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Abstract

Parkinson’s disease is caused by a progressive loss of dopamine neurons in
the substantia nigra. A loss of motor control occurs in patients, with symptoms
including bradykinesia, resting tremor and muscle rigidity. There is currently no
cure for Parkinson’s disease and the commonly used treatment, L-DOPA, can
cause side effects including dyskinesia. To identify potential treatments, drug
screening using a suitable animal model is required before reaching clinical
trials. Zebrafish are a vertebrate model organism well suited for high throughput
drug screens, and genome editing can be used to create heritable mutations in

causative genes to model human disease.

This thesis presents five genetic models of Parkinson’s disease in the zebrafish
created by CRISPR/Cas9 targeting (pink1, parkin, dj-1, fbxo7, and gba).
Molecular analyses show a loss of dopamine neurons in the brain of the DJ-1
deficient zebrafish. This thesis also presents findings from a transcriptomic
analysis of the dj-7 mutant brain revealing dysregulated genes consistent with

known parkinsonian defects.

An important focus of this work is the development of a novel computational
method to analyse the movement phenotype of a zebrafish. The method
developed uses high-speed recordings of zebrafish swimming, processed with a
new fish tracking software. By measuring spatial coordinates and angles along
the spine, swimming movement was converted into data suitable for
computational analysis. The movement data was subjected to unbiased
analysis employing a white-box supervised machine learning method (an
Evolutionary Algorithm) which successfully discriminated the dj-7 mutant from
wild type.

This thesis concludes that the DJ-1 deficient zebrafish is a representative
animal model of Parkinson’s disease, and that machine learning can be used to
classify the model based on movement data alone. It is proposed that the
techniques developed here, have the potential for drug screens on the dj-1

mutant using evolved classifiers to assess treatment effectiveness.
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1.1 Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative
disorder after Alzheimer’s affecting approximately 1 in every 500 people in the
UK (Parkinson’s UK, 2017). PD is characterised by a movement disorder with
four main symptoms: resting tremor, bradykinesia (slowing of movement),
rigidity and loss of postural stability (Jankovic, 2008). Symptoms usually occur
above the age of 50 with only around 4% of cases having an earlier onset (Van
Den Eeden, 2003). The loss of motor control seen with PD is due to a
progressive loss of dopamine (DA) neurons in a region of the brain called the
substantia nigra (Greffard et al., 2006). The substantia nigra DA neurons project
on to the striatum in the basal ganglia which is directly involved in action
selection and initiation (Balleine, Delgado and Hikosaka, 2007). Currently there
is no known cure for PD and the most commonly used treatment, L-DOPA, acts
to replace the DA lost and reduce the symptoms of PD (Poewe et al., 2010).
However, with continued use L-DOPA can cause side effects such as
dyskinesia, a separate movement disorder characterised by involuntary
movements (Jenner, 2008). The majority of PD cases are sporadic with around
10% being inherited (Thomas and Beal, 2007). Familial PD shares similarities
with idiopathic PD including loss of the substantia nigra DA neurons and
responsiveness to L-DOPA treatment (Cookson, 2012; Adams et al., 2005).
However, the onset of symptoms is generally earlier with heritable PD occurring
before the age of 50 (Puschmann, 2013).

1.1.1 Prevalence

The number of PD cases has risen dramatically over the last few decades with
2.5 million around the globe in 1990 rising to 6.1 million in 2016 (Dorsey et al.,
2018). In the UK alone, the number of PD cases occurring in those over the age
of 20 rose from an estimated 137,000 people to 145,519 between the years of
2017 and 2018 (Parkinson’s UK, 2017, 2018). The increase in PD cases will
partly be due to the growing population that is living longer (Partridge, Deelen
and Slagboom, 2018). PD is an age-related disease and this is apparent in the

age-specific prevalence rates. In 2017, an estimated 1.8 people per 100,000
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aged 20-29 in the UK had PD and this figure rose with age to 1,696 in the 80-84
age bracket (Parkinson’s UK, 2017). Similarly, a previous study in the
Netherlands saw a rise in prevalence with age up to around 4% in the 85 - 94
year age bracket (De Rijk et al., 1995). However, increased life expectancy is
not the only contributing factor to the increased prevalence of PD. The number
of PD cases has risen for all age groups with age-standardised prevalence
rates increasing by around 20% globally between 1990 and 2016 (Dorsey et al.,
2018). PD has been reported as the only neurological disorder with increasing
age-standardised prevalence (Feigin et al., 2017). Furthermore, environmental
factors can also increase the chances of an individual developing sporadic PD
with exposure to pesticides, herbicides, solvents and rural living all reported as

significant risk factors (Pezzoli and Cereda, 2013).

1.1.2 Pathology

The pathology of PD is characterised by a progressive loss of dopamine (DA)
neurons projecting from the substantia nigra in the midbrain to the striatum in
the forebrain (Poewe et al., 2017). Symptoms are thought to occur around 5
years after the start of neurodegeneration with an estimated 50% of substantia
nigra DA neurons lost (Fearnley and Lees, 1991). However, after adjusting for
age-related loss the percentage of substantia nigra DA neurons lost at onset
becomes 30% and a further 7% are estimated to degenerate year on year
(Greffard et al., 2006). Whereas a reported 7% of DA neurons in the substantia
nigra are lost per decade in healthy individuals (Ma et al., 1999). Post-mortem,
a 55-80% loss of DA neurons in the substantia nigra has been observed in PD
patients compared to controls (Ma et al., 1997; Pakkenberg et al., 1991; Damier
et al., 1999). A second pathological feature of PD is the formation of intraneural
protein aggregates known as Lewy bodies, consisting mainly of the protein
alpha-synuclein (Spillantini et al., 1998). However, this is not essential for the
loss of DA neurons and movement phenotype characterising PD as seenin a
number of inherited cases (Johansen et al., 2018; Poulopoulos, Levy and
Alcalay, 2012).

15



1.2 Cellular basis of PD

Several converging pathogenic mechanisms have been suggested to cause the
death of substantia nigra DA neurons in PD including impaired autophagy,
mitochondrial dysfunction and oxidative stress (Hauser and Hastings, 2013;
Lynch-Day et al., 2012). Sporadic cases of PD are thought to be caused by a
combination of genetic risk factors and environmental factors that contribute to

the underlying causes of PD (Warner et al., 2003).

1.2.1 Impaired autophagy

Reduced autophagy has been suggested as a reason for the accumulation of
alpha-synuclein and damaged mitochondria seen in PD (Lynch-Day et al.,
2012). The alpha-synuclein protein is degraded by two different autophagy
pathways, chaperone-mediated autophagy (CMA) and macroautophagy
(Vogiatzi et al., 2008). In CMA proteins are delivered to the lysosome by
chaperones such as hsc70, where the LAMP-2A receptor on the lysosome
surface recognises a specific peptide sequence in the protein and internalises it
for degradation (Majeski and Fred Dice, 2004). A loss of CMA markers, such as
LAMP-2A and hsc70, has been observed in the substantia nigra of PD patient’s
post-mortem, implicating dysfunctional CMA in the pathology (Alvarez-Erviti et
al., 2010). Studies linking disrupted autophagy to alpha-synuclein accumulation
support this theory. Inhibition of CMA has been shown to increase alpha-
synuclein levels in neuronal cultures (Xilouri, Vogiatzi and Stefanis, 2008).
Similarly, an accumulation of alpha-synuclein was seen in the presynaptic
terminals of DA neurons in a mouse model of PD with disrupted autophagy
(Friedman et al., 2012). Increased levels of alpha-synuclein further exacerbate
the disruption of autophagy, seen when overexpressing alpha-synuclein in
human cells (Winslow et al., 2010). Mutations in alpha-synuclein are also known
to cause autosomal dominant PD and the mutant protein binds to LAMP-2A
inhibiting CMA (Xilouri et al., 2009; Alvarez-Erviti et al., 2010). In fact, a number
of PD-associated genes are involved in autophagy. The most commonly
mutated gene to cause heritable PD, LRRK2, has been associated with the

regulation of autophagy and its mutation can inhibit CMA (Orenstein et al.,
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2013; Manzoni, 2017). Three genes linked to autosomal recessive PD, PINK1,
PARKIN and FBXQO?7 are all involved in the same mitophagy pathway (Burchell
et al., 2013), and the biggest genetic risk factor for developing PD is mutation of
the GBA gene, which encodes a lysosomal enzyme (Gegg et al., 2012). Loss of
GBA function inhibits autophagy and promotes alpha-synuclein accumulation
(Xu et al., 2011).

1.2.2 Mitochondrial dysfunction and oxidative stress

Mitochondria play maijor roles in calcium homeostasis and the production of
ATP for the cell through oxidative phosphorylation (Giorgi, Marchi and Pinton,
2018). In oxidative phosphorylation an electron travels along the electron
transport chain (ETC) made up of complexes which pump protons across the
inner mitochondrial membrane (Sazanov, 2015). The proton gradient created
drives the phosphorylation of ADP by ATP synthase. However, complex | of the
ETC is known to leak electrons which can reduce oxygen and produce
superoxide anions, a damaging reactive oxygen species (Kushnareva, Murphy
and Andreyev, 2002). Mitochondrial dysfunction, especially defects effecting
complex I, can increase the production of ROS (Pitkdnen and Robinson, 1996).
Oxidative stress is highly associated with the neurodegeneration seen in PD
(Blesa et al., 2015), and post-mortem analysis has previously revealed
dysfunctional complex | activity in the substantia nigra of PD patients (Schapira
et al., 1990). The majority of neurotoxins that cause a loss of DA neurons in the
substantia nigra also act through inhibition of complex | in the ETC (Betarbet et
al., 2000; Giordano et al., 2012). Furthermore, oxidative stress can damage the
mitochondrial DNA (mtDNA) increasing mitochondrial dysfunction (Yakes and
Van Houten, 1997). A higher number of mtDNA deletions are seen in the
substantia nigra DA neurons of PD patients, around 50% compared to the 40%
seen in aged controls (Bender et al., 2006). Due to the high energy demands of
neurons carrying an action potential the length of their axons and the calcium
involved in neuronal electrical activity mitochondrial dysfunction can further
contribute to neurodegeneration by reducing ATP production and impairing
calcium homeostasis (Bolam and Pissadaki, 2012; Schapira, 2013). A number
of the PD-associated genes are also involved in the turnover of damaged

mitochondria further implicating mitochondrial dysfunction as an underlying
17



molecular cause of PD (Narendra et al., 2010; Burchell et al., 2013).
Additionally, the oxidative stress produced by damaged mitochondria can
activate DJ-1, a PD-associated gene and major regulator of antioxidant genes
(Clements et al., 2006). Overall, mitochondrial dysfunction can contribute to the
neurodegeneration in PD by increasing oxidative stress, impairing calcium

homeostasis and reducing ATP production.

1.2.3 Dopamine metabolism and oxidation

The metabolism and oxidation of DA can contribute to the loss of DA neurons
seen in PD. DA is metabolised by the enzyme monoamine oxidase to produce
the reactive oxygen species, hydrogen peroxide (Spina and Cohen, 1989). The
oxidation of DA to DA-quinone, either by autoxidation or the activity of a
peroxidase enzyme, can further damage the DA neurons by forming harmful
adducts with proteins in the cell (Mufioz et al., 2012). These adducts are
generally seen in the DA expressing areas of the brain suggesting the
autooxidation of DA is a regular occurrence (Fornstedt et al., 1990). DA
oxidation to form DA-quinones occurs in the cytosol, which has a pH of
approximately 7, whereas DA is stabilised by the acidic environment inside
synaptic vesicles (around pH 5) (Umek et al., 2018). This prevents DA-quinones
forming within synaptic vesicles and being transported across the membrane
into the synaptic junction and neighbouring neurons/astrocytes. DA-quinones
are also unstable at cytosolic pH and need to form adducts with nearby proteins
in the cytosol or they will rapidly undergo cyclization to form aminochrome
(Bisaglia, Mammi and Bubacco, 2007). DA-quinones are likely trafficked with
the proteins they form adducts with or DA-quinones can be transported into
autophagic lysosomes where they are converted to neuromelanin permanently
(Sulzer et al., 2000). DA-quinone can contribute to PD pathogenesis by forming
adducts with alpha-synuclein and promoting the more harmful protofibril
structure of alpha-synuclein over a fibrillar arrangement (Conway et al., 2001).
Furthermore, alpha-synuclein modified by DA-quinone in the substantia nigra
has been found to inhibit chaperone-mediated autophagy contributing to its
accumulation (Martinez-Vicente et al., 2008). DA-quinone also forms an adduct
with Parkin, a PD-associated protein. The Parkin adduct has decreased

solubility and a loss of function, interestingly, a similar decrease in Parkin
18



solubility has been observed in the brains of PD patients (LaVoie et al., 2005).
The combined effects of DA metabolism and oxidation can therefore contribute
to the neurodegeneration seen in PD increasing oxidative stress and producing

harmful protein adducts.

1.2.4 Selective loss of the nigrostriatal dopamine neurons

A selective loss of DA neurons in the substantia nigra is observed in PD
patients (Surmeier, Obeso and Halliday, 2017). Neurons in general are more
susceptible to a loss of ATP and calcium buffering than other cells due to their
high energy demand and requirement of calcium for synaptic transmission
(Haddad and Nakamura, 2015). DA neurons in the substantia nigra have the
added vulnerability of extremely long axons and a much greater number of
synaptic interactions (Bolam and Pissadaki, 2012). In the rat brain, a single DA
neuron of the substantia nigra was estimated to interact with 75,000 neurons in
the striatum (Matsuda et al., 2009). The nigrostriatal DA neurons are also
unmyelinated so require a greater amount of energy to maintain a membrane
potential and for the propagation of action potentials (Pissadaki and Bolam,
2013). Myelination involves glial cells wrapping around neuronal axons, with
frequent gaps in myelination called the nodes of Ranvier (Seidl, 2014). Saltatory
conduction, with sodium ion influx, occurs at the nodes of Ranvier rather than
along the entire axonal membrane, allowing an action potential to rapidly travel
the length of an axon. Maintaining calcium homeostasis further adds to the
vulnerability of nigrostriatal DA neurons. A continuous influx of calcium ions
through L-type calcium channels maintains an autonomous pacemaking activity
in the DA neurons of the substantia nigra (Puopolo, Raviola and Bean, 2007).
To maintain calcium homeostasis the Ca?* ions have to be constantly removed
from the neuron requiring ATP, and the associated increase in mitochondrial
activity produces more oxidative stress (Surmeier and Schumacker, 2013). ATP
synthase uses the proton gradient created by the electron transport chain to
generate ATP and an increase in mitochondrial membrane potential (AW)
increases the rate of ATP synthesis by ATP synthase (Kaim and Dimroth,
1999). Mitochondria extracted from the hearts and brains of adult rats have
been shown to increase the production of hydrogen peroxide, a ROS, with an

increase in mitochondrial membrane potential (AWYm) (Starkov and Fiskum,
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2003; Korshunov, Skulachev and Starkov, 1997). Antagonising the L-type
calcium channels has been shown to reduce the oxidative stress produced by
mitochondria (Guzman et al., 2010). Overall, DA neurons of the substantia nigra
are exceptionally energy expensive cells and are therefore susceptible to

disruption of metabolism.

1.3 Neurotoxins associated with Parkinson’s disease

The first neurotoxin associated with PD development was MPTP, discovered in
1983, when drug users injected heroin that happened to be contaminated with
the toxin (Langston et al., 1983). Since the discovery of MPTP several other
neurotoxins that cause a PD pathology have been discovered including the
pesticide, rotenone, the herbicide, paraquat, and 6-hydroxydopamine (6-
OHDA), a hydroxylated analogue of DA. The MPTP metabolite, MPP+,
rotenone and 6-OHDA can all act through inhibition of complex | in the electron
transport chain to increase oxidative stress, and 6-OHDA can also be oxidised
to produce hydrogen peroxide (Betarbet et al., 2000; Nicklas et al., 1987;
Simola, Morelli and Carta, 2007). Inhibition of complex | activity has also been
shown to cause the redistribution of phosphorylated tau protein from axons to
the cell body, reduce the oxidation of NADH to NAD+, reduce ATP production in
the cell and decrease cell survival (Hollerhage et al., 2009). Tau and
phosphorylated tau have previously been shown to enhance alpha-synuclein
aggregation in mouse primary cortical neurons in areas including the cell body
(Badiola et al., 2011). Therefore, the redistribution of p-Tau could increase
alpha-synuclein aggregation in the cell body. The reduced oxidation of NADH to
NAD+ is expected as complex | is known to transfer an electron from NADH to
ubiquinone producing NAD+, and this is required to create the electrochemical
gradient for ATP synthesis (Brandt et al., 2003). The loss of cell survival is likely
due to a combination of increased oxidative stress and reduced ATP
production. Paraquat causes neurodegeneration by activating the Jun N-
terminal kinase (JNK) cell death pathway and caspase-3, an enzyme in
apoptosis (Ramachandiran et al., 2007). Overall, the majority of neurotoxins
associated with PD development act through mitochondrial dysfunction and

increased oxidative stress.
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1.4 The genetic basis of PD

Only about 10% of PD cases are inherited, however identifying and
understanding the genetic basis of heritable PD has led to a much better
understanding of the molecular basis of the disease (Wood-Kaczmar, Gandhi
and Wood, 2006). PD was originally found to have a genetic component in 1996
after linkage analysis was performed on genome data from members of an
Italian family with inherited PD, revealing a shared genetic marker
(Polymeropoulos et al, 1996). This first genetic marker was shortly discovered
to be a mutation in the SNCA gene (Polymeropoulos et al., 1997). Since then a
number of other genes have been associated with PD and as of 2018, 19 PD
causing genes had been confirmed (Deng, Wang and Jankovic, 2018). Mutation
of a single one of these genes causes a monogenic case of PD, which account
for approximately 5-10% of all PD cases (Lill CM, 2016). About 30% of inherited
cases are monogenic and between 3 - 5% of sporadic cases (Klein and
Westenberger, 2012). In addition to the genes that cause monogenic PD
another gene of interest is GBA, mutations in GBA being the most common
genetic risk factor for developing PD (Sidransky and Lopez, 2012). Animal
models of PD, created by transgenic expression or knockdown/knockout of PD-
associated genes have helped improve understanding of the pathogenic
mechanisms in PD (Table 1.1, Table 1.3 and Table 1.4). A number of these

genes and their role in PD pathogenesis are described below.

1.4.1 Dominant forms of inherited PD

SNCA

In 1997, a mutation in SCNA (A53T) was originally identified as a cause of
autosomal dominant PD in four families from Greece and Italy (Polymeropoulos
et al., 1997). A year later a second mutation in the SNCA gene (A30P) was also
discovered to cause autosomal dominant PD (Krlger et al., 1998). Around the
same time alpha-synuclein, encoded by the SNCA gene, was identified as a
major component of the intraneural Lewy bodies associated with PD pathology
(Spillantini et al., 1997; Mezey et al., 1998). Multiple functions have been

suggested for alpha-synuclein including a chaperone activity and roles in
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membrane curvature, monoamine homeostasis and neurotransmission. Manda
et al. (2014) reported that alpha-synuclein has a chaperone activity preventing
the heat-induced aggregation of certain proteins and that this activity is
dependent on its C-terminal. Monomeric alpha-synuclein has been shown to
induce membrane curvature by inserting into a membrane and this is thought to
occur during the endocytosis and exocytosis of synaptic vesicles (Westphal and
Chandra, 2013). Alpha-synuclein can also affect dopamine homeostasis by
forming a complex with the dopamine transporter and promoting its clustering at
the synapse increasing neuronal dopamine uptake (Lee et al., 2001). Burré et
al. (2010) found that alpha-synuclein can interact with phospholipids in synaptic
vesicles and the protein synaptobrevin-2 to promote SNARE-complex assembly
at the presynaptic nerve terminal thereby assisting neurotransmission. The
A53T and A30P mutant forms of alpha-synuclein were discovered to inhibit
chaperone-mediated autophagy preventing their degradation and contributing to
alpha-synuclein accumulation in the neurons of PD patients (Cuervo et al.,
2004). Furthermore, the AS3T and A30P mutations in alpha-synuclein promote
its aggregation forming oligomers at a faster rate compared to the wild type
protein and the A53T mutant rapidly forms fibrils of alpha-synuclein (Conway et
al., 2000). In addition to the mutations in SNCA, duplications and triplications of
the gene have been identified as causes of autosomal dominant PD in a
number of cases (Singleton et al., 2003; Chartier-Harlin et al., 2004). They
observed a distinction in the disease phenotype, with SNCA ftriplications
causing an earlier onset and faster disease progression, suggesting the severity
was dose-dependent. Overall, the mutations in SNCA and
duplication/triplications of the gene cause an increase in alpha-synuclein, which

aggregates to form Lewy bodies (Mezey et al., 1998).

LRRK2

In 2004, mutations in LRRKZ2 were identified as a cause of late onset autosomal
dominant PD (Zimprich et al., 2004). Mutations in LRRK2 are now known to be
the most common cause of inherited PD and the clinical phenotype closely
matches idiopathic cases (Marras et al., 2011; Healy et al., 2008). LRRK2
encodes a large multidomain protein including a kinase domain, a GTPase
domain (Roc) and various protein-protein interaction domains allowing LRRK2

to act as a scaffold for establishing protein complexes (Miklossy et al., 2006;
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Esteves and Cardoso, 2016). The G2019S mutation and other common PD-
causing mutations in LRRK2, have been shown to increase its kinase activity
causing a gain in function (West et al., 2005; Gloeckner et al., 2006). LRRK2 is
thought to have roles in autophagy, mitochondrial function, vesicular trafficking
and cytoskeletal dynamics (Biskup et al., 2006; Kett et al., 2012; Manzoni et al.,
2013; Ludtmann et al., 2019). The LRRK2 protein localises to lysosomes and
endosomes correlating with its role in autophagy and the G2019S mutant has
an inhibitory effect on chaperone-mediated autophagy preventing the
degradation of lysosomal substrates (Biskup et al., 2006; Orenstein et al.,
2013). LRRK2 also plays a role in mitochondrial function with overexpression in
human cells causing fragmentation of the mitochondria, a heightened effect was
also seen with the G2019S mutation (Wang et al., 2012). LRRK2 is further
associated with cytoskeletal dynamics phosphorylating microtubules and actin-
binding proteins to promote microtubule polymerisation and cytoskeletal
remodelling, respectively (Gillardon, 2009; Parisiadou et al., 2009). The kinase
activity of LRRK2 plays a role in vesicle trafficking, with overexpression of the
LRRK2(G2019S) mutant altering vesicle distribution in neurons and increasing
DA release (Migheli et al., 2013). In summation, mutations in LRRK2 could
contribute to PD development through a number of dysfunctional pathways
including autophagy, mitochondrial function, vesicular trafficking and

cytoskeletal dynamics.

1.4.2 Recessive forms of inherited PD

PARKIN

PARKIN was first identified in 1998 as the gene responsible for autosomal
recessive juvenile PD (Kitada et al., 1998). Juvenile PD being cases with onset
before the age of 20 (Quinn, Critchley and Marsden, 1987). Mutations in
PARKIN are the most common cause of autosomal recessive PD and the
second most common for monogenic PD cases (Dawson et al., 2010). They are
observed in around 49% of families with early onset PD affecting a family
member (Lucking et al., 2000). PD cases caused by mutation of PARKIN
generally lack a Lewy body pathology (Johansen et al., 2018; Morrison, 2003).
PARKIN encodes a ubiquitously expressed protein with heightened levels

observed in the brain and substantia nigra (Kitada et al., 1998). The Parkin
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protein is an E3 ubiquitin ligase consisting of an N-terminal ubiquitin like domain
(Ubl), and RINGO, RINGH1, in between ring (IBR) and RING2 domains at the C-
terminal (Riley et al., 2013). The RING1, IBR and RING2 domains are required
for the ubiquitin ligase activity of Parkin (Narendra et al., 2010). Parkin is
recruited to damaged mitochondria where it ubiquitinates substrates on the
mitochondrial surface to signal for mitochondrial turnover (Narendra et al., 2008;
Chan et al., 2011). However, the Parkin protein is generally found in an inactive
state, caused by RINGO blocking the RING1 and RING2 domains. A
conformational change and phosphorylation of the protein are required to
activate its ubiquitin ligase activity (Koyano and Matsuda, 2015). The majority of
PD-associated mutations in PARKIN either reduce translocation to the
mitochondria or its ubiquitin ligase activity (Shimura et al., 2000; Matsuda et al.,
2010). Overall, a loss of Parkin increases mitochondrial dysfunction and this

was observed in the Parkin deficient mouse (Palacino et al., 2004).

PINK1

PINK1 was originally identified as a downstream target of the tumour
suppressor PTEN (Unoki and Nakamura, 2001). In 2004, mutations in the
kinase domain of PINK1 were identified as a cause of autosomal recessive PD
in three families (Valente et al., 2004). Mutations in PINK1 are now reported to
be the second most common cause of autosomal recessive PD (Kawaijiri et al.,
2011). PINK1 is ubiquitously expressed and acts upstream of Parkin in the
same mitophagy pathway (Clark et al., 2006; Unoki and Nakamura, 2001). The
PINK1 protein consists of an N-terminal mitochondrial targeting sequence, a
transmembrane domain and a kinase domain (Zhou et al., 2008). Following
localisation of PINK1 to the mitochondria, the protein is normally cleaved
signalling for its degradation, however, with mitochondrial dysfunction and
depolarisation of the membrane potential cleavage is inhibited causing PINK1
to accumulate on the outer mitochondrial membrane (Narendra et al., 2010).
PINK1 autophosphorylates itself on the mitochondrial membrane recruiting
Parkin to the damaged mitochondria (Okatsu et al., 2012). PINK1 also
phosphorylates ubiquitin, which subsequently binds to Parkin, causing a
conformational change in the protein (Gladkova et al., 2018). This
rearrangement of the Parkin protein untethers the RING2 domain, allowing

PINK1 to phosphorylate the Ubl domain and activate the ubiquitin ligase activity
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of Parkin. PINK1 further phosphorylates a protein on the mitochondrial surface,
Mfn2, which Parkin subsequently ubiquitinates signalling for mitophagy (Chen
and Dorn, 2013). Similar to Parkin a loss of PINK1 has been shown to cause

mitochondrial dysfunction in the mouse (Gispert et al., 2009).

DJ-1

DJ-1 was initially identified as an oncogene working with Ras to promote the
malignant transformation of cells (Nagakubo et al., 1997). In 2003, mutations in
DJ-1 were discovered to cause early onset autosomal recessive PD in two
families (Bonifati et al., 2003). DJ-1 mutations are now estimated to occur in
around 1% of early onset cases of PD (Abou-Sleiman et al., 2003). The DJ-1
gene encodes a redox sensitive multifunctional protein, with a neuroprotective
role and ubiquitous expression pattern (Nagakubo et al., 1997; Dolgacheva et
al., 2019). DJ-1 expression is upregulated in response to oxidative stress and a
conserved cysteine residue, C106, is oxidised to activate the neuroprotective
function of DJ-1 (Canet-Avilés et al., 2004; Lev et al., 2009). Oxidative stress is
thought to be a major pathological mechanism contributing to PD and
accordingly the expression and oxidation of DJ-1 is increased in PD patients
(Waragai et al., 2006, 2007; Choi et al., 2006; Henchcliffe and Beal, 2008). DJ-
1 exerts a neuroprotective effect by combatting oxidative stress (Ariga et al.,
2013). This was seen with the overexpression of DJ-1 in a neurotoxin-based
model of PD in the rat, reducing oxidative stress and neurodegeneration in the
substantia nigra (Inden et al., 2006). Whereas a loss of DJ-1 has been shown to
increase the vulnerability of neuronal cells to oxidative stress (Mullett and
Hinkle, 2009). Once oxidised, DJ-1 localises to the mitochondria and
subsequently the nucleus (Junn et al., 2009). These are two locations where
DJ-1 exerts a neuroprotective effect. Specifically, DJ-1 localises to complex | in
the mitochondria under oxidative stress conditions to maintain complex | activity
(Hayashi et al., 2009). Loss of DJ-1 in the mouse has been shown to cause
mitochondrial dysfunction and a progressive loss of ATP production in muscle
(Hao, Giasson and Bonini, 2010). Whereas mitochondrial targeting of the DJ-1
protein, in neuronal cell cultures under oxidative stress, has been shown to
enhance its neuroprotective effect (Junn et al., 2009). DJ-1 further combats
oxidative stress via the transcriptional regulation of antioxidant genes,

(Clements et al., 2006; Gu et al., 2009). The translocation of oxidised DJ-1 to
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the nucleus is thought to play an important role in its regulation of transcription
(Kim et al., 2012). In addition to its role in the oxidative stress response, DJ-1
acts as a molecular chaperone preventing the toxic aggregation of proteins
including alpha-synuclein, the main component of Lewy bodies in PD
(Shendelman et al., 2004). Overall, DJ-1 exerts a neuroprotective effect by

activating an oxidative stress response and inhibiting toxic protein aggregation.

FBXO7

Mutations in FBXO7 were identified to cause Parkinsonian-pyramidal syndrome
in 2008 (Shojaee et al., 2008). Parkinsonian-pyramidal syndrome involves
additional neurodegeneration in the pallidum, residing in the basal ganglia, and
the corticospinal tract which can cause muscle weakness (Paisan-Ruiz et al.,
2010). The FBXO7 gene encodes an F-box protein which interacts with Parkin
and plays a role in the PINK1/Parkin mitophagy pathway (Burchell et al., 2013).
F-box proteins recognise specific phosphorylated substrates and present them
to an E3 ubiquitin ligase, which in turn marks them for proteasomal degradation
through ubiquitination (Skowyra et al., 1997). The domain structure of Fbxo7
consists of an N-terminal ubiquitin-like (Ub1) domain, an F-box motif and a C-
terminal proline-rich region for substrate binding (Laman et al., 2005). PINK1 is
thought to recruit Fbxo7 to the mitochondria, which in turn recruits Parkin
through its Ubl domain (Burchell et al., 2013). In humans there are two Fbxo7
isoforms, isoform 1 with an N-terminal Ubl domain and a shorter second isoform
lacking Ubl (Zhou et al, 2016). PD causing mutations in FBXO?7 include a
mutation in the Ubl domain (T22M), causing a specific loss of isoform 1
expression, and a mutation in the proline-rich region (R498X) causing a
truncation (Zhao et al., 2011). This implicates the loss of Fbxo7 interaction with
Parkin, and recognition of ubiquitination substrates, in PD development. Similar
to Parkin and PINK1, a loss of Fbxo7 is expected to increase mitochondrial
dysfunction and this was seen in Fbxo7-deficient cells, reducing ATP production

and increasing oxidative stress (Delgado-Camprubi et al., 2017).
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1.4.3 Risk factors for PD

GBA

GBA encodes the lysosomal enzyme glucocerebrosidase (GCase), that
degrades glucocerebroside (GlcCer), and homozygous mutation of GBA causes
the lysosomal storage disorder Gauchers disease (Hruska et al., 2008). In the
early 2000s, it became evident that Gauchers disease was associated with an
increased risk of developing PD with a Parkinsonian phenotype reported in
multiple cases (Neudorfer et al., 1996; Tayebi et al., 2001; Varkonyi et al.,
2003). A high occurrence of GBA mutations, both homozygous and
heterozygous, was later observed in PD patients post-mortem, with a reported
frequency of 14% (Lwin et al., 2004). A loss of GCase activity has been seen in
the substantia nigra of sporadic PD patients, in addition to those carrying GBA
mutations, further implicating dysfunctional GCase in the PD pathology (Gegg
et al., 2012). The loss of GCase activity causes substrates to accumulate in the
lysosome and impair autophagy (Bae et al., 2015). An accumulation of alpha-
synuclein and dysfunctional mitochondria, associated with the development of
PD, has been observed with GCase inhibition in neuronal cell cultures (Cleeter
et al., 2013). The GlcCer that avoids degradation also promotes the formation of
Lewy bodies by stabilising aggregates of alpha-synuclein (Taguchi et al., 2017).
In turn, the aggregated alpha-synuclein can impair the trafficking of any wild
type GCase through the cell, exacerbating autophagy impairment in a positive
feedback loop (Mazzulli et al., 2011). Overall, mutation of GBA contributes to

the development of PD by impairing autophagy.

1.5 Animal models of Parkinson’s disease

In vivo animal models of PD have the advantage of the actual brain
environment surrounding the DA neurons compared to in vitro cellular models.
This includes the different neuron subtypes and neuronal circuitry, the
downstream networks and the supporting glial cells. Using an animal model
also allows us to notice the first signs of dysfunction by symptoms, follow the

disease progression and identify possible targets for treatment.

