The
University
Of
Shetfield.

Uncovering novel drug therapies and targets for
amyotrophic lateral sclerosis (ALS) using artificial
intelligence (Al)

Monika Adriana Myszczynska
Registration number: 160267545

A thesis submitted in partial fulfilment of the requirements for the degree

of Doctor of Philosophy

The University of Sheffield
Faculty of Medicine, Dentistry and Health
Department of Neuroscience

Sheffield Institute for Translational Neuroscience (SITraN)

February 2021



Preface
This thesis presents work conducted as a part of a collaboration between The University of

Sheffield and BenevolentAl, a biotechnology company specialising in applying machine
learning to data and literature mining methods in order to unveil novel targets and treatments
for disorders for which few or no effective therapies yet exist. In this project, amyotrophic
lateral sclerosis (ALS) was the subject of the investigation. All experimental work described in
Chapters 3 and 4, unless otherwise stated, has been conducted by myself, Monika

Myszczynska.

Chapter 1 introduces clinical and pathological manifestations, and genetic determinants of
ALS. Portion of the chapter 1 is devoted to discussion of the current developments in the field
of artificial intelligence applied to drug discovery efforts. Chapter 2 describes in detail
materials and methods used in Chapters 3 and 4. The first results chapter, Chapter 3,
characterises the effect of a non-small cell lung cancer therapeutic called gefitinib on induced
neural progenitor cell (iNPC)-derived ALS patient astrocytes. Here, | describe the effect of
gefitinib on astrocyte cell numbers, cell morphology, and its engagement with its targets EGFR
and Abl1, and demonstrate gefitinib’s ability to reduce hallmarks of TDP-43 proteinopathy in
astrocytes and induce autophagy in HEK293 cells and control astrocytes. Given the effect of
gefitinib on Abl1, a binding partner of several mitochondrial genes, mitochondrial network of
astrocytes treated with gefitinib was also characterised. Result chapter 2, Chapter 4, follows
the same pattern of experiments as Chapter 3, applied to a chronic myelogenous leukaemia

(CML) drug called nilotinib.

Finally, chapter 5 provides a discussion on the results chapters, linking the results together

and elaborating on future directions.



Abstract

ALS is a devastating neurodegenerative disorder characterised by the death of motor neurons
in the motor cortex and spinal cord. Astrocytes have been implicated as important drivers of
the motor neuronal death. The pathogenic mechanisms of ALS are many and varied, ~97% of
all patients carry hallmarks of TDP-43 proteinopathy. There are currently no disease course-

altering drug therapies available for ALS.

Developments in the field of artificial intelligence (Al) have shown a potential to uncover novel
therapies for ALS in a short space of time, as Al algorithms can identify links between a disease
and potential beneficial compounds after a thorough scan of the scientific literature, omics
databases, chemical libraries and other public sources. One such effort by a biotechnology
company BenevolentAl identified two cancer drugs, gefitinib and nilotinib, as having
repurposing opportunities for ALS. They have also highlighted the importance of Abll as a
target in ALS, which both drugs modulate. The function of gefitinib and nilotinib in ALS

astrocytes, as well as their engagement with Abl1, was investigated in this study.

In this project, astrocytes obtained from patient donors through direct conversion of
fibroblasts to induced neural progenitor cells were used. Having resulted in a rescue of motor
neuronal survival in a co-culture model of ALS, gefitinib caused a mild cell staticity in
astrocytes, whilst nilotinib had no effect on cell numbers. Drugs also had a mild effect on
cellular morphology. Astrocytes showed significantly upregulated levels of total Abll, which

gefitinib targeted transcriptionally, whilst nilotinib inhibited Abl1 phosphorylation.

Astrocytes have been found to recapitulate aspects of TDP-43 pathology in ALS, such as
increased levels of TDP-35 cleavage product, nuclear loss, and accumulation of pTDP-43. Of
the two compounds, gefitinib had a positive effect on alleviation of TDP-43 proteinopathy,
whilst nilotinib targeted sALS astrocytes to a limited extend. Ability to induce autophagy was
tested in both drugs as a mechanism behind the reduction of TDP-35 fragment levels.
Gefitinib caused autophagic flux in all tested cells, with nilotinib showing a much milder effect.
Drugs had a differential effect on mitochondrial numbers and membrane potential, where

nilotinib’s performance suggests a role in supporting mitochondrial function.
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1 Introduction

1.1 ALS
Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease (MND) or Lou

Gehrig’s disease, is a fatal, multifactorial neurodegenerative disease, in which loss of upper
motor neurons in the brain and brainstem and lower motor neurons in the spinal cord causes
progressive muscle weakness and wasting. Characterised by fast progression and poor
prognosis, ALS leads to death 2-3 years post-diagnosis, most commonly as a result of
respiratory failure (Kiernan et al.,, 2021). There are currently only two Food and Drug
Administration (FDA) -approved drug-based therapies available for ALS. Riluzole, first
introduced in the mid-1990s, offers a very modest improvement to patient survival, often not
extending it beyond 3 months (Miller, Mitchell & Moore, 2012). An intravenous drug
edaravone was approved in 2017 after a clinical trial which showed its ability to slow down
patient decline (Abe et al., 2017). However, it is estimated that approximately only 7% of ALS
patients would be eligible to take edaravone (Hardiman & van den Berg, 2017). Therefore,

identification of new drug treatments for ALS remains an urgent matter.

1.1.1 Clinical manifestation
Degeneration of lower motor neurons manifests itself in muscle fasciculation caused by

spontaneous activity of motor axons, muscle weakness and muscle atrophy. Involuntary
muscle contractions known as clonus, overexaggerated tendon reflexes, and positive Babinski
(lower extremity) and Hoffman (upper extremity) signs are hallmarks of the upper motor
neuron degeneration (Rowland & Shneider, 2001). ALS is usually diagnosed based on the
presence of both symptom classes simultaneously, which distinguishes this subgroup of MND
patients from other conditions such as progressive muscular atrophy (PMA), which presents
as a lower motor neuron disorder, or primary lateral sclerosis (PLS), where only upper motor
neuron symptoms are observed (Rowland & Shneider, 2001). In the clinic, typically, ALS
patients present unilateral limb muscle weakness or dysfunction of muscles innervated by the
brainstem via the cranial nerves, also known as bulbar dysfunction, which affects the throat,

facial muscles, and tongue (Van Damme et al., 2017).

ALS was considered a disorder of the motor system only, however incidence of

frontotemporal dementia (FTD) in a genetic subset of patients points to cognitive impairment
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as a symptom of the disease, albeit classically uncharacteristic (Ferraiuolo et al., 2011; Uchino
et al., 2015). Estimated 49% of FTD patients have been found to carry mutations in the ALS-
associated gene guanine nucleotide exchange chromosome 9 open reading frame 72
(C90rf72) and transactivation response DNA binding protein 43 (TDP-43) with characteristic
cytoplasmic inclusions (Geser et al., 2011), thus implying that FTD and ALS lay on the same
pathological and epidemiological disease spectrum (Couratier et al., 2017). Recent
investigation of twins where one co-twin was suffering with ALS showed the cells of the
affected twin to be epigenetically older, thus suggesting that premature ageing is a feature of
ALS and could explain the incidence of FTD, which is normally associated with old age (Young
et al., 2017). Moreover, as some rare cases of ALS also affect sensory and autonomic systems
as well as the cerebellum, the growing consensus recognises ALS as a multisystem disorder

(Swinnen & Robberecht, 2014).

1.1.2 Epidemiology and genetics
Current data suggests that the median age of ALS symptoms development is 64, with 50% of

disease cases occurring in the 7t-9t" decade of life (Bruijn et al., 2004; Kiernan et al., 2021).
Current estimated lifetime risk of developing ALS is approximated at 1 in 400, with an
incidence of 2 and prevalence of 4 individuals per 100,000 per year in the Western world
(Johnston et al., 2006; Logroscino et al., 2010). ALS is predominantly a sporadic disease, with
90% of all cases having no family history of the disorder, while, in its inherited form, ALS is an
autosomal dominant disorder (Brown & Al-Chalabi, 2017). Both sporadic (sALS) and familial
ALS (fALS) are clinically indistinguishable and are speculated to share a number of mechanistic
and pathological features (Brown & Al-Chalabi, 2017). The number of genes known to be
mutated in ALS is currently estimated at 25 though the number rises annually (Brown & Al-
Chalabi, 2017). Those genes presently account for circa 68% of all fALS and 11% of sALS cases

(Al Sultan et al., 2016). Table 1.1 provides a summary of examples of ALS-associated genes.

Table 1.1 Pathway alterations in ALS and their genetic causes.

Pathway Gene (protein) Inheritance Reference
(AD —autosomal
dominant, AR —
autosomal recessive,

XD — X-linked)
Autophagy and  C9orf72 (Guanine AD (Delesus-
RNA nucleotide exchange Hernandez et
metabolism al., 2011;
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RNA
metabolism

Mitochondrial
function

Oxidative stress

Endosomal
trafficking/
Endoplasmic
reticulum stress

Autophagy/
Ubiquitin-
proteasome
system

chromosome 9 open
reading frame 72)

TARDBP (TAR DNA-
binding protein 43,
TDP-43)

ANG (Angiogenin)

FUS (RNA-binding
protein FUS)

ATX2 (Ataxin 2)

HNRNPA1
(Heterogeneous
nuclear
ribonucleoprotein A1)
MATR3 (Matrin 3)

CHCHD10 (Coiled-coil-
helix-coiled-coil-helix
domain-containing 10)
SOD1 (Superoxide
dismutase 1)

ALS2 (Alsin)

FIG4
(Polyphosphoinositide
phosphatase)
CHMP2B (Charged
multivesicular body
protein 2B)

VAPB (Vesicle-
associated membrane
protein-associated
protein B/C)

OPTN (Optineurin)

VCP (Valosin-
containing protein)

SQSTM1
(Sequestosome 1)
TBK1
(Serine/threonine-
protein kinase TBK1)

AD

AD

AD or AR

AD

AD

AD

AD or AR

AR

AD

AD

AD

AD or AR

AD

AD

Unknown

Renton et al.,
2011)

(Kabashi et al.,
2009;
Rutherford et
al., 2008;
Sreedharan et
al., 2008)
(Greenway et
al., 2006)
(Kwiatkowski et
al., 2009; Vance
et al., 2009)
(Elden etal.,
2010)

(Kim et al.,
2013)

(Johnson, Pioro,
et al., 2014)
(Johnson,
Glynn, et al.,
2014)

(Rosen et al.,
1993)

(Shinji Hadano
et al., 2010)
(Chow et al.,
2009)

(Cox et al.,
2010)

(Chenetal,,
2010; Gkogkas
et al., 2008;
Nishimura et al.,
2004)
(Maruyama et
al., 2010)
(Johnson et al.,
2010)

(Fecto et al.,
2011)
(Freischmidt,
Wieland, et al.,
2015)
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UBQLNZ2 (Ubiquilin-2) XD (Deng et al.,

2011)
SIGMAR1 (Sigma non-  AD (Al-Saif et al.,
opioid intracellular 2011; Luty et
receptor 1) al., 2010)
Cytoskeleton PFN1 (Profilin 1) AD (Wu et al.,
2012)
TUBA4A (Tubulin 04A) AD (Smith et al.,
2014)
Neuronal ERBB4 (Receptor AD (Takahashi et
development tyrosine-protein al., 2013)

kinase erbB 4)

1.1.2.1 SOD1
Mutations in Cu-Zn superoxide dismutase 1 (SOD1) were the first identified genetic cause of

ALS (Rosen et al., 1993) and to date account for 20% of fALS, or 2% of all cases of the disease
(Meyerowitz et al.,, 2011). SOD1 protein is composed of 154 amino acids and, with 153
mutations described and linked to ALS thus far, mutations have been observed in nearly all
positions of SOD1’s primary sequence. However, it is not known if all of these mutations are
pathogenic (Felbecker et al., 2010). Of those mutated SOD1 apoforms whose pathogenic
function is known, several cause mitochondrial dysfunction by changing mitochondrial
protein conformation (Li et al., 2010) and interfering with mitochondrial intermembrane
space (Sheng et al., 2012). Early reports demonstrated that SOD1 mutations in ALS result in a
toxic gain of function, as motor dysfunction was not observed in SOD1-deficient mice

(Reaume et al., 1996).

Under normal physiological conditions, SOD1 is a soluble enzyme, which resides in the
cytoplasm and is involved in the antioxidant response. Its enzyme activity breaks free
superoxide radicals into hydrogen peroxide and oxygen by binding copper and zinc ions. A
nuclear role of this protein has also recently been unveiled, as SOD1 is speculated to act as a
transcription factor for other antioxidant genes (Tsang et al., 2014). Mutations in SOD1 gene
cause the resulting protein to misfold and form cytoplasmic aggregates. One of the
hypotheses in the field links soluble, oligomeric mutant SOD1 species to aggregate formation,
hence making them the main drivers of SOD1-ALS pathology (Matus et al., 2014). SOD1
misfolding has previously been linked to oxidative damage, which occurs through exacerbated

release of reactive oxygen species (ROS). In this context, SOD1 binding of a Ras-related C3
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botulinum toxin substrate 1 (Racl) GTPase leads to continual activation of NADPH oxidase 2
(Nox2), which in turn results in ROS production (Harraz et al., 2008). Moreover, misfolded
SOD1 has been shown to affect mitochondrial electron transport chain activity, which also
results in ROS production (Li et al., 2010). This is further supported by a decrease in ATP

production in SOD1 mice, which drives the disease onset (Israelson et al., 2010).

SOD1 mutants have also been demonstrated to impact the ubiquitin proteasome system
(UPS). Studies have linked the presence of misfolded SOD1 to a decrease in proteasomal
function (Urushitani et al., 2002), which ultimately exacerbates the motor neuronal death in
ALS (Kitamura et al., 2014). Overall, dysfunction in the cell’s energy production, oxidative
stress, and changes in the protein turnover appear to be amongst the drivers of motor
neuronal death in the presence of misfolded SOD1.

1.1.2.2 TDP-43

TARDBP is one of the genes affected by point mutations, as well as truncation mutations,
which can result in the formation of ubiquitinated, detergent-resistant cytoplasmic inclusions
in the brains of patients and loss of TDP-43 from the nucleus (Elden et al., 2010). These
cytoplasmic inclusions are also observed in ALS patients without mutations in TDP-43. TDP-
43 protein is encoded for by TARDBP gene, contains 414 amino acid residues and its highly
conserved structure includes amino-terminal (N-terminal) and glycine-rich carboxy-terminal
(C-terminal) domains on either side of RNA recognition motifs (RRM) RRM1/RRM2 (Hanspal
et al., 2017; Kametani et al., 2009; Li et al., 2015). C-terminal is the site of the clear majority
of recognised TDP-43 point mutations occurring in ALS and FTD (Harrison & Shorter, 2017).
Although far fewer ALS/FTD-associated mutations have been observed in the N-terminal
domain, it has been shown that their occurrence causes protein misfolding and dramatically

alters the ability of TDP-43 to perform its native function (Mompeadn et al., 2017).

The occurrence of TDP-43 inclusions in neurodegeneration is collectively referred to as TDP-
43 proteinopathy (Highley et al.,, 2014). Incorrect RNA splicing, sequestration of RNA
molecules and functional RNA-binding proteins (RBPs), leading to translation as well as RNA
transport impairments in motor neurons, are some of the toxic mechanisms proposed for
TDP-43 proteinopathy (Kametani et al., 2016; Li et al., 2015). Apart from 95% of all ALS cases
(Mitra et al., 2019), aberrant TDP-43 pathology is also observed in FTD, Lewy body disease,

Niemann-Pick type C lysosomal disease and Alzheimer’s disease (Cykowski et al., 2017; Dardis
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et al., 2016). Interestingly, TDP-43 accumulation is also observed in normal aging population,
with the current incidence rate estimate based on post-mortem studies reaching 40% (Geser
et al., 2011; Uchino et al., 2015); however, the aggregates mostly present themselves as
dystrophic neurites, not as classical cytoplasmic inclusions (Uchino et al., 2015). Moreover,
post-mortem studies have shown ALS patients suffering the fastest cognitive decline to have
the highest burden of TDP-43 aggregates in the brain (Cykowski et al., 2017). Furthermore,
TDP-43 has been found to play a role in splicing of other known ALS genes, such as ATXNZ2,
FUS and C9orf72 (Highley et al., 2014). TDP-43 also affects splicing of a broader range of RNA
species, including long non-coding RNAs and miRNAs (Cirillo et al., 2013), making its potential
impact even more widespread. It remains to be fully elucidated why TDP-43 proteinopathy is
seen in a vast majority of ALS cases. However, it is not unlikely that certain prolonged or
repeated environmental stressors such as oxidative, osmotic or heat stress may cause stress
granules, whose formation is reversible in healthy condition once the stressor is removed, to
become a permanent cytoplasmic feature (Scotter, Chen & Shaw, 2015). The potential impact
of TDP-43 proteinopathy on ALS pathogenesis and pathophysiology will be discussed in more
details in section 1.1.3.3.

1.1.2.3  (C9orf72

In 2011, the field of ALS research was widened by a landmark discovery of a GGGGCC (G4C3)
hexanucleotide repeat expansion in the first intron of the C9orf72 gene (Delesus-Hernandez
et al., 2011). C9orf72 is the most common genetic cause of ALS, observed in both fALS and
SALS cases (Conlon et al., 2016), currently accounting for 45% of fALS and 5-10% of sALS cases
(Brown & Al-Chalabi, 2017). Physiologically, healthy individuals can carry up to 23 copies of
G4Cz expansion, however, possessing more than 23 copies is pathogenic (Renton et al., 2011).
However, no clear relationship exists between the length of the expansion and the severity

of the disease (Van Mossevelde et al., 2017).

While the full spectrum of its physiological functions is still being investigated, the role of
C90rf72 protein has been linked to initiation of autophagy (Webster et al., 2016), vesicle
formation and trafficking (Aoki et al., 2017). C9orf72 is a member of the differentially
expressed in normal and neoplastic cells (DENN) domain proteins, which have been described
as regulators of the Rab GTPases (Marat et al., 2011). These proteins have also been linked to

regulation of membrane trafficking (Zhang et al.,, 2012). Indeed, in vitro studies have

21



identified a defect in vesicular trafficking and vesicle assembly in cells harbouring the C9orf72
mutation (lyer et al., 2018). Importantly, evidence points towards the importance of C9orf72

protein in autophagy initiation (Sellier et al., 2016).

1.1.2.3.1 RNA toxicity
Long chains of expanded repeats containing RNA and RBPs can adhere to one another, leading

to formation of inclusions called RNA foci (Rizzu et al., 2016). Predominantly nuclear RNA foci
are observed in all neuronal cells in the CNS, but in neurons to a much larger extent than
astrocytes, microglia, or oligodendrocytes (Mizielinska et al., 2013). Burden of nuclear RNA
foci has been documented as detrimental to cell survival via apoptotic pathway activation
(Lee et al., 2013). Others demonstrated that RNase A administration abolishes RNA foci and
treatment with antisense oligonucleotides, which activate the RNase H-mediated
degradation of RNA foci, improves cell survival (Donnelly et al., 2013; Jiang et al., 2016). RNA
foci have been speculated to also contribute to neurodegeneration by binding RBPs such as
heterogeneous nuclear ribonucleoprotein A3 (hnRNPA3) (Mori et al., 2016), heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) and transcription factor Pur-alpha 1 (Pur-a) (Sareen
et al., 2013), heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2) (Kwon et al., 2014),
and heterogeneous nuclear ribonucleoprotein H1 (hnRNPH1) (Conlon et al., 2016), thus

contributing to a widespread disruption of RNA metabolism.

1.1.2.3.2 Dipeptide repeat proteins
RNA foci can undergo repeat-associated non-ATG-mediated (RAN) translation, producing

dipeptide repeat proteins (DPRs) found in the cytoplasm (Delesus-Hernandez et al., 2011;
Gendron et al.,, 2013). These polydipeptides also actively contribute to neurodegeneration in
ALS (see section 1.1.3.2; Conlon et al., 2016). Depending on the dominant amino acid
sequence, DPRs can vary in toxicity. Indeed, evidence suggests that DPRs are more neurotoxic
than RNA foci (Tran et al., 2015). Recent evidence showed the importin family of nuclear
import receptor to directly bind glycine—arginine (poly-GR) and proline—arginine (poly-PR)
DPRs (Hutten et al., 2020). As importin a and B shuttle TDP-43 to the nucleus, arginine-rich
DPR binding of importins prevents TDP-43 nuclear import. This not only leads to TDP-43
accumulation in the cytoplasm, but also increased TDP-43 insolubility (Hutten et al., 2020).

Moreover, mice induced to carry the C9orf72 expansion developed not only the RNA foci,
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DPRs, and motor deficits, but also accumulated pTDP-43 inclusions in the cytoplasm not

observed in their wild-type littermates (Chew et al., 2015).

1.1.2.3.3 C9orf72 protein haploinsufficiency
Previously, haploinsufficiency was considered to be one of the causes of C9orf72 ALS.

However, studies have shown that ablation of C9orf72 in mice has not resulted in onset of
motor neuron disease and the absence of astrogliosis, thus suggesting that loss of protein
function on its own is not a driving mechanism of C9orf72 pathology (Koppers et al., 2015).
Rather, haploinsufficiency and gain of toxic function driven by RNA foci and DRPs work in
tandem. Furthermore, deletion of C9orf72 in roundworm (Caenorhabditis elegans; C. elegans)
carrying the TDP-43A31>T mutation was more detrimental to the organism survival than the
TDP-43A31T mutation alone (Therrien et al., 2013). Moreover, defects observed in vesicle
trafficking in C9orf72 induced pluripotent stem cell (iPSC)-derived motor neurons were
reversed upon restoration of C9orf72 to its physiological levels (Aoki et al., 2017).

1.1.2.4 Other familial ALS genes

As previously mentioned, ALS is predominantly a disease associated with ageing. However, a
subset of autosomal recessive familial cases carries a deletion mutation within the
amyotrophic lateral sclerosis 2 (ALS2) gene on chromosome 2933, which results in a juvenile
onset of the disease (Hadano et al., 2001; Otomo et al., 2003). ALS2 protein, also known as
alsin, is truncated in the disease, resulting in diminished protein function, consequently
leading to death of upper motor neurons (Otomo et al., 2003). Alsin has been linked to the
endosomal function as a guanine nucleotide exchange factor for guanosine triphosphate
enzymes Racl and Rab5, which are responsible for actin function and endosomal trafficking
(Yamanaka et al., 2006). Similarly, sigma non-opioid intracellular receptor 1 (SIGMAR1)
mutation also results in a juvenile ALS onset, with endoplasmic reticulum (ER) stress and UPS

function identified as its functions (Al-Saif et al., 2011; Luty et al., 2010).

Fused in sarcoma (FUS) mutation present in 4.1% fALS cases (Al-Sultan et al., 2016) forms
inclusions which co-label with stress granule markers, which in itself could contribute to ALS
pathology (Bentmann et al., 2012). In a healthy system, FUS acts as RBPs during transcription,
splicing, miRNA regulation and nuclear mRNA transport (Bentmann et al., 2012).

Dysregulation of RNA processing and metabolism have been recognised as pathological
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mechanisms involved in ALS, FUS being recognised as one of the key genes implicated (Walsh
et al., 2015).

1.1.2.5 Sporadic ALS

Approximately 90% of all ALS cases are classed as sporadic, i.e. having no family history of the
disease. Due to lack of in vivo models and relatively recent emergence of iPSC technology
utilising patient biopsies, sALS remains critically understudied compared to fALS. sALS and
fALS are indistinguishable in the clinic, which suggest a presence of overlapping pathological
mechanisms. Indeed, several genetic mutations observed in fALS have also been identified as
causative factors in sALS (Brown & Al-Chalabi, 2017). This subset of genes, described
frequently as ALS genetic risk factors, are most often identified in genome-wide association
studies (GWAS) (van Rheenen et al., 2016). Of these, cytoskeletal proteins MOBP and C210rf2,
and protein homeostasis regulators UNC13A, SCFD1, are important examples (Brown & Al-

Chalabi, 2017).

SALS patients often suffer a delay in diagnosis, as clinical symptoms at very early stages of the
disease often resemble other neurodegenerative disorders (Freischmidt et al., 2015). Studies
showed that transplantation of post-mortem astrocytes from sALS patients caused motor
neuronal death in the spinal cord of wild-type mice accompanied by neuroinflammation (Qian

et al., 2017).

1.1.3 ALS pathogenesis and pathophysiology
ALS is known to be a multimechanistic disorder. The pathogenic process and mechanism of

disease onset and progression remain poorly understood, though dysregulation of RNA
processing and metabolism (splicing, nuclear export and translation), glutamate
excitotoxicity, oxidative stress, axonal transport impairment, and mitochondrial dysfunction
are some of the well-described factors (Ferraiuolo et al., 2011; Walsh et al., 2015). In the
following sections, | have focussed on the contributions of three pathophysiological processes
to ALS — protein misfolding, formation of DPRs in C9orf72 ALS, and TDP-43 proteinopathy, as
these are of particular relevance to the aims of this thesis.

1.1.3.1  Protein misfolding

In order to fulfil its protein function correctly, the amino acid chain must be folded in ER into
a three-dimensional structure with an aid of molecular chaperones to assume a correct

conformation. Protein misfolding refers to a process where protein synthesis does not
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culminate in a protein assuming conformation that allows it to fulfil its biological functions.
Protein misfolding can be a result of genetic mutations as well as environmental factors.
Under baseline conditions, misfolded proteins undergo degradation via UPS, via autophagy
(see section 1.3.3), or are cleared to the extracellular space (Sweeney et al., 2017). In disease,
however, misfolded protein species accumulate in the cytoplasm and often sequester other
cytosolic proteins into their aggregates, exacerbating the resulting cell death. These
cytoplasmic inclusions often serve as pathological hallmarks of the disease. For example, TDP-
43 inclusions with and without mutations in TARDBP are observed in 97% of all non-SOD1 or
FS ALS cases (see section 1.1.3.3; (Brettschneider et al., 2012; Neumann et al., 2006).
Cytoplasmic aggregates of FUS have also been observed in ALS cases driven by a mutation

FUS gene (Kwiatkowski et al., 2009).

Presence of misfolded proteins causes chronic cellular stress. Such triggers induce the
expression of pro-autophagy chaperones BAG cochaperone 3 (Bag3) and heat shock protein
beta-8 (HspB8) (Cascella et al., 2017; Guilbert et al.,, 2018). Indeed, Crippa et al. (2013)
observed a transcriptional upregulation of these co-chaperones in transgenic SOD1°3 mice
where misfolded SOD1 is seen to accumulate, but not in wild-type control or wild-type SOD1

mice.

The reasons behind widespread protein misfolding in ALS and other neurodegenerative
disorders have not yet been fully elucidated. Studies have linked mitochondrial dysfunction
and aberrant mitochondrial protein homeostasis to misfolded SOD1 aggregation (Jordi
Magrané et al., 2012), whereas chronic ER stress has been shown to lead to TDP-43
aggregation (Hicks et al., 2020a). Misfolded proteins have been observed in CNS neurons and
glia alike (Parakh & Atkin, 2016), suggesting that an underlying mechanism of protein
misfolding in ALS does not target one specific type of cells.

1.1.3.2 Dipeptide repeat proteins

Even though the C9orf72 repeat is intronic and should not get transcribed, it does undergo
transcription. Moreover, some RNA foci molecules are transported out of the nucleus and can
still be translated via RAN translation (Ash et al., 2013). Indeed, recent efforts have identified
a CUG start codon with a Kozak consensus sequence, which allows for this process to occur
(Sonobe et al., 2018). Resulting DPRs accumulate in the cytosol and have been observed to

cause chronic cellular stress that can lead to cell death (Sonobe et al., 2018). This appears to
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be a self-perpetuating cycle, where chronic stress conditions favour translation of toxic

protein, thereby keeping the production of DPRs constant (Green et al., 2017).

There are five recognised species of DPRs, each differing in structure, toxicity, and known
interactions. Poly-glycine-proline (poly-GP) and poly-proline-alanine (poly-PA) DPRs, although
abundant, have not been recognised as toxic (Freibaum & Taylor, 2017). Poly-GR and poly-PR
both interact with ~150 proteins, have a highly charged and polar coil structure, and have
been reported to be the most toxic species of DPRs (Freibaum & Taylor, 2017). Poly-glycine-
alanine (poly-GA) DPRs, due to their formation of very compact aggregates, are readily seen
in ubiquitinated, p62* inclusions in the patient post-mortem CNS tissue (Mori et al., 2013;
May et al., 2014). DPRs can be translated from both sense [(G4C2)n - poly-GA, poly-GR, poly-
GP] and antisense [(C4G2)n - poly-PA, poly-GP, poly-PR] sequences, although there does not
seem to be a link between a starting RNA sequence and DPR toxicity. Moreover, although
present in glia and neurons alike, motor neurons carry a much larger burden of DPRs in ALS

than glial cells (Dafinca et al., 2016).

As discussed in section 1.1.2.3.2, DPRs interact with TDP-43 to further exacerbate cell death.
Impaired nucleocytoplasmic transport resulting from the C9orf72 repeat expansion and a
presence of some species of arginine-rich DPR proteins has been described in ALS and FTLD
(Rizzu et al., 2016). Poly-GA DPRs, which co-localise with TDP-43 cytoplasmic inclusions in
various cell models of ALS, have been linked to the inhibition of nuclear import of TDP-43.
This effect can be reversed by upregulation of nuclear transport proteins (NUPs) NUP62 and
NUP54 and re-entry of poly-GA into the nucleus (Khosravi et al., 2017).

1.1.3.3 TDP-43 cytoplasmic aggregation and nuclear loss

TDP-43 in healthy individuals is located mostly in the nucleus where it acts as an RBP and a
DNA-binding protein, an exon splicing factor, mRNA biosynthesis mediator, and is also
involved in inhibition of retroviral replication (Barmada et al., 2010). In times of cellular stress,
TDP-43 shuttles to the nucleus where it incorporates into stress granules, temporary
cytoplasmicinclusions whose aim is sequestration of only the most essential MRNA molecules
for translation in order for the cell to survive the stress event (Anderson & Kedersha, 2008;
Khalfallah et al., 2018). However, nuclear export/loss, lack of nuclear import, protein cleavage
and phosphorylation of the C-terminal domain may cause TDP-43 to remain in the cytoplasm

and form aggregates (Li et al., 2015b; Zhang et al., 2009; Hutten et al., 2020). Loss of nuclear
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TDP-43, cytoplasmic accumulation, phosphorylation (figure 1.1) and its association with stress
granules is observed under conditions of chronic oxidative stress or heat shock response (Li

et al., 2017; Meyerowitz et al., 2011).

1. Full-length
TDP-43 in the
2. Nuclear loss cytoplasm

of TDP-43 -Z

\ 3. Phosphorylation

5. Cleavage :
— %, of TDP-43

products
accumulate

4. Cleavage of
phosphorylated
TDP-43

Figure 1.1 TDP-43 proteinopathy dynamics

Under basal conditions, TDP-43 resides in the nucleus (1). Under cellular stress, it shuttles to the
cytoplasm. In ALS, a permanent loss of TDP-43 from the nucleus occurs (2). Once in the cytoplasm,
TDP-43 is phosphorylated (3) and cleaved (4). Its cleavage products accumulate, forming cytoplasmic

aggregates (5), which often also include full-length TDP-43.

The precise mechanism triggering the mislocalisation and aggregation of TDP-43 remains
unknown, though several hypotheses have been postulated, including axotomy, prolonged

cell stress, and neuroinflammation (Correia et al., 2015).
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Current hypotheses state that depletion of nuclear TDP-43 can have its consequences either
in the form of loss of its nuclear function or a gain of cytoplasmic function (Winton et al.,
2008). Loss of TDP-43 nuclear function from motor neurons has been shown before to cause
age-dependent degeneration and neuron loss in mice (lguchi et al., 2013). When lost from
the nucleus, TDP-43 leads to an accumulation of DNA double strand breaks and a deficiency
in the DNA damage repair mechanism (Mitra et al., 2019). Consistently with its role as an
MRNA biosynthesis mediator, loss of nuclear TDP-43 from lower motor neurons resulted in
dysregulation of RNA splicing, found in transcriptomic studies as a differential expression of
a range of RNA splicing-related genes (Highley et al., 2014). Little is yet known about the
precise mechanisms behind which TDP-43 nuclear loss occurs, but reports seem to suggest a
mechanism independent of traditional stress granule dynamics as a response to transient
stress (Gasset-Rosa et al., 2019). Studies conducted on cell lines expressing exogenous TDP-
43 aggregates observed a loss of endogenous TDP-43 from the nucleus and its cytoplasmic
accumulation, suggesting a need for an exogenous cellular stress (Budini et al., 2015).
Moreover, it has been suggested that nuclear loss of TDP-43 gets worse as the cytoplasmic

aggregates attract more TDP-43 and become insoluble (Budini et al., 2015).

TDP-43 found in the cytoplasm of ALS patients is truncated into fragments containing its C-
terminal domain, which are often phosphorylated or ubiquitinated, or both (Correia et al.,
2015). Phosphorylation of TDP-43 is considered one of the main triggers of the protein’s
mislocalisation and aggregation. Multiple TDP-43 phosphorylation sites are phosphorylated
by members of the casein kinase (CK) family. For instance, overexpression of truncated CK10
was identified as the main factor causing TDP-43 nuclear loss and cytoplasmic accumulation

(Nonaka et al., 2016).

Several other species of TDP-43, such as 45, 35, and 18-25 kDa fragments are also found
within the inclusions (Kametani et al., 2016). TDP-43 possesses two caspase-3 cleavage sites,
including one at TDP-43’s nuclear localisation signal (NES) site (figure 1.2). Once in the
cytoplasm, cleavage leads to C-terminal fragmentation and formation of 35 kDa and 25 kDa
TDP-43 fragments (Chiang et al., 2016; Elden et al., 2010; Meyerowitz et al., 2011). Studies
have proposed that these smaller species, especially the 35 kDa fragment, act as a seed and
sequester TDP-43 for further accumulation (Che et al., 2015; Shimonaka et al., 2016; Tanaka

et al., 2016). It is speculated that as the inclusions grow, they trap other RNA species, thus
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further increasing in size, preventing said RNAs from executing their function, and making the
clearance of the inclusions increasingly difficult (Walsh et al.,, 2015). A recent mass
spectrometry analysis of the insoluble cytoplasmic TDP-43 inclusions from post-mortem ALS
and FTD samples has described regional discrepancies in the composition of the inclusions.
TDP-43 aggregates in the brains of patients express high levels of the C-terminal fragments,
whereas aggregates found within the spinal cord are both N- and C-terminal positive,
suggesting that the protein cleavage sites are located within non-core terminal regions and
proteolytic enzyme-mediated cleavage can occur distally (Kametani et al., 2016). The study
has also linked the RRM2 and the glycine-rich portion of the C-terminal as critical elements
for prion-like aggregate formation, confirming previous studies (Nonaka et al., 2016; Wang et
al., 2016). However, it appears that TDP-43 association with stress granules is a mechanism
independent of pathogenic aggregate formation, as inhibition of c-Jun N-terminal kinase
(JNK), shown to play a role in stress granule formation, does not affect the nuclear loss of
TDP-43 or its fragmentation. Moreover, inhibiting caspase, which is crucial for C-terminal
cleavage, blocks 35 kDa fragment aggregation, but does not have an effect on TDP-43
accumulation in stress granules (Meyerowitz et al., 2011; Wobst et al., 2017). Also, not all
stress granules are TDP-43-positive and pathogenic TDP-43 aggregates are negative for
classical markers of stress granules such as TIAR1 and G3BP1 (Hicks et al., 2020b). Lines of
evidence also state that it is the full-length TDP-43 that induces cell death in ALS, not the C-
terminal fragments, as the mutated full-length TDP-43 has a longer half-life than its wild-type
counterpart (Li et al., 2015). In fact, slow protein turnover can play a particularly important
role in generating cell toxicity in post-mitotic cells, such as neurons, and in cells with limited
ability to proliferate, such as astrocytes, as the pool of non-degraded proteins does not dilute
sufficiently over time (Toyama et al., 2014) and can result in toxic aggregate formation.
Though the mutant TDP-43 protein turnover rate is slower than that of the non-mutant, wild-
type TDP-43 can still have a toxic effect on cells in other genetic subtypes of ALS and in
sporadic patients. For example, since the UPS plays a vital role in degradation of TDP-43
(Scotter et al., 2015), aberrant proteasomal function may prolong the turnover of wild-type
TDP-43, which could be relevant to the sporadic ALS patients (Kabashi et al., 2012).
Dysfunctions in the proteasome have previously also been observed in SOD1 ALS patients
(Kitamura et al., 2014), thus suggesting that impaired protein degradation plays a role in

disease pathogenesis.
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Figure 1.2 Structure of TDP-43 protein and known mechanisms of proteinopathy

TDP-43 protein consists of an N-terminal and C-terminal at both ends and two RNA recognition motifs
(RRM). Mutations at several of TDP-43 residues have been identified and a selection of them shown
here above each region they occur here. Highlighted mutations have also been identified in healthy
controls. Cleavage of TDP-43 at the level of nuclear localisation signal (NLS) causes a formation of a 35
kDa fragment, whereas cleavage at the level of RRMs prior to nuclear export signal (NES) results in
formation of the 25 kDa fragments. Several mechanisms have been shown to play a role in formation
of TDP-43 aggregates, most of which are presented in red dotted boxes. Some of these mechanisms
have been linked to particular regions of the TDP-43 protein. For example, cleavage of the N-terminal
by endoplasmic reticulum-bound calpains, as well as caspases-mediated cleavage of the C-terminal
contribute the proteinopathy. Moreover, disrupted interactions between the Q/N rich region of the
C-terminal, located next to the hydrophobic portion of the C-terminal, and hnRNP molecules has been

shown to cause cytoplasmic aggregation of TDP-43.

