting Substrate
(Thermo Scientific # 34106).

2.8. Solubility assay

Cell lysis was performed with Lysis buffer (15 mM Hepes pH=7.5, 250 mM NaCl, 0.5% (v/v) NP-40,
10% (v/v) Glycerol and protease inhibitors (Roche Diagnostic # 11836170001)). Subsequently, cells
were sonicated for 10 minutes at the highest potency. The total amount of proteins in each sample
was quantified by Bradford assay using Biorad reagent (Biorad # 500-0006). 250 g of cell lysates
were centrifuged at 33,000 rpm for 1 hr at 25°C. The supernatant was collected as the soluble
fraction and the pellet was resuspended in Urea buffer (7 M urea, 4% CHAPS, 30 mM Tris pH 8.5).

10% of each fraction was loaded on SDS-PAGE followed by western blotting.
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2.9. RNA extraction

To perform RNA extraction, cultured cells were washed once with PBS 1X and then harvested.
Subsequently, centrifugation at room temperature at 0,1 x g for 5 minutes was performed. The
cellular pellet was suspended in 500 ul of TRIzol reagent (Invitrogen # 15596-026) and incubated for
3-5 minutes at RT. RNA extraction was performed by adding 100 ul of chloroform to each sample
and after 2-3 minutes of incubation at room temperature, samples were further centrifuged for 15
minutes at 13,4 x g at 4°C. The upper phase, containing the RNA was transferred into a new tube
and RNA was precipitated by adding 250 pl of isopropanol. After 10 minutes of incubation at room
temperature, the samples were centrifuged again for 15 minutes at 13,4 x g at 4°C. Finally, RNA

pellet was washed with 70% (v/v) ethanol and resuspended in water.

2.10. cDNA synthesis

The cDNA synthesis was performed with 1ug of total RNA. To start with, RNA was treated with
DNAse (Promega RQ1 # M610A). The mixture was incubated at 37°C for 30 minutes and then DNAse

stop solution was added and incubated at 65°C for 10 minutes to inactivate the DNAse enzyme.

The RNA was subsequently retrotranscribed with Moloney murine leukemia virus reverse
transcriptase (M-MVL RT) (Invitrogen # M1701) using random primers at a final concentration of 2.5
mM (Pharmacia # 27-2166-01). First, RNA denaturation was carried out at 70°C for 3 minutes. After
denaturation, the following reagents were added: 5X RT Buffer, DTT 0.1 M, dNTPs 5mM, M-MVL RT

and H;0. Samples were then incubated for 1 hours at 37°C to allow cDNA synthesis.

2.11. POLDIP3 splicing assay

For POLDIP3 splicing assay, cells with and without drug treatment were harvested and RNA was
extracted using Trifast reagent (Euroclone # EMR507100), according to manufacturer instructions
(see section x). After retrotrascription with M-MLV Reverse Transcriptase (Invitrogen # M1701),
total ¢cDNA was analyzed by PCR using the following primers: POLDIP3 exon 3 forward:
5’gcttaatgccagaccgggagttgga3’ and POLDIP3 exon 3 reverse: 5 tcatcttcatccaggtcatataaatt3’. PCR
was performed using DNA Polymerase (Biolabs # M0273L) with the following settings: 95°C for 5
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minutes, 95°C for 30 seconds, 50°C for 30 seconds, 72°C for 1 minute, 72°C for 7 minutes, repeated
35 times from step 2 to 5. All PCR products were analyzed on 2% (w/v) agarose gels with ethidium

bromide (Sigma # E1510).

3. A Drosophila model for TDP-43 aggregation

3.1. Generation of transgenic fly lines

3.1.1. Generation of constructs

In order to generate the transgenic fly model used in this work, the FLAG-TDPF4L12xQ/N construct
(Budini, Romano et al. 2015) was cloned in a pUASTattB vector. pUASTattB is highly used in the field
as it allows site specific insertion of the transgene of interest in the Drosophila genome. The plasmid
(figure 21) is 8.4 Kb long (Gene Bank accession number EF362409). It contains the white gene
(coding for the red colour of the eye) as a genetic marker, a region with 5 UAS binding sites upstream
of the hsp70 promoter, loxP sequences, a multiple cloning site, the sequence attB and ampicillin
resistance. The attB site allows the integration of the transgene in the attP-landing platform in the
fly genome, taking advantage of the phage ®C31 integrase system (Bischof et al., 2007) (figure 21).
Both FLAG-TDPF4L12xQ/N and EGFP constructs were cloned in pUASTattB and specifically inserted

in Drosophila’s third chromosome.
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Figure 21. Schematic representation of the pUASTattB plasmid and its integration mechanism into
attP landing sites. The ®C31 integrase mediates recombination between attB and attP sites,
resulting in the integration of pUASTattB into the landing site, thereby creating the two hybrid sites

attL and attR, which are refractory to the ®C31 integrase. Adapted from Bischof et al. 2007.
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3.1.2. S2 cells transfection