27



1.5.1 Drosophila models

The Drosophila is a widely used model organism for studying human disease,
including neurodegenerative disorders (Marsh and Thompson, 2006). As an
invertebrate the Drosophila body plan and organ system differs more from
humans than vertebrate models, however, they share a lot of the same
molecular pathways underlying cellular functions (Ugur, Chen and Bellen,
2016). The Drosophila genome has been sequenced and found to have
orthologs for 77% of human disease causing genes (Reiter et al., 2001). One of
the major advantages of using the Drosophila to model disease is their genetic
tractability. Genome editing tools such as the GAL4-UAS system can be used to
ectopically express human disease genes in specific cell types of the
Drosophila (Brand and Perrimon, 1993). Creating knockout mutations in the
Drosophila genome is also well established using transposable elements (Ryder
and Russell, 2003). Various genetic models of PD have been generated in the
Drosophila by the transgenic expression and knockdown/knockout of genes
orthologous to those causative for PD in humans (Table 1.1). The transgenic
expression of mutant human LRRK2 (G2019S) in the DA neurons has been
widely used to model PD in the Drosophila (Cording et al., 2017; Liu et al.,
2008; Ng et al., 2009; Venderova et al., 2009). A phenotype characteristic of PD
has been reported in this model, with a loss of the DA neurons, reduced DA
levels in the brain, locomotor defects and L-dopa responsiveness. The
movement phenotype was further characterised by Cording et al. (2017) using
high-speed video capture of the proboscis extension response (PER). The
Drosophila extends its proboscis as a coordinated motor response to feed when
it detects a food source (Gordon and Scott, 2009). A movement phenotype with
aspects of bradykinesia (slowness of movement), akinesia (failure to initiate
movement), hypokinesia (reduced amplitude of movement), and tremor was
reported in the PER of the LRRK2(G2019S) transgenic model (Cording et al.,
2017). These are all characteristics of the movement disorder seen in PD
patients indicating that a loss of DA neurons in the Drosophila can produce a
movement phenotype similar to PD (Mazzoni, Shabbott and Cortés, 2012).
Transgenic expression of human SNCA in the Drosophila was similarly able to
cause a loss of DA neurons, with alpha-synuclein intraneural inclusions, and

locomotor defects (Feany and Bender, 2000). These genetic models of
28



autosomal dominant PD in the Drosophila have therefore been effective at
reproducing aspects of the PD pathology and phenotype. Whereas the
knockdown and knockout models of autosomal recessive PD in the Drosophila
have had varying levels of success (Table 1.1). Loss of Parkin caused a specific
loss of DA neurons in the PPL1 cluster and locomotor defects, however, muscle
degeneration was also observed which could impact the movement phenotype
(Greene et al., 2003; Whitworth et al., 2005). Similarly, muscle structure was
affected in each of the Pink1 knockdown and knockout models along with
abnormal wing structure (Park et al., 2006; Clark et al., 2006; Yang et al., 2006).
All three of the Pink1 models were reported to have locomotor defects, but only
two of the three were observed with a loss of DA neurons. This suggests that
the effects on muscle and wing structure contribute to the movement
phenotype, rather than solely a loss of DA neurons. DJ-1 has two orthologs in
the Drosophila genome, and the knockout of both orthologs has been shown to
have no effect on the number of DA neurons (Meulener et al., 2006).
Contrastingly, knockdown of a single Dj-1 ortholog was reported to cause DA
neurodegeneration (Yang et al., 2005). Overall, the transgenic expression of
genes associated with autosomal dominant PD was more effective for modelling
PD in the Drosophila. The Drosophila has potential to be used as a PD model in
drug screens as part of the drug discovery pipeline. However, an effective
vertebrate model of PD, for screening potential therapies, would be required

before moving on to later clinical trials.
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Gene Tg expression / KD / KO Features Reference
LRRK2 | Tg expression of mutant h(LRRK2 Loss of DA neurons, reduced DA, impaired climbing (Cording et al., 2017; Liu et al.,
(G2019S) in DA neurons ability, L-dopa responsive 2008; Venderova et al., 2009; Ng
et al., 2009)
SNCA Tg expression of wild type / mutant alpha- | Loss of DA neurons, alpha-synuclein inclusions, (Feany and Bender, 2000)
synuclein in neurons impaired climbing ability
Parkin KO Specific loss of DA neurons in the PPL1 cluster, (Greene et al., 2003; Whitworth
muscle degeneration, impaired flight and climbing et al., 2005)
Pink1 KO Loss of DA neurons, muscle degeneration, abnormal | (Park et al., 2006)
wings, impaired flight and climbing ability
Pink1 KO No loss of DA neurons, abnormal muscle structure, (Clark et al., 2006)
abnormal wings, impaired flight
Pink1 KD Loss of DA neurons, reduced DA, muscle (Yang et al., 2006)
degeneration, abnormal wings, impaired flight and
climbing ability
Dj-1 KO (both Dj-1 A and B) No loss of DA neurons (Meulener et al., 2005)
Dj-1 KD (A) Loss of DA neurons, reduced DA (Yang et al., 2005)

Table 1.1 Genetic models of PD in the Drosophila

Examples of genetic models of PD in the Drosophila. Tg = transgenic, KD = knockdown (transient loss of expression), KO = knockout
(permanent loss of expression). PINK1 and PARKIN have single orthologs in the Drosophila. There are two DJ-1 orthologs in the

Drosophila (Dj-1a and Dj-1b) (flybase.org).

30




1.5.2 Rodent models

The mouse and rat have long been used to model human disease, as both are
mammals they share a similar physiology to humans and highly similar
genomes with orthologs for nearly all human disease genes (Huang et al.,
2004). They are relatively simple to maintain in a laboratory and the protocols
for creating transgenic and knockout lines, administering drugs and assessing
locomotor ability are well established (Konnova and Swanberg, 2018). Various
neurotoxin-based models of PD have been generated in the mouse and rat by
treatment with MPTP, rotenone, paraquat and 6-OHDA either orally or by
injection. The majority of these neurotoxin-based models have been shown to
cause neurodegeneration in the substantia nigra and locomotor defects (Table
1.2). One such model in the rat was reported to have a movement phenotype
characterised by hypokinesia and rigidity (Betarbet et al., 2000). These
characteristics are commonly seen in PD patients showing how a loss of the
nigrostriatal DA neurons in the rat can produce a similar movement phenotype
to PD (Mazzoni, Shabbott and Cortés, 2012). However, neurotoxins such as
MPTP cause a rapid loss of the DA neurons in rodents (Jackson-Lewis and
Przedborski, 2007), contrasting with the progressive loss seen in PD patients
(Greffard et al., 2006). Furthermore, loss of the DA neurons in neurotoxin-based
models may act through different pathogenic mechanisms to PD in humans

making them less reliable for drug screening purposes (Chesselet, 2008).

Genetic models of PD have also been generated in the mouse and rat using
transgenic expression, knockdown and knockout methods (Table 1.3 and Table
1.4). The transgenic expression of genes associated with autosomal dominant
PD in humans, LRRK2 (G2019S) and SNCA, was shown to cause a loss of
nigrostriatal DA neurons and locomotor defects in the mouse, reproducing
aspects of PD in humans (Ramonet et al., 2011; Janezic et al., 2013). However,
there have been studies that report aggregates of alpha-synuclein forming in
the motor neurons of transgenic mice overexpressing alpha-synuclein, which
could impact on the movement phenotype (van der Putten et al., 2000). In
contrast with transgenic models of PD in the mouse, models of autosomal
recessive PD in the mouse have generally failed to produce a PD phenotype

(Table 1.3). The loss of Pink1, Parkin, Dj-1 or Fbxo7 in the mouse has been
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shown to have no effect on the number of nigrostriatal DA neurons or locomotor
ability (Gispert et al., 2009; Kim et al., 2005; Perez and Palmiter, 2005; Vingill et
al., 2016). A further triple knockout of Pink1, Parkin and Dj-1 in the mouse failed
to produce a phenotype with aspects of PD (Kitada et al., 2009). They reported
no effects on the number of DA neurons or their morphology in the substantia
nigra but neglected to study the levels of mitophagy and oxidative stress in the
triple knockout mice. Whereas, models of autosomal recessive PD in the rat
have generally been better at recapitulating the PD pathology and phenotype
(Table 1.4). Dave et al. (2014) reported a loss of DA neurons in the substantia
nigra, and locomotor defects, with knockouts of Dj-7 and Pink1 in the rat.
However, no significant effects were observed on the number of DA neurons, or
locomotor ability of the Parkin knockout rat. Overexpression of LRRK2(G2019S)
and SNCA in the rat brain has been able to cause a loss of the nigrostriatal DA
neurons in some cases (Dusonchet et al., 2011; Lo Bianco et al., 2002).
Overall, more of the genetic models of PD in the rat have been successful at
producing a PD pathology and phenotype than the genetic models in the
mouse. Genetic models of PD in the rat could be beneficial for testing potential
PD therapies. However, there are limitations to using a rat model in drug
screens. Rats are less suited to high-throughput drug screens than other model
organisms such as the Drosophila or zebrafish, which are much smaller, have
lower maintenance costs and produce much larger broods. Ideally, an animal
model of PD better suited for high-throughput drug screens would be used in

the drug discovery pipeline before a mammalian model such as the rat.
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Species | Neurotoxin Administration Features Reference
Mouse | 6-OHDA Injection of SN Loss of SN DA neurons, locomotor defects (Bagga, Dunnett and Fricker, 2015)
Mouse | MPTP Intraperitoneal Loss of SN DA neurons, reduced DA, locomotor (Shimoiji et al., 2005; Paul et al.,
injection defects 2017)
Mouse Paraquat Oral administration Loss of SN DA neurons, reduced DA, locomotor (Ren, Zhao and Sun, 2009)
defects
Mouse | Rotenone Oral administration Loss of SN DA neurons (Chiu et al., 2015)
Rat 6-OHDA Injection of SN Loss of SN DA neurons, reduced DA, locomotor (Ferro et al., 2005)
defects
Rat MPTP Injection of SN Loss of SN DA neurons, reduced DA, increased (Ferro et al., 2005)
locomotor activity
Rat Paraquat Intraperitoneal Loss of SN DA neurons, locomotor defects (Muthukumaran et al., 2014)
injection
Rat Rotenone Systemic Loss of the SN DA neurons, locomotor defects (Betarbet et al., 2000)

administration

Table 1.2 Neurotoxin-based rodent models of Parkinson’s disease

Examples of neurotoxin-based mouse and rat models of PD. SN = substantia nigra.
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Gene

Tg expression / KD / KO

Features

Reference

DA, locomotor defects

LRRK2 Tg expression of mutant hLRRK2 Loss of SN DA neurons, reduced DA, (Ramonet et al., 2011)
(G2019S) in the neurons no locomotor defects
SNCA Tg overexpression of wild type human a- Loss of SN DA neurons, reduced DA, (Janezic et al., 2013)
synuclein locomotor defects
Parkin KO No loss of SN DA neurons, no (Perez and Palmiter, 2005)
locomotor defects
Pink1 KO No loss of SN DA neurons, locomotor (Gispert et al., 2009)
defects
Dj-1 KO No loss of SN DA neurons, no (Kim et al., 2005)
locomotor defects
Parkin/Pink1/Dj-1 | Triple KO No loss of SN DA neurons, no loss of (Kitada et al., 2009)
DA
Fbxo7 KO No loss of SN DA neurons, no loss of | (Vingill et al., 2016)

Table 1.3 Genetic mouse models of Parkinson’s disease

Examples of genetic mouse models of PD. Tg = transgenic, KD = knockdown (transient loss of expression), KO = knockout (permanent loss of

expression), SN = substantia nigra.
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Gene | Tg expression/Vector/ KD / KO Features Reference

LRRK2 | Tg inducible expression of mutant No loss of SN DA neurons, no loss of DA, impaired (Zhou et al., 2011)
hLRRK2 (G2019S) DA reuptake, enhanced locomotor activity
LRRK2 | Vector driving neuronal expression of Loss of SN DA neurons (Dusonchet et al., 2011)

mutant hLRRK2 (G2019S) injected into
the striatum

SNCA | Vector driving alpha-synuclein Loss of SN DA neurons (Bianco et al., 2002)
expression injected into SN

Parkin | KO No loss of SN DA neurons, no locomotor defects (Dave et al., 2014)

Pink KO Loss of SN DA neurons, locomotor defects (Dave et al., 2014)

Dj-1 KO Loss of SN DA neurons, locomotor defects (Dave et al., 2014)

Table 1.4 Genetic models of Parkinson’s disease in the rat

Examples of genetic rat models of PD. Tg = transgenic, KD = knockdown (transient loss of expression), KO = knockout (permanent loss of
expression), SN = substantia nigra.



1.5.3 Zebrafish models

In recent years the zebrafish has grown in popularity as a model organism for
studying human disease (Bradford et al., 2017). Firstly, zebrafish are a
vertebrate which means they are more closely related to humans than other
model organisms such as C.elegans and Drosophila. Technological advances
have also made it easier to both generate and analyse disease models in
zebrafish and compared to other vertebrate models zebrafish are better suited
for high-throughput drug screening (Lieschke and Currie, 2007). In particular,
zebrafish are useful for modelling neurodegenerative diseases because (as
vertebrates) they share a similar neuroanatomy to humans and employ the
same neurotransmitter pathways, including the dopaminergic system (Rink and
Wullimann, 2001; Sager et al., 2010). The zebrafish is especially well suited for
modelling PD, with certain DA neurons found in the posterior forebrain of the
zebrafish homologous to those in the substantia nigra of humans (Rink and
Wullimann, 2001; Blandini and Armentero, 2012). These neurons project to the
zebrafish striatum, which shares similarities with the mammalian striatum.
Furthermore, orthologs of PD-associated genes have been identified in the
zebrafish genome, which are useful for creating genetic models of PD in the
zebrafish (Anichtchik et al., 2008; Bretaud et al., 2007; Flinn et al., 2009;
Keatinge et al., 2015; Zhao et al., 2012). Transient models of PD in the
zebrafish have also been successful at recapitulating aspects of the pathology
(Table 1.5 and Table 1.6).

Neurotoxin-based models

Neurotoxins have previously been used to create transient models of PD in the
zebrafish. Treatment with MPTP or 6-OHDA has been shown to impair DA
neurotransmission and cause locomotor defects in both larval and adult
zebrafish (Table 1.5). A marked decrease in locomotor activity and altered
complexity in swimming pattern, with larger turn angles, was observed in adults
injected with either MPTP or 6-OHDA (Anichtchik et al., 2004). Decreased
mobility and freezing bouts were also seen in MPTP injected adults, thought to
represent the bradykinesia and dyskinesia seen in PD patients (Babu et al.,
2016). They were also responsive to a PD treatment, deprenyl, which rescued

the movement phenotype. Altered DA neurotransmission and locomotor defects
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were also seen in adult zebrafish injected with rotenone (Table 1.5). These
models support the premise that DA deficiency in the zebrafish brain can
produce a similar phenotype to that seen in PD patients, with the loss of motor
control and bradykinesia present (Jankovic, 2008). However, the loss of DA and
motor control in the neurotoxin-based models is rapid (Anichtchik et al., 2004),
contrasting with the progressive loss seen in PD patients (Greffard et al., 2006).
Neurotoxins also have a transient effect on the DA neurons in zebrafish
(Anichtchik et al., 2004; Sallinen et al., 2009), and they may act through
different pathogenic mechanisms to PD in humans (Chesselet, 2008).
Therefore, neurotoxin-based models of PD in the zebrafish are not the most

suitable for drug screening purposes.

Gene knockdown/knockout models

Post-transcriptional knockdown of PD-associated genes is another widely used
method of modelling PD in the zebrafish. Morpholino oligonucleotides have
been used to inhibit the translation of Lrrk2, Parkin, Pink1, Dj-1 and Fbxo7 in
the zebrafish (Table 1.6). A loss of DA neurons was reported with Irrk2
knockdown, however, the neurodegeneration was not specific and the embryos
had developmental defects (Prabhudesai et al., 2016). There were also two
zebrafish models with a loss of the WD40 domain in LRRK2 by splice-blocking
morpholino. Sheng et al. (2010) reported a loss of DA neurons and
responsiveness to L-DOPA treatment, however, a year later Ren et al. (2011)
reproduced the model and saw no loss of the DA neurons. This shows how the
results of a morpholino knockdown can vary. A similar effect was seen with the
morpholino knockdown of pink1. Anichtchik et al. (2008) reported
developmental defects and a loss of the DA neurons, whereas Xi et al. (2010)
saw only altered patterning of the DA neurons. A loss of DA neurons was seen
in the pink1 knockout embryo but no developmental defects were reported
(Flinn et al., 2013), suggesting a possible off-target effect in the pink1
knockdown by Anichtchik et al. (2008). MOs can bind to similar RNA sequences
blocking splicing or translation, with increasing likelihood at higher doses, and
developmental defects are a possible off-target effect (Bill et al., 2009; Kok et
al., 2015). No loss of DA neurons was seen with knockdown of dj-71 expression
(Baulac et al., 2009; Bretaud et al., 2007). A loss was reported in zebrafish

embryos with knockdowns of parkin and fbxo7 (Table 1.6). However, parkin
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morphants had no motor impairment (Flinn et al., 2009), and whilst fbxo7
morphants did have locomotor deficiencies they also suffered from
developmental defects (Zhao et al., 2012). Out of all of these models, there was
no loss of the DA neurons and motor impairment reported, without the zebrafish
embryo also having developmental defects. Therefore, morpholino knockdown
was not effective for generating models of PD in the zebrafish. A further issue is
the short-lived effect of MO knockdown when using this approach to model
progressive disorders such as PD (Nasevicius and Ekker, 2000; Greffard et al.,
2006). This was observed with knockdown of dj-7, where the MO efficiency at
removing exons was lost at 5dpf and the Dj-1 protein was only absent until 3dpf
(Bretaud et al., 2007).
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Larval/Adult | Neurotoxin | Administration Assessment Features Reference
Adult 6-OHDA Intramuscular Anti-TH immunostain / WB, No loss of DA neurons, | (Anichtchik et al., 2004)
injection distance travelled, velocity, turn reduced DA, locomotor
angle defects
Adult 6-OHDA Injection into ventral Anti-TH immunostain, distance Loss of DA neurons, (Vijayanathan et al., 2017)
diencephalon travelled, swimming speed locomotor defects
Adult MPTP Intramuscular Anti-TH immunostain / WB, No loss of DA neurons, | (Anichtchik et al., 2004)
injection distance travelled, velocity, turn reduced DA, locomotor
angle defects
Adult MPTP Intraperitonial Anti-TH immunostain / WB, Loss of DA neurons, (Babu et al., 2016)
injection distance travelled, swimming locomotor defects
pattern, freezing episodes, freezing
duration
Adult Rotenone 4 week exposure to Anti-TH WB, distance travelled and | Loss of TH expression, | (Wang et al., 2017)
rotenone dissolved in | duration swimming at fast speed reduced DA, locomotor
water defects
Larval 6-OHDA Exposure from 2- Anti-TH ISH / immunostain, Loss of DA neurons, (Feng et al., 2014; Parng et
4/5dpf dissolved in distance travelled, swimming locomotor defects al., 2007)
water pattern, time spent at lower depths
Larval MPTP Exposure from 1-5dpf | Anti-TH ISH, neuronal fluorescent Loss of DA neurons, (Bretaud, Lee and Guo,
dissolved in water reporter, swimming speed locomotor defects 2004; Wen et al., 2008)
Larval Paraquat Exposure from 1-5dpf | Anti-TH ISH, swimming speed No loss of DA neurons, | (Bretaud, Lee and Guo,
dissolved in water no locomotor defects 2004)
Larval Rotenone Exposure from 1-5dpf | Anti-TH ISH, swimming speed No loss of DA neurons, | (Bretaud, Lee and Guo,

dissolved in water

no locomotor defects

2004)

Table 1.5 Neurotoxin-based models of PD in the zebrafish
Examples of neurotoxin-based models of Parkinson’s disease in the zebrafish. TH = tyrosine hydroxylase (expressed in catecholaminergic
neurons), ISH = in situ hybridisation (RNA expression), WB = western blot (protein expression).
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Gene | Targeting Analysis Features Reference
Irrk2 Morpholino knockdown Anti-TH immunostain, Developmental defects, general (Prabhudesai et al., 2016)
neuronal fluorescent reporter neurodegeneration, loss of DA neurons
gene
Irrk2 Loss of WD40 domain by | Anti-TH ISH / WB, anti-dat Midbrain neurodegeneration, loss of DA | (Sheng et al., 2010)
splice-blocking ISH, neuronal fluorescent neurons, locomotor defects, L-DOPA
morpholino reporter gene, distance responsive
travelled
Irrk2 Loss of WD40 domain by | Anti-th ISH, anti-dat ISH No loss of DA neurons (Ren et al., 2011)
splice-blocking
morpholino
parkin | Morpholino knockdown Anti-TH ISH / immunostain, Loss of DA neurons, no locomotor (Flinn et al., 2009)
distance travelled defects
pink1 Morpholino knockdown Anti-TH immunostain Developmental defects, loss of DA (Anichtchik et al., 2008)
neurons
pink1 Morpholino knockdown Anti-TH ISH / immunostain, Altered DA neuron patterning, locomotor | (Xi et al., 2010)
touch response, distance defects
travelled
pink1 TILLING knockout Anti-TH ISH/ immunostain, Loss of DA neurons (Flinn et al., 2013)
anti-dat ISH
dj-1 Morpholino knockdown Anti-TH ISH / immunostain No loss of DA neurons (Bretaud et al., 2007; Baulac et
al., 2009)
fbxo7 | Morpholino knockdown Anti-TH ISH, swimming speed | Developmental defects, loss of DA (Zhao et al., 2012)

neurons, locomotor defects

Table 1.6 Gene knockdown/knockout models of PD in the zebrafish
Examples of gene knockdown and knockout models of Parkinson’s disease in the larval zebrafish. TH = tyrosine hydroxylase (expressed in

catecholaminergic neurons), DAT = dopamine transporter (expressed in dopamine neurons), ISH = in situ hybridisation (RNA expression), WB =
western blot (protein expression).




1.5.4 Objective analysis of the movement phenotype

PD is characterised by a specific movement phenotype of bradykinesia and
resting tremor caused by a loss of DA neurons in the substantia nigra region of
the brain (Lees et al., 2009). Therefore, an effective zebrafish model of PD is
expected to have a movement phenotype distinct from that of a wild type
zebrafish. The exact features of movement that would characterise a zebrafish
model of PD are difficult to predict and identifying the changes in swimming
movement is challenging. Analyses to discern these subtle features by human
observation are too subjective; the chosen features to study and how they are
measured would differ from person to person. Four individuals, experienced in
zebrafish movement, independently categorised larval zebrafish movements
and differed in their category choices by up to 32% (Mirat et al., 2013). This
demonstrates the subjectivity of people when studying zebrafish movement.
Researchers have analysed video recordings of larval zebrafish, frame by
frame, and measured the angle along the tail when a tail bend has been
completed (Budick and O’Malley, 2000). Here individual investigators could
select different frames for completed tail bends and when measuring the angles
they could end up with dissimilar values. Again, humans being subjective would
affect the results. Machines, however, are objective and therefore more reliable
for identifying changes in movement to provide more unbiased, reproducible
results (Lones et al., 2014). This would involve digitising the swimming
movements of fish and extracting features that can objectively describe the

movement characteristics.

Statistical approaches, such as Principal Component Analysis (PCA), are
commonly used to process extracted movement data and identify patterns in
data sets with a large number of variables (Molenaar, Wang and Newell, 2013).
In PCA, variables are condensed down into principal components (PCs) by
linear combination of any that show correlation (Lever, Krzywinski and Altman,
2017). The complexity of the data is reduced whilst any trends are retained in
the PCs making patterns easier to identify. In a study to describe the movement
characteristics of PD in humans, it was found that traditional statistical
approaches were not the most effective for identifying patterns in the complex

nonlinear data obtained (Smith et al., 2007). For this reason a more effective
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machine learning approach to recognise a pattern in PD patient movement was
adopted. In this thesis, a similar objective method of machine learning was used
to identify any movement phenotype distinguishing a zebrafish PD model from
the wild type with a measured level of accuracy. Machine learning was chosen
for the task because of its ability to automatically analyse large data sets and
‘learn’ to recognise differences between the classes of data (Alpaydin, 2016).
The data was subsequently used to model and define the movement phenotype

in zebrafish PD models.

1.6 This thesis

There are two main objectives of this thesis. The first is to develop a genetic
model of PD in the zebrafish with molecular and cellular signatures of the
human disease (Chapters 3 and 4). The second is to assess the movement
phenotype using selected features of movement as well as unbiased analysis of
movement data (Chapter 5). Evolutionary algorithms, a method of machine
learning proven effective at diagnosing PD in humans (Lones et al., 2014), were

used to objectively characterise the movement phenotype.

The aims of this thesis:

1. To create genetic models of PD in the zebrafish by CRISPR/Cas9
targeting of PD-associated gene orthologs

2. To characterise the expression of each target gene in the zebrafish

3. To describe the mutation in each target gene and the translated protein

4. To determine if there has been nonsense-mediated decay of the mutant
transcript in each PD model

5. To assess whether the DA neurons have been affected in the PD models

6. To analyse the movement phenotype of PD models by calculating select
features of movement

7. To evolve classifiers that can discriminate zebrafish modelling PD using

the features of movement and raw movement data
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2 Materials and Methods
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2.1 Zebrafish

2.1.1 Husbandry

All zebrafish used in this study originate from the London wild type (LWT) strain.
Zebrafish were kept at 28°C on a 14 hour light / 10 hour dark cycle, with regular
feeding three times a day. Any embryos collected were incubated at 28°C in E3
media (5mM NacCl, 0.17mM KCI, 0.33mM CaClz, 0.33mM MgS0O4) with 0.1%
methylene blue for up to five days post fertilisation (dpf). To anaesthetise adult
zebrafish 50ml of 0.4% (w/v) MS-222 dissolved in dH20 was added to 200ml of

tank water before adding the fish.

The experimental procedures carried out in this thesis are in accordance with
the UK Home Office Animals (Scientific Procedures) Act 1986 under project
licence PPL POF245295 held by Dr Betsy Pownall and Personal Licence PIL
I3351E3A2 held by Gideon Hughes.

2.2 CRISPR/Cas9 targeting in zebrafish embryos

2.21 Guide RNA design

The online CRISPR design tool ChopChop
(https://chopchop.rc.fas.harvard.edu/) was used to identify a target sequence,
directly upstream of a 3bp PAM site (5 NGG 3’) and near the start of the coding
region, for each target gene. Each 20bp target sequence was incorporated into
a forward primer for guide RNA (gRNA) production. Additionally, a promoter
sequence for increasing transcription efficiency with T7 RNA polymerase was
added to the 5’ end of the forward primer along with an additional G nucleotide

necessary for the T7 polymerase to work (Nakayama et al., 2014).
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Target Target sequence dgRNA synthesis forward

gene primer
parkin GGAGCAGAGCACGGTTCATG GCAGCTAATACGACTCACTATAG
GGAGCAGAGCACGGTTCATG

GTTTTAGAGCTAGAAATAGCAAG
pink1(1)  GGTGAAGCAGAAAGTCGAAG GCAGCTAATACGACTCACTATAG
GGTGAAGCAGAAAGTCGAAG
GTTTTAGAGCTAGAAATAGCAAG
pink1(2) CGCAGCTGTTTATGAGGCTG GCAGCTAATACGACTCACTATAG
CGCAGCTGTTTATGAGGCTG
GTTTTAGAGCTAGAAATAGCAAG
dj-1 GCCGGTTCAGTGCAGCCGTG GCAGCTAATACGACTCACTATAG
GCCGGTTCAGTGCAGCCGTG
GTTTTAGAGCTAGAAATAGCAAG
fbxo7 GCTGTCTCTGAATGGTAAAG  GCAGCTAATACGACTCACTATAG
GCTGTCTCTGAATGGTAAAG
GTTTTAGAGCTAGAAATAGCAAG
gba GTCTCTGTCTTCCGGAGCTC  GCAGCTAATACGACTCACTATAG
GTCTCTGTCTTCCGGAGCTC
GTTTTAGAGCTAGAAATAGCAAG

Table 2.1 Target and primer sequences for generating gRNA template

The reverse primer used for gRNA synthesis was shared between all of the
gRNAs: 5’-
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTA
TT TTAACTTGCTATTTCTAGCTCTAAAAC-3’ (Nakayama et al., 2014)

2.2.2 Generation of guide RNA

A DNA template of each gRNA was generated by PCR of two overlapping
primers, the site specific forward primer (Table 2.1) and the non-variable
reverse primer containing a scaffold sequence. Primers were ordered and
diluted to a 10uM working stock before making up PCR reaction mixtures
containing Spl forward primer, 6.5ul reverse primer, 1ul dNTPs (10uM), 10ul 5x
HF buffer, 1ul Phusion polymerase and 27ul ddH20. Reactions were heated to
98°C for 30 seconds before 35 cycles of denaturation, annealing and
amplification at 98°C for 10 seconds, 60°C for 30 seconds and 72°C for 15

seconds, before a final extension at 72°C for 10 minutes. 5ul from each PCR
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was ran on a 2% agarose gel containing TAE buffer to validate the product. The
gRNAs were then transcribed from 4pl of DNA template using the Ambion
MEGAshortscript T7 Transcription Kit following manufacturers instructions. 2l
of each gRNA was ran on a 2% agarose gel containing TBE buffer to validate.
1ul of Turbo DNase was then added to every gRNA before incubating the
mixtures at 37°C for 15 minutes to degrade any leftover template.
Subsequently, 400ul of phenol chloroform, 340ul of dH20 and 40ul of 5SM
ammonium acetate was added to each gRNA before vortexing for one minute
and centrifuging at 13,000 rpm for five minutes. The aqueous phase was
isolated from each mixture and added to an equal volume of chloroform before
vortexing for one minute and centrifuging at 13,000 rpm for a further five. Again
the aqueous phase was extracted and added to an equal volume of 100%
ethanol before vortexing to mix and storing at -20°C overnight to precipitate.
The following day solutions were centrifuged at 13,000 rpm for 30 minutes to
form a gRNA pellet and the supernatant was removed. Pellets were washed by
vortexing in 500yl of 70% ice cold ethanol and then centrifuged at 13,000 rpm
for 15 minutes. The supernatant was removed from each gRNA pellet before
desiccating for 15 minutes to remove any leftover ethanol. gRNAs were
resuspended in 20ul of ddH20 by heating to 80°C for one minute and vortexing
for a further minute. 1l of each gRNA was ran on a 2% agarose gel containing
TBE buffer to check that purification was successful and then quantified using a

NanoDrop ND1000 spectrophotometer.

2.2.3 Microinjecting gRNA and Cas9 protein
Zebrafish embryos were injected with 2nl of a 300pg gRNA/1ng Cas9/300mM

KCI mixture into the yolk at the one cell stage. This was consistent for all target
genes apart from pink1 where two gRNAs were injected, both at 250pg.
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2.3 Nucleic acid extraction

2.3.1 Genomic DNA extraction for sequencing

100ul of 50mM NaOH was added to each zebrafish embryo or fin clipping
before heating at 95°C for 15 minutes. 25ul of 1M Tris pH 8.0 was then added
to each tube, pipetting up and down to break up the tissue and neutralise the

solution.

2.3.2 RNA extraction from zebrafish brains

Adult zebrafish were euthanized and brains were extracted in PBS. Brains were
immediately pulverised in 1ml of Tri Reagent (Sigma) and left at room
temperature for 5 minutes. 200pl of chloroform was added to each tube before
shaking vigorously for 15 seconds. The mixtures were then left at room
temperature for 10 minutes before centrifuging at 13,000 rpm for 10 minutes at
4°C. 400ul was taken from the aqueous layer in each tube and transferred into
a clean 1.5ml centrifuge tube. 400ul of isopropanol was then added to each
tube before vortexing to mix and leaving at room temperature for 5 minutes. The
mixtures were centrifuged at 13,000 rpm for 10 minutes at 4°C to pellet the
nucleic acids. The supernatant was removed from each tube and 1ml of ice-cold
70% ethanol was added to the pellet before vortexing. Solutions were
centrifuged at 13,000 rpm for 10 minutes at 4°C to repellet the nucleic acids
again. Pellets were dessicated for 15 minutes to remove any leftover ethanol
and resuspended in 45ul of dH20 before vortexing, heating at 80°C for 1 minute
and vortexing again to mix. 5yl of each sample was ran on a 1.5% agarose gel
containing TBE buffer to check for the presence of 18S and 28S ribosomal RNA
bands.

2.4.3 RNA clean-up

RNA samples were cleaned up using the Zymo RNA Clean & Concentrator kit
following the manufacturers instructions. This included the optional DNase |

treatment before RNA purification and samples were eluted in 15ul of dH20 for
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the final step. 1ul of each RNA sample was ran on a 1.5% agarose gel
containing TBE buffer to check for the presence of 18S and 28S ribosomal RNA
bands. Samples were quantified using a NanoDrop ND1000 spectrophotometer

and stored at -80°C until use.

2.4 Polymerase chain reaction (PCR)

2.4.1 cDNA synthesis

cDNA was synthesised from 1ug of each RNA sample using Superscript IV
(Thermo-Fisher) reverse transcriptase following the manufacturers instructions.
Random hexamers were used rather than oligo (dT)20 primers or gene-specific

reverse primers in the reaction mixture.

2.4.2 PCR/RT-PCR

PCRs were carried out using Promega PCR Master Mix with either 1ul of
extracted gDNA or 2ul of cDNA as template in the following 20ul reaction

mixture:

e 10ul of 2X PCR Master Mix
e 1ul of 10mM Forward Primer
e 1ul of 10mM Reverse Primer
e 1ul gDNA/ 2ul cDNA

e dH20 up to a total volume of 20ul

DNA was initially denatured for 2 minutes at 95°C before 30 PCR cycles with

the following conditions:

e 95°C for 30 seconds
e 5°C below Tm° for 30 seconds
e 72°C for 60 seconds/kb product

Followed by a final extension at 72°C for 10 minutes.
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Primers are listed:

Gene Forward primer Reverse primer

Task

parkin ATGCCAAATCTCT CTCGGGTATCGTTCC
GAGGTGTATT AACTAAAG

pink1 GGCTGTATTTAGA GCAGCACAGTACAAT
AAGAAGAAGTTTC TGTCAACTATAAA

AG

dj-1 GGCTCTGGCCAT GTAAAGTCAGACCTG
CATTACTAT TTTGTGTG

fbxo7  ATGCTTTTTATTG GAGGGGGTTTACATT
ATTATTG TCT

gba GTGGCTGAAGAA GTCTTCTGGAGTGTC
TCAGGCTTA AGCATAC

parkin AAAGCCCACAGC CCACAGCCGAGTCCA
AGTTTCTA TTATT

pink1 GGCTACAGGCTG CCAGGAGGATGTTGT
GAAGATTATG CTGATTT

dj-1 CGGAGGAGATGG CTCCACTATAGTCAA
AGACTGTAA GGCAAACTC

fbxo7 CGGCTGTCTCTG CTCCAAACTCGTCTC
AATGGTAAA CATCTTC

gba CTCGCCGGAATA GTCAGCCCCCAGAAC
ATCACCACAGC GAAAGATTA

dat CCGTCCGGACAG GTGGCGTTGGGGTC
CAGCGTGAGA GGAGCAGT

th TGTTGGGAGGCG CTCCCGCCATGTTCC

GCAGAGTTTGAT  GATTTCTTC

syn2a CCCGCGCCAGGA AGCGTACTGGAGGC
GAGGAA CGATGATTA

smyhc CAGGCTCCCAGA AGCTTCATTCCTGCT
ATGAGATTGAAG GCGAG

efla CTGGAGGCCAGC ATCAAGAAGAGTAGT
TCAAACAT ACCGCTAGCATTAC

Sequencing in plasmid /
Restriction digest
Sequencing in plasmid /
PCR genotyping
Sequencing in plasmid /
Restriction digest
Sequencing in plasmid /
Restriction digest
Sequencing in plasmid /
Restriction digest
RT-PCR / ISH probe
RT-PCR / ISH probe
RT-PCR / ISH probe
RT-PCR / ISH probe
RT-PCR / ISH probe

RT-PCR / ISH probe
RT-PCR / ISH probe
RT-PCR / ISH probe
RT-PCR / ISH probe

RT-PCR

Table 2.2 Primer sequences for PCR / RT-PCR

Amplicons were used for genotyping purposes either by sequencing in plasmid,
genotyping by PCR product length or genotyping by restriction digest assay. RT-PCRs
and ISH (in situ hybridisation) probes were used to assess spatiotemporal expression

of a gene.
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2.4.3 DNA gel electrophoresis

1-1.5% agarose gels containing either TAE (50X: 242g/L Tris, 57.1ml/L Glacial
Acetic acid, 100ml/L 0.5M EDTA pH8.0) or TBE buffer (10X: 108g/L Tris, 55g/L
Boric acid, 40ml/L 0.5M EDTA pH8.0) and 0.05ug/ml ethidium bromide were
made. DNA / RNA samples were loaded on the agarose gels with NEB 6x gel
loading dye alongside 3ul of NEB 2-log DNA ladder and ran at 150-180V.

