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Mitochondrial quality control (mito-QC) co-ordinates dynamic changes in the mitochondrial network that
maintain optimal function and cell health. Dysregulated mito-QC has been associated with numerous
pathologies, including Parkinson’s disease (PD) which is characterised by degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc). The mechanisms of neuronal death in PD are still
unknown, but have been linked to the aggregation of a-synuclein; a protein which pathologically forms
intracellular inclusions, known as Lewy bodies, in PD brains. A relationship between a-synuclein and
mito-QC has been established based on the presence of dysfunctional mitochondria in both PD patients
and models of a-synuclein pathology. However, exactly how a-synuclein may impact mito-QC
mechanisms is not well understood. Recent research has shown that a-synuclein can use mitochondrial
membranes to seed aggregation of toxic oligomeric species, resulting in mitochondrial dysfunction and
potentiating disease pathogenesis. Though the majority of research has focused on the hypothesis that
pathological a-synuclein may exhibit a toxic gain-of-function that disrupts mito-QC, it is also possible that
this could occur through a-synuclein loss-of-function. Since a-synuclein associates with and remodels
phospholipid membranes, has been suggested to contain a mitochondrial targeting sequence and can be
mitochondrially imported, it may have a physiological role in mito-QC that is lost under pathological
circumstances.

In an a-synuclein loss-of-function model, | observe that physiological a-synuclein is not required for
mitochondrial energy production or co-ordination of mito-QC. | do not find evidence of a direct functional
association between endogenous a-synuclein and mitochondria, however | suggest that a-synuclein may
modulate autophagy flux and lysosomal morphology through its action as a cytosolic molecular
chaperone. This provides novel insight into a-synuclein’s physiological function in the context of mito-QC.
| also investigated the impact of pathological a-synuclein on mito-QC, where | found that a-synuclein
overexpression did not disrupt mitochondrial function or damage-induced whole mitochondrial
clearance, but did influence autophagosome number and lysosomal size. Since alterations in these
phenotypes were also seen in my loss-of-function model, | consider that physiological a-synuclein may
have a role in modulating autophagy that is disrupted in pathological circumstances such as PD.
Overexpression of a-synuclein also increased mitochondrial fragmentation and mitochondrial-derived
vesicles (MDVs) at steady state, suggesting that excess a-synuclein increases the baseline mito-QC
response. | suggest that upregulation of these responses may occur due to an a-synuclein-induced
increase in oxidative stress. Together, these data indicate that pathological a-synuclein, rather than a
lack of physiological a-synuclein, is primarily responsible for dysregulated mitochondrial function in PD.

Since a-synuclein’s pathological impact primarily occurs in dopaminergic neurons of the SNpc, it would
be important to further investigate interactions between a-synuclein and mito-QC in a model that better
recapitulates this neuronal environment. Accordingly, | generated a neuronal model through
differentiation of SH-SY5Y cells that can be used for future work. In this study, | characterised how
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perturbations in a-synuclein expression impacted neuronal phenotype in differentiated cells, finding that
overexpression of a-synuclein A53T, but not wild-type, reduced neuronal morphology and expression of
neuronal markers. Interestingly, a-synuclein knockout cells showed a similar but less exaggerated
phenotype, suggesting that defects in neuronal differentiation in both cell lines may be explained by loss
of physiological a-synuclein activity. This provides insight into a-synuclein’s role in neuronal
development.
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Definitions and Abbreviations

Definitions and Abbreviations

AAL e amino acid

AB i, amyloid-beta

AcetylCoA ....cvvvviieieanee, acetylcoenzyme A

AD i, Alzheimer’s disease

ADP .o, adenosine diphosphate

ALS ..o, amyotrophic lateral sclerosis
AMPK ..o, AMP-activated protein kinase
AJO i, antimycin A/oligomycin
APP..e amyloid precursor protein

AL e, autophagy-related protein

AtET6L .o, Atg16-like protein

ATP e, adenosine triphosphate

BAD ..ol Bcl-2-associated death promoter
BafAT .o, bafilomycin A1

BAK. .o, Bcl-2 antagonist/killer 1

BAX e, Bcl-2-associated X-protein

BCA .o bicinchoninic acid

BCL-2 ceviiiiiiiiiiiiiiireeean, B-cell lymphoma 2

BDNF ..., brain-derived neurotrophic factor
BNIP (i, BCL-2/adenovirus E1B 19kDa protein-interacting protein 3
BSA...ooiiiiiiii bovine serum albumin

=] 2PN bortezomib

Ca i calcium ion

CAMP ..o, cyclic adenosine monophosphate
CCCP e carbonyl cyanide m-chlorophenyl hydrazone
ClLueie e cardiolipin

CMA e, chaperone-mediated autophagy
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Definitions and Abbreviations

CO; et carbon dioxide

COA e coenzyme A

Complex| ooivieiiininnennennns NADH/ubiquinone oxidoreductase
Complexl..ieeeieieennannss succinate dehydrogenase
Complexl..ceeeeenieannannnn. ubiquinone/cytochrome c oxidoreductase
Complex IV ...oeeveeeeeannns cytochrome c oxidase

07010 S coenzyme Q

COoXll e cytochrome c oxygenase subunit 2
CYLC e cytochrome C

DAMPS ...ccivviiiiiiiiiiean, damage-associated molecular patterns
DAPI .o, 4’, 6-diamidino-2-phenylindole

DAT ..o, dopamine transporter

DHAP ..o, dihydroxyacetone phosphate
DMEM...ccoiiiiiiiiiiiiireeen, Dulbecco’s modified eagle medium
DMSO..ciiiiiiiiiiiiiiriean, dimethyl sulfoxide
DNA...c e, deoxyribonucleic acid

DPBS ..o, Dulbecco’s phosphate buffered saline
[ ] o}t dynamin-related protein 1
@ electron

BT s ubiquitin activating enzyme

E2 e ubiquitin conjugating enzyme

E3 ubiquitin ligase
ETDA...ciiieiiereen, ethylenediaminetetraacetic acid

ER e endoplasmic reticulum

ERK. e, extracellular-signal-related kinase
ETC.eeiiieieeieeeeeeeans electron transport chain

EV ., empty vector

FA o, fatty acid
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Definitions and Abbreviations

F-actin...ccoovvviiiiiniiinnninn. filamentous actin

FAD(H) ceuevniiiiiiiieeiennnen, flavin adenine dinucleotide (hydrogen)
FBS.oiiiiiiiiiiiiiici, fetal bovine serum

FIP200 e, focal adhesion kinase family interacting protein of 200kDa
FKBP8...ovieiiieiieeieaneen, FK506-binding protein 8

FRET oo, fluorescence resonance energy transfer
FUNDCT ..o FUN14 domain-containing protein 1

GAP e glyceraldehyde-3-phosphate

GAPDH ..o glyceraldehyde 3-phosphate dehydrogenase
GAP43 ... growth associated protein 43
GDP.eeeieieeeeeeea guanosine diphosphate

GFP e green fluorescent protein

8RNA L, guide RNA

GSKS3B weiviiiiiiiiineieeiennns glycogen synthase kinase 33
GTP.iiiiirrer e guanosine triphosphate

GWAS ... genome-wide association study

[ proton

O TN water

[ DL O hydrogen peroxide

HCl. e hydrochloric acid

HD oo Huntington’s disease

HIV s human immunodeficiency virus

IMM L inner mitochondrial membrane

IMS . intermembrane space

iIPSC e, induced pluripotent stem cell

(O] potassium chloride

LAMPT i, lysosomal-associated membrane protein 1
LB i, Lewy body
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Definitions and Abbreviations

LCSiiii e, microtubule-associated protein light chain 3
LD, lipid droplet

L-DOPA....ccoteiiiirireennnn, L-3, 4-dihydroxyphenylalanine

MAGIC ..., mitochondria as guardian in cytosol

MAMS ..o mitochondria-associated membranes

MAPL ..o, mitochondrial-anchored protein ligase

MCU e, mitochondrial Ca?* uniporter
MDV..ooiiiiiiiiieeeceeeee, mitochondrial-derived vesicle

MFf e mitochondrial fission factor

MFNT oo mitofusin 1

MFN2 i mitofusin 2

MiFO ceeeniiiiiiiiiicicieen mitochondrial rho GTPase
Mito-QC...covviviiiiieieanee, mitochondrial quality control

MPTP e, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRBRNA .., messenger RNA

MIDNA....ccoiiiiii, mitochondrial DNA

MTORCT i, mechanistic target of rapamycin complex 1
MPTP e, mitochondrial permeability transition pore
MEUPR ., mitochondrial unfolded protein response
NAC ... nascent polypeptide-associated complex
NAD(H) «eeeeeeieieieeieenee, nicotinamide adenine dinucleotide (hydrogen)
NaOH ....cccoviiiiiiiiieanee, sodium hydroxide

NDP52 ..o, nuclear dot protein 52

NEAA .. non-essential amino acids

NIX e, NIP3-like protein X

NMR ., nuclear magnetic resonance

O v oxygen

O v superoxide anion
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Definitions and Abbreviations

OCR. . oxygen consumption rate

OH e, hydroxyl radical

OMM. i, outer mitochondrial membrane
(0] o - 1t I optic atrophy 1

OXPHOS ..., oxidative phosphorylation

PAMPS ..., pathogen-associated molecular patterns
PARL ..ot presenilin-associated rhomboid-Llike protein
PBS.. s phosphate buffered saline

PCR . polymerase chain reaction

PD i, Parkinson’s disease

PDH ..o, pyruvate dehydrogenase
PDL.uoeiiiiiiiiiieirii e, poly-D-lysine

PE. .o, phosphatidylethanolamine

PEl oo, polyethylenimine

PFA .o, paraformaldehyde

Pi e, phosphate group

[ 1T phosphatidylinositol 3-phosphate
PINKT Looviiiiiiiiiiiiiie, PTEN-induced kinase 1

PKC e, protein kinase C

PP2A. ..o, protein phosphatase 2A

P/S. e penicillin/streptomycin

PST129 i, phospho-serine

PTM s post-translational modification
PUD il phospho-ubiquitin
PUDbSB5...ccciiiiiiieieanee, phospho-ubiquitin serine 65
PVDF .., polyvinylidene difluoride

RA .o retinoic acid

Rab1 ..o, Ras-associated binding protein 1
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retinoic acid receptors
retinoic acid response elements
relative light units
radioimmunoprecipitation assay
ribonucleic acid
region of interest
reactive oxygen species
retinoid X receptors
sodium dodecyl sulfate

synaptosomal-associated protein 29

soluble N-ethylmaleimide-sensitive factor activating protein

receptor

a-synuclein gene

a-synuclein knockout
substantia nigra pars compacta

sorting nexin 3

stochastic optical reconstruction microscopy

succinyl coenzyme A
tubulin-associated unit protein
Tax1-binding protein 1
Tris/borate/EDTA buffer
Tris-buffered saline

thioflavin T

translocase of the inner membrane
tetramethylrhodamine

translocase of the outer membrane
ubiquitin
unc-51-like-autophagy-activating kinase 1
ubiquitin/proteasome system
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VAMPS ..., vesicle-associated membrane protein 6

V-ATPase .....ccceevvvvnvinnnnenn vacuolar H+ ATPase

VDAC ..o, voltage-dependent anion channel

VPS. .o vacuolar protein sorting protein

WIPI2 ..o, WD repeat domain phosphoinositide-interacting protein 2
WT e, wild-type

6-OHDA ... 6-hydroxydopamine/2,4,5-trihydroxyphenethylamine
JAN o o o N mitochondrial membrane potential
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Chapter1 Introduction

Disclaimer: parts of this work have been published as Thorne, N. J and Tumbarello, D. A. (2022).
The relationship of alpha-synuclein to mitochondrial dynamics and quality control. Front. Mol.

Neurosci. 15: 947191. doi: 10.3389/fnmol.2022.947191

Cell homeostasis is the dynamic, self-governed process by which cells regulate and
maintain efficient function. This is facilitated by the ability of individual organelles to adapt to
changes in external conditions and integrate their functions to drive cell survival (Billman, 2020).
A key element of cell homeostasis is the regulation of bioenergetics, since energy output must
be modulated based on both nutrient input and the cell’s metabolic requirements, which are
ever-changing. This is controlled by mitochondria; organelles most well-characterised as the
“powerhouses” of the cell which are essential for the production of energy in almost all
eukaryotic cells (Cooper, 2000). By generating the energy molecule adenosine triphosphate
(ATP), mitochondria provide fuel for all metabolic reactions that underpin cellular activity. In
addition to their role in energy production, mitochondria act as a central signalling hub, with
regulatory roles in lipid transport, calcium (Ca®*) homeostasis, organelle communication and
apoptosis (San-Millan, 2023). Accordingly, maintaining mitochondrial function is imperative for

cell health and viability.

Alterations in mitochondrial activity have been shown to contribute to the progression of a
range of pathologies, including diabetes, cancer, neurodegeneration and cardiovascular
disease. Changes in cellular energy production are particularly important in the development of
these diseases, with alterations in mitochondrial glucose metabolism linked to both insulin
resistance in diabetes and tumorigenesis in cancer (Rhodes, 2005; Rossignol et al., 2004;
Warburg, 1956). Oxidative stress also contributes to disease pathogenesis, with excessive
production of reactive oxygen species (ROS) by dysfunctional mitochondria known to promote
cell death in neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s

disease (PD) (Balaban et al., 2005; Rangaraju et al., 2019).

31



Chapter 1

1.1 The mitochondrion

1.11 Mitochondrial structure

The essential and diverse functions of mitochondria in eukaryotic cells are facilitated by
its unique structure. Mitochondria are double-membraned entities, possessing an inner and
outer mitochondrial membrane (IMM and OMM, respectively) that are structurally and
functionally distinct, separated by the intermembrane space (IMS) (T. Rostovtseva & Colombini,
1997). The OMM is a porous phospholipid membrane that represents a boundary between the
mitochondria and the cytoplasm (Cooper, 2000). It enables free movement of ions and small,
uncharged molecules through porins and mediates mitochondrial import of larger proteins
through complexes such as translocase of the outer membrane (TOM) complexes (Cooper,
2000; Pitt & Buchanan, 2021). In contrast, the IMM is much less permeable, acting as a
functional barrier between the IMS and the innermost part of the mitochondria, the matrix. The
IMM is a membrane highly folded into structures called cristae, where ATP production occurs
through the electron transport chain (ETC); a series of 4 respiratory complexes that generate a
mitochondrial membrane potential (AWm) across the IMM through oxidative phosphorylation
(OXPHOS) (Kihlbrandt, 2015). The selectivity of this membrane is crucial to maintain this
electrochemical gradient between the IMS and the matrix, which directly facilitates the
generation of ATP. The matrix is a protein-dense compartment where many enzymatic reactions
occur alongside regulatory processes like (DNA) replication, translation and protein synthesis
(Kuhlbrandt, 2015). Initially evolved from the engulfment of proteobacteria by the ancestors of
modern eukaryotes, mitochondria possess their own genetic material in the form of
mitochondrial DNA (mtDNA) (Lane & Martin, 2010). MtDNA exists as circular chromosomes
inside the matrix, encoding 13 mitochondrial proteins that comprise subunits of the respiratory
complexes involved in OXPHOS (Taanman, 1999). Together, these mitochondrial compartments

enable the production of ATP (Figure 1).
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Figure 1: Schematic of the main structural features of mitochondria

The mitochondrion is a double-membraned organelle with distinct structural and functional features. The
innermost compartment is the matrix, containing mtDNA, enzymes and ribosomes. This is separated from
the intermembrane space (IMS) by the inner mitochondrial membrane (IMM) that forms folded cristae,
which are the site of OXPHOS where electron transport chain complexes are embedded. The IMS is
separated from the cytoplasm by the outer mitochondrial membrane (OMM) which facilitates mitochondrial

import through transporters and ion channels.
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1.1.2 Mitochondrial function

1.1.21 ATP production

The role of mitochondria as the main energy producers of the cell makes them essential
for cell metabolism. The majority of mitochondrial energy production occurs through OXPHOS,
responsible for the generating approximately 90% of all cellular ATP (Cooper, 2000). This relies
on energy from electron donors that are produced by the processing of acetyl coenzyme A
(acetyl CoA) through the Krebs cycle (Krebs & Johnson, 1937, 1980). One of the main substrates
for this cycle is pyruvate, a product of glucose metabolism that occurs outside the mitochondria
(Cooper, 2000). The co-ordination of these three processes optimises mitochondrial ATP

production.

1.1.2.1.1 Glycolysis

Occurring in the cytoplasm, glycolysis is the pathway responsible for the metabolism of
glucose through a series of enzymatic reactions (Cooper, 2000; Lenzen, 2014). This process
generates 2 molecules of ATP anaerobically, but its primary function is to facilitate aerobic ATP

production by forming 2 molecules of pyruvate for the Krebs cycle.

Firstly, the hydroxyl group on carbon-6 of glucose is phosphorylated by hexokinase to
generate glucose-6-phosphate, using one molecule of ATP. This is converted to fructose-6-
phosphate by phosphoglucose isomerase, which is further phosphorylated at carbon-1 by
phosphofructokinase-1 to form fructose-1,6-bisphosphate. Fructose-1,6-bisphosphate is then
processed by aldolase into 2 smaller molecules, using another molecule of ATP:
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP). DHAP is further
processed into another GAP molecule by triosephosphate isomerase. These GAP molecules are
converted into 2 1,3-biphosphoglycerate molecules by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) by oxidation and phosphorylation by inorganic phosphate (P;). This
process reduces 2 molecules of the cofactor nicotinamide adenine dinucleotide (NAD+),
generating 2 molecules of NADH which are fed into OXPHOS. The 2 1,3-biphosphoglycerate
molecules are converted to 2 molecules of 3-phosphoglycerate by phosphoglycerate kinase,
with the removal of a phosphate group from each enabling the generation of 2 molecules of ATP
from adenosine diphosphate (ADP). The 3-phosphoglycerate molecules are both isomerised to
2-phosphoglycerate by phosphoglycerate mutase. Reduction of 2-phosphoglycerate molecules
by enolase generates 2 molecules of phosphoenolpyruvate. In the final step, 2 molecules of
pyruvate are formed by pyruvate kinase, with the removal of phosphate groups enabling the

production of 2 more molecules of ATP (Figure 2).
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The overall outputs from the breakdown of one glucose molecule by glycolysis are 2

molecules of ATP, 2 molecules of pyruvate to be used in the Krebs cycle and 2 molecules of

NADH to be used as electron donors in the mitochondrial ETC. Under anaerobic conditions,

pyruvate is catalysed to lactate which oxidises a molecule of NADH, providing NAD+ for further

glycolytic reactions.
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Figure 2: Schematic showing steps of the glycolysis pathway

Glycolysis describes the process of converting glucose into pyruvate which occurs in the cytoplasm.