Interestingly, Barmada et al. (2010) have found the formation of cytoplasmic TDP-43
inclusions not to correlate with cell death, suggesting rather that cell survival can also be
affected by diffuse TDP-43. This supports the idea that TDP-43 aggregates per se are not

pathological, but they are rather a sign of pathology. Furthermore, Ala-315-Thr missense
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mutation seen in familial TDP-43 forms of ALS has been shown to exacerbate cell death due
toanincrease in TDP-43 mislocalisation (Gitcho et al., 2009), indicating that nuclear loss might

be the principal mechanism driving pathology.

Recent efforts yielded many significant findings, which shed a light on the types of cellular
processes and targets needing a modulation in order to restore normal TDP-43 function.
Williamson et al. (2019) pointed to overexpression of an antioxidant protein oxidation
resistance protein 1 (Oxr1) in motor neurons as a key to rid the cells of cytoplasmic TDP-43
burden and improve the neuromuscular junction (NMJ) and muscle health. Similarly, White
et al. (2019) rescued the motor neuron, NMJ, and cortical spine degeneration in TDP-43
mouse model by knocking out sterile alpha and TIR motif containing 1 (Sarm1), which is
associated with axonal degeneration. Prevention of TDP-43 phosphorylation may also be
beneficial, as studies have described a reduction of soluble and insoluble TDP-43 inclusions in
cells treated with CK1 inhibitors without affecting cell viability (Hicks et al., 2019), suggesting
that stopping the phosphorylation of full-length TDP-43 has a beneficial and potentially

therapeutic effect to be explored.

Removal of existing TDP-43 aggregates found in the cytoplasm and prevention of further
aggregation have been a subject of a substantial debate. Both autophagy and UPS systems of
aberrant cargo degradation are affected in ALS, exacerbating the cytoplasmic aggregate
burden and contributing to cell death. Modulation of these processes can help clear
cytoplasmic inclusions and lead to improved cell survival. Current evidence suggests that
smaller fragments of TDP-43, such as TDP-25, are primarily degraded by autophagy (Crippa et
al., 2016).

It remains unclear if TDP-43 proteinopathy is a causative factor or rather a manifestation of
the disease (Kametani et al., 2016). It is also yet to be uncovered if it is the nuclear loss of
TDP-43 or its gain of function in the cytoplasm that is toxic to motor neurons in ALS (Dardis et
al., 2016).

1.1.4 Non-cell autonomous component of ALS

Since motor neurons are the cell type that perishes in ALS, significant research momentum
has been put behind studying it. However, efforts stemming from research conducted in mid-

and late-2000s has implicated other cell types as contributors to the disease, most
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importantly the glial cells, thus proving ALS to be a non-cell autonomous disorder (Ferraiuolo
et al.,, 2011; Serio et al., 2013). Moreover, recent studies show the ratio of glial cells to
neurons in the brain to be 1:1, hence studying these cells is important to understand the full
profile of neurodegenerative diseases (von Bartheld et al., 2017).

1.1.4.1 Role of astrocytes in ALS

Astrocytes constitute 20-40% of all glial cells in the brain (Verkhratsky & Butt, 2013). They
have long been considered a support cell type, aiding the normal function of neurons by
providing trophic support, removing toxic factors from the intracellular space and excess
neurotransmitters from the synaptic cleft, providing essential metabolites, aiding
vasomudulation, and regulating levels of extracellular K* to prevent undue axon

depolarization.

The role of astrocytes as drivers of ALS pathology became of interest in mid-2000s thanks to
studies which used primary neonatal astrocytes and motor neurons from mutant SOD1, as
well as motor neurons derived from mouse embryonic stem cells (mESCs) harbouring the
same mutations (Di Giorgio et al., 2007; Nagai et al., 2007). These studies described an
exacerbated death of motor neurons grown on mutant astrocytes. Importantly, they also
determined through conditioned medium experiments that mutant SOD1 astrocytes release

factors that are selectively toxic towards motor neurons (Nagai et al., 2007).

Recent evidence speculates that death and atrophy of astrocytes in ALS patients might occur
before neuronal degeneration and manifestation of clinical symptoms (Liu et al., 2017),
although more evidence is needed to support this notion. Nevertheless, glia are an attractive
target for drug therapies aiming to prevent neuronal death. For example, riluzole has been
found to target excessive glutamate excitotoxicity caused by a downregulation of excitatory
amino acid transporter 2 (EAAT2), which associates with astrocytes (Wang et al., 2004).
Indeed, lack of a robust glutamate clearance by these transporters and reduction of gamma
aminobutyric acid (GABA) neurotransmitter in the cortex with degeneration of inhibitory
circuits, have previously been linked to hyperexcitability observed in ALS patient motor and

cortical neurons (Raiteri et al., 2005; Young et al., 2017).

Despite the research efforts focussing on uncovering the factors which determine astrocyte

neurotoxicity, there is no consensus on what factor(s) exactly are responsible for neuronal
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death. Several hypotheses, however, have been put forward, including a release of toxic
factors, lack of metabolic flexibility and metabolic support towards motor neurons (Allen et

al., 2019; Ferraiuolo et al., 2007).

In addition, compelling evidence indicates that astrocyte toxicity is due at least in part, if not
completely, to the release of soluble factors (Nagai et al., 2007; Rojas et al., 2015). Recently,
studies of extracellular vesicles released by astrocytes differentiated from C9orf72 patient-
derived iPSCs (Birger et al., 2019) and induced neural progenitor cells (Varcianna et al., 2019)
has highlighted not just the toxicity of astrocytes against motor neurons via soluble factors,
but also a decreased secretion of important antioxidant proteins (Birger et al., 2019) and
release of miRNA species regulating axonal guidance (Varcianna et al., 2019). Moreover,
conditioned medium from C9orf72 iPSC-derived astrocytes was able to induce an autophagy
dysfunction in wild-type cells (Madill et al., 2017). Taken together, these findings help solidify
the crucial pathogenic role played by astrocytes in ALS.

1.1.4.2 Role of other glial cells

Oligodendrocytes and Schwann cells are CNS glia responsible for myelination, or production
and ensheathment of axons in myelin sheath, to ensure fast signal conduction. These highly
specialised glia are chiefly associated with diseases featuring axon demyelination, such as
multiple sclerosis (MS). However, oligodendrocytes have been shown to be affected in ALS.
Evidence from SOD1%%3A mice showed death of oligodendrocytes to occur before motor
neuron degeneration, and a failure of these cells to provide trophic support and perform
myelination (Philips et al., 2013). Oligodendrocyte precursors have been shown to proliferate
faster in young SOD1%%3A mice than wild-type controls, and to atrophy much earlier, leading
to myelin dysfunctions and demyelination of grey matter region of the CNS (Kang et al., 2013).
Interestingly, knockdown of mutant SOD1 from these cells rescued the motor phenotype
observed in the transgenic mice. Similarly, recent efforts have identified oligodendrocytes as
carriers of toxicity against motor neurons in C9orf72, SOD1 and sporadic ALS (Ferraiuolo et
al., 2016). Although evidence of their involvement in ALS is limited, oligodendrocytes of the
periphery known as Schwann cells, have been thus far described as having the opposite effect

on motor neuron survival when mutant SOD1 is knocked down (Lobsiger et al., 2009).

Microglia, resident macrophages of the CNS, provide the first line of immune response to a

variety of insults. At resting state, microglia are ramified, and their extending processes are
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sensing changes in the microenvironment (Kreutzberg, 1996). Upon detection of such insults,
the processes retract, microglia proliferate and release pro-inflammatory cytokines such as
interferon gamma (IFN-y), tumour necrosis factor alpha (TNF-a), and a variety of interleukins,
which in turn help recruit other microglia to the site of the insult or pathogen activity (Brown
& Vilalta, 2015). While this effect helps fight infections in the CNS and microglial anti-
inflammatory function can help speed up the recovery of CNS tissue and provide growth
factors to healthy neurons, microglia can also assume a chronic pro-inflammatory phenotype.
In SOD1 mice, microglia start assuming an activated phenotype just before or at disease
onset, though it has not been clarified if it is a symptom of underlying inflammatory changes
or a cause of progressive neurodegeneration. Microglia have been identified as key players in
formation of a chronic pro-inflammatory environment observed in ALS, which manifests itself
in an active phagocytosis of axons by microglia, irrespective of axon health (Brown & Vilalta,
2015). Inhibition of microglial activation, either via cyclooxygenase 2 (COX-2) inhibition
(Drachman et al., 2002) or pharmacologically (Kriz et al., 2002; Van Den Bosch et al., 2002),
has showed neuroprotection and improved survival in transgenic SOD1 mice. In a landmark
study by Boillée et al. (2006), targeted knock-down of mutant SOD1 burden in microglia of
LoxSOD1%37R/CD11b-Cre* mice, has not decreased microglial activation, but resulted in
improved survival. Indeed, survival of mutation-harbouring motor neurons can be rescued in
systems where surrounding glia lack the mutation and, consequently, astrogliosis and

microgliosis are absent (Clement et al., 2003).

Inflammation seems to be the main pathway involved in microglia neurotoxic action. In fact,
studies aiming to reduce or deplete activation of inflammation through nuclear factor kappa
B (NFkB) knockdown showed that NFkB inhibition in astrocytes alone does not improve the
disease phenotype. Targeting microglia, however, resulted in a rescue of motor neuronal
survival in SOD1%%A mice and downregulation of microgliosis without affecting SOD1
expression levels. Conversely, constitutive activation of NFkB in wild-type mice led to motor
neuronal degeneration, thus confirming the important role of neuroinflammation signalling
in ALS (Frakes et al., 2014). Further studies focusing on NFkB suppression in both microglia
and astrocytes not only slowed down ALS onset, but also delayed the disease progression

(Frakes et al., 2017).
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Other glial cells of the CNS, ependymal glia of the choroid plexus involved in cerebrospinal
fluid (CSF) production, have not been extensively studied in the context of ALS (Payne, 2009;

Smith et al., 2015), hence their involvement in the disease, if any, remains unknown.

1.2 ALS modelling
First landmark discoveries made on the pathophysiological hallmarks and mechanisms of ALS

were made in patient post-mortem samples. Due to unavailability of patient CNS material
during the course of the disease and with post-mortem samples representing the disease end-
stage only, ALS researchers rely substantially on disease models to help them unravel the
pathogenic mechanisms of ALS. Numerous in vitro and in vivo models have now been

introduced to facilitate the discoveries.

1.2.1  Invitro models
Cells of neuronal origin such as Neuro2a (N2a) and SH-SY5Y neuroblastoma cell lines, provide

a favourable environment to study diseases of the CNS, as they can be propagated ad
infinitum and differentiated into neurons (Kovalevich & Langford, 2013). Such cells can be
efficiently transfected with disease-specific mutations to model the disease in vitro. One of
the first such approaches applied to ALS investigated G37R, G41D and G85R SOD1 mutations
in differentiated N2a cells (Pasinelli et al., 1998). Similarly, SH-SY5Y cell line helped clarify the
role of C9orf72 protein, linking the pathogenic expansion to aberrant endosomal trafficking
and autophagy dysfunctions in ALS patients (Farg et al., 2014). Other neuron-like cell types,
such as NSC-34, are widely used in ALS research. They have recently been used to deconvolute
the dynamics of TDP-43 inclusion formation (Hicks et al., 2020) and to assess the clearance of

TDP-43 aggregates by UPS and autophagy (Cascella et al., 2017).

For studies where a function and pathogenic mechanism of a given genetic mutation is to be
investigated, immortalised cell lines transfected with either a mutant human gene construct
or an overexpression construct have been widely studied. Most commonly used lines such as
Hela and human embryonic kidney cell line (HEK293T) prove reliable for that purpose.
HEK293T cells have been used to elucidate the process of mutant TDP-43 (M337V and A382T)
aggregation in ALS, especially the formation of the detergent-insoluble cytoplasmicinclusions
(Furukawa et al., 2011). Similarly, HEK293T cells have been used to confirm the post-mortem
observation of vesicle-associated membrane protein-associated protein B/C (VAPB)

cytoplasmic aggregation in the overexpression model (Mitne-Neto et al., 2011). These models
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remain widely popular and keep providing useful mechanistic insights into ALS. Importantly,
HEK293 cells express neuronal markers and present a neuronal phenotype thanks to the
neural crest ectodermal origin of the adrenal medulla from which they originate (Lin et al.,

2014; Shaw et al., 2002).

Stem cells and their pluripotent properties were first tested with the aim of implementing
therapies capable of repairing damaged CNS tissue, especially at the sites of marked cell loss
(Nikkhah et al., 1994). Their use proved more versatile for research purposes as
differentiation protocols for different cell types were devised. Neurons were first
differentiated from human stem cells in 2001 (Zhang et al. 2001), thus marking a new era of
in vitro research which ALS researchers also benefited from. Stem cell technology was first
utilised in ALS research in a form of mESCs derived from the SOD1%3°* mouse model (Di
Giorgio et al., 2007). The study also demonstrated a decrease in mESCs-derived motor neuron
survival in a co-culture with SOD1%%** primary cortex glia. For example, human embryonic
stem cells (hESCs) differentiated into motor neurons were used in a co-culture system with
primary foetal astrocytes transfected with mutant SOD1%3’R transgene (Marchetto et al.,
2008). Not only were the astrocytes found to exhibit an inflammatory phenotype, they have
also caused motor neuron death in a co-culture system. These findings helped establish lack
of cell autonomy as a feature of ALS, elevating astrocytes to a position of active drivers of
neurodegeneration. Use of cells of human embryonic origins is no longer widely implemented
as their sourcing poses many ethical issues and more suitable alternatives have been

identified.

With the dawn of the cellular reprogramming technology, which has introduced iPSCs, it has
become easier to study disease mechanisms during the patient’s lifetime. Fibroblasts
obtained from patient skin biopsies were the first (Takahashi et al., 2007) and remain the
most common starting point for cellular reprogramming, but other somatic cell types such as
adipocytes (Taura et al., 2009), keratinocytes (Aasen et al., 2008) and blood mononuclear cells
(Ustyantseva et al., 2020) are also used. Cells are then transfected with a set of
reprogramming factors, i.e. Oct4, Sox2, KIf4 and c-Myc or Lin28 (often referred to as
Yamanaka factors or Thompson factors depending on the set), which forces them to revert to
an embryonic stage, where cell fate has not yet been determined. These stem cells can be

differentiated into any cell type of the human body.
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Motor neurons derived from patient iPSCs were first used to study ALS in 2008, when Dimos
et al first investigated the feasibility of using iPS-derived motor neurons to unravel the
pathogenic mechanisms involved in ALS. The use of this technology has since helped ALS
research grow from strength to strength. Motor neurons have been differentiated from ALS8
patient-derived iPSCs to assess the levels of VAPB protein levels in a study that confirmed the
VAPB downregulation status of ALS8 patients, whilst also noting the lack of cytoplasmic
aggregation of this protein previously observed in patient post-mortem samples (Mitne-Neto
etal.,, 2011). Although the majority of efforts focused on studying iPSC-derived motor neurons
in ALS, glial cells can also be studied in this in vitro system. iPSC-derived astrocytes from
patients with TDP-43M337V mutation showed cytoplasmic TDP-43 inclusions (Serio et al., 2013),
thus confirming previous post-mortem findings. Moreover, ectopic expression of mutant TDP-
43 in control astrocytes reproduced the phenotype of the M337V mutant protein (Serio et al.,
2013).

iPSC technology, however, is not without its caveats. Due to its reliance on reverting the cells
back to an embryonic stage, the epigenome of reprogrammed cells does not reflect the
changes that have occurred in the body of the donor over their lifetime. This poses a
significant issue for neurodegenerative disease research, as age is the main risk factor for the
vast majority of these disorders, including ALS. Moreover, not all iPSC-based in vitro models
manage to recapitulate all pathophysiological features of ALS. iPSC-derived motor neurons
with TDP-43M337V mutation, despite showing increased TDP-43 levels, failed to show
mislocalisation or aggregation observed post-mortem (Bilican et al., 2012) and astrocytes
from the same mutant line did not show toxicity against motor neurons in a co-culture system
(Serio et al., 2013), further suggesting that the reprogramming process modifies the cell

epigenome.

To circumvent this limitation, direct reprogramming bypasses the stem cell stage of its iPSC-
based predecessor and produces a single cell type. These cells retain their aging phenotype
with no clonal variability (Mertens et al., 2015). However, an important caveat of direct

reprogramming is a poor reprogramming efficiency of 1-5%.

Although answering many caveats of the iPSC technology, directly reprogrammed neurons
are a finite resource. They are post-mitotic and cannot be cryopreserved for further research
purposes, increasing the need for a constant supply of patient fibroblasts. Induced neural
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progenitor cells (iNPCs) introduced by Meyer and Ferraiuolo (2014) provide an alternative to
directly reprogrammed cells. This technology yields tripotent progenitor cells limited to the
neural lineage only, but the proliferating iNPCs can be cryopreserved. Further differentiation
of these progenitors into neuronal cells of interest is much faster when compared to iPSC
differentiation (Meyer et al., 2014). Moreover, just like their directly reprogrammed
counterparts, cells differentiated from iNPCs retain their ageing phenotype (Gatto et al.,
2021). Importantly, iNPCs recapitulate important pathophysiological features of ALS, such as
patient astrocyte toxicity in a co-culture system (Stopford et al., 2019), TDP-43

mislocalisation, fragmentation and aggregation, discussed later in Chapter 3 of this work.

Although in vitro models helped us uncover many pathological mechanisms of ALS, a
remaining caveat of in vitro modelling is the fact that only one cell type can be studied at one
time. In a co-culture scenario, since neurons are grown on an astrocyte feeder layer, temporal
interplay between original and secondary events is masked (Rojas et al., 2015). Moreover,
many overexpressing or constitutively active models do not reflect faithfully the pathology of
ALS, as one specific feature of the disease is exaggerated in any given model. This means that
relatively low expression levels of certain pathological hallmarks of ALS might be too low to
detect at an endogenous level, as antibodies and commercial kits are often tailored to
perform well in overexpressing models. To that end, a creation of a co-culture modelling
system which could accommodate several disease cell types at once and expressing levels of
targets of interest at an endogenous level would allow for a more thorough approach to

model a disease in a dish.

1.3 Common mechanisms in neurodegeneration
Although vastly different in terms of their aetiologies, symptoms, genetics, cellular

pathologies, clinical manifestations, outcomes, and treatments needed, mechanistic domains
of many neurodegenerative diseases overlap. The following section will discuss some of the
most common pathophysiological mechanisms observed in CNS disorders:
neuroinflammation, protein aggregation, autophagy dysfunction, and disruption to normal

mitochondrial function.

1.3.1 Inflammation
Neuroinflammation is characterised by a change in phenotype of microglia from anti-

inflammatory (M2) to pro-inflammatory (M1). This shift can be a result of a direct insult or
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injury to the CNS tissue, such as the one occurring in stroke. Several lines of evidence,
however, implicate microglial pro-inflammatory phenotype as a cause of numerous
neurodegenerative diseases. Change of microglial size to hypertrophic microglia has been
observed pre-symptomatically at sites of marked cell loss in in vivo models of Alzheimer’s
disease (AD), Parkinson’s disease (PD), and ALS, suggesting that inflammation of the nervous
tissue is an event pre-dating the disease onset (Cooper-Knock et al., 2012). Whilst it can be a
sign of a healthy system responding to an infection, chronic inflammation leads to further cell
damage and loss. Moreover, astrocytes are also active contributors to neuroinflammation,

primarily via the release of numerous pro-inflammatory cytokines.

1.3.2 Protein aggregation
Aberrant protein homeostasis has been described as a feature of multiple neurodegenerative

diseases. The resulting protein misfolding often leads to formation of cytoplasmic aggregates,
which overburden the cell and may contribute to cell death. Cytoplasmic aggregation of TDP-
43, described in section 1.1.3.3, is a pathological feature of the ALS-FTD disease spectrum. In
AD, amyloid beta (AB) and tau protein deposits are observed in both neurons and glia,
whereas a-synuclein protein deposits form characteristic Lewy bodies in PD. Large
cytoplasmic inclusions of mutant huntingtin protein are also observed in Huntington’s disease
(HD; Carty et al., 2015). These disease hallmarks posed an attractive therapeutic target for
many years. Numerous pieces of evidence, however, show that presence of these aggregates
or their removal does not prevent neuronal cell death, improve motor or cognitive functions,
or disease prognosis (Barmada et al., 2010; Schneider, 2019). Instead, modulation of
underlying mechanisms causing protein aggregation might be a promising therapeutic

strategy (Singh, Dutta & Modi, 2017).

1.3.3 Autophagy
As described in the previous section (1.3.2), protein aggregation occurring in disease can have

detrimental effects on normal cell function and has in several cases been linked directly to
cell death causation. Lack of appropriate clearance of aggregated or misfolded proteins can
further exacerbate this effect. Two pivotal cargo clearance mechanisms in the cell, autophagy
and UPS work in synergy to ensure cell health by degrading aberrant proteins, mitochondria
and other organelles. It is not uncommon, however, for either or both of these processes to

become dysfunctional in neurodegeneration.
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Autophagy (figure 1.3), also known as programmed cell death II, is a cell’s internal
housekeeping process designed to target aberrant cargo for lysosomal degradation. In a
healthy organism, rough ER structure known as an omegasome is a site of
phosphatidylinositol 3-phosphate (PI3P) activation, which subsequently recruits autophagy
effector proteins. Conversion of microtubule-associated proteins 1A/1B light chain 3B (LC3)
from a soluble (LC3-l) into a lipidated (LC3-Il) form marks the start of the autophagophore
formation, a membranous structure which expands around and envelops the sequestered
cargo. The autophagy receptor p62 binds to the cargo and LC3-Il, serving as a scaffold for the
autophagophore formation. Fully formed autophagophores, called autophagosomes, fuse
with degradation enzymes-containing lysosomes. Thusly formed autolysosomes are a

contained site of cargo degradation.

Protein aggregates, LC3-11 pG2
mitochondria, organelles, /
. —
cytoplasmic components /. \
®

@g @é 3 ‘\ ; /)
—

Autophagophore formation 2

Lysosome
7~ N
- 1
\

\ T AN
Degradation Autolysosome 9 8::, Fusion

Figure 1.3 Autophagy cascade in healthy cells

Upon induction of an autophagic flux, a structure named autophagophore begins to envelop the cargo
to be degraded. Autophagophore membrane undergoes elongation as LC3-1 undergoes conversion to
LC3-1l, which in turn lines the phagophore membrane. The resulting autophagophore also contains
p62, which is an autophagy receptor binding to both the cargo and LC3-Il. Under basal conditions,
autophagophore forms an autolysosome by fusing with lysosomes. It is in that final structure that

degradation of the cargo takes place.
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It is challenging to say whether targeted autophagy induction has a clear, stand-alone effect
on disease pathogenesis, as, apart from protein catabolism, autophagy also plays a role in
mitochondrial turnover (via a process called mitophagy, see section 1.3.3.1) and in global
cellular energy balance (Laplante & Sabatini, 2012). The multifaceted aspects of this biological
process make autophagy an important player and potential therapeutic target in ALS and

many other neurodegenerative diseases.

Interestingly, previous lines of evidence from transgenic mice and neuronal in vitro models of
HD gave rise to a speculation that neurons have a limited capacity to perform autophagy (Fox
et al.,, 2010; Tsvetkov et al. 2010; Roscic et al., 2011). Moreover, autophagy function in
neurons might be regulated via non-cell autonomous mechanisms, as glia conditioned
medium had a pro-autophagy effect in HD transgenic mice (Perucho et al., 2013), and the
opposite effect in in vitro ALS models (Madill et al., 2017), thus indicating that therapeutics

aiming at modulating autophagy are likely to have an effect through non-neuronal cells.

To date, multiple lines of evidence have shown cytoplasmic a-synuclein deposits (Lee et al.,
2004; Gao et al., 2019) in PD and cytoplasmic TDP-43 fragments and aggregates to be cleared
via autophagy in neurons and neuronal cells in ALS (Barmada et al., 2014). Indeed, repair of
autophagy dysfunction in ALS has been shown to be beneficial for progression, survival (Staats
et al., 2013), and presence of pathological hallmarks in mutant SOD1 animals (Li et al., 2015)
and in a Drosophila model of TDP-43 pathology (Cheng, Lin & Shen, 2015).

1.3.4 Mitochondrial dysfunction
Mitochondria are the cell’s resident producers of adenosine triphosphate (ATP) via the

process of oxidative phosphorylation, are involved in calcium homeostasis, phospholipid
biogenesis and apoptosis (Smith et al., 2019). Post-mitotic cells such as neurons, which last
an individual’s lifetime, have a high metabolic rate and are vulnerable to accumulation of
stressors and damage. Therefore, healthy mitochondria are essential for their survival.
Disruptions in the normal mitochondrial function can lead to or exacerbate
neurodegeneration. Several mitochondrial genes have to date been identified as carrying
mutations resulting in CNS disorders. Perhaps the most well-known example, parkin,

currently accounts for 50% cases of familial PD (Pickrell & Youle, 2015).
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Thus far, only one genetic mutation linked to ALS has been shown to have an exclusively
mitochondrial function. CHCHD10 (table 1.1) is located between the inner and the outer
membrane of the mitochondria. The mutation affects the structure of cristae and is
characterised by a severe bioenergetic deficit and an impaired activity of all electron transport
chain (ETC) complexes (Bannwarth et al., 2014; Genin et al., 2016). However, changes in the
cristae structure are also observed in C9orf72, TDP-43*513T and SOD1%°3* mutants (Genin et
al., 2016) and activity of all ETC complexes was found to be reduced in post-mortem spinal
cord tissue of sALS patients (Borthwick et al., 1999; Wiedemann et al., 2002), indicating
widespread phenotypic and functional changes in mitochondria of ALS patients regardless of
a genetic mutation. Furthermore, mitochondrial membrane potential (MMP) is increased in
SALS (Kirk et al., 2014) and C9orf72-patient fibroblasts (Onesto et al., 2016), which might be
a compensatory mechanism aiming to counteract the decrease in ATP production. However,
the opposite was observed in iPSC-derived motor neurons of C9orf72 patients (Onesto et al.,

2016) and in HEK293 cell lines overexpressing wild-type TDP-43 (Deng et al., 2015).

Round, swollen mitochondria were amongst the first pieces of evidence for mitochondrial
damage in patient motor neurons (Atsumi, 1981; Sasaki & Iwata, 2007). Indeed, further
studies showed that transgenic TDP-43M337V TDP-43@331K gnd TDP-43A31T mice carry
fragmented, aggregated mitochondria (Magrané et al., 2014). Similar mitochondrial
phenotype was observed in motor neurons of SOD1%°3A mice (De Vos et al., 2007), as well as
in early symptomatic SOD1%3"R and SOD1%8°R, where mitochondrial clusters along the length
of the axon were also found (Vande Velde et al.,, 2011). iPSC-derived motor neurons of
C90rf72 patients also presented a rounded, swollen mitochondrial phenotype (Dafinca et al.,

2016), indicating a universal disruption of mitochondrial structure in ALS.

Mitochondrial fission and fusion are natural processes and are controlled by dynamin-related
protein 1 (DRP1) and mitochondrial fission 1 (Fis1), mitofusin-1 (Mfn1), mitofusin-2 (Mfn2)
and optic atrophy protein 1 (Opal) proteins respectively. Fragmented appearance might be a
result of exacerbated fission, which has been observed in several ALS models. SH-SY5Y and
NSC-34 cells expressing SOD1%%3A expressed increased levels of DRP1 and decreased
expression of Opal (Ferri et al., 2010). Similar findings were described in spinal cord tissue of
mice carrying the same mutation, although their levels Fis1 and DRP1 phosphorylated at its

serine 616 site, which is responsible chiefly for mitochondrial fission orchestration, were

42



unchanged (Liu et al., 2013). Fibroblasts of TDP-43*%8T patients also showed a trend towards
anincrease in fission, whereas the opposite was true for C9orf72 fibroblasts, whose increased
Mfn2 levels despite clear mitochondrial fragmentation might indicate a compensatory

mechanism (Onesto et al., 2016).

Production of ROS, which is a natural by-product of oxidative phosphorylation, becomes
exacerbated in ALS. Markers of ROS damage were found in CSF and serum of sALS patients
and their post-mortem tissue (Bogdanov et al., 2000; Mitsumoto et al., 2008; Simpson et al.,
2004; Smith et al., 1998). In SOD1%%** mice, oxidation of ETC complexes and ATP synthase
mRNAs was observed prior to motor neuron degeneration (Chang et al., 2008). This suggests
that the inability of mitochondria to meet the energy demands of neurons is one of the causes

of motor neuronal death in ALS.

Several lines of evidence report interaction of ALS-associated proteins with mitochondria,
which appear to be an important driver of mitochondrial damage. Poly-GR species of DPRs
were found to bind to ribosomal proteins of mitochondria (Lopez-Gonzalez et al., 2016),
whilst isolation of a cell mitochondrial fraction found it to be enriched in C9orf72 protein
(Blokhuis et al., 2016), whilst SOD1 accumulates in the intermembrane space and reduces ETC
activity (Ferri et al., 2006; Vijayvergiya et al., 2005). ALS-associated mutations in optineurin,
a mitophagy receptor, prevents autophagosome formation, causing mitophagy dysfunction
and subsequent accumulation of damaged mitochondria (Moore & Holzbaur, 2016).
Moreover, mutant SOD1 aggregates have been found to sequester optineurin, thus
preventing the autophagic flux (Tak et al., 2020). In models harbouring TDP-43 mutations,
TDP-43 accumulates in mitochondria and binds to complex 1 subunits mRNA, eventually
leading to their disassembly, which is caused by specific sequences in TDP-43 which target
mitochondria (Wang et al., 2016). This consequently leads to exacerbated ROS production,
decreased oxygen consumption, increased MMP and decreased ATP release (Wang et al.,
2016). Whether the binding of pathogenic ALS protein to mitochondria precedes

mitochondrial dysfunction or is a result of it, is still a subject of investigation.

TDP-43 is ubiquitinated by parkin, which promotes its nuclear translocation. Interestingly, loss
of TDP-43 from the nucleus and its cytoplasmic aggregation in spinal cord motor neurons of
SALS patients lead to a decrease in total parkin levels (Lagier-Tourenne et al., 2012),
suggesting a close mutually regulatory mechanism. Other proteins, such as Abelson murine
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leukaemia viral oncogene homolog 1 (Abl1, also known as cAbl), which have recently been
found to be overexpressed in ALS patients, serve as a substrate for parkin and their

relationship in ALS warrants a closer investigation.

1.3.5 Abl1 activation
Although not canonically described as a contributor to neurodegeneration, Abl1 is a member

of Abl non-receptor tyrosine kinases belonging to a group of Src/Brc proto-oncogenes.
Alongside its orthologue Arg (Abl2), it is involved in signalling pathways regulating cytoskeletal
dynamics, cell proliferation, and membrane trafficking (Khatri et al., 2016). Its role in several
types of carcinomas, chiefly stomach cancers, has been well described. Recent reports have
implicated Abl1 as a player in neurodegeneration. Inhibition of active, phosphorylated Abl1l
(pAbl1) has resulted in an improved motor function of MPTP animal model of parkinsonism
whilst restoring levels of available dopamine precursors, a finding which has stimulated a
currently ongoing clinical trial (ClinicalTrials.gov identifier number NCT02954978) for
repurposing of Abl1 inhibitor compounds for PD (Karuppagounder et al., 2014). Since parkin
is a direct substrate of Abl1 (Ko et al., 2010), modulation of Abl1 signalling has been shown to

be beneficial for mitochondrial function in PD (Abushouk et al., 2018).

Abl1 is involved in cytoskeleton remodelling via phosphorylation of tau. Interplay with tau
made Abll an obvious exploratory target for AD. Vargas et al. (2014) has found Abl1 to be
abundant in dendritic spines, suggesting a role in synaptic function. Importantly, synaptic
damage caused by AR oligomers observed in AD was found to be directly mediated by an
interplay between Abl1 activation and ephrin type-A receptor 4 (EphA4) activation. EphA4
activation has later been shown to be detrimental in SOD1%%** mice and its knockdown
improved motor neuronal survival, which also translated to an improved motor performance
(Zhao, Cooper, Boyd, & Bartlett, 2018). Ephrine signalling, which includes proteins responsible
for axon guidance and dendritic structure, has other of its members showing alteration in ALS.
Ephrin type-B receptor 1 has been shown to be upregulated in diseased motor neurons
(Tyzack et al., 2017), whereas a reduction in ephrin-A5 worsens ALS progression (Rué et al.,
2019). Abl1 inhibition in AD transgenic mice has resulted in a rescue of synaptic loss in the
hippocampi of these animals (Estrada et al., 2016; Vargas et al., 2014). In summary, using Abl1

inhibitors to target the ephrin signalling pathway may help rescue motor neuronal survival.
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A landmark study by Imamura et al (2017) has focused on repurposing Src/Brc inhibitors, most
of which directly target Abll, for ALS. The high-throughput drug screening of these
compounds on directly reprogrammed motor neurons has noted an improved survival of
neurons and improved axonal and dendritic morphology upon Abl1 inhibition. Moreover, this
drug treatment has resulted in correction of several pathological and mechanistic hallmarks
of ALS, including TDP-43 proteinopathy and autophagy regulation, thus suggesting that Abll

might be a promising therapeutic target for ALS.

1.4 Alin drug discovery and repurposing
Development of new drugs is a costly and time-consuming process (Williams et al., 2015).

Drug repurposing, a method of applying existing drugs to new diseases, poses an attractive
alternative to novel molecule discovery thanks to the approved safety profiles and
significantly shortened development times (Ashburn & Thor, 2004). However, validation of a
new repurposing candidate in a context of a different disease can also pose many challenges
from a clinical and cost-related perspective (Li et al., 2017). Both the discovery of new drugs
and drug repurposing processes could greatly benefit from an automated system that
identifies a biological process to be targeted and analyses the docking sites of a given target
to create a specific drug. Moreover, as the current data indicates, most clinical trials fail at
stages Il and Ill, with low therapy efficacy and lack of understating of the drug action being
cited as the main reason for those failures (Harrison, 2016; Townsend & Arron, 2016). Indeed,
ALS drug discovery also has been plagued by many clinical trial failures (Mitsumoto et al.,
2014; Petrov et al., 2017). Thorough exploration of the drug’s downstream, upstream, and
off-target effects can help avoid those issues at a much earlier stage.

1.4.1 Insilico drug modelling

As early as 1869, Alexander Crum Brown described a physiological response of and to a
chemical compound as being a function of its chemical constitution, thus giving rise to the
idea that properties of compounds can be predicted without a need to synthesise them
(Sellwood et al., 2018). Indeed, the most important question in molecular design remains
‘what type of chemical structure will produce a compound with a desired list of properties?’.
Machine learning algorithms have shown to be of use in new molecule design, aiming to

model a new drug around a known disease target faster and more efficiently (King et al.,
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1992). Supervised machine learning algorithms can be applied to quantitative structure-
activity relationship methods (QSAR; Hansch et al., 1962) where, based on a set of labels
within the dataset, Al can predict the polypharmacological profile of the compound. This then
allows for a multiparameter optimisation, i.e. an evolution and optimisation of chemical
structures in accordance with a set of defined objectives (Klucznik et al., 2018; Segler et al.,
2018). It can also allow for minimisation of toxic side effects by making the molecule receptor-

specific, more soluble, and activating key molecule targets at higher rates (Chao et al., 2014).

Binding of a peptide or a drug to a chosen target can be modelled using Al systems via docking
simulation, which then automatically selects the best hits (Nishiyama, 2017). Such docking
simulations and target-based virtual screenings (Qingliang Li & Shah, 2017) are based around
creating a 3D structure of the intended target and using algorithms to predict drugs’ binding
affinities (Scarpino et al., 2018). Machine learning methods can improve upon this established
model by making associations between a target and group of drugs with similar structures,
thus predicting drug-target interactions faster and more efficiently. This has led to a creation

of methods such as KronRLS (Pahikkala et al., 2015).

Moreover, Al systems can model release behaviour of biodegradable nanoparticles of varying
concentrations and sizes in various media and emulsions, thus allowing for a better
understanding of such molecules’ behaviour in a human organism (Baghaei et al., 2017).
Artificial neural networks (ANNs) built around such systems can also predict the response of
an organism to the given concentration of particles depending on individual genetic
differences, allowing for a study of novel therapeutic approaches on a personalised medicine
basis (Baghaei et al., 2017). It is important, however, to highlight that reliable prediction of
important drug properties, chiefly its biological activity, remains an issue. Some methods,
such as computer-aided synthesis planning (Vléduts, 1963), can help prioritise a design of
drugs which are more readily synthesisable, or find alternative ways of creating a desired

chemical (Sellwood et al., 2018).

The field of drug repurposing has also benefited significantly from in silico drug modelling
approaches. A recently described Al tool termed ‘process pharmacology’ puts disease and its
biology at the fore of drug research and therapy, treating identified targets as a link between
the disease and the drug. Based on the genetic factors that play a part in the process to be
pursued, an association is made between a drug and the biological process of interest (Lotsch
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& Ultsch, 2016). This and similar methods utilise databases of patient information, disease
biology, and drugs currently available on the market, allowing for an exploration of new
therapies using drugs already approved for a use in humans (Lotsch & Ultsch, 2016). Such
application of Al to medical research has a potential to significantly improve the efficacy of
novel therapeutics discovery, especially because the question of compound toxicity on the

patients has been addressed.

Although very promising, applications of process pharmacology and other in silico drug
modelling are still in their infancy in terms of practical applications and readiness for use in
clinical scenarios. Nevertheless, the technological challenges should be resolved with an
increased utilisation of the methods described here, as Al algorithms learn and improve with

time.