2.4.4 Quantitative PCR

Primers were designed using NCBI Primer-BLAST with PCR products of
between 50 and 150bp. At least one of the primers in a pair had to span an
exon-exon junction to limit amplification to cDNA rather than gDNA. Primer
melting temperatures ranged from 58 to 62°C with a maximum Tm? difference
of 2°C. Primer size varied between 18 and 24bp and GC content ranged
between 35 and 65%. The maximum number of nucleotide repeats in a row was
3 and the maximum number of G or C nucleotides allowed in the last 5 bases at

the 3’ end was 3.

50



Gene

Forward primer

Reverse primer

parkin
pink1
dj-1
fbxo7
gba
dat

th
pitx3
syn2a

efla

pkma
gpx3
gatm
vamp3
brk1
abcf2a

kcnk3
ccna2

ccnb1

ccnb2

ccnd1

ccne

CGGTGCAAAGACTGCAAACA

CCACAGACTGATGTGCAGGA

CGCACACAAACAGGGTCCATA

TCACTCTGGAGACACCTGCT

CGAGTAGGTGTGTCCTTTAGTC

CGTCACCAACGGTGGAATCTA

GACGGAAGATGATCGGAGACA

GACAACAGTGACACAGAGAAGT

CAAGGTTGTGAGGTCATTTAAGC

TTGAGAAGAAAATCGGTGGTGCT

G
CCGCACACAGCACATGATTG

ACCATAAACGGGACGCAGTT

TCCAGAGGAGTCAGGTTACGA

GAGCTGGATGATCGTGCTGA

GCAGGTCTCGTTTAGCCACT

CGGAACAGGCAAATCCATGC

AGGTCGTGTTGCTCCTGAAG

AAAGCAGCTAACAACAGGACAGT

AAGGTTCAACATGGCGTTAAG

GGTCCACTACAACCCATCTGA

TTCCTTGCCAAACTGCCTAT

TCTTCAACCCAAAATGAGAGC

GTAGAACTCCGCCAGTCT

CTGATGACGTTCAGCTGGTG

AAGCAAACCTCCAGGCAGAA

TCCAGTCTGTGTCTCTGT

CCTCCTCTTCAGACCTGTTTAG

TGCCGATGGCCTCAATTAGTA

CCGCCATGTTCCGATTTCT

TGTCGGGATAACGGTTTCTC

GTACTGGAGGCCGATGATTAA
G
GGAACGGTGTGATTGAGGGAA
ATTC
ACTGCATCTGAAGGGTCACG

AGTGCATTCAGTTCCACGTACT

ATGTTGAAGGTGGCGTCGAT

ATGGCCCACATCTTGACGTT

TTGTGACTCTGGCTTCGATGT

GCTCTGGAATTGGCACCTCT

CATGGCCATAACCTATGGTTGT
TA
GGTTTACACGCAATTATCTGTG
G

CCGGAGGTCTCCATAGGAA

CATAGGTGGAGTAGTGTTGCT
GA
GCTTGCGA TGAAGTTGACG

CCCAAATAAAATGTTTCTCTGT
GTAA

Table 2.3 Primer sequences for gPCR
The following primer pairs were obtained from previously published works: pink1 (Flinn
et al., 2013), dat and th (Chen et al., 2012), pitx3 (Sanchez-Simon et al., 2010), ef1a
(Fan et al., 2010).
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A gPCR standard curve assay was performed with serial dilutions of cDNA, for
each pair of qPCR primers, to ensure amplification efficiencies fell between 90
and 110%.

cDNA was synthesised from 1ug of each RNA sample in a 20l reaction
mixture. gPCRs were then carried out using Fast SYBR Green 2X Master Mix
(Applied Biosystems) with 3l of cDNA as template using the following 20pl

reaction mixture:

e 10ul of 2X SYBR Green Master Mix
e 0.5ul of 10mM Forward Primer

e 0.5ul of 10mM Reverse Primer

e 3ulcDNA

e 17ul dH20

Reactions were prepared in 96 well 0.1ml gPCR plates and the gPCR was ran
in a QuantStudio 3 RealTime PCR System (ThermoFisher Scientific) using the
Fast Run mode and Comparative CT (AACT) settings.

Each qPCR analysis was carried out with three biological replicates and the
mean cycle threshold (Ct) value was normalised to the Ct of reference gene
ef1a generating a delta-Ct (dCt) value for genes of interest. Delta-delta-Ct
(ddCt) values were then calculated by subtracting the dCt values of wild type
siblings from mutants and the relative fold change was equal to 2*(-ddCt).
Student t-tests were carried out comparing the dCt values of mutants and wild
type siblings for each gene. GraphPad Prism5 was used to generate graphs
showing the relative fold change with error bars representing standard error of
the mean (SEM).

2.5 Sequencing mutant lines

2.5.1 PCR product clean-up

PCR products were cleaned up using the Monarch DNA Gel Extraction Kit

(NEB). dH20 was added to each PCR product to reach a total volume of 100l
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before adding 400pl of the Gel Dissolving Buffer. Samples were loaded into the
provided spin columns inside collection tubes. Tubes were centrifuged at
13,000rpm for 1 minute before discarding the flow-through. 200ul of DNA Wash
Buffer was then added to each spin column before centrifuging for a further
minute and discarding the flow-through. The DNA Wash Buffer step was
repeated before transferring the spin column to a clean 1.5ml centrifuge tube
and adding 10ul of dH20. Tubes were left for 1 minute at room temperature

before centrifuging for 1 minute to elute the DNA sample.

2.5.2 Ligation of PCR product into plasmid

PCR products were ligated into the pGEM T-Easy Vector system (Promega)

using the following 10pl reaction mixture:

e 5pl of 2X Rapid Ligation Buffer
e 3ul of PCR product

e 1ul of pGEM T-Easy Vector

e 1ul of T4 DNA Ligase

The ligation mixture was gently vortexed to mix and stored overnight at 4°C.

2.5.3 Transformation of competent E.coli

100ul of dam/dcm- competent E.coli was transformed with 10ul of plasmid. The
plasmid was added to the E.coli before heatshocking at 42°C for 30 seconds,
storing on ice for 5 minutes, then adding 900ul of LB broth (1L: 5g yeast extract,
10g tryptone, 10g NaCl) and incubating at 37°C for 1 hour. Several 10-fold
dilutions were made and 100ul was plated from each dilution on 100ug/mi
ampicillin LB agar plates (1.5% agarose in LB broth) using asceptic technique.

The plates were incubated at 37°C overnight.
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2.5.4 Liquid cultures

Single colonies were selected from plates using sterile pipette tips and
transferred to 3ml of LB broth with ampicillin (1ug/ml). The tips in LB broth were

incubated at 37°C overnight with agitation to grow liquid cultures.

2.5.5 Isolating plasmid DNA from bacteria

Liquid cultures were centrifuged at 10,000 rpm for 10 minutes at 4°C to pellet
the bacteria before isolating plasmids using the QiaPrep Spin Miniprep kit
(Qiagen) following the manufacturers instructions and eluting in 50l of dH20.
The concentration of each plasmid was determined using a Nanodrop ND1000

spectrophotometer.

2.5.6 Sequencing in plasmid

Plasmids were digested with EcoRI (Promega) to check for insert of the PCR
products. Restriction digests were set up using the following 20ul reaction

mixture:

e 2ul of 10X Buffer H (Promega)
e 1ul of EcoRI (Promega)

e 5l of plasmid

e 12yl of dH20

Digestion products were ran on a 1% agarose gel containing TAE. Plasmids
with a confirmed insert were diluted to 100ng/pl. 5pl of the diluted plasmid was
then combined with 5pl of SP6 sequencing primer (5uM) and sent for Sanger

sequencing.

SP6 sequencing primer: AGGTGACACTATAGAATACTCAAGC
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2.5.7 Heteroduplex analysis

Heteroduplex analysis was used to identify heterozygous mutants in the F1
generation of each mutant line. The target gene was PCR amplified from
extracted gDNA using the same primers as those used for sequencing in
plasmid (Table 2.2). 15ul of each PCR product was loaded onto a 15%
polyacrylamide gel containing TBE (30ml: 15ml 30% acrylamide mix, 3ml 10X
TBE, 11.66ml dH20, 300ul 10% APS, 30yl TEMED) and ran at 150V for 2.5
hours in 1X TBE. Gels were then soaked in 1X TBE containing ethidium

bromide 0.5pg/ml for 10 minutes before imaging.

The denaturation and annealing of homozygous DNA during PCR produces a
homoduplex, whilst PCR annealing of heterozygous DNA creates two different
homoduplexes and two different heteroduplexes (Figure 2.1A). A homoduplex is
double stranded DNA (dsDNA) where the strands are identical, a heteroduplex
is dsDNA where the strands differ. The difference in sequence causes a looping
out of the unpaired region in a heteroduplex (Nemudryi et al., 2014). Using this
technique to identify heterozygous mutants relies on the fact that
heteroduplexes migrate slower through the gel than homoduplexes due to the
looping out. Multiple slower travelling bands of heteroduplex DNA are seen

when the individual is a heterozygous mutant (Figure 2.1B).
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Figure 2.1 Heteroduplex analysis of an F1 generation

(A) Schematic of the heteroduplex analysis. PCR annealing from homozygous DNA
produces a single homoduplex, PCR annealing from heterozygous DNA produces
two homoduplexes and two heteroduplexes (left). PCR products ran on a
polyacrylamide gel (right). A single band is seen for wild type, multiple bands are
seen for heterozygous mutants. (B) Example of PCR products amplified from the
CRISPR target of an F1 generation ran on a 15% acrylamide gel containing TBE.
Heterozygous mutants (lanes indicated by +/-) are identified by the presence of four
bands on the gel, wild type zebrafish (+/+) are identified by a single band.
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2.5.8 Genotyping by restriction enzyme digestion

In order to genotype the progeny of a mutant incross, the target gene was
amplified from gDNA extracted from fin clippings before using a restriction
digest assay. Restriction sites present in the target genes, but with a differing

number of sites between the mutant and wild type alleles, were identified.

Restriction enzymes used are listed:

Target  Restriction Wild type allele Mutant allele digestion
gene enzyme digestion products products
parkin BsaJl 464bp 360bp, 109bp
dj-1 Bbvl 214bp, 55bp 286bp
fbxo7 Mnll 244bp, 155bp, 48bp, 244bp, 199bp, 42bp
42bp
gba Sacl 519bp, 210bp 724bp

Table 2.4 Restriction enzymes for genotyping mutants

The following 20pl reaction mixture was set up for each restriction digest:

e 10ul of PCR product
o 7ulof dH20
e 2ul of 10x NEB Buffer

e 1ul of restriction enzyme
Each reaction was incubated at 37°C for 3 hours to ensure digestion of the PCR

products. 10pl from each digest was then ran on a 1.2% agarose gel containing

TBE buffer to check the length of digestion products.
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2.6 Whole mount in situ hybridisation (ISH)

2.6.1 Embryo fixation

Embryos were demembraned and fixed in MEMFA (0.1M MOPS pH7.4, 2mM
EGTA, TmM MgSO4, 3.7% formaldehyde) for 1 hour before washing twice for 5
minutes in PBS. Embryos were then stored in 100% methanol at -20°C until

use.

2.6.2 Synthesis of ISH probes

In order to characterise the expression profile of each target gene and certain
markers in zebrafish RT-PCR and in situ hybridisation (ISH) were used. Primers
were designed to amplify a sequence of approximately 400-600bp in the exonic
region of each gene (Table 2.2). These primers were used for RT-PCR analysis
on cDNA generated from different zebrafish stages/tissues (Figure 3.4).
Products amplified from wild type cDNA were ligated into pPGEM T Easy vector
(Promega) for ISH probe synthesis (Figure 3.2). The plasmids were sequenced
to determine the orientation of each insert and linearised with either Ncol or
Sall. The enzyme had to digest at the 5’ end of each insert. RNA probes were
then transcribed with either T7 or SP6 polymerase in the antisense direction,

incorporating DIG-UTP.
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The enzyme used for template linearization and RNA polymerase used for

transcription are listed for each RNA probe:

Gene Restriction enzyme RNA polymerase
parkin Sall T7

pink1 Ncol SP6

dj-1 Ncol SP6

fbxo7 Ncol SP6

gba Ncol SP6
syn2a Ncol SP6
smyhc Ncol SP6

Table 2.5 Restriction enzymes used for ISH probe templates

2.6.3 Whole mount ISH protocol

Embryos were rehydrated through a methanol/PBST gradient of washes (75%
methanol / 25% PBST, 50% methanol / 50% PBST, 100% PBST). This was
followed by Proteinase K treatment to permeabilise the embryos. 10ug/ml of
Proteinase K in PBST was added to the embryos before gentle agitation for 10
minutes multiplied by the number of days post fertilisation. Embryos were
washed twice in 5ml of 0.1M Triethanolamine pH 7.8, 5 minutes for the first
wash, 5 minutes in the second wash with an added 12.5ul of acetic anhydride
(Sigma) before adding an additional 12.5pl for a further 5 minutes. Embryos
were then washed twice for 5 minutes in PBST before refixing in 10%
formaldehyde / 90% PBST for 20 minutes and washing a further five times in
PBST. Next embryos were transferred into hybridisation buffer (50% formamide,
5X SSC, 100ug/ml heparin, 1X Denhart’s, 0.1% Tween-20, 0.1% CHAPS,
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10mM EDTA) containing 1mg/ml of boiled total yeast RNA and rocked at 60°C
for 2 hours. DIG probes were heated at 80°C for 3 minutes before adding to
hybridization buffer (2-4ul per ml) and replacing the hybridization buffer
covering the embryos. Embryos were incubated at 60°C overnight with the DIG
probe in hybridization buffer while rocking. The following day the hybridization
buffer with probe was removed and embryos were washed twice for 10 minutes
in hybridization buffer at 60°C. Embryos were then washed three times for 20
minutes in 2X SSC + 0.1% Tween before a further three washes for 30 minutes
in 0.2X SSC + 0.1% Tween all at 60°C. Next embryos were washed twice for 15
minutes in maleic acid buffer (MAB: 100mM maleic acid, 150mM NacCl, 0.1%
Tween-20 pH 7.8) before incubating in MAB + 20% heat treated lamb serum
(heated to 60°C for 30 minutes) + 2% Boehringer Mannheim Blocking Reagent
(BMB) for 2 hours, all at room temperature. This was replaced with more of the
same blocking solution with a 1/2000 dilution of affinity purified anti-DIG
fragments coupled to alkaline phosphatase (Roche) and rolled overnight at 4°C.
The following day embryos were washed three times for 5 minutes, followed by
three hour long washes in MAB. Embryos were then washed twice in alkaline
phosphatase buffer (100mM Tris pH 9.5, 50mM MgCl2, 100mM NaCl, 0.1%
Tween-20) first for 3 minutes, then for 10 minutes. The alkaline phosphatase
buffer was then replaced with 1ml of BM Purple staining solution (Roche) and
left until colour developed in the embryos. After staining embryos were washed
twice for 15 minutes in PBST and stored in MEMFA.

2.6.4 Imaging zebrafish embryos
A SPOT SP401-230 camera (Diagnostic Instruments Inc.) attached to a Leica

MZFLIII microscope and a computer running the SPOT advanced software was

used to photograph embryos.

2.7 RNA-Seq analysis

2.7.1 Preparation and sequencing of RNA samples

(Undertaken by Sally James, Technology Facility, University of York)
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The integrity of each RNA sample was measured using an Agilent 2100
Bioanalyzer (Figure 4.2). An NEBNext Poly(A) mRNA Magnetic Isolation
Module was then used to isolate the mRNAs from 0.5ug of each total RNA
sample. cDNA libraries were generated using the NEBNext Ultra RNA Library
Prep Kit for lllumina following the manufacturer’s instructions. Unique adaptor
sequences were added to the fragments in each cDNA library before pooling
them together. The pooled cDNA libraries were then sequenced using 2 x
150bp paired end reads on 1 lane of an Illlumina HiSeq 3000 system at the

University of Leeds Next Generation Sequencing Facility.

2.7.2 Computational analysis

(Undertaken by Katherine Newling, Technology Facility, University of York)
Approximately 300 million reads were produced by Illlumina sequencing
equating to ~50 million reads per sample. FastQC analysis was used to check
the quality of reads in the FASTQ files generated and Cutadapt 1.16 was used
to trim the adaptor sequences from each read. The FASTQ files were then
aligned to genome assembly GRCz11, the transcriptome was annotated using
RefSeq (NCBI) and transcript abundance was quantified using Salmon 0.10.2.
Transcripts Per Million (TPM) values were calculated to normalize the reads for
gene length and sequencing depth. Differential expression analysis was then
carried out on the aligned transcripts using Sleuth 0.30.0. The likelihood ratio
test was used to calculate statistical significance and the Wald test was used to
calculate the beta values of transcripts, analogous to fold change. 32 transcripts
had significantly altered expression (q < 0.05). A heatmap representing the
changes in expression of a curated set of these transcripts was created by

uploading the TPM values to https://software.broadinstitute.org/morpheus/.

2.7.3 Gene set enrichment analysis

A gene set enrichment analysis (GSEA) was performed using the GSEA 4.0.0
(Broad Institute) software on data from the RNA-Seq analysis. GSEA
determines whether there are changes in the expression of large gene sets that
have been grouped by biological function. In GSEA the genes from an

expression analysis are ordered by correlation between expression and
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genotype before determining whether the genes in each gene set are
overrepresented at the top or bottom of the ordered list (Subramanian et al.,
2005). The main advantages of using GSEA to analyse transcriptomic data are
that it uses all of the genes in a data set, rather than just those with a significant
difference, and gene-gene dependency is maintained during the analysis
(Tamayo et al., 2016). GSEA also has more sensitivity when it comes to
recognising coordinated regulation of genes grouped by function compared to
the study of single differentially expressed genes. The results of GSEA are also
easier to interpret and more reproducible than just studying the significantly
different genes from a transcriptomic analysis (Subramanian et al., 2005). One
disadvantage of GSEA is that many gene sets can overlap because of genes
playing roles in multiple biological processes (Simillion et al., 2017). Using the
HALLMARK gene sets, which was created using a computational method to
reduce any potential overlap between the gene sets, helps overcome this
problem (Liberzon et al., 2015). Another possible issue with using GSEA is the
effect sample source bias can have on the results, this is most apparent when
gene sets specific to the tissue type being analysed are tested for significance
against genes from the entire genome (Simillion et al., 2017). Following the
instructions from the Broad Institute website (software.broadinstitute.org/gsea)
an expression dataset file (.gct) was created containing the TPM values for
each transcript in a sample, and a phenotype labels file (.cls) was created to
label the phenotype of each sample. The Zebrafish.chip file was chosen to
translate zebrafish transcript names in the expression dataset file to HUGO
(Human Genome Organisation) gene symbols. The HALLMARK gene sets file
was chosen from the Molecular Signature Database (Broad Institute) for
analysis. GSEA was then performed to detect enriched HALLMARK gene sets
in the dj-17- samples. Gene set permutation was used to assess statistical
significance of the enrichment scores as the number of samples in a phenotype
was less than 7 (software.broadinstitute.org/gsea). Gene sets with a normalised
enrichment score (NES) = 1.5, FDR g-value < 0.05 and nominal p-value < 0.05

were considered significant.
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2.8 Western Blot analysis

Zebrafish brains were dissected out and homogenised in 100ul of PhosphoSafe
Extraction Reagent (Novagen) using a plastic homogenizer before centrifuging
at 13,000rpm for 15 minutes and transferring 70ul of supernatant over to a new
centrifuge tube. 70ul of 2X sample buffer was added to each sample before
heating to 95°C for 2 minutes to denature the proteins. 25ul of each sample was
loaded onto a 12% acrylamide/SDS-PAGE resolving gel (20ml 12% resolving
gel: 8ml 30% Acrylamide, 5ml 1.5M Tris-HCI pH8.8, 6.6ml H20, 200ul 10%
SDS, 200ul 10% APS, 50ul TEMED) with a 4% acrylamide/SDS-PAGE stacking
gel (10ml 4% stacking gel: 6.8ml H20, 1.7ml 30% Acrylamide, 1.25ml 1M Tris-
HCI pH6.8, 100ul 10% SDS, 100ul 10% APS, 25ul TEMED).

Samples were ran at 180V for 2 hours alongside 10ul PageRuler Prestained
Protein Ladder (26616, ThermoFisher) in Tris-Glycine gel running buffer (3g/L
Tris, 14.4g/L Glycine, 10ml/L 10% SDS). Gels were then soaked in Tris-Glycine
transfer buffer (3g/l Tris, 14.4g/l Glycine, 10ml/l 10% SDS, 100ml/I methanol) for
10 minutes. During this PVDF membranes were soaked in 100% methanol for
15 seconds before washing in dH20 for 2 minutes and finally soaking in the
Tris-Glycine transfer buffer for 5 minutes.

The protein bands on the acrylamide gels were transferred onto PVDF
membranes at 90V for 3 hours at room temperature. Membranes were then
blocked with 5% milk (Marvel) in PBST (1X PBS, 0.1% Tween 20) for 1 hour.
Membranes were incubated at 4°C overnight on a roller with the primary
antibodies diluted in the same blocking solution (Table 2.6). The following day
membranes were washed six times in PBST for 15 minutes. Membranes where
then blocked again for 30 minutes before incubating for 1 hour at RT in
secondary antibodies diluted in blocking solution. Membranes were washed a
further six times in PBST for 15 minutes. BM Chemiluminescence (Roche)
substrate was used to develop the membranes before exposing them to

Hyperfilm ECL (Amersham) until expression was visualised.

Membranes were stripped following the Bio-Rad Blot Stripping and Reprobing
protocol (biorad.com) based on Legocki and Verma (1981). Membranes were

incubated in acidic glycine stripping buffer (0.1M glycine, 20mM magnesium
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acetate, 50mM KCI, pH2.2) for 10 minutes at room temperature with agitation.
The incubation was repeated a second time before washing the membranes in
PBS three times for 5 minutes. The membranes were blocked again for 1 hour
in 5% milk (Marvel)/PBST before incubating with primary antibody dilutions

overnight and continuing the Western Blot protocol.

Target Primary antibody dilution Secondary antibody dilution
DJ-1 1:50,000 1:2000 anti-rabbit HRP
(PA5-72638, Invitrogen) (#7074, Cell Signaling
Technology)
GAPDH 1:50,000 1:4000 anti-mouse HRP
(G8795, Sigma-Aldrich) (62-650, Invitrogen)
TH 1:50,000 1:4000 anti-mouse HRP
(22941, Immunostar) (62-650, Invitrogen)
P-AKT 1:5000 1:2000 anti-rabbit HRP
(9271S, Cell Signaling (#7074, Cell Signaling
Technology) Technology)
ATP5F1B 1:5000 1:2000 anti-rabbit HRP
(HPAO01528, Atlas (#7074, Cell Signaling
Antibodies) Technology)

Table 2.6 Antibodies used for protein detection in Western blot

2.9 Immunofluorescence

2.9.1 Vibratome sectioning of zebrafish brains

Adult zebrafish were euthanised and whole brains were extracted by dissection
following the jove protocol (Gupta and Mullins, 2010). Brains were then fixed
overnight at 4°C in a 4% PFA / 1X PBS (w/v) solution. Following fixation brains
were washed twice in 1X PBS for ten minutes. A 3% agarose / 1X PBS solution
(w/v) was then prepared and cooled in a 60°C water bath before use. The
agarose solution was used to embed each brain in a separate mold. Once the
agarose had set each agarose block was removed from its mold and trimmed
down using a razor blade to leave a small excess of agarose around each

brain. The brains in agarose were then superglued to specimen disks of the
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vibratome, orientated so the most caudal region of the brain was facing the
specimen disk. The specimen disk was inserted into the buffer tray of the
vibratome which was then filled with 1X PBS solution. Each brain was sectioned
transversely at a thickness of 100uM. Floating sections were moved from the

buffer tray to 6-well plates using a Pasteur pipette.

2.9.2 Immunofluorescence for TH positive cells

The PBS in each well containing brain sections was removed and replaced with
a 10 mM sodium citrate buffer (pH 8.5). Sections were then incubated in the
sodium citrate buffer for 2 hours at 80°C. Following incubation sections were
washed twice in 1X PBS with 1% TritonX-100 for 15 minutes. Sections were
then blocked in 2% BSA / 1X PBS with 1% TritonX-100 (w/v) for 30 minutes.
After blocking, sections were incubated overnight at 4°C with a 1:500 dilution of
mouse anti-TH (#22941, Immunostar) in 2% BSA / 1X PBS with 1% TritonX-100
(w/v). The following day sections were washed four times in 1X PBS with 1%
TritonX-100 for 30 minutes. Sections were then incubated overnight at 4°C with
a 1:500 dilution of goat anti-mouse IgG1 conjugated to Alexa Fluor 488
(A21121, Invitrogen) in 2% BSA / 1X PBS with 1% TritonX-100 (w/v). The
following day sections were washed four times in 1X PBS with 1% TritonX-100
for 30 minutes. Staining for nuclei was carried out by incubating the sections in
1ug/ml Hoecshst 33342 in PBS with 1% TritonX-100 for 10 minutes. Sections
were washed four times in PBS with 1% TritonX-100 for 30 minutes. Sections
were transferred to microscope slides with a 15mm cavity before mounting with
Hydromount (National Diagnostics) and a coverslip. Slides were then analysed

using a Zeiss LSM 710 confocal microscope.
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3 Generating zebrafish models of PD
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3.1 Introduction

3.1.1 Genome editing to model PD in the zebrafish

The overall aims of modelling human disease in animals are to (i) gain a better
understanding of the molecular basis of the condition by creating an
experimental model, and (ii) in the case of zebrafish in particular, to contribute
to the drug design pathway to develop new therapies. In this thesis, the aim
was to evolve a classifier to distinguish the PD model as having a movement
disorder when compared to healthy control zebrafish. A future study could then
attempt to rescue the movement phenotype, with the possibility of a chemical
screen to identify new candidates for treating the PD pathology. In order to do
this, the model generated needs to be heritable. Here, genome editing was

used to create both permanent and heritable models of PD in zebrafish.

Genome editing methods in zebrafish

There are three well-known methods of genome editing used in zebrafish: zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases
(TALENS) and the relatively new CRISPR/Cas9 (Doyon et al., 2008; Cade et
al., 2012; Hwang et al., 2013). ZFNs and TALENSs are both DNA-binding
proteins, containing a Fok | nuclease domain, used to create a targeted double-
strand break in the DNA (Chandrasegaran et al., 1996; Joung and Sander,
2013). The DNA-binding domain of a ZFN recognises a unique 9-18bp
sequence whilst a TALEN recognises a sequence of 32-35bp giving increased
specificity (Shimizu et al., 2011; Gaj et al., 2013). Additionally, each ZFN or
TALEN only cuts through a single strand of DNA so a pair of these reagents is
required to recognise and cleave adjacent sense and antisense sequences
(Bitinaite et al., 1998; Smith, 2000). Working as a pair increases the specificity
of ZFNs or TALENSs reducing the chances of off target effects. However, both
methods require protein engineering to create the unique DNA-binding
domains, which is complex and costly, whereas CRISPR/Cas9 targeting is
simple and much more cost-effective (Gupta and Musunuru, 2014). For each
gene targeted using CRISPR/Cas9 a single RNA molecule containing a unique

sequence is required while the protein cleaving the DNA, Cas9, is always the
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same and generates a double-strand break (Chang et al., 2013). The guide
RNA (gRNA) contains a 19-23bp target sequence identical to a region in the
target gene directly upstream of a 3bp protospacer adjacent motif (PAM site).
The gRNA guides the Cas9 protein to the target sequence which is cleaved
upstream of the PAM site (Figure 3.1). Compared to ZFNs and TALENSs,
generating gRNA is simple, efficient and economical (Chang et al., 2013).
However, the drawback of CRISPR/Cas9 is the specificity. The target sequence
is only ~20bp and only one gRNA with Cas9 is needed to produce a double-
strand break rather than a pair, increasing the chances of off target effects
(Gupta and Musunuru, 2014). Nevertheless, CRISPR/Cas9 has proven to be an
effective method to specifically edit genomes in many species (Gratz et al.,
2013; Nakayama et al., 2013; Wang et al., 2013; Woong Y Hwang et al., 2013)
and was the method used here to create five mutant lines of zebrafish for
modelling PD. Several generations of out-crossings are required to generate
each mutant line; this means that the probability of any off-target mutations
being carried along with the selected mutation in the homozygous mutants is
low. Therefore, the CRISPR/Cas9 advantages of simplicity and low cost
outweigh any drawbacks compared to TALENs and ZFNs, especially when

producing multiple mutant lines.
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Figure 3.1 Diagram of CRISPR/Cas9 gene targeting

The Cas9/guide RNA complex base pairs with the complementary target sequence in
genomic DNA. Cleavage (indicated by red arrows) occurs upstream of the PAM site
(NGG).

3.1.2 PD-associated genes targeted for knockout

The genes targeted for mutation were orthologous to human genes considered
either causative for autosomal recessive PD or a major PD risk factor. Target
genes included parkin, pink1, dj-1, fbxo7 and gba. parkin was chosen because
mutations in human PARKIN are the most common cause of autosomal
recessive PD, accounting for ~50% of cases (LUcking et al., 2000). PARKIN
mutations were also seen in 77% of sporadic PD cases with onset before the
age of 20 (Lucking et al., 2000). PINK1 is the second most commonly mutated
gene to cause autosomal recessive PD accounting for 1-7% of cases (Lohmann
and Klein, 2008). Mutations in DJ-1 are the third most common cause of
autosomal recessive PD found in approximately 1-2% of cases (Klein and
Westenberger, 2012). An additional reason for selecting DJ-1 was its
involvement in the oxidative stress response (Kahle, Waak and Gasser, 2009).
Oxidative stress is highly associated with the death of DA neurons in PD
patients (Blesa et al., 2015). DJ-1 is a major transcriptional regulator of

antioxidant genes and not all of its downstream targets have been fully
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investigated (Clements et al., 2006; Wang et al., 2011). Therefore, a DJ-1
mutant line was of high interest to study the molecular mechanisms contributing
to PD. Out of the genes targeted FBXO?7 is the rarest cause of autosomal
recessive PD, with mutations seen in 18 patients from 5 families (Zhou et al.,
2015). FBXO7 co-operates with PINK1 and PARKIN in the breakdown of
damaged mitochondria (Burchell et al., 2013). Therefore, it would be of interest
to see whether zebrafish with mutations in PINK1, PARKIN or FBXO7 are
phenotypically similar. The final gene targeted in zebrafish was gba. GBA
mutations are the largest risk factor for developing PD and cases associated
with heterozygous mutation of GBA are clinically very similar to idiopathic PD
(Migdalska-Richards and Schapira, 2016). However, homozygous mutation of
GBA causes the autosomal recessive lysosomal storage disorder Gaucher’s
disease in humans (Hruska et al., 2008). Homozygous and heterozygous gba
mutant zebrafish were studied as both have an increased risk of developing PD

in humans (Lwin et al., 2004).

3.1.3 Aims of this chapter

Previous models of PD in zebrafish have used transient methods including
neurotoxins to ablate DA neurons and knockdown methods using antisense
MOs (Table 1.5 and Table 1.6). Neurotoxins have generally caused a decrease
in dopamine and locomotion in the zebrafish but with a fast recovery and the
rapid loss goes against the progressive loss seen in PD (Sallinen et al., 2009).
These models are also poor for studying the molecular mechanisms that
underlie PD pathogenesis. Knockdown of PD-associated genes in zebrafish is
better for studying the pathways involved but again the models are transient
(Bretaud et al., 2007). In order to generate permanent heritable models of PD in
zebrafish genome editing was used. CRISPR/Cas9 was chosen as the method

to generate mutant lines.

The aims of this chapter are:

e Toidentify and characterize the temporal/spatial expression of a set of
PD-associated genes in zebrafish (parkin, pink1, dj-1, fbxo7 and gba).

70



To disrupt each PD-associated gene in zebrafish using CRISPR/Cas9
and sequence the mutation generated.

To evaluate the effect of each mutation on the translated protein.

To determine whether there is nonsense-mediated decay of the target
gene transcripts.

To analyse the effect each mutation has on the DA neurons in the

zebrafish brain.
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3.2 Results

3.2.1 Orthologs of the PD-associated genes in zebrafish

A BLAST search was used to identify the orthologs in zebrafish for each of the
PD-associated genes being targeted, and to compare the amino acid
sequences of the encoded proteins. A single PARKIN orthologue, containing 12
exons, was identified in zebrafish on chromosome 13
(ENSDARGO00000021555). The 458 amino acid protein encoded by parkin in
zebrafish had 62% identity with human PARKIN. PINK1 has a single
orthologue, containing 8 exons, in zebrafish on chromosome 23
(ENSDARGO00000001929). Zebrafish Pink1 was 574 amino acids long and
shared 62% identity with human PINK1. A single DJ-1 orthologue, containing 6
exons, was identified in zebrafish on chromosome 11
(ENSDARGO00000116835). The 189 amino acid protein encoded by dj-7 in
zebrafish had 83% identity with human DJ-1. FBXO?7 has a single orthologue,
containing 10 exons, in zebrafish on chromosome 4 (ENSDARG00000099833).
Zebrafish Fbxo7 was 486 amino acids long and shared 38% identity with
human FBXO7. A single GBA orthologue, containing 10 exons, was identified in
zebrafish on chromosome 16 (ENSDARGO00000076058). The 518 amino acid
protein encoded by gba in zebrafish had 57% identity with human GBA.

3.2.2 Synthesising in situ probes for the target genes

To characterise the expression profiles of each of the PD-associated genes
being targeted in zebrafish in situ hybridisation (ISH) and RT-PCR assays were
carried out (see Methods in Chapter 2 for full detail). Primers were designed in
the coding sequence of each gene, with each primer residing in a separate
exon (Figure 3.2A). The primer pair for each gene was then used for cloning a
region of the coding sequence for in situ probe synthesis and for RT-PCR
analysis. PCR products amplified from the cDNA of wild type zebrafish (Figure
3.2B) were T-cloned into the pGEM T-Easy vector system (Figure 3.2C) before
sequencing to determine the orientation of each insert. DIG-labelled antisense
RNA probes were then synthesized by transcription.
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Figure 3.2 Generating in situ probe templates

(A) The location of primers used to amplify a region of the coding sequence for
parkin, pink1, dj-1, fbxo7 and gba (adapted from ensembl.org) (B) PCR products
amplified from the coding sequence of each PD-associated gene. (C) The plasmid
map for the pGEM T-Easy vector system (Promega) PCR products amplified from
each PD-associated gene were T-cloned into the plasmid before linearising and
transcribing each ISH probe.
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3.2.3 Expression profiles of PD-associated target genes

To investigate the spatial expression of the target genes in zebrafish in situ
hybridisation (ISH) was carried out on wild type embryos at 4 dpf (see Methods
in Chapter 2 for more details). Digoxigenin-labeled RNA probes hybridised to
the transcripts of interest and a colorimetric reaction produced staining in the
areas of expression. In addition to the analyses of parkin, pink1, dj-1, fbxo7 and
gba, the expression of markers for DA neurons (dat), catecholaminergic
neurons (th), general neurons (syn2a) and muscle (smyhc) were also studied.
dat expression was highly specific to the olfactory bulb (OB), pretectum (P) and
diencephalic dopaminergic clusters (DC) in the brain (Figure 3.3A). parkin,
pink1, dj-1 and gba were all found to be widely expressed in the zebrafish
embryo including a ring of expression around the retina (R) (Figure 3.3C-E,G).
fbxo7 had low levels of ubiquitous expression (Figure 3.3F). parkin, dj-1 and
gba all showed heightened expression in the intestines (I) (Figure 3.3C,E,G).
Additionally, dj-1 had greater expression in the brain and liver (Figure 3.3E),
whereas gba was expressed higher in the brain as well as the caudal
haematopoietic region (CHR) (Figure 3.3G), a region of haematopoeisis
(Murayama et al., 2006). syn2a expression was highly specific to the brain,
including a ring around the retina (Figure 3.3H), and smyhc was highly
expressed specifically in muscle tissue (Figure 3.31). The results of these
analyses agree with the results of previous expression analyses in the
zebrafish. dat and th expression matching the expression patterns shown in
Figure 3.3A and 3.3B has been seen in multiple reports (Decker et al., 2014;
Xia et al., 2017; Chen et al., 2012; Flinn et al., 2013, 2009; Zhao et al., 2012;
Bretaud et al., 2007). Thisse and Thisse (2004) saw a basal level of expression
throughout the zebrafish embryo for parkin, pink1, dj-1 and fbxo7 with
heightened expression in the brain and around the eye for dj-7. Bai et al. (2006)
saw heightened expression of dj-1 in the intestines of zebrafish embryos.
Keatinge et al. (2015) reported heightened expression of gba in the brain and
liver of the zebrafish embryo. A loss of gba expression has also been reported
to increase the number of haematopoietic precursor cells in the zebrafish
embryo, which are found in the CHR (Zancan et al., 2015). This suggests that
gba is expressed in the CHR to have an effect on haematopoietic precursors.

