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Abstract

Parkinson’s disease (PD) is a progressive, neurodegenerative, motor disorder affecting
around 1% of the over 60 population. Leucine-Rich Repeat Kinase 2 (LRRK2) mutations are
the most common cause of familial PD and have been associated with mitochondrial
dysfunction. For example, our research group has previously found reduced ATP levels and
mitochondrial complex IV activity in patient fibroblasts. We wanted to investigate these
mitochondrial abnormalities in more detail in both patient fibroblasts and a dopaminergic
(DA) neuron-like model derived from induced neuronal progenitor cells (iNPCs). We
hypothesised that mitochondrial deficiencies are present in both fibroblasts and a neuron-
like cell model, and that complex IV assembly is affected, leading to reduced mitochondrial
functionality. We measured mitochondrial function and morphology in LRRK2-G2019S
manifesting, non-manifesting, and control fibroblasts, as well as LRRK2-G2019S and control
iINPC-derived DA neuron-like cells. We assessed ATP levels, mitochondrial membrane
potential, mitochondrial and cytosolic reactive oxygen species, and mitochondrial and
cytosolic copper. We also assessed protein expression levels of mitochondrial morphology
factors, OPA1 and DRP1, mitochondrial complex subunits, and mitochondrial complex
assembly factors, BCS1L and SCO?2 in fibroblasts. We found reduced ATP levels in some
LRRK2-G2019sS fibroblast cell lines as well as changes in ATP throughout the differentiation
in the LRRK2-G2019S iNPC-derived neuron-like cells. We also found a significant reduction
in protein expression of complex IV assembly factor SCO2, which is involved in copper
insertion into complex IV in both LRRK2-G2019S manifesting fibroblasts and the LRRK2-
G2019S iNPC-derived neuron-like cell model. We found changes in labile copper levels in
the LRRK2-G2019S iNPC-derived neuron-like cell model. This data supports our hypothesis
that mitochondrial deficiencies are present in both patient fibroblasts and iINPC-derived DA

neuron-like cells and that assembly of complex IV may play a role in this.
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Chapter 1 Introduction

This chapter includes material from sections written by the author that have been published
in a review paper (Mortiboys et al., 2018). The co-authors of the paper and the journal have

given permission for the text to be used in this thesis (Appendix A).
1.1 Mitochondrial biology

1.1.1 History and structure of the mitochondria

The earliest descriptions of mitochondria-like structures date to the 1840s. In 1890 Richard
Altmann recognised the ubiquitous nature of these structures and named them ‘bioblasts’.
The term ‘mitochondrion’ was first coined by Carl Benda in 1898, originating from the Greek
‘mitos’ (thread) and ‘chondros’ (granule) (Ernster and Schatz, 1981). The most widely
accepted theory of mitochondrial evolution, the endosymbiotic theory, suggests that
mitochondria evolved from bacterial progenitors which were endocytosed by early

eukaryotic cells (Gray, 2012).

The development of electron microscopy in 1931 allowed a clearer insight into the structure
of the mitochondria. The mitochondria are a double membraned structure consisting of both
an outer and inner mitochondrial membrane (Figure 1.1.). The area between these is
named the intermembrane space. The invaginations of the inner mitochondria membrane -
the cristae - contain the protein complexes of the electron transport chain. The cristae lumen
contains large amounts of the electron carrier cytochrome ¢, which is involved in oxidative
phosphorylation. Cytochrome c also triggers apoptosis if released into the cytoplasm. The

mitochondrial matrix has a high pH and is involved in many fundamental processes such



as; DNA replication, transcription, and protein biosynthesis, as well as the enzymatic

reactions of the citric acid cycle (Kuhlbrandt, 2015).

Outer membrane

Cristae Intermembrane space

DNA
Ribosome

Matrix

Inner membrane Granule

Figure 1.1. Structure of the mitochondria.

Diagram of the ultrastructural features of the mitochondria.

1.1.2 Oxidative phosphorylation

Although small amounts of ATP are produced by glycolysis in the cytoplasm, oxidative
phosphorylation within the mitochondria produces the majority of ATP within the cell. In
mammalian cells, there are five protein complexes that carry out this process, named
Complex I-V (Hames and Hooper, 1997). The basic process of oxidative phosphorylation is
the transfer of electrons through the electron transport chain. The energy from the electron
movement is used to pump protons from the mitochondrial matrix into the intermembrane
space. The proton gradient then flows back into the mitochondrial matrix through Complex
V, also known as ATP synthase, leading to the mechanical turning of its components. This
mechanical energy then drives ATP synthesis (Hames and Hooper, 1997; Berg, Tymoczko

and Stryer, 2012). Figure 1.2. describes this process in more detail.
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Figure 1.2. Oxidative phosphorylation process.

(a) the oxidative phosphorylation complexes embedded within the inner mitochondrial
membrane. (b) complex | electron transport (c) complex Il electron transport (d) complex Il
electron transport. A second ubiquinol binds to the QO complex IlI site with the electrons
being transferred in the same process apart from the second electron binds to the
semiquinone radical anion at the QO site after being transferred by cytochrome bH (e)
complex IV electron transport (f) complex V ATP synthesis. Ubiquinone (Q); ubiquinol
(QH2), cytochrome c (C) cytochrome b low affinity (bL) cytochrome b high affinity (bH).
Adapted from (Hames and Hooper, 1997; Berg, Tymoczko and Stryer, 2012)



1.1.3 Oxidative phosphorylation: Complex I and Il

Complex |, also known as NADH-Q-oxidoreductase, oxidises nicotinamide adenine
dinucleotide (NADH) to NAD+, resulting in two electrons being transported to flavin
mononucleotide (Hames and Hooper, 1997; Berg, Tymoczko and Stryer, 2012). Next, the
electrons are transferred to a series of iron-sulfur clusters, before being passed to
ubiquinone which becomes ubiquinol (Lenaz et al., 2006). This process results in the
transfer of four hydrogen ions into the intermembrane space. Complex | receives its NADH
from both glycolysis and the Krebs cycle, with the oxidation of NADH to NAD+ recycling the
molecule for re-use in these processes (Hames and Hooper, 1997; Berg, Tymoczko and
Stryer, 2012). Next, complex Il, also known as succinate-Q reductase, oxidises flavin
adenine dinucleotide (FADH2) to FAD. Interestingly, complex Il contains succinate
dehydrogenase (SDH), an enzyme essential to the Krebs cycle, which reduces FAD to
FADH2 (Wojtovich et al., 2013). Therefore, there is a continuous oxidation and reduction of
FADH2 and FAD at complex II. Similar to complex I, complex Il also contains iron-sulfur
clusters to which the electrons are passed before being transferred to ubiquinone (Hames
and Hooper, 1997; Berg, Tymoczko and Stryer, 2012). However, unlike complex |, complex

Il 'is not a proton pump (Wojtovich et al., 2013).

1.1.4 Oxidative phosphorylation: Complex lll

The primary function of complex Ill, also known as Q-cytochrome c oxidoreductase, is to
transfer electrons from the electron carrier, ubiquinol, to another electron carrier,
cytochrome c. A fundamental difference between ubiquinol and cytochromes is that
ubiquinol is a two electron carrier, whilst cytochromes can only carry one electron (Hames
and Hooper, 1997). Therefore, ubiquinol binding occurs as a two-stage process. First,

ubiquinol binds to the QO site on complex Il and donates its two electrons, thereby releasing



two hydrogen ions into the intermembrane space. One electron is donated to an iron-sulfur
complex, transferred to cytochrome cl, and then to cytochrome c. The other electron is
transferred to cytochrome b low affinity (bL), then cytochrome b high affinity (bH), before
binding to an additional ubiquinone at the complex Il Q1 site. This electron binding causes
the ubiquinol to become a semiquinone radical anion (Hames and Hooper, 1997; Berg,
Tymoczko and Stryer, 2012). A second ubiquinol binds to the Q0 complex Il site with the
electrons being transferred in the same process as previously described, apart from the
second electron binds to the semiquinone radical anion at the QO site after being transferred
by cytochrome bH. This allows the semiquinone to take up two hydrogen ions from the
mitochondrial matrix to become ubiquinol (Hames and Hooper, 1997; Berg, Tymoczko and

Stryer, 2012).

1.1.5 Oxidative phosphorylation: Complex IV

In complex 1V, also known as cytochrome c oxidase, oxygen is the final electron acceptor
(Papa et al., 2012). Here, two cytochrome ¢ bind and transfer their electrons through the
following molecules; CuA/CuA, to heme a, to heme a3 to CuB, one electron stopping at
heme a3 and the other at CuB. Oxygen then accepts the electrons and forms a peroxide
bridge between heme a3 and CuB (Hames and Hooper, 1997; Berg, Tymoczko and Stryer,
2012). Next, two more cytochrome c bind to complex IV and the ion-oxygen groups are
reduced to OH groups. Finally, two more hydrogen ions from the mitochondrial matrix react
allowing the release of two water molecules (Hames and Hooper, 1997; Berg, Tymoczko
and Stryer, 2012). Overall, four electrons from cytochrome ¢ and four hydrogen ions allow
molecular oxygen to form two water molecules, and a net of four hydrogen ions are pumped
into the intermembrane space (Hames and Hooper, 1997; Berg, Tymoczko and Stryer,

2012).



1.1.6 Oxidative phosphorylation: Complex V

Proton-motive force, the sum of the pH gradient and the mitochondrial membrane potential
produced by the electron transport chain, drives complex V (Hames and Hooper, 1997,
Berg, Tymoczko and Stryer, 2012). Complex V contains two functional units, F1 and FO. F1
is composed of three q, three 3, one y, one &, and one ¢ subunits, whilst FO composes of
10-14 c subunits in a ring-like structure, and an a and two b subunits which connect FO to
F1 (Jonckheere, Smeitink and Rodenburg, 2012). As the protons flow through complex V,
this causes the c ring to spin, thereby rotating the y/¢ stalk inside the static a/p ring. Each 8
subunit can bind adenosine diphosphate (ADP) and inorganic phosphate (Hames and
Hooper, 1997; Berg, Tymoczko and Stryer, 2012). The mechanical energy produced by
each 360° turn of the stalk allows the synthesis of three ATP molecules, the rotation speed

causing the formation of over 1000 ATP molecules per second (Hames and Hooper, 1997).

1.1.7 Mitochondrial complex assembly

The different mitochondrial complex subunits are encoded either by nuclear or
mitochondrial DNA. Nuclear encoded proteins are imported into the mitochondria by
translocases in both the outer (TOM complex) and inner mitochondrial membranes (TIM
complex) (Muro et al., 2003). The mitochondria have a circular genome, which is ~16.6 kb
in size, contains a heavy and light strand, and is usually maternally inherited in humans
(Chinnery and Hudson, 2013). Mitochondrial DNA encodes 37 genes; 13 protein subunits
of the electron transport chain, 22 transfer RNA, and 2 ribosomal RNA. Complex Il is the
only complex of the electron transport chain with purely nuclear encoded subunits (Chinnery
and Hudson, 2013). The different mitochondrial subunits and assembly factor mutations

associated with disease are summarised in Table 1.1.



Table 1.1. Mitochondrial complex subunits/assembly factors and disease associated
mutations.

Information compiled from hitps://omim.org/ (McKusick-Nathans Institute of Genetic

Medicine, Johns Hopkins University) and Fernandez-Vizarra et al. 2009. Leber hereditary

optic neuropathy (LHON), mitochondrial encephalomyopathy, lactic acidosis, and stroke-

like episodes (MELAS), growth retardation, aminoaciduria, cholestasis, iron overload, lactic
acidosis, and early death (GRACILE).

Number | Known disease associated mutations
Complex | deficiency —
NDUFV1
NDUFA1
NDUFV2
NDUFB11
NDUFS1
B17.2L
NDUFS2
HRPAP20
NDUFS3
C200RF7
NDUFS4 NUBPL
Mitochondrial encoded subunits | 7 NDUES6
NDUES? NDUFAF1
Complex |
i TMEM126B
Nuclear encoded subunits 37 NDUESS
MTND1
NDUFA2 MTND?
Assembly factors ~13 NDUEA11
MTND3
NDUFAF3
MTND4
NDUFA10
MTND4
NDUFB3
MTNDG6
NDUFB9
Most patients present with LHON, Leigh
syndrome, MELAS
Mitochondrial encoded subunits | O o
Complex Il deficiency —
Complex Il | Nuclear encoded subunits 4
SDHA
SDHD
Assembly factors ~4
SDHAF1



https://omim.org/

Variable phenotype, with some cases
involving multiple systems, whilst others

involve cardiac or muscle systems

Complex Il

Mitochondrial encoded subunits

Nuclear encoded subunits

Assembly factors

10

Complex Il deficiency —

BCS1L

MTCYB

TTC19

UQCRB

UQCRQ

UQCRC2

CyC1

uQcCcC2

LYRM7

UQCC3

Patients have presented with GRACILE
syndrome, Bjornstad syndrome,
myopathy with ragged red fibers, Leigh

syndrome

Complex IV

Mitochondrial encoded subunits

Nuclear encoded subunits

Assembly factors

Complex IV deficiency —

MTCO1
MTCO2
MTCO3
COX10
COX6B1
SCO1
C120RF62
COX20




COX8A

COA3

SCO2

COX15

COA5

COAG6

SURF1

LRPPRC

Patients present with fatal infantile
cardioencephalomyopathy, Leigh

syndrome, French Canadian Leigh

syndrome

Complex V

Mitochondrial encoded subunits

Nuclear encoded subunits

Assembly factors

14

Complex V deficiency —

ATPAF2
TMEM70
ATP5E
ATP5A1
MTATPG6
MTATP8
Patients present with neonatal-onset

hypotonia, lactic acidosis,

hyperammonemia, hypertrophic
cardiomyopathy, 3-methylglutaconic

aciduria

1.1.8 Mitochondrial complex assembly: Complex |

Complex | is the largest of the mitochondrial complexes and is ‘L’ shaped, with one

hydrophobic arm embedded within the mitochondrial inner membrane and the other

hydrophilic peripheral arm in the matrix (Hames and Hooper, 1997). The complex contains




at least 44 subunits, of which 7 are mitochondrially encoded (Murray et al., 2003; Carroll et
al., 2006; Fernandez-Vizarra, Tiranti and Zeviani, 2009). Table 1.1. shows the mitochondrial
complex subunits. Complex | is composed of three functional modules; the dehydrogenase
modules which oxidises NADH and the hydrogenase module which transfers electrons to
ubiquinone, both of which are located in the peripheral arm, and a hydrogen ion
translocation module located in the membrane arm (Fernandez-Vizarra, Tiranti and Zeviani,
2009). There are two models describing complex | assembly. One model suggests that the
peripheral and membrane arm sub-assemblies are formed and then joined together in the
last step of assembly (Ugalde et al., 2004). The other model suggests that the two arm sub-
assemblies are joined before their full formation (Fernandez-Vizarra, Tiranti and Zeviani,
2009). Current evidence suggests that at least 13 assembly factors, which are encoded by
the nucleus, are involved in complex | formation. It is thought that more assembly factors
are involved, as some patients present with a complex | deficiency but with no previously
identified mutations found, suggesting that the mutations may not have been identified yet

(Fernandez-Vizarra, Tiranti and Zeviani, 2009).

1.1.9 Mitochondrial complex assembly: Complex Il

Complex Il is the smallest of the mitochondrial complexes and its subunits are encoded
entirely by nuclear DNA. Complex Il is composed of four subunits; the two soluble proteins
SDHA (a flavoprotein) and SDHB (an iron-sulfur protein), and two membrane subunits
SDHC and SDHD (Cecchini, 2003; Sun et al., 2005). The SDHA protein houses the site
where succinate is oxidised (Ghezzi and Zeviani, 2012). Evidence in E.coli suggest complex
Il subunit matures separately and then combined together to form the complex, though
assembly in mammalian is poorly understood (Ghezzi and Zeviani, 2012). Four complex I
assembly factors have been identified in humans so far, SDHAF1-4 (Ghezzi and Zeviani,

2012). However, the current complex Il assembly models are based on data from yeast and

10



bacterial models meaning further research is needed in mammalian cells, as some

assembly factors differ in their functions between organisms.

1.1.10 Mitochondrial complex assembly: Complex Il

Complex 1l is composed of 10 nuclear-encoded subunits and one subunit encoded by the
mitochondrial genome (Fernandez-Vizarra, Tiranti and Zeviani, 2009). Three of the complex
Il subunits have been found to be involved in electron transfer; MTCYB which is encoded
by mitochondrial DNA, and CYC1 and UQCRFS1 (Rieske protein) which are encoded by
nuclear DNA (Fernandez-Vizarra, Tiranti and Zeviani, 2009). The function of the remaining
subunits remains to be fully elucidated. So far five assembly factors for human complex 11l
have been identified, BCS1L, TTC19, LYRM7, UQCC1, and UQCC2 (Hinson et al., 2007;
Ghezzi and Zeviani, 2012; Sanchez et al., 2013; Tucker et al., 2013). Complex Il assembly
is not as fully defined as the other complexes. One major difference is that one of its
assembly factors TTC19 has no ortholog in S.cerevisiaie, the main model used for studying
mitochondrial assembly. Additionally, mammalian mitochondria have an additional subunit
compared with yeast (Fernandez-Vizarra, Tiranti and Zeviani, 2009). Mutations in complex

Il are also very rare meaning that there are fewer complex Il deficient patients to study.

The models concerning complex Il assembly have been established using data from yeast,
but it is thought that the process is similar in mammalian cells (Fernandez-Vizarra, Tiranti
and Zeviani, 2009). The first step in complex Il assembly is MTCYB being released from
the mitochondrial ribosomes, by the assembly factors UQCC1 and UQCC2 (Fernandez-
Vizarra, Tiranti and Zeviani, 2009; Tucker et al., 2013). It has been shown in yeast that
following this, the complex Il subunits form subcomplexes, which then form a pre-complex
lIl (Fernandez-Vizarra, Tiranti and Zeviani, 2009). Rieske protein is then added to this to

mature the complex. The functionally active form of complex Il is a dimer and dimerization
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is thought to occur before the Clll monomer has fully been completed. The last subunit to
be added is UQCR11 to form a mature complex Ill dimer (Fernandez-Vizarra, Tiranti and

Zeviani, 2009).

BCSIL is the most well-studied complex Il assembly, primarily because it is the most
common mutation leading to complex Il deficiency (Hinson et al., 2007; Fernandez-Vizarra,
Tiranti and Zeviani, 2009). It is thought that BCS1L is involved in the later stages of complex
Ill formation by incorporating the Rieske protein (Hinson et al., 2007). TTC19 has an at

present unknown function in complex Il assembly.

1.1.11 Mitochondrial complex assembly: Complex IV

Complex IV is one of the most well-defined mitochondrial complexes. It consists of 13
subunits to form a heteromeric structure. MTCO1, MTCO2, and MTCO3 are encoded by
the mitochondria (Fernandez-Vizarra, Tiranti and Zeviani, 2009). The remaining subunits
are nuclear encoded and are imported by the translocase of the inner membrane (TIM)23
complex into the mitochondria (Dennerlein and Rehling, 2015). TIM21, a subunit of TIM23,
transfers early complex IV subunits to the mitochondrial translation regulation assembly
intermediate of complex IV (MITRAC) (Dennerlein and Rehling, 2015). Nuclear-encoded
subunits may be involved in the stabilisation of complex IV and have regulatory functions
(Fernandez-Vizarra, Tiranti and Zeviani, 2009). Complex IV assembly is a multiple step
process requiring over 20 assembly factors. SURF1 is an essential assembly factor, with
mutations linked to an accumulation of complex IV sub-assemblies (Fernandez-Vizarra,
Tiranti and Zeviani, 2009). Other assembly factors include COX10 and COX15, which are
enzymes involved in the heme a biosynthetic pathway (Barros and Tzagoloff, 2002). In
addition, the assembly factors SCO1 and SCO2 regulate the insertion of copper into

complex 1V, essential for MTCO1 and MTCO2 maturation (Horng et al., 2005). Finally,
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LRPPC is an assembly factor involved in the maturation of MTCO1 and MTCO3 mRNAs

(Fernadndez-Vizarra, Tiranti and Zeviani, 2009).

The current model for complex IV assembly begins with MTCO1 being implanted into the
inner mitochondrial membrane. This is called assembly intermediate S1 (Fernandez-
Vizarra, Tiranti and Zeviani, 2009). Next, assembly intermediate S2, composed of CO4 and
COXb5A is added. Itis likely that heme a is inserted at around this stage (Fernandez-Vizarra,
Tiranti and Zeviani, 2009). After, SCO1 and SCO2 incorporate copper into MTCO2, which
is then integrated with the nascent complex IV. It is thought that the heme a3 and CuB are
inserted together before MTCO2 binding. Next MTCO3 incorporation starts a cascade of
most other complex IV subunits being added. The last step in complex IV assembly is its

dimerisation (Fernandez-Vizarra, Tiranti and Zeviani, 2009).

1.1.12 Mitochondrial complex assembly: Complex V

The basic structure of complex V has been described in the previous section of this review.
Although many assembly factors have been identified in yeast, only two have been identified
in humans, ATP11 and ATP12 (Ackerman, 2002; Fernandez-Vizarra, Tiranti and Zeviani,
2009). These are involved in the assembly of the af3 ring of the F1 module by providing a
shield for the subunits’ hydrophobic surfaces (Ackerman, 2002). No human assembly
factors have been identified which interact with the FO module, perhaps due to the module’s
high turnover, making it problematic to isolate (Fernandez-Vizarra, Tiranti and Zeviani,
2009). The model of how complex V assembles in humans is not entirely clear but it is
thought that the FO and F1 are constructed separately before forming together as a mature

complex V (Fernandez-Vizarra, Tiranti and Zeviani, 2009).
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1.1.13 Other mitochondrial functions

As well as the production of ATP, the mitochondria are involved in several other functions;
such as apoptosis, reactive oxygen species (ROS) production, and calcium handling (Wang
and Youle, 2009; Zorov, Juhaszova and Sollott, 2014; De Stefani, Rizzuto and Pozzan,
2016). The process of oxidative phosphorylation itself produces reactive oxygen species,
which are thought to be detrimental to the cell (Auten and Davis, 2009). However, there is
some recent evidence to suggest that ROS are important signalling molecules (Sies and
Jones, 2020). The functions of the mitochondria have been reviewed extensively by Murphy

et al. 2016.

1.1.14 Mitochondrial fusion and fission

The mitochondria are highly dynamic and are constantly undergoing fission and fusion.
These dynamics are essential in regulating mitochondria number, size and cellular
positioning, which can help the cell respond to things such as nutrient availability and the
cell’'s metabolic needs (Westermann, 2010). The processes of mitochondrial fusion and

fission are complex and have not been fully elucidated (Figure 1.3.).

One of the main proteins involved in mitochondrial fission is dynamin-related protein 1
(Drpl), also referred to as dynamin-like protein 1. Drpl is a large GTPase which is located
mainly in the cytosol and then is recruited by mitochondrial fission factor (Mff) and
mitochondrial dynamics 49 and 51( MiD49, MiD51) (Osellame et al., 2016). Drpl forms a
ring-like structure around the outer mitochondrial membrane, and GTP hydrolysis further
increases this constriction (Kamerkar et al., 2018). The GTPase Dnm2 is then recruited and
is thought to cause the scission of the mitochondria (Lee et al., 2016). Inner mitochondrial
membrane fission is much more poorly understood but is thought to be independent of Drpl

and precede outer mitochondrial membrane fission (Chan, 2006). Recent evidence
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suggests that inner mitochondrial membrane fission may be a calcium dependent process

(Cho et al., 2017; Chakrabarti et al., 2018).