1.4.2 Drug synergy
The wealth of literature and datasets available can help Al systems build algorithms essential

for understanding not only drug metabolism and behaviour in the organism, but also
interactions between different molecules, which can result in adverse reactions. One such
model studied drug-drug interactions based on known adverse compounding drug effects,
e.g. aspirin and warfarin taken together may result in bleeding. This method, termed Causal
Association Rule Discovery, has been found to be more efficient that previously used
association rule mining algorithms (Cai et al., 2017). Beyond studying drug synergy to avoid
side effects, Al can also be used to identify drug combinations based on their
polypharmacological profiles to increase their therapeutic potential. Although this approach
is still in its infancy, one such study used an Al-powered Therapeutic Performance Mapping
System to find a neuroprotective treatment for nerve trauma (Romeo-Guitart et al., 2018).
Out of a total of 5440 drugs and resulting 15 billion possible combinations, computational
tools have selected acamprostate (used to treat alcohol dependency) and ribavirin (an anti-
viral compound) co-treatment in in silico tests as the best candidate. Indeed, pre-clinical in
vivo studies confirmed their beneficial synergistic effect on nerve regeneration and anti-

inflammatory action on sirtuin 1 (Romeo-Guitart et al., 2018).

Such Al applications to medicine and pharmacology are important not just from the side effect
avoidance point of view, but also as a tool decreasing the patient waiting time for a treatment

and can lead to an introduction of new therapies where there previously were few or none.

47



Moreover, in silico modelling of a drug mode of action (MOA) in the context of a new disease
or a drug synergy avoids costly and time consuming in vitro and in vivo experiments on

multiple candidates, not all of which will be successful.

1.4.3 Al-powered literature screening
Research output across multiple disciplines that is published on a daily basis surpasses by far

our ability to ingest and make sense of all available information. Access to a machine learning
system that scans available published information and extracts relevant data, would be of
great help in the research community. Such a system would not only help create a
comprehensive picture of discoveries as they are being made but would also open an
opportunity to make new ones by drawing our attention to previously unconsidered
connections and patterns within published data. However, published scientific literature is in
its native form made to be read by humans only and is thus classed as an unstructured data
source for machine learning algorithms (Winograd, 1971). Natural language processing (NLP)
technology in Al provides a solution to this issue by transforming written language into a
modality that is readily analysed by Al algorithms (Rindflesch & Fiszman, 2003). This
technology is undergoing constant refinements to increase the rate of scientific discoveries.
For example, a large-scale knowledge network created by NLP, known as the Semantic
MEDLINE Database (Kilicoglu et al., 2012), serves as a bona fide interpreter of the scientific
literature for machine learning purposes. It has recently been utilised to predict the types of
data necessary to evaluate the repurposing opportunities for compounds (Mayers et al.,
2019), which in the future can help increase the efficiency and speed of drug repurposing

processes further.

Although of significant use in drug discovery, Al-powered literature screening can also be used
to unveil new pathophysiological or genetic components of diseases. IBM’s Al system,
Watson®, has been used to help predict novel RBP-ALS associations based on a bulk of data
published after 2013 (Bakkar et al., 2018). IBM Watson® was able to scan the breadth of
published literature, extract and match any RBPs of interest to ALS. Based on this initial
documentation, Watson® developed a conceptual semantic data model for the known RBP-
ALS connections and subsequently applied this model to the set of identified novel
candidates. IBM Watson® successfully validated a set of RBPs with a well-established role in

ALS, such as TDP-43 and FUS, and, conversely, RBPs identified as the least likely to contribute
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to ALS were indeed found to have no association with the disease based on a further literature
search (Bakkar et al., 2018). Novel promising findings were validated in ALS patient tissue
samples and successfully identified caprin-1 as a new RBP associated with ALS. Coincidentally,
this finding was independently investigated and described by Blokhuis et al. (2016) as the

Watson study was taking place, which nevertheless highlights the benefits of the system.

Although based on existing knowledge, mining existing literature and resources contained
within databases can help unveil non-obvious connections between diseases, targets, and
drugs, hence improving the efficacy and speed of drug discovery and repurposing. Machine

learning systems can facilitate those improvements.

1.4.4 Use of OMICS data
Data with various OMICS modalities presents a wealth of information on diseases and drug

modes of action that is unparalleled. Increasingly, this data is converted into structured
information, such as databases, which makes the information readily accessible and readable
by machine learning algorithms, as each described variable, such as gene name, has another
variable assigned to it, such as a fold change. With a set of simple commands, a list of gene
perturbations caused by a drug can be interrogated to extrapolate meaningful relationships
between a target of interest and a drug, as well as unexpected interactions that might lead to
side effects. Specialist computational analysis platforms have been created in order to make
the most of the gene expression profiling data available. One of such resources,
DrugGenExnet, aims to improve the process of drug repurposing by aiming to predict drug
polypharmacology in the context of a specific disease based not just on the primary drug
target, but all predicted biological processes involved (Issa et al., 2016). Several recent studies
have utilised available transcriptomic data to find repurposing candidates for various diseases
of the CNS. Zhao & So (2018), for example, used a machine learning algorithm trained in
identifying drug-gene-disease relationships outside of the drug’s established MOA and
applied it to a set of transcriptomics profiles to identify repurposing candidates for
schizophrenia, depression, and other anxiety disorders. This is especially important when a
repurposing candidate is a drug previously used in cancer cells, as its effect in the CNS might
be different due to different levels of target expression or presence (or indeed absence) of

important receptors necessary for the drug to exert its function.
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Outside the realm of drug discovery, transcriptomic profiles have been interrogated by
machine learning technologies to explore the links between proteins encoded for by genes
associated with neurodegenerative diseases in order to build a comprehensive picture of the
overlap between molecular connections in CNS disorders (Garcia-Vaquero et al., 2018). This
cross-disease analysis approach has, for example, confirmed the molecular similarities
between ALS and SMA (Garcia-Vaquero et al., 2018).

1.4.4.1 Cancer transcriptomics

Field of cancer research pioneered the use of transcriptomics data obtained from cell lines
and human tissue to not only better understand the genetic and molecular underpinnings of
tumorigenesis and cancer progression, but also in oncology compound discovery (Sirota et
al., 2011). Early use of cancer genomics for drug discovery purposes has, for example, seen
an introduction of BCR-Abl and EGF receptor inhibitors onto the market (Clarke et al., 2001).
Drug efficiency screenings conducted on cancer cell lines and the abundance of
transcriptomic datasets they created have been amassed into publicly available databases
which now serve as a valuable resource for further studies. Recently, for example, such
datasets of cancer cell line transcriptomes have been used to assess drug toxicity based on

landmark genes and pathways affected (Li, Tong, Roberts, Liu, & Thakkar, 2020).

Drug discovery in cancer remains notoriously challenging even with the use of
transcriptomics, as every cancer entity differs dramatically at the transcriptomic level due to
a variety of genetic and environmental factors (Clarke et al., 2001). Nevertheless,
advancements in cancer transcriptomics helped inform drug discovery and repurposing
studies across a variety of diseases and provided an invaluable tool for future trials.

1.4.4.2 Using transcriptomics data to uncover drug modes of action

Understanding the MOA of a drug in one specific disease can help make educated
assessments with regards to drug repurposing. Computational polypharmacology platforms,
which rely on existence of robust cell gene expression profiles, have established that drug
indications for diseases can be predicted from disease-specific genetic signatures of other
disorders, as they unveil target and biological processes in need of modulation (Gottlieb et
al., 2011). Other platforms, which operate on an increasingly high-throughput basis, aim to

improve upon the standard drug discovery methods by including transcriptional profiling of
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cells before and after treatment with various perturbagens at an ever decreasing cost (Ye et

al., 2018).

1.5  Summary of aims
The non-cell autonomous component of ALS pathology has been well-described, significantly

implicating astrocytes as drivers of ALS progression. The fundamental hypothesis driving this
project relies on the astrocyte toxicity contributing to motor neuron death in ALS and the
drugs’ ability to dampen that toxic effect, thus rescuing motor neuron survival. In the patient,

this effect may translate into slowing of disease progression and/or delay in symptom onset.

Unfortunately, two drugs currently marketed for ALS, riluzole and edaravone, offer very
modest extension in survival (2-3 months on average) and patients often report unpleasant
side effects, which frequently drive them to abandon the treatment. From around 60
molecules investigated during clinical trials for ALS in the last 23 years, the vast majority have
failed due to lack of significant improvement to patients’ condition, safety concerns, or lack
of biomarkers to determine whether the drug had even reached the target. Due to the

aggressive and devastating nature ALS, overcoming these issues is of primary importance.

With the aim to overcome at least some of these issues, we have set up a collaboration with
BenevolentAl, a biotech company which specialises in application of machine learning
technologies to find novel targets and treatments for diseases which currently have limited

or no pharmacological interventions available.

Through this collaboration we have identified 2 drugs, gefitinib and nilotinib, which indeed

had neuroprotective effects in our in vitro model of ALS (described in sections 3.1.2and 4.1.2).

The underlying hypothesis of this project is that Al can identify drugs targeting disease-

relevant pathways in ALS.

In order to test our hypotheses, | will address the following aims:

Aim 1: to uncover the function of gefitinib in iAstrocytes and its mode of action in ALS.
Aim 2: to identify the function of nilotinib in iAstrocytes and its mode of action in ALS.

Aim 3: to compare the polypharmacological profiles of gefitinib and nilotinib in relation to

their effectiveness in our in vitro model of ALS.
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2 Materials and Methods

2.1

Materials

All plastics for cell culture were purchased from Greiner Bio One, unless otherwise specified.

All other reagents and chemicals were purchased as follows:

2.11

Reagent Supplier

General reagents

Table 2.1 General reagents and stock solutions.

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) Sigma
Acetic acid Fisher Chemicals
Acrylamide, 30% Geneflow
Ammonium persulphate (APS) Sigma
B-mercapthoethanol, pH 6.8 (50 mM) Sigma
Bicinchoninic acid (BCA) assay kit Thermo Fisher
BLUeye pre-stained protein ladder Geneflow
Bovine serum albumin (BSA), powder Sigma
Bromophenol blue Fisher
Cell lysis buffer 10X Cell Signalling
Technologies
Diethyl Pyrocarbonate (DEPC) BioChemica
Dithiothreitol (DTT) Invitrogen
Dried skimmed milk Marvel
Duolink® /n Situ Orange Starter Kit Mouse/Rabbit Sigma-Aldrich

Ethanol, 100%

Fisher Chemicals

Ethylenediaminetetraacetic acid (EDTA)

Thermo Fisher

EZ-ECL Enhanced Chemiluminescence Detection Kit

Biological Industries

Glycerol

Fisher Chemicals

Glycine

Fisher Chemicals

Hoechst 33342 Trihydrochloride, Trihydrate, 20 nM

Life Technologies

Methanol, 100%

Fisher Chemicals

Normal horse serum Gibco
Nuclease-free water Ambion
Paraformaldehyde, 40% Fisher Chemicals
PathScan® phospho-c-Abl (panTyr) Sandwich ELISA kit Cell Signalling
Technologies
PathScan® Phospho-c-Abl (Tyr412) Sandwich ELISA Kit Cell Signalling
Technologies
Phenylmethanesulfonyl fluoride (PMSF) Sigma
Phosphate buffered saline (PBS) Oxoid
PhosSTOP™ Roche
cOmplete™ proteinase inhibitor cocktail (PIC) Roche
Protein assay dye concentrate BioRad
ProtoGel 30% (w/v) Acrylamide: 0.8% (w/v) Bis-Acrylamide GeneFlow

Stock Solution

Sodium azide

Thermo Fisher

Sodium chloride (NaCl)

Fisher Chemicals
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Sodium dodecyl sulfate (SDS) Fisher Chemicals
2x SYBR Green qPCR Master Mix Bimake
SYPRO® Ruby protein stain Thermo Fisher
Trisaminomethane hydrochloride (Tris-HCl) Melford
Triton™ X-100 Sigma
Trizma® Fisher Chemicals
Tween®20, pH 7.6 Sigma

Cell culture and reagents

Table 2.2 Tissue culture reagents.

Reagent ’ Supplier
Accutase™ Gibco Life Technologies

B-mercapthoethanol, pH 6.8

Sigma

B-27 supplement (50X)

Gibco Life Technologies

Bafilomycin Al

Alfa Aesar

Brain-derived neurotrophic factor (BDNF) PeproTech
Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) Sigma

Cilliary neurotrophic factor (CNTF) PeproTech
N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl Tocris

ester (DAPT)

Dimethyl sulfoxide, anhydrous, £99.9% (DMSO) Sigma Aldrich
Dulbecco’s Modified Eagle’s Medium (DMEM) (4500 mg/ml Sigma

glucose, L-glutamine, sodium bicarbonate)

Dulbecco’s Modified Eagle’s Medium/F-12 (1:1) + GlutaMAX-|
(DMEM/F-12)

Gibco Life Technologies

DNase |

Sigma

Embryonic stem cell serum

Gibco Life Technologies

F-12 medium

Gibco Life Technologies

Foetal bovine serum (FBS)

Life Science Products

Forskolin Sigma

Gefitinib Cayman Chemicals
Glial cell-derived neurotrophic factor (GDNF) PeproTech
Glucose powder Sigma

Human fibroblast growth factor, basic (bFGF) PeproTech

Human plasma fibronectin Millipore

Iscove’s Modified Dulbecco’s Medium (IMDM)

Gibco Life Technologies

KnockOut DMEM

Gibco Life Technologies

KnockOut serum replacement

Gibco Life Technologies

L-glutamine (200 mM)

Gibco Life Technologies

Leukaemia inhibitory factor (LIF)

Millipore

Minimum Essential Medium Non-Essential Amino Acids (MEM
NEAA) (100X)

Gibco Life Technologies

Minimum Essential Medium (1X), Phenol red-free

Gibco Life Technologies

N2 supplement (100X)

Gibco Life Technologies

Nilotinib

Sigma

Papain

Sigma

Penicillin (5000 Units/ ml) —Streptomycin (5000 Units/ ml) (PS)

Lonza BioWhittaker
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Phosphate buffered saline (PBS) Oxoid

Rapamycin Cayman Chemicals
Retinoic acid (RA) Sigma

Smoothened agonist (SAG) Millipore

Sodium pyruvate (100 mM) Sigma
Tetramethylrhodamine methyl ester (TMRM) Invitrogen

Torin 1 Tocris

Trypsin (10X) Gibco Life Technologies

2.1.3 Celllines

Table 2.3 Induced neural progenitor cell (iNPC) lines.

Mutation Sex Ethnicity = Age at biopsy Onset to death
collection (months)

CTR_AG08620 | - F Caucasian | 64 -
CTR_CS-14 - F Caucasian | 52 -
CTR_155 - M Caucasian | 40 -
CTR_155v2 - M Caucasian | 40 -
CTR_161 - M Caucasian | 31 -
CTR_3050 - M Caucasian | 55 -

C9_78 C9orf72 M Caucasian | 66 31.7
C9_183 C9orf72 M Caucasian | 50 27
C9_201 C9orf72 F Caucasian | 66 19.4
sALS_009 SALS F Caucasian | 61 21
SALS_12 SALS M Caucasian | 29 90
SALS_17 SALS M Caucasian | 47 72

2.1.4 Real-time quantitative polymerase chain reaction (RT-qPCR) primers

Table 2.4 Primers used for RT-qPCR. All primers listed were used at a final concentration of 250
nM.

Gene nhame Sequence (5’ - 3’) Species Supplier

Beta-actin B-ACTIN F: TCCCCCAACTTGAGATGTATGAAG Human Sigma

R:
AACTGGTCTCAAGTCAGTGTACAGG

Abelson ABL1 F: CTTCAGCGGCCAGTAGCAT Human Sigma
Tyrosine-Protein
Kinase 1

R: GTGCAACGAAAAGGTTGGGG
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Epidermal EGFR F: CGCAGTTGGGCACTTTTGAA Human Sigma

growth factor R: TCCCAAGGACCACCTCACA

receptor

Cyclin-G2 CCNG2 F: GATCGTTTCAAGGCGCACAG Human Sigma
R: CAGGTATCGTTGGCAGCTCA

2.1.5 Primary and secondary antibodies
Table 2.5 Antibodies used for Western blotting immunofluorescence.

Protein Species  Stock conc. Dilution Blocking | Membrane Supplier,

catalogue number

B-actin Mouse 2.2 mg/ml 1:10,000 | 5% milk Nitrocellulose | Abcam, ab6276

c-Abl Rabbit 1 mg/ml 1:1000 5% milk Nitrocellulose | Cell Signalling
Technology, 2862

TDP-43 (C- Rabbit 1pg/150ul | 1:1000 5% milk Nitrocellulose | ProteinTech,

terminal) 12892-1-AP

DRP1 Mouse 1 mg/ml 1:1000 5% milk Nitrocellulose | Abcam, ab56788

Phospho- Rabbit 1 mg/ml 1:1000 5% BSA Nitrocellulose | Cell Signalling

DRP1 Technology, 3455

(ser616)

Phospho-c- | Rabbit 1 mg/ml 1:1000 5% BSA PVDF Cell Signalling,

Abl (Tyr412) 247C7

p62 Mouse | 250pul/ml 1:800 5% milk | Nitrocellulose | BD Biosciences,
610833

LC3 Rabbit 1:1000 5% milk | Nitrocellulose | Novus Biologics,
2220

EGFR Rabbit 1:1000 5% milk | Nitrocellulose | Cell Signalling,

1 mg/ml 4267

Phospho- Rabbit 1:1000 5% BSA Nitrocellulose | Cell Signalling,

EGFR 3777

(Tyr1068)

Table 2.6 Horseradish peroxidase (HRP)- conjugated secondary antibodies used for Western
blotting immunofluorescence.

Secondary antibody

Stock concentration

Dilution (in 5% milk)

Supplier, catalogue

number

HRP-conjugated a-mouse

IgG (H+L)

1 mg/ml

1:5000

Promega, W402B




HRP-conjugated a-rabbit 1 mg/ml
IgG (H+L)

1:5000

Promega, W401B

Table 2.7 Primary antibodies used for immunocytochemistry.

Protein name Species Stock concentration

Dilution Supplier, catalogue number

TDP-43 (Ser409)

Vimentin Chicken | 1 mg/ml 1:1000 Millipore, ab5733

TDP-43 (C-terminal) | Rabbit 1ug/150ul 1:200 ProteinTech, 12892-1-AP
Cleaved caspase-3 Rabbit 1 mg/ml 1:500 Millipore, AB3623
Phosphorylated Mouse 1 mg/ml 1:100 Affinity Biologicals, AF7365

Ki67 Rabbit 1.04 mg/ml

1:1000 Abcam, ab15580

Table 2.8 Secondary antibodies used for immunocytochemistry.

Antibody Species | Dilution ‘ Supplier, catalogue number

Alexa Fluor a —chicken 488 IgG (H+L) | goat 1:1000 Thermo Fisher, Invitrogen, A-11039
Alexa Fluor o —rabbit 568 1gG (H+L) goat 1:1000 Thermo Fisher, Invitrogen, A-11011
Alexa Fluor o —rabbit 488 1gG (H+L) donkey | 1:1000 Thermo Fisher, Invitrogen, A-21206
Alexa Fluor a —mouse 568 IgG (H+L) | donkey | 1:1000 Thermo Fisher, Invitrogen, A-10037
Alexa Fluor a —mouse 488 IgG (H+L) | donkey | 1:1000 Thermo Fisher, Invitrogen, A-21202

Table 2.9 Short hairpin RNAs (shRNAs) used for target knockdown experiments.

Target Transgene Backbone Promoter | Viral titre \Tag \Targeting sequence  Supplier

Abll Human ABL1 | Adenovirus | U6 9.6 x 10° RFP | GCTGAAATCCACCAA | Vector
shRNA PFU/mlI GCCTTT Biolabs
RFP DsRed2 Adenovirus | CMV 1x10% RFP | - Vector
IFU/ml Biolabs

2.2 Methods

2.2.1 Induced neural progenitor cell (iINPC) culture, maintenance and differentiation

Cell culture procedures were performed in class Il microbiological cabinets, under sterile

conditions. All cell types described below were grown at 37°C in a humidified incubator with

5% CO..

56




Prof. Pamela Shaw provided control (CS-14, 155, 155v2, 161, 3050) and C9orf72 patient
fibroblast samples used for iINPC reprogramming from the University of Sheffield (study
number STH16573, Research Committee reference 12/YH/0330). Prof Stephen J. Kolb
provided sALS patient fibroblast samples from the ALS/MND Clinic, Department of Neurology,
Ohio State University (OSU), Wexner Medical Center, Columbus, Ohio (Ethics number
04304AR). Control AG08620 fibroblast line was purchased from the Coriell Institute biobank
under material transfer agreement (MTA). Informed consent was obtained from all subjects
before sample collection.

2.2.1.1 iNPC culture

iNPCs were obtained via direct reprogramming of patient fibroblasts, according to the
published protocol (Meyer et al., 2014) and were already available from previous work carried

out by Dr Laura Ferraiuolo and Mr Allan Shaw.

iNPCs were grown as an adherent culture in a serum-free medium containing bFGF (see Table
2.10). During the regular maintenance, a medium change was performed once every 48 hours
to replenish the bFGF and nutrients. iNPCs were passaged upon reaching 90% confluence and

their maintenance was performed by myself, Mr Allan Shaw and Miss Lai Mei Wan.

Table 2.10 Composition of iNPC culture medium.

Reagent Volume Final concentration

DMEM/F-12 1X 500 ml

B27 Supplement 50X 5ml 0.5X

N2 Supplement 100X 5ml 1X

FGFb, 4 mg/ ml 5ul 40 ng/ ml

To passage iNPCs, 10cm TC-treated culture dish was incubated for a minimum of 5 minutes
at room temperature (RT) in PBS containing 3 pg/ml human plasma fibronectin. The growth
medium was removed from the ongoing culture dish and 1 ml of warm Accutase™ enzyme
was added. Cells were incubated for 5 minutes at 37°C. Detached cells were collected in 3 ml
of PBS, transferred to a 15 ml falcon, and centrifuged for 4 minutes at 200g to pellet the cells.

The supernatant was removed and the resulting pellet resuspended in iNPC culture medium
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according to its size. Homogenous cell suspension was obtained by gentle trituration with
P1000 Gilson pipette tip. The PBS was then aspirated from the previously prepared fresh 10
cm plate and replaced with 10-12 ml of warm iNPC medium (volume added was dependant
on the known proliferation rate of the cells, i.e. faster growing cells would be seeded in a
larger volume of medium). About 500,000 cells (or volume equivalent) were then added to
prepared fresh culture plate and a new passage number noted. Any leftover cell suspension
was used for further differentiation into iAstrocytes or iNeurons (see sections 2.2.1.2 and
2.2.1.3) or frozen in medium and 10% DMSO. The prepared and labelled cryovials were then
transferred to a freezing system container (Corning® CoolCell™) with a metal core at RT and

left at -80°C for a minimum of 2 hours.

When thawing iNPCs stored at -80°C or in liquid nitrogen dewars, a cryovial was immediately
placed in a 37°C water bath. After 1.5-2 minutes, the thawed cryovial contents were placed
in warm iNPC medium in a fresh 10 cm plate prepared as before and monitored daily, with
media change after 24h to remove the DMSO and subsequently typically every 48h or when
medium was depleted and until ready for first passaging.

2.2.1.2  Differentiation of iNPCs into iAstrocytes and drug treatment

Tissue culture plates or dishes were coated with 1.5 pg/ml human plasma fibronectin in PBS
for minimum of 5 minutes at RT. Fibronectin was then replaced with 10 ml of warm iAstrocyte
differentiation medium (Table 2.11). Once the iNPC pellet was resuspended, about 200,000
cells were seeded per prepared iAstrocyte differentiation plate. During the seven-day
differentiation protocol, one medium change was performed at day 4 to replenish the
nutrients. If a drug treatment was to be applied at day 5 during the process, the medium
change at day 4 was not performed (see section 2.2.1.4). To transfer iAstrocytes to 96- or 384-
well plates, cells had their culture medium removed and were washed once with PBS. Cells
were then incubated for 5 minutes at 37°C with 1 ml Accutase™. Following the incubation,
cells were collected in 4 ml of PBS and centrifuged for 4 minutes at 200g. The cell pellet was
resuspended in iAstrocyte culture medium and cells counted. Density at which iAstrocytes
were plated in fibronectin-coated optical 96- or 384-well plates varied between experiments,

which is detailed in relevant individual sections of this chapter.
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For an overview of iAstrocyte differentiation and drug or virus treatments involved, see Figure
2.1. Throughout this chapter, treatment times are referred to as ‘iAstrocytes differentiation

day X', please refer to Figure 2.1. for clarity.

iAstrocyte
INPC differentiation

Untreated and . _
shRNA-treated -f'-"-'”}' differentiated
cells receive a iAstrocytes

medium change

>
| | | | | Day 7
Day 0 Day 2 Day 4 Day 5 Day 6
shRNAs administered Overnight treatment
EreshsplitiNPC with compounds for End of
reshiy-spitifirt.s are 48h treatment autophagy assay differentiation

seeded in iAstrocyte
differentiation medium —
start of differentiation

with DMSO and
compounds of interest

and termination
of all assays—cell

scraping

Figure 2.1 Timeline of induced astrocyte (iAstrocyte) differentiation and drug treatments

iNPCs —induced neural progenitor cells; shRNA — short hairpin RNA; DMSO — dimethyl sulfoxide.

Table 2.11 Composition of iAstrocyte differentiation medium.

Reagent Volume Final concentration
DMEM 500 ml
FBS 50 ml 10%
PS 5ml 50 units Penicillin/ml

50 units Streptomycin/ml
N2 Supplement 100X 1ml 0.18X
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2.2.1.3 Target knockdown with shRNA
iAstrocytes on day 2 of differentiation were used for experiments where expression levels of

a selected target were knocked down. For that purpose, shRNA adenoviruses expressing a
selected transgene under either a cytomegalovirus (CMV) or U6 promoter were purchased
(Vector Biolabs). Each viral construct also contained red fluorescent protein (RFP) under a
CMV promoter. Calculations for multiplicity of infection (MOI) of 10, 7.5, 5, 2.5 and 1 of both
the transgene of interest and RFP-only control were made and appropriate shRNA volumes
diluted in iAstrocyte culture medium. iAstrocytes were incubated with shRNAs for 48 hours,
after which their culture medium was replaced. Transfection efficiency was investigated by
initial quality control examination of RFP expression under a fluorescence filter, after which
target knockdown levels were measured via western blotting.

2.2.1.4 Differentiation of iNPCs into iNeurons

TC-treated 6-well plates were coated with 1 ml/well of fibronectin (3 pug/ml in PBS). After 5
minutes at RT, fibronectin was replaced with 2 ml/well of iNPC culture medium. Once the
iNPC pellet had been resuspended, about 150,000 cells/well (adjustable to growth rate of the
cells) were seeded and plates transferred to the incubator. When cells reached 70%
confluence, typically 48 hours after seeding, the iNPC medium was removed and replaced
with iNeuron differentiation medium (see Table 2.12), supplemented with 2.5 uM small
molecule y-secretase inhibitor (DAPT) to promote cell cycle exit and formation of post-mitotic
neurons. The following day, 1 ml of medium was added per well to replenish nutrients. On
day 4 of differentiation, half of the volume in each well was removed and replaced with
iNeuron differentiation medium supplemented with 1 uM SAG agonist of hedgehog signalling
to promote ventralisation, 1 uM RA to promote caudalisation, and 2.5 uM forskolin, which
directly activates adenylyl cyclase, thus resulting in an increase of cyclic adenosine
monophosphate (CAMP) levels in the cell. cAMP is an important second messenger involved
in many signal transduction pathways, including activation of protein kinase A, and has been

found to favour neuronal maturation.

Supplementation of differentiation drugs, as described above, was repeated daily for four
days, at which point cells were washed gently with PBS to remove the debris and harvested
by scraping in PBS, and centrifuging for 1 minute at 17,000g. The cell pellets were stored at -
80°C before processing. For an overview of the iNeuron differentiation process, see Figure

2.2.
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Table 2.12 Composition of iNeuron differentiation medium.

Reagent Volume Final concentration
DMEM/F-12 1X 50 ml
B27 Supplement 50X 1ml 1X
N2 Supplement 100X 500 pl 1X
PS 500 pl 5 Units Penicillin/ml
5 Units Streptomycin/ml
) . More neurons
iNPC iNPCmedium  neyron Cells begin to change appear as treatment
differentiation morphology progresses
medium

Day O |

l Day 2 Day 3 Day 4-7 Day 8
Freshly-split Resting day; 48h treatment with. DMSO
iNPCs are seeded medium top-up and c.ompou-nd.s of interest.
in iNeuron if necessary. No differentiation drugs

differentiation
medium — start
If cells reached

of differentiation
70% confluence,

switch to
iNeuron
differentiation
medium + DAPT

added. v
End of
v differentiation
Half-media changes and
with supplemented termination
differentiation drugs of all assays
(4 days in total) — cell scraping

Figure 2.2 Timeline of induce neuron (iNeuron) differentiation and drug treatments

iNPCs — induced neural progenitor cells; DAPT - (2S)-N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-

phenyl]glycine 1,1-dimethylethyl ester; DMSO — dimethyl sulfoxide.
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2.2.1.5 iAstrocyte and iNeuron drug treatment
Unless otherwise stated, both iAstrocytes and iNeurons were treated with drugs for the last

48 hours of their differentiation. For that purpose, medium was removed from the culture
plates and replaced with fresh corresponding differentiation medium containing gefitinib or
nilotinib. Every experiment also included a subset of cells treated with 0.1% (v/v) of DMSO
drug vehicle as a negative control. After 48 hours, medium was removed, cells washed once
with PBS to remove residual serum and/or cellular debris and scraped in 1 ml PBS. Cells were
then pelleted by centrifugation at 17,000g for 1 minute in a cold ultracentrifuge. Supernatant

and residual PBS were removed before storage at -80°C.

2.2.1.5.1 Drug preparation
Drugs investigated in this work were gefitinib (Cayman Chemical) and nilotinib (Sigma). Both

gefitinib (446.902 g/mol) and nilotinib (529.5245 g/mol) were stored in powder form under
inert nitrogen at 0.5 pound per square inch (PSl), >12% oxygen and 5% relative humidity
conditions (MultiPod™, Roylan Developments) to eliminate destabilisation caused by water
contamination and oxidisation. Each compound was reconstituted in anhydrous DMSO

(299.9%) to 10 mM concentration in accordance with the following formula:

mass in mg

Volume (ul) of DMSO added = x 100

molecular weight in g/mol +1000

Once reconstituted, compounds were stored for short-term use in moisture-depleted
conditions of a desiccator and discarded after one month. Gefitinib solution was prepared
and kept at a stock concentration of 10 mM and diluted 1:1000 for treatment, giving the final
working concentration of 10 uM. Nilotinib solution was further diluted in DMSO to a final
stock concentration of 1 mM and diluted 1:1000 for treatment, giving the final working

concentration of 1 uM.

2.2.2  Murine embryonic stem cell (mESC) culture and motor neuron-iAstrocyte co-culture

2.2.2.1 Hb9-GFP mESC passage and maintenance
Murine embryonic stem cells (mESC) expressing green fluorescent protein (GFP) under the

motor neuron-specific homebox protein HB9 (Hb9) promotor were a kind gift from Prof.
Thomas Jessell and their routine maintenance was conducted by Dr Matthew Stopford, Miss
Chloe Allen, Mr Marco Destro or myself. 10 cm culture plates were coated with 1.5 pg/ml
human plasma fibronectin in PBS for minimum of 5 minutes at RT and mouse embryonic

fibroblasts (mEFs, Merck) were thawed onto them and cultured in complete iAstrocyte
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culture medium (see table 2.11) to act as a feeder layer for mESCs. The following day, the
medium was changed to mESC culture medium (Table 2.13) supplemented with 100 units/ml
of leukaemia inhibitory factor (LIF). To passage mESCs, culture medium was removed, cells
were washed once with PBS, and incubated in 1ml of trypsin 1X for 5 minutes at 37°C. Trypsin
was quenched with 9 ml of complete mESC culture media and cells triturated vigorously using
a 10 ml stripette, whilst pressing the stripette nozzle against the plate in order to break cell
clusters under pressure. The resulting single cell suspension was incubated in a TC-treated 10
cm plates for 30 minutes at 37°C, which allowed for any remaining mEFs to adhere to the dish,
leaving mESCs in suspension. Following the incubation, cells from multiple plates were pooled
in a 50 ml falcon and centrifuged for 4 minutes at 200g. Once the supernatant was removed,
the pellet was re-suspended in mESC culture medium, gently mixed with a 1 ml pipette tip,
and filtered through a 70 um mesh filter to remove any residual mEFs. Approximately 300,000
cells were replated onto previously prepared fresh mEFs to re-propagate the culture. Medium

was replenished every 24 hours for 3 days before a next passage.

Table 2.13 Composition mESC culture medium.

Reagent Volume Final concentration ‘
KnockOut DMEM 400 ml 80%

Embryonic stem cell serum 75 ml 15%

MEM NEAA (100X) 5mil 1X

PS 5ml 50 Units Penicillin/ml

50 Units Streptomycin/ml

L-glutamine (200 mM) 5ml 2mM

B-mercaptoethanol (50 mM) | 3.6 ul 0.36 UM

2.2.2.2 Motor neuron differentiation from mouse embryoid bodies (mEBs)
Following a split, approximately 1,000,000 mESCs were plated for motor neuron

differentiation and grown in mouse embryoid bodies (mEBs) culture medium (Table 2.14) as
a non-adherent culture in uncoated non-tissue culture treated 10 cm plates. Contents of each
culture plate were transferred gently into 50 ml falcons 24 hours after the initial seeding and
cells allowed to precipitate for 10 minutes at RT. Supernatant was then removed and medium

replaced. 24 hours later, 1 uM SAG and 2 uM RA were added to the fresh medium to start
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mEBs differentiation in motor neurons. This drug treatment was performed every day for a
total of 6 days, after which resulting mEBs were examined for their GFP expression by
assessing their intensity under a fluorescent filter, in order to assess the motor neuron

differentiation efficiency.

Table 2.14 Composition mESC culture medium.

Reagent Volume Final concentration ‘
KnockOut DMEM 220 ml 44%

F12 220 ml 44%

KnockOut serum replacement | 50 ml 10%

N2 supplement 100X 5ml 1X

PS 5ml 50 Units Penicillin/ml

50 Units Streptomycin/ml

Glucose (1 M) 2.5ml 5mM
L-glutamine 2.5ml 1mM
B-mercaptoethanol 4 ul 0.4 uM

2.2.2.3 Motor neuron dissociation and co-culture with iAstrocytes
On the final day of motor neuron differentiation, mEBs were collected in a 50 ml falcon and

centrifuged at RT for 4 minutes at 200g. Supernatant was collected and mEBs re-suspended
and triturated in 2.75 ml enzyme dissociation buffer (Table 2.15) with 250 pl papain 10X (10
units/ml final concentration). mEBs were then incubated at 37°C (water bath) for 10 minutes,
with agitation every 3 minutes. Following the incubation, cells were gently triturated, 2 ml of
fresh dissociation buffer added, and the cell suspension was centrifuged at RT for 5 minutes
at 300g. During centrifugation, 2.7. ml of the dissociation buffer, 300 ul FBS and 150 pl DNase
| (60 pg/ml final concentration) were mixed together in a 15 ml falcon. After the
centrifugation, supernatant was aspirated, and cells were triturated in 3 ml of the DNase I-
containing solution. 5 ml of FBS was added to a separate 15 ml falcon and the cell suspension
was carefully dispensed on top of it, making sure not to agitate the interface between the FBS
and the cell suspension. The resulting cells suspension on top of the FBS cushion were
centrifuged for at RT for 6 minutes at 100g, with the accelerator/decelerator ‘brake’ setting

switched off. Pellet of dissociated motor neurons were resuspended in motor neuron culture
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medium (MEB culture medium [Table 2.14] supplemented with BDNF, CNTF and GDNF, 20

ng/ml each) and counted.

Mouse embryonic motor neuron-human iAstrocyte co-culture was assembled as previously
described (Stopford et al., 2019). Briefly, prior to motor neuron dissociation, iAstrocytes on
day 5 of differentiation were plated at a density of 10 000 cells/well in 96-well plates or 6000
cells/well in 384-well plates, as described in section 2.2.1.3. To set up an iAstrocyte-Hb9-GFP
motor neuron co-culture, motor neurons were plated on a layer of iAstrocytes (day 7 of
differentiation) at a density of 10,000 cells/well in 96-well plates, or at 1500 cells/well in 384-
well plates. The resulting co-culture plate was scanned using the INCell 2000 imaging system
(GE Healthcare) 24 hours after seeding (co-culture day 1) and 48 hours after the first scan (co-
culture day 3). Acquired images were analysed using Columbus software (Perkin Elmer),

collecting the following parameters: cell bodies, cell bodies with neurites, neurite length.

Importantly, the 48h drug treatment applied to iAstrocytes throughout this work has been
selected as it corresponds to the co-culture day 1 (section 2.2.2.3), where initial effect of drugs

on astrocytes and motor neurons is observed.

iNPC differentiation

to iAstrocytes iAstrocyte seeded
.0 2 onto 384- or 96-well plates
Day: " 1 7

1
iAstrocytes treated for 5

48h with shRNAs
Seed Hb9-GFP+ MNs

Hb9-GFP+ mESC on treated iAstrocytes
differentiation I

to MNs

Live high content
imaging on INCELL
every 24h for 3 days

Figure 2.3 Summary and timeline of Hb9-GFP mouse embryonic motor neurons (HB9-GFP+
MNs)/induced astrocytes (iAstrocyte) co-culture experiments

iNPC —induced neural progenitor cell; sShRNA —short hairpin RNA; mESC — mouse embryonic stem cell.
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Table 2.15 Composition of motor neuron dissociation buffer (for 40 ml final volume).