High expression of syn2a in the brain of the zebrafish embryo was reported by
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Garbarino et al. (2014) and Thisse and Thisse (2004) saw smyhc expression in
the tail of the zebrafish and in the extraocular muscles. Therefore, the staining
seen for each of the genes in Figure 3.3 appeared successful. In situ
hybridisation for each of the genes was only carried out once on 4dpf embryos,

however, staining on 3dpf and 5dpf embryos had similar patterns of expression.

To study any spatial restriction of gene expression in adult zebrafish RT-PCR
was used. RNA samples extracted from the eye, brain, liver, muscle and tail of
wild type adults were used. Similar to the results of the ISH all of the target
genes were expressed in all tissues examined, whilst dat and syn2a expression
was restricted to the brain with faint expression in the eye (Figure 3.4A). smyhc
was expressed at high levels in the muscle and tail tissue with a lower level of
expression in the eye, likely from the extraocular muscles (Kasprick et al.,
2011). To study the temporal expression during zebrafish development RT-PCR
was carried out using RNA extracted from zebrafish 1 to 6 dpf. Each target
gene assessed was expressed from 1 dpf whilst dat expression was first
detected at 2dpf (Figure 3.4B).
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Figure 3.3 Spatial expression of PD-associated genes in zebrafish

Whole mount in situ hybridisations on zebrafish at 4dpf for dat (A), th (B) parkin (C),
pink1 (D), dj-1 (E), fbxo7 (F), gba (G), syn2a (H) and smyhc (l). Upper image is the
dorsal view and lower image is the lateral view for all figures. Olfactory bulb (OB),
dopaminergic diencephalic clusters (DC), pretectum (P), retina (R), intestines (1),

liver (L), brain (B) and caudal haematopoietic region (CHR) are indicated. The
fraction of embryos with the staining shown is indicated in the bottom right corner of
each image. 76
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Figure 3.4 Spatial/temporal expression of the target genes

(A) RT-PCR analysis comparing expression across tissues of PD-associated target

genes, DA neuron marker (dat), neuronal marker (syn2a) and muscle marker
(smyhc). (B) RT-PCR analysis studying temporal expression of parkin, pink1, dj-1,
fbxo7, dat, syn2a and smyhc. ef1a was used as a loading control for both RT-PCR

analyses.
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3.2.4 Synthesising guide RNA for CRISPR/Cas9 targeting

A 20bp target sequence was identified in each target gene and incorporated
into the gene specific forward primer for amplification of the gRNA template
(see Methods in Chapter 2 for full detail). Target sequences were selected in
exons close to the 5’ end of the gene to increase the probability of an early stop
codon near the 5’ end and truncation of the protein with loss of the important
functional domains. Sequences with a GC content between 40 and 70% were
chosen based on previous CRISPR/Cas9 studies that found gRNAs with these
GC levels to be more effective (Wang et al., 2014; Tsai et al., 2015). To reduce
the chance of off-target effects only sequences lacking off-target sites (with 1-2
nucleotide mismatches) were chosen. Furthermore, the position of the target
sequence in the gene was important for PCR amplification and sequencing of
the mutations generated. Space was allowed upstream and downstream of the
CRISPR target in the gene to amplify products of 400-800bp in length. PCR
primers started at least 80bp from the target sequence to avoid the mutations
generated occurring in the low quality base call region when sequencing in
plasmid (Yao et al., 2006). These PCR primer requirements meant that target
sequences in the second or third exon ended up being selected rather than
sequences in the first exon. In an attempt to remove a large section of the gene
in pink1 a second target sequence was identified approximately 100bp
downstream from the first and used to generate a gRNA template. The location
of each target sequence in the relevant PD-associated gene is indicated in
(Figure 3.5) and the primers used for generating the gRNA templates are listed
in (Table 2.1). gRNAs were transcribed from each template using T7 RNA
polymerase and cleaned up by phenol-chloroform extraction and ethanol
precipitation. gRNAs were then injected alongside Cas9 protein into one cell

stage embryos.

3.2.5 Validating CRISPR/Cas9 mutation of target genes in the FO

To confirm that CRISPR/Cas9 was effective at generating mutations in the
target genes of the founder generation (FO), DNA sequencing was carried out
on the genomic DNA of multiple FO individuals. However, CRISPR/Cas9 is

known to produce mosaic mutants where members of the FO can bear multiple
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populations of cells with different mutant alleles of the target gene in each
population (Mehravar et al., 2019). Therefore, 5 embryos from each FO
generation were lysed to extract their gDNA, PCR amplified products of the
target region were ligated into the pGEM T-easy plasmid and used to transform
competent E.coli (see Methods in Chapter 2 for full detail). The primers used for
each PCR amplification are listed in (Table 2.2) and the location in each target
gene is displayed in (Figure 3.5). PCR primers were selected using the online

tool Primer-Blast (www.ncbi.nim.nih.gov/tools/primer-blast/) to produce amplicons

of 400-800bp containing the CRISPR target with each primer starting at least
80bp from the target sequence. The maximum range in melting temperature for
a primer pair was 6°C (for fbxo7) and the remaining primer pairs had a
maximum range of 2°C ensuring simultaneous binding and efficient PCR
amplification. The GC content for the majority of primers ranged from 35-50%
(the fbxo7 forward primer had a 20% GC content), a higher GC content
increasing the strength of annealing (Kamel, 2003). Multiple colonies from each
ligation were picked to investigate the mosaic of sequences present in each of
the 5 founder fish analysed. Each colony could feasibly represent a different
mutant allele from the same gRNA/CRISPR injected individual. Plasmids were

isolated from each liquid culture and sequenced.
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Figure 3.5 Location of CRISPR target sequences and PCR primers

The location of CRISPR target sequences in the exons of parkin, pink1, dj-1, foxo7

and gba (indicated by a *). Primers for the amplification of each CRISPR target
region for sequencing purposes are indicated by red arrows (adapted from
ensembl.org). The start of each PCR primer in relation to the target sequence is
given in bp with + indicating upstream in the gene and — indicating downstream in
the gene.
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FO0 embryo
Target Gene
1 2 3 4 5
parkin 2/3 (2) 1711 3/3(3) | 2/13(2) | 2/12(2)
gRNA 1 11 | 4/4(3) | 4/4 (3) 0/3 0/2
pink1

gRNA 2 11 | 3/4(2) | 4/4(2) 0/3 0/2

dj-1 2/2 (2) 1M 11 | 2/2 (2) 1/3

fbxo7 4/4 (3) | 3/3(3) | 4/4(3) | 3/3(3) 11

gba 0/1 01| 22(2) | 2/2(2) 11

Table 3.1 FO generation rate of mutation

The rate of mutation in the FO generation for each target gene and gRNA. 5 FO
embryos were lysed to extract their genomic DNA, the target region was PCR
amplified and ligated into plasmid before transforming competent bacteria with the
ligations. Four colonies were selected and sequencing on their four corresponding
plasmids was attempted. The rate of mutation is displayed as the number of mutant
alleles identified out of successfully sequenced plasmids. The number of mutant
allele variants is displayed in brackets when at least two sequenced plasmids carried
a mutation. This acts as a measure of mosaicism in the FO generation.

3.2.6 Identifying frameshift mutations in the F1

Individuals from the FO generation were outcrossed with wild type zebrafish to
produce a heterozygous F1 generation for each mutant line. For this to be
successful the FO individual in the outcross had to be carrying a mutant allele of
the target gene in its germ cells (Hwang et al., 2013b). Because fertilisation
involves one sperm with a single haploid genome, the problem with mosaicism
stops at this point and if germ line transmission of a mutation is successful, then
each F1 individual will be heterozygous for that allele. To identify heterozygous
mutations in the F1 that caused a frameshift and an early stop codon, both
copies of the target gene had to be sequenced in F1 individuals. Each F1
generation was raised to 3 mpf and fin clipped. Clippings were lysed to extract
the genomic DNA for PCR of the target genes. A heteroduplex analysis was
then carried out on the PCR products to identify any carriers of a mutated target
gene (see Methods in Chapter 2). The amplified target genes of any confirmed
heterozygous mutants were ligated into plasmid and used to transform

competent E.coli. Multiple colonies were picked from each transformation; 50%
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of the colonies are expected to carry the mutation. Plasmids were retrieved by

miniprep and sequenced.

Target Gene Heterozygous
mutants in the F1
parkin 7/9
pink1 9/14
dj-1 8/13
fbxo7 3/6
gba 5/12

Table 3.2 F1 generation mutation transmission

The number of fish in the F1 generation identified with a heterozygous mutation in
the target gene out of those successfully sequenced.

Parkin

In the parkin F1 generation seven heterozygous mutants were identified by
heteroduplex analysis and sequenced, six carried a 5bp frameshift in parkin and
one fish had a 1bp insert. The 5bp frameshift in exon 2 at position 224 of
NM_00101763 was caused by a 4bp deletion followed by a 9bp insertion
(Figure 3.6A). This resulted in a premature stop codon 85bp downstream at
position 309. The premature stop codon would cause truncation of the Parkin
protein to 96aa and loss of the RING1, IBR and RING2 domains (Figure 3.6B)
(based on structure by Fett et al., 2010). The mutant parkin sequence was
found to gain a BsaJdl restriction site allowing genotyping of parkin mutants by
restriction digest assay. PCR amplification of parkin using the primers in (Table
2.2) creates a ~500bp product. Digestion of the mutant amplicon with BsaJl
generates two products of ~400bp and ~100bp, whereas the wild type amplicon
contains no BsaJl restriction site. Gel electrophoresis of the parkin digestion
products was used to genotype (Figure 3.6C). gRT-PCR analysis was carried
out on RNA extracted from the brains of 3 parkin’- mutants and 3 wild type
siblings at 16 wpf to study the expression of parkin and markers for DA neurons
(dat), catecholaminergic neurons (th), DA neuron development (pitx3) and a
general neuronal marker (syn2a) (Nunes et al., 2003; Rink and Wullimann,
2002; Holzschuh et al., 2001; Garbarino et al., 2014). No significant difference
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was seen in parkin, dat or th levels. Whereas, a marked reduction of pitx3
(~50%) and increase of syn2a (~40%) was seen in the parkin’- mutants (Figure
3.6D). Therefore, no nonsense-mediated decay of the parkin transcript has
occurred and according to dat and th expression there is no overall change in
the number of DA neurons. The loss of pitx3 suggests issues with the
development and maintenance of DA neurons (Nunes et al., 2003; Li, Dani and
Le, 2009) and the increase in syn2a expression could indicate increased
synapse formation (Ferreira et al., 1995; Han et al., 1991). In conclusion, the
mutation of parkin has had an effect on the maintenance and synaptic function
of neurons, including the DA neurons, but there has been no loss of the DA

neurons.
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Figure 3.6 Mutation of parkin and the effect on DA neuron markers

(A) The parkin target sequence (blue) and PAM site (red) in the wild type and parkin
mutant. A 4bp deletion followed by a 9bp insertion occurred in the parkin mutant. (B)
Wild type Parkin (above) and truncated Parkin protein (below) predicted in the parkin
mutant (C) Gel electrophoresis of parkin PCR products amplified from gDNA and
digested with BsaJl. Genotypes of zebrafish are labelled above each lane. (D) qRT-
PCR analysis comparing parkin, dat, th, pitx3 and syn2a expression in parkin-/-
(n=3) and wild type sibling (n=3) brains at 16 wpf. Error bars represent SEM, * =
P<0.05.
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PINK1

In the pink1 F1 generation nine heterozygous mutants were identified by
heteroduplex analysis and sequenced. Seven carried a 6 bp deletion in pink1
and two individuals carried a 101 bp deletion between the two target
sequences. The 101bp deletion in exon 2 at position 591 of NM_001008628
caused a shift in the reading frame resulting in a premature stop codon 71bp
downstream (Figure 3.7A). The premature stop codon would cause truncation
of the translated Pink1 protein from 575 aa to 184 aa and loss of the majority of
the kinase domain (Figure 3.7B) (based on Flinn et al., 2013). Genotyping of
pink1 mutants by PCR was simple due to the 101bp deletion in the mutant
allele. Amplification of the wild type allele using the primers in (Table 2.2)
produced a ~700bp product, whereas PCR of the mutant allele generated a
~600bp product. Gel electrophoresis of the pink1 PCR products was used to
genotype pink1 mutants (Figure 3.7C) qRT-PCR analysis was carried out on
RNA extracted from the brains of 4 pink1/- mutants and 3 wild type siblings at
16 wpf to study the expression of pink1, dat, th, pitx3 and syn2a. A 90% loss of
pink1 expression was seen in the pink1-- mutant brain (Figure 3.7D). There was

no significant change in expression of dat, th, pitx3 or synZ2a.
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Figure 3.7 Mutation of pink1 and the effect on DA neuron markers

(A) The pink1 target sequence (blue) and PAM site (red) in the wild type (above)
and pink1 mutant (below). A 101bp deletion between the two target sequences
caused a frameshift in the pink1 mutant. (B) Wild type Pink1 (above) and truncated
Pink1 protein (below) predicted in the pink1 mutant (C) Gel electrophoresis of pink1
PCR products amplified from gDNA. Genotypes of zebrafish are labelled above
each lane. (D) gRT-PCR analysis comparing pink1, dat, th, pitx3 and syn2a
expression in pink1-/- (n=4) and wild type sibling (n=3) brains at 16 wpf. Error bars
represent SEM, *** = P<0.001.
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DJ-1

In the dj-1 F1 generation eight heterozygous mutants were identified and
sequenced, six carried a 3 bp deletion in dj-7 and two carried a 17 bp
frameshift. The 17 bp frameshift was the result of a 2bp deletion followed by a
19bp insertion in exon 2 at position 200 in NM_001005938 (Figure 3.8A). The
shift in reading frame produced a premature stop codon at position 227. Dj-1
protein translated from the mutant transcript would be 56 aa in length missing
the crucial C106 residue (Figure 3.8B) (based on Bai et al., 2006). The mutant
dj-1 sequence was found to lose a Bbvl restriction site allowing genotyping of
dj-1 mutants by restriction digest assay. PCR amplification of dj-71 using the
primers in (Table 2.2) created a ~300bp product. Digestion of the wild type dj-1
amplicon with Bbvl created a ~200bp product and another fragment less than
100bp in length. The mutant dj-7 amplicon lacks the Bbvl restriction site so no
digestion with Bbvl occurs. Gel electrophoresis of the dj-1 digestion products
was used to genotype (Figure 3.8C). gRT-PCR analysis was carried out on
RNA extracted from the brains of 5 dj-77- mutants and 3 wild type siblings at 16
wpf to study the expression of dj-1, dat, th, pitx3 and syn2a. A 95% loss of dj-1
was seen in the mutants alongside a ~40% reduction in dat, th and pitx3
expression (Figure 3.8D). No significant loss of syn2a expression was
observed. Western blot analysis was carried out to compare DJ-1 protein
expression in the brains of 3 dj-1-- mutants and 4 wild type siblings at 16 wpf
using an antibody (PA5-72638) that recognizes amino acids 40-69 in the DJ-1
protein. The expression was analysed in the homozygous mutants because DJ-
1 is associated with autosomal recessive PD. There was no DJ-1 protein
detected in the dj-717 brain using the PA5-72638 antibody (Figure 3.8E).
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Figure 3.8 Mutation of dj-7 and the effect on DA neuron markers

(A) The dj-1 target sequence (blue) and PAM site (red) in the wild type and dj-1
mutant. A 2bp deletion (ACC) followed by a 19bp insertion occurred in the dj-1
mutant. (B) Wild type Dj-1 (above) and truncated Dj-1 protein (below) predicted in the
dj-1 mutant. (C) Gel electrophoresis of dj-1 PCR products amplified from gDNA and
digested with Bbvl. Genotypes of zebrafish are labelled above each lane. (D) gRT-
PCR analysis comparing dj-1, dat, th, pitx3 and syn2a expression in dj-1-/~- (n=5) and
wild type sibling (n=3) brains at 16 wpf. Error bars represent SEM, * = P<0.05, *** =
P<0.001. (E) Western blot analysis of DJ-1 protein expression in the brains of 3 dj-1-
/- zebrafish and 4 wild type siblings at 16 wpf. GAPDH was used as a loading control.
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FBXO7

In the fbxo7 F1 generation three heterozygous mutants were identified and
sequenced, all three were found to carry a 4 bp deletion in fbxo7. The 4bp
deletion in exon 2 at position 190 of NM_001025499 caused a shift in the
reading frame resulting in a premature stop codon 57bp downstream in the
same exon (Figure 3.9A). The premature stop codon would cause truncation of
the translated protein from 486 aa to 71 aa and loss of both the F-box domain
and proline rich region (Figure 3.9B) (based on Zhao et al., 2012 and predicted
F-box domain from prosite.expasy.org). gqRT-PCR analysis was carried out on
RNA extracted from the brains of 3 fbxo77- mutants and 3 wild type siblings at
16 wpf to study the expression of fbxo7, dat, th, pitx3 and syn2a. No significant
difference was seen in the expression of fbxo7 or any neuronal markers (Figure
3.9C).
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Figure 3.9 Mutation of fbxo7 and effect on DA neuron markers

(A) The fbxo7 target sequence (blue) and PAM site (red) in the wild type and fbxo7
mutant. A 4bp deletion occurred in the fbxo7 mutant. (B) Wild type Fbxo7 (above) and
truncated Fbxo7 protein (below) predicted in the fbxo7 mutant. (C) gRT-PCR analysis
comparing fbxo7, dat, th, pitx3 and syn2a expression in fbxo7-/- (n=3) and wild type
sibling (n=3) brains at 16 wpf. Error bars represent SEM.
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GBA

In the gba F1 generation five heterozygous mutants were identified and
sequenced, four carried a 5 bp deletion in gba and a single individual carried an
8 bp deletion. The 5 bp deletion in exon 3 at position 615 of XM_682379
caused a shift in the reading frame resulting in a premature stop codon 76 bp
downstream in exon 4 (Figure 3.10A). The premature stop codon would cause
truncation of the translated Gba protein from 518 aa to 70 aa and loss of the
majority of the predicted glycosidase domain (Figure 3.10B) (based on
predicted glycosidase domain from uniprot.org). The mutant gba sequence was
found to lose a Sacl restriction site allowing genotyping of gba mutants by
restriction digest assay. PCR amplification of gba using the primers in (Table
2.2) creates a ~700bp product. Digestion of the wild type gba amplicon with
Sacl creates two fragments of ~500bp and ~200bp. Whereas the mutant gba
amplicon lacks the Sacl restriction site so no digestion with Sacl occurs. Gel
electrophoresis of the gba digestion products was used to genotype (Figure
3.10C). gRT-PCR analysis was carried out on RNA extracted from the brains of
3 gba homozygous mutants, 3 heterozygous carriers and 3 wild type siblings at
16 wpf to study the expression of gba, dat, th, pitx3 and syn2a (Figure 3.10D).
Homozygous and heterozygous mutants were studied as both have an
increased risk of developing PD in humans (Lwin et al., 2004). A significant loss
of all the genes analysed apart from pitx3 was seen in the homozygous mutant.
No significant loss was seen for any of the genes analysed in the heterozygous

gba mutant.

Further molecular analysis of the DA neurons was carried out on the parkin,
pink1 and dj-1 mutant lines, detailed in the rest of this chapter. The parkin line
was chosen because of its altered expression of pitx3, involved in the
development and maintenance of DA neurons, and syn2a, a general neuronal
marker. The pink1 line was studied further because of the loss of pink1
expression indicating nonsense-mediated decay of the transcript and the
previously reported loss of DA neurons in pink1 deficient embryos (Flinn et al.,
2013). The dj-1 line was studied because of the loss of dj-1 expression and the
loss of multiple DA neuron markers. Analysis of the homozygous gba mutant

was discontinued because of the severe movement phenotype observed
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matching the description of a previous model of Gauchers disease in the
zebrafish (Keatinge et al., 2015)
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Figure 3.10 Mutation of gba and the effect on DA neuron markers

(A) The gba target sequence (blue) and PAM site (red) in the wild type and gba
mutant. A 5bp deletion occurred in the gba mutant. (B) Wild type Gba (above) and
truncated Gba protein (below) predicted in the gba mutant. (C) Gel electrophoresis
of gba PCR products, amplified from gDNA and digested with Sacl. Genotypes of
zebrafish are labelled above each lane. (D) gRT-PCR analysis comparing gba, dat,
th, pitx3 and syn2a expression in gba -/~ (n=3), gba +/- (n=3) and wild type sibling
(n=3) brains at 16 wpf. Error bars represent SEM, * = P<0.05, ** = P<0.01.
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3.2.7 In situ hybridisation analysis of larval models

In previous work modelling PD in the zebrafish, embryos were studied rather
than adults and in situ hybridisation was used to analyse the expression of
dopaminergic (dat) or catecholaminergic (th) neuron markers (Bretaud et al.,
2007; Flinn et al., 2009; Zhao et al., 2012; Flinn et al., 2013; Priyadarshini et al.,
2013). In order to compare the genetic mutants to previous knockdown studies,
ISH was used to investigate whether mutation of parkin, pink1 or dj-1 had an
effect on the DA neurons in a zebrafish embryo. For each mutant line, a
homozygous and heterozygous mutant were crossed to produce a progeny
where half of the individuals were homozygous mutant. This was in an attempt
to reduce variability by using sibling controls and the exact same experimental
treatment of mutant and control embryos. As all the genes targeted (except
GBA) are known to cause a phenotype when homozygous recessive, an effect
on the DA neurons was expected in 50% of embryos from these out-crosses.
The embryos were raised to 3dpf, without genotyping, before fixing and staining
for dat expression. In addition, to test whether homozygous mutation of parkin,
pink1 or dj-1 increased the susceptibility of these embryos to oxidative stress
half of the individuals were treated with hydrogen peroxide. Based on previous
studies, at 2 dpf embryos were treated with 5mM of H20:2 for 24 hours before
fixing and staining for dat (Bretaud et al., 2007, Priyadarshini et al., 2013). No
obvious loss of DA neurons projecting to the striatum in diencephalic clusters 2
or 4 was seen in any of the experimental groups (Tay et al., 2011; Rink and
Wullimann, 2002). Individuals were therefore separated into two classes, high
or low expression of dat, based on staining intensity (Figure 3.11A). The
percentage of individuals with low dat expression was lower than the 50% of

predicted homozygous mutants (Figure 3.11B).
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Figure 3.11 ISH analysis of dat expression in the PD models

(A) ISH analysis of dat expression in the brains of homozygous mutants and sibling
controls with control and H2O; treatments. A homozygous mutant was crossed with
a heterozygous carrier for each mutant line (dj-1, pink1, parkin) to produce a
progeny with a 50:50 ratio of mutant to carrier. Half of the individuals from each
progeny were treated with 5mM H202 for 24 hours to investigate whether increased
oxidative stress augmented a loss of DA neurons in the mutants. ISH was used to
stain for dat in all embryos at 3dpf. Individuals were classified as low or high
expression depending on the intensity of staining. Examples of low and high staining
for each mutation and treatment combination are shown. (B) A bar chart displays the
percentage of low dat expressing embryos identified in each scenario for the single
analysis.

95



3.2.8 Analysing PD-models by Western blot

Western blot analysis was carried out to study TH expression in the brains of 3
parkin’- mutants and 3 wild type sibling brains at 16 wpf (Figure 3.12A)
Stripping and reprobing with anti-TH antibody was carried out on the western
blot membrane containing protein from 3 dj-7- and 4 wild type sibling brains at
16 wpf (Figure 3.12B). No significant difference in TH expression was seen in

either the parkin’- or dj-17-mutants compared to wild type.

3.2.9 Immunofluorescent labelling of dopamine neurons

In order to specifically analyse the DA neurons that project to the striatum in
each PD model, immunofluorescence was used on adult brain sections. Three
brains were taken from wild type, parkin”, pink1/- and dj-17- zebrafish at 12 mpf
before sectioning through the posterior tuberculum (pT) in the diencephalon.
Figure 3.13A shows a diagram of an adult zebrafish brain with the level of the
sections analysed indicated by a line and a further diagram of the sections
themselves. The pT is highlighted in red and this is the area of the brain Rink
and Wullimann (2001) found to contain the DA neurons that project to the
striatum via retrograde tracing. They described the location and shape of these
DA neurons as periventricular (adjacent to the ventricle in the pT) with large-
pear shaped cells. Figure 3.13B shows a diagram of the pear-shaped cells
adjacent to the ventricle based on their work. Cell bodies in the posterior
tuberculum positive for TH and having a pear-shaped appearance and a
periventricular position were identified as pT DA neurons and counted in each
of the sections. Figure 3.13C indicates the mean number of pT DA neurons
identified for each genotype. In the 3 wild type brains Figure 3.14A-D a range of
4-5 of these cells were identified; this number is consistent with the retrograde
tracing study by Rink and Wullimann (2001). The mean number of pT DA
neurons seen in a dj-17 section was 2 (Figure 3.14E-H), significantly lower than
the 4-5 counted in wild type. No significant difference was observed in the
number of pT DA neurons counted in pink1-- or parkin’- sections. The number
of pT DA neurons ranged from 1-5 for pink1-- (Figure 3.15A-D) and 2-5 for
parkin”- (Figure 3.15E-H).
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Figure 3.12 TH expression in parkin-/- and dj-1-/- zebrafish brains

Western blots comparing TH levels in the brains of (A) parkin-/- and (B) dj-1-/-
zebrafish to their wild type siblings at 16 wpf. GAPDH was used as a loading
control.
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Figure 3.13 Counting the dopamine neurons of the posterior tuberculum

(A) The left diagram is a lateral view of the adult zebrafish brain. The right diagram is
a cross section through the adult zebrafish brain. Highlighted is the posterior
tuberculum (red). (B) A diagram of the pear-shaped dopamine neuron cell bodies
found next to the ventricle of the posterior tuberculum that project to the striatum,
based on the work of Rink and Wullimann (2001). (C) A graph plotting the mean
number of TH positive cell bodies seen in sections of the posterior tuberculum for
wild type, parkin-/-, pink1-/- and dj-1-/- zebrafish (n=3).
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Figure 3.14 Labelling of TH+ cells in wild type and dj-1" brains

Immunofluorescently-labelled TH positive cells (green) in the posterior tuberculum
(pT) of wild type and dj-17" zebrafish at 12 mpf. Hoechst staining of nuclei is in blue.
Arrows indicate the cell bodies of the paraventricular dopamine neurons. (A) TH
positive cells in a section through the pT (red box) of a wild type brain. (B) A close
up of the dopamine neurons in the pT from A. (C, D) The dopamine neurons from
the pT of two further wild type fish. (E) TH positive cells in a section through the pT
(red box) of a dj-17 brain. (F) A close up of the dopamine neurons in the pT from E.
(G, H) The dopamine neurons from the pT of two further dj-17 fish.
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Figure 3.15 Labelling of TH+ cells in pink1” and parkin’ brains

Immunofluorescently-labelled TH positive cells (green) in the posterior tuberculum
(pT) of pink1”and parkin” zebrafish at 12 mpf. Hoechst staining of nuclei is in blue.
Arrows indicate the cell bodies of the paraventricular dopamine neurons. (A) TH
positive cells in a section through the pT (red box) of a pink1” brain. (B) A close up
of the dopamine neurons in the pT from A. (C, D) The dopamine neurons from the
pT of two further pink1”- fish. (E) TH positive cells in a section through the pT (red
box) of a parkin™ brain. (F) A close up of the dopamine neurons in the pT from E. (G,
H) The dopamine neurons from the pT of two further parkin™ fish.
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3.3 Discussion

3.3.1 Expression of the PD-associated genes targets

As previously reported, parkinsonian genes are known to be ubiquitously
expressed (Kitada et al., 1998; llyin et al., 2000; Bandopadhyay et al., 2004;
Gandhi et al., 2006). The findings of this chapter demonstrate that the
expression of each target gene analysed was seen in the eye, brain, muscle,
liver and tail tissue of adult zebrafish and at all stages of development analysed.
The DA neuron marker dat and general neuronal marker syn2a, both revealed
strong expression in the brain, as anticipated (Figure 3.4A). When studying
temporal expression, all five of the target genes and both the neuronal and
muscle marker were seen from 1dpf, whereas dat was only expressed from
2dpf (Figure 3.4B). This indicates that the PD-associated genes are active
throughout development of the dopamine neurons and a loss of function might

be expected to affect the earliest stages of the dopaminergic system.

3.3.2 Effective targeting of the PD-associated genes in zebrafish

CRISPR/Cas9 was shown to be effective at targeting the PD-associated genes
in zebrafish, producing frameshift mutations that resulted in premature stop
codons downstream. The predicted truncation of each protein caused a loss of
the important functional domains. PARKIN loses its RING1, IBR and RING2
domains (Figure 3.6B), the RING2 domain being essential for parkin-mediated
ubiquitination (Hampe et al., 2006). Pink1 loses the majority of its kinase
domain (Figure 3.7B), which is required to activate Parkin by phosphorylation
(Kane et al., 2014). Additionally, a pink1 mutant line of zebrafish has previously
been reported on with a loss of the C-terminal 60 residues of the kinase domain
(Flinn et al., 2013). They observed a 65% reduction in pink1 transcript and loss
of kinase activity when modelling the mutation in an insect orthologue. The
pink1 mutation in this study translates to a Pink1 protein missing a much larger
part of its C-terminus (392 aa) and almost the whole of the kinase domain; no
kinase activity would be expected from this truncated protein. A 90% loss of the

pink1 transcript was also observed (Figure 3.7C), a greater reduction than in the
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previous mutant and indicative of nonsense mediated decay (Flinn et al., 2013).
The mutant developed for DJ-1 loses the cysteine residue at position 106
(Figure 3.8B). C106 is highly conserved in DJ-1 suggesting that it is important
for function and mutations changing the cysteine residue are selected against
(Bandyopadhyay and Cookson, 2004). The partial oxidation of C106 is also
known to activate DJ-1 and studies have shown that the residue is essential for
the neuroprotective function of DJ-1 (Zhou et al., 2006; Canet-Avilés et al.,
2004). Therefore, loss of the C106 residue in the dj-17-zebrafish generated is
expected to cause a loss of function. The truncation of FBXO7 causes a loss of
the predicted F-box and PRR domains but retains at least part of the Ubl
domain (Figure 3.9B). FBXO7 in humans interacts with SCF-type (Skp1-Cul1-
F-box) ubiquitin ligase complexes through the F-box domain and recruits
substrates for ubiquitination through the PRR (Bai et al., 1996; Hsu et al.,
2004). Whereas PARKIN is known to interact with FBXO7 through the Ubl
domain (Burchell et al., 2013). Previous PD-associated mutations include one in
the F-box domain (R378G) and a premature stop codon in the PRR (R498X)
(Shojaee et al., 2008; Fonzo et al., 2009). The mutation in the F-box domain
has been shown to impair ubiquitination of substrates on the mitochondrial
surface and the premature stop codon in the PRR lessens the translocation of
Parkin to mitochondria (Burchell et al., 2013). Therefore, the mutated Fbxo7
may still interact with Parkin through the Ubl domain but the translocation of
Parkin and ubiquitination of substrates on mitochondria are expected to be
reduced. However, as FBXO7 mutations cause a rarer form of PD, and there
was no decrease in DA neuron markers or nonsense-mediated decay of the
fbxo7 transcript, the analysis of this line was not continued any further. The
mutation in gba would cause truncation to 145 aa (Figure 3.10B). Recently,
another gba mutant line of zebrafish was generated with a premature stop
codon in exon 7 truncating the protein to 379 aa (Keatinge et al., 2015). A
similar loss of gba expression was seen and GCase activity was reduced by
>50% in the homozygous mutant. A comparable loss of activity is expected in
the gba mutant generated in this study. There was reduced expression of the
DA neuron markers in the gba”- mutant, however, the previously generated gba
~ mutant, which had the same severe movement phenotype, was found to have
enlarged macrophages recapitulating the pathology of Gaucher’s disease

(Hruska et al., 2008). Analysis of the heterozygous gba mutant revealed no
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significant difference in expression of dopaminergic or catecholaminergic
neuron markers. As this line has a severe phenotype in the homozygous
condition that goes beyond PD pathology work on this line was also stopped at
this point. The rest of this thesis focuses on developing zebrafish models of PD

with the parkin, pink1 and dj-7 mutant lines described in this chapter.