Mfnl and Mfn2 are involved in the fusion of the outer mitochondrial membrane and
accumulate at contact areas between mitochondria. Optic atrophy 1 (OPA1) is involved in
inner mitochondrial membrane fusion and has both long and short isoforms, L-OPA1 and
S-OPAL respectively, whose roles have not been fully described (Anand et al., 2014).
Originally it was thought that both isoforms were needed for mitochondrial fusion. But
recently, it has been shown that it is indeed L-OPA1, which is tethered to the inner
mitochondrial membrane, that is more important in the fusion process (Anand et al., 2014).
Interestingly, S-OPAL1 might play a role in mitochondrial fission and OPALl processing
mediates the balance between fusion and fission (Anand et al., 2014). OPA1 mediated
fusion is dependent on Mfnl and not Mfn2 (Cipolat et al., 2004). There is also an interaction

between Opal and cardiolipin involved in mitochondria fusion (Ban et al., 2017, 2018).

Interestingly, many of these proteins involved in mitochondrial fusion/fission are not
mitochondrial specific and have similar functions at the peroxisome and other cellular

compartments (Passmore et al., 2020).
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Figure 1.3. Mitochondrial fission and fusion.

Diagram of (a) mitochondrial fission and (b) mitochondrial fusion. Drpl, dynamin-related
protein 1; Fisl, fission 1; Mff, mitochondrial fission factor, Mid, mitochondrial dynamics
protein; Dnm2, dynamin 2; Mfn, mitofusin; Opal, optic atrophy 1.

1.1.15 Mitophagy

The purpose of mitophagy is to remove damaged or excess mitochondria from the cell
(Youle and Narendra, 2011). Interestingly two genes, PINK1 and Parkin, whose mutations
are linked to Parkinson’s disease, are important for mitophagy (Youle and Narendra, 2011).
As well as the PINK1/Parkin pathway, there are other pathways by which mitophagy can
occur. For example, several proteins interact with LC3 independently of Parkin such as NIX,
BNIP3, FUNDC1 and Cardiolipin (Liu et al., 2014). The different mitophagy pathways have
been reviewed extensively elsewhere (Liu et al., 2019). Studies have suggested that
mitochondrial dysfunction can impact lysosomal function, as well as autophagic dysfunction

affecting mitochondrial homeostasis (Park et al., 2018).

16



1.2 Parkinson’s disease

1.2.1 Clinical characteristics

First described by James Parkinson in 1817, Parkinson's disease (PD) is a progressive,
neurodegenerative, motor disorder which affects ~1% of the over 60 population (Parkinson,
1817; de Lau and Breteler, 2006). PD is characterised by the degeneration of dopaminergic
neurons within the substantia nigra pars compacta, leading to symptoms of bradykinesia
(slowness of movement), resting tremor and muscle rigidity (Kalia and Lang, 2015). The
disease can also present with non-motor symptoms, such as sleep dysfunction, cognitive
impairment and depression (Kalia and Lang, 2015). Olfactory dysfunction is also present in
the majority of PD patients (Doty, Deems and Stellar, 1988; Haehner et al., 2009). Some of
these non-motor symptoms may precede motor symptoms by many years and be markers

for the pre-clinical stages of PD (Ross et al., 2008; Postuma et al., 2019).

While increasing age is the most prevalent risk factor for PD, environmental risk factors
including exposure to pesticides such as paraquat, and high dairy intake have been
associated with the disease (Ascherio and Schwarzschild, 2016). Melanoma patients also
have an increased risk of PD, as well as PD patients having an increased risk of melanoma
(Ascherio and Schwarzschild, 2016). Sex differences are also present within PD, with men
being approximately 1.5 times more likely as women to develop idiopathic PD (Wooten et
al., 2004). There is some evidence to suggest women also have a more benign phenotype
in the early stages of PD, which is proposed to be an effect of increased levels of oestrogens
(Haaxma et al., 2007). However, the protective effect of oestrogen is inconsistent between
studies, with some showing no association between oestrogen and PD (Rugbjerg et al.,
2013). Interestingly, there is evidence that tobacco smoking and coffee drinking, which are

risk factors for a multitude of other diseases, could be protective in PD (Ascherio and
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Schwarzschild, 2016). These risk and protective factors have been reviewed in more detalil

by Ascherio and Schwarzschild 2016.

PD is very heterogenous and there is some evidence that clinical subtyping may be useful
in estimating PD progression. For example, a recent study which classified PD patients into
three subtypes based on severity of both motor and non-motor symptoms, showed
differences in rate of disease progression between different subtypes (De Pablo-Fernandez
et al., 2019). Age of onset can also be variable in different genetic forms of PD; for example,
Parkin-related PD is associated with early disease onset (20-40 years of age), whilst
Leucine-Rich Repeat Kinase 2 (LRRK2) PD tends to have a similar age of onset to
idiopathic PD (>50 years of age) (Briggemann and Klein, 1993; Healy et al., 2008).
Together, these differences mark an important need for patient stratification when

assessing disease mechanisms and testing potential therapeutics.

1.2.2 Pathology

PD causes the selective degeneration of dopaminergic neurons within the substantia nigra
pars compacta (Kalia and Lang, 2015). There are four main dopaminergic pathways: the
mesocortical pathway projecting from the ventral tegmental area to the prefrontal cortex
which is involved in working memory, learning and emotion; the mesolimbic pathway
projecting from the ventral tegmental area to the nucleus accumbens which is associated
with reward; the tuberoinfundibular pathway projecting from the hypothalamus to the
pituitary gland which is involved with the secretion of the hormone prolactin; and the
nigrostriatal pathway projecting from the substantia nigra pars compacta to the dorsal
striatum, composed of the putamen and caudate nucleus, which is associated with
movement (Ayano, 2016). The nigrostriatal pathway is the pathway affected in PD. Figure

1.4 shows the difference between healthy and PD nigrostriatal pathways. There is a clear
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depigmentation of the substantia nigra pars compacta in PD due to loss of dopaminergic
neurons which produce the pigment neuromelanin (Dauer and Przedborski, 2003).
Interestingly, the motor symptoms of PD are typically not present until 50-70% of nigral
dopaminergic neurons are degenerated, meaning that early diagnosis and intervention is

critical (Cheng, Ulane and Burke, 2010).

As well as nigral dopaminergic neuron lost, eosinophilic cytoplasmic inclusions termed Lewy
bodies are present in most PD patients (Figure 3C). Aggregates of alpha-synuclein are the
main component of these Lewy bodies (Spillantini et al., 1997). The precise function of
alpha-synuclein is not clearly defined, though it has been associated with several different
cellular processes, including mitochondrial activity, vesicle transport and neurotransmitter
release, membrane lipid content and curvature, and regulation of gene expression (Heras-
Garvin and Stefanova, 2020). Immunohistochemical studies have shown that in addition to
alpha-synuclein, there are more than 90 components of Lewy bodies including ubiquitin, PD
linked-gene products, such as LRRK2 and Parkin, and mitochondrial proteins such as
COXIV (Lowe et al., 1988; Schlossmacher et al., 2002; Greggio et al., 2006; Bedford et al.,

2008; Wakabayashi et al., 2013).

Braak staging describes Lewy body pathology throughout PD (Braak et al., 2003, 2004). In
the pre-symptomatic phases 1 and 2, Lewy bodies are present in the medulla
oblongata/pontine tegmentum and the olfactory bulb/anterior olfactory nucleus. In phases 3
and 4 the pathology spreads to the substantia nigra and other nuclear grays of midbrain
and forebrain. At these stages, most patients are symptomatic. In phases 5 and 6 the
mature neocortex is affected (Braak et al., 2004). Although supported both in vitro and in
vivo, Braak staging may only apply to a specific subset of patients who have early onset PD
with a long disease duration (Rietdijk et al., 2017). The alternative threshold theory suggests

that PD pathology does not ascend throughout the brain, but that pathology exists in multiple
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systems which reach their threshold for symptoms at different rates (Engelender and
Isacson, 2017). Indeed, it is unsure whether Lewy bodies are in fact cytotoxic, or merely a

consequence of PD itself (Parkkinen et al., 2011).
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Figure 1.4. Parkinson’s disease pathology.

A diagram of a healthy nigrostriatal pathway. B) A diagram of a Parkinson’s disease

nigrostriatal pathway. C) Immunohistochemical staining of Lewy bodies in a substantia nigra
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pars compacta dopaminergic neuron. (left) Immunohistochemical staining against alpha-
synuclein. (right) Immunohistochemical staining against ubiquitin. Figure reproduced with
permission (Dauer and Przedborski, 2003).

1.2.3 Treatment of Parkinson’s disease

Currently there is no disease-modifying treatment for PD which would slow down or even
halt the progression of the disease. Treatments only control the symptoms of the disease.
The most common treatment for PD is levodopa, a precursor to dopamine, which can cross
the blood brain barrier and be converted to dopamine by DOPA decarboxylase (Nishijima
and Tomiyama, 2016). Levodopa can be very effective in reducing PD symptoms but often
leads to dyskinesias and motor fluctuations with continued treatment (Pandey and
Srivanitchapoom, 2017). Dopamine agonists can be used in the early stages of PD to delay
the onset of levodopa treatment and provide a modest improvement in PD symptoms
(Stowe et al., 2008). Other treatments include catechol-O-methyltransferase inhibitors and
monamine-oxidase inhibitors, which reduce the breakdown of levodopa and dopamine,
respectively (Riederer and Laux, 2011; Mdller, 2015). The main surgical option is deep brain
stimulation, which is usually targeted to either the subthalamic nucleus or the globus pallidus
interna, and can be effective for patients who suffer from motor fluctuations and dyskinesias
(Martinez-Ramirez et al., 2015). The optimal treatment for PD would be to prevent the
further degeneration of dopaminergic neurons, rather than be a symptomatic treatment.
Therefore, it is imperative that the mechanisms underlying the disease are more clearly

understood in order to find potential drug targets

1.2.4 Genetic forms of Parkinson’s disease

The majority of PD cases are sporadic, with about 10% of PD patients reporting a positive

family history. The first mutation to be associated with PD was found in 1997 in the SNCA
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gene, which encodes alpha-synuclein. PD can be inherited through autosomal dominant,
autosomal recessive and X-linked modes of inheritance. Typically, the autosomal dominant
inherited forms of PD more closely resemble idiopathic PD, while the autosomal recessive
forms of PD tend to have an earlier age of onset or a more atypical clinical phenotype.
Mutations in LRRK2 account for the majority of genetic cases of PD (Klein and

Westenberger, 2012).

1.2.5 Structure of LRRK2
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Figure 1.5. Domain structures of LRRK2.

Armadillo (ARM); Ankyrin (ANK); Leucine-Rich Repeat (LRR); Ras in complex protein
(ROC); C-terminal of ROC (COR); cellular phosphorylation sites shown in black;
autophosphorylation sites shown in green; Parkinson’s disease pathogenic mutations and
susceptibility polymorphisms shown in red. Protective Parkinson’s disease variant shown in

blue. Adapted from Wallings et al. 2015 (Wallings, Manzoni and Bandopadhyay, 2015).

The LRRK2 gene is composed of 51 exons, encoding 2527 amino acids which form a 286
kD protein (Lill and Klein, 2017). LRRK2 mutations were first implicated in PD in 2004
(Zimprich et al., 2004). Mutations within the LRRK2 gene have also been associated with
the inflammatory bowel disease Crohn’s disease, suggesting a potential link between the
two diseases (Hui et al., 2018).
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LRRK2 is composed of several functional domains, including two enzymatic cores; a ROC-
COR GTPase domain, and a serine/threonine kinase domain (Wallings, Manzoni and
Bandopadhyay, 2015). The action of the GTPase domain is to hydrolyse GDP to GTP, whilst
the kinase domain phosphorylates target proteins (Wallings, Manzoni and Bandopadhyay,
2015). The N terminus of LRRK2 contains Armadillo, ankyrin and LRR domains. The
functions of these domains are not clearly understood but it is thought that the LRR and
Armadillo domains might be important structural frameworks for the formation of protein-
protein interactions (Guaitoli et al., 2016). It has been shown that the kinase activity of
LRRK2 in not affected by mutants lacking the LRR, Armadillo or Ankyrin domains, though
other evidence suggests that the ankyrin domain maybe been involved in the inhibition of
LRRK2’s kinase activity due to its similarity in structure to other inhibitory ankyrin domains
(Mills et al., 2014). The C terminus of LRRK2 contains a WD40 domain which is required
for LRRK2 induced neurotoxicity and is essential in LRRK2 kinase activity (Jaleel et al.,
2007; Jorgensen et al., 2009). Interestingly, LRRK1 — a paralog of LRRK2 — lacks the
armadillo and WD40 domains which may explain why LRRK1 is not implicated in PD
(Haugarvoll et al., 2007; Civiero et al., 2012). However, research into LRRK1 function is

lacking and warrants further investigation.

Seven confirmed pathogenic mutations have been found within the enzymatic core of
LRRK2; N1437H, Y1699C, R1441C, R1441G and R1441H found within the GTPase
domain, and 12020T and G2019S found within the kinase domain (Wallings, Manzoni and
Bandopadhyay, 2015). This highlights importance of enzymatic function in understanding
PD pathogenesis. As well as pathogenic mutations, there are also coding variants, G2385R
and R1628P, found within the WD40 domain and GTPase domain respectively, which
increase PD risk (Fu et al., 2013). The G2019S mutation is the common LRRK2 mutation

and is present worldwide in 1% of sporadic PD cases, and 4% of familial cases (Healy et
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al., 2008). This frequency is dramatically increased in certain populations, such as North
African Arabs (sporadic 39%, familial 36%) and Ashkenazi Jews (sporadic 10%, familial
28%) but very rarely observed in Asian populations (<0.1%) (Tan et al., 2005; Healy et al.,

2008; Benamer and De Silva, 2010).

Evidence has shown that LRRK2 mutations have incomplete penetrance (Latourelle et al.,
2008). The levels of LRRK2-G2019S penetrance vary among studies but have been shown
to increase with age, with ~28% penetrance at 59 years up to ~67—74% at the maximum
age ranges studied (Healy et al., 2008; Latourelle et al., 2008). However, there is much
disagreement in the literature as to the penetrance of LRRK2. This incomplete penetrance
means that it is important to study populations who have a LRRK2 mutation but have not
currently developed PD (non-manifesting), as well as those who have a mutation and are
diagnosed with PD (manifesting) to gain understanding into which changes are pathogenic.
It also suggests that there could be some potential rescue mechanisms. Interestingly,
genetic studies have observed that the R1398H variant may be protective against PD.
Mechanistic data shows the R1398H variant has the opposite effect to pathogenic LRRK2

GTPase domain mutations (Nixon-Abell et al., 2016).

LRRK2 can be autophosphorylated at several residues and elevated urinary levels of
LRRK2 phosphorylated at Ser-1292 have been shown to predict LRRK2 mutation status
and PD risk (Fraser et al., 2016). Additionally, evidence suggests that LRRK2-G2019S
mutated primary astrocytes have enlarged lysosomes, which are dependent on LRRK2’s
kinase activity and autophosphorylation at Ser-1292 (Henry et al., 2015). However, other
LRRK2 mutations have either shown no effect on phosphorylation, or show a decrease,
suggesting that phosphorylation status may not be an accurate biomarker for all forms of

LRRK2 PD (Ito et al., 2014; Reynolds et al., 2014).
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1.2.6 LRRK2 non-mitochondrial function and dysfunction

The highest expression of LRRK2 is in the lung, brain and kidney (Araki, Ito and Tomita,
2018), however the expression levels throughout the brain are unclear. It has been found
that LRRK2 expression is higher in neurons than in astrocytes and microglia (Miklossy et
al., 2006). LRRK2 is mainly expressed in cytoplasm but, interestingly it has also been
associated with the mitochondria. For example, in cells overexpressing LRRK2, 10% of
LRRK2 was present in mitochondrial fractions (Biskup et al., 2006). In addition, LRRK2
colocalises with the outer mitochondrial membrane and associate subunits of the
translocase of outer mitochondrial membrane (TOM) complex (Neethling et al., 2019). This
association with TOM complex subunits is also present in cells overexpressing with the
LRRK2-G2019S mutation (Neethling et al., 2019). LRRK2 has been found to be present in

10-80% of alpha-synuclein positive Lewy bodies (Alegre-Abarrategui et al., 2008).

LRRK2 is involved in several functions such as the modulation of cellular dynamics,
autophagy and the immune system (Wallings, Manzoni and Bandopadhyay, 2015). Of note,
LRRK2 is associated with lysosomal dysfunction. The knockout of LRRK2 has been shown
to lead to an enlargement of lysosomes, however the effect of the LRRK2-G2019S mutation
is variable between studies (Herzig et al., 2011; Henry et al., 2015; Schapansky et al., 2018)
Recently LRRK2 has been shown to phosphorylate members of the Rab family of proteins,
which are involved in vesicle trafficking, suggesting that LRRK2 regulates this process
(Steger et al., 2016). Indeed, LRRK2 has been shown to interact with Rab7 and Rab8a to
impair trafficking of the epidermal growth factor receptor (Gémez-Suaga et al., 2014; Rivero-
Rios et al., 2019). Interestingly pathogenic LRRK2 mutations have been shown to enhance
the ability of LRRK2 to phosphorylate Rabs. As well as Rabs that are downstream from
LRRK2, such as Rab8 and Rab10, Rab29 has been shown to function upstream (Kuwahara

and Iwatsubo, 2020).
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Several papers have also demonstrated that LRRK2 can phosphorylate tau, a protein
associated with microtubules (Lin et al., 2010; Bailey et al., 2013; Shanley et al., 2015).
Interestingly, a recent study has shown that tau pathology is prominent in LRRK2 PD, with
tau pathology being present in 100% of LRRK2 mutation carriers studied, while alpha-
synuclein pathology was only present in 63.6% carriers (Henderson et al., 2019). It has also
been found that LRRK2-G2019S increases the neuron-to-neuron transmission of tau in
mice compared with endogenous LRRK2 which is not required for this process (Nguyen et

al., 2018).

1.3 Mitochondria and Parkinson’s disease

1.3.1 Sporadic Parkinson’s disease

Mitochondria were first implicated in the pathogenesis of PD when it was discovered that
exposure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which metabolises to
the complex | inhibitor MPP+, induces a Parkinsonian phenotype and loss of dopaminergic
neurons in the SN. Neurons are particularly susceptible to mitochondrial dysfunction, largely
due to their extremely high metabolic requirements. Nigral neurons — the cell type
predominantly affected in PD — have a higher rate of basal oxidative phosphorylation
compared to ventral tegmental area neurons, which are unaffected in PD (Haddad and
Nakamura, 2015). This may lead to higher levels of oxidative stress, due to the production
of reactive oxygen species (ROS) by the respiratory chain complexes (Haddad and
Nakamura, 2015). These neurons also have a higher density of axonal mitochondria which

may confer a further increase in risk (Pacelli et al., 2015).

Reduced complex | activity was first observed in sporadic PD postmortem brain

tissue (Schapira et al., 1989), and platelets (Parker, Boyson and Parks, 1989). mtDNA may
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be more susceptible than nuclear DNA to damage due to its higher exposure to ROS
generated by oxidative phosphorylation (Yakes and Van Houten, 1997). Selective mtDNA
damage has been found in nigral, but not cortical neurons, in PD postmortem brain
tissue (Sanders et al., 2014). There is also an increase in mtDNA somatic point mutations,
especially in genes encoding mitochondrial complex IV (Coxhead et al., 2016). Additionally,
there are higher levels of mtDNA deletions in PD compared with age-matched
controls (Bender et al., 2006), which is associated with decreased complex IV activity.
Decreased complex IV activity has been observed in patient fibroblasts (Carling et al. 2020)
mtDNA deletions also occur during normal ageing; however, the mtDNA copy number
increases to compensate for this in healthy controls (Dolle et al., 2016). This upregulation
of copy number does not to occur in PD, indicating that mtDNA homeostasis is

dysregulated (Doélle et al., 2016).

In addition to impaired clearance of damaged mitochondria, the generation of new
mitochondria may also be impaired in PD. Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1-a) regulates mitochondria biogenesis by inducing the
expression of several key biogenesis proteins (Corona and Duchen, 2015). PGCl-a
knockdown increases a-synuclein aggregation in human neuronal cells, and
overexpressing PGC1- a reduces the mitochondrial deficiencies seen in MPP+ treated SH-
SY5Y cells, such as reduced ATP levels (Ebrahim, Ko and Yen, 2010; Ye et al., 2016).
Drosophila primary neurons treated with MPP+ also show a reduction in size, number, and

an increase in fragmentation prior to cell death (Wiemerslage, Ismael and Lee, 2016).

1.3.2 Familial Parkinson’s disease

As well as in sporadic cases, mitochondrial dysfunction has been implicated in both

autosomal recessive forms of PD (with mutations in parkin/PARK2, PINK1/PARK6 and DJ-
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1/PARK7) and autosomal dominant forms of PD (with mutations in alpha-
synuclein/PARK1/4 and LRRK2/PARKS) (Bose and Beal, 2016). For example, fibroblasts
derived from patients with parkin mutations show a distinct complex | deficiency, resulting
in reduced ATP levels (Mortiboys et al., 2008). Oxygen consumption is also reduced
in parkin mutant Drosophila larvae (Vincent et al., 2012); parkin knockdown zebrafish
embryos also have lowered complex | activity (Flinn et al., 2009). Interestingly, many of the
genes associated with familial PD are involved in maintaining normal mitochondrial function.
For example, PINK1 and PARKIN are important for mitophagy (Nguyen, Padman and
Lazarou, 2016) and Dj-1 is thought to be a redox sensor and can protect cells from oxidative

stress (Girotto et al., 2012).

Interestingly, not only have individual mitochondrial complex dysfunctions been implicated
in PD but also the supercomplexes that they form. Supercomplexes are thought to increase
the efficiency of electron carrier transport and the oxidation of multiple substrates, decrease
ROS production and are essential in complex | stability (Lapuente-Brun et al., 2013;
Chaban, Boekema and Dudkina, 2014). The disorganisation of mitochondrial
supercomplexes has been observed in PINK1 mutant human fibroblasts and Pink1l mutant
mouse primary neurons, as well as in Dj1 mutant mouse primary neurons and brain
tissue (Lopez-Fabuel et al., 2017). A pink mutant zebrafish line also has specific decrease
in complex | and Il activity (Flinn et al., 2013). Inactivation of the mitochondrial calcium
uniporter rescues this complex | deficiency in pinkl mutant zebrafish, suggesting that
mitochondrial calcium homeostasis is crucial for maintaining normal function of the

mitochondrial respiratory chain (Soman et al., 2017).

The regulation of mitochondrial morphology is a tightly controlled process that can be
affected in both sporadic and genetic forms of PD. For example, mitochondria in

postmortem biopsy samples of the caudate nucleus and skeletal muscle of sporadic PD

28



patients are more variable in size and shape (Ahlgvist, Landin and Wroblewski, 1975; Lach
et al., 1992). However, morphology changes are difficult to assess in detail in postmortem
PD brain tissue due to the limited preservation of mitochondrial ultrastructural details (Bose
and Beal, 2016). Interestingly, increased mitochondrial branching has been described
in parkin mutant human fibroblasts (Mortiboys et al., 2008). In addition, morphological
abnormalities, such as swollen mitochondrial cristae and a decrease in density of normal
mitochondria, have been found in induced pluripotent stem cell-derived parkin mutant
neurons (Imaizumi et al.,, 2012). Changes in mitochondrial morphology have also been
observed in various PD animal models. For example, an early study looking at mitochondrial
abnormalities in Parkin mutants, observed that in Parkin null Drosophila, mitochondria are

swollen and have severely disintegrated cristae (Greene et al., 2003).

The removal of typically dysfunctional mitochondria, mitophagy, is a highly important cellular
process, as the accumulation of dysfunctional mitochondria can lead to cellular
damage. PINK1 and parkin, two genes which have been associated with autosomal
recessively inherited familial PD, encode proteins which are essential in
mitophagy (Nguyen, Padman and Lazarou, 2016). PINK1 acts upstream of Parkin (Clark et
al., 2006; Park et al., 2006). PINK1 phosphorylates both ubiquitin and Parkin at its ubiquitin-
like domain, to activate parkin as an E3 ligase (Koyano et al., 2014). This allows the

ubiquitination of substrates such as DRP1 and (H. Wang et al., 2011; X. Wang et al., 2011).

