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Abstract

Amyotrophic Lateral Sclerosis (ALS) is a fatal adult-onset neurodegenerative
disease. Mutations of the COORF72 and SOD1 genes are the commonest
causative genes of ALS. Riluzole and recently, edaravone, are the modest
approved ALS treatment. This identifies an urgent need for effective disease
modulation, mainly to block the earliest pathophysiological events. Zebrafish
characteristics that are suited for high-throughput analysis, creating an ideal in
vivo model that could bridge high-throughput drug screens to advanced pre-
clinical and clinical trials.

The mutant sod1G93Ros10 model, and the C9orf72 (C9) sense (G4C2)45 and
anti-sense (C4G2)39 hexanucleotide expansion transgenic zebrafish models
were utilised to perform this work. These ALS in vivo models demonstrated
early neuronal pathology in the form of activation of cellular stress that was
measured using an hsp70::DsRed transgene (fluorescent stress readout). The
sod1G93Ros10 zebrafish shows ALS pathophysiological phenotypes, i.e.
motor neuron loss, neuromuscular defects, swimming endurance reduction,
muscle atrophy, and premature death, while the C9 zebrafish, in addition,
shows RNA foci and dipeptide repeat protein (DPR) proteinopathy.

Based on the fluorescence readout, a high-throughput drug screen of 4494 of
an ion channel modulator compound library designed by LifeArc was
performed. Utilising high-throughput liquid handling and imaging systems
identified novel compounds with drug-like dose-response profiles. The screen
revealed one novel compound MRTO00201527 that showed efficacy in
reducing neuronal stress in the sod1G93R zebrafish model and also a
reduction of DPR expression levels in the C9 transgenic zebrafish model of
ALS.

In conclusion, the sodl and C9 zebrafish models have robust disease
phenotypes which facilitated a novel in vivo high-throughput LifeArc ion
channel screen based on hsp70::DsRed. It identified novel DPR modulating
compounds. This sheds light on the potential of ion channel modulating
therapy in ALS drug discovery and the potential impact of high-throughput
drug screening in ALS zebrafish models for rapidly identifying pre-clinical lead.
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CHAPTER 1

1- Introduction

1.1 Amyotrophic lateral sclerosis (ALS)

ALS is a motor neuron disease with spinal motor and bulbar symptoms
associated with dysphagia, dyspnea, cognitive impairment, abnormal
behaviour, muscular weakness and atrophy (Hardiman et al., 2017; Merrilees
et al., 2010). It is a fatal neurodegenerative disease in which the survival is, on
average, 3-5 years from the onset of symptoms. ALS is observed as a
progressive degeneration of the corticospinal tract and the loss of upper and
lower motor neurons, which leads to progressive muscle atrophy, paralysis,
and consequently death from respiratory failure (Kiernan et al., 2011). Men
have a higher incidence rate (3.0) than women (2.4) per 100,000 European

people (Logroscino et al., 2010).

As a result of devasting motor neuron degeneration, and poor understanding
of the cellular pathophysiological mechanisms of ALS, no effective ALS
therapy exists and riluzole treatment only modestly prolongs survival by 3-4
months. Riluzole is known to act on reducing excitotoxicity (Bensimon, 1994),
but its exact cellular mechanism is still unknown. Recently, edaravone an anti-
oxidant drug was approved for ALS and is thought to act by the modulation of
oxidative stress (Rothstein, 2017). This demonstrates that more
understanding of the cellular and molecular pathophysiology is required in

drug discovery for ALS.

1-2 Genetics of ALS

Sporadic amyotrophic lateral sclerosis (SALS) accounts for 90-95% of all
cases, and familial amyotrophic lateral sclerosis (fALS) accounts for the
remaining 5-10% (Al-Chalabi et al.,, 2012). Numerous genes have been
identified and linked to ALS pathogenesis such as superoxide dismutase 1
(SOD1), Chromosome 9 open reading frame 72 (C9ORF72), Transactivating
response element DNA binding protein-43 (TDP-43), Fused in Sarcoma
(FUS), Optineurin (OPTN), Sequestosome-1 (SQSTM-1 or p62) and many



others (for review see (Al-Chalabi et al., 2012; Peters et al., 2015)). While
fALS cases are inherited, some mutations have also been identified in
sporadic ALS patients. In addition to the main causal genes identified in ALS
patients with fALS, other rare genes and modifiers of ALS have been
identified. Table (1-1) shows a list of genetic mutations and modifiers
identified in ALS. This list is not exhaustive, and more are being identified.
However, the key aspect of these findings is that most of the identified
mutations are very rare, and only a couple of cases exist for some of the
mutations identified. Thus, ALS is a complex disease with multiple causes
and may be more accurately described as a polygenetic disease with

important environmental factors impacting on the manifestation of the disease.



Table 1-1: Mutated and modifier genes identified in ALS. Adapted from (Al-Chalabi et al., 2012; Mathis et al., 2019; Peters
et al., 2015; Taylor et al., 2016).

ALS Genes locus Encoded proteins ~ Functions fALS% SALS% References

inheritance

mode

AD SOD1(Superoxid 21022.11 SOD1 protein Antioxidant enzyme 20-25% 2% (Rosen et al.,

e dismutase) 1993)

AR(rare)

AD C90RF72 9g21.2 C90RF72 Regulation of RNA 40-50% 6-10% (DeJesus-
transcription, pre-mRNA Hernandez et al.,
splicing, and membrane 2011; Renton et
traffic via Rab GTPase al., 2011)
family

AD TDP-43 1p36.22 TDP-43 protein RNA metabolism 4-5% <1% (Kabashi et al.,
(TARDBP(TAR 2009; Neumann et
DNA-binding al., 2006;
protein 43) Sreedharan et al.,

2008)
FUS/TLS (Fused 16pl1.2 FUS protein RNA metabolism 4-5% <1% (Kwiatkowski,

AD in sarcoma/ 2009; Vance et al.,
translated in 2009)
liposarcoma)

AD OPTN 10p15-p14 Optineurin Autophagy & regulator of 2-4% <1% (Maruyama et al.,

NF-kB signalling 2010)




Modifier ATXN2 12924 Ataxin-2 RNA translation & 1-2% (Elden et al., 2010)
gene endocytosis
AD VCP 9p13.3 Valosin- Degradation of the protein ~ 1-2% <1% (Johnson et al.,
containing protein & membrane fusion 2010)
AD CHMP2B 3pll.2 CHMP2B Vesicle trafficking <1% (Parkinson et al.,
2006)
AD TUBA4A 2qg35 Tubulin a4A Major proteins in <1% <1% (Smith et al., 2014)
microtubules
AD hnRNPA1 12g13.1 hnRNPA1 RNA metabolism <1 <1% (Liu et al., 2016a)
AD VAPB 20913.33 VAPB Regulation of vesicle <1 (Nishimura et al.,
transport 2004)
AD SQSTM1 5035.3 SQSTML1 or p62 Autophagy, immunity <1 (Teyssou et al.,
(sequestosome- or function, regulation of NF- 2013)
1) kB signalling pathway, &
UPS
AD DCTN1 2P13.1 Dynactin Axonal transport <1 <1% (Puls et al., 2003)
X-linked UBQLN2 2 Xpll.21 Ubiquilin-2 UPS <1 <1% (Deng et al., 2011)

(XL)




AD

AD

AD

Modifier
gene

Modifier
gene

CHCHD10

TBK1

MATR3

KIFAP3

SMN

22q11.23

12q14.1

5031.2

1q24.2

5913

Coiled-coil-helix-
coiled-coil-helix
domain
containing 10

TANK-binding
kinase 1

Matrin 3

Kinesin
associated
protein-3

Germinl

Mitochondrial protein may  <1%
play role in oxidative
phosphorylation

Autophagy and

inflammation regulator

RNA metabolism <1%

Axonal transport

Biogenesis regulator of
SNRNPs

<1%

<1%

(Bannwarth et al.,
2014)

(Freischmidt et al.,
2015)

(Johnson et al.,
2014)

(Landers et al.,
2009)

(review (Peters et
al., 2015)

AD: autosomal dominant, AR: autosomal recessive, UPS: ubiquitin-proteasome system, CHMP2B: charged multivesicular body protein 2B; hnRNPAL: heterogeneous nuclear
ribonucleoprotein Al, VAPB: vesicle-associated membrane protein B, snRNPs: small nuclear ribonucleoprotein



Detailed below are some of the most well studied common genes involved in
ALS.

1-2-1- Superoxide dismutasel (SOD1)

The superoxide dismutase 1 (SOD1) gene was the first causative gene of
ALS identified. SOD1 mutation was identified and found at chromosome
position 21922.1 in 1993 (Rosen et al., 1993). SOD1 is a Cu/Zn containing
anti-oxidant enzyme and is located in the cytoplasm, nucleus, and
intermembrane space of the mitochondria. It is a homodimer protein of 153
amino acids with copper and zinc metal-binding sites. It plays the catalytic
role of detoxifying superoxide (O/radical species) by converting it into

hydrogen peroxide (H,0O,) and oxygen (O,) (Valentine and Hart, 2003)

1-2-1-1 SOD1 mutations

More than 180 mutations of the SOD1 gene have been identified and cause
approximately 25% of fALS and 2% of SALS and fALS together (Al-Chalabi et
al., 2012). Mutations span all over the protein sequence, and most are
inherited in a dominant fashion. However, some mutations exhibit recessive
inheritance, e.g. asparagine to serine at codon 86 (N86S) (Hayward et al.,
1998). The most commonly found mutations are A4V, D90A, and G93A. The
mutation at position 93 (glycine to alanine; G93A) is the most investigated
mutation and the mutation at position 4 (alanine to valine; A4V) is the common
mutation in USA population, while the mutation at position 90 (aspartic acid to
alanine; D90A), was the first discovered mutation in the SOD1 gene (for
review see (Pansarasa et al., 2018)). These mutations result in ALS
regardless of whether the protein has or lacks SOD1 enzyme activity (Turner
and Talbot, 2008). For example, the G37R mutation at residue 37 of the
SODL1 peptide sequence has been shown to cause vacuolation of dendrites,
axons, and perikarya with widespread mitochondrial defects and ALS
phenotype with elevated SOD1 activity (Wong et al.,, 1995). Other SOD1
mutations that show no change or loss of the enzyme activity such as
SOD1G93A and G85R also cause ALS and show aggregation of mutant
SOD1 (Deng et al., 2006; Gurney et al., 1994; Matsumoto et al., 2005). As
both loss of activity and gain of activity lead to ALS pathology, it seems likely
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that a dominant gain of function mechanism leads to the toxicity seen with
SOD1 mutations. However, a recent report suggests that it could be a
combination of a loss of function and gain of toxicity that co-operatively
causes ALS pathology (Saccon et al., 2013) through oxidative stress and
misfolded SOD1 protein.

1-2-1-2 Cellular toxicity of SOD1 mutations

SOD1 mutations affect a variety of cellular toxicity pathways such as oxidative
stress, where reactive oxygen species (ROS) could cause toxicity (Mattiazzi et
al., 2002), protein aggregation (Matsumoto et al., 2005), mitochondrial defects
(Cacabelos et al., 2016), mitochondria-endoplasmic reticulum (ER) associated
membrane defects (Giovanni Manfredi and Hibiki Kawamata, 2016), axonal
defects (Kaur et al., 2016) and others. It was recently shown that the elevation
of ROS induced stress allowed the re-localisation of SODL1 into the nucleus
and induced transcription of anti-oxidant genes to protect from DNA damage
in yeast (Tsang et al., 2014). Such a transcriptional role in ALS has not been
well studied, and it is still unknown whether the different SOD1 mutations

affect this nuclear function.

1-2-1-3 Therapeutic approaches specific to SOD1

The cellular pathogenesis of SOD1 mutations in ALS has been targeted by
performing preclinical testing of potential future therapies utilising antisense
knockdown. Therapies that have been successfully tested in the SOD1G93A
mouse model include antisense oligonucleotides (ASO) and small interference
RNA (siRNA) to reduce mutant SOD1 expression (Smith et al., 2006; van
Zundert and Brown, 2017). Another study that utilised intracerebroventricular
and intravenous injection of adeno-associated virus AAV10-U7-hSOD1 in the
SOD1G93A mouse showed weight gain, delay of the disease onset and
progression, extended lifespan and maintained innervation of the

neuromuscular junction (Biferi et al., 2017).

A small molecule drug treatment targeted to reduce misfolded SOD1 involves
stabilisation of mutant SOD1 and reduced oxidative stress using metal
compounds that can metallate mutant SOD1. Metal complex therapeutic



agents such as Copper(ll) diacetyl-di(N4-methylthiosemicarbazone) or copper
ATSM have been tested with good results (Hilton et al., 2017). These agents
improved locomotor function and lifespan in the SOD1G37R mouse model
and increased SOD1 enzyme activity in the spinal cord of the SOD1G93A
treated mice (Hilton et al.,, 2017; McAllum et al., 2015). Despite this, the
genetic reduction of SOD1 expression in transgenic SOD1 mouse models has
shown the most dramatic effect on enhancing survival (Ralph et al., 2005) and
has now developed in to a clinical trial after initial safety testing showed no

adverse reactions (Miller et al., 2013).

1-2-2- Hexanucleotide GGGGCC (G4C2) repeat expansion in C9orf72

A non-coding hexanucleotide GGGGCC (G4C2) repeat expansion in the
chromosome 9 open reading frame 72 (C9orf72) gene has been identified as
the most common genetic factor causing ALS. It accounts for 40% of fALS
cases and 6% of SALS (DeJesus-Hernandez et al., 2011; Renton et al., 2012).
C9orf72 is also has been identified as a pleiotropic gene as it is also linked to
Alzheimer’s disease, corticobasal degeneration, schizophrenia, frontotemporal
dementia (FTD), and bipolar disorder (Cooper-Knock et al., 2014). How the
expansion causes or increases the risk for this diverse variety of diseases is

still unclear.

1-2-2-1 Hypotheses of C9orf72 toxicity

The hypotheses of how C9orf72 repeat expansions cause toxicity includes
three cellular mechanisms. Firstly, haploinsufficiency of C9orf72 gene
expression is suggested to cause cellular toxicity in ALS patients due to
methylation of the C9orf72 locus and reduced C9orf72 transcription (Dedeene
et al., 2019; Saberi et al., 2018).

The second hypothesis of C9 toxicity is the formation of RNA foci due to the
guanine and cytosine (GC) nucleotide rich hexanucleotide repeat expansion
(HRE). This leads to an accumulation of RNA foci comprised of the repeat
RNA in the nucleus and cytoplasm with sequestration of RNA binding proteins
(DeJesus-Hernandez et al.,, 2011). A study in 2015 showed that RNA foci

positive cells were widespread in most areas of human and (G4C2)es mouse



brain (Chew et al., 2015; DeJesus-Hernandez et al., 2011). It is clear that
RNA foci can occur from both sense and antisense strands (DeJesus-
Hernandez et al., 2011). One approach to reducing C9orf72 neuropathology is
by using antisense oligonucleotides (ASOs) (Jiang et al., 2016).

The third hypothesis of C9 toxicity is dipeptide repeat protein (DPR)
production through repeat-associated non-ATG-initiated translation (RAN
translation) of the HRE. Researchers have detected poly(glycine-proline)
(GP), poly(glycine-alanine) (GA), and poly(glycine-arginine) (GR) from the
sense strand and poly(proline-arginine) (PR), poly(proline-alanine) (PA), and
poly(glycine-proline) (GP) polypeptides from the antisense strand (Ash et al.,
2013; Mori et al., 2013). The most abundant DPR inclusions are poly(GR),
poly(PA), and poly(GA) in the hippocampus, neocortex, frontotemporal lobes
and cerebellum (Mori et al., 2013). Also, it has been reported that the main
cerebellar pathological form is poly(GR), while the pathology in the frontal
cortex is mainly associated with poly(GA) (Gendron et al., 2015). It is also
suggested that DPR inclusions are more abundant in the brain tissues than

the spinal cord (Gomez-Deza et al., 2015).

Recently, it was reported that the function of proteins which regulate
nucleocytoplasmic transport, such as RanGAP, is impaired in C9orf72
expansion mediated toxicity and targeting this protein can rescue toxicity in
Drosophila and motor neurons derived from C9 patient iPSCs (Freibaum et
al., 2015; Zhang et al., 2015). Serine-arginine rich splicing factor 1 (SRSF1) is
a nuclear export adaptor that is involved in the neurodegenerative process.
Recently, a study showed SRSF1 is a novel neurotherapeutic target as its
depletion reduced DPR production in C9 Drosophila and rescued the
locomotor activity defects, and reduced nuclear export of repeat expansion
containing RNA in patient neurons and induced astrocyte cell models
(Hautbergue et al., 2017). EIF1A (Eukaryotic Initiation factor 1A) expression
has also been shown to rescue RAN-mediated translation defects and
decreased the neuronal toxicity induced by DPRs (GR-100 repeat) in a
Drosophila C9 ALS model (Moens et al., 2019). Taken together, these



findings suggest that DPRs interact with multiple factors and ribosomal

proteins, leading to multiple novel potential therapies to target C9 ALS toxicity.

1-2-3 RNA regulation genes in ALS/FTD

With the identification of TARDBP (encoding TDP-43) mutations in ALS/FTD,
increasing focus was placed on identifying genes that modulate RNA
metabolism. The identification of genes such as FUS, MATR3, and others in
ALS patient populations demonstrated an increasing role for the dysfunction
of RNA metabolism in ALS pathogenesis; see Table (1-1). More interestingly,
many of the proteins involved in RNA metabolism were also shown to carry
prion-like domains (PrLD), which are prone to misfolding and have increased
aggregation propensity (Zhao et al., 2018). The classic examples of RNA
binding proteins involved in ALS/FTD pathogenesis, TDP-43 and FUS, are

discussed below.

1-2-3-1 Transactivating response element DNA-binding protein-43 (TDP-43)

The discovery of ubiquitinated TAR DNA-binding protein (TDP-43) in
ALS/FTD pathological inclusions was the first discovery to draw attention to
this gene (Neumann et al., 2006). TDP-43 was localised to ubiquitinated
inclusions observed in most sporadic and familial ALS cases, indicating it to
be a common player in ALS pathogenesis. The TDP-43 protein is usually
predominantly nuclear but was observed in cytoplasmic glial and neuronal
inclusions in fALS and sALS (Mackenzie et al., 2007; Neumann, 2009). TDP-
43 inclusions were shown to be ubiquitinated in the hippocampus and motor
cortex (Neumann et al., 2006). The inclusions were also shown to contain a
truncated fragment of the C-terminus of TDP-43, which is phosphorylated, and
importantly, the neurons with TDP-43 aggregates also show a profound loss
of intra-nuclear TDP-43, suggesting that loss of nuclear TDP-43 may be the
cause of toxicity. Loss of nuclear TDP-43 and/or TDP-43 aggregation caused
motor neuron dysfunction and axonal growth abnormalities (Tripathi et al.,
2014), and it has been shown to be involved in multiple pathological diseases,
such as FTD, Alzheimer’s disease, and Parkinson’s disease(Chen-Plotkin et
al., 2010). Moreover, TDP-43 cytoplasmic aggregates are almost universal in

ALS, with the exception of SOD1 and FUS mutation cases, and are seen in
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association with C9orf72 mutations (Chew et al., 2015; Dedeene et al., 2019).
It should be noted that the C-terminus of TDP-43 contains a low complexity

prion-like domain (PrLD) that is aggregate prone.

1-2-3-1-1 Mutations in TDP-43 gene and ALS/FTD:

After the discovery of TDP-43 positive inclusions in ALS (Forman et al., 2007;
Neumann et al., 2006), patients with mutations in TDP-43 were identified
(Sreedharan et al., 2008). Most of the mutations in TDP-43 patients are
localised to the C-terminus in the prion-like domain region, suggesting a role
of this domain in ALS pathogenesis (Zhao et al., 2018). In addition, some
mutations in the RNA recognition motif (RRM) were also identified, suggesting
a loss of function as a potential mechanism of disease pathogenesis. The
deletion of the C-terminus and mutations in the RNA binding domain leads to
cytotoxicity rather than cytoplasmic aggregation in some TDP-43 in vivo and
in vitro models (Voigt et al., 2010; Wegorzewska et al., 2009). Mutations of
TDP-43 affect RNA processing and gene expression (Casafont et al., 2009;
Strong et al., 2007). Thus, the combination of aggregation-prone TDP-43 with
PrLD, loss of nuclear TDP-43 and RRM mutations suggest that a combination
of gain of function (TDP-43 aggregation) and loss of function may both be

responsible for toxicity (Kabashi et al., 2009).

1-2-3-1-2 Drugs specifically targeting TDP-43 - effects on ALS pathology

Recently, some studies have reported possible drug therapies reducing
cellular toxicity of TDP-43 proteinopathy. Hexachlorophene is a disinfectant
that modulates wnt/beta-catenin signaling (Min et al., 2009). It showed a
reduction of TDP-43 levels and also reductions in insoluble inclusion and
TDP-43 pathology in N9 microglial cells (Narayan et al., 2015). Several active
small compounds of diverse classes that act on a variety of biological targets
such as ion channels, receptor moieties, and inflammatory modulation were
identified in a screen to identify compounds that showed a decrease in stress
granules (SGs), which are involved in cellular stress in ALS/FTD, in
HEK293xT and motor neurons differentiated from a human-induced
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pluripotent stem cells (MNs/hiPSC) (Fang et al., 2019). Another small
molecule (rTRDO01) that targeted the RRM domain showed modulation of
TDP-43 interaction with C9orf72 and improved larval turning in a Drosophila
study (Francois-Moutal et al., 2019). These studies suggest the possibility that
targeting multiple molecular pathways may be beneficial in rescuing TDP-43

mediated toxicity.

1-2-4 Other causative genes of ALS pathology

Other genes that each account for < 2% of fALS cases have been identified
and are listed in Table (1-1). These include FUS and Ubiquilin.

1-2-4-1 Fused in sarcoma/ translated in liposarcoma (FUS/TLS)

FUS is an interesting protein with regard to ALS as it has many features
similar to TDP-43, such as an RNA-binding domain and it also contains
regions similar to the prion-like domain (PrLD) (King et al., 2012). Mutation in
FUS, leading to ALS, were identified on chromosome 16 (Kwiatkowski, 2009;
Vance et al., 2009). In FUS ALS patients, FUS was identified in cytoplasmic
aggregates, indicating that the PrLD may be involved in disease
pathogenesis. This cytoplasmic FUS pathology is similar to the aggregation
phenotype of TDP-43. FUS mouse models show RNA dysregulation, motor
neuron loss, and autophagy reduction (Ho and Ling, 2019). Many FUS in vivo
models shows shortened lifespan, although they do not mimic all ALS
phenotypes (for review see (Guerrero et al., 2016)). As FUS also plays an
essential role in DNA damage repair, mutation of this gene indicates that
therapeutic strategy to regulate DNA repair pathways may rescue neuronal
loss (Wang and Hegde, 2019).

1-2-4-2 Protein clearance

Protein homeostasis is critical to neurons that do not divide and exist for
decades of the life of a person. Protein inclusions are a hallmark feature of
many neurodegenerative diseases, including ALS, ALS/FTD, and FTD, which
span the spectrum of ALS and FTD. Therefore, it is not surprising that
mutations in genes involved in protein clearance have been identified in a

population of these patients. Genes such as ubiquilin-2 (UBQLN2) (Deng et
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al., 2011), vasolin-containing protein (VCP) (Johnson et al., 2010), vesicle-
associated membrane protein-associated protein B (VAPB) (Nishimura et al.,
2004), optineurin (OPTN) (Maruyama et al., 2010), charged multivesicular
body protein 2B (CHMP2B) and sequestosome-1 (SQSTML1) (Teyssou et al.,
2013) were identified (for review see (Ling et al., 2013)). Interestingly, C9orf72
protein, which contains a DENN domain (Ugolino et al., 2016), and TBK-1
(Oakes et al.,, 2017) are also thought to be involved in protein clearance
through autophagy pathways. Thus, a combination of proteasomal and

autophagy degradation of damaged proteins is critical in ALS pathogenesis.

1-2-4-2-1 Ubiquilin 2 (UBQLN2)

ALS-associated mutations of ubiquilin 2 (UBQLN2) were identified on
chromosome X. It regulates the proteasome pathway, is involved in protein
breakdown and is important in clearing misfolded proteins (Deng et al., 2012).
Interestingly, UBQLNZ2 immunoreactive inclusions were observed in all types
of sporadic and familial ALS cases tested and were present in fALS patients
without TDP-43, FUS, or SOD1 mutations, and in patients carrying SOD1
mutations. Therefore, UBQLNZ2 positive inclusions were common to the
diverse forms of ALS. The role of UBQLNZ2 in stress granule regulation, TDP-
43 mislocalization, proteasomal degradation, and autophagy regulation,
makes it a protein that spans many aspects involved in ALS pathogenesis
(Renaud et al., 2019).

1-3 Cellular mechanisms of ALS relevant to the research project

Protein aggregation, oxidative stress, mitochondrial dysfunction, excitotoxicity,
axonal transport, and non-neuronal defects are among the most prominent
mechanisms implicated in the cellular pathology of ALS (Cozzolino et al.,
2013; Ferrante et al.,, 1997; Parakh and Atkin, 2016). They have been
investigated in various in vivo and in vitro ALS models to identify potential
therapies. However, it is still unclear what the cascade of toxicity is and which
are the primary and which are the subsequent downstream events involved in
the onset and progression of ALS. Here | will focus on the key pathways

relevant to the project.
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1-3-1 Oxidative stress

Oxidative stress is one of the cellular pathologies that is actively involved in
neurological disorders such as ALS, Alzheimer's, and Parkinson's disease.
Oxidative stress has been shown in both sALS and fALS (Ferrante et al.,
1997). The overproduction of reactive oxygen species (ROS) and reactive
nitrogen species (NOS), along with imbalances in anti-oxidant enzymes, plays
a vital role in oxidative stress. The interaction of these reactive species with
other molecules can lead to mitochondrial oxidation, lipid, protein, post-
transcriptional, and other cellular damage (for reviews see (Bozzo et al., 2017;
Islam, 2017)).

Multiple exogenous and endogenous sources cause oxidative stress via ROS
activation. The primary endogenous sources are mitochondrial defects in
complex | and 1l (for review see (Bhat et al., 2015)). Also, reduced
nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase/NOX),
which is a transmembrane bound oxidant enzyme family, has been implicated.
It produces a higher level of ROS than other enzymes and causes oxidative
stress in abnormal conditions. Recently, it became a target of a potential pre-
clinical therapy for inhibition of oxidative stress via reduction of NOX and
restoration of neuronal function in chronic and acute neurodegenerative
disease, and compounds that modulate it such as apocynin and thioridazine
have been identified (for reviews see (Barua et al., 2019; Seredenina et al.,
2016).

Mitogen-activated protein kinases (MAPKs) are critical in cellular pathways
that protect against ROS damage, with p38 kinase, extracellular signal-
regulated kinases (ERK1/2), and c-Jun N-terminal kinase (JNK) all of interest.
These kinases modulate antioxidant enzymes, such as heme oxygenase-1
(HO-1), which protect against ROS damage. A recent study identified fisetin,
which is a natural antioxidant, as being neuroprotective through the activation
of ERK in in vivo and in vitro SOD1 models, including hSOD1G85R
Drosophila, hSOD1G93A NSC34 cells, and SOD1G93A mice. It was shown
that fisetin extended survival, downregulated ROS, restored redox
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homeostasis, reduced motor neurons death, and preserved the viability of
hSOD1G93A-NSC34 cells (Wang et al., 2018).

SOD1 catalyses the conversion of the superoxide anion radical into hydrogen
peroxide and molecular oxygen. Mutations in this gene lead to oxidative stress
and ALS pathology (Barber and Shaw, 2010). However, the precise
mechanism of motor neuron degeneration by oxidative stress is still unknown
in SOD1 fALS. Therefore, one of the attractive therapies to attenuate oxidative
stress caused by mutations in SOD1 is upregulation of Nrf2. Nrf2 is nuclear
erythroid 2-related-factor 2 that interacts with the antioxidant response
element (ARE) and drives expression of cytoprotective genes. Studies using
the compound S[+]-apomorphine showed extended survival and preserved
motor neurons by the induction of Nrf2 in T70I sodl1 zebrafish and SOD1G93A
mouse models (Da Costa et al., 2014; Mead et al., 2013). Edaravone has
recently been approved as a neuroprotective treatment for ALS. However, the
functional target is still unclear. Interestingly, a recent study showed that
edaravone significantly alleviated the activation of an Nrf2 reporter for
oxidative stress and showed a neuroprotective effect in the SOD1G93A
mouse (Ohta et al., 2019). Therefore, it seems that multiple cellular pathways
may potentially be a target for the alleviation of the oxidative stress involved in

ALS pathology in the future.

1-3-2 mitochondrial defects

Mitochondrial defects have been highlighted as one of the major causes of
cellular toxicity in ALS. Evidence of this is seen in the mutant SOD1 mice
where homeostasis of Ca®" in the mitochondria is altered, resulting in
vacuolation. It was demonstrated that mitochondrial damage occurred before
oxidative stress in SOD1G93A mice (Mattiazzi et al., 2002). Also,
mitochondrial defects with muscle atrophy have been observed in the
SOD1Q22R mouse (Corti et al., 2009). Dysfunction of mitochondria has been
linked to other neurodegenerative diseases, such as Alzheimer's and

Parkinson's disease.

15



The cellular toxicity pathways of mitochondrial dysfunction are still
incompletely charaterised. Three potential sources of mitochondrial
cytotoxicity in mutant SOD1 ALS models have been reported. The presence
of mutated SOD1 in the intramembrane space of the mitochondria leads to
oxidative stress by forming cytotoxic peroxynitrite. Importantly, peroxynitrite
also reacts with mutated SOD1 to produce superoxide (O."). Secondly,
alterations of the electron transport chain (ETC) lead to the production of (O2")
and mitochondrial damage, which results in reduced energy (adenosine
triphosphate/ATP levels). Thirdly, mitochondria may enhance programmed
cell death (apoptosis) at the end stage of ALS (Dupuis et al., 2004).
Therefore, a therapy that targets these mechanisms to handle the
mitochondrial toxicity in ALS, such as creatine (Kliveny, 2006) or resveratrol
(Song et al.,, 2014), may be beneficial. Resveratrol showed a reduction of
motor neuron loss and prolonged survival in SOD1G93A mice through

reduction in mitochondrial toxicity (Song et al., 2014).
1-3-3 Protein aggregation

Protein aggregation/inclusions are a hallmark pathology in motor neuron
disease. More than 40 mutated genes are implicated in mis-folding of the
encoded proteins, including SOD1, TDP-43 and FUS, in ALS patients.
Therefore, this cellular pathology has been considered to be a potential
neurotherapeutic target in a whole host of neurodegenerative diseases.
However, it is still unknown precisely how these inclusions are created in ALS,
and it raises the question of whether the aggregation drives the cellular
toxicity or whether the aggregation is a consequence of toxic cellular events.

Recently, it has been reported that the accumulation of dipeptide repeat
proteins (DPRs) from the non-ATG-initiated translation of the intronic region of
the C9orf72 gene leads to cellular toxicity in ALS patients (Gendron et al.,
2013; Mori et al., 2013b). However, DPR inclusions were absent in the motor
neurons of the spinal cord with TDP-43 inclusions (Gomez-Deza et al., 2015).
This suggests that DPRs may cause toxicity, but DPRs are not the only
primary pathogenic factor in C9 ALS (Gomez-Deza et al., 2015).
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The relationship between DPRs and TDP-43 in the pathology of C9orf72
cases is still unclear. A study by McMillan and his colleagues discovered that
hypermethylation of the C9orf72 promoter may have a neuroprotective effect
on the C9orf72 gene expansion. They observed hypermethylation in the
hippocampus, frontal cortex, and thalamus (areas that are protected from
damage in the C9/ALS patients) (McMillan et al., 2015). It is possible that
reduced C9orf72 expression also consequently reduces DPR expression.
Another study suggested that disruption of TDP-43 protein interaction with
(GGGGCC), could attenuate cellular toxicity and improve the strength of the
neuromuscular junction in a Drosophila ALS fly model (Francois-Moutal et al.,
2019). These studies suggest multiple potential avenues to develop
neuroprotective therapies that target various aspects of C9orf72 expansion

mediated toxicity.
1-3-4 Excitotoxicity

Excitotoxicity is a neural death pathway mediated by excessive glutamate
neurotransmitter at synapses, which is implicated in motor neuron death in
ALS patients and has been shown to be important in in vitro and in vivo
settings (Foran and Trotti, 2009). Glutamate excitotoxicity of spinal cord motor
neurons involves Ca®" permeable AMPA receptors and activation of
astrocytes (for review see (Mahmoud et al., 2019)). Additionally, mitochondrial
defects also contribute to excitotoxicity at the synapse due to excessive Ca**
release from the mitochondria (Santa-Cruz et al., 2016). Riluzole is thought to

modulate excitotoxicity and is one of the two drugs given for ALS in the UK.

The excitatory amino acid transporters (EAAT1/GLAST1 and EAAT2/GLT1),
are glutamate transporters on astrocytes that are critical in the removal of
excess glutamate at the synapse (Rose et al., 2018). The inhibition of glial
EAAT2 neurotransmitter uptake leads to an overload of glutamate levels at
the synapse and causes excitotoxicity (Sen et al., 2005; Van et al., 2000).
This suggests the EAAT2 may be a cellular target in ALS therapy and
upregulation of EAAT2 reduced extracellular glutamate toxicity, improved
motor performance, and extended survival in the SOD1G93A mouse (Kong et

al., 2014). Moreover, medications like lithium and valproate (VPA) that
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modulate excitotoxicity were shown to be neuroprotective in in vitro cellular
models, delaying onset of ALS symptoms and extending survival in the
SOD1G93A mouse model (Feng et al., 2008). Despite these positive pre-
clinical studies, clinical trials with ceftriaxone, a drug that upregulates EAAT2
transporter expression, failed in clinical trials. Therefore, the effect of anti-
excitotoxic drugs and their efficacy in clinical trials is mixed, and the exact

neuroprotective mechanism of riluzole is still unclear.

1-4 ALS experimental models

Numerous in vivo and in vitro ALS models have been generated for
investigating ALS disease mechanisms, performing high throughput drug
screens, and testing candidate neuroprotective agents that may proceed into
clinical trials. These models are largely based on the genetic forms of disease

introduced in section 1-2.

1-4-1 In vitro ALS models

Cellular models are critical for studying the genetic basis of
neurodegenerative diseases and for performing high throughput studies
utilising phenotypic drug screening. Fibroblasts derived from patients and
motor neurons from a G93ASOD1 mouse model were used to screen 2000
drugs, identifying 44 hit compounds that activated the Nrf2-ARE antioxidant
pathway. As a result, S[+]-apomorphine was identified as a potential drug to
enhance antioxidant enzymes, reduce oxidative stress, and promote improved
neuronal function (Mead et al., 2013). Previous work utilising NSC34 motor
neurons expressing SOD1 mutations identified nine hit compounds with anti-
oxidant activity from a library of 2000 drugs (Barber et al., 2009), leading to
the identification of three possible neuroprotective agents.

Reprogramming of patient-derived cells such as fibroblasts allows study of
human disease processes in a defined genetic background, allowing for
personalised medicine. This is especially important for the study of sporadic
forms of the disease. As 90% of the disease is sporadic, patient-derived cells
are rapidly gaining importance in therapeutic development for ALS. Patient-
derived cells are also important with regard to fALS. For example, iPSC-
derived motor neurons from C9orf72, SOD1, FUS, and TDP-43 patients were
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used to demonstrate specific alteration in glutamate receptors properties and
calcium gated channel expression (Bursch et al., 2019). These models could
offer a better understanding of the role of glutamate excitotoxicity and calcium
dynamics in ALS pathogenesis. While iPSC development technology provides
robust in vitro models of different genetic backgrounds for studying ALS, there
are some drawbacks with them due to the following factors: IPSC models
show variability between individuals and often require multiple clones for
experimentation; the protocols to reprogramme and differentiate into motor
neurons are lengthy; additionally, the reprogramming process eliminates the

aging phenotype, which is critical for normal disease development.

More recently, protocols for generating induced neural progenitor cells
(INPCs) have been developed (Hautbergue et al., 2017) and used to
investigate ALS pathology. These protocols utilise somatic cells from patients,
such as skin fibroblasts, adipocytes, and keratinocytes (Myszczynska and
Ferraiuolo, 2016), and directly program them to INPCs that can be
differentiated into astrocytes (iAstrocytes) and neurons (iNeurons). This
process is thought to retain aging properties better than iPSC generation and

thus better reflect the human disease process (Rinaldi et al., 2017).

1-4-2 In vivo ALS models
1-4-2-1 Invertebrates ALS models

Invertebrate in vivo multi-cellular organism models offer a more complex
system for investigating ALS pathology than cellular models. Caenorhabditis
elegans and Drosophila melanogaster are amenable to large-scale genomic
analysis. They offer a platform for identifying possible cellular toxicity targets
for ALS and other neurodegenerative disorders. However, these models are

relatively simple compared to the human body.

1-4-2-1-1 Caenorhabditis elegans (C. elegans)

C. elegans is a small nematode with a rapid reproductive cycle of 3.5 days
and a three-week lifespan at 20°C. While the nervous system of C. elegans is
composed of just 302 neurons, it still has 42% orthologous genes with
humans (Li and Le, 2013). Different mutations of the SOD1 gene along with
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human wild type SOD1 were investigated in this model, such as A4V, G37R,
and G93A (Oeda et al., 2001). The worms expressing mutant forms of SOD1
showed vulnerability to paraquat-induced oxidative stress compared to wild-
type expressing worms and reduced degradation of the mutant SOD1 in the
presence of oxidative stress (Oeda, 2001). Therefore, this study highlights
that oxidative stress might contribute to the cellular toxicity and result in the
aberrant aggregation of mutant SOD1. Moreover, C.elegans was used to
identify Daf-2 insulin/insulin-like growth factor receptor as a suppressor of
SOD1 toxicity that was shown to enhance the lifespan in SOD1G85R C.
elegans when mutated, indicating that manipulation of this growth factor might
be potentially neuroprotective in ALS (Boccitto et al., 2012).