3.3.3 Genetic mechanisms to recover target gene function

A homozygous null mutation seems to have been generated in each of the PD-
associated genes targeted. However, cells harbouring mutations can
occasionally use genetic mechanisms to recover target gene function. One such
mechanism is genetic compensation, where genes are upregulated to rescue
the phenotype of a mutant. This is seen with nonsense-mediated decay (NMD)
of a mutant transcript but not with gene knockdown or the expression of a
dominant negative protein (Rossi et al., 2015). El-Brolosy and Stainier (2017)
have proposed two mechanisms by which genetic compensation may occur.
Firstly, chromatin remodelling in response to DNA damage could be increasing
the expression of genes with a similar function. Chromatin remodelling is widely
accepted as a mechanism to increase the transcription of genes by allowing
transcription factors access to their promoter regions (Cairns, 2009). El-Brolosy
et al. (2019) have shown that the knockdown of chromatin remodelling factors,
including WDRS5, reduces genetic compensation in mutants. They further
identified WDRS5 at the transcriptional start site (TSS) of upregulated
compensatory genes, strengthening the hypothesis that chromatin remodelling
is involved. Ma et al. (2019) have also reported increased levels of WDRS and
H3K4me3, an epigenetic modification to enhance gene expression, at the TSS
of compensatory genes upregulated in capn3a mutant embryos. Knockdown of
WDRS5 again reduced genetic compensation in the capn3a mutant. Epigenetic
modification and chromatin remodelling are therefore strongly associated with
the upregulation of compensatory genes. However, DNA damage alone is
unlikely to be the trigger activating genetic compensation. Mutations in hbegfa
and vcla where the transcripts had reduced degradation lacked the same
upregulation of compensatory genes as mutations causing NMD (EI-Brolosy et
al., 2019). If genetic compensation was solely in response to DNA damage then

the level of transcript degradation should not determine the response. The
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second mechanism proposed by El-Brolosy and Stainier (2017) involves the
transcript fragments from NMD guiding epigenetic machinery to genes with
similar sequences to promote chromatin remodelling and their upregulation.
This follows logic as the upregulated genes are normally paralogues or family
members of the degraded transcripts, sharing much of the same sequence (EI-
Brolosy et al., 2019). The correlation between level of transcript degradation
and upregulation of compensatory genes further supports this theory. Overall,
the proposed mechanism of genetic compensation, involving transcript
fragments guiding epigenetic machinery to similar genes, is a strong
hypothesis. The pink1, dj-1 and gba lines, which had nonsense-mediated decay
of the target gene, would be susceptible to genetic compensation. However,
both the dj-77- and gba”’- mutants had a loss of DA neuron markers and TH
expressing cells were diminished in the dj-1-- posterior tuberculum. Additionally,
the gba”- mutant had a severe movement phenotype, identical to a gba”- mutant
from a previous study (Keatinge et al., 2015). Enlarged macrophages were
seen in the brain of the previously generated gba”- mutant, a pathological
hallmark of Gauchers disease which is caused by homozygous mutation of
GBA in humans (Hruska et al., 2008). Furthermore, genetic compensation is
usually seen to upregulate the expression of paralogues in the zebrafish (El-
Brolosy and Stainier, 2017; El-Brolosy et al., 2019; Rossi et al., 2015). Zebrafish
have no paralogues of dj-1 or gba reducing the likelihood of genetic
compensation with nonsense-mediated decay of their transcripts (Keatinge et
al., 2015; Bai et al., 2006). Genetic compensation to rescue the DA
neurodegeneration phenotype in the dj-77- and gba’ mutants has therefore not

occurred.

An alternative mechanism that can recover target gene function is exon
skipping. Exon skipping is the splicing of pre-mRNA to remove exons
harbouring a mutation from the mRNA (Dietz et al., 1993). The argument for
exon skipping is a strong one. A splicing donor site and a splicing acceptor site,
near the 5’ end and 3’ end of an intron, respectively, are required for splicing to
occur. There is further regulation of splicing by the splicing signals, which
include exonic splicing enhancers (ESEs) and exonic splicing silencers (ESSs)
that recruit factors to either promote or inhibit splicing, respectively (Dvinge,

2018). Mutations in splice donor sites, splice acceptor sites, and ESEs can
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cause exon skipping and these events have been widely observed in cancer
and multiple genetic disorders (Jung et al., 2015; Anna and Monika, 2018). The
IVS10-6T>G mutation in the ATM gene occurs in a splice acceptor site and
causes the skipping of exon 11 in the mRNA, a shift in the reading frame,
truncation of the protein and an increased risk of breast cancer (Broeks et al.,
2003, 2000). The genetic disorder, neurofibromatosis 1, can be caused by the
mutation of a predicted ESE in exon 7, leading to the skipping of exon 7 in the
mMRNA (Colapietro et al., 2003). Furthermore, exon skipping can occur with
CRISPR/Cas9-mediated mutation of genes. Mou et al. (2017) reported skipping
of exon 3 in the Ctnnb1 gene with CRISPR/Cas9 targeting of exon 3 in a human
cell line. Furthermore, they used 11 different sgRNAs all targeting regions in
exon 3 of Ctnnb1 and the 8 most effective sgRNAs caused skipping of exon 3.
This suggests that exon skipping can be a regular occurrence with targeted
mutagenesis of genes. Similarly, CRISPR/Cas9 targeting of exon 3 in the
FLOT1 gene of human cells has been reported to cause skipping of multiple
exons in the mRNA (Kapahnke, Banning and Tikkanen, 2016). Of particular
interest, CRISPR/Cas9 targeting of genes in the zebrafish can lead to exon
skipping in the mRNA. This was seen by Prykhozhij et al. (2017) when
CRISPR/Cas9 targeting produced a mutation in an ESE site of the pycr1a gene.
Overall, exon skipping can occur with the mutation of particular splice-
associated sites in a gene. Exon skipping could rescue the function of a gene if
the exon removed from a transcript harboured a mutation and the exon was not
essential for the proteins function. However, it can only work to recover the
function of the target gene if there is no nonsense-mediated decay of the
transcript after splicing. A lack of nonsense-mediated decay was observed in
the fbxo77- and parkin’- mutants so there was potential for exon skipping to
have an effect here. A previous study in the mouse saw reduced mitophagy
with knockdown of Parkin, whereas no reduction was seen with knockout of the
Parkin gene suggesting recovery of the gene function (Williams et al., 2015). A

similar effect could be occurring in the parkin”- mutant zebrafish in this study.

3.3.4 ISH analysis to measure DA neuron loss

Based on previous research ISH was used to measure DA neuron loss in

embryos modelling PD. When interpreting the results of the experiment, no
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obvious loss of DA neurons projecting to the striatum was observed.
Furthermore, no obvious correlation was seen between the number of
homozygous mutants predicted in a progeny and the number with lower dat
expression (Figure 3.11B). A loss of DA neurons is unlikely at the larval stage
with the age-related nature of PD (Fearnley and Lees, 1991). Overall, using ISH
on embryos to analyse the DA neuron loss was deemed ineffective. ISH is a
colorimetric assay and staining intensity can vary between experiments
depending on experimental variables. It can be used to see a complete loss or
gain of expression in a tissue, but is not able to absolutely quantify the levels of

MRNA present.

3.3.5 DJ-1 deficient zebrafish effective at modelling PD

Western blot analysis showed no significant changes of TH expression in the dj-
17 or parkin- brain at 16 wpf (Figure 3.12). However, this experiment was on
whole brain samples and TH is a marker of all of the catecholaminergic neurons
not just DA neurons (Rink and Wullimann, 2002) In order to analyse DA
neurons and specifically those that are known to project to the striatum
immunofluorescence was carried out on sections from the posterior tuberculum
(Rink and Wullimann, 2001). A significant loss of TH positive cells was only
seen in the posterior tuberculum of dj-17- zebrafish (Figure 3.14). Another
recent study showed that dj-77- knockout zebrafish have decreased TH
expression at 16 mpf (Edson et al., 2019). This supports the result of this study
with DA neuron loss in the dj-717 zebrafish at adulthood. Therefore, the dj-1-

mutant line was deemed the most effective at modelling PD.

3.4 Conclusions

This chapter has shown the effective targeting of PD-associated genes in
zebrafish to create homozygous genetic nulls. Premature stop codons were
observed in each target gene and the resultant proteins were shown to lack
important functional domains, nonsense-mediated decay of the mutant
transcript was also seen for pink1, dj-1 and gba. Western blot analysis

confirmed a complete loss of expression with the mutation of dj-7. To determine
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how effectively each mutant line modelled PD, experiments were carried out to
study the effect had on the DA neurons. An initial gRT-PCR analysis revealed a
loss of DA neuron markers in the dj-77- and gba’- mutant brains. However, the
gba’- zebrafish is suspected to model Gauchers disease which could confound
future PD research using the mutant. ISH analysis of the DA neurons in larvae
was decided against due to the subjectivity of the method and the age-related
nature of PD. Western blot analysis of parkin’-and dj-17- zebrafish at 16 wpf
revealed no overall effect on the catecholaminergic neurons in the brain.
Further analysis of the parkin, pink1 and dj-1 mutant lines revealed a specific
loss of TH positive neurons in the posterior tuberculum of the dj-7- brain. The

dj-17- zebrafish was therefore determined to be the most effective model of PD.
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4 Transcriptomic analysis of the dj-1""

mutant line
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4.1 Introduction

4.1.1 DJ-1in cancer and Parkinson’s disease

DJ-1 was initially discovered as an oncogene cooperating with Ras to promote
the malignant transformation of cells (Nagakubo et al., 1997). Since then
overexpression of the DJ-1 protein has been observed in both cancer cell lines
and multiple types of tumour (MacKeigan et al., 2003; Hod, 2004; Davidson et
al., 2008; Tian et al., 2008). In contrast, mutations causing a DJ-1 loss of
function have been found to cause autosomal recessive PD (Bonifati et al.,
2003). Initially, how DJ-1 could be linked to the development of both cancer and
PD, two very separate conditions, was unclear. Over time, however, research

into the function of DJ-1 has revealed the role it plays in both.

DJ-1 is part of a highly conserved DJ-1/ThiJ/Pfp superfamily present in humans
to archaea with diverse functions as kinases, proteases and chaperones
(Wilson et al., 2003). The protein itself is redox sensitive, activated by the
oxidation of a cysteine residue (C106) (Canet-Avilés et al., 2004). ROS induce
oxidation of the cysteine thiol (SH) at C106 to produce a sulfenic acid (SOH)
that goes on to form disulphide bonds with cysteine residues in other DJ-1
monomers or target proteins. These disulphide dimers are reduced by
thioredoxin, which itself becomes oxidised (Fernandez-Caggiano et al., 2016).
Oxidised thioredoxin is reduced by thioredoxin reductase which gains a
hydrogen from NADH (Meyer et al., 2009). Through this mechanism DJ-1 can
quench ROS. Further oxidation of the cysteine thiol at C106 can produce
sulfinic acid (SO2H). The two oxygen molecules can then form hydrogen bonds
with the residues E18, G75 and A107 in the DJ-1 protein and there is a change
in the isoelectric point (pl) of the protein from ~6.6 to the more acidic ~5.8
(Canet-Avilés et al., 2004). The oxidation of C106, hydrogen bonds formed and
change in net charge of the protein could affect its conformation, protein-protein
interactions and activity. C106 oxidation has been found to increase DJ-1
binding affinity for p53, reducing p53 DNA binding activity and the expression of
its downstream targets (Kato et al., 2013). Oxidation of C106 has also been

seen to increase the interaction of DJ-1 with ASK1, suppressing the pro-
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apoptotic signalling of ASK1 and conferring a cytoprotective effect (Waak et al.,
2009). The bond formed between C106 and E18 is important for stabilising
C106-SO2H and for its recruitment to mitochondria under oxidative stress
conditions to prevent mitochondrial fragmentation (Blackinton et al., 2009).
C106 has also been proposed to have a catalytic activity, which is blocked by
the C-terminal of DJ-1 and freed by conformational changes after oxidation
(Honbou et al., 2003). Finally, the C106 residue of DJ-1 can be irreversibly
hyperoxidised to form a sulfonic acid group (SOsH) which destabilises DJ-1 and
targets it for degradation (Song et al., 2016). Once activated DJ-1 promotes the
transcription of antioxidant genes and regulates signalling pathways involved in
cell survival, proliferation and apoptosis conferring a cytoprotective effect
(Clements et al., 2006; Junn et al., 2005; Kim et al., 2005a). These exact same
pathways tend to be dysfunctional in cancer with uncontrolled proliferation of
cells and a loss of pro-apoptotic signals (Hanahan and Weinberg, 2011).
Whereas mutations in DJ-1 are thought to cause neurodegeneration in PD by
loss of its cytoprotective function against oxidative stress (Ariga et al., 2013).
Oxidative stress is highly associated with the neurodegeneration seen in PD
(Blesa et al., 2015) and correspondingly increases in DJ-1 expression and its
oxidation have been observed in the brains of PD patients post mortem (Choi et
al., 2006; Saito et al., 2014). Oxidative stress is also heightened in cancer cells
and the increased expression of DJ-1 is thought to confer a protective effect in
them (Hileman et al., 2004)

4.1.2 Signalling pathways downstream of DJ-1

DJ-1 has the ability to regulate a number of signalling pathways involved in the
development of both PD and cancer. ERK1/2 and Akt signalling are two of the
pathways activated by DJ-1 which promote cell survival, proliferation and
progression through the cell cycle (Kim et al., 2005; Yang et al., 2005; Gu et al.,
2009; Vasseur et al., 2009). Dysregulation of ERK1/2 and Akt signalling are
known to contribute to the uncontrolled growth of cancer cells. Dysregulation of
the Akt signalling pathway is thought to be oncogenic based on reports of
increased AKT activity (Ringel et al., 2001; Sun et al., 2001) or a loss of PTEN,
an inhibitor of Akt signalling, in multiple tumours and cancer cell lines (Dahia et

al., 1997; Sakai et al., 1998; Zhou et al., 2000). Increased ERK1/2 activity is
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associated with cancer due to the mutation of upstream activators BRAF
(Davies et al., 2002) and Ras (Prior, Lewis and Mattos, 2012), observed in
multiple tumour types and cancer cell lines, which increase ERK activity (Wan
et al., 2004; Xu et al., 2017). Similarly, both ERK and Akt have altered activity in
PD. Increased levels of phosphorylated ERK (p-ERK) have been seen in the
brains of PD patients, with mitochondrial aggregation in the substantia nigra DA
neurons (Zhu et al., 2006). In PD patients with functioning DJ-1, DJ-1 activated
by oxidative stress may be phosphorylating ERK as a neuroprotective
response. Alternative mechanisms could also be phosphorylating ERK in PD
patients. The increased levels of p-ERK could be due to ROS oxidising
important cysteine residues in the phosphatases that dephosphorylate p-ERK,
inhibiting their activity (Levinthal and DeFranco, 2005).The inverse effect is
seen with phosphorylated Akt (p-Akt), detected in the substantia nigra DA
neurons of healthy individuals and reduced in PD patients (Timmons et al.,
2009). Patients with mutations in DJ-1 would have reduced AKT
phosphorylation under oxidative stress conditions (Aleyasin et al., 2010).
Similarly, mutations in PARKIN or PINK1 may reduce AKT activity. PARKIN
mutations in human cells and in mice have both been shown to reduce AKT
signalling (Fallon et al., 2006). PINK1 enhances AKT activity by phosphorylating
mTORC2 which is upstream of AKT so a loss of PINK1 could reduce AKT
phosphorylation (Murata et al., 2011). AKT signalling is also reduced in a 6-
OHDA cell model of PD, in an ROS independent manner, the loss of p-AKT in
PD patient DA neurons could therefore occur in a similar matter independent of
oxidative stress (Rodriguez-Blanco et al., 2008). ERK1/2 signalling, activated by
DJ-1 overexpression in mammalian cells, has been implicated in protecting the
cell from oxidative stress (Gu et al., 2009; Kulich et al., 2007). The accumulation
of p-ERK in the mitochondria is also associated with increased mitochondrial
ROS production (Kulich et al., 2007). The translocation of p-ERK into the
mitochondria is thought to occur through VDAC1 (voltage-dependent anion
channel 1), the major transport channel across mitochondrial membranes,
which p-ERK has been shown to interact with in human cells (Galli et al., 2009).
ERK1/2 signalling downstream of DJ-1 can promote the expression of
superoxide dismutase (SOD1) an enzyme converting damaging superoxide
anions to hydrogen peroxide which can be further converted into oxygen and

water (Wang et al., 2011). However, there are a number of regulatory elements
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in the human SOD1 promoter including binding sites for NF-kB, NRF2 and AP-1
allowing these factors to regulate the transcription of SOD1 (Rojo et al., 2004;
Park and Rho, 2002; Afonso et al., 2006). A further site binding the proteins
SP1 and EGR-1 has been shown to be essential for the basal expression of
SOD1 (Minc et al., 1999). One of the transcription factors, AP-1, induced by the
pro-inflammatory cytokine TNF-a downregulates SOD1 by preventing SP1 from
binding to its promoter (Afonso et al., 2006). NF-kB and NRF2 positively
regulate the transcription of SOD1 (Park and Rho, 2002; Rojo et al., 2004).
Therefore, an interplay of these transcription factors will determine whether
ERK1/2 signalling can upregulate SOD1. The activity of SOD1 can further be
regulated by post-translational modifications, including phosphorylation of
SOD1 by mTORCH1, which has an inhibitory effect (Tsang et al., 2018). ERK1/2
signalling also activates Nurr1, a transcription factor involved in the
development and maintenance of DA neurons (Lu et al., 2012; Kadkhodaei et
al., 2009). Similarly, Akt signalling has a neuroprotective function, its stimulation
has been shown to reduce neurodegeneration in rodent models of PD
(Quesada, Lee and Micevych, 2008). DJ-1 is necessary for the activation of
AKT signalling as a neuroprotective response to oxidative stress (Aleyasin et
al., 2010). In addition to activating pathways for cell survival and proliferation,
DJ-1 inhibits ASK1 (apoptosis signal-regulating kinase 1) and MEKK1, both
members of the pro-apoptotic JNK signalling pathway. A study in mammalian
cells has shown that DJ-1 interacts with Daxx, an upstream activator of ASK1,
preventing its translocation into the nucleus and reducing ASK1 activation (Junn
et al., 2005). Whereas, DJ-1 has been shown to directly interact with MEKK1 in
human cells, inhibiting its activity and preventing its translocation into the
nucleus (Mo et al., 2008). Interestingly, the neurotoxin paraquat is known to
activate the JNK signalling pathway to cause a selective loss of SN DA neurons
(Ramachandiran et al., 2007) Suppression of apoptosis is highly associated
with cancer development (Evan and Vousden, 2001), whereas an increase in
pro-apoptotic proteins has been seen in the substantia nigra of PD patients post
mortem (Tatton, 2000).
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4.1.3 Transcriptional regulation by DJ-1

Although DJ-1 itself is not a transcription factor (Yamaguchi et al., 2012), its
ability to interact with other proteins means that it plays a role in gene
regulation, for instance by stabilising transcription factors, inhibiting repressors
and binding co-activators of gene expression. Nrf2, a well-known regulator of
the oxidative stress response is stabilised by DJ-1 (Nguyen, Nioi and Pickett,
2009). The cytoplasmic protein Keap1 binds to Nrf2 preventing it from
translocating into the nucleus and promotes its ubiquitination, signalling for Nrf2
degradation (Kobayashi et al., 2004; Itoh et al., 1999). DJ-1 has been shown to
inhibit the interaction of Nrf2 with Keap1 and reduce its ubiquitination (Figure
4.1A), leading to increased expression of its downstream targets including
NQO1 (Clements et al., 2006). NQO1 acts to reduce quinones, created by DA
oxidation, which can go on to generate reactive oxygen species (Dinkova-
Kostova and Talalay, 2010). Nrf2 signalling downstream of DJ-1 also promotes
thioredoxin 1 expression, which acts to reduce the oxidation of other proteins
(Im et al., 2012). DJ-1 further regulates gene expression through interactions
with transcriptional co-activator p54nrb (Figure 4.1B) and the repressor protein
PSF (pro-apoptotic protein-associated splicing factor) (Figure 4.1C) (Xu et al.,
2005). p54nrb is thought to activate an antioxidant response in cooperation with
DJ-1 (Xu et al., 2005), whereas the binding of DJ-1 to PSF inhibits its
repression of tyrosine hydroxylase an enzyme involved in DA synthesis (Zhong
et al., 2006). DJ-1 also activates the NF-kB pathway by binding to an inhibitor of
NF-kB called Cezanne (Figure 4.1D) (McNally et al., 2011). This promotes the
expression of uncoupling proteins, such as UCP4 found in the mitochondria,
which act to slightly depolarise the mitochondria and reduce the production of
reactive oxygen species during ATP production (Guzman et al., 2010; Xu et al.,
2018). DJ-1 is also known to activate HIF-1 signalling by binding to the Von
Hippel Lindau protein, a negative regulator of the HIF-1a subunit, preventing
HIF-1a ubiquitination and subsequent degradation (Figure 4.1E) (Parsanejad et
al., 2014). HIF-1 is a transcription factor that activates gene expression in cells
under hypoxic conditions and altered regulation of HIF-1 activity has been
implicated in both cancer and PD (Pezzuto and Carico, 2018; Zhang et al.,
2011).
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Figure 4.1 Diagrams of transcriptional regulation by DJ-1

(A) DJ-1 inhibits the interaction of Keap1 with Nrf2 which would ubiquitinate Nrf2
targeting it for proteasomal degradation. Nrf2 is then free to activate the transcription
of oxidative stress response genes including thioredoxin and NQO1. (B) DJ-1
transcriptionally co-activates stress response genes with p54nrb. (C) DJ-1 inhibits the
activity of PSF which is a transcriptional repressor of tyrosine hydroxylase. (D) DJ-1
inhibits Cezanne which is an inhibitor of NF-kB. NF-kB promotes the expression of
uncoupling protein UCP4 which depolarizes mitochondria and reduces the production
of ROS. (E) DJ-1 prevents the Von Hippel Lindau (VHL) protein from binding and
ubiquitinating HIF-1a targeting it for proteasomal degradation. HIF-1a promotes the
transcription of stress response genes.
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4.1.4 Altered gene expression in previous DJ-1 models

Recent works investigating the downstream targets of DJ-1 include an
overexpression study in zebrafish and Dj-7 knockout models in the rat and
zebrafish (Hauser et al., 2017; Frayset et al., 2018; Edson et al., 2019). A
transgenic line of zebrafish, overexpressing DJ-1 in the astrocytes, was
generated by Fragyset et al (2018) and treated with the PD-associated
neurotoxin MPTP. This drug is used to detect genes upregulated in response to
the oxidative stress and energy failure caused by MPTP inhibiting mitochondrial
respiration. MPTP is converted to the metabolite MPP+ which is taken up by DA
neurons and inhibits complex | in the electron transport chain (Nicklas, Vyas
and Heikkila, 1985), increasing the production of ROS (Sriram et al., 1997) and
reducing ATP production (Chan et al., 1991). However, MPTP can also alter the
activity of pro-apoptotic and anti-apoptotic genes. MPTP treatment has been
found to increase the phosphorylation and activation of JNK which signals for
apoptosis (Saporito, Thomas and Scott, 2002). Furthermore, MPTP has been
shown to upregulate Bcl-2, an anti-apoptotic protein, in cultured DA neurons
(Itano and Nomura, 1995) and Bax, a pro-apoptotic protein, in the mouse SN
(Itano and Nomura, 1995; Hassouna et al., 1996). Increased cytochrome ¢
levels and caspase-3 activity have also been seen in MPTP treated neuronal
cultures (Du et al., 1997), and mice treated with MPTP have increased caspase
3 activity in the SN (Yamada et al., 2010). Cytochrome c is released from the
mitochondria and leads to the activation of caspase 3, which promotes
programmed cell death (PCD) (Seervi et al., 2011). Therefore, in addition to
increased ROS and reduced ATP, the use of MPTP will alter the expression of
genes involved in apoptosis and PCD. Proteomic analysis of the isolated
astrocytes revealed increased expression of genes involved in the oxidative
stress response, mitochondrial function, inflammation and glutathione
metabolism (Frayset et al., 2018). A number of the antioxidant proteins were
downstream targets of Nrf2 suggesting its activation by DJ-1. Transcriptomic
analysis of the Dj-1 knockout rat brain revealed altered expression of many
genes downstream of Akt signalling and reduced phosphorylation of Akt was
confirmed by Western blot (Hauser et al., 2017). Additional gene sets involved
in metabolism, MAPK signalling, cancer pathways, calcium signalling and the

immune response were found enriched in the Dj-71- rat brain. During the
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timeperiod of my PhD project, a DJ-1 deficient line of zebrafish was generated
by another lab in a separate study and a proteomic analysis was carried out
comparing protein expression in the brains of wild type and dj-71- zebrafish
(Edson et al., 2019). They reported that the largest group of upregulated
proteins were those in the mitochondrial transport chain and the largest group
of downregulated proteins were those involved in the stress response and
vesicular trafficking. In summation, targets of DJ-1, linked to PD pathology,
have been identified in previous models including genes involved in the
antioxidant response, mitochondrial function, vesicular trafficking and Akt
signalling. Similar changes in gene expression are expected in the

transcriptomic analysis of the dj-717- zebrafish from this study.

4.1.5 Aims of this chapter

The aim of this chapter is to identify changes in gene expression and cell
signalling related to PD pathology with a loss of DJ-1 in zebrafish. RNA-Seq
analysis was used to identify differentially expressed transcripts in the dj-17
brain and gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was
carried out on the RNA-Seq data to recognise enriched gene sets. The altered

expression and enriched gene sets are discussed in relation to PD pathology.
The aims of this chapter are:
e To identify downstream targets of DJ-1 in the zebrafish by RNA-Seq
analysis of the dj-77 brain

e To validate the results of the RNA-Seq by gRT-PCR analysis

e To recognise gene sets enriched in the dj-77 brain by GSEA

4.2 Results

4.2.1 RNA-Seq analysis of differential gene expression

To investigate any global changes in gene expression associated with a loss of

DJ-1, RNA-Seq was carried out on RNA extracted from the brains of 3 dj-71-
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mutants and 3 wild type siblings at 16 weeks post fertilisation. The quality of
extracted RNA was determined using the Agilent Bioanalyzer 2000 which
returned an RNA integrity number (RIN) for each sample. The RIN scale
assesses RNA quality from 1 to 10, with a score of 1 indicating degradaded
RNA and 10 indicating the sample is fully intact, a commonly used RIN
threshold suitable for a transcriptomic analysis is 8 (Imbeaud et al., 2005) and
each sample used in this experiment was rated above 9 (Figure 4.2). cDNA
libraries were prepared and next-generation sequencing resulted in
approximately 50 million reads per sample. The complete data set is available
at GEO accession number (135271). Reads were aligned to zebrafish genome
assembly GRCz11 and transcript abundance was quantified and expressed in
TPM (transcripts per million). The data was subjected to statistical analysis
using the likelihood ratio test to identify differentially expressed transcripts in the
dj-17-brain. An overview of the changes in gene expression with a loss of DJ-1
are shown as a volcano plot (MATLAB) with an x axis of log2(fold change) and
a y axis of —log10(P-value) (Figure 4.3A). Transcripts in orange that appear
above the dotted line are differentially expressed with a P-value of <0.05 and
meet fold change thresholds of <0.5 for downregulation or >2 for upregulation.
A list of gene targets was created using a significance threshold of q<0.05,
adjusting for false discovery rate (FDR), and fold change thresholds of 0.8 and
1.2 to class a transcript as downregulated or upregulated, respectively. The
FDR is a measure of the number of false positives or type | errors (Benjamini
and Hochberg, 1995). Adjusting for FDR is important when analysing RNA-Seq
data sets to take into account the high number of genes and multiple
hypotheses being testing (Li et al., 2012). When testing a single hypothesis,
using a p-value of 0.05 as a significance threshold, 5% of tests would produce
false positives. Whereas, the number of false positives increases with multiple
hypothesis testing. The true negative rate is multiplied by itself for the number of
hypotheses being tested to produce a new true negative rate (Bland and
Altman, 1995). E.g. if 10 hypotheses are being tested, using a p-value of 0.05,
the true negative rate becomes 0.95'° or 0.60. This means the false positive
rate would actually be 0.40 when using a p-value of 0.05. Adjusting for FDR
maintains the false positive rate at 0.05 when multiple hypothesis testing and
using a g-value of 0.05.32 differentially expressed transcripts (DETs) were

identified from the RNA-Seq data (presented in Table 4.1 and Table 4.2). To
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present a visual overview of the DETs, a heatmap representing the changes in

expression of a curated set of 26 transcripts was created (Figure 4.3B).

4.2.2 Validation of DJ-1 downstream targets

Validation of a set of these targets by qRT-PCR analysis confirmed their altered
gene expression (Figure 4.4). RNA samples were extracted from the brains of 3
dj-17- zebrafish and 3 wild type siblings and reverse transcribed to generate
cDNA. An n of 3 was initially chosen to see if the genes that had significantly
altered expression in the RNA-Seq data, which used an n of 3, would also have
significantly altered expression when analyzing the same number of samples by
gRT-PCR. Three biological replicates is also generally accepted for carrying out
a gqRT-PCR to allow statistical analysis of the data (Udvardi, Czechowski and
Scheible, 2008). A further 2 RNA samples from both dj-77- and wild type sibling
brains were analysed by qRT-PCR to identify a significant difference in the
expression of kenk3b. A number of DETs identified in the RNA-Seq were
selected and primers were designed to amplify their coding regions with 100 +
10% efficiency. The expression of abcf2a, brk1, gatm, gpx3, kenk3, pkma and
vamp3 was then quantified in each RNA sample. These genes were chosen
based on their association with DJ-1, disrupted pathways in PD, DA
neurotransmission and neurodegeneration. They also had a fold change of < -
0.5 or > 0.5 in the RNA-Seq data increasing the chances of observing their
altered expression by qRT-PCR analysis. abcf2a is a member of the ATP-
binding cassette family of proteins and its human ortholog is a downstream
target of DJ-1 (Bao et al., 2017; Clements et al., 2006). Furthermore, ABCE1,
another member of the ATP-binding cassette family is downregulated in PD
patients (Wu et al., 2018), and a separate DJ-1 deficient zebrafish line (Edson
et al., 2019). brk1 is important for inducing actin polymerisation (Derivery et al.,
2008) and the actin cytoskeleton is essential for endocytic recycling of
dopamine transporter (DAT) in the DA neurons (Gabriel et al., 2013). Dopamine
transporter is involved in the reuptake of DA from the synaptic cleft, therefore,
dysfunctional recycling of DAT could affect the neurotransmission of DA
(Pramod et al., 2013). Gatm encodes glycine amidinotransferase, a
mitochondrial enzyme involved in generating creatine, which is an energy store

(Sandell et al., 2003). A loss of gatm may indicate mitochondrial dysfunction
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and reduce the energy available to DA neurons which DA neurons are
particularly vulnerable to (Bolam and Pissadaki, 2012). gpx3 encodes
glutathione peroxidase 3, an enzyme involved in the oxidative stress response
(Chung et al., 2009). DA neurodegeneration is highly associated with oxidative
stress and DJ-1 regulates the expression of antioxidant genes (Clements et al.,
2006). Kcnk3b encodes a potassium (K+) channel, and altered activity of K+
channels can affect the pacemaking activity of SN DA neurons and increase
their vulnerability (Du et al., 2016; Wolfart et al., 2001). pkma encodes pyruvate
kinase, the rate limiting enzyme in glycolysis (Israelsen and Vander Heiden,
2015), and its loss could indicate metabolic dysfunction which SN DA neurons
are particularly susceptible to (Anandhan et al., 2017). Finally, vamp3 is a part
of the SNARE protein complex required for vesicular transport from endosomes
to the trans-Golgi network (Mallard et al., 2001). SN DA neurons have
increased vulnerability to dysfunctional intracellular trafficking as vesicles have
to travel extreme lengths down the axon and to an increased number of
synapses (Bolam and Pissadaki, 2012; Giguére et al., 2019). A further gene
identified with altered expression and a role in neuronal development, sema3fb,
was excluded from the qRT-PCR analysis (Kolk et al., 2009). The simultaneous
increase and decrease of different sema3fb transcripts would make it difficult to
draw conclusions on overall sema3fb activity. Furthermore, sema3fb is
associated with neuronal development rather than the neurodegeneration seen
in PD. All seven of the transcripts analysed had significantly altered expression,

consistent with the change in expression detected by RNA-Seq.
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Figure 4.2 Integrity of RNA samples used in the RNA-Seq analysis

Bioanalyzer results for RNA samples extracted from the brains of dj-17 zebrafish
(mutant) and wild type siblings (WT). The RNA integrity number (RIN) is a measure
of each RNA samples quality from 1 to 10. RIN of 1 = degraded, RIN of 10 = fully

intact.
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Figure 4.3 Differential gene expression in the dj-1-/- zebrafish brain

(A) A volcano plot of the global changes in gene expression observed in the dj-1-/-
brain by RNA-Seq analysis. The fold change (log2) of each transcript was plot
against the P-value (-log10). Transcripts in red do not meet the fold change
thresholds of <0.5 for downregulation or >2 for upregulation. Transcripts in orange
that appear above the dotted line are differentially expressed with a P-value of
<0.05. Transcripts in blue have a P-value of >=0.05. (B) A heatmap showing select
genes differentially expressed with a Q-value of <0.05. Relative expression is
represented on a colour scale from blue (low) to orange (high).
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Figure 4.4 gqRT-PCR validation of the RNA-Seq results

RT-gPCR analysis validating the results seen in the RNA-Seq. An n of at least 3
biological replicates was used for each assay with 3 technical repeats for each.
Student t-tests were used to compare the ACT values for the dj-71-/- and wild type
siblings. Error bars represent SEM, * = p<0.05, ** = p<0.01, *** = p<0.001.
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Fold Change

Gene Name NCBI Transcript ID (log2) g-value Avg. WT tpm Avg. dj-1-/- tpm
grm2b NM_001287547.1 -11.41 0.00 60.20 0.02
semad3fb XM_009306194.3 -10.45 0.00 9.93 0.00
si:ch211-102¢c2.8 (ncRNA) XM_021476476.1 -7.68 0.01 1.42 0.00
brk1 XM_005172903.4 -6.49 0.00 117.14 1.28
park7 (dj-1) NM_001005938.1 -4.17 0.00 160.17 8.87
pkma NM_199333.1 -3.62 0.00 496.18 38.60
si:ch211-213011.11 (predicted GPCR) XM_017358408.2 -3.62 0.00 8.62 0.66
vamp3 NM_001002073.1 -2.79 0.00 12.86 1.87
gatm NM_199531.1 -2.56 0.00 33.80 5.57
her15.1 XM_003199526.5 -1.63 0.00 13.18 4.05
cldn19 XM_017358226.2 -1.36 0.00 38.59 15.09
kcnab2a XM_009306291.3 -1.23 0.00 19.41 8.20
myef2 NM_001037423.1 -1.20 0.00 37.69 16.17
camkvb NM_200450.1 -0.93 0.00 98.64 52.36
gpx3 NM_001137555.1 -0.76 0.04 33.62 19.65

Table 4.1 Significantly downregulated transcripts in the dj-7-/~ brain

A list of significantly downregulated transcripts identified in the dj-1-/- zebrafish brain by RNA-Seq analysis. A significance threshold of q<0.05 was

used.