Reagent Volume (ml) = Final concentration (mM)
Nacl 4.64 116
KCl 0.216 54
NaHCO3 1.04 26
NaH,PO4 0.4 1
CaCl, 0.6 1.5
MgSO. 0.4 1
Glucose 1 25
EDTA 0.04 0.5
dH,0 31.472 -
Cysteine 0.192 1

2.2.3 Autophagy assay

2.2.3.1

Human embryonic kidney 293 (HEK293) cell culture

The procedure described in this section was conducted by Dr Emma Smith and Dr Rebecca

Cohen of Dr Kurt de Vos lab at SITraN.

Human embryonic kidney 293 (HEK293) cells were cultured in 10 ml of their culture medium

(see Table 2.16) in 10 cm plates ina 37°C / 5% CO; incubator. HEK293 cells were split every 3-

4 days. To split the HEK293 cells, the media was removed, and cells were washed in PBS. 1 ml

1X trypsin was added to the cells, and cells were returned to incubator for 4mins. The plate

was tapped to dislodge trypsinised cells from the plate, and 9 ml of medium was added. Cells

were resuspended, and 1 ml cell suspension was added to a new 10 cm plate. Supplemented

DMEM was added to a final volume of 10 ml.

Table 2.16 Composition of HEK293 cells culture medium.

Reagent Volume ‘ Final concentration

DMEM 500 ml -

FBS 50 ml 10%

PS 5ml 50 units Penicillin/ml, 50 units
Streptomycin/ml

Sodium pyruvate (100 mM) 5ml 1mM
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2.2.3.2 Treatment conditions
HEK293 cells were seeded into 12-well plates and cultured for 3 days until 80% confluence.

Media was removed from HEK293 cells, and 1 ml media was added per well, containing either
DMSO only, 10 uM gefitinib, 1 uM nilotinib, 500 nM rapamycin (Cayman Chemicals), 100 nM
bafilomycin A1l (Alfa Aesar), or a combination of the above, at 1 well per treatment condition.
Media always contained 0.1% (v/v) of the drug-vehicle anhydrous DMSO. Cells were
incubated for 6 h, medium removed, and cells washed with PBS. LC3 and p62 protein
expression was investigated by western blotting, as described in section 2.2.4.

2.2.3.3 Autophagy assay in iAstrocytes

iNPCs were seeded in iAstrocyte differentiation medium in three 6-well plates per cell line.
Cells received a medium change on day 4. On day 6 of differentiation, culture medium was
replaced with fresh medium containing either DMSO only, 10 uM gefitinib, 1 uM nilotinib,
250 nM torin 1 (Tocris), 100 nM bafilomycin Al, or a combination of the above, 3 well per
treatment condition. Torin 1 is an autophagy activator used here as a positive control,
whereas bafilomycin Al is an autophagy inhibitor, used as a negative control. Media always
contained 0.1% (v/v) of the drug-vehicle anhydrous DMSO. Cells were incubated for 16 h,
medium removed, and cells washed with PBS. LC3, p62, and TDP-43 protein expression was

investigated by Western blotting, as described in section 2.2.4.

2.2.4 Western blotting

2.2.4.1 Preparation of the soluble proteins
Cell pellets were lysed by trituration in IP lysis buffer (see Table 2.17) supplemented with 1X

PIC and 1X PhosStop. Volume of IP lysis buffer used was adjusted per pellet and varied
between 10 pl and 100 pl. Following a 15-minute incubation on ice, lysates were centrifuged
at 4°C for 5 minutes at 17,000g to pellet insoluble proteins. Lysates were transferred to fresh
1.5 ml tubes and kept on ice for the remainder of the procedure. The leftover pellet could
then be subjected to further processing to extract detergent insoluble proteins (see section

2.2.4.1.1).
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Table 2.17 Composition of IP lysis buffer.

Reagent Final

concentration

Sodium chloride (NaCl) 150mM
HEPES 50mM
EDTA 1ImM

DTT 1ImM
Triton™ X-100 0.5% (v/v)
PIC, 100X 1X
PhosSTOP, 10X 1X

Bradford assay for protein quantification was performed by adding 1 pul of each sample to 1
ml of Protein assay dye concentrate diluted 1:5 in ddH,0, mixing well by shaking and
transferring to a 10 x 4 x 45 mm couvette (Sarstedt). After a blank measurement was
recorded, protein concentration of each sample was measured by reading their absorbance
value at 595 nm with S1200 Diode Array Spectrophotometer (WPA). In accordance with Beer-
Lambert law (OD595nm = ecl; where € = 1/15, and | = 1 cm), each 595 nm optical density value
was multiplied by 15 to obtain a protein concentration in mg/ml. Once loading calculations
were made, samples mixed with 4X laemmli loading buffer (see Table 2.18) were boiled at
95°C for 5 minutes to linearize the proteins, then loaded onto a previously prepared gel (see

section 2.2.4.2).

2.2.4.1.1 Preparation of insoluble proteins

Once the IP lysis buffer-soluble protein fraction was transferred to fresh 1.5 ml Eppendorf
tubes, the remaining precipitate pellet was resuspended in 500 pl ice-cold RIPA buffer (150
nM NacCl, 50 nM Tris, 1% v/v Triton X-100, 0.5% w/v SDS, 0.5% w/v deoxycholate, pH 8.0
[Sigma]) supplemented with PIC 1X and sonicated on ice for 10 seconds (30% Amp). Samples
were then incubated on ice for 15 minutes and centrifuged at 17,000g for 30 minutes at 4°C.
Supernatant was transferred to a fresh 1.5. ml Eppendorf tube. The pellet was resuspended

in 500 ul RIPA buffer with PIC 1X and centrifuged at 17,000g for 15 minutes at 4°C. The
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supernatant was removed and transferred to a fresh 1.5 ml tube. This step was subsequently
repeated. Residual RIPA buffer was removed and the final pellet was resuspended in 10 pl
Urea buffer (7 M Urea [Fisher], 2 M Thiourea [Sigma], 1 mM EDTA, 30 mM Tris, pH 8.5). 9 ul
of the Urea-soluble fraction was mixed with 3 pl laemmli buffer (Table 2.15). 16ul of RIPA-
soluble fraction was mixed with 4 pl laemmli buffer and boiled at 95°C for 5 minutes. Urea

fraction was loaded onto gels unboiled.

Table 2.18 Composition of 4X laemmli loading buffer.

Reagent Final

concentration

Tris-HCI 228mM
Glycerol 38% (v/v)
SDS 277mM
Bromophenol blue 0.038% (w/v)
B-mercaptoethanol, pH 6.8 | 5% (v/v)

2.2.4.2 SDS-PAGE
Depending on the kilodalton (kDa) weight of the protein of interest, three different gel

densities were used (see Table 2.19 for composition and applications). Once the resolving gel
was set, 1.5 ml of 5% stacking gel was dispensed on top and a 15- or 10- lane comb was
inserted. The comb was removed once the stacking gel was set. The gel was encased in a

cassette and placed into Mini-PROTEAN® Tetra System tank (BioRad).
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Table 2.19 Composition of gels used for Western blotting and their applications.

Reagent 5% stacking = 8% resolving | 12% 15%

gel gel resolving gel | resolving gel
dH,0 5.8 ml 4.9 ml 3.5ml 2.5ml
30% (w/v) Acrylamide 1.7 ml 2.6 ml 4 ml 5ml
Resolving buffer (1.5 M Trizma®, | - 2.5ml 2.5 ml 2.5ml
13.9 mM SDS, pH 8.8, filtered)
Stacking buffer (0.5 M Trizma®, 13.9 | 2.5 ml - - -
mM SDS, pH 6.8, filtered)
10% (w/v) APS 50 pl 50 pl 50 pl 50 pl
TEMED 20 ul 20 ul 20 ul 10 pl

proteins proteins proteins

Once the apparatus was set up, running buffer (Table 2.20) was poured inside the gel cassette.

Samples were loaded inside the lanes alongside 2 pl BLUeye pre-stained protein ladder. Gels

were run initially at 50 V for 30 minutes, using PowerPAC™ Basic (BioRad) to ensure correct

stacking of the proteins, after which the voltage was increased to 150 V for 1-1.2 hours

depending on gel density. Once the run was complete, gels were removed from the glass

cassette and transferred onto a nitrocellulose or PVDF membrane incubated in methanol for

1 minute (both GE Healthcare) in semi-dry Biometra Fastblot™ (Analytik Jena AG) transfer

with transfer buffer (Table 2.21) for 1 hour at 250 V (0.15 milliamperes [mA] per gel), using

PowerPAC™ HD (BioRad). Note, PVDF membranes required an incubation in methanol for 60

seconds prior to immersion in transfer buffer.

Table 2.20 Composition of running buffer.

Reagent Final concentration
Tris 25mM
SDS 3.5mM
Glycine 20mM
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Table 2.21 Composition of transfer buffer.

Reagent Final concentration
Tris 47.9mM
Glycine 38.6mM
SDS 1.38mM

Upon completion of the transfer, membranes were stained with Ponceau S (0.1% w/v
Ponceau S powder, 5% (v/v) acetic acid, ddH,0) by incubation on a shaker for 1 minute.
Membranes were then cut to size as needed and blocked on a roller for 1 hour at RT in 5%
(w/v) low-fat milk powder (Marvel) in Tris-buffered saline, 0.1% (v/v) Tween 20 (TBST; see
Table 2.19 for composition) or 5% BSA (w/v) (further details in Table 2.5). Membranes were
then incubated in primary antibody overnight at 4°C on a roller. Note, B-actin, a loading
control for most SDS-PAGE experiments, was often blotted following chemiluminescence
capture for TDP-43. Blots were first incubated on a roller at RT for 1 hour with 25 nM sodium
azide, to destroy HRP activity of the secondary antibody to TDP-43. This is because of

similarities in molecular weight between B-actin and TDP-43 (42 and 43 kDa respectively).

Table 2.22 Composition of TBST, pH 7.6.

Reagent Final concentration

Tris 20mM
NaCl 137 mM
Tween® 20, pH 7.6 0.2% (v/v)

Following an incubation with primary antibodies, membranes were washed three times for 5
minutes in TBST and incubated in HRP-conjugated secondary antibody (see Table 2.6).

Membranes were then washed again three times for 5 minutes in TBST prior to capture.
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2.2.4.3 SYPRO® Ruby stain
The following steps were performed at RT on a plate shaker at 50 rpm. After the transfer of

urea- and RIPA-soluble protein gels, nitrocellulose membranes were incubated for 15 minutes
at RT in a mixture of 7% (v/v) acetic acid and 10% (v/v) methanol diluted in ddH;O.
Membranes were subsequently washed in deionised water 4 times for 5 minutes. SYPRO
Ruby® was added onto the membrane, using enough volume to fully immerse it, and
incubated for 15 minutes. Membranes were then washed with deionised water 5 times for 1
minute. Membranes were allowed to air dry before image capture. Once imaged, membranes
were used for protein detection.

2.2.4.4 GeneSnap immunofluorescence capture

Membranes were incubated with EZ-ECL Enhanced Chemiluminescence Detection Kit for 1
minute and imaged using GBOX imaging system (Syngene). Intelli-Chemi images were viewed
in real time using GeneSnap software (Syngene). For membranes stained with SYPRO® Ruby,
images were obtained on in ‘classic’ mode, using UV epi-illumination setting.

2.2.4.5 GeneTools protein quantification

GeneSnap-associated files containing the intelli-Chemi images were opened in GeneTools
software (Syngene) and the raw fluorescence value was calculated automatically once the
bands were identified. Subsequently the protein concentration was calculated relative to B-
actin loading control or as a ratio of two associated protein cleavage products or isoforms
(used for TDP-43 and LC3). The ‘n’ numbers in figures presenting Western blotting data

represent experimental replicates.

2.2.5 Enzyme-linked immunosorbent assay (ELISA)

2.2.5.1 K562 leukaemia cell line culture
Human bone marrow-derived chronic myelogenous leukaemia cell line K562 was provided by

collaborators at BenevolentAl, Babraham Research Campus, under MTA.

K562 cell line was grown as a suspension culture in complete culture medium (Table 2.23),
using Corning® T-75 flasks. During regular maintenance, medium was refreshed every 48h by
centrifugation of cells for 4 minutes at 200g (accelerator and decelerator settings switched
off), removal of the supernatant and replacement with the equivalent volume of fresh media.
Cultures were re-propagated every 4 days at a density of 1x 10° cells/ml. During each routine
medium replacement, a fraction of cells was treated with 0.1% v/v DMSO, 10 uM gefitinib or

1 uM nilotinib for 48h.
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Table 2.23 Composition K562 cell line culture medium.

Reagent Volume Final concentration
Iscove's Modified 500 ml

Dulbecco's Media (IMDM)

FBS 50 ml 10%

PS 5ml 50 Units Penicillin/ml

50 Units Streptomycin/ml

L-glutamine 5ml 2mM

2.2.5.2 Sample preparation
iAstrocytes and K562 cells treated with gefitinib, nilotinib or DMSO as described in sections

2.2.1.4 and 2.2.5.1 had their culture medium removed at day 7 of differentiation for
iAstrocytes and day 4 of culture for K562 cells. iAstrocyte culture plates were placed on ice
and washed with cold PBS. K562 cells were resuspended in PBS and pelleted by centrifugation
at 17,000g for 1 minute at 4°C. Once PBS was removed, cells were scraped and collected in
1.5 ml Eppendorf tubes with residual PBS. Following a centrifugation at 17,000g for 1 minute
at 4°C and removal of the supernatant, the cell pellet was triturated in 500 pl of cold lysis
solution containing cell lysis buffer 1X (Cell Signalling Technologies), 1X PIC, 1X PhosStop and
1 uM PMSF, Sigma. Lysing cells were incubated on ice for 10 minutes, followed by a
centrifugation for 10 minutes and 14,000g and 4°C. Supernatants were transferred to fresh
1.5 ml Eppendorf tubes and stored immediately at -80°C until ready for processing.

2.2.5.3  Bicinchoninic acid (BCA) assay and interpolation of unknown protein samples

Standards with a working protein concentration range of 20 — 2000 pg/ml (plus blank) were
prepared by adding an appropriate volume of BSA to a diluent solution. Protein samples of
interest were diluted 1:50 in their lysis buffer. 10 ul of the standards and diluted protein
samples were added per well of a 96-well non-optical plate. Bicinchoninic acid (BCA) assay
working reagent master mix was prepared by adding one part of BCA reagent B per 50 parts
of BCA reagent A, assuring sufficient volumes to cover all standards and unknowns in
triplicate. 200 pl of BCA working solution was then added to each standard and sample-
containing well and the plate incubated for 30 minutes at 37°C. Following the incubation, the
plate was imaged immediately using PHERAstar to determine absorbance values at 560 nm.

Protein standard replicates were averaged, and values fitted onto a standard curve trend line
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to obtain a linear equation. Unknown protein concentrations were determined by
interpolating the absorbance values of replicate averages onto the standard curve and
multiplying by the dilution factor.

2.2.5.4  Enzyme-linked immunosorbent assay

ELISA for p-c-Abl was optimised using PathScan® phospho-c-Abl (panTyr) Sandwich ELISA kit
(Cell Signalling Technologies) at Babraham Research Institute-based branch of BenevolentAl,
under the supervision of Dr Linda Kitching. Unless otherwise specified, the reagents listed

below are a part of the aforementioned kit.

Samples of interest were left to thaw on ice. ELISA plate with a desired number of wells coated
with c-Abl antibody (rabbit) was brought to RT. Once loading calculations were conducted for
30 mg of protein per samples and each sample diluted in PBS as necessary, 100 pul of the lysate
mixture was loaded in duplicate onto the ELISA plate, plate sealed and incubated overnight
at 4°C. The following day, the supernatant was removed and washed four times with 200 pl
of ELISA wash buffer 1X (20X in ddH,0) using Multidrop Combi (Thermo Fisher Scientific). The
plate was inverted on tissue paper between each wash to absorb the residual liquid. Following
the washes, 100 ul of phosphor-tyrosine detection antibody (mouse mAb) was added per
well, plate sealed and incubated for 1 hour at 37°C. The detection antibody was then
removed, four washes performed as described before, and 100 pl of HRP-conjugated antibody
(mouse 1gG) added per well. Plate was then resealed and incubated for 30 minutes at 37°C.
After the incubation, secondary antibody was removed and plate washed as before. The plate
was resealed and 100 pl of TMB substrate solution was added per well and incubated for 10
minutes at 37°C. 100 pl of the STOP solution was then added per well and the absorbance at
450 nm was measured using PHERAstar no later than 30 minutes after the addition of the

STOP solution.

2.2.6 Immunocytochemistry

2.2.6.1 Cell preparation and fixing
Cells were cultured as described in section 2.2.1.2. On day 4 of iAstrocyte differentiation, cells

were removed from their culture dish using Accutase™. Following a pellet resuspension, 10
ul of suspension was used for cell counting with a 0.100 mm hemocytometer (Neubauer).
Calculations were made for seeding 4000 cells/well, in 100 pl medium/well, and cells

transferred to a fibronectin-coated black optical 96-well plates. The following day, medium

74



was removed and replaced with medium containing 0.1% (v/v) DMSO, 10 uM gefitinib, or 1
MM nilotinib. Cells were cultured for further 48 hours, after which they were washed gently
with PBS and incubated for 10 minutes at RT with 80 pl/well of 4% paraformaldehyde (PFA).
Wells were washed with 160 pl PBS and stored in 200 ul PBS at 4°C, ready for further use.
2.2.6.2 Immunofluorescent staining

Non-specific binding sites were blocked in 70 pl 5% normal horse serum with 0.5% Triton® (all
in PBS) for 1 hour. Blocking solution was removed. Cells were incubated in 70 ul primary
antibodies diluted in the solution used for blocking overnight at 4°C (see Table 2.8 for a list of
antibodies used). The following morning, primary antibodies were removed and cells are
washed 3 times for 5 minutes in 100 pul PBS with 0.2% Tween®20. After the last wash,
secondary antibodies diluted in PBS were added for 30 minutes at RT. Following this
incubation, secondary antibodies were removed and Hoescht stain solution diluted 1:10,000
in PBS was added for 5 minutes to label nuclei, followed by two 5-minute washes in PBS.
Stained plates were imaged using Opera Phenix™ High Content Screening System (Perkin
Elmer) and analysed using associated Harmony software (v4.8, Perkin Elmer).

2.2.6.3 Analysis

Images captured on Opera Phenix™ are automatically stored on Harmony server, from which

assay files can be uploaded onto Columbus Data Storage and Analysis System (Perkin Elmer).

For each immunofluorescence staining plate, two technical repeat wells, containing 20
random fields per well per experimental condition at 40X magnification, were imaged and
analysed. An average of technical repeats per plate was treated as an experimental n=1 and
each microscopy-based experiment was brought to at least n=3 experimental repeats. When
n=2 only was obtained due to cell unavailability, the experimental duplicate was averaged
and pooled together with average values of other n=2 datasets from the same genotype
(indicated in the figure legend). The same approach was applied to proximity ligation assay
(section 2.2.7) and tetramethylrhodamine methyl ester live stain (section 2.2.8).

2.2.7 Proximity ligation assay (PLA)

To study an interaction between two proteins of interest via a proximity ligation assay (PLA),
a commercially available Duolink® In Situ Orange Starter Kit Mouse/Rabbit (Sigma-Aldrich) kit
was used. Unless otherwise specified, the reagents listed below are a part of the

aforementioned kit.
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iAstrocytes on day 4 of differentiation were plated into 96-well optical plates, treated with
compounds the next day and fixed with 4% PFA after 48 hours of treatment as described in
section 2.2.6. Following a PBS wash, non-specific binding sites were blocked in 50 ul of PLA
Blocking Buffer 1X for 30 minutes at 37°C. Primary antibodies were then diluted in PBS and
added to the wells, ensuring that sufficient controls are in place (single antibody only and no
antibody as negative controls, and LC3+p62 as a positive control). Cells were incubated in
primary antibodies overnight at 4°C. The following day, plates were washed twice with Wash
Buffer A for 5 minutes on a plate shaker set to no more than 50 rpm. Mouse and Rabbit
Secondary Probes were diluted in the Antibody Diluent and 40 pl of the mix added to each
well following the washes and incubated for 1 hour at 37°C. Wells were then washed twice
with Wash Buffer A as described above. Following the incubation, wells were washed twice
with Wash Buffer A as before, and incubated in 40 pl/well of ligation mix (dH20, Ligation Stock
Solution, Ligase Enzyme) for 30 minutes at 37°C. Next, cells were washed again with Wash
Buffer A and incubated for 100 minutes at 37°C in 40 pl/well of amplification mix (dH:0,
Amplification Stock Solution, Polymerase Enzyme). After the amplification incubation, wells
were washed twice with Wash Buffer B 1X for 5 minutes on a plate shaker set to no more
than 50 rpm. Wash Buffer B 0.01X was prepared by diluting Wash Buffer B in dH,0 and
Hoescht was diluted 1:6000 in the new solution. Wells were then incubated in the Wash
Buffer B + Hoescht mix for 5 minutes at RT. Lastly, cells were washed twice with Wash Buffer
B 0.01X and images acquired on Opera Phenix imaging system. Images were analysed using

Columbus software.

2.2.8 Tetramethylrhodamine methyl ester (TMRM) live stain

2.2.8.1 Cell preparation
To visualise the mitochondrial network, iAstrocytes on day 5 of differentiation were lifted and

plated in 96-well optical plates at a density of 3000 cells/well as described in section 2.2.6.
Cells with a high proliferation rate were plated at a density of 2000 cells/well, whereas cells
exhibiting slower proliferation rate were plated at 4000 cells/well. After 24 hours, cells were
treated with either 0.1% v/v DMSO, 10 uM gefitinib, or 1 uM nilotinib. After 24 hours of
treatment, cells underwent TMRM staining as described below.

2.2.8.2 TMRM staining

On day 7 of iAstrocyte differentiation, cells were washed twice with phenol red-free minimum

essential medium (MEM) at RT. TMRM dye was diluted in phenol red-free MEM to a final
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concentration of 80 nM with or without 10 uM carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), so that each DMSO, gefitinib and nilotinib treated fraction of cells was treated with
TMRM alone and with TMRM+CCCP. Cells were then incubated for 1 hour at 37°C and 5% COa.
After the incubation, TMRM and CCCP were removed and cells washed twice with 100 um
phenol red-free MEM, then imaged.

2.2.8.3 Image acquisition and analysis

Prepared plates were imaged live on Opera Phenix imaging system, with 5% CO; and 37°C
plate heater settings enabled to maintain conditions under which cells were cultured. Once
acquired, images were analysed using Columbus software, collecting the following

parameters: cell number, number of mitochondria, mitochondrial intensity.

Images uploaded into Columbus software, showing TMRM in the Cy3 channel and DAPI-
positive nuclei (Fig. 2.4 A), had ‘Find Image Region’ function applied to them to find the
TMRM-positive cell region as the cell region of interest (Fig. 2.4 B). TMRM-positive cell regions
were then converted into Spots, Edges, and Ridges (SER) Gaussian derivative images using
‘Filter Image’ function (Fig. 2.4 C), which allow for identification of textured features in the
image and detection of objects of interest within said textured region. Here, ‘SER Ridge’
feature was selected. Next, ‘Find Spots’ function was applied to the TMRM-positive image
region to identify mitochondria from the calculated SER Ridge textured features (Fig. 2.4 D).
From the identified spots, the population was enriched in spots bigger than 15 pixels and
mean region (i.e. TMRM/Cy3-positive) staining intensity higher than 1900 (arbitrary units),
using the ‘Select Population’ function (Fig. 2.4 E). Spots passing these criteria appear in green
(Fig. 2.4 F) and are used a readout for mitochondrial numbers. To calculate the intensity of
the mitochondria, ‘Calculate Intensity Properties’ function was applied to the population of
selected mitochondria (Fig. 2.4 G), followed by ‘Calculate Morphology Properties’, which
allowed for calculation of the mitochondrial area in um?, roundness (on a scale from 0 to 1,
where 1 = circle), and ration of width to length. Similarly, intensity and area (in um?) of the
whole TMRM-positive image region was calculated, values of which were used to calculate
the mitochondrial membrane potential (MMP) (Fig. 2.4 H). Normalisation of the mean
intensity of the TMRM-positive image region per image area in pixels was used as a readout

for the MMP. The mitochondrial network size was calculated as the number of mitochondria
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per TMRM-positive image area. The number of mitochondria per cell was calculated by

dividing the total number of mitochondria per image by the number of DAPI-positive nuclei.

Figure 2.4. Analysis of mitochondrial network using Columbus image analysis software

(A) Input image showing tetramethylrhodamine methyl ester (TMRM) in Cy3 channel and DAPI-
positive nuclei. (B) ‘Find Image Region’ highlights the TMRM-positive image region. (C) ‘Filter Image’
function converts TMRM-positive image region into Spots, Edges and Ridges (SER) image, which allows
for calculation of texture properties within the image region. (D) ‘Find Spots’ function select spot
features within the textured region calculated in C. (E) Within spots identified in D, ‘Select Population’
function filters out spots smaller than 15 pixels and with mean TMRM intensity lower than 1900
(arbitrary units). (F) The output of the ‘Select Population’ step, showing spots passing the threshold
criteria in green and those below in red. (G) Selected spots, i.e. mitochondria, are subjected to
‘Calculate Intensity Properties’ and ‘Calculate Morphology Properties’ to obtain mitochondrial staining
intensity, size (in um?), roundness (0 to 1, where 1 = circle) and width to length ratio. (H) Calculate
Intensity Properties’ and ‘Calculate Morphology Properties’ are applied to the TMRM-positive cell

region. Scale: 20 um.

2.2.9 Real time quantitative polymerase chain reaction (RT-qPCR)

2.2.9.1 RNA isolation
Frozen cell pellets stored at -80°C were transferred to RT and 700 ul of PureZOL™ RNA

isolation reagent (BioRad) was added, mixing cells thoroughly and incubating them for 10
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minutes at RT. The RNA isolation was then performed using the Direct-zol™ RNA Miniprep Kit
(Zymo Research) in accordance with the manufacturer’s protocol.

2.2.9.2 RNA quantification

Extracted RNA stored on ice was subsequently quantified using a NanoDrop ND-1000
Spectrophotometer (Thermo Fisher) and its associated software (ND-1000 v3.8.1). The blank
value was obtained from nuclease-free water. 1 pl of each sample was then used to determine
RNA quantity in ng/ul. 260 nm /280 nm ratio was examined to check for RNA quality and
presence of impurities; the desired 260 nm /280 nm value ranges around 2.

2.2.9.3 Reverse transcription

cDNA synthesis was performed using High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher) according to manufacturer’s instructions. Typically, 1 mg of RNA was used for reverse
transcription. When this amount of RNA could not be obtained due to low concentration of
RNA, the amount was adjusted to accommodate the sample with the lowest RNA
concentration and applied to samples within further experimental repeats.

2.2.9.4 Real time quantitative polymerase chain reaction

RT-gPCR master mix was prepared by combining 7 ul of nuclease-free water, 1 ul of 5 uM
forward primer (final concentration 250 nM), 1 ul of 5 uM reverse primer (final concentration
250 nM), and 10 pl 2x SYBR Green gPCR Master Mix for a final concentration of 1x SYBR green.
Master mix volumes were calculated for duplicate technical repeats of all samples and
duplicate wells per primer pair as non-template negative controls, plus 10% extra volume to
account for pipetting errors. 19 ul of master mix was dispensed per well of thin wall low-
profile 96 x 0.2 ml plate (Appleton Woods), followed by 1 ul of sample per well. Wells were

covered with optical flat 8-cap strips (BlOplastics).

RT-gPCR reaction was run on Mx3000p (Stratagene) or CFX96™ Reverse-Transcription System
(BioRad) qPCR machines, using the thermal profile described in Table 2.24. Primers used for
this work are listed in Table 2.4. B-actin was used as a housekeeping gene in all RT-gPCR
experiments due to its stability and resistance to changes after drug treatments tested in this

project.
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Table 2.24 Thermal profile programme used for RT-qPCR.

Segment Temperature Time ‘ Cycles
1:initial denaturation 95°C 10 minutes 1
2: | denaturation 95°C 30 seconds 40
annealing X X
extension 60°C 60 seconds
3: final extension 95°C 60 seconds
55°C 30 seconds 1
95°C 30 seconds

2.2.9.5 Analysis
Raw cycle threshold (Ct) values for technical replicates were averaged. For each sample,

average Ct values for gene of interest were subtracted from corresponding average Ct values
for housekeeping gene to obtain ACt value. ACt value for a control sample was then
subtracted from ACt values of all samples to obtain AACt. Calculations were performed on

logarithmic scale base 2, hence to obtain fold change values, 222 function was calculated.

2.2.10 Statistical analysis
All experiments, unless otherwise stated, were performed at least in triplicate. When a

triplicate could not be collected, duplicate values were averaged and pooled together with
other samples from the same genotype to provide a readout for the whole genotype group

and allow for statistical analyses to be performed (see figure legends for more detail).

All statistical analysis was conducted using GraphPad Prism software (versions 7, 8 and 9).
Paired t-test was used to compare two paired groups, e.g. a drug treatment to its vehicle
control (bafilomycin Al + gefitinib/nilotinib vs bafilomycin Al treatments in autophagy assays,
in experiments comparing DMSO and gefitinib or nilotinib treated conditions in an individual
cell line, or in experiments comparing shRNA-RFP to shRNA-ABL1). Unpaired t-test was used
to compare two unpaired groups, e.g. control to ALS patient iAstrocyte samples in western
blotting datasets. One-sample t-test was used in gPCR and western blot experiments to
compare the delta between samples when the vehicle control or the untreated sample
control was set to 100 or 1. Mann-Whitney test was used to compare groups with two two
variables where one variable represent 1 or 100 and does not possess a standard deviation,

e.g. the same conditions as described above but across a dataset with multiple such pairings,
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e.g. TDP-43 and TDP-35 western blotting data comparing DMSO to gefitinib or nilotinib. One-
way ANOVA with Tukey’s multiple comparisons was used to compare groups characterised
by three variables e.g. healthy control and ALS patient iAstrocytes, as well as their
corresponding treatments. One-way ANOVA with Sidak’s multiple comparisons was used to
compare to compare groups characterised by two variables across multiple lines e.g. drug
treatment to its DMSO vehicle across multiple cell lines or genotypes. Kruskal-Wallis test was
used to analyse datasets where one condition (usually untreated) was set to 100 with no SD.
Two-way ANOVA with multiple comparisons was used to compare groups characterised by
two variables, e.g. control and patient samples and drug treatments simultaneously.
Statistical significance is delineated throughout this work as follows: *P<0.05, **P<0.005,

***P<0.001, ****pP<0.0001.
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3 Uncovering the mode of action of gefitinib in ALS

3.1 Introduction
Traditional de novo drug discovery approaches are costly and time consuming, taking on

average 10-17 years to complete and resulting in millions of dollars of expenditure (Ashburner
& Thor, 2004). Moreover, these efforts do not always culminate in the introduction of new
compounds onto the market, as clinical trials can fail due to safety and/or efficacy concerns
(Cummings, Morstorf, & Zhong, 2014). Neurodegenerative diseases (Cummings, 2018;
Gordon & Meininger, 2011; Hiroshi Mitsumoto et al., 2014) and indeed ALS have been
particularly affected by these failures (Petrov et al., 2017), hence new approaches need to be

adopted.

Drug repurposing could offer a new, more efficient way of exploring potential targets and
treatment candidates for disease. The repurposing pipeline bypasses the need for costly and
time-consuming target selection and lead optimisation procedures, involving a myriad of in
vitro, in vivo and ex vivo screenings, as well as a polypharmacological characterisation that
needs to be performed for novel molecules. Since drug bioavailability and absorption,
distribution, metabolism, excretion, and toxicity (ADMET) (van de Waterbeemd & Gifford,
2003) have already been characterised, drug repurposing takes advantage of molecules with
a proven safety profile and an approval for a use in humans (Ashburner & Thor, 2004).
However, it is important to remember that all the biosafety profiling has been conducted in
the context of the original disease that the compound was in the use for, therefore drug
repurposing candidates would still need to be subjected to clinical trials. It is especially critical
to consider the array of side effects that might occur. If the compound was initially used for a
disease of the periphery, side effects in patients with CNS disorders need to be fully
understood in order to appreciate the balance between the costs and potential benefits of
the compound in a different disease environment (Ashburner & Thor, 2004). Of crucial
importance for neurodegenerative disorders is the CNS permeability of the drug, which might
not have been a subject of prior investigations. Drug repurposing pipelines must thus take
into account any necessary methods of increasing the bioavailability of the molecule in the

CNS if the drug is to be approved for use in a new cohort of patients.

Lack of knowledge of the mode of action of a compound is one of the main overlooked factors

leading to failures of phase 2 clinical trials (Cummings, Morstorf & Zhong, 2014). Therefore,
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understanding the mechanisms through which a drug exerts its function in the disease is of a
paramount importance for generation of new therapies. This chapter aims to uncover the

mechanism of action of gefitinib, a drug identified as having a repurposing potential in ALS.

3.1.1 Identification of gefitinib using Al
Gefitinib was identified as a drug with a repurposing opportunity for ALS in a high-throughput

data scan conducted on Precede system by our collaborators at BenevolentAl, with an aim to
build a comprehensive knowledge graph (figure 3.1) based on the literature search. This
system, driven by a combination of deep learning and natural language processing, is capable
of reading, processing and ultimately “understanding” scientific literature and patents. To
create a meaningful knowledge graph, Precede semantically integrates information from
‘structured’ (public chemical databases, transcriptomic databases, etc) and ‘unstructured’
(PubMed, Web of Knowledge) data sources. It also assigns a probability score of 0 to 1 to rank
how good of an association there is between two generic terms of interest, for example “ALS”
and “TDP-43” would receive a score of 1 (i.e. there is a real link between them, they do not

just appear in the same sentence).

The search was able to return 100 compounds showing a repurposing promise after a 20-
minute literature scan. Compounds were subsequently reviewed in terms of their disease
relevance, CNS penetrance ability, relevance of molecular targets, and signalling pathways
involved. Top 20 compounds with satisfactory profiles were subjected to deep investigation
and hypothesis generation using a Scaffold Query Tool (SQT) workflow (figure 3.1). SQT
requires a person to build a knowledge graph based on elements of interest, such as diseases,
genes or proteins, pathways, specific processes, or known drugs. Some elements of the
workflow may be concrete (e.g. disease: ALS, gene/protein: SOD1, pathway: p53-signalling
pathway) and other parts of the workflow may be left as unknowns for the system to “fill in’
by finding suitable suggestions. Once the connection is established, any of the elements can
be blanked out to check if the connection still appears, thus allowing for further validation to
be performed. Moreover, further elements can be added to expand the knowledge graph,
such as downstream/upstream targets, cell types, specify if you want the connection to be

novel or already established etc.
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The SQT hypothesis validation and in-depth review of the known mechanisms of action of the
top 20 compounds resulted in a selection of 5 final compounds with the best
polypharmacological profiles and CNS relevance being taken forward for an in vitro validation

in a co-culture model of ALS.
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Figure 3.1 Scaffold Query Tool

A method of building a knowledge graph and generating scientific hypotheses, it allows for an
exploration of multiple queries based on a battery of simple commands. Image courtesy of Dr Mark

Rackham of BenevolentAl.

3.1.2 Gefitinib: use, properties, and function
Lung cancer constitutes the main cause of death worldwide, of which non-small cell lung

cancer (NSCLC) represents approximately 80% of all deaths. 15% of all NSCLC patients harbour
a mutation in epidermal growth factor receptor (EGFR; Xin et al., 2020). In an effort to combat
EGFR-driven NSCLC, a generation of chemotherapy compounds targeting EGFR, erlotinib and
gefitinib, was introduced in the mid-2000s. Gefitinib (figure 3.2), marketed as Iressa®, was
first approved by the FDA in 2005. Over the years, its usage in cancer has extended beyond
NSCLC to colon and breast cancers (Kazandjian et al.,, 2016). Amongst its proposed

mechanisms of action in NSCLC cell lines are autophagic flux induction, p65 regulation, cell
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growth and migration inhibition (Pan et al., 2015; Rothschild et al., 2006). Gefitinib is not

currently in use for diseases other than cancer.
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Figure 3.2 Molecular structure of gefitinib

Source: (Yuan et al., 2014).

3.1.3 Results leading up to this study
Unless stated otherwise, all work described in the following section was conducted by Dr

Matthew Stopford.

The above described Al-driven methods resulted in a selection of 5 compounds for an in vitro
validation: ambroxol, erlotinib, gefitinib, siramesine, and RTA408. These compounds were
validated in a pathophysiologically-relevant high-throughput co-culture model of ALS, which
models the endogenous ALS astrocyte toxicity against motor neurons. As previously
published, iAstrocytes express vimentin (see figures 3.9 and 3.10), cell surface glycoprotein
CD44, EAAT2, glial fibrillary acidic protein (GFAP) (Gatto et al., 2021), aquaporin 4 and S100
calcium binding protein B (S100B) (Meyer et al., 2014), and do not express cytoplasmic nestin
or nuclear paired box 6 (Pax6) markers of neuronal progenitors which are richly expressed in
iNPCs (Meyer et al., 2014). Wild-type mESC-derived motor neurons were plated on control
and ALS iAstrocytes, treated either with a compound of interest or vehicle 24h prior. The co-
culture plates were screened once every 24h for 3 days, and the final readout of the
experiment was the rescue of motor neuronal survival with the drug compared to vehicle

only. Figure 3.3 summarises the co-culture screening workflow.