The S2 cells derive from primary culture of late stage (20-24 hours) Drosophila melanogaster
embryos (Schneider, 1972). They form semi adherent monolayer when grown in culture flasks at
room temperature, without CO,. Insect Express medium (Lonza # BE12-730F) supplemented with
10% (v/v) heat-inactivated fetal bovine serum and 1X antibiotic/antimycotic (Sigma # A5955) was
used to maintain the cells in culture. Before sending the constructs to BestGene Company for the
generation of the transgenic flies, the expression level and the potential toxicity of the exogenous
protein were tested in S2 cells. Transfection was performed using Effectene transfection reagent kit
(Qiagen # 301425), a non-liposomal lipid reagent for DNA transfection. S2 cells were plated at a
concentration of 1.8x10° cells/mL. The transfection reaction was prepared as follows: 300 ng of DNA
plasmid containing the construct of interest, 500 ng of plasmid harboring Gal4 factor and 4 ul of
Enhancer were added to the Condensation buffer (buffer EC) up to a total volume of 150 pl and
incubated at room temperature for 5 minutes. 12,5 ul of Effectene reagent were subsequently
added to the mixture, mixed by vortexing and incubated at room temperature for 10 minutes to
allow formation of the transfection complex. Then, the transfection complex was added to 300 pl
of medium and finally it was transferred to the dish containing the cells. The cells were incubated

at 25°C for at least 48 hours in order to obtain the expression of the recombinant protein.

3.1.3. Transgenic flies

FLAG-TDPF4L12xQ/N (12 repetitions of the TDP-43 331-369 sequence) and EGFP constructs were
cloned in the pUASTattB vector (Bischof et al., 2007). All the constructs have been sequenced and
subsequently used to create transgenic flies by standard embryo injections (Best Gene Inc.). A
specific insertion using strain 24486 was chosen for FLAG-TDPF4L12xQ/N and EGFP. All transgenic
flies have been subsequently balanced on the required chromosome. Drosophila stocks W1118,
GMR-Gal4 and ELAV-Gal4 were obtained from Bloomington Drosophila Stock Centre at Indiana
University (http://flystocks.bio.indiana.edu/). Additional stocks were kindly provided by colleagues

or were generated as part of this study.

61



3.1.4. Balancing of transgenic flies to avoid loss of the transgene

Balancer chromosomes are modified chromosomes used for genetically screening a population of
organisms to select for heterozygotes. Balancer chromosomes can be used as a genetic tool to
prevent genetic recombination between homologous chromosomes during meiosis. Balancers are
often used in Drosophila melanogaster genetics to allow populations of flies carrying heterozygous
mutations to be maintained without constantly screening for the mutations. Balancer chromosomes
have three important properties: they suppress recombination with their homologs, carry dominant
markers that allow you to tell which progeny inherit the balancer in crosses, and negatively affect

reproductive fitness when carried homozygously.

Transgene insertion could be in any of the fly’s chromosomes: X, Il or lll. Transgenes inserted on the
fourth chromosome are very rare as this chromosome is very small and it is mainly formed by
heterochromatin. Since the FLAG-TDPF4L12xQ/N construct was inserted on the third chromosome,
transgenic flies obtained from Best Gene Company were directly crossed with the specific balancer
on the third chromosome to avoid loss of the transgene. To do so, an individual male carrying the
transgene (which contains the white gene coding for the red colour of the eye, marked as w+) is
crossed with a balancer female. Since, the insertion has been made in the third chromosome,
Apc/TM3Sb female balancer flies are used (carrying the dominant morphological marker stubble
hair). To create the final stock, males and females, carrying both the transgene (marked with w+)

and TM3Sb balancer, are crossed again.

3.2. Drosophila techniques

3.2.1. Drosophila stocks handling

Flies were fed on standard cornmeal (2,9% (w/v)), sugar (4,2% (w/v)), yeast (6,3% (w/v)) fly food
and maintained in a humidified incubator at 25°C with a 12 hours-12 hours light-dark cycle.
Experimental crosses were performed at 25°C with the same conditions of humidity and light/dark
cycle as stock flies. To allow the identification of the sex and genotype, the flies were anaesthetized
on a pad with CO; gas. The constant gas flow provided, allows the immediate and continuous

anaesthetization.
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3.2.2. Drosophila crossing techniques

Experimental crosses were established by adding males to virgin females. Females less than 8 hours
old reject countership and, therefore, are considered as virgins. On this basis, all adults from a vial
were removed and after 7-8 hours the newly eclosed females were harvested. They were kept in a
separate vial for up to one week in order to collect a considerable number of females to proceed
with the crosses. Virgin females were then combined with males in a 10:3 female:male ratio, placed
in a fresh tube and stored at 25°C for up to 5 days. Flies were then removed to allow the collection

of the progeny.