Fold Change

Gene Name NCBI Transcript ID (log2) g-value Avg. WT tpm Avg. dj-1-/- tpm
Nfic XM_009303916.3 8.22 0.01 0.00 0.70
semadlfb XM_021479878.1 5.65 0.00 0.18 8.99
msina XM_021474714.1 2.14 0.00 0.44 2.02
LOC110437990 (ncRNA) XR_002455805.1 212 0.01 7.87 32.20
si:ch211-213011.11 (predicted GPCR) XM_021479881.1 1.97 0.01 1.19 4.42
cldn19 NM_001017736.1 1.54 0.00 5.61 15.91
zgc:194629 (ncRNA) NR_120380.1 1.01 0.00 55.40 110.82
mob2a XM_005170681.4 0.88 0.00 9.92 18.14
adamts1 XM_021475923.1 0.79 0.02 2.68 4.60
kenk3b XM_694909.8 0.74 0.04 7.40 12.31
slc16a6b XM_685174.9 0.65 0.03 9.49 14.80
abcf2a NM_201315.2 0.52 0.03 54.02 77.35
prrba XM_005163058.4 0.49 0.04 19.10 26.79
strip2 XM_021475407 .1 0.48 0.02 19.89 27.58
rnf144ab XM_005160676.4 0.38 0.04 50.12 65.35
nrid1 NM_205729.2 0.35 0.02 84.96 108.17
hsp90aai.2 NM_001045073.1 0.34 0.03 127.68 161.99

Table 4.2 Significantly upregulated transcripts in the dj-1-/- brain

A list of significantly upregulated transcripts identified in the dj-1-/- zebrafish brain by RNA-Seq analysis. A significance threshold of q<0.05 was used.
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4.2.3 ldentifying enriched gene sets from the RNA-Seq data

Identifying individual target genes and manually curating a ‘gene list’ may not
give a complete picture of the changes in biology that occur in the absence of
DJ-1. Therefore, a statistical approach called Gene Set Enrichment Analysis
was carried out on the transcriptomic data to uncover small changes in large
sets of genes, grouped by biological function (Subramanian et al., 2005). An
advantage of using GSEA over gene ontology analysis is that all of the genes in
a gene set are used to test for enrichment in the expression data, rather than
just those with statistically significant changes in expression (Yoon, Kim and
Nam, 2016). The genes from an expression analysis are ordered by correlation
between expression and genotype before determining whether each gene set
being studied is overrepresented at the top or bottom of that list (Subramanian
et al., 2005). When studying the individual genes that are differentially
expressed in a transcriptomic analysis there can also be large biological and
technical variability (Mclntyre et al., 2011). GSEA helps to overcome this issue
by determining activated pathways/functions from the overall changes in
expression. The results become more reproducible and comparable between
experiments (Subramanian et al., 2005). Here, the RNA-Seq data was
interrogated by GSEA to identify Hallmark gene sets enriched in the dj-1-
zebrafish brain. The hallmark gene sets, from the Molecular Signature
Database (Broad Institute), represent well defined biological processes
(Liberzon et al., 2015). Gene sets with normalised enrichment scores (NES) of
2 1.5, FDR g-values of < 0.05 and nominal p-values of < 0.05 were considered
significant (Table 4.3). Of particular interest, gene sets involved in progression
of the cell cycle (HALLMARK_G2M_CHECKPOINT, HALLMARK_E2F TARGETS), Akt
signalling (HALLMARK_PI3K_AKT_MTOR_SIGNALLING) and oxidative
phosphorylation (HALLMARK_OXIDATIVE_PHOSPHORYLATION) were enriched
(Figure 4.5A). The cell cycle related gene sets were interesting because re-
entry of neurons into the cell cycle has been associated with neurodegeneration
(Herrup et al., 2004; Herrup and Yang, 2007; Wang et al., 2009). Cell cycle
markers have also been identified in both the SN DA neurons of PD patients
post-mortem (Hoglinger et al., 2007), and the SN DA neurons of a PD model in
the rat (EI-Khodor et al., 2003). PI3K AKT MTOR signalling was an interesting

gene set because dysfunctional AKT signalling is associated with PD (Timmons
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et al., 2009) and altered AKT signalling has been seen in DJ-1 deficient mice
(Hauser et al., 2017). The oxidative phosphorylation gene set was of interest
because it occurs in the mitochondria and mitochondrial dysfunction is highly
associated with DA neurodegeneration (Winklhofer and Haass, 2010), and

activation of the DJ-1 oxidative stress response (Aleyasin et al., 2010).

4.2.4 Validation of enriched gene sets

gRT-PCR analysis was carried out to investigate the enrichment of cell cycle
related gene sets. Based on an experiment by Nguyen et al. (2017) the
expression of cyclins ccna2, ccnb1, ccnb2, ccnd1 and ccne were compared in 3
dj-17- and 3 wild type sibling brains at 16 wpf. Cyclins are involved in regulating
the cell cycle and have altered expression at different stages. D and E-type
cyclins (e.g. ccnd1 and ccne) are induced by mitogenic growth factors in the G1
phase of the cell cycle (Mann et al., 1997). They go on to form complexes with
cyclin-dependent kinases (CDK) 4 and 6, and with CDK2, respectively (Bates et
al., 1994; Koff et al., 1992). There is sequential phosphorylation of the
retinoblastoma protein (Rb) by the CDK4/6-Cyclin D and CDK2-Cyclin E
complexes preventing Rb from binding to the E2F transcription factors
(Lundberg and Weinberg, 1998). The uninhibited E2Fs are then free to promote
transcription of downstream targets involved in cell cycle progression including
A and B-type cyclins (e.g ccna2, ccnb1 and ccnb?2), which accumulate
throughout S phase and into the G2 phase (Zhu, Giangrande and Nevins,
2004), whilst cyclin E is degraded (Clurman et al., 1996). Cyclin A forms a
complex with CDK2 and phosphorylates and inhibits substrates including CDC6
and MCM4, which are involved in genome duplication, to prevent DNA re-
replication at the end of the S phase (Petersen et al., 1999; Ishimi et al., 2000).
Cyclin A further interacts with CDK1 to phosphorylate and activate downstream
targets that go on to trigger mitosis and one of these targets, Plx1, goes on to
activate the CDK1/Cyclin B complex (Vigneron et al., 2018). Active CDK1/Cyclin
B complex is an essential component of the M-phase promoting factor (MPF)
required for cells to enter mitosis (Hara et al., 2012). Therefore, the cyclins act
as markers for different stages in the cell cycle. No significant difference was
seen for any of the cyclins; however, as only a specific set of cells in the

posterior tuberculum are thought to be affected any differences in cell cycling
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were unlikely to be detected in the whole brain. In the Nguyen et al. (2017)
paper, cells were sorted by fluorescence before analysing the expression of

different cyclins and detecting increased G2/M checkpoint markers.

Two gene sets of particular interest that were found significantly enriched in the
dj-17- zebrafish brain were the oxidative phosphorylation and PI3K AKT MTOR
signalling gene sets. Oxidative phosphorylation occurs in the mitochondria and
enrichment of associated genes is interesting as mitochondrial dysfunction is
highly associated with PD pathology and activation of the DJ-1 oxidative stress
response (Winklhofer and Haass, 2010; Aleyasin et al., 2010). Furthermore,
mitochondrial dysfunction and increased expression of mitochondrial complex |
components has been seen in a previous DJ-1 deficient line of zebrafish (Edson
et al., 2019). PI3K AKT MTOR signalling is an interesting gene set because
dysfunctional AKT signalling has been associated with PD and a DJ-1 loss of
function in mice (Timmons et al., 2009; Hauser et al., 2017). Western blot
analysis was carried out as a simple assay to determine whether the
enrichment of oxidative phosphorylation and PI3K AKT MTOR signalling
indicated an increased number of mitochondria and altered AKT signalling. The
levels of phosphorylated Akt (P-AKT) and a mitochondrial marker (ATP5F1B)
were compared between whole brain lysates of 3 dj-7-- and 3 wild type siblings
at 16 wpf. P-AKT was studied to determine if there was altered Akt signalling in
the whole brain. The mitochondrial marker was analysed to determine whether
enrichment of the oxidative phosphorylation gene set was due to an increase in
mitochondria. ImagedJ analysis of the protein bands revealed no significant
difference in P-AKT or the mitochondrial marker with a loss of DJ-1 (Figure
4.5C). Again, with no way of isolating the DA neurons of the posterior
tuberculum, the level of sensitivity offered by Western blotting would be unlikely
to detect any change in these functions in whole brains. While the methods
used in this chapter to detect changes in expression have utilised the whole
brain, rather than just the DA neurons of the posterior tuberculum, the data
extracted is still relevant. DJ-1 is expressed ubiquitously in both humans
(Bonifati et al., 2003) and zebrafish (Bretaud et al., 2007), its expression is not
specific to the dopamine neurons. However, a loss of DJ-1 causes a specific
degeneration of the dopamine neurons in humans (Bonifati et al., 2003). DJ-1 is

also a maijor regulator of transcription in the oxidative stress response
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(Clements et al., 2006). A loss of DJ-1 would affect the transcription of its
downstream targets in the whole brain. A transcriptomic analysis on RNA
extracted from the whole brain would therefore be able to detect these changes
in all neuronal cell types. However, these changes in expression can contribute
to the degeneration of dopamine neurons, which have increased vulnerability to
oxidative stress (Kim et al., 2005b). The genes that are specifically altered in
the DA neurons may go undetected but those differentially expressed
throughout the brain and contributing to DA neurodegeneration would be
identified. Altered AKT signaling and re-entry into the cell cycle may be effects
that specifically occur in the degenerating dopamine neurons. This would be
similar to reports of altered AKT signaling and cell cycle markers in occurring
specifically in the SN DA neurons of PD patients (Timmons et al., 2009; Jordan-
Sciutto et al., 2003).
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FDR-adjusted

Name Gene set size NES p-val q-val
G2M Checkpoint 125 2.11 0.00 0.00
Oxidative Phosphorylation 139 2.04 0.00 0.00
E2F Targets 131 1.87 0.00 0.00
Epithelial Mesenchymal

Transition 98 1.82 0.00 0.01
Cholesterol Homeostasis 44 1.82 0.00 0.00
PI3K AKT MTOR Signaling 63 1.69 0.00 0.02
MYC Targets V1 135 1.62 0.00 0.03
MTORC1 Signaling 137 1.60 0.00 0.03
Mitotic Spindle 121 1.57 0.00 0.04
TGF beta Signaling 25 1.53 0.02 0.05
Androgen Response 64 1.53 0.01 0.04

Table 4.3 Hallmark gene sets enriched in the dj-71-/- zebrafish brain

A list of Hallmark gene sets found significantly enriched in the dj-7-/- zebrafish brain.

The thresholds for significance were NES >1.5, p-value<0.05 and FDR-adjusted g-
value<0.05. NES = normalized enrichment score.
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Figure 4.5 Enriched gene sets implicated in Parkinson’s disease

(A) GSEA enrichment plots for Hallmark gene sets: G2M checkpoint, oxidative
phosphorylation, E2F transcription factors and PISK/AKT/mTOR signalling. NES =
normalised enrichment score. FDR = false discovery rate adjusted P-value. P =
nominal P-value. (B) qRT-PCR analysis comparing the expression of cyclins ccna2,
ccnb1, ccnb2, ccnd1 and ccne in the brains of dj-71-/- zebrafish (n=3) and wild type
siblings (n=3). Student t-tests were used to compare the ACT values of dj-7-/~-and wild
type samples. Error bars represent SEM. (C) Western blot analysis comparing P-AKT
and ATP5F1B levels in the dj-17" and wild type brain. GAPDH was used as a loading
control.
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4.3 Discussion

A number of pathogenic mechanisms contribute to the loss of substantia nigra
DA neurons in PD including oxidative stress and mitochondrial dysfunction
(Henchcliffe and Beal, 2008). DJ-1 is a major regulator of transcription and
signal transduction that plays a role in the oxidative stress response and
mitochondrial maintenance to protect the cell (Clements et al., 2006; Hao,
Giasson and Bonini, 2010). However, there are still downstream targets of DJ-1
that mediate its neuroprotective function yet to be discovered. In this study a
mutant line of zebrafish lacking DJ-1 was generated and a transcriptomic
analysis was carried out on the brains at adulthood to identify downstream

targets of DJ-1 that may play a role in the neurodegeneration of PD.

4.3.1 Reduced expression of gpx3

Among the genes with significantly altered expression was glutathione
peroxidase 3 (gpx3), an enzyme that reduces hydrogen peroxide, protecting the
cell from oxidative stress (Chung et al., 2009). In addition to its role in the
antioxidant response, gpx3 was of interest because of the regulation of its
human ortholog. The promoter of human GPX3 is known to contain an
antioxidant response element (ARE), a peroxisome proliferator response
element (PPRE) and a HIF-1 (hypoxia-inducible factor-1) binding site (Figure
4.6) (Bierl et al., 2004; Chung et al., 2009). Nrf2 is known to activate the
transcription of oxidative stress response genes through binding to the ARE
linking GPX3 expression to DJ-1 because of its role in stabilising and activating
Nrf2 (Clements et al., 2006; Venugopal and Jaiswal, 1996). The PPRE in GPX3
is another binding site that could make it a downstream target of DJ-1. A
peroxisome proliferator-activated receptor (PPAR) dimerised with a retinoic acid
receptor (RXR) can bind to a PPRE site activating downstream transcription
(Tyagi et al., 2011). PPARy and RXRa have been shown to promote the
expression of GPX3 in human and mouse cells suggesting conservation across
species (Chung et al., 2009). DJ-1 is thought to activate PPARY expression with
overexpression of DJ-1 in human cells increasing PPARYy expression (Han et

al., 2018), and conversely DJ-1 knockdown reducing the levels of PPARy seen
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in human cells (Kim et al., 2014). A further binding site in the human GPX3
promoter is HIF-1 (Bierl et al., 2004). The HIF-1 transcription factor binds to the
HIF-1 site, under hypoxic conditions, to promote the transcription of genes that
can reduce oxidative stress (Semenza, 2011). However, the HIF-1a subunit of
HIF-1 is normally ubiquitinated by the Von Hippel Lindau (VHL) protein,
signalling for its degradation (Groulx and Lee, 2002). DJ-1 has been shown to
interact with the VHL protein in human cells, preventing the ubiquitination of
HIF-1a and accordingly DJ-1 knockout causes a loss of HIF-1a (Parsanejad et
al., 2014). Depending on which binding sites are conserved upstream of gpx3 in
the zebrafish DJ-1 could be activating its expression through Nrf2, PPARYy or
HIF-1.0verall, gpx3 is likely a downstream target of DJ-1 in the oxidative stress

reponse of zebrafish.

-2186 -209 -158 +1

Figure 4.6 Binding sites upstream of human GPX3

Diagram of the PPRE, HIF-1 and ARE binding sites in the promoter of human GPX3
(position of binding sites informed by Bierl et al. (2004) and Chung et al. (2009)).

4.3.2 Genes implicated in Parkinson’s disease

Some of the genes significantly affected by a loss of DJ-1 are related to cell
functions known to be disrupted in PD. One of the downregulated genes in the
dj-17 brain encodes, grm2b, the ortholog of GRM2 in humans (zfin.org) which
encodes glutamate metabotropic receptor 2 (mGIuR2) (Joo et al., 2001). This is
of particular interest because altered glutamatergic neurotransmission is
thought to play a role in the neurodegeneration of PD (Gasparini, Di Paolo and
Gomez-Mancilla, 2013). Furthermore, a loss of glutamatergic synapses has
been seen in the striatum of a rodent model of PD (Day et al., 2006). mGIuR2 is
known to reduce glutamate release in areas of the brain including the striatum
(Carrillo-Mora, Silva-Adaya and Villasefior-Aguayo, 2013). Therefore, reduced
expression of mGIuR2 could contribute to the altered glutamatergic

neurotransmission seen in PD.
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The differentially expressed genes also include those related to neuronal
development, structure and function. For instance, a decrease in expression
was observed for myef2, a transcriptional repressor of the myelin basic protein
which is involved in the myelination of neurons (Haas et al., 1995; Brosamle
and Halpern, 2002). Altered expression was also seen for brk1, strip2 and
camkvb, genes involved in cytoskeletal organisation which is important in
neuronal development and dendritic morphology. (Bai et al., 2011; Derivery et
al., 2008; Konietzny, Bar and Mikhaylova, 2017). Knockdown of STRIPZ2 in
human cells causes a loss of filamentous actin bundles and elongation of the
cell (Bai et al., 2011). Whereas knockdown of the camkvb ortholog in mouse
neurons has been shown to reduce filamentous actin and cause a loss of
dendritic spines (Liang et al., 2016). Brk1 is part of the WAVE protein complex
that activates the Arp2/3 complex to induce actin polymerisation for neuronal
development (Derivery et al., 2008; Korobova and Svitkina, 2008). Complete
loss of Brk1 expression in a cell causes a loss of cytoskeletal structures
including lamellipodia and ruffles (Derivery et al., 2008). Recently, the
importance of cytoskeletal dysregulation in PD was indicated in a study of the
PD-associated gene, LRRK2 (Bardai et al., 2018). The actin cytoskeleton also
plays a role in the endocytic recycling of dopamine transporter (DAT)
subsequent to neurotransmission across the synapse (Gabriel et al., 2013).
DAT is involved in the reuptake of DA from the synaptic cleft and its endocytic
recycling regulates DA neurotransmission (Sorkina et al., 2009). Another
differentially expressed gene, vamp3, is part of a SNARE complex, found on the
vesicle membrane and required for vesicular transport from early/recycling
endosomes to the trans Golgi network (Mallard et al., 2001). The substantia
nigra DA neurons in humans have increased vulnerability to dysfunctional
intracellular trafficking, as vesicles transport cargo great lengths and to a high

number of synapses (Bolam and Pissadaki, 2012).

Mitochondrial dysfunction is accepted as central to PD pathophysiology (Hu and
Wang, 2016) and in the transcriptomic analysis, glycine amidinotransferase
(gatm), a mitochondrial enzyme involved in creatine synthesis (Sandell et al.,
2003), was found significantly downregulated in the dj-77-mutant brain. As well
as being an energy store, creatine can also play a role in neurotransmission

binding to both the GABA-A and NMDA receptors and has an anti-oxidative
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function scavenging for reactive oxygen species (Koga et al., 2005; Royes et
al., 2008; Lawler et al., 2002). A further gene involved in supplying the cell with
energy was found with altered expression in the dj-77 zebrafish brain. The
ortholog of pyruvate kinase M1/2 (pkma), a key regulator of aerobic glycolysis,
was downregulated reflecting dysfunctional metabolism in the dj-1 brains
consistent with a parkinsonian disorder (Anandhan et al., 2017; Stone et al.,
2018; Israelsen and Vander Heiden, 2015).

The differential expression in the dj-1- zebrafish brain was further compared
with gene expression in the SN DA neurons, altered expression in the SN of PD
patients and differential gene expression in the brain of a separate dj-1-
zebrafish line. Previous transcriptomic analyses have found that genes
associated with metabolism, mitochondria and vesicle trafficking have higher
expression in the SN DA neurons than other DA neurons (Chung et al., 2005;
Greene, Dingledine and Greenamyre, 2005). These results are indicative of the
high-energy requirements of the SN DA neurons (Pissadaki and Bolam, 2013),
and their reliance on effective vesicle trafficking due to extensive axonal
arborisation (Giguére et al., 2019). Specific genes identified with higher
expression in the SN DA neurons include the glycolytic enzyme pyruvate
kinase, mitochondrial enzyme Gatm, reducing enzyme glutathione peroxidase 3
(Gpx3), a metabotropic glutamate receptor, mGIluR1, and the vesicle trafficking
protein Vamp2 (Hook et al., 2018; Grimm et al., 2004; Greene, Dingledine and
Greenamyre, 2005). Interestingly, pyruvate kinase, gatm, gpx3, the
metabotropic glutamate receptor, mGIluR2, and the vesicle trafficking protein
vamp3 all had reduced expression in the brain of the dj-1 zebrafish described
in this thesis (Table 4.1). mGluR1 and mGIuR2 are both metabotropic glutamate
receptors and increased activation of the SN DA neurons by excitatory
glutamatergic input has been associated with the neurodegeneration in PD
(Marino et al., 2001). Furthermore, mGIuR2 is a glutamate receptor that has an
inhibitory effect on activation of the SN DA neurons (Bradley et al., 2000),
therefore its loss could increase the chances of SN DA over excitation. VAMP2
and VAMP3 are both SNARE proteins involved in the docking and exocytosis of
synaptic vesicles (Hong, 2005). The reduced expression of genes associated
with the SN DA neurons could reflect a loss of SN DA neurons in the dj-1-

zebrafish brain. Transcriptomic analyses comparing gene expression in the SN
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of PD patients and healthy controls postmortem identified decreased
expression of genes associated with ubiquitination, vesicle trafficking, the
mitochondria and cytoskeletal maintenance (Hauser et al., 2005; Miller et al.,
2006). Specific genes with reduced expression in the SN of PD patients
included the SNARE proteins, VAMP1 and Syntaxin-1A. Contrasting with the
SN of PD patients, an E3 ubiquitin ligase, rnf144ab , was upregulated in the dj-
17~ mutant brain, which could increase ubiquitination activity (Table 4.2) (Ho et
al., 2014). However, there was decreased expression of vamp3, which is a
SNARE protein, the mitochondrial enzyme gatm, and altered expression of
genes associated with cytoskeletal maintenance (brk1, strip2 and camkvb)
(Table 4.1 and 4.2). The differential expression in the dj-77 zebrafish brain
therefore shares some similarities with gene expression in the SN of PD
patients. Differential gene expression has also been studied in the brain of a
separate dj-17- mutant line by mass spectrometry (Edson et al., 2019). Proteins
in the electron transport chain (ETC) were seen upregulated whilst those
involved in inflammation, the stress response and vesicle trafficking were
downregulated. No ETC genes were differentially expressed in the dj-17 line
described in this thesis, however, the mitochondrial enzyme gatm, involved in
creatine synthesis (Sandell et al., 2003), was downregulated. Similarly, creatine
kinase, a mitochondrial enzyme which phosphorylates creatine (Lahiri et al.,
2002), had reduced expression in the dj-77 line produced by Edson et al.
(2019). Inflammation associated genes had no significantly altered expression
in the dj-17 line generated for this project, but there was reduced expression of
a stress response gene, gpx3, and a vesicle trafficking gene, vamp3.
Interestingly, vamp3 is a SNARE protein and one of the genes downregulated
in the dj-17 line reported by Edson et al. (2019), picalma has a SNARE binding
activity (Miller et al., 2011). Overall, when comparing the differential expression
in the two dj-77- mutant lines, they shared reduced expression of mitochondrial
enzymes involved in creatine synthesis/phosphorylation, genes involved in the
stress response and genes associated with vesicle trafficking. The two dj-7-"
lines differed when it came to the expression of ETC genes and inflammation

associated genes.
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4.3.3 Enrichment of gene sets implicated in PD

RNA-Seq is useful for identifying significant changes in gene expression,
however, it can be difficult to interpret the biological significance of each
differentially expressed transcript. Furthermore, DJ-1 regulates signalling
pathways and the RNA-Seq data alone was not able to convey whether specific
pathways had been affected by the loss of DJ-1 (Oh and Mouradian, 2017). In
order to take a broader look at the biological functions sensitive to a loss of DJ-
1, Gene Set Enrichment Analysis (GSEA) was used to analyse the RNA-Seq
data (Subramanian et al., 2005). GSEA identified enrichment of gene sets
consistent with disrupted metabolism, Akt signalling and cell cycle regulation
(Figure 4.5).

Metabolic regulation in neurons is crucial given the high and dynamic energy
demands of the vertebrate brain (Magistretti and Allaman, 2015). These
demands in normal neurons can result in a transient uncoupling of glycolysis
and oxidative phosphorylation (Yellen, 2018), similar to the Warburg effect seen
in cancer cells (Koppenol, Bounds and Dang, 2011). The increase in glycolysis
over oxidative phosphorylation enhances carbon and NADPH production, which
are both required to create the amino acids, nucleotides and other components
needed for proliferation in cancer cells (Heiden, Cantley and Thompson, 2009).
Cancer cells can therefore prioritise proliferation over ATP production through
the Warburg effect. Similarly, neurons are thought to use the Warburg effect to
supply biosynthetic components for synaptic growth, and supporting this
increased levels of aerobic glycolysis have been reported in areas of the brain
with heightened expression of genes involved in synapse formation (Goyal et
al., 2014). The Warburg effect is also less efficient at producing ATP than
glycolysis coupled to oxidative phosphorylation, however, it requires less steps
to produce ATP. Therefore, the increase in aerobic glycolysis with neuronal
excitation is thought to rapidly supply neurons with the energy they need once
stimulated before switching back to the more efficient oxidative phosphorylation
(Manlio Diaz-Garcia et al., 2017). Here, in the dj-717- zebrafish brain the gene
set for oxidative phosphorylation was enriched (Figure 4.5) whilst the pkma
gene encoding a major enzyme in glycolysis was downregulated (Figure 4.4).

This suggests a dysregulation of the mechanism to transiently uncouple
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glycolysis and oxidative phosphorylation and disruption of the responsive
metabolism required by neurons in zebrafish brains lacking DJ-1. A western blot
analysis was carried out to determine whether the enrichment of oxidative
phosphorylation was due to an altered number of mitochondria in the dj-71+"
brain. However, no significant difference was seen in the expression of
mitochondrial marker ATP5F 1B between dj-17- and wild type sibling brains at 16
wpf (Figure 4.5C). Interestingly, proteomic analysis of a separate dj-1-"
zebrafish mutant revealed increased expression of complex | components,
which are involved in oxidative phosphorylation, but reduced complex | activity
(Edson et al., 2019). Overall, the disrupted metabolism suggested by the

transcriptomic data may create a neurodegenerative state in the dj-7- brain.

The enrichment of gene sets associated with PI3K/AKT/mTOR and mTORC1
signalling (Table 4.3) is similar to previous reports of altered AKT and mTOR
signalling in PD (Lan et al., 2017; Timmons et al., 2009). Increased levels of
mTOR have also been seen in mouse models of PD (Wills et al., 2012) and
dysfunctional AKT signalling was observed in the Dj-1 knockout mouse (Hauser
et al., 2017). DJ-1 is also known to negatively regulate the tumour suppressor
PTEN, which is part of the Akt signal transduction pathway (Kim et al., 2005). A
western blot analysis was carried out to determine whether a loss of DJ-1
increased the phosphorylation of Akt in the zebrafish brain (Figure 4.5C).
However, no change in P-Akt was observed when comparing dj-7- zebrafish

and wild type siblings at 16 wpf.

Three cell cycle-related gene sets were enriched in the dj-77 zebrafish brain:
G2M checkpoint, E2F Targets and Mitotic Spindle. The G2M checkpoint
prevents a cell entering mitosis with damaged DNA (Stark and Taylor, 2004),
E2F are a family of transcription factors involved in the G1/S phase of the cell
cycle (Bertoli, Skotheim and De Bruin, 2013), and mitotic spindle is required to
separate sister chromosomes during mitosis (Walczak and Heald, 2008). These
enriched gene sets suggest an increase in the number of cells actively cycling
in the dj-17 brain. This may seem surprising, since DJ-1 was first identified by
its interaction with c-Myc and indeed can transform 3T3 cells when co-
expressed with c-Myc or ras (Nagakubo et al., 1997). While this suggested DJ-1

can promote the cell cycle, the GSEA indicates enrichment of cell cycle genes
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in brains lacking DJ-1. Interestingly, entering the cell cycle has been linked to
cell death in neurons (Herrup et al., 2004; Herrup and Yang, 2007; Wang et al.,
2009) and moreover, Hoglinger et al. (2007) found that the pRb/E2F pathway
was activated and caused neuronal cell death in a chemical model of PD.
Similarly, in a chemoablation model of PD in rats, dying substantia nigra DA
neurons showed markers for the S phase and G2 phase of the cell cycle (El-
Khodor et al., 2003). There has been some speculation about the underlying
cause of neurons re-entering the cell cycle during neurodegeneration. Kruman
et al. (2004) proposes that re-entry of postmitotic neurons into the cell cycle is
an essential part of their DNA-damage response, which ends with apoptosis
after reaching a cell-cycle checkpoint. Oxidative stress, which DJ-1 acts as a
sensor for, is known to cause DNA damage (Barzilai and Yamamoto, 2004).
The mitotic gene sets enriched in mutant samples could therefore reflect a
neurodegenerative state in the dj-77 brain. Alternatively the enrichment of cell
cycle-related gene sets may be due to increased proliferation of progenitor cells
to replace the neurons lost or it could be a sign of cancer development in the
brain (Evan and Vousden, 2001; Kroehne et al., 2011). These possible reasons
for the enrichment of cell-cycle related gene sets in the dj-7- brain will be
discussed in further detail in Chapter 6. A qRT-PCR analysis was carried out to
see whether there was altered expression of any cell cycle markers in the dj-1-
brain, however, no significant difference was seen in the whole brain (Figure
4.5C). This could be due to cell heterogeneity in the whole brain lysate masking

an increase seen in a certain population.

4.4 Conclusion

Using transcriptomic analysis 32 transcripts were found differentially expressed
in the DJ-1 deficient zebrafish brain including genes involved in the oxidative
stress response and metabolism. These were particularly interesting as DJ-1
promotes antioxidant gene expression and the DA neurons have extremely high
energy demands a(Bolam and Pissadaki, 2012; Ariga et al., 2013). Loss of DJ-1
in the zebrafish brain was further shown to enrich gene sets involved in
oxidative phosphorylation, the cell cycle, and Akt signalling; reflecting some

known parkinsonian defects and indicative of others . Overall, the transcriptomic
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analysis revealed effects on gene expression consistent with PD and, together
with a loss of DA neurons in the posterior tuberculum, data indicates that
creating a DJ-1 null zebrafish has provided an animal model with molecular and

physiological hallmarks of Parkinson’s disease.
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5 Analysis of the movement phenotype
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5.1 Introduction

5.1.1 Classifying by machine learning

Machine learning is a growing strand of artificial intelligence, that is, software
that can modify its own behaviour to better suit the requirements of a given task
(Alpaydin, 2016). With machine learning, instead of writing a program to solve a
particular problem, a solution is generated automatically over a number of
iterations (Tarca et al., 2007). One criterion for selecting the machine learning
method was that it would be able to learn to classify the mutant as distinct from
wild type fish based on features of movement. In order to do this the algorithm
had to know what data came from which class of fish. This is called ‘supervised
learning’, a type of machine learning where a supervisor gives the desired
output for every input when trying to generate an optimised classifier (Ayodele,
2010). In this instance, the input is all the features of movement extracted from
the recording of a fish and the desired output would be the class of fish, either
mutant or wild type. There are multiple different types of supervised machine
learning, all with their own representation of models, the criteria they use for
optimising the model and the way in which parameters are adjusted in the
optimisation process (Alpaydin, 2016). Machine learning can be further
separated into black box or white box models depending on the transparency of
the classifier generated in regards to its inner workings (Olden and Jackson,
2002; Dreiseitl and Ohno-Machado, 2002).

5.1.2 Artificial neural networks: a black box classifier

Artificial neural networks (ANN) are a widely used form of supervised machine
learning inspired by the human brain (Jain and Mao, 1996). The following
description of evolving solutions using an ANN is informed by Alpaydin (2016),
Ding et al. (2013) and Yao (1999). Each node in an ANN represents an artificial
neuron and the neurons form connections with each other similar to synapses
in the brain, which is the model representation (Figure 5.1). The neurons form
connections with different weightings determining the effect they have on

subsequent neurons and they can be excitatory or inhibitory, having a positive
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or negative weighting. A neuron becomes active when the sum of all weightings
acting on it reaches a threshold and it produces an output. The weightings are
adjusted by a learning algorithm to reduce the number of differences occurring
between outputs and the answers provided by the supervisor, termed the error
function. Therefore, weightings are the adjustable parameters and reducing the
error function is the criteria for optimising. However ANNSs, like many forms of
machine learning are ‘black box’ systems which means they do not share much
insight on the internal functions of the classifier generated (Olden and Jackson,
2002). This makes ANNs and any other black box machine learning methods

unviable for the purpose of identifying and describing a movement phenotype.

Update weighting between neurons

Input Hidden Hidden Output
Layer Layer 1 Layer 2 Layer

Compare
output with
desired
answer

Figure 5.1 Artificial neural networks
Example of an ANN representation. The hidden layers contain the processing
neurons, which can be excitatory or inhibitory and need to have an input above their
specific thresholds to be activated. The output is compared with the desired answer
to determine the error function and the weightings between neurons are updated to
reduce the difference.
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5.1.3 Evolutionary algorithms: a white box classifier

Evolutionary algorithms (EA) are another form of supervised machine learning
inspired by Darwinian evolution (Smith et al., 2015). The following description of
evolving solutions using an EA is informed by Eiben and Smith (2015), Smith et
al. (2015, 2007) and Vikhar (2016). Due to the occasionally confusing use of
biological terms to describe EAs, italics will be used to indicate when a word
has an alternative meaning. An EA is a population-based algorithm designed to
optimise the candidate solution to a defined problem. In an EA a population of
candidate solutions or individuals is evaluated using a fitness function, an
objective mathematical measure that determines which solution is the most
effective, and that individual is used to spawn a new population for the next
generation. The EA goes through multiple generations and the candidate
solution becomes increasingly optimised with each round of evolution. This
culminates in an effective solution being produced and expressed as a discrete
mathematical equation that describes the solution. One advantage of EAs is
their simplicity compared to other types of machine learning: they are initialised,
there is iterative variation and selection is based on a fitness function
(Sivanandam and Deepa, 2008). They also perform a global search in the
space of candidate solutions to a problem, rather than a local search, making
them more likely to find an optimal solution but taking more steps to get there
(Maimon and Rokach, 2008). EAs can be applied to a broad range of problems,
anything where a function needs to be optimised and can be represented by
operators that are varied with each generation (Sivanandam and Deepa, 2008).
They can also be dynamic, adapting to changes in circumstance whereas other
methods might need starting over (Branke, 2012). Furthermore, EAs are useful
for modelling complex, poorly understood processes such as neurological
disorders where an EA can recognise minute differences that human
observation and logic might overlook (Lones et al., 2014). Importantly, the
internal functions applied to the input data in a classifier evolved through an EA
can be seen (Sette and Boullart, 2001). This is essential for discovering the

movement phenotype that characterises a zebrafish model of PD.
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5.1.4 Evolutionary algorithms for diagnosis of PD

EAs have already been proven successful at classifying PD patients based on
movement (Lones et al., 2014). The clinical diagnosis of PD by movement
disorder experts has only been accurate around 80% of the time (Hughes et al.,
1992; Rizzo et al., 2016). There is a need for a more accurate, less subjective
method of diagnosing PD. In an attempt to diagnose PD in an automated
manner 49 PD patients and 41 age-matched controls wore electromagnetic
tracking sensors on the finger and thumb and performed a finger tapping task
(Lones et al., 2014). Simple comparison of the gross features of movement
between PD patients and controls showed that the mean amplitude was the
most effective feature for diagnosing PD with an accuracy of 78%. However,
this was no more effective than a clinician’s diagnosis, so classifiers were then
optimised using EAs and the same data was used to train them. The best
classifiers produced had diagnostic accuracies of around 90%. EAs have
therefore been successful at optimising classifiers for diagnosing PD, with
accuracies higher than that of clinician diagnosis. The discrete equations
generated by the best classifiers also managed to describe the movement
characteristics of PD in the finger tapping exercise. Classifiers have been
evolved here to identify mutant zebrafish based on data that depicts the
swimming movement. The data was processed to make it suitable for

computational analysis similar to that used to diagnose PD in humans.