Furthermore, A315T-TDP-43 C. elegans mediated toxicity has been used to
validate 16 hits identified in a library of 75,000 compounds screened in a
PC12 cellular model of TDP-43-induced stress aggregation. The compound
LDN- 0130436 showed efficacy against TDP-43 toxicity and amelioration of
locomotor deficits in the C. elegans model (Boyd et al., 2014). Therefore, this

in vivo model identified a novel neuroprotective agent for further studies.

However, C. elegans is still an invertebrate model with a limited genome,
reduced number of organs, and a different immune system than humans.
Importantly, it has just 302 neurons and lacks the complex CNS architecture
and supporting cells which are essential in mediating complex human

behaviours.

1-4-2-1-2 Drosophila melanogaster

The second in vivo invertebrate organism model commonly used for screening
approaches is Drosophila melanogaster. This model provides a platform for
performing genetic manipulations with the ability to screen genome-wide for
modifiers (Venken and Bellen, 2014). Moreover, phenotypes in flies can be
rapidly identified since the life cycle takes only ten days to reach the adult
stage. It is also low cost to maintain in the laboratory. The other essential
point for the development of ALS therapy is that the nervous system of
Drosophila is more complex than that of worms: the brain has neurons with

glial cells and a blood-brain barrier. Additionally, it has a smaller genome (1.2
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x 10® base pairs) with fewer genes (14,000) compared to the human genome,
which is 3.3 x 10° base pairs with 20,000-25,000 genes. This smaller genome
facilitates genome-wide genetic screening.

Drosophila shows cellular toxicity to the most common ALS genetic mutations,
such as SOD1, TDP-43, and C9orf72 (Baldwin et al., 2016; McGurk et al.,
2015; Sxahin et al., 2017). Recently, a novel study involving SRSF1, a nuclear
export adaptor, showed that inhibition of SRSF1 can alleviate cellular
pathology in a C9orf72 Drosophila ALS model (Hautbergue et al., 2017).
Genetic analysis using Drosophila was also instrumental in identifying a
critical role in nuclear export and protein translation in C9orf72 mediated
toxicity (Boeynaems et al., 2016). Therefore, Drosophila allows a better
understanding of the mechanisms underlying ALS pathology and is a good

model to identify possible neuroprotective targets in the future.

However, the fly model still has several limitations. For example, the fly
genome has around 75% human homologous genes, but the genes show
considerable sequence variation from humans (Pandey and Nichols, 2011).
Furthermore, the fly does not have the same receptors as mammals for some
neurotransmitters. For instance, there are five classes of dopamine receptors
in mammals, while there are just two in the fly. Additionally, there are six G
protein-coupled serotonin receptors in mammals, while there are just three in
the fly. Glutamate is the main excitatory neurotransmitter in the brain, while
acetylcholine is the neurotransmitter at the neuronal muscular junctions (NMJ)
in mammals, while the role of these neurotransmitters reverses in the fly
(Pandey and Nichols, 2011).

1-4-2-2 Vertebrate in vivo ALS models
1-4-2-2-1 Rat and mouse in vivo ALS models

The most common vertebrate in vivo model used in ALS drug discovery is the
mouse since it shows ALS-like phenotypes similar to human disease
symptoms (Gurney et al., 1994). Different transgenic lines overexpressing
mutated hSOD1 showed many features of human ALS pathology. The
SOD1G85R mouse showed rapid disease progression and astrocyte
inclusions with reduction of GLT-1 levels (Bruijn et al., 1997). SOD1G93A
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transgenic mice showed hindlimb tremor, weakness and locomotor defects
with distal synaptic and axonal degeneration at about three months(Gurney et
al., 1994). Within one more month, fatal paralysis occurred from the loss of
spinal motor neurons, which is accompanied by reactive gliosis. Additionally,
fourteen transgenic mouse lines expressing human or murine SOD1, including
mis-sense mutations, a truncation mutation, and mutations of the copper-
binding showed ALS features (Ripps et al., 1995; Wong et al., 1995).
However, transgenic SOD1G93A mice are the most commonly used model in
ALS therapy development (Turner and Talbot, 2008). In addition to mutant
SOD1 mice, various mutant TDP-43 mice show ALS phenotypes and
pathology including the TDP-43 (A315T) transgenic line, which showed motor
neurons loss, astrogliosis, microgliosis and paralysis (Wegorzewska et al.,
2009). SOD1 mutations such as H46R and G93A have been expressed in
rats. The rat models with the highest copy numbers are characterised by the
death of motor neurons, astrogliosis and microgliosis. SOD1G93A rats
showed vacuolation in the neuropil, while SOD1H46R rats showed protein
aggregation with Lewy body-like inclusions in neurons and astrocytes (Nagai
et al., 2001).

More recently, multiple transgenic C9orf72 (C9) mouse models have been
generated either using BAC clones derived from patient DNA or Adeno
Associated Virus (AAV) integrated with the partial or full sequence of the
human C9 gene for investigation of C9/ALS pathology (Jiang et al., 2016; Liu
et al., 2016b; O’'Rourke et al., 2015; Chew et al., 2015). These C9/ALS mouse
models showed sense and anti-sense RNA foci, formation of DPRs and
cellular toxicity to varying degrees. Ablation of C9orf72 protein in knockout
mouse models showed de-regulation of autophagy and immune system
dysfunction (Atanasio et al., 2016; Ugolino et al.,, 2016). The phenotypes
observed in the transgenic models can be investigated for development of
C9/ALS therapy.

To date, the SOD1G93A mice are the most studied in vivo ALS model and
also the model where most of the potential neuroprotective therapies for ALS
were investigated, prior to proceeding to clinical trials. For example,

bexarotene (a retinoid X-receptor agonist), showed improvement in ALS
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phenotypic indications, such as extended survival, delayed onset of disease,
and reduced weight loss, with induced nuclear hypertrophy in the motor
neurons of the spinal cord in the SOD1G93A mouse (Riancho et al., 2015).
More recently, Genistein, which is an antioxidant and anti-inflammatory agent,
was shown to improve motor neuron loss, delay the onset of disease,
significantly extend survival (especially in males over females), and induce
autophagy in the SOD1G93A mouse (Zhao et al., 2019). This discovery or
validation step in pre-clinical models is a costly and valuable process to

develop candidate compounds for clinical trials.

However, therapeutic efficacy problems have been raised in using the SOD1
mouse model because while many studies have identified a host of active
compounds which are efficacious in vivo in mice, these compounds still failed
in clinical trials (Aggarwal and Cudkowicz, 2008). This failure suggests that
there are important limitations with the mouse models used in the studies.
These limitations include the very high expression of the mutant SOD1 and
metal-deficiency of SOD1G93A. Also, the differences in corticospinal
anatomy, pharmacokinetics, and pharmacodynamics of rodents compared
with humans (Turner and Talbot, 2008). Failures in clinical trials have also
been attributed to poor study design, lack of proper quality controls, leading to
lack of reproducibility in animal studies (Benatar; Scott et al., 2008). This
highlights the need for better quality screens and new models in ALS
research. However, mutant rodent models still offer an important platform to
test disease hypotheses and therapeutics (Aggarwal and Cudkowicz, 2008;
Turner and Talbot, 2008).

1-4-2-2-2 Zebrafish ALS in vivo models

Another in vivo model that has become the focus of many recent research
studies is the zebrafish (Danio rerio). The zebrafish is a vertebrate in vivo
model which shows functional genetic and physiological conservation with
humans. It has a heart, kidney, liver, and the other organs which are not
present or more complex than in worms and flies (Howe et al., 2013; MacRae
and Peterson, 2015). Furthermore, it possesses homologous genes similar to

those in humans, shows rapid ex vivo development with large number of
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embryos produced, 3-4 months for sexual maturity, and neurogenesis starts
around 10 hours post-fertilisation (hpf) (Kabashi et al., 2011), making it
particularly well-suited to study brain development and model CNS disorders.
The zebrafish presents an amenable model for gene knockdown and transient
expression studies. For example, neuromuscular junction (NMJ) defects and
loss of motor neurons were seen following gene knockdown with antisense
morpholino oligonucleotides (AMOs) against FUS (Armstrong and Drapeau,
2013) and C9orf72 (Ciura et al.,, 2013) orthologues. In addition, zinc finger
nucleases (ZFN), transcription activator-like effector nuclease (TALEN)
proteins, and clustered regularly interspaced short palindromic repeats-
associated 9 (CRISPR/Cas9), have provided a new genome-editing toolbox in
zebrafish for the generation of mutants linked to ALS for drug development.

Zebrafish in vivo models have become more commonly used for many
neurodegenerative conditions (MacRae and Peterson, 2015), such as
Parkinson's disease (Ren et al., 2016), Alzheimer's disease (Newman et al.,
2014), and Charcot-Marie-Tooth (CMT) disease (Chapman et al., 2013).
Moreover, the expression of mutant sod1G93R in zebrafish produces ALS-like
symptoms and has been used to develop a novel drug screening assay
(McGown et al.,, 2016; Ramesh et al.,, 2010). These sodl zebrafish show
many of the hallmarks of the human disease, including NMJ defects,
interneuron dysfunction, motor neuron loss, muscle weakness, and reduced
survival.

Recently, C9 toxicity in zebrafish has been generated either by injections of
repeat-containing RNA or expression of different lengths of DPRs
(Swaminathan et al., 2018; Swinnen et al., 2018). A zebrafish C9orf72
hexanucleotide expansion transgenic model, with the insertion of ATG driven
interrupted (G4C2)gy expression, showed DPR accumulation (GR, GP, and
GA), motor neuron loss and swimming endurance defects at six months
(Shaw, 2018). They also showed heat shock protein activation and neuronal
stress at 5 dpf. Subsequently, pure C9 repeat models have been generated
with sense strand (G4C2)4s and anti-sense strand (C4G2)z9 expression in
zebrafish without an ATG translation start codon. These fish show movement

endurance defects at six months and a more significant reduction in
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movement at one year compared to controls (A. McGown, University of
Sheffield, unpublished data). Interestingly, they show DPR expression from
both sense (G4C2)s;s and anti-sense (C4G2)z9 strands through RAN
translation. They also show activation of the heat shock response via
expression of hsp70::DsRed (a fluorescent neuronal stress reporter). This
model may, therefore, be suitable for medium/high-throughput screens to
identify therapies for C9orf72-mediated toxicity in the future. Taking these
findings together, zebrafish models can be of significant value and contribute
to drug discovery, target identification and other aspects of pharmacology

through cellular toxicity and behavioral assays.

Drug screening is a critical step in the development of novel therapeutics for
any disease. This involves testing large numbers of drugs and validating them
using in vitro and in vivo models; see (Fig. 1-1). Zebrafish embryos offer an
excellent model for medium to high-throughput screens since they yield a
large number of transparent embryos, which can be investigated using

microscopy, biochemical, and other fluorescence-based assays.

Zebrafish behavioral signatures are also suitable for medium to high-
throughput pharmacological screening, an example being the discovery of
anti-psychotic-like compounds using a behavioural battery assay (phenoBlast)
(Bruni et al., 2016). Also, a high-throughput psychotropic screening study
identified ether-a-go-go-related gene (ERG) potassium channels as a target
for drugs regulating wakefulness by utilising an automated (rest/wake)
behavioural assay (Rihel et al.,, 2010). Therefore, the zebrafish has
demonstrated capability for investigating uncharacterized chemical
compounds in behavioural screens and has excellent potential as a model to

accelerate the discovery of novel molecules for pre-clinical trials.

Despite these facts, the zebrafish is still a relatively simple model organism
compared to other models such as rodents and primates. They are less
expensive to a house than rodents but incur more maintenance costs than
worms or flies, have different brain structures than humans (e.g. no motor
cortex), show widespread neurogenesis as adults, and do not have typical
astrocytes. All these features are limitations of zebrafish models, which are
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essential to recognise and understand when interpreting results. However, the
zebrafish can be a robust model for the study of human neurodegenerative
diseases and can serve as a bridge between in vitro and in vivo screening in

drug discovery before proceeding to pre-clinical research in rodent models.

Years Biochemical and target identify

Figure 1-1: Diagram of the traditional drug screening process; adapted from
(Bowman and Zon, 2010).

1-5 Implication of ion channels and neurotransmitter receptors in ALS
pathology

1-5-1 Voltage-gated channels

1-5-1-1 Voltage-gated sodium (Na") channels

Voltage-gated sodium channels are pore-forming transmembrane proteins
consisting of several subunits. The a subunit forms a pore with Na* ion
selectivity and comprises four homologous domains (I-IV). These domains
contain six a helical transmembrane segments (S1-S6) and a P-segment
(nonhelical) between S5 and S6. These segments are connected by loops.
The S4 segment is a voltage sensor responsible for initiating voltage-
dependence of the channels due to the abundance of positively charged
amino acids (Catterall, 2000).
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Voltage-gated sodium (NaV) channels have an essential role in action
potential firing and propagation of electrical signals in neurons, muscle and
heart tissue. Neuronal cells have two types of Na® currents: transient Na*
currents, a passive flow of Na* ions dependent on electrochemical gradients,
and persistent Na* currents, which are a small fraction of total sodium current
with slow inactivation, even with prolonged depolarization (for review see
(Waszkielewicz et al., 2013)).

Voltage-gated sodium (NaV) channels are thought to be involved in the
pathology of ALS. Increased persistent Na* ion currents have been shown in
spinal and cortical motor neurons cultures from SOD1G93A transgenic mice
(Kuo et al., 2005; Pieri et al., 2009), leading to hyperexcitability. Riluzole is the
only approved drug for ALS and blocks the persistent flow of Na* ion current
without any significant effect on fast Na* currents (Belluzzi and Urbani, 2000;
Benedetti et al., 2016; Pieri et al., 2009).

1-5-1-2- Voltage-gated potassium (K*) channels

Voltage-gated potassium channels (VGPC, K,) are part of a superfamily of
channels, including potassium-calcium activated, ligand-gated, inward-
rectifying (Kir), and two-pore (Krp) channels. All of these are involved in
neuronal excitation, electrical signaling, and ion homeostasis in the nervous
system (Pischalnikova and Sokolova, 2009). These channels regulate the
membrane action potential through repolarization.

Reduced delayed-rectifier potassium currents and increased persistent
sodium currents lead to excitotoxicity, contributing to axonal hyperexcitability
and motor neuron death in ALS (Wainger et al.,, 2014). Reduced delayed-
rectifier potassium current amplitude has been shown in motor neurons
derived from SOD1A4V ALS patients, which may induce hyperexcitability in
motor neurons (Wainger et al., 2014). Retigabine is an anticonvulsant and
approved to treat hyperexcitability disorders in humans (Corbin-Leftwich et al.,
2016). This drug was identified as a specific activator of subthreshold Kv7
current in induced pluripotent stem cell (iPSC)-derived motor neurons and

was shown to reverse electrophysiological defects in neurons derived from
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SOD1A4V, C90RF72, and FUS mutation patients. It has been proposed that
it may block hyperexcitability in ALS (Wainger et al., 2014).

1-5-1-3 Voltage-gated calcium (Ca®") channels

Voltage-gated calcium (Ca*?) channels are present in excitable cells. These
channels open during the depolarisation of the membrane action potential,
which in turn, initiates neurotransmitter release (Catterall, 2011). There are
two families of these types of channels: High voltage-Activated (HVA) and
Low Voltage-Activated (LVA). HVA channels include L-, N-, P-, Q- and R-type
channels. These have a heterotrimeric structure of a, B, and a2d subunits.
LVA channels include the T-type channel, and consist of an al subunit
monomer (Dolphin, 2018).

These channels are involved in ALS pathology by overloading Ca®* levels,
which leads to the excitotoxicity of axonal fibers (Van Den Bosch et al., 2006).
Increased HVA Ca?* currents are observed in the SOD1G93A motoneurons,
but no changes are seen on LVA Ca?* currents. The elevation of persistent
Ca** currents could contribute to the early symptom of ALS pathology and

therefore could be a drug target for therapy (Chang and Martin, 2016).

1-5-2 Glutamate receptors and excitotoxicity

Glutamate receptors (GIluRs) are excitatory synaptic receptors and divide into
two families: ionotropic GluRs (iGluRs) and metabotropic GluRs (mGIuRs)
(Zhu and Gouaux, 2016). They mediate neurotransmission in the membrane
of most excitatory neuronal cells at synapses. Excitotoxicity is a cellular
mechanism of neuronal death resulting in excessive stimulation of GluRs. The
activation of GluRs can cause motor neuron death due to excessive influx of
Na*and Ca®" and glutamate overload (Foran and Trotti, 2009). The excessive
stimulation of GluRs may be caused by insufficient reuptake of glutamate,
leading to an increase in synaptic glutamate concentration and cause the

death of postsynaptic neurons (Van Den Bosch et al., 2006).
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1-5-2-1 Metabotropic glutamate receptors (MGIuRS)

Metabotropic glutamate receptors (mGIuRs) are related to family C of the
superfamily of G-protein-coupled receptors (GPCRs). The mGIluRs are
heterotrimeric, consisting of a, B, and y subunits, and classify into three
groups based on sequence similarity, signalling properties and pharmacology:
the mGIuR | group consists of mMGIUR1/MGIuR5, the mGIuR II group of
MGIUR2/mGIuR3, and the mGIuR Il group of mGIuR4 and mGIuR6-8
(Niswender and Conn, 2010; Pin and Duvoisin, 1995).

Hyperactivation of group | mGIluRs was shown in SOD1G93A transgenic mice
due to release of excessive glutamate. Knockdown of mGIuR1 delayed the
onset of disease, extended survival, reduced astrocyte and microglial
activation and decreased mGIuR5 expression in the spinal cord of the
SOD1G93A mouse, but it did not change glutamate transport or mRNA
expression of antioxidant enzymes (Milanese et al., 2014). In addition, a
recent study showed that the genetic ablation of mGIuR5 in the SOD1G93A
mouse improved motor neuron function, increased weight, and extended
survival (Bonifacino et al., 2019). This suggests mGIuRs are involved in ALS
pathology, and inhibitors may constitue a novel therapy for the disease
(Battaglia and Bruno, 2018).

1-5-2-2 lonotropic glutamate receptors (iGIuRS)

lonotropic glutamate receptors (iGIuRs) are responsible for neurotransmission
and plasticity at excitatory synapses. The iGluRs are comprised of ligand-
gated channel pores (Zhu and Gouaux, 2016) and are subdivided into three
main families: N-methyl-D-aspartate (NMDA) receptors, a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, and kainate receptors
(Traynelis, 2010). Each family has a distinct function. AMPA receptors are
responsible for depolarization of the membrane at the postsynaptic
compartment. NMDA receptors contribute to synaptic plasticity due to slow
inactivation. Kainate receptors participate in synaptic currents both pre-
synaptically and post-synaptically (Zhu and Gouaux, 2016). However, NMDA

receptors are permeable to Ca**, while AMPA receptors have variable Ca*?
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permeability as a result of the absence or presence of GIUA2 subunits (Van
Den Bosch et al., 2006).

Therapies for controlling excitotoxicity in motor neuron disease have been
investigated in in vivo and in vitro models carrying SOD1 mutations, such as
the SOD1G93A mouse and cell culture systems. SOD1G93A mice express
altered AMPA receptor subunits and are more suceptible to kainate-induced
excitotoxicity (Spalloni et al., 2004). Also, intraperitoneal injection of 12mer
antisense peptide nucleic acid (PNA) against GIuR3 in SOD1G93A mice gave
extended lifespan, as well as reducing toxicity induced by AMPA receptor
stimulation in NSC34 cells (Rembach et al., 2004). These studies suggest
interference with GIuUR3 and AMPA receptors maybe a viable strategy for

targeting excitotoxicity in ALS.
1-5-3 lon channels in ALS

Muscle fasciculation although not predictive of ALS onset or progression is
one of the most common feature in ALS clinical presentation. Ever since the
identification of muscle fasciculations in ALS patients, an important role for ion
channels that mediate axonal potential have been postulated. As axons are
easy to evalaute in human ALS patients, one of the first studies on axonal ion-
channel homeostatis suggested that fasciculations result from imbalance in
sodium and possium ion channel function (Bostock et al., 1995). Another
clinical observation that has geared study of ion channel is from the
observation that antibodies against calcium ion channels were observed in
some ALS patients and these antibodies were able to alter the function of ion
channels in vitro suggested an auto-immune component to ALS (Smith et al.,
1996). However glutamate excitotoxicity is considered a main feature in ALS
as being an excitatory neurotransmitter with a wide variety of receptors such
as NMDA, AMPA, Kainate and metabotrophic receptors has been widely
implicated in ALS pathogenesis (Lau and Tymianski, 2010). These early
studies lead to the discovery of Riluzole as a potential treatment for ALS
(Wokke, 1996). However, its has been over 26 years since the first trial of
riluzole in ALS (Bensimon, 1994) and the efficacy of riluzole in ALS is
marginal at best.
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Nevertheless the glutamate hypothesis is one of the best studied processes in
ALS. Glutamate levels in the CSF of ALS patients is elevated although further
research demonstrated that ony 40% of the patients display this (Tarasiuk et
al., 2012). AMPA receptor is thought to be one of the major glutamate
receptor involved in the cellular toxicity of ALS pathology. It is important to
remember the many diverse receptors through which glutamate functions as a
neurotransmitter. Thus, full exploration of these diverse mechanisms of
glutamate is critical. Further a reduction in functional glutamate transporter
EAAT2 or also referred to as GLT1 have been observed in ALS patients. The
reduction in GLT1 is mediated by alteration in alternative splicing of the gene,
thus effectively reducing GLT1 levels. GLT1 is expressed in astrocytes and
mediates the clearance of glutamate from the synapse. However, ceftriaxone
which enhanced GLT1 activity by modulating its aberrant splicing failed in

clinical trial, thus its potential still unclear.

Aquaporins were also identified as a modulator of ALS through its role in
regulating water and ion homeostasis (Zou et al., 2019). Aquaporin 4
expression was elevated in astrocytic end feet in ALS astrocytes and is
thought to impact ion channels such as Kir4.1, thus dysregulating potassium
ion homeostasis (Zou et al., 2019). Further aquaporin 4 was shown to
modulate GLT1 expression thus together maintaining synaptic glutamate

levels.

The high incidence of ALS parkinsonian disease named Guam ALS is thought
to be mediated by neurotoxin from the Cycad nut and enriched in bats, which
is consumed by humans in Guam (Chiu et al., 2011). BMAA, a toxin identified
from the cycad nut is a neurotoxin, whose toxicity is mediated by glutamate
excitotoxicty (Chiu et al., 2011).

Thus diverse processes appear to impact upon the role of ion channels in ALS
pathogenesis. Our interest on ion channel derived from an unbiased screen of
small molecule compounds that reduce neuronal stress in a sod1G93Ros10
zebrafish model of ALS. In a screen of over 1500 compounds, we obtained
only two compounds that demonstrated a robust inhibition of neuronal stress

in this model (Thesis (McGown, 2014). The two were riluzole and selamectin
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Selamectin modulates neuronal stress via reducing glycinergic transmissions
in transgenic zebrafish (Thesis (McGown, 2014)) and enhances high-
throughput neuronal differentiation of pro-neurogenic mediated GABA
receptor activity in pluripotent stem cells (PSCs) and also neurogenesis in the

developed zebrafish brain (Sun et al., 2013).

Selamectin and ivermectin belong to a class of compounds named
macrocyclic lactones. Ivermectin (Andries et al., 2007) inhibited the
excitotoxicity of the ion channels, including AMPA receptors, extended
lifespan of a SOD1G93A mouse. The other study has reported that antagonist
perampanel showed motor neuron survival, ameliorate the motor dysfunction,
and increase positive inclusion of focal TDP-43 in the ADAR2 mouse. This
mouse exhibits a progressive ALS phenotype by a knockdown of the
adenosine deaminase acting on RNA2 (catalyses RNA editing at the Q/R site
of GluA2) (Akamatsu et al., 2016). These studies highlight the ion channel
therapy would be the potential target for ALS in the future.

1-6 Heat shock proteins (HSPS)

Heat shock proteins are molecular chaperones families ubiquitously
expressed proteins found in all organisms. It was first identified in a
Drosophila in 1962 as a new RNA synthesized with increase in temperature
(Ritossa, 1996).

HSPs are involved in refolding misfolded proteins. Various cellular stresses
such as oxidative stress, heat, and disease conditions induce and activate
HSPs to remodel misfolded protein to fold protein. Chaperone proteins bind
with a wide range of substrate and proteins to build-up fold protein. It is
composed of different forms in various tissue types. These chaperones are
also specifically localized to the nucleus, cytoplasm, mitochondria, and
endoplasmic reticulum to keep protein from misfolding. The HSPs families are
classified based on molecular weight as HSP40, HSP60, HSP70, HSP90,
HSP100 and smaller HSPs (Papsdorf and Richter, 2014).
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Heat shock factorl (HSF1) is a master regulator of the heat shock stress
response in mammalian cells. It was recently demonstrated that dominant
expression of HSF1 leads to a reduction of insoluble and hyper-
phosphorylated TDP-43 and result in promoting cell survival (Chen et al.,
2016). This activity was mediated through HSJ1a, a J domain containing heat
shock protein. Recently, DPRs expression is associated with activation of
HSPs that are regulated by HSF1 in COORF72-ALS/FTD patients (Mordes et
al., 2018; Shaw, 2018). Also, it has reported that the up-regulation of HSF1
and highly hsps expression is associated with G4C2 repeat and poly-GR brain
in Drosophila (Mordes et al., 2018).

Over-expression of HSPs are observed in many protein aggregation diseases
such as Al-zaheimer’s, Parkinson’s, Huntington’s, and prion diseases.
Therefore, HSPs have inhibitory effects on neuronal degeneration, which may
provide the basis of neurotherapeutic development (Adachi et al., 2009).
However, the protein aggregation of motor neurons cultures from IPSC
carrying SOD1, TDP-43, and C9orf72 is not sufficient to upregulate HSPs
(Seminary et al., 2018).

1-6-1 Heat shock protein70 (Hsp70)

The HSP70 promoter is used as a readout of neuronal stress, as it is activated
by misfolded intracellular proteins in response to stresses such as oxidative
stress, excitotoxicity, altered pH, temperature changes, and other abnormal
conditions (Schlesinger, 2011). Elevation of hsp70 is seen in astroglial and
motor neurons in ALS patients, as well as at low levels in the mutant SOD1
mice, suggesting that this is a disease-relevant physiological response to
cellular stress (for review see (Kieran et al., 2004)).

Over-expression of HSP70 has conferred a potential neuroprotective therapy.
The recombinant human HSP70 intraperitoneally injected three times weekly,
at postnatal day 50 to G93A mice, it showed extended life span, promoted
motor neurons survival, and increased of innervated neuromuscular junctions

(Gifondorwa et al., 2007). The other follow up study of administration
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recombinant human HSP70 from postnatal day 30 showed reducing
pathophysiology in SOD1G93A mice (Gifondorwa et al., 2012).

HSP70 neuroprotective pathway is not well known. HSP70 was seen in the
muscle cell in the peripheral tissue. There the HSP70 may maintain NMJ'S
integrity and innervation of skeletal muscle due to increased HSP70
expression (Robinson et al.,, 2005). Using arimoclomol, a drug that up-
regulates HSP70 led to an extend survival and improve motor performance at
75 days in symptomatic mice, but it failed to show any effects at 90 days
(Kalmar and Greensmith, 2009; Kalmar et al., 2008). However, other studies
have reported that an increase of chaperon proteins or elevation of HSP70
has no effect on ALS onset or survival in SOD1 mutant mouse models (Liu et
al., 2005; Rohde et al., 2008).

Despite the variable effects of HSP70 in disease efficacy, the expression of
HSP70 in stressed neurons is a good reporter for a stressed cell. In our model
sod1G93Ros10 zebrafish, the bacterial artificial chromosome (BAC) was
used. This DNA contains the sodl1 zebrafish gene promoter that drives the
expression of zebrafish sod1l gene that is mutated at position 93 (glycine to
arginine, G93R). This transgene is in tandem with the zebrafish heat shock
protein 70 (hsp70) promoter that drives the expression of the DsRed
fluorescent protein; (Fig 1-2). Therefore, HSP70 expressions in stressed
motor neurons would serve as a biomarker of stressed neurons in a drug
screen. Tagging HSP70 promoter to a fluorescent DsRed molecule would
allow us to perform further analysis of motor neuron's stress of treated fish in

the future.
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1-7 Work leading up to the project
1-7-1 sod1G93Ro0s10 ALS zebrafish model

The s0d1G93Ros10 zebrafish transgenic line expresses mutant sodl at
moderate levels. This model has been shown to have 4x fold higher sodl
expression than the endogenous sodl levels in wild type (WT) fish, with
altered neuromuscular junctions showing a reduced overlap of pre- and post-
synaptic markers in comparison to WT adult animals. This mutant line also
showed loss of interneurons at 72 hpf, loss of motor neurons at adult stages,
reduced survival, muscle weakness, and premature death (McGown et al.,
2013; Ramesh et al., 2010).

The bacterial artificial chromosome (BAC) used contains the sodl zebrafish
gene promoter, zebrafish sodl mutated at position 93 (glycine to arginine,
G93R), as well as the zebrafish heat shock protein 70 (hsp70) promoter which
drives expression of the DsRed fluorescent protein; (Fig 1-2). The hsp70
promoter is used as a readout of neuronal stress, as it is activated by
misfolded intracellular proteins in response to stresses such as oxidative
stress, excitotoxicity, altered pH, temperature changes, and other abnormal
conditions (Schlesinger, 2011). Heat shock response (HSR) proteins include
hsp70, hsp90, hsp40 and hsp20, named according to their molecular weight.
Elevation of hsp70 is seen in astroglia and motor neurons in ALS patients, as
well as at low levels in the mutant SOD1 mice, suggesting that this is a
disease-relevant physiological response to cellular stress (for review see
(Kieran et al., 2004)). Further characterisation of the model published in 2013
demonstrated that mutant sodl zebrafish show neuronal stress in
interneurons of the spinal cord at an early stage (72 hpf) before it is observed

in motor neurons (McGown et al., 2013).

These features of mutant sodl zebrafish led to the development of drug
screens utilising it. Selamectin was identified as neuroprotective in the
sod1G93Ros10 model. This compound showed a reduction of stress in
glycinergic inhibitory interneurons (McGown, 2014). Selamectin is a
macrocyclic lactone. It modulates GABAergic and glycinergic inhibitory
neurotransmission. (Lynagh et al., 2011; Sun et al., 2013). This finding when
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taken with the studies outlined in section 1-5, further highlights the potential of
ion channel modulation as a therapeutic target for ALS. We, therefore, set out

to screen a library of ion channel modulators in this project.

sod1
promotor

Figure 1-2: The construction of the sod1G93Ro0s10/ALS zebrafish. The sodl
G93R open reading frame is driven by zebrafish sodl promoter. This mutant
sodl gene is in tandem to a drug screening gene that is composed of heat
shock protein 70 (hsp70) gene, that drives the expression of fluorescent
reported DsRed. The misfolding of sod1G93R is predicted to activate hsp70
promoter, thus allowing identification of compounds that reduce protein
misfolding.

1-7-2 C9orf72 zebrafish ALS models

Given the multifactorial nature of ALS and multiple known genetic causes, we
felt it would be important to validate findings in the sod1G93R0s10 ALS model
in a second model based on a different genetic mutation. C9orf72 zebrafish
were therefore chosen to validate the modulation of neuronal stress by hits

obtained from the sod1 zebrafish screen.

The C9 ALS zebrafish model used in this project was generated in 2017 with
independent lines carrying expressing the sense and anti-sense strands. The
sense strand zebrafish has a forty-five hexanucleotide repeat expansion
(HRE) of G4C2, and the anti-sense strand zebrafish has a thirty-nine HRE of
C4G2.

Both of these models show DPR expression and reduction of swimming
endurance. The (G4C2)4s5 line has confirmed expression of poly-GR, -GA, and
-GP, while the (C4G2)39 line shows poly-PR, -PA, and -PG. The transgene
constructs include a Ubi promoter that drives transcription of G4C2 or C4G2
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repeats that are tagged with a V5 epitope to track DPR expression level and
the hsp70-DsRed fluorescent stress readout as in the sod1 zebrafish (see Fig.
1-3).

hsp70
promotor

Anti-sense

hsp70
promotor

Figure (1-3): The construction of C9ORF72 (sense and anti-sense) ALS
zebrafish. The ubiquitin (ubi) gene promoter drives the expression of sense
(G4C2)45 (top) or antisense (C4G2)s9 (Bottom) V5 epitope tag RNA. The
sequence prior to the start of G4C2 and C4G2 repeats is devoid of any ATG,
thus precluding ATG driven expression of DPRs. Thus, any V5 tagged DPR
expression is exclusively RAN mediated translation. The hsp70 promoter-
DsRed gene is placed in tandem. It is predicted that DPRs would activate the
stress response pathway and would serve as a tool to identify drugs that
reduce DPR levels.
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1-7 Hypothesis and aims

It is hypothesised that ion channel modulators may be of therapeutic benefit in
ALS. The mutant sod7G93Ros10 zebrafish provides a robust in vivo ALS

model that can be utilised for medium- to high-throughput drug screening, due

to the incorporation of the hsp70-DsRed neuronal stress fluorescent reporter

in the transgene construct. C9orf72 HRE transgenic zebrafish provide an

independent in vivo model for validation of ion channel modulators identified.

We therefore set out to identify candidate novel neurotherapeutics relevant to

multiple forms of cellular toxicity in ALS.

The specific aims of the project were as follow:

1.

To screen the LifeArc (MRCT) library to identify ion channel modulators

which modify the neuronal stress readout in sod7G93Ros10 zebrafish.

. To validate the hits obtained from primary screening by establishing

dose-response curves for neuronal stress readout.

To undertake behavioural analysis to determine whether the identified
drugs show toxicity and/or sedative effects.

To investigate chemical structure relationships of the hit compounds.

To validate the most promising ion channel modulators identified in the
C9orf72 HRE zebrafish models.

By achieving these aims, we set out to identify compounds that can be taken

forward into ALS mouse models for further pre-clinical validation.
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CHAPTER 2
2-Materials and Methods
2-1 Animals:
2-1-1 The transgenic ALS zebrafish model: sod1G93Ros10 mutant zebrafish

Tg (sod1G93R;hsp70:DsRed) is referred to as G93Rosl10-Shl. The
transgenic line utilised in this study was initially developed at Ohio State
University, Columbus, OH. It was imported to the University of Sheffield,
Sheffield, UK, in 2010. This line was generated according to the protocol
previously set out in (Ramesh et al., 2010), (Fig. 2-1). The transgene contains
a sodl1 promoter that drives the expression of the zebrafish sod1l gene with a
mutation in the conserved amino acid, from glycine (G) to arginine (R), at
position 93. The transgene also contains a hsp70 promoter, driving a DsRed

reporter gene.

sod1
promotor

Figure 2-1: The construction of the sod1G93Ros10 zebrafish

2-1-2 Generation of sod1G93Ro0s10 embryos for screening

In all the zebrafish experiments in this thesis, the transgenic G93Ro0s10-Shl
line was out crossed with the wild-type AB zebrafish strain. A male and female
were set up in a breeding tank with a divider between them in the evening
after feeding. The following day the dividers were removed from the tanks to
allow the fish to mate and lay eggs. The fertilised eggs were filtered out of the
water through a fine sieve. The embryos were transferred into and kept in
sterile embryo medium (E3- NaCl 5.03 mM, KCL 0.17mM, CaCl2.2H20
0.33Mm, MgS04.7H20 0.33 Mm) at 28°C throughout the experimental

procedure. All zebrafish used in this study were culled according to the
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schedule 1 protocols, which were undertaken with a Home Office approved

project license.

2-2 Dechorinating Method

The chorion was removed from the embryo by holding the chorion with two
pairs of fine forceps and pulling the chorion apart, to allow the embryo to drop
into the embryo medium. Care must be taken and a microscope used to avoid
damaging the embryo within the chorion. Dechorination can be performed
after 24 hpf at any time. An E3 media change was performed after
dechorination to remove chorion debris, reduce the risk of fungal

contamination, and to allow an optimal environment for embryo development.

2-3 LifeArc (formally MRCT) chemical compounds library and storage
conditions

The medical research council technology (MRCT) library is a chemical library
consisting of 4494 compounds. It is provided by the Medical Research Council
Technology (now LifeArc). This library is stored in deep storage well plates
within the SPOD system (Roylan) which prevents library damage. The library
was delivered at 1mM dissolved in DMSO. The original libraries were shipped
frozen and were stored at -80°C until the screening.

The SPOD system is a specialized drug storage system designed to extend
the lifespan of compounds by controlling environmental conditions
(atmospheric pressure of 0.5 PSI. oxygen level <10%, relative humidity <5%).
The system maintains a high nitrogen environment to generate an inert
environment with low O, and humidity levels, to reduce oxidation and
hydrolysis of the compounds. The SPOD system also maintains a dark
environment to prevent UV damage of the compounds (photolysis). 12 pl of
each drug was dispensed from the library source plate to the Echo 384 LDV
(Low dead volume) plate (Echo TM Qualified 384 well polypropylene
microplate, clear, flat bottom, Ca t# P-05525). The transfer was performed
using the Thermo Scientific Platemate Plus (Matrix Technologies Corp
Thermo Scientific), the tips were cleaned after each cycle with an excess of

distilled water and changed between drugs to avoid any cross-contamination.
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Once imprinted onto the source plate (Echo 384 LDV plate), all screening

plates were stored within the SPOD system for the duration of the screening.

2-4 InCell microscopy system at 2 dpf for genotyping the embryos

To identify zebrafish expressing the transgene at 48hpf, the high content
imaging system, the InCell analyser 2200 (GE Healthcare) was used. The
InCell can image multiwell plates in multiple wavelengths, allowing the rapid
genotyping of ~1000 embryos per hour. Embryos at 2 dpf were loaded into 96
well plates (96 well black, uClear, Greiner Bio-One, Cat No:655096) in 150 pl
of E3 media for imaging on the InCell analyser.