Miro is a protein found on the outer membrane of the mitochondria and connects them to
dynein and kinesin motors, enabling microtubule-based transport (Tang, 2015). The
PINK1/Parkin pathway targets Miro for proteasomal degradation prior to mitophagy (X.
Wang et al., 2011). Interestingly, LRRK2 is also involved in Miro degradation. The disruption
of both Parkin and LRRK2 recruitment to damaged mitochondria coincides with the

accumulation of Miro, and leads to a delay in mitophagy in fibroblasts from sporadic PD
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patients (Hsieh et al., 2016). This could be a potential pathway where both familial and

sporadic PD converge.

1.3.3 LRRK2 Parkinson’s disease

In LRRK2-G2019S mutant fibroblasts, Mortiboys et al. 2010, 2015 described a reduction
ATP levels, mitochondrial membrane potential and oxygen consumption (Mortiboys et al.,
2010, 2015). In contrast, Papkovskaia et al. found an increase in oxygen consumption
(Papkovskaia et al., 2012). This may be due to the fibroblasts being grown in different media
types, galactose containing and glucose containing respectively (Papkovskaia et al., 2012;
Mortiboys et al., 2015). It has also been proposed that uncoupling proteins (UCPs) could
be a biomarker for familial PD, as LRRK2-G2019S mutant fibroblasts have increased UCP2
MRNA expression (Papkovskaia et al., 2012; Grinewald et al., 2014). UCPs allow the
passage of hydrogen ions from the intermembrane space to the matrix independent from
complex V (Busiello, Savarese and Lombardi, 2015). It is thought that UCP2 is protective
against mitochondrial ROS levels by reducing the mitochondrial proton gradient, this may
therefore be a compensatory mechanism against oxidative stress (Grinewald et al.,
2014). LRRK2-G2019S mutant fibroblasts have reduced complex Il and IV
activity (Mortiboys et al., 2015). In contrast, heterozygous knock-in LRRK2-G2019S mice
show increases in complex V subunit ATP5A and complex Il subunit UQCR2 protein
expression, while homozygous LRRK2-G2019S knock-in mice have reduced complex |

subunit NDUFB8 expression (Yue et al., 2015).

LRRK2-G2019S knock-in mouse models show altered mitochondrial morphology within the
striatum including a beads-on-a-string-like appearance, condensation, reduction in number
through autophagic degradation, and an approximately 10% increase in mitochondria

length (Ramonet et al., 2011; Cherra et al., 2013; Yue et al., 2015). Interestingly, LRRK2
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phosphorylates DRP1, mediating mitochondrial fission. Disruptions to DRP1-mediated
fission via LRRK2 mutations could lead to changes in mitochondrial dynamics (Uo et al.,

2009; Wang et al., 2012; Y.-C. Su and Qi, 2013).

It is important that mitochondria can be transported effectively along the extended length of
neurons and meeting the high energy demands of synapses at the axon terminals (Sheng
and Cai, 2012). LRRK2 mutations in the Roc-COR domain, LRRK2-R1441C and LRRK2-
Y1699C, inhibit bidirectional axonal transport of mitochondria in both Drosophila larvae
motor neurons, and rat cortical neuron cultures. However, this effect is not observed
in LRRK2-G2019S mutant Drosophila (Godena et al., 2014), suggesting that mutations in
the different LRRK2 domains may result in distinct phenotypes. These models use
ectopically expressed LRRK2 mutations; therefore, it would be important to also examine
mitochondrial transport when these LRRK2 mutants are expressed at the endogenous
locus. This could be achieved using techniques such as CRISPR/Cas9. A more detailed
discussion of mitochondrial dysfunction in LRRK2 PD is included in the results chapters of

this thesis.

1.3.4 LRRK2 PD treatments

As previously mentioned, there are currently no effective disease modifying treatments for
PD. There has been substantial progress in recent years in developing therapeutics for
LRRK2 PD. A toxic gain-of-function mechanism of LRRK2 PD pathogenesis has been
proposed, therefore LRRK2 kinase inhibitors have been tested as potential therapeutics.
Denali Therapeutics has tested two LRRK2 kinase inhibitors in Phase 1 trials, DNL201 and
DNL151. At the time of writing this thesis, Denali Therapeutics had successfully completed
a Phase 1 study of DNL201 in 122 healthy participants and a Phase 1b study in 28 PD

patients, both sporadic and those with a LRRK2 mutation. Ongoing Phase 1 and Phase 1b
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trials of DNL151 had also completed dosing of 162 healthy participants and 25 PD patients,
respectively. Of the results obtained thus far, both drugs met safety, target engagement and
biomarker goals. DNL151 has been selected to advance into late-stage studies in both
LRRK2 PD and sporadic PD patients, with patient enrolment expected to commence in
2021. There have been some concerns regarding the safety of LRRK2 inhibitors, therefore
dosing will need to be carefully monitored. Another strategy targeting LRRK2 PD, is the
use of antisense oligonucleotides (ASOs). The aim of LRRK2 ASOs is to induce a long-term
reduction in expression of LRRK2 to reduce LRRK2 kinase activity (Korecka et al., 2020).

At present, a phase | study of intrathecal administration of ASO BIIB094 is ongoing.

1.3.5 Treatments targeting mitochondrial dysfunction in PD

The majority of studies testing mitochondrial targeting therapeutics have focused on the
treatment of sporadic PD. There are several strategies being used to target the
mitochondrial dysfunction in PD, for example; mitochondrially targeted antioxidants, peptide
strategies, strategies to manipulate mitochondrial control and dynamics, and deep brain
stimulation strategies. These strategies have been reviewed in detail by Macdonald et al.
2018. One of the major challenges in developing treatments for PD is the heterogeneity of
the condition and may explain why many clinical trials have produced negative results. For
example, coenzyme Q10, a mitochondrial enhancer, was not shown to be neuroprotective
in non-stratified PD patients. Therefore, a newer approach to clinical trials is to stratify

patients based on their genetic ‘mitochondrial risk burden’ (Prasuhn et al., 2019).

Increasingly, drug screening is focusing on testing naturally occurring compounds, and re-
purposing pharmaceuticals already shown to be safe in humans. Using this approach,
evidence from our group suggests that bile acids may improve some of the mitochondrial

deficiencies seen in PD (Mortiboys, Aasly and Bandmann, 2013; Mortiboys et al., 2015).
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Ursocholanic acid (UCA) and ursodeoxycholic acid (UDCA) were found to increase cellular
ATP levels in both manifesting and non-manifesting LRRK2 G2019S fibroblasts, as well as
reversing visual defects in LRRK2 G2019S transgenic flies (Mortiboys, Aasly and
Bandmann, 2013; Mortiboys et al., 2015). The mechanism of action of UDCA and UCA is
unclear, but it is proposed to be Akt-mediated. At the time of writing this thesis, a phase II,
two-centre, double-blind, randomised, placebo-controlled trial of UDCA at 30mg/kg in
patients with PD is being led by Professor Oliver Bandmann, University of Sheffield (Trial
registration number: NCT03840005). This trial is using 31Phosphorus MR Spectroscopy to
assess the levels of ATP and other metabolites in the brain, as well as a motion sensor-

based approach to quantify motor impairment (Payne et al., 2020).

1.4 Project rationale and aims

There is evidence of mitochondrial dysfunction in LRRK2-G2019S PD. However, the
mechanisms of this mitochondrial dysfunction are still unclear. It is important to assess the
mitochondrial phenotype of LRRK2-G2019S PD in order to find and assess therapeutic
targets. A specific decrease in mitochondrial complex Il and IV activity was demonstrated
in a study by Mortiboys et al. 2015. Therefore, one aim of this thesis was to characterise in
further detail any changes in mitochondrial complexes in an expanded cohort of LRRK2-
G2019S manifesting, non-manifesting and control fibroblasts. We also aimed to use some
recently developed probes for reactive oxygen species and copper in our cells to see

whether there were any changes in these parameters.

The phenotype of mitochondrial morphology in LRRK2 PD has conflicting findings within
the literature, within some studies observing a ‘beads-on-a-string’-like morphology
suggesting impaired mitochondrial fission, while other studies report an increase in

mitochondrial fission. Therefore, as well as functional changes in LRRK2-G2019S
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fibroblasts, another aim of this thesis was to look at mitochondrial morphology and
mitochondrial fusion and fission factor expression. In addition, UDCA and UCA have been
shown to increase ATP levels in LRRK-G2019S fibroblasts: the effect of treatment of these
drugs was assessed in some of the parameters tested, in order to further clarify any

potential mechanism of actions for these therapeutics.

Fibroblasts are a commonly used model to study mitochondrial dysfunction as they are
easily cultured and retain the genetic background of the donor. However, fibroblasts are not
the degenerative cell type in people with PD. Therefore, a newly developed protocol by
Schwartzentruber et al 2020 was used in this thesis to directly convert fibroblasts into
induced neural progenitor cells, and subsequently differentiate these into dopaminergic
neuron-like cells. Direct reprogramming methods such as this have the benefit that they
retain the aged phenotype of the cells (Gatto et al., 2020). The aged phenotype is something
that is difficult to model in iPSC-derived dopaminergic neurons without lengthy culturing
times. We aimed to characterise the mitochondrial phenotype throughout LRRK2-G2019S
iINPC-derived dopaminergic neuron-like cell differentiation to assess both early and late
changes in mitochondrial dysfunction, and whether there was any difference in the

mitochondrial phenotype compared to the findings in fibroblasts.

In summary, the aims of this thesis were to further characterise mitochondrial dysfunction
in LRRK2-G2019S fibroblasts and iNPC-derived dopaminergic neuron-like cells, by

examining both functional and morphological characteristics.
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Chapter 2

Materials and methods

2.1. Patient and control lines used

Skin biopsies were taken from LRRK2 manifesting (63.0 = 9.0 years), LRRK2 non-

manifesting (51.0 £ 15.9 years) and controls (61 + 12.8 years; Table 2.1.) and were cultured

until fibroblasts began to grow. These skin biopsies were set up by our collaborators

Professor Jan Aasly (Department of Neurology, St Olav’'s Hospital, Trondheim, Norway)

and Professor Gunnar Brgnstad (Neurozym, Norway) in line with local ethics ), as well as

at the University of Sheffield (Ethical approval no. 4.2008.414). Some fibroblast lines were

also obtained from the Coriell Cell repository.

Table 2.1. Details of fibroblast lines generated from LRRK2 G2019S manifesting,

LRRK2 G2019S non-manifesting, and control patient biopsies.

Number Disease status Age Sex
TRDO3 LRRK2-G2019S manifesting 55 F
TRDO4 LRRK2-G2019S manifesting 56 M
TRDO7 LRRK2-G2019S manifesting 77 M
TRD11 LRRK2-G2019S manifesting 70 M
NPFC-008 LRRK2-G2019S manifesting 65 M
NPFC-028 (M2) LRRK2-G2019S manifesting 71 M
NPFC-071 (M1) LRRK2-G2019S manifesting 52 F
ND34198 LRRK2-G2019S manifesting 58 M
TRDO5 LRRK2-G2019S non-manifesting 64 M
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TRD12 LRRK2-G2019S non-manifesting 40 M
NPFC-005 LRRK2-G2019S non-manifesting 55 M
NPFC-025 LRRK2-G2019S non-manifesting 26 F
NPFC-046 (NM3) LRRK2-G2019S non-manifesting 79 F
NPFC-048 (NM2) LRRK2-G2019S non-manifesting 44 F
NPFC-061 (NM1) LRRK2-G2019S non-manifesting 49 M
NPFC-068 (NM4) LRRK2-G2019S non-manifesting 51 F
TRD23 Control 73 M
NPFC-006 Control 59 M
NPFC-013 Control 58 F
NPFC-024 Control 57 M
NPFC-026 Control 66 F
NPFC-027 Control 58 F
NPFC-036 Control 71 M
NPFC-041 Control 55 F
NPFC-050 Control 72 F
NPFC-051 Control 83 M
NPFC-055 Control 44 F
NPFC-060 Control 30 F
NPFC-064 Control 57 F
GM13335 Control 57 M
GM02419 Control 54 F
8401 Control 75 M

36




2.2. Cell Culture

2.2.1. Cell culture of fibroblasts

All lines were grown in Eagle’s Minimum Essential Medium (EMEM) (Lonza) supplemented
with 10% Foetal Bovine Serum (FBS) (Biosera), 1% Minimum Essential Medium (MEM)
vitamins (Lonza), 1% penicillin/streptomycin (Lonza), 1% sodium pyruvate (Sigma), 1%
non-essential amino acids (Lonza), and 500 ul uridine (50 mg/ml; Sigma). Cells were

routinely tested for mycoplasma and treated with ciprofloxacin if mycoplasma was detected.

In selected experiments, media containing galactose instead of glucose was used. For this
Dulbecco’s Modified Eagle’s Medium (DMEM) without glucose (Gibco) was supplemented
with 10% FBS (Biosera), 1% MEM vitamins (Lonza), 1% penicillin/streptomycin (Lonza), 1%
sodium pyruvate (Sigma), 1% non-essential amino acids (Lonza), 500 pl uridine (50 mg/ml)

(Sigma), and 0.9 mg/ml of galactose (Sigma).

Cells were passaged when near confluency by transferring their current media into a
universal tube or 15 ml falcon tube, washing the cells twice with PBS, and adding 5 ml of
trypsin/EDTA 1x (Lonza) per flask for 5-10 minutes until cells were detached. The
cell/trypsin mixture was then neutralised with the previously set aside media and centrifuged
at 500 rcf for 4 minutes to form a cell pellet. This pellet was resuspended in 10 ml of fresh
media and transferred to a T75 flask (Greiner or Nunc). No cells higher than passage 20
were used and were passaged matched to within approximately 2 passages of each for all

live experiments.

2.2.2. Generation of induced neural progenitor cells

Induced neural progenitor cells (iNPCS) were generated from LRRK2 G2019S manifesting,

non-manifesting and control fibroblasts into iINPCs by Dr Heather Mortiboys using the
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following protocol (Meyer et al., 2014). 10* fibroblasts were transduced with adenoviral non-
integrating vectors for OCT3, Sox2, KLF4, Lin28 and Nanog. 48 h after transduction, cells
were treated with NPC inducing factors (FGF-b, EGF and Heparin). iNPCs can be
maintained ~30 passage. Fibroblasts were moved DMEM media supplemented with sodium
pyruvate and penicillin/streptomycin prior to the start of iINPC generation. Table 2.2.

describes the details of the cell lines that the INPCs were generated from.

Table 2.2. Details of LRRK2-G2019S manifesting and control fibroblast lines used to

generate induced neural progenitor cells

Number Disease status Age Sex
NPFC-071 LRRK2-G2019S manifesting 52 F
ND29510 Control 55 F

2.2.3. iNPC cell culture

iINPCs were grown in Glutamax DMEM/F12 Ham (1:1) media supplemented with 1% N2,
1% B27 (Invitrogen) and 1% penicillin/streptomycin (Lonza), and FGFb (Peprotech) with
incubation at 37°C, at 5% CO,. iNPCs were grown on 10 cm? dishes coated with diluted
1/200 fibronectin diluted in PBS. Cell lines were split twice per week using accutase (Sigma)
to detach the cells. Cells were not used beyond passage 23. For the DA neuron-like cell
model differentiation, cells were plated in 6 well plates and the differentiation started at 75-

85% confluency.

2.2.4. iNPC-derived DA neuron-like cell model differentiation protocol

Patients and controls were differentiated at the same time using the same protocol. Cells
were grown in Glutamax DMEM/F12 Ham (1:1) media supplemented with 1% N2, 2% B27

(Invitrogen)and 1% penicillin/streptomycin (Lonza). The differentiation protocol has been
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published by our group (Schwartzentruber et al. 2020; Carling et al. 2020). Briefly, DAPT
(2.5 pM; Tocris) was added for 2 days to prevent non-specific differentiation into astrocytes.
After this, the cell media was changed every day with differentiation factors added. Cells
were washed with PBS to prevent an accumulation of dead cells. FGF-8 (75 ng/ml;
Peprotech) and Smoothed Agonist (SAG) (1 uM; Millipore) were added for 10 days. On day
3 of FGF/SAG factors until the end of the protocol, ciprofloxacin (1 pg/ml) was added to the
media to prevent mycoplasma contamination. Previous work by the group (unpublished)
has shown that this does not affect neuronal differentiation. At day 10 of FGF/SAG cells
were replated into 96 well plates for ATP and imaging assays at a density of ~10,000 cells
per well, accounting for cell death, using accutase to detach the cells. For western blotting
experiments, cells were kept in 6 well plates at a density of ~200,000 per well. For assays
throughout the differentiation protocol, cells were replated 1-2 days prior to this so that they
could be assayed on the final day of FGF/SAG treatment. For a further 15 days after
FGF/SAG treatment, unless otherwise stated, TGF-Bs; (2 mM), dCAMP (2 mM, Sigma),
BDNF (30 ng/ml) and GDNF (30 ng/ml) were added to the cell media. (Peprotech). Figure
2.1 describes the differentiation protocol and the time points of assays. Cell media was

replaced each day from Phase 2 onwards.

For non-glucose/non-galactose media, or galactose media experiments Dulbecco’s
Modified Eagle’s Medium (DMEM) without glucose (Gibco) was used. This was
supplemented with the phase 3 neuronal differentiation factors. For the galactose containing

media plus 0.9 mg/ml of galactose (Sigma) was added.
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2.3. ATP assays

Fibroblasts were plated at ~5000 cells per well in EMEM media containing glucose in white-
walled 96 well plates (Greiner Bio-one). Cells were left to adhere overnight, before adding
galactose containing media to half of the wells. 24 hours later the ATP assay was completed
using ATPIlite kit (Perkin Elmer). In brief, cells were washed with 100 ul PBS, before adding
100 ul PBS then 50 pl lysis buffer per well. The plate was then shaken at 700 rpm for 5
minutes, before adding 50 pl substrate solution per well and shaking again (700 rpm, 5
minutes). The plate was dark adapted for 10 minutes and then read on the luminescence

mode of the plate reader (PHERAstar FS, BMG Labtech, or Omega plate reader).

To be able to normalise between different cell lines for differences in plating, ATP values
were normalised to cell number by quantifying the DNA content of the same wells. After the
ATP measurement, 50 ul Cyquant (ThermoFisher) per well was added (1.1 pl Cyquant
reagent, diluted per 1 ml HBSS or PBS) and incubated at 37°C for 1-3 hours before reading

on the absorbance mode of the plate reader (497 nm excitation, 520 nm emission).

For both the ATP assay and Cyquant quantification, there were three blank wells containing
no cells. The average value of these were taken away from each ATP and Cyquant value,
respectively. ATP values were then normalised to the Cyquant values. To compare across
experiments, each of these values were normalised to the control fibroblasts grown in

EMEM media containing glucose.

For the iINPC-derived DA neuron-like cell model, the same protocol was used, however the
plating was completed as described in section 1.6.4. and at the time points specified in

Figure 2.1.
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2.4. Mitochondrial membrane potential and lysosome assays

Fibroblasts were plated at ~2000 cells per well in EMEM media containing glucose (as
described above) in black-walled 96 well plates (Perkin Elmer). Cells were left to adhere
overnight, before adding galactose containing media to 50% of the wells for 24 h. For the
iINPC-derived DA neuron-like cell model, plating was completed as described in section

1.6.4. and at the time points specified in Figure 2.1.

Media was replaced with either phenol-red free MEM (Lonza) or phenol-red free MEM with
containing 10 uM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) (Sigma). The plate
was then incubated for 1 hour at 37°C. Next, cell media was replaced with phenol-red free
MEM with 80 nM tetramethylrhodamine, methyl ester (TMRM) (ThermoFisher) to stain the
mitochondria and 1 uM Hoechst (Sigma) to stain the nucleus. For lysosomal assays, 1 uM
Lysotracker Green (Invitrogen) was added. Cells that previously had CCCP added also had
10 uM CCCP added to this mixture. Cells were then incubated at 37°C for an additional 1

hour. After, cells were washed with phenol-red free MEM and imaged.

Fibroblasts were imaged using the InCell 2000 high content imager microscope (GE
Healthcare). During this imaging, cells were kept a temperature of 37°C using a plate heater.
Any plates that contained over 36 wells of cells were also incubated at 5% CO.. 20 fields of
view were imaged per well which were randomised each experiment. Hoechst was imaged
in the DAPI channel (350 nm excitation, 450-455 nm emission), and TMRM was imaged in
the Cy3 channel (542 nm excitation, 604-664 nm emission). Images were analysed using a
custom protocol in InCell Developer Toolbox (Diot et al., 2015). In this, individual nuclei and
mitochondria were segmented. Short mitochondria were defined as having a form factor

>0.4 and long mitochondria were defined as having a form factor <0.4.
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iINPC-derived neuron-like cells were imaged using an Opera Phenix High Content
Screening System with 20-30 fields of view per well and z-stacks were taken across the
cell. Hoechst was imaged in the DAPI channel (405 nm excitation, 435-480 nm emission),
TMRM was imaged in the mCherry channel (562 nm excitation, 570-630 nm emission), and
Lysotracker was imaged in the Alexa 488 channel (488 nm excitation, 500-550 nm

emission).

2.5. Copper and reactive oxygen species probes

Fibroblasts were plated at ~2000 cells per well in EMEM media containing glucose in black
96-well plates (Perkin Elmer). Cells were left to adhere for 48 hours. For the iNPC-derived
DA neuron-like cell model, the plating was completed as described in section 1.6.4. and at
the time points specified in Figure 2.1. One cytosolic ROS probe (NpFR1), two
mitochondrial ROS probes (NpFR2 and FRR2) and one copper probe (InCCul) were used,
which were kindly provided by our collaborator Dr Elizabeth New, University of Sydney,
Australia (Yeow et al., 2014a; Kaur et al., 2015; Shen et al., 2016). NpFR1, NpFR2 and
FRR2 were used at a concentration of 40 uM and InCCul at 200 nM, diluted in phenol-red
free MEM media. Cells was incubated for 45 minutes with one of the probes plus Hoechst
(1 pM) before washing the cells with phenol-red free MEM and imaging using an Opera
Phenix High Content Screening System. FRR2 and InCCul are ratiometric probes, though
we were unable to visualise the second channel for normalisation. However, conclusions
can still be drawn from the channel that visualises the mitochondria, as confirmed with our

collaborator.

To measure cytosolic copper the cytosolic probe NS2-Al-SiR was used, which was kindly
donated by our collaborator Professor Christopher Chang, University of California,

Berkeley. For this probe, cells were incubated with Hoechst (1 pM) diluted in phenol-red

43



free MEM media for 45 minutes. This was then removed, and cells were incubated with 1
MM NS2-AI-SiR diluted in phenol-red free MEM media for 15 minutes. Cells were then

imaged without washing.

15-20 fields of view were imaged per well for fibroblasts and 20-30 fields of view per well
for iINPC-derived neuron-like cells. Z-stacks were taken across the cell. Hoechst was
imaged in the DAPI channel (405 nm excitation, 435-480 nm emission), FRR2 and InCCul
were imaged in the Alexa 568 channel (561 nm excitation, 570-630 nm emission), NpFR1
and NpFR2 were imaged in the Alexa 488 channel (488 nm excitation, 500-550 nm
emission), and NS2-Al-SiR was imaged in the Alexa 647 channel (640 nm excitation, 650-

7600 nm emission).

2.6. Drug treatments

Fibroblasts were grown in different treatment conditions for 24 hours before harvesting into
cell pellets. The equivalent of one confluent flask per cell pellet was used. Cells were
pelleted by transferring their current media into a universal tube, washing the cells twice
with PBS, and adding 5 ml of trypsin (Lonza) per flask for 5-10 minutes until cells were
detached. The cell/trypsin mixture was then neutralised with the previously set aside media
and centrifuged at 500 rcf for 4 minutes to form a cell pellet. The supernatant was removed,
the pellet resuspended with 1 ml of PBS, and the centrifugation step repeated to wash the
cells. The supernatant was then removed again and the remaining pellet was stored at -

80°C.