3.2.3. Drug feeding

Fly food was melted in the microwave. Once the food was properly melted, it was left on the stir to
cool down until the T was below 40°C; subsequently, the selected drug, previously dissolved in either
water or ethanol accordingly, was added to the food to obtain the final concentration and mixed.
Thioridazine was dissolved in water, while compound B, C, D, E, F and G were dissolved in ethanol
100%. Based on previous experiments, a final concentration of 5% ethanol in the fly food was found
to be non-toxic for the adult flies; as for the larvae, the concentration had to be decreased to 1%
due to a strong toxic effect observed with higher doses. For the feeding of the larvae, the
compounds were suspended in 1.2 ml of ethanol 100%, vortexed and put at 48 °C for 3-5 minutes.
Finally, the compound was added to 120 mL of fly food (the final percentage of ethanol in the food
was 1%). For the feeding of adult flies, the compounds were suspended in 7.5 mL of ethanol 100%,
vortexed and put at 48°C for 3-5 minutes. The compound was then added to 142.5 ml of food (the
final percentage of ethanol in the food was 5%). The mixture was subsequently aliquoted in each
tube and let it solidify. Crosses were set directly in tubes containing food with the compound or
water/ethanol alone. After 5 days, males and females were discarded to let the larvae eat the food.
Five to six days later new flies hatched from the pupal case. One-day-old flies were collected for 2
days and put in tubes with the drug or water/ethanol alone in a male:female 1:1 ratio. The food was
changed every second day and after 10 days of treatment the climbing ability of the flies was tested.
The final concentrations used for each of the compounds tested in the fly model are reported in the

table below (table 4).
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Compounds Larvae Adults
Thioridazine 50 uM 0.4 mM
B 165 puM 800 UM
C 400 uMm 1 mM
D 80 uM 1mM
E 500 UM 1 mM
F / 500 pM
G 143 pM 700 uM

Table 4. Final concentrations used for all the compounds tested to feed the TDPF4L12xQ/N fly

model.

3.3. Drosophila phenotypic analysis

3.3.1. Climbing assay

The negative geotaxis (movement against gravity) is an innate characteristic of Drosophila (Benzer,
1967). Thus, flies were transferred without anaesthesia to a 50 ml glass-cylinder, tapped to the
bottom of the tube and their subsequent climbing activity was quantified as number of flies that
reached the top of the tube in 15 seconds. This behaviour is stable during the first three weeks of
adult life, but progressively declines with age. Therefore, the climbing ability of control EGFP and
transgenic TDPF4L12xQ/N flies was measured at 3, 7, 11 and 14 days after eclosion. At least 100
flies for each genotype were tested. In each set of experiments 20 flies (1:1 male:female ratio) were
introduced in the cylinder and tested in triplicate. The number of top climbing flies was converted
into % value, and the mean % value (+SEM) was calculated for at least 5 experiments. One-way
ANOVA followed by Bonferroni’s multiple comparison was used to compare measures among four
groups. Unpaired t-test analysis was used to compare measures between two groups. The
significance between the variables was shown based on the p-value obtained (ns indicates p>0.05,

*indicates p<0.05, **indicates p<0.01, ***indicates p<0.001 and ****indicates p<0.0001).
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3.3.2. Life span

Adult flies were collected for 2 days and transferred to tubes with food. Each tube contained 20 flies
in a proportion 1:1 male:female ratio. The lifespan trials were conducted in humidity and
temperature controlled conditions. Every third day, flies were transferred, without anesthetization
to a fresh tube and deaths were scored. Survival rate was plotted as percentage of survival flies
against day. Approximately 100 flies were tested for each genotype. Long rank test was performed
to compare survival distribution between genotypes. The significance between the variables was
shown based on the p-value obtained (ns indicates p>0.05, *indicates p<0.05, **indicates p<0.01,

***indicates p<0.0001).

3.3.3. Larval movement

Drosophila larvae show natural peristaltic movements, characterized by a wave, which starts at one
end of the larvae, passes through all the body, and ends in the mouth. In physiological conditions,
the movement is interrupted by pausing, turning and head swinging (Rodriguez Moncalvo and
Campos, 2009). Evaluation of peristaltic waves has been done testing the movement of third instar
larvae. Wandering third instar larvae were selected, washed and transferred to a Petri dish with a
layer of 0.7% (w/v) agarose. After a period of adaptation, the peristaltic waves within 2 minutes
were counted. At least 20 larvae from each genotype were counted, and the mean was calculated.
One-way ANOVA followed by Bonferroni’s multiple comparison was used to compare measures
among four groups. Unpaired t-test analysis was used to compare measures between two groups.
The significance between the variables was shown based on the p-value obtained (ns indicates
p>0.05, *indicates p<0.05, **indicates p<0.01, ***indicates p<0.0001). Values are presented as a

mean and error bars indicate standard error means (SEM).
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3.4. Biochemical techniques

3.4.1. Protein extraction

Transfected S2 cells were transferred to 1.5 ml tubes, collected by centrifugation at 16,000 x g and
resuspended in 100 pl of Lysis Buffer (50 mM Tris-HCl pH 7.6, 750 mM NaCl, 1% (v/v) Triton X-100
and protease inhibitors (Roche Diagnostic # 11836170001)). Regarding flies, total proteins were
extracted from the head. Whole flies were frozen in liquid nitrogen and then vortexed to separate
the head from the body. Drosophila heads were homogenized in lysis buffer (10 pl/head) (10 mM
Tris-HCl, pH 7,4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10% (v/v) Glycerol, 50 mM NaF, 5 mM DTT,
4 M Urea, and protease inhibitors (Roche Diagnostic # 11836170001)). After homogenization,
samples were left on ice for 20 minutes followed by centrifugation at 2000 rmp for 7 minutes at 4°C.

Supernatants were collected, used and/or stored at -80°C.