Images were taken in two channels: the DsRed wavelength (543 excitation
and 604 emission) and brightfield. The wavelengths selected were both from
Polychroic QUAD2 for brightfield (0.03s exposure) and DsRed (0.500s
exposure) wavelengths to identify fish with transgene expression. The
brightfield was used to identify any damage, changes in the morphology or
abnormal developmental that may have occurred during dechorination or drug
treatment. The full InCell imaging settings used were 2X Nikon objective, Plan
Apo, CFI/60 lens, binning 4x4, and 2-D deconvolution. The large chip CCD
camera was used to obtain high-resolution images with a CoolSNAP K4
2048x2048 pixel array (7.40 um square pixel). A 1% power laser autofocus
was used to obtain the best image focus for each well. The laser-based
HWAF (Hardware autofocus) uses a 785 nm laser with the z-axis to determine

the target and its location.

2-5 Drug plate preparation by using Echo 550 liquid handling system

The Echo550 liquid handling system was used to dispense the drug libraries
into the zebrafish dosing plates. The Echo 550 liquid handling system uses
acoustic energy to rapidly deliver multiple 2.5 nl droplets from the library plate
(Echo™ 384 LDV plates/ source plates) to destination plates (96 well, uClear,
Grenier). By using acoustic energy to dispense, the system has the capability
of dispensing very low volumes 2.5 nl rapidly and accurately. This accelerates
the transfer process, uses minimal drug library, and has no risk of cross-
contamination as the transfer is done without tips. For the primary screen, 2 ul

(2000 nl) of 1 mM stock concentration of each drug in the library was added to
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a well. When the dispensing process has been completed, 150 ul of E3 was
added to the wells by using the WellMate system (WellMate, Thermo
Scientific, Matrix). Finally, 50 pl of (fish with E3) were loaded to make a final
volume of 200 pl at 10 yM.

2-6 InCell microscopy system at 6dpf

Daily the individual embryos were checked under the light microscope to
determine any toxicity and death. On day 6, Tricaine ( MS-222 at 4.2 ml/100
ml E3 media) was added to each well to euthanise the fish. Then, the plates
were scanned on the InCell plate reader (GE healthcare) to confirm all fish
used in the screen were transgenic and identify fish with morphological
defects due to drug toxicity. The incell settings used were the same as at
2dpf, but the exposure for DsRed was decreased to 0.100s due to increased

fluorescence with age.

2-7 Drug screen fluorescent readout of cellular stress

At 6 dpf, the anesthetised fish were transfered into 96 well V-bottom plates (V-
bottom, Clear, Greiner Bio-One, Cat No: 651101) in 50 pl of media. Each well
was sonicated at 25% for 5 seconds using the Vibra cell sonication system
(Sonics and Materials, Inc). The sonicated plates were centrifuged at 3000 G
for 10 minutes (CWS ALC PK120 Centrifuge, T536 Bucket). 20 ul of the
supernatant was then loaded onto 384 well plates (microplate, 384 well
pClear®, black, Greiner Bio-One, Cat No: 781091). DsRed fluorescence was
measured using the Pheraster reader system at the excitation wavelengths

560 and 544 and emission wavelengths 645 and 590 respectively.

2-8 Statistical analysis
2-8-1 Statistical analysis utilised in the primary screen

The statistical parameter used to quantify this screen was the strictly
standardized median difference (SSMD). SSMD represents the ratio of the
median to the standard deviation. It measures the effect size of each
compound by comparing it to the mean across the whole plate (Zhang, 2011).
The logic is that the most test compounds in a test plate are most likely not to
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affect, and any compound affecting will stand out. Therefore, the assay looks
for outliers which may be activators or inhibitors of the DsRed signal. SSMD
works to score every individual compound on the screen for its effect size
above or below the mean. An SSMD value is denoted as [ value and is
average fold change penalized by the variability of the fold change among the
compounds in the plate. This means that each compound has an effect size,
which is representing the magnitude of the difference between the compound
and the plate average. This allows for the scoring/grading of hits that is

comparable between different plates in the screen.

Xi—XN

SSMD=

~ SN2(nN-1)/K

X/ = measured value for a tested well
XN = Sample median

nN = Sample size

SN = Median absolute deviation
K=nN-248

Figure 2-2: An equation of the calculation SSMD used in the primary high-
throughput screen analysis.

In a high throughput drug screen, the majority of compounds will have little to
no effect, and therefore the majority of the test compounds would have an
SSMD score of around 0 in the plate as they do not have an effect. Therefore,
a compound that causes an increased effect, such as an increase of DsRed
fluorescence, would have a ( value above zero SSMD scores. Conversely,
compounds with an SSMD score below zero are reducing the DsRed
fluorescence. SSMD uses a scoring system, as shown in Table 2.1, to grade
the hits based upon effect size. The threshold for a compound being classified
as a hit in this screen was set at 3 < -0.5 (weak) and < -1.0 (fairly moderate)

for quality control of the screening experiments.
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Table 2-1: SSMD thresholds score of the negatives and positives hits based

on the B value. B values green colour represent SSMD threshold for selecting
the inhibitor compounds, while (3 value red colour represent SSMD threshold

for selecting the activator compounds Adapted from (PhD thesis (McGown,

2014)).

Effect subtype Thresholds for negative Thresholds for positive
SSMD SSMD

No effect B=0 B=0

Extremely Weak -0.25<B<0 0.25>3>0

Very weak -05<B<-0.25 0.5>p3>0.25

Weak -0.75<B<-05 0.75>3>0.5

Fairly weak -1<B<-0.75 1>p3>0.75

Fairly moderate -128<pB<-1 1.28>3>1

Moderate -1645<B3<-1.28 1.645 >3 >1.28
Fairly strong -2<B<-1.645 2>3>1.645
Strong -3<B<-2 3>B>2

Very strong -5<B<-3 5>B>3
Extremely strong B<-5 B>5
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2-8-1-1 Quality control (QC)

The quality control of an assay is probably the most critical step in designing
and validating an assay as it confirms the integrity of the identified hits. No
biological screen is perfect due to experimental noise from the equipment
used, the user, the compounds and the model systems used, but by fine-
tuning a screen and obtaining the best QC measures, false hits can be
minimised and the quality of data generated be improved.

It is important for each assay plate to contain a suitable number of the
positives and negatives controls that can be used to ensure high-quality
controls for each experiment. For a good high-throughput drug screening
assay, it is critical to maintain a large drug effect window between the positive
and negative controls. The industry-standard quality control (QC) for
screening is to measure the sensitivity and specificity. The sensitivity of an
assay is considered as to how many true hits are identified, while the
specificity of an assay reflects how many false hits are identified.

The QC of each screened plate was quantified using the positive and negative
controls in each plate and the sensitivity and the specificity was calculated in
the following equation

Sensitivity= (True positives/(true positives+false negatives))*100

Specificity= (True negatives/(true negatives+false positives))*100

2-8-2 Statistical analysis of the secondary screen (dose-response)

The statistical analysis used was: one-way ANOVA analysis, Two-way
ANOVA analysis, and Dunnet’s comparison tests, Area under the curve, and
T-test. Graph-pad prism 2017 was used to perform the statistical analysis and
generate the graphs. The figures represent the dose-response analysis of the
hit compounds to show the potency of the compounds compared to DMSO by
using one-way ANOVA in the first screen and two-way ANOVA in a duplicate.
This would allow us to make sure that a duplicate test from a new batch in

different time shows the efficacy of hit compounds.

45



2-9 Secondary screen: The layout of the 96 well plates in the dose-response
screen study

The 96 well plates layout of the secondary screen were divided depending on
the type of screen being undertaken. The secondary screen performed were
the dose-response study at a range of doses; therefore, the layout of the 96

well plates was different between the secondary screens screens.

2-9-1 The layout of the 96 well plate of the repeated hits screen

To confirm the true hits, each hit was repeated six times at 10uM. The layout
of this screen was 6 wells of the positives control (riluzole), 6 wells of the
negatives control (DMSO), and 10 columns of the repeated hits at 10 uM (Fig.
2-3).

Li 2] 3 [ |5

6 | 7 8 | 9 [10 11| 1

10 pM/ 6 replicate screen of LifArc inhibitor hits
(10 hits screened in each 96 well plate)

Vertical
repeated
hits
(6 times)

Figure 2-3: The layout of the repeated hits screen plate

2-9-2 The layout of the dose-response hits in the 96 well plate

The top hits were screened 5 times at a range of doses in a dose-response
manner to look for compounds showing a good dose response profile. The
layout of each 96 well plates was 6 wells of the positives control (riluzole), 6
wells of the negatives control, and 5 replicates for each of the doses (0.1 puM,
0.3 uM, 1.0 uM, 3.0 uM, 10 pM, and 20 or 30 uM) of two hits setting in 96 well
plate, (Fig. 2-4).
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Figure 2-4: Shows the layout of the dose-response screen in the 96 well plate.

Also, the lower doses of the hits and related structure compounds layout were
at 0.1 uM, 0.3 pM, 0.5 uM, 1.0 pM, 3.0 uM, 5 puM, and 10 pM/ 6 times each
dose of one-hit setting in the 96 well plate, (Fig. 2-5).
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7 8 9 10

Lower dose-response designed map of one hit/ 6 times replicates

-

0.3
M

0.5
UM

1M

3 UM

5pyM 10 uM

Figure 2-5: The layout of the lower dose-response screen of the hit and the
related closet structure compounds.
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2-10 Zebrafish behaviour analysis

This assay was used to detect gross changes in locomotor activity. Gross
behavioral changes such as hyperactivity or hypoactivity are efficiently
detected by our behavioural assays. Behavioural analysis was performed
using the viewpoint software (Viewpoint Lab Sciences, Inc). This software
allows the tracking of zebrafish behaviour in two different conditions (dark and
light) with live location tracking of the embryos in a 96 well plate (96 well
pClear, Greiner Bio-One) (one embryo in each well/ 200 pl). The programme
detects movement in the 96 wells and tracks the movement of each embryo,
splitting the movement speeds with different threshold parameters: >15 mm/s
(fast movement) and <3 mm/s (slow movement) for 20 mins (10 mins/ dark
and 10 mins/ bright).

For the dose-response screen study of the hits and analogues, the set up of
tracking for the zebrafish behaviour was >15 mm as a fast movement and <5
mm as a slow movement for 5 mins each/4 cycles. This duration was
sufficient for gross locomotor analysis and detecting light-dark response

changes.
2-10-1 Power calculations and group size

The statistical power of a test of hypothesis is calculated as the probability of
detecting an effect. This provides the confidence in the test of hypothesis of
the study. More importantly power calculation is important prior to starting a
study to estimate the number of observation (animals) required to detect a

predetermined effect size in an experiment.

There are several factors effect that affect the study power. These are the a
level (significance level), the difference between group means, the variability
among the subjects in the study and the sample size. Sample size is a key
factor in designing studies. Therefore, more samples would increase the
precision of the study, although this is challenging as it would be ideal to have
as few samples as possible when performing animal studies. The other factor
that affects the group size is the magnitude of the significant difference

between the groups being studied. Thus, very precise estimates of the true
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population variability are required to more precisely calculate the power of the
study (Jones et al., 2003).

The group size calculation should be designed before the research carried on.
Therefore, when an experiment is designed, we want to be sure the study is
worthwhile to get the answer. Altman developed a graph called Nomogram

that relates the effect size, power and sample size (Figure 2-6).
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Figure (2-6): Nomogram developed by Altman to plot a relationship between
effect size, power and sample size to determine optimal sample size (Whitley
and Ball, 2002).

G*power is an online tool that can make similar calculations for number of
samples required in a similar fashion (Faul et al., 2007). We utilised this
software to analyze the N required for the screen. For example in our primary
screen, when we analyze the b-value of negative control, it is an average of
0.247, while that of positive control riluzole is -4.05. The standard deviation of
the combined group is 2.328. When performing a screen, in each plate we
have at least 10 usable positive and negative controls and one test
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compound. Thus, we can calculate the total number of samples for DMSO
control and the test compound by performing the power calculation as shown

below.

critical t = 0.836855

0.3 7
0.2 4
0.1 4
1]
Test family Statistical test
t tests & Means: Difference between two independent means (two groups) a
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ot err prob 0.2 Df 24

Power (1-p err prob) 0.8 Sample size group 1 24

Allocation ratio N2 /N1 1 sample size group 2 2

Total sample size 26

Actual power 0.7813213

Figure (2-7): Sample size analysis. Analysis is based on riluzole and DMSO
controls to arrive at N for DMSO control and test compound in the primary

screen using G*Power software.

The effect size for detecting a compound like riluzole is 1.8 (d). We set hits to
an effect size smaller than riluzole (d=1.2) and the power to 0.8 with 1 test
compound/10 usable negative DMSO controls/ plate, the allocation ratio for
two repeats of the screen is 0.1. Based on this, the sample size for DMSO
control required is 24 (12+12 from each of the single screen) and N=2 for
each of the test compound. Thus, based on this power calculation, it is
reasonable to perform a duplicate screen, as it reduces the number of
embryos required and makes the primary screen faster. Thus, any hits could

be retested with larger N to confirm the hits in the primary screen.
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The behaviour assay were performed on embryos at 6 dpf to detect the
locomotion activity differences between treated embryos and the control
(riluzole) during two environment conditions (light/dark). This would reveal the
significant locomotion difference between hit-compounds treated embryos and
riluzole treated (strong sedative effects) which would have a very large d
value when we compare riluzole with DMSO control. Thus, it would be
relatively easy to differentiate a strong sedative from non-sedative hit

compounds.

Smaller behavioral effects of hypo and hyperactivity are much more difficult.
When performing more subtle behavioral analysis, however, the effect size is
very narrow and the standard deviation is large and thus, sample size of over

97/group is required to see a modest effect.
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Figure (2-8): Sample size requirement for detecting a modest change in total
locomotor activity in zebrafish larvae. Due to the small effect size in behavior
of test compounds, sample size of 97/group is required to detect hypo or
hyper activity. However, large effect size of 1.8 (such as complete sedation
Vs non sedation) can be detected with small sample size as described in

earlier figure.
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This highlights that sample size is essential to detect precise differences and it
also depends on the designed experiment. The lack of availability of the test
compounds at sufficient amount precluded a more detailed behavioral
analysis and only permitted separation of severe sedation or lack of sedation

effects in test compounds.
2-11 Western blotting (WB)

Western blot was used to validate the inhibition of the neuronal stress of
LifeArc’s hits and quantify the inhibitory effects of compounds on dipeptide

repeat protein (DPRs) expression in (G4C2)4s/C9 transgenic zebrafish.
2-11-1 Transgenic fish model C9 (G4C2)4s5

The sense strand pure (G4C2)45/C9 transgenic fish were generated in 2017
(unpublished). These fish carry 45 repeats of the GGGGCC (sense) repeats
of containing no ATG start sites. The expression of the expansion was driven
by zebrafish ubiquitin (ubi) promoter for ubiquitous expression. The expanded
hexanucleotide repeats (G4C2) are in frame with a V5 peptide tag in all three
frames so that any of the sense DPR’s can be detected by the V5 tag. The
transgene also carries a hsp70::DsRed in tandem to allow for the detection of
the activation of heat shock stress response, potentially by DPR toxicity.
Therefore, hsp70::DsRed is a fluorescent stress readout that could potentially
be used as fluorescence based drug screen, as was done in the sod1l model
(Fig. 1-3).

RAN translation of the C9orf72 expansion in these fish produces DPR’s,
which are poly(glycine-alanine) (GA), poly(glycine-proline) (GP), and
poly(glycine-arginine) (GR). These DPRs are predicted to cause toxicity in the
C9(G4C2),5 fish similar to those observed in ALS/C9orf72 patients (Mori et
al., 2013a). The C9(G4C2),5 fish was mated with ABs wild-type zebrafish, and
eggs were collected the following day. At 48 hpf, the genotyping was carried
to identify transgenic fish (red fluorescence) and to check the development

status of the fish.
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2-11-2 Drugs treatment and protein assay quantifications

Drugs were loaded into 6 well plates, with 2 pl of 10 mM drug stock in 2 ml of
E3 to have a final concentration of 10 uM. At 6 dpf, the fish were genotyped
again to ensure the DsRed expression and detect any abnormal development
of the fish during the treatment period (fish were monitored for developmental
defects throughout the treatment). Fish were terminally anesthatised and
RIPA buffer was added depending on the numbers of the fish. The calculation

of RIPA buffer volume was
RIPA® = Number of the fish x 3 ul of RIPA buffer
(10 ml RIPA buffer + one tablet of proteinase inhibitor cocktail)

The samples in RIPA were sonicated in a 1.5 ml Eppendorf tube for 15 secs/
25% amplitude. The samples were centrifuged for 4 mins / 17,000 rpm at 4°C.
The supernatant was used to quantify the protein using the protein standard
(Biorad) on the spectrophotometer (Diode Array Spectrophotometer/
England). For the Bradford protein assay, 2 pl of each sample added into 1 ml
of protein-dye reagent assay (1x). This was used to measure the protein
concentration for each sample. The samples were normalised to 4 mg/ml with
RIPA and then mixed 50:50 with Laemmli buffer (2x) to have a final sample

concentration of 2 mg/ml.

The samples were heated to 93-96°C for 5-10 mins to denature the proteins,
and the samples were stored at -20°C. All of the protein extraction processes

were performed on ice to reduce any degradation.

2-11-3  Sodium  Dodecyl Sulfate-Polyacrylamide  denaturing  Gel
Electrophoresis (SDS-PAGE) Gel and transfer

The Mini-Protean Tetra Cell apparatus (Bio-Rad) was used for making SDS-
PAGE gels. The resolving gel was a 15% gel for resolving smaller proteins,
such as the DPR’s. Glass plate’s size of 1.0 mm was used for casting the
gels. 15 ml falcons were used to prepare each (resolving + stacking) gels,
Table 2-2. A small volume of isopropanol was added on top of the resolving
gel solution to prevent any bubbles. After the gel was fully set, the isopropanol
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was removed. The stacking gel was then added and a comb inserted, before
allowing the gel to completely set. Care was taken throughout the gel pouring
to prevent bubbles. The gels were put into the gel tank and filled up with a
running buffer, Table 2-4, before removal of the combs to generate wells in
the stacking gel. The loading of the samples was 4 pl of the ladder and 10 pl
of each sample (10 pl of 2 mg/ml = 20 pg of protein per lane). The required
voltage 50 mV/ 20 mins was applied to allow the ladder and the protein to
reach the stacking/resolving gel interface. Then 150 mV was applied for 90
mins or until the ladder has sufficiently run on the gel.

After electrophoresis was completed, the stacking gel was separated and the
resolving gel taken forwards for transfer. A Polyvinylidene difluoride (PVDF)
membrane (0.2 mm) was activated in 100% methanol for 5 mins and then
soaked in the transfer buffer. The transfer cassette was constructed in the
transfer tray with buffer in the following order: sponge, 2x Waltman filter
paper, gel, PVDF membrane, 2x Waltman filter papers, sponge, and then
placed in the transferring tank. The transfer process started when connecting
with the right power polarity (red to red and black to black) at 80 mV for 1 h.
The tank includes an ice pack to avoid adverse effects from heating through
the transfer process. The membrane was placed in a 50 ml falcon with 3 ml of
blocking solution (5% of Non-Fat Dry Milk (in TBST)). The incubation of the
membrane in the milk was at room temperature (RT) for 1 hour to block any
nonspecific binding on the membrane. The primary antibodies were performed
overnight at 4°C on a roller, with an antibody specific concentration. The
primary antibody was removed by TBST washes for 3 times/10 mins each
before probing with the antibody specific horseradish peroxidase (HRP)-
conjugated secondary antibody, Table 2-3, in 5% milk blocking for 1h at RT.
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Table 2 2: The components of resolving and stacking gels used in western
blot

Resolving gel (15%) |

Miller H20 2.5ml
30% ac/bis 5 ml

APS (10%)
Temed 10 pl

50 ul Components Volume

Stacking gel (5%)

Components Volume
Miller H20 5.8 ml
30% ac/bis 1.7 ml

Temed 20 pl

2-11-4 G-box imaging

After the membrane was probed with the secondary antibodies, table (2-3),
the membrane was washed 3 times/ 10 mins in TBST and imaged on the G-
box (SynGene). Chemiluminescent ECL reagents A and B (1:1) were mixed in
a 15 ml tube, incubated over the membrane for 1 min at RT, and visualised
using the intellichemi program on the G-box. After imaging the membrane, it
was stored in TBST at 4°C or re-probed with other antibodies, after removing
the hrp signal with sodium azide treatment. (20 pl of (0.1% Sodium azide (in
PBS))/ 10 ml of 5% milk blocking solution). Sodium azide is used to
breakdown the HRP signal by inactivating the HRP bound to the membrane to

allow different species of antibody to be probed on the same membrane.

55



2-11-5 Analysis of western blot

The ratio of the V5 signal of each band to the L10A signal (Ribosomal protein
used as a control housekeeping protein) was calculated to standardise DPR
expression levels. The ratio of each treatment was compared to the mean of
DMSO for all experiments. The DsRed was quantified by the signal of DsRed/
the signal of B-tubulin (cytoskeletal protein used as a housekeeping protein)

for each treatment and then compared to the DMSO treated samples.
2-12 Dot blot protein detection

A dot blot technique works by directly applying a protein onto the membrane
without an electrophoresis step. It is used for detecting changes in protein
levels within a small protein sample and for rapid analysis of protein levels.
This technique was used to detect and quantify dipeptide repeat protein
(DPR) in the C9orf72 transgenic zebrafish.

2-12-1 C9orf72 transgenic zebrafish ALS models

The C9orf72 transgenic zebrafish were generated in 2017. Two transgenic
lines were used. The sense (G4C2);5s and antisense (C4G2)s9 transgenic
zebrafish lines. The transgenic zebrafish express forty-five repeats of the
hexanucleotide repeat expansion GGGGCC (G4C2)45 (sense) and thirty-nine
repeats of the hexanucleotide repeat expansion of CCCCGG (C4G2)sg
(antisense) as described in the section 1-6-2, (Fig 1-3).

2-12-2 Dot blot procedure

C9 fish were crossed with AB wild-type zebrafish and the eggs were collected
on the following day. The fish were treated from 2 dpf to 5 dpf. At 5 dpf,
embryos were culled under the schedule 1.

The sonication and the centrifugation of the samples were varied to optimise
the protocol of the dot blot, table (6-2). The PVDF was activated in 100%
methanol for 2-3 secs and the Waltman (filter paper) soaked in TBST for 5
mins and then placed (the filter paper + PVDF) into the dot blot cassette.

Afterward, the blot cassette was tightly closed and the supernatants of
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transgenic and non-transgenic of (G4C2)ss and (C4G2)s9 fish were loaded
with either the RIPA buffer or immunopatrticipate (IP) cell lysis buffer in the 96
well dot plate, (Table 6-2). The 96 well dot blot cassette was applied to a
vacuum pump turned to pull the samples from each well through the cassette
and onto the membrane. The vacuum of the dot blot plate was performed for
15-20 mins. The membrane with bound protein was kept for 1h at room
temperature (RT) for fixing the proteins onto the membrane by air drying. The
dry membrane was then washed in TBST 2 times/ 15 mins and blocked in 5%
milk low-fat blocking solution for 1h at RT. The membrane was incubated with
V5 primary antibody (1:2000, Mouse Ab) overnight. The following day, the
membrane was washed in TBST (6 times/ 5 mins), and then the membrane
incubated with the appropriate secondary Ab (1:500, Goat anti-mouse HRP)
for 1h at RT. After the secondary antibody, the membrane was washed in
TBST (6 times/ 5mins). To image the membrane, the ECL substrates (1:1)
were applied to the membrane for 1 min in a dark condition, and the image
was taken by G-box. The membrane can be incubated in sodium azide as
described in western blot for 1h prior to probing the membrane with other
antibodies. The tubulin antibody (Rabbit anti-B-tubulin) was applied to the
membrane in a dilution (1:500) overnight, along with the secondary AB (Goat
anti-rabbit HRP). The membrane washed, and G-box used for the images. All

the membranes were kept in TBST in the fridge after every test.
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Table 2-3: List of antibodies

The type of antibodies | Targets |Company Dilutions |Application |Species |Products
host number
Primary Tubulin | Sigma 1:10000 Overnight at |Mouse T6119
4C
Primary V5 Thermofisher 1:2000 Overnight at |Mouse R960-25
4C
Primary DsRed Clontech 1:2000 Overnight at |Rabbit 632496
4C
Primary L10A Santa Gruz 1:500 Overnight at | Mouse JK-16
4C
Secondary HRP BioRad 1:500 1h/ RT Goat 172-1011
conjugate
anti-
mouse
Secondary HRP BioRad 1:500 1h/ RT Goat 170-6515
conjugate
anti-rabbit

Table 2-4: Components of the buffers

5L/1X (10 L/ 5X) PH 7.6
NaCl 80.06 g
Glycine 190 mM 270 g
TRIS 25 mM 150 g 2164
Tween 20 41.4 0.1% (v/v)
SDS 3.5 mM
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Table 2-5: List of materials and reagents

Materials Catalogue Company Source
‘MICROPLATE, 96 WELL, 655098 Greiner Bio-One Germany
HCLEAR®, Black

MICROPLATE, 384 WELL, 781091 Greiner Bio-One Germany
HCLEAR®, BLACK

6 wells cytoOne plate, Clear 7506 Greiner Bio-One Germany
DMSO (anhydrous) 276855 Sigma-Aldrich USA
Protease Inhibitor Cocktail (PIC) |P8340 Sigma-Aldrich USA
Coomassie protein reagent 1856209 Thermoscientific USA
TEMED T3100 Melford UK
Ammonium persulphate A3678 Sigma-Aldrich Japan
Isopropanol P 7500/17 Fisher Scientific UK
Methanol | M/4000/17 Fisher Scientific UK
Sodium dodecyl sulfate 10090490 Fisher Scientific UK
Triton™ X-100 T9284 Sigma-Aldrich USA
Immobilon®-P Polyvinylidene IPVH00010 Millipore UK
difluoride membranes (PVDF)

Chromatography papers (filter |3030-917 GE Healthcare China

papers)

Chemiluminescent reagents

(EZ-ECL) 20-500-120

Biological Industries

Israel

Sodium azide S8032 Sigma-Aldrich Germany
TRIS B2005 Melford UK
Glycine G0709 Melford UK
Sodium chloride 11904061 Fisher Scientific UK
TWEEN 20 233360010 Acros Organics USA
Laemmli buffer (2X) 4% Sodium dodecyl Thermo Fisher & | USA & UK
sulphate (SDS), 20% Fisher Scientific
glycerol, 10% 2-
mercaptoethanol, 0.004%
bromophenol blue, and 0.125
M Tris HCL; PH 6.8
RIPA buffer EDTA,146.12g; 50 Tris HCL, Thermo Fisher & |USA & UK
3.03g; 150 mM NaCl, 4.38 g; Fisher Scientific
0.5% NP40, 2.5 ml/50 ml
IP cell lysis buffer EDTA 1ml; NaCl 15 ml; 50  Thermo Fisher & USA & UK
mM HEPES 5.95 g; 10% Fisher Scientific

glycerol; 0.5%( v/v) Triton x-
100, 2.5ml; 8 mM Urea
240.24 g/ 50 ml
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CHAPTER 3

3- Primary screening of the LifeArc (MRCT) library.

Hypothesis: The ion channel library designed to act on ion channels would
identify hits that reduce neuronal stress in the sod1l G93R zebrafish model of
ALS.

3-1 Selection and storage of the LifeArc (MRCT) chemical compound library

The LifeArc library is composed of a collection of chemical small molecules
dissolved in dimethyl sulfoxide (DMSO) as a solvent for the drugs. This library
consists of a wide range of molecules specifically designed and predicted to
be ion channel modulators. This library was chosen based on previous work
where selamectin was identified as a hit compound in a neuroprotective
screen in the sod1G93Ro0s10 mutant zebrafish line. Selamectin is known to
modulate glycinergic activity (Lynagh et al., 2011), and it reduced neuronal
stress in sod1G93Ro0s10 zebrafish (McGown, 2014).

Additionally, riluzole also modulates glutamate channels, and it was found to
reduce neuronal stress and rectify interneuron dysfunction in the
sod1G93Ros10 zebrafish model. Therefore, we hypothesised that by
screening the LifeArc library in the sod1G93R zebrafish, we could identify
novel ion channel modulators of potential therapeutic benefit for ALS. lon
channel dysfunction is involved in ALS pathology. For example, activation of
persistent sodium channels and reduction of KCNA1, KCNA2, and KCNQ2
potassium channels has been identfied in ALS, while ligand-gated ion
channels such as NMDA and AMPA receptors are also modulated in ALS
(Do-Ha et al., 2018). Small molecules that could potentially target these
receptors may, therefore also ameliorate the disease course (Behan et al.,
2013; Do-Ha et al., 2018).

The LifeArc library consists of 4494 compounds. For long term storage, it is
kept at -80°C in the dark in a sealed environment to avoid contamination,
photolysis, hydrolysis, and oxidation. The screen was undertaken by
transferring compounds into 384 well LDV plates (Labcyte), which are
compatible with the Thermofisher PlateMate liquid handling system, as

described in methods section 2.5. The LifeArc compound screening plates
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were temporarily stored using the SPOD system (Roylan Development
Technologies) in a low oxygen and moisture environment, to minimise
oxidation and hydrolysis of the drugs over time. Monitoring of drug quality and
degradation was performed weekly using the survey feature of the Echo550
system which can monitor DMSO content and volume changes to ensure that

water contamination has not occurred.

3-2 Destination plate (96-well) design for screening

The destination plates used were 96-well Greiner puClear plates. In each 96-
well plate, we included 12 negative control wells (DMSO) in columns 1 and
11, 12 positive control wells (riluzole) in columns 2 and 12, and 48 wells of
LifeArc test compounds in columns 3-10. The wells for DMSO and riluzole
were reversed on either side of the library compounds to minimise edge
effects (Fig. 3-1). This plate loading allowed excellent quality control with large
numbers of control wells. We utilised this large number of controls to ensure
that the positive and negative control averages gave an accurate estimate of
the effect size. The LifeArc library was provided at 1 mM and 10 mM
concentrations. To achieve 10 uM (initial dose screen) in 200 pl (final volume
in each well), 2000 nl or 200 nl of the compound was dispensed by the
Echo550 in to each well.

We were keen to maintain the stock concentrations of DMSO and riluzole
consistent with LifeArc stock concentrations throughout the study. Therefore,
DMSO was used at 1% or 0.1% in 200 ul of E3, while riluzole was used at 10
UM, solubilised in 1% or 0.1% DMSO. Previous data showed a 54.4%
reduction in DsRed fluorescence with 10 pM riluzole treatment in the
s0d1G93Ros10 zebrafish line (McGown et al., 2016). This study also showed
that riluzole had a toxic effect when used at > 10 pM in sod1G93Ro0s10
zebrafish.

This screen is a unique high-throughput drug screen in the zebrafish in vivo
ALS model (sod1G93Ro0s10) as it is the largest drug screen undertaken in a
zebrafish model of ALS utilising the fluorescent stress readout provided by
hsp70::DsRed.
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Figure 3-1: Destination plate design for the LifeArc compound library screen:
Rows A & H are firewalls (to avoid possible dehydration issues), DMSO (-ve
control) is in columns 1 & 11. Riluzole (+ve control) is in columns 2 & 12 of
rows B-G. Columns 3-10 contain compounds of the LifeArc library.

3-3 Screening protocol

Eggs were collected following pair-mating of sod1G93Ros10 with wild-type AB
zebrafish. Embryos were dechorionated manually at 24 hpf and kept in sterile
embryo medium (E3) at 28°C. Embryos were loaded manually into 96-well
plates (one embryo in each well; approximately 150 ul E3/well) at 48 hpf, then
the InCell imaging system (GE-Healthcare) used to genotype the fish on the
basis of DsRed expression prior to screening. Transgenic embryos were
pooled in a petri dish. Brightfield imaging was then used to ensure that the
embryos were healthy and not damaged during dechorination. The Echo550
liquid handling system was used to dispense the compounds from a source
plate (drug plate) to a fish plate (destination plate), with 2000 nl of each drug
being added from a 1 mM source stock plate. The volume in each well at this
stage was 150 pl of E3, then a transgenic embryo added to each well to give
a final volume of 200 ul and 10 uM final drug concentration. The zebrafish
were then kept at 28°C in an incubator until 6 dpf (assay end-stage) with daily
monitoring for toxicity. At 6 dpf any genotyping errors and drug toxicity effects
were identified by imaging on the InCell system. The fish were terminally
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anesthetised and then loaded into V-bottom plates (V-bottom, Clear, Greiner
Bio-One, Cat No: 651101) in 50 pl of dissociation buffer, sonicated for 5
seconds at 25% amplitude using the Vibracell sonication system (Sonics and
Materials, Inc), before being centrifuged at 3000 x g for 10 min. Twenty pl of
each supernatant was loaded into a 384-well plate (384-well, uClear, Greiner
Bio-One, Cat No: 781096) and DsRed fluorescence measured using the
Pherastar system (BMG Labtech) using the protocol described in section 2-7.
This protocol for high-throughput screening in sod1G93Ros10 zebrafish has
been published elsewhere (McGown et al., 2016) and is illustrated in Fig. 3-2.
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Figure 3-2: Flow-chart of the high-throughput screening protocol used in the
s0d1G93Ros10 zebrafish line.
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3-4 Confirmation of the validity of riluzole as a positive control for DsRed-
based screening

Riluzole was used as a positive control in the screening assay as it is the only
FDA approved drug for ALS treatment. Importantly, riluzole was previously
shown to reduce DsRed fluorescence in the sod1G93Ros10 model where it
showed an average reduction of 54.4% in the DsRed signal at 10 uM. Riluzole
was prepared as a 100 mM stock in DMSO and then diluted to 10 mM or 1
mM based on the stock concentration of the LifeArc compounds. Using the
Echo550 liquid handling system, 200 nl or 2000 nl of riluzole was dispensed to
a final concentration of 10 uM in 200 pl of E3. DMSO was used as a negative
control in this screen at 0.1% or 1% concentration. DMSO is relatively safe,
and zebrafish tolerate 0.1% and 1% well at 1-3 days post-hatching (Xiong et
al., 2017). Throughout the screening performed for this thesis, riluzole showed
a consistent inhibitory effect on the fluorescent readout of stress activation,
with an average inhibition of 68% throughout the one year course of the

screen, and with a low death rate (Fig. 3-3).

100 -
804

40+

nhibitian perecentagets

204

I A s A ISP SR SR ST
S S - CANS G & N
(U R S @“P & é’bﬁ N & w W P
o v & P @ @ g &
3\) %@Q o Qﬂ-‘-\ {)ﬁg w‘."ﬂ‘ & @ 5\)

Riluzole inhibition% through one year course

Figure 3-3. Riluzole showed an average inhibition in neuronal stress of 68% in
the sod1G93Ros10 zebrafish line over the course of one year. N=36 for each

64



data point, n=12 technical replicates (individual fish) per experiment with 3
biological repeats per month.

3-5 Qualitative analysis of DsRed fluorescence in riluzole-treated embryos

The InCell 2000 (GE Healthcare) is an automated high-content imaging
system which can capture images using multiple wavelengths as described in
section 2-4. Imaging with the Incell showed that sod1G93Ro0s10 fish treated
with riluzole had a reduction of DsRed fluorescence in the hindbrain, spinal
cord and neuromasts at 6 dpf (Fig. 3-4). We could not perform quantitative
analysis of screening plates using the InCell system due to the variable
orientation of the fish in the wells meaning that many fish were not in focus
when a plate was imaged. Hence many images were blurred (Fig. 3-5),

although the fluorescence was visible.
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Figure 3-4: InCell images showing sod1G93Ros10 zebrafish at 6 dpf after
exposure to 0.1% DMSO only (upper panel) or 10 uM riluzole in 0.1% DMSO
(lower panel). The riluzole-treated fish has reduced DsRed fluorescence in the
hindbrain, spinal cord, and neuromasts compared to the fish treated with
DMSO alone.
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DsRed expression

Figure 3-5: Unfavourably orientated fish at well edges showing fuzzy DsRed
fluorescence due to poor focus, thereby preventing accurate quantitative
analysis of fluorescence with the InCell system.
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3-6 Assay statistics and quality control

Strictly standardized mean difference (SSMD) was used for statistical analysis
in this screen (section 2.8). It has high applicability for screening approaches
as only hits that stand out from the other test candidates will show a
significant signal using SSMD. This reduces the need for multiple embryos on
a primary screen such as the one we performed using single embryos.
Therefore, SSMD provides a more accurate score of drug activity than
another score, such as the Z score. SSMD measures the effect size of each
compound by comparing any two random groups, while the Z score provides
yes or no effect of the drug. SSMD is also represented as a graded score of
the drug’s effect based upon on [ values, as shown in Table 2-1. After
performing the initial screen, the screen was repeated, and all duplicate
activators and inhibitors used to perform secondary screening (hits should
show similar efficacy in both trials).

For optimal drug screening, it is essential to perform quality control analysis to
ensure that the specificity and sensitivity are maintained at more than 90%
throughout the screen. The specificity shows how many true negatives are
observed in the screen. It should be in a higher percentage in each screen to
reflect the accuracy of detecting true hits and avoiding false positive hits. In
the same time, the sensitivity measures the detectable hits in the screen and
should remain strong to ensure hits are not missed in the screen. Data
analysis was performed at multiple SSMD thresholds to ensure that hits were
not missed while maintaining the best balance between specificity and
sensitivity. SSMD hit threshold scores were set up at B < -0.5 and <-1.0. The
plates were analysed based upon these scales. False-positive numbers
(negative controls showing as hits) and false-negative numbers (positive
controls showing as negative numbers) were recorded for each plate and
analysed to allow calculation of the sensitivity and specificity of each plate for
quality control. False positives were calculated as the number of negative
controls that showed up as a hit based upon the SSMD threshold. False
negatives were calculated as the number of positive controls that did not
reach the hit SSMD threshold. The sensitivity is a measure of how many hits
are detected and the specificity is a measure of how accurate the assay is.
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The percentage of true positives compared to false negatives is measured as
sensitivity, while the measured percentage of true negatives compared to

false positives is measured as the specificity.