5.1.5 Aims of this chapter

Previous work modelling PD in zebrafish and analysing the movement
phenotype has focused on swimming at the larval stage (Flinn et al., 2009; Xi et
al., 2010; Zhao et al., 2012). The features of movement studied and the
methods used to measure them have been subjective. Subjective assessments
of zebrafish movement have already been shown to differ widely between
individuals (Mirat et al., 2013), whereas objective methods increase
reproducibility and can be used to identify novel features of movement (Lones
et al., 2014; Smith et al., 2007). Additionally, studying the locomotion of adult
zebrafish modelling PD would be more suitable due to the progressive

neurodegenerative nature of the disorder (Greffard et al., 2006). In order to
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better describe the movement phenotype characterising PD in zebrafish,
objective machine learning methods were used to classify adults models.
Evolutionary algorithms were chosen as the type of machine learning to

optimise the classifiers.

The aims of this chapter are:

e To compare the features of movement in zebrafish modelling PD with
age-matched controls.

e To evolve classifiers that recognise zebrafish modelling PD based on
their extracted features of movement.

e To evolve sliding window classifiers that identify zebrafish modelling

PD from the raw movement data.
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5.2 Methods

5.2.1 Recording tank design

An Aquatics Habitat breeding tank was modified to record zebrafish swimming
whilst keeping the fish in frame and eliminating any reflection or shadow. To
achieve this a white plastic insert of 145mm x 90mm was designed to fit the
bottom of the tank and a hollow square frustum with openings at the top and
bottom was created for the fish to swim in whilst allowing a camera to record
from above (Figure 5.2A). The insert permitted background subtraction whilst
the frustum kept the fish in frame and reduced reflections and shadows. A
raised platform was added to the lid to hold the camera in place and it was

adjusted to the correct height to keep fish in frame at all times.

5.2.2 Zebrafish recording protocol

Individual fish were filmed by a GoPro Hero 3 camera positioned above the
recording tank (Figure 5.2B) for 5 minutes after moving the fish into the tank
and allowing a 10-minute acclimation time. All recordings were at a rate of 100
frames per second with a resolution of 1280 x 720 pixels. The zebrafish
recorded were known mutants and age-matched wild type controls. This
allowed a greater number of mutant and wild type controls to be recorded. If the
progeny of a single heterozygous mutant incross were used, only 25% would be
homozygous mutant and 25% would be wild type according to mendelian
inheritance (Harel et al., 2015). Heterozygous mutants were avoided in case of
any intermediate movement phenotype differing from the wild type. Importantly,
using mutants and wild type fish from multiple progenies reduced the chances
of evolving a classifier that recognised a pattern occurring in a single progeny.
Similarly, Lones et al. (2014) used PD patients and unrelated age-matched
controls to evolve effective classifiers of PD and they avoided smaller sample
sizes to prevent the classifiers responding to a pattern over-represented in the
sample. Furthermore, the classifiers evolved would have increased generality,
from training with mutants and wild type fish from multiple progenies. The high
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generality should improve classification accuracy when the classifiers are used

to discriminate future mutants.

5.2.3 Processing zebrafish recordings

A 30-second period from each 5-minute recording was processed using fish
tracking software developed by a previous student, Matthew Bedder. The fish
was traced in each frame, identified by background subtraction of a recording of
the same tank when empty. An additional 30 seconds of recording were
processed for the dj-1-- mutants and age-matched controls to increase the
amount of movement data available for evolving classifiers. The software
divided the trace into 6 sections of equal length creating 5 equidistant vertices
where the sections met (Figure 5.2C). The x and y coordinates at both ends of
the trace and all five vertices were extracted from each frame of recording.
Additionally, the angles at each vertex, created between two sections, were
extracted from each frame (Figure 5.2D). Angles along the trace were assigned
a positive or negative value depending on whether the angle being analysed
was bending in the same direction as the previous angle. This meant that each
time the tail returned from a bend on one side of the body to a neutral position
where the spine was straight the signage of the angles would reset. If the tail
were to then bend on the other side of the body the angles would fail to switch
to the opposite signage. Therefore, it was decided that the amplitude and
frequency of the tail bend would be investigated rather than the direction of tail
bend, which would be less reliable. Furthermore, the size of the recording tank
meant that the fish would have to be turning regularly at the corners and sides
in order to keep swimming. This would introduce more tail bends on one side of
the body in a row than if the fish were recorded in an open space, which could
confound results. The raw data was recorded and stored in a text file in comma

separated values format (CSV).
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Figure 5.2 Recording tank setup and extracted movement data

(A) A diagram of the recording setup, made to fit in a breeding tank, with
measurements. (B) A photograph of the recording setup in an Aquatics Habitat
breeding tank. (C) A close up of a zebrafish in a recording after processing with the
FishTracker software. The trace has been divided into 6 sections of equal length in
the repeating colour pattern of red, green and blue. (D) A diagram of the angles
measured along the zebrafish trace, at the vertices, when there is a bend in the tail.
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5.2.4 Extracting the features of movement

Raw movement data from the CSV files was input into MATLAB as a matrix and
functions were applied to extract features of movement. The features of
movement being extracted were inspired by previous research investigating
movement phenotypes in zebrafish (Table 5.1). The Pythagoras theorem (a? +
b2 = ¢2) was applied to the absolute coordinates of the centre of a fish 100
frames apart in order to work out the displacement over a second. Visual
assessment of the video clips showed that zebrafish very rarely covered a
distance much larger than the displacement calculated for each second.
Calculating the displacement for each second was therefore deemed suitable
for generating an accurate total distance travelled. This method will also be
more efficient to process than calculating the displacement over smaller time
periods. The values calculated were then added together to get the total
distance travelled in a recording. Based on previous work by Keatinge et al.
(2015) the zebrafish were categorised as swimming at high, medium or low
speed for each second of a recording. However, when trying to label the
swimming speeds of fish preliminary testing found that zebrafish recorded in the
breeding tank rarely reached speeds of >7cm/s. Consequently, the range of
values for high, medium and low speed categorisation were reduced to match
the speeds reached in the breeding tank. Low, medium and high swimming
speeds were defined by fish travelling 0.5 < x <2cm, 2 <x <4 cm and x 24cm
over a one second period, respectively. In a previous study by Lambert, et al.
(2012) a larval zebrafish was classed as swimming if it reached speeds of
>3mm/s and this was used as a criteria when measuring the duration of
swimming episodes. Similarly, speeds of >5mm/s were used as a criteria in this
study for measuring the duration of swimming episodes, scaled up slightly for
adult zebrafish. The percentage of time spent moving, inspired by Godoy et al.
(2015), was calculated using the same criteria. The velocity in this study was
the total distance travelled divided by the number of seconds spent swimming,
similar to the swim speed used by Ingebretson and Masino (2013). Budicke et
al. (2000) studied tailbeat frequency in larval zebrafish by going through
recordings frame by frame and subjectively identifying the frames where the tail
was at maximum bend. Tailbeat frequency was given as the number of tailbeat

cycles occurring per second and a tailbeat cycle consisted of a tail bend on both
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sides of the larvae. To identify maximum tail bends in this study, the sum of
angles along a zebrafish trace were plotted over time with peaks on the graph
indicating the timepoints of maximum tail bend (Figure 5.3A). A running average
over 5 frames was used to remove noise from the data and a minimum distance
between peaks and peak prominence of 5 frames/degrees was used to prevent
multiple peaks being identified with the occurrence of a single tail bend. In order
to include any unilateral tail bends that may be useful in discriminating a
movement phenotype the tailbeat frequency calculated in this study was the
number of maximum tail bends occurring per second. Tail bend amplitude was
another feature of movement inspired by Budick et al. (2000). In the previous
work tail bend amplitude was calculated by subtracting the head-tail angle at
maximum tail bend from 180°. The head-tail angle being the angle between
tangents drawn at the most rostral and most caudal parts of the curved larval
body (Figure 5.3B). In this study, the sum of angles along the zebrafish trace
(Figure 5.3C) was given as the tail bend amplitude, which should be a more
accurate measure of the curvature of the zebrafish tail. Furthermore, the
software identifying angles along the zebrafish trace will be more objective than
a human measuring an angle between tangents drawn on top of a video frame
(Budick and O’Malley, 2000). Overall, 12 features of movement were generated
for evolving classifiers: distance travelled, velocity, time spent moving, mean
swimming episode duration, mean tailbeat frequency, mean tail bend amplitude
and the tailbeat frequencies and tail bend amplitudes at low, medium and high

speed.
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Feature Based on Stage Principles in previous work Principles used here
Distance Keatinge, et al., 2015 Adult Total displacement of zebrafish Total displacement of zebrafish over recording
travelled over recording (taken side on) (taken from above)
Velocity Ingebretson and Larval | Centre of mass used to determine Distance travelled divided by number of seconds

Masino, 2013 velocity in swimming episodes spent swimming
Time spent Godoy et al., 2015 Larval Percentage of time spent moving Percentage of time spent swimming at =2 5mm/s
moving over a 10-minute period
Low/medium/high | Keatinge, et al., 2015 Adult Low speed: <6¢cm/s Low speed: 0.5cm<x<2cm/s
speed swimming Medium speed: 5<x<7cm/s Medium speed: 2<x<4cm/s

High speed: >7cm/s High speed: >4cm/s

Mean swimming Lambert et al., 2012 Larval | Speed of = 3mm/s for swimming Speed of = 5mm/s for swimming episode
episode duration episode
Tail bend Budick et al., 2000 Larval | Angle between rostral and caudal Sum of angles along zebrafish trace at maximum
amplitude tangents subtracted from 180° tail bend (low/medium/high speed).
Tailbeat Budick et al., 2000 Larval Frequency of tail beat cycles in a Frequency of maximum tail bends in a second
frequency second (low/medium/high speed).

Table 5.1 Features of movement based on previous works
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Figure 5.3 Calculating tailbeat frequency and tail bend amplitude

(A) A graph plotting the sum of the angles along a zebrafish trace over time. The
peaks (circled red) are the timepoints when a maximum tail bend has occurred. (B)
A diagram of the head-tail angle measured between tangents drawn at the most
rostral and most caudal parts of the zebrafish body (adapted from Budicke et al.

(2000)). (C) A diagram to show the angles captured along the tail of the zebrafish
when bent.

152



5.2.5 Comparing features of movement

To assess whether the extracted features of movement were significantly
different between zebrafish modelling PD and age-matched controls the correct
statistical test had to be used. The features of movement calculated were
examined using the Shapiro-Wilk test to see whether they followed a normal
distribution. If the data followed a normal distribution the interquartile range
(IQR) was used to identify suspected outliers. Any values at least 1.5 x IQR
below the lower quartile or greater than the upper quartile were identified as
outliers and removed prior to statistical analysis. Features were compared
between classes using either a Student’s t-test if the data was normally

distributed or a Mann-Whitney U test if the data was nonparametric.

5.2.6 Statistical classification using features of movement

Binary logistic regression would seem an appropriate statistical classifier for
recognising mutants using the features of movement. The class of fish, mutant
or wild type, being the binary dependent variable and the features of movement
being the independent variables (Kleinbaum and Klein, 2010). The output of a
binary logistic regression model is the probability, between 0 and 1, that a set of
independent variables belong to a certain class. However, there are a set of
assumptions that need to be met for binary logistic regression to be suitable.
Amongst these was the assumption that there should be no collinearity between
the independent variables (Stoltzfus, 2011). The Belsey collinearity test was
carried out on MATLAB to determine whether there was any collinearity
between the features of movement. Distance travelled, mean tailbeat
frequency, tailbeat frequency at medium speed and mean swimming episode
duration were found to be highly correlated. These features of movements
would therefore not meet the assumptions for logistic regression and their
removal would leave eight remaining features of movement. A further
requirement is a sample size large enough to produce an effective logistic
regression model (Nemes et al., 2009). A widely used rule for estimating the
minimum sample size for logistic regression is the 10 events per variable (EPV)
rule where the number of independent variables is divided by the probability of

the least likely class outcome, and then multiplied by 10 (Peduzzi et al., 1996).
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Using the remaining 8 independent variables and a 0.5 probability of a fish
being mutant, the minimum sample size would be 160. 0.5 was used as the
probability because an equal number of dj-77- mutants to age-matched controls
would be used. However, more recently a 20EPV rule has been suggested to
calculate the minimum sample size for logistic regression (Austin and
Steyerberg, 2017). Using this rule the minimum sample size here would be 320.
In contrast, a classifier diagnosing PD has previously been evolved, using an
EA, with a sample size of 22 (Smith et al., 2007). Use of the correlated
independent variables would reduce the statistical power of the test (Sainani,
2010), and even with removal of these variables the available sample size
would still lead to a low statistical power (Nemes et al., 2009). The desired
power of 95%, which would be the probability of classifying a mutant correctly,
would be unachievable using the number of available recordings to generate a
binary logistic regression classifier (Hsieh, Bloch and Larsen, 1998). Overall,
the correlation between independent variables, and the sample size, would
make binary logistic regression unreliable for classification purposes because of

a low statistical power.

5.2.7 Evolving classifiers using the features of movement

Informed by the work of Smith et al. (2015) and Lones et al. (2014) a classifier
was evolved through multiple generations, using an EA (Figure 5.4). Firstly, the
input data was class labelled and divided into three data sets: training,
validation and test. Then an initial population of classifiers or individuals was
randomly generated. The training dataset was applied to the population and the
fitness of each individual, i.e. how effective they were at classifying, was
evaluated using a fitness function. The fitness function used is discussed later
in this chapter. The fittest individual was selected for and reproduced with
modifications (mutations) producing a progeny with slight differences in the
functions applied to the input data. The individuals of this new generation were
subjected to the same process: selection of the fittest and reproduction with
mutation. The process was repeated for a set number of generations (3000) or
until the EA began to overfit to the training data. Overfitting is when the
individuals evolved start to perform excessively well at classifying the training

data but have reduced fitness when classifying the data as a whole (the
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validation and test data sets) (Chicco, 2017). An overfit classifier would have a
higher training score than previous generations but would have lower validation
and test scores. The validation data was used to test the fitness of the classifier
evolved at each generation as a measure of generality making sure that the EA
was not overfitting to the training data. The classifier produced should correctly
identify the class of any new inputs even if they vary slightly from the training
data. The classifier would be overfit if it had a high fitness when evaluated on
the training data but a lower fitness than other classifiers on the data as a whole
(Maimon and Rokach, 2008). If the EA was found to start overfitting then
training was stopped. The test set, not used in the training or validation stages,
was used to get an unbiased measure of the final classifiers discriminative
power. Implementation of the EA used to evolve classifiers will be described in

more depth later in this chapter.
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Figure 5.4 Evolution of a classifier

A diagram to show the evolution of a classifier with a standard generational EA. The
initial population of classifiers (individuals) attempt to label the training data. The
fittest (or most effective) individual is retained whilst the others are discarded. The
validation set is used to make sure the classifier is not overfitting to the training data.
This cycle continues until a set number of generations has occurred or the EA starts
overfitting to the training data. The test set of data is then used to test the
discriminatory ability of the final classifier.
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5.2.8 Cartesian genetic programming

The type of EA used was a Genetic Programming (GP) algorithm which follows
the routine of generating an initial population of individuals, selecting based on
fitness, mutating to produce the next population and repeating the cycle until
the stopping criteria is met (Maimon and Rokach, 2008). The ability of GP
algorithms to apply a set of functions to input data allows them to change the
representation of the original data and extract knowledge from it. Cartesian
Genetic Programming (CGP) was the form of GP used where programs are
represented as directed graphs with two-dimensional grids of computational
nodes (Miller, 2011).

The following description of a CGP network is informed by Miller et al. (2008)
and Smith et al. (2007). CGP networks consist of data input nodes, processing
nodes and a singular output node, encoded as a list of integers (termed genes)
forming a chromosome. The genes identify the input nodes that each
processing node gets data from, which function (selected from a predefined set)
is applied to that data and where the output data is retrieved from. The genes
are arranged in groups of three with each triplet relating to one of the
processing nodes and a final gene at the end of the chromosome refers to the
node containing the output data. The first two genes in a triplet indicate the
nodes containing data to be processed and the third gene determines the
function applied. When evolving a CGP network to create a mathematical
equation the arithmetic operators plus, minus, multiply and divide are commonly
used as functions applied to the input data. These different functions can
manipulate the input data in alternative ways to produce the output value for
class labelling. For instance, multiply and divide differ from plus and minus as
they can alter the sign of the input data and scale values up or down to a
different degree. Including all four of these arithmetic operators allows greater
manipulation of the input data, increases the number of possible classifier
variations and widens the search for the most effective classifier. The
chromosome that would configure the CGP network in Figure 5.5 is ‘011 112
020 233 5. The first triplet in the chromosome relates to node 2, the initial
processing node, which receives data from nodes 0 and 1 specified by those

first two genes ‘01’ and the third gene ‘1’ discloses the function to be applied to
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the data. The final gene in the chromosome ‘5’ reveals that the output data is
retrieved from node 5. The diagram in Figure 5.5 is a simplified example of a
CGP network to increase understanding and not a representation of the actual
network that would be evolved using the features of movement. The actual CGP
network generated to classify mutant fish would contain 12 data input nodes
correlating to the 12 features of movement extracted from recordings, there
would be 10 rows and 3 columns of processing nodes where selected functions

are applied and a single output deciding the class label (Figure 5.6).

Function
0 =+
1 = -
2 = *
3 =/
Input Processing Output
AN
7
10 \ F1 N FO |—
7 7
6
A Vv O)|
1 3 5 N
11 ———{ F2 > F3

Figure 5.5 Example of a CGP network

An example of an evolved CGP network. The node number is indicated in the top
right corner of each node and the node function is found in the centre. The table of
functions in the top left corner determines which integers select which functions
when configuring the network.
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Figure 5.6 A CGP network evolved using the features of movement

An example of the evolutionary network that would be created to classify mutant

lines of zebrafish with 12 inputs, 3 columns and 10 rows of processing nodes
containing functions and a single output node.
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5.2.9 Fitness function: area under the curve

The continuous value, between 0 and 1, output by each classifier is mapped to
a class label using a threshold. Altering the threshold varies the sensitivity and
specificity of a classifier; sensitivity being the true positive rate and specificity
being the true negative rate (Lones et al., 2014). The sensitivity plotted against
1 - specificity produces a Receiver Operating Characteristic (ROC) curve
(Bradley, 1997). An example ROC curve is shown in Figure 5.7. Each point
along the solid line represents the sensitivity and specificity a classifier achieves
for a certain class label threshold (from 0 to 1). The dotted line represents a
classifier with no discriminative ability where for any point on the line sensitivity
is equal to 1 — specificity. The area under the curve (AUC) is calculated
between the solid line and the x axis, this gives a value between 0 and 1,
representing the fitness of the classifier. If the curve can be represented by an
equation integration can be used to calculate the area. The curve in Figure 5.7
was created using the statistics software GraphPad Prism (GraphPad Software,
Inc) and the AUC can be generated in the software package. The AUC was
automatically generated for each classifier evolved by the evolutionary
algorithm and used to compare fitness. The AUC for the classifier with no
discriminative ability (in Figure 5.7) would be equal to 0.5. A curve that reaches
the upper left corner will have a high true positive rate to false positive rate ratio
for most thresholds and will produce a higher AUC value (Zweig and Campbell,
1993). The area under the curve (AUC) calculated gives the probability that the
classifier will rank a positive value higher than a negative value, in other terms
the likelihood it correctly classifies the input data. An AUC value of 0.5 would
mean the classification is down to chance so a value greater than 0.5 is desired
(Fawcett, 2006). The AUC was used as the fitness function to select for the

most effective classifier in a population.
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Figure 5.7 A Receiver Operating Characteristic (ROC) curve

An example of a Receiver Operating Characteristic curve used to calculate the Area
Under the Curve value for a classifier. The solid line is plotted using the sensitivity
and specificity achieved by a classifier with each class label threshold. The dotted
line represents the sensitivity and specificity achieved by a classifier with no
discriminatory ability and an AUC value of 0.5.

5.2.10 Organising data sets

The data used to train each EA was organised into three data sets using
MATLAB. Extracted data was first marked to identify the class of fish (mutant or
wild type) and divided in a 3:1:1 ratio between training, validation and test data
sets with the data for each fish being randomly allocated between the three.
Each time a classifier was evolved, the test data, specific to the fold of data sets
used in training and validation, was unseen by the evolutionary algorithm during
the training and validation stages. The test data was used to calculate an
unbiased discriminatory score for the final classifier evolved using that fold of
data sets only. The training data was normalised with regard to the mean for
each extracted feature, centred to 0, and the standard deviation (SD) was
scaled to £1. The validation and test data sets were also normalised using the
mean and SD obtained from the training set. The same data was randomly
organised into the three data sets a further 19 times to generate 20 folds of the
data. The 20-folds of data were used to get an average discriminatory score of
the classifiers evolved when the same data was organised differently into the

three data sets.
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5.2.11 Implementing an evolutionary algorithm

A standard generational evolutionary algorithm was used to evolve the CGP
classifiers. The population size used was 5, with a generation size of 3000, and
the highest scoring individual in each population, determined using the fitness
function, was used to spawn the next generation. The first occurrence of a
classifier with the highest validation score over the 3000 generations was
selected as the final classifier for that fold of datasets. This ensured that the EA
wasn’t overfitting the classifier to the training data and it retained generality. The
test scores of all final classifiers, evolved using the 20 folds of dataset, were
averaged to get the mean test score. The mean test score acted as an
unbiased measure of the average classifiers discriminatory ability not
dependent on the organisation of data into the three data sets. The final
classifiers evolved were saved as .dot files which were loaded into Graphviz
(AT&T Labs) software to visualise the CGP network evolved. The entire process
from recording zebrafish swimming to evolving classifiers is visualised in (Figure
5.8).
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Figure 5.8 Process of evolving a classifier

A flow chart detailing the process from start to finish of recording zebrafish swimming
and evolving classifiers to recognise the movement of mutant lines. Boxes in orange
were executed by writing a script in MATLAB.
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5.2.12 Evolving classifiers using the raw movement data

The following work was carried out in collaboration with Dr Michael Lones from

Heriot-Watt University.

5.2.13 Principal component analysis

Principal Component Analysis (PCA) was carried out on the bend angles from
the raw movement data to reduce their dimensionality and transform the
multivariate time series into a single time series whilst retaining any patterns in
the data. Linear combinations of the angles in each frame produced new
variables called principal components (PCs) that together explained 100% of
the variance in the data (Ringnér, 2008). The first PC (PC1) captured only
broad movements whilst the second PC (PC2) retained the more subtle
movements useful for characterising a movement phenotype. PC2 was also
found to be the most effective for evolving a classifier to recognise the
movements of zebrafish modelling PD. To identify the PC most effective for
evolving a classifier the raw angle data from each processed video clip was
converted into each of the PCs. 20 folds of dataset (containing training,
validation and test sets) were then organised for each of the PCs and used to
evolve sliding window classifiers. The mean validation score of the 20 classifiers
evolved using a particular PC was used to identify the PC most effective for
evolving a classifier. The classifiers evolved using PC2 were found to achieve
the greatest mean validation score. The mean weighting for the first and last
bend angles in PC2 across all the fish used to evolve the DJ-1 classifier was
0.63 and 0.65, respectively. The mean weightings for angles 2, 3 and 4 were
0.26, 0.09 and 0.21, respectively. Therefore, the first and last bend angles had
the greatest weightings in PC2, with relatively small weightings for the other
angles, suggesting that it primarily measured the degree of head and tail

deflection during swimming.

5.2.14 Evolving an ICRCGP sliding window classifier

Sliding window classifiers, encoded using Implicit Context Representation CGP

(ICRCGP), were evolved to classify the PD models using the PC2 time series
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as input data. IRCGP generates mathematical equations to describe local
patterns in the movement data that can be used for discrimination (Lones et al.,
2014). IRCGP differs from standard CGP because it has positional
independence, the location of nodes within the network having no effect on the
output (Cai, Smith and Tyrrell, 2005). Similar to the organisation of data for
evolving a standard CGP classifier, the PC2 time series data was organised into
training, validation and test data sets in a 3:1:1 ratio. Again, the training set was
used to determine the most effective classifier during training, the validation set
was used to stop training when a model began to overfit to the training data and
the test set was used to get an unbiased measure of the final classifiers
discriminatory ability. The PC2 time series data was reorganised into the three
datasets 20 times to evolve multiple models and generate average training and
test scores across the 20 folds of data. The population size used was 500, with
a generation size of 50 and grid size of 5 x 5. The mutation rate was 6% for

functions, 3% for dimensions and the mutation:crossover ratio was 50:50.

The window in a sliding window classifier contains the data from a specific
range in a time series, which becomes the input data for the evolved ICRCGP
algorithm (Figure 5.9). Here, 20 PC2 values equating to 20 frames in a
recording were used as the input data. The algorithm applies predefined
functions to the input data and produces a continuous value between 0 and 1
(Lones et al., 2014). Following this the window slides along one position in the
time series to get the next overlapping range of data points. The algorithm is
applied to the new input data and produces a further output value, the process
is repeated until the sliding window has reached the end of the time series. The
mean of all the output values is the classifier output used to label the data as

belonging to one of two classes depending on a threshold value.
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Figure 5.9 Evolving a sliding window classifier

An example diagram of an Implicit context Representation CGP network (adapted
from Lones et al. (2014)). The input values are principle component values taken
from a 20 frame window. Functions are applied to the input data in processing
nodes and an output between 0 and 1 is generated for each 20 frame window
before sliding one frame further along the time series. The ouput values are
averaged across the time series and used to label the zebrafish as either mutant or
wild type.
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5.3 Results

The movement phenotype of the pink1-- mutant was analysed as it was the first
mutant line to reach homozygosity with the ease of genotyping pink1-- fish.
Furthermore, a previous study has reported a loss of DA neurons in the pink1--
zebrafish (Flinn et al., 2013). The movement phenotype of the dj-77- mutant was
analysed as it was found to be the most effective model of PD, with cellular and

molecular signatures of the disease (Chapters 3 and 4).

5.3.1 Extracted features of movement

pink1+- features of movement

MATLAB was used to extract features of movement from the raw movement
data for 39 recordings of pink17- zebrafish at 14 wpf and 44 recordings of age-
matched wild type controls. The distance travelled by pink1-- zebrafish was
approximately 10% less than wild type (Figure 5.10A). Whereas no significant
difference was seen in the velocity, time spent moving or mean swimming
episode duration of pink1-- fish (Figure 5.10B,C,D). Tail beat frequency and tail
bend amplitude were both reduced at medium and high swimming speeds
(Figure 5.10E,F).

dj-17 features of movement

18 dj-17 zebrafish at 12 wpf and 32 age-matched wild type controls were
recorded swimming for 5 minutes. Two 30 second clips were processed from
each 5-minute recording and MATLAB was used to extract the features of
movement from the raw movement data. The distance travelled, velocity, time
spent moving and mean swimming episode duration were all significantly
reduced with dj-77-mutants compared to wild type (Figure 5.11A-D). Tailbeat
frequency was decreased at low swimming speeds in the dj-77 fish but
remained unaltered at medium and high speeds (Figure 5.11E). The tail bend
amplitude was reduced at low speeds but increased at high speeds when

comparing the dj-77 fish to wild type (Figure 5.11F).
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Figure 5.10 pink1-/- features of movement

The features of movement compared between pink1-/- and wild type (WT) at 14
wpf including (A) distance travelled, (B) velocity, (C) percentage of time spent
moving, (D) mean duration of a swimming episode, (E) tailbeat frequency at low,
medium and high swimming speeds, (F) tail bend amplitude at low, medium and
high swimming speeds. * = p < 0.05, ** = p < 0.01, ns = not significant.

168



120+

100{ _—1= 4+ il -
£ 1007
5] o s ]

o 80- o <
3 @ 3- 5 80-
3 £ I
T 60- ) o 60
s 2 2 =
o — -
£ 40- 8 S 404
% - Q.
a S 1 s il
204 E 204
£ |
0 T 0 T 0 T
. A
\é \>\ @‘ \>‘ $ \)\
> 6\' »
D E
30+ 5+ a

_ PO = ns ns O wT

%25_ J— & ol o Wl dj-1-/-

S oy

T o

5 20 g 3

5 g

o

3 m < 24

2 ©

: L

2 104 ®

- 0

E c L) T

3 5 kS RS >

= 4“9& ‘QQQ ‘JQQ

e : ¥ & ®
) 6‘:\ &
F
* ns kK
~ 197 o wr
601 -1
[ 4
S 501
= r
T 40
E
,g 30~.
B 204
E 10-.'
c T T ]
> > >
() ()
& & &
R &aQ R
Ny &o Q;\Q

Figure 5.11 dj-1-/- extracted features of movement

The features of movement compared between dj-7-/- and wild type (WT) at 12 wpf
including (A) distance travelled, (B) velocity, (C) percentage of time spent moving,
(D) mean duration of a swimming episode, (E) tailbeat frequency at low, medium
and high swimming speeds, (F) tail bend amplitude at low, medium and high
swimming speeds. * = p < 0.05, ** = p < 0.01, ns = not significant.
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5.3.2 Classifiers evolved using extracted features of movement

The average training and test scores over the 20 folds of dataset are shown in
Table 5.2 for classifiers evolved to recognise zebrafish modelling PD. The
results of the highest scoring classifiers, evolved using one of the 20 folds, were
also recorded. An equal number of recordings (30-second clips) needed to be
present in each class and each had to have a value present for the features
calculated (e.g. low/medium/high speed features). Using 37 recordings of pink1-
- zebrafish at 14wpf and 37 recordings of age-matched controls the evolved
classifiers averaged a test score of 51.6% across the 20 folds of dataset. The
classifiers evolved using 30 recordings of dj-77- zebrafish at 12 wpf and 30
recordings of age-matched controls achieved an average test score of 70%.
The three features of movement that occurred most often in the equations
evolved to classify dj-17 were velocity, tail beat frequency and low speed tail
beat frequency, occurring in at least 7 classifiers each. The highest scoring
classifier evolved using one of the dataset folds, illustrated in Figure 5.12,
achieved a test score of 92.9% demonstrating highly effective classification of
dj-17- mutants. The number of columns used for processing nodes has been
reduced from 3 to 2 in Figure 5.12. One of the three columns has been omitted
as the nodes output was not used in the calculation of the output value, this is a
common occurrence in CGP programs and these nodes are referred to as ‘non-
coding’ (Miller, 2011). Although the mean swimming episode duration was
significantly lower in the dj-17 fish compared to wild type, tailbeat frequency,
which lacked a significant difference, was used in the classifier shown in Figure
5.13. This is because the classifier evolved is not a statistical test, looking for a
significant difference between all of the values in one class compared to
another. Instead, the classifier uses the features of movement from a single fish
at a time, to calculate an output value either above or below a threshold to
classify as either mutant or wild type. Therefore, the relationship between the
features of movement for each fish, and how they can be manipulated to
produce the correct output value is what determines the features used in the
CGP network. A reason why tailbeat frequency was included in the classifier
over swimming episode duration may be that for wild type and dj-1-fish a
strong (R = 0.7285) and significant (p<0.05) correlation was seen between

swimming episode duration and time spent moving using Pearson’s correlation
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coefficient. There will therefore be some redundancy between these two
features of movement making the classifier less likely to use both in its
equation. No such correlation was seen between tailbeat frequency and time
spent moving. Additionally, when either class had a swimming episode duration
lasting the length of the recording, they had a time spent moving value of 100%.
This occurred regularly for both wild type (24/30) and dj-17 fish (10/30).
Therefore, addition of these two features would regularly result in the same
output value from processing node 1 for both classes of fish, which would not
aid classification. Even if you were to change the function applied there would
still be an output value from processing node 1 shared by many dj-7- and wild
type fish. The use of tail beat frequency helps manipulate the data to increase
the likelihood of a lower final output for wild type and a greater final output for
dj-17- mutants. The output from processing node 1 had a different signage to
velocity for wild type fish (13/30) more often than dj-77- mutants (1/29) (One dj-
17~ mutant had a velocity of zero after normalisation) (Appendix Tables 1 and 2).
This meant that multiplication of the output by velocity had a higher chance of
producing a negative final output value for wild type than dj-77-. A negative final
output value for a wild type fish would result in the correct classification.
Furthermore, over half (9/17) of the output values from processing node 1 that
shared the same signage with velocity for wild type had a value less than 1
(Appendix Table 1). Multiplication of the velocity by a value less than 1 would
reduce the size of the final output value and increase the chances of a wild type
classification (below the 0.5 threshold). Whereas, over half (20/28) of the output
values from processing node 1 that shared the same signage with velocity for
dj-17 fish had a magnitude >+1 (Appendix Table 2). Multiplication of the velocity
by a value greater than 1 would increase the size of the final output value and
increase the chances of a dj-1-- mutant classification (above the 0.5 threshold).
Furthermore, out of those fish that shared a signage between the output from
processing node 1 and velocity, dj-717 fish had a higher proportion of velocity
values with a magnitude (17/28) compared to wild type (5/17) (Appendix Tables
1 and 2). Multiplying the output value from processing node 1 by a velocity with
the same signage and a magnitude > +1 would increase the size of the final
output and the chance of a dj-17 classification (above the 0.5 threshold). This
further explains why the + and * operators were used in this classifier. Addition

between time spent moving and tail beat frequency more frequently resulted in
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a value > 1 and a signage the same as velocity for dj-7 fish. The opposite
can be said for wild type fish. Multiplication of the output value from processing
node 1 by velocity more frequently produced a positive value and increased its
magnitude for dj-7-fish compared to the wild type. Together these functions
increased the likelihood of a final output value less than 0.5 for wild type and
greater than 0.5 for dj-77- mutant fish. Overall, swimming episode duration was
highly correlated with time spent moving adding redundancy, whereas tailbeat
frequency was more useful for manipulating the data and improving

classification accuracy.

To examine whether related classifiers had similar accuracies, the fish in the 20
test data sets were labelled using two classifiers nearly identical to the classifier
in Figure 5.13. One of the related classifiers had the multiply function replaced
with an addition function and the other classifier had the addition replaced by a
multiply. The classifier with two addition functions achieved a mean test score of
37.1% whilst the classifier with two multiply functions achieved a mean test
score of 55.4%. A test score of approximately 50% suggests that the classifier
has a similar accuracy to labelling the dj-7- fish by chance (because the test
data has a 50:50 ratio of mutants to wild type). A score of less than 50%
indicates a classifier with low labelling accuracy. Therefore, related classifiers
with a single difference in the functions applied can vary in classification
accuracy and here the related classifiers were shown to perform less effectively
than the classifier in Figure 5.13. The functions applied to the input data
contribute to the accuracy of the evolved classifier. The classifier in Figure 5.12
was also evolved separately using two other folds of dataset where the data
was organised differently into the training, validation and test data. The test
scores of these matching classifiers were both 64.3%, indicating that the test
score can vary with the same classifier depending on how the data was
organised into the three data sets. However, all three identical classifiers still
achieved accuracies above 50% when classifying the test data, showing that
they are more effective at labelling the dj-7- fish than if classification were down

to chance.
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Avg. of 20 folds

Highest scores

Mutant Age No. of
line recordings Train Test Train Test
pink1 -/- | 14 wpf 37 vs 37 64.6% 51.6% 76.2% 75%
dj-1-/~ | 12 wpf 30 vs 30 75.9% 70.0% 73.7% 92.9%

Table 5.2 Scores of classifiers evolved using extracted features

The mean training and test scores for classifiers evolved to recognise pink1” and dj-
17 zebrafish over 20 folds of dataset and the results of the highest scoring
classifiers, evolved using one of the 20 folds of dataset.