3.4.2. Drosophila Immunoblotting

Proteins were separated by 8% SDS-PAGE, transferred to nitrocellulose membranes (Whatman #
NBAO083C) and probed with primary antibodies: mouse anti-FLAG (1:1,000, Sigma # F1804), mouse
anti-GFP (1:1000, Roche # 11814460001), rabbit anti-TBPH (1:1,500, home-made), and mouse anti-
tubulin (1:4,000, Calbiochem # CP06). The membranes were incubated with the secondary
antibodies: HRP-labeled anti-mouse (1:2000, Thermo Scientific # 32430) or HRP-labeled anti-rabbit
(1:2000, Thermo Scientific # 32460). Finally, protein detection was assessed with Femto Super Signal
substrate (Thermo Scientific # 34095). Protein bands were quantified using NIH Imagel. The

intensity of the band of interest was normalized with tubulin.

3.4.3. Solubility test

24 adult fly heads were dissected and homogenized in 240 pl of lysis buffer (10 pl/head) (10 mM
Tris-HCI, pH 7,4, 150 mM NaCl, 5 mM EDTA, 5 mM EGTA, 10% (v/v) Glycerol, 50 mM NaF, 5 mM DTT,
4 M Urea, and protease inhibitors (Roche Diagnostic # 11836170001)). The samples were incubated

under agitation for 1 h at 4°C and then centrifuged at 1,000 x g for 10 minutes at 4°C. An aliquot was
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taken at this point as the input, and after a further centrifugation step at 100,000 x g for 30 minutes
at 4°C, the supernatant was collected as the soluble fraction. The remaining pellet was re-extracted
in 60 ul of urea buffer (9 M urea, 50 mM Tris-HCl, pH 8, 1% (w/v) CHAPS and a cocktail of protease
inhibitors (Roche # 04693159001)) and spun down to remove any precipitate, while the 9 M urea
soluble material was collected as the insoluble fraction. Proteins were separated by 8% SDS-PAGE.
The different samples were loaded in a proportion 1:1:1 for the input, soluble and insoluble
fractions. Proteins were electro-blotted to a nitrocellulose membrane (Whatman # NBA083C) and
probed with the following primary antibodies: mouse anti-GFP (1:1000, Roche # 11814460001)
mouse anti-FLAG (1:1,000, Sigma # F1804), and mouse anti-tubulin (1:4,000, Calbiochem # CP06).
The membranes were incubated with the secondary antibody HRP-labeled anti-mouse (1:2000,
Thermo Scientific # 32430). Finally, protein detection was assessed with Femto Super Signal

substrate (Thermo Scientific # 34095).
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Results

1. A cellular model of TDP-43 aggregation

1.1. Creation and characterization of EGFP-TDPF4L12xQ/N stable cell line

In order to create a solid cell-based model of TDP-43 proteinopathies that may serve as a tool for
the study of the mechanisms of TDP-43 pathology and eventual identification of compounds capable
of reducing TDP-43 inclusions, | created a tetracycline-inducible cell line expressing a construct
composed of TDP-43 linked to tandem repeats of the glutamine/asparagine region, which is known
to be involved in the self-aggregation process (Fuentealba, Udan et al. 2010). As mutations of
phenylalanine 147 and 149 into leucine in both the RNA recognition motifs have been shown to
abolish its ability to bind nucleic acids (Budini, Romano et al. 2015), these were also introduced into
the construct used to create the cell line. In fact in this way due to its inability to bind RNA the
protein produced will be unable to down regulate the levels of soluble endogenous TDP-43 through
the negative feedback loop (Ayala, De Conti et al. 2011, Avendafio-Vazquez, Dhir et al. 2012) as well
as regulate RNA splicing, the principle process | use in this thesis to monitor TDP-43 functionality.
An EGFP tag was chosen over the previously used FLAG (Budini, Romano et al. 2015) due to ease of
kinetic monitoring and intrinsic fluorescent nature that are essential features in eventual high

throughput screening assay development.

Transgene expression is blocked by the tetracycline repressor (R). Hence, only when tetracycline is
added to the cells, the EGFP-TDPF4L12xQ/N transgene expression is induced (figure 22a for the
cartoon showing the construct used to create the cell line). Immunofluorescence analysis of the cells
upon induction with tetracycline, shows the formation of aggregates (green) localized in both the
nucleus and cytoplasm (figure 22b lower panel). Interestingly, endogenous TDP-43 (red) which is
normally diffused in the nucleus (figure 22b upper panel), was found to aggregate and to co-localize
with the EGFP-TDPF4L12xQ/N aggregates (yellow dots, figure 22b lower panel), indicating

sequestration of the endogenous protein by the aggregates.
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Figure 22. Tetracycline inducible cell line of EGFP-TDPF4L12xQ/N.