The different treatment conditions were either in glucose or galactose containing media and
were as follows; untreated, DMSO (1:1000), 10 puM UDCA, 100 nM UCA (Sigma). These
concentrations of UDCA and UCA were chosen as they were the EC90 of ATP levels. This

was the same for both live assays and western blots.
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2.7. Western blotting

2.7.1. Protein quantification

Prior to the start of this study, previous optimisation by the group found that 10 pg of protein
was optimal for the antibodies used. To quantify the amount of protein in the cell pellets
prior to this, a Bradford assay was used. Cell pellets were lysed by adding a mixture of 50
ul RIPA buffer and 5 pl of protease inhibitor and incubated on ice for 30 minutes. Next, the
lysed pellets were centrifuged for 10 minutes at 16,000 rcf. The supernatant was then
transferred to a separate Eppendorf tube. To perform the Bradford assay, BSA standards
were used to produce a standard curve (concentrations; 100, 125, 250, 500, 750, 1000,
1200 pg/ul). 5 pl of each BSA standard, plus a dH»0 control, was added in triplicate to a 96
well plate. Each sample was then added in triplicate to the plate at both a 2ul and 1ul
volume. To each well, 250 pl coomassie blue was added and then the plate was read in the
absorbance mode (595nm) of the plate reader. A standard curve was quantified in
GraphPad Prism and used to estimate the protein content of the samples. A 1.5 ratio of
sample buffer was then added to the samples, which were then stored at -80°C.Tables 2.3-

2.8 provide the reagents of the various western blotting buffers.
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Table 2.3 4x sample buffer

Reagent Supplier Volume/Weight
Tris HCI pH 8.0 Melford 0.62¢g

Glycerol Sigma-Aldrich 8 ml

SDS Fisher Scientific 18¢g
Bromophenol Blue Sigma-Aldrich 0.008 g
Dithiothreitol (DTT) Sigma-Aldrich 0.8¢g

Nanopure H>O 10 ml

Table 2.4 Resolving gel (12%)

Reagent Supplier Volume/Weight
Tris HCI pH 8.8 Melford 2.5 ml

30% Bis/acrylamide National Diagnostics 4 ml

Nanopure H,O 3.3 ml

10% SDS Fisher Scientific 100 pl

10% ammonium persulfate (APS) Sigma-Aldrich 100 pl
Tetramethylethyl-enediamine (TEMED) Melford 4 ul

Table 2.5 Stacking gel

enediamine (TEMED)

Reagent Supplier Volume/Weight
Tris HCI pH 6.8 Melford 666 pl

30% Bis/acrylamide Melford 450 pl
Nanopure H20 1.5ml

10% ammonium persulfate | Sigma-Aldrich 20 ul

(APS)

Tetramethylethyl- Melford 5ul
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Table 2.6 Running buffer (10 L)

Reagent Supplier Volume/Weight
Tris Base Melford 30¢g

Glycine Sigma-Aldrich 144 ¢g

SDS Fisher Scientific 10g

Nanopure HO

Make upto 10 L

Table 2.7 Transfer buffer (1 L)

Reagent

Supplier

Volume/Weight

Transfer buffer (150 g Tris
base, 720 g Glycine

200 ml

Methanol

Fisher Scientific

100 ml

Nanopure H,O

700 ml

Table 2.8 TBST (10 L)

Reagent Supplier Volume/Weight
Sodium chloride Fisher Scientific 80g

Potassium chloride Fisher Scientific 29

Tris base Melford 3049

Make up to 9 L with Nanopur

e H,0, then pH to 7.4 using HCI

Tween20

Sigma-Aldrich

5ml

2.7.2. Preparing and runnin

Glass plates were cleaned and secured into a casting apparatus. All western blot apparatus
was supplied by Biorad. A 12% acrylamide resolving gel was prepared (Table 2.4) and
poured between the glass plates. A layer of isopropanol was then added and the gel was
left to polymerise for 15-30 minutes. The isopropanol layer was then removed and cleaned

with filter paper. Next, a 10% acrylamide stacking gel (Table 2.5) was added and combs

g gels

inserted to form the wells. This was left to polymerise for 15-30 minutes.
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In the meantime, the protein samples and a dual colour molecular weight ladder (Biorad)
were thawed on ice. The gels were then moved from the casting apparatus into a gel holder
assembly and placed in a tank. The combs were removed and the tank was filled to 75%
with SDS-PAGE buffer, ensuring that the section between the 2 gels was fully filled with
buffer. Samples were loaded at 10 g, as well as loading 5 pl of the ladder. The gel was
then run at a constant 50 V for 30 minutes to pass samples through the stacking gel. The
voltage was then changed to 120 V for at least 90 minutes to allow separation through the

resolving gel.

2.7.3. Transfer

Next, the transfer buffer was prepared by combining 200 ml 5X transfer buffer, 100 ml
methanol and 700 ml dh2O. A polyvinylidene fluoride (PVDF) membrane was cut to the size
of the resolving gel and soaked in methanol. Transfer cassettes, sponges and filter paper
were also soaked in transfer buffer. The gel was then transferred from the SDS-PAGE buffer
and the stacking gel removed to leave the resolving gel. The transfer assembly was then
added together; sponge, filter paper, resolving gel, PYDF membrane, filter paper, sponge,
and then placed in a tank. This was filled with transfer buffer and run at a constant amperage

of 250 mAmp with an ice pack for 60 minutes so the gel would transfer onto the membrane.

2.7.4. Antibodies

The membranes were removed from the transfer buffer and washed in TBST. The
membranes were then incubated for 60 minutes in 5% non-fat dry milk diluted in TBST.
Primary antibodies diluted in TBST were then added for overnight incubation at 4°C (or 1
hour at room temperature for beta-actin) (Table 8). The membranes were then washed 3 x
10 minutes in TBST. Secondary antibodies diluted in TBST were then added for 1 hour

(Table 2.8). The membranes were then washed again for 3 x 10 minutes. Membranes were
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covered by ECL for 1 minute before removing excess ECL and imaging in chemi-
luminescent mode on the G-box (SynGene). Images were taken using the Intelli-mode of
the G-box with markers included to check that the bands were of the correct molecular
weight. Images were then taken in classic mode for densitometry analysis at sub-saturating

levels.

2.7.5. Densitometry

Genetools software (Syngene) was used for densitometry analysis. Each lane was
segmented and the background corrected. The total volume for each band was then
calculated and exported to Microsoft Excel for analysis. Each antibody was normalised to
beta-actin as a loading control, before being normalised to untreated control samples. Each

membrane contained at least one control fibroblast line for normalisation.
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Table 2.9 Antibodies used for western blotting

Antibody Supplier Species Dilution Incubation

Anti-BCS1L primary | Santa Cruz | Mouse 1:1000 Overnight at 4°C

antibody Biotechnology

Anti-SCO2  primary | Abcam Rabbit 1:1000 Overnight at 4°C

antibody

Anti-OPA1  primary | BD Biosciences Mouse 1:1000 Overnight at 4°C

antibody

Anti-DRP1  primary | Abcam Mouse 1:1000 Overnight at 4°C

antibody

Anti-TSPO  primary | Abcam Rabbit 1:1000 Overnight at 4°C

antibody

Total OXPHOS | Abcam Mouse 1:500- Overnight at 4°C

western blot antibody 1:1000

cocktail

Anti-beta actin Abcam Mouse 1:1000 Overnight at 4°C/
1 hr at room
temperature

Anti-beta actin St Johns | Rabbit 1:1000 Overnight at 4°C/

Laboratory 1 hr at room

temperature

HRP conjugated anti- | Abcam Goat 1:10,000 1 hr at room

mouse secondary temperature

antibody

HRP conjugated anti- | Dako Goat 1:5000 1 hr at room

rabbit secondary temperature

antibody
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2.8. Brightfield imaging of iNPC-derived DA neuron-like cells

2 to 3 wells per cell line were imaged across each well throughout the differentiation protocol
(days 15, 19, 22 and 27) using the InCell high content imager microscope. The same field

of view is shown across multiple days for comparison.

2.9. Immunofluorescent staining

Cells were plated as per live cell imaging assays for all cell types. For fibroblasts, cells were
fixed for 10 minutes using 4% paraformaldehyde diluted in PBS, before washing with PBS
and storing at 4°C. For iINPC-derived DA neuron-like cells, cells were first fixed for 30
minutes in 1:1 ratio of cell media and 4% paraformaldehyde diluted in PBS. Following this,
the cells were fixed for 10 minutes using 4% paraformaldehyde diluted in PBS, then washed
with PBS and stored at 4°C. Sodium azide (0.4%) was added to the PBS for longer term

storage of the cells.

Cells were permeabilised for 10 minutes using 0.1% Triton in PBS with Tween 20 1:1000
(PBST) and then washed twice in PBST. Cells were then incubated for 1 hour at room
temperature in blocking solution, which composed of 5% horse serum diluted in PBST.
Following this, cells were incubated in primary antibody diluted in blocking solution overnight
at 4°C. Cells were then washed three times in PBST, before incubating in secondary
antibodies (Alexa Fluor anti-rabbit 568, Alexa Fluor anti-mouse 488, and/or Alexa Fluor anti-
chicken 488) diluted in PBST for 1 hour at room temperature, protected from light. Cells
were washed three times in PBST, incubated with Hoechst (1 uM) for 2 minutes, washed a

further three times in PBST, before adding PBS.
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Cells were imaged using the Opera Phenix High Content Imaging System as described in
section 2.9. Table 2.10 describes the primary antibodies used in immunofluorescent

staining experiments.

Table 2.10. Primary antibodies used for immunofluorescent staining

Antibody Supplier Species Dilution Incubation
Anti-DRP1  primary | BD Biosciences Mouse 1:1000 Overnight at 4°C
antibody

Anti-TOM20 primary | Santa Cruz Rabbit 1:1000 Overnight at 4°C
antibody

Anti-B 1l tubulin | Millipore Chicken 1:1000 Overnight at 4°C
(Tudl) primary

antibody

Anti-tyrosine Abcam Rabbit 1:1000 Overnight at 4°C
hydroxylase primary

antibody

2.10. siRNA knockdown experiments

At day 27 of differentiation control INPC-derived DA neuron-like cells were treated with
either 100 nM SCO2 siRNA SMART pool Accell probes (Horizon Discovery), 100 nM
scramble siRNA-negative Accell probes in Accell delivery media, or Accell delivery media

alone for different time points.
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2.11. Opera Phenix image analysis

Images were analysed using Harmony analysis software (Perkin Elmer). Firstly, Z-stacks of
images were combined into a maximum intensity projection image per field of view and
basic flatfield correction applied. Nuclei were then segmented. Due to limitations of the
analysis algorithm, it was not possible to always segment the whole cytoplasm of individual
fibroblasts due to their length. Therefore, the mitochondria were segmented from the whole
image region. This was completed by using the texture feature SER ridge to visualise the
mitochondria, which were then segmented using the ‘find spots’ feature and filtered by
staining intensity and size to remove any false positive segmentation. For cytoplasmic

staining the image region was filtered by staining intensity to visualise the cell.

For iINPC-derived DA neuron-like cell assays, cells were instead segmented by cytoplasm
region. This was in part because the staining was less homogenous in the neuron-like cells
compared with the fibroblasts. Neuron-like cells were selected by their intensity and size to
ensure that highly rounded small cells were removed. Individual mitochondria and
lysosomes were segmented using the ‘spot’ parameter on the software and filtered by size
to remove false positive segmentation. To determine basal mitophagy the number of
lysosomes that overlapped directly with individual mitochondria were analysed. The same

method was also used to assess DRP1 localisation in the fibroblast (Figure 2.2).
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Figure 2.2. Example image of mitochondrial segmentation and DRP1 ‘spots’ found
within the mitochondria.

a) Segmentation of DRP1 spots in the cytoplasm region. b) Segmentation of the
mitochondria using TOM20. ¢) DRP1 spots found within the mitochondria. Image from

control fibroblast.

2.12. Statistical analysis

Data analysis was completed in Microsoft Excel and then results transferred to GraphPad
Prism for statistical analysis. P<0.05 was deemed significant. Normality was tested using a
Shapiro-Wilk test. For the comparison of two groups either a one sample t-test with a
hypothetical mean of 100 (when comparing normalised datasets with no variance), an
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unpaired t-test with Welch’s correction, or a Mann-Whitney U test, was used. For
comparison across multiple groups either a one-way ANOVA with Dunnett's multiple

comparisons or a Kruskal Wallis with Dunn post-hoc test was used.
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Chapter 3  Analysis of mitochondrial dysfunction
in LRRK2-G2019S fibroblasts

3.1 Introduction

As described in the introductory chapter to this thesis, mitochondrial dysfunction is highly
implicated in LRRK2-G2019S Parkinson’s disease (PD). This chapter aims to characterise

this mitochondrial dysfunction in more detail using primary human fibroblasts as a model.

Primary human fibroblasts are derived from 2 mm punch skin biopsies taken from the
forearm. Skin biopsies are then cultured and both epithelial and fibroblast cells begin to
grow around the surface of the skin. The fibroblasts are then separated from the epithelial
cells using a short trypsinisation step which allows only the fibroblasts to detach. However,
this cell culture still represents a fairly heterogenous cell population of both mitotic and post-

mitotic fibroblasts (Bayreuther et al., 1991; Auburger et al., 2012).

Fibroblasts have commonly been used as a model to study neurodegenerative disease.
They have an advantage of being generated from aged individuals via a relatively simple
procedure and are much easier to obtain than post-mortem brain tissue. These patient-
derived fibroblasts will already have the genetic mutations being studied, without the need
to induce them. Hence, making them more physiologically relevant compared to

immortalised cell lines.

The fibroblasts used in this study have been cultured from three different participant
populations. Firstly, PD patients with the LRRK2-G2019S mutation, which will henceforth
be referred to as ‘manifesting’. Secondly, participants who have the LRRK2-G2019S
mutation but have not been diagnosed with PD at the time of the skin biopsy, referred to as

‘non-manifesting’. And thirdly, participants with neither the LRRK2-G2019S mutation, nor a
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diagnosis of PD, referred to as ‘healthy controls’. Currently, only a small minority of previous
studies use patient-derived cells from a non-manifesting population. An advantage of using
this population is that they give an opportunity to look at early changes that the LRRK2-
G2019S mutation may induce, similar to a pre-clinical population. However, it can be difficult

to detect changes in this population due to their heterogeneity.

Our group has previously looked at mitochondrial dysfunction in a small group of LRRK2-
G2019S manifesting, LRRK2-G2019S non-manifesting and healthy control fibroblast lines
(Mortiboys et al. 2010, 2015). Here, a decrease in ATP levels was observed in manifesting
and non-manifesting lines compared with controls when cultured in galactose-containing
media. This ATP deficit was ameliorated by treatment with either UDCA or UCA. In addition,
there was a decrease in electron transport chain complex Ill and 1V activity in manifesting
and non-manifesting fibroblasts. The manifesting fibroblasts also displayed higher
mitochondrial interconnectivity. We wanted to expand this work in further fibroblast lines we
had obtained from these cohorts, as well as look more in depth at what may be causing

these mitochondrial abnormalities.

3.1.1 Aims and objectives

The aim of this chapter was to investigate both functional and morphological mitochondrial
differences in an expanded, not before investigated LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts. The specific objectives were to:

Measure ATP levels

e Measure mitochondrial membrane potential

e Measure expression of mitochondrial complex subunits and proteins
involved in mitochondrial complex 11l and IV assembly

e Evaluate changes in mitochondrial morphology and measure mitochondrial

morphology protein expression
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e Measure mitochondrial and cytosolic reactive oxygen species levels

o Assess the effect of UDCA and UCA on the above mitochondrial parameters

3.2 Results

3.21 ATP levels in LRRK2-G2019S manifesting, non-manifesting, and control
fibroblasts

Production of ATP by the mitochondria is essential in fulfiling the cell's metabolic
requirements. Fibroblasts have relatively low metabolic requirements in comparison to other
cell types such as dopaminergic neurons, and mainly rely on glycolysis to generate ATP,
particularly under glucose-rich cell culture conditions. As well as glycolysis, ATP can also
be generated through oxidative phosphorylation in the mitochondria to produce higher net
ATP levels. In order to direct fibroblasts to generate more of their ATP using oxidative
phosphorylation, and thereby measure mitochondrial function, fibroblasts can be grown in
galactose-containing media. As opposed to glycolysis with glucose as a substrate, when
galactose is used there is no net generation of ATP. Indeed, fibroblasts with severe
respiratory defects have reduced survival when cultured in galactose containing media
(Hofhaus et al., 1996). This is because the slow metabolism of galactose to glucose 1-
phosphate is not sufficient for cells to synthesise the bulk of their ATP through glycolysis
when OXPHOS is impaired. Therefore, dysfunctions in oxidative phosphorylation in

fibroblasts can be unmasked using this method.

Total cellular ATP levels were measured in additional cell lines to the original cohort already
published. LRRK2-G2019S manifesting (2 lines), LRRK2-G2019S non-manifesting (4 lines)
and control fibroblast (3) lines cultured in either glucose or galactose-containing media (24-
hour treatment). ATP levels were normalised to their DNA content, measured by a CyQuant
assay. None of the G2019S lines (neither non-manifesting nor manifesting) showed

alterations in ATP when grown in glucose media (Figure 3.1 a). However, non-manifesting-
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4 had a significant reduction in ATP levels when cultured in galactose media (66% mean
reduction compared with controls in galactose media; Figure 3.1 a). Manifesting-1 also
showed a trend towards a decrease in ATP levels (36% mean reduction compared with
controls in galactose media), though did not reach significance in this small cohort (P=0.24).
Figure 3.1 b shows that the percentage change in ATP levels when cells are cultured in
galactose media compared with glucose media. The controls showed an increase in ATP
when switched to galactose media, as would be expected, as oxidative phosphorylation has
a higher net production of ATP than glycolysis. The non-manifesting-3 and manifesting-1
cell lines showed no difference between media types, and ATP levels were significantly
decreased in non-manifesting-4 when cultured in galactose media, suggesting a severe

defect in oxidative phosphorylation.

One of the LRRK2-G2019S cell lines, manifesting-2, did not show any deficits in ATP when
grown in galactose-containing media for 24 hours. Therefore, a further pilot experiment was
run in which the cells were grown for a longer time point of 72 hours in galactose media
(Figure 3.1 c¢). This showed no difference between cell lines, suggesting that there is no

ATP defect in this manifesting line.
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Figure 3.1. ATP levels in LRRK2-G2019S manifesting, non-manifesting and control
fibroblasts.

Results are expressed as the mean + SD, LRRK2-G2019S manifesting (M), LRRK2-
G2019S non-manifesting (NM), control (C) n=3 control lines pooled. (a) Percentage of total
cellular ATP/Cyquant normalised to glucose media controls. *p<0.05 comparing galactose
measurements using one-way ANOVA with Dunnett’s multiple comparisons. (b) Percentage
difference in normalised total cellular ATP levels between glucose and galactose media.
**p<0.01 one-way ANOVA with Dunnett’'s multiple comparisons. Each line was repeated at
least 3 times, with the exception of 1 control line due to poor growth. (c) Percentage of total
cellular ATP/Cyquant normalised to glucose media control-3 at different galactose media

timepoints (n= 2 experimental repeats).
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3.2.2. Mitochondrial membrane potential in LRRK2-G2019S manifesting, non-

manifesting, and control fibroblasts

As well as measuring total cellular ATP levels, mitochondrial function was also assessed by
measuring mitochondrial membrane potential (MMP). MMP was measured using the
cationic dye, Tetramethylrhodamine methyl ester (TMRM), which localises to mitochondria
with an intact membrane potential. A lower TMRM signal suggests a disrupted membrane
potential and decreased mitochondrial  function. Carbonyl cyanide m-
chlorophenylhydrazone CCCP, a mitochondrial uncoupler which disrupts the membrane
potential, was used as a positive control of reduced TMRM staining (Figure 3.2). As shown
in Figure 3.2 c there is no detectable difference in TMRM intensity between most of the cell
lines. However, two lines, non-manifesting 2 and manifesting-1 show an increase in TMRM
compared with controls. TMRM intensity shows the same pattern between media type and
between short and long mitochondria, suggesting that neither media type nor the size of

mitochondria is affecting the overall membrane potential.
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Figure 3.2. Mitochondrial membrane potential in LRRK2-G2019S manifesting, non-
manifesting and control fibroblasts.

Results are expressed as the mean = SD, LRRK2-G2019S manifesting (M), LRRK2-
G2019S non-manifesting (NM), control (C) n=3 control lines pooled. Each line was repeated
at least 3 times, with 3 technical repeats, with the exception of 1 control line due to poor
growth. (a) Representative images of TMRM staining for untreated and CCCP treated
fibroblasts. (b) Representative images of TMRM staining for control, non-manifesting and
manifesting fibroblasts in glucose and galactose media. Scale bar, 50 pm. (c) % TMRM
intensity normalised to glucose media controls in short (upper) and long (lower)
mitochondria. *p<0.05, **p<0.01, ***p<0.001 one-way ANOVA with Dunnett's multiple

comparisons.

3.2.3. Mitochondrial and cytosolic reactive oxygen species

Previous data has suggested an increase in reactive oxygen species (ROS) in LRRK2-
G2019S PD cells (Heo et al., 2010). However, there is very little literature exploring ROS in
both LRRK2-G2019S manifesting and non-manifesting fibroblasts. In addition, the most
commonly used probes to study ROS, such as the intracellular ROS probe
dichlorodihydrofluorescein diacetate (DCFH-DA) and mitochondrial ROS probe MitoSox,
have limitations. For example, there are several things that can react with DCFH and cause
artefacts such as cytochrome c and redox active metals (Kalyanaraman et al., 2012), and
MitoSox is specific to superoxide so cannot reflect the overall redox status of its

environment.