Of the 5 tested compounds, gefitinib consistently resulted in a significant rescue of motor

neurons cultured on 3 out of 3 C90rf72 and 2 out of 3 sALS iAstrocyte lines (figure 3.4).
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Figure 3.3 High-throughput co-culture screening model

iAstrocyte differentiation from iNPCs and differentiation of MNs from Hb9-GFP* mESC take place
simultaneously over a 7-day period. (A) iAstrocytes are seeded onto screening plates on day 5 of
differentiation and treated with compound of interest the following day. MNs are plated on top of
treated iAstrocytes on day 7. (B) The resulting co-culture system is screened for 3 days once every 24h
This pathophysiologically-relevant model of ALS recapitulates the non-cell autonomous component of
the disease. Data courtesy of Dr Matthew Stopford. (C) In contrast with controls, MNs cultured on
untreated ALS iAstrocytes show a significant decrease in cell numbers. Images courtesy of Dr Matthew

Stopford.
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Figure 3.4 Results of the co-culture screening with gefitinib

A rescue of motor neuron survival after drug treatment in 5 out of 6 ALS iAstrocyte lines was observed.
*P<0.05; **P<0.01; ***P<0.001. Kruskal-Wallis test with Dunnett’s multiple comparisons post-hoc

test; n=6, experimental replicates. Data courtesy of Dr Matthew Stopford.

Marketed primarily as an EGFR inhibitor, gefitinib targets multiple kinases. A collaborative
effort led by BenevolentAl and Eurofins Cerep (Dundee) resulted in a kinome screening

revealing target kinases and the potency with which gefitinib engages them (table 3.1).
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Table 3.1 Top 10 kinases targeted by gefitinib, in order of binding affinity.

Kinase name Kinase symbol | pKd
epidermal growth factor receptor EGFR 9.3
cyclin G associated kinase GAK 7.9
interleukin 1 receptor associated kinase | IRAK1 7.2
1

ABL proto-oncogene 1, non-receptor ABL1 6.6
tyrosine kinase

mitogen-activated protein kinase kinase | YSK4 6.6
kinase 19

MAP kinase interacting MKNK1 6.5
serine/threonine kinase 1

homeodomain interacting protein HIPK4 6.5
kinase 4

erb-b2 receptor tyrosine kinase 4 ERBB4 6.4
casein kinase 1 epsilon CSNK1E 6.4
serine/threonine kinase 10 LOK 6.3

The lack of understanding of the mechanisms involved in astrocyte toxicity in ALS makes it
difficult to identify what pathways are involved in neuroprotection. For this reason, the focus
of this first chapter is to interrogate gefitinib’s mechanism(s) of action involved in the motor

neuron rescue in the co-culture system.

The aims of this chapter are:
1. To unveil the effect of gefitinib treatment on ALS iAstrocytes;

2. To uncover the mechanism of action of gefitinib in ALS by mapping out its effect on

TDP-43 proteinopathy;

3. To determine the changes in autophagy and mitochondrial function in iAstrocytes

following a treatment with gefitinib.
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3.2 Results

3.2.1 Gefitinib-driven changes in iAstrocyte numbers and morphology
As described in section 3.1.3, treatment of ALS iAstrocytes with gefitinib resulted in a rescue

of motor neuronal survival in a co-culture screening. However, this result did not convey any
specific information regarding the effect of the drug on iAstrocytes themselves. This section
will describe the effect of gefitinib on iAstrocytes in terms of cytotoxicity, cell numbers,

proliferation, and cell morphology.

3.2.1.1 Cell number analysis

3.2.1.1.1 Cell number

Given the use of gefitinib in chemotherapies, where the goal is to stop the abnormal growth
of hyperproliferative tumour cells, the effect of gefitinib on iAstrocyte cell number was
measured. For this purpose, iAstrocytes were plated in fibronectin-coated 96-well optical
plates on day 4 of differentiation and treated with 0.1% DMSO (v/v) or 10 uM gefitinib the
following day. Cells were fixed with 4% PFA 48 hours after treatment and stained for a nuclear
marker DAPI. The cell number was determined by automated quantification of nuclei in the
DMSO and gefitinib-treated wells, using Columbus image analysis software. An example of a

nuclear mask applied for this quantification can be found in figure 3.8.

Since the same number of cells was plated per well, gefitinib-treated cells were compared to
their vehicle-treated counterparts to determine the effect of the drug on iAstrocyte numbers.
Gefitinib treatment resulted in a significant reduction in iAstrocyte cell numbers in
CTR_155v2, C9 78, sALS_009 and sALS 12 (figure 3.6 A). The effect of gefitinib on
CTR_AG08620, C9_183, C9_201, and sALS_17 was not significant, possibly due to variability
in the dataset. When iAstrocyte lines within each genotype were pooled together, the
cytostatic effect resulted in a statistical significance for both the control and sALS lines (figure

3.6 B).
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Figure 3.5 Effect of gefitinib on iAstrocyte cell numbers

(A) Quantification of iAstrocyte cell numbers in individual cell lines; n=3-6 experimental repeats; mean
+ SD; data normalised to DMSO=100; *P<0.05; **P<0.01; ***P<0.001; (B) Quantification of iAstrocyte
cell numbers per genotype; n=3 per genotype; CTR includes CTR_155v2 mean from n=5 experimental
repeats, CTR_AG08620 mean from n=3 experimental repeats and CTR_3050 mean from n=2
experimental repeats; mean * SD; data normalised to DMSO=100; *P<0.05; ****P<0.0001; drug

treatment effect: ****P<0.0001; two-way ANOVA with Tukey’s multiple comparisons.

3.2.1.1.2 LDH assay
The cytostatic effect of gefitinib was investigated further by Dr Matthew Stopford in a lactate

dehydrogenase (LDH) assay. Briefly, this colorimetric assay measures levels of LDH released
by the cells, which acts as a direct measurement of apoptosis (figure 3.6). 10 mM of sodium
azide cytotoxin was used as a positive control for cell death, whilst a cell lysate, obtained by
treating cells with a cell lysis buffer in the assay plate, was used as a direct readout for a
maximum LDH release and apoptosis. Cytotoxicity values were calculated as a percentage of

the cell lysate values (=100%).

iAstrocytes used for the initial co-culture experiments with gefitinib, C9_78, were used in the
LDH assays at two time points, 24h (figure 3.5 A) and 72h (figure 3.5 B). At both treatment

timepoints, 10 uM gefitinib carried approximately 30% cytotoxicity.
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Figure 3.6 LDH cytotoxicity assay in C9_78 iAstrocytes

(A) iAstrocytes were treated with various concentrations of gefitinib for 24 hours or (B) 72 hours. 10
mM sodium azide was used as a positive control for cytotoxicity. Cell lysis buffer was applied as a
positive control for cytotoxicity (i.e. 100% cytotoxicity). n=3-7; data relative to cell lysis; data are mean

+ SD.

3.2.1.1.3 Cell proliferation
To determine if gefitinib affects cell proliferation in our model, iAstrocytes were stained for

the proliferation marker protein Ki-67 (Ki67) 48h post-gefitinib or DMSO treatment
(representative image of staining in figure 3.7 A). ICC-stained images were analysed for
presence of nuclear Ki67 foci using Columbus image analysis software and a percentage of

nuclei with Ki67 foci was calculated against the total cell number.

With an exception of CTR_155v2, which showed an increase in the number of Ki67-positive
nuclei, and C9_78 where a decrease in the number of Ki67-positive nuclei was observed,

gefitinib did not have a significant effect on the proliferation rate of iAstrocytes (figure 3.7 B).
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Figure 3.7 Expression of nuclear Ki67 in iAstrocytes

(A) Representative images of the staining, as observed in C9_183 cells. Scale: 20 um. (B) Quantification
of % of Ki67-positive nuclei after treatment with 10 uM gefitinib for 48h. n=3-6 experimental repeats
(except CS-14 n=2); mean * SD, normalised to DMS0=100; two-way ANOVA with Sidak’s multiple
comparisons; ***P<0.001; ****P<0.0001; cell line effect ****P<0.0001, cell-drug interaction
*#**¥p<0.0001, drug effect ns; (C) Quantification of % of Ki67 positive cells per genotype after
treatment with 10 uM gefitinib for 48h; n=3 per genotype; CTR includes CTR_155v2 mean from n=6
experimental repeats, CTR_AG08620 mean from n=4 experimental repeats and CTR_CS-14 mean from
n=2 experimental repeats; mean * SD, normalised to DMSO=100; two-way ANOVA with Sidak’s

multiple comparisons; ns.

3.2.1.2 Cell morphology
Among its important functions in lung carcinomas, gefitinib has been reported to regulate

cytoskeletal remodelling pathways, which result in an increased susceptibility of tumour cells
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to slow proliferation or succumb to apoptosis (Pan et al., 2015). Cytoskeletal remodelling
manifests itself in changes of cell shape and size. In order to examine the effect of gefitinib
on cellular morphology, iAstrocytes were stained for a cytoskeletal marker vimentin and their
morphology was measured in terms of cell roundness and cell area. In order to do so, a
cytoplasmic mask was applied to images using Columbus image analysis software (figure 3.8)
and the selected parameters were calculated automatically. Cell roundness parameter was
set from 0 to 1, where 1 represented a circle. Cell area was measured in pm?2. Example images

of C9orf72 and sALS iAstrocytes stained with vimentin before and after treatment are shown

in figures 3.9 and 3.10 respectively.

Figure 3.8 Columbus image analysis parameters used to calculate iAstrocyte morphology

Given a vimentin-stained image (A), Columbus was prompted to automatically select DAPI-stained
nuclei (B). This process was also used to determine cell numbers, as shown in figure 3.7. Once provided
the information on the fluorescence channel covering the cytoplasmic staining, the software drew
approximate outline around the cytoplasm (C), which was then used to automatically determine the

cell roundness (0 to 1, with 1 representing a circle), and cell area in pm?. Scale: 20 um.
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Figure 3.9 Representative images of control and C9orf72 iAstrocytes

Cell morphology after treatment for 48h with 0.1% v/v DMSO or 10 uM gefitinib. Scale: 50 um.
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Figure 3.10 Representative images of control and sALS iAstrocyte

Cell morphology after treatment for 48h with 0.1% v/v with DMSO or 10 uM gefitinib. Scale: 50 um.
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When analysing the effect of gefitinib treatment on each individual line, drug treatment
resulted in a significant increase in cell roundness only in SALS_009 and sALS_17, while in the
other cell lines only a trend was observed (figure 3.11 A). However, upon pooling together all
cell lines within the same genotype, it became clear that gefitinib leads to an overall
significant increase in cell roundness in iAstrocytes from all genotypes (figure 3.11 B). Gefitinib
had no effect on overall iAstrocyte cell area at neither individual cell line nor genotype basis

(figure 3.11 C).
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Figure 3.11 Changes in iAstrocyte morphology upon treatment with DMSO or gefitinib

(A) Quantification of cell roundness in individual lines; n=3-4 experimental repeats; mean + SD; two-
way ANOVA with Sidak’s multiple comparisons test; *P<0.05, **P<0.005. (B) Quantification of cell
roundness per genotype; n=3 per genotype; CTR includes CTR_155v2 mean from n=5 experimental
repeats, CTR_AG08620 mean from n=3 experimental repeats and CTR_3050 mean from n=2

experimental repeats; mean + SD; two-way ANOVA with Sidak’s multiple comparisons test; **P<0.005,
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***p<0.0005, ****P<0.0001. (C) Quantification of cell area per genotype after drug treatment; n=3
per genotype; CTR includes CTR_155v2 mean from n=5 experimental repeats, CTR_AG08620 mean
from n=3 experimental repeats and CTR_3050 mean from n=2 experimental repeats; mean + SD; data
relative to DMSO=100; two-way ANOVA with Sidak’s multiple comparisons test; ns.

3.2.1.3 Target engagement

Cell number and morphology assessments of iAstrocytes highlighted that gefitinib does have
a mild effect on their growth and shape. These parameters might be affected by target
engagement with gefitinib’s primary target, i.e. EGFR (Rothschild et al., 2006, Pan et al., 2015),
thus next | moved to investigate gefitinib’s on-target efficacy. Gefitinib’s on-target efficacy
was measured by interrogating levels of EGFR mRNA via RT-gPCR and pEGFR/EGFR protein
dynamics were analysed via western blotting. For this set of experiments, C9_78 and its age-
and sex-matched control CTR_3050 were selected based on C9 78’s consistent positive

response to gefitinib, as observed in co-culture experiments.

3.2.1.3.1 Transcriptional regulation of EGFR
RNA was isolated from cell pellets treated for 1h, 6h, 12h and 24h with 10 uM gefitinib (to

measure changes in EGFR levels over time), 0.1% (v/v) DMSO vehicle, or untreated, and
retrotranscribed as described in section 2.2.6. Each gPCR plate contained C9 78 and
CTR_3050, as well as an untreated condition from the same lines, in order to determine the

baseline expression of EGFR transcript in ALS iAstrocytes.

Upon normalisation of C9_78 EGFR level to that of CTR_3050, it was determined that C9_78
iAstrocytes express significantly lower levels of EGFR. In C9_78, gefitinib treatment had no
effect on EGFR levels at any of the tested timepoints, while in CTR_3050, EGFR expression

was significantly reduced at 12h post-treatment (figure 3.12).

3.2.1.3.2 EGFR and pEGFR protein levels
Having failed to demonstrate a robust EGFR perturbation at mRNA level, the next step was to

investigate EGFR protein levels and phosphorylation, as gefitinib is known to act as a kinase

inhibitor. Here, all three C90rf72 lines were used, together with their matched controls.

Similar to the transcript validation, significantly lower levels of EGFR and pEGFR were
observed in 2 out of 3 C9orf72 iAstrocytes in comparison with controls. Gefitinib treatment

resulted in decreased levels of pEGFR in all treated lines (figure 3.13).
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Figure 3.12 EGFR expression levels in iAstrocytes

Cells were treated with 10 uM gefitinib for 1h, 6h, 12h and 24h. (A) Baseline levels of EGFR in C9_78
compared to CTR_3050 (set to represent 1); n=3 experimental repeats; mean + SD; one-sample t-test;
***P<0.0005. (B) Effect of gefitinib treatment on EGFR in CTR_3050; n=3 experimental repeats (except
1h n=2); mean + SD; data relative to EGFR levels in untreated (U) cells; Kruskal-Wallis test; ns. (C) Effect
of gefitinib treatment on EGFR in C9_78; n=3 experimental repeats (except 1h n=2); mean + SD; data

relative to EGFR levels in untreated (U) cells; Kruskal-Wallis test; ns
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Figure 3.13 Expression of pEGFR and total EGFR protein in 3 controls and 3 C9orf72 iAstrocytes

(A) Representative western blotting image. (B) Quantification of pEGFR level; n=3-4 experimental
repeats; CTR includes mean results of CTR_155 from n=3 experimental repeats and CTR_3050 mean
from n=2 experimental repeats; mean with SD; two-way ANOVA with Tukey’s multiple comparison
test, drug effect *P<0.05. (C) Quantification of EGFR levels. (D) Quantification of pEGFR/EGFR ratio;
n=3-4 experimental repeats; CTR includes mean results of CTR_155 from n=3 experimental repeats
and CTR_3050 mean from n=2 experimental repeats; mean with SD; two-way ANOVA with Tukey’s

multiple comparison test, all comparisons ns (applicable to C and D).

3.2.1.3.3 Cyclin G2 regulation
In the absence of EGFR upregulation or hyperphosphorylation across the majority of C9orf72

iAstrocyte lines, | concluded that the beneficial effect of gefitinib in co-culture was unlikely to
derive from EGFR signalling inhibition. I, therefore, set out to test other known gefitinib
targets. For that purpose, the Library of Integrated Network-Based Cellular Signatures (LINCS)
database and cancer transcriptomics datasets contained within were interrogated for a
suitable candidate. Since gefitinib had a consistent cytostatic effect on C9_78 iAstrocytes and

the kinome screening data showed gefitinib’s high binding affinity to GAK, a protein kinase
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associated with cyclin G family of cyclins, cyclin G2 (CCNG2) was selected as a validation

candidate. As with the EGFR transcript, CTR_3050 and C9_78 iAstrocytes were used.

Baseline expression results show no significant change in the levels of CCNG2 in C9 78
compared to the control (figure 3.14). Both lines, however, show a clear trend towards a
gradual increase in CCNG2 expression as the treatment duration increased (not statistically
significant). This data is consistent with previously published results, including transcriptomic
analyses of a variety of cancer cell lines found in LINCS, thus confirming CCNG2 to be a reliable
target engagement marker for gefitinib in iAstrocytes at a transcript level. This result is also
consistent with an expression profile expected from an unconventional cyclin such as CCNG2,
whose expression increases as cell cycle arrest progresses. Moreover, | observed a decrease
in cell numbers and the proliferation rate of C9_78 after gefitinib treatment (figures 3.6 and

3.7 respectively), which further complements the transcriptional changes in CCNG2.
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Figure 3.14 CCNG2 expression levels measured in control and C9orf72 iAstrocytes

(A) Quantification of baseline CCNG2 expression in C9_78 compared to healthy control iAstrocytes;
n=3 experimental repeats; CTR includes mean results of CTR_3050 from n=3 experimental repeats;
mean £ SD; One sample t test, ns. (B) Quantification of CCNG2 levels in CTR_3050; n=3 experimental
repeats; mean % SD. (C) Quantification of CCNG2 levels in C9_78. n=3 experimental repeats; mean %

SD; One sample t test, all comparisons ns.

3.2.2 Gefitinib treatment effect on TDP-43 proteinopathy
As mentioned before, approximately 97% of all ALS patients show hallmarks of TDP-43

proteinopathy. iNPC-derived iAstrocytes used in this project recapitulate the endogenous

TDP-43 proteinopathy hallmarks observed in post-mortem patient tissue. Amongst them are
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the increased levels of TDP-43 cleavage product of 35 kDa (henceforth referred to as TDP-35;
Neumann et al., 2006) in ALS patients compared to controls (figure 3.15), loss of nuclear TDP-
43 signal in ALS patients (figure 3.16 B) and increased numbers of cells carrying the burden of
pTDP-43 cytoplasmic inclusions (figure 3.16 C). No other in vitro (Berning & Walker, 2019; Van
Damme et al., 2017) or indeed in vivo models (Ebstein et al., 2019; Watanabe et al., 2020;
White et al., 2019) successfully recapitulate the full array of TDP-43 proteinopathy hallmarks,

making iAstrocytes a useful model to study TDP-43 dynamics in ALS.

Since TDP-43 proteinopathy has been linked to cell toxicity and motor neuron death in ALS, a
therapeutic intervention capable of mitigating this pathology is highly desirable. This section
characterises the effect of gefitinib on TDP-43 proteinopathy in iAstrocytes in terms of TDP-
35 burden, nuclear localisation of TDP-43, as well as presence of phosphorylated cytosolic
inclusions, henceforth referred to as pTDP-43. TDP-35 burden and gefitinib’s effect on it were

also measured in induced neurons (iNeurons).
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Figure 3.15 Baseline levels of TDP-43 fragmentation in iAstrocytes

(A) A representative western blot showing TDP-43 and TDP-35 levels in ALS patient iAstrocyte. (B)
Quantification of TDP-43 levels; n=3-6 experimental repeats; mean * SD; data relative to CTR=100;
One-way ANOVA with Dunnett’s multiple comparison’s test (relative to control average), *P<0.05. (C)
Quantification of TDP-35 levels; n=3-6 experimental repeats; mean * SD; data relative to CTR=100;

One-way ANOVA with Dunnett’s multiple comparison’s test (relative to control average), ns.
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Figure 3.16 Examples of TDP-43 proteinopathy observed in iAstrocytes

(A) Representative images of TDP-43 nuclear loss and pTDP-43 accumulation in iAstrocytes. Scale: 50
um. (B) Quantification of nuclear TDP-43 signal (intensity per pm?2); n=3-7 experimental repeats; mean
+ SD, data relative to control average=100. One-way ANOVA with multiple comparisons. (C)
Quantification of % of iAstrocytes with pTDP-43 spots; n=3-5 experimental repeats (except CTR_3050

n=2); mean = SD; One-way ANOVA with multiple comparisons, *P<0.05.
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3.2.2.1 TDP-43 proteinopathy in iAstrocytes after gefitinib treatment
To measure the effect of gefitinib treatment on TDP-43 fragmentation, iAstrocytes were

treated with 10 uM gefitinib or 0.1% (v/v) DMSO vehicle. After 48h, cells were scraped and
processed for immunoblotting with anti-TDP-43 C-terminal antibody (figure 3.17 A). The C-
terminal-specific antibody was selected as all major pathological cleavage products of TDP-

43, including TDP-35, contain the C-terminal region.

Because of the variability between different blots and to better visualise the delta in protein
expression, all DMSO controls were set at 100 and gefitinib-treated conditions are presented

as relative to DMSO (figure 3.17 B and C).

Firstly, levels of full-length TDP-43 were quantified and were found to show a trend towards
an increase in TDP-43 levels after treatment, with C9_78 and sALS_009 showing a statistically

significant increase (figure 3.17 B).

Levels of TDP-35 after treatment with DMSO were comparable to those at baseline, shown in
figure 3.15. Gefitinib-treated cells, on the other hand, showed a significant reduction in TDP-
35 levels, an effect observed in almost all lines, including the control cases which carried the

least fragmentation at baseline (figure 3.17C).
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Figure 3.17 The effect of gefitinib treatment on TDP-43 fragmentation

(A) Representative TDP-43 western blot in ALS iAstrocytes after gefitinib treatment. (B) Quantification
of TDP-43 levels in gefitinib-treated iAstrocytes; n=3-6 experimental repeats; CTR includes mean
results of CTR_155 from n=4 experimental repeats, CTR_3050 mean from n=4 experimental repeats
and CTR_AG08620 mean from n=2 experimental repeats; data are mean % SD; all DMS0O=100; Mann-
Whitney test, *P<0.05, **P<0.005. (C) Quantification of TDP-35 levels in gefitinib-treated iAstrocytes.
n=3-6 experimental repeats; CTR includes mean results of CTR_155 from n=4 experimental repeats,
CTR_3050 mean from n=4 experimental repeats and CTR_AG08620 mean from n=2 experimental

repeats; data are mean + SD; all DMSO=100; Mann-Whitney test. *P<0.05, **P<0.005.

3.2.2.1.1 Effect of prolonged treatment with gefitinib on TDP-35 levels
Encouraged by the effectiveness with which gefitinib reduced the levels of TDP-35 in ALS

iAstrocytes, it was investigated whether serial administration of gefitinib resulted in a further

decrease and ultimately a complete ablation of TDP-35 fragments. For that purpose, an
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experiment was designed where C9_78 iAstrocytes were treated on days 2, 4 and 6 (d2-6),
days 4 and 6 (d4-6), and day 5 alone (d5) of their 7-day differentiation protocol. Levels of TDP-
43 and TDP-35 were subsequently investigated through immunoblotting as described in the

previous section.

As shown in figure 3.18, each treatment condition resulted in a significant decrease in TDP-
35 levels compared to vehicle-only conditions. However, no further reduction was observed
upon multiple treatments. Therefore, a single treatment of gefitinib for 48h was deemed
sufficient to reduce the levels of TDP-35 and the observed results represent the maximal

possible effect in C9_78 iAstrocytes. No other lines were tested.
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Figure 3.18 Effect of multiple treatments with gefitinib on TDP-35 in iAstrocytes

C9 78 iAstrocytes were treated with 10 uM gefitinib on days 2, 4 and 6 of differentiation (d2-6), days
4 and 6 (d4-6) and day 5 (i.e. the standard 48h) only (d5). (A) Representative western blot image. (B)
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Quantification of TDP-43 levels; n=3 experimental repeats; data are mean + SD; untreated=100; two-
way ANOVA with Tukey’s multiple comparisons, ns. (C) Quantification of TDP-35 levels. n=3
experimental repeats; data are mean + SD; untreated=100; two-way ANOVA with Tukey’s multiple

comparisons, **P<0.005.

3.2.2.1.2 Effect of gefitinib treatment on insoluble TDP-43 and TDP-35 in iAstrocytes
Encouraged by the consistent decrease in TDP-35 in iAstrocytes after gefitinib treatment, the

detergent-insoluble fraction of TDP-43, which is not detectable via the standard SDS lysis-
based western blotting, was investigated next. Insoluble TDP-43 fragments are found in ALS
patient brain tissue and were previously shown to act as a seed for further fragment
aggregation of different cleavage products of full-length TDP-43 (Furukawa et al., 2011;
Nonaka et al., 2013). The cell pellet remaining after the separation of the soluble proteins was
incubated in urea buffer and sonicated to increase its solubility. The resulting protein lysates
were run on SDS-PAGE gel as normal. Prior to blotting for TDP-43, the membrane was
incubated in SYPRO Ruby reagent to stain all proteins (figure 3.19 A). The total SYPRO Ruby
staining intensity of each loaded lane was used as a normaliser, as no B-actin was detectable

in the urea-soluble protein fraction, as expected.

TDP-43 antibody produced a comparable signal in the urea-soluble fraction as in the standard
western blotting (figure 3.19 B). Upon normalisation to untreated CTR_3050 iAstrocytes, it
became apparent that both tested C9orf72 patients, C9_78 and C9_183, carried a smaller
burden of insoluble TDP-43 (figure 3.19 C) and TDP-35 (figure 3.18 D) than the control, and
both gefitinib and DMSO vehicle treatments increased their levels. Moreover, SYPRO Ruby
staining intensity was higher in some of the patient conditions than controls, and we were
unable to determine if that was a result of a real, higher burden of insoluble proteins in these
samples, or loading of unequal amounts of protein lysates onto the gel. It is not unlikely,
however, that an unequal loading contributed to this effect, as, in order to assure reliable
Bradford assay data is collected, urea buffer must be added to the assay blank. Due to further
issues with reliable normalisation, further efforts to detect the effect of gefitinib on insoluble

TDP-43 were abandoned.
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Figure 3.19 Detection of insoluble TDP-43 in iAstrocytes
(A) Representative image of SYPRO Ruby stained membrane. (B) After washing SYPRO Ruby off, the
membrane was blotted for TDP-43 (B) Representative western blotting image of the insoluble protein

fraction. (C) Quantification of TDP-43 levels. (D) Quantification of TDP-35 levels. (E) Quantification of

TDP-35/TDP-43 ratio. All data n=1 experimental repeat, all data normalised to CTR_3050 DMSO
(=100).
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3.2.2.2 TDP-43 proteinopathy and gefitinib treatment in iNeurons
TDP-43 is widespread in all CNS cells (Ou et al.,, 1995), though its importance in

neurodegeneration is studied primarily in motor neurons, as the overdue burden of TDP-43
proteinopathy is lethal to post-mitotic motor neurons more than glial cells, which retain a
capacity to proliferate (Toyama et al., 2014). Therefore, alleviating the TDP-43 proteinopathy

burden of neuronal cells is of paramount importance.

To test the hypothesis that gefitinib can be used in neurons as well as glial cells, iNPCs were
differentiated into iNeurons as described in section 2.2.1.3 and illustrated in figure 2.2. Due
to the differentiation drugs used, the protocol, based on a previously published study (Hester
et al.,, 2011), results in a population of cells positive for neuron-specific class Ill B-tubulin
(Tuj1), but not choline acetyltransferase (ChAT), and hence these cells are defined as spinal
neurons. One line per genotype was selected for validation purposes on the basis of
proteinopathy carried by their iAstrocyte counterparts and the reduction in TDP-35 caused by

gefitinib.

As before, cells were treated with 10 uM gefitinib for 48h. The effect of the drug treatment
on full-length TDP-43 was identical to the one observed in iAstrocytes, showing a trend
towards an increase in levels without statistical significance (figure 3.20 B). Similar to
iAstrocytes, levels of TDP-35 observed in iNeurons after gefitinib treatment were significantly

reduced (figure 3.20 C).
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Figure 3.20 Effect of gefitinib treatment on TDP-43 fragmentation in iNeurons

(A) Representative western blotting image of TDP-43 expression in iNeurons. (B) Quantification of full-
length TDP-43 levels in iNeurons; n=4 experimental repeats; data are mean + SD; data relative to all
DMS0=100, Mann-Whitney test, ns. (C) Quantification of TDP-35 levels in iNeurons. n=4 experimental
repeats; data are mean * SD; data relative to all DMSO=100; Mann-Whitney test, *P<0.05;
***P<0.0005.

3.2.2.3 TDP-43 localisation after gefitinib treatment
Having observed a decrease in TDP-43 fragmentation in iAstrocytes and iNeurons after

treatment with gefitinib via western blotting, | hypothesised that gefitinib can rescue the loss
of nuclear TDP-43. For that purpose, iAstrocytes were processed for immunocytochemistry
as described before and treated with gefitinib or DMSO vehicle for 48h. Average TDP-43
staining intensity per nuclear area (in um?) was measured automatically using Columbus
image analysis software after applying a nuclear mask to images (figure 3.8). Due to the
staining intensity value of a true-positive TDP-43 nuclear signal in a control line being variable

between each experimental repeat, no staining intensity threshold was applied to quantify
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the number of nuclei exhibiting nuclear loss. For representative images of nuclear TDP-43

staining, see figure 3.16 A.

As presented before in figure 3.16 B, DMSO-treated iAstrocytes, except C9_78, recapitulated
a nuclear loss of TDP-43 signal when compared to controls (figure 3.21). Overall, most
iAstrocyte lines, with an exception of C9_78, show a trend towards an increase in nuclear
TDP-43 signal following a treatment with gefitinib. The statistical analysis detected an overall

significant effect of the drug treatment on the cells.
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Figure 3.21 Gefitinib treatment effect on nuclear localisation of TDP-43.

n=3-5 experimental repeats; mean * SD; data relative to CTR DMSO=100; two-way ANOVA with Sidak’s

multiple comparisons; **P<0.005; cell line factor: **P=0.0012; drug treatment factor: **P=0.0032

3.2.2.4  Cytoplasmic aggregation of pTDP-43 after treatment with gefitinib
Having observed a decrease in TDP-35 fragments, gefitinib’s ability to decrease the levels of

pTDP-43 was investigated next. For this purpose, iAstrocyte lines were stained for pTDP-43
and vimentin. Cytoplasmic protein aggregates are sequestered to the aggresome by the cell
by enveloping them in vimentin filaments (Johnston, Ward, & Kopito, 2012; Lee et al., 2019).
Therefore, presence of a vimentin cage around a pTDP-43-positive inclusion was used as a

guality control measure. Due to issues with an automated image analysis pipeline, pTDP-43
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inclusions data was obtained by blinded manual counts performed by me and Ms Lai Mei

Wan.

There was no statistically significant difference between the % of cell with pTDP-43 spots in
the control and any of the patient lines, although patients show a trend towards elevated %
of cells with spots (figure 3.22 A). Datasets showing the percentage of cells with spots (figure
3.22 B) and a number of spots per cell (figure 3.22 C) showed a near identical trend towards

a decrease in pTDP-43 spot numbers in C9orf72 cells after gefitinib treatment.
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Figure 3.22 Gefitinib treatment effect on cytoplasmic accumulation of pTDP-43 inclusions

(A) Quantification of the % of cells carrying a pTDP-43 burden per individual cell line; n=3-5
experimental repeats; data are mean + SD; data relative to CTR DMS0=100; two-way ANOVA with
Sidak’s multiple comparisons; cell line factor: **P=0.0031; Drug treatment factor: ns. (B)
Quantification of the % of cells carrying a pTDP-43 burden per genotype; n=3; CTR includes mean
values of CTR_155v2 from n=3 experimental repeats, CTR_3050 from n=2 experimental repeats,
CTR_AG08620 from n=2 experimental repeats; data are mean * SD; data relative to CTR DMS0=100;
two-way ANOVA with Sidak’s multiple comparisons; ns. (C) Quantification of the average number of
spots per total cell number after DMSO or gefitinib treatment per genotype. n=3; CTR includes mean
values of CTR_155v2 from n=3 experimental repeats, CTR_3050 from n=2 experimental repeats,
CTR_AG08620 from n=2 experimental repeats; data are mean * SD; data relative to CTR DMS0=100;

two-way ANOVA with Sidak’s multiple comparisons; ns
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3.2.2.5 C(Cleavage of TDP-43 by caspase-3
Gefitinib has decreased the level of TDP-35 C-terminal fragments, increased the levels of full-

length TDP-43 and led to a modest increase in nuclear TDP-43 levels. | have also observed a
promising trend towards a decrease in the number of pTDP-43 inclusions in the cytoplasm,
which, albeit not statistically significant at present, is worth investigating further. As explained
earlier, TDP-35 is a cleavage product of phosphorylated TDP-43 being cleaved by caspase-3
(Furukawa et al., 2011). Strength of the interaction between TDP-43 and caspase-3 was
measured via a proximity ligation assay (PLA). PLA shows a physical interaction between two
proteins of interest as a fluorescent punctum. We hypothesised that gefitinib treatment
decreases the cleavage of TDP-43 by caspase-3, thus resulting in a decrease in the interaction

between in TDP-43 and caspase-3 that can be measured via the PLA.

C9 183 and sALS_009 were selected for this experiment, as gefitinib treatment in those lines
led to a robust and large delta in TDP-35 expression. An interaction between LC3 and p62 was
used as a technical positive control in the assay (representative images 3.23 C, D), due to the
known interaction between the two proteins. Results of the positive control in this assay are
presented in figure 3.29 and discussed separately in section 3.2.3.2. Cells stained with no
antibodies were used as a negative control. Overall, there was no statistically significant effect

of the gefitinib treatment on the strength of TDP-43/caspase-3 interaction (figure 3.23 F).
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Figure 3.23 Proximity ligation assay to detect TDP-43-caspase-3 interaction in iAstrocytes
Representative PLA images of CTR_161 (A — TDP-43-caspase-3 with DMSO; B — TDP-43-caspase-3 with
gefitinib; C- LC3+p62 with DMSO; D — LC3+p62 with gefitinib; E — no antibodies). Scale: 20 um. (F)
Quantification of PLA signal spots in the cytoplasm. Data are relative to DMSO=100; n=3 experimental

repeats; data are mean + SD; Mann-Whitney test, ns.

3.2.3 Effect of gefitinib on autophagy function in ALS iAstrocytes

The effect of gefitinib on TDP-43 proteinopathy in ALS iAstrocytes provides an important
indication of a potential usefulness of this drug as a repurposing candidate. The mechanism
behind these findings, however, remained unknown, as it could not be associated with a
significant reduction in nuclear loss or fragmentation. The current literature consensus
describes the clearance of TDP-35 and other smaller TDP-43 C-terminal fragments such as
TDP-25 as happening via autophagy (Brady et al., 2011). Previous studies on a variety of
cancer cell lines have described gefitinib as an autophagy activator (Han et al., 2011). This
section explores the ability of gefitinib to induce autophagy in iAstrocytes.

3.2.3.1 Autophagy assay in HEK293 cells

As the results between different cancer cell lines across publications are variable, the ability

of gefitinib to activate autophagy in a healthy cell line was investigated first. The objective of
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this assay was to measure the autophagy induction in an immortalised human embryonic
kidney 293 (HEK293) cell line, using a previously published protocol (Webster et al., 2016).
Briefly, a 6h treatment with DMSO vehicle, 10 uM gefitinib, 500 nM rapamycin (an autophagy
activator — positive control), 100 nM bafilomycin Al (an autophagy inhibitor — negative
control), or a combination of bafilomycin Al with a positive control and gefitinib was set up.
For clarity, figure 3.22 summarises the dynamics of bafilomycin A1 autophagy inhibition. Cells
collected after the 6h treatment were processed for a western blot and immunoblotted for

LC3 and p62.
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Figure 3.24 Autophagy process and inhibition with bafilomycin Al.

Upon initiation of autophagy, a structure named phagophore begins to envelop the cargo to be
degraded. Phagophore membrane undergoes elongation as LC3-I undergoes conversion to LC3-Il,
which in turn lines the phagophore membrane. The resulting autophagophore also contains p62,
which is an autophagy receptor which binds to both the cargo and LC3-Il. Under basal conditions,
autophagophore forms an autolysosome by fusing with lysosomes. It is in that final structure that
degradation of the cargo takes place. Upon addition of bafilomycin A1, however, lysosomal fusion is

blocked, resulting in an accumulation of autophagophores.
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Compared to the DMSO control (=100), neither gefitinib nor rapamycin treatment had a
discernible effect on the levels of LC3-I, whereas addition of bafilomycin Al in all treatment
conditions increase LC3-I expression (figure 3.23 B). Increased levels of LC3-Il were observed
after treatment with gefitinib alone, indicating an autophagic flux. Addition of bafilomycin A1
onto the cells resulted in a significant elevation of LC3-Il levels, whilst the bafilomycin Al +
gefitinib co-treatment led to a further significant increase in LC3-Il, which is consistent with
gefitinib’s role as an autophagy activator (figure 3.23 C). A similar pattern of response was
observed when a ratio of LC3-Il to LC3-I was calculated (figure 3.23 D). Neither gefitinib nor
rapamycin increased the levels of p62 compared to the DMSO vehicle, confirming their ability
to induce autophagy. Increase in p62 expression after the addition of bafilomycin Al,
observed alongside the elevated LC3-II levels described earlier, is consistent with autophagy
inhibition (Yang et al., 2019). In summary, the increase in LC3-ll expression between
bafilomycin Al treatment alone and bafilomycin + gefitinib co-treatment indicated a
simultaneous activation and inhibition of autophagy — LC3-ll levels are driven by an

autophagophore formation and inhibition of lysosomal fusion occurring simultaneously.
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Figure 3.25 Gefitinib induces autophagy in HEK293 cell line

(A) Representative western blotting images. (B) Quantification of LC3-I levels in HEK293 cells; n=5. (C)
Quantification of LC3-1l levels in HEK293 cells; n=5 experimental repeats; data are mean + SD,
normalised to DMSO =100; *P<0.05; paired t-test, bafilomycin vs gefitinio + bafilomycin. (D)
Quantification of LC3-1I/LC3-I ratio; n=5; mean % SD, normalised to DMSO =1; *P<0.05; paired t-test,
bafilomycin vs gefitinib + bafilomycin. (E) Quantification of p62 levels; n=5 experimental repeats; data

are mean * SD, normalised to DMSO =100.
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3.2.3.2 Autophagy function in iAstrocytes
Having demonstrated gefitinib’s capacity to induce autophagy in HEK293 cell line, a protocol

was optimised to measure the ability of gefitinib to activate autophagy in iAstrocytes. Having
tested 6h, 12h and 16h of treatment, 16h was optimal to observe a reliable and consistent
increase in LC3-Il levels after treatment with bafilomycin Al. Anticipating a need for a more
robust positive control, informed by experiments conducted by Ms Camilla Boschian,
rapamycin was replaced with torin 1, due to torin’s ability to inhibit both mTORC1/2

complexes, whilst rapamycin inhibits mMTORC1 only (Park et al., 2016).