Each glucose molecule generates 2 net molecules of ATP, alongside 2 molecules of pyruvate which

enter the Krebs cycle and 2 molecules of NADH which act as electron donors in OXPHOS.
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1.1.2.1.2 Krebs cycle

Though glycolysis generates 2 molecules of NADH, the main production of electron
donors for OXPHOS occurs through the Krebs cycle (Krebs & Johnson, 1937, 1980). The Krebs
cycle occurs in the mitochondrial matrix and starts with the pyruvate molecules generated by
glycolysis, which must first be actively transported from the cytoplasm into mitochondria
through the pyruvate translocase transporter. Once inside the matrix, pyruvate is first converted
to acetyl coenzyme A (acetyl CoA) by the action of enzymes within the pyruvate dehydrogenase
complex (PDH). Acetyl CoA represents the main substrate for the Krebs cycle (Alberts et al.,

2002).

Firstly, acetyl CoA is reduced by citrate synthase to form citrate, which is isomerised by
aconitase to isocitrate. Isocitrate is then decarboxylated to form a-ketoglutarate by the action of
isocitrate dehydrogenase, producing carbon dioxide (CO,) and reducing NAD+ to NADH.
Another decarboxylation step occurs by a-ketoglutarate dehydrogenase, again producing CO,
and NADH alongside succinyl coenzyme A (succinyl CoA). Succinyl CoA is then hydrolysed to
form succinate by succinyl CoA synthase, which also phosphorylates ADP to ATP or guanosine
diphosphate (GDP) to guanosine triphosphate (GTP), respectively. Succinate is oxidised to
fumarate by complex Il of the ETC, succinate dehydrogenase, which also results in the
reduction of flavin adenine dinucleotide (FAD+) to FADH,. Fumarate is hydrated to malate by
fumarate hydratase, which is converted to oxaloacetate by malate dehydrogenase, generating
another molecule of NADH. Oxaloacetate is then reduced to citrate by citrate synthase, and

then begins the cycle again.

From each molecule of pyruvate, the cycle generates 2 molecules of ATP and 4
molecules of CO, alongside 2 molecules of FADH, and NADH to be fed into the mitochondrial

ETC as electron donors (Figure 3) (Alberts et al., 2002).
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Figure 3: Schematic showing steps of the Krebs cycle
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The Krebs cycle is a process that occurs inside the mitochondria and converts pyruvate from

glycolysis into electron donors to be used for OXPHOS. Each pyruvate molecule generates 2 ATP

molecules and 4 CO, molecules alongside electron donors, 2 molecules of FADH; and 6 molecules of

NADH. These go on to participate in OXPHOS.
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1.1.2.1.3 The ETC and OXPHOS

A series of respiratory complexes embedded in the IMM comprise the ETC which
facilitates OXPHOS, with the transfer of electrons through these proteins generating the
electrochemical gradient required for production of ATP by the ATP synthase pump (Figure 4).
The electrons used in this process originate from electron donors in the matrix generated by

glycolysis and the Krebs cycle: NADH and FADH..

Firstly, NADH/ubiquinone oxidoreductase (complex |) generates NAD+ from NADH
molecules and succinate dehydrogenase (complex Il) generates FAD+ from FADH, molecules.
Both these processes facilitate the entry of free electrons into the ETC, which are passed to the
cofactor protein coenzyme Q (CoQ). CoQ is reduced to ubiquinol, enabling transport of
electrons to the next complex, ubiquinone/cytochrome c oxidoreductase (complex lll). In this
complex, electrons are accepted by the heme group of the peripheral membrane protein
cytochrome c, which carries electrons to the final component of the ETC, cytochrome c oxidase

(complex IV) (Cooper, 2000).

As well as transporting electrons, respiratory complexes |, lll and IV act as H+ ion (proton)
pumps that move protons across the IMM from the mitochondrial matrix to the IMS, generating a
huge difference in proton concentration between these two compartments that generates a pH
difference of approximately 0.75. Movement of protons creates an electrochemical gradient
across the IMM that generates AWm with a voltage of approximately 140-180mV (Bagkos et al.,
2014; Kuhlbrandt, 2015). This gradient drives the generation of ATP through the final protein
embedded in the IMM: ATP synthase. The ATP synthase pump is made up of two main
components: Fgand Fq. The Fy subunitis embedded in the IMM and provides a channel to enable
the flow of protons from the high-proton IMS back to the low-proton matrix. This ion movement
is coupled to rotation of the F; subunit, which is structurally bound to F, but resides in the
matrix. This rotation induces a conformational change that facilitates binding of ADP and P; to
generate ATP. ATP can then be transported out of the matrix through mitochondrial ADP/ATP
carriers, and through the OMM by voltage-gated anion channels (VDAC) into the cell cytoplasm
(Ruprecht et al., 2019; Varughese et al., 2021).
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Figure 4: Schematic representation of the electron transport chain

OXPHOS occurs through a series of embedded proteins in the IMM known as the electron transport
chain. Electrons from acceptors NADH and FADH, are transported through these complexes, generating

a proton gradient that drives rotation of the ATP synthase pump, which generates ATP
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1.1.2.2 Other cellular functions

Alongside the production of energy, mitochondria participate in a range of cellular functions

that facilitate homeostasis, as summarised in Figure 5.

Lipid
transport

ER
Energy Ca,.
production
Ca,.
Ca..
Cell Cas,
Signa"ing mtDNA Caz

i Ca,, homeostasis

AIF  Apoptosis

Figure 5: Schematic showing mitochondrial functions across the cell

Mitochondria have a range of cellular functions. This includes energy production inside the
mitochondria which produce ATP, but also produce ROS for cell signalling. Signalling can also occur
through Ca?*, which can be buffered from the cytosol and taken up from the ER. Lipid transport
occurs from the ER to the mitochondria, where phospholipids like cholesterol (chol) and
phosphatidylserine (PS) become part of mitochondrial membranes. Mitochondria also take part in
lipid storage through lipid droplets (LDs). They can also signal apoptosis triggered by BAX and BAK,

leading to release and activation of pro-apoptotic signals.

40



Chapter 1

1.1.2.2.1 Calcium homeostasis

Mitochondria play a crucial role in maintenance of Ca* homeostasis (Rizzuto et al.,
2000). Ca?*is a vital messenger that is involved in a variety of pathways, facilitating extremely
fast signals such as synaptic transmission, as well as processes mediated over a longer time
period, such as cell proliferation and migration (Santo-Domingo & Demaurex, 2010). In addition
to controlling intracellular signalling, Ca?* also enables communication between cells. Ca®*-
mediated exocytosis occurs in a range of cells, for example, the secretion of hormones from
endocrine cells and of neurotransmitters from neurons (Stdhof, 2012). In excitable cells such
as neurons and cardiac myocytes, Ca* is also involved in the generation of action potentials
that facilitate neuronal signalling (Catterall, 2011). Given its range of functions, regulation of

intracellular Ca?" is vital.

The ability of Ca® to act as such a versatile messenger is results from differences in Ca*
concentration between cellular compartments, generated by a range of channels able to permit
Ca? transport in both organelle and plasma membranes (Zu & Reiser, 2011). Accordingly,
mechanisms to control and regulate levels of cytosolic Ca*" are extremely important. The major
site of Ca?* storage is the endoplasmic reticulum (ER), but mitochondria are able to take up Ca**
ions from the cytosol through the mitochondrial Ca®* uniporter (mCU) (Santo-Domingo &
Demaurex, 2010). This enables mitochondria to act as a buffer against high intracellular Ca*
levels, helping to shape and regulate Ca* signalling. An increase in Ca®* concentration in the
mitochondrial matrix directly enhances respiration rate by activating a number of Ca*'-
dependent enzymes involved in the Krebs cycle as well as the ATPase pump (Maechler &
Wollheim, 2001; Santo-Domingo & Demaurex, 2010). As such, mitochondrial Ca?* ensures that

synthesis of ATP is tuned to the cell’s energetic requirements (McCormack & Denton, 1989).

1.1.2.2.2 Regulation of apoptosis

Intracellular Ca?* levels can also convey life or death signals to mitochondria, which
have a role in regulating apoptosis (Tait & Green, 2010). In circumstances of poor cell health,
two members of the apoptosis-regulating B-cell lymphoma 2 (BCL-2) family, BCL-2-associated
X (BAX) and BCL-2 antagonist/killer 1 (BAK), form pores in the OMM (Singh et al., 2019; Yamazaki
& Galluzzi, 2022). This occurs primarily at mitochondrial contacts with the ER known as
mitochondrial-associated membranes (MAMs), increasing the mobilisation of Ca* from its ER
stores to mitochondria, causing an overload of mitochondrial Ca®* (Sukumaran et al., 2021).
This can result in prolonged opening of the mitochondrial permeability transition pore (mtPTP),
meaning the selectivity of the IMM is lost and thus the AWm (Kidd et al., 2002). Subsequent

mitochondrial swelling leads to rupture of the OMM, initiating the release of a range of pro-
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apoptotic factors into the cytosol, such as cytochrome C and apoptosis-inducing factor (AlF),

that activate caspases and result in cell death (Martinou et al., 2000).

1.1.2.2.3 Lipid transfer & storage

Mitochondria also have a regulatory relationship with cellular lipids. Since mitochondrial
membranes are constantly being remodelled, mitochondria must import lipids from other
cellular compartments such as the ER to facilitate this (Talari et al., 2023). In addition to this,
mitochondria have a role in lipid storage. Fatty acids are stored in the cell as triacylglycerol and
packaged into dynamic organelles known as lipid droplets (LDs). LDs have been shown to
represent an important energy reserve, which is particularly important in cases of nutrient
deprivation. Mitochondria are able to bind LDs, where they can utilise these fatty acids through
B-oxidation, generating acetyl CoA that can be processed via the Krebs cycle (Olzmann &
Carvalho, 2019). In addition, mitochondria have been shown to promote both fatty acid
oxidation and synthesis of triacylglycerides, suggesting that they can enhance fatty acid storage

(Benador et al., 2018; Talari et al., 2023).

1.1.2.24 Organelle communication

Another important aspect of mitochondrial function is communication with other
organelles. As discussed, mitochondria have extensive contacts with the ER at MAMs,
facilitating lipid transfer, Ca?* signalling and regulation of apoptosis. Alongside this,

mitochondria also have crosstalk with a range of other organelles, as summarised in Table 1.
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Table 1: Summary of communication between mitochondria and other organelles

Organelle Mitochondrial function Reference

ER Modulation of Ca*" signalling; regulation of (Ronayne & Latorre-
apoptosis Muro, 2024)

Golgi apparatus | Ca? buffering (Dolman et al., 2005)

acids in nutrient deprivation

Nucleus Supply of metabolites for epigenetic (Shteinfer-Kuzmine et
modifications; regulation of gene expression al., 2021)

Lysosomes Regulation of lysosomal activity; regulation of (Wongetal., 2019)
lysosome and mitochondrial dynamics

LDs Synthesis of triacylglycerides; oxidation of fatty (Benador et al., 2018;

Talari et al., 2023)

Peroxisomes

Peroxisome biogenesis; maintaining lipid balance;

maintaining redox balance; immune signalling

(Fransen et al., 2017)
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1.2 Mitochondrial quality control

Given that mitochondria are responsible for such a wide range of important cellular
processes, they are indispensable for regulating cell homeostasis. Therefore, maintaining
effective mitochondrial function is vital. To ensure mitochondria stay healthy, they can assess
damage by self-surveillance and have a range of mitochondrial quality control (mito-QC)
mechanisms that they can co-ordinate at steady state and can upregulate in response to both

localised and accumulated stress (Figure 6) (Eisner et al., 2018; Roca-Portoles & Tait, 2021).
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Figure 6: Schematic showing mitochondrial quality control systems

Mitochondrial quality control mechanisms occur at steady state and can be upregulated in response
to increasing levels of damage. The first line of defence is degradation of individual damaged
proteins by mitochondrial proteases and the proteasome (a). The next level of mito-QC occurs
through MDVs, which can encapsulate groups of damaged proteins and fully formed complexes, and
can traffic to the lysosome for degradation (b). As a last resort in circumstances of excessive damage,

mitophagy can be triggered to degrade the entire organelle (c).
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1.2.1 Mitochondrial dynamics

Healthy mitochondria form an interconnected network, and mitochondrial dynamics
refers to the constant remodelling of this network by dynamin-like GTPases (Youle & Van Der
Bliek, 2012). These morphological changes are driven by mitochondrial function and are co-

ordinated by two main processes: fission and fusion (Figure 7).

1.2.1.1 Mitochondrial fusion

Mitochondrial fusion is driven by energy demand and enables the unification of several
mitochondria into a single organelle (Youle & Van Der Bliek, 2012). This facilitates mitochondrial
complementation, often occurring between one defective and one healthy organelle. This fusion
event enables damaged organelles to regain functional mitochondrial components, enhancing
the oxidative capacity of the resulting organelle (Detmer & Chan, 2007; Youle & Van Der Bliek,
2012). Mitochondria are trafficked towards each other along the cytoskeleton prior to merging of
both the IMM and OMM, which occur by mechanistically distinct processes (Huang et al., 2023;
Meeusen et al., 2004). At the OMM, this is co-ordinated by the GTPases mitofusin 1 and 2 (Mfn1
and Mfn2) which tether to the membrane and hydrolyse GTP to facilitate fusion (Ryan &
Stojanovski, 2012). At the IMM, fusion occurs by another large GTPase, optic atrophy 1 (Opa1),

which is dependent on AWm and also regulates the morphology of cristae (Olichon et al., 2003).

1.2.1.2 Mitochondrial fission

Mitochondrial fission is the splitting of a single mitochondrion into 2 daughter organelles
and is an important prerequisite for the removal of dysfunctional mitochondria by mitophagy,
since it enables sequestration of damaged mitochondrial contents (Westermann, 2012). This
process occurs through the GTPase dynamin-related protein 1 (Drp1), which is recruited to
mitochondria by a combination of molecules, including mitochondrial fission factor (Mff). Drp1
molecules bind together to form a ring that encircles and constricts mitochondria using energy
from the hydrolysis of GTP to cleave them into two (Bleazard et al., 1999; Friedman & Nunnari,

2014; Legesse-Miller et al., 1953).
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Figure 7: Schematic showing mitochondrial dynamics

Mitochondria are dynamic organelles with constant changes in morphology, controlled by mitochondrial
dynamics which refers to fission/fusion events. Mitochondrial fission refers to the splitting of a single
organelle into 2 daughter mitochondria by the concentric ring activity of Drp1 that facilitates
mitochondrial membrane scission. Mitochondrial fusion refers to the merging of 2 individual
mitochondria into a single organelle through the action of fusion regulators Mfn2 at the OMM and Opal

at the IMM.

1.2.2 Antioxidant enzymes

The role of mitochondria in ATP synthesis increases their exposure to ROS, which form
as by-products of OXPHOS due to the partial reduction of molecular oxygen (O,). This produces
high levels of both the superoxide anion (O2) and the hydroxyl radical (OH"), which can cause
oxidative stress and mitochondrial damage by disrupting mitochondrial protein structure and
mutating mtDNA (Nita & Grzybowski, 2016). To combat this, mitochondria possess various
antioxidant enzymes which act as afirst line of defence against ROS (Brillo et al., 2021). These

include superoxide dismutase, catalase and glutathione peroxidase which scavenge excess
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ROS and catalyse their conversion into less reactive species, such as hydrogen peroxide (H,O5)
(Matés J, 1999; Yang & Lian, 2020). As well as removing mitochondrial ROS, these enzymes
provide mitochondria with a redox buffering ability that allows the quenching of cytosolic H,0,
to ease cellular oxidative stress (JeZzek & Hlavata, 2005; Mailloux, 2018). When ROS production
exceeds antioxidant enzyme capability, damaged lipids and proteins accumulate within the
mitochondria, impacting their health and function. At this point, mito-QC systems can be
employed at the molecular level, working to ensure the correct stoichiometry and folding of

mitochondrial proteins to limit damage (Jin & Youle, 2013).

1.2.3 Proteasomal degradation & the mtUPR

Mitochondria contain a range of proteases that can degrade unfolded, misfolded or
oxidised soluble proteins directly within the organelle (Deshwal et al., 2024). Alongside this
intramitochondrial mito-QC mechanism, defective proteins can be trafficked out of
mitochondria and degraded by the ubiquitin-proteasome system (UPS) (Rodl & Herrmann,
2023). Damaged proteins can be exposed to the cytosol, where they are tagged with ubiquitin
(Ub) by the action of 3 enzymes: ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme
(E2) and ubiquitin ligase (E3). Ub acts as a degradation signal, triggering targeting of the
damaged protein to the 26S proteasome where it is degraded into small peptides (Pickart &
Eddins, 2004; Taylor & Rutter, 2011). The UPS is also responsible for removing non-imported
fractions of mitochondrial proteins and stalled intermediate proteins from OMM translocases,
upholding efficient mitochondrial import mechanisms (Bragoszewski et al., 2013; Martensson et

al., 2019).

When damaged mitochondrial proteins accumulate, mitochondrial dysfunction can
directly trigger the transcription of genes to help alleviate damage (Inigo & Chandra, 2022). This
adaptive stress response is known as the mitochondrial unfolded protein response (mtUPR),
and enables the upregulation of molecular chaperones to aid correct protein folding and
proteases to degrade those that are beyond repair (Pellegrino et al., 2014). These mechanisms

are extremely important for the removal of individual damaged mitochondrial proteins.

1.24 MDVs

The next level of mito-QC is conducted by mitochondrial-derived vesicles (MDVs);
vesicular compartments formed when small regions of mitochondrial membrane bud off from
the mitochondria (Sugiura et al., 2014). Approximately 70-150nm in diameter, MDVs have been
shown to turnover fully assembled protein complexes as well as sequester damaged

mitochondrial components (Konig et al., 2021; Neuspiel et al., 2008; Sugiura et al., 2014). Once
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formed, MDVs are trafficked away from the mitochondrion to a range of cellular targets, with the
most well-characterised being the endolysosomal system where MDV contents are digested

(McLelland et al., 2016)

MDVs exist as one of two structural subtypes: single-membraned vesicles derived from
the OMM, or double-membraned vesicles derived from the IMM (Figure 8) (Neuspiel et al., 2008;
Soubannier et al., 2012a; Soubannier et al., 2012b). Proteomics analysis of MDVs purified from
mouse brain identified MDV cargo proteins, revealing the enrichment of 72 functionally diverse
proteins and inciting speculation that any mitochondrial component could become MDYV cargo
under the right conditions (Robertson et al., 2004). The contents of a given MDV directly
influences its end destination, with OMM-derived MDVs containing mitochondria-associated
protein ligase (MAPL) shown to target peroxisomes but those containing TOM20 trafficked to
lysosomes (Neuspiel et al., 2008; Soubannier et al., 2012a; Soubannier et al., 2012b). This cargo
selectivity enables MDVs to sequester damaged proteins, with MDVs shown to be enriched for
oxidised mitochondrial components in response to oxidative stress (Soubannier et al., 2012b).
Interestingly, trafficking of TOM20-positive vesicles has been shown to be independent of
mitochondrial depolarisation, indicating that MDVs act as an early line of defence, removing
damaging components and thus reducing the likelihood that mitochondria will require more
energy-intensive mito-QC responses such as mitophagy (McLelland et al., 2014; Soubannier et

al., 2012b).
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Figure 8: Schematic showing the 2 main structural subtypes of MDVs

2 main structural subtypes of MDVs exist: those from the OMM and those from the IMM. OMM-
derived MDVs have a single membrane and often exhibit cargo selectivity for the OMM protein,
TOM20 but exclude the matrix marker, PDH. In contrast, IMM-derived MDVs have a double

membrane and exhibit cargo selectivity for PDH, but exclude TOM20.