Our collaborator Professor Elizabeth New (University of Sydney) kindly provided us with
two mitochondrial ROS probes, FRR2 and NpFR2, and one cytosolic ROS probe, NpFR1
(Yeow et al., 2014b; Kaur et al., 2015, 2016). These probes are not selective for specific

ROS, but instead provide details of the overall redox status of their environments. In this
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study, we looked at mitochondrial and cytosolic ROS levels in several LRRK2-G2019S
manifesting, non-manifesting and control fibroblast cell lines, in both glucose media and
after 24 hours in galactose containing media (Figures 3.3 and 3.4). Both mitochondrial
ROS probes showed a similar pattern of results, thus further validating the results presented
(Figure 3.3 c and d). There was no significant change in mitochondrial ROS between the
different subgroups (glucose media manifesting, 101 + 19%; glucose media non-
manifesting, 89 + 14%,; galactose media manifesting, 109 + 21%; galactose media non-
manifesting, 91 + 12%, galactose media control 100 + 11%; Figure 3.3 c). Interestingly, the
LRRK2-G2019S manifesting line which did not have an ATP defect had the lowest
mitochondrial ROS levels of the manifesting lines (Figure 3.3 c), thus further suggesting
that this particular cell line does not have a mitochondrial phenotype. Some of the other
LRRK2-G2019S manifesting lines showed a small increase in mitochondrial ROS compared
to controls, while the non-manifesting lines had a trend towards a decrease, as can be seen
from the shapes representing triplicate experimental repeats from a particular line in Figure
3.3 c. However, this data was variable between patient lines. No differences were observed

between the different subgroups when looking at cytosolic ROS (Figure 3.4 b).
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Figure 3.3. Mitochondrial reactive oxygen species levels in LRRK2-G2019S

manifesting, non-manifesting and control fibroblasts.

a) Representative images of mitochondrial ROS probe FRR2 (orange) in LRRK2-G2019S
manifesting, non-manifesting and control fibroblasts in glucose and galactose media. Scale
bar, 50 um. b) Representative images of mitochondrial ROS probe NpFR2 (green) in
LRRK2-G2019S manifesting, non-manifesting and control fibroblasts in glucose and
galactose media. Scale bar, 50 um. ¢) Quantification of FRR2 intensity normalised to
glucose media controls. n = 6 LRRK2-G2019S manifesting, 4 LRRK2-G2019S non-
manifesting, 6 control fibroblast lines in glucose media and 5 LRRK2-G2019S manifesting,
3 LRRK2-G2019S non-manifesting, 5 control fibroblast lines in galactose media. Each line
was repeated at least 3 times at different passages, with at least 2 technical repeats per
biological repeat, with the exception of 1 manifesting and 1 control line in galactose media
1 control line in both media types, which had 2 experimental repeats, due to time constraints
and poor growth. d) Quantification of NpFR2 intensity normalised to controls in glucose
media. n = 3 LRRK2-G2019S manifesting, 2 LRRK2-G2019S non-manifesting, 3 control
fibroblast lines in both media types. Each line was repeated 3 times at different passages,
with 2 technical repeats per biological repeat, with the exception of 1 control line, which had
2 experimental repeats. Results are expressed as the mean + SD. Each dot represents the

mean of the experimental repeats per line.
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Figure 3.4. Cytosolic reactive oxygen species levels in LRRK2-G2019S manifesting,

non-manifesting and control fibroblasts.

a) Representative images of cytosolic ROS probe NpFR1 (green) in LRRK2-G2019S

manifesting, non-manifesting and control fibroblasts in glucose and galactose media. Scale

bar, 50 um. b) Quantification of NpFRL1 intensity normalised to controls in glucose media.
n = 3 LRRK2-G2019S manifesting, 2 LRRK2-G2019S non-manifesting, 3 control fibroblast

lines in both media types. Each line was repeated 3 times at different passages, with 2

technical repeats per biological repeat, with the exception of 1 control line, which had 2

experimental repeats. Results are expressed as the mean = SD. Each dot represents the

mean of the experimental repeats per line.
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3.2.4. Protein expression of mitochondrial complex subunits

Previous work by our group found that mitochondrial complexes Il and IV activity are
significantly decreased in both manifesting and non-manifesting LRRK2-G2019S fibroblasts
(Mortiboys et al., 2015). Therefore, we wanted to explore whether protein expression of the
different mitochondrial oxidative phosphorylation (OXPHOS) complexes would be changed
as well, potentially contributing to a decrease in activity. Western blots were performed
using an antibody cocktail to look at specific subunits from the five mitochondrial complexes
(Figure 3.5). These were then normalised to a beta-actin loading control, and then
normalised to the control fibroblast complex subunit/beta-actin expression for each blot to
allow comparison between experiments. As this is a novel area of investigation, the larger
cohort of samples were investigated (which includes lines where the activity of the
respiratory chain complexes has been published), in total 8 controls, 6 hon-manifesting and
7 manifesting lines. The complex | subunit is particularly labile and could not be visualised

on all blots, therefore has a lower sample size than the other complex subunits.

No significant difference was found between either LRRK2-G2019S manifesting or non-
manifesting fibroblasts compared with controls in any of the mitochondrial complex
subunits. There was a small, but non-significant decrease of 22% in the complex IV subunit
in the LRRK2-G2019S fibroblasts compared with controls (Figure 3.5 b). As all of the
LRRK2-G2019S manifesting fibroblasts in this study and previous work by the group
showed an ATP deficit apart from manifesting-2 we decided to exclude this from the analysis
on Figure 3.5 c to assess whether lines with an identified ATP deficit did show a decrease.
We found that there was a decrease in the average protein expression levels for the LRRK2-
G2019S manifesting fibroblasts when manifesting-2 was excluded of 26% but not enough

to reach significance when compared with controls (p=0.059).
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Figure 3.5. Protein expression of OXPHOS complex subunits in LRRK2-G2019S

manifesting, non-manifesting and control fibroblasts.

(a) Representative western blot of the mitochondrial complex antibody cocktail and beta-
actin. MW, molecular weight marker (b) Quantification of western blots showing the
percentage of OXPHOS complex subunit/beta-actin expression normalised to controls. n =
7 LRRK2-G2019S manifesting (M), 6 LRRK2-G2019S non-manifesting (NM), 8 control (C)
fibroblast lines. Complex | n= 6 LRRK2-G2019S manifesting, 5 LRRK2-G2019S non-
manifesting, 6 control fibroblasts from at least 2 experimental repeats per line. Data for 3
manifesting and 3 control lines were generated by previous MSc student Harry Cooper,
which was validated by repeats in some of these lines by Ruby Macdonald. (c)
Quantification of complex IV subunit western blot excluding manifesting-2 which has no ATP
deficit. p=0.059 Mann-Whitney test. Results are expressed as the mean + SD. Each dot

represents the mean of the experimental repeats per line.
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3.2.5. Protein expression of complex Ill and IV assembly factors

As there was only a small amount of evidence to suggest a difference in expression levels
of the mitochondrial complex subunits, we proposed the reduced activity of complex Il and
IV may be due to deficits in the assembly of these complexes. There are several known
factors involved in the assembly of complexes Ill and IV. However, this study focused on
BCS1I (complex Il assembly factor) and SCO2 (complex IV assembly factor) due to them
both being fundamental in the assembly of the catalytic core of their respective complexes,
and the unreliability of other complex assembly factor antibodies for which optimisation was

unsuccessful.

As can be seen in Figure 3.6, there was no change in BCS1L protein expression across
either the manifesting (108 + 35%) or non-manifesting groups (80 + 12%). On the other
hand, SCO2 expression levels were significantly reduced in the manifesting patient group
by a mean of 38% (Figure 3.7 b). The non-manifesting lines were variable in SCO2

expression, with two lines showing much higher expression levels.
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Figure 3.6. Protein expression of BCS1L in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

(a) Representative western blot of BCS1L and beta-actin. (b) Quantification of western blots
showing the percentage of Bcsll/beta-actin expression normalised to controls. n = 7
LRRK2-G2019S manifesting (M), 6 LRRK2-G2019S non-manifesting (NM), 8 control (C)
fibroblast lines from at least 2 experimental repeats per line. Data for 3 manifesting and 3
control lines were generated by previous MSc student Harry Cooper, which was validated
by repeats in some of these lines by Ruby Macdonald. Results are expressed as the mean

+ SD. Each dot represents the mean of the experimental repeats per line.
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Figure 3.7. Protein expression of SCO2 in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

(a) Representative western blot of SCO2 and beta-actin. (b) Quantification of western blots

showing the percentage of Sco2l/beta-actin expression normalised to controls. n = 7
LRRK2-G2019S manifesting (M), 6 LRRK2-G2019S non-manifesting (NM), 8 control (C)
fibroblast lines from at least 2 experimental repeats per line. Data for 3 manifesting and 3
control lines were generated by previous MSc student Harry Cooper, which was validated

by repeats in some of these lines by Ruby Macdonald. * p<0.05 Mann-Whitney test.

3.2.6. Assessment of mitochondrial morphology

In addition to functional differences, changes in mitochondrial morphology have also been
implicated in LRRK2-G2019S cells (Mortiboys et al., 2010; Wang et al., 2012). Therefore,
we analysed mitochondrial morphology in cells stained with TMRM after culture in either
glucose or galactose media (24-hour treatment). Figure 3.8 a shows a large amount of

variation in mitochondrial count per cell area, but overall a trend towards an increased
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number of mitochondria in both manifesting and non-manifesting lines compared with
controls; this increase varies from a mean of 106% to 119% in the non-manifesting lines
and 109% to 117% in the manifesting lines. There was also an increase in the percentage
of perinuclear mitochondria, an indicator of cellular stress, by between a mean of 112% and
128% in non-manifesting and 105% and 125% in manifesting, compared with controls in

fibroblasts cultured in galactose media (Figure 3.8 b).

Mitochondrial area showed variation between cell lines, with non-manifesting-2 and
manifesting-1 showing a decrease (Figure 3.8 c¢). Therefore, we defined the mitochondria
by two groups; short mitochondria and long mitochondria. There was a higher percentage
of short mitochondria present in hon-manifesting-2 with a mean of 115% and 115% and
manifesting-1 with a mean of 125% and 121% compared with controls in glucose and
galactose media, respectively (Figure 3.8 d). This difference was more pronounced when
looking at the total mitochondrial area occupied by short mitochondria, where an increase
in non-manifesting-4 of 118% and 124% in glucose and galactose media, respectively, was
also present (Figure 3.8 e). Together, this suggests that certain LRRK2-G2019S
manifesting and non-manifesting lines have more fragmented mitochondria compared to

controls.

73



a) b)

160+

140-
2 W glucose
g 1204 w 1 T ( ] galactose  , 2 140
I
£2 4004 T 22 1201 Il
g £ I
52 27 [
£3 sod 25 100+
) 60- T T T T 80- T | | T T
U N D BN
FEE &e‘x\\& \xﬁf \:\ e‘x@@ KRN ‘xi" & \\‘\** \\s‘* N \1@‘,\\;&%@ AN
0° o° 0 o
C) 120- d) 150+ N *%
T
T . T
5% 100 T [ [ =
ie I l Il £ € 1001 __ N gl
€2 27 504
®2 601 ®e
40- T T T T T 0- T T T
R RN
0@\*\@ &‘\&\@“é xxi" \:~ e“&“‘ & ‘xi" (@Z\\&&é‘* N @‘}e\\“‘e“@e" &
e) 00 0 00 OO
200 *k
150- T [
T

% short mitochondria area
normalised to controls
-

o
o
L
L

-

SFEFFSISE @e&@‘@ S

Q
&L o°

Figure 3.8. Mitochondrial morphology parameters from TMRM staining in LRRK2-

G2019S manifesting, non-manifesting and control fibroblasts.

Results are expressed as the mean = SD, LRRK2-G2019S manifesting (M), LRRK2-
G2019S non-manifesting (NM), control (C) n=3 control lines pooled. Each line was repeated
at least 3 times at different passages, with 3 technical repeats per biological repeat, with
the exception of 1 control line due to poor growth. (a) Number of mitochondria per cell area
normalised to glucose media controls. (b) Percentage of perinuclear mitochondria
normalised to glucose media controls. (c) Mean mitochondria area normalised to glucose
media controls. (d) Percentage short mitochondria per total number of mitochondria

normalised to glucose media controls. (e) Percentage of mitochondria area occupied by
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short mitochondria normalised to glucose media controls. *p<0.05, **p<0.01 one-way

ANOVA with Dunnett’'s multiple comparisons.

3.2.7. Protein expression of mitochondrial morphology and fission/fusion factors

After investigating the mitochondrial morphology using microscopy we also wanted to
investigate if these changes were due to alterations in the protein expression of the
fission/fusion factors; in particular as changes in these have been implicated in LRRK2

mutant models by others (Wang et al., 2012; Y.-C. Su and Qi, 2013).

In order to explore any changes in morphology, using western blotting we looked at
expression levels of two proteins; Opal which is involved in mitochondria fusion, and Drpl
which is involved in mitochondrial fission. Two isoforms of each protein were seen in both
Opal and Drpl blots. For Opal we quantified relative expression for both isoforms
separately as they produced very distinct bands and there is evidence that the long and
short isoforms of Opal play different roles in mitochondrial fusion. For Drpl1, we quantified
both isoforms together as the bands were less distinct and currently the roles of the different
isoforms are less well defined. No difference was observed in protein expression for either
Opal isoforms (long isoform manifesting, 109 + 34%; long isoform non-manifesting, 117 +
33%; short isoform manifesting, 96 + 46% ; short isoform non-manifesting, 106 + 26%), or
Drpl (manifesting 88 = 28%; non-manifesting, 61 + 40%), between manifesting, non-
manifesting and control fibroblasts (Figures 3.9 and 3.10). There was however a decrease
in DRP1 expression in the majority of the non-manifesting cell lines. Overall, however the
expression of DRP1 is variable within the different groups, more so than that of other

proteins probed in this thesis.
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Figure 3.9. Protein expression of OPAl in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

(a) Representative western blot of OPA1 and beta-actin. (b) Quantification of western blots
showing the percentage of Opal/beta-actin expression normalised to controls for upper and
lower bands. n = 7 LRRK2-G2019S manifesting (M), 6 LRRK2-G2019S non-manifesting
(NM), 8 control (C) fibroblast lines from at least 2 experimental repeats per line. Results are
expressed as the mean + SD. Each dot represents the mean of the experimental repeats

per line.
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Figure 3.10. Protein expression of DRP1 in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

(a) Representative western blot of DRP1 and beta-actin. SCO2 and DRP1 were probed on
the same blot, therefore share the same beta-actin image (b) Quantification of western blots
showing the percentage of DRP1l/beta-actin expression normalised to controls. n = 7
LRRK2-G2019S manifesting (M), 6 LRRK2-G2019S non-manifesting (NM), 8 control (C)
fibroblast lines from at least 2 experimental repeats per line. Results are expressed as the

mean + SD. Each dot represents the mean of the experimental repeats per line.
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3.2.8. DRP1 localisation

The data generated in this section was by Olivia Cracknell (OC), a TA SURE summer
placement student primary supervised by Ruby Macdonald (RM). For this, RM designed
and obtained funding for the summer placement project. RM plated and treated 2 sets of
LRRK2-G2019S manifesting, non-manifesting and control fibroblasts and OC plated and

treated 1 set. OC completed the staining for all fibroblasts and RM analysed the data.

As DRPL1 is a cytosolic protein and is recruited to the mitochondrial outer membrane for
mitochondrial fission, we also investigated the localisation of DRP1. To this end, LRRK2-
G2019S manifesting, non-manifesting and control fibroblasts were cultured in either glucose
or galactose-containing media for 24 hours. Cells were then stained with DRP1 and
translocase of outer membrane (TOMZ20), a mitochondrial outer membrane marker. Figure
3.11 shows representative staining of the different cell lines, where DRP1 can be seen in

both the cytoplasm and localised with TOMZ20.

In order to determine DRP1 localisation we segmented different parts of the cell for data
analysis using Harmony analysis software. The cytoplasm region of the cell was segmented
to determine the DRP1 intensity within the cytoplasm, and the mitochondria were
segmented using the TOM20 stain. We could not directly analyse colocalization of DRP1
and TOM20 using Harmony analysis software. Therefore, DRP1 ‘spots’ were segmented
and DRP1 spots within the mitochondria were determined. This is described in further detalil

in Chapter 2.

Firstly, the intensity of DRP1 in the cytoplasm was calculated (Figure 3.12 a), as well as
the intensity of DRP1 spots in the mitochondria (Figure 3.12 b). For both of these
parameters, we observed an increase in DRP1 intensity when cells were grown in

galactose-containing media. There was also a small decrease in cytoplasmic DRP1
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intensity in the LRRK2-G2019S lines compared to glucose media controls (test
significance). Interestingly, a decrease in TOM20 intensity was also observed in the LRRK-

2019S non-manifesting fibroblasts compared to controls.

The number of mitochondria per cell area were calculated to determine whether this would
be less variable than the TMRM staining data presented in Figure 3.8 a. However, the
number of mitochondria was also variable when cells were stained with TOM20 (glucose
media manifesting, 101 + 11%; glucose media non-manifesting, 102 + 11%; galactose
media manifesting, 103 + 11%; galactose media non-manifesting, 106 + 10%, galactose

media control 107 + 6%; Figure 3.12 d).

To assess whether there was an increase in DRP1 localization to the mitochondria, we
analysed two parameters; the number of DRP1 spots that were found with the mitochondria
compared to the total number of DRP1 spots, and the number of DRP1 spots per
mitochondrial area (Figure 3.12 e and f). In two of the three lines LRRK2-G2019S
manifesting lines tested there was a small increase in the number of DRP1 spots in the
mitochondria (glucose media manifesting, 104 £ 6%; glucose media non-manifesting, 101
+ 2%; galactose media manifesting, 103 + 7%; galactose media non-manifesting, 102 + 2%,
galactose media control 101 + 2%; Figure 3.12 e). This suggests that it may be useful to
test this parameter in additional cell lines to determine whether this is a common
occurrence. There were no observable differences between subgroups in the number of
DRP1 spots per mitochondrial area (Figure 3.12 f). This suggests that if there was an
increased movement of DRP1 from the cytoplasm to the mitochondria, then this may not
affect the overall amount of DRP1 in the mitochondria. Overall, these findings suggest

minimal changes in DRP1 localization at basal conditions.

79



Sunsajiuepy

Sunsajiuew-uon

|o13u0)

TOM20

DRP1

b)

Sunsajiuen

Sunsajiuew-uoN

|o13uo)

80



Figure 3.11. DRP1 localisation staining of LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

Representative staining images of DRP1 (green) and TOM20 (orange) in LRRK-2019S
manifesting, non-manifesting and control fibroblasts. TOM20 was used as a mitochondrial
marker and Hoechst (blue) was used to label nuclei. (a) cells in glucose media (b) cells in

galactose-containing media for 24 hours. Scale bar, 50 pm.
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Figure 3.12. Quantification of DRP1 staining.

(a) Results are expressed as the mean + SD, n = 3 LRRK2-G2019S manifesting, 3 LRRK2-
G2019S non-manifesting and, 4 control fibroblast cell lines. Due to the growth of the cells
and the time of the summer project, variable number of experimental repeats were obtained
for different control lines, 3 experimental repeats were obtained from 2 controls, 2
experimental repeats of 1 control, and 1 experimental repeat of 1 control. For LRRK2-
G2019S manifesting and non-manifesting lines 3 experimental repeats were obtained. (a)
Intensity of DRP1 staining in cytoplasm normalised to glucose media controls. (b) Intensity
of DRP1 spot staining in mitochondria normalised to glucose media controls. (c) Intensity of
TOM20 mitochondria staining normalised to glucose media controls. (d) Number of

mitochondria per cell area normalised to glucose media controls. (e) Percentage DRP1
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spots in mitochondria per total number of DRP1 spots normalised to glucose media controls
(f) Number of DRP1 spots per mitochondrial area normalised to glucose media controls.
*p<0.05 one-way ANOVA with Dunnett’'s multiple comparisons. Each dot represents the

mean of the experimental repeats per line.

3.2.9. Potential mechanisms of UDCA and UCA

Our group previously showed that UDCA and UCA improve ATP levels in LRRK2-G2019S
fibroblasts (Mortiboys, Aasly and Bandmann, 2013; Mortiboys et al., 2015), therefore it is

important to determine the mechanism of action of these therapeutics.

Both UDCA and UCA are bile acids or bile acid like compounds. UDCA is produced naturally
in the human body. Research has shown that UDCA and UCA can activate the same cellular
systems as naturally occurring bile acids and also cholesterol. Translocator protein (TSPO)
is localised to the outer mitochondrial membrane and binds to cholesterol, which UDCA and
UCA help regulate (Tu et al., 2016). TSPO is also thought to be involved in bile acid
biosynthesis. Therefore, modulation of TSPO is an obvious potential mechanism by which
UDCA and UCA could elicit a mitochondrial effect. We wanted to see whether there were
any changes in TSPO expression in LRRK2-G2019S fibroblasts, in order to look at a
potential mechanism of action for UDCA/UCA. We found no observable difference in TSPO
expression between subgroups (manifesting, 100 + 23%; non-manifesting, 93 * 39%;

Figure 3.13).

We also tested whether UDCA or UCA affected the protein expression of some of the other
proteins studied. Figure 3.14 shows a representative western blot. Results from these
experiments were variable and did not point towards an effect of UDCA or UCA, therefore

these experiments were not undertaken further.
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Although ROS levels were not significantly altered in untreated LRRK2-G2019S, we wanted
to determine whether ROS levels may have been altered in UDCA or UCA treated cells due
to their effect on the mitochondria. As can be seen in Figure 3.15, there was no significant
change in either mitochondrial or cytosolic ROS levels when cells were treated with UDCA.
UCA, on the other hand, had a trend towards a small decrease in mitochondrial ROS levels
in LRRK2-G2019S manifesting, non-manifesting and control fibroblasts. This was observed

using both mitochondrial ROS probes.
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Figure 3.13. Protein expression of TSPO in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

(a) Representative western blot of TSPO and beta-actin/ (b) Quantification of western blots
showing the percentage of Tspo/beta-actin expression normalised to controls. n =7 LRRK2-
G2019S manifesting (M), 4 LRRK2-G2019S non-manifesting (NM), 7 control (C) fibroblast
lines from at least 2 experimental repeats per line. Results are expressed as the mean +

SD. Each dot represents the mean of the experimental repeats per line.
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Figure 3.14. Protein expression of SCO2, BCS1L and OPA1 in UDCA and UCA treated
fibroblasts.

Representative western blots of SCO2, BCS1L, OPA1 and beta-actin in cells treated with
DMSO, UDCA 10 uM or UCA 100 nM in either (a) glucose media or (b) galactose-containing
media for 24 hours. SCO2 and OPA1 were probed on the same membrane so share the

same loading control.
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Figure 3.15. Effect of UDCA and UCA on mitochondrial and cytosolic reactive oxygen

species in LRRK2-G2019S manifesting, non-manifesting and control fibroblasts.

LRRK2-2019S manifesting, non-manifesting and control fibroblasts were treated with either
DMSO, UDCA 10 pM, or UCA 100 nM for 24 hours and then staining with mitochondrial or

cytosolic ROS probes. a) Quantification of FRR2 intensity normalised to DMSO controls. n
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= 4 LRRK2-G2019S manifesting, 3 LRRK2-G2019S non-manifesting, 4 control fibroblasts
lines for DMSO and UDCA treatment, and n = 3 LRRK2-G2019S manifesting, 2 LRRK2-
G2019S non-manifesting, 3 control fibroblasts lines for UCA treatment. b) Quantification of
NpFR2 intensity normalised to DMSO controls. n = 3 LRRK2-G2019S manifesting, 2
LRRK2-G2019S non-manifesting, 3 control fibroblasts lines. c) Quantification of NpFR1
intensity normalised to DMSO controls. n = 3 LRRK2-G2019S manifesting, 2 LRRK2-
G2019S non-manifesting, 3 control fibroblasts lines. Results are expressed as the mean +
SD. Each line was repeated 3 times, with at least 2 technical repeats per biological repeat,
with the exception of 1 control line, which had 2 experimental repeats. *p<0.05 Kruskal
Wallis with Dunn’s multiple comparisons for control data, or one-way ANOVA with Dunnett’s
multiple comparisons for manifesting data. Each dot represents the mean of the

experimental repeats per line.

A summary table of the results of the assays in Chapters 3 and 5 from individual LRRK2-

G2019S manifesting and non-manifesting fibroblast lines can be found in Appendix B.

3.3. Discussion

Fibroblasts are a commonly used model to assess mitochondrial dysfunction in PD as they
are relatively easy to obtain and are more physiologically relevant than immortalised cell
lines. In this chapter, data was presented from one of the largest cohorts studied thus far of
both non-manifesting and manifesting LRRK2-G2019S PD fibroblasts. One of the main
advantages of the present study was that cells were observed under physiological
conditions rather than being exposed to mitochondrial toxins such as MPTP and rotenone,

which may not fully represent the ‘real-world’ situation in PD.

3.3.2. ATP levels

Previous studies on mitochondrial activity have observed differences in mitochondrial
function 24 hours of galactose treatment (Aguer et al., 2011; Gonzalez-Casacuberta et al.,

2019). This time point was also chosen to allow comparability to concurrent studies that
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were being performed in drug screening studies on idiopathic PD fibroblast samples by
other members of our research group. In this study, we found evidence of reduced ATP
levels in LRRK2-G2019S fibroblasts in cells which were grown in media containing
galactose, but no difference was observed when cells were grown in glucose media. ATP
deficits have been observed in LRRK2-G2019S patient fibroblasts in other studies
(Mortiboys et al., 2010, 2015; Papkovskaia et al., 2012). Mortiboys et al. 2015 observed a
more marked decrease in ATP in both LRRK2-G2019S manifesting and non-manifesting
fibroblasts than that observed in this study, using different cell lines from the same cohort.
This may be due to the length of time cells were grown in galactose media, 24 h in this study
vs. 72 h in the Mortiboys et al. 2015 study. On the other hand, a significant difference in
ATP production was not observed in either glucose or galactose media in a large cohort of
LRRK2-G2019S manifesting (n=6), non-manifesting (n=7) and control (n=8) fibroblasts,

with high levels of variability in the different cell lines examined (Juarez-Flores et al., 2018).