3-6-1 Quality control with SSMD cut off based upon 8 < -0.5 in duplicate
screens

An SSMD based upon B < -0.5 score allows only a small percentage of hit
compounds showing up as false negatives and gave a sensitivity score of
95.76%. This is an excellent score in an in vivo primary screen. This confirmed
that the assay revealed true hits at the cut off < -0.5. The specificity score of
the screen at B < -0.5 was 82.29%. This means the screen will pick up some
false positives. This lower specificity most likely reflects the variability inherent

to any in vivo model or drug-screening assay.

3-6-2 Quality control with SSMD cut off <-1.0 in duplicate screens

The measured sensitivity and the specificity of the screen when shifted to
SSMD based upon at B < -1.0 was more robust. The sensitivity was
maintained at > 90%, but with a slight reduction than with B < -0.5, but the
specificity was increased. At < -1.0, a very low number of false negatives and
positives were detected, which lead to the sensitivity and specificity scores
being 92.39% and 92.63%, respectively, as shown in Table 3-1. This is an
excellent score in an in vivo primary screen. At this threshold, there was a
slight decrease in the sensitivity of the assay, which might lead to some
weaker hits being missed, but in comparison, there was stronger specificity

leading to fewer false hits being detected.
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Table 3-1: Quality control data in the duplicate screen for all plates based
upon B < -0.5 and -1.0. It shows the true positive and negative rates with the
incidence rates of false negatives and false positives to provide the
percentage sensitivity and specificity.

w True+/ N=12 W True-/N=12 |False+/N=12 |Sensitivity% Speclficlty
B<-0.5 10.12 95.76 8229
Mean

1.79 0.97 1.70 1.52 9.35 12.99
B<-1.0 9.76 0.80 10.67 0.85 92.39 92.63

h 1.97 1.33 1.31 0.94 12.40 8.13

3-7 Compounds reducing DsRed fluorescence in the primary LifeArc library
screen

The LifeArc library of 4494 compounds was screened in the duplicate to
identify compounds that showed a reduction in DsRed fluorescence in
sod1G93R mutant zebrafish. With the SSMD threshold set at § >-1.0 to <-0.5,
159 (3.53%) showed reduced DsRed fluorescence, while with the SSMD
threshold set at 8 <-1.0, 55 (1.22% of the library) compounds were considered
hits Table 3-2 and Table 3-3). These data confirmed that the SSMD score
based upon B < -0.5 or < -1.0 is an appropriate threshold to identify
reasonable numbers of hits that can be taken forward for secondary screening

and hit validation.

Table 3-2: The number of primary hits showing a reduction in the hsp70::
DsRed fluorescent stress readout in duplicate screens.

SSMD threshold Number of the Number screened | Percentage hits
B values inhibitor hits

>1.0 - <-05 159 4494 3.53%

<1.0 55 4494 1.22%

Total 214 4494 4.75%
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Figure 3-6: Summary of duplicate screen of primary inhibitor hit compounds of
LifeArc ion channel library with negative (DMSO) and positive (riluzole)
controls. Each dot represents average SSMD scores of a duplicate screen.
Negative SSMD scores represent inhibitors. Hit compounds and Riluzole
show negative SSMD scores. SSMD scores < -0.5 in each of the duplicate

screens were considered as hits.
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3-8 Compounds increasing DsRed fluorescence in the primary LifeArc library
screen

When a B threshold of > 1.0 was used, it detected 545 compounds that
induced an increase of DsRed fluorescence in the duplicate screens of 4494
compounds. These compounds could be hsp70 activators as some of these
hits might be an auto-fluorescent. To determine how many of the compounds
had a toxic effect at 10 uM concentration, daily inspection of embryos using a
dissecting microscope was used to monitor for death or/and developmental
abnormalities such as weak heartbeat and cardiac oedema. In total, 129
compounds were identified as toxic, causing death or severe abnormalities at
10 pM. This equates to 2.87% of the library.

Table 3-3: The number of compounds shows the activation of fluorescence
and causes embryo death.

SSMD threshold | Number of the hits Number screened percentage
2210 545 4494 12.12%
Compounds

caused death 129 4494 2.87%
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3-9 Discussion

In the mutant sod1G93Ros10 zebrafish transgenic line, the fluorescent
readout of the hsp70::DsRed reporter is utilised as a scale for the
measurement of neuronal stress based upon of the activation of the hsp70
promoter. This response can be utilised as a high-throughput screen and give
a measure of the effect of each compound, either in reducing neuronal stress
or activating the heat shock response. Previous work in the sod1G93Ro0s10
zebrafish identified selamectin as a modulator of glycinergic activity in
s0d1G93Ros10 (McGown, 2014). This work highlighted the potential key role
of ion channels and their modulation in ALS cellular pathology. As a result, we
set out to identify novel ion channel targeting drugs that could be utilised in
ALS treatment. The LifeArc library was selected to screen in this model by
measuring hsp70::DsRed fluorescence as an indicator of the anti-oxidant
and/or protein misfolding stress (Ramesh et al., 2010). The library contains a
large selection of novel compounds designed and predicted to act on ion
channels. The efficacy screening window of the screen was high with an
average of 68% reduction of the neuronal stress fluorescent readout for
riluzole, the positive control, thus providing an ample window for screening. A
high-throughput screen of LifeArc ion channel library is the most extensive
focussed investigation of the ion channel modulating drugs in the sodl
zebrafish model of ALS that has been published.

Riluzole is the only treatment currently given to ALS patients but its
mechanism of action is not completely understood. It is a known anti-
excitotoxic drug that acts by reducing glutamate-release and has also been
shown to inhibit persistent sodium currents both in vitro and in vivo (Belluzzi
and Urbani, 2000; Chang et al., 2010; Lazarevic et al., 2018). The efficacy of
riluzole was consistent, with an average 68% reduction in the neuronal stress
readout in sod1G93Ro0s10 zebrafish over the course of a year (Fig. 3-3). The
activity of riluzole in this screen confirms that sodl-mediated toxicity
measured in our assay is meaningful and increases the validity of hits
identified in this assay. However, it should be noted that in a recent study
using TDP-43, FUS, and SOD1G93A mouse models, riluzole did not improve
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rotarod performance and/or extend survival in all of these ALS mouse models
(Hogg et al., 2018).

This screen also demonstrated less toxicity than the previous spectrum library
screen in the sod1G93Ros10 zebrafish (McGown et al., 2016). This could be
due to the choice of the library. The spectrum library was more diverse
including antibiotics, antifungal, and DNA intercalating drugs that may show
high toxicity, while LifeArc was specifically targeted to ion channels, which

may be potentially safer.

In high-throughput biological drug screening, the most commonly used
method for scoring hits is the z score. A hit using the z score method is
calculated as anything that has an effect size of more than three standard
deviations away from the negative control. This gives a definitive yes or no
answer for each drug being a hit in the screen. In the current screen,
statistical analysis was based upon on the SSMD score. The SSMD score
shows the power of the effect size of the drug by comparison to the negative
control. This means that the SSMD score has some advantages compared to
other high-throughput drug screening statistical methods, such as z score.
This is because the z score needs three standard deviations of difference to
be defined as a hit meaning weaker drugs may be missed, while SSMD allows

a whole range of scores for the screen.

Additionally, z score analysis requires at least a triplicate sample size, while
SSMD can utilise a single screen with a single replicate, thus reducing the
cost and speed of screening. It grades a drug’s effect from weak through to
strong, thereby including weaker effects. This is particularly useful as drugs
that have a weak effect in the screen may be more effective at different
concentrations can still be detected and tested for dose-response to find the

optimal drug concentration.

The primary screen of the 4494 LifeArc compounds screened in duplicate, at
B < -0.5, there were 159 compounds identified that reduced DsRed
fluorescence, while at the greater stringency of B < -1.0, 55 compounds
showed reduced fluorescence. The assay, therefore, identified a reasonable

number of hits to take forward for validation and dose-response screening to
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identify lead candidates for further development. This confirmed the

hypothesis of our initial screen.

At a B value = 1, 545 compounds were found to increase DsRed fluorescence,
equating to 12.1% of the total library. These compounds might include
activators of the heat shock protein response (HSR). Hsp70 is up-regulated by
the unfolded protein response (UPR) and other cell repair pathways, to try to
improve cell survival. While transient activation of the HSR is thought to be
beneficial, chronic activation of the HSR may have deleterious consequences.
Misfolding of mutant SODL1 is thought to be an early step in toxicity. Therefore
drugs that increase hsp70 in the sod1G93Ro0s10 zebrafish might be beneficial
as they may alleviate sodl misfolding via further activation of the stress
response. A therapeutic approach to upregulate the HSR using arimoclomol
showed a beneficial effect when tested in G93A mutant SOD1 mice (Kieran et
al., 2004). This compound improved motor performance and extended
survival and is thought to act by the up-regulation of the heat shock proteins
hsp70 and hsp90. This suggests that up-regulation of the heat shock pathway
has potential neuroprotective effects in the context of neurodegenerative
disease. Some of the compounds identified as activators were auto-
fluorescent and carried through to the assay, providing false-positive results.
Additionally, if a drug has a toxic effect, it could result in the activation of the
heat shock response, again providing a false-positive result if activators were
to be considered as potential hits.

Screening was performed at 10 uM, consistent with the optimal dose of
riluzole and the most widely used dose in high throughput screens. 129
compounds caused death in the duplicate screens at this concentration.
Death at 10 uM does not necessarily mean that a drug should be discounted.
Such compounds may have efficacy at a lower concentration. Therefore,
these compounds could be investigated at a lower concentration, such as 1
MM. Toxic compounds equated to 2.87% of the library, which was lower than
was found with the Spectrum library screen, where 7.1% of 2000 compounds
exhibited toxicity (McGown et al., 2016). As the Spectrum library contains a

wide variety range of bioactive compounds and drugs, including known
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cytotoxic ones, while the LifeArc library is designed against ion channels, a

direct comparison of the two libraries is difficult.
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CHAPTER 4

4-Secondary screening of the primary hit compounds

Hypothesis: Hits identified from primary screen would recapitulate and show
repeatability.

4-1 Stratification of the primary screen hits

In total, 214 inhibitors with an SSMD score 3 < -0.5 were identified in the initial
screen with 55 among these scoring <-1.0 SSMD score. These inhibitors were
confirmed by the reproducible inhibition of the DsRed neuronal stress
fluorescent readout in two independent primary screens. The next stage of the
project was to carry out the key secondary screen studies in the
sod1G93Ros10 mutant zebrafish to validate the hits, identify true hits and
perform dose-response analysis of the hits obtained.

The precise design of the secondary screen is an essential step of any high-
throughput screen. Secondary screens are critical for the identification of true
positive hits and to remove any false positives. Secondary screens can be
developed to provide more detailed information on each compound, such as
effects on development and behavioural changes. Secondary screens can
also provide in-depth information on any associated toxicity effects at different
doses. The first stage of the secondary screen was to test whether the
efficacy was reproducible and also identify any variability/toxicity associated
with each hit compound. This was followed by the second stage where dose-

response analysis of hits that show reproducible effects was performed.

4-1-1 Repeats of LifeArc’s hsp70-DsRed fluorescent stress readout Inhibitor
hits

The 214 inhibitors of neuronal stress from the primary screen were tested (6
replicates for each compound at 10 pM) to confirm and identify the
compounds that show a reproducible inhibitory effect. Ninety-four of the initial
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hits demonstrated reproducible effects based on a minimum cut off of =2 5%
inhibition of the DsRed signal (Table 4-1).
The criteria for choosing reproducible inhibitory hits are explained below:

1. Inhibitors that showed efficacy in 6 of 6 repeats performed and
demonstrated inhibition of = 10%.

2. Inhibitors that showed effect in 83% of the repeats (5/6 repeats) and
that averaged inhibition 2 5%.

3. As the hit numbers were small, we proceeded to select Inhibitors that
showed effect in 67% of the repeats (4/6 repeats) and that averaged
inhibition = 5%, and also inhibitors that showed an effect in 50% of the
repeats (3/6 repeats) and that averaged inhibition = 5%. We also
included one hit that demonstrated very strong activity (80%) in one of
the replicates, assuming that it may show activity at a lower dose.

Therefore, based upon on these criteria, 94 compounds were identified for

follow up in the dose-response study.
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Table 4-1: The percent inhibition of DsRed signal at 10 uM in 6 replicates. The LifeArc Reference ID for each compound refers to

the number of LifeArc plate, the column, and the row. Green colours represent an average inhibition as a % of each hit as

compared to DMSO controls in at least 4 of 6 trials. The compounds in blue are averages of those that were more variable. Gray

colours represent samples that showed no effect. Red colours are trials where the embryos died.

Plate

number/ LifeArc reference | Replicate | Replicate | Replicate | Replicate | Replicate | Replicate | Averages SD of Averages SD of DMSO
Row/ ID 1 2 3 4 5 6 inhibition% inhibition% of DMSO

Column

446K10 MRT00203281 71.38 55.54 66.70 45.42 15.75 47.07 50.31 19.84 0.27 9.25
465D07 MRT00215511 37.83 51.70 51.42 57.31 43.83 21.74 43.97 12.84 5.48 8.37
450E6 MRT00202252 34.50 34.70 30.34 31.19 29.69 17.38 29.63 6.36 -7.40 10.66
442113 MRT00010424 33.70 20.78 14.07 28.61 4.82 7.23 18.20 11.59 -6.57 5.50
452D15 MRT00201271 | 30.61 29.75 39.66 29.93 19.76 23.16 28.81 6.88 0 5.84
450120 MRT00202934 26.56 4.76 24.80 14.06 9.20 13.93 15.55 8.58 1.78 13.82
45215 MRT00203248 24.00 27.21 26.64 25.16 10.02 26.31 23.22 6.56 0 5.84
444M3 MRT00200759 23.67 26.39 25.60 33.00 38.13 15.40 27.03 7.84 5.63 10.53
448K10 MRT00202938 23.28 25.21 27.01 27.36 11.41 14.10 21.40 6.90 -5.18 5.16
446D3 MRT00203393 23.21 13.52 20.65 10.16 24.31 15.00 17.79 5.74 2.49 14.48
446A6 MRT00203277 22.37 13.55 26.47 26.50 17.09 22.27 21.38 5.16 2.49 14.48
444K11 MRT00200762 21.60 24.00 12.65 32.37 28.66 22.92 23.70 6.73 0 9.56
444C6 MRT00200712 20.92 33.11 20.45 17.57 22.53 15.94 21.75 6.05 0.27 9.25
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464B04 MRT00213771 20.74 32.14 30.15 21.13 9.28 32.67 24.35 9.09 5.48 8.37
448P014 MRT00203018 19.92 28.71 29.53 42.15 11.21 17.74 25.00 10.92 -5.18 5.16
442C19 MRT00203352 19.68 23.57 13.57 30.82 5.00 21.00 19.00 8.838 -6.57 5.50
446F004 MRT00201744 19.54 9.73 16.69 25.31 45.00 40.01 26.03 13.75 2.49 14.48
44604 MRT00203275 19.35 44.22 28.79 6.00 40.37 28.00 27.77 14.00 0.27 9.25
450M13 MRT00202475 18.58 10.82 10.04 13.50 15.05 6.85 12.48 4.12 1.78 13.82
450F014 MRT00202041 17.46 22.61 7.85 16.89 19.51 28.85 18.86 6.94 1.78 13.82
452G5 16.56 17.70 31.67 23.01 32.39 11.01 22.05 8.61 0 5.84
MRT00203268
448E21 MRT00202679 14.50 22.69 22.00 25.07 40.54 7.18 22.00 11.21 0 7.74
446H16 MRT00040664 13.37 8.86 18.03 18.00 14.15 14.13 14.42 3.39 2.49 14.48
443K018 MRT00201502 14.60 14.56 8.04 16.66 15.85 23.91 15.60 3.41 2.49 14.48
452P6 11.22 9.47 14.42 30.47 18.64 5.08 14.9 8.90 0 5.84
MRT00201156
443P16 MRT00201623 11.05 44.56 17.41 39.45 22.13 4.84 23.24 15.74 0.27 9.25
445A13 MRT00201020 7.87 35.30 29.16 13.06 16.53 17.15 19.85 10.32 5.63 10.53
452121 6.20 13.46 29.18 24.29 4.56 17.73 15.90 9.78 0 5.84
MRT00203254
443K010 MRT00201553 6.12 24.69 32.51 36.62 35.76 26.10 27.00 12.65 2.49 14.48
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450G3 MRT00202662 12.00 8.35 26.09 29.05 12.91 16.52 17.48 8.28 1.78 13.82
464A1 MRT00215254 10.04 13.26 22.67 15.92 16.44 12.86 15.20 4.32 5.48 8.37
442119 MRT00005242 30.11 25.08 27.40 41.27 33.40 16.49 29.00 8.31 -6.57 5.50
448G8 MRT00201898 24.87 23.14 32.17 35.76 19.07 17.79 25.47 7.16 0 7.74
442D20 MRTO00004250 36.00 9.13 27.60 47.77 3.48 18.85 23.80 16.66 -6.57 5.50
444A15 MRT00200815 90.61 28.42 4.30 10.87 19.27 1.85 26.00 33.19 0 9.56
442/K9 MRTO00003363 89.64 35.17 32.01 - 36.55 25.36 43.75 26.01 -6.57 5.50
445B5 MRT00203524 36.68 26.00 -10.54 30.47 31.05 13.25 21.13 17.40 0.27 9.25
443D21 MRT00201582 42.65 37.69 30.39 53.85 46.84 -2.13 34.88 19.80 0.27 9.25
447K4 MRT00202006 22.16 21.77 46.85 0.30 8.00 37.78 22.80 17.49 0.27 9.25
447M15 MRT00201890 19.00 -3.15 19.87 18.53 60.17 17.35 21.94 20.67 0 7.74
452G14 MRT00201313 20.49 9.59 12.05 19.00 -2.00 16.71 12.63 8.21 0 5.84
442M19 MRT00203349 14.69 24.73 21.00 3.52 34.00 19.47 19.56 10.18 0 9.56
44403 MRT00200770 14.04 21.00 23.07 22.00 9.46 -21.48 11.34 16.92 5.63 10.53
448P16 MRT00202655 11.73 18.52 9.30 16.70 14.67 -15.36 9.26 12.51 -5.18 5.16
449G9 MRT00202901 10.93 29.31 26.58 27.27 -10.25 10.84 15.78 15.21 0 7.74
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450M12 MRT00202387 8.75 -4.07 26.49 9.85 26.38 8.83 12.70 11.81 1.78 13.82
450H7 MRT00202788 8.01 9.02 10.28 9.71 2.03 10.68 8.29 3.20 1.78 13.82
442/A13 MRT00028435 8.00 -2.13 30.29 52.65 23.23 46.16 26.36 21.25 -6.57 5.50
466B12 MRT00214364 7.76 1.66 13.42 10.00 6.78 10.17 8.28 4.00 -2.07 5.16
451H6 MRT00203197 5.63 14.30 14.23 -3.66 5.93 7.57 7.33 6.66 3.55 15.29
452M16 MRT00201197 5.43 4.62 6.85 -0.15 20.00 9.55 7.71 6.81 0 7.74
464F1 MRT00209832 7.22 22.28 4.36 16.72 14.29 4.57 11.57 7.32 5.48 8.37
45219 MRT00203252 6.92 0.81 8.38 17.46 23.33 17.00 12.31 8.32 0 5.84
448N15 MRT00202375 511 42.11 24.32 7.14 10.30 -6.71 13.71 17.11 -5.18 5.16
444A5 MRTO00200777 3.37 4.59 20.65 24.18 16.43 6.88 12.68 8.89 0 9.56
445116 MRT00203486 0.78 17.40 21.11 18.03 20.36 7.35 14.17 8.21 5.63 10.53
446B6 MRT00202284 -4.69 26.66 6.25 4.65 26.06 13.44 12.06 12.49 2.49 14.48
464A4 MRT00213757 -5.00 14.59 15.51 12.37 21.80 8.68 11.33 9.08 5.48 8.37
450P018 MRT00202994 - 39.04 12.34 51.59 46.87 - 37.46 17.52 5.77 14.09
464A02 MRT00215326 27.46 3.38 18.00 21.81 -0.98 14.68 14.06 10.91 -5.48 5.66
449J12 MRT00202735 26.31 27.48 111 7.71 37.11 -8.64 15.18 17.76 2.13 6.30
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464D3 MRT00209870 24.57 2.28 11.27 20.28 2.45 -5.72 9.19 11.65 5.48 8.37
452C11 MRT00203269 19.86 5.59 13.31 0.53 26.55 -4.29 10.25 11.79 0 5.84
444N18 MRT00200707 19.33 47.35 1.36 19.40 16.75 -3.17 16.84 17.79 0.27 9.25
450N010 MRT00202572 18.73 15.24 24.42 -6.15 1.70 40.39 15.72 16.54 1.78 13.82
443322 MRT00201527 18.64 -3.47 21.22 5.00 11.28 -6.22 7.74 11.32 1.63 19.06
450H17 MRT00202281 18.16 17.58 15.40 2.52 -2.11 13.54 10.85 8.53 1.78 13.82
452G4 MRT00201233 17.74 22.23 3.20 4.14 21.32 11.39 13.34 8.40 0 5.84
444H20 MRT00200730 16.52 -4.40 8.12 11.65 4.49 9.90 7.71 7.14 0 9.56
447A21 MRT00202685 15.46 20.65 22.48 10.04 -6.00 -8.40 9.04 13.32 0.27 9.25
446/E12 MRT00203318 14.53 8.48 2.58 12.09 3.47 22.43 10.60 7.44 2.49 14.48
442B12 MRT00201470 12.05 4.30 5.00 -2.74 16.60 0.02 6.00 7.28 -6.57 5.50
44236 MRT00201428 9.06 8.12 3.23 17.13 2.45 15.30 9.21 6.04 -6.57 5.50
443G20 MRT00201741 8.00 -2.83 20.00 6.68 -9.88 17.46 6.56 11.48 1.63 19.06
447119 MRT00203098 7.05 11.18 12.67 20.81 4.35 4.31 10.06 6.29 -5.63 9.73
446P14 MRT00202461 6.61 12.35 1.27 -1.42 24.47 9.21 8.75 9.21 -7.40 10.66
443H21 MRT00201563 2.85 10.08 39.34 30.05 22.77 -7.88 16.20 17.70 1.63 19.06
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443B8 MRTO00055139 -1.47 9.00 7.20 47.36 12.44 -10.05 10.74 19.70 1.63 19.06
447115 MRT00202665 -2.50 16.05 0.35 26.03 20.70 31.13 15.29 13.68 -5.63 9.73
450F10 MRT00202800 -3.04 27.61 14.23 0.72 6.39 9.42 9.22 10.90 0 7.74
445H18 MRT00203501 -3.71 -6.06 35.96 18.78 15.58 29.55 15.01 17.08 5.63 10.53
447B21 MRT00201895 -8.04 35.23 17.08 -8.62 13.44 25.30 12.39 17.72 0 19.40
448H18 MRT00202356 -8.21 -3.94 11.47 51.95 14.27 21.22 15.34 18.35 121 8.92
444118 MRT00201081 -12.22 4.55 -9.58 571 46.96 15.63 8.51 21.49 0 9.56
446N12 MRT00202123 -5.27 2.00 14.80 13.26 14.89 9.70 8.23 8.20 -7.40 10.66
446A9 MRT00203592 12.18 -1.63 6.11 9.67 3.61 4.74 5.78 4.83 2.49 14.48
443E12 MRT00201701 6.98 13.33 - 14.05 -6.18 -0.87 5.46 8.85 1.63 19.06
449A3 MRT00202245 5.21 -0.58 4.43 -5.65 6.05 21.29 5.12 9.07 -3.77 3.28
445M13 MRT00201059 4.20 35.20 7.95 3.26 12.46 -4.34 9.78 13.63 5.63 10.53
44817 MRT00201967 3.90 10.39 25.93 12.62 -4.91 0.35 8.05 10.86 -5.18 5.16
464B1 MRT00209842 1.00 3.72 9.06 12.14 9.38 -1.90 5.56 5.48 5.48 8.37
443K9 MRT00057174 -3.99 3.66 8.72 10.81 4.06 9.32 5.43 571 2.49 14.48
464G4 MRT00213799 -12.91 2.39 -1.65 8.08 16.34 20.07 5.38 12.13 5.48 8.37
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The best inhibitors were the compounds that showed efficacy in all six
samples when dosed at 10 pM. They showed a range of inhibition from
50.5% to 5%. We hypothesised that ones that showed weaker activity may
show a larger effect at higher doses and chose to keep them for dose-
response assays.
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Life Arc inhibiter hits/10.M DMSO

Figure 4-1: Shows an average of inhibition% of inhibitor hits compared to
DMSO (negative controls). N=6 in each riluzole and DMSO treated.
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Table 4-2: Stratification of the six replicates of inhibitory hits at 10 uM based
upon a cut off =2 5% inhibition.

Cut off of DsRed inhibition % Number of the hits
> 50% 1

> 40% 2

> 30% 2

>20% 25

= 15% 17

> 10% 22

> 5% 25
R

Table 4-2 and Fig. 4-1 show the number of hits identified by screening hits at
10 uM. The number of inhibitors with an average reduction of N > 30% was 5,
while the number of reproducible inhibitors was larger at a lower criterion of
10% < N < 30%, with 64 confirmed hits. Also, some weak inhibitors were

included between 5% < N < 10% and there were 25 hits in this category.
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4-2 Dose-response analysis

Hypothesis: Ideal drug like candidates obtained from the screen will
demonstrate dose response effect and good drug like properties.
Dose-response analysis is a highly informative secondary screen as it
identifies the optimal dose for each compound and identifies the therapeutic
window for each compound before toxicity is induced. A good hit should have
a dose-response proportionate with the dosing and have minimal toxicity at
higher doses. As the number of hits was small and manageable, dose-
response analysis was performed on a total of 94 inhibitor hits that had been

validated.

4-2-1 Dose-response study of LifeArc library inhibitors of the DsRed
fluorescent stress readout in sod1G93R0s10 zebrafish

The doses were chosen on a log scale, starting from lower doses to higher
doses as follows: 0.1 uM, 0.3 puM, 1.0 uM, 3.0 pM, 10 pM, and 20 pM or 30
UM (depend on the volum of the drug).

The number of identified inhibitor hits after the dose-response analysis with a
good inhibition signature profile in the sod1G93Ros10 zebrafish was 13.
These hits showed different responses ranging from a strong to moderate
activity with some exhibiting toxicity at higher doses.

The following graphs show the dose-response of the 13 best inhibitor hits in
terms of their dose-response profile. All of the dose-response studies were
performed utilising five treated sod1G93Ros10 mutant zebrafish for each dose
and this analysis was undertaken in a 96-well plate format. DMSO and riluzole
were the negative and positive controls respectively, with six treated fish used

for each control (see methods section for more details of the plate layout).
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Figure 4-2: Dose-response of the most potent inhibitors from 0.1-20 or 30 uM.
N=6 in DMSO (-ve) and riluzole (+ve) treated fish, and n=5 in LifeArc hit
compound treated fish. Fish that displayed oedema were excluded from the
analysis. One-way ANOVA statistical analysis was performed. Means and SD
are shown on graphs. The compounds are 451H6(MRT002033197),
450F14(MRT00202041), 444N18(MRT00200707), 443J22(MRT00201527),
464A2(MRT00215326), & 446P14(MRT00202461).
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Figure 4-3: Dose-response of the moderately potent inhibitors from 0.1- 20 or 30
MM. N= 6 in DMSO (-ve) and riluzole (+ve), and n=5 in the sod1G93Ros10
zebrafish treated with LifeArc library hit compounds. Fish that displayed oedema
were excluded from the analysis. One-way ANOVA statistical analysis was
performed. Means and SD are shown. The compounds are
447B21(MRT00201895), 446N12(MRT00202123), 450H7(MRT00202788), &
448K10(MRT00202938).

90



100+ - 1004

o
804 ®
_ aawr waw
£ 60 S
= = 504
o (<]
= 40 2
a o
= =
£ 204 . £ R
N . ol aTe e [
(] _le —;—
L ]
-20 T T T T T T T T T T
o *® > o N § & o] ¥ o8 8 S & »
g © R S R R ) =) R N o3
0\" Q__\\\;v b}q"‘ Q",b R ESS R B 0@ @&. \q_.)h’\\ Q'_»_, A N 3 o5
) {
w Dose (uM) @ Dose (uM)
One-way ANOVA analysis, ****P=0.0001 One-way ANOVA analysis, ****P=0.0001& ***p=0.0003

100

Inhibition %

-

{s] 3® & & & &
0’55 & &“& oF oF N o
T
Dose (uM)
One way ANOVA, ****P=0.0001

Figure 4-4 : Dose response of hits showing toxicity at higher doses of 20 uM and
above. With these compounds, at the 20 uM dose, the number of the dead fish = 3
or it caused the death of all treated fish, such as when treated with 446F4/
MRTO00201744. N= 6 in DMSO (-ve) and riluzole (+ve), and n=5 in the
sod1G93Ros10 zebrafish treated with LifeArc compunds. Fish that displayed
oedema were excluded from the analysis. One-way ANOVA statistical analysis
was performed. Means and SD are shown. The compounds are
450E4(MRT00202253), 450P18(MRT00202994), & 446F4(MRT00201744).
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All the tested compound groups were compared with the DMSO treated groups

to identify inhibitor hits using a One-way ANOVA analysis.

Some hit compounds showed a significant reduction in the stress readout at a
higher dose (10 pM, 20 puM, or 30 uM), but failed to show a consistent dose-
response at lower doses (0.1-10 pM). This dose-response profile would not be
ideal for further pre-clinical development and it might have multiple cellular

targets so it is not useful for drug development.

As a result, 13 inhibitors were identified for further characterisation based on the
dose-response screen. These hits showed different inhibition efficacy ranging
from strong, through moderate, to weak activity with some causing death at
higher doses (Figs. 4-2, 4-3, & 4-4). This secondary screen therefore allowed
the classification of compounds based on their dose-response profile in the
s0d1G93Ros10 zebrafish.

4-2-2 Behavioral analysis of the hit compounds

Riluzole exhibits a sedative property and we hypothesised that compounds that
showed reduced sedative activity, unlike riluzole, may be ideal for pre-clinical
development as CNS side effects will be reduced. Behavioural analysis was
undertaken on all of the hit compounds remaining after the dose-response study
to explore whether any of the hit compounds showed sedative activity.

The ViewPoint ZebraBox behaviour system tracks the movement of fish to
investigate their locomotor function and light-dark responses of animals. It also
allows categorisation of the locomotor activity of the fish by generating a visual
readout of movement. Red lines represent fast movement and green lines
slower movement on the ViewPoint traces and show a trace of the total distance
moved and allow visualisation of the activity of each fish. As the number of
animals tested was low, a reliable quantitative assessment of locomotor
behaviour was not possible due to the large variability observed between
animals. This variability is typical with larval zebrafish. A good quantitative
analysis would typically need 25-50 embryos per treatment dose. As we were
limited by drug quantity, we were only able to perform a qualitative gross

behavioural analysis to determine whether the compounds had a similar
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sedative property as riluzole, or whether they gave a gross hypermotility
phenotype. The study was set up to track the zebrafish larvae in two
environmental conditions (dark + light) for 10 min. each. This was done in 96-
well plates (HE-Health Greiner) with a threshold of 3 s/mm for slow movement
and 15 s/mm for fast movement. In the analysis of the control groups, the
DMSO-treated fish showed a normal locomotor activity in response to light/dark,
while the riluzole-treated fish (10 uM) showed were sedated and showed no
response to the light/dark cycle. It is known that riluzole causes a sedative effect
in ALS patients. Interestingly, the hit compound-treated fish showed significantly
higher locomotor activity as compared to riluzole, suggesting that the hits do not
have strong sedative effects, and they responded to the light/dark cycles as
expected in all doses up to 30 uM. Thus, these hits do not appear to have the

limitations of riluzole. These results are presented in the following sections.

4-2-3 validation of dose-response study by secondary dose-response study

The primary dose-response study supplied a number of promising hits.
Therefore, these hits were tested again in a duplicate screen to ensure that the
results were reproducible. These hits exhibited a consistent reduction in DsRed
fluorescence at 3, 10, & 20 or 30 pM, thus appearing to be bonafide pre-clinical
leads for further exploration. The dose-response analysis led to the identification
of three strong hits, three moderate hits, and some compounds that showed

strong efficacy but also exhibited toxicity at higher doses.

The area under curve is utilised in drug screening to provide an individual
activity value of compounds and compare them. When we performed an area
under the curve analysis, the dose-response was comparable to that seen with
the bar graphs. Two-way ANOVA analysis and Dunnett’'s multiple comparison
test was performed to allow multiple comparisons between all the doses and
with DMSO, and the significance levels are indicated for each dose in the
subsequent figures. The variability between samples at some lower doses

precluded significance due to higher noise.
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4-2-3-1 Dose-response analysis of the strongest hits

The dose-response of all the inhibitor hit compounds showed strong inhibition of
the DsRed fluorescence stress readout from 0.1-20 yM with = 40% efficacy in
the sod1G93Ro0s10 transgenic zebrafish. The compounds also showed a good
dose-response profile with minimal/no toxicity, highlighting these compounds as

strongs hit for further investigation.

4-2-3-1-1 MRT00202041(450F14) - referred as 2041

The compound 2041 showed one of the strongest inhibitions of the DsRed
fluorescence, > 40% at 20 puM. It showed consistent inhibition of the DsRed
neuronal stress readout with a significant reduction at the higher doses of 3,10,
20 or 30 uM, (Fig. 4-5). The first dose screen was from 0.1-30 uM, but then the
highest dose was reduced to 20 uM because of drug volume limitations. The
2041-treated fish had normal development at each of the tested doses. The
dose-response study of 2041 showed consistent inhibition with low variability
(Fig. 4-5). The behavioural analysis of treated fish showed movement in all
doses from 0.1- 20 uM in both environmental conditions (dark and light) (Fig. 4-

6). This suggests that the compound is non-toxic at these doses.
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Figure 4-5: Compound 2041 is the most potent compound with strong inhibition
of the DsRed neuronal stress fluorescence readout in a duplicate dose-
response analysis in sod1G93Ros10 mutant zebrafish. N=5, Mean + SD of each
dose is shown. Two-way ANOVA analysis and Dunnett's multiple comparison
test were performed.
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Figure 4-6: Locomotor activity of fish exposed compound 2041. No sedative
effect was observed in the dark or light conditions over 10 min. Red lines
represent fast movement, and the green lines represent slow movement at
thresholds of 3 and 15 mm/s. One sod1G93Ro0s10 embryo was analysed in
each well at 6 dpf after 4 days of drug exposure.
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4-2-3-1-2 MRT00203197 (451H6) - referred as (3197)

Compound 3197 showed a strong and consistent inhibition of > 40% at 20 uM in
the duplicate dose analysis. The efficacy of inhibition increased in a dose-
dependent manner through 3,10, & 20 uM concentrations (Fig. 4-7). Treated fish
showed normal development and normal locomotor activity (Fig. 4-8). It also did
not cause death at higher doses.
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Figure 4-7: Dose-response profile of compound 3197. It showed inhibition at 3,
10 & 20 pM in the duplicate dose-response. N=5. Points and error bars
represent the mean & SD at each dose. At dose 0.1 uM in the second test, the
number of treated fish = 2 due to the inclusion of non-transgenic fish. Two-way
ANOVA and Dunnett's multiple comparison tests were performed.

4-2-3-1-2-1 Behavioural analysis of dose-response to MRT00203197 (451H6)
referred to as 3197

The behavioural analysis showed normal locomotor activity in both the dark and
light conditions with all doses from 0.1-20 pM in the sod1G93Ros10 mutant
zebrafish (Fig. 4-8). This is an interesting hit for follow up work, as it showed a
good consistent reduction of neuronal stress from lower to higher doses, no
effect on locomotor activity at all tested doses, and no death or abnormal
development. This compound therefore gives a strong reduction in the stress

readout without any sedative effects.
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Figure 4-8: Locomotor activity of fish treated with compound 3197 at 0.1-20 uM
doses in dark and light conditions. Red lines represent fast movement, and the
green lines represent slow movement at thresholds of 3 and 15 mm/s. One
sod1G93Ros10 embryo was analysed in each well at 6 dpf after 4 days of drug
exposure.

4-2-3-1-3 MRT00215326 (464A2) - referred as (5326)

Dose-response analysis of the MRT00215326 compound showed a good dose-
response profile from 0.1-20 yM, with > 36% inhibition of the stress readout at
20 pM in duplicate assays. Inhibition of neuronal stress started at 3 puM in both
duplicates, and it showed a significant reduction of the DsRed fluorescence
readout at 10 uM & 20 uM, as shown in (Fig. 4-9). This is an interesting hit for

further investigation because the inhibition was dose-dependent and consistent.
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Figure 4-9: Compound 5326 was the third strongest hit with consistent dose-
dependent inhibition at 3 uM, 10 pM, & 20 pM in the duplicate dose-response
assays. N=5 except with the 0. 1 uM dose, where n=1 in the second screen due
to drug-unrelated death of embryos.

4-2-3-1-3-1 Behavioural analysis of MRT00215326 (464A2) - referred to as
5326

The behavioural analysis of 5326 treated fish showed locomotor activity in dark
and light conditions at all doses from 0.1-20 uM in the sod1G93Ros10 mutant

zebrafish (Fig. 4-10). There was no apparent sedative activity at any of the
doses.
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Figure 4-10: Compound 5326-treated sod1G93Ro0s10 zebrafish had normal

locomotor activity in 0.1- 20 uM doses in light and dark conditions. Red lines
represent fast movement, and the green lines represent slow movement at
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thresholds of 3 and 15 mm/s. One sod1G93Ro0s10 embryo was analysed in
each well at 6 dpf after 4 days of drug exposure.