1.2.5 Mitophagy
1.2.5.1 Macroautophagy: an overview

Autophagy refers to the process of delivering damaged cellular components to the
lysosome for degradation and recycling, enabling cells to adapt to changing conditions and
maintain homeostasis (Z. Yang & Klionsky, 2010). This occurs through several distinct
mechanisms, with small debris and specific proteins targeted by microautophagy and
chaperone-mediated autophagy (CMA) respectively, while the removal of large cellular
components and organelles is directed by the most used pathway: macroautophagy (Z. Yang &

Klionsky, 2010).

Initiation of macroautophagy is tightly controlled by the activity of unc-51-like-autophagy-
activating kinase 1 (ULK1), which is regulated by nutrient availability (Nakatogawa, 2020; Yin et

al., 2016). In nutrient-rich conditions, activity of mechanistic target of rapamycin complex 1
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(mTORC1) inhibits ULK1, suppressing autophagy in healthy cells (Hosokawa et al., 2009).
However, in response to nutrient deprivation, mTORC1 is downregulated and AMP-activated
protein kinase (AMPK) becomes active, phosphorylating ULK1 and initiating autophagy to
combat cell stress (Dunlop et al., 2011). Subsequently, a complex formed of ULK1, focal
adhesion kinase family interacting protein of 200kDa (FIP200), autophagy-related protein (Atg)
13 (Atg13) and Atg101 translocates to autophagy initiation sites to promote formation of the
autophagosome precursor membrane, the phagophore (Zachari & Ganley, 2017). Another
protein complex, comprised of vacuolar protein sorting protein (VPS) 34 (VPS34) and Beclin-1,
facilitates nucleation of this membrane by producing the phospholipid phosphatidylinositol 3-
phosphate (PI3P) (Z. Yang & Klionsky, 2010). PI3P recruits members of the Atg8 protein family
that are required for elongation and maturation of autophagosomes, such as microtubule-
associated protein light chain 3 (LC3) (Nakatogawa, 2020). In addition, PI3P acts as a lipid signal
to bind other autophagy-promoting proteins such as WD repeat domain phosphoinositide-
interacting protein 2 (WIPI12) which recruit Atg16-like protein (Atg16L), Atgb and Atg12 that are
responsible for the conjugation of cytosolic LC3-I to phosphatidylethanolamine (PE) in the
autophagosome membrane, forming lipidated LC3-Il (Kabeya et al., 2000; Zachari & Ganley,
2017). Autophagosomes are trafficked to lysosomes via motor proteins, with autophagosome-
lysosome fusion co-ordinated by Rab7 and facilitated by soluble N-ethylmaleimide-sensitive

factor activating protein receptor (SNARE) complexes (Wang et al., 2016; Yin et al., 2016).

1.2.5.2 Mitophagy

A type of macroautophagy specific to mitochondria, mitophagy is triggered upon
excessive oxidative stress. Mitochondria experience alterations in membrane permeability that
induce loss of the AWm, disrupting OXPHOS and triggering sequestration of the organelle inside
an autophagosome, co-ordinated by a range of autophagy proteins as described in 1.2.5.1 (Zang
& Klionsky, 2010). Following autophagosome-lysosome fusion, mitochondrial contents are
degraded and recycled back to the cell. Removal of whole damaged mitochondria by mitophagy
prevents the expansion of damage to the rest of the cell and is reserved for inordinate levels of
stress due to the high energy demand it requires both to co-ordinate mitophagy and to replace
the eliminated mitochondria (Cadete et al., 2016). The most well-characterised pathway occurs
through Ub-mediated mitophagy, co-ordinated by PTEN-induced putative kinase 1 (PINK1) and
Parkin (Allen et al., 2013; Ke, 2020).
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1.2.5.3 PINK1/Parkin-dependent mitophagy

PINK1 is a mitochondrial-targeted serine/threonine kinase that is rapidly degraded under
physiological conditions, but accumulates on the OMM in response to loss of AWm (Rub et al.,
2017). This accumulation enables PINK1 to phosphorylate Ub on its serine 65 residue (pUb S65),
triggering the mitochondrial recruitment of the E3 enzyme, Parkin (Narendra et al., 2010; Rub et
al., 2017). PINK1 can then phosphorylate the serine 65 residue of Parkin’s Ub-like domain,
activating its enzymatic activity and thus facilitating ubiquitylation of proteins on the OMM
(Koyano et al., 2014; Narendra et al., 2008; Narendra et al., 2010). Parkin’s activity can be
further enhanced by binding pUb S65, which increases the phosphorylation of Parkin’s Ub-like
domain by PINK1 (Wauer et al., 2015). This combined action of PINK1, Parkin and pUb S65
facilitates the addition of polyubiquitin chains to mitochondrial proteins. Links between these
chains on the OMM and Atg8 family proteins on the surface of the autophagosome are directly
mediated by autophagy receptors such as nuclear dot protein 52kDa (NDP52), optineurin and
Tax1-binding protein 1 (TAX1BP1) (Lazarou et al., 2015; Ryan & Tumbarello, 2018). Tethering of
these membranes facilitates engulfment of the mitochondrion by the autophagosome and
subsequent degradation by the endolysosomal system (Stolz et al., 2014). This process is

summarised in Figure 9.
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Figure 9: Schematic showing the mechanisms of PINK1/Parkin-dependent mitophagy

PINK1/Parkin-dependent mitophagy can be triggered upon loss of mitochondrial membrane
potential (AWm). At steady state (a), PINK1 is recruited to mitochondria. It enters through the TOM
complex and its N-terminus is transferred to the IMM where it is cleaved and degraded in the cytosol
by the proteasome. Upon depolarisation (b), PINK1 accumulates on the OMM, dimerises and
autophosphorylates instead of being degraded. The kinase activity of PINK1 phosphorylates ubiquitin
and Parkin at serine 65, activating Parkin’s E3 ubiquitin ligase activity. Parkin facilitates the formation
of ubiquitin chains, which are further phosphorylated by PINK1. Autophagy receptors such as
optineurin (OPTN) contain both ubiquitin- and LC3-binding domains, allowing the mitochondria and
autophagosome to be tethered together, facilitating engulfment and degradation of the damaged

organelle.

1.2.5.4 PINK1/Parkin-independent mitophagy

Mitochondrial clearance can also be co-ordinated via Ub-independent mechanisms,
such as through receptors and lipids. Receptor-mediated mitophagy occurs through autophagy
receptors embedded in the OMM that can directly bind autophagosomal GABARAP and LC3,
such as FUN14 domain-containing 1 (FUNDC1), FK506-binding protein 8 (FKBP8), BCL-
2/adenovirus E1B 19kDa protein-interacting protein 3 (BNIP) and NIP3-like protein X (NIX)
(Bunker et al., 2023; Liu et al., 2012). FUNDC1 and BNIP have both been shown to specifically

mediate mitophagy induced by hypoxic conditions (Liu et al., 2012; Quinsay et al., 2010).

Lipid-mediated mitophagy can be co-ordinated by the phospholipid, cardiolipin (CL). CL
is found in the IMM, forming approximately 20% of its total phospholipid mass (Horvath & Daum,
2013). Due to its unsaturated fatty acyl chains, CL is particularly sensitive to oxidative stress,
which underpins its role as a regulator of mitophagy. Oxidised CL is redistributed from the IMM
to the OMM, where it is externalised and can be directly recognised by autophagosomal LC3 to
initiate mitophagy (Chu et al., 2013). In addition, mitophagy can be further promoted by the
autophagy regulator, Beclin1, which preferentially binds CL-rich membranes (Huang et al.,

2012).
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1.3 Consequences of dysfunctional mito-QC

Mitochondrial dysfunction is a key driver of a range of diseases, including heart failure,
diabetes, human immunodeficiency virus (HIV) infection and neurodegenerative disease (Hong
etal., 2024). Since mito-QC mechanisms are essential to maintain mitochondrial health,
defects in the effectiveness of these pathways have been suggested as factors leading to
mitochondrial dysfunction. This is particularly true in age-associated diseases since
mitochondrial health and respiratory capacity has been shown to decrease as we age, meaning
efficient mito-QC systems are of even more importance (Conley et al., 2000; Santanasto et al.,

2015).

1.3.1 Mito-QC in disease

In the case of heart failure, dysregulated mitochondrial dynamics are considered a
hallmark of the disease (Hinton et al., 2024). An increase in mitochondrial fragmentation is
triggered in cardiomyocytes as a result of an upregulation of the fission protein, Drp1, and a
downregulation of the fusion proteins, Mfn2 and Opa1 (Sabbah et al., 2018). Fragmentation of
mitochondria as a result of disrupted fission and fusion has been shown to induce a form of
dilated cardiomyopathy and death in mouse models (Wai et al., 2015). This is likely due to the
reduced respiratory capacity of the mitochondrial network. Dysfunctions in mitochondrial

dynamics therefore contribute to the induction of heart failure.

Mitochondrial dynamics are also impacted by HIV, since the virus’ envelope protein has
been shown to directly interfere with expression of fission/fusion proteins (Fields et al., 2016). In
addition, HIV increases the sensitivity of T-lymphocytes to changes in AWm, making them prone
to mitochondrial-mediated apoptosis (Arnoult et al., 2003). This causes depletion of key cells
required for the immune response, such as macrophages and monocytes (Février et al., 2011).

In this case, altered mitochondrial dynamics contribute to a weakened immune response.

Imbalances in mito-QC have also been shown to be important for the development of
cancer, since cancerous cells exhibit alterations in mitochondrial respiratory capacity
(Warburg, 1956). Elevated levels of the mitochondrial chaperone, heat shock protein 70
(HSP70), are associated with many cancers, and it has been shown to promote tumorigenesis
through its role in inhibiting BAX in mitochondria-mediated apoptosis (Juhasz et al., 2014;
Kondrikov et al., 2015). PINK1/Parkin-dependent mitophagy has been suggested to be
protective in cancer, since a correlation has been shown between impaired Parkin activity and

development of tumours (Bernardini et al., 2017). Loss of control over the activity of
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mitochondrial chaperones and mitophagy proteins causes disruptions to mito-QC, assisting in

the development of cancer.

Dysfunctional mito-QC is a key feature of neurodegenerative diseases. In AD, increased
expression of mitochondrial fission proteins has been shown to correlate with the accumulation
of tubulin-associated unit proteins (Tau), the protein responsible for forming hallmark
neurofibrillary tangles (Wang et al., 2008). In turn, Tau and the aggregatory protein amyloid-beta
(AB), can disrupt mitochondrial transport which may impact mito-QC at all levels (Y. R. Zheng et
al., 2019). Further, AB can be mitochondrially internalised, with aggregated species shown to
impair mitochondrial protein import and induce mitochondrial dysfunction (Cenini et al., 2016).
This mitochondrial dysfunction results in oxidative stress, creating a damaging feedback loop

that exacerbates AB pathology, leading to toxicity and cell death (Cheignon et al., 2018).

1.3.2 Mito-QC in Parkinson’s disease

The connection between mitochondrial dysfunction and pathology is particularly strong
in PD. PD is characterised by the selective degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) of the striatum that results in a collection of cognitive,
psychiatric and motor symptoms (Dauer & Przedborski, 2003; Opara et al., 2017). Interestingly,
SNpc neurons have a high metabolic burden due to their copious synaptic connections and
elevated ROS production because of their dopamine metabolism, making them particularly
vulnerable to oxidative stress (Bolam & Pissadaki, 2012; Pacelli et al., 2015). It has been
suggested that this increased vulnerability may explain the selectivity of neuronal degeneration
in the early stages of PD, though the mechanisms of cell death responsible for this are not well

defined (Bolam & Pissadaki, 2012; Pacelli et al., 2015).

Under physiological and pathological conditions, cell death can occur through a range of
controlled and uncontrolled mechanisms. Controlled mechanisms, such as apoptosis, are key
for homeostasis and direct specific downstream events to co-ordinate cell death in response to
stress sighals (Yuan & Ofengeim, 2024). Uncontrolled mechanisms, such as necrosis, can also
trigger death in response to unexpected external factors such as infection or trauma (Yuan &
Ofengeim, 2024). Increases in a variety of cell death pathways have been reported in PD
patients and animal models, but there is no process defined as being primarily responsible for
SNpc cell death. The contributions of cell death pathways of neurodegeneration in PD have

been well discussed by Pedrao et al. (2024), and a summary of these is shown in
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Mechanism

Description

Evidence for arole in PD

non-apoptotic

Apoptosis Programmed - Elevated caspase activity in PD patients (Mogi et al., 2000)
cell death by - Caspase inhibitors & anti-apoptotic factors rescue cell death in
caspases PD models (Akao et al., 2002; laccarino et al., 2007)
- Apoptotic bodies observed in PD patients (Tompkins et al., 1997)
Necrosis Uncontrolled, - Necrosis observed in PD models (Callizot et al., 2019)

- Necrosis inhibitors reduce cell death in PD models (Wu et al.,

iron-dependent

inflammatory 2015)
cell death
Ferroptosis Programmed - Interactions between a-synuclein and iron metabolism well-

documented (Chen et al., 2019)

dependent cell

death

cell death by
autophagic

machinery

cell death - Anti-ferroptosis molecules neuroprotective in PD models
(Southon et al., 2020)
- Anti-ferroptosis molecules shown to slow PD progression and
reduce motor symptoms in clinical trials (Devos et al., 2014)
Pyroptosis Programmed - Pyroptosis-associated inflammatory factors promote cell death in
cell death by PD models (Koprich et al., 2008)
inflammasome |- |nflammasome inhibitors neuroprotective in PD models (Que et
al., 2021)
- Drugs inducing pyroptosis can induce PD symptoms in animal
models (Wang et al., 2022)
Autophagy- Programmed - Abnormal expression of autophagy genes can be causative for PD

(Paisan-Ruiz et al., 2004; Zimprich et al., 2011)

- Antioxidants to manipulate autophagy pathway are

neuroprotective in PD models (Q. Yu et al., 2023)
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Table 2: Summary of evidence that implicates cell death mechanisms in PD pathology

Mechanism

Description

Evidence for arole in PD

non-apoptotic

Apoptosis Programmed - Elevated caspase activity in PD patients (Mogi et al., 2000)
cell death by - Caspase inhibitors & anti-apoptotic factors rescue cell death in
caspases PD models (Akao et al., 2002; laccarino et al., 2007)
- Apoptotic bodies observed in PD patients (Tompkins et al., 1997)
Necrosis Uncontrolled, - Necrosis observed in PD models (Callizot et al., 2019)

- Necrosis inhibitors reduce cell death in PD models (Wu et al.,

iron-dependent

inflammatory 2015)
cell death
Ferroptosis Programmed - Interactions between a-synuclein and iron metabolism well-

documented (Chen et al., 2019)

dependent cell

death

cell death by
autophagic

machinery

cell death - Anti-ferroptosis molecules neuroprotective in PD models
(Southon et al., 2020)
- Anti-ferroptosis molecules shown to slow PD progression and
reduce motor symptoms in clinical trials (Devos et al., 2014)
Pyroptosis Programmed - Pyroptosis-associated inflammatory factors promote cell death in
cell death by PD models (Koprich et al., 2008)
inflammasome |- |nflammasome inhibitors neuroprotective in PD models (Que et
al., 2021)
- Drugs inducing pyroptosis can induce PD symptoms in animal
models (Wang et al., 2022)
Autophagy- Programmed - Abnormal expression of autophagy genes can be causative for PD

(Paisan-Ruiz et al., 2004; Zimprich et al., 2011)

- Antioxidants to manipulate autophagy pathway are

neuroprotective in PD models (Q. Yu et al., 2023)
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Interestingly, many of these cell death pathways can be triggered by mitochondrial
damage, ROS and oxidative stress. Given the increased susceptibility of SNpc neurons to
oxidative stress, mitochondrial dysfunction has been identified as a potential basis for targeted
cell degeneration (Ganjam et al., 2019; Martin et al., 2006). Evidence for mitochondrial
dysfunction as a driver of PD pathology was first highlighted when synthetic heroin drug users
inadvertently ingested the mitochondrial inhibitor, MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), resulting in symptoms with striking comparability to PD (Davis et al., 1979).
Post-mortem assessment revealed the degeneration of SNpc neurons and the presence of Lewy
bodies (LBs); intracellular inclusions that are a hallmark characteristic of PD pathology (Davis et
al., 1979; William Langston et al., 1983). Alongside MPTP, other chemical inhibitors of
mitochondrial function such as 6-hydroxydopamine (6-OHDA) and rotenone are now used to
generate animal models of PD (Betarbet et al., 2000; Ungerstedt, 1971). Clinical studies have
also provided physiological evidence of mitochondrial pathology in the PD brain, with
mitochondrial complex | deficiency and increased mtDNA mutations reported in the striatum of

post-mortem tissue compared to controls (Bender et al., 2006; Schapira et al., 1989).