One of the manifesting lines studied in this thesis did not show any ATP deficit in galactose
media. Interestingly, this cell line did not have the same mitochondrial phenotype as the
other LRRK2-G2019S manifesting lines in other parameters such as SCO2 protein
expression and mitochondrial ROS levels. This suggests that mitochondrial dysfunction
may not be present in all cases of LRRK2-G2019S PD. A recent study by Carling et al. 2020
investigated mitochondrial and lysosomal function in fibroblasts of 100 sporadic PD patients
and 50 controls (Carling et al., 2020). They found that there were distinct subgroups of
sporadic PD fibroblasts with mitochondrial or lysosomal dysfunction. This may be the same

in LRRK2-G2019S PD and warrants further investigation in additional cell lines.
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3.3.3. MMP

In our study, LRRK2-G2019S manifesting and non-manifesting fibroblasts showed either
no change or an increase in MMP compared to controls, which is contrary to some of the
previous literature on LRRK2-G2019S patient cells. There have been multiple studies
showing a decrease in MMP in LRRK2-G2019S manifesting fibroblasts compared to
controls (Papkovskaia et al., 2012; Grinewald et al., 2014; Mortiboys et al., 2015). In
glucose media, a significant increase has also been observed in the percentage of
depolarised mitochondria in LRRK2-G2019S non-manifesting fibroblasts compared with
controls (Juarez-Flores et al., 2018). On the contrary, Ludtmann et al. 2019 observed no
difference in MMP in LRRK2-G2019S, R1441G (ROC domain mutation) or Y1699C (COR
domain mutation) fibroblasts compared with controls (Ludtmann et al., 2019). However, only
1 fibroblast cell line per LRRK2 mutation was assessed in this study. The reasons for the
discrepancy with the MMP results in our study and the literature is unclear. One potential
reason could be the methodology used. To assess TMRM intensity levels in our study, the
InCell microscope was used, which is unable to image z-stacks. Although fibroblasts are a
relatively ‘flat’ cell type, there could be instances where the height of the image taken might
not be optimal for all cell types. This may cause biases in the data obtained. The Opera
Phenix microscope, which is able to image z-stacks was used for all other imaging assays

in this thesis.

3.3.4. ROS

Evidence suggests that dysfunctional mitochondria may produce an increased amount of
ROS (Park, Davis and Sue, 2018). In our study, we observed a small, but non-significant,
increase in mitochondrial ROS in some of the LRRK2-G2019S manifesting cell lines, while

no observable differences were found between the different subgroups in cytosolic ROS.
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There is minimal literature exploring ROS levels specifically in LRRK2-G2019S fibroblasts.
Yakhine-Diop et al. 2019 found an increase in ROS production and mitochondrial ROS in
LRRK2 patient fibroblasts, while Papkovskaia et al. 2012 observed that intracellular ROS
generation was decreased in LRRK2-G2019S patient fibroblasts (Papkovskaia et al., 2012;
Yakhine-Diop et al., 2019). Su and Qi 2013 found a variable increase in mitochondrial ROS
in three LRRK2-G2019S patient fibroblasts compared with one control line (Y.-C. Su and
Qi, 2013). In SN4741 cells, overexpression of WT and G2019S LRRK2 led to an increase
in intracellular ROS levels in both untreated and hydrogen peroxide treated conditions (Heo
et al., 2010). In the study, incubation of SN4741 cells with conditioned medium from cells
expressing G2019sS followed by hydrogen peroxide treatment had a 10-15% increase in cell
death compared with cells that were incubated with conditioned media from WT or empty
vector cells, suggesting that LRRK2-G2019S increases oxidative stress induced
neurotoxicity (Heo et al., 2010). To this end, it may be useful to explore the effect of

hydrogen peroxide treatment on ROS and cell death in the cell lines used for this thesis.

3.3.5. Mitochondrial complexes

Interestingly, the strong trend towards a decrease in complex IV subunit expression in this
thesis has also been observed in other studies looking at cells with the LRRK2-G2019S
mutation. For example, Su and Qi 2013 also used the same OXPHOS cocktail antibody
and found a decreased protein expression in both complex |, and particularly, in complex
IV subunits in Hela cells overexpressing LRRK2-G2019S (Y.-C. Su and Qi, 2013). Although
less of a strong trend towards a decrease in complex | subunit was observed in our study,
there was a clear decrease in complex | subunit observed in four of the six LRRK2-G2019S

manifesting cell lines.
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A particularly interesting finding in this thesis was the significant decrease in SCO2
expression in LRRK2-G2019S PD fibroblasts. A more in-depth discussion of SCO2 and the

associated literature is provided in Chapter 6.

It must be noted that not all studies have shown a decrease in complex IV activity in LRRK2-
(G2019S fibroblasts. For example, a recent study by Delcambre et al. 2020 found that while
there was a significant decrease in complex | activity in patient fibroblasts, only a small non-
significant decrease was observed in complex IV activity (Delcambre et al., 2020). There
may be a number of reasons for this discrepancy in findings. For example, the media type
used in the Mortiboys et al. 2015 study and the Delcambre study were different, EMEM and
DMEM, respectively (Mortiboys et al., 2015; Delcambre et al., 2020). Unpublished data from
our group has shown that media type can vary mitochondrial characteristics quite
substantially. Another difference was the cohorts used and the differing methodology in
measuring mitochondrial complex activity. In this thesis, some of the same cohort and the
same media type as the Mortiboys et al. study were used (Mortiboys et al., 2010, 2015). We
observed no change in protein expression of the complex | subunit we studied (NDUFB8),
but a decrease in complex IV subunit expression. It may be useful in future studies to also
look at additional complex | subunits to see whether this is restricted to NDUFB8 or if
globally there is no change. It will also be important that the same media type and
methodology are used between different studies to aid in their comparability, as it is unclear
which of these factors may be responsible for the difference between these two studies.
Both of these studies utilise primary patient fibroblasts, it will interesting to measure
respiratory chain activity in reprogrammed neuron-like cells derived from manifesting and
non-manifesting LRRK2-G2019S samples; as the reliance of neurons on OXPHOS is

greatly increased compared to fibroblasts and may identify exacerbated differences
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between groups. However, this will be technically challenging to generate enough material

to be able to measure individual respiratory chain complexes.

3.3.6. Mitochondrial morphology

In this thesis, the findings regarding mitochondrial morphology were quite variable.
However, this variability in different cell lines is comparable with the current state of the
current literature. For example, in our study, there was no difference in OPAL expression in
fibroblasts between the different subgroups in either long or short OPAL isoforms. This is
consistent with data in SH-SY5Y cells overexpressing LRRK2-G2019S, where no difference
in OPA1 was observed (Wang et al., 2012). However, in LRRK2-G2019S post-mortem brain
tissue, the short isoform of OPA1 was found to be decreased (Stafa et al., 2014). These
data demonstrate that OPAL expression is variable across different LRRK2-G2019S cell
types. Similarly DRP1 expression in fibroblasts is variable in the literature, with no significant
differences between LRRK2-G2019S manifesting and control fibroblasts in both our study
and data from Bonello et al. 2019, while Yakhine-Diop et al. 2019 found an increase in
DRP1 expression in LRRK2-G2019S manifesting fibroblasts (Bonello et al., 2019; Yakhine-
Diop et al., 2019). Interestingly in our study, DRP1 expression was decreased in the majority
of LRRK2-G2019S non-manifesting cells compared with controls. To the best of our
knowledge, this is the first time DRP1 expression has been explored in non-manifesting

cells.

It has been suggested that LRRK2 directly interacts with DRP1 to affect mitochondrial
morphology (Wang et al., 2012). An increase in mitochondrial fragmentation and DRP1
colocalization has been previously observed in LRRK2-G2019S manifesting fibroblasts
compared to controls (Y.-C. Su and Qi, 2013; Yakhine-Diop et al., 2019). However,

Mortiboys et al. 2010 observed an increase in mitochondrial elongation and interconnectivity
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in LRRK2-G2019S patient fibroblasts, and LRRK2-G2019S knock in mice were found to
exhibit a bead-on-a-string-like mitochondrial morphology suggestive of abnormalities in
mitochondrial fission or fusion (Mortiboys et al., 2010; Yue et al., 2015). In our study, the
percentage of short mitochondria was increased in some of the LRRK2-G2019S
manifesting and non-manifesting fibroblasts, suggesting an increase in mitochondrial
fragmentation. However, there were minimal changes in DRP1 localisation to the
mitochondria. This may be in part due to the data analysis method which could not directly
measure colocalization of DRP1 and mitochondria, but rather the number of DRP1 spots in
the mitochondria. Overall, this data suggests that there may be some changes in
mitochondrial morphology, but it is unclear whether this is mediated by an interaction

between LRRK2 and DRP1.

DRP1 phosphorylation is involved in the regulation of DRP1 activity, such as DRP1’s
translocation to the mitochondrial outer membrane which is promoted by phosphorylation
at Ser616 (Zhu et al. 2004; Xie et al. 2020). In this thesis, we looked at total DRP1, rather
than phosphorylated DRP1. Interestingly, there evidence shows that the PD associated
gene, PINK1 can directly regulate DRP1 by phosphorylation at Ser616, regulating
mitochondrial fission (Han et al. 2020). LRRK2 has also been shown to indirectly
phosphorylate DRP1, as LRRK2 knockdown has shown an increased protein expression of
phosphorylated DRP1 but no change in total DRP1. It would be interesting to see whether

there are any changes in phosphorylated-DRP1 in our LRRK2-G2019S fibroblast cell lines.

3.3.7. Future studies

As previously mentioned, there is a benefit in studying a cohort of non-manifesting LRRK-
2019S patients due to the pre-clinical nature of this cohort. At the time of thesis submission,

the follow-up information regarding whether the LRRK2-2019S non-manifesting cohort had

93



developed PD symptoms was not available. The non-manifesting cohort were
heterogeneous in both mitochondrial function and morphology. For example, one non-
manifesting line showed a particularly severe ATP deficit when exposed to galactose media.
In addition, a subset of the non-manifesting lines showed an increase in SCO2 expression
and a decrease in DRP1 expression. This may suggest a compensatory effect in some of
the non-manifesting cohort, potentially suggesting why PD symptoms had not manifested
at the time of skin biopsy collection. It would be interesting in future studies to determine

whether age of LRRK2-G2019S PD onset is correlated with mitochondrial dysfunction.

There were no clear changes observed with UDCA treatment in our cell lines. One of the
proposed mechanisms of action is that the AKT pathway mediates the action of UDCA
(Hanafi et al., 2016). It would be useful to explore the AKT pathway further in LRRK2-
G2019S patient cells. UCA treatment led to a small decrease in mitochondrial ROS in the
different cell lines. However, there was no significant difference in mitochondrial ROS in
either glucose or galactose media in untreated cells between the different subgroups.

Therefore, these cells may need to be stressed in order to observe any effect of treatment.

Both an advantage and a limitation of this thesis was that patient samples were not always
compared to the same control sample in each repeat of assays. The reason for this was
due to availability of samples, and the differing growth rates between different cell lines.
This increases the reliability of the study to certain extent. For example, if SCO2 was found
to be decreased even when compared against different controls, this suggests it to be a
more robust finding as it is not dependent on the control that it was compared to. However,
as control samples will not all show the same phenotype, it does add to the heterogeneity
of the findings and may mean that more subtle differences in the mitochondrial phenotype
were not observed. For future studies it may be useful to use an immortalised cell line, such

as WS1, for each experiment, to help normalise across different experiments.
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The complex IV deficit in LRRK-G2019S PD that has been demonstrated both in this thesis
and in the literature is particularly interesting regarding the development of personalised
medicine. Although PD describes one disorder, there is a growing trend in both clinical and
academic medicine as describing PD as an ‘umbrella’ disorder, containing many different
subtypes. It is not typical in the general population to screen for LRRK2 mutations unless
there is a clear genetic predisposition within the family. As the clinical symptoms are similar
between idiopathic and LRRK2 PS, this means that many patients with a LRRK2 mutation
may be recruited to clinical trials alongside patients with idiopathic PD. This may not be
conducive to testing new treatments targeting the mechanisms underlying idiopathic PD
may not be as effective for LRRK2 mutation-induced PD, and vice-versa. Therefore, it will

be important in future large-scale clinical trials to screen for LRRK2 mutations.
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Chapter4  Assessing mitochondrial function in
LRRK?2-G2019S induced neural progenitor cell
derived dopaminergic neuron-like cells

4.1. Background

In the previous chapter, using fibroblasts allowed us to gain insight into the mitochondrial
phenotype present in LRRK2-G2019S manifesting cells. However, while fibroblasts are a
well-utilised model to investigate mitochondrial deficiencies, they are not the cells which
degenerate in Parkinson’s disease (PD). Therefore, the same mitochondrial phenotype
found in the fibroblasts may not be present in the dopaminergic neurons, thereby reducing
their utility in studying PD pathogenesis. Newer models, which better represent these
dopaminergic neurons, could allow a greater understanding of how the mitochondria are
affected in PD. Induced pluripotent stem cells (iPSCs), first developed in 2006 by Takahashi
and Yamanaka, are able to be differentiated into any cell type, including dopaminergic
neurons (Takahashi and Yamanaka, 2006). Since then, they have been used substantially
in studying human disease. The model which is used in this study are induced neuronal
progenitor cells (INPCs). These are similar to iPSCs but instead of being reprogrammed to
a pluripotent stem cell, the cells are reprogrammed to neuronal progenitor cells which are
further down the ectoderm lineage. These neuronal progenitor cells can be differentiated
into any cell type of the brain, apart from microglia as these derive from the mesenchymal

lineage.

iINPCs have several benefits over iPSCs. For example, the cell population is not taken from
one clone but from a population of cells, which reduces potential bias if the clone that is
used is not representative of most of the cell population. In addition, the differentiation

process into different cell types from iINPCs can be quicker and more efficient. Our group
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has previously found that the differentiation process into dopaminergic neuron-like cells
from iNPCs has a high efficiency in producing tyrosine hydroxylase (TH) positive neurons
(89.9% TH positive) compared to previously published studies using iPSC-derived DA
neurons (Schwartzentruber et al.,, 2020). There is also evidence to suggest that cells
differentiated from iNPCs also have a more aged phenotype than those from iPSCs, which
is very beneficial when investigating an age-related condition such as PD (Gatto et al.,
2020). Our group has shown that iINPC-derived DA neuron-like cells switch from glycolysis
to OXPHOS as they undergo differentiation, which is indicative of an adult neuron (Hall et
al.,, 2012; Zheng et al., 2016; Schwartzentruber et al., 2020). This has not been fully
investigated in iPSC-derived DA neuron models. There is literature which suggests a
change in metabolism needed by cells as they differentiate from iPSC to neural crest cells,
but the metabolism in the final stage of differentiation has not yet been published (Lees,

Gardner and Harvey, 2018).

Comparing the mitochondrial phenotype between fibroblasts and iNPC-derived DA neuron-
like cells can provide some very useful information. For instance, drug screening of induced-
dopaminergic neuron models is more time-consuming, technically challenging and costly
than using patient fibroblasts. Therefore, if there are mitochondrial abnormalities that are
present in both fibroblasts and our neuron-like cell model, this will tell us which parameters
in the fibroblasts may be useful in screening for different drugs that improve mitochondrial
function. Conversely, if there are changes in the neurons and not the fibroblasts, these may
be particularly crucial mitochondrial abnormalities that may lead to the specific degeneration

of DA neurons in PD.

In this chapter, we show pilot data from 1 LRRK2-G2019S PD patient and 1 control iNPC-
derived DA neuron-like cell line in several mitochondrial parameters which have been

previously explored in fibroblasts in Chapter 3. In addition to mitochondrial parameters, we
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have also begun to investigate lysosomal changes due to LRRK2's suggested effect on
lysosomes and mitophagy. Data has been collected from these neuron-like cells at several
points across the differentiation process to assess at which point any mitochondrial and

lysosomal deficiencies may develop.

4.1.1. Aims and objectives

The aims of this chapter were to characterise both mitochondrial and lysosomal differences
between LRRK2-G2019S manifesting and control iNPC-derived DA neuron-like cells

throughout the differentiation process by:

e Measuring ATP levels
e Measuring mitochondrial membrane potential (MMP)
¢ Evaluating changes in mitochondrial and lysosomal nhumbers and morphology

e Measuring mitochondrial and cytosolic reactive oxygen species levels

4.2. Results

4.2.1. iINPC-derived DA neuron-like cell characterisation

LRRK2-G2019S manifesting and control neuron-like cells were imaged throughout the
course of the third stage of differentiation in order to assess changes in cell morphology.
Figure 4.1 presents brightfield images from the same field of view at different days of the
differentiation process. A clear change in cell morphology was observed in both LRRK2-
G2019S manifesting and control neuron-like cells. Towards the end of the differentiation
cells began to elongate and the neuronal bodies began to cluster. Although iINPC-derived
neuron-like cells show a difference in morphology compared with the more typical model of

iPSC-derived neuron, the clustering of neuronal bodies is clear in both DA neuron-like
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models. Interestingly, there was a visual difference between the LRRK2-G2019S
manifesting and control cells. The LRRK2-G2019S manifesting DA neuron-like cells had
thicker projections compared with the control. From our groups previous experience
differentiating the DA neuron-like cell model, different cell lines can have different
morphologies such as projections and cell body size. It would be interesting to determine
whether this difference in morphology is present in cells derived from additional LRRK2-

G2019S manifesting PD patients.

We further characterised the neuron-like cells by staining the cells with TuJ1, a neuronal
marker, and tyrosine hydroxylase (TH), a marker of dopaminergic neurons. As can be seen
in Figure 4.2, at the end of differentiation neuron-like cells are both TuJ1 and TH positive,
suggesting that they are a suitable dopaminergic neuron-like model. Due to time constraints
and low yield of cells, we focussed on assessing mitochondrial and lysosomal assessment
for the rest of this thesis, rather than additional characterisation. The same differentiation
protocol used has been to generate both Parkin and sporadic PD iNPC-derived DA neuron-
like cells, which were characterised by Schwartzentruber et al. 2020 and Carling et al. 2020.
The Schwartzentruber et al. 2020 study included the same control line used for this thesis,
and showed increased mRNA expression of TH at day 27 differentiation compared with
iINPCs, as well as high percentages of positive microtubule-associated protein (MAP)2,

dopamine transporter (DAT), NeuN and Neurosensor 521 staining.
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Manifesting

Control

Figure 4.2. Tujl and TH staining of LRRK2-G2019S manifesting and control iNPC-
derived DA neuron-like cells at day 27 of neuronal differentiation.

Representative images of neuronal marker Tujl (green) and dopaminergic marker tyrosine
hydroxylase (TH; orange). Hoechst was used to label nuclei (blue). Images were gamma

adjusted to improve the clarity of neuronal projections. Scale bar, 100 pm

4.2.2. ATP levels throughout differentiation

ATP levels were measured during the third stage of differentiation for both LRRK2-G2019S
and control neuron-like cells (Figure 4.3). Contrary to what was originally hypothesised,
the LRRK2-G2019S patient neuron-like cells showed an increase compared to control cells.
Although, both patient and control cells had very similar ATP levels at day 12 (last day of

FGF/SAG treatment), when cells were exposed to the third stage differentiation factors,
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there was a sharp increase in the ATP levels compared with the controls, reaching a mean
of 25% increase compared with control neuron-like cells. Interestingly, this difference
between the patient and control started to decrease throughout the third stage of
differentiation. Therefore, instead of stopping cell differentiation at day 27, we extended the
differentiation for 7 additional days. By day 34, there was a less marked difference in ATP
levels between the two groups, with a mean of a 7% increase in the manifesting line.
Unfortunately, the cells did not survive in culture after this time point to test whether this
trend continued. These results suggest that either the ATP levels of the controls was
increasing throughout the third stage of differentiation, that the patient ATP levels were
decreasing, or a mixture of both. However, as the ATP levels were relative arbitrary values,
rather than exact measurements of ATP levels, then direct comparisons between the
different timepoints is not possible to ascertain, and further investigation is required to test

this.

We hypothesised that similar to the fibroblasts in Chapter 3, any ATP deficits would perhaps
be more pronounced in galactose-containing media. Schwartzentruber et al. 2020 has
shown that the control line used in this thesis has a switch to from glycolysis to OXPHOS
dependency at the end of differentiation. However, it was unclear whether directing the
neuron-like cells towards utilising OXPHOS to generate ATP would unmask any deficits in
the LRRK2-G2019S manifesting line. Therefore, at the end of the neuronal differentiation,
we cultured cells in galactose-containing media for 24 h. We also cultured cells with neither
galactose nor glucose in the media (Figure 4.4). There was a large amount of variation in
ATP levels between the different neuronal differentiations when the cells were cultured in
galactose-containing media. Therefore, no significant differences were observed between
the patient and control neuron-like cells. In addition, when cells were cultured in media

containing neither glucose nor galactose, there was a reduction in ATP levels seen
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compared with the other media types. This is not as pronounced as one might expect,
potentially due to the large amount of cell death after treatment in this media type, which
may have potentially biased the values. There was, however, no difference between

manifesting or control neuron-like cells in this media type.

g

© 140+

= * -o- control
(@]

° manifesting
5 1204

o *

T

£

o

c 1004 ¢ ® ® ® °

c

©

5

(e

>

S 80 . . . . ]

I;: 10 15 20 25 30 35

Day of differentiation

Figure 4.3. ATP levels of LRRK2-G2019S manifesting and control iNPC-derived DA

neuron-like cells throughout differentiation.

Percentage of total cellular ATP/Cyquant at day 12, day 15, day 22, day 27 and day 34 of
differentiation normalised to control iINPC-derived DA neuron-like cells. * p<0.05 unpaired
t-test with Welch’s correction. n= 3 independent differentiations, with 3 technical repeats.

Data represent mean + SD.

103



s . B3 manifesting
S 1507 —— °
= B control
8
]
3 100
0
©
E
2 50-
=
©
=
1
S o-
= > @ @
< 0& 0& 0&
& & N\
o ] <
o o’ o°
$ S o
o ‘b\.‘b ‘b\'@
%) o‘-‘b
Q

&

I

¢

&

S
o

Figure 4.4. ATP levels of LRRK2-G2019S manifesting and control iNPC-derived DA
neuron-like cells in different media types.

Percentage of total cellular ATP/Cyquant of cells cultured in normal neuronal media,
galactose-containing media, and media without glucose or galactose for 24 h normalised to
control iINPC-derived cells cultured in normal neuronal media. n= 3 independent
differentiations, with 3 technical repeats. Data represent mean + SD. Each dot represents
the mean of the experimental repeats per differentiation. *p<0.05 one sample t-test with a

hypothetical mean of 100.
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4.2.3. Mitochondrial membrane potential and mitochondrial number

MMP was assessed in LRRK2-G2019S and control iNPC-derived DA neuron-like cells
throughout the differentiation using the cationic dye TMRM (Figure 4.5). CCCP was tested
as a positive control of reduced TMRM staining. A clear reduction in TMRM intensity when
cells were treated with CCCP was demonstrated (data not shown). Mitochondria were
segmented at all time points and the MMP measured, excluding day 12 where the cytosolic
TMRM intensity was measured due to the size of the cells meaning that accurate
mitochondrial segmentation was not possible. No difference was observed between the
genotypes at day 12 of differentiation, but by day 15 there was a trend towards a decrease
(68 = 15% of control values) and a significant reduction in MMP (mean 28%) was observed

in the LRRK2-G2019S iNPC-derived DA neuron-like cells by day 27 (Figure 4.6 a).