The first aim of this experiment was to replicate HEK293 cell line findings in healthy control
iAstrocytes. In all three tested control iAstrocyte lines, no changes in LC3-l were observed
(figure 3.26 B), a significant increase in LC3-Il levels was observed in bafilomycin + gefitinib
treated condition compared to bafilomycin alone (figure 3.26 C), which is consistent with
HEK293-based experiments. The same pattern of expression was observed when LC3-Il to
LC3-I ratio was calculated, albeit no statistical significance was reached (figure 3.26 D). p62

expression followed a similar pattern to that seen in HEK293 cells (figure 3.26 E).
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Figure 3.26 Gefitinib activates autophagy in control iAstrocytes

(A) Representative western blot. (B) Quantification of LC3-I levels. (C) Quantification of LC3-Il levels;
n=6 experimental repeats; data are mean +* SD; DMSO vehicle =100; paired t-test bafilomycin vs
bafilomycin + gefitinib; *P<0.05. (D) Quantification of LC3-11/LC3-I ratio; n=6 experimental repeats;
data are mean + SD; DMSO vehicle = 1; paired t-test bafilomycin vs bafilomycin + gefitinib, ns. (E)
Quantification of p62 levels. All data are mean + SD; n=6, experimental repeats (CTR_161 n=2,

CTR_AG08620 n=2, CTR_CS-14 n=2).
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Next, the protocol described above was applied to C9_78 iAstrocytes. Following multiple
attempts, no robust and consistent activation of autophagy was observed in these cells, even

upon treatment with torin 1 (figure 3.27 B-E).
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Figure 3.27 Gefitinib effect on autophagy activation in C9_78 iAstrocytes

A) Representative western blotting image obtained from C9_78 iAstrocytes. (B) Quantification of LC3-
| levels; n=5 experimental repeats; data are mean * SD; data relative to DMSO =100. (C) Quantification
of LC3-Il levels; n=5 experimental repeats; data are mean + SD; data relative to DMSO =100; paired t-
test, bafilomycin vs bafilomycin + gefitinib, ns. (D) Quantification of LC3-1I/LC3-I ratio; n=5
experimental repeats; data are mean + SD; data relative to DMSO =1; paired t-test, bafilomycin vs
bafilomycin + gefitinib, ns. (E) Quantification of p62 levels; n=5 experimental repeats; data are mean

+ SD; data relative to DMSO =100.
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Considering the autophagy defect observed in C9orf72 patients, where fusion of
autophagosome to lysosome is impaired (Webster et al, 2016), to further elaborate on the
ability of gefitinib to induce autophagy in ALS lines, the protocol was applied to sALS
iAstrocytes. LC3-I levels following a treatment with gefitinib and torin 1 were comparable and
higher than in DMSO-treated cells, whereas presence of bafilomycin Al led to an increase in
LC3-I (figure 3.28 B). Levels of LC3-1l were higher in all the treatment conditions compared to
DMSO, albeit no robust difference was detected between them (figure 3.28 C) even after the
LC3-11/LC3-I ratio was calculated (figure 3.28 D). There was no difference in p62 expression
between DMSO and gefitinib or torin 1 and were elevated after treatment with bafilomycin
A1l or its co-treatment (figure 3.28 E). These results suggest that, although gefitinib results
alone indicate an autophagic flux, bafilomycin Al treatment prevented a further increase in

LC3-1l upon autophagy activation.
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Figure 3.28 Gefitinib effect on autophagy activation in sALS iAstrocytes

(A) Representative western blotting image obtained from sALS_12 iAstrocytes. (B) Quantification of
LC3-1 levels; n=5 experimental repeats (SALS_009 n=2, sALS_17 n=2, sALS 12 n=1; applies to B-E); data
are mean + SD; data relative to DMSO =100. (C) Quantification of LC3-Il levels; n=5 experimental
repeats; data are mean + SD; data relative to DMSO =100; paired t-test, bafilomycin vs bafilomycin +
gefitinib, ns. (D) Quantification of LC3-1I/LC3-I ratio; n=5 experimental repeats; data are mean * SD;
data relative to DMSO =1; paired t-test, bafilomycin vs bafilomycin + gefitinib, ns. (E) Quantification of

p62 levels; n=5 experimental repeats; data are mean £ SD; data relative to DMSO =100.
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Having observed conflicting results in autophagy assays conducted in iAstrocytes of different
genotypes, | have decided to better visualise the LC3-p62 dynamics occurring in iAstrocytes
after treatment with gefitinib. For that purpose, PLA was performed to measure the strength
of the LC3-p62 interaction. This assay was originally performed as a positive control for PLA
described in detail in section 3.2.2.5 and figure 3.23 (representative images in panels C and
D). As before, CTR_155v2, C9_183 and sALS_009 were selected based on their responsiveness
to gefitinib in the co-culture and their consistent decrease in TDP-35 after nilotinib treatment.
Here, an increase in LC3-p62 interaction was observed in C9_183 and sALS_009 patient
iAstrocytes, albeit no statistically significant effect was detected (figure 3.29). Nevertheless,
these results confirm the finding of the autophagy assays described previously, where
gefitinib treatment alone led to LC3-Il elevation and had no effect on p62, which is indicative
of an autophagic flux in progress. It is important to highlight that bafilomycin Al treatment
caused acute toxicity in iAstrocytes, making it challenging to appreciate any gefitinib effect in
co-treatment with bafilomycin Al. For this reason, other autophagy inhibitors such as 3-
Methyladenine (3-MA), which prevents autophagophore formation, could be used in future
experiments. Moreover, assays investigating the autophagolysosomal fusion, and therefore a

successful completion of autophagy, could be run.
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Figure 3.29 Proximity ligation assay measuring the LC3-p62 interaction

n=3 experimental repeats; data are mean * SD; data relative to DMS0O=100; Mann-Whitney test, ns.
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3.2.4 Effect of gefitinib on the mitochondrial network in ALS iAstrocytes
Mitochondrial dynamics become aberrant in many neurodegenerative diseases and these

dysfunctions can manifest as lack of metabolic flexibility, aberrant fragmentation (fission) or
merging (fusion) of the mitochondria (Johri & Beal, 2012). Fission and fusion result in changes
to the mitochondrial network and are necessary processes required for maintenance of the
mitochondrial network. However, these features are exacerbated in neurodegeneration, for
instance, an increase in ROS production can lead to mitochondrial fission (Hu et al., 2019).
This section will describe the mitochondrial network dynamics in iAstrocytes before and after
a treatment with gefitinib.

3.2.4.1  Mitochondrial numbers at baseline and after gefitinib treatment

In order to visualise the mitochondrial network, iAstrocytes were incubated with
tetramethylrhodamine methyl ester (TMRM) live stain. This method allows for a thorough
visualisation of the mitochondrial network. In this section we only focused on 2 patients
because previous in-house studies had identified them as having mitochondrial defects
(unpublished data). Briefly, CTR_155v2, C9_ 183, and sALS_009 iAstrocyte lines were plated
into 96-well plates on day 5 of differentiation. 0.1% v/v DMSO and 10 uM gefitinib treatment
was applied on day 6 and after 24 hours each treatment condition was incubated for an hour
either with TMRM alone or a combination of TMRM and carbonyl cyanide m-chlorophenyl
hydrazine (CCCP) negative control, an inhibitor of oxidative phosphorylation causing a
collapse of the mitochondrial network. Representative images of the assay are presented in

figure 3.30.

125



Figure 3.30 Representative images of TMRM staining

Control (A-D), C9_183 (E-H) and sALS_009 (I-L) stained with and DAPI. Cells treated with 0.1%
v/v DMSO for 24 hours were treated for 1 hour with TMRM alone (A, E, 1) or with TMRM+CCCP (B, F,
J). The same treatment was applied to cells incubated with 10 uM gefitinib (C, G, K and D, H, L

respectively). Scale: 20 um

Although difficult to comment on due to high variability of the data, the number of
mitochondria per area of the network did not differ between controls and ALS patient lines
at baseline. However, an average sALS_009 cell had more mitochondria than the controls,
whereas the opposite was true for the C9_183 line (figure 3.31 A). Interestingly, the number
of mitochondria in sALS_009 dropped slightly after gefitinib administration, whereas the
numbers were preserved in C9_183 before and after the CCCP challenge (figure 3.31 B). There
was no difference in mitochondrial numbers per mitochondrial network area between
genotypes at baseline or after gefitinib treatment (figure 3.31 C). The same was true after the
CCCP challenge was applied (figure 3.31 D). TMRM intensity was significantly higherin C9_183

than the controls at baseline, with sALS_009 also showing a trend towards an increase.
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Gefitinib led to a further mild increase in C9_183 TMRM intensity, whereas no change was
observed in sALS_009 (figure 3.31 E). When challenged with CCCP, baseline intensity was
comparable across genotypes, whilst gefitinib resulted in a mild decrease in the TMRM
intensity of C9_183 compared to DMSO. Gefitinib-treated control and sALS_009 iAstrocytes
showed a higher TMRM intensity than their DMSO counterparts (figure 3.31 F). In summary,
compared to the mitochondrial network dynamics at baseline, gefitinib treatment caused a
trend towards a decrease in mitochondrial numbers, had no discernible effect on
mitochondrial network size, and showed a mild trend towards an increase in TMRM intensity

of C9_183, but not sALS_009.
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Figure 3.31 Analysis of the mitochondrial network after gefitinib treatment

(A) Quantification of mitochondrial numbers per cell. (B) Quantification of mitochondrial numbers per
cell after challenge with CCCP. (C) Quantification of the mitochondrial numbers per mitochondrial
network area (in pm?). (D) Quantification of the mitochondrial numbers per mitochondrial network
area (in um?) after challenge with CCCP. (E) Quantification TMIRM intensity per pixel; n=4; CTR includes
mean results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1 experimental
repeat; data are mean * SD; data relative to CTR DMSO=100; two-way ANOVA with Tukey’s multiple
comparisons, **P<0.01. (F) Quantification of TMRM intensity per pixel after challenge with CCCP; n=4;
CTR includes mean results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1
experimental repeat; data are mean = SD; data relative to CTR DMS0=100; two-way ANOVA with

Tukey’s multiple comparisons; unless otherwise specified, all other comparisons ns.
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3.2.4.2 Mitochondrial fission vs fusion dynamics after gefitinib treatment
Due to the inconclusive results obtained using TMRM, and the dynamin 1-like protein (DRP1),

a key regulator of mitochondrial fission-fusion balance, being a substrate for Abl, one of
gefitinib targets, levels of DRP1 were measured in gefitinib-treated iAstrocytes. To better
understand the regulation of fission in these cells, levels of DRP1 phosphorylated at serine-
616 residue were also measured, as this site is key for fission orchestration (Lee & Kim, 2018).

Figure 3.28 A shows a representative DRP1 blot.

During densitometry analysis, total DRP1 bands were quantified together. Levels of DRP1
after DMSO treatment showed high variability between lines, with several lines showing a
trend towards a decrease in DRP1 levels after gefitinib treatment, with a notable exception
of SALS 12 (figure 3.28 B). C9_183, C9_201 and sALS_12 had elevated levels of pDRP1-ser616
at baseline compared to controls, with the levels dropping significantly after gefitinib
treatment in C9_201 (figure 3.28 C). The ratio of pDRP1-ser616 to total DRP1 followed a
similar trend to that of pDRP1-ser616 alone, with C9_201 being significantly elevated (figure
3.28 D). No statistically significant differences between DMSO and gefitinib-treated cells were

observed.
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Figure 3.32 Gefitinib treatment effect on DRP1 phosphorylation at serine-616 and total DRP1 levels
in iAstrocytes

(A) Representative western blot images of total DRP1 and pDRP1-ser616. (B) Quantification of DRP1
levels; n=3-5 experimental repeats; CTR includes mean results of CTR_155v2 from n=3 experimental
repeatsand CTR_161 from n=1 experimental repeatand CTR_AG08620 from n=1 experimental repeat;
data relative to CTR DMSO =100; data are mean * SD; two-way ANOVA with Tukey’s multiple
comparisons test, ns. (C) Quantification of pDRP1-ser616 levels; n=3-5 experimental repeats; CTR
includes mean results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1
experimental repeat and CTR_AG08620 from n=1 experimental repeat; data relative to CTR DMSO
=100; data are mean % SD; two-way ANOVA with Tukey’s multiple comparisons test, **P<0.01. (D)
Quantification of pDRP1-ser616 to total DRP1 ratio; n=3-5 experimental repeats; CTR includes mean
results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1 experimental repeat and
CTR_AG08620 from n=1 experimental repeat; data relative to CTR DMSO =1; data are mean  SD; two-
way ANOVA with Tukey’s multiple comparisons test, ***P=0.0003; all other comparisons ns unless

stated otherwise.

3.2.5 Gefitinib regulation of Abll in ALS iAstrocytes
Having investigated some of the pathological and functional changes in iAstrocytes caused by

gefitinib treatment, we have set off to deconvolute which target is crucial for gefitinib to
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engage with to exert beneficial effects described in this chapter. We have concluded in section
3.2.1.3 that EGFR is unlikely to be the key modifying target of gefitinib in our model due to its
low baseline expression levels in most iAstrocytes. Of all gefitinib targets unveiled in the
kinome screening (table 3.1), Abl1l has been of interest to the ALS research community as a
potential disease-modifying target. Conditioned media from primary astrocytes obtained
from Abl1-overexpressing animals decreased the survival of primary and iPSC-derived motor
neurons (Katsumata et al., 2012). Similarly, iPSC-derived motor neurons have been found to
overexpress Abll and both genetic and pharmacological modification of its levels rescued
motor neuronal survival and led to improvements in mitochondrial function (Imamura et al.,

2017).

To start verifying the effect of gefitinib on Abl1 in iAstrocytes, | first investigated its transcript
levels following multiple drug treatments at 1h, 6h, 12h and 24h. At baseline, C9orf72
iAstrocytes showed a convincing increase in ABL1 compared to controls (figure 3.33 A).
Neither of the gefitinib treatment timepoints had an effect on ABL1 in controls (figure 3.33
B), whereas a trend towards a decrease in ABL1 transcript was observed in C9_78 in gefitinib
treatments of 12h and 24h (figure 3.33 C), indicating that there might be an element of

transcriptional regulation of ABL1 by gefitinib.
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Figure 3.33 ABL1 transcript levels in iAstrocytes.

(A) Baseline ABL1 transcript level in C9orf72 vs CTR lines; n=3 (C90rf72 includes mean values of C9_78
n=2 experimental repeats, C9_183 n=2 experimental repeats, C9 201 n=2 experimental repeats);
mean * SD; data relative to untreated control =1; one-sample t-test. (B) Expression of ABL1 in
CTR_3050 following a treatment with gefitinib at several time points; n=2; mean % SD; data relative to

untreated =1; (C) Expression of ABL1 in C9_78 following a treatment with gefitinib at several time

131



points; n=3; mean * SD; data relative to untreated =1; Kruskal-Wallis with Dunn’s multiple

comparisons test, *P=0.0406.

3.2.5.1 Gefitinib reduces expression of total Abl1 protein in patient iAstrocytes

Having interrogated the expression of ABL1 transcript in iAstrocytes, which unveiled elevated
baseline levels of ABL1 and a trend towards a decrease in these levels after a 24h treatment
with 10 uM gefitinib, | have further assessed the expression of Abl1 protein in iAstrocytes. For
that purpose, 3 healthy controls, 3 C9orf72 patients and 3 sALS had their Abl1l protein
expression measured via western blotting. iAstrocytes from patients expressed significantly
higher levels of Abl1l compared to healthy controls (figure 3.34 A and B). Although higher than
in the controls, Abll expression in individual ALS patient genotypes was not statistically
significant (figure 3.34 C). These results are in agreement with the RNA data described in the

previous section.
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Figure 3.34 Levels of Abl1 protein in ALS iAstrocytes

(A) Representative western blot. (B) Comparison of all ALS iAstrocyte lines to control iAstrocytes; data
relative to CTR DMS0=100; data are mean  SD; n=3-9; CTR includes mean results of CTR_155v2 from
n=3 experimental repeats; CTR_3050 mean from n=3 experimental repeats and CTR_AG08620 mean
from n=3 experimental repeats; unpaired t-test, *P<0.05. (C) Expression of Abl1 in each ALS patient

genotype; data relative to CTR DMS0=100; CTR includes mean results of CTR_155v2 from n=3
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experimental repeats; CTR_3050 mean from n=3 experimental repeats and CTR_AG08620 mean from
n=3 experimental repeats; data are mean % SD; n=3, one-way ANOVA with Tukey’s multiple

comparisons test, all comparisons ns.

Next, | tested the effect of gefitinib on Abl1 protein expression. For that purpose, iAstrocytes
were treated as before with 0.1% v/v DMSO vehicle or 10 uM gefitinib for 48h. A
representative western blotting image is presented in figure 3.35 A. Compared to DMSO-
treated iAstrocytes, treatment with gefitinib resulted in a significant decrease in the total Abl1
protein levels in C90orf72 iAstrocytes. The same trend was observed in sALS iAstrocytes, while
levels in control iAstrocytes were unchanged (figure 3.35 B). This outcome complements the
initial RNA findings and is in agreement with previously published reports on Abl1 expression

in ALS motor neurons (Katsumata et al., 2012, Imamura et al., 2017).
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Figure 3.35 The effect of gefitinib on Abl1 expression in iAstrocytes

(A) Representative western blot showing the expression of Abl1 in iAstrocytes after treatment with
DMSO 0.1% v/v or gefitinib 10 uM. (B) Western blot quantification; n=3 per genotype; data relative
to CTR DMSO = 100; CTR includes mean results of CTR_155v2 from n=3 experimental repeats;
CTR_3050 mean from n=3 experimental repeats and CTR_AG08620 mean from n=3 experimental

repeats; data are mean * SD; *P<0.05, two-way ANOVA with Sidak’s multiple comparisons test.
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3.2.5.2  Abl1 phosphorylation status after gefitinib treatment
Phosphorylation of Abll by several kinases is essential for its activation. Abll complex can

also be constitutively active, as Abll is capable of autophosphorylation at the tyrosine-412.
Totest if the decrease in Abl1 protein levels seen after gefitinib treatment was due to changes
in Abll phosphorylation status, we set to measure levels of phosphorylated Abl1 at all sites

(panTyr-pAbll) and at tyrosine-412 site only (pAbl1-Tyr412).

To verify the levels of active, phosphorylated Abl1l (henceforth referred to as pAbl1) in our

model, iAstrocyte lysates were analysed for pAbl1 levels via western blotting.

The pAbll antibody used was specific for Tyr412 site. Optimisation runs to test different
western blotting membranes and antibody concentrations and manufacturers, performed
jointly with Dr Nora Markus, yielded poor-quality blots with unreliable signal and high levels
of background noise (figure 3.36). A similar issue was encountered when testing an antibody
from a different manufacturer for the same phosphorylation site (data not shown). Therefore,
having tested the two different antibodies to no effect, further attempts to detect pAbll in

iAstrocytes via western blotting were abandoned in favour of alternative methods.
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Figure 3.36 pAbl1 (Tyr412) antibody optimisation

pAbll (Tyrd12) antibody failed to produce reliable signal in iAstrocytes in western blotting
when transferred onto nitrocellulose after blocking with 5% BSA (A) or on PVDF with 5% BSA

(B), even when antibody concentration was increased by 50% (C).

Therefore, experiments were repeated using lysates obtained from an immortalised K562

bone marrow-derived chronic myelogenous leukaemia (CML) cell line, which models

134



pathogenic Abll overexpression due to its detectable levels of BCR-Abl1 hybrid gene (Luchetti
etal., 1998). Therefore, K562 cells were used as a positive control for Abl1 activation. sALS_12
iAstrocytes, which express the highest levels of total Abl1 of all patient iAstrocytes tested in
this work, transfected with shRNA-Abl1l to knock down Abll expression were used as a
negative control. The shAbl1l complex contained an RFP fluorophore, therefore cells treated
with shRFP only were used as a negative control for Abl1 knockdown. Prior to conduction of
the pAbll ELISA, both positive and negative controls had their Abl1 protein levels validated.
Representative western blotting image of Abl1 expression in K562 is shown in figure 3.37 A.
Compared to its DMSO vehicle control, gefitinib did not lead to a significant reduction in Abl1
(figure 3.37 B) and BCR-Abl1 (figure 3.37 C) in K562 cells. Representative western blotting
image of Abll expression in Ad-treated sALS_12 is shown in figure 3.37 D. Compared to its
shRFP counterpart, shAbll transduction resulted in a significant reduction in Abll levels in

SALS_12 (figure 3.37 E).
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Figure 3.37 Pan-Tyr Abl1 ELISA controls validation

(A) Representative western blot image of Abl1l and BCR-AbI1 in K562 cells. (B) Quantification of Abll

expression in DMSO- and gefitinib-treated K562 cells; n=3 experimental repeats; data relative to
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untreated K562 cells = 100; mean * SD; paired t-test, ns. (C) Quantification of BCR-Abl1 expression in
DMSO- and gefitinib-treated K562 cells; n=2; data relative to untreated K562 cells = 100; mean + SD.
(D) Representative western blot image of Abll in sALS sALS 12 transduced with Abl1-shRNA. (E)
Validation of Abl1 protein knockdown in sALS 12 transduced with shAbl1; n=3, data relative to shRFP

control = 100; mean * SD; one sample t-test, *P<0.05.

iAstrocytes express significantly lower levels of pAbll than K562 cells (figure 3.38 A). Patient
iAstrocytes showed marginally elevated levels of pAbll compared to controls. Gefitinib did
not appear to influence pAbll. After several attempts and an increase in the total protein
content loaded into assay wells, we did not detect pAbl1-Tyr412 in most iAstrocytes samples
above the background signal. Although these findings would have to be evaluated with a more
sensitive assay, as the levels of pAbl1l in iAstrocytes are close to detection level for this assay,
gefitinib did not reduce the level of pAbll in K562 cells, thus confirming that gefitinib does
not influence Abll phosphorylation, but it leads to a reduction in total Abll protein in

iAstrocytes via transcriptional regulation.
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Figure 3.38 Phosphorylation status of Abl1 in gefitinib-treated iAstrocytes

(A) Quantification of pAbl1 levels; n=3 experimental repeats; data are mean + SD; ****P<0.0001,
two-way ANOVA with Sidak’s multiple comparisons test. (B) Quantification of pAbl1 levels in
iAstrocytes alone; n=3 experimental repeats; data are mean * SD; two-way ANOVA with Sidak’s
multiple comparisons test, all comparisons ns. All data normalised to the total protein content and

relative to panTyr-Abl1 levels in untreated K562 cells.

In summary, gefitinib administration rescued motor neuronal survival in a co-culture with ALS
patient iAstrocytes. Treatment with gefitinib reduced the levels of TDP-35 cleavage product
in iAstrocytes and iNeurons, whilst simultaneously increasing the levels of total TDP-43.
Gefitinib-treated cells showed a trend towards an increase in the nuclear TDP-43 signal, whilst
no change in the pTDP-43 cytoplasmic burden was observed. Changes in TDP-35 levels were

speculated to be a result of either a decreased rate of TDP-43 cleavage by caspase-3 or an
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improved clearance of this cleavage product via autophagy. The former hypothesis was tested
via PLA, where no change in TDP-43-caspase-3 interaction was observed, whilst the
autophagy assays showed gefitinib to be an autophagy activator in HEK293 cells and control

iAstrocytes.

Although expression levels of EGFR in iAstrocytes were low (with an exception of lines
obtained from female donors), gefitinib engaged with it by decreasing EGFR phosphorylation.
Gefitinib also engaged with Abll, one of its targets overexpressed in ALS iAstrocytes, by
decreasing levels of total Abl1 protein, but having no effect on its phosphorylation status. In
spite of its effect on Abl1, a binding partner of multiple mitochondrial protein, gefitinib had
no discernible effect on mitochondrial fission or network size whilst showing a trend towards

a decrease in mitochondrial numbers and an increase in MMP.

3.3 Discussion

There is a critical need for new effective therapies for ALS, as the two currently available
drugs, riluzole and edarovone, offer limited improvements to patients’ health (Jaiswal, 2019).
The process of drug discovery for ALS has been marred by failures (Gordon & Meininger,
2011), further highlighting the need for novel approaches. In this chapter, | focus on unveiling
the mechanism of action of gefitinib, a compound identified by Al-driven technologies as a

potential ALS therapeutic.

High-dimensional structured and unstructured data mining for new repurposing compounds
for ALS conducted by BenevolentAl has led to an identification of 5 drugs validated in the
pathophysiological co-culture model of the disease. Gefitinib was the compound which
consistently resulted in the highest rescue of motor neuronal survival, which qualified it for

further validation.

Use of gefitinib in chemotherapies made it important to verify the effect of the drug on
iAstrocyte cell numbers, as the main objective of cancer drugs is to kill tumour cells or
decrease their proliferation rate. Treatment of iAstrocytes with 10 uM gefitinib for 48h has

resulted in a mild, but significant decrease in control and sALS lines cell numbers. Our initial
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speculation pointed towards a possible toxicity caused by the drug, which was supported by
the LDH assay where an approximate 30% cytotoxicity was observed in 10 uM-treated cells.
Results obtained for 30 uM gefitinib in the LDH assay, however, are unusual, since we have
not expected a drug concentration to cause a higher LDH release than a positive control which
consisted of a cell lysis buffer. This indicates that either the positive control has
underperformed in the assays or the 30 uM gefitinib interfered with the fluorescence readout
of the assay. Therefore, we might be overestimating the toxicity of gefitinib at 10 uM. It is
noteworthy that the LDH assay was performed in C9_78, one of the few lines in which | have
observed a decrease in the overall cell number following the gefitinib treatment. It has also
shown a decrease in proliferation. If 10 uM gefitinib was indeed leading to approximately 30%
cytotoxicity, this drop in cell number would have been observed across multiple cell lines,
however, this result was not consistent. Furthermore, we did not observe an increase in
toxicity with longer time of exposure of the cells to the drug, as the 72h treatment still led to
about 30% cytotoxicity. It is not unlikely that the LDH results are C9_78-specific and further
investigation of gefitinib’s cytotoxicity spanning multiple cell lines would need to be
performed. It is important to point out that gefitinib has been documented as an agent
capable of abrogating senescent cells (Ventura et al., 2007; Zhu et al., 2015), therefore the
observed cell death might also reflect the loss of senescent astrocytes. Indeed, an interesting
hypothesis is that the cell death we have observed is reflective of the death of senescent cells
carrying the largest pathological burden, leaving behind cells capable of supporting motor
neurons in the co-culture assay. | have briefly interrogated the transcript levels of
senescence-specific isoform of p53, A133p53 (Gong et al., 2015), after gefitinib treatment,
however no conclusions could be drawn due to line to line variability (data not shown). Due
to COVID-19-related timing issues | was unable to expand on that dataset by performing other
assays. However, further work is currently being planned to look at the effect of gefitinib on
cellular senescence and will form a part of an article manuscript currently in preparation for

publication.

The changes in cell morphology and vimentin intensity observed in gefitinib-treated cells
could be indicative of cytoskeleton remodelling. It is a process through which cellular

organization is changed as a response to environmental cues, occurring often as a result of
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chronic cellular stress or in diseases. In ALS, cytoskeleton remodelling has been described, for
example, upon exacerbated ROS production (Clark et al., 2016). On the other hand, EGFR
induces actin remodelling in cancer cell lines, an effect which is blocked by gefitinib, resulting
in reduced cell motility, invasion and growth (Takeuchi & Ito, 2010). Increase in cell roundness
observed in iAstrocytes treated with gefitinib could be used as a target engagement readout,
as it was consistent across multiple cell lines and experimental repeats. A study in NSCLC cells
has demonstrated that gefitinib-resistant strains of the H292 cell lines form protrusion
structures, whereas gefitinib-sensitive strains appear much rounder (Bae et al., 2016).
Upregulation of Serpin2B protein appears to be a key factor driving the cell roundness effect
in gefitinib-sensitive cells. Of relevance to our study, a nuclear calcium-regulated
neuroprotectant SerpinB2 has recently been suggested as a potential treatment for chronic
neurodegenerative disorders, including ALS (Buchthal et al.,, 2018). Investigation of the
gefitinib effect on SerpinB2 in ALS iAstrocytes could potentially contribute to the underlying

mechanisms contributing to neuroprotection in our co-cultures.

Gefitinib is used as a first-line treatment in NSCLC cases driven by a mutation in EGFR. To test
gefitinib’s engagement with it, EGFR levels were measured at the transcript and protein levels
in iAstrocytes treated with gefitinib or DMSO vehicle. Most iAstrocyte lines used in this study,
particularly those obtained from male patients, do not harbour an overexpression defect in
EGFR. Importantly, gefitinib treatment for 48h nevertheless resulted in a decrease in EGFR
phosphorylation, thus showing an engagement with its primary target and suggesting that,
regardless of target engagement, in our system, efficacy is likely to be driven by other targets.
One of the important functions of gefitinib in NSCLC is its ability to inhibit cancer cell
migration, which is dependent on cytoskeletal remodelling, therefore the changes in
iAstrocyte morphology could be directly linked to gefitinib’s inhibition of pEGFR observed

here.

Gefitinib target engagement was further tested by measuring transcript levels of CCNG2, a
non-canonical cyclin whose expression increases upon cell cycle arrest. Although not

statistically significant, a pattern of gradual increase in CCNG2 expression after 1h, 6, 12h and
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24h drug treatment was observed. These results are consistent with previously published

reports (Bernaudo et al., 2017).

The observed gefitinib-induced reduction in TDP-35 levels was arguably the most promising
result of this study. However, the precise mechanism behind this result remains unclear. |
hypothesised that the fragment is degraded via autophagy upon gefitinib treatment.
Previously published reports have described gefitinib as a potent activator of autophagy in
several cancer cell lines (Dragowska et al., 2013). The encouraging results obtained in HEK293
cells and control iAstrocytes did not directly translate in C9orf72 and sALS iAstrocytes.
Importantly, it is known that C9orf72 hexanucleotide expansion in ALS causes defects in
autophagy initiation and results in lysosomal abnormalities, preventing normal autolysosomal
fusion and thus conclusion of autophagy (Boivin et al., 2020; Chitiprolu et al., 2018; Ji et al.,
2017). The assays utilised in this project was useful in investigating compounds causing an
autophagic flux, but not the successful autophagolysosomal fusion, as bafilomycin A1 inhibits
lysosome-mediated cargo degradation by blocking the fusion of lysosomes with
autophagophores (Yamamoto et al., 1998). Moreover, bafilomycin Al caused toxicity in our
cell model, thus suggesting it might have not been an optimal control for the assays. To
understand if gefitinib improves autophagolysosomal fusion, a co-staining of a lysosomal
marker such as lysosome-associated membrane protein 2 A (LAMP2A) with a LC3 could be

performed before and after gefitinib treatment.

The question remains if autophagy activity can be restored in situations of C9orf72
haploinsufficiency. One of the functions of C9orf72 protein has been linked to regulation of
endosomal trafficking (Farg et al., 2014). Given the important intersection of endosomal
function and autophagy (Hansen & Johansen, 2011), restoring C9orf72 protein levels in
scenarios of haploinsufficiency could therefore help boost autophagy. Moreover, loss of
C90rf72 has been previously shown to impair autophagy initiation (Sellier et al., 2016). In this
project, gefitinib treatment caused an autophagic flux in patient astrocytes as shown by the
elevated LC3-Il levels, lack of p62 upregulation and increased LC3-p62 interaction, thus
showing that it can overcome the autophagy initiation impairment. Although | have not

investigated the potential effect of gefitinib on C90orf72 expression and it is unlikely that it
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affects the C9orf72 protein levels or targets haploinsufficiency, it might nevertheless help

mitigate the autophagic dysfunction observed in patients carrying the C9orf72 expansion.

Another way in which gefitinib could decrease levels of TDP-43 fragmentation is by preventing
its cleavage by caspase-3. Assays measuring caspase-3 activity could provide an answer to this
question. Instead, TDP-43-caspase-3 interaction was measured in a PLA, providing
information on the level of interaction between TDP-43 and capsase-3. Importantly, there is
indication in the literature that the TDP-35 fragment is a result of caspase-3-mediated
cleavage at TDP-43’s nuclear localisation signal (NLS) domain (Winton et al., 2008; Zhang et
al., 2009; Li et al., 2015). The PLA approach could be further improved by measuring the
strength of the interaction between caspase-3 and pTDP-43, as TDP-43 needs to be
phosphorylated prior to cleavage (Zhang et al., 2009). Improved nuclear import of TDP-43 or,
indeed, lack of TDP-43 nuclear export to begin with, could be a potential mechanism that has
remained untested in this project. Importantly, it remains unknown if the cell toxicity
associated with TDP-43 is a result of a cytoplasmic gain-of-function or a nuclear loss-of-
function. Elucidation of these dynamics would be of help for future drug discovery and
repurposing efforts, as knowledge of the targets and pathways involved can allow for a
synthesis of appropriate, specific therapeutic molecules. Of particular importance to this
hypothesis remains the fact that gefitinib targets casein kinase epsilon, which has also been
shown previously to phosphorylate TDP-43. It is not unlikely that the reduced number of
pTDP-43 cytoplasmic inclusions and lower levels of TDP-35 fragment could be a result of

casein kinase inhibition which could lead to reduced TDP-43 cleavage.

A trend towards a mild increase in the nuclear localisation of TDP-43, as hypothesised, could
be a result of a decrease rate of TDP-43 cleavage. Alternative hypotheses not tested here
point towards gefitinib’s regulation of nucleocytoplasmic transport, either preventing TDP-43
from shuttling to the cytoplasm in the times of sustained cellular stress or improving the
nuclear import of cytoplasmic TDP-43. To help us fully elucidate the nuclear TDP-43 dynamics
after gefitinib treatment, cell fractionation protocol is currently being optimised to look
independently at the levels of TDP-43 in the nucleus and the cytoplasm after the drug

treatment.

Abll has multiple documented interactions with mitochondrial proteins, of which DRP1 is
responsible for orchestration of fission vs fusion balance. Of DRP1 phosphorylation sites,
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serine-616 residue has been described as a key site necessary for mitochondrial fission
occurrence (Lee & Kim, 2018), whereas increased phosphorylation of DRP1 at serine-637
indicates inhibition of fission (Ko et al., 2016). Given the observed decrease in total Abl1l
protein expression in iAstrocytes following the treatment with gefitinib, we hypothesised that
levels of DRP1 might also be affected. There is a limited amount of published reports
describing the effect of gefitinib treatment on the mitochondria, with recent studies linking
gefitinib therapies to an improvement in mitochondrial functions in NSCLC mutant EGFR-
positive cells (Takenaka et al., 2017). In this study, gefitinib treatment of iAstrocytes did not
lead to marked changes in mitochondrial dynamics. Previous reports have demonstrated that
Abl1 overexpression can lead to exacerbated mitochondrial fission driven by pDRP1-ser616
phosphorylation, which can be reversed by Abl1l knockdown (Zhou et al., 2017). Given the
marginal decrease in the mitochondrial network size observed alongside an increase in TMRM
intensity at basal level and upon CCCP stress and decrease in mitochondrial numbers, it is
possible that gefitinib leads to an increase in mitochondrial fusion in C9orf72 iAstrocytes. As
a standalone result, it could be indicative of mitochondria reacting to stress by incorporating
damaged mitochondrial, hence decreasing the overall mitochondrial network surface area to

preserve energy demands (Youle & Van Der Bliek, 2012).

In addition, in an in-house proof-of-concept in vivo study in SOD1%%3” mice, co-treatment of
gefitinib and an efflux transporter inhibitor elacridar resulted in a significant delay of
neurological symptoms onset, alongside decrease of phosphorylated neurofilaments in motor
neurons and neuropil (unpublished data). It has to be stressed, however, that this
improvement was observed alongside severe adverse effects (alopecia, skin rash, nausea, and
liver toxicity) in mice, as well as no overall improvement in their motor function. The observed
side effects are consistent with adverse effects seen in NSCLC patients taking gefitinib and are
synonymous with on-target EGFR inhibition (Xin et al., 2019). It is not unlikely that nausea and
overall poor wellbeing of these mice were the cause of decreased motor function, as the
neurofilament heavy-chain phosphorylation decrease would suggest a rescue in motor
neuronal survival in the spinal cord. Interestingly, a study investigating an EGFR inhibitor
erlotinib in SOD1%°3* mice observed a similar delay in symptom onset, but without a rescue
of motor neuronal survival at the NMJ (Le Pichon et al., 2013). Erlotinib, previously described

as a more effective inhibitor of EGFR than gefitinib (Kim, Apetri, Luo, Settleman, & Anderson,
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2015), has underperformed in the co-culture assay in comparison with gefitinib, indicating
that gefitinib carries an additional neuroprotective property absent in erlotinib, which is
independent of EGFR activity in our cell model. Based on our in vitro data, the additional
protective mechanism could be the activation of autophagy. However, more work needs to
be conducted in both iAstrocytes carrying a SOD1 mutation as well as in motor neurons from

a range of ALS genotypes in order to fully elucidate the MOA of gefitinib globally in ALS.