This observation that SNpc neurons are especially sensitive to mitochondrial
dysfunction suggested that precise damage control by mito-QC would be extremely important
to maintain cell health. The relationship between mito-QC and PD pathology was validated by
genome-wide association studies (GWAS), which identified a number of PD-associated genetic
perturbations in genes with defined roles in co-ordination of mito-QC (Billingsley et al., 2019;
Chang et al., 2017). Two of the first mutations to be linked with familial PD pathogenesis were in
genes for the mitophagy regulators PINK1 and Parkin (Kitada et al., 1998; Valente et al., 2004).
Interestingly, this was followed by the discovery of many more PD-associated mutations in
genes with defined roles at mitochondria as well as the downstream endolysosomal
compartment implicated in mitophagy (Table 3). This provides support for the hypothesis that

dysfunctions in mito-QC are intrinsically linked to PD pathology.
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Table 3: Mitochondrial and endolysosomal genes linked to Parkinson’s disease

Gene Protein Function Reference
ASAH1 N-acylsphingosine Lysosomal lipid hydrolase (Aharon-Peretz et al.,
amidohydrolase 1 2004; Robak et al., 2017)
ATP13A2 ATPase cation transporting Late endosomal transporter; (Ramirez et al., 2006)
13A2 lysosomal polyamine exporter
ATP6VOA1 |ATPase H+ transporting VO Proton transporter mediating (Changetal., 2017; Morel,
subunit al organelle acidification 2003)
CHCHD2 Coiled-coil-helix-coiled-coil- |Biogenesis and regulation of (Funayama et al., 2015;
helix domain-containing ETC proteins in mitochondria Kee et al., 2021)
protein 2
coQ7 Coenzyme Q7 hydroxylase Mitochondrial enzyme required |(Chang et al., 2017; Freyer
for coenzyme Q synthesis etal., 2015)
CTSB Cathepsin B Lysosomal proteasein (Changetal., 2017; Yadati
autophagy et al., 2020)
CTSD Cathepsin D Lysosomal protease in (Benes et al., 2008; Robak
autophagy etal., 2017)
PARK7 Parkinsonism associated Redox-sensitive chaperone and | (Bonifati et al., 2002;
deglycase (DJ1) protease Hijioka et al., 2017)
FBXO7 F-box only protein 7 Component of E3 ubiquitin (Burchell et al., 2013;
ligase; PINK1-Parkin mitophagy |Fonzo et al., 2009)
GALC Galactosylceramidase Lysosomal hydrolase (Chang et al., 2017; Robak
etal., 2017)
GBA Glucosylceramidase 3 Lysosomal hydrolase (Magalhaes et al., 2016;
Sidransky et al., 2009)
LRRK2 Leucine rich repeat kinase 2 | Serine/threonine kinase (Bonet-Ponce et al., 2020;
regulating Rab GTPase function |Paisan-Ruiz et al., 2004)
in endolysosomal system
PRKN Parkin RBR E3 ubiquitin Ubiquitylates mitochondrial (Kitada et al., 1998;
protein ligase proteins; mitophagy regulator Pickrell & Youle, 2015)
PINK1 PTEN induced kinase 1 Mitochondrial damage sensor; | (Pickrell & Youle, 2015;
mitophagy regulator Valente et al., 2004)
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Gene Protein Function Reference

RAB7L1 RAB7, member RAS Recruits LRRK2 to the Golgi to (Beilina et al., 2014; Nalls
oncogene family-like 1 promote Golgi-derived vesicles |etal., 2014)

SCARB2 Scavenger receptor class B | Endo/lysosomal membrane (Do etal., 2011; Gonzalez
member 2 protein in lipid transport etal., 2014)

SMPD1 Sphingomyelin Lysosomal lipid hydrolase (Alcalay et al., 2019;
phosphodiesterase 1 Schuchman, 2010)

TMEM175 |Transmembrane protein 175 |Potassium channelin late (Nalls et al., 2014; Zhang

endosomes/lysosomes et al., 2020)
VPS35 VPS35 retromer complex Subunit of retromer complex for | (Deng et al., 2013;

component

endosomal retrograde

transport

Zimprich et al., 2011)
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1.4 a-synuclein

Aside from mutations in mito-QC genes, the most common PD-associated mutations
are in the SNCA gene which codes for a-synuclein: a small, amyloid forming protein that is
primarily expressed in the brain (Polymeropoulos et al., 1997). It has a range of physiological
functions in neuronal cells, but can aggregate under pathological circumstances to form
damaging species that eventually constitute LBs in PD and other synucleinopathies such as LB
dementia and multiple systems atrophy (MSA) (Cremades & Dobson, 2018). This a-synuclein
aggregation causes cytotoxicity and neuronal degeneration, though the mechanisms behind
this are still not well understood. Toxic gain-of-function of a-synuclein is thought to drive
pathology, with a-synuclein aggregates shown to disrupt normal functioning of the
endolysosomal system, cytoskeleton and mitochondria (Alim et al., 2004; Hashimoto et al.,
1999; Hsu et al., 2000). However, loss-of-function of physiological a-synuclein has also been
suggested to contribute to PD, since it has a range of regulatory actions that contribute to
neuronal function (Kanaan & Manfredsson, 2012). The structure of a-synuclein facilitates its

ability to function both physiologically and pathologically.

1.4.1 Synuclein structure and family
1.4.1.1 Protein structure

a-synucleinis anintrinsically disordered protein made of 140 amino acid (AA) residues,
comprised of 3 domains: an N-terminal a-helix, a central domain (NAC) and a C-terminal acidic
tail (Emamzadeh, 2016) (Figure 10). The N-terminal segment (residues 1-60) is a positively
charged region with numerous amphipathic 11-mer repetitions that each contain a highly
conserved KTKEGV motif (Brontesi et al., 2023; Emamzadeh, 2016). a-synuclein forms a helical
structure when bound to lipid membranes, and this ability is directly modulated by these
KTKEGV repeats (Braun et al., 2017; Emamzadeh, 2016). The majority of PD-associated
mutations in SNCA occur within the N-terminal domain (Emanuele & Chieregatti, 2015). The
hydrophobic NAC domain (residues 61-95) is aggregation-prone, able to bind amyloids to
generate fibrillar species (Giasson et al., 2001). Finally, the highly acidic C-terminal segment
(residues 96-140) exhibits a random coil structure, due to its net negative charge. This domain
interacts with small molecules such as Ca?" and is the site for several post-translational
modifications (PTMs) that regulate a-synuclein activity (Emamzadeh, 2016). Additionally, the C-
terminus can inhibit protein aggregation through electrostatic repulsion, but also appears to be

required for a-synuclein oligomerisation (Farzadfard et al., 2022).
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Figure 10: Schematic showing protein domains and structure of a-synuclein
a-synuclein is a 140 amino acid protein made of 3 structural domains: the N-terminus (orange), NAC
domain (purple) and the C-terminus (pink/black). Many common point mutations associated with

Parkinson’s disease occur in the N-terminus, including A30P, E46K, H50Q, G51D and A53T.

1.4.1.2 Synuclein family members

The synuclein family consists of not only 140-AA a-synuclein, but 134-AA B-synuclein
and 127-AAy-synuclein (Figure 11) (George, 2001). Though only a-synuclein is associated with
PD, there is some structural and functional homology between the proteins. B-synuclein is the
most similar to a-synuclein with 78% AA sequence homology, and the 2 proteins are often co-
expressed throughout the nervous system (Goedert, 2001). It has an N-terminal segment that
closely resembles that of a-synuclein, but lacks a large portion of the aggregatory NAC domain
(Williams et al., 2018). The C-terminus is also much less flexible in B-synuclein, giving it a more
rigid structure. Accordingly, B-synuclein has a much lower propensity to aggregate (Barba et al.,

2022). y-synuclein has 60% similarity with a-synuclein, and is less well-characterised (Goedert,
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2001). Itis primarily expressed in the peripheral nervous system and has been implicated in the
development of breast cancer (Liu et al., 2005). Its N-terminus also has high homology with that
of a-synuclein, but it does not have a-synuclein’s high aggregation propensity. While y-synuclein
can aggregate, it has only been shown to do so more slowly and at high concentrations, due to

differences in both its NAC domain and C-terminus (Uversky et al., 2002).

1 60 95 140

| L
a-synuclein | N-terminus I NAC C-terminus

1 60 85 134
B-synuclein I 90% I 1% 33%

1 60 95 127

i 1

y-synuclein 78% I 57% 6%

Figure 11: Schematic showing protein domains of a-, B- and y-synuclein

The synuclein family comprises a-, B- and y-synuclein which have different levels of homology in their
amino acid sequence. The highest homology is seen in the 3 N-terminal domains, with the C-terminus

the most variable. a- and B-synuclein have the greatest structural similarity.

1.4.1.3 Aggregation of a-synuclein

Pathology of a-synuclein is dependent on its aggregation. LBs observed in the PD brain
primarily contain a-synuclein fibrils, though mechanisms regulating the formation of these
species are not fully understood (Cremades & Dobson, 2018). Physiologically, a-synuclein
exists as both a soluble, unfolded monomer and a membrane-bound a-helical form. Monomeric
a-synuclein is intrinsically disordered, meaning its structure continuously oscillates from an
unfolded to a fully folded protein (Robustelli et al., 2018). When aggregation is triggered, native
monomeric species can interact to form B-sheets. Multiple B-sheets can connect with each
other to form intermediate species classified as oligomers, which are thought to be one of the
most toxic structural a-synuclein conformations (Winner et al., 2011). Oligomers can stabilise

into insoluble protofibrils, and finally polymerise into amyloid fibrils. Interestingly, several PD-
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associated mutations in SNCA confer an increased aggregation propensity that enhances
formation of these large a-synuclein species (Figure 12). One example of this is A53T, a point
mutation which describes an alanine to threonine substitution at position 53 (Polymeropoulos
et al., 1997). Since this mutation does not impact the aggregatory NAC domain, it is proposed to
enhance aggregation by promoting the formation of B-sheets which oligomerise more easily (S.

Kumar et al., 2009; Ohgita et al., 2022).

Monomer Oligomer Protofibril Fibril Lewy body

Lewy
bodies

Figure 12: Schematic showing aggregation of a-synuclein

a-synuclein primarily exists as a disordered monomer, which can bind other a-synuclein proteins to
form oligomeric structures. These can associate with other oligomers to form protofibrils, which
eventually extend into longer fibrils. Fibrillar a-synuclein can form Lewy bodies, which encapsulate
other damaged proteins from the cell. Lewy bodies are found intracellularly in dopaminergic neurons

from the brains of PD patients.
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1.4.2 Physiological function of a-synuclein

As mentioned, a-synuclein exists as an unfolded monomer that shuttles between the
cytoplasm and phospholipid membranes, where it binds and adopts a helical structure (Burré,
2015; Emamzadeh, 2016). Investigations into the membrane binding capability of a-synuclein
using nuclear magnetic resonance (NMR) revealed that it has high affinity for unsaturated lipids
with small anionic head groups and polyunsaturated acyl chains, which have large spaces
between phospholipid groups (Pfefferkorn et al., 2012; G. F. Wang et al., 2010). These
preferences enable a-synuclein to act as a curvature sensor, and facilitate its range of

physiological functions (Drin & Antonny, 2010).

1.4.2.1.1 Synaptic vesicle regulation

First identified in synaptic vesicles from Torpedo californica, the primary function of a-
synuclein is considered to be regulation of neurotransmission (Maroteaux et al., 1988). Its
affinity for binding highly curved membranes enables it to bind synaptic vesicles, where it has a
role in mediating their release from the presynaptic terminal (V. Gao et al., 2023; W. J. Hong &
Lev, 2014). Specifically, it has been shown to promote the assembly of SNARE complexes
through a direct interaction with synaptobrevin-2 (Burré et al., 2010). SNARE complexes
facilitate membrane fusion between synaptic vesicles and the plasma membrane, so a-
synuclein is important for both vesicle docking and exocytosis. In addition, a-synuclein has
been shown to impact the clustering and trafficking of synaptic vesicles, enabling it to regulate

the number of vesicles docked at the membrane (Auluck et al., 2010; Diao et al., 2013).

1.4.2.1.2 Molecular chaperone activity

a-synuclein also exhibits sequence homology with members of the versatile chaperone
protein family, 14-3-3 (Ostrerova et al., 1999). It has been shown that a-synuclein can bind
molecular targets of 14-3-3 proteins, which include protein kinase C (PKC), extracellular-signal-
regulated kinase (ERK) and Bcl-2-associated death promoter (BAD) (Ostrerova et al., 1999).
Alterations in a-synuclein can influence the cell signalling cascades governed by these proteins,
confirming the ability of a-synuclein to act as a molecular chaperone (Jin et al., 2011; Sang et

al., 2002).

1.4.2.1.3 Dopamine regulation

Another important function performed by a-synuclein is regulation of dopamine
homeostasis. Firstly, a-synuclein has been shown to interact with tyrosine hydroxylase (TH), the
rate-limiting enzyme involved in the conversion of tyrosine to the dopamine precursor, L-3, 4-

dihydroxyphenylalanine (L-DOPA) (Perez et al., 2002a). Physiologically, it is thought to inhibit TH
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and thus downregulate dopamine synthesis (X. M. Peng et al., 2005; Perez et al., 2002a).
Through its action at pre-synaptic terminals, a-synuclein can also influence dopaminergic
transmission through modulating the release of dopamine-containing synaptic vesicles (Burré,
2015). Further to this, a-synuclein has also been suggested to regulate function of the dopamine
transporter (DAT) responsible for reuptake of dopamine from the synaptic cleft (F. J. S. Lee et al.,
2001; Wersinger & Sidhu, 2003). Together, this highlights the importance of a-synuclein’s
physiological function in dopaminergic neurons, which could be a factor contributing to their

selective degeneration in PD.

1.4.21.4 Neuronal differentiation

In addition to its role in mature neurons, a-synuclein has been implicated in the
processes of neuronal development and differentiation, though the mechanisms involved in this
are stillunknown. Though a-synuclein has mostly been investigated in the adult brain, its
expression actually peaks during gestation and slowly reduces with age, indicating that it may
have a role during early development (Alejandra Morato Torres et al., 2020; Raghavan et al.,
2004). Interestingly, localisation of a-synuclein switches from the cell body to the axon during
the process of neuronal maturation (Robertson et al., 2004; Zhong et al., 2010). This also
indicates a developmental role, suggesting that a-synuclein may function in the cell body in

immature neurons prior to its axonal role in modulating the synaptic vesicle pathway.

One hypothesis is that through its activity as a molecular chaperone, a-synuclein can
activate Ras GTPases which act as master regulators in a range of signalling cascades
(Emamzadeh, 2016; Fu et al., 2024). This includes the ERK/mitogen-activated protein kinase
(MAPK) pathway which has been heavily implicated in directing fate-decisions of neural
progenitors, differentiation of neuronal cells, and regulation of myelin formation (Emamzadeh,

2016; Ishii et al., 2014).

1.4.3 Pathological a-synuclein

LBs are the hallmark feature of PD pathology that can be identified post-mortem
(Cremades & Dobson, 2018). These primarily contain a-synuclein species, the majority of which
are phosphorylated at its S129 residue (pS129) (Anderson et al., 2006). Studies investigating this
found that under physiological conditions, only 4% of monomeric a-synuclein was
phosphorylated at S129 (Anderson et al., 2006; H. Fujiwara et al., 2002). Comparatively,
approximately 90% of a-synuclein species were shown to exhibit the pS129 modification in
purified LBs from PD brains (Anderson et al., 2006; H. Fujiwara et al., 2002). Accordingly, pS129
a-synuclein has become a common marker of PD pathology in both patients and animal models

(Lashuel et al., 2022). Despite suggestions that this PTM may increase a-synuclein’s aggregation
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propensity, how it impacts a-synuclein structure and function is not well understood (Lashuel et

al., 2022).

Though LBs contain mostly fibrillar a-synuclein, it is the smaller, oligomeric intermediate
species that are considered to induce the most damage (H. L. Roberts & Brown, 2015; Winner et
al., 2011). Current work is trying to establish the molecular features of these oligomers that
confer toxicity, with one suggestion being that unlike a-synuclein fibrils, oligomers can bind and
permeabilise phospholipid membranes because of their flexible structure (H. L. Roberts &
Brown, 2015). Interestingly, non-toxic oligomeric species have been shown to only bind
membranes weakly and not to cause permeabilisation, providing support for this lipid binding-
based hypothesis of oligomer toxicity (Campioni et al., 2010). Permeabilisation of membranes
by a-synuclein causes hydrophobic surfaces to be exposed, which has been shown to induce
lipid peroxidation, production of ROS and apoptosis (Campioni et al., 2010; Zampagni et al.,
2011). Membrane binding has also been shown to induce aggregation of a-synuclein, triggering
a feedback loop that perpetuates mitochondrial dysfunction (Kamano et al., 2024).
Interestingly, this has recently been shown to occur at mitochondria, where binding of a-
synuclein A53T to the IMM was shown to trigger its oligomerisation, leading to mitochondrial

membrane permeabilisation and cell death (M. L. Choi et al., 2022).
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1.5 Mitochondria and a-synuclein in PD

The ability of a-synuclein to bind mitochondria and induce dysfunction highlights the
connection between these two key drivers of PD pathology. Several studies have significantly
improved our understanding of a-synuclein’s relationship with mitochondria, providing insight
into how the association between them may be a potential driver of PD pathogenesis (Chinta et

al., 2010; Devi et al., 2008; Ludtmann et al., 2016).

1.5.1 Mitochondria-a-synuclein interactions

Firstly, the proposed hypothesis of a pathological interaction between a-synuclein and
mitochondria was supported by investigations in the PD brain, where a-synuclein accumulation
was coupled to a dramatic increase in a-synuclein localisation to mitochondria in the SNpc
(Devi et al., 2008). Further investigation revealed that in human dopaminergic neurons, a-
synuclein was imported into mitochondria where it associated with the IMM (Devi et al., 2008).
The selective localisation of a-synuclein to mitochondria was supported by the identification of
a cryptic 32-AA mitochondrial-targeting sequence in the N-terminus of a-synuclein (Devi et al.,
2008). The existence of this signal alluded to a potential physiological relationship between a-
synuclein and mitochondria. Supporting this suggestion, a-synuclein has been shown to directly
interact with essential proteins in the ETC and modulate ATP synthase (Ludtmann et al., 2016).
Mouse models lacking a-synuclein showed a reduction in the activity of both complex | and ATP
synthase, confirming a-synuclein as a regulator of mitochondrial ATP production (Ellis et al.,

2005; Ludtmann et al., 2016).

1.5.1.1 a-synuclein & the OMM

To facilitate its mitochondrial internalisation, a-synuclein must first interact with and
traverse the OMM. Mitochondrial import of a-synuclein has been suggested to occur through the
outer membrane translocase, TOM40, since blockage of this channelinhibited a-synuclein
internalisation (Devi et al., 2008). Other studies have shown that a-synuclein can also enter
mitochondria through VDAC, which it binds with high affinity (Hoogerheide et al., 2017; T. K.
Rostovtseva et al., 2015). Interestingly, import of a-synuclein has been shown to be dependent
on anintact AWm and was blocked upon inhibition of ATP synthase in a mammalian cell model,

suggesting that it occurs in healthy mitochondria (Devi et al., 2008).

Interestingly, one study suggested that mitochondria can act as a scavenger for
aggregatory proteins such as a-synuclein, through a hypothesised process called MAGIC
(mitochondria as guardian in cytosol) (Ruan et al., 2017). The authors theorise that

mitochondrial proteases can degrade aggregated proteins, easing the burden of these in the
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cytosol and maintaining cellular integrity (Ruan et al., 2017). This provides another physiological

purpose for mitochondrial import of a-synuclein alongside regulation of ATP synthase.