4-2-3-2 Dose-response analysis of the moderate hits

Three moderate dose-response hits were identified with more than or equal to a
20% inhibition of DsRed fluorescence in the duplicate dose-response analyses.
Thesehits showed consistent inhibition of hsp70::DsRed fluorescent stress

readout with 0.1- 20 uM concentrations of the drug in sod1G93Ro0s10 zebrafish.

4-2-3-2-1 MRT00201895 (447B21) - referred as (1895)

The hit 1895 showed a moderate significant reduction effect of > 20% at the
higher doses 30 uM and 20 pM in the duplicate analysis (Fig. 4-11). It showed a
possible (insignificant) inhibition of the neuronal stress readout with 3 uM and a
significant reduction at 10 uM and 20 uM. The first higher dose screen was at 30
UM and the second higher dose was reduced to 20 uM because of the limited

volume of the drug available.
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Figure 4-11: Compound 1895 showed a moderate reduction of the neuronal
stress readout with consistent inhibition from 3 uM-20 uM in the duplicate dose-
response analysis.
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4-2-3-2-1-1 Behavioural analysis of MRT00201895 (447B21) - referred to as
1895.

The behavioural analysis of 1895 showed normal locomotor activity in both light
and dark conditions at all doses from 0.1-20 pM in the sod1G93Ro0s10 mutant
zebrafish (Fig. 4-12).
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Figure 4-12: Compound 1895 treated sod1G93Ros10 zebrafish showed no
sedative effect in the dark and light conditions. Red lines represent fast
movement, and the green lines represent slow movement at thresholds of 3 and
15 mm/s. One sod1G93Ros10 embryo was analysed in each well at 6 dpf after
4 days of drug exposure.

4-2-3-2-2 MRT00202938 (448K10) - referred as (2938)

The compound 2938 showed a moderate, but significant reduction of the
neuronal stress readout of > 20% at 10 yM and 20 uM in the duplicate dose-
response analysis (Fig. 4-13). A significant effect was observed at 10 & 20 uM
with no death or abnormal development in the duplicate dose-response
analysis. For this compound, it would be interesting to investigate if higher

doses showed greater activity.
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Figure 4-13: Compound 2938 showed an average inhibition of 20% at 20 pM in
the neuronal stress readout in the duplicate dose-response analysis. At 0.1 uM
in the first screen, two false values lead to a large SD.

4-2-3-2-2-1 Behavioural analysis of MRT00202938 (448K10) - referred to as
2938.

The behavioural analysis of compound 2938 showed normal movement activity
at all doses from 0.1-20 uM in the sod1G93Ros10 mutant zebrafish in both light

and dark conditions (Fig. 4-14).
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Figure 4-14: Compound 2938 had no sedative effect on the sod1G93Ros10
zebrafish in both light and dark conditions. Red lines represent fast movement,
and the green lines represent slow movement at thresholds of 3 and 15 mm/s.
One sod1G93Ro0s10 embryo was analysed in each well at 6 dpf after 4 days of
drug exposure.
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4-2-3-2-3 MRT00202788 (450H7) - referred as (2788)

The sod1G93R0s10 zebrafish treated with compound 2788 showed a moderate
reduction of > 20% at 20 uM in the neuronal stress readout in the duplicate
analysis. It showed a significant reduction in the DsRed stress readout of on
average 24.1% at 20 uM (Fig. 4-15). The behavioural analysis showed normal

locomotor activity in both environmental conditions (dark and light) with all doses
from 0.1-20 uM (Fig. 4-16).
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Figure 4-15: Compound 2788 has a moderate effect with inhibition of > 20% at
20 puM in duplicate dose-response. The different dose-response seen between

the first and second analyses might be related to the use of a fresh drug batch in
the second experiment.
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Figure 4-16: Compound 2788 had no sedative effect on the sod1G93Ros10
zebrafish in both light and dark conditions at all concentrations tested. Red lines
represent fast movement, and the green lines represent slow movement at
thresholds of 3 and 15 mm/s. One sod1G93Ro0s10 embryo was analysed in
each well at 6 dpf after 4 days of drug exposure.

4-2-3-3 Dose-response of some hits that lack reproducibility in the second

screen

The dose-response of some promising compounds showed a good dose-
response in the first test from 0.1- 20 uM. However, the dose-response analysis
failed to show the same level of reduction in the second repeat or showed a

toxic effect. These compounds are listed in the section below.

4-2-3-3-1 Dose-response of MRT00202461 (446P14) and MRT00201527
(443J22) - referred to as 2461 and 1527

The dose-response analysis of 2461 and 1527 showed reproducibility issues
between the first and second tests. The dose-response analysis of 2461 and
1527 showed a reduction of the hsp70::DsRed neuronal fluorescent stress
readout of on average 39% and 42% at 30 uM and 20 uM respectively in the
first test. The second dose-response analysis showed these compounds had a
reduced activity of < 20% at 20 puM (Fig. 4-17). It is likely that this was caused
by drug degradation between the first and the second tests. The Echo550
survey of these compounds showed a decrease of over 10% in the DMSO
concentration between the first test and the second. To determine if this was the
issue, we obtained a new batch of the drug from LifeArc to complete the dose-
response studies of the hits and the related structural compounds discussed in

the next chapter.
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4-2-3-3-2 Dose-response of MRT00200707 (444N18), MRT00202123 (446N12),
and MRT00201744 (446F4) - referred as 0707, 2123, and 1744 respectively

The first dose-response analysis of compounds 0707, 2123, and 1744 showed
that all of these hits had strong activity on the stress readout from 0.1 to 30 uM
in the sod71G93Ros10 zebrafish (Fig. 4-17). Issues with these compounds were
noticed in the second analysis where the efficacy was limited and in some cases
toxicity was observed at the highest dose. This raised the possibility of drug
stability being an issue as the second test was performed using a drug from the
stored library. However, due to fresh drug not being available for repeat testing,

we are unable to make a definitive conclusion.

4-2-3-3-2-1 Dose-response of 0707

The first dose screen of compound 0707 showed reduction of the neuronal
stress readout from 0.1-30 uM with an average reduction of 49% at 30 uM. The
first test showed a dose-dependent effect with significant activity at 30 uM (Fig.
4-2), whilst the second test showed similar effects at lower doses, but however
caused death at the highest dose of 20 puM (Fig. 4-17). Again, this issue was
possibly thought to be related to the stability of this compound. The survey of
DMSO showed shifts in DMSO concentration from 95% in the first test to 80% in

the second, due to increased water content
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4-2-3-3-2-2 Dose-response of 2123 and 1744: Lower reduction with the same

death criteria at the higher doses between two screens

Compounds 2123 and 1744 had very similar reproducibility issues. Compound
1744 showed modest effects with a significant inhibition of the fluorescent stress
readout, with an average of 38% inhibition at 10 uM, but it caused death at 30
UM (Fig. 4-4). In the second dosage analysis it showed a lesser effect at 0.1-20
MM, with an average of 11.8% reduction at 10 uM, and with death at 20 uM (Fig.
4-17).

The first dose-response analysis of compound 2123 showed moderate inhibition
of > 20% at 20 yM. It showed moderate effects from 1-20 uM with average
reductions of 22.37%, 23.47%, 27.99, and 28.05% respectively in the stress
readout (Fig. 4-3). In the second test it showed a lower reduction than in the first
and caused death at 10 and 20 UM (Fig. 4-17).
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Figure 4-17: Log dose-response curves of hit compounds showed a good dose-
response in the sod1G93Ros10 zebrafish in the first dose-response test, but
showed lower activity or toxicity with the highest dose of 20 uM in the second
replicate. The x-axis is a dose of the drug and Y-axis is the stress response.
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4-2-3-4 Toxic response of MRT00202253 (450E4) - referred to as (2253), and
MRT00202994 (450P18) - referred to as (2994) at higher doses

The dose-response analysis of compounds 2253 and 2994 showed a dose-
dependent reduction in the neuronal stress readout over the 0.1-10 uM
concentration range, with normal locomotor activity observed in both dark and
light conditions. However, these compounds showed a toxic effect in the first
and second dose-response tests at 20 or 30 yM, with three out of five treated
fish dying. Therefore, these hit compounds appear to be toxic at higher doses

and may not be suitable candidates to take forward for secondary screening.

The strongest effect was seen with 2253, showing a 46.19% decrease in the
stress readout at 10 pM, although it appeared to be toxic at higher
concentrations as it caused the death of three of five treated fish at 30 uM in the
first dose-response test (Fig. 4-4). The second dose-response test showed
dose-dependent inhibition from 0.1-20 puM with efficacy in inhibition at 10 and 20
MM, without any death or abnormal development upon visual inspection of the
treated fish under a dissection microscope. The reduction percentages were
very similar at 10 and 20 uM (48.9% and 48% respectively) (Fig. 4-18). This
suggests that this hit has a strong inhibitory effect at 10 or 20 uM, but appears to
potentially be toxic at higher concentrations of > 20 pM.

Another hit compound that showed a toxic profile was 2994. This compound
showed a significant reduction in the DsRed readout of 36% at 10 uM, but it
caused death at 20 uM (three fish of five dead) in the first dose-response test
(Fig. 4-4). The second test showed similar effects from 0.1-20 puM with a 35.2%
reduction at 10 uM, but caused death at 20 uM (Fig. 4-18). This led us to
conclude that this compound may have a toxic effect at doses higher than 10
MM. The fish showed toxicity as indicated by oedema, abnormal development
(seen at 5-6 dpf), and some deaths occurred after one or two days of 20 uM

drug treatment.

108



ID/LifeArc | First doses-response screen Second doses-response screen

toxic 01 | 03 |1 3 | 10 | 300r 01 [ 03 |1 3 10 | 20
inhibitor hits UM | UM | UM | pM | uM | 20 M UM | pM | M | M | pM | pM
450/E4
80 450E4
60 . 801
604
MRT002022 40
53 f
204
-1I.5 -lﬁ -OI.5 O.IS l.IO 1.IS -1I.5 -11.0 -0'.5 0.IS 1.|0 175
20+ -20+
450P18 450P18

80 7 807
601 60

401

MRT002029 //\’ //
94 R B I o N =

Figure 4-18: Showing hit inhibition of hsp70::DsRed fluorescent readout from 0.1-
10 uM with a toxic effect response at higher doses (30 uM or 20 uM).

A-The compound 2253 showed a toxic effect at 30 uM in the first dose screen,
while it had a good inhibition% at 10 & 20 pyM of > 48% in the second dose
screen.

A-At 20 uM dose, the compound 2994 showed toxic effects in duplicate doses
screens in the sod1G93Ro0s10 zebrafish. 10 uM dose of this compound showed
a good inhibition with an average of > 35% in duplicate screens. The x-axis is a
dose of the drug and Y-axis is the stress response.
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4-3 Whole body analysis of DsRed fluorescence at 6 dpf of fish treated with

inhibitory compounds using the InCell imaging system

InCell imaging was performed at 6 dpf (4 days of treatment exposure), and
images captured for fish treated with all 94 hit compounds from the primary
screening. The images obtained showed that sod1G93Ros10 zebrafish treated
with the most potent inhibitors had visibly reduced DsRed fluorescence in the
hindbrain, and to a lesser extent in the spinal cord, than DMSO-treated fish (Fig.
4-19). The images of the moderately potent inhibitors of the neuronal fluorescent
stress readout did not show obvious differences when compared to the DMSO
controls. It is difficult to perform an image-based quantitation with the InCell
system, as the orientation and positioning of fish in the wells could not be readily
controlled. Nevertheless, these images suggest that the most potent
compounds identified showed clear effects, attesting to the better sensitivity of

the quantitative measurements obtained with the PHERASstar system.
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Compounds DsRed expression Brightfield
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DMSO
(- control)

Riluzole
(+control)

MRT00202041
(450F14)

MRT00215326
(464A2)

MRT00203197
(451H6)

Figure 4-19: Whole-body imaging. DsRed fluorescence in the hindbrain was
lower in 10 uM riluzole-treated and in sod1G93Ros10 zebrafish treated with
the most potent LifeArc screen inhibitors at 6 dpf. The scale bars of all the
images are 2 mm. Arrowheads represent DsRed signal.
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4-4 Investigation of the chemical parameters of the top 13 inhibitors

The dose-response analysis of the hit compounds has identified three potent
inhibitors of the neuronal stress readout, three moderate inhibitors, five inhibitors
with potential stability issues, and two inhibitors, which showed toxicity at higher
doses of 20 or 30 uM. The data generated from the screen was shared with
LifeArc, who agreed to share with us the chemical and drug-like properties for
the compounds. The chemical properties of each hit compound included
information on the molecular weight (MW), stability, drug-like features,
photosensitivity and blood-brain barrier permeability, as shown in Table 4-3 and

these parameters are explained in the following section.

4-4-1 Chemical parameters
4-4-1-1 Intrinsic Property Forecast Index (iPFI)

Intrinsic Property Forecast Index (iPFl) is a chemical evaluation parameter that
provides estimates of phototoxicity of compounds (Fournier et al., 2018).
Phototoxic chemicals could be classified based on their ability to induce
photosensitivity to UV light exposure. Nonphototoxic compounds are those
having PIF < 2, low phototoxic potential at 2 < PIF < 5, while phototoxic
compounds have PIF > 5 (Fournier et al., 2018). Each hit compound has a

different PIF, as shown in a Table 4-3.

4-4-1-2 Quantitative Estimate of Drug-likeness (QED)

Quantitative Estimate of Drug-likeness (QED) is an estimate of a compound’s
drug-like properties that is based on molecular weight, whether it is hydrophopic
or hydrophilic, and the tissue permeability of the compound. The scales of QED
can be ranged from zero (undesirable properties) to one (most desirable
properties) (Richard Bickerton; et al, 2012). The QED score of each hit
compound showed some having lower QED, while others had an excellent QED
(Table 4-3).
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4-4-1-3 CNS-MPO score

The central nervous system multi-parameter optimisation CNS-MPO score is a
score to assess the blood-brain barrier permeability of compounds. This score is
applied by weighting six physio-chemical parameters (clogP: partition coefficient
calculation, clogD: distribution coefficient at ph=7.4, MW: molecular weight,
TPSA: topological polar surface area, HBD: number of hydrogen bond donors,
and pKa: most basic centre). The range of the CNS-MPO score is from 0-6.
Typically a score of = 4.0 is used for the selection of CNS penetrating
compounds (Wager et al., 2010).

4-4-1-4 LogP chemical parameter

The partition constant logP is a prediction logarithm of solubility of a compound
into two immiscible phases. It measures the propensity of a neutral (uncharged)
compound to dissolve in an immiscible biphasic system of lipid (fats, olils,
organic solvents) and water. It is used to predict oral bioavailability, blood-brain
barrier permeability, and other biological parameters such as metabolism and
excretion (see percepta batch modules online source
www.acdlabs.com/products/percepta/batch).
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Table 4-3: The chemical parameters and drug-like properties of each identified
LifeArc hit compound. This data was provided by LifeArc.

LifeArc ID hits iPFI | QED [CNS-MPO| MW TPSA-

MRT00202041 | 5.55

MRT00203197

MRT00215326

MRT00202253

MRT00202994 | 5.22

MRT00202788 | 5.77

MRT00200707

MRT00201895

MRT00202938

MRT00202461 | 4.87

MRTO00201744

MRT00201527

MRT00202123

The parameters are within
the score, but the quality are
graded from higher to lower
scores
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4-4-2 Hit compounds appear to have some related compounds with known

biological activity in PubChem

Subsequent to analysis of the hit compounds, LifeArc provided potential targets
that the hits could act on based on their structural similarity to compounds
known to act on identified targets and/or their activity in biological assays
obtained from PubChem, as shown in Table 4-4. This data suggests that some
of the hit compounds could target the active binding site of these targets and
may target similar biological pathways. This information helps to identify other
compounds that impact these targets and identifies their potential mechanisms

of action.

Table 4-4: Shows related compounds to the LifeArc inhibitor hits.

Compounds ID Targets

CHEMBL1327271 Nothing showing as significant. Low confidence

CHEMBL186171 _3 UM TrpV1 (group of ion channels receptors sensitive to

damaged tissue) antagonist.

CHEMBL2313195 23 nM expoxide hydratase inhibitor.

CHEMBL210849 22 nM Ki against 5SHT2A (excitatory serotonin G protein-

coupled subtype receptors.

CHEMBL1610905 10 nM neuropeptide S receptor antagonist.

CHEMBL1500967 316 nM against ATM kinase (serine/threonine kinase)

CHEMBL485213 46nM IC50 ROCK kinase

CHEMBL1530615 ~3uM against TDP43

CHEMBL485213 Most potent (158nM) as an activator of lysosomal alpha-

glucosidase

CHEMBL1311980 Most significantly ~16uM against TDP43
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4-5 Discussion

The work in this chapter aimed to validate true positive hit compounds from the
primary screen of 4494 compounds. The primary high-throughput screen was a
rapid initial screen that tested a large number of compounds and identified
approximately 200 hits for further validation and investigation. To distinguish real
hits from false positives, we developed secondary screens and further validation

studies to test these positive hit compounds.

Secondary screening is an important key step in any high throughput screen,
whether with an in vitro or in an in vivo model, as it is a crucial process for
selection of pre-clinical lead compounds (McGown et al., 2016; Scull et al.,
2019; Tsuburaya et al., 2018). Secondary screening is carried out on the
positive primary screen hits and is designed to be more informative by providing
more information on the reproducibility and dose-response of the hit
compounds. This way, the most potent compounds that show good
reproducibility and dose-response could move forward for further validation and
pre-clinical studies in other model systems. Secondary screens are usually far
lower throughput and generate more accurate and dosage information for each
compound. In this chapter, we demonstrated that reduction of the neuronal
stress readout by many of the hit compounds was reproducible and some of the
compounds displayed a good dose-response curve, thus validating hits from the
primary screen as bonafide candidates for further evaluation.

The first secondary screen performed was to repeat each drug (6 times at 10
uM) for all 214 primary screen hits. This was to confirm the reproducibility of the
inhibitory effects of these hit compounds on the hsp70::DsRed fluorescent
stress readout in the sod1G93Ro0s10 zebrafish.

The repeat screen at 10 uM of 214 primary inhibitor hits showed different
categories of inhibitory effects, with some showing high and some showing
weaker reproducibility. We retained the weaker hits for a more thorough dose-
response analysis as the total hit numbers were manageable. Compounds 1527
and 2461 showed lower reproducibility at 10 uM, although they showed a
significant inhibitory effect at 20 uM. However, compound 1527 displayed poor
drug-like properties, although compound 2461 displayed better drug-like
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properties, as shown in Table 4-3. Despite this, both of these compounds appear
to demonstrate some stability issues, as they displayed lower or no effects in the

repeat analysis.

Overall, the validation of hits from the primary screen conducted with multiple
repeats at 10uM demonstrated that many of the hits identified were reproducible
and were well tolerated and thus supported our hypothesis. Thus, these hits
were appropriate for the next validation step, where dose-response was

evaluated.

The dose-response screen was performed with 0.1, 0.3, 1, 3, 10 and 20 or 30
MM concentrations of the 94 inhibitors identified. This is a large window for drug
effect and provides a dose profile signature for each hit. The dose-response
screen identified 13 inhibitors that were classified into different inhibition
categories based on their potency of inhibition. Additionally, ViewPoint
behavioural analysis was performed to measure locomotor activity in dark and

light conditions to detect any sedative effects of the compounds.

One of the strongest inhibitors was 2041. It showed inhibition of the stress
readout with SSMD scores of -5.9 and -2.2 in the primary screens. The dose-
response study of this hit showed a dose-dependent inhibitory effect on the
neuronal stress readout when tested from 0.1-20 uM in duplicate studies. The
efficacy of reduction was significant from 3-20 uM, showing the strongest
inhibition of > 40% at 10 and 20 puM, with no obvious toxicity. This means that it
could potentially be tested at a higher dose for an even stronger inhibitory effect.
The viewpoint study for locomotor behaviour showed that 2041-treated fish had
normal locomotor activity at all doses without any sedative effects, as opposed
to riluzole, which strongly sedated fish. This is the most potent inhibitor identified
with an inhibition percentage similar to riluzole at 10 puM, but with treated fish
showing normal locomotor activity. Also, this hit showed the biophysical
properties of a good drug-like molecule. It has a high CNS-MPO (blood-brain
barrier and molecular distribution scale) score of 5.5, and a dose-response
which is in a useful range in drug discovery, as shown in Table 4-3. Thus, this
compound would be a strong candidate for further investigation for efficacy in

other pre-clinical models, such as SOD1 G93A mice.
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The dose-response study provided another strong lead candidate, which was
3197. This compound showed -2.3 and -0.6 SSMD scores in the first and
second primary screens. The dose-response analysis of 3197 showed a good
inhibition profile from 0.1-20 yM with inhibition in the range of 3 to 20 uyM ( >
40% at 20 pM) in the replicate study. The treated fish also showed good
movement in dark and light conditions compared to riluzole. It also has good
biophysical drug-like properties, except for its poor lipophilicity, stability, and
photosensitivity. Thus, this drug may have difficulty in penetrating the CNS and
its photosensitivity may require modification to improve its biological utility.
Despite this, the compound would be worthy of further validation studies in
zebrafish for measuring therapeutic benefit as it showed clear activity in
reducing cellular stress. Further modification to enhance its drug-like properties

may be required for pre-clinical studies in other animal models.

The third promising hit that came out of the dose-response study was 5326.
Compound 5326 showed a good inhibition profile from 0.1-20 pM with
reasonably potent inhibition of > 36% at 20 uM. The treated fish showed good
locomotor activity at each of the tested doses. This compound displayed a good
CNS permeability index, but other biophysical properties were not optimal,
although they were not poor and hence this compound may be appropriate for
further pre-clinical validation studies. To summarise, the dose-response study of
2041, 3197, and 5326 showed strong inhibition at 20 yM with an excellent
locomotor profile and with biophysical measures that demonstrated desirable

drug-like properties.

It is important to note that riluzole showed an average reduction of more than
65% of the neuronal stress readout in sod1G93Ros10 mutant zebrafish at 10
MM throughout this project, making it more potent that the hit compounds
identified. However, it caused strong sedative effects in treated fish. The
mechanism of riluzole action is predicted to be as an anti-excitotoxic agent by
reducing glutamate release, but it has also been suggested to modulate GABA
receptors and decrease persistent sodium ion channel currents. The LifeArc
library is comprised of predicted ion channel receptor modulator compounds.
However, the strongest hits showed inhibition effects of around > 40% with little

effect on locomotor activity, indicating that these compounds do not have

118



sedative properties. This suggests that they might work on ion channels different
from the targets of riluzole. Thus, these compounds may be useful for

elucidating novel pathological mechanisms in ALS.

The three moderate inhibitors of the neuronal stress readout identified showed a
good inhibition profile from 0.1-20 yM. These hits were 1895, 2938, and 2788.
All of these hits showed significant inhibition of = 20% at 20 yuM in duplicate
dose-response assays. Treated fish also displayed normal locomotor activity in
all tested doses from 0.1-20 pM. Interestingly, these moderate inhibitors
displayed poorer biophysical profiles as compared to the most potent hit
compounds, suggesting that improvement in their drug-like properties may

enhance their biological activity. This needs to be investigated in the future.

The dose-response studies also identified five inhibitors that, despite showing
the desired biological activity, did not display good biophysical properties. These
were compounds 2461, 1527, 0707, 2123, and 1744. Compounds 2461, 1527,
0707, and 1744 showed the highest reduction of > 40% at high doses of 20 or
30 uM. The other inhibitor 2123 showed a moderate inhibition effect of > 20% at
20 pM. These inhibitors appeared to have stability issues because they showed
high variability in their inhibitory effects in the duplicate dose-response study.
The biophysical parameters of compounds 1527, 2123 and 1744 demonstrated
relatively poor scores for biodistribution, lipophilicity, photosensitivity, and CNS-
MPO. Compounds 0707 and 2461, however, display average biophysical values

with poorer scores for photosensitivity and biodistribution respectively.

It is interesting to note that the identified inhibitors predominantly displayed good
CNS-MPO scores, thus reflecting that a zebrafish CNS-targeted screen can
provide lead compounds with good BBB quality. Hence it is a suitable organism
to identify and pre-screen compounds with excellent to moderate drug-like

properties.

Compounds 2253 and 2994 were two hits from the same family that displayed
functional inhibition of DsRed expression at 10 uM with an average 47% and
35.5% respectively in the duplicate dose-response studies. However, these

inhibitors caused the death of the treated larvae at higher doses of 20 and 30
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MM. Hits that display toxicity at higher doses need to be evaluated carefully, as
the observed inhibition at 10 uM may potentially represent mild toxicity as the
DsRed fluorescence was not normalised to any reference protein expression,

meaning that lower DsRed levels may reflect toxicity.

Toxicity associated with drugs can be caused by a variety of factors related to
the drug itself, but may also be specific to the biological system (zebrafish in this
case) or potential drug intermediates that show toxicity after in vivo metabolism
of the drug in the liver and kidneys. General toxicity could be confirmed by
testing the compounds in a different in vivo model and mammalian cell lines, as
well as by looking at the chemical structure of the compounds to identify

possible toxic intermediates.

The dose-response assays of some hits showed a reduction of the neuronal
stress fluorescent readout of 2 40% in the first screen, then failed to show the
same level of reduction in the second repeat or showed a toxic effect. There is a
high probability that this issue might be related to the compound’s stability, with
degradation occurring over time due to prolonged storage in DMSO. Also, a
second batch of some drugs were ordered due to lack of sufficient quantity for a
full dose-response study. The Echo550 system can survey the DMSO
percentage for each drug aliquot. This provides an idea of how much water has
been absorbed into the DMSO and is an indicator of drug hydrolysis and
potential breakdown. In the first dose-response analysis, the DMSO% in each
well was between 90-95%, whereas this dropped to 70-77% in the second. This
is one potential reason why some drugs did not show the same effect on both
analyses as some drugs in the library may be susceptible to hydrolysis and
breakdown. The toxicity of some in the repeat study may also be related to the

batch quality.

It is necessary to mention that the dose-response studies with the LifeArc
inhibitors revealed some hit compounds with structural similarity to some
compounds with known targets in PubChem. These compounds work via
different targets that might be potential neurotherapeutic targets for ALS therapy
in the future. One of these compounds targets TRPV4 (Transient receptor
potential vanilloid 4). This is a Ca®* permeable receptor which shows increased
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expression in various brain regions, including cerebral cortex, hippocampus,
thalamus, cerebellum, and spinal cord in the SOD1G93A mouse (Lee et al.,
2012). This suggests it has a role in ALS and inhibitors of it may provide a
neuroprotective role in ALS. Another potential target is the neurotransmitter
serotonin (5-hydroxytryptamine; 5-HT) and the 5HT2A class of receptor in
particular. Serotonin is highly expressed in the raphe nuclei of the brainstem.
The 5HT2A class belongs to the G-protein coupled receptor superfamily. The
denervation of serotonergic inputs may lead to glutamate toxicity and loss of
motor neurons in ALS, and also the disruption of serotonergic control over
mesencephalic dopaminergic connections between basal ganglia nuclei and
cortico-thalamic networks has been suggested to be involved in Parkinson’s
disease (Vermeiren et al., 2018). This highlights that serotonin receptors may be
a potential target for investigating the neuroprotective agents identified in this
project.

ATM Kkinase is the primary DNA repair kinase, and defective ATM-mediated
double-strand DNA break repair has been reported as a pathological
consequence of C9orf72 expansion toxicity in ALS (Walker et al., 2017). ATM
kinase might therefore be a potential target for addressing genomic instability in
MNDs. Another potential target that is listed is ROCK kinase which mediates
microglial phenotypes. The activation of ROCK signalling is associated with the
activated M1 microglia state with the increased pro-inflammatory cytokine
release and decreased anti-inflammatory cytokine production (Roser et al.,
2017). Lysosomal alpha-glucosidase is an enzyme that has been linked with
ALS progression (Pagliardini et al., 2015). This enzyme was identified as a

potential clinical biomarker of diagnosis and prognosis in ALS patients.

Interestingly two compounds that target TDP-43 were identified in PubChem, as
shown in Table 4-4; these showed similar features to the hit compounds. TDP-
34 is a hallmark aggregation protein in neurodegenerative diseases including
ALS (Neumann et al., 2006). It would be interesting to screen more analogues
of these compounds to determine whether the compounds bind or interact with
TDP-43. The modulation of these targets by the hits identified will be useful to
determine whether any of the hits identified work through these mechanisms in

the future.
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To conclude, the dose-response assays of the LifeArc library hit compounds
revealed dose-dependent inhibition of neuronal stress in the sod1G93Ro0s10
zebrafish model. It also identified potential targets that may be impacted by the
hits, although none of the compounds identified in the screen were structurally
identical to the compounds that act on these targets, except for some overall
similarity. Thus, testing of compounds known to act on the specific targets
identified would help clarify whether these pathways modulate the stress
readout in our zebrafish-based assay. This study also identified hits that
demonstrated good drug-like properties, which can be taken forward for further
pre-clinical validation studies. This demonstrates the advantages of performing
screens in zebrafish as a major aspect of drug development, as it has the

potential to identify drug-like molecules through rapid in vivo screening.
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CHAPTER 5

5- Further analysis of hit and related closest structure compounds in the
s0d1G93Ros10 zebrafish model

Hypothesis: Structurally related compounds to hit compounds may show similar

efficacy in reducing neuronal stress in the sod1l G93R zebrafish model of ALS.

The primary high-throughput screen identified 214 inhibitors of the neuronal
stress fluorescent readout in the sod1G93Rosl10 zebrafish. Of these, 94
inhibitors showed a reproducible effect in the secondary screens and 13
compounds showed a good dose-response profile. We took these 13 lead hits
and aimed to increase our understanding of these compounds, by focusing on
their activity and screening a small library of closely structurally-related
compounds.

In collaboration with LifeArc, a systematic review of the structures of the 13 hit
compounds was performed; we aimed to look for common chemical motifs to
identify structures to facilitate structure-activity relationship analysis.

The review from the chemists at LifeArc identified no clustering of hits to a
specific common structure. This is most likely due to the relatively low number of
hits (13) but also that some of the compounds were relatively poorly annotated
with little known about their cellular targets. LifeArc then provided us with a
small bespoke library of closely related compounds based on similarity to each
of the hits. LifeArc’s chemical analysis identified and provided us with 46
compounds that displayed structural similarity at grade > 0.4 and at < 0.9
(grades of structural similarity of the hit compounds to the closest structure
compounds). Therefore, we screened these 46 compounds for effect on the
fluorescent stress readout in sodl zebrafish and performed dose-response
experiments. We aimed to generate extra data to identify novel core structures
that may help identify novel active binding sites, targets and therapies for
ALS/MND.
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5-1 Screening of the inhibitory hit componds and their analogues in the
s0d1G93Ro0s10 ALS zebrafish

LifeArc supplied 46 compounds that were the previously identified hits and their
related structural analogues of > 0.5 to investigate the structural activity of the
hits and analogues compounds on the fluorescent stress readout in the
s0d1G93Ros10 model. These 46 compounds were screened in triplicate at 10
UM in the sod1G93Ros10 model to determine their inhibitory effects on the
stress readout (Table 5-1).

The screen of 46 compounds at 10 uM showed confirmation of previously
identified hits, some analogues that showed no effect, and some that showed
significant inhibitory activity. This suggests that some of the analogues may
share a common chemical space or binding target with the original hit

compound.
5-2 Dose-response study of the hit and related compounds

The concentrations used for the dose-response analysis of each chemical family
was based on the effect size of the inhibition of each compound at 10 pM in the
sod1G93Ros10 zebrafish. Hits that showed relatively strong inhibition with
analogues that showed activity at 10 uM in triplicate experiments were taken
forward to a dose-response analysis at higher range of doses (0.1, 0.3, 1, 3, 10
and 30 pM). The compounds that showed toxicity at 10 uM were tested for
dose-response at lower doses of 0.1, 0.3, 0.5, 1, 3, 5, and 10 pM.

The dose-response study of the hits and their related closest structure
compounds was to generate a signature dose profile for each family of
compounds. With a dose-response profile for each family of compounds, we
then aimed to identify the structure-activity relationships (SAR) of the hits and
analogues, leading to further understanding of the SAR for further lead

development.
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Table 5-1: Percentage inhibition of the hits and the closest related structure
compounds on the fluorescent stress readout in the sod1G93Ros10 zebrafish.
Three replicate experiments were performed at 10 uM dose. Green represents
the original hits; orange is the related structure compounds.

1

MRT00202041 dead 45.72 dead 45.72
MRT00228648 0.75 22.00 -21.15 -24.00 -7.71

MRT00230055 0.61 7.50 dead dead -7.50
MRTO00203197 1 26.47 36.80 8.32 23.86
MRT00029113 0.5 0.57 5.29 5.60 3.44

MRT00028775 0.47 dead -0.54 19.25 9.35

MRT00022114 0.47 20.37 -4.26 -4.67 3.81

MRT00215326 1 45.84 44.13 17.45 35.80
MRT00215308 0.74 10.03 52.60 6.23 23.00
MRT00215317 0.67 -1.66 -1.82 -0.94 -4.47
MRT00200707 1 23.39 21.77 38.67 27.94
MRT00020039 0.52 11.66 32.81 18.03 20.83
MRT00201895 1 2.61 13.05 -6.81 2.94

MRT00224992 0.58 dead dead dead dead
MRT00228558 0.52 dead -14.34 dead -14.34
MRT00186102 0.44 9.37 37.39 5.310 17.36
MRT00202788 1 29.13 dead dead 29.13
MRT00201890 0.66 dead dead dead dead
MRT00225551 0.61 16.14 -18.00 -6.86 -2.90
MRT00203050 0.55 6.20 -25.59 11.14 -2.75
MRT00231859 0.55 -4.12 -6.00 3.34 -2.22
MRT00202938 1 33.00 25.16 11.74 23.30
MRT00202994 1 46,58 15.54 dead 31.06
MRT00202426 0.63 13.82 -22.75 -2.00 -3.60
MRT00202461 1 9.74 dead dead 9.74

MRT00202253 1 dead 39.53 dead 39.53
MRT00198109 0.7 dead 26.33 dead 26.33
MRT00222455 0.61 -10.65 19.28 -14.66 -2.01

MRT00194502 0.59 -12.67 dead -13.07 -13.00
MRT00238721 0.56 4.58 14.52 -17.15 0.65

MRT00202123 1 33.31 44.53 10.07 29.30
MRT00261052 0.79 59.23 54.65 55.08 56.32
MRT00261262 0.71 43.46 dead dead 43.46
MRT00259092 0.7 44.48 23.64 22.49 30.20
MRT00167967 0.68 -14.09 3.1 12.37 -7.78
MRT00018034 0.65 12.43 19.82 6.18 12.81
MRT00010793 0.65 17.41 34.42 10.57 20.80
MRT00261211 0.62 13.90 -5.90 5.49 4.50

MRTO00201744 1 67.44 dead dead dead
MRT00151164 0.63 T ) T 3.04

MRT00036455 0.51 -4.00 5.68 -17.14 -5.13
MRT00201527 1 20.13 35.43 -0.76 18.26
MRT00201554 0.88 dead 2.47 -7.52 -2.52
MRT00201537 0.79 9.38 -3.13 dead 3.12

MRT00201513 0.7 5.38 12.77 -27.70 -3.17
MRT00201541 0.7 -10.83 13.63 -2.32 0.15

MRT00201707 0.69 -3.55 4.00 -7.73 -2.44

125



For simplicity, all the hit and related closest structure compounds are referred to
by the four last numbers of their LifeArc ID. Table 5-1 shows that hit compounds
3197 and 1527 confirmed their previous inhibitory effects, but none of the
analogue compounds showed any effect on the fluorescent stress readout in
sod1G93Ros10 zebrafish. Compounds 5326 and 0707 again showed
reproducible inhibition, with the closest analogues (5308 and 0039, respectively)
also showing a significant reduction in the DsRed signal. Therefore, the dose-
response for these groups was carried out at the higher dose range (0.1-30 uM).
The following compounds: 2041 and the analogue 0055, 2253 and the analogue
8109, 2788 and the analogue 1890, and 1744 and the analoguel164, were all
screened at lower doses (0.1-10 puM) due to death of the treated fish at 10 pM.
Compound 2123 and the analogues 1052, 1262, 9092, 8034, and 0793, showed
different inhibition effects at 10 uM. The analogues 1052, 9092, 8034, and 0793
showed a higher inhibitory effect at 10 uM, while the analogue 1262 caused
death of the treated fish at 10 uM. Compounds 2938, 2994, and 2461 did not
have any structurally related similar compounds. Therefore, the dose-response
was not performed on these hit compounds as it had previously been done. The
1895 family of compounds did not show a reduction of the fluorescent stress

readout at 10 uM. Therefore, the dose-response was not performed.

5-2-1 Hit 2041 family

The dose-response study of 2041 and its analogue 0055 was performed at the
lower range of doses (0.1, 0.3, 0.5, 1, 3, 5, and 10 uM) due to the death of the
treated fish at 10 uM.

5-2-1-1 Dose-response study of 2041

The dose-response analysis of 2041 showed a reproducible reduction of the
neuronal stress readout with an average inhibition effect of 28% at 3, 5, and 10
UM (Fig. 5-1). These results confirmed the previous reduction seen in dose-
response analysis of the original hits with an average 36% and 46% at 30 uM
and 20 pM respectively, in the sod1G93Ros10 zebrafish. It is also showed

locomotor activity in light and dark environmental conditions over 4 x 5 min
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cycles (Fig. 5-2). However, this fresh batch of 2041 led to a lower percentage
inhibition at 3, 5 and 10 uM than before with abnormal development of the
treated fish (oedema) observed at 5 and 6 dpf. It would therefore be necessary
to undertake toxicity screening to ensure the drug has no toxic side effects

before further pre-clinical testing.