(a) Cartoon of the construct used to create the EGFP-TDPF4L12xQ/N cell line. Tetracycline binds to
the repressor inducing the expression of the transgene. (b) Immunofluorescence of EGFP-
TDPF4L12xQ/N stable cells showing sequestration of endogenous TDP-43 into the aggregates. Anti-
GFP (green), anti-TDP-43 (red) antibodies were used. The cell nuclei were stained using the reagent

TOPRO-3.
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1.2. Sequestration of endogenous TDP-43 by the EGFP-TDPF4L12xQ/N

aggregates reduces the amount of soluble TDP-43

To further confirm the ability of the EGFP-TDPF4L12xQ/N aggregates to sequester endogenous TDP-
43, total protein extraction was performed after 24h following induction of the EGFP-TDPF4L12xQ/N
construct. Subsequently, a fractionation of soluble and insoluble fractions was performed (see
section 2.8 of Materials and Methods), and the presence of endogenous TDP-43 and exogenous
(EGFP-TDPF4L12xQ/N) proteins in each fraction was analysed by western blot using an anti-TDP-43
antibody. As can be seen in figure 23, a clear shift in the solubility of endogenous TDP-43 occurs
upon induction of EGFP-TDPF4L12xQ/N. In fact, in conditions where the transgene is not induced (-
Tet), the endogenous TDP-43 is distributed in the soluble fraction (lane 1 and 2). Interestingly, upon
EGFP-TDPF4L12xQ/N expression (+Tet), the endogenous TDP-43 protein shifts into the insoluble
fraction together with the aggregates, confirming the sequestration and aggregation of the

endogenous TDP-43 (lane 3 and 4).
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Figure 23. Endogenous TDP-43 solubility upon EGFP-TDPF4L12xQ/N expression.

Western blot of fractionated proteins obtained from EGFP-TDPF4L12xQ/N stable cells induced or
not induced with tetracycline. In normal conditions, endogenous TDP-43 is mainly soluble (lane 1
and 2, lower panel), however, when the aggregates are formed upon tetracycline induction, there

is a shift of the protein from the soluble to the insoluble fraction (lane 3 and 4, lower panel). Soluble
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and insoluble fractions were separated by SDS-PAGE, followed by western blotting with anti-TDP-

43. Tubulin was used as loading control.

1.3. Sequestration of endogenous TDP-43 results in a loss of function in its role
in mRNA processing

| then analysed if the reduction of soluble TDP-43, due to its entrapment in the aggregates, would
result in a concomitant loss of endogenous TDP-43 cellular functions. To do this, | analysed POLDIP3
alternative splicing of exon 3, that is regulated by TDP-43, which binds to the UG-rich sequences
placed downstream of exon 3 (Buratti and Baralle 2001). As explained in section 2.1.1 of the
introduction, when TDP-43 is present, it favours the inclusion of exon 3 in the mRNA of POLDIP3.
On the contrary, when TDP-43 is silenced using a siRNA, exon 3 is skipped giving rise to a shorter
transcript (figure 24, upper panel). Interestingly, upon EGFP-TDPF4L12xQ/N expression following
induction with tetracycline, POLDIP3 exon 3 splicing pattern is similar to the one obtained after TDP-
43 silencing (figure 24, lower panel), confirming that the aggregates are sequestering endogenous

TDP-43, preventing it from regulating POLDIP3 alternative splicing, and causing loss-of-function.

HEK293 cells
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Figure 24. POLDIP3 alternative splicing is affected in cells expressing EGFP-TDPF4L12xQ/N.
Upper panel: representative agarose gel of RT-PCR products using POLDIP3 specific primers
spanning exon 3 from cells treated with TDP-43 siRNA. Lower panel: representative agarose gel of

RT-PCR products using POLDIP3 specific primers spanning exon 3 from cells expressing EGFP-
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TDPF4L12xQ/N transgene upon tetracycline induction. On the right side of the gels, a schematic

representation of the amplicons is shown.

2. EGFP-TDPF4L12xQ/N cell line as a tool for screening
compounds able to promote aggregate clearance

2.1. Tricyclic compounds and their effect on aggregate clearance

The results presented thus far indicate that the cell line described above represents a good model
to trigger endogenous TDP-43 aggregation. The aggregates produced by EGFP-TDPF4L12xQ/N act
as a sink for the newly formed TDP-43, which results in a concomitant loss of TDP-43 function in
regards to mRNA splicing. To our knowledge, this is the only existing experimental system that can
mimic TDP-43 aggregation without altering directly the endogenous gene expression levels, a design
that imitates the pathogenic mechanism acting in the human disease. As we hypothesize that a
reduction of these inclusions could restore the normal TDP-43 levels and therefore its functions,
providing a potential therapeutic approach for TDP-43 proteinopathies, this cell line represents an
ideal substrate to be used in a high throughput screen; clearing aggregates by inducing cellular
proteolysis could be a way to restore normal TDP-43 levels inside the nucleus and recover its

functionality.

For this reason, | used the EGFP-TDPF4L12xQ/N cellular model to analyse aggregate clearance after
treatment with five FDA approved drugs: Chlorpromazine, Fluphenazine, Thioridazine,
Clomipramine and Nortriptyline. These drugs have been shown to have an effect on autophagy
(Tsvetkov, Miller et al. 2010). Moreover, they are able to cross the blood brain barrier and were

shown to be neuroprotective (see section 3.4 of Introduction).
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The clearance assay was performed by inducing EGFP-TDPF4L12xQ/N expression with tetracycline
for 24 hours. After aggregate formation, tetracycline was washed away with PBS, and cells were
treated with the chosen compound for 48 hours. Different concentrations were used:
Chlorpromazine 10 uM, Fluphenazine 5 uM, Thioridazine 4 uM, Clomipramine 10 uM and
Nortriptyline 10 uM. All the compounds were tested at a maximum concentration of 10 uM,
however, Thioridazine and Fluphenazine showed a toxic effect on the cells and were reduced. As a

control, | performed the experiment without compound.