TMRM staining was also used to quantify the number of mitochondria. Similar to our findings
in the fibroblasts, there was no clear difference in the number of the mitochondria per cell
area between the LRRK2-G2019S manifesting and control iNPC-derived DA neuron-like
cells (Figure 4.6 b). However, unlike the fibroblasts, there was a small trend towards a
decrease in the percentage of perinuclear mitochondria. This finding was more variable

throughout the differentiation (Figure 4.6 c).
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Figure 4.6. Quantification of mitochondrial characteristics of LRRK2-G2019S
manifesting and control iNPC-derived DA neuron-like cells throughout neuronal
differentiation.

a) Percentage TMRM intensity of mitochondria normalised to control iINPC-derived DA
neuron-like cells. For day 12 of differentiation, cells were too small to segment
mitochondria, therefore, the data represents the TMRM intensity of the cytoplasm region at
this timepoint. b) Number of mitochondria per cell area normalised to control iINPC-derived
DA neuron-like cells c) Percentage of perinuclear mitochondria normalised to control iINPC-
derived DA neuron-like cells. n= 3 independent differentiations, with 2 technical repeats.
Data represent mean + SD. Each dot represents the mean of the experimental repeats per

differentiation. * p<0.05; ** p<0.01 one sample t-test with a hypothetical mean of 100.
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4.2.4. Lysosomal phenotype and mitophagy

There is evidence that LRRK2 has a role in autophagy and lysosome activity in neurons
(Madureira, Connor-Robson and Wade-Martins, 2020), therefore we explored whether a
lysosomal phenotype was present in LRRK2-G2019S manifesting iNPC-derived DA
neuron-like cells using Lysotracker as a marker (Figures 4.7 and 4.8). We observed that
the number of lysosomes between different differentiations was highly variable (Fig. 4.8 a).
The mean area of individual lysosomes showed a trend towards a decrease in LRRK2-
G2019S manifesting iINPC-derived DA neuron-like cells. at day 15 of differentiation
compared with the control (82 £ 10% of control lysosome area). This reduction was less

pronounced by day 27 of differentiation (96 + 1%; Figure 4.8 b).

Evidence suggests that there is dysfunctional mitophagy in LRRK2-G2019S iPSC-derived
neurons. Therefore, we wanted to assess whether this was the case in our DA neuron-like
cell model. In order to determine basal mitophagy in our cells, we segmented both the
mitochondria from the TMRM staining and the lysosomes from the Lysotracker staining
using Harmony analysis software. Next, we segmented the lysosomes found within the
mitochondria. We then calculated the number of lysosomes in the mitochondria / the total
number of lysosomes and normalised this to the control cells (Figure 4.8 c). Although our
data was not significant, we noticed an interesting trend in basal mitophagy throughout
neuronal differentiation. At day 15 basal mitophagy was increased in LRRK2-G2019S iNPC-
derived DA neuron-like cells compared with the control (113 + 8%), but by day 27 basal
mitophagy was decreased in LRRK2-G2019S iNPC-derived DA neuron-like cells compared
with the control (95 + 5%). According to the raw data for these experiments, this is more
due a decrease in basal mitophagy over the differentiation in the manifesting cells, rather

than a substantial change in mitophagy in the control cells.
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Figure 4.8. Quantification of lysosome characteristics of LRRK2-G2019S manifesting

and control iNPC-derived DA neuron-like cells throughout neuronal differentiation.

a) Number of lysosomes per cell area normalised to control INPC-derived DA neuron-like
cells b) Mean area per lysosome normalised to control INPC-derived DA neuron-like cells
c) Percentage of lysosomes in mitochondria normalised to control iINPC-derived DA neuron-
like cells n= 3 independent differentiations, with 2 technical repeats. Data represent mean
+ SD. Each dot represents the mean of the experimental repeats per differentiation.

4.2.5. Mitochondrial and cytosolic reactive oxygen species

We assessed mitochondrial ROS throughout the differentiation using the NpFR2 probe
(Figures 4.9 and 4.10) Mitochondria were segmented at all time points and the NpFR2

probe measured, excluding day 12 where the cytosolic NpFR2 intensity was measured due
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to the size of the cells meaning that accurate mitochondrial segmentation was not possible.
We found a decrease in mitochondrial ROS throughout the differentiation, with a significant

decrease being observed at day 15, 22 and 27.

We decided to validate this finding using the FRR2 mitochondrial ROS probe at day 27 of
differentiation (Figure 4.11). We found that for two of the differentiations there was a marked
decrease in FRR2 intensity compared with control. However, for one differentiation there
was a slight increase compared. Further repeats will be necessary to draw conclusions from

this data.

We observed no significant difference in cytosolic ROS between manifesting and control
cells, suggesting that only mitochondrial ROS is affected in LRRK2-G2019S iNPC-derived

DA neuron-like cells (Figure 4.12).
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Figure 4.10. Quantification of mitochondrial reactive oxygen species probe NpFR2
staining of LRRK2-G2019S manifesting and control iNPC-derived DA neuron-like

cells throughout neuronal differentiation.

n= 3 independent differentiations, with 3 technical repeats. Data represent mean + SD. Each
dot represents the mean of the experimental repeats per differentiation. *p<0.05; **p<0.01

one sample t-test with a hypothetical mean of 100.
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Figure 4.11. Mitochondrial reactive oxygen species probe FRR2 staining of LRRK2-
G2019S manifesting and control iNPC-derived DA neuron-like cells at day 27 of

neuronal differentiation.

a) Representative images of mitochondrial ROS probe FRR2 (orange). Hoechst was used
to label nuclei (blue). Left: manifesting, Right: control. Scale bar, 50 pM. b) Quantification
of FRR2 intensity normalised to control iNPC-derived DA neuron-like cells. n= 3
independent differentiations, with 3 technical repeats. Data represent mean + SD. Each dot

represents the mean of the experimental repeats per differentiation.
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Figure 4.12. Cytosolic reactive oxygen species probe NpFR1 staining of LRRK2-
G2019S manifesting and control iNPC-derived DA neuron-like cells at day 27 of

neuronal differentiation.

a) Representative images of cytosolic ROS probe NpFR1 (green). Hoechst was used to
label nuclei (blue). Left: manifesting, Right: control. Scale bar, 50 um. b) Quantification of
NpFR1 intensity normalised to control iINPC-derived DA neuron-like cells. n= 3 independent
differentiations, with 3 technical repeats. Data represent mean + SD. Each dot represents

the mean of the experimental repeats per differentiation.
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4.3. Discussion

There is a small amount of literature looking at mitochondrial dysfunction in LRRK2-G2019S
iPSC-derived DA neuron models, reviewed extensively by (Weykopf et al., 2019). However,
to the best of our knowledge, this is the first study to use iINPC-derived DA neuron-like cells
to model LRRK2-G2019S PD. As mentioned in the introduction to this chapter, iINPC-
derived DA neuron-like cells have several advantages over iPSC-derived models. One of
the main advantages is that the cell population is not taken from one clone but from a
population of cells, thus being more physiologically relevant. However, one of the major
disadvantages this presents is the heterogeneity between the differentiations. This could
clearly be seen in some of the parameters assessed in this chapter. In addition, some of
the changes observed were small, thus would require additional repeats in order to reach

statistical significance.

In our study, we found that ATP levels varied across the differentiation, with LRRK2-G2019S
manifesting INPC-derived DA neuron-like cells demonstrating increased ATP levels
compared with the control line. This is contrary to what has been observed in LRRK2-
G2019S iPSC-derived DA neurons, where a decrease in ATP levels have been
demonstrated (Y.-C. Su and Qi, 2013; Schwab et al., 2017). However, this is not a new
phenomenon as increased ATP levels have previously been observed in PD patient cells
(Annesley et al., 2016). We hypothesise that the cells could be in an overactive state and
may be overcompensating for other dysfunctions. The difference between the LRRK2-
G2019S and control INPC-derived neuron-like cells then begins to decrease as the LRRK2-
G2019S neuron-like cells are unable to sustain this increased production of ATP. Another
suggestion is that the control line becomes more OXPHOS dependent throughout the
differentiation, as observed by Schwartzentruber et al. 2020, whilst this may not occur in

the LRRK2-G2019S cells. This area will need to be explored further in future studies.

116



Another finding of this chapter was that in LRRK2-G2019S manifesting iNPC-derived DA
neuron-like cells, MMP decreased throughout the differentiation, with a significant decrease
compared with the control at day 27. This supports other findings in the literature that show
a decrease in MMP in LRRK2-G2019S iPSC-derived neurons (Y.-C. Su and Qi, 2013). This
also supports other findings from sporadic and Parkin mutant iNPC-derived DA neuron-like
cells (Carling et al., 2020; Schwartzentruber et al., 2020). Interestingly, MMP in fibroblasts
from the same patient as the LRRK2-G2019S iNPC-derived DA neuron-like cells were
assessed in Chapter 3. In these fibroblasts an increase in MMP was observed, thus showing
cell type specific differences within the same patient. Cell type specific differences such as
these have been observed in other studies. For example, Cooper et al. 2012 found that
when LRRK2-G2019S iPSC-derived neural cells were treated with valinomycin they
released more lactate dehydrogenase than healthy controls (Cooper et al., 2012). However,
LRRK2-G2019S fibroblasts undergoing the same treatment showed no significant
difference in lactate dehydrogenase release. Findings such as these are important to note
as they may provide us clues to what leads to a selective neuronal vulnerability in LRRK2

PD.

There is evidence to suggest that LRRK2-G2019S affects lysosomes in neurons. For
example, in neurons cultured from LRRK2-G2019S knock in mice, a decreased average
lysosomal area and increase number of lysosomes per cell were observed (Schapansky et
al., 2018). In our study, we found that the number of lysosomes per cell area was very
variable. This is not surprising as lysosomes are very dynamic organelle. The mean area
per lysosomes also had a trend towards a decrease in LRRK2-G2019S iNPC-derived DA

neuron-like cells. However, this trend was not seen later in the differentiation.

Recently, there has been growing interest in mitophagy in LRRK2-G2019S PD (Bonello et

al., 2019; Korecka et al., 2019; Singh et al., 2020; Wauters et al., 2020). Studies have
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suggested that LRRK2 may be involved in PINK1 and Parkin-mediated mitophagy via either
Rab10 or LRRKZ2'’s kinase activity (Bonello et al., 2019; Wauters et al., 2020). Increased
mitophagy has been observed in PD patient fibroblasts (Su, Guo and Qi, 2015; Smith et al.,
2016). However, Hsieh et al. 2016 previously showed in a LRRK2-G2019S iPSC-derived
neuron model that the G2019S delayed mitophagy by disrupting the interaction of LRRK2
with Miro and delaying its removal from damaged mitochondria (Hsieh et al., 2016). In this
study, we found that at day 15 basal mitophagy was increased in LRRK2-G2019S iNPC-
derived DA neuron-like cells but by day 27 basal mitophagy was trending towards a
decrease in LRRK2-G2019S iNPC-derived DA neuron-like cells compared with the control.
Schwartzentruber et al. 2020 found that in Parkin mutant iNPC-derived DA neurons basal
mitophagy increased at day 17 and became decreased at day 27. Although the changes in
the Schwartzentruber et al. 2020 study were more substantial, it does suggest that there

may be a similar mitophagy phenotype in different genetic forms of PD.

We found a significant reduction in mitochondrial ROS in the later stages of the
differentiation, which is contrary to findings by Su and Qi et al. 2013 in iPSC-derived LRRK2-
G2019S neurons (Y.-C. Su and Qi, 2013). A similar decrease in mitochondrial ROS was
observed in the same patient fibroblast in Chapter 3 (mean 89% of control). This was the
only manifesting fibroblast line, along with another line which showed no ATP defect, that
had a reduction in mitochondrial ROS. Interestingly, overall, this fibroblast line had less
severe mitochondrial dysfunction than other manifesting lines in Chapter 3, for example in
SCO2 expression. Our group had some difficulties getting other LRRK2-G2019S
manifesting fibroblasts lines to survive the conversion into INPCs and the differentiation into
DA neuron-like cells. This may be because their mitochondrial dysfunction was too severe

to allow this.
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Overall, the results from this chapter suggest that the iNPC-derived DA neuron-like cell
model is useful for studying LRRK2-G2019S PD and can provide us with additional
information to using other cell types as a model. We must consider however, that the data
in this chapter is produced from only 1 line per group, therefore further studies are required

to validate these findings.
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Chapter 5 Assessing mechanisms underlying
mitochondrial complex IV deficiency in LRRK2-
G2019S manifesting cells

5.1. Introduction

The results of Chapter 1 demonstrated a trend towards a decrease in mitochondrial complex
IV subunit expression and a significant decrease in mitochondrial complex IV assembly
factor SCO2 expression in LRRK2-G2019S manifesting fibroblasts compared with controls.
A previous study, which included some of the same cell lines, also found that complex IV
activity was significantly reduced (Mortiboys et al., 2015). Together, these results suggest
a deficit in mitochondrial complex IV that warrants further investigation. Therefore, the aim
of this chapter was to explore in greater detail the potential mechanisms underlying complex

IV deficiency.

5.1.1. Complex IV assembly and the role of SCO2

Complex IV assembly was described in Chapter 1 of this thesis. There are more than 30
assembly factors involved in complex IV assembly. A proposed model of complex IV
assembly is shown in Figure 5.1. As can be seen from the diagram, SCO2 is an essential
assembly factor for complex IV and mutations in SCO2 can lead to disease. SCO2 is
important for the insertion of copper into mitochondrial complex IV. Figure 5.2 describes

this process in more detail.
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Figure 5.1. Complex IV assembly model.

Boxes show assembly factors and red represents proteins with described pathological
mutations. IM, inner membrane; IMS, intermembrane space. Image taken from (Signes and

Fernandez-Vizarra, 2018). Creative Commons Attribution License 4.0 (CC BY).
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Figure 5.2. The role of SCO2 in CuA incorporation.

Image from (Jett and Leary, 2018), with copyright permission.Cu (1), pink circle; Cu(ll) purple
circle. COX17 delivers Cu(l) to SCO1 and SCO2. SCO2 reduces the cysteinyl sulfurs of
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Approximately 100 mg copper is stored in the human body, with 20 mg of this being in the
brain (Umair and Alfadhel, 2019). The locus coeruleus and substantia nigra have the highest
levels of copper in the brain (Warren, Earl and Thompson, 1960; Davies et al., 2013). As
well as cytochrome ¢ oxidase (mitochondrial complex 1V), there are several other key
enzymes within the body that contain copper. These include superoxide dismutase, which
is involved in free radical detoxification, and dopamine-beta-hydroxylase, which is essential
for dopamine production in neurons (Umair and Alfadhel, 2019). As well as incorporation
in the catalytic core of mitochondrial complex 1V, copper plays an important role in other
cellular processes, such as brain development and growth of new blood cells (Tapiero,

Townsend and Tew, 2003).

5.1.2. Aims

The aim of this chapter was to explore the potential mechanisms underlying mitochondrial
complex IV deficiency in LRRK2-G2019S patient tissue. To this end, we explored whether
expression levels of complex IV assembly factor SCO2 were altered in LRRK2-G2019S
iINPC-derived DA neuron-like cells and attempted to optimise SCO2 knockdown in control
iINPC-derived DA neuron-like cells. We also explored whether either mitochondrial or
cytosolic copper was affected in LRRK2-G2019S fibroblasts and iNPC-derived DA neuron-

like cells.

5.2. Results

5.2.1. SCO2 expression in LRRK2-G2019S iNPC-derived DA neuron-like cells

Firstly, SCO2 expression was assessed via western blotting in the LRRK2-G2019S
manifesting iINPC-derived DA neuron-like cell line to see whether the same decrease was

present in neuron-like cells that was observed in the fibroblasts in Chapter 3 (Figure 5.3).

122



Interestingly, SCO2 expression was markedly decreased in the LRRK2-G2019S
manifesting cell line compared to the control. The mean SCOZ2 expression of the neuron-
like cell line was comparable to mean expression of the combined fibroblast data shown in
Chapter 3. However, when comparing the same patient fibroblast line to its equivalent iINPC-
derived DA neuron-like cell line (cell line NPFC-071), a more marked reduction in SCO2
expression was observed in the neuron-like cells. This is particularly interesting as the DA

neurons are the cell type affected in PD.
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Figure 5.3. SCO2 protein expression in LRRK2-G2019S and control iNPC-derived DA

neuron-like cells.

a) Representative western blot of SCO2 for LRRK2-G2019S and control iINPC-derived DA
neuron-like cells at end of differentiation. Beta-actin was used as a loading control. b) Semi-
guantification of SCO2/beta-actin protein expression in LRRK2-G2019S iNPC-derived DA
neuron-like cells normalised to control neuron-like cells (n=2 experimental repeats).
Statistical analysis was chosen not to be performed due to the low number of repeats c)
Semi-quantification of SCO2/beta-actin protein expression in LRRK2-G2019S fibroblast
lines from same patient as the DA neuron-like cells, normalised to combined control
fibroblast data (n=3 experimental repeats of manifesting line, n=8 control lines with at least
two experimental repeats per line). This data was presented in the combined SCO2

expression graph in Chapter 3. Data represent mean + SD.
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5.2.2. SCO2 knockdown optimisation

In order to determine whether SCO2 expression directly affects mitochondrial function,
knockdown of SCO2 was tested in control iINPC-derived DA neuron-like cells. This was
performed using SCO2-siRNA in Accell siRNA delivery media. Several different conditions
were tested (Figure 5.4), however the siRNA optimisation was not successful. Contrary to
what might be expected, SCO2 expression was in fact increased when treated with SCO2
SiRNA, particularly when treated for 24 h with 24 h recovery. These findings were also seen
in an additional iINPC-derived DA neuron-like cell line tested, and Accell media without
siRNA) was shown to decrease SCO2 expression compared to cells that were grown in
standard neuronal media (data not shown). Further work is required to optimise SCO2

knockdown in these cells, which time did not allow to be included in this thesis.

Figure 5.4. SCO2 knockdown optimisation in control iNPC-derived DA neuron-like

cells.

Control iNPC-derived DA neuron-like cells were treated at day 27 of differentiation with
Accell siRNA delivery media containing NT siRNA or SCO2 siRNA for different lengths of

time. Figure shows a representative western blot of SCO2 expression in different treatment
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conditions. Beta-actin was used as a loading control. NT, non-targeting; siRNA, short

interfering RNA.

5.2.3. Mitochondrial copper in fibroblasts and iNPC-derived DA neuron-like cells

As SCO2 is fundamental in incorporating Cua into mitochondrial complex IV, we
hypothesised that there may be a change in mitochondrial copper in LRRK2-G2019S
fibroblasts and iINPC-derived DA neuron-like cells. To determine this, a novel mitochondrial
copper probe InCCul, kindly donated by our collaborator Professor Elizabeth New
(University of Sydney), was used to assess unbound mitochondrial copper in different cell
lines (Shen et al., 2016). When copper is labile in the mitochondria, i.e. not incorporated
into complex IV, it binds to the copper probe and causes a decrease in fluorescent intensity.
Therefore, a higher fluorescent intensity would suggest a decrease in unbound
mitochondrial copper (thus a suggested increase in incorporated copper), and a lower
fluorescent intensity would suggest an increase in unbound mitochondrial copper (thus a

suggested decrease in incorporated copper).

We first assessed mitochondrial copper in LRRK2-G2019S manifesting, non-manifesting
and control fibroblasts. As can be seen in Figure 5.5, there was no observable difference

in mitochondrial copper between the different cell lines.
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Figure 5.5. Mitochondrial copper in LRRK2-G2019S manifesting, non-manifesting and
control fibroblasts.

a) Representative images of mitochondrial copper InCuul probe in LRRK2-G2019S
manifesting, non-manifesting and control fibroblasts. Scale bar, 50 um. b) Mitochondria
were segmented using Harmony analysis software and the intensity of the mitochondrial
probe was determined. Graph represents percentage of mitochondrial copper probe
intensity normalised to control fibroblasts. n=3 LRRK2-G2019S manifesting, 2 LRRK-
G2019S non-manifesting, 3 control cell lines. Results represent 3 experimental repeats
containing at least 2 technical repeats. Data represent mean + SD. Each dot represents the

mean of the experimental repeats per differentiation.

Next, we assessed mitochondrial copper in LRRK2-G2019S and control iNPC-derived DA
neuron-like cells throughout the differentiation (Figures 5.6 and 5.7). Unfortunately, a non-
specific stain was observed in many of the fields of view at the day 27 differentiation time
point, possibly due to debris accumulation, therefore this time point was excluded from

guantitative analysis.

A clear difference in unbound mitochondrial copper was observed between the LRRK2-
(G2019S and control DA neuron-like cells. This difference was more marked throughout the

differentiation, though did not reach significance (P=0.053 at day 22 compared with control,
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Figure 5.7) .Overall, this data suggests that there is an increase in unbound mitochondrial

copper in LRRK2-G2019S iNPC-derived neuron-like cells compared with the control.

SCOz2 is involved in the incorporation of copper in the mitochondrial complexes, i.e. bound
copper. Together with the results showing that SCO2 expression is decreased in LRRK2-
G2019S iNPC-derived DA neuron-like cells, this could be suggestive of a defect in

incorporation of copper into complex IV.
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Figure 5.7. Quantification of mitochondrial copper in LRRK2-G2019S manifesting and

control iINPC-derived DA neuron-like cells.

Mitochondria were segmented using Harmony analysis software and the intensity of the
mitochondrial probe was determined. Graph represents percentage of mitochondrial copper
probe intensity normalised to control cells. Results represent 3 experimental repeats
containing 3 technical repeats. Data represent mean * SD. Each dot represents the mean

of the experimental repeats per differentiation.

5.2.4. Cytosolic copper in fibroblasts and iNPC-derived DA neuron-like cells

It must be considered that the mitochondria are not the only compartment that copper is
important in the cell. Therefore, cytosolic copper was assessed using a novel cytosolic
copper probe NS2-Al-SiR, kindly donated by our collaborator Professor Christopher Chang

(University of California, Berkeley).

Firstly, cytosolic copper was assessed in LRRK2-G2019S manifesting, non-manifesting and

control fibroblasts, and no observable difference was found (Figure 5.8).
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Figure 5.8. Cytosolic copper in LRRK2-G2019S manifesting, non-manifesting and
control fibroblasts.

a) Representative images of cytosolic copper NS2-Al-SiR probe in LRRK2-G2019S
manifesting, non-manifesting and control fibroblasts. Scale bar, 50 um. b) Graph represents
percentage of cytosolic copper probe intensity normalised to control fibroblasts. n=3
LRRK2-G2019S manifesting, 2 LRRK-G2019S non-manifesting, 3 control cell lines. Results
represent 2 experimental repeats containing 2 technical repeats. Data represent mean +

SD. Each dot represents the mean of the experimental repeats per differentiation.

Cytosolic copper was then assessed in LRRK2-G2019S and control iNPC-derived neuron-
like cells at the end of differentiation (day 27). Contrary to the changes that were observed
in unbound mitochondrial copper levels, there were no significant changes in cytosolic
copper probe intensity between patient and control cells (Figure 5.9). This is suggestive

that the changes in mitochondrial copper are not due to global changes in cytosolic copper.
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Figure 5.9. Cytosolic copper in LRRK2-G2019S manifesting and control iNPC-derived

DA neuron-like cells.

a) Representative image of cytosolic copper in LRRK2-G2019S manifesting and control
iINPC-derived DA neuron-like cells at the end of differentiation. Scale bar, 50 um. b) Graph
represents percentage of cytosolic copper probe intensity normalised to control iNPC-
derived DA neuron-like cells at the end of differentiation. Results represent 3 experimental
repeats containing 3 technical repeats. Data represent mean + SD. Each dot represents the

mean of the experimental repeats per differentiation.

5.2.5. Other mitochondrial complex IV assembly factors

The data for this section was generated by a previous MSc student in our lab, Andre

Djalalvandi, who was co-supervised by Ruby Macdonald.