Recent advances in medicinal chemistry make it possible to amend the chemical structure of
a molecule in a way that can improve the general polypharmacological profile of the drug,
including a decrease in the likelihood of side effects. Therefore, understanding exactly which
kinases need to be engaged by gefitinib in order to observe motor neuronal rescue in vitro
and a delay in symptoms onset in vivo is important. Such information could be used to refine
the molecular structure of gefitinib in a way that could preserve its effect on key ALS-relevant
pathways, whilst improving brain penetrance and minimising adverse reactions. Studies such
as this one could also shed a light on the precise combination of pathogenic mechanisms in

ALS that require modulation in order to rescue motor neurons in vitro and in vivo.

144



4 Assessing the repurposing potential of nilotinib in ALS

4.1 Introduction
Results of the first set of co-culture drug screenings conducted in collaboration with

BenevolentAl have identified gefitinib as a potential repurposing compound for ALS. As
described in chapter 3, the drug showed a lot of promise, especially since it was able to
improve the hallmarks of TDP-43 proteinopathy in patient iAstrocytes. However, its inability
to remain in the CNS after crossing the BBB, called for a continued search for a better

compound.

Following the promising neuroprotection observed with gefitinib, an Al-powered literature
search using precede and SQT (figure 3.1) was conducted on the target profile of gefitinib. In
this search, Abl1 consistently emerged as a neuroprotective target. Using Abll as a starting
point for a new wave of hypothesis generation and drug selection resulted in identification of
several Abl1 inhibitor compounds which exhibited potential for repurposing in ALS. Out of all
compounds tested, nilotinib (figure 4.1) yielded the highest rescue of motor neuron survival
in the co-culture assays conducted by Dr Matthew Stopford (figure 4.2), therefore | have

decided to characterise its neuroprotective profile and function in ALS patient astrocytes.

In order to deconvolute its mechanism of action, nilotinib was subjected to the same series
of experiments as gefitinib, oftentimes side-by-side on the same set of cells. This was not only
to allow for a direct comparison between the two drugs, but also because the current
consensus in the literature on nilotinib and Abll supported the hypotheses behind these

experiments.

4.1.1 Nilotinib: use, properties, and function
Nilotinib, marketed as Tasigna®, is a tyrosine kinase inhibitor used to treat chronic

myelogenous leukaemia (CML) cases positive for Philadelphia chromosome (Ph+) (Ray et al.,
2007). All cases of Ph+ CML carry a breakpoint cluster region-Abelson (BCR-Abl) fusion
protein, which is a result of a reciprocal translocation of chromosomes 9 and 22. BCR-Abl is
an example of a kinase domain mutation and is thus constitutively active, leading to CML cell

hyperproliferation (Olivieri & Manzione, 2007).

Nilotinib has received FDA and EMA authorisation in 2007 and 2009 respectively as a second-

generation BCR-Abl inhibitor for CML, as a result of reports describing a cohort of CML
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patients developing resistance to imatinib, the initial standard of care (Ray et al., 2007).
Although nilotinib’s structure is largely based on imatinib’s (Fouad & Elkady, 2014; figure 4.2),
it is @ more potent inhibitor BCR-Abl. It has since been tested as a treatment for gastric

cancers, although failing to show benefit (Blay et al., 2015).

Nilotinib has also been shown to exert anti-tumour and neuroprotective effects in the
peripheral nervous system, as seen in the context of plexiform neurofibromas (Wei et al.,

2014).

Multiple reports have described nilotinib as a moderately CNS-permeable compound
(Karuppagounder et al., 2014; Lee et al., 2017; Pagan et al., 2016). Although side effects of
nilotinib treatment are not insignificant, including a black box warning for heart function, all
these properties make it an attractive repurposing agent for neurodegeneration, which has

been a subject of extensive investigations in the recent years.
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Figure 4.1 Chemical structure of nilotinib

Source: Fouad & Elkady, 2013.

Abl1is a substrate of several mitochondrial proteins, including parkin, which is a leading cause
of autosomal recessive and early onset PD (Ge et al., 2020). Considering nilotinib’s reported
ability to penetrate the BBB, it became a subject of extensive investigations as a therapeutic
agent for PD. Two phase Il clinical trials took place, showing conflicting results. One study
reported a significant reduction of CSF biomarkers, such as hyperphosphorylated tau, in the
nilotinib-treated group (Pagan et al., 2020), whereas others reported an absence of any

evidence which might suggest a positive effect of nilotinib on PD patients (Simuni et al., 2020).
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The drug was well tolerated but did not cross the BBB as efficiently as described in the reports

leading up to clinical trials (Karuppagounder et al., 2014).

4.1.2 Results leading up to this study

The work described in this section was conducted by Dr Matthew Stopford.

The cohort of drugs tested in the second round of co-culture screenings was enriched in
inhibitors of the Abl1 kinase. Amongst these kinase inhibitors, nilotinib was characterised by
the highest increase in motor neuronal survival. Of all tested concentrations of nilotinib, the
largest and most robust rescue of motor neuronal survival was observed at 1 uM. These
findings were statistically significant across 2 out of 3 C9orf72 and all sALS lines, and

consistent across several experimental repeats (figure 4.2).
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Figure 4.2 Results of the co-culture drug screening using nilotinib

Hb9-GFP motor neurons grown on ALS iAstrocytes treated with nilotinib showed a significant
improvement in survival compared with a vehicle-treated controls. n=3-5, data are mean + SD; data
are relative to DMSO-treated cells =100; Kruskal-Wallis test with Dunnett’s multiple comparisons

post-hoc test; *P<0.05; **P<0.01; Data courtesy of Dr Matthew Stopford.
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As done previously with gefitinib and described in section 3.1.3, a battery of kinases targeted
by nilotinib was unveiled by BenevolentAl and Eurofins in a kinome screen. Table 4.1
summarises the top 10 kinases targeted by nilotinib most potently. Data is presented as
plC50, which is a negative log of ICso values. For reference, 1 uM potency against the target =
6 on the log scale, and the higher the plCsp value, the lower the concentration of the drug is

required to cause 50% inhibition of the target.

Table 4.1 Top 10 kinases targeted by 10 uM nilotinib, obtained from Cerep-87 kinase panel data.

Kinase name Kinase symbol pICso

ABL proto-oncogene 139 human Abl (H396P) (h) | 8.4018

Abelson murine leukemia viral Arg (h) 8.2776
oncogene homolog 2, human

ABL proto-oncogene 1, murine Abl (m) 8.2153
Abelson murine leukemia viral Arg (m) 8.193

oncogene homolog 2, murine
ABL proto-oncogene 1%°3f, human Abl (Y253F) (h) 8.1823

ABL proto-oncogene 1, human Abl (h) 8.0231

ABL proto-oncogene 1%%°2" human Abl (Q252H) (h) | 7.9435

Discoidin domain receptor 1, human DDR1 (h) 7.6172
C-Kit proto-oncogene“*°¢, human cKit (V560G) (h) | 7.4256
ABL proto-oncogene 1™, human Abl (T315l) (h) 7.3842

The aims of this chapter are:

1. To unveil the effect of nilotinib treatment on ALS iAstrocytes;
2. To uncover the mechanism of action of nilotinib in ALS by mapping out its effect on
TDP-43 proteinopathy, autophagy dynamics and mitochondrial function;

3. To assess the viability of Abl1 as a disease-modifying target in ALS.
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4.2 Results
4.2.1 Effect of nilotinib treatment on iAstrocytes

4.2.1.1 Cell number
Nilotinib is utilised in chronic myelogenous leukaemia, where it leads to cell cycle arrest by

inhibiting the constitutively active BCR-Abl complex. Although the cells under study do not
present chromosomal translocations and patients affected by ALS do not present an
increased prevalence for the Philadelphia chromosome, it is known that Abll protein is
capable of autophosphorylation at its tyrosine-412 residue, which leads to its sustained
activation. To ensure that nilotinib does not lead to cell cycle arrest or carry undue cell
toxicity, immunostained iAstrocytes treated with 0.1% v/v DMSO or 1 uM nilotinib were
counted. Compared to the DMSO vehicle, nilotinib did not have an effect on iAstrocyte cell
numbers after 48h treatment, with an exception of CTR_AG08620 where a significant
decrease of cell numbers was observed (figure 4.3 A). Nilotinib did not appear to affect cell
numbers in individual genotypes (figure 4.3 B). Altogether, | concluded that nilotinib does not

influence iAstrocyte cell numbers.
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Figure 4.3 Nilotinib effect on iAstrocyte cell numbers

(A) Quantification of iAstrocyte cell numbers in individual cell lines; n=6 experimental repeats; data
are mean * SD, normalised to DMSO=100; two-way ANOVA with Tukey’s multiple comparisons;
*P<0.05. (B) Quantification of iAstrocyte cell numbers per genotype; n=3 per genotype n=3 per

genotype; CTR includes CTR_155v2 mean from n=5 experimental repeats, CTR_AG08620 mean from
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n=3 experimental repeats and CTR_3050 mean from n=2 experimental repeats; data are mean + SD,

normalised to DMS0O=100; two-way ANOVA with Tukey’s multiple comparisons, ns.

4.2.1.1.1 LDH assay
LDH assays to determine the levels of nilotinib-driven cell death were conducted by Dr

Matthew Stopford. As described before in section 3.2.1.1.1, the absorbance values at 490nm
were converted to percentage cytotoxicity relative to cell lysate value representing 100% cell
death. At both 24h (figure 4.4 A) and 72h (figure 4.4 B) after treatment, the maximum nilotinib
concentration tested (30 uM) produced cytotoxicity similar to that of sodium azide cytotoxin.
Taken together, results of the cell number analysis and the LDH assays did not show nilotinib

to be cytotoxic at 1 uM, which complements the findings of the cell number analysis.
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Figure 4.4 LDH cytotoxicity assay in C9_78 iAstrocytes

(A) iAstrocytes were treated with various concentrations of nilotinib for 24h or (B) 72h. Cell lysis
buffer was applied as a positive control for cytotoxicity (i.e. 100% cytotoxicity); n= 3-7, technical

replicates; data are mean + SD.

4.2.1.1.2 Cell proliferation

Although iAstrocyte cell numbers did not change in the majority of iAstrocyte lines after drug
treatment, the effect of nilotinib on cell numbers was clarified further by measuring their
proliferation rate viaimmunocytochemistry staining for Ki67. Consistent with the cell number
and LDH cytotoxicity data, no differences in percentages of Ki6 7-positive nuclei were detected
between nilotinib-treated and DMSO-treated cells in individual lines (figure 4.5 A) or per

genotype (figure 4.5 B), indicating no changes in the proliferation rate of iAstrocytes when

treated with nilotinib.
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Figure 4.5 Expression of nuclear Ki67 in iAstrocytes treated with nilotinib

(A) Quantification of the percentage of Ki67-positive nuclei in individual iAstrocyte lines treated with
nilotinib; n=3-6 (except CS-14 n=2); data are mean % SD, normalised to DMSO=100; two-way ANOVA
with Sidak’s multiple comparisons; all comparisons ns. (B) Quantification of the percentage of Ki67-
positive nuclei per genotype; n=3 experimental repeats; CTR includes CTR_155v2 mean from n=6
experimental repeats, CTR_AG08620 mean from n=4 experimental repeats and CTR_CS-14 mean from
n=2 experimental repeats; data are mean * SD; two-way ANOVA with Sidak’s multiple comparisons;

all comparisons ns.

4.2.1.2 Cell morphology
Having verified the effect of nilotinib on iAstrocyte cells numbers, | next assessed their

morphology following the drug treatment. To do so, as described previously in section 3.2.1.2,
iAstrocytes treated for 48h with either 0.1% (v/v) DMSO or 1 uM nilotinib were stained for
the cytoskeletal marker vimentin. Captured images were analysed using Columbus image
analysis software. As before, a cytoplasmic mask (figure 3.8) was applied to images to
automatically analyse cell roundness (set from 0 to 1, where 1 represented a circle) and cell

area (in um3).

Cell roundness did not change after nilotinib treatment at either individual line (figure 4.6 A)
or genotype level (figure 4.6 B). Drug treatment led to a significant increase in cell area of

control CTR_AG08620 and sALS 12 compared to vehicle-treated cells (figure 4.6 C).
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Interestingly, analysis of cell area across genotypes unveiled a significant collective increase
in the area of C9orf72 patients iAstrocytes (figure 4.6 D). Taken together, the morphology
results suggest that a 48h treatment with 1 uM nilotinib does not significantly affect the

morphology of iAstrocytes.
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Figure 4.6 Effect of nilotinib on iAstrocyte cell morphology

(A) Quantification of the overall roundness of cell treated with nilotinib in individual lines; n=3-4
experimental repeats; data are mean + SD; two-way ANOVA with Tukey’s multiple comparisons test,
ns. (B) Quantification of the overall roundness of cell within each genotype treated with nilotinib; n=3
per genotype; CTR includes CTR_155v2 mean from n=5 experimental repeats, CTR_AG08620 mean
from n=3 experimental repeats and CTR_3050 mean from n=2 experimental repeats; data are mean
SD; two-way ANOVA with Siddk’s multiple comparisons; all comparisons ns. (C) Quantification of the

iAstrocyte cell area in individual lines after nilotinib treatment; n=3-4 experimental repeats; data are
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mean * SD; data relative to DMSO=100; two-way ANOVA with Sid4k’s multiple comparisons, *P<0.05.
(D) Quantification of the iAstrocyte cell area within each genotype after nilotinib treatment; n=3 per
genotype; CTR includes CTR_155v2 mean from n=5 experimental repeats, CTR_AG08620 mean from
n=3 experimental repeats and CTR_3050 mean from n=2 experimental repeats; data are mean % SD;

two-way ANOVA with Sidak’s multiple comparisons, *P<0.05, **P<0.005.

4.2.2 Assessing the viability of Abl1 as a target in ALS
As described previously, Abl1 has been investigated as a potential disease modifying target in

ALS. Katsumata et al. (2012) showed primary glial cultures from Abll-overexpressing rats to
be detrimental to motor neuronal survival. Conversely, a study by Imamura et al. (2017)
tested a host of Abll-targeting compounds and found them to be effective in increasing
survival of iPSC-derived motor neurons. Whilst most previous studies focused on Abl1 role in
diseased motor neurons, its expression in glial cells in ALS remain largely unexplored.
Moreover, in in vivo models where constitutively active Abl1 was induced, the overexpression
was targeted at neurons only, even though it has consequently resulted in astrogliosis and
microgliosis (Schlatterer et al., 2011). This section will describe the Abl1l dynamics in ALS

iAstrocytes at baseline and after nilotinib treatment.

4.2.2.1  Abl1 engagement by nilotinib

4.2.2.1.1 Total Abl1 mRNA
Next, | investigated the extent to which nilotinib affects the levels of Abll in iAstrocytes.

To measure the levels of ABL1 transcript in iAstrocytes following nilotinib treatment, RNA was
isolated from cell pellets treated for 1h, 6h, 12h and 24h with 1 uM nilotinib, or left untreated.
Levels of ABL1 were measured in C9_78, as well as controls CTR_155 and CTR_3050. As shown
in section 3.2.5, baseline levels of ABL1 transcript were elevated in C9orf72 iAstrocytes (figure
3.33 A). Nilotinib treatment had no effect on control iAstrocytes at any of the treatment
timepoints, although a trend towards a decrease was observed at 6h and 12h (figure 4.7 A).
Indeed, C9_78 iAstrocytes with nilotinib for 6h and 12h resulted in a similar trend towards
ABL1 decrease (figure 4.7 B). Taken together, these results suggested that 6h and 12h
treatments of iAstrocytes with 1 uM nilotinib might decrease ABL1 expression, but nilotinib’s

effect on Abl1 expression might not be purely transcriptional.
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Figure 4.7 ABL1 mRNA target engagement

(A) Expression of ABL1 in control iAstrocytes following a treatment with nilotinib at several time
points; n=4 (CTR_155 n=2, CTR_3050 n=2); data are mean * SD; data relative to untreated =1; (B)
Expression of ABL1 in C9_78 following a treatment with nilotinib at several time points; n=3
experimental repeats; data are mean + SD; data relative to untreated =1; Kruskal-Wallis with Dunn’s

multiple comparisons test, all comparisons ns.

4.2.2.1.2 Effect of nilotinib on protein levels of total Abl1
As described in section 3.2.5.2, ALS iAstrocytes have significantly elevated levels of Abll

compared to controls (figure 3.34). Having measured the ABL1 dynamics in iAstrocytes
following the treatment with nilotinib, | set out to measure Abll protein expression in all
iAstrocytes lines following a treatment with nilotinib (figure 4.8 A). Having combined the cell
genotypes (figure 4.8 B), the data showed a trend towards an increase in Abl1 expression after
nilotinib treatment, which, likely due to variability, did not result in a statistically significant

change.
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Figure 4.8 Nilotinib engagement of Abl1 in ALS patient iAstrocytes

(A) Representative western blotting image of ALS iAstrocyte Abll expression. (B) Quantification of
Abl1 protein expression after treatment with nilotinib; n=3 per genotype; data are mean + SD; data
relative to CTR DMS0=100; two-way ANOVA with Sid4k’s multiple comparison’s test, all comparisons

ns.

4.2.2.1.3 Phospho-Abl1 ELISA
Having measured the effect of nilotinib on Abl1 expression in iAstrocytes, | have proceeded

to verify if the Abl1 phosphorylation status is affected in iAstrocytes before and after nilotinib
administration. In section 3.2.5.3 | have described the challenges we have encountered whilst
optimising pAbll antibodies suitable for western blotting (figure 3.36). | have therefore
decided to measure pAbl1 levels in iAstrocytes using a pan-tyrosine pAbll ELISA kit, which has
been routinely used by our collaborators at BenevolentAl. As done previously with gefitinib,
K562 cell line lysates, used as a positive control for Abl1l overexpression, were independently
validated in western blotting for the expression of total Abl1 protein before and after nilotinib

administration (figure 4.9 A). The results showed a significant reduction in Abl1l expression in
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K562 cells following 1 uM nilotinib administration (figure 4.9 B). Nilotinib had a similar effect
on the expression of BCR-Abl1 complex (figure 4.9 C), albeit no statistical analysis could be
run as only two experimental repeats were obtained. The negative control validation is
presented in figure 3.37 D-E.
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Figure 4.9 Pan-Tyr Abl1 ELISA controls validation

(A) Representative western blot image of Abll and BCR-Abl1 in K562 cells. (B) Quantification of Abl1l
expression in DMSO- and nilotinib-treated K562 cells; n=3 experimental repeats; data relative to
untreated K562 cells = 100; data are mean + SD; paired t-test, **P<0.01. (C) Quantification of BCR-
Abl1 expression in DMSO- and nilotinib-treated K562 cells; n=2 experimental repeats; data relative to

untreated K562 cells = 100; mean * SD.

Next, | proceeded to perform the panTyr-pAbll ELISA on iAstrocytes treated with DMSO or
nilotinib for 48h. pAbll expression in nilotinib-treated K562 cells was significantly lower

compared to DMSO-treated cells (figure 4.10 A). Although pre-assay validation showed a
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significant reduction in Abll expression in shAbll-treated cells, levels of pAbll in these
samples were detected above the average of all control iAstrocytes treated with DMSO. As
observed previously with gefitinib in section 3.2.5.3, although we have detected pAbl1 signal
in iAstrocytes above the assay threshold level, the differences between DMSO and nilotinib
treatments could not be detected (figure 4.10 B).
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Figure 4.10 Phosphorylation status of Abl1 in nilotinib-treated iAstrocytes

(A) Quantification of pAbl1 levels; n=3 experimental repeats; data are mean  SD; two-way ANOVA
with Sidak’s multiple comparisons test, ****P<0.0001. (B) Quantification of pAbl1 levels in iAstrocytes
alone; n=3 experimental repeats; data are mean = SD; two-way ANOVA with Siddk’s multiple
comparisons test, all comparisons ns. All data normalised to the total protein content and relative to

panTyr-Abl1 levels in untreated K562 cells.
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4.2.2.2 Knocking down Abl1 in iAstrocytes
Having observed an elevation of Abl1 protein levels in ALS patient iAstrocytes at baseline, but

an unclear effect of nilotinib on this protein expression, | have tested the effect of Abll
knockdown in the co-culture system to test the therapeutic potential of this target. This
section will describe the effect of Abll knockdown on motor neuronal survival, iAstrocyte

numbers and morphology.

4.2.2.2.1 Co-culture and motor neuronal survival

Abl1 expression was knocked down in C9_78 using an shRNA used previously to provide a
negative control for the pan-Tyr-pAbl1 ELISA. An empty vector expressing RFP only was used
as a control for RFP toxicity. Cells were transfected on day 2 of iAstrocyte differentiation
(figure 2.1) and seeded in a co-culture plate as illustrated in figure 3.3. As performed routinely

for all co-culture experiments, the plate was scanned on days 1 and 3 of co-culture.

Levels of Abl1 were measured in C9_78 iAstrocytes prior to co-culture analysis to validate the
knockdown of Abll. Western blots and their subsequent analysis were performed by Dr
Matthew Stopford (figure 4.11 A). The average number of motor neurons in the co-culture
plate on day 1 of the assay was similar across all treatment conditions (figure 4.11 B). As
expected on day 3, the remaining cell numbers decreased in all conditions (figure 4.11 C). At
day 3 the data show a dose-response effect to Abl1 shRNA treatment (figure 4.11 C). In order
to normalise MN survival within the experiment and across experiments, the percentage of
surviving MN at day 3 was normalised to the number of MN plated at day 1. Of all MOls tested,
MOI 10 resulted in the highest survival of motor neurons (32.97% + 7.256) compared to the
untreated iAstrocyte control (23.44% =+ 4) (figure 4.11 D). The RFP-only control resulted in
11.63% survival of motor neurons, displaying elevated toxicity compared to all other
conditions. Due to technical challenges and COVID-related time constraints, this assay was

performed twice, therefore no statistical tests could be performed.
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Figure 4.11 Co-culture Hb9-GFP motor neurons and shRNA-Abl1 iAstrocytes

(A) Quantification of Abll protein knockdown. Data courtesy of Dr Matthew Stopford. (B)
Quantification of the average motor neuron numbers per treatment condition on day 1 of co-culture;
mean * SD, n=2 experimental repeats, except shRNA-RFP=1. (C) Quantification of the average motor
neuron numbers per treatment condition on day 3 of co-culture; mean * SD, n=2 experimental
repeats, except shRNA-RFP=1. (D) Percentage of motor neuron survival (day 3 average cell numbers/

day 1 average numbers); mean + SD, n=2, except shRNA-RFP=1.

4.2.2.2.2 iAstrocyte morphology analysis
Results obtained in the shAbll-knockdown co-culture screenings have shown that Abll

downregulation in C9orf72 patient iAstrocytes might rescue the survival of wild-type motor
neurons. To help clarify the effect of Abl1 knockdown on iAstrocytes themselves and thus to

start elucidating its mechanism of action in these cells, | have analysed the images of shRNA-
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Abl1-treated cells acquired on days 1 and 3 of the co-culture screen (figure 4.12 A, B
respectively). Columbus image analysis software was used to extract the following
parameters: cell number, cell size (in um?), cell roundness (where 1= circle), and width-to-
length ratio. All results were compared to C9_78 treated with shRNA-RFP only to control for
the effect of the RFP contained within the shRNA-AbI1 construct.

Although the same number of cells was plated per conditions at the start of the assay, the
number of cells treated with shRNA-Abl1 was significantly higher on both day 1 and day 3 of
the screening in comparison to the RFP-only control (figure 4.12 C), likely reflecting the
toxicity observed in the co-culture system. The overall percentage survival of C9 78
iAstrocytes after Abll knockdown was comparable to that of RFP-only controls (figure 4.12
D). Abl1-shRNA treated iAstrocytes on co-culture day 3 had a marginally smaller cell area than
the RFP controls (figure 4.12 E). Abl1 knockdown had no effect on the cell roundness (figure

4.12 F) or width-to-length ratio (4.12 G), consistent with nilotinib treatment alone (figure 4.6).
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Figure 4.12 Morphological changes in C9_78 iAstrocytes after Abl1 knockdown

(A) Representative image of Abll shRNA-treated iAstrocytes on day 1 of the co-culture assay. Scale:
200 um. (B) Representative image of Abll shRNA-treated iAstrocytes on day 3 of the assay. Scale: 200
um. (C) Quantification of iAstrocytes cell numbers in shRNA-Abl1 and shRNA-RFP conditions on days
1 and 3 of the co-culture assay; n=4 experimental repeats; data are mean % SD; paired t-test, *P<0.05.
(D) Quantification of % survival of iAstrocytes in the shRNA-Abl1l and shRNA-RFP conditions; n=4
experimental repeats; data are mean * SD; paired t-test, ns. (E) Quantification of the cell area in (um?)
of iAstrocytes in the shRNA-Abl1 and shRNA-RFP conditions on day 3 of the co-culture assay; n=4
experimental repeats; data are mean * SD; paired t-test, ns. (F) Quantification of cell roundness
(1=circle) of iAstrocytes in the shRNA-Abl1 and shRNA-RFP conditions on day 3 of the co-culture assay;

n=4 experimental repeats; data are mean * SD; paired t-test, ns. (G) Quantification of the width:length
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of iAstrocytes in the shRNA-Abl1l and shRNA-RFP conditions on day 3 of the co-culture assay; n=4

experimental repeats; data are mean £ SD; paired t-test, ns.

4.2.3 Nilotinib effect on TDP-43 proteinopathy and TDP-43 protein homeostasis

Studies characterising the mechanism of action of Abll inhibitors in ALS models often
observed a decrease in the number of cytosolic protein inclusions after a drug treatment.
Katsumata et al. (2012) saw a decrease in the levels of misfolded SOD1 in SC motor neurons
from SOD1%%*A mice after dasatinib treatment, whereas Imamura et al. (2017) observed
decreased levels of TDP-35, as well as misfolded mutant SOD1 in iPSC-derived motor neurons
treated with bosutinib. In this project, the ability of nilotinib to ameliorate TDP-43
proteinopathy in ALS iAstrocytes was investigated. As described previously in section 3.2.2,
iAstrocytes recapitulate the hallmarks TDP-43 proteinopathy observed in post-mortem
patient tissue, such as the expression of TDP-35 cleavage product (figure 3.15), loss of nuclear
localisation of full-length TDP-43 (figure 3.16 A, B), and cytoplasmic accumulation of
phosphorylated TDP-43 aggregates (figure 3.16 A, C). Here, similarly to gefitinib, nilotinib’s
effect on all of these mechanisms was investigated.

4.2.3.1 TDP-43 fragmentation after nilotinib treatment

To measure the levels of TDP-35, iAstrocytes treated with 1 uM nilotinib and 0.1% v/v DMSO
vehicle for 48h were lysed and processed for western blotting where their C-terminal positive
TDP-43 expression levels were measured (figure 4.13 A). Compared to DMSO vehicle
(presented in figure 4.13 B and C as ‘100’ to visualise the delta between DMSO and nilotinib),
nilotinib had no statistically significant effect on full-length TDP-43 levels (figure 4.13 B). The
drug treatment did significantly affect the levels of TDP-35 in sALS_12 and sALS_17 only,

having no effect on other lines (figure 4.13 C).

162



CTR c9 78 C9 183

A
43 —
> e S —— iy |2 ]
35
> TDP-35
4) NS SRS e e wsssw % B-actin
Nilotinib 1 pMm - + - + - ¥
CTR SALS 009 SALS 12 SALS 17
S s —— -
13 TDP-43
35 p TDP-35

17— --‘---- B-actin

Nilotinib 1 pM - + - + - + - ¥
=
= £
B g 200 c E
; = L]
= sé.25°'
g 8
0. 150= d 200 -
E E ¥k okok
S — 1504
3 100- 3 |'|
= = 100
o =
§ 504 s
& © 50+
= o
b —
g " P S N S Y g o0
© AT A% e ot @& NN & N
= P77 D7 &7 WP P 2 &0 8 "99@%?@9
LI s / RN MR
& 9 B lid OQJ\, F X

B DMSO 0.1% viv 48h B Nilotinib 1 uM 48h

Figure 4.13 TDP-43 fragmentation after nilotinib treatment

(A) Representative TDP-43 western blot in ALS iAstrocytes after nilotinib treatment. (B) Quantification
of TDP-43 levels in nilotinib-treated iAstrocytes; n=3-6 experimental repeats; CTR includes mean
results of CTR_155v2 from n=2 experimental repeats; CTR_3050 mean from n=2 experimental repeats
and CTR_AG08620 mean from n=2 experimental repeats; data are mean * SD; all DMSO=100; Mann-
Whitney test, ns. (C) Quantification of TDP-35 levels in nilotinib-treated iAstrocytes. n=3-6
experimental repeats; CTR includes mean results of CTR_155v2 from n=2 experimental repeats;
CTR_3050 mean from n=2 experimental repeats and CTR_AG08620 mean from n=2 experimental

repeats; data are mean + SD; all DMSO=100; **P<0.005; Mann-Whitney test.
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4.2.3.2 Localisation of TDP-43 after nilotinib treatment
As described previously in section 3.2.2.3, the levels of nuclear TDP-43 were measured via

ICC, with subsequent image analysis revealing the TDP-43 levels in the nucleus as a staining
intensity per pixel. Lower levels of TDP-43 expression were observed in the nuclei of the
majority of ALS lines compared to controls, however, levels of nuclear TDP-43 in cells treated
with nilotinib were not significantly different from the DMSO vehicle controls in any of the

iAstrocyte lines (figure 4.14).
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Figure 4.14 Nilotinib treatment effect on nuclear localisation of TDP-43

n=3-9 experimental repeats; data are mean + SD; data relative to CTR DMS0=100; two-way ANOVA

with Tukey’s multiple comparisons; cell line factor: ***P=0.0002.

4.2.3.3 Cytoplasmic aggregation of TDP-43 after nilotinib treatment
To investigate if nilotinib is capable of decreasing pTDP-43 cytoplasmic inclusions in

iAstrocytes, the numbers of pTDP-43-positive inclusions were determined via blinded manual
counts from ICC images. Compared to controls, ALS patient iAstrocyte populations had a
higher percentage of cells with pTDP-43 inclusions, although nilotinib did not affect these

numbers at an individual cell line (figure 4.15 A) or the genotype basis (figure 4.15 B). The
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number of pTDP-43 inclusions per total number of cells was less than 1 spot per cell for all

genotypes and remained unaffected by nilotinib treatment (figure 4.15 C).
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Figure 4.15 Effect of nilotinib treatment on cytoplasmic pTDP-43

(A) Quantification of cells per individual iAstrocyte line showing accumulation of pTDP-43 in the
cytoplasm, presented % of total cells. n=3-5 experimental repeats; data are mean * SD; two-way
ANOVA with Sidak’s multiple comparisons; all comparisons ns. (B) Quantification of cells per genotype
showing accumulation of pTDP-43 in the cytoplasm, presented % of total cells; n=3 per genotype; CTR
includes mean values of CTR_155v2 from n=4 experimental repeats, CTR_3050 mean from n=2
experimental repeats and CTR_AG08620 mean from n=2 experimental repeats; data are mean * SD;
two-way ANOVA with Sidak’s multiple comparisons; all comparisons ns. (C) Quantification of spots per
total number of cells per genotype; n=3 per genotype; CTR includes mean values of CTR_155v2 from
n=4 experimental repeats, CTR_3050 mean from n=2 experimental repeats and CTR_AG08620 mean
from n=2 experimental repeats. Data are mean % SD; data relative to CTR DMS0O=100; two-way ANOVA

with Tukey’s multiple comparisons; all comparisons ns.

4.2.4 Effect of nilotinib treatment on autophagy function
Several lines of evidence describe Abll as an instrumental regulator of autophagy.

Overexpression of constitutively active Abll was described as capable of reducing LC3-I and
LC3-Il and leading to autophagic flux dysregulation, possibly via inhibition of autophagosome
formation (Karim et al.,, 2020). Nilotinib treatment has also been linked to an increased
autophagic degradation of a-synuclein in primary mouse cortical neurons (Mahul-Mellier et

al., 2014). To test if nilotinib can be used to improve the autophagy function in disease, we
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have first investigated its baseline ability to induce autophagy in healthy HEK293 cells,
followed by control and patient iAstrocytes.

4.2.4.1 Autophagy activation in HEK293 cell line

Similarly to the procedure described in section 3.2.3.1., HEK293 cells were treated for 6h with
nilotinib, DMSO vehicle, rapamycin as a positive control for autophagy activation, bafilomycin
Al as a negative control for autophagolysosomal fusion, or a combination of bafilomycin with
either rapamycin or nilotinib (the rationale behind this treatment is summarised in figure

3.24).

After 6h of treatment (figure 4.16 A), nilotinib had no effect on LC3-I levels compared to
DMSO-treated control (figure 4.16 B). Similarly, there was no difference between DMSO and
nilotinib conditions in LC3-Il expression, whereas rapamycin positive control led to an
elevation of LC3-Il, consistent with an autophagic flux. Bafilomycin Al treatment caused a
further increase in LC3-Il levels, however, there was no difference between bafilomycin Al
and its co-treatment with nilotinib (figure 4.16 C). An identical trend of drug response was
observed after LC3-1I/LC3-I ratio was calculated (figure 4.16 D). Simultaneously, a marginal
increase in p62 expression compared to DMSO was observed after nilotinib treatment, which
was not observed in rapamycin-treated cells (figure 4.16 E). In contrast with what has been
previously reported in the literature, in this assay, | have not detected a significant difference
between bafilomycin A1 and bafilomycin Al + nilotinib treatment, indicating a lack of

autophagy activation.
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Figure 4.16 Nilotinib does not induce autophagy in HEK293 cells at 6h

(A) Representative western blotting images. (B) Quantification of LC3-I levels in HEK293 cells; n=5
experimental repeats; data are mean  SD, normalised to DMSO =100. (C) Quantification of LC3-II
levels in HEK293 cells; n=5 experimental repeats; data are mean % SD, normalised to DMSO =100;
paired t-test, bafilomycin vs gefitinib + bafilomycin, ns. (D) Quantification of LC3-1I/LC3-I ratio; n=5
experimental repeats; data are mean = SD, normalised to DMSO =1; paired t-test, bafilomycin vs
gefitinib + bafilomycin, ns. (E) Quantification of p62 levels; n=5 experimental repeats; data are mean

+ SD, normalised to DMSO =100.
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Upon the lack of autophagy activation in HEK293 cells after 6h of treatment, | have
hypothesised that this treatment duration might not be sufficient for nilotinib to exert its
ability to cause autophagic flux. Therefore, the treatment duration was increased to 8 hours

(figure 4.17 A). Drug concentrations remained unchanged.

Changes in LC3-I levels at 8h treatment were identical to those after 6h (figure 4.17 B). After
8h of treatment, similarly to 6h, nilotinib-only condition showed a trend towards a decrease
in LC3-Il levels (figure 4.17 C) and LC3-II/LC3-I ratio (figure 4.17 D). Nilotinib treatment led to
no change in p62 expression after nilotinib administration, whereas a trend towards a
decrease in p62 was observed in rapamycin-treated cells (figure 4.17 E). Nilotinib in
combination with bafilomycin did not show a further increase in LC3-Il levels when compared
to bafilomycin treatment alone. Therefore, | have concluded that nilotinib treatment of 6h to
8h does not lead to an autophagic flux in healthy cell lines. The dataset presented in figure
4.17 is a result of two experimental repeats, both yielding negative results, which, in addition
to the COVID-related time constraints, did not warrant a third repeat necessary to conduct

statistical analysis.

168



A DMSO  Nilotinib  Rapamycin Rapamycin Nilotinib
Bafilomycin - - - + + +
kD
fy - — L C3-]
14 LC3-I
62
62 — Y e P
42 AR R . G (-actin
F 300 ¥ 2000-
f-=% =%
= =
o 1500
— 200+ §
g @
ks - 'ie' > 1000 ®
= - -
£ p
S 100 | [ e £
2 ° o s 500+ °
(=% (=
@ o °
= @
E 0 ! “'\ é %: ! ! % 0 ':q ¥ T T T T
@ & ® = ]
= oo“wx ’\Q Q{\ & "f} ‘\.‘\O 2 4\5\ Q@\ 04\ (‘g‘ (}¢ (éo
Q’-\ ‘o\.o o@ '\QQ Q@@ \&\\o R ’{,\o @'\ @Q r\@ 'D(g\“\ Q\\&
SN B o
8 F TR P & S P
< Q’o -350 v’-\ 6\";\ 0‘5\ > éé\ *‘}Q ,\" . (\?‘
FF e S R e
‘§\ 3 ;\'\\Q 4§§ ‘f‘ \0&
@ \\0 Q‘b Q&O‘°©‘§\
D ¢ E <
(=
20 - 'E 400 —
_ a
3 15 % 3004
= % E
=I @
3 10 = 200 - -
= ] -
g 54 ® 2 1004
E ; n ﬂ v
= ]
0- % 0 | I T 1
" & R *5@0"‘& @é %(}o ‘_‘\(‘;.9 2 “ & N‘g?‘“@?‘g (g&‘ *c}‘\ %&o
N dz?{.\\o P S °®$0
00 & & o, 0" & & P R, x
SRR S GA
Q 2 "N < e L TN
Q&N v & QA v R
FF S & F o 8
Q¥ & &£ & & F
P o&% é\\o & o‘s\‘\ |t‘}.\\&Z‘l
0;& <& Q)é-\\ L

Figure 4.17 . Nilotinib does not induce autophagy in HEK293 cells at 8h

(A) Representative western blotting images. (B) Quantification of LC3-l levels in HEK293 cells. (C)
Quantification of LC3-ll levels in HEK293 cells. (D) Quantification of LC3-1I/LC3-I ratio. (E)
Quantification of p62 levels; n=2 experimental repeats; all above data are mean + SD, normalised to

DMSO =100.
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4.2.4.2 Nilotinib effect in autophagy activation in iAstrocytes
The experiments in previous reports describing nilotinib and other BCR-Abl kinase inhibitors

as activators of autophagy were conducted in cells carrying the BCR-Abl1 burden (Karim et
al., 2020) or overexpressing Abll. Therefore, we have elected to investigate nilotinib’s ability
to induce autophagy in iAstrocyte lines showing the highest levels of Abll expression at
baseline. Due to its robust responsiveness to nilotinib treatment in the co-culture system, we
have selected C9_78 iAstrocytes out of the cohort of C9orf72 patients. Treatment conditions

described previously in section 3.4.2 were used for this set of assays.