After the treatment, cells were harvested and proteins were extracted and separated by SDS-PAGE.
The total amount of EGFP-TDPF4L12xQ/N was assessed using an anti-GFP antibody while GAPDH

was used as loading control (figure 25, middle panel).

As shown in figure 25, the treatment with each of the five compounds significantly reduced the total

level of EGFP-TDPF4L12xQ/N (upper panel).

In order to evaluate if the clearance of TDP-43 aggregates upon drug treatment correlates with a
recovery of protein functionality, we induced EGFP-TDPF4L12xQ/N cells with tetracycline for 24
hours, and analysed the splicing pattern of POLDIP3 exon 3 before and after the treatment with the
compounds. As shown in figure 25, tetracycline induction of EGFP-TDPF4L12xQ/N generates a
switch in the exon 3 splicing pattern towards variant-2 (exon 3 skipping), similarly to that which
occurs when TDP-43 is silenced. However, after drug treatment there is a shift towards variant-1
(exon 3 inclusion), which is comparable to the wild-type condition, confirming that the recovery of

TDP-43 functionality is linked to aggregate clearance for all the compounds tested (figure 25, lower

panel).
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Figure 25. Clearance assay and POLDIP3 splicing pattern in cells expressing EGFP-TDPF4L12xQ/N
before and after the treatment with FDA approved drugs. Upper panel: representative western
blots showing the clearance of EGFP-TDPF4L12xQ/N aggregates after the treatment with five
different FDA approved compounds. Middle panel: western blot showing GAPDH as loading control.
Lower panel: representative agarose gel of RT-PCR products using POLDIP3 specific primers

spanning exon 3 from EGFP-TDPF4L12xQ/N cells treated and non-treated with the compounds.

2.1.1. Aggregate clearance and TDP-43 functional recovery by Nortriptyline and
Thioridazine is linked to a recovery of TDP-43 solubility

In order to assess if the recovery of functionality upon drug treatment was due to the fact that
endogenous TDP-43 was no longer sequestered into the aggregates, | analysed the percentage of
soluble TDP-43 before and after the treatment with either Nortriptyline 10 uM (figure 26a) or
Thioridazine 4 uM (figure 26b). This experiment was performed with only two compounds as the

previous results indicated that they were behaving in a similar manner.

As previously observed (see section 1.2 of results), in normal conditions, TDP-43 is mainly soluble,
however, when aggregates are formed, there is a shift of the protein from the soluble to the
insoluble fraction, together with the aggregates. Forty-eight hours after aggregate induction is
stopped due to the removal of tetracycline, there is a partial increase in the soluble TDP-43, which
follows the natural clearance of the aggregates that occurs due to degradation by the normal
pathways of proteolysis (figure 26a and 26b, compare lane 5/6 with 3/4). However, this is
significantly increased after the treatment with the compounds tested (figure 26a and 26b, lane
7/8), further demonstrating the ability of the compounds to enhance aggregate clearance that

consequently results in less sequestration of endogenous TDP-43.
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Figure 26. Endogenous TDP-43 solubility is recovered upon Nortriptyline and Thioridazine
treatment. Western blot of fractionated proteins obtained from EGFP-TDPF4L12xQ/N stable cells
treated or not treated with (a) Nortriptyline and (b) Thioridazine. Soluble and insoluble fractions
were separated by SDS-PAGE, followed by western blotting with anti-TDP-43. Tubulin and GAPDH
were used as loading controls. Quantification of soluble TDP-43 normalized against the respective

loading controls is shown on the right-hand side of each panel (unpaired t-test analysis). ns indicates
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2.1.2. The effect of Nortriptyline and Thioridazine on aggregate clearance is
independent of autophagy

To understand the proteolytic pathway involved in the degradation of the aggregates, | initially
analysed aggregate clearance in cells treated with the compounds in presence of two different
autophagy inhibitors: chloroquine and ammonium chloride (NH4Cl), that act by changing the pH
inside of the lysosome inhibiting the fusion with the autophagosome, thus blocking the autophagic
flux. After 24 hours of tetracycline induction, cells were treated with Nortriptyline 10 uM or
Thioridazine 4 uM together with either chloroquine or NH4Cl for 48 hours. Cells were then harvested

and proteins were extracted and separated by SDS-PAGE.

To confirm that autophagy was actually blocked, | analysed LC3 conversion and p62 accumulation
upon chloroquine and NH4Cl treatment. As previously explained, LC3 is a soluble protein that during
autophagy is converted from its soluble form (LC3l) to the LC3-phosphatidylethanolamine
conjugated form (LC3Il) and is recruited to the autophagosomal membrane. Therefore, LC3-Il levels
directly correlate with the amount of autophagosomes inside the cell. As shown in figure 27a and
27b, after treatment with NH4Cl and chloroquine, an increase in the conversion of LC3I into LC3lII

was observed (lanes 3/4 and 5/6).