MRT00202041" Group
60+ -~ MRT00202041
-+ MRTO00230055

40 ok

Inhibition percentage %

4 T/s 8 10

Dose (uM)

20" «+p=0 0031 and ****P=0.0001

Figure 5-1: Dose-response structure-activity analysis of compound 2041 with a
significant reduction of the fluorescent signal at 1, 3, 5, & 10 uM. The analogue
0055 showed a small effect on the inhibition of the DsRed signal in the
s0d1G93Ros10 zebrafish. Two-way ANOVA analysis and Dunnett's multiple
comparison test was performed. N=6. The points and bars are the mean and
SD.
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Figure 5-2: Locomotor activity of sod1G93Ros10 zebrafish treated with
compound 2041 at doses from 0.1-10 puM in light/dark conditions. N=1 in
each well.

5-2-1-2 Dose-response study of 0055, a related compound to 2041

Hit compound 2041 has two analogues that show related structure similarity
scores of 0.75 and 0.61. These analogues are 8648 and 0055. The analogue
8648 did not show any reduction of neuronal stress, but it seemed to have an
activation effect on the hsp70::DsRed stress readout at 10 uM. However, this
should be confirmed before any further study. The analogue 0055 caused the
death of the treated fish at 10 uM in duplicate experiments. Therefore, the dose-

response study was carried out of the analogue 0055 at the lower dose range.

The dose-response analysis of compound 0055 showed a very weak reduction
in fluoresence at 0.1-20 puM (Fig. 5-1). The inhibitory effect of the analogue was
on average 13% at 10 uM, far lower than the original hit compound. Therefore,
the dose-response analysis showed this analogue did not show efficacy similar

to the hit compound.
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5-2-2 Hit compound 3197 family

Compound 3197 was identified previously as the strongest inhibitory hit in the
primary screen, with an average inhibition of more than 40% at 20 puM. This hit
compound has three closely related analogues that have a similarity of > 0.5.
The analysis of 3197 at 10 uM (3 replicates) confirmed the reduction of the
neuronal stress readout in the sod1G93Ros10 zebrafish. However, the
screening of the analogues at 10 uM (3 replicates) did not show any reduction of
the DsRed signal. Hence, this family of analogues did not show similar effects to
the original hit compound in the neuronal stress assay in the sod1G93Ros10
zebrafish at 10 uM dose. Therefore, no dose-response studies of the analogues

were carried out.

5-2-3 Compound 5326 family - the most potent hit from the primary screen

Compound 5326 and related analogues were tested in triplicate at 10 uM. The
hit compound 5326 showed a reduction of the DsRed signal with an average of
35.0%, which confirmed the previous studies where an average 30.3% and
38.3% was seen at 10 uM and 20 pM. Compound 5326 has two related
structure compounds, with similarity scores of 0.74 and 0.67, respectively
(compounds 5308 and 5317).

At 10 uM in triplicates, the analogue 5308 showed a modest inhibition of the
neuronal stress readout with an average reduction of 23.0%, while the other
analogue 5317 showed no reduction of the stress readout in the sod1G93Ro0s10
zebrafish (Table 5-1). Therefore, the dose-response analysis was performed
with 5326 and the analogue 5308 alone.

5-2-3-1 Dose-response of the original hit compound 5326

The dose-response analysis of compound 5326 was performed at the higher
doses (0.1, 0.3, 1, 3, 10 and 30 uM) because its inhibition was 35.8% at 10 uM

and normal development of the treated larvae was seen.

The dose-response study of 5326 showed dose-dependent inhibition of the

stress readout from 0.1-30 pM and displayed no overt sedative effect on
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locomotor behaviour (Figs. 5-3 and 5-4). It showed a significant reduction in
DsRed fluorescence with an average of 36.3% at 30 uM (Fig. 5-3). Normal
development of the treated fish was also seen at all doses. This suggests that
this drug has the potential to be a good candidate lead to progress.

5-2-3-2 Dose-response of the analogue 5308, a related structure to the hit

compound 5326

The dose-response study of the analogue 5308 showed a reproducible dose-
dependent reduction of the stress readout from the lower doses to the higher
doses (0.1-30 uM) in duplicate screens (Fig. 5-3). Average inhibition of 22.7%
and 18.2% was seen at 10 uM respectively in the two trials. At 30 pM, it showed
significant inhibition with average reductions of 36.8% and 46.0% in the first and
second tests (Fig. 5-3). The treated larvae displayed normal development and

locomotor activity (Fig. 5-4).
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Figure 5-3: Effect on stress readout of the 5326 family compounds. Both

members of this family showed a significant reduction at 30 pM. Two-way

ANOVA analysis and Dunnett's multiple comparisons was performed. N=5. The

points and bars are the mean and SD.
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Figure 5-4: Locomotor activities of fish treated with the hit compound 5326
and its analogue 5308 at doses from 0.1-30 uM in 96 well plate format. There
was no fish in the 9" well of the 30 uM row. N=1 in each well.
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5-2-4 Hit compound 0707 family

The previous dose-response profile of 0707 showed reproducible reduction of
the stress readout, but with some stability issues. The dose-response study with
a fresh aliquot of 0707 with (3 replicates at 10 pM) showed a reproducible
reduction of the neuronal stress fluorescent readout, with an average reduction
of 27.9%. Normal development of embryos was seen with no obvious sedative
effects (Table 5-1). This hit compound had one analogue with a similar structure
score of 0.52, compound 0039. The triplicate analysis of 0039 at 10 uM showed
reproducible inhibition of the stress response, with an average reduction of

20.8%, normal growth and no sedative effects.

5-2-4-1 Dose-response screen of the hit 0707

The dose-response analysis of 0707 showed a good consistent inhibition of the
neuronal stress readout and had a strong dose-response profile in the
sod1G93Ros10 zebrafish at the doses 0.1-10 uM (Fig. 5-5). It had a significant
reduction in stress activity of < 20% at 10 yM and the larvae displayed normal
locomotor activity (Fig. 5-6), but it caused death of the treated fish at 30 uM.
This confirmed what was seen in the previous dose-response analysis, as
shown in chapter 4 (Fig. 4-17).

The first dose-response analysis of the analogue 0039 showed significant
inhibition from 0.1-10 pM with an average of 29.7% at 10 uM (Fig. 5-5).
However, the analogue 0039 caused death of the treated fish at 30 uM, which is
a similar effect to the original hit compound. Therefore, to test for dose-
dependent inhibition by the analogue 0039, the repeat study was performed at

lower doses of 0.1-10 pM.
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Figure 5-5: Dose-response signature profiles of the hit compound 0707 and its
analogue 0039. This family showed a significant reduction of the stress
fluorescent readout, but it caused death at 30 pM. The two compounds show
similar reduction of the stress readout in the sod1G93Ros10 model. Two-way
ANOVA analysis and Dunnett's multiple comparison test was performed. N=6.
The points and bars are the mean and SD.
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Figure 5-6: ViewPoint behaviour analysis of fish treated with 0707 at 0.1-30 puM
at 6 dpf. The highest concentration of the drug was toxic. N=1 in each well.

5-2-4-2 Dose-response study of compound 0039, a closely related structure to
0707

The dose-response analysis of the analogue 0039 showed this compound gave
reproducible inhibition of the stress response from the lower doses to the higher
doses (0.1-10 pM). It showed significant inhibition of 19% at 5 puM, while it
showed 17.4% and 42.4% inhibition at 10 uM in two separate trials respectively
(Fig. 5-7). The analogue treated larvae also displayed normal locomotor activity

indicating the lack of any sedative effects for this compound (Fig. 5-8).
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Figure 5-7: Dose-response screen of the 0707 analogue 0039 with a significant
reduction in the stress readout seen at 5 and 10 uM in the sod1G93Ros10
model. Two-way ANOVA analysis and Dunnett's multiple comparison tests were
performed. N=6. The points and bars are the mean and SD.
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Figure 5-8: Locomotor activity of fish treated with the 0707 analogue 0039 at
doses from 0.1-10 uM at 6 dpf in light/dark conditions. N=1 in each well.
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5-2-5 Hit compound 2123 family

The repeat test of the hit compound 2123 with a fresh batch of drug at 10 uM
showed a moderate inhibition of the neural stress readout, with an average
reduction of 29.3% in the sod1G93Ro0s10 zebrafish (Table 5-1). This confirmed
the reduction in DsRed signal previously shown. This hit compound had seven
related structures with a similarity score of > 0.6. These compounds are 1052,
1262, 9092, 7967, 8034, 0793, and 1211. All of these compounds showed a
reproducible inhibition of the stress readout except 7967 and 1211. Therefore,
the dose-response study was carried out on the five analogues to investigate
their dose-response characteristics.

The dose-response analysis of this family was performed at the higher doses of
0.1, 0.3, 1, 3, 10, and 30 pM the first time. In the second and third repeats, it
was performed at the lower doses of 0.1, 0.3, 0.5, 1, 3, 5, and 10 puM due to the

limited volume of the drugs supplied.

5-2-5-1 Dose-response study of the original hit compound 2123

The previous dose-response analysis of 2123 showed a modest inhibition effect,
with the potential issue of drug stability. Dose-response assays with a fresh
aliquot of drug were carried out, and confirmed a consistent inhibitory effect (Fig.
5-9). It showed reproducible effects at 0.1-30 uM with normal growth of the
treated fish and a significant inhibition of the stress response at 3, 10, and 30
MM, with reductions of 23.4%, 24.6%, and 32.4% respectively. The fish treated
with 2123 at 0.1-30 uM displayed normal locomotor activity (Fig. 5-10).
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Figure 5-9: Dose-response analysis of the original hit 2123 and its closely
related structure compounds. The dose-response study of this family
demonstrated a similar inhibition profile across this family in the sod1G93Ro0s10
zebrafish. All the compounds in this group showed significant inhibitory effects
at 30 uM. Two-way ANOVA analysis and Dunnett's multiple comparison tests
were performed. N=5. The points and bars are the mean and SD.
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Figure 5-10: Locomotor activity of the fish treated with the original hit compound
2123 at 6 dpf in light/dark conditions (4 x 5 min. cycles).N=1 in each well.

5-2-5-2 Dose-response study for compound 1052, an analogue of hit compound
2123

The analogue 1052 has a structural similarity score of 0.79 with 2123. This
analogue showed a reproducible reduction of the stress readout with an average
of 56.3% at 10 uM (triplicates). Therefore, dose-response analysis for this
analogue was performed at the higher concentration range (0.1-30 pM). It
showed a significant lower reduction of the stress readout of 15.2%, 16.1%,
19.0%, and 20.5% at 0.1, 0.3, 1 and 3 puM doses respectively. At higher doses,
the inhibition jumped to 45% at 10 uM, but with death of the treated fish
observed at 30 uM (Fig. 5-9).
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5-2-5-3 Dose-response study of 2123 analogue 1262

The analogue 1262 has a related closest structure similarity score of 0.71 to
2123. This compound caused death of the treated sod1G93Ro0s10 zebrafish at
10 uM (Table 5-1). Therefore, the dose-response study was carried out using
the lower range of doses rather than higher doses.

The duplicate dose-response tests of 1262 showed a consistent stress reduction
in the stress readout with a significant effect at 10 puM of 22.9% and 34.0%,
respectively (Fig. 5-11). A third repeat showed a reduction in the stress readout
of 24.7%, 37.8%, and 49.3% at 3, 5, and 10 uM respectively. However,
abnormal development of some fish was seen at these doses (Fig. 5-12).
Therefore, although compound 1262 displayed a dose-dependent effect on the
neuronal stress readout, it may have toxicity as shown by the abnormal shape of

some of the treated fish.
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Figure 5-11: Three dose-response tests of the analogue 1262. On all occasions
a significant reduction of the fluorescent stress readout was seen at 10 puM.
These doses were from different batches kept them separate. N=6. The points
and bars are the mean and SD.
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Figure 5-12: InCell imaged of an abnormal shape (a small size) of the
s0d1G93Ros10 zebrafish treated with the analogue 1262 at 10 uM compared to
DMSO and riluzole treated.

5-2-5-3-1 Behavioural analysis of sod1G93Ros10 zebrafish treated with the
2123 analogue 1262

Daily monitoring and visual inspection of the treated fish suggested that the
sod1G93Ros10 zebrafish treated with compound 1262 showed hyperactivity at 3
dpf and 4 dpf in response to the higher doses (3, 5, and 10 puM). When we
performed the quantitative analysis of locomotor activity via the ViewPoint
behavioural analysis system of the fish treated with this compound at 6 dpf, it
showed that at higher doses hyperactivity was observed (Figure 5-13). When
light dark analysis was conducted, this hyperactivity was more pronounced in the
light conditions (Figure 5-14, 5-15) in duration and distance plots respectively.
As the N are small these results and are not conclusive. Further study of this

analogue is required to confirm this observation.
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Figure 5-13: Locomotor activity of fish treated with the 1262 analogue at doses
from 0.1-10 uM at 6 dpf in light/dark conditions(4 x 5 min. cycles). N=1 in each
well.
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Figure 5-14: Quantitative analysis of small and large duration of sod1G93R0s10
zebrafish treated with 1262 treated at 10 uM. It showed in small light duration
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potentially had different behavior than DMSO. Three independed experiment
and further analysis is required with increased the samples. Two-way ANOVA
analysis and Dunnett's multiple comparison tests. N=6. The points and bars are
the mean and SD.
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Figure 5-15: Quantitative analysis of the small and large distance of the
sod1G93Ros10 zebrafish treated with the 1262 analogue in the light/dark cycle.
We could not confirm the hyperactivity of the treated fish at 6 dpf. Two-way
ANOVA analysis and Dunnett's multiple comparison tests. N=6. The points and
bars are the mean and SD.

5-2-5-4 Dose-response study of the analogue 9092 a related closest structure of
the original hit compound 2123

The analogue 9092 has a structural similarity score of 0.70 to the hit 2123. The
screen of this analogue at 10 uM showed a reproducible reduction of the
neuronal stress readout with an average of 30.20% in the sod1G93Ro0s10
zebrafish, (table 5-1). Therefore, the dose-response study of this analogue was
carried out at a higher dose (0.1, 0.3, 1, 3, 10 and 30) puM.

The initial dose-response study showed that this analogue gave a dose-

dependent reduction of the stress readout with significant reductions of 15.1%
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and 40.1% at 10 uM and 30 pM respectively (Fig. 5-9). To confirm the effect of
this analogue, the dose-response analysis was repeated again, although without
the 30 uM dose to save the compound for further studies.

The lower range dose-response screen of 9092 again showed dose-dependent
effects from the lower doses to the higher doses (Fig. 5-16). It showed a
significant reduction at 3, 5, and 10 uM of on average 16.3%, 21.7%, and 35.6%

respectively across two trials. Larvae exposed to this compound showed normal
locomotor activity (Fig. 5-17).
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Figure 5-16: Dose-response analysis of compound 9092 on the neuronal stress
assay in sod1G93Ros10 zebrafish. Two-way ANOVA analysis and Dunnett's

multiple comparison tests were performed. N=6. The points and bars are the
mean and SD.
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Figure 5-17: Locomotor activity of fish treated with the 2123 analogue 9092. N=1
in each well.

5-2-5-5 Dose-response study of compound 0793, a related closest structure of

the original hit compound 2123

The analogue 0793 showed a structure similarity score of 0.65 to the hit
compound 2123. Compound 0793 showed a reduction in the DsRed signal at 10
UM (triplicates) with an average of 20.8% in the sod1G93Ros10 zebrafish (Table
5-1). Dose-response analysis of this analogue was performed at 0.1-30 uM. It
showed a reduction in the DsRed signal at the lower doses with > 20% reduction
at 10 uM and 30 pM (Fig. 5-9).

The second and third dose-response analyses were performed at the lower
range of doses (0.1, 0.3, 0.5, 1, 3, 5, and 10 uM) due to shortage of the
compound. These repeat experiments showed that 0793 had little to no effect
on reducing the stress response at lower doses (0.1-5 pM). It showed a

potentially modest reduction at 10 pM of < 20% (Fig. 5-18), but this was not
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significant. The dose-response profile of this analogue suggests this compound
has at best a modest effect of reducing neuronal stress in the fluorescent
readout assay at 10 uM.
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Figure 5-18: Dose-response profiles for compound 0793 in the neuronal stress
assay in the sod1G93Ros10 zebrafish. No significant effects were observed.
N=6.

5-2-5-6 Dose-response study for compound 8034, a related closest structure of
compound 2123

Compound 8034 showed a structural similarity score of 0.68 to the original hit
compound 2123. The earlier triplicate test of this analogue at 10 uM showed a
modest inhibition with an average reduction of 12.8% in the fluorescent stress
readout in the sod1G93Rosl10 zebrafish. A dose-response study of this
analogue was carried out and showed no significant inhibition of activity at 0.1-
10 uM (Fig. 5-9). This analogue showed a non-significant reduction of the stress
response at 10 uM of 7.17% while displaying a significant 43% inhibition at 30
MM. Thus, the analogue 8034 was excluded from further study because of its
poor dose-response profile.
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5-2-6 Dose-response study of the original hit compound 1744 family

The repeat analysis with a fresh batch of compound 1744 caused death of the
treated fish at 10 uM and so it confirmed the toxicity of this compound at higher
doses, as previously seen (Fig. 4-17).

This compound had two related closest compounds, 1164 and 6455 with
structural similarity scores of 0.63 and 0.51 respectively. Compound 6455 did
not show reduction of fluorescence in the DsRed neuronal stress assay at 10
MM, while the analogue 1164 showed a reduction with an average of 13.2% in
duplicate tests (Table 5-1). Therefore, the dose-response study of this family of
drugs was performed at the lower dose range (0.1, 0.3, 0.5, 1, 3, 5, and 10 uM).
Repeat dose-response analysis of the original hit compound 1744 showed little
to no activity at 0.1-5 pM. At 10 uM, the reduction in DsRed fluorescence on this
occasion was 56.8% (Fig. 5-19), although two fish of six died, suggesting some
toxicity. The dose-response screen of the analogue 1164 showed no reduction
in DsRed fluorescence at any dose (Fig. 5-19). Therefore, the dose-response
profile of this family did not show a reproducible reduction of the fluorescent
stress readout in the sod1G93Ros10 zebrafish. The previous dose-response
screen showed it caused the death of fish treated at 20 uM (Fig. 4-17). This
suggests that compound 1744 might also have a toxic effect at 10 uM giving the

reduction in fluorescence.
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Figure 5-19: Dose-response profiles of the original hit compound 1744 and the
related closest structure compound 1164 in the sod1G93Ro0s10 zebrafish. N=6.
Two fish died when treated with 1744 at 10 uM. The points and bars are the
mean and SD.

5-2-7 Hit compound 2253 family

The fresh aliquot of the original hit compound 2253 tested at 10 uM caused the
death of the treated fish. Also, testing at 10 uM of four related closest structure
compounds: 8109, 2455, 4502, and 8721 with similarity scores of 0.7, 0.61,
0.59, and 0.56 respectively; showed that the analogue 8109 caused death of the
fish and the others displayed no activity. Therefore, the dose-response study
was performed on the original hit compound 2253 and the related closest
structure compound 8109 at lower doses (0.1-10 pM) to identify a sub-toxic

dose and see if any effect on the neuronal stress readout could be detected.
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5-2-7-1 Dose-response study of the hit 2253

The dose-response analysis of the original hit compound 2253 showed a
reproducible dose-response profile, with low and variable reduction of the
fluorescent stress readout at 0.1-1 pM and a significant reduction in the DsRed
signal at 3-10 uM, with average reductions of 28.4%, 48.9%, and 46.7%
respectively. However, two of six of the treated fish at 5 and 10 uM showed
abnormal development (oedema). Also, the compound caused death in the
previous dose-response analysis at 20 and 30 uM (Fig. 4-18, A), suggesting this

compound has toxic effects at doses above 5 uM.

5-2-7-2 Dose-response study of 8109 a related closest structure compound to
the hit 2253

The analogue 8109 has a structural similarity score of 0.70 to the original hit
compound 2253. Testing at 10 uM of the analogue 8109 caused death of the
treated fish. Therefore, the dose-response screen was performed at the lower
dose range (0.1-10 uM).

The dose-response analysis of the analogue 8109 showed a variable non-
significant reduction in the DsRed stress response at 0.1-0.5 puM. It showed a
significant reduction at 1-10 uM with an average > 30% at 3 and 5 puM and
40.5% at 10 uM in duplicate analyses (Fig. 5-20). However, it also caused
abnormal development (oedema) at 3-10 uM.
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Figure 5-20: Dose-response profiles of the original hit compound 2253 and
related closest structure compound 8109. The graphs show the consistent
reduction in the stress readout due to this family in the sod1G93Ros10
zebrafish. Two-way ANOVA analysis and Dunnett’s multiple comparison test
was performed. N=6. The points and bars are the mean and SD.

5-2-8 Dose-response study of the original hit compound 2788 family

When the hit 2788 was screened at 10 uM in triplicate, it caused the death of the
treated fish, as shown in Table 5-1. This hit compound has four related closest
structure compounds: 1890, 5551, 3050, and 1859. Three of these compounds
showed no reduction in the DsRed stress activity at 10 uM, the exception being
compound 1890 (Table 5-1). This analogue showed the same effect as the hit
compound, causing death of the treated fish at 10 uM. Therefore, the dose-
response study was carried out at the lower dose range (0.1-10 uM).

The dose-response study of the original hit compound 2788 and the analogue
1890 showed that this family of compounds did not have a reproducible effect in
reducing the DsRed stress activity in the sod1G93Ros10 zebrafish. Compound
2788 showed no reduction of the fluorescent stress readout, while the analogue
had a significant reduction of the stress response at 3 uM, but it caused the
death of the treated fish at 5 and 10 pM (Fig. 5-21). The dose-response profile
of this family therefore does not show reproducible dose-dependent effects on
the neuronal stress fluorescent readout in the sod1G93Ros10 zebrafish.
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Figure 5-21: Dose-response profiles of the original hit compound 2788 and its
analogue 1890 in the sod1G93Ro0s10 zebrafish. Two-way ANOVA analysis and

Dunnett’'s multiple comparison test was performed. N=6. The points and bars
are the mean and SD.
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5-3 Discussion

The identification and validation of lead hits from high-throughput screening is
the aim of drug discovery. To improve the quality of the identified hits and gather
structure-activity relationships, we obtained structurally related compounds from
LifeArc and identified compounds that modulated the stress readout in this
chapter. Good structure-activity relationships obtained from analogues can be
used to predict the nature of the binding of compounds to protein-ligand pockets
on biological targets (Eskildsen et al., 2014; Klug et al., 2019).

The structure-activity relationship approach, in combination with proteomics,
allows deconvolution of receptor-drug complexes, thereby identifying novel
targets and molecules impacting on them. Therefore, in the future, by tagging
the lead compounds and isolating proteins that interact with the test molecules,

we will be able to understand better the targets these molecules act on.

Therefore, we tested the original hits and their analogues (46 compounds) at 10
UM in triplicate trials. This confirmed the inhibitory effect of compounds 2041
and 3197 and revealed four hit compounds (5326, 0707, 2123 and 2253) which
are with their related compounds displayed a structure-activity relationship, as
shown in Table 5-2.. It will be worthwhile to carry on further investigations and

validation studies.

One of the most promising aspects of this part of the project was that the
compounds identified by this in vivo screening approach displayed features that
drug-like molecules exhibit. This is rare with in-silico and in vitro screens. The in
Vivo screen requires that the drug is bioavailable, non-degradable by enzymes
that detoxify compounds, relatively safe, and CNS penetrant for CNS
indications. When we examined the drug-like properties of the hit compounds,
we noted that most of them have a good CNS-MPO score, which is widely used
in CNS drug therapy development for assessing biodistribution properties (most

show green or yellow for the biodistribution scores) (Table 5-3).
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Table 5-2: Chemical structure of the hit compound families and the structure
relationship neuronal stress readout of the hsp70-DsRed activity in the
s0d1G93Ro0s10 zebrafish

closestHit_name: MRT00200707

T R oo
S S e
5 é 5 . ©

MRT00200707 MRT00020039 MRT00201067 MRT00200682 inactive MRT00201748
active active inactive inactive inactive

closestHit_name: MRT00201527

MRT00201527 MRT00201554 MRT00201537 MRT00201513 MRT00201541 MRT00201707
active inactive inactive inactive inactive inactive

closestHit_name: MRT00202123
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Table 5-3: The physiochemical properties of identified hit compound families.

LifeArc ID hits

iPFI

QED

CNS-MPO

MW

ACD-LogP

ACD-LogD

ACD-LogS

TPSA-NO

MRT00202041

5.55

MRT00203197

4.87

MRT00215326

3.79

MRT00202253
MRT00200707

4.46

5.75

MRT00202123

6.98

Although all of the hit compounds did not display cluster activity, an interesting

point arising from this study is that the hit and related structure compounds

showed structural-functional similarity associated with different size effects as

described in the following section:

Hit compounds 2041 and 3097 showed strong effect size on inhibition of
the hsp70-DsRed neuronal stress readout, but the analogues of these
failed to show any activity. Therefore, these compounds need
investigating further with a much larger set of analogues.

Compound 2123 and its analogue 9092 showed consistent dose-
response profiles with significant modest inhibition of the stress readout
at 10-30 uM. At 30 uM, the inhibition effect was on average > 30% and
40.1%, respectively. It appears that these compounds have some
structure-activity relationship to warrant further dissection of the optimal
structure for the largest activity.

The most potent hit family that modulated the hsp70-DsRed neuronal
stress is the hit compound 5326 and its analogue 5308. Both showed a
significant modest inhibition effect of > 35%. These compounds also
demonstrated some structure-activity relationship and further refinement
of optimal structural features needs performing.

Hit compound 2253 and its analogue 8109 also demonstrated a
structure-activity relationship. These compounds showed consistent
dose-response profiles in the sod1G93Ros10 zebrafish. They showed a

significant inhibitory effect from 3-10 uM. At 10 puM, the hit compound
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displayed > 45%, and the analogue displayed > 40% modulation of the
neuronal stress readout. However, despite the evidence of some
structure-activity relationship of these compounds, they caused
abnormalities of the treated fish at 10 pM and thus the toxicity profile of
other analogs needs investigating to determine whether the efficacy and
toxicity seen in this family can be separated. Therefore, it is worth

investigating other analogues in the future.

Therefore, it is clear that this study identified a number of hit compounds whose
analogues showed activity in the zebrafish assay thus validating our hypothesis.
This suggests that there is potential among these to further explore the chemical
space and develop more optimal compounds. The identification of distinct
structure-activity relationships greatly enhances the potential of this assay to
identify and characterise molecular targets that these compounds act on.
Electrophysiological studies could be utilised to determine which types of
channels are modulated by the compounds and this could provide novel cellular
targets leading to more understanding of ALS pathology.

In general, the chemical properties of the compounds identified in the zebrafish
screen displayed a good CNS-MPO. However, compounds 3197 and 5326
displayed lower ADME properties. ADME is a recorded score of the absorption,
disruption, metabolic, and excretion properties, including LogP, LogS, and LogD
(shaded yellow in Table 5-3). Therefore, these potentially interesting compounds
require improvement of their bioactivity profile to increase their potency and

make more bio-available compounds in the future.

In summary, this chapter described the application of dose-response and
structure-activity relationships to identify potential therapeutics that reduce
neuronal stress and provided some preliminary data for conducting more in-
depth structure-activity studies in the future. We have identified four different
classes of compounds that display stress-reducing activity that show no
sedative properties, potentially representing a significant improvement over
riluzole. These should form the basis for developing pre-clinical leads that are

superior to riluzole in the future.
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CHAPTER 6

6-Testing hit compound efficacy in the C9orf72/(G4C2)45 transgenic zebrafish
model of ALS

Hypothesis: Compounds that show efficacy in reducing neuronal stress in the
sodl G93R zebrafish model may show similar efficacy in a C9orf72 zebrafish
model of ALS/FTD by reducing neuronal stress and/or reducing synthesis of
toxic dipeptide repeat proteins.

C9orf72 is the most common causative gene for ALS/FTD. The mutation is a
hexanucleotide repeat expansion (HRE) of GGGGCC (G4C2) within an intronic
region of the C9orf72 gene. It accounts for 40% of familial ALS cases and 4-6%
of sporadic ALS (DeJesus-Hernandez et al.,, 2011; Freibaum et al., 2015;
Renton et al., 2011). As mentioned previously in the introduction, there are three
proposed mechanistic hypotheses for cytotoxicity of the C9 repeat expansion.
The first hypothesis is that a reduced C9 protein production leads to
haploinsufficiency. The second hypothesis is that the expanded RNA has toxic
properties, supported by the identification of RNA foci and the sequestration of
the RNA-binding proteins into them. The third hypothesis is the production of
five dipeptide repeat proteins (DPRs) from sense strand (G4C2) and antisense
strand (C4G2). These DPRs are produced without a traditional AUG translation
start codon but rather by repeat-associated non-AUG (RAN) translation, and
these DPRs are predicted to have toxic properties via aggregation and
sequestration of nuclear and cytosolic proteins (Donnelly et al., 2013; Haeusler
et al., 2014; Zhang et al., 2015; Zu et al., 2013).

It also has been reported that phosphorylated TDP-43 inclusions and p62 NCI
(neuronal cytoplasmic inclusions) are associated with C9 repeat expansion
DPRs. However, p62 is much more abundant in neuronal cytoplasmic inclusions
in the cerebellum and hippocampus than p-TDP-43 in these areas (Al-Sarraj et
al., 2011; Schipper et al., 2016). Recently, glutamate and AMPA excitotoxicity
have been linked with the C9orf72 HRE expansion and may contribute to the
death of motor neurons (Selvaraj et al., 2018; Westergard et al., 2019).
Moreover, SOD1 inclusion in C9 patients have been reported and may suggest
a crossover in mechanisms between different ALS mutations (Forsberg et al.,

2019). Therefore, we hypothesised that the LifeArc library hit compounds we
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identified might modulate excitotoxicity and may show activity in the C9orf72
zebrafish model. We tested the hit compounds and related structures in the
novel C9orf72 transgenic zebrafish for effects in reducing C9orf72-mediated

neuronal stress.

6-1 Analysis of Hsp70-DsRed fluorescent stress readout in the
C90rf72/(G4AC2)4s5 zebrafish model

The C9 transgenic zebrafish line used is described in the methods section. The
sense (G4C2)4s5 transgenic line has forty-five hexanucleotide expansion repeats,
which are predicted to be long enough to cause pathogenic DPR expression.
These zebrafish show expression of the major DPRs, including poly-(GR), poly-
(GA), and poly-(GP), and show a progressive decline in swimming performance
(unpublished data).

The construct expressed in the C9 transgenic zebrafish (G4C2) is driven by a
Ubiquitin (Ubi) promoter, with 45 repeats of G4C2 and a V5 epitope tag in all
three reading frames to allow the detection of all sense strand-derived DPRs
(Fig. 6-1). Also, the construct contains the hsp70-DsRed fluorescent stress
readout, similar to that used in the sod1G93Ros10 zebrafish in vivo ALS model

for drug screening.

Sense

Lserse ]

Drug screen fluorescent readout scale

hsp70

Figure 6-1: Transgene structure of the C90rf72/(G4C2),5 sense strand zebrafish.

6-1-1 Effect of riluzole on the hsp70-DsRed fluorescent stress readout in the
C90rf72/(G4C2)45 zebrafish

Riluzole showed a reduction of the hsp70-DsRed fluorescent stress readout at
10 uM in the C9orf72/(G4C2)4s zebrafish, with an average reduction of 39.2%
(Fig. 6-2). The C9orf72/(G4C2)45 zebrafish treated with 10 puM riluzole showed
normal growth through the treatment at 2-6 dpf. Riluzole-treated fish showed
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reduced locomotor activity, as was seen in the sod1 zebrafish, due to its known
sedative effects (Fig. 6-3). This suggests that excitotoxicity may play a role in the
pathogenesis of C9orf72/(G4C2)4s zebrafish as riluzole has been shown to have

anti-excitotoxic properties (Bensimon, 1994).

hsp70-Dsred stress readout in C9(G4C2),5

80 | 1
I 1

Inhibition %

Dose (10 uhd)

Figure 6-2: Riluzole caused a significant reduction in the hsp70-DsRed
fluorescent stress readout at 10 pM in the C90rf72/(G4C2),45 zebrafish. T-test
analysis. ***pP=0.0001. N=60 each. Data pooled from two independent
experiments, different clutches were pooled on each occasion. Error bars
represent mean = SD.
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Figure 6-3: Behavioural tracking of 10 pM riluzole and DMSO-treated
C90rf72/(G4C2)4s zebrafish. Riluzole-treated fish show sedated behaviour
compared with DMSO controls at 6 dpf. Four cycles of 5 min. light & dark
exposure was used. N=1 in each well.

6-1-1-1 Images of DMSO control and riluzole-treated C9orf72/(G4C2)s5
zebrafish at 6 dpf

The InCell imaging system was used for imaging the C9orf72/(G4C2)4s zebrafish
at 6 dpf. The images of the treated fish were taken at the end of the drug
exposure after the fish had been anaesthetised with MS-222. Upon visual
inspection, DsRed expression in the riluzole-treated fish was lower in the
hindbrain, spinal cord and muscle than in DMSO control fish (Fig. 6-4).
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DsRed expression DMSO/10uM Riluzole/10uM

Figure 6-4: DsRed expression in 10 pM riluzole-treated C9orf72/(G4C2)45
zebrafish appeared lower than in DMSO control fish at 6 dpf. Images were taken
using the InCell system. Arrows indicate fluorescence in the hindbrain, spinal
cord and the muscle.

6-1-2 Hsp70-DsRed screen of LifeArc hit compounds and structurally related
compounds in the C90rf72/(G4C2)4s zebrafish

The activity screen of the 46 previously identified compounds (hits and
analogues) was performed at 10 pM in the C9orf72/(G4C2)4s transgenic
zebrafish. Embryos were exposed to the compounds at 2 dpf and culled at 6 dpf
under schedule 1 procedure. This screen identified four hits that reduced
neuronal stress in the C9orf72/(GAC2)4s zebrafish. These compounds were
1744, 1052, 1262 and 2994, all of which showed a significant reduction in the
fluorescent stress readout, with an average of 48.1%, 29.2%, 41.6%, and 31.6%
respectively, compared to DMSO controls (Fig. 6-5). The fish were screened in
triplicate and showed normal growth with no visible drug toxicity. However,
compound 2994 showed much variability in its effect with a large standard
deviation (SD), leading to its exclusion from further validation studies. Also, we
noticed upon visual inspection and InCell imaging that analogue 1262-treated
fish were shorter than DMSO only treated fish. This will be discussed in more

detail later.
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Figure 6-5: Effect of the LifeArc hit compounds and analogues on the fluorescent
stress readout assay in C90rf72/(G4C2)4s zebrafish. One-way ANOVA analysis
was performed. N=3.

The other interesting result from assaying DsRed fluorescence in the
C90rf72/(G4C2)45 zebrafish was that some compounds with similar structures
(i.e. hits and analogues) showed an inhibition of the stress readout. These were
the hit compound 1527 and its analogue 1541, and the hit compound 0707 and
its analogue 0039. 1527 and 1541 showed reductions in the stress readout of on
average 20.3% and 17.2%, respectively. The hit compound 0707 and its
analogue 0039 showed reduction of on average 27.4% and 7.0%, respectively.
The other interesting aspect of this pair of compounds is that they showed
reduction of the DsRed fluorescent readout in the sod1G93Ros10 zebrafish as
well. This suggests 0707 and 0039 may have a shared pathological target in
both C90rf72/(G4C2)4s and sod1G93Ros10 zebrafish. To summarise, analysis
of the hsp70-DsRed fluorescent stress readout in the C9orf72/(G4C2)4s
zebrafish identified a number of compounds that reduced neuronal stress in this
model, including some with structure-function relationships. These compounds
were selected for further investigation as they showed a robust reduction in

DsRed fluorescence.
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We hypothesised that one potential mechanism by which these drugs may be
acting is by reducing DPR levels. Reducing DPR load may reduce toxicity,
which, in turn, would lead to a reduction of the hsp70-DsRed readout. To
answer this question, we performed western blotting for V5-tagged DPRs in

treated and control zebrafish to see if we could detect an effect.

6-2 Western blot (WB) of C90rf72/(G4C2)4s5 zebrafish treated with LifeArc hit

compounds.

6-2-1 Investigation of riluzole (+ve control) and LifeArc hit compounds on DPR

expression

The identified hits from the hsp70-DsRed fluorescent stress assay were
investigated for their effects on DPR expression in the C9orf72/(G4C2)4s
zebrafish. This experiment was performed similar to the DsRed assay; fish were
exposed to compounds from 2-6 dpf at 10 uM. Twenty-five fish were treated with
each drug in 6-well plates containing 2 ml of media per well. At 6 dpf, the fish
were anesthetised with MS-222 and then transgenic zebrafish (expressing
hsp70-DsRed) were identified using the InCell high-throughput imaging
microscope. The transgenic fish were then disrupted by sonication, and the
proteins quantified and prepared for SDS-PAGE as described in the methods
section.

In C9 zebrafish, the V5 tag is used to visualise the DPRs expression. Ribosomal
protein RLP10A (L10A) was used as a reference protein. L10A levels should not
be affected by drug treatment. The ratio of the V5 band signal intensity was

normalised to that of L10A to quantify changes in DPR expression.

6-2-1-1 WB testing effect of riluzole treatment in C9orf72/(G4C2)4s5 zebrafish

WB anlaysis showed that riluzole did not reduce V5-DPR levels (135% vs. 100%
for DMSO control; Figs. 6-6 and 6-7). This suggests that riluzole might target
other downstream cellular mechanisms in the C9orf72/(G4C2)4s zebrafish as it
showed 39.2% reduction in the DsRed fluorescent stress readout previously. To
determine whether the fluorescence readout correlates with DsRed expression

levels, western blotting of riluzole-treated embryos for DsRed expression was

162



performed. WB for DsRed suggested that riluzole reduced the DsRed protein
expression (44.9% vs. 100% relative to DMSO control; Figs. 6-8 and 6-9).