Velocity

Tail beat
frequency

Time
spent
moving

Y

Output

Figure 5.12 CGP network of the highest scoring dj-71-/- classifier

The CGP network of the highest scoring dj-7-/- classifier evolved using one of the
20 folds of dataset. The classifier achieved training and test scores of 73.7% and

92.9%, respectively.
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5.3.3 Sliding window classifiers evolved using the raw data

Sliding window classifiers were evolved to recognise the pink1-- and dj-1-"
mutant zebrafish using the PC2 time series data. The average training and test
scores over the 20 folds of dataset are shown in Table 5.. The results of the
highest scoring classifiers evolved using one of the 20 folds of dataset are also
recorded. Using 39 pink1-- zebrafish at 14wpf and 44 age-matched controls the
evolved classifiers averaged a test score of 80% across the 20 folds of dataset.
Classifiers evolved using 38 recordings of dj-17- zebrafish at 12 wpf and 64
recordings of age-matched controls achieved an average test score of 84%.
The mean plots of the 20 windows most useful for discriminating pink17- and dj-

17 movement can be seen in (Figure 5.13).

Avg. of 20 folds Highest scores
Mutant line Age No. ?f
recordings Train Test Train Test
pink1-/- 14 wpf | 39 vs 44 85% 80% 86% 81%
dj-1-/- 12 wpf | 38 vs 64 92% 84% 94% 89%

Table 5.3 Scores of the sliding window classifiers evolved

A table showing the average training and test scores for sliding window classifiers
evolved to recognise pink1-/- and dj-1-/- zebrafish and the results of the highest
scoring classifiers evolved.
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Figure 5.13 Patterns in the time series data used for discrimination

The mean plots of the 20 windows that were most useful for discriminating PD models from age-matched controls (e.g. the windows that created the
highest output values). (A) The PC2 times series data used for discriminating pink1-/- mutants (red) and age-matched controls (black) in the test
data sets. (B) The PC2 time series data used for discriminating dj-7-/- mutants and age-matched controls (black) in the test data sets.
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5.4 Discussion

5.4.1 Locomotor defects in the DJ-1 and PINK1 deficient lines

Marked locomotor defects were observed in the DJ-1 deficient zebrafish at 12
weeks post fertilisation. There was an overall loss of movement seen with the
distance travelled, velocity, time spent moving and duration of a swimming
episode, not dissimilar to the bradykinesia (slowing of movement) observed in
PD patients (Jankovic, 2008). Furthermore, the shorter duration of swimming
episodes indicated more frequent periods of inactivity. This could be akin to the
freezing episodes observed in PD where a patient’'s movement is halted for a
few seconds (Chee et al., 2009). The tail beat frequency remained largely
unaffected by DJ-1 deficiency apart from a slight loss at lower speeds (Figure
5.11E). However, when comparing the mean tail bend amplitudes at different
speeds there were significant differences at low and high swimming speeds
(Figure 5.11F). A trend was seen in the wild type zebrafish for the tail bend
amplitude to decrease with an increase in swimming speed. Similar to previous
reports this suggests the wild type zebrafish is relying on momentum to coast
once higher speeds have been reached, reducing tail bend amplitude and
energy expenditure (McHenry and Lauder, 2005). A greater tail bend amplitude
was observed in the DJ-1 deficient zebrafish at high speeds compared to the
wild type (Figure 5.11F). As the dj-77- mutant fish stop more frequently (Figure
5.11D), the resulting inertia may impede them from gaining the momentum
required for coasting. Alternatively, the dj-77- zebrafish could lack the fine motor
control required to moderate their swimming at speed. This is similar to the
hypothesis that PD patients fail to appropriately scale the size of their
movements to complete a given task (Mazzoni, Shabbott and Cortés, 2012).
Overall, the distinctly altered movement of the dj-77 zebrafish correlates well
with the loss of DA neuron markers seen at 16 wpf (Figure 3.8D).
Comparatively, a loss of movement of a much smaller magnitude was observed
in the PINK1 deficient zebrafish at 14 weeks post fertilisation. The distance
travelled was decreased along with reductions in tailbeat frequency and tail
bend amplitude at medium and high swimming speeds (Figure 5.10E,F). A loss

of DA neurons markers has previously been reported in the PINK1 deficient
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zebrafish (Flinn et al., 2013), however, no significant loss was seen in this
pink17- mutant at 16 wpf (Figure 3.7D) or late adulthood (Figure 3.15).

5.4.2 Evolved classifiers recognise dj-17- zebrafish movement

The classifiers evolved using the features of movement were able to recognise
the dj-17- zebrafish achieving an average test score of 70% across the 20 folds
of data (Table 5.2). In contrast, the classifiers evolved to identify the pink1-
zebrafish achieved an average test score of 51.6% indicating no real
discriminatory ability. An equal number of mutants to wild type was included in
each data set, therefore a classifier recognising approximately 50% of mutants
in the test set is no more effective than classifying every single zebrafish as a
mutant. The increased discriminatory ability of the dj-7- classifier makes sense
as more features of movement were significantly different for the dj-7- fish.
Figure 5.12 is a diagram of the highest scoring CGP network evolved to classify
the dj-1 zebrafish using one of the 20 folds of dataset. The velocity, tailbeat
frequency and time spent moving were used to label a zebrafish as either dj-17
mutant or wild type in that classifier. Similarly, velocity, tail beat frequency and
low speed tail beat frequency occurred most frequently in the 20 dj-1-
classifiers evolved. The velocity and tailbeat frequency must therefore be useful
for discriminating DJ-1 deficient zebrafish. However, the classifier in Figure 5.12
was evolved separately using two other folds of dataset and achieved varying
test scores. Further work on evolving classifiers using the features of movement
could include recording more dj-1-- and wild type fish to produce a further test
set unseen by any of the final classifiers. The further test set could be used to
get an unbiased discriminatory score for each classifier and would help in
comparing how effectively they label the same data. Separating the current
recordings (30 wild type vs 30 dj-17) into the three data sets and a further test
set would reduce the numbers in training, validation and test data to a level
where training would be insufficient and validation and test scores would be

less precise.
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5.4.3 IRCCPG classifiers effectively recognise the PD models

The IRCGP classifiers, evolved using the raw movement data, improved upon
the results of classifiers evolved using features of movement. The classifiers
evolved to recognise either the PINK1 or DJ-1 deficient zebrafish achieved
average test scores of 80 and 84%, respectively. The increase in discriminatory
ability is likely due to the more objective method of evolving a classifier from the
raw movement data rather than select features of movement. The algorithm
evolving a classifier using the features of movement is unbiased, however,
humans originally decided upon the features of movement to study therefore
making them subjective. The IRCGP classifiers were able to identify patterns in
the PC2 value, over the time series, that were most useful for discriminating the
mutants (Figure 5.13). For both classifiers the PC2 value was a linear
combination of the 5 angles along the zebrafish trace with the most weighting
given to angles 1 and 5. Therefore, the rapid change in angle seen entering and
leaving the peak/trough in each plot is mainly representing the change in angles
at the extremities. In other terms, deflection of the head and tail during
swimming occurs at faster rate in the PD models than the wild type. Overall, a
new feature of movement, characteristic of a zebrafish modelling PD, has been
identified. Furthermore, the aim of evolving classifiers to discriminate between
zebrafish modelling PD and age-matched controls based on movement data
has been achieved. There is potential to use the classifiers evolved in a drug
screen for future PD therapies, seeing whether the classifier will recognise the

movement of a zebrafish modelling PD after treatment.

5.4.4 Classifiers need a movement phenotype to discriminate

As part of a separate study an attempt was made to see whether standard CGP
classifiers could be evolved to recognise heterozygous mutant zebrafish with no
observable movement phenotype. Homozygous mutation of the dystrophin
gene in humans causes Duchenne muscular dystrophy (DMD) (Hoffman and
Kunkel, 1989). The sapje zebrafish has a homozygous mutation in the
dystrophin gene ortholog (dmd), causing detachment of muscle fibres at the
somite boundary, and making it a representative animal model of DMD (Bassett

et al., 2003). To determine whether the dmd'#?2¢'* heterozygous mutant, which
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displays no overt phenotype, had any subtle differences in swimming movement
they were recorded swimming from above in the same recording tank setup
described in this chapter (Figure 5.2). 25 dmdt#2222"* heterozygous mutants and
25 age-matched wild type controls were recorded swimming at 12 wpf. The
features of movement were extracted from each recording and used to evolve a
standard CGP classifier, following the same method described in this chapter.
There was no significant difference in any of the features of movement
calculated (Appendix Figure 1) and the classifiers evolved were not able to
discriminate the dmd'@2222’+ zebrafish with an average test score of 43%
(Appendix Table 3). The dmd'@2222’+ zebrafish acted as a negative control
showing that classifiers evolved using the features of movement fail to average
a test score above ~50% when the two classes of zebrafish have no difference

in movement phenotype.
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6 Discussion
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6.1 Summary of findings

The aims of this PhD thesis were to develop a genetic model of PD in the
zebrafish that presents the molecular and cellular signatures of the disease,
and then use an evolutionary algorithm to evolve a classifier that can recognise
any movement phenotype. The data presented in chapter 3 shows the
generation of five genetic models of PD in zebrafish and a confirmed loss of the
DA neurons in one of them. Chapter 4 presents data from a transcriptomic
analysis characterising the changes in gene expression in the dj-77- mutant line
and outlines how this data is consistent with PD pathology. Finally, chapter 5
uses evolutionary algorithms to recognise the altered movement phenotype in

zebrafish models of PD.

CRISPR/Cas9 targeting of dj-1 in the zebrafish caused nonsense-mediated
decay of the transcript and a subsequent loss of the DJ-1 protein. DJ-1
deficiency has been shown to cause a loss of DA neuron markers at the
transcript level in the adult zebrafish brain. A further loss of TH positive neurons
was seen in the posterior tuberculum, homologous to the substantia nigra in
humans (Rink and Wullimann, 2001). Transcriptomic analysis of the dj-7-
zebrafish has revealed dysregulation of genes involved in oxidative
phosphorylation, the cell cycle, and Akt signalling; reflecting some known
parkinsonian defects and indicative of others. Furthermore, | have been able to
show that features of movement significantly differ in the dj-1- zebrafish at
adulthood. An overall loss of movement was observed, with reduced velocity
and more frequent periods of inactivity, suggesting a phenotype similar to the
bradykinesia and freezing episodes seen in PD patients (Mazzoni, Shabbott
and Cortés, 2012). | was then able to show that a classifier could be evolved to
recognise the dj-17- zebrafish using the features of movement. As part of a
collaboration, a further classifier was evolved using the raw movement data

identifying a new characteristic of the dj-7- movement phenotype.
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6.2 Translational models of disease in the zebrafish

In this thesis, an animal model of PD was generated in the zebrafish. The
zebrafish was chosen because of its suitability for disease modelling and its
track record in identifying potential therapies (Berger et al., 2010; Patton et al.,
2005; Langenau et al., 2003). As a vertebrate, zebrafish share more in common
with humans than widely used invertebrate organisms such as C. elegans or
Drosophila. They have a similar body plan to humans and develop many of the
same major organs by 5dpf (Santoriello and Zon, 2012). The zebrafish genome
presents orthologs of 71% of human genes and 82% of known disease-causing
genes (Howe et al., 2013). The externally developing zebrafish embryo allows
one to carry out gene overexpression and knockdown studies by simple
injection of MRNA or morpholino oligonucleotides, respectively (Rosen,
Sweeney and Mably, 2009). Likewise, genome editing is also simple and
effective in the zebrafish and can be used to produce genetic models of disease
and transgenic lines expressing fluorescent reporter genes (Liu et al., 2017).
The transparency of the zebrafish embryo allows the expression of fluorescent
reporter genes to be examined in the live embryo (Long et al., 1997).
Transgenic lines are therefore very useful for analysing any effects of gene
manipulation. Furthermore, molecular methods such as in situ hybridisation and
immunohistochemistry can be carried out on whole embryos to study gene
expression. These methods are not as easily undertaken in mammalian models
of disease which lack transparent externally developing embryos. Zebrafish are
also well suited for high-throughput drug screens: producing hundreds of
embryos at a time with rapid external development; they can be stocked at high
density, with low maintenance costs, and treated with potential therapies

dissolved in their water (Lieschke and Currie, 2007).

There are many examples of the power of zebrafish for modelling human
disease; for instance, there are good zebrafish models of melanoma, leukemia
and muscular dystrophy (Patton et al., 2005; Langenau et al., 2003; Berger et
al., 2010). In 2005, a zebrafish model of melanoma was produced, with
knockout of the p53 tumour suppressor and transgenic expression of the
mutant BRAF(V600E) gene, which is one of the most common mutations in

melanoma (Ascierto et al., 2012; Patton et al., 2005). A screen of 2,000
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chemicals together with gene expression analysis, using in situ hybridisation
and fluorescent reporters (to study melanocytes and their progenitors), allowed
the identification of leflunomide as an effective suppressor of melanoma
development (White et al., 2011). Leflunomide is a drug inhibiting transcriptional
elongation and effective at reducing the elongation of c-Myc targets during
melanoma development (White et al., 2011). Leflunomide has since been found
to effectively treat human melanoma cell lines including those without the
BRAF(V600E) mutation (Hanson et al., 2018). Leflunomide is currently involved
in clinical trails for the treatment of breast cancer and myeloma

(www.cancer.gov). Transgenic expression of the MYC oncogene in lymphoid

cells has been used to generate a zebrafish model of T-cell leukaemia
(Langenau et al., 2003). Two large scale drug screens have been carried out on
the zebrafish model and fluorescent reporter genes expressed in the T-cells
were used as a diagnostic (Ridges et al., 2012; Gutierrez et al., 2014).
Lenaldekar and perphenazine, both regulators of Akt signalling, were identified

as effective treatments in the zebrafish model and human leukaemia cell lines.

Zebrafish have also been used to model Duchenne muscular dystrophy (DMD)
which is caused by mutation of the dystrophin gene (Hoffman and Kunkel,
1989). A dystrophin (dmd) zebrafish mutant produced in a forward genetic
screen was identified by Bassett et al. (2003). They characterised the
detachment of muscle fibres at the somite boundary with gene expression
analysis, using a fluorescent reporter, in situ hybridisation and
immunohistochemistry. A loss of the muscle specific isoform of dmd was
revealed explaining why the phenotype was muscle specific. Birefringence
assay and time lapse photography have since been used to show that muscle
activity promotes muscle fibre detachment in the DMD zebrafish model (Li and
Arner, 2015; Berger et al., 2010). The birefringence assay takes advantage of
the transparency of the zebrafish embryo and uses light to study muscle
integrity, with its structure rotating the beams of light (Berger, Sztal and Currie,
2012). Two large chemical screens have been carried out on the DMD zebrafish
model using the birefringence assay as a diagnostic to see whether the muscle
phenotype was rescued (Kawahara et al., 2011; Waugh et al., 2014).
Aminophylline, an activator of PKA signalling, and fluoxetine, an inhibitor of

serotonin reuptake, were identified as effective treatments from the screens.
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Morpholino knockdown of a serotonin transporter in the zebrafish model further
implicated serotonin reuptake in the pathology of DMD (Waugh et al., 2014).
Using the expression of a fluorescent reporter mitochondrial fragmentation has
also been identified in the pathology of the DMD zebrafish model (Giacomotto
et al., 2013). A further study found that mitochondria in the DMD model opened
their permeability transition pores (PTPs) and produced bursts of ROS with
increased frequency (Zhang et al., 2015). Opening of the mitochondrial PTPs is
involved in the cell death pathway and this is regulated by the protein
cyclophilin D (Giorgio et al., 2010). Correspondingly, cyclosporin A, an inhibitor
of cyclophilin D, was found to partially rescue muscular degeneration in the
DMD zebrafish model (Zhang et al., 2015). More recently, Alisporivir, another
inhibitor of cylophilin D, has been shown to partially rescue the phenotype in the
DMD zebrafish model and in muscle biopsies from DMD patients (Schiavone et
al., 2017). A zebrafish model of DMD has also been used to examine exon
skipping as a potential therapy (Berger et al., 2011). A common mutation
causing DMD is a deletion in exon 50 causing a premature stop codon in exon
51 (Bladen et al., 2015). The idea being that if exon 51 were skipped in
translation the dystrophin protein generated may be functional and the muscle
phenotype could be rescued. In a zebrafish model of DMD, with a premature
stop codon in exon 32, exon-skipping increased dystrophin expression and an
increase up to 30-40% of control levels was found to improve muscle function
(Berger et al., 2011). Comparably, exon-skipping as a potential therapy for DMD
managed to reach phase Il clinical trails and was shown to improve the walking

distance of less impaired DMD patients (Goemans et al., 2018).

In each of these examples the use of zebrafish for modelling human disease
contributed to the identification of potential therapies. Using zebrafish made it
possible to rapidly screen thousands of drugs and study the phenotypic effects
with fluorescent transgenic lines and molecular methods such as in situ
hybridisation. The therapies identified were also effective in human cells
showing the promise of zebrafish models in clinical translation and, indeed,
many have gone to clinical trials. Furthermore, the models helped improve
understanding of the underlying molecular basis of disease. Transcriptional
elongation of c-Myc targets was found to be essential in melanoma (White et

al., 2011) and the regulation of Akt signalling was important in leukemia
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(Langenau et al., 2003). In the DMD zebrafish model PKA signalling, serotonin
reuptake and regulation of the mitochondrial PTP were all identified to play a
role in the pathology (Waugh et al., 2014; Zhang et al., 2015; Kawahara et al.,
2011). In much the same way, transcriptomic analysis of the PD model
described in this thesis has indicated dysregulation of genes/pathways involved
in metabolism and cell cycle contributing to our understanding of the molecular

mechanisms that underpin PD.

6.3 Altered metabolism in the DJ-1 deficient zebrafish brain

Altered metabolism was seen in the DJ-1 deficient brain with reduced
expression of a major enzyme in glycolysis, pyruvate kinase (Sun et al., 2011),
and enrichment of the oxidative phosphorylation gene set (Chapter 4). In
glycolysis, one molecule of glucose is converted into 2 ATP molecules,
whereas, in oxidative phosphorylation up to 38 ATP molecules can be produced
from the same amount of glucose (Fadaka et al., 2017). Glycolysis is therefore
a much less efficient method of producing energy. However, the rate of
glycolysis is much more rapid than oxidative phosphorylation allowing for a
faster supply of energy when needed (Epstein, Gatenby and Brown, 2017). This
is known to occur in muscle during periods of intense exercise when energy is
in high demand (Baker, McCormick and Robergs, 2010). Neurons have also
been shown to increase glycolysis over oxidative phosphorylation in response
to stimulation (Diaz-Garcia et al., 2017). This makes sense as neurons require
a lot of energy to carry an action potential the length of their axons (Attwell and
Laughlin, 2001). The DA neurons projecting from the posterior tuberculum to
the striatum in the zebrafish brain would be even more energy reliant due to
the distance covered (Rink and Wullimann, 2004). Speculatively, the ability to
swap from oxidative phosphorylation to glycolysis could be an important
mechanism to allow for the high energy requirements of DA neurons. The
altered gene expression seen in the DJ-1 deficient zebrafish brain could
indicate a loss of this ability contributing to the loss of DA neurons observed.
Furthermore, an enzyme involved in creatine synthesis, glycine
amidinotransferase (gatm) (Humm et al., 1997), was downregulated in the dj-7+"

zebrafish brain (Figure 4.3). Creatine can be phosphorylated to act as an
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energy store in both the brain and muscle (Tarnopolsky and Beal, 2001).
Therefore, loss of creatine synthesis could contribute to the issue of reduced

energy available on demand for the DA neurons.

6.4 Enrichment of cell cycle-related gene sets in the dj-7"brain

An enrichment of cell cycle-related gene sets was identified in the DJ-1 deficient
zebrafish brain alongside gene sets for epithelial mesenchymal transition, Akt
signalling, Myc targets and TGF beta signalling (Chapter 5) which are all
pathways associated with cancer development (Dang, 2012; Massagué, 2008;
Thiery, 2002; Altomare and Testa, 2005). In 1997, DJ-1 was first identified in a
screen for proteins interacting with c-Myc in HeLa cells and was shown to
cooperate with Ras to transform NIH3T3 cells (Nagakubo et al., 1997). It was
therefore surprising that loss of DJ-1 in the zebrafish brain was associated with
the enrichment of these cancer related gene sets. My interpretation is that the
enrichment of these gene sets is not really indicative of a cancerous state in the
dj-17- brain. The evidence for this is that a major enzyme in glycolysis, pyruvate
kinase (Israelsen and Vander Heiden, 2015), was downregulated whereas the
oxidative phosphorylation gene set was enriched (Chapter 5). Cancer cells are
known to use a distinct form of metabolism referred to as the Warburg effect.
This is where cancer cells use glycolysis in lieu of oxidative phosphorylation for
generating ATP despite the presence of oxygen (Heiden, Cantley and
Thompson, 2009). The hallmarks of cancerous growth seen in the GSEA could
instead be the result of forced re-entry of postmitotic neurons into the cell cycle
in the dj-17 brain. This has been suggested as an apoptotic mechanism in
neurodegeneration with increased expression of cell cycle markers observed in
the neurons of both Alzheimer’s and PD patients (Hoglinger et al., 2007; Yang,
Mufson and Herrup, 2003). Re-entry of neurons into the cell cycle is a specific
response to DNA damage and increased production of genotoxic reactive
oxygen species causes DNA damage in the substantia nigra DA neurons of PD
patients (Zhang et al., 1999; Kruman et al., 2004). A loss of DJ-1 is likely to
increase oxidative stress due to its role in activating the expression of
antioxidant genes (Im et al., 2012). The decreased expression of antioxidant

gene gpx3 (Chung et al., 2009) seen in the dj-7 brain supports this (Figure
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4.3). The cell cycle proteins implicated in this apoptotic mechanism include the
cyclin dependent kinases (Cdks), the retinoblastoma protein (Rb) and the E2F
transcription factors. Cdks 4 and 6 have been shown to increase in neuronal rat
cultures following DNA damage and before the start of apoptosis (Park et al.,
1998). The Cdks promote the cell cycle by phosphorylating their substrates
including Rb (Suryadinata, Sadowski and Sarcevic, 2010). Active Rb
sequesters the E2F transcription factors, preventing the cell from entering the S
phase of the cell cycle. Its sequential phosphorylation by Cdk4/6 and Cdk2
inactivates the protein causing the release of the E2F transcription factors
(Ezhevsky et al., 2001; Harbour et al., 1999). Interestingly, an increase in E2F1
has been observed in the substantia nigra DA neurons of PD patients post-
mortem and inhibiting its transcription has been shown to have a
neuroprotective effect in a neurotoxin-based mouse model of PD (Hoglinger et
al., 2007). E2F1 overexpression has further been shown to cause apoptosis in
cultured mouse neurons (Hou et al., 2001). These reports suggest that E2F1
plays an active role in the death of neurons following cell cycle re-entry. An
enrichment of the E2F targets gene set was also seen in the dj-17 brain (Figure
4.5) indicating increased activity of the E2F transcription factors. The
enrichment of cell cycle-related gene sets could also indicate increased
proliferation of progenitor cells to replace the neurons lost in the dj-17 zebrafish
brain. The adult zebrafish brain has multiple zones containing actively cycling
progenitors (Grandel et al., 2006). In response to injury, progenitor cells of the
zebrafish brain have been shown to increase proliferation and migrate to
replace the neurons lost (Kroehne et al., 2011), and more specifically this has
been shown for a loss of catecholaminergic neurons (Caldwell et al., 2019). The
enrichment of TGF beta signalling gene sets could also be involved in the
regenerative process. TGF beta signalling has been observed during the
proliferation of progenitor cells and regeneration of the retina in the adult
zebrafish (Lenkowski et al., 2013). Furthermore, TGF beta signalling has been
shown to promote the dendritic growth of DA neurons (Luo et al., 2016). A
further gene upregulated in the dj-1-, abcf2a, has previously been implicated in
the regeneration of zebrafish hair cells (Jiang et al., 2014). Overall, the
enrichment of cell cycle related gene sets may be due to forced re-entry of
neurons in to the cell cycle as part of an apoptotic mechanism, or it could be

that progenitor cells have increased proliferation to regenerate the neurons lost.
187



6.5 Future work

There are several avenues that could be explored with continuation of the
research project. Firstly, to build upon the classifiers evolved here, more
recordings of the wild type fish and PD models could be generated. This would
allow the creation of a further test set, unseen by any of the 20 classifiers
evolved using the 20 folds of dataset. The further test set would be used to get
an unbiased discriminatory score from the classifiers for comparing how
accurately they each label the same data. A clear next step in the project would
be testing new PD therapies on the zebrafish models of PD and seeing whether
the classifiers then label them as wild type. This would indicate that the drug
rescues the PD movement phenotype in zebrafish and could lead to further
research studying the effects on the DA neurons. It would also be interesting to
study the molecular effects of DJ-1 deficiency on the DA neurons further. Cell
sorting by flow cytometry could be used to extract the DA neurons and markers
of the cell cycle could be examined to see whether there is forced re-entry of
the DA neurons into the cell cycle. Additionally, the levels of phosphorylated
AKT could be studied to see if there is altered AKT signalling specific to the DA
neurons. The activity of the different mitochondrial complexes in DA neurons
would be interesting to study, especially the activity of complex | which was
reported as significantly reduced in a separate DJ-1 deficient line of zebrafish
(Edson et al., 2019). Overall, future work would involve further enhancement of
the evolved classifiers, using the classifiers for screening potential PD
therapies, and molecular analysis of the DA neurons in dj-77 fish based on the

enriched gene sets.

6.6 Perspectives

To date the maijority of zebrafish models of PD have been transient models in
the larvae. These have been generated using neurotoxins such as MPTP which
cause a rapid loss of the DA neurons (Bretaud, Lee and Guo, 2004; Feng et al.,
2014) or by morpholino knockdown of PD-associated genes (Bretaud et al.,
2007; Flinn et al., 2009; Zhao et al., 2012). Testing potential therapies on

zebrafish models of PD has been rare and the effects on movement phenotype
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were assessed by measuring the distance travelled and velocity of larvae
(Cronin and Grealy, 2017; Sheng et al., 2010). PD in humans is both age-
related in nature and characterised by a movement phenotype of bradykinesia
(slowing of movement), resting tremor and muscle rigidity (Jankovic, 2008). A
model of PD in the adult zebrafish, with a progressive loss of the DA neurons, is
therefore more suitable and evolving classifiers with the movement data
provides a more comprehensive assessment of the movement phenotype. In
this thesis, a genetic model of PD in the zebrafish, with a loss of the DA
neurons, was raised to adulthood. In addition, high resolution video capture and
machine learning allowed the discrete movement phenotype of a PD model in
zebrafish to be assessed. There is also the future benefit of using the classifiers
evolved for testing potential therapies and seeing whether they rescue the
movement phenotype. This is an example of how machine learning will become
increasingly important in the field of medicine. The use of machine learning is
already growing in healthcare, with highly effective classifiers generated for the
diagnosis of diseases such as PD, cancer and glaucoma (Kim, Cho and Oh,
2017; Lones et al., 2014; Sato et al., 2019). Machine learning has also been
implemented in drug discovery, with biological and chemical datasets being
utilised to identify disease-causing targets, virtually screen potential therapies
and see whether they interact with the targets, and to predict how effective a
therapy will be on a particular cell line (Vamathevan et al., 2019; Korkmaz,
Zararsiz and Goksuluk, 2015; Menden et al., 2013). The novel use of machine
learning described in this thesis has the potential to further impact on the drug
discovery pipeline, with more comprehensive drug screening on animal models

of movement disorders.
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Appendix

Mean tailbeat Time spent  |Swimming episode
Velocity (V) | frequency (TBF)| moving (TSM) | duration (SED) Class label TBF + TSM (TBF+TSM)*V SED + TSM (SED+TSM)*V
-0.33 0.62 0.02 -1.28 0 0.64 -0.21 -1.26 0.42
0.03 0.22 0.58 0.84 0 0.80 0.02 1.42 0.04
0.58 -0.62 0.58 0.84 0 -0.04 -0.02 1.42 0.82
0.50 0.59 0.58 0.84 0 1.17 0.59 1.42 0.71
1.74 -0.43 0.58 0.84 0 0.15 0.26 1.42 2.47
-0.59 0.33 0.30 -0.75 0 0.63 -0.37 -0.45 0.27
0.1 0.29 0.58 0.84 0 0.87 0.10 1.42 0.16
0.35 -0.83 0.58 0.84 0 -0.25 -0.09 1.42 0.50
1.04 -0.30 0.58 0.84 0 0.28 0.29 1.42 1.48
-0.34 0.08 0.58 0.84 0 0.66 -0.22 1.42 -0.48
0.50 -0.90 0.58 0.84 0 -0.32 -0.16 1.42 0.71
0.02 -0.09 0.58 0.84 0 0.49 0.01 1.42 0.03
1.19 -1.13 0.58 0.84 0 -0.55 -0.65 1.42 1.69
0.48 0.57 0.30 -0.75 0 0.87 0.42 -0.45 -0.22
0.47 -0.90 0.58 0.84 0 -0.32 -0.15 1.42 0.67
-0.45 3.46 0.58 0.84 0 4.04 -1.82 1.42 -0.64
0.86 -0.68 0.58 0.84 0 -0.10 -0.09 1.42 1.22
1.46 1:13 0.58 0.84 0 1.71 2.50 1.42 2.07
0.10 -0.62 0.58 0.84 0 -0.04 0.00 1.42 0.14
0.16 0.67 0.58 0.84 0 1.25 0.20 1.42 0.23
0.23 2.02 0.58 0.84 0 2.60 0.60 1.42 0.33
0.67 1.35 0.58 0.84 0 1.93 1.29 1.42 0.95
0.84 1.11 0.58 0.84 0 1.69 1.42 1.42 1.19
1.20 0.21 0.58 0.84 0 0.79 0.95 1.42 1.70
0.67 -0.07 0.58 0.84 0 0.51 0.34 1.42 0.95
0.98 1.24 0.58 0.84 0 1.82 1.78 1.42 1.39
0.68 0.48 0.30 -0.75 0 0.78 0.53 -0.45 -0.31
1.37 -0.77 0.58 0.84 0 -0.19 -0.26 1.42 1.95
-1.12 1.58 0.30 -0.75 0 1.88 -2.11 -0.45 0.50
1.48 1.40 0.30 -0.75 0 1.7 2.52 -0.45 -0.67

Appendix Table 1

A table showing the normalised velocity, tailbeat frequency, time spent moving and swimming episode duration for the wild type fish used to evolve

a dj-17 classifier. The class label and possible output values from nodes in the highest scoring classifier are also shown.
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Mean tailbeat Time spent | Swimming episode
Velocity (V) [ frequency (TBF) | moving (TSM) duration (SED) Class label| TBF + TSM (TBF+TSM)*V | SED + TSM | (SED+TSM)*V
-0.67 -0.87 0.02 0.63 1 -0.85 0.57 0.65 -0.44
-1.41 1.52 -3.04 -1.39 1 -1.52 2.14 -4.43 6.25
0.60 0.22 0.58 0.84 1 0.80 0.48 1.42 0.85
0.89 1.13 0.58 0.84 1 1.71 1.52 1.42 1.26
1.35 1.16 0.30 -0.75 1 1.46 1.97 -0.45 -0.61
-0.07 0.12 -0.25 -0.86 1 -0.13 0.01 -1.11 0.08
1.45 1.13 0.58 0.84 1 1.7 2.48 1.42 2.06
-1.15 -0.87 -0.53 -1.36 1 -1.40 1.61 -1.89 2.17
-0.41 -0.85 -0.25 -0.86 1 -1.10 0.45 -1.11 0.46
-1.13 -0.94 0.30 -0.75 1 -0.64 0.72 -0.45 0.51
-2.23 -0.38 -3.87 -1.78 1 -4.25 9.48 -5.65 12.60
-0.55 0.15 -0.81 -1.39 1 -0.66 0.36 -2.20 1.21
-1.52 -1.18 -0.25 -1.32 1 -1.43 2.17 -1.57 2.39
-1.94 -0.79 -1.09 -1.43 1 -1.88 3.65 -2.52 4.89
1.01 1.24 -0.53 0.42 1 0.71 0.72 -0.11 -0.11
-1.00 0.03 -1.09 -1.02 1 -1.06 1.06 -2.11 2.4
0.00 -0.94 0.58 0.84 1 -0.36 0.00 1.42 0.00
-0.87 -1.31 -0.53 -1.36 1 -1.84 1.60 -1.89 1.64
1.32 2.38 0.58 0.84 1 2.96 3.91 1.42 1.87
0.26 0.62 0.58 0.84 1 1.20 0.31 1.42 0.37
0.50 -0.68 0.58 0.84 1 -0.10 -0.05 1.42 0.71
-2.32 -0.86 -2.76 -1.79 1 -3.62 8.40 -4.55 10.56
-0.67 0.36 -0.53 -0.91 1 -0.17 0.11 -1.44 0.96
2.02 2.15 0.58 0.84 1 2.73 5.51 1.42 2.87
-1.95 0.29 -3.31 -1.44 1 -3.02 5.89 -4.75 9.26
2.20 2.97 0.58 0.84 1 3.55 7.81 1.42 3.12
-0.11 -0.33 -0.25 -0.86 1 -0.58 0.06 -1.11 0.12
-2.39 -0.70 -3.04 -1.82 1 -3.74 8.94 -4.86 11.62
2.50 2.49 0.58 0.84 1 3.07 7.68 1.42 3.55
-1.46 -0.40 -1.65 -1.50 1 -2.05 2.99 -3.15 4.60
Appendix Table 2

A table showing the normalised velocity, tailbeat frequency, time spent moving and swimming episode duration for the dj-17 fish used to evolve a

dj-1” classifier. The class label and possible output values from nodes in the highest scoring classifier are also shown.
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Appendix Figure 1

The features of movement compared between dmd@???%/+ and wild type (WT) at 12
wpf including (A) distance travelled, (B) velocity, (C) percentage of time spent moving,
(D) mean duration of a swimming episode, (E) tailbeat frequency at low, medium and
high swimming speeds and (F) tail bend amplitude at low, medium and high
swimming speeds.
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Mutant line Age

No. of Avg. of 20 folds

Highest scores

recordings Train

Test

Train

Test

dmdaz22ar 12 wpf | 25 vs 25 66.0%

43.5%

73.3%

80%

Appendix Table 3

A table showing the average training and test scores for classifiers evolved to
recognise dmd'@???#"* zebrafish using the features of movement and the results of the

highest scoring classifier evolved using one of the dataset folds.
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