However, this could be a consequence of either increased autophagosome formation, due to an
enhancement of autophagy, or a reduced turnover of autophagosomes due to an impairment in the
degradation pathway. Therefore, the use of autophagy markers such as LC3-ll needs to be
complemented by other markers that will help understanding the overall autophagic flux. One
approach could be to measure p62 levels. p62 acts as a link between ubiquitinated substrates and
LC3 and it is degraded by autophagy, thus, it accumulates when autophagy is blocked. Therefore, |
analysed the amount of p62 after the treatment with NH4Cl and chloroquine. As shown in the
western blot analysis (figure 27a and 27b lanes 3/4 and 5/6), p62 accumulates after the treatment

with both the inhibitors, confirming that autophagy is indeed blocked.
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Figure 27. NH4Cl and chloroquine effectively block autophagy.
Western blots of LC3 conversion and p62 accumulation after treatment of EGFP-TDPF4L12xQ/N cells

with (a) Nortriptyline and (b) Thioridazine in presence of NH4Cl and chloroquine for 48 hours. GAPDH

and tubulin were used as loading controls.
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Once | confirmed that both NH4Cl and chloroquine could effectively block autophagy, | performed a
western blot with anti-GFP antibody to analyse the levels of EGFP-TDPF4L12xQ/N before and after
the treatment with Nortriptyline or Thioridazine on the same protein extracts. Interestingly, as
shown in figure 28a and 28b, even in the presence of the autophagy inhibitors, Nortriptyline and
Thioridazine are still able to clear the aggregates, indicating that autophagy is not involved in the

clearance mechanism (compare lane 3 with lane 4 and lane 5 with lane 6).
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Figure 28. Clearance assay of EGFP-TDPF4L12xQ/N in presence of NH4Cl and chloroquine.
Western blots of EGFP-TDPF4L12xQ/N levels after cells were treated for 48 hours with either (a)
Nortriptyline or (b) Thioridazine in presence of the autophagy inhibitors NH4Cl and chloroquine.

GAPDH and tubulin were used as loading controls.

Subsequently, | analysed the splicing pattern of POLDIP3 before and after the compound treatment
in presence of the inhibitors. As expected when taking into account the results above (figure 28),
after 48 hours of treatment with either Nortriptyline 10 uM (figure 29a) or Thioridazine 4 uM (figure
29b), | observed that TDP-43 loss-of-function is still recovered when cells are treated with the
selected compound together with either chloroquine or ammonium chloride; there is indeed a shift
of POLDIP3 mRNA to variant-1 (exon 3 inclusion), which is comparable to the control (Figure 29a

and 29b, lane 5/6 and 7/8).

a)

Tet - + + + + + +
NOR 10 uM - - - + - +

Inhibitor - - - - + + +

500bp

400bp — [ SEE . | E2 ] E4 ] Variant-2
2

+
+
+
--———ﬁ EEEANZEEIN Variant-1
_———_“
3 4 5

1007 xxx
—_ **

§ 80+ * **
@

3

2 60

™

5 404

x

[

T

-
N
-
N
e
o
~
0 -

79



b)

Tet -+ o+ + + + o+ o+
TDZ 5uM - - - + - + - +
Inhibitor _ _ - _ + + + +
— - —— —
500bp — | S - f e | EEaEEmEEm veriant-1
400 bp — —_— _e2] Fa | Variant - 2
1 2 3 4 5 6 7 8
100+
L
=

S 80

[

=2

g

(2]

c

S

x

o | |

e 20

0 - T

Figure 29. POLDIP3 alternative splicing in EGFP-TDPF4L12xQ/N stable cells. POLDIP3 exon 3
alternative splicing was analysed by RT-PCR after the treatment with (a) Nortriptyline and (b)
Thioridazine in presence of the autophagy inhibitors NH4Cl and chloroquine. On the right side of the
gels, a schematic representation of the amplicons is shown. Unpaired t-test analysis was used to
compare measures between 2 groups. * indicates p<0,05, ** indicates p<0,01 and *** indicates

p<0,0001.

2.1.3. Aggregate clearance by Nortriptyline and Thioridazine needs a functional
ubiquitin-proteasome system

To investigate whether aggregate clearance occurs through the ubiquitin-proteasome system (UPS),
we treated cells with either Nortriptyline 10 uM or Thioridazine 4 uM in presence of the proteasome
inhibitor Bortezomib. As for the autophagy inhibitors, Bortezomib was added to the media 1 hour

before the drug treatment. After 48 hours, cells were harvested and proteins were extracted. The
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lysates were separated by SDS-PAGE and then analysed by western blot. Remarkably, neither
Nortriptyline (figure 30a) nor Thioridazine (figure 30b) were able to degrade the aggregates in

presence of the proteasome inhibitor.