6-2-1-2 WB to investigate effect of LifeArc hit compounds and analogues

The LifeArc hit compounds from showed distinct effects on DPR levels in the
C90rf72/(G4C2)45 zebrafish. Hit compound 1527 showed a significant reduction
of 26.3% in V5-DPR levels when analysed across three experiments. While its
analogue 1541 also appears to show a reduction in DPR levels in Fig. 6-6, the
variance across three experiments led to a larger SD and precluded any
statistical significance. All other compounds tested showed no apparent
reduction by WB (Fig. 6-6), and no significant effects were observed for the

other compounds after quantification (Fig. 6-7).

WB of C90rf72/(G4C2)4s zebrafish for DsRed expression, however, showed a
significant reduction in fish treated with 0707, 1052, 1527, 1541 and 1262 of
37.12%, 36.4%, 33.4%, 26.0%, and 23.8% respectively, despite the variability
observed between samples (Figs. 6-8 and 6-9). The other compounds, 0039
and 1744, did not show a significant reduction in DsRed levels by WB, but the
DMSO control samples showed a large variance which decreased the statistical
power of the analysis. With an increase in the number of samples analysed, the
statistical analysis could be more reflective of actual differences. The fluorescent
readout of DsRed expression obtained using the PheraStar gives a far more

accurate quantitative measure than ECL western blotting.
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Figure 6-6: Representative WB of the V5-tagged DPRs and L10A in the
C90rf72/(G4C2)45 zebrafish. No V5 signal is seen in the NTG zebrafish extracts.
Hit compound 1527 and its analogue 1541 show reduced levels of V5-DPR
expression. Drug exposure was from 2-6 dpf. Each blot = 23+2 pooled embryos.
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Figure 6-7: WB quantification. Raw V5/L10A ratio and data normalised to

DMSO control shown. Significant reduction of V5-DPRs is seen in
C90rf72/(G4C2)45 zebrafish treated with hit compound 1527. T-test analysis of
3 independent repeats; 23+2 pooled embryos per condition. *p<0.05
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Figure 6-8: WB for DsRed and tubulin expression in the C9orf72/(G4C2)4s
zebrafish. No DsRed expression is seen in NTG zebrafish. Drug exposure was

from 2-6 dpf. 232 embryos pooled per treatment.
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Figure 6-9: Shows the actual DsRed/Tubulin ratio and normalised to DMSO in
the C9(G4C2),5 zebrafish at 6 dpf. Three trials. DMSO showed that a big SD
leads to an effect on normalised DsRed/Tubulin in each sample. One-way
ANOVA analysis and Dunnett’s multiple comparisons test. *p<0.05, **p<0.01
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6-2-1-3 Potential DPR upregulating activity of LifeArc compound 1262 in
C90rf72/(G4C2)45 zebrafish

Western blotting of C90rf72/(G4C2)45 extracts from fish treated with compound
1262 suggested a possible increase in V5-DPR expression compared to DMSO
(235% compared to DMSO; Figs. 6-6 and 6-7), although this difference was not
statistically significant and needs confirmation by further analysis. Interestingly
phenoytpic monitoring of C9orf72/(G4C2)ss zebrafish treated with 10 pM
compound 1262 throughout the treatment window suggested visible hyperactivity
in treated larvae at 2 and 3 dpf Similar observations were made when sodl
zebrafish were treated with high doses (3, 5, and 10 uM) of this compound.
Unfortunately, we could not confirm hyperactivity quantitatively via the ViewPoint
behavioural analysis system because we did not have sufficient volume of the
drug to perform this study with large samples (25) of C9orf72/(G4C2),s treated
fish. However, upon visual monitoring, we noticed that the treated larvae had
lower locomotor activity compared to DMSO treated fish at 6dpf. This was
noticed as well in the sod1G93Ros10 zebrafish (see dose-response analysis of
sodl zebrafish treated with 1262 in Chapter 5). This suggests that a detailed
behavioural analysis study should be considered with 1262 treated embryos from
2 dpf to 6 dpf to confirm the effects on locomotor activity in the future.

Although compound 1262 gave a reduction in DsRed fluorescence in
C90rf72/(G4AC2)45 zebrafish, the larvae showed morphological abnormalities
when compared to DMSO control and riluzole-treated fish (Fig. 6-10). This was
seen in sod1G93Ro0s10 zebrafish as well. This might be an indicator of toxicity
occurring and may explain the tentative observation of higher DPR levels in the
treated C9orf72/(G4C2)4s5 fish. Exploration of mutant sodl aggregation in the
sod1G93R zebrafish model would highlight whether this compound modulates

protein misfolding or not.
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Figure 6-10: InCell imaging demonstrating abnormal growth of sod1G93Ros10
and C9orf72/(G4C2)45 zebrafish treated with 1262 compared to DMSO control
and riluzole-treated larvae at 6 dpf. The curvature of the body is seen in many of
the treated fish. With 96-well plate, n=1 larva per well. With 6-well plates, n= 25
per well. The scanning of the 6-well plates was performed by dividing each well
into 20 sectors.

To summarise, the significant attenuation of DPR levels by compound 1527 in
treated zebrafish is potentially very interesting as it was accompanied by a
significant reduction in DsRed levels. Compound 1527 and its analogue 1541
merit further investigation to determine whether this family of compounds has an
effect on DPR levels. Further exploration of this chemical space would be
necessary for the further development of this class of compounds. It may be
worth investigating these compounds in the SOD1G93A and C9orf72 mouse

models to validate their efficacy on disease processes.
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6-3 Development of a C90rf72/(G4C2)4s5 high-throughput screen:

6-3-1 Dot blot drug development screen

The dot blot provides a high-throughput, reproducible, rapid, and cheap method
to detect proteins. It is limited when compared to western blotting as the
molecular size of the proteins in samples is not differentiated. Therefore, high
levels of non-specific background staining in samples limit the utility of dot
blotting. The advantages and disadvantages of dot blotting and WB are listed in
Table 6-1. If an antibody is highly specific it will serve as a useful high-
throughput screening tool with faster screening time (Zhang et al., 2019) as
samples are directly applied to membranes without electrophoresis and transfer

steps in a multi-well plate format (Renart and Martinez, 1996).

With the validation of the V5 antibody to detect V5-DPRs from western blotting,
we began developing a novel DPR-based drug screen in the C9orf72/ zebrafish
using both sense and anti-sense transgenic lines ((G4C2)ss and (C4G2)sg)
starting from 2 to 5 dpf. We aimed to identify compounds that modulate DPR

levels using the dot blot method.
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Table (6-1): The advantages and disadvantages of dot blot & WB procedures

Applying protein

Resolving protein

Ladder protein

Cost
Employ

Time
Sensitivity
Membrane
The number of

the samples

Detective protein

Variability

Direct adsorb onto the
membrane by filtration
method via a vacuum
champer

Not applicable.

Not applicable

Cheapest

Quantitative and qualitative
study for analysis of large
similar samples.
High-throughput rapid
screen. Designing for
suitable of the parameter
before proceeding to a
advance analysis.

Shorter

Higher sensitivity

PVDF & Nitrocellulose

Lower number of the
samples (one fish or two
fish)

Higher detective protein, but
it uses a large volume of the
samples.

Higher as it is a direct
applied on the membrane.

Indirect by using (SDS-
PAGE) electrophoresis gels
and then transfer onto
membrane

Resolving of the proteins
depending on the molecular
size by employing the
polyacrylamide
concentration and gel
running buffer (SDS & Tris-
glycine)

Applicable

Expensive

Quantitative study for small
similar samples. For more
advance process (a
validation study).

Longer

Lower sensitivity than dot
blot

PVDF

Large number of the
samples (>20 fish)

Higher detective proteins

with a small volume of the
samples

Lower variability, but the

bands are sensitive for any
wrong steps.

Disadvantages

Dot blot WB
WB Dot blot
WB Dot blot
Dot blot WB
Dot blot & WB wB
Dot blot WB
Dot blot WB
Dot blot WB
Dot blot WB
WB Dot blot
WB Dot blot
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6-3-2 Transgenic C9orf72 zebrafish

As described in the methods section, the C9orf72 sense (G4C2),s and anti-
sense (C4G2)39 transgenic zebrafish used to develop the dot blot drug screen.
The V5-tagged DPRs expressed in sense (G4C2)45 zebrafish are poly-(GR), -
(GA) and —(GP), while the anti-sense (C4G2)39 zebrafish show V5-tagged poly-
(PA), -(PR) and —(GP) expression. The transgene constructs for both transgenic

lines are shown in Fig 6-11.

Sense

Anti-sense

Figure 6-11: Transgene structure of C9(G4C2)45 and C9(C4G2)39 zebrafish
lines.

The initial dot blot procedure was performed by sonicating the embryos into
RIPA buffer. We then tested different set ups to detect V5 signals and reduce
the variability of the samples, as shown in Table 6-2. We started by performing
sonication in the wells of V-bottom plates at 25% for 20 s, then used 1.5 ml
plastic micro-centrifuge tubes with sonication amplitude of 20% for 15 s to
reduce sample loss by misting during sonication (Table 6-2). The sonication of
individual embryos in the wells of a V-bottom plate was found to produce
extreme variability in the protein extraction because some of the samples were
lost during the sonication step due to a small well size and low volume (50 pl).
We concluded that the best extraction procedure was using 1.5 ml plastic tubes
to sonicate the samples at 20% power for 15 s in immunoprecipitation (IP) cell
lysis buffer (100 pl), as shown in Table 6-2.
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Table 6-2: This table shows a number of optimisation experiments performed

with different conditions for development of a dot blot based drug screen in the

C9orf72 zebrafish.

-...-.-- N

25%/ 20 secs One fishitwo RIPA+PIC 30001/ 10

3d

4ih

g

gh

7h

gn

gh

(C4G2)39
TGINTG

50 pl of
(RIPA lysis
buffer +PIC)

(C4G2)39

TGINTG

Treated and unlreated
frazodone

(50 )

(C4G2)39 and
(G4C2145

TGINTG treated and
untreated trazodone
(50 M)

50 pl

50 pl

(C4G2)39

TGINTG

treated and untreated
trazodone

(50 uM)

50 1

(C4G2)39

TGINTG

treated and untreated
trazodone

(50 uM)

50 1

(C4G2)39

TGINTG

treated and untreated
trazodone

(50 M)

S0l

(C462)39 and
(G4C2)5
TGINTG

100

(646245
TGINTG

100

(G4C2)45
TGINTG

100 ul

V-bottom

V-bottom

V-bottom

V-bottom

\-bottom

V-bottom

Eppendorf
tube
(1.5ml)

Eppendorf
fube
(1.5 ml)

Eppendorf
tube
(15 ml)

fish.3 (50 pl before

samples of  sonication +

each 150 after
sonication)

25%/ 20 secs One fishitwo RIPA + PIC

30%10 secs

25%I 5 secs

25%/ 5 secs

20%/15 secs

20%/15 secs

20%/15 secs

20%15 secs

fish. 8 (The same
samples of  application
each before)

One fishitwo RIPA + PIC
fish. 6 (The same
samples of  application
each before)

One fishitwo RIPA +PIC
fish. 6 (50 i before
samples of ~ sonication +
each 160 after
sonication)
To get much
proteins
extraction
Onefish/  RIPA+PIC
two fish.6 (50 ml before
samples of  sonication +
each 150 ml after
sonication)

One fishitwo IP cell lysis
fish. 6 (50 ml before
samples of  sonication +
each 150 ml after
TGINTG  sonication)

One fish. 6 P cell lysis
samples of ~ (100m|
each C9 fish before
TGINTG  sonication +
100m after
sonication)

One fish. 4
samples of
each
TGINTG

P cell lysis
(The same
application
before)

One fish of 3 RIPA buffer
samples of  and IP cell
TGINTG in (100 ml
each lysis  before and
buffer after)

Serial dilution

mins (25%,50%, 75%)
3000010 75% of the
mins supernatant
3000110 75% of the
mins supernatant
30000/10  75% of the
mins supernatant
30000/10  75% of the
mins supernatant +
sediment
6000 rpm/4  76% of the
mins/ #C  supernatant
17000 rpm/4 75 pl and 100 pl
mins/ #C  of the
supemnatant
17000 rpm/4
mins/ 4#C  and 100 pl of the
supernatant
17000 rpm/4 75 pl and 100 pl
mins/#C  ofthe
supernatant

PVDF (0.45mm)

PVDF (0.45mm)

PVDF (0.45mm)

PVDF (0.45mm)

PVDF (0.2mm)

Nitrocellulose

PVDF (0.45mm)

25, 50 1,75 pl PVDF (0.45mm)

PVDF (0.45mm)

Good V5 signals in (75%) of one ¥ Good V5 signals of 75%
fish and two fish (75%) dilution of one fish
¥Good V5 signals of 75%
dilution of two fish
vVariable V5 expressions
between different
clutches
Variable V5 signals
C4G2: Good signal and strong ~ vWeaker \/5 expression
signals in the two fish, butwitha  and variable in one fish
variable expression. of C4G2.

¥Strong V5 signals in one

G4C2: Strong V5 signal in one and two G4C?2 fish, but it

and two, but with variable was variable.

expressions

Higher noise background led to

loose the V5 signal

Not good signals W
pore

Very weak V5 signal

Sirong V5 signals were inthe  v/Strong V5 signals in the |
GAC2 fish, but it was not detected  G4C2
In the C4G2 fish

Strong V5 signals were in the
75 pl G4C2 fish and were a leak
in 100 pl and very weak in the
other concentrations

¥Strong V5 signals in 75
pl of the supematant in
the G4C2.

Strong V5 signals wereinthe  v'Strong V5 signals in the
G4C2 fish with using IP cell lysis 75 ul and 100 pl of the
buffer, while no /5 signals were  supematant in the IP cell
in the RIPA buffer, lysis than RIPA.
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It is important to note that we performed a serial dilution of one fish (25%, 50%,
and 75% dilution of raw extract) and 75% dilution of two fish extracts in the first
experiment to create and develop a standard curve of varying amounts of
protein. This would allow us to determine whether the dot blot signal is in the
linear range and also to identify the most suitable volume of sample required for
detecting a robust V5 signal from a single larva, or whether two larvae are
required for optimal signal to noise detection. However, we had problems with
this due to the variability of samples from clutch to clutch with the (C4G2)39 line
(Fig. 6-12). This could be related to the sonication process as some samples
were lost as an aerosol during the sonication process in the V-bottom plates.
Also, the study was performed at 2-5 dpf, a rapidly growing stage that could
result in variability between embryos/larvae.

For the actual dot-blotting, a vacuum pump was used to pull 200 pl (total of
extract made up with lysis buffer) samples through the membrane. After
blocking the PVDF or Nitrocellulose membranes were probed with the mouse
anti-vV5 antibody (primary antibody) and then goat anti-mouse secondary
antibody. The membranes were imaged after saturation with ECL substrates, as

described in the methods section.
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Clutch one
TG

NTG

Clutch Two
TG

NTG

Figure 6-12: V5 signals obtained C9(C4G2);9 with different concentrations of
extract. The V5 signal was generally clearer in the TG fish than NTG fish but
with some contamination of NTG wells, especially in row 2. Two clutches of
C9(C4G2)39 zebrafish were used in this experiment. A PVDF membrane (0.45
mm) was used. Sonication was performed in V-bottom plates.

6-3-2-1 Standardisation of the dot blot screen in the C9orf72 zebrafish

Dot blotting of C9(C4G2)39 and C9(G4C2)45 zebrafish extracts showed good V5
signals after sonication of the larvae in 100 pl of extraction buffer in 1.5 ml tubes
at 20% amplitude for 15 seconds. This gave more reproducible results than
using V-bottom plates for sonication. The volume was sufficient to extract the
supernatant and separate it from insoluble material. PVDF (0.45 mm)

membranes were used.

We used IP cell lysis buffer as the ingredients of the IP cell lysis buffer include
DTT and urea (8 M), see Table 2-5. DTT and urea are used as denaturing
agents with the capability to solubilise insoluble protein aggregates. It showed
stronger V5 signals in the (G4C2),s from one fish than (C4G2)s9 (Fig. 6-13). The
(G4C2)4s fish showed specific V5 signals when we used 100 pl or 75 pl of the
supernatant, while the (C4G2)3 fish extracts did not show V5 signals when IP

cell lysis buffer was used, as shown in Fig. 6-13.
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GA4C2/ One fish C4G2/ One fish

Figure 6-13: V5-DPR expression measured by dotblot. Specific signals were
obtained with C9(G4C2)4s extracts but not with C9(C4G2)se extracts. PVDF
membrane (0.45 mm) was used. All G4C2 and C4G2 fish were from a single
clutch. Samples in A were 100 pl of supernatant + 100 pl of IP lysis buffer.
Samples in B were 75 pl of supernatant + 125 pl of IP lysis buffer.

The results showed that:
v' The V5 signals were detected in the extracts from a single transgenic
fish (TG) and were absent in the non-transgenic fish (NTG) samples, as
shown in Fig. 6-13.
v' The V5 expressions are stronger when two embryo extracts are used,
rather than an extract from a single embryo Fig. 6-12.
v' The signal of V5 expression is strong to detect in the C9(G4C2)4s line.
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6-4 Discussion

Hexanucleotide repeat expansion (HRE) in the CO9ORF72 gene is the most
common causative mutation in familial and sporadic forms of ALS. It accounts
for 40% of fALS and 3-4% of sALS. It is linked with other causative genes, such
as SOD1 and TARDBP through common mechanisms such as aggregation
(Dedeene et al., 2019; Forsberg et al., 2019). C9orf72 HRE was recently also
shown to promote Tau phosphorylation and lead to toxicity in Drosophila (He et
al., 2019). As C9orf72 is the most commonly known ALS causing gene with
some potential interaction with SOD1 mediated ALS, we explored whether the
hits from the sod1G93Ros10 zebrafish drug screen also modulated the stress
phenotype of the C9orf72 HRE transgenic zebrafish. We also developed tools to
perform a high-throughput drug screen using this novel model.

The C9orf72 zebrafish ALS in vivo models were generated in 2017. They
express sense (G4C2)ss and anti-sense (C4G2);y HREs respectively and
produce DPRs, which are hypothesised to be one of the proposed cytotoxic
pathologies of C9orf72 HREs. Moreover, recent evidence has been reported
that increased glutamate activity induces stress in glutamatergic motor neurons
in Drosophila and in the spinal cord and motor cortex derived from patients
leading to increase DPR synthesis (Westergard et al., 2019; Xu and Xu, 2018).
This support our hypothesis of investigating the LifeArc hit compounds in
C9orf72 zebrafish and testing whether they have any effect on the rate of DPR
production. Therefore, the LifeArc hit compounds and their closest structure
related compounds were tested in the C9orf72 zebrafish. These compounds
showed reduced neuronal stress using the hsp70-DsRed fluorescent stress
readout in the sod1G93Ros10 zebrafish. We therefore investigated whether
these compounds reduce neuronal stress in the C9(G4C2)4s5 zebrafish line and
modulate C9orf72 toxicity.

The LifeArc hit compounds and analogues (46 compounds) were screened in
the (G4C2),5 zebrafish to tets their activity on the hsp70-DsRed fluorescent
stress readout. This line was chosen due to the (G4C2)4s line having higher
DPR expression with lower variability, therefore any changes in expression are

easier to detect. The screen identified three compounds, 1744, 1052, and 1262,
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that reduced the neuronal stress hsp70-DsRed fluorescent readout with an
average of 48.1%, 29.2% and 41.6% respectively.

Also, this screen showed a structure-activity relationship in two groups of
compounds. These were the hit compound 0707 and its analogue 0039, and the
hit compound 1527 and its analogue 1541. Therefore five compounds (0707,
0039, 1744, 1052, and 1262) modulated activity of the hsp70-DsRed neuronal
stress readout in both ALS in vivo models. This may suggest a common
mechanism shared by the two mutations leading to common drug targets that
can modulate neuronal stress. These sets of data will allow further refinement of

the structures of the hit compounds in the future.

One aspect of the hsp70-DsRed neuronal stress readout screen in the C9orf72
fish was that it showed some variance in the effect of riluzole and some of the
LifeArc compounds between different clutches of embryos and between different
generations of fish used for testing in this new model. This needs to be further
explored and standardised over clutches and further generations to ensure
generational stability of the repeats and phenotypes. Therefore, it will be
necessary to ensure controls are maintained for each clutch when performing a
drug screen in the C9orf72 zebrafish so that each clutch can be compared to its
own control group. In the future, it will be important to perform studies to identify
variability between different clutches, as was performed in the sod1G93Ros10
zebrafish. This will reduce the potential for false positives and negatives,
enhancing the applicability of this model for use in a high-throughput screen.

The other investigation that was performed in the C9(G4C2),5 zebrafish was the
DPR assay. Production of DPRs is one of the hallmark features of C9orf72
pathophysiology, and some of the active compounds obtained from testing the
fluorescent modulation of stress in the C9 zebrafish were shown to reduce DPR
levels in the C9(G4C2)4s5 transgenic zebrafish using western blotting. Compound
1527 showed a significant reduction of V5-DPR expression when normalised
against DMSO controls (26.3%) (Fig.6-7). The analogue 1541 may also
demonstrate a reduction of V5-DPR expression, but its effects were variable,
reducing statistical power, so further repeats of this experiments are needed.

The potential for two compounds with a similar structure modulating DPR levels
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is interesting as it provides a chemical scaffold that can be utilised for further

structure-function analysis using synthetic chemistry.

Although these hit compounds reduced DPR levels, a key requirement for
neurotoxicity, the mechanism of their action is still unclear. The synthesis of
DPRs in the C9orf72 zebrafish model requires aberrant export of the HRE RNA,
followed by cytosolic RAN translation of DPRs. It has been shown that the
nuclear transport of HRE RNA in a Drosophila C9orf72 ALS model was
mediated by the nuclear export adaptor SRSF1 (Hautbergue et al., 2017). The
compounds identified here may modulate SRSF1 or other processes to reduce
DPRs. The nuclear pore structure shows some similarity to ion channels and
thus, it is possible that some of these hits may directly modulate the nuclear
export of HRE mRNA (Beck and Hurt, 2017; Gatenby, 2019).

Interestingly, it was recently shown that neuronal excitation and stress
modulates RAN translation in an in vitro C9orf72 model resulting in neuronal
vulnerability and increased DPR production (Westergard et al., 2019). Activating
glutamate receptors or optogenetically stimulating neuronal activity led to
increased HRE associated non-AUG (RNA) translation leading to increased
DPR production in primary cortical neurones and patient-derived motor neurons.
Furthermore, it was suggested that some downstream events may be implicated
in DPR synthesis. One of these events is activation of the integrated stress
response (ISR), which leads to an increase in RAN translation. This
enhancement was reduced on modulating the phosphorylation of eif-2a, a key
stress response factor in mediating RAN translation. However, it is still unclear
how neuronal excitation and ISR enhanced RAN translation. In our own
laboratory, it was shown that heat shock stress enhanced RAN translation of
DPRs (unpublished data). Further exploration of these pathways and the effects
of our hit compounds will be required to identify the exact molecular targets

involved in this process.

The other potentially interesting observation from the WB for DPRs in the
C9(G4C2),45 zebrafish concerned compound 1262. This suggested a possible
divergence between DPR levels and the DsRed stress readout. On some

occasions, this compound appeared to show increased DPR levels, however,
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this same compound consistently showed a reduction of the DsRed signal.
Further repeats are needed to validate this observation, but potential
mechanisms for increased DPR production while reducing hsp70-DsRed activity
may be:

e Activation of the ubiquitin promotor leading to induction of expression of
the (G4C2)45 transgene leading to an increase of the DPR levels.

e Blocking of hsp70 transgene activity in both the C9(G4C2)4s and
s0d1G93Ros10 zebrafish.

e Hyperactivity in embryos between 2-4 dpf increased neuronal activity
which is related to increased RAN translation as described (Westergard et
al., 2019), so the hyperactivity induced by compound 1262 may enhance
RAN translation.

As the LifeArc compound 1527 showed a significant modulation of the DPR
expression levels, it is worth investigating this compound at higher doses as it
was safe and tolerated in the fish treated at 10 uM. The effect on individual DPR
species in the C9(G4C2),5 zebrafish could also be examined with DPR-specific
antibodies rather than the V5 antibody.

Due to the poor quantitative nature of western blotting, it would be good to use a
more quantitative method to test the effect of the LifeArc compounds on DPR
modulation. We did not perform such additional tests as our study was limited by
the low drug volume provided. Also, it will be critical to test different clutches as
clutch variability in the C9orf72 zebrafish needs to be addressed. Genotyping
fish prior to treatment would also reduce variability caused by contamination
with non-transgenic fish. WB for DsRed showed that most of the hit compounds
significantly reduced DsRed expression, but the statistical analysis was again

limited by the variance seen with WB.

Overall, the most exciting result of testing the LifeArc hit compounds from the
s0d1G93Ros10 screen in the C9(G4C2),5 zebrafish was that some compounds
consistently reduced the fluorescence-based readout in both models. It is
possible that these hits have reliable effects on the stress axis involved in ALS
pathology by targeting other cellular mechanisms, rather than DPR toxicity.
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The dot blot results with the C9orf72 sense (G4C2)45 and anti-sense (C4G2)s39
fish has supplied promising preliminary data for performing a high-throughput
screen in the C9orf72 zebrafish in the future. It confirmed the presence of
detectable V5-DPR expression in single embryos screen of both sense and anti-
sense transgenic lines (Figs. 6-12 and 6-13). It did, however, show that the V5-
DPR signals obtained when using two (C4G2)s9 embryos are stronger than the
signals from single embryos. However, it must be acknowledged that the dot
blot assay is sensitive but variable in its current form, and it will be necessary to
use multiple single clutches of C9orf72 fish to compensate for clutch variability
and create linear standards for the DPR protein concentrations. This currently

limits the capacity for high throughput screening.

To summarise the findings with the C9orf72 lines, the hsp70-DsRed fluorescent
stress readout assay was successfully used to identify compounds to take
forward for further validation studies. This study also identified at least one
compound that reduces DPR levels in the (G4C2)4s zebrafish. Thus, the C9orf72
pure HRE transgenic zebrafish showed strength as an in vivo model for
performing screening and validation of drugs that modulate DPR levels and

show promise for use as in high-throughput screening in the future.
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CHAPTER 7

7- Discussion

7-1 Was the sod1G93Ro0s10 zebrafish an appropriate in vivo model for the
LifeArc high-throughput screen?

Various genes associated with divergent cellular mechanisms have been
implicated in ALS pathology. This has led to a host of emerging new drugs and
therapeutic targets aimed at reducing the disease progression, obtained from
screens with in vivo and/or in vitro models. SOD1G93A mice are the most
common pre-clinical in vivo model used in the drug discovery process for ALS
(Turner and Talbot, 2008). However, one of the main challenges of drug
discovery in ALS has been the failure to translate of many positive compounds
(pre-clinical data) from the SOD1G93A mice into positive clinical trials. The
hypotheses for the cause of these failures are that the model may be limited due
to its dependence on different scale outcomes, such as the quantitative analysis
of motor neuron survival, gait analysis, rotarod performance, littermate
variability, etc. However, manypre-clinical studies may not have been designed
correctly or with sufficient power (Van Damme et al., 2017; Scott et al., 2008).
One of the issues with this mouse model is the 14-fold higher expression of
mSOD1 due to a large number of gene copies, which leads to early-onset
disease symptoms and early death at four months of age. This does not directly
mimic what is seen in human patients, that have later disease onset and less
aggressive disease course. Also, many mouse studies begin drug treatments
pre-symptomatically, which is not possible in human patients. This means that a
drug may work, but that the window for therapeutic effect is pre-symptomatic.
This highlights the need for the ALS research field to focus on the identification
of early-disease biomarkers and other disease-causing genes thus enabling the
earlier identification and treatment of patients where the drugs may have a
higher chance of efficacy. This concept can be applied in a small vertebrate in
vivo model, such as the sod1G93Ro0s10 zebrafish (Ramesh et al., 2014), but it

is challenging in mice.

Another issue is that SOD1 mutations account for a very small subset of ALS
with quite a different disease pathology to other genetic models of ALS. This
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may mean that a positive therapeutic effect in one model may not translate to
other ALS subtypes and that a multiple genetic models approach is needed
before proceeding to clinical trials. This raises the issue of addressing and
improving study designs in terms of having fewer limitations, reducing the cost,
and enabling a shorter time scale. Therefore, within a very complex disease
such as ALS where there are models based on different genetic forms, it seems
that a better-balanced screen of multiple models would increase the likelihood of
a positive impact of therapy in clinical trials. The understanding of primary
disease pathways, when applied to specific genetic models, should provide
better performance in high-throughput drug screening and identification of new

clinical therapeutics in an expeditious manner.

To try to enable better-informed drug screening efforts in the ALS field and
support drug discovery, a high-throughput drug screen was conducted using
s0d1G93Ros10 zebrafish. The aim was to identify novel structural compounds
that modulate ion channels. Riluzole, the drug approved for treating ALS is
thought to act through modulating Ca++ ion through the channel. Thus, ion
channels are among the bonafide targets demonstrated in ALS. The
sod1G93Ros10 zebrafish show interneuronal defects during the larval stages
(72 hpf) (McGown et al., 2013), before any loss of motor neurons. Interneuron
loss in ALS has been seen in neuropathological studies (Maekawa et al., 2004;
Nihei et al., 1993). Previous drug screens in the sod1G93Ros10 zebrafish
identified riluzole and selamectin, two compounds that target ion channels and
their receptors, as neuroprotective agents. These were shown to modulate
neuronal stress in sod1G93Ros10 zebrafish model via reducing glycinergic
transmission in transgenic zebrafish (PhD Thesis (McGown, 2014). Selamectin
also demonstrated pro-neurogenic potential and promoted neurogenesis in the
zebrafish brain (Sun et al.,, 2013). This was shown to be mediated via y2-
containing GABAA receptors in pluripotent stem cells (PSCs) (Sun et al., 2013).
Additionally, emerging evidence has shown that ion channel pathways are
potential therapeutic targets in in vivo and in vitro ALS models (Bonifacino et al.,
2019; Milanese et al., 2014). Compounds such as ivermectin (Andries et al.,
2007) that inhibited the excitotoxicity of ion channels, including AMPA receptors,
extended lifespan in the SOD1G93A mouse. The vulnerability of motor neurons
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is due to a reduction in inhibitory interneuron innervation which modulates their
excitability. Thus interneuronopathy plays an important role in human ALS
through modulating the excitability of motor neurons (Martin, 2012; Turner and
Kiernan, 2012).

Oral administration of the AMPA receptor antagonist perampanel rescues the
loss of motor neurons, ameliorates motor dysfunction, and ameliorates TDP-43
pathology in the ADAR2 mouse model of sporadic ALS (Akamatsu et al., 2016).
This mouse exhibits a progressive ALS phenotype caused by a knockdown of
the adenosine deaminase ADAR2 which catalyses RNA editing at the Q/R site
of GIuA2 (Akamatsu et al., 2016). This study further highlights how ion channel
therapy might be a potential target for ALS in the future, and also the importance
of AMPA receptors as one of the major glutamate receptors involved in the
cellular toxicity of ALS.

The sod1G93Ro0s10 zebrafish ALS in vivo vertebrate model mimics numerous
phenotypic and pathogenic features of ALS that make it more desirable than
other in vivo invertebrate models, such as c. elegans or Drosophila, for
performing a high-throughput screen as they are still small and amenable for
large scale screens. Besides the zebrafish being easier to genetically
manipulate, transparent during early development and drugs are easily to apply
for screening in agueous medium make them very useful in high throughput in
vivo screening. A small number of pairs of zebrafish can lay over 2000 embryos
which allowed us to screen around 550 compounds in a week. Moreover, it is a
unique in vivo model that includes in its construction the hsp70-DsRed neuronal
stress fluorescent readout. This is a neuronal reporter of cellular stress that is
activated as a result of the toxic insult caused by misfolding of the msodl
protein. This allowed us to utilise the hsp70-DsRed fluorescent readout for drug
screening. This fluorescent readout could also be used for other MND models
involving proteinopathy and other neurodegenerative diseases such as
Parkinson’s disease and Alzheimer's disease which also involve protein
misfolding and aggregation. HSPs are part of a protective cellular mechanism
termed the unfolded protein response (UPR) which is controlled by stresses

such as increased temperature (Dukay et al., 2019). In this transgenic fish
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model, the mutation of sodl caused cellular stress toxicity, and the UPR is
activated to induce hsp70 expression to overcome protein aggregation and
promote cell survival. These distinct features of the sod1G93Ros10 zebrafish
make it a very appropriate vertebrate model for conducting a high-throughput

LifeArc ion channel focussed drug screen.

In this project, drug treatment was for four days between 2-6 dpf, the early stage
of development in the sod1G93Ros10 zebrafish spanning embryo and larval
stages. The sod1G93Ros10 zebrafish showed interneuronal defects during the
larval stages (72 hpf) (McGown et al., 2013) and interneuron loss has been
seen in human pathological studies (Maekawa et al., 2004; Nihei et al., 1993).
Thus the neuronal stress observed in our zebrafish G93R model may mimic the
early non-phenotypic stages of disease and provide a useful tool for discovering
drugs that modulate early pathological processes. This coupled with early
diagnosis of ALS patients with biomarkers that allow diagnosing of early
prodromal stage of disease will allow early disease intervention and potentially

allow delay in disease onset and/or progression.

In terms of high-throughput drug screening in zebrafish, multiple studies have
screened libraries of compounds and explored phenotypes relevant to different
areas, such as cancer, psychology, and metabolism. These screens have used
developmental, gene expression and behavioural analyses. Here we utilized a
fluorescent readout, which provides a simple quantative readout for analysis.
Additionally, most high throughput screens in vitro utilize the Z-score, which is
not amenable for in vivo models. We utilised an SSMD score in our screen due
to the potential benefits of this analysis. The SSMD score is more suitable with
an in vivo readout than the Z-score in a high-throughput drug screen for a
number of reasons. It calculates the median of the differences across the whole
plate divided by the standard deviation of the variations of the plate (Zhang,
2011). This allows measurement of the fold change for each drug in each well of
the plate, while the Z-score would be a readout of the variability of two values by
calculating the average of the signals divided by the standard deviation. The
SSMD score accounts for the positive controls, negative controls, and the tested
compounds, while the Z-score does not account for the positive and negative

controls. The Z-score does not record the strength of the difference of each

183



compound leading to missing of weaker effects which may just be due to sub-

optimal dose.

This study was the first high-throughput drug screen in an in vivo MND zebrafish
model that has been performed on small ion channel modulating compounds.
Despite this accomplishment, the screen could have been improved by more
automation. Use of an automated embryo dechorionation system, automatic
plating of embryos and the ability to sonicate large numbers of embryos at a
time, such as by using a sonicating water bath, would all have significantly
improved the throughput to higher levels. This would have allowed more time for

characterisation of hits from the screen, potentially in a mouse model.

7-2 Testing riluzole and the LifeArc library in sod1G93Ros10 and C9orf72
zebrafish

Riluzole and Edaravone are the only two licensed drug treatments for ALS, with
both showing a modest effect on slowing progression of the disease. Riluzole
was the first drug licensed for ALS, extends survival by 3—4 months and is a
known anti-excitotoxic drug, thought to act via inhibition of glutamate receptors
and persistent Na* channels, as well as other ion channels, at the synapse
(Azbill et al., 2000; Bensimon, 1994; Vucic et al., 2013). However, the precise
mechanism of its effect is still unknown. With riluzole treatment in the zebrafish,
we saw a reduction of more than 65% in the hsp70-DsRed neuronal stress
readout in the mutant sodl model and of more than 40% in the
C9(G4C2)4s5/sense zebrafish. This allowed the production of a significant
reduction window in neuronal stress compared to the negative control (DMSO)
in the high-throughput drug screen and enhanced the sensitivity of detecting
actual positive hits. However, it is essential to mention that riluzole has
anesthetic properties (Mantz et al., 1992), which were evident in the
s0od1G93Ros10 and C9orf72 zebrafish. This highlights the need for a new
therapy for ALS. lon channels are one of the potential targets in ALS treatment.
Therefore, we investigated the ion channel library (LifeArc) in the
s0d1G933Ro0s10 zebrafish to identify modulators of neuronal stress and enable

a better understanding of the cellular mechanisms underlying ALS pathology.
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Interestingly, riluzole showed no reduction of the DPR expression level in the
treated C9(G4C2)45 fish in spite of reduced DsRed expression. This indicates
that riluzole may not act directly on DPR-mediated toxicity and has a more
general cellular protective role, possibly via reducing excitotoxicity. It could be
that riluzole inhibits persistent sodium channels (InaP) in interneurons during an
earlier stage of disease than with the motor neurons (Benedetti et al., 2016;
Tazerart et al., 2007). The sedative properties of riluzole seen in the zebrafish
lead to a reduction in locomotor activity. This may result from inhibition of

currents and action potentials via ion channel inhibition.

It is essential to note that ion channel modulators seem to have potential
therapeutic value in ALS models, as shown by the modulation of the glycinergic
inhibitory stress response in the sod1G93Rosl10 zebrafish by selamectin
(McGown, 2014), and by the significant reduction by more than 60% of the
DsRed stress response in riluzole treated fish in this study. It remains to be
determined whether amelioration of neuronal stress at later stages by these
compounds improves survival of motor neurons, as was shown in recent studies
related to modulation of cellular glutamate excitotoxicity (Akamatsu et al., 2016;
Bonifacino et al., 2019; Shi et al., 2019) including activation of the glial
glutamate transporter EAAT2 (Kong et al., 2014).

7-3 A successful sod1G93Ros10 zebrafish informative dose-response profile for
LifeArc’s hits

The successful high-throughput screening performed in the sod1G93Ros10
zebrafish identified a small panel of lead compounds that could now be taken
forward to pre-clinical studies in mice. The secondary screen of the hits defined
a dose-response profile for each of the inhibitors, their closest structural
analogues, and provided some data on the potential side effects of each
compound. This highlights the power of this high-throughput screen and the
secondary screens conducted. It has generated a large amount of data for each
compound that would not be possible to obtain in other vertebrate models
without incurring huge cost and ignoring the time constraints that would be
involved. Zebrafish have the advantage over in vitro assays that the whole

organism is being screened, with a functional CNS, therefore providing more
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information about the effect of the drugs on cell-cell interactions and identifying
potential off-target toxic side effects. However, the zebrafish is still a small
vertebrate organism with a relatively simple CNS (e.g. no motor cortex)

compared to humans.