However, interactions between a-synuclein and mitochondrial import machinery not
only facilitate its own import, but represent an opportunity for pathological damage. Other
aggregation-prone proteins such as amyloid-precursor protein (APP) have been shown to
impede protein import by obstructing the TOM40 subunit (Gottschalk et al., 2014). This has also
been shown in the context of a-synuclein, with pathological species shown to induce
degradation of TOM40 (Bender et al., 2013; Hegde et al., 2024). Pathologically, a-synuclein
aggregates have also been shown to impact protein import by binding another translocase,
TOM20, preventing the interaction between TOM20 and its co-receptor, TOM22 (Di Maio et al.,
2016).

1.5.1.2 a-synuclein & the IMM

As mentioned, several studies have shown an enrichment of a-synuclein at the IMM
under pathological conditions, which has been linked to its interaction with CL (Devi et al.,
2008; K. Nakamura et al., 2011; Robotta et al., 2014). Several studies have shown that a-
synuclein’s affinity for unsaturated lipids leads it to preferentially bind mitochondrial membrane
domains that contain CL, which in turn can facilitate the assembly of a-synuclein species into
helical structures (Grey et al., 2011; Ramakrishnan et al., 2003). Once associated with the IMM,
a-synuclein is able to modulate ATP synthase (Ludtmann et al., 2016). Interestingly, the
internalisation of a-synuclein appears to be irreversible at high concentrations, since only low
levels could be washed out in isolated mitochondria from rat brain tissue (Martinez et al., 2018).
This could be related to the formation of oligomeric species, since evidence for a-synuclein’s
physiological role in mitochondrial ATP production has mostly been characterised in terms of
monomeric a-synuclein (Ludtmann et al., 2016; Tripathi & Chattopadhyay, 2019). Since the
aggregation potential of a-synuclein increases with protein concentration, high levels of a-
synuclein inside mitochondria could result in the formation of oligomers which may cause

mitochondrial toxicity (Afitska et al., 2019).
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1.6 Mito-QC & a-synuclein

Despite the direct interactions between a-synuclein and mitochondria described in both
physiological and pathological circumstances, limited research has investigated whether this
relationship extends to mito-QC (Eldeeb et al., 2022; Henderson et al., 2019). Monomeric a-
synuclein’s affinity for mitochondria alongside its ability to bind and remodel phospholipid
membranes makes it a suitable candidate for arole in co-ordination of mito-QC (Ellis et al.,
2005; Ludtmann et al., 2018). However, there is a considerable lack of research exploring this.
Though mitochondrial dynamics and the generation of MDVs both require dynamic remodelling
of the mitochondrial network through alterations in mitochondrial membranes, current research

has not assessed whether a-synuclein may have a physiological role in these processes.

Whether dysfunctional mito-QC could represent a key mechanism behind a-synuclein-
induced cell death is an important question to be addressed. Given that many genes carrying
PD-associated mutations are involved in mito-QC pathways and that SNpc neurons are
especially vulnerable to mitochondrial dysfunction, a potential explanation for selective SNpc
death could be an a-synuclein-induced impact on the activity of mito-QC. Investigations into
this have found that pathological a-synuclein can directly interact with key mito-QC proteins
such as Parkin, and can cause disruption to mitochondrial fission, fusion and mitophagy

(Krzystek et al., 2021; K. Nakamura et al., 2011; Wilkaniec et al., 2019).

1.6.1 a-synuclein in mitochondrial dynamics
1.6.1.1 Increased fission activity

Pathological a-synuclein has been associated with fragmentation of the mitochondrial
network in both animal models and mammalian cells (Butler et al., 2012; Furlong et al., 2020;
Kamp et al., 2010; Krzystek et al., 2021; K. Nakamura et al., 2011). In a humanised Drosophila
melanogaster model, overexpression of full-length a-synuclein led to mitochondrial
fragmentation which persisted in the absence of both the C-terminus and NAC domain,
demonstrating that the response was independent of a-synuclein’s propensity to aggregate
(Krzystek et al., 2021). Fragmentation instead required an intact N-terminus, implying that the
response was due to alterations in the biophysical properties of mitochondrial membranes
resulting from the a-synuclein interaction (Krzystek et al., 2021). Reduction of the essential
mitochondrial fission machinery, Drp1, in the context of a-synuclein overexpression resulted in
a complete rescue of mitochondrial morphology, suggesting that a-synuclein-induced
fragmentation was dependent on Drp1 activity (Krzystek et al., 2021). Overexpression of the

fusion protein, Mfn2, did not evoke the same rescue, confirming that fragmentation was the
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result of an increase in fission rather than a decrease in fusion. A suggested mechanism behind
this is that pathological a-synuclein increases recruitment of Drp1 to the OMM, which has been
observed in response to a-synuclein overexpression (Gui et al., 2012; Youle & Van Der Bliek,
2012). These data suggest a functional relationship between a-synuclein and Drp1 that could
alter mitochondrial dynamics. Drp1 has also been implicated in the scission of MDVs as well as
in autophagy, apoptosis and cytoskeletal remodelling, so a-synuclein-induced alterations in
Drp1 function could have broad cellular impacts (Duan et al., 2020; Frank et al., 2001; Konig et
al., 2021).

Interestingly, this contradicts previous work which indicated that a-synuclein-induced
mitochondrial fragmentation was completely independent of Drp1 (K. Nakamura et al., 2011). In
this context, suppression of Drp1 was not sufficient to rescue the fragmentation induced by
transient overexpression of a-synuclein. It was instead suggested that the direct association of
a-synuclein to the mitochondrial membrane was driving the fragmentation, since this was
abolished with overexpression of the A30P mutant of a-synuclein which has no membrane-
binding ability (Jo et al., 2002; K. Nakamura et al., 2011). Intermediate oligomeric a-synuclein
species were also shown to directly fragment artificial phospholipid membranes in vitro,
supporting a-synuclein’s potential as a direct modulator of membrane dynamics (K. Nakamura
et al., 2011). Fragmentation was not observed with a-synuclein monomers, mature oligomers or
fibrils, also suggesting that this effect was exclusively caused by small, intermediate oligomeric
species (K. Nakamura et al., 2011). Though the majority of research has focused on pathological
a-synuclein, one loss-of-function study showed that a-synuclein-null mice had no change in
Drp1 levels, suggesting that differences in Drp1 are due to toxic gain-of-function of a-synuclein
rather than loss-of-function (Faustini et al., 2019). Though there is a consensus that a-synuclein
overexpression can stimulate mitochondrial fission, there are still discrepancies about the
mechanisms that drive this. One consideration is that a-synuclein may preferentially influence
fission through an interaction with Drp1 when it is available, but in the absence of Drp1 it may be
able to stimulate fragmentation directly depending on its expression level and protein

conformation.

1.6.1.2 Decreased fission activity

Conversely, several studies report an enlargement in mitochondria in models of a-
synuclein pathology, correlating with a decrease in mitochondrial Drp1 translocation (Ordonez
et al., 2018; Portz & Lee, 2021). In a human a-synuclein transgenic Drosophila melanogaster
model, a decrease in mitochondrial fission was shown to occur through abnormal stabilisation
of the actin cytoskeleton via an association with spectrin, preventing trafficking of Drp1 to

mitochondria (Korobova et al., 2013; Ordonez et al., 2018). This was rescued by genetic
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manipulation of actin, supporting the case for an association between a-synuclein and the
cytoskeleton (Ordonez et al., 2018). This mechanism of cytoskeletal modification by aggregate-
prone proteins has previously been described in the context of other neurodegenerative
diseases such as AD, where microtubule destabilisation by hyperphosphorylated Tau drives
toxic effects on both mitochondria and protein trafficking (DuBoff et al., 2012). In the context of
a-synuclein, this occurs through interactions with the actin cross-linking protein, spectrin,

disrupting cytoskeletal dynamics (Machnicka et al., 2012; Ordonez et al., 2018).

However, modifications of the actin cytoskeleton not only impact mitochondrial
dynamics, but also directly impact mitophagy (Sarkar et al., 2021). Specifically, pathogenic a-
synuclein-induced actin stabilisation has been shown to disrupt autophagosome trafficking to
the lysosome, resulting in impaired autophagosome maturation (Sarkar et al., 2021). By the
same reckoning, there is potential for alterations in the actin cytoskeleton to disrupt trafficking
of cellular components on a global scale, which would include MDVs and other endolysosomal

compartments (Oliveira da Silva & Liz, 2020).

A summary of the proposed associations between a-synuclein and regulators of

mitochondrial dynamics is shown in Figure 13.
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Figure 13: Schematic showing proposed interactions between a-synuclein and fission/fusion

machinery

a-synuclein influences mitochondrial transport and fission. Alterations in a-synuclein function may
affect mitochondrial fission through direct effects on Drp1 activity and mitochondrial translocation,
although the precise impact has not been clearly defined (indicated in grey). Oligomeric a-synuclein
may also inhibit Drp1 trafficking to mitochondria as a result of alterations in actin cytoskeletal
dynamics mediated by an association with the actin-cross linker spectrin. In addition, a-synuclein
oligomers modulate Miro activity, either through promotion of Miro protein stability or retention in
the OMM influencing microtubule (MT) transport via dysregulation of kinesin or dynein activity.

Repurposed from Thorne & Tumbarello, 2022.
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1.6.2 a-synuclein in mito-QC

1.6.2.1 Interactions with PINK1/Parkin

The functions of essential mitophagy regulators, PINK1 and Parkin, have been shown to
be directly impacted by a-synuclein pathology (Krzystek et al., 2021; Wilkaniec et al., 2019).
Parkin is functionally associated with several aspects of mito-QC distinct from mitophagy, such
as the MDV pathway where it has been shown to mediate both formation and trafficking of
different MDV subtypes (McLelland et al., 2014; T. A. Ryan et al., 2020; Shimura et al., 2000). In a
neuronal model, addition of exogenous a-synuclein oligomers or fibrils led to a reduction in
Parkin expression alongside loss of AWm, decreased ATP production and increased
mitochondrial ROS (Wilkaniec et al., 2019, 2021). Further assessment revealed alterations in
mitophagy, exhibited by a reduction in mitochondrial protein ubiquitylation and subsequently
less mitochondria inside autophagosmes (Wilkaniec et al., 2021). These phenotypes could be
rescued by Parkin overexpression, suggesting that an a-synuclein-induced downregulation of
Parkin was responsible for mitochondrial dysfunction (Wilkaniec et al., 2021). Previous work has
indicated that exogenous a-synuclein oligomers induce oxidative and nitrative stress, resulting
in PTMs to Parkin. In particular, S-nitrosylation of Parkin results in its autoubiquitination and
degradation (Kazmierczak et al., 2008; Wilkaniec et al., 2019; Yao et al., 2004). This suggests a
mechanism by which pathogenic a-synuclein can evoke Parkin downregulation, resulting in a
damaging feedback loop that exacerbates mitochondrial damage due to loss of Parkin’s
protective role (Jesko et al., 2019). Several studies report the ability of Parkin to restore
mitochondrial morphology and function following a-synuclein-induced alterations, butitis
unclear whether this is through a direct association with a-synuclein or due to its general
neuroprotective role in regulating mitochondrial protein degradation (Jesko et al., 2019; Kamp et
al., 2010; Krzystek et al., 2021; Lonskaya et al., 2013). In line with this, a functional relationship
has been suggested between PINK1/Parkin activity and a-synuclein, since their overexpression
was able to rescue a-synuclein-induced mitochondrial fragmentation, depolarisation and
dysfunction (Krzystek et al., 2021). This association between PINK1/Parkin and a-synuclein is
proposed to occur through membrane interactions, since it was dependent on the C-terminus
of a-synuclein which can interact with small molecules like Ca?' to enhance its lipid-binding
capacity (Krzystek et al., 2021; Lautenschlager et al., 2018). Alternatively, PINK1 has been
shown to form a complex with a-synuclein in the cytoplasm which initiates autophagy,

potentially providing a protective mechanism against a-synuclein pathology (Liu et al., 2017).
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1.6.2.2 Impacts on mitochondrial motility

a-synuclein may also influence mitophagy independently of PINK1/Parkin, instead
through an interaction with mitochondrial rho GTPase (Miro) proteins which are essential
components of mitochondrial motility machinery (Shaltouki et al., 2018). Functional
mitochondria require Miro on their OMM to facilitate movement along microtubules, but it must
be promptly degraded upon mitochondrial damage to halt motility and enable the initiation of
mitophagy (Hsieh et al., 2016). Miro expression has been shown to be increased in PD brains
relative to healthy controls, human neurons and a Drosophila melanogaster model
overexpressing a-synuclein (Shaltouki et al., 2018). They displayed no changes in PINK1/Parkin
expression or recruitment, but exhibited a delay in mitophagy that could be rescued by Miro
downregulation (Shaltouki et al., 2018). a-synuclein did not evoke alterations in expression of
Miro messenger RNA (mRNA) but was incorporated into the membrane-bound Miro complex
(Shaltouki et al., 2018; Wang et al., 2011). Using skin fibroblasts from PD patients, a recent
study found that more than 94% of patient cell lines were unable to extract Miro from the OMM
following depolarisation, indicating that a-synuclein-induced defects in Miro removal could be
the mechanism behind this delay in mitophagy (Hsieh et al., 2019). Intriguingly, Miro proteins
have also been implicated in MDV biogenesis, with super-resolution microscopy revealing that
mitochondrial membrane protrusions extend using microtubule filaments dependent on the
activity of Miro (Kénig et al., 2021). Miro stabilisation as a result of a-synuclein pathology
therefore has the potential to disrupt multiple mito-QC mechanisms. Since many of these
studies have looked at pathological a-synuclein, it would be valuable to better define the
relationship between Miro and endogenous a-synuclein to investigate whether these

interactions may have a physiological function in the OMM-bound Miro complex.

1.6.2.3 Impacts on autophagosome formation

Pathogenic overexpression of a-synuclein also elicits alterations in autophagosome
formation, maturation and autophagosome-lysosome fusion (Sarkar et al., 2021; Tang et al.,
2021; Winslow et al., 2010). This has been characterised by reductions in autophagosome-
associated LC3Ill and accumulation of known autophagy substrates, such as pathogenic forms
of Huntingtin polyglutamine protein (Winslow et al., 2010). Previous research has implicated a
protective role for the small GTPase, Rab1, against a-synuclein toxicity in the context of ER-
Golgi vesicular trafficking and autophagy (Cooper et al., 2006; Winslow et al., 2010). Supporting
this, knockdown of Rab1a mirrored an a-synuclein-induced reduction in autophagosomes, and
overexpression of Rab1a rescued this, insinuating that the 2 proteins were acting at similar
stages of the autophagy pathway (Winslow et al., 2010). This was suggested to be early during

autophagosome formation, since a-synuclein has also been shown to disrupt localisation of
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autophagy-related protein 9 (Atg9) to LC3-positive compartments; a step known to facilitate the
delivery of membrane required for autophagosome expansion (Feng & Klionsky, 2017).
Interestingly, defects in autophagosome formation were specific to wild-type a-synuclein in this
model and were not observed with A53T or A30P missense mutants (Winslow et al., 2010). Since
these point mutations exist within the N-terminus of a-synuclein, their lack of influence on
autophagosome formation may be due to altered membrane binding properties (Jo et al., 2000,

2002).

1.6.2.4 Influence on autophagosome-lysosome fusion

Several studies have also indicated that excess a-synuclein may impair autophagy
further downstream, illustrated by a decrease in autophagic turnover as a result of defective
autophagosome-lysosome fusion (Sarkar et al., 2021; Tang et al., 2021). This fusion process is
mediated by a SNARE complex comprising syntaxin 17, synaptosomal-associated protein 29
(SNAP29) and vesicle-associated membrane protein 8 (VAMP8) or YKT6, tethering together the
two compartments to facilitate autophagosome maturation (Guo et al., 2014; Itakura et al.,
2012; Matsui et al., 2018). Given a-synuclein’s role in the assembly of SNARE complexes at the
synapse, its interaction with SNAREs in the context of autophagosome-lysosome fusion was
investigated (Tang et al., 2021). SNAP29 was found to be significantly less abundant in models
of a-synuclein overexpression, with subsequent co-expression of SNAP29 and a-synuclein able
to restore autophagic flux (Tang et al., 2021). Interestingly, a reduction in SNAP29 was also seen
in human SNpc neurons from patients with LB pathology, supporting a potential role for
pathogenic a-synuclein in evoking dysfunction in the autophagic SNARE complex (Tang et al.,
2021). Since autophagy is essential for the removal of aggregatory proteins such as a-synuclein,
disruption of these pathways would also generate a destructive feedback loop, potentiating the
pathology (Ebrahimi-Fakhari et al., 2011; Gidalevitz et al., 2006; Tang et al., 2021). Though the
impact of a-synuclein has been studied in pathological terms, there is unexplored potential for
the loss-of-function of a-synuclein to alter SNARE complex formation during autophagy as it

does at the synapse.

A summary of the proposed associations between a-synuclein and regulators of

mitochondrial dynamics is shown in Figure 14.