The focus of this chapter has been on SCO2 and the incorporation of copper into
mitochondrial complex IV; however, there are many other assembly factors involved in
mitochondrial complex IV biogenesis. Therefore, we wanted to test whether there were any
additional complex IV assembly factors with a change in protein expression. We attempted
to optimise several complex IV subunit and assembly factor antibodies for use in western

blotting such as SCO1, SURF1, COX2, COX4 and COX6b1l. However, we were unable to
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successfully optimise these. COX15, a mitochondrial complex IV assembly factor involved
in Heme A biosynthesis was successfully optimised. COX15 protein expression was shown
to be significantly decreased in LRRK2-2019S manifesting fibroblasts compared with
controls (Figure 5.10). This is suggestive that assembly factors other than SCO2 may be

affected in LRRK2-G2019S PD.
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Figure 5.10. COX15 protein expression in LRRK2-G2019S manifesting, non-

manifesting and control fibroblasts.

a) Representative western blot of COX15 protein expression of LRRK2-G2019S
manifesting, non-manifesting and control fibroblasts. Beta-actin was used as a loading
control. b) Semi-quantification of western blotting relative to controls n= 4 LRRK2-G2019
manifesting, 2 non-manifesting and 5 controls performed in two repeats. Data represent
mean + SD. Each dot represents the mean of the experimental repeats per cell line. *p<0.05

unpaired t-test with Welch’s correction.
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5.3. Discussion

5.3.1. LRRK2-G2019S SCO2 protein expression

The aim of the first part of this chapter was to assess SCO2 expression in LRRK2-G2019S
iINPC-derived DA neuron-like cells. We observed a marked decrease in SCO2 expression
in patient neuron-like cells. This was a more substantial decrease than that observed in the
fibroblasts from the same patient. Interestingly, the LRRK2-G2019S cell line used for
neuronal differentiation was the one with the smallest change in SCO2 expression in the
LRRK2-G2019S fibroblast cohort studied in Chapter 3, Figure 3.7 c. It would be interesting
to see how the fibroblasts with a more substantial decrease in SCO2 expression compared
when differentiated into DA neuron-like cells. As described in Chapter 4, severe
mitochondrial deficits may have hindered the differentiation process and this is something
that we might need to be cautious of in the future when using the iNPC-derived DA neuron-

like cell model to assess PD and other conditions with a mitochondrial dysfunction.

Unfortunately attempts to knockdown SCO2 in control iNPC-derived DA neuron-like cells
were unsuccessful. It may be that a longer treatment with siRNA is required in this cell type.
However, other lab members have found that iINPC-derived DA neuron-like cells cultured in
Accell siRNA delivery media for longer than 48 h caused substantial cell death. An
unexpected finding was that SCO2 siRNA 24h + neuronal media recovery for 24 h increased
SCO2 expression. One potential explanation for this is that SCO2 knockdown may have led
to cell death. Therefore, the remaining cells were those with higher SCO?2 levels, or cells
where the knockdown was not successful. An alternative method of SCO2 knockdown that
could be tested is viral transduction of short hairpin RNA. If this was unsuccessful another

cell type such as SHSY5Y cells could be used.
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5.3.2. LRRK2-SCO2 interaction

Itis important to consider the mechanisms by which mutations in LRRK2 could affect protein
expression of SCO2. LRRK2 interactions were searched on BioGRID
(https://thebiogrid.org/), a database of protein, genetic and chemical interactions (Oughtred
et al.,, 2019). No direct interactions were found between LRRK2 and SCO2. However,
HERC2, an E3 ubiquitin protein ligase was found to interact with both LRRK2 and SCO2,
which could provide a potential mechanism by which LRRK2 mutations affect SCO2
expression (Galligan et al., 2015; Imai et al., 2015). HERC2 is involved in many functions,
such as DNA damage repair, centrosome assembly, eye colour, iron metabolism and p53
regulation (Garcia-Cano et al., 2019). Deletions in the 15g11-q13 locus of HERC2 are
associated with Angelman syndrome (Harlalka et al., 2013). In order to assess whether
HERC2 protein expression was altered in LRRK2-G2019S patient fibroblasts, we attempted
to optimise western blotting for HERC2. However, due to the large size of HERC2 (528

kDa), this was technically challenging, and we were unable to visualise the protein.

5.3.3. SCO2 deficient patients and conditions associated with copper

dyshomeostasis

SCO2 deficiency has thus far not been reported in PD. However, there are several cases
where SCO2 mutations have led to disease. Thus far, mutations in SCO2 have been
associated with fatal infantile cardioencephalomyopathy, myopia, Leigh syndrome,
cerebellar ataxia and progressive peripheral axonal neuropathy, and early-onset axonal
Charcot-Marie-Tooth disease (Papadopoulou et al., 1999; Jaksch et al., 2000; Tran-Viet et
al., 2013; Ruhoy and Saneto, 2014; Rebelo et al., 2018; Barcia et al., 2019). Interestingly,
SCO2 knock-in/ knock-out mice are insulin resistant (Hill et al., 2017). A large retrospective

cohort linkage study found that Type Il diabetes increased the risk of PD by nearly a third
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(De Pablo-Fernandez et al., 2018). It is too preliminary to say whether SCO2 deficiency

could play a role in this increased risk of PD, but it is an interesting proposition, nonetheless.

There is evidence to suggest that SCO2 mutations lead to a decrease in COXII expression,
mitochondrial complex IV activity and cellular copper levels (Jaksch et al., 2001; Leary et
al., 2007; Yang et al., 2010). Dodani et al. 2011 explored both cellular and mitochondrial
copper in SCO2 patient fibroblasts using a targetable fluorescent sensor Mito-CS1 (Dodani
et al., 2011). They found that though there was a global decrease in cellular copper, labile
mitochondrial Cu* in SCO2 patient fibroblasts was largely unaltered. In this thesis, we found
that in LRRK2-G2019S patient fibroblasts there were no significant alterations in labile

mitochondrial copper, but did not observe any changes in global cellular copper.

As well as patients with SCO2 mutations, there are several other conditions associated with
copper dyshomeostasis, including MEDNIK syndrome and Menkes disease (Bhattacharjee,
Chakraborty and Shukla, 2017). Of particular note is Wilson’s disease, which is caused by
a genetic mutation in the ATP7B gene and is autosomal recessive (Bhattacharjee,
Chakraborty and Shukla, 2017). Wilson’s disease results in an accumulation of copper in
the liver in the brain and causes Parkinsonian-like symptoms (Bandmann, Weiss and Kaler,

2015).

5.3.4. Copperin PD

Epidemiological studies have shown that long-term heavy metal exposure, including
copper, increases the risk of developing PD (Montgomery, 1995). It has been proposed that
copper could increase oxidative stress by converting superoxide anion and hydrogen
peroxide into the hydroxyl radical, which is considered the most reactive oxygen species

(Bisaglia and Bubacco, 2020). Copper has also been demonstrated to increase the
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oxidation process of dopamine and has a role in the promotion of alpha-synuclein

aggregation (Wang et al., 2010; Pham and Waite, 2014).

However, other evidence has pointed towards a reduction in copper being associated with
a increased risk of PD. For example, patients with PD have been found to have lower blood
concentrations of copper compared to healthy controls (llyechova et al., 2018). Multiple
studies have shown that there is a substantial decrease in copper levels specifically in the
substantia nigra of patients with PD (Dexter et al., 1989; Riederer et al., 1989; Genoud et
al.,, 2017). Overall, it seems likely that a balance of copper is required for normal

physiological function, and dysfunction of this balance is associated with PD.

In this thesis, there were no significant changes observed in cellular copper levels, however
there was an increase in the levels of unbound copper in the mitochondria of LRRK-G2019S
manifesting iINPC-derived DA neuron-like cells. Together, with a decrease in SCO2 protein
expression, this is suggestive of dysfunctional incorporation of copper into mitochondrial
complex IV. Copper supplementation increases complex IV activity in myoblasts of patients
with a SCO2 mutation (Jaksch et al., 2001), suggesting copper supplementation as a
potential treatment to test in LRRK2-G2019S PD. However, in the clinic, while
subcutaneous injections of copper histidine improved hypertrophic cardiomyopathy in a
patient with a SCO2 mutation, it did not improve CNS, muscular or respiratory functions,
nor survival (Freisinger et al., 2004). This may have been due to inefficient delivery of
copper to the mitochondria (Soma et al., 2018). Recently, elesclomol, an investigational
anticancer drug, was found to increase mitochondrial copper content and rescue respiratory
defects in COAG6-deficient yeast cells, as well as increase mitochondrial subunit COX2
protein expression levels in SCO2 patient fibroblasts (Soma et al., 2018). In future studies,
it could be useful to test these compounds to see if they rescue the mitochondrial phenotype

in LRRK2-G2019S patient cells. However, for clinical use, we must be cautious of the
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dosage of any therapies which increase copper, due to the literature on the copper toxicity

in PD.

5.3.5. Methods for assessing copper in cells

In this chapter, two fluorescent probes were used to measure mitochondrial and cytosolic
copper respectively. The mitochondrial probe tended to not only be a mitochondrial marker,
but also to show cellular debris. Therefore, data from the last time point in the neuronal
differentiation protocol was deemed to not be accurate enough to assess and could not be
included in the analysis. Therefore, it would be beneficial to validate these findings using
other methods to detect copper. The ‘gold standard’ method for assessing cellular copper
is to use inductively coupled mass spectrometry (ICP-MS), which can detect and quantify
low copper concentrations (Williams et al.,, 2019). This would provide us with a more
accurate measure of copper levels. This would be particularly interesting in the fibroblasts,
as the probes may not have been sensitive enough to detect minor changes in copper

concentration.

It would be beneficial to generate mitochondrial fractions and compare these with cellular
fractions using ICP-MS to validate our findings. Previously, laser ablation ICP-MS imaging
has been used to detect the distribution of copper in Wilson’s disease (Weiskirchen, Kim
and Weiskirchen, 2019), and multi-collector ICP-MS has been by Costas-Rodriguez et al.
2019 to assess cellular and mitochondrial copper in both non-differentiated and
differentiated SH-SY5Y cells (Costas-Rodriguez et al., 2019). Of course, the main finding
of this thesis that requires further exploration is the suggested dysfunction of copper
incorporation into complex IV. Our probe measures unbound copper but does not directly
assess the copper that is incorporated into complex IV. To assess this, mitochondrial

fractions could be generated, and the different mitochondrial complexes isolated using blue
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native gel electrophoresis, or liquid chromatography. ICP-MS could then be used to quantify
copper content in mitochondrial complex 1V. The technical challenge however with this is

the large amounts of material required to perform these experiments.

There have also been significant advancements in using synchrotron-based X-ray
fluorescence microscopy to visualise copper in mammalian systems (Leary and Ralle,
2020). It would be interesting to explore this in LRRK2-G2019S mouse models. It could

also be interesting to explore copper efflux and retention using ®*Cu.

Another aspect to mention is that the mitochondrial copper probe used in this thesis detects
Cu(l) specifically. Cu(l) binds to SCO2, which functions as a thiol-disulfide oxidoreductase
to reduce the cysteinyl sulfurs of COX2 (Morgada et al., 2015). In this reaction, Cu(l) is
converted to Cu(ll). Li et al. 2017 have developed a mitochondrial specific Cu(ll) sensor,
which would be beneficial to also test in our cell lines (Li et al., 2017). COAG6 is required for
the conversion of Cu(l) to Cu(ll) and would be a particularly fundamental protein to look at

in future studies (Jett and Leary, 2018).

5.3.6. Future directions

The results from this chapter suggest that the SCO2 phenotype in LRRK2-G2019S
manifesting iINPC-derived DA neuron-like cells is more severe than in LRRK2-G2019S
manifesting fibroblasts. It also provides evidence that mitochondrial copper might be

dysregulated in LRRK2-G2019S DA neuron-like cells, but not in fibroblasts.

The majority of this chapter focussed specifically on SCO2 and copper dysregulation.
However, another mitochondrial complex IV assembly factor, COX15, was also found to be
decreased in manifesting LRRK2-G2019S fibroblasts. COX15 is important for the
biosynthesis of heme A, a prosthetic group for complex IV. COX15 mutations have also

been associated with disease (Antonicka et al., 2003; Halperin et al., 2020). While, COX15
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is important for the assembly of the MTCO1 module of complex IV, SCO2 is important for
the assembly of the MTCO2 module. This is suggestive that the two distinct modules of
complex IV could both be affected in LRRK2-G2019S PD. The MTCO2 subunit, also known
as COX2, was found to have a trend towards a decrease in protein expression in
manifesting LRRK2-G2019S fibroblasts in Chapter 3. It would be interesting to explore
COX2 protein expression in the LRRK2-G2019S iNPC-derived DA neuron-like cells to
explore whether this decrease is more severe than that of the fibroblasts. Complex IV
activity should also be measured in the neuron-like cells to determine whether the changes
in SCO2 protein expression and mitochondrial copper lead to a decrease in mitochondrial

complex IV activity.

It will be fundamental for future studies to explore in further detail the different complex IV
assembly factors and subunits. This will enable us to detect whether there is a global
complex IV deficiency, or whether there are certain components of the assembly pathway
that are affected. The use of LRRK2-G2019S non-manifesting cells will be particularly useful
here, as they may help determine which components of complex IV assembly could be
affected in pre-clinical PD. As there were technical difficulties in the optimisation of many of
the complex IV assembly factor and subunit antibodies tested, an alternative method would
be to use reverse transcription quantitative-PCR to look at mRNA expression. Overall, these

novel findings in LRRK2-G2019S PD have a lot of avenues for future exploration.
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6. General Discussion

Parkinson’s disease (PD) is a progressive, neurodegenerative, motor disorder affecting
around 1% of the over 60 population. Leucine-Rich Repeat Kinase 2 (LRRK2) mutations
are the most common cause of familial PD, with the G2019S mutation being the most
common. Mitochondrial dysfunction has been previously associated with LRRK2-G2019S
PD (Mortiboys et al., 2017; Macdonald et al., 2018), however the mechanisms underlying
this dysfunction require further exploration and study. In this thesis, we explored
mitochondrial dysfunction in one of the largest cohorts studied thus far of LRRK2-G2019S
manifesting, non-manifesting and control fibroblasts. We also utilised a recently developed
methodology to differentiate INPCs into DA neuron-like cells (Carling et al., 2020;
Schwartzentruber et al., 2020), in order to study LRRK2-G2019S manifesting and control

cells.

We observed mitochondrial deficiencies in both LRRK2 manifesting fibroblasts and iNPC-
derived DA neuron-like cells. Of note, we observed a reduction in SCO2 protein expression.
SCO2 is a mitochondrial complex IV assembly factor which is involved in the incorporation
of copper (Horng et al., 2005). This reduction in SCO2 expression was more marked in the
LRRK2-G2019S manifesting iNPC-derived DA neuron-like cells compared to the fibroblasts
of the same patient. We also observed a trend towards an increase in the amount of
unbound mitochondrial copper in the LRRK2-G2019S manifesting iINPC-derived DA
neuron-like cells at the end of differentiation, while no difference in mitochondrial copper
was observed in the LRRK2-G2019S fibroblasts. In Chapter 4 we observed a significant
decrease in MMP throughout the differentiation in the LRRK2-G2019S manifesting iNPC-
derived DA neuron-like cells, while an ATP deficiency was observed in some of the LRRK2-

G2019S fibroblast lines. Complex IV is essential for the generating both ATP and MMP in
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cells, and therefore dysfunction in complex IV assembly could be responsible for the
reduction in MMP observed in the LRRK2-G2019S manifesting iNPC-derived DA neuron-

like cells and the reduction in ATP observed in the LRRK2-G2019S fibroblasts.

We used two different cell models in this thesis; patient fibroblasts and iINPC-derived DA
neuron-like cells. Fibroblasts have commonly been used to study LRRK2-G2019S PD
(Papkovskaia et al., 2012; Mortiboys, Aasly and Bandmann, 2013; Y. C. Su and Qi, 2013;
Yakhine-Diop et al., 2014; Mortiboys et al., 2015), however this is the first study that uses
iINPC-derived DA neuron-like cells for this purpose. To quote George E.P. Box, "All models
are wrong, but some are useful”. Both models used in this study have their advantages and
disadvantages. For example, fibroblasts are easy to maintain and culture and retain the
genotype of the patients. However, they are not the cell type that degenerates in PD,
therefore may not have the same metabolic deficiencies. This was evidenced in part in this
thesis as we observed differential changes in ATP and MMP between the same patient line,
as well as a more exaggerated phenotype for SCO2-deficiency in the LRRK2-G2019S
iNPC-derived DA neuron-like cells. On the other hand, iINPC-derived DA neuron-like cells
are representative of the cell type that degenerates in PD and switch from OXPHOS
throughout the differentiation (Schwartzentruber et al., 2020), rather than needing to be
directed to use OXPHOS by changing the cell media type. However, they are both costly
and time consuming. Of course, one of the major disadvantages of both models used in this
thesis is that they, for the most part, represent only a singular cell type. The human brain in
reality is much more complex than this, and is composed of several different cell types, for
example neurons, astrocytes and microglia. Future work could utilise a co-culture system
to better represent these complexities. There has been evidence linking LRRK2 PD and
neuroinflammation (Russo, Bubacco and Greggio, 2014; Russo, 2019; Schildt et al., 2019).

Therefore, it is important to take this into account. It would therefore be interesting to
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explore the findings generated from this study in LRRK2-G2019S knock in mice (Yue et al.,

2015; Matikainen-Ankney et al., 2018).

This thesis has focussed on mitochondrial dysfunction in LRRK2-G2019S PD, however
there is a multitude of literature showing alterations in other pathways (Berwick et al., 2019),
and it is likely that the LRRK2-G2019S mutation affects multiple pathways. Evidence
suggests that there is a convergence between the different pathways affected in LRRK2-
G2019S PD (Berwick et al., 2019). An example of this is the recently found link between
Rab10 and mitochondrial dysfunction in LRRK2-G2019S PD. A subset of Rab GTP-ases
have been previously discovered as substrates of LRRK2 (Steger et al., 2016, 2017). Rabs
are essential in the regulation of intracellular vesicle trafficking. Wauters et al. 2020 found
that Rab10, a LRRK2 kinase substrate, accumulates on depolarised mitochondria and
interacts with optineurin, which recruits to depolarised mitochondria and facilitates
mitophagy. In LRRK2-G2019S patient fibroblasts there are reductions in Rabl0
accumulation on depolarised mitochondria, Rabl10 interaction with optineurin, and
depolarisation-induced mitophagy. In this study, Wauters et al. stimulated mitophagy by
depolarising cells with mitochondrial inhibitors such as CCCP. In our study, we explored
basal mitophagy in iINPC-derived DA neuron-like cells, therefore it would be interesting to
stimulate mitophagy with mitochondrial inhibitors to see determine whether these findings

are replicated in our DA neuron-like model.

We hypothesise that mitochondrial dysfunction increases over time in iINPC-derived neuron-
like cells, and this may be due to a reduction in mitophagy as the cells mature. Interestingly
there is growing support that links mitochondrial biology to LRRK2. Firstly, there is the
evidence that LRRK2 interacts with DRP1, which was discussed in Chapter 3. There is also
evidence that LRRK2 affects mitophagy. For example, Singh et al. 2020 found that basal

mitophagy was inversely correlated with LRRK2 kinase activity, and that using a LRRK2
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kinase inhibitor rescued mitophagy defects in LRRK2-G2019S mice. Although we do not
know at present if LRRK2-G2019S phosphorylation directly affects SCO2, one way to test
this would be to also use a LRRK2 kinase inhibitor. This could potentially add further

evidence to suggest an impact of LRRK2-G2019S on the mitochondria.

In this study, we did not observe any significant changes in the number of mitochondria per
cell. However, we did not expose our cells to any mitochondrial stressors, which may be
required to ascertain any differences. It will be interesting to determine whether
mitochondrial biogenesis is altered in our cell models. Previous studies have shown a
decrease in mitochondrial biogenesis in yeast cells and in mouse embryonic fibroblasts
(Aufschnaiter et al., 2018; Toyofuku et al., 2020). It may be that there is build-up of
dysfunctional mitochondria, but both mitophagy and biogenesis are impaired, meaning that

there is not an overall change in mitochondrial number.

We also must consider how our findings relate to the LRRK2-kinase inhibitors that are
undergoing clinical testing. LRRK2 kinase inhibitors were not tested in this study and could
be a potential future avenue to explore. It will be interesting to assess whether kinase
inhibition will affect the mitochondrial phenotype. Initial data from Katy Barnes in our group
suggests that LRRK2 kinase inhibitor GSK2578215A does not affect MMP in LRRK2-
G2019S fibroblasts but provides a mild increase in MMP in LRRK2-G2019S neuron-like
cells. In addition, GSK2578215A treatment led to a significant reduction in lysosomal
number, to below control levels. It will also be interesting to assess whether the LRRK2-

G2019S iNPC-derived neuron-like cells used in this study have an increased kinase activity.

LRRK2-G2019S is not the only mutation in LRRK2 that leads to PD, therefore it will be
important to explore whether mutations, such as those in the GTPase domain produce a
similar mitochondrial phenotype. Other studies have found that in patient fibroblasts the

R1441C mutation caused increased vulnerability of cells to valinomycin, heightened
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mitophagy, and increased mitochondria fragmentation, as well as reduced oxygen
consumption in iPSC-derived neurons and delayed mitophagy (Smith et al., 2016; Wauters
et al., 2020), This suggests that there could be some overlap in mitochondrial dysfunction

between mutations in different LRRK2 domains.

Finally, as a mitochondrial complex IV assembly deficient phenotype was observed in this
thesis it is important that future studies explore this further. Our current evidence suggests
that complex IV deficiencies are not specific to SCO2 as COX15 was decreased in LRRK2-
G2019S manifesting fibroblasts compared to controls. Therefore, other mitochondrial
complex 1V subunits and assembly will need to be explored. As some evidence suggests
that there is a complex 1V deficiency in sporadic PD (Carling et al., 2020) it will be interesting

to see whether these findings are translatable beyond LRRK2-G2019S PD.
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Appendix B

Table 1. Summary table of individual assay results of LRRK2-G2019S manifesting
and non-manifesting fibroblasts from Chapters 3 and 5. Data are presented as mean
+ SD. Control data is the combined data of all control cell lines for that assay. Each cell
marked orange is representative of the mean of the individual cell line being lower than
the mean of the controls of the same assay, while each cell marked in green has a higher
mean value than the mean of the controls. The assays tabulated in this graph are ATP
levels (Figure 3.1a), MMP short mitos (Figure 3.2c), Mito ROS (Figure 3.3c), Cyto ROS
(Figure 3.4b), TSPO protein expression (Figure 3.13b), complex IV subunit protein
expression (Figure 3.5b), BCS1L protein expression (Figure 3.6b), SCO2 protein
expression (Figure 3.7b), COX15 protein expression, Mito copper probe intensity (Figure
5.5h), and Cyto copper probe intensity (Figure 5.8b). C, control; M, LRRK2-G2019S
manifesting; NM, LRRK2-G2019S non-manifesting; gal, galactose; MMP, mitochondrial
membrane potential; mito, mitochondria; cyto, cytoplasmic; ROS, reactive oxygen species.
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Table 2. Summary table of individual mitochondrial morphology assay results of
LRRK2-G2019S manifesting and non-manifesting fibroblasts from Chapters 3 and 5.
Data are presented as mean = SD. Control data is the combined data of all control cell
lines for that assay. Each cell marked orange is representative of the mean of the
individual cell line being lower than the mean of the controls of the same assay, while
each cell marked in green has a higher mean value than the mean of the controls. The
assays tabulated in this graph are normalised mito area (Figure 3.8c), normalised mito
count (Figure 3.8a), normalised % perinuclear mitos (Figure 3.8b), normalised % short
mitos (Figure 3.8d), OPA1 upper and lower band protein expression (Figure 3.9b), DRP1
subunit protein expression (Figure 3.10b), and normalised DRP1 spots in mitos per total
number of DRP1 spots (Figure 3.12b). C, control; M, LRRK2-G2019S manifesting; NM,
LRRK2-G2019S non-manifesting; gal, galactose; mitos, mitochondria.
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