Figure 4.18 A shows an example western blot obtained in the autophagy assay with C9_78.
Levels of LC3-l in DMSO- and nilotinib-treated cells were identical, while torin 1 led to
approximately 35% decrease in LC3-I (figure 4.18 B). As expected, bafilomycin treatment led
to an increase in LC3-Il expression, as well as in the LC3-11/LC3-I ratio (figure 4.18 C). There
was, however, no further increase in LC3-Il levels in bafilomycin + nilotinib condition
compared to bafilomycin alone. This was also true for the LC3-11/LC3-I ratio. Interestingly,
torin 1-treated cells showed the highest LC3-11/LC3-I ratio (figure 4.18 D). Nilotinib-treated
cells showed a trend towards an increase in p62 levels, whilst bafilomycin control, as
expected, resulted in a 4-fold increase in p62 expression compared to DMSO (figure 4.18 E).
Although we have observed a promising trend in bafilomycin + nilotinib conditions towards
an increase in LC3-1l levels in some of the experimental repeats, the overall variability of this
dataset, in addition to the results obtained with HEK cells, led me to conclude that nilotinib

might not induce autophagy in C9_78 line.
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Figure 4.18 Nilotinib effect on autophagy activation in C9_78 iAstrocytes

(A) Representative western blotting images. (B) Quantification of LC3-I levels. (C) Quantification of
LC3-1l levels; n=3 experimental repeats; data are mean + SD; paired t-test bafilomycin vs nilotinib +
bafilomycin, ns. (D) Quantification of LC3-11/LC3-I ratio; n=3 experimental repeats; data are mean +
SD; DMSO vehicle = 1; paired t-test bafilomycin vs nilotinib + bafilomycin, ns. (E) Quantification of p62

levels. All datasets n=3 experimental repeats; data are mean + SD, normalised to DMSO =100.
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Next, | have opted to investigate nilotinib’s ability to induce autophagy in sALS lines which do
not possess a C9orf72 expansion-driven autophagy dysfunction (Sellier et al., 2016; Webster
et al., 2016). In this set of experiments, we have included sALS_12 line, which expressed the
highest levels of Abl1 expression at baseline out of all tested iAstrocytes, as well as sALS_009
and sALS_17 sALS iAstrocytes, which, although expressing lower levels of Abll compared to
their C9orf72 counterparts, nevertheless showed elevated levels of Abl1 compared to healthy

controls. A total of six experimental repeats were conducted, two repeats per each sALS line.

Figure 4.19 A shows an example western blot obtained with sALS_17. Levels of LC3-l in the
SALS lines were identical in the DMSO, nilotinib, and torin 1 conditions (figure 4.19 B). Both
nilotinib and torin 1 increased the LC3-Il levels, which were further increased in bafilomycin-
containing conditions. However, no delta between bafilomycin and either bafilomycin +
nilotinib or bafilomycin + torin 1 was detected, likely due to significant variability (figure 4.19
C). This trend remained the same for LC3-II/LC3-I ratio (figure 4.19 D). Nilotinib and torin 1
treatments did not affect the p62 levels observed in DMSO-treated cells, and all bafilomycin-
containing conditions resulted in an expected elevation of p62 expression (figure 4.19 E). Since
the statistical comparisons did not indicate robust changes in LC3-Il expression between
bafilomycin and bafilomycin + nilotinib conditions, the data would exclude the hypothesis that

nilotinib is an autophagy activator in iAstrocytes.
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Figure 4.19 Nilotinib effect on autophagy activation in sALS patient iAstrocytes

(A) Representative western blot image of sALS 17 iAstrocytes. (B) Quantification of LC3-I levels. (C)
Quantification of LC3-Il levels; n=6 experimental repeats; data are mean + SD; paired t-test bafilomycin
vs nilotinib + bafilomycin, ns. (D) Quantification of LC3-1I/LC3-I ratio; n=6 experimental repeats; data
are mean = SD; DMSO vehicle = 1; paired t-test bafilomycin vs nilotinib + bafilomycin, ns. (E)
Quantification of p62 levels. All datasets n=6 experimental repeats; data are mean + SD, normalised

to DMSO =100.
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4.2.5 Nilotinib effect on mitochondrial dynamics in ALS iAstrocytes
Among the strongest interactions Abl1 shares with other proteins is its substrate relationship

with DRP1. Pathogenic Abl1 activation has been demonstrated to phosphorylate DRP1 at its
serine-616 residue, which results in exacerbated mitochondrial fission and a decrease in cell
survival. Abl1 is also an important upstream and downstream regulator of mitophagy. All
Abll1-targeting compounds, including nilotinib, have been shown to improve mitochondrial
health, drive mitophagy, and regulate DRP1 to stabilise the fission-fusion balance. This section

describes the effect of nilotinib on ALS patient iAstrocyte mitochondrial network.

Mitochondrial dynamics become aberrant in many neurodegenerative diseases and these
dysfunctions can manifest as lack of metabolic flexibility, aberrant fragmentation (fission) or
merging (fusion) of the mitochondria. Fission and fusion result in changes to the
mitochondrial network and are necessary processes required for maintenance of the
mitochondrial network. However, these features are exacerbated in neurodegeneration, for
instance, an increase in ROS production can lead to mitochondrial fission (Hu et al., 2019).
4.2.5.1  Mitochondrial network analysis

Having observed differential baseline levels of DRP1 and pDRP1-ser616 expression in
iAstrocytes unaccompanied by clear effect of the nilotinib treatment, we have interrogated
the iAstrocyte mitochondrial network further by staining DMSO- and nilotinib-treated
iAstrocytes live with TMRM to visualise the mitochondrial network. To ensure that TMRM was
used in a correct mode, cells were also treated with CCCP 1 hour prior to image acquisition.
C9_183 and sALS_009 patient lines were selected for this experiment, alongside healthy
control CTR_155v2 (figure 4.20), because previous in-house studies had identified them as
having mitochondrial defects (unpublished data). The subsequent images analysis allowed for

collection of the following parameters: mitochondrial numbers and mitochondrial size.
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Figure 4.20 Representative images of TMRM staining

Control (A-D), C9_183 (E-H) and sALS_009 (I-L) stained with and DAPI. Cells treated with 0.1%
v/v DMSO for 24 hours were treated for 1 hour with TMRM alone (A, E, 1) or with TMRM+CCCP (B, F,
J). The same treatment was applied to cells incubated with 1 uM nilotinib (C, G, K and D, H, L

respectively). Scale: 20 um

After quantification, | detected no statistical difference in the number of mitochondria per
cell between the controls and patients or between DMSO and nilotinib-treated cells (figure
4.21 A). The CCCP challenge led to an expected drop in the number of mitochondria, however,
we have observed a trend towards a mild preservation of mitochondrial numbers in nilotinib-
treated cells (figure 4.21 B). No difference was detected in the number of mitochondria per
cell area at baseline or after nilotinib administration (figure 4.21 C). The trend remained the
same in the cells treated with CCCP, albeit the overall number of mitochondria has reduced
as expected (figure 4.21 D). There was a trend towards a gradual increase in the TMRM
intensity per pixel between control and ALS astrocytes. Moreover, the TMRM intensity was

significantly lower in control and sALS_009 and significantly higher in C9_183 iAstrocytes
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upon treatment with nilotinib (figure 4.21 E), potentially indicating an effect of nilotinib on
mitochondrial function. CCCP challenge has reduced the TMRM intensity across all lines by
approximately 55% compared to the staining intensity observed in DMSO-treated controls,
and there were no further differences observed between controls and patients, or DMSO and

nilotinib treatments (figure 4.21 F).
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Figure 4.21 Analysis of the mitochondrial network after nilotinib treatment

(A) Quantification of mitochondrial numbers per cell. (B) Quantification of mitochondrial numbers per
cell after challenge with CCCP; n=4 experimental repeats; data are mean * SD; data relative to
CTR_155v2 DMS0=100; two-way ANOVA with Tukey’s multiple comparisons, ns. (C) Quantification of
the mitochondrial numbers per mitochondrial network area (in pm?). (D) Quantification of the
mitochondrial numbers per mitochondrial network area (in um?) after challenge with CCCP. (E)
Quantification TMRM intensity per pixel, n=4 experimental repeats; CTR includes mean results of
CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1 experimental repeat; data are
mean * SD; data relative to CTR DMS0=100; two-way ANOVA with Tukey’s multiple comparisons,
*P<0.05, **P<0.01, ***P<0.005. (F) Quantification of TMRM intensity per pixel after challenge with

CCCP; n=4 experimental repeats; CTR includes mean results of CTR_155v2 from n=3 experimental
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repeats and CTR_161 from n=1 experimental repeat; data are mean * SD; data relative to CTR
DMS0=100; two-way ANOVA with Tukey’s multiple comparisons; unless otherwise specified, all

comparisons ns.

4.2.5.2  Nilotinib effect on DRP1 in iAstrocytes
Abl1l has multiple documented interactions with mitochondrial proteins, of which DRP1 is

responsible for orchestration of fission. Of DRP1 phosphorylation sites, serine-616 residue has
been described as a key site necessary for mitochondrial fission orchestration (Lee & Kim,
2018), whereas increased phosphorylation of DRP1 at serine-637 indicates inhibition of fission
(Ko et al., 2016). Here, we investigated the effect of nilotinib on total levels of DRP1 and the

phosphorylation of DRP1 at serine-616 (denoted as pDRP1-ser616 thereafter).

All iAstrocytes lines carried varying levels of total DRP1 (figure 4.22 A), with nilotinib leading
to no further alternation of these levels compared to DMSO vehicle-treated cells (figure 4.22
B). C9_201 expressed significantly elevated levels of pDRP-ser616 compared to DMSO-treated
control iAstrocytes. However, no significant changes were observed after nilotinib treatment
in this or other lines (figure 4.22 C). Ratio of pDRP1-ser616 to total DRP1 levels showed a

similar trend and did not unveil any further effect of nilotinib.
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Figure 4.22 Nilotinib treatment effect on DRP1 phosphorylation at serine-616 and total DRP1 levels
in iAstrocytes

(A) Representative western blot images of total DRP1 and pDRP1-ser616. (B) Quantification of DRP1
levels. (C) Quantification of pDRP1-ser616 levels; n=3-5 experimental repeats; CTR includes mean
results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1 experimental repeat and
CTR_AG08620 from n=1 experimental repeat; data relative to CTR DMSO =100; data are mean * SD;
two-way ANOVA with Tukey’s multiple comparisons test, *P<0.05. (D) Quantification of pDRP1-ser616
to total DRP1 ratio; n=3-5 experimental repeats; data relative to CTR DMSO =1; data are mean * SD;
two-way ANOVA with Tukey’s multiple comparisons test, ***P=0.0003; all data n=3-5; CTR includes
mean results of CTR_155v2 from n=3 experimental repeats and CTR_161 from n=1 experimental
repeat and CTR_AG08620 from n=1 experimental repeat; data are mean % SD; relative to CTR DMSO
=100; two-way ANOVA with Tukey’s multiple comparisons test; all comparisons ns unless stated

otherwise.

In summary, nilotinib consistently rescued motor neuronal survival in the co-culture system.
Nilotinib engaged with Abll by showing a trend towards an increase in its total levels in
iAstrocytes. In spite of a robust decrease in a phosphorylation status of K562 leukaemia cell

line positive control in an ELISA, no effect was observed in ALS iAstrocytes. Abll was
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confirmed to be a potent target in ALS in a co-culture of murine motor neurons with shRNA-
Abll-treated ALS iAstrocytes, where a rescue of motor neurons upon Abll knockdown was
observed. Nilotinib had no effect of TDP-43 fragmentation in iAstrocytes with an exception
of two sALS lines where a reduction in TDP-35 was observed. No effect on TDP-43 nuclear
localisation or pTDP-43 cytoplasmic inclusions was observed after nilotinib administration.
Nilotinib has also underperformed in autophagy assays, in spite of the published evidence
suggesting its role in autophagy activation. Nilotinib-treated cells showed a decrease in MMP
in control and sALS_009 line, whilst the opposite was true in C9_183. Nilotinib had no effect
on the mitochondrial numbers or the network size. Similarly, no changes in pDRP1

ser616/DRP1 were observed, indicating no effect of nilotinib on fission dynamics.

4.3 Discussion
Research efforts over the past decade have unveiled the potential of tyrosine kinase inhibitors

as repurposing agents for neurodegenerative disorders. Most of these findings came as a
consequence of studies identifying prominent kinases associated with other diseases as
relevant in neurodegeneration. Investigations into Abl1 as a Parkinson’s disease therapeutic
led to a recognition of it as a crucial target for Alzheimer’s disease and ALS. Most of the studies
into the role of Abll in ALS focused on the function of this target in motor neurons, hence
little is known about Abl1 expression in glial cells. Given the non-cell autonomous nature of

ALS, exploration of Abl1 dynamics in astrocytes is crucial.

Nilotinib is a second-generation tyrosine kinase inhibitor used in chronic myelogenous
leukaemia (CML) to target the constitutively active BCR-Abl complex that is a result of the
Philadelphia chromosome (Ray et al., 2007). Since its FDA approval in 2008, nilotinib has
attracted the attention of neurodegeneration researchers who unveiled Abl1 overexpression
in diseases such as PD or AD. Importantly, although Abll has already been described in the
literature as a possible target for ALS (Imamura et al., 2017; Rojas et al., 2015), BenevolentAl’s
Precede system validates the importance of this target in ALS. Albeit these results cannot be

considered novel, they nevertheless confirm that Al can serve as a useful tool for drug
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discovery and repurposing in neurodegeneration, as the most promising targets are

highlighted for further study based on ongoing development in the literature.

Although utilised in chemotherapies and having a cytostatic effect on cancer cells (Liu et al.,
2011; Trojani et al., 2019), no statistical difference in iAstrocyte cell numbers were observed
between nilotinib and DMSO vehicle-treated cohorts. Consistently with these results, an LDH
assay demonstrated 1 uM nilotinib to be non-toxic and staining for Ki67 nuclear foci indicated
no changes in iAstrocyte proliferation rate upon nilotinib treatment. Therefore, this part of
the study demonstrated that nilotinib could be safely administered to CNS cells, as no
cytotoxicity or cytostaticity is to be expected. Moreover, previous reports have shown 1 uM
nilotinib as capable of increasing the survival of ALS patient iPSC-derived motor neurons in a
monoculture (Imamura et al., 2017), although no specific neuroprotective mechanism was

identified.

In our ALS model, nilotinib treatment had no effect on iAstrocyte cellular morphology, thus
suggesting that the motor neuron rescue observed after nilotinib treatment in the co-culture
system does not result from any cytoskeletal remodelling on the iAstrocyte level. These
results were further validated when a morphology of iAstrocytes whose levels of Abll were
knocked down. Here, although the same number of cells was plated at day 0, Abl1 shRNA-
treated cells displayed higher numbers than the RFP controls, as reflected by the cell number
at both day 1 and day 3 post plating in the assay plate. One possible explanation is that
iAstrocytes treated with Abl1-shRNA might have attached to the culture dish more efficiently
than RFP controls. Indeed, LINCS describes perturbations in several different adhesion
molecules across multiple cell lines after treatment with nilotinib, backing up evidence from
the literature (Khatri et al., 2016). However, it needs to be pointed out that cell numbers
dropped from day 1 to day 3 of the screening at the same rate of the RFP-treated cells. A
possible explanation for this decrease in cell number is the overexpression of RFP. Forced
expression of a foreign protein in high amounts, in fact, is likely to have toxic effects. To test
this, cells can be treated with a titration of sShRNA-Abl1 with and without RFP, with an empty

viral vector, or with a vector containing a scrambled sequence.
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An aspect of disease modelling unaddressed by this experiment is the difference in a mode of
target modulation. Knockdown experiments stop target protein synthesis, whereas using
compounds causes target deactivation by inhibiting its phosphorylation. Therefore, no direct
parallels can be drawn between Abll knockdown experiments and nilotinib treatment.
Moreover, nilotinib targets several other kinases, as illustrated in table 4.1, and it is therefore
not unlikely that the beneficial nilotinib effect we observe in our cell model is a result of

inhibition of several kinases.

Even though others have described nilotinib-mediated improvement in glial and
mitochondrial function in mice expressing human wild-type TDP-43 (Heyburn et al., 2016), no
robust report exists describing the ability of nilotinib to attenuate TDP-43 proteinopathy in
ALS patient cells. In this study, nilotinib treatment had no effect on the nuclear localisation of
TDP-43 and the numbers of pTDP-43 inclusions in the cytoplasm. However, it led to a modest
decrease in TDP-35 C-terminal fragments in sALS iAstrocytes. The mechanisms behind this
finding remain unclear, although the lack of improvement in TDP-43 fragmentation in C9orf72
patients indicates a genotype-specific effect. It is likely that nilotinib is a mild autophagy
activator leading to reduction of proteinopathy in systems where autophagy is not impaired,

though this hypothesis would require further investigation.

Despite previous reports describing nilotinib as an autophagy activator (Hebron et al., 2013;
Shaker et al., 2013), autophagy assays conducted in HEK293 cells in this project failed to
replicate this data. No significant increase in LC3-Il or decrease in LC3-1 or p62 levels were
observed after nilotinib treatment at either 6h or 8h. The leading study which identified
nilotinib as an autophagy activator in PD has not shown a decrease in LC3-l and a simultaneous
increase in LC3-Il. Instead, an increase in ubiquitin-like protein ATG12 (Atgl2) and B-cell
lymphoma 2 (Bcl-2) were reported (Yu et al.,, 2013). Moreover, others have previously
measured autophagy induction in cells treated with nilotinib after much longer time periods,
suggesting that neither 6h nor 8h treatment tested in this study was enough to observe an
autophagic flux. On the other hand, it is not unlikely that nilotinib acts as an autophagy

activator only in cells over-expressing constitutively active Abll, as most other studies

182



describing Abl1 inhibition as beneficial for autophagy function investigated these dynamics in
the context of overexpression (Karim et al., 2020). To our knowledge, HEK293 cells carry no
defect in Abl1 expression, hence no autophagy modulation would have been observed in our
immunoblotting analysis upon nilotinib treatment. However, this element of nilotinib’s
mechanism of action makes it somewhat less attractive for repurposing in patients which do
not harbour Abl1 overexpression. Although we have observed a significant upregulation of
Abll in ALS iAstrocytes when compared to controls, the increased levels are unlikely to
translate into the constitutive activation reported in BCR-ABL models. Other Abl1 inhibitors,
such as bosutinib, have been previously described as activators of autophagy in SOD1 ALS
motor neurons, indicating that targeting Abll might be a valid strategy for modulation of
autophagy dysfunction in ALS (Imamura et al., 2017). In this project, | have not interrogated
the autophagy function status of SOD1 patient iAstrocytes, but this would constitute a useful
strategy for further delineation of nilotinib’s mode of action, to see if results obtained in our
model of ALS iAstrocytes correlate with previously described data obtained from iPSC-derived

SOD1 patient motor neurons (Imamura et al., 2017).

Although no difference in mitochondrial numbers was observed in nilotinib-treated cells, the
TMRM staining intensity, which acts as a readout of a baseline MMP (Sakamuru et al., 2016),
was decreased in control and sALS and increased in C9orf72 iAstrocytes after nilotinib
administration. These changes could be indicative of a shift in ATP production, and therefore
the mitochondrial function in general. Usually, loss of TMRM intensity is observed when
mitochondria are depolarised and the MMP collapses (Joshi & Bakowska, 2011). In an absence
of pDRP-ser616 pathology in sALS_009, and therefore no significant or pathological levels of
mitochondrial fission occurring, the decrease in MMP could be attributed to a correction a
hypermetabolic profile often exhibited by ALS patients (Steyn et al., 2018). On the other hand,
C9_183 showed an increase in MMP after nilotinib administration, which could be indicative
of an increase in ATP production. C9_183 carried a mild pDRP-ser616 upregulation that
nilotinib had no effect on. Since fission-fusion balance is a dynamic process and
phosphorylation of DRP1 at ser-616 could not be occurring at the same time as mitochondrial
fusion, the increase in MMP could be attributed to animprovement in mitochondrial function.

However, nilotinib’s effect on fusion dynamics has not been studied in this work but could
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constitute a line of investigation to understand the role of nilotinib in mitochondrial health.

This could prove particularly useful in lines exhibiting high levels of fission, such as C9_201.

Due to its primary focus on astrocytes as drivers of toxicity in ALS, this project did not explore
the effect of nilotinib on neuronal cells. The advantage of such an approach is the expansion
of our current understanding of nilotinib’s mode of action in ALS, as all reports published to
date which investigated Abll inhibitors in ALS focused on motor neurons only. One of the
main aspects of Abl1 activation is its phosphorylation status and, therefore, modulators of
Abll are expected to change the levels of phosphorylated protein. Abll is capable of
autophosphorylation at Tyr412. The pan-Tyr pAbl1 ELISA kit used in this study did not allow
for a separation of this specific phosphorylation site to measure the autophosphorylation
dynamics of Abl1 following the treatment with nilotinib. Moreover, | attempted to optimise
a Tyr412-specific ELISA kit, however | was unable to detect a positive signal in iAstrocytes
samples above the assay threshold level. Regardless of the assay limitations in iAstrocytes,
the use of K562 cells convincingly confirmed that nilotinib can successfully inhibit Abll
phosphorylation. Indeed, other members of the team have developed a target engagement
assay confirming these conclusions. To our knowledge, one report exists of measuring pAbl1l
and Abl1l levels in astrocytes derived from SOD1'44FVX patient iPSCs. No difference was
detected between pAbl1l levels in these astrocytes or their isogenic control counterparts and

neither did treatment with bosutinib affect them (Imamura et al., 2017).

Interestingly, recent data from our lab suggests that nilotinib exerts neuroprotection directly
on motor neurons and not via astrocytes. This data, obtained by Dr Sophie Nyberg, shows
that motor neurons treated with fresh media containing nilotinib show increased survival.
This effect was not observed in motor neurons in co-culture with iAstrocytes pre-treated with
nilotinib, but where the drug has been washed out of the culture prior to the addition of
motor neurons. This would account for the positive performance of nilotinib in the co-culture
screening conducted by Dr Matthew Stopford, since the drug is not removed from culture
plate when motor neurons are seeded onto it. It is also in agreement with previously

published reports, where modulation of Abl1 activity in iPSC-derived SOD1, C9orf72, TDP-43
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and sALS motor neurons using bosutinib has resulted in increased motor neuronal survival
(Imamura et al., 2017). However, the preliminary data of co-cultures of Hb9-GFP motor
neurons and shAbll-iAstrocytes indicates that knockdown of Abl1l expression in astrocytes
might also exert neuroprotection on motor neurons. Indeed, recent reports have described
Abl1 inhibition as capable of decreasing the chronic glial inflammation (Song et al., 2019),
which can in turn result in neuroprotection. Similarly, a small clinical trial in PD patients has
shown a significant decrease in phosphorylated neurofilament-heavy chain levels in the CSF
after nilotinib administration (Pagan et al., 2019), which indicates neuroprotection and could
also help explain this effect. However, further studies into nilotinib’s ability to attenuate glial

activation in ALS need to be performed.
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5 Discussion

ALS is a complex neurodegenerative disorder, where a characteristic loss of upper and lower
motor neurons leads to muscle weakness with subsequently muscle wasting, paralysis and
death. ALS lacks effective pharmacological treatments and the only drugs currently available
on the market extend patients’ life expectancy by a very modest margin (Katyal &

Govindarajan, 2017), making development of new ALS therapeutics a pressing need.

An estimated 10% of all ALS cases have family history of the disease, whereas the remaining
90% are termed sporadic. Several genetic mutations and mechanisms have been identified as
playing a vital role in ALS pathogenesis (Ferraiuolo et al., 2011; Brown & Al-Chalabi, 2017).
Though genetically and clinically heterogeneous, one factor appears to link 97% of all ALS
patients, namely the presence of TDP-43 cytoplasmic aggregates combined with nuclear loss
of TDP-43 expression. This feature, collectively named TDP-43 proteinopathy for its presence
in several nervous system diseases, including Alzheimer’s disease (Gu et al., 2017; Wilson et
al., 2011), Niemann-Pick disease type C (Dardis et al., 2016), Parkinson’s disease (Nakashima-
Yasuda et al., 2007) and in elderly populations suffering from cognitive impairment (Deerlin
et al., 2008; Nelson et al., 2019), is observed in multiple genetic subtypes of ALS, with a
notable exception of SOD1 (Penndorf et al., 2017) and FUS (Farrawell et al., 2010). TDP-43
cytoplasmic inclusions have been shown to be toxic to motor neurons in ALS (Barmada et al.,
2010), yet the precise mechanism of TDP-43 mislocalisation and accumulation remains

unsolved, making the proteinopathy an important therapeutic target.

Since the intricacies and the interplay between the different pathogenic mechanisms of ALS
are not fully understood, any progress in identifying novel drug targets or treatments offer
opportunities for further progress. For that purpose, in vitro cell systems such as iNPCs, which
can reliably model the pathophysiology ALS, can help unveil mechanisms of action of new
compounds. Alongside their ability to model the non-cell autonomous aspects of ALS, our
group has recently demonstrated their retention of an ageing phenotype (Gatto et al., 2021),
which is important when studying diseases where age is a risk factor, such as ALS. Another
approach of modelling ageing includes keeping iPCS-differentiated cells in culture for a longer
period of time, a technique called in vitro ageing (Birger et al., 2019). Such approaches unveil

disease phenotypes which are otherwise silent and remain uncharacterised, as ageing
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phenotype in newly-differentiated cells is not appreciated. Cells exhibiting an ageing
phenotype are transcriptionally much closer to most-mortem cells than their non-aged
counterparts (Gatto et al., 2021), which translates into experimental readouts that represent
the disease environment in a patient much closer. From a drug discovery and drug
repurposing point of view, an appropriate model must be selected in order to gain a full
insight into the precise function of a drug in a given disease scenario. Validating drugs and
their mechanisms of action in target overexpressing or constitutively active systems do not
reproduce the physiological scenario. To that end, iNPCs serve as a useful model, as they
recapitulate many aspects of ALS pathology. Therefore, iNPCs provide a reliable platform for

drug screenings and subsequent investigations of a drug's mechanism of action.

This project brings together Al technology and discovery of novel ALS therapeutics with the
aim to understand the mode of action of gefitinib and nilotinib. Al algorithms are capable of
scanning the entirety of published literature and publicly available data in order to build
connections between a disease and a target which could play a role in the disease process. A
knowledge graph built in such a way led to a discovery of Abl1 as a target of interest in this
project. As described in section 3.2.5, Abl1 has previously been investigated as a target for
ALS, however, its role in the disease needs to be elucidated further. The two Abl1-targeting
compounds investigated in this work led to improvements of several aspects of ALS
pathology, however, with little overlap, suggesting that Abll is not the sole crucial target via
which both compounds exert their function. Nevertheless, the preliminary data in this project
suggests that Abll knockdown in iAstrocytes could improve the survival of motor neurons. In
a co-culture of wild-type motor neurons and C9orf72 iAstrocytes expressing different levels
of Abl1 knockdown, we have observed an increase in motor neuronal rescue when Abl1 was
downregulated by approximately 80% compared to untreated cells. These neuroprotective
effects were comparable to gefitinib and nilotinib treatments, supporting the idea that Abll

remains an important target for ALS.

Optimal performance of an Al-identified compound in an in vitro system helps select a
candidate compound for further stages of optimisation. However, one caveat not addressed
in such models is the BBB permeability of a given compound. Gefitinib does cross the BBB,
however it is a substrate for both p-glycoprotein (PGP) and breast cancer resistant protein

(BCRP) transporters and consequently gets constantly expelled from the CNS (Kitazaki et al.,
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2005). On the other hand, nilotinib has been demonstrated to possess a moderate ability to
penetrate the BBB (Karuppagounder et al., 2014). Compared to other BCR-Abl tyrosine kinase
inhibitors, its BBB permeability was inferior only to bosutinib (Imamura et al., 2017). However,
nilotinib has significantly underperformed in the Parkinson’s disease clinical trials, despite
initial results suggesting that its leads to a significant increase in dopamine metabolite levels
and a decrease in a-synuclein oligomers and phosphorylated tau in the CSF (Pagan et al.,
2019). Although no side effects were observed, patients’ motor and cognitive functions did
not improve, compared to the placebo group (Pagan et al., 2020). Moreover, another trial
observed a similar lack of beneficial neurological improvement in patients, alongside a lack of
dopamine metabolite biomarkers in the CSF (Simuni et al., 2020). Indeed, CSF concentration
of nilotinib represented only 0.3% of the levels found in the plasma, significantly lower than
the CSF concentration necessary to inhibit Abl1 (Simuni et al., 2020). To increase the CNS
penetrance of a compound, Al technologies allow for a deep analysis of the compound
structure to increase its polypharmacological profile and, amongst other desired properties.
Therefore, although this project did not include an in vivo investigation into either of the
drugs, the wider collaboration included an extensive chemistry programme leading to greatly
improved brain exposure to the drugs at concentrations necessary for them to engage with

their targets.

Gefitinib and nilotinib were identified by the Al platform as potentially neuroprotective
compounds through targeting of EGFR and Abl1 respectively. Interestingly, at least in our
model of human astrocytes, the neuroprotection achieved by gefitinib is unlikely to be linked
to EGFR inhibition. This does not exclude a role for EGFR inhibition in motor neurons or other
cell types. The failure in confirming gefitinib’s primary target as responsible for the
neuroprotective effect observed in vitro led us to interrogate the other kinases targeted by
gefitinib, thus resulting in the identification of ABL1, which was supported by additional Al
discovery-driven data, as well as further drug screening and, eventually, the literature
(Imamura et al., 2017). Although the two compounds share this target, their mechanisms of
action seem to be widely different. Gefitinib treatment reduced Abll expression at both
transcript and protein levels, whereas nilotinib targeted Abll phosphorylation. This suggests
that gefitinib targets ABL1 transcription in the first place. Nilotinib, on the other hand, affects

Abll post-translational modifications only. Since increased Abll phosphorylation was
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previously observed in wild type motor neurons treated with ALS astrocyte conditioned
medium (Rojas et al., 2015), understanding pAbll dynamics in ALS glia is important in order
to understand the possible pathways needing amelioration to rescue motor neuronal survival.
Abl1 is activated by a variety of stimuli, including oxidative stress, inflammation, and DNA
damage (Rojas et al., 2015). Having observed elevated levels of Abl1 at baseline in ALS patient
iAstrocytes, one could argue that gefitinib’s activity on Abl1 transcription might be more
beneficial. However, more work needs to be conducted on the Abll role in ALS astrocytes
before and after drug treatment to fully understand how Abl1 binding partners, upstream
events (such as ROS generation; Rojas et al., 2015) and downstream effectors (such as CrkL

and Crk; Birger et al., 2009) are affected.

Gefitinib’s ability to induce autophagy in cancer cell lines is beneficial, as it helps drive tumour
cell death (Hsiao et al., 2018; Yang et al., 2019). Evidence also points towards autophagy being
crucial for clearance of TDP-43 fragments as well as other pathogenic protein aggregates
(Berger et al., 2006; Cascella et al., 2017; Cicardi et al., 2018; Crippa et al., 2013). However,
achieving autophagy activation pharmacologically may not necessarily result in an improved
disease phenotype, as observed previously, for example, with antihypertensive drug
rilmenidine (Perera et al., 2018). Other conflicting reports describe beneficial effects on the
disease onset and survival of SOD1%°3A mice after pharmacological autophagy activation using
trehalose (Castillo et al., 2013), whilst others described the same drug’s usefulness in slowing
disease progression, but not extending survival (Li et al., 2015). Moreover, previous reports
using conditional knockout of the gene encoding the ubiquitin-activating enzyme E1-like
protein ATG7 (Atg7) in motor neurons of SOD1%%3* mice to inhibit autophagy, showed that
autophagy inhibition might prolong survival of diseased mice, but at a cost of faster onset
(Rudnick et al., 2017). Although motor neuronal numbers were unaffected by autophagy
inhibition, their size and synaptic function decreased and their eventual death was not
prevented (Rudnick et al., 2017). This study suggests that autophagy activation or inhibition
themselves are not straightforward and viable therapy options in and of themselves, and the

strength or timing of activation requires further study.

Nilotinib, on the other hand, has many important binding partners in the family of
mitochondrial proteins, including DRP1 and parkin, and has been linked previously to

improved mitophagy function (Rojas et al., 2015). Although we have not observed an increase

189



in an autophagic flux with nilotinib and did not have time to pursue its ability to induce
mitophagy, it did have a beneficial effect on mitochondrial numbers following a challenge
with CCCP, suggesting that it could exert neuroprotection via an improvement to
mitochondrial functions. Autophagy and mitophagy pathways converge at multiple points
(Ding & Yin, 2012). It would therefore be worthwhile to investigate if gefitinib had any effect
on mitophagy, too. Although no decrease in mitochondrial numbers was observed after
gefitinib administration, the analysis pipeline used to evaluate TMRM staining images could
also take into account mitochondrial size and shape. Rounding and shortening of
mitochondria is indicative of mitochondrial uncoupling and damage (Miyazono et al., 2018),
therefore an insight into the compound’s ability to clear defective mitochondria would be of

therapeutic importance.

These differential mechanisms of the two compounds would help explain why gefitinib led to
a consistent reduction in TDP-43 fragmentation, whereas nilotinib had the same effect on just
two iAstrocyte lines. However, it remains to be fully explained why this reduction is being
observed, since | did not manage to demonstrate a significant increase in autophagy
activation in ALS iAstrocyte lines upon gefitinib treatment and nilotinib does not appear to
activate autophagy in our assay. Importantly, however, autophagy is a dynamic process which
is challenging to replicate in vitro, especially in diseased cells. Assay negative controls often
result in toxicity, such as observed in this and other reports with bafilomycin Al (Xie et al.,
2014; Yuan et al., 2015), and inhibitors targeting different stages of the autophagy cascade,
such as the very initiation of it, would likely also have a detrimental effect on the cell. Putting
cells under extra stress in such assays is also likely to alter several other pathways, therefore

making the final assay readout challenging to interpret.

In this project, we tested the hypothesis that the decrease in fragmentation might be a result
of a decreased rate of TDP-43 cleavage. The proximity ligation assay we have selected as a
tool to help us visualise that yielded results suggesting that gefitinib does not have an effect
on the rate of TDP-43 cleavage by caspase-3. In the future, therefore, alternative hypotheses
could be tested, such as the possibility that TDP-43 is retained in the nucleus and, therefore,
is less exposed to cleavage, mechanisms that could be mediated by nuclear export

transporters.
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Although the exact mechanism via which gefitinib does lead to motor neuronal rescue in co-
culture remains to be fully elucidated, findings of this project supplemented with other recent
reports can help shed light on the usefulness of this drug in ALS. For example, TDP-43
mislocalisation and motor neuronal death and the neuromuscular junction health of TDP-
43M337V mjce, has been shown to improve upon overexpression of Oxrl (Williamson et al.,
2019a), a phosphorylation of which at serine-204 can be targeted by gefitinib (Moritz et al.,
2011). Oxrl expression levels have not been measured in our model following gefitinib
administration, but it would be a worthwhile strategy in order to build a picture of gefitinib’s
role in neuroprotection. Conversely, nilotinib and its sister compounds have previously been
shown to improve the survival of iPSC-derived ALS motor neurons (Imamura et al., 2017). To
that extent, this study confirmed the usefulness of Abll inhibitors as potential ALS
therapeutics. However, the precise mechanism behind these findings needs to be
investigated further. Both gefitinib and nilotinib target Abl1l and it appears that similarities
between these two compounds in terms of the mechanisms of action in ALS astrocytes end
there. Due to time constraints of this project and the primary focus of this project on ALS glia,
the effect of the two compounds on neurons remains unexplored in this work. The present
thesis focuses primarily on glia, as the aim was to investigate the mechanisms leading to
neuroprotection in an assay where only the astrocytes were derived from patients. There is,
however, a possibility that these compounds act by protecting the motor neurons from the
insult inflicted by the astrocytes through mechanisms such as autophagy, mitophagy,
oxidative stress response or mitigation of excitotoxicity. Work is currently being conducted
by myself and Dr Nora Markus to unveil the precise effect of the both drugs, but especially

nilotinib, on motor neuronal health and survival.

An important caveat of using gefitinib and nilotinib as new therapeutics for ALS is a host of
significant side effects they cause in cancer patients. Here, as mentioned before, Al systems
can be deployed to model a novel molecule based on a scaffold of the primary molecule of
interest to fit the new target or identify molecules for drug repurposing which are known to

engage the target of choice.

In conclusion, this study provides an important contribution to the field of drug discovery and
repurposing by characterising the effect of two widely used cancer compounds on hallmarks

of ALS in a pathophysiologically relevant model of the disease. The ability of iAstrocytes to
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mimic the TDP-43 pathology observed in patient post-mortem tissue helped us uncover the
consistent improvement in TDP-43 fragmentation in gefitinib-treated cells. To our knowledge,
this is a first study to present an Abll pathology in ALS patient-derived astrocytes across
C90rf72 and sALS patients, as the only previous report presented findings from a single SOD1

patient iPSC-derived astrocyte line.

The hypothesis behind this project was that Al can identify drugs targeting disease-relevant
pathways in ALS. To that end, | have demonstrated that gefitinib affects TDP-43 proteinopathy
in ALS iAstrocytes, whereas nilotinib might improve mitochondrial health. Even though the
precise mechanisms and cascade of events behind these findings remain unknown, this work

confirms that Al can be used as a drug discovery and repurposing tool in ALS.
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