75



Lysosome

1) MDV formation

Kinesin
MT

5) Lysosomal fusion

a-syl

L(J\)U

a-syn S,

Chapter 1

@

94
50

3¢

o

6o

"

Mitophagosom

&

2) MDYV trafficking

Parkin

3) Mitophagosome formation

4) Mitophagosome trafficking

NAAEAS
s B F-actin

a-syn

A

Spectrin 7

Figure 14: Schematic showing proposed interactions between a-synuclein and mito-QC machinery

Alterations in a-synuclein function may impact mitochondrial quality control pathways. a-synuclein

function and its aggregation may have an impact at multiple levels during both mitophagy and the

mitochondrial-derived vesicle pathway. (1) MDV formation: Drp1 and Miro proteins are required for

mitochondrial-derived vesicle (MDV) fission from the mitochondrion in response to local oxidative

damage, which may be directly influenced by alterations in a-synuclein function. a-synuclein

oligomers can stabilize Miro on the mitochondrial membrane and modulate Drp1 localisation,

although the precise impact of a-synuclein-induced alterations in Drp1 function is still a point of

contention (indicated in grey). (2) MDV trafficking: Oligomeric species of a-synuclein may

downregulate Parkin expression and alter its localization, which could have negative impacts on MDV

formation and trafficking to the lysosome. (3) Mitophagosome formation: Mitophagy requires the

action of PINK1 and Parkin to trigger the ubiquitylation of outer membrane proteins which leads to

the recruitment of autophagy receptors, including NDP52 and OPTN, which facilitate the capture of

damaged mitochondria within a phagophore, which matures into a mitophagosome. a-synuclein may

impact this process through alterations in Parkin activity and by inhibiting the recruitment of Atg9-
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positive vesicles which are required for autophagosomal membrane expansion. (4) Mitophagosome
trafficking: Through interactions with spectrin, overexpression and accumulation of a-synuclein
oligomers alters actin cytoskeletal dynamics resulting in its aberrant stabilization, which may
negatively impact the maturation and trafficking of mitophagosomes required for endosomal and
lysosomal fusion. (5) Lysosomal fusion: To enable cargo degradation, the mitophagosome requires
the action of SNARE protein complexes to facilitate lysosomal fusion. Pathogenic overexpression of
a-synuclein may alter SNAP29 activity, thus influencing the ability of mitophagosomes to fuse with
lysosomes. In addition, accumulation of monomeric and oligomeric species of a-synuclein within
lysosomes alters their activity, which may result in negative impacts on cargo degradation in both the

mitophagy and MDV pathways. Repurposed from Thorne & Tumbarello, 2022.
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1.7 Aims & objectives

Though a-synuclein has been extensively suggested throughout the literature as a driver
of PD pathology via interactions with mitochondria, limited research has investigated its
relationship with mito-QC. Though recent studies have shown that pathological a-synuclein can
cause dysfunctions in mitochondrial health and can associate with molecular players in mito-
QC pathways, the direct impact of a-synuclein on mito-QC has not been well-established.
Further investigations are required to delineate this relationship between a-synuclein and mito-
QC, and establish whether defective mitochondrial phenotypes observed in PD models are the
result of a toxic gain-of-function of a-synuclein or loss of its physiological function. This study
aims to address this by assessing the impacts of perturbations in a-synuclein on mitochondrial
function and mito-QC in a mammalian cell model. Further, | aim to develop a neuronal-like
model to enable investigation of mito-QC, and assess the impact of manipulating a-synuclein

on neuronal phenotypes.
AIM 1: Investigate the role of endogenous a-synuclein in mitochondrial health and mito-QC

1) Develop a model of a-synuclein loss-of-function in SH-SY5Y cells

2) Utilise the a-synuclein loss-of-function model to assess whether a-synuclein has a
physiological role in mitochondrial function and dynamics

3) Utilise the a-synuclein loss-of-function model to assess whether a-synuclein has a

physiological role in mito-QC pathways

AIM 2: Investigate the impact of pathological a-synuclein overexpression on mitochondrial

health and mito-QC

1) Develop gain-of-function models of a-synuclein wild-type and A53T in SH-SY5Y cells

2) Utilise the gain-of-function models to assess the impact of wild-type and A53T a-
synuclein overexpression on mitochondrial function and dynamics

3) Utilise the gain-of-function models to assess the impact of wild-type and A53T a-

synuclein overexpression on mito-QC pathways

AIM 3: Develop a neuronal model and investigate the impact of alterations in a-synuclein

on neuronal differentiation

1) Optimise and validate a protocol for differentiating SH-SY5Y cells and characterise
differentiated neuronal phenotypes in wild-type cells
2) Investigate the impact of a-synuclein loss-of-function on differentiation of SH-SY5Y cells

3) Investigate the impact of a-synuclein overexpression on differentiation of SH-SY5Y cells
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Chapter 2 Materials & methods

2.1

211

Antibodies

Antibodies and reagents

Primary antibodies were used for Western blot and immunocytochemistry at the dilutions

indicated in Table 4. Secondary antibodies for Western blot visualisation with LICOR® were a

combination of IRDye® 680 and IRDye® 800 (LiCOR®), either anti-rabbit or anti-mouse and all

used at a dilution of 1:5,000. Secondary antibodies for immunocytochemistry were AlexaFluor™,

raised in goat and used at a dilution of 1:200. Details are indicated in Table 5.

Table 4: Primary antibodies used for Western blotting (WB) and immunofluorescence (IF)

Antibody Species WB IF Company Code
a-synuclein (211) Mouse I1gG1 1:1,000 [1:500 Santa Cruz sc-12767
a-synuclein (LB509) |Mouse IgG1 1:1,000 [N/A Santa Cruz sc-58480
a-synuclein Rabbit polyclonal  [N/A 1:50 ProteinTech 10842-1-AP
a-tubulin Rabbit polyclonal  [1:1,000 [N/A ProSci 7597
B-actin Mouse monoclonal [1:10,000 |N/A ProteinTech 60008-1-Ig
B-1ll-tubulin Rabbit monoclonal [1:1,000 [1:1,000 |Cell Signalling [5568
Calnexin Mouse monoclonal [1:1,000 |N/A Chemicon MAB3126
CoxIl (MTCO2) Mouse IgG2A 1:1,000 |N/A Abcam ab110258
Cytochrome c Mouse IgG1 N/A 1:1,000 [BiolLegend 612302
GAP43 Mouse monoclonal [1:1,000 |N/A Merck Millipore [MAB347
GAPDH Rabbit polyclonal  [1:20,000 [N/A ProteinTech 10494-1-AP
GFP Rabbit polyclonal  [1:5,000 [1:1,000 |Sigma Aldrich [SAB4301138
LAMP1 (CD107q) Mouse IgG1K N/A 1:1,000 [BD Biosciences [555798
LC3II Rabbit polyclonal [1:2,000 |N/A Novus NB100-2220
Mfn2 (D2D10) Rabbit monoclonal (1:1,000 [N/A Cell Signalling (9842

PS129 a-synuclein Mouse IgG2A 1:1,000 (1:1,000 [BioLegend 825702
Parkin Mouse monoclonal [1:1,000 |N/A Cell Signalling 14211

PDH (A1-a subunit) |Mouse IgG1 N/A 1:1,000 |Abcam iAb110330
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Antibody Species WB IF Company Code
PINK1 (D8G3) Rabbit monoclonal [1:1,000 |N/A Cell Signalling 6946

pUb S65 Rabbit polyclonal  [1:1,000 |[1:500 Merck Millipore |ABS1513-I
Tyrosine hydroxylase [Rabbit 1:1,000 [N/A Sigma Aldrich  |AB152
TOM20 Rabbit polyclonal |N/A 1:2,000 |Abcam ab78547
Vinculin Mouse monoclonal (1:1,000 [N/A Merck Millipore [MAB3574-C

Table 5: AlexaFluor™ secondary antibodies used for immunofluorescence

Conjugate Species |[Immunogen Company Code

AlexaFluor™488 |Mouse |Gammaimmunoglobulin(H+L) |Invitrogen A11029
AlexaFluor™ 488 |Rabbit Gamma immunoglobulin (H +L) |Invitrogen A11034
AlexaFluor™ 568 |Mouse |Gammaimmunoglobulin(H+L) |Invitrogen A11031
AlexaFluor™ 568 |Rabbit Gamma immunoglobulin (H + L) |Invitrogen A11036
AlexaFluor™ 647 |Mouse |Gammaimmunoglobulin(H+L) |CellSignalling [4410S

AlexaFluor™ 647 |Rabbit Gamma immunoglobulin (H + L) |Invitrogen A21245

2.2 Cell culture

2.2.1 Cell maintenance

SH-SY5Y cells were maintained in Dulbecco’s modified eagle medium (DMEM)/Nutrient Mixture
F12 media with GlutaMAX (Gibco™, 11320-074), supplemented with 10% fetal bovine serum
(FBS) (Gibco™, 10270-106), 1% penicillin/streptomycin solution (P/S) (Gibco™, 15140-122) and
1% non-essential amino acids (NEAA) (Gibco™, 11140-050). HEK239/T cells were maintained in
DMEM high glucose media (Sigma Aldrich, D6429) supplemented with 10% FBS, 1% P/S and 1%
L-glutamine (Sigma Aldrich, G7513).

Cells were thawed from liquid nitrogen stocks by suspending vials in a 37°C water bath and
adding cells to fresh media. Cells were centrifuged for 3 minutes at 500G to form a pellet which

was resuspended in fresh media prior to seeding in either a 6cm or 10cm plate depending on
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pellet size. To passage cells when confluent, serum was removed by gently washing with sterile
Dulbecco’s phosphate buffered saline (DPBS) (Gibco™, 14190-094) before the addition of 0.05%
Trypsin-EDTA (Gibco™, 25300-054) appropriate to plate volume. Trypsinised cells were
incubated at 37°C for 3 minutes or until dissociated from the surface of the plate. Fresh media
was added, and cells were triturated to create a single cell suspension before being counted
with a haemocytometer and seeded as appropriate for experiments as detailed in Table 6. Cell
populations being expanded for future experiments were diluted approximately 1:3 and seeded

into 10cm plates.

All cell lines were kept incubated at 37°C under 5% carbon dioxide (CO,). For freezing, cells at
approximately 70% confluency were trypsinised and incubated at 37°C for 3 minutes or until
dissociated from the surface. Cells were collected in fresh media and centrifuged at 1000RPM
for 3 minutes at room temperature. The cell pellet was resuspended in freezing media (90% FBS,
10% dimethyl sulfoxide (DMSO) (Sigma Aldrich, 472301) and flash-frozen on dryice in 1Tml
aliquots. Vials were kept at -80°C for 2-3 weeks before being transferred to liquid nitrogen at

approximately -160°C for long term storage.

Table 6: Plating conditions for SH-SY5Y cells according to experimental use

Experimental use Vessel Number of cells plated

Harvesting lysates 6-well plate 500,000/well

Immunocytochemistry

12-well plate on coverslips

80,000/well

Live imaging

3cm glass-bottom plate

150,000/well

ATP assay

96-well plate

40,000/well

Seahorse mito stress test

96-well Seahorse assay plate

50,000/well

2.2.2

Treatment with mitochondrial stressors

To evoke mitochondrial stress in SH-SY5Y cells, oligomycin and Antimycin A were used together

(referred to as A/O) at concentrations defined in Table 7. These inhibitors were diluted in fresh

media and added dropwise to cells plated 24-hours prior. Cells were treated for various time

periods to evoke measurable mito-QC mechanisms and either fixed or lysed depending on the

experiment. Bafilomycin A1 and Bortezomib were used in combination with A/O treatment to
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block autophagosome-lysosome fusion and proteasomal degradation respectively.

Concentrations for these inhibitors are also defined in Table 7.

Table 7: Reagents used to evoke mitochondrial damage

Reagent Diluent Working conc. Company Code
Antimycin A Ethanol 5uM Sigma Aldrich A8674
Oligomycin Ethanol 10uM Millipore 495455
Bafilomycin A1 DMSO 100nM ARCOS Organics |A0360555
Bortezomib DMSO 1uM UBP Bio F1200
CCCP DMSO 10nM ThermoFisher LO6932
Scientific™
2.2.3 Differentiation

To differentiate SH-SY5Y cells, a 14-day protocol based on Shipley et al. (2016) was used.

2.2.31 Days 0-5

To plate cells for differentiation (day 0), a confluent 10cm plate of SH-SY5Y cells was split as
described in 2.2.1 and 1/3 of the cells were replated into a new 10cm plate. Ondays 1, 3and 5,
these cells were refed with reduced-serum media referred to as “Differentiation Media 1”. This
media consisted of DMEM/F12 with GlutaMAX, supplemented with 1% P/S, 1% NEAA, 2.5% FBS
and 10uM retinoic acid (RA) (Sigma Aldrich, R2625).

2.2.3.2 Days 6-7

On day 6, plates were prepared ready for plating on day 7 for either immunocytochemistry (12-
well plates with acid-washed sterile coverslips, see Section X) or Western blot analysis (6-well
plates) by coating with 40uM poly-D-lysine (PDL) (Sigma Aldrich, P7886) in PBS. Plates required
for seeding cells were coated with approximately 0.5-1ml PDL/well dependent on well volume.
Plates were then incubated at 37°C overnight. On day 7, plates were removed from the
incubator and PDL was removed. Plates were washed 3 times with sterile DPBS and then left to

dry in the cell culture hood for approximately 30 minutes before cells were seeded.
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Cells were washed with 5ml DPBS and rinsed with 2ml TrypLE™ (Gibco™, 12605-010) and
incubated at 37°C for 3 minutes or until dissociated from the surface of the plate. Cells were
collected into 4mls of Differentiation Media 1 and triturated to create a single cell suspension
before being counted with a haemocytometer. Those used for immunocytochemistry were
seeded on PDL-coated acid-washed coverslips at approximately 60,000 cells/well, and those

for Western blot were seeded on PDL-coated plates at approximately 150,000 cells/well.

2.2.3.3 Days 8-14

On day 8, Differentiation Media 1 was removed and replaced with serum-free media referred to
as “Differentiation Media 2”. This media consisted of DMEM/F12 with 2mM GlutaMAX,
supplemented with 1% PS, 1% NEAA, 10uM RA, 50ng/ul BDNF (brain-derived neurotrophic
factor) (Bio-Techne, 11166-BD), 1XB27 (Gibco™, 17504-044) and 20mM KCl (potassium
chloride). On days 11 and 14, cells were refed with Differentiation Media 2. On day 14, cells
were considered differentiated and so were either fixed or lysed for analysis or treated with

mitochondrial stressors for mito-QC experiments.

2.2.4 Transfection & transduction

For transfection with DNA constructs, cells were seeded 12-24-hours prior at approximately
500,000 cells/well for SH-SY5Y cells and 1,000,000 cells/well for HEK239/T cells. 5pl of
polyethylenimine (PEI) transfection reagent (ratio of 5:1 PEl to DNA) and 100ul OptiMEM
(Gibco™, 11058-021) were incubated for 5 minutes at room temperature before the addition of
plasmid DNA (1pug for transient transfection; as described in 2.5.1 for lentiviral production) and
further incubated for 15-20 minutes at room temperature. Cells were refed with fresh media and

the DNA solution was added to them dropwise.

2.3 Plasmids & cloning

Subcloning was used to move GFP-a-syn sequences from EGFP-alphasynuclein-WT (Addgene
#40822, a gift from David Rubinsztein http://n2t.net/addgene:40822; RRID: Addgene_40822)
and EGFP-alphasynuclein-A53T (Addgene #40823, a gift from David Rubinsztein
http://n2t.net/addgene:40823; RRID: Addgene_40823) plasmids into a lentiviral pLIM1-EGFP

vector (Addgene #19319, a gift from David Sabatini http://n2t.net/addgene:19319; RRID:
Addgene_19319) in order to generate cell lines stably overexpressing GFP-a-syn (Figure 15).
This chapter provides details for each step of the cloning process, some of which were also

used in the creation of the SNCA knockout cell line by CRISPR/Cas9.
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Figure 15: Generation of pLIM1-EGFP-a-syn-WT and pLJIM1-EGFP-a-syn-A53T constructs
Schematic diagram showing the process of generating pLIM1-EGFP-a-syn-WT and -A53T constructs.
pLIM1-GFP was digested with Nhel and BstBI restriction enzymes to excise the GFP sequence,
leaving the empty pLIM1 backbone. EGFP-a-syn-WT and -A53T sequences were amplified with PCR
and digested with the same restriction enzymes to leave complementary sticky ends. The cut EGFP-
a-syn-WT and -A53T sequences and empty pLIM1 backbone were ligated to form the final lentiviral

construct.

2.3.1 PCR amplification

PCR was performed on EGFP-alphasynuclein-WT and EGFP-alphasynuclein-A53T plasmids
using specific oligonucleotide primers (Sigma Aldrich) (Table 8) to amplify the GFP-a-syn

sequences (Figure 16).

Table 8: Primers used for PCR amplification of EGFP-a-syn-WT and -A53T sequences

Primer Sequence Complimentary sequence

Nhel FWD G"CTAG CATGGTGAGCAAGGGC CGGTG GTACCACTCGTTCCCG

BstBI REV TT*"CGAATTAGGCTTCAGGTTC CTTAAG AATCCGAAGTCCAAG
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Figure 16: Plasmid maps showing primer binding sites used for PCR amplification of EGFP-a-syn-
WT and -A53T sequences

Plasmid maps of EGFP-a-syn-WT (a) and EGFP-a-syn-A53T (b) plasmids, with Nhel FWD and BstBI
REV primer binding sites indicated. These primers were used to amplify EGFP-a-syn-WT and -A53T

sequences, shown in blue, using PCR.

For the PCR reaction, 100ng EGFP-alphasynuclein-WT and EGFP-alphasynuclein-A53T DNA
were incubated on ice with 10ul 5X Phusion HF buffer (ThermoScientific™, F-518), 10mM dNTPs
(NEB, N0447S), 100mM forward primer (Nhel FWD), 100mM reverse primer (BstBl REV) and
0.5ul Phusion DNA polymerase (ThermoScientific™, F-530S, made up to 50ul with nuclease-free
water (Ambion™, 991467). The mixture was then incubated in a thermocycler (BioRAD, T100)

with the parameters detailed in Table 9.

Table 9: PCR parameters for amplification of EGFP-a-syn-WT and -A53T sequences

Step Temperature Time

1. Denaturation 98°C 30 seconds

2. Cycling (30 cycles) 98°C 10 seconds
60°C 30 seconds
72°C 1 minute

3. Final extension 72°C 10 minutes

4. Extended incubation 10°C Infinite hold

2.3.2 Gel electrophoresis and purification

Gel electrophoresis was used to separate out amplified or cut sequences from the rest of the
plasmid DNA. Agarose powder (Fisher Bioreagents™, BP160-500) was dissolved in 1X TBE to
make a 10% agarose gel. Once cool, SyBRSafe nucleic acid stain (Invitrogen™, S33102)
(1:50,000; ThermoFisher) was added. The gel was poured into a tank and left to set for 30
minutes at room temperature. Once set, the gel was covered in 1XTBE. PCR product was mixed
with 1X loading dye and loaded on the gel alongside 5ul 1kb GeneRuler DNA ladder
(ThermoFisher Scientific™, SM1331) to allow identification of band size. The tank was attached

to a powerpack, and the gel was run at 60V for approximately 45 minutes or until samples were
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separated. DNA bands were visualised using a G:BOX blue light transilluminator (Syngene) and
bands containing the DNA sequences of interest were cut out using a razor blade (approximate
sizes in Table 10). DNA within the excised gel band was purified using a Genelet extraction kit
(ThermoFisher Scientific™, KO503) according to the protocol provided in the kit. Recipes for

buffers used can be found in Appendix A (Table 20).

Table 10: Approximate sizes of DNA sequences of interest

Sequence of interest Size (bp) Origin plasmid
EGFP-a-syn-WT 1171 EGFP-alphasynuclein-WT
EGFP-a-syn-A53T 1171 EGFP-alphasynuclein-A53T
pLIM1 7366 pLJM1-EGFP

2.3.3 Restriction digest

The pLIM1-EGFP vector was digested using restriction enzymes Nhel and BstBI (Table 11) to cut
out the GFP sequence (Figure 17), leaving an empty pLJM1 backbone (vector). The purified
EGFP-a-syn-WT and -A53T sequences (inserts) were digested using the same restriction

enzymes to create sticky ends complimentary to those of the pLIJM1 backbone.