As already mentioned, cells were induced with tetracycline for 24 hours and after induction,
tetracycline was washed out to block EGFP-TDPF4L12xQ/N expression and stop aggregate
formation. Control cells were further cultured for 48 hours in the absence of the compounds. It is
important to notice that, during this time, EGFP-TDPF4L12xQ/N is usually degraded, up to some
extent, by the normal protein degradation pathways within the cell. However, upon UPS inhibition,
cells are no longer able to clear EGFP-TDPF4L12xQ/N aggregates leading to their accumulation
(figure 30a and 30b lane 3 and 4). Anti-ubiquitin was used to check whether the proteasome was
inhibited upon treatment with Bortezomib (figure 30a and 30b lane 3 and 4, right-hand side);
ubiquitinated proteins are normally degraded by the proteasome, thus as an increase in ubiquitin

signal is an indication of an impairment in the UPS pathway.
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Figure 30. Clearance assay of EGFP-TDPF4L12xQ/N in presence of Bortezomib.

Western blots of EGFP-TDPF4L12xQ/N levels after cells were treated for 48 hours with either (a)
Nortriptyline or (b) Thioridazine in presence of the proteasome inhibitor Bortezomib. GAPDH and
tubulin were used as loading controls. Western blots with anti-ubiquitin showing the inhibition of

the proteasome after treatment with Bortezomib are shown on the right-hand side.

| then analysed POLDIP3 exon 3 alternative splicing in presence of the proteasome inhibitor. As
shown in figure 31, when the proteasome is inhibited, there is no recovery of protein functionality
upon compound treatment as shown by the increase of variant-2 over variant-1 of POLDIP3 mRNA
(figure 31a and 31b lane 5/6). This could be a consequence of the defective degradation of the

aggregates upon UPS inhibition.
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Figure 31. POLDIP3 alternative splicing in EGFP-TDPF4L12xQ/N stable cells. POLDIP3 exon 3
alternative splicing was analysed by RT-PCR after the treatment with (a) Nortriptyline and (b)
Thioridazine in presence of the proteasome inhibitor Bortezomib. On the right side of the gels, a
schematic representation of the amplicons is shown. Unpaired t-test analysis was used to compare
measures between 2 groups. ns indicates p>0,05 (not significant), * indicates p<0,05, ** indicates

p<0,01 and *** indicates p<0,0001 (significant).

3. A Drosophila model for TDP-43 aggregation

3.1. Creation of TDPF4L12xQ/N Drosophila lines

In order to study the effects of these compounds on TDP-43 aggregation in vivo, as well as those
eventually deriving from the high-throughput screen that was simultaneously undertaken by
collaborators (see section 5 of Results), | created a Drosophila model expressing the identical
aggregate inducer as the cell line. This was done by cloning the TDPF4L12xQ/N sequence linked to
a FLAG tag under the control of an upstream activating sequence (UAS) in a pUASTattb vector and
sequenced it. A FLAG tag was chosen over the previously used EGFP as shorter thus easier to clone
into the fly. After the sequencing analysis, | tested the expression of the protein FLAG-
TDPF4L12xQ/N in S2 Drosophila cells that derive from primary culture of late stage (20-24 hours)
Drosophila melanogaster embryos. To do so, | co-transfected s2 cells with a pUAST- FLAG-
TDPF4L12xQ/N plasmid and a plasmid containing Gal4 in order to induce the expression of the gene
under the control of the UAS sequence. After 48 hours, cells were collected and proteins were
extracted and separated with SDS-PAGE. Subsequently, a western blot with anti-FLAG antibody was
performed. As shown in figure 32, the expression of the transgene is activated when Gal4 is present

(lane 2).
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Figure 32. FLAG-TDPF4L12xQ/N is correctly expressed in S2 cells. Western blot of proteins obtained
from S2 cells transfected with a plasmid containing Gal4 together with pUAST-FLAG-TDPF4L12xQ/N

(lane 2) or pUAST-AgglIn (lane 4) used as positive control. Tubulin was used as loading control.

After confirming the correct expression of the FLAG-TDPF4L12xQ/N construct, transgenic
Drosophila lines were created by site-specific insertion (Best Gene Inc.). Five different transgenic

lines were obtained through micro-injection in the posterior pole of Drosophila embryos.

The expression of FLAG-TDPF4L12xQ/N transgene in all the 5 transgenic lines sent by Best Gene Inc.
was evaluated by crossing each line with GMR-Gal4 driver flies to drive the expression of FLAG-
TDPF4L12xQ/N specifically in the eye tissue. After obtaining the progeny, | extracted the proteins
from the heads and separated them with SDS-PAGE. Using an anti-FLAG antibody, | assessed the
expression level of FLAG-TDPF4L12xQ/N in each of the five lines. As shown in figure 33, transgenic
line 1 and 5 respectively under and overexpressed the protein. The other three lines (2, 3 and 4)
expressed comparable levels of FLAG-TDPF4L12xQ/N protein, which can be observed below 100

kDa. Line 3 has been chosen arbitrarily for the rest of the experiments.
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Figure 33. Drosophila FLAG-TDPF4L12xQ/N transgenic lines. Western blot of proteins obtained
from adult heads of five different FLAG-TDPF4L12xQ/N transgenic lines crossed with GMR-Gal4
driver flies. Tubulin was used as loading control. Line 3 has been chosen arbitrarily for the rest of

the experiments.

3.2. FLAG-TDPF4L12xQ/N expression promotes endogenous TDP-43
aggregation in flies

| then assessed whether the FLAG-TDPF4L12xQ/N protein was able to aggregate and sequester
endogenous TDP-43 in the transgenic fly. For this purpose, | performed a <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>