A large number of high-throughput drug screens with in vitro ALS models have
been conducted. A major advantage of cell lines is that they represent a simple
phenotype and single genotype without exogenous and endogenous
interference. An excellent high-throughput performance can be obtained if the
target and the cellular pathway are known and the cellular models provide this
target, such as screening of a library of anti-oxidant drugs in NSC34 cells
(Barber et al., 2009) or an in vitro abnormal apo-SOD1(G37R)>® oligomerisation
screen of 640 FDA-approved drugs for reduced oligomerisation (Anzai et al.,
2016). However, this would be impossible for a blinded screen of drugs that are
synthesised to work via ion channels, such as the LifeArc library. Also, the use
of an in vivo model allows monitoring of the consequence of the drugs on motor-
neuron degeneration, survival, and NMJ defects; this is not possible in simple
cellular models. In addition, the hsp70-DsRed fluorescent readout in the
sod1G93Ros10 zebrafish increases the power of utilising zebrafish for this
screen. Therefore, the zebrafish in vivo model has clear advantages over

cellular models for performing this research.

Recent studies have applied the invertebrate model C. elegans for conducting a
high-throughput screen and then utilised zebrafish and mice for validation
studies (Bose et al.,, 2019; Patten et al., 2017). These studies measured the
effect of drugs on C. elegans locomotor activity as a measure of neuromuscular
transmission. Subsequent validation studies in different genetic zebrafish ALS
models and then mice allowed data of increasing potential therapeutic impact to
be obtained. To improve understanding of the mechanisms through which the
drugs from high-throughput drug screens act, we could express reporters of
particular cellular pathways implicated in ALS such as autophagy or oxidative
stress resporters, e.g. the Nrf2-ARE reporter, in the sod1G93Ros10 zebrafish.
This reporter would offer a vital opportunity to investigate lead compounds
obtained from various in vitro drug screens in an in vivo ALS model in an

efficient manner.
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While the screen performed in this thesis has identified compounds reducing the
hsp70::DsRed stress readout, the data from this screen still has some limitations
because the mechanism by which this cellular stress readout is reduced is still
unknown. It will therefore now be necessary to further investigate and validate
the effects of the identified compounds on msodl gene expression, protein
misfolding and/or aggregation. This could be achieved by determination of levels
of misfolded msodl protein using western blotting and of the level of RNA
expression of the msod1 gene by qPCR.

Another important thing to investigate regarding the effects of the drugs
identified before proceeding to a pre-clinical study in mice is to determine their
effects at the adult stage. Histological analysis should be performed to
determine any improvement in motor neuron survival, NMJ defects, glycinergic
and glutamatergic dysfunctions. Also, a motor behaviour study should be
conducted on the sod1G93Ros10 adult zebrafish to determine if the hits
improve adult motor function in the treated fish. However, such a study would
be costly as it requires a much greater amount of the drugs to be performed

than is currently available.

7-4 Utility of C9orf72 zebrafish enhances drug development in ALS therapy

The C9 zebrafish have been shown to produce the predicted DPR species due
to RAN translation of the hexanucleotide repreat expansion, which is one of the
hypothesised forms of cellular toxicity in the HRE-C9 gene (Shaw, 2018).
Analysis of hits from the initial screen using the sod1 G93R fish in the C9-HRE
fish identified one compound, 1527, that significantly reduced the hsp70-DsRed
neuronal stress response and the expression level of the DPR proteins Fig (6-5,
6-6, & 6-7). Also, compound 1541, which showed a structure relationship with
compound 1527 also modulated DPR levels in the C9(G4C2),s zebrafish.
Therefore, these compounds appear to have beneficial effects in two distinct
genetic models of ALS, increase the potential impact for ALS drug development
therapy by this study. Testing of the initial hits that decreased the stress readout
in the sod1G93Ro0s10 zebrafish in the C9-HRE zebrafish also revealed some
compounds that modulated the hsp70::DsRed fluorescent stress readout,

without modulating DPR levels. These compounds were hit 0707 and its
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analogue 0039, along with compound 1262. Further validation studies of these
compounds will be important as they appear to work regardless of the genetic
trigger for the disease. This may mean they work on one of the more general
disease mechanisms and may therefore potentially be beneficial in sporadic

ALS cases too.

Recently, eif2a and SR-rich splicing factor SRSF1, have been demonstrated to
modulate DPR production in C9orf72 disease models (Halliday et al., 2017
Hautbergue et al., 2017). Potentially, ion channels in the nuclear envelope may
be involved in nuclear transport and gene transcription. Nuclear ion channels
have the essential function of generating ion gradients across the nuclear
membrane (Matzke et al., 2010). Therefore, the effects of compounds from the
LifeArc screen on the C9-HRE zebrafish revealed that it may be useful to focus
in the future on the role of nuclear channels in ALS pathobiology.

7-5 The limitation of the work and the models

This research was screened ion channel small chemical molecules in the
s0d1G93Ros10 and C9ORF72 ALS zebrafish. It showed significantly a higher
impact of performing a high-throughput drug screen in vivo ALS zebrafish and it
candidates a novel ion channel hit-compound family of ALS drug development.
It significantly revealed a novel ion channel hit family that reduced a novel
biological target in C9orf72 zebrafish. However, this work was included some
limitation. One of these limitations was a biological target. The library was
synthesised to work via ion channel receptors, but this was not a determination
of a particular biological target. Therefore, the screen was blinded and it was a
time consumption which prevented performing a quantitative study of loss of
motor neurons or a histology study of CNS or integrity of NMJ’s dysfunction
analysis. Also, the volume of the drug was limited which did not allow us for

further analysis.

The other important point of the limitations was on the fluorescent stress readout
of hsp70-DsRed in the sod1G93Ros10 zebrafish because the mechanism by
which this cellular stress readout is reduced is still unknown. It will therefore now
be necessary to further investigate and validate the effects of the identified

compounds on msodl gene expression, protein misfolding and/or aggregation.
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This suggests a cellular stress reporter would be an essential of performing a
faster high-throughput drug screen in the sod1G93Ros10 zebrafish. The utilising
of COORF72-ALS zebrafish was also showed some limited impact of testing the
efficacy of a novel ion channel hit-compounds due to it is still a novel pure
CO90RF72 zebrafish and using different generation of this transgenic line
appeared some variability from one clutch to another. This should be addressed
in the future to facilitate a high-throughput drug screen in the C9ORF72
zebrafish in the future.

7-6 Future work

Multiple cellular mechanisms are involved in ALS pathology, but key druggable
pathways are yet to be identified. This project, with its limited-time scope, offers
preliminary results that can be built on with future mechanistic and validation
studies. As mentioned earlier, analysis of sodl and C9-HRE transgene
expression in response to drug treatment would elucidate the activity of each
compound on the transcription of the mutant genes. By investigating the lead hit
compounds at an adult stage in both the sod1G93Ro0s10 zebrafish and C9-HRE
zebrafish we will be able to monitor for amelioration of loss of MNs, NMJ
defects, swimming strength and extension of survival which will be very
important as these studies would provide an insight into effects on the
underlying cellular pathology and determine whether these drugs alter the later
stages of the disease process.

Further investigation is required on the C9-HRE zebrafish because these fish
have not been fully characterised, and more work is needed to understand the
observed effects of drugs in this fish. Dose-response studies of the identified
hits in these transgenic C9-HRE fish would provide information on the optimal
dosing required to modulate the levels of DPR proteins. Further, the activity of
the hits on production of the various DPRs that show varying toxicity in the

sense and anti-sense C9 zebrafish ALS models will be valuable.

SRSF1 is a key modulator of nuclear export of the HRE RNA and eif2a is
important for RAN translation. Thus, the modulation of SRSF1 or eif2a in the
C9-HRE zebrafish treated with compound 1527 could be investigated to identify

whether modulation of these factors occurs in response to drug treatment.
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These studies could also be performed using an in vitro model that expresses
DPRs and shows toxicity to obtain more mechanistic insight. Further
mechanistic information on the drug action could be obtained using in vitro

systems to study the nuclear export of the mutant RNA in C9orf72 models.

Compound 1527 and its analogues (1541, 1537, 1513, 1554, 1707) could be
novel drugs targeting the modulation of DPRs in the C9-HRE zebrafish (sense
and anti-sense) for further development. Another interesting future study would
be further investigation of compound 0707 and its analogue 0039 along with
compound 1262, due to them showing activity on the hsp70::DsRed readout in
both ALS zebrafish models (sod1l and C9-HRE). Identification of the molecular
target of these compounds might identify a novel target for modulating neuronal

stress in ALS.

C9 zebrafish show DsRed expression in the muscle as well as the hindbrain and
spinal cord. A histological study of the effect of the drugs could be conducted to
identify which tissues show the greatest reduction in DsRed expression and how

the drugs impact DPR levels in the different tissue compartments.

A critical future project would be to develop a DPR-based high-throughput
screen to identify DPR modulating targets and compounds in the C9-HRE fish.
This could be performed using dot-blotting or ELISA. ELISA is a more sensitive
and quantifiable technique than the dot-blotting, but it would be more costly for a
high-throughput drug screen than dot-blotting. Genetic modifier screens could
be applied in an unbiased fashion to look for genetic factors that could reduce
DPR load, but these screens are much simpler in invertebrate models such as

C. elegans and Drosophila.

Conducting a targeted drug screen through synthesis of various analogues of
the hits obtained in this project would provide a better understanding of the
structure-activity relationship and identify a strong lead compound to reduce
DPR levels. This would also allow for a further assessment of the active site
binding of the hits and enable exploration of targets. It could also lead to
enhancement of the selection of a novel candidate molecule for pre-clinical

studies in rodents.
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7-6 Conclusions

This project is a realistic example of a high-throughput in vivo drug screen in a
zebrafish ALS model. It confirmed the power of the sod1G93Rosl1l0 ALS
zebrafish by screening 4494 compound LifeArc chemical library targeting ion
channels. It provided extensive data for further ALS drug discovery with a high
sensitivity and specificity of more than 90%. It detected inhibitors (4.21%) and
activators (12.10%) of neuronal stress in the sod1G93Ros10 model. A unique
dose-response profile of the lead hits was obtained among over 100 dose-
response screens, and a behaviour analysis profile for each compound was
obtained. It identified compounds that that reduced toxic DPR levels as well as
reducing neuronal stress in pure C9orf72 HRE zebrafish. It therefore confirmed
that ion channels are a viable target for future ALS therapy. This project opens
up a vast area for chemical and genetic investigations to better understand the
cellular pathophysiology of SOD1 and C9orf72 ALS, as well as other MNDs, and
identify candidates for future ALS therapy.
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Appendix



Table 1-1: SSMD value for the hits at B value < -0.5 and < -1.0 in the duplicate screens of the LifeArc library. 214 inhibitors of
neuronal stress were identified in the sod1G93Ros10 zebrafish. Red is < -0.5, green is < -1.0. Compounds were identified with
stronger and weaker effects in reducing neuronal stress in the sod1G93Ros10 zebrafish model. Some hits had B values

comparable to the positive control, riluzole.

utens | ROWS! | opject D rom | sswp st | 273050 | SR SSEN | ssmpand | PR SREN | S SN | orauplicate | of duplicate
plates | Columns | MRCT sheet | screen of DMSO Riluzole screen DMSO Riluzole screen screen
442 1019 MRT00005242 | -3.37 0.13 -4.80 -2.07 0.31 -4.47 -2.72 0.92
442 1013 MRT00010424 | -3.29 0.13 -4.80 -2.72 0.31 -4.47 -3.00 0.40
442 FO05 MRT00201154 | -2.88 0.11 -1.83 -6.94 0.01 -5.83 -4.91 2.88
442 K009 MRT00003363 | -1.46 0.29 -2.92 -1.80 0.41 -2.78 -1.63 0.25
442 JO06 MRT00201428 | -1.38 0.13 -4.80 -0.61 0.31 -4.47 -0.99 0.55
442 0013 MRT00023687 | -1.34 0.48 -1.91 -2.75 0.15 -4.25 -2.05 1.00
442 A013 MRT00028435 | -0.88 0.54 -2.38 -0.86 -0.55 -5.33 -0.87 0.01
442 C019 MRTO00203352 | -0.78 0.11 -2.06 -1.47 0.24 -3.39 -1.13 0.49
442 JO05 MRT00201144 | -0.71 0.13 -4.80 -0.83 0.31 -4.47 -0.77 0.08
442 B012 MRT00201470 | -0.61 0.54 -2.38 -0.81 -0.55 -5.33 -0.71 0.15
442 MO019 MRTO00203349 | -0.57 0.59 -1.68 -0.92 -0.29 -2.33 -0.75 0.24
442 D020 MRT00004250 | -0.53 0.11 -2.06 -0.50 0.24 -3.39 -0.52 0.02
443 B008 MRT00055139 | -2.70 0.44 -2.95 -1.20 -0.01 -4.40 -1.95 1.06
443 D021 MRT00201582 | -3.09 0.44 -3.25 -2.45 0.37 -5.04 -2.77 0.45
443 FO015 MRT00201606 | -1.66 0.08 -1.21 -0.80 0.70 -4.25 -1.23 0.61
443 1019 MRT00201738 | -1.43 0.45 -2.90 -1.23 0.70 -4.25 -1.33 0.14
443 J022 MRTO00201527 | -1.36 0.45 -2.90 -0.53 -0.18 -4.07 -0.94 0.58
443 A015 MRT00201699 | -1.32 0.44 -2.95 -0.71 -0.01 -4.40 -1.02 0.43
443 K010 MRT00201553 | -1.31 0.45 -2.90 -1.68 -0.18 -4.07 -1.50 0.26
443 A013 MRT00201598 | -1.31 0.44 -2.95 -1.05 -0.01 -4.40 -1.18 0.18




443 K018 MRT00201502 | -1.18 0.45 -2.90 -0.84 0.41 -3.68 -1.01 0.23
443 HO021 MRTO00201563 | -0.88 1.10 -1.76 -0.70 0.55 -3.24 -0.79 0.13
443 G008 MRT00201644 | -0.80 0.08 -1.21 -0.90 0.70 -4.25 -0.85 0.07
443 K009 MRT00057174 | -0.71 0.45 -2.90 -0.62 -0.18 -4.07 -0.67 0.07
443 EO010 MRTO00201596 | -0.55 0.44 -3.25 -0.79 0.12 -2.71 -0.67 0.17
443 G020 MRT00201741 | -0.53 1.10 -1.76 -0.71 0.55 -3.24 -0.62 0.13
443 PO16 MRT00201623 | -0.79 0.41 -1.70 -0.72 0.37 -5.04 -0.76 0.05
444 FO11 MRT00200878 | -2.77 0.25 -1.47 -2.82 -0.13 -3.83 -2.80 0.04
444 A05 MRT00200777 | -1.88 0.25 -2.41 -1.35 -0.11 -3.92 -1.61 0.37
444 CO006 MRTO00200712 | -0.77 0.25 -2.41 -0.61 0.37 -5.04 -0.69 0.11
444 K011 MRT00200762 | -1.81 0.51 -3.30 -1.51 -0.01 -4.47 -1.66 0.21
444 MO003 MRT00200759 | -1.68 0.14 -1.74 -1.49 -0.19 -4.38 -1.58 0.13
444 HOO07 MRT00200867 | -1.37 0.67 -2.34 -0.54 0.85 -5.43 -0.96 0.59
444 LOO7 MRT00200870 | -1.12 0.51 -3.30 -0.86 -0.19 -4.38 -0.99 0.18
444 C003 MRT00200763 | -0.95 0.25 -2.41 -0.65 -0.50 -3.57 -0.80 0.21
444 0003 MRT00200770 | -0.90 0.14 -1.74 -0.65 0.11 -3.01 -0.77 0.18
444 HO020 MRT00200730 | -0.72 0.67 -2.34 -1.77 0.85 -5.43 -1.25 0.74
444 A015 MRT00200815 | -0.69 0.25 -2.41 -5.42 -0.11 -3.92 -3.06 3.34
444 1018 MRT00201081 | -0.66 0.67 -2.34 -0.65 0.85 -5.43 -0.66 0.01
444 NO18 MRT00200707 | -1.13 0.37 -5.04 -1.07 0.11 -3.01 -1.10 0.04
444 LO06 MRT00200919 | -0.60 0.51 -3.30 -0.66 -0.01 -4.47 -0.63 0.04
445 MO013 MRT00201059 | -1.56 0.07 -1.19 -0.88 0.08 -5.73 -1.22 0.49
445 LO16 MRT00203486 | -1.41 0.07 -1.19 -2.82 0.14 -7.50 -2.11 1.00
445 A013 MRT00201020 | -0.98 0.48 -2.01 -1.67 -0.15 -3.90 -1.32 0.49
445 D019 MRT00203440 | -0.96 0.26 -2.25 -0.65 -0.12 -4.94 -0.81 0.22
445 HO18 MRT00203501 | -0.86 0.06 -1.28 -0.69 -0.02 -3.72 -0.78 0.12




445 Co11 MRTO00200754 | -0.61 0.26 -2.25 -1.42 -0.12 -4.94 -1.01 0.57
445 B0O0S MRT00203524 | -2.98 0.37 -5.04 -0.62 -0.15 -3.90 -1.80 1.67
446 NO12 MRT00202123 | -3.32 0.14 -3.97 -1.09 -0.34 -6.44 -2.20 1.57
446 FO04 MRTO00201744 | -1.91 0.26 -4.35 -3.71 0.25 -3.77 -2.81 1.28
446 B0O06 MRTO00202284 | -1.65 0.06 -5.00 -1.57 -0.21 -5.94 -1.61 0.05
446 0012 MRTO00203317 | -1.53 0.14 -3.97 -1.49 -0.34 -6.44 -1.51 0.03
446 A006 MRT00203277 | -1.31 0.26 -4.35 -1.24 0.42 -4.73 -1.27 0.05
446 A009 MRT00203592 | -1.22 0.06 -5.00 -0.60 0.42 -4.73 -0.91 0.43
446 P014 MRT00202461 | -0.98 0.42 -4.73 -1.65 0.26 -4.35 -1.32 0.48
446 HO16 MRT00040664 | -0.97 0.01 -5.11 -0.78 -0.03 -5.97 -0.88 0.13
446 EO010 MRT00203316 | -0.85 0.19 -3.19 -1.62 0.25 -3.77 -1.23 0.54
446 MO009 MRT00203603 | -0.83 0.25 -6.08 -0.63 -0.24 -5.82 -0.73 0.14
446 D003 MRT00203393 | -0.80 0.19 -3.19 -1.74 -0.21 -5.94 -1.27 0.66
446 1022 MRT00203307 | -0.63 0.01 -5.11 -0.56 -0.15 -6.52 -0.60 0.05
446 NO21 MRT00203378 | -0.60 0.14 -3.97 -1.95 -0.34 -6.44 -1.27 0.95
446 G022 MRT00203295 | -1.07 0.21 -5.65 -0.81 0.37 -5.04 -0.94 0.18
446 K010 MRT00203281 | -3.06 0.37 -5.04 -2.88 -0.15 -6.52 -2.97 0.12
446 0004 MRT00203275 | -0.94 0.47 -3.78 -2.21 -0.34 -6.44 -1.58 0.90
447 LO19 MRTO00203098 | -3.51 0.38 -7.55 -0.61 0.58 -4.82 -2.06 2.06
447 LO15 MRT00202665 | -1.90 0.38 -7.55 -1.71 0.58 -4.82 -1.81 0.13
447 B0O19 MRT00202973 | -1.56 0.40 -3.00 -0.62 0.30 -3.33 -1.09 0.66
447 EO014 MRT00132708 | -1.56 0.05 -4.83 -0.69 0.31 -4.04 -1.12 0.61
447 K010 MRT00202005 | -1.46 0.16 -3.39 -1.18 0.58 -4.82 -1.32 0.19
447 HO012 MRT00201937 | -1.36 0.42 -3.71 -0.59 0.23 -6.66 -0.97 0.54
447 E022 MRTO00202868 | -1.21 0.05 -4.83 -0.94 0.31 -4.04 -1.08 0.19




447 C010 MRTO00202518 | -1.18 0.40 -3.00 -1.72 0.30 -3.33 -1.45 0.38
447 B021 MRT00201895 | -0.92 0.40 -3.00 -1.64 0.30 -3.33 -1.28 0.51
447 Coo7 MRT00202554 | -0.77 0.40 -3.00 -1.16 0.30 -3.33 -0.97 0.28
447 B0O18 MRTO00201916 | -0.69 0.40 -3.00 -0.68 0.30 -3.33 -0.69 0.01
447 PO13 MRTO00203002 | -0.62 0.35 -5.05 -0.84 -0.14 -6.08 -0.73 0.16
447 HO014 MRT00201929 | -0.60 0.42 -3.71 -0.54 0.23 -6.66 -0.57 0.04
447 K006 MRT00202581 | -0.54 0.16 -3.39 -0.66 0.58 -4.82 -0.60 0.09
447 MO15 MRT00201890 | -0.52 0.47 -3.78 -6.35 0.19 -3.81 -3.43 4.12
447 A021 MRT00202685 | -2.14 0.37 -4.05 -2.76 0.47 -3.78 -2.45 0.44
447 K004 MRT00202006 | -1.35 0.47 -3.78 -3.36 0.58 -4.82 -2.35 1.42
447 PO19 MRT00203073 | -1.27 0.35 -5.05 -0.72 0.02 -1.97 -0.99 0.39
448 HO018 MRT00202356 | -1.34 0.36 -5.53 -0.60 0.54 -3.53 -0.97 0.52
448 B0O08 MRTO00202499 | -1.22 -0.26 -6.14 -2.00 -0.09 -4.01 -1.61 0.55
448 K010 MRT00202938 | -1.07 0.54 -3.80 -1.71 -0.31 -4.99 -1.39 0.45
448 PO16 MRT00202655 | -1.05 0.10 -4.26 -0.79 -0.01 -5.39 -0.92 0.18
448 P014 MRT00203018 | -0.98 0.10 -4.26 -2.29 -0.01 -5.39 -1.64 0.92
448 LO15 MRT00184783 | -0.85 0.54 -3.80 -0.86 0.22 -4.83 -0.85 0.01
448 NO15 MRT00202375 | -0.77 0.45 -3.63 -0.54 0.22 -4.83 -0.65 0.16
448 HO14 MRT00202517 | -0.71 0.36 -5.53 -1.14 0.54 -3.53 -0.92 0.30
448 1007 MRT00201967 | -0.70 0.36 -5.53 -1.48 0.54 -3.53 -1.09 0.55
448 K016 MRT00203117 | -0.69 0.54 -3.80 -0.78 -0.31 -4.99 -0.74 0.06
448 FO08 MRT00202537 | -0.62 0.08 -2.88 -1.33 -0.53 -7.23 -0.97 0.50
448 MO005 MRT00201921 | -0.57 0.30 -1.29 -0.93 0.22 -4.83 -0.75 0.26
448 D003 MRTO00202724 | -0.55 -0.06 -4.75 -0.66 -0.09 -4.01 -0.61 0.08
448 H022 MRT00202678 | -0.51 0.36 -5.53 -0.70 0.54 -3.53 -0.61 0.13




448 EO021 MRT00202679 | -1.59 0.08 -2.88 -1.35 0.47 -3.78 -1.47 0.17
448 G008 MRT00201898 | -0.78 0.08 -2.88 -1.43 0.47 -3.78 -1.10 0.46
449 JO12 MRT00202735 | -1.84 0.14 -5.29 -0.81 0.50 -5.48 -1.33 0.73
449 PO13 MRTO00202893 | -1.80 0.55 -4.28 -0.99 0.05 -3.02 -1.39 0.57
449 K019 MRTO00202464 | -1.62 -0.11 -5.22 -0.89 -0.19 -5.44 -1.26 0.51
449 A003 MRT00202245 | -1.43 0.58 -3.59 -2.20 0.55 -4.28 -1.82 0.54
449 B004 MRT00202654 | -1.27 0.58 -3.59 -1.57 0.00 -6.54 -1.42 0.21
449 D010 MRT00202188 | -1.06 0.27 -6.96 -0.82 0.13 -90.14 -0.94 0.17
449 B021 MRT00202261 | -1.02 0.58 -3.59 -1.07 0.00 -6.54 -1.05 0.04
449 F022 MRT00201973 | -0.79 0.00 -3.63 -1.71 -0.23 -3.50 -1.25 0.65
449 1007 MRT00202200 | -0.65 0.14 -5.29 -1.50 0.50 -5.48 -1.07 0.60
449 MO009 MRT00202995 | -0.65 0.31 -6.33 -1.40 -0.19 -5.44 -1.02 0.53
449 FO13 MRTO00202765 | -0.61 0.00 -3.63 -1.39 0.13 -90.14 -1.00 0.55
449 EO003 MRT00203068 | -0.52 0.27 -6.96 -1.69 0.13 -9.14 -1.10 0.83
449 A021 MRT00201998 | -0.51 0.58 -3.59 -1.05 0.00 -6.54 -0.78 0.38
449 D009 MRT00203014 | -0.51 0.27 -6.96 -0.55 0.13 -90.14 -0.53 0.03
449 G009 MRT00202901 | -0.60 0.47 -3.78 -0.65 -0.23 -3.50 -0.63 0.04
449 1003 MRTO00202248 | -1.04 0.14 -5.29 -0.55 0.47 -3.78 -0.79 0.35
449 LOO08 MRT00201859 | -1.67 0.02 -1.97 -0.96 -0.19 -5.44 -1.32 0.50
450 FO014 MRT00202041 | -5.92 0.21 -4.64 -2.24 -0.04 -5.54 -4.08 2.60
450 E005 MRT00202601 | -2.96 0.52 -3.80 -2.70 0.06 -5.10 -2.83 0.19
450 NO18 MRT00202928 | -2.20 0.78 -4.49 -2.26 0.45 -3.04 -2.23 0.04
450 G003 MRT00202662 | -2.19 0.21 -4.64 -1.44 -0.04 -5.54 -1.81 0.53
450 P018 MRT00202994 | -2.07 0.29 -5.04 -0.51 0.42 -1.43 -1.29 1.10
450 FO010 MRT00202800 | -1.97 0.21 -4.64 -0.68 0.37 -5.04 -1.33 0.91




450 E004 MRT00202253 | -1.52 0.52 -3.80 -3.71 0.06 -5.10 -2.62 1.55
450 B006 MRT00136583 | -1.52 -0.23 -4.52 -1.10 0.16 -4.26 -1.31 0.29
450 HO17 MRT00202281 | -1.41 0.33 -5.41 -3.20 0.54 -5.17 -2.30 1.27
450 HOO07 MRTO00202788 | -1.36 0.33 -5.41 -1.43 0.54 -5.17 -1.39 0.05
450 M013 MRTO00202475 | -1.16 0.78 -4.49 -0.82 0.45 -3.04 -0.99 0.24
450 FO03 MRTO00202774 | -1.13 0.21 -4.64 -0.68 -0.04 -5.54 -0.91 0.32
450 C019 MRT00129245 | -0.96 0.52 -3.80 -1.42 0.06 -5.10 -1.19 0.33
450 MO012 MRT00202387 | -0.90 0.78 -4.49 -0.93 0.45 -3.04 -0.91 0.02
450 NO10 MRT00202572 | -0.70 0.78 -4.49 -0.54 0.45 -3.04 -0.62 0.12
450 1020 MRT00202934 | -0.56 0.33 -5.41 -0.53 0.54 -5.17 -0.54 0.03
451 G016 MRT00201846 | -7.53 1.04 -5.50 -0.61 0.18 -3.54 -4.07 4.90
451 EO018 MRT00202279 | -6.75 0.47 -0.88 -0.92 0.48 -4.11 -3.83 4.12
451 HO06 MRT00203197 | -2.31 1.04 -5.50 -0.62 0.18 -3.54 -1.47 1.20
451 B020 MRT00203231 | -2.06 0.38 -4.48 -0.63 0.22 -4.96 -1.34 1.01
451 EO016 MRT00144530 | -1.90 0.47 -9.88 -2.08 0.48 -4.11 -1.99 0.13
451 B0O16 MRT00203222 | -1.87 0.38 -4.48 -0.69 0.22 -4.96 -1.28 0.84
451 EO010 MRT00203082 | -1.85 0.47 -0.88 -0.57 0.48 -4.11 -1.21 0.90
451 MO014 MRT00203139 | -1.64 0.14 -4.37 -0.52 0.38 -2.94 -1.08 0.79
451 LO0O4 MRT00203176 | -1.20 -0.42 -3.78 -0.64 -0.05 -4.60 -0.92 0.39
451 D018 MRT00203218 | -1.16 0.47 -9.88 -0.66 0.48 -4.11 -0.91 0.35
451 1016 MRT00201840 | -0.97 0.61 -5.79 -1.73 0.03 -5.10 -1.35 0.54
451 B021 MRT00202869 | -0.70 0.38 -4.48 -0.53 0.22 -4.96 -0.61 0.12
451 EO003 MRT00200699 | -0.69 0.47 -9.88 -0.75 0.48 -4.11 -0.72 0.04
451 B0O12 MRT00203224 | -0.59 0.38 -4.48 -2.89 0.22 -4.96 -1.74 1.63
451 0010 MRT00202484 | -0.51 0.26 -4.95 -0.55 0.38 -2.94 -0.53 0.03




451 NO08 MRTO00203173 | -5.24 0.14 -4.37 -0.79 0.38 -2.94 -3.02 3.15
451 E022 MRT00202567 | -0.67 1.04 -5.50 -1.08 0.48 -4.11 -0.87 0.29
452 B006 MRT00201306 | -4.24 0.95 -2.45 -0.54 -0.27 -4.21 -2.39 2.62
452 1021 MRTO00203254 | -3.14 -0.09 -5.18 -0.55 0.43 -2.47 -1.85 1.83
452 G014 MRTO00201313 | -2.12 -0.33 -2.97 -0.51 -0.05 -3.94 -1.32 1.14
452 D015 MRTO00201271 | -1.86 0.04 -3.71 -0.54 -0.22 -5.38 -1.20 0.94
452 Co11 MRT00203269 | -1.67 0.04 -3.71 -0.71 -0.22 -5.38 -1.19 0.68
452 1005 MRT00203248 | -1.52 -0.09 -5.18 -0.77 0.43 -2.47 -1.15 0.53
452 G005 MRT00203268 | -1.36 -0.33 -2.97 -1.12 -0.05 -3.94 -1.24 0.17
452 PO06 MRT00201156 | -1.23 -0.01 -3.48 -0.57 0.39 -2.35 -0.90 0.47
452 1009 MRT00203252 | -1.00 -0.09 -5.18 -1.77 0.43 -2.47 -1.39 0.55
452 P0O09 MRT00201383 | -0.84 -0.01 -3.48 -0.56 0.39 -2.35 -0.70 0.20
452 G004 MRTO00201233 | -0.70 -0.33 -2.97 -2.22 -0.05 -3.94 -1.46 1.08
452 MO016 MRT00201197 | -0.90 0.25 -1.75 -1.90 -0.31 -3.66 -1.40 0.71
464 B022 MRT00213757 | -2.57 0.39 -5.38 -0.86 0.78 -4.70 -1.72 1.21
464 0019 MRT00215307 | -2.39 0.30 -2.52 -5.64 0.06 -2.00 -4.02 2.30
464 E004 MRT00215326 | -2.12 -0.07 -6.11 -0.92 0.37 -5.42 -1.52 0.85
464 JO18 MRT00213789 | -1.82 0.52 -2.69 -0.53 0.22 -2.42 -1.17 0.91
464 C009 MRT00215254 | -1.60 0.39 -5.38 -1.02 0.78 -4.70 -1.31 0.41
464 N020 MRT00213806 | -1.31 0.54 -2.09 -0.72 0.11 -4.68 -1.01 0.42
464 1004 MRT00215344 | -1.20 0.59 -3.60 -0.51 0.44 -2.41 -0.86 0.49
464 D007 MRTO00209870 | -1.14 -0.07 -6.11 -2.77 0.37 -5.42 -1.96 1.15
464 G006 MRT00215335 | -1.03 0.52 -4.96 -1.39 0.36 -5.53 -1.21 0.26
464 K007 MRT00209832 | -1.02 0.52 -2.69 -1.64 0.22 -2.42 -1.33 0.44
464 D009 MRT00215383 | -0.95 -0.07 -6.11 -1.51 0.37 -5.42 -1.23 0.40




464 HOO07 MRTO00215395 | -0.77 0.59 -3.60 -0.61 0.44 -2.41 -0.69 0.11
464 K006 MRT00215353 | -0.73 0.52 -2.69 -0.55 0.22 -2.42 -0.64 0.13
464 MO016 MRT00215364 | -0.71 0.54 -2.09 -1.19 0.11 -4.68 -0.95 0.34
464 EO013 MRTO00215261 | -0.69 -0.07 -6.11 -0.56 0.37 -5.42 -0.62 0.09
464 Cco21 MRTO00209842 | -0.62 -0.07 -6.11 -1.07 0.37 -5.42 -0.85 0.32
464 NO004 MRTO00213799 | -0.60 0.54 -2.09 -0.64 0.11 -4.68 -0.62 0.03
464 BO11 MRT00215376 | -0.56 0.39 -5.38 -0.64 0.78 -4.70 -0.60 0.06
464 FO16 MRT00213771 | -0.55 0.52 -4.96 -2.76 0.36 -5.53 -1.66 1.56
464 K012 MRT00215356 | -1.83 0.52 -2.69 -0.56 0.25 -1.75 -1.20 0.89
464 NO022 MRT00213807 | -0.73 0.54 -2.09 -0.75 0.25 -1.75 -0.74 0.02
465 G007 MRT00215461 | -3.07 0.15 -2.90 -2.00 0.37 -1.60 -2.54 0.76
465 1005 MRT00215469 | -1.67 0.15 -2.90 -1.49 -0.02 -5.47 -1.58 0.13
465 HO021 MRT00209949 | -1.41 0.15 -2.90 -0.81 -0.02 -5.47 -1.11 0.43
465 A017 MRT00215439 | -1.31 0.35 -4.53 -0.56 0.60 -2.72 -0.93 0.53
465 A008 MRT00213883 | -1.25 0.35 -4.53 -0.52 0.60 -2.72 -0.88 0.51
465 HO08 MRT00214041 | -1.02 0.15 -2.90 -0.92 -0.02 -5.47 -0.97 0.07
465 JO15 MRT00215539 | -0.98 0.24 -3.26 -0.56 -0.15 -1.42 -0.77 0.29
465 EO11 MRT00215453 | -0.81 0.04 -2.64 -0.59 0.37 -1.60 -0.70 0.16
465 HO11 MRT00215528 | -0.80 0.15 -2.90 -1.25 -0.02 -5.47 -1.02 0.32
465 PO09 MRT00215562 | -0.76 0.33 -3.51 -3.59 -0.60 -3.34 -2.17 2.00
465 NO17 MRT00215557 | -0.73 0.33 -3.51 -0.59 0.45 -2.20 -0.66 0.10
465 LO16 MRT00214061 | -0.70 -0.39 -4.41 -0.61 0.45 -2.20 -0.65 0.06
465 G003 MRT00215459 | -0.99 0.15 -2.90 -0.70 0.37 -1.60 -0.84 0.21
466 LO19 MRT00215688 | -4.29 0.73 -1.59 -0.64 0.34 -1.62 -2.46 2.58
466 EO010 MRT00214171 | -3.79 0.17 -3.79 -4.57 0.25 -1.75 -4.18 0.55




466 P0O12 MRTO00214366 | -3.39 0.18 -3.27 -2.26 -0.42 -3.84 -2.83 0.79
466 H022 MRT00214333 | -2.64 0.80 -3.54 -4.20 0.33 -2.38 -3.42 1.10
466 HO010 MRT00209993 | -2.13 0.80 -3.54 -3.53 0.33 -2.38 -2.83 0.99
466 M018 MRTO00214215 | -1.74 -0.23 -3.77 -0.58 0.34 -1.62 -1.16 0.82
466 LO18 MRT00214351 | -1.31 0.73 -1.59 -2.49 0.25 -1.75 -1.90 0.83
466 K016 MRTO00214204 | -1.26 0.73 -1.59 -0.95 0.34 -1.62 -1.11 0.22
466 D010 MRT00214310 | -1.18 0.17 -3.79 -0.61 -0.45 -6.28 -0.89 0.40
466 A005 MRT00209968 | -1.16 -0.04 -2.99 -0.72 0.18 -3.27 -0.94 0.31
466 FO18 MRT00214323 | -1.10 0.43 -2.50 -0.65 0.33 -2.38 -0.87 0.32
466 Coo08 MRT00214160 | -1.09 -0.04 -2.99 -0.73 -0.10 -3.52 -0.91 0.25
466 NOO7 MRT00215691 | -0.99 -0.23 -3.77 -1.18 0.25 -1.75 -1.09 0.14
466 L020 MRT00209997 | -0.92 0.73 -1.59 -0.82 0.34 -1.62 -0.87 0.07
466 FO16 MRTO00214322 | -0.88 0.43 -2.50 -0.94 0.33 -2.38 -0.91 0.04
466 G004 MRT00214178 | -0.85 0.43 -2.50 -1.24 0.33 -2.38 -1.05 0.27
466 M009 MRT00215623 | -0.82 -0.23 -3.77 -0.56 0.34 -1.62 -0.69 0.18
466 P0O08 MRT00214364 | -0.80 0.18 -3.27 -0.82 -0.42 -3.84 -0.81 0.02
466 F020 MRT00214324 | -0.70 0.43 -2.50 -0.57 0.33 -2.38 -0.64 0.09
466 FO17 MRT00215660 | -0.52 0.43 -2.50 -1.13 0.33 -2.38 -0.83 0.43
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