Table 11: Restriction enzymes used to create sticky ends in the empty pLUM1 backbone and EGFP-

a-syn-WT and -A53T sequences

Restriction enzyme |Cut site (5’-3’) |Company Code
Nhel 1171 Roche 885 851
BstBI 1171 NEB R0519S

2ug of DNA to be digested was mixed with 1pul of each restriction enzyme (Nhel and BstBI) and
3ul 10X Tango buffer (ThermoFisher Scientific™, BY5), made up to 30ul with nuclease-free water.
The vector was dephosphorylated by incubating with 1ul FastAP enzyme and 3pl FastAP buffer
(ThermoFisher Scientific™, EF0654) at 37°C for 10 minutes to prevent self-ligation. The mixture
was incubated at 37°C for 1.5 hours. The digested DNA products were then run on an

electrophoresis gel, excised, and purified (as in 2.3.2).
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Figure 17: Plasmid map showing restriction sites used to digest pLIM1-EGFP
Plasmid map of pLIM1-EGFP with the Nhel and BstBI restriction sites indicated. These restriction
enzymes were used to cut out the EGFP sequence (shown by a green arrow), leaving an empty pLIM1

backbone with sticky ends.

2.3.4 Plasmid purification

The construct of interest was transformed into competent Stbl3™ bacteria (OneShot™;
Invitrogen™, C737303) by incubating on ice for 30 minutes and heat shocking for 45 seconds at
42°C. Bacteria were incubated and shaken in 400ul SOC growth media (Invitrogen, 15544-034)
for 1 hour at 37°C. The bacterial suspension was spread onto LB-Agar plates containing either
ampicillin (100ug/ml) (ThermoFisher Scientific™, BP1760-5) or kanamycin (25ug/ml) (Fisher
BioReagents, BP906-5) depending on the antibiotic resistance gene expressed in the plasmid.
Plates were incubated for 16-18 hours at 37°C to allow formation of bacterial colonies.
Individual colonies were selected, incubated, and shaken in LB-Agar for 16-18 hours at 37°C.

The bacterial culture was centrifuged at 3500RPM for 10 minutes at 10 °C to generate a pellet
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and LB-Agar was removed. Plasmid DNA from the resulting bacterial culture was isolated and
purified using the NucleoSpin™ Plasmid MiniPrep kit (Macherey-Nagel™, 740588.50) according

to the protocol provided.

2.3.5 Ligation and transformation

Inserts and vectors (shown in Table 12) were ligated together at a 3:1 ratio of insert: vector,
made up to 10pl with nuclease free water. 10pul of Quick Ligation buffer (NEB, B2200S) and 0.5pl
of T4 Quick Ligase enzyme (NEB, M2200S) were added and the mixture was incubated at room
temperature for 10 minutes. 2l of ligation product was added to 30ul of competent Stbl3 cells
which were transformed and grown out as described in 2.3.4. Plasmid maps of final constructs

can be found in Appendix A (Figure 113, Figure 114, Figure 116).

Table 12: Vector-insert pairings used to create final constructs

Vector Insert Final construct

pLIJM1 EGFP-a-syn-WT pLJM1-GFP-a-syn-WT
pLJM1 EGFP-a-syn-A53T pLJM1-GFP-a-syn-A53T
pLentiCRISPRv2 SNCA KO pLentiCRISPRv2-SNCA KO

2.3.6 Screening

New pLJM1-GFP-a-syn constructs were screened for successful ligation by redigesting to check
for the presence of both the vector and insert DNA sequences by size. 1ug of DNA from the
constructs was incubated in LB Agar and spread onto Agar plates as described in 2.3.4. Purified
plasmid DNA was redigested as described in 2.3.3 and run on an agarose gel as described in
2.3.2to check for the presence of the GFP-a-syn WT and A53T inserts and the pLJM1 vector
(sizes indicated in Table 10). If constructs were positive, purified plasmid DNA was taken
forward for experiments. Glycerol stocks of positive constructs were made with 500ul of
positive bacterial culture and 250pul of 50% glycerol (Fisher Bioreagents™, G/0650/08), before

storing at -80 °C.
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2.4 CRISPR/Cas9

CRISPR/Cas9 gene editing was used to selectively inactivate the human gene encoding a-
synuclein (SNCA) to create an an a-synuclein knockout cell line (SNCA KO). The SNCA gene was
analysed using Benchling and 2 guide sequences (gRNAs) were chosen that targeted regions in
exon 2. Oligonucleotide gRNAs (purchased from Sigma-Aldrich) are shown in Table 13, with the

gRNA sequence shown in bold.

Table 13: gRNA sequences used to target the SNCA gene (5’-3’)

gRNA |Forward Reverse
1 CACCG AGGACTTTCAAAGGCCAAGG |AAAC CCTTGGCCTTTGAAAGTCCTC
2 CACC GCTGCTGAGAAAACCAAACA AAAC GTTTGGTTTTCTCAGCAGC

The annealed oligonucleotide pair was ligated into a BsmBI-digested pLentiCRISPRv2 backbone
plasmid (Addgene #52961, a gift from Feng Zhang; http://n2t.net/addgene:52961; RRID:

Addgene_52961, Appendix A, Figure 115) and transformed into Stbl3 bacteria as described in
2.3.5. The purified pLentiCRISPRv2-SNCA KO DNA was screened for insertion of the

oligonucleotide gRNAs by Sanger sequencing using the primer detailed in Table 14.

Table 14: Sequence of primer used for Sanger sequencing

Primer Forward

ue FWD ACTATCATATGCTTACCGTAAC
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2.5 Lentiviral DNA delivery

To generate stable cell lines in SH-SY5Y cells, plasmid DNA was integrated into the host cell
genome using a lentiviral system, summarised in Figure 18. Alongside experimental cell lines
with perturbations in a-synuclein, control cell lines were generated with the same system to rule

out possible effects of the viral transduction process on cell phenotypes.

a) b)
Lentiviral
Transfer Envelope Packaging plasmids

plasmid plasmid plasmid

cONA ySVG eﬂ”‘ R-u," \

Lentiviral
production
HEK 293/T
72-hour viral
\ | / — ﬁ ik

Lentiviral Lentiviral
particle transduction

SH-SY5Y -

Figure 18: Formation of 2" generation lentiviral particles, their production from HEK293 cells and

their transduction into SH-SY5Y cells

a) 3 plasmids come together to form lentivirus: a transfer plasmid containing a lentiviral backbone
with the DNA of choice (orange), an envelope plasmid encoding proteins on the viral surface
(pink) and a packaging plasmid containing core viral components (blue)

b) To generate lentivirus, the transfer, envelope and packaging plasmids are transfected into
HEK239/T cells, where they are taken up and expressed in the form of lentiviral particles.
Supernatant containing the virus is collected used to transduce the host, SH-SY5Y cells. DNA from

the lentivirus is integrated into the host cell genome where it can be stably expressed.
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2.5.1 Lentiviral production in HEK239/T cells
HEK293/T cells were seeded in 6-well plates and transfected as described in 2.2.4 with a

puromycin-resistant transfer plasmid, psPAX2 (Addgene #12260, a gift from Didier Trono;
http://n2t.net/addgene:12260; RRID: Addgene_12260) and Pmd2.G (Addgene #12259, a gift

from Didier Trono; http://n2t.net/addgene:12259; RRID: Addgene_12259) at the concentrations

defined in Table 15.

Table 15: Plasmids used to generate lentivirus in HEK239/T cells

Plasmid Function Composition Concentration

Variable Transfer plasmid DNAto be 1.140uM
expressed

psPAX2 Packaging plasmid |Gag-pol-rev-tat 0.750pM

pMD2.G Envelope plasmid VSVG 0.375uM

Transfer plasmids were variable depending on the cell line being created. Details of each

transfer plasmid and the cell line it was used to generate are shown in Table 16.

Table 16: Transfer plasmids used to generate each cell line

Transfer plasmid Cellline Model
pLJM1-EGFP GFP only control Overexpression
pLJIM1-GFP-a-syn-WT GFP-a-syn WT Overexpression
pLIM1-GFP-a-syn A53T GFP-a-syn A53T Overexpression
pLentiCRISPRv2 EV control Knockout
pLentiCRISPRv2-SNCAKO 1 |[SNCAKO1 Knockout
pLentiCRISPRv2-SNCA KO 2 |SNCAKO 2 Knockout
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HEK293/T cells transfected with pLIM1-EGFP were used as a positive control and visualised
using a ZOE™ Fluorescent Cell Imager (Bio-Rad, 1450031) to check for GFP fluorescence to
confirm transfection. After 24 and 48 hours, media was removed and replaced with 2ml of fresh
media. 72-hours post-transfection, viral supernatant was removed and put through a 0.45uM

filter to remove cell debris. Virus was then used immediately for transduction.

2.5.2 Lentiviral transduction of SH-SY5Y cells

SH-SY5Y cells were seeded in 6-well plates at 500,000 cells/well approximately 24 hours prior
to viral transduction. Filtered viral supernatant was added dropwise to SH-SY5Y cells with
5ug/ml hexadimethrine bromide (polybrene) (Merck Millipore, 107689). After 6 hours, viral
supernatant was removed and replaced with 2ml of fresh media. 48 hours after transduction,
1.5pg/ml puromycin (Fisher Bioreagents™, BP2956-100) was added for 2 days to allow for
selection of only cells expressing the transfer plasmid. A visual representation of this is shown
in Figure 18b. Cells were then allowed to expand before being screened for knockout or
overexpression by Western blot. Positive cell lines were frozen as described in 2.2.1 and taken

forward for experiments.

2.6 Protein extraction

2.6.1 Cell lysis

Cells were washed gently with cold 1X phosphate buffered saline (PBS) before being lysed with
radioimmunoprecipitation assay buffer (RIPA) (Appendix A, Table 20) and scraped from the
plate. Lysates were collected, centrifuged at 10,000RPM for 10 minutes at 4°C and the pellet

was removed.

2.6.2 BCA assay

A Pierce™ bicinchoninic acid (BCA) Protein Assay Kit (ThermoScientific™, 23250) was used
according to instructions to determine the protein concentration of each lysate. In duplicate,
10ul of each experimental lysate was pipetted into a 96-well plate in alongside 10ul of each
bovine serum albumin (BSA) standard, made up from the kit. For cells in 96-well plates for
normalisation to total protein, 25ul of RIPA buffer was added to each well containing cells and
25ul of each standard was pipetted in duplicate into empty wells of the same plate. The
standards were at the following concentrations: Opg/ml (control), 25pug/ml, 125ug/ml, 250ug/ml,
500pg/ml, 750ug/ml, 1000pg/ml, 1500ug/ml, and 2000ug/ml. 200ul of BCA working reagent was
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added to each well and the plate was incubated at 37°C for 30 minutes. The absorbance of each
well was read with a POLARstar Omega plate reader (BMG Labtech) at a wavelength of 562nm.
Duplicate readings were averaged and the background measurement from the control standard
were subtracted from all other readings. The absorbances of the known standards were used to
create a standard curve. The equation for the gradient of this curve was used to calculate

protein concentrations of experimental lysates.

2.6.3 Mitochondrial isolation

Mitochondria were isolated from cells using a Mitochondria Isolation Kit for Cultured Cells
(Abcam, ab110170). Cells were washed gently with cold 1X PBS before 500ul 1X PBS was added
to each of 3 plates. Cells were scraped from the plates, collected together, and centrifuged at
1000G for 5 minutes at 4°C. The pellet was flash frozen on dry ice and then thawed to weaken
cellmembranes. The pellet was resuspended in reagent A at a concentration of 5mg/ml and
incubated on ice for 10 minutes. Cells were then homogenised with a dounce homogeniser (30
strokes) and centrifuged at 1000G for 5 minutes at 4°C. The supernatant was kept and the pellet
was resuspended in reagent B at a concentration of 5mg/ml. The same rupture process was
repeated and the supernatants from both steps were added together. The combined
supernatants were centrifuged at 12,000G for 15 minutes at 4°C and the supernatant was kept
as the cytosolic fraction. The pellet was resuspended in 500ul reagent C as the mitochondrial

fraction. 1X protease inhibitor was added and fractions were frozen at -80°C.

2.7 Western blot

2.71 Casting gels

SDS-Page gels were made according to protocols for the SDS-Page Mini setup (Bio-Rad)
(Appendix A, Table 22). Resolving gels were made at either 10% or 15% acrylamide depending
on the expected molecular weight of proteins of interest. Gels were covered with 70% ethanol
(Sigma Aldrich, 32221-M) and left to set for 30 minutes at room temperature. Ethanol was rinsed
out with dH,0O and stacking gels were added on top of resolving gels. Combs were inserted to
form the sample wells and the gel was left to set for 45 minutes at room temperature. Once set,

gels were stored at 4°C until use.
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2.7.2 SDS-Page

Based on the BCA assay, cell lysates were diluted in RIPA buffer to enable equal loading of
protein, and each mixed with the same volume of 1X sodium dodecyl sulfate (SDS) loading
buffer (diluted from 6X). Lysates were then denatured by boiling at 95°C for 5 minutes and
cooled onice for 2 minutes prior to loading into the gel. Proteins were separated on SDS-Page
gels alongside a molecular weight ladder (PageRuler™, ThermoScientific™, 26616; EZ Run™,
Fisher Bioreagents™, BP3603-500) in 1X running buffer (10% Laemmli buffer in dH,0) at 100V for
approximately 1 hour 30 minutes (10% gels) or 2 hours (15% gels). A polyvinylidene difluoride
(PVDF) membrane (Millipore, IPFLO0010) was activated by submerging it in methanol (Fisher
Bioreagents™ M/3900/17) for 2 minutes prior to transfer. Proteins in the gel were transferred to
the activated PVDF membrane by applying a current of 350mA for 1 hour in 1X transfer buffer. To
enable detection of a-synuclein, membranes were subsequently incubated in 4%
paraformaldehyde (PFA) (Polysciences, Inc., 04018-1) in PBS for 30 minutes at room
temperature to allow cross-linking of monomers to the membrane. Membranes were incubated
in blocking solution (either 5% non-fat milk or 3% BSA (Fisher Bioreagents™, BP9701-100) in Tris-
buffered saline (TBS) for 30 minutes at room temperature. Primary antibodies were diluted in
blocking solution according to recommendation (Table 4) and membranes were incubated in
this solution overnight at 4°C. Membranes were then washed 3 times in 0.1% TBS-Tween® wash
buffer (TBS-T) at room temperature. Secondary antibodies were diluted in TBS-T according to
recommendation (Table 5) with 2ul SDS (Fisher Bioreagents™, BP1311-200) to reduce
background signal. Membranes were incubated in this solution for 1 hour at room temperature
before 3 final washes in TBS-T at room temperature. Membranes were washed once in TBS at
room temperature, placed into fresh TBS and then visualised using the Li-COR® Odyssey®
infrared imaging system. Blots were processed using ImageStudio® software. Recipes for

buffers used can be found in Appendix A (Table 20).

2.8 ATP assay

SH-SY5Y cells were cultured in glucose or galactose in the presence or absence of oligomycin to
allow measurements of ATP under different metabolic conditions. The rationale behind this is

detailed in Appendix A (Figure 117).

Cells were plated identically in two 96-well plates — one for the ATP assay using the
Mitochondrial ToxGlo Assay (Promega, G8000) and one for a BCA assay to allow normalisation

of ATP readouts against protein concentration. Cells were plated in triplicate for each of 4
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experimental conditions. After 24-hours, cells were washed twice with media and refed with
100ulin the following conditions: 1) glucose media; 2) glucose media with 10uM oligomycin; 3)
galactose media; 4) galactose media with 10uM oligomycin. Glucose media refers to DMEM/F12
as described in 2.2.1. Galactose media refers to DMEM no glucose (ThermoScientific™,
11966025) supplemented with 1% PS, 1% NEAAs, 10% FBS and 10mM galactose (Sigma Aldrich,
G0750). A well with no cells and galactose media was used as a negative control. Cells were

incubated at 37°C for 2 hours before plates were processed.

For the ATP assay plate, media was removed and 100ul ATP detection reagent from the kit was
added to each well. Samples were gently mixed without pipetting and transferred to a white 96-
well plate. Luminescence was measured in relative light units (RLU) using a GloMax® Multi+
detection system (Promega). The values for each condition were averaged and the negative
control was subtracted from the experimental readings. For the BCA assay plate, media was
removed and cells were washed with cold PBS. 25ul of RIPA buffer was added to each
experimental well and 25ul of each BSA standard from the BCA Assay kit was added to the plate
in duplicate. The BCA was then carried out as described in 2.6.2. Luminescence vales were
divided by the protein concentration for each experimental well to give ATP levels normalised to

total protein (RLU/pug).

2.9 Oxygen consumption rate

Oxygen consumption rate (OCR) was measured using a Mito Stress Test with the Agilent
Seahorse XF Pro analyser. The theory behind how this test manipulates complexes of the
respiratory chain to enable measurement of mitochondrial output is explained in Appendix A
(Figure 118, Figure 119). 24-hours prior to the assay, cells were seeded at 50,000 cells/wellin a
96-well Seahorse culture plate and left at room temperature for 30 minutes to ensure even
spreading before cells adhered. At least three replicate wells were plated per experimental
group. Seahorse XF Calibrant (Agilent, 100840-000) was added to each well of the calibration
plate and the hydrobooster was inserted. The calibration plate was incubated overnight at 37°C

without CO.. Cells were plated in duplicate in a 96-well plate for normalisation.

On the day of the assay, media was removed from the cells and replaced with Seahorse XF
DMEM pH 7.4 (Agilent, 103575-100) supplemented with 1M glucose (Agilent, 103577-100),
100mM pyruvate (Sigma Aldrich, S8636) and 200mM L-glutamine. The calibration plate was
removed from the incubator and injection ports on the sensor cartridge were loaded with the

Seahorse Mito Stress Test compounds (Agilent, 103015-100) at the following concentrations:
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1.5uM oligomycin, 2uM CCCP, 0.5uM antimycin A/rotenone. The plate was then inserted into
the Seahorse analyser for machine calibration. The cell plate was incubated for approximately
45 minutes at 37°C without CO, to acclimate, then inserted into the Seahorse analyser for the
assay to be run. During the run, the duplicate 96-well plate was used to run a BCA assay as
described in 2.6.2. Using Agilent Wave Pro software, OCR vales were divided by the protein
concentration for each experimental well to give OCR normalised to total protein (OCR/pg).
Graphs and calculations of respiratory parameters were all automatically generated from the

data with Agilent Wave Pro software.

2.10 Immunofluorescence

2.10.1 Acid-washing coverslips

Differentiating SH-SY5Y cells were plated on acid-washed coverslips to enhance cellular
attachment to the glass. To acid-wash, coverslips were shaken in 1M NaOH for an hour at room
temperature, rinsed 5 times in dH,0 and then shaken in 1M HCl overnight at room temperature.
Coverslips were rinsed a further 5 times in dH,O and shaken in 70% ethanol for 15 minutes at

room temperature and then left in fresh 70% ethanol until use.

2.10.2 Immunocytochemistry

SH-SY5Y cells were cultured on ethanol-sterilised coverslips in 12-well plates. Prior to staining,
cells were washed with 1X PBS and fixed in 4% PFA in PBS for 20 minutes at room temperature.
Coverslips were washed again in 1X PBS and membranes were permeabilised with 0.1% Triton-
X-100 (Acros Organics, 215682500) in PBS for 2 minutes at room temperature. Coverslips were
washed a final time in 1X PBS before being incubated in blocking solution (1% BSA in PBS) for 20
minutes at room temperature. Primary antibodies were diluted as recommended in blocking
solution (Table 4). Coverslips were incubated in primary antibody solution for 1 hour 30 minutes
at room temperature in a humidified incubation chamber. Secondary antibodies were also
diluted as recommended (Table 5) in blocking solution with the addition of Hoechst nuclear
stain (1:10,000). Coverslips were washed in 1X PBS before incubation with secondary antibody
solution for 45 minutes at room temperature in a dark humidified incubation chamber.
Coverslips were washed in 1X PBS for a final time, rinsed in dH,O and mounted onto sterile
glass slides with FluorSave® mounting medium (Merck Millipore, 345789). Immunofluorescence
images were obtained using either a Zeiss Axioplan microscope with a 63X oil immersion

objective or an Olympus IX83 inverted fluorescence microscope with a 100X or 60X oil
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immersion objective or a 40X air objective. Images were subsequently processed with Imagel®

software.

2.10.3 Saponin treatment

To look at localisation of a-synuclein and pS129 a-synuclein in cells overexpressing GFP-a-syn-
WT or -A53T, saponin was used to clear the cytoplasm, highlighting any GFP-a-synuclein left
behind. In these cases, cells on coverslips were washed with 17X PBS and then incubated in
0.03% saponin (Sigma Aldrich, S4521) in PBS for 30 seconds at room temperature prior to

fixation with 4% PFA. The rest of the staining protocol was carried out as detailed in 2.10.2.

2.11 Live imaging of AWm

ImagelT™ tetramethylrhodamine (TMRM) reagent (Invitrogen, 134361) was used in live cells to
assess mitochondrial membrane potential (AWm). Cells were plated as described in 2.2.1. 24-
hours prior to imaging, DMEM/F12 media was removed and replaced with media without phenol
red, FluoroBrite™ DMEM (Gibco, A1896701) supplemented with 10% FBS, 1% PS and 1% NEAAs.
On the day of imaging, ImagelT™ TMRM reagent was diluted and added to cells in fresh media to
a final concentration of 10nM. Cells were incubated at 37°C in 5% CO, for 30 minutes and then
imaged with a 63X objective on a DeltaVision™ Elite live imaging microscope. Z-stacks were
taken to capture whole cells in 3D, with approximately 15 Z-slices per cell. Images of 10
different fields of view were taken for TMRM fluorescence intensity measurements as readouts

of steady state AWm.

As a positive control, cells were incubated with TMRM as above and one field of view was
imaged. 10uM CCCP was added to induce depolarisation of the mitochondrial membrane, and
images of the same field of view were taken once per minute over a 10-minute period, showing a
decrease in fluorescence intensity. This data is shown in Appendix A (Figure 121) as proof-of-

concept.
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2.12 Data analysis

2121 Western blot quantification

Imagel® software was used to determine protein levels from Western blots. For each blot, mean
grey value measurements were taken of proteins of interest, loading control and background.
Background measurements were subtracted from protein measurements to reduce noise.
Expression levels of the protein of interest were expressed relative to the loading control, orin
some cases to a comparative protein. Calculated protein expression was directly plotted on bar

graphs and differences between groups were statistically analysed.

2.12.2 Quantification of GFP puncta in GFP-a-syn overexpressing cells

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cell were fixed, underwent
cytoplasmic clearance with saponin and immunocytochemically stained for GFP. The number

of GFP-positive puncta remaining was quantified as a readout of potential aggregated species.

GFP images were first adjusted using “brightness/contrast” before the number of GFP-positive
puncta per cell was then manually counted (Figure 19). Care was taken to only quantify this in
cells exhibiting a level of background GFP to ensure that only cells overexpressing GFP or GFP-
a-syn were included. Criteria for counting a staining feature as a GFP-positive puncta were
firstly that it was rounded and punctate in shape, and secondly that it displayed an increased
brightness that enabled it to be distinguished from background GFP. The number of GFP-
positive puncta was counted in 16 cells per experimental group, per repeat, with the means of

each group taken forward for statistical analysis.
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Example 2

Criteria:

-Round; punctate
-Distinguishable from
background staining
by brightness

Example 1

Figure 19: Examples of GFP puncta in GFP-a-syn overexpressing cells

Cells overexpressing GFP or GFP-a-syn were fixed and underwent cytosolic clearance with saponin to
leave only punctate staining. GFP images were adjusted manually with the “brightness/contrast” tool
before individual cells were assessed for punctate staining which could potentially reflect aggregates.
The number of GFP-positive puncta per cell was counted manually. Criteria denoting punctate
staining was that staining features were round and so bright that they could be clearly distinguished

from background staining. Examples of cells with GFP-positive puncta identified are shown in (a) and

(b).
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2.12.3 MDV quantification

MDVs were quantified manually with Imagel® software from immunofluorescence images taken
on a 100X objective. Background was subtracted to reduce noise using a rolling ball radius of
30-50 pixels and brightness/contrast was enhanced. Images of TOM20, PDH and nuclei stained
with 4’, 6-diamidino-2-phenylindole (DAPI) were merged to allow identification of individual
cells. IMM-derived MDVs were defined as PDH+/TOM20- puncta, identified by PDH+ puncta that
did not colocalise with TOM20 (Figure 20a). OMM-derived MDVs were defined as TOM20+/PDH-
puncta, identified by TOM20+ puncta that did not colocalise with PDH (Figure 20b). The multi-
point tool was used to select individual MDVs, and the total number of points was counted for
10 cells per condition. The same cells were used to quantify both OMM- and IMM-derived MDVs.
Numbers of MDVs were plotted on a scatter dot plot alongside and differences between groups

were statistically analysed.

TOM20 PDH TOM20 / PDH
a)
IMM-derived
PDH+ MDV
b) \
OMM-derived
TOM20+ MDV

Figure 20: Identification of MDVs with ImageJ® using TOM20 and PDH staining

MDVs were distinguishable from the rest of the mitochondrial network since the network expressed
both the IMM marker, PDH, and the OMM marker, TOM20. MDVs only expressed one of these two
depending on its origin. IMM-derived MDVs were defined as being PDH+ but TOM20- (a). OMM-
derived MVs were defined as being TOM20+ but PDH-.

101



Chapter 2

2.12.4 Mitochondrial network analysis

To analyse the mitochondrial network, immunofluorescence microscopy images of cells
stained with a mitochondrial marker (either TOM20 or cytochrome C (henceforth referred to as
CytC) were processed using an Imagel® analysis workflow developed based on Chaudhry et al.,

2020.

2.12.41 Thresholding

Images were first adjusted and thresholded using a 7-step process to leave a binary image. First,
the “subtract background” command was used with a rolling ball to remove uneven background
and then the “sigma filter plus” plugin was then used to smooth the image. The “enhance local
contrast (CLAHE)” plugin was used alongside the “gamma” correction function to adjust
brightness and contrast. Thresholding was achieved with the “adaptive threshold” plugin which
accounts for heterogeneous image feature intensities. Noise was reduced using the
“despeckle” and “remove outliers” commands. Examples of image outputs at each
thresholding stage area shown in Figure 21, and the specific parameters for any variable

commands or plugins are detailed in Table 17.
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Figure 21: Steps for image thresholding with Imagel® prior to analysis

A 7-step thresholding process was used to create a binary image to be used for analysis. Starting
with a raw image (a), background was removed to leave a cleaner image (b). Brightness was then
adjusted, leaving an image with enhanced contrast (c). Thresholding was then carried out to leave a
binary image (d) which then underwent noise removal to leave a clean final processed image (e)
ready for analysis. Coloured boxes detail the specific Imagel® plugins or commands used at each

stage.

Table 17: Parameters used for thresholding prior to mitochondrial network analysis

Thresholding function Parameter 40X Parameter 100X
Subtract background rolling ball 6.2713 15.6200
size

Sigma filter plus radius 0.62713 0.1562
Enhance local contrast block size |64 64
Enhance local contrast slope 0 0
Gamma correction value 0.8 1.1
Adaptive threshold block size 7.84 19.53
Adaptive threshold subtract -1 -4
Remove outliers radius 0.94 3.34
Remove outliers threshold 50, bright 50, bright

2.12.4.2 Isolation of individual cells

Once images of staining were thresholded, the resulting binary image was merged with either
DAPI (for EV and SNCA KO cells) or GFP (for GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells)
to enable identification and selection of individual cells. 20 cells were selected per
experimental group, per repeat, with up to 5 cells selected perimage. Cells were manually
selected using the “freehand selections” tool and saved as individual regions of interest (ROlIs)
(Figure 22b). For a given image, all ROls were then overlayed onto the image, filled and inverted
to create a mask. This mask was used with the “image calculator” tool to subtract the staining

within ROls from the rest of the image, leaving only an image with the cells of interest. Individual
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cells were isolated from the rest of this image in the same way: an individual ROl was overlayed
onto the image, filled and inverted to create a mask which was then subtracted from the image,

leaving an image containing only one cell (Figure 22c).

2.12.4.3 Analysis of network

For each cell, a 2-step analysis workflow was carried out. Firstly, the “analyse particles”
function was used directly on the processed images to capture morphological information
including the total number of discrete staining features (considered to be individual
mitochondria) as well as the area, perimeter, aspect ratio and circularity of each one (Figure
22d). Then, the “skeletonise 2D/3D” plugin was used to generate a skeletonised image for
information on connectivity (Figure 22e). The “analyse skeleton” function was used to measure
the total number of branches (considered to be individual mitochondria) as well as the length of
each branch and the number of junctions between branches (Figure 22f). Individual morphology
and connectivity measurements were then averaged for each cell. These values were used to
calculate the overall mean of the 20 cells for each experimental group. SuperPlots were
generated from this data to display each individual data point and statistical analysis was

carried out.
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Thresholded Cell selection Cell isolation

Analyse particles Skeletonise 2D/3D Analyse skeleton

Outputs: Outputs:

Of each fragment: -Total number of branches
-Area -Length of each branch
-Perimeter -Total number of junctions
-Aspect ratio

-Circularity

Figure 22: Steps for selecting, isolating and analysing mitochondria in individual cells with Imagel®
Indiviuual cells were isolated from a thresholded image (a) using the ROl manager. Cells were
manually drawn around with the “freeform selections” tool (b). By filling these ROls, creating masks
and subtracting these from the thresholded image, individual cells could be isolated to leave images
containing only one cell, ready for analysis (c). This image was directly assessed using “analyse
particles” (d) to generate morphology measurements for each individual staining feature. The image
was then processed with “skeletonise 2D/3D” (e) and “analyse skeleton” (f) was used to generate a
tagged skeleton of the cell (branches in orange, junctions in pink, endpoints in blue). Connectivity

measurements were taken from this image.
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2.12.5 Lysosome analysis

Lysosomal phenotypes were measured from cells stained with antibodies against the lysosomal
marker, LAMP1 and the OMM marker, TOM20. Images taken by immunofluorescence
microscopy on a 100X objective were put through an Imagel® analysis workflow developed to
assess the number and total area of lysosomal puncta within a cell, and percentage of
lysosomal puncta and area that colocalised with mitochondrial staining. These measures were

all taken from the same cells. 20 cells were analysed per experimental group, per repeat.

2.12.5.1 Thresholding

Firstly, raw images were adjusted and thresholded to leave binary images. The TOM20 image
was thresholded as previously described in 2.12.4.1 (Figure 21). The LAMP1 image was
processed using the “subtract background” command with a rolling ball size of 5, and the “auto

threshold” function (Figure 23).

Remove
background

—

Subtract
background

Threshold

Figure 23: Steps for adjusting and thresholding LAMP1 images

To process LAMP1 images, background was removed from raw images to leave a cleaner image. This

was then thresholded to generate a binary image of LAMP1 staining ready for analysis.
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2.12.5.2 Isolation of individual cells

Thresholded binary images of TOM20 and LAMP1 staining were then merged with either DAPI
(for EV.and SNCA KO cells) or GFP (for GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells) to
allow selection of individual cells for analysis. Individual cells were manually drawn around with

the “freehand selection” tool, with each saved as an individual ROI.

The thresholded, binarized TOM20 and LAMP1 images were merged in colour alongside DAPI or
GFP to enable identification of individual cells (Figure 24a). The “freehand selection” tool was
used to manually draw around individual cells which were each saved as a separate ROI (Figure
24b). For binary LAMP1 and TOM20 images, all ROls were overlayed, filled and inverted to create
a mask. This was used to subtract staining within the ROls from the rest of the image. Individual
cells were isolated in the same way: an individual ROl was overlayed onto the image, filled and
inverted to create a mask which was then subtracted from the image, leaving an image
containing staining from a single cell (Figure 24c). For each cell, this generated one image of

isolated LAMP1 and one of isolated TOM20.

2.12.5.3 Analysis of LAMP1 and LAMP1/TOM20 colocalisation

To measure LAMP1+ puncta, the “analyse particles” command was used directly on this
isolated LAMP1 image to generate readouts of the total number of LAMP1+ puncta and the total
area of LAMP1+ puncta per cell (Figure 24d). To assess colocalisation of LAMP1 and TOM20, the
“image calculator” function was used to create a composite from the binary LAMP1 and TOM20
images. This composite was comprised only of pixels that were positive for staining in both the
LAMP1 “and” the TOM20 images (Figure 24e). The “analyse particles” command was then used
to generate readouts of the total number of colocalised puncta per cell and the total area of
colocalised puncta per cell. The colocalised puncta and area were normalised against total
lysosomal puncta and area respectively to provide the percentage of all lysosomes that

colocalised with mitochondria.

Total LAMP1+ puncta per cell, total area of LAMP1+ puncta per cell, percentage of LAMP1
puncta colocalised with TOM20 per cell and percentage of LAMP1 area colocalised with TOM20
per cell were presented. The values from each of the 20 cells per group were used to calculate
an overall group mean. SuperPlots were generated from this data to display each individual data

point and statistical analysis was carried out.
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Figure 24: Steps for analysis of LAMP1 morphology and LAMP1/TOM20 colocalisation with Image)®
Thresholded, binary TOM20 and LAMP1 images were merged with either DAPI or GFP to enable
identification of individual cells (a). These were selected manually using the “freehand selection” tool
and each cell was saved as an ROI (b). Staining in individual ROIs was subtracted from the rest of the
cell through the creation of masks, leaving behind images only containing one cell (c). Isolated
LAMP1 staining was directly measured using “analyse particles”, generating readouts of total LAMP1
puncta and area per cell (d). Using “image calculator”, composite images were created to show pixels
that were positively stained in both LAMP1 and TOM20 images as a readout of colocalisation (e). The

number and area of colocalised puncta were measured using “analyse particles”.

2.12.6 Quantitation of mitochondrial pUb S65

Levels of mitochondrial pUb S65 were measured from cells stained with the mitochondrial
marker, CytC, and pUb S65. Images taken by immunofluorescence microscopy on a 100X
objective were put through an ImagelJ® analysis workflow developed to the number of
mitochondrial pUb S65 puncta and the total area of mitochondrial pUb S65 staining per cell. 20

cells were selected per experimental group, per repeat.

This process measured colocalised puncta and area and was very similar to that used for

measuring colocalised LAMP1 and TOM20, so this workflow is referenced throughout.

2.12.6.1 Thresholding

Firstly, raw images were adjusted and thresholded to leave binary images. The CytC image was
thresholded as previously described in 2.12.4.1 (Figure 21), but parameters were slightly

adjusted due to differences in signal between TOM20 and CytC (

Table 18). The pUb S65 image was processed using the “subtract background” command with a

rolling ball size of 5, and the “auto threshold” function (Figure 25).
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Thresholding function Parameter
Subtract background rolling ball 15.6200
size

Sigma filter plus radius 0.5
Enhance local contrast block size |64
Enhance local contrast slope 0
Gamma correction value 1.10
Adaptive threshold block size 21
Adaptive threshold subtract -1
Remove outliers radius 2.34
Remove outliers threshold 50, bright

Table 18: Parameters used for thresholding of CytC images prior to pUb S65 analysis
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Remove
background

—_—

Subtract
background

Threshold

2.12.6.2 Isolation of individual cells

Figure 25: Steps for adjusting and thresholding pUb S65 images

To process pUb S65 images, background was removed from raw images to leave a cleaner image.

This was then thresholded to generate a binary image of LAMP1 staining ready for analysis.

Thresholded binary images of pUb S65 and CytC were merged, and cells were selected in the
same way as described in 2.12.5.2. For each cell, this generated one image of isolated CytC and

one of isolated pUb S65. This is shown in context in Figure 26.

2.12.6.3 Analysis of mitochondrial pUb s65

Mitochondrial pUb S65 was defined as puncta of pUb S65 staining that colocalised with CytC.
This was because to avoid skewing of data since some images had a lot of background nuclear
pUb S65 staining. To assess colocalisation between pUb S65 and CytC, the “image calculator”
function was used to create a composite from the binary pUb S65 and CytC images. This

composite was comprised only of pixels that were positive for staining in both the pUb S65
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“and” CytC images. The “analyse particles” command was then used to generate readouts of

Cytochrome C image pUb S65 image Merged image

Cell selection Cell isolation

Outputs:

Freehand
selecton tool
to choose Per cell:

cels S q -Number of
: : colocalised puncta

-Total area of
colocalised puncta

Figure 26: Steps for analysis of pUb S65/CytC colocalisation with ImagelJ®

Thresholded, binary TOM20 and LAMP1 images were merged with either DAPI or GFP to enable
identification of individual cells (a). These were selected manually using the “freehand selection” tool
and each cell was saved as an ROI (b). Staining in individual ROIs was subtracted from the rest of the
cell through the creation of masks, leaving behind images only containing one cell (c). Using “image
calculator”, composite images were created to show pixels that were positively stained in both pUb
s65 and cytochrome c images as a readout of colocalisation (shown in yellow on this diagram). The

number and area of colocalised puncta were measured using “analyse particles”.
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2.12.7 TMRM fluorescence intensity analysis

To measure changes in AWm, | analysed fluorescence intensity in Z-stack images of TMRM
signalin live cells. To exclude areas outside the cell and regions between mitochondrial
staining, only pixels positive for TMRM were assessed using a 3-step image processing workflow
developed with Imagel® with help from Jacob Trend. Z-stacks were first opened and duplicated -
one used to create the mask (2.12.7.1) and one used to generate data (2.12.7.2, 2.12.7.3). This
process was repeated until information from 20 cells per group, per experimental repeat had

been obtained.

2.12.71 Creation of mitochondrial masks

Firstly, a mitochondrial mask was created to enable isolation of positive TMRM signal using one

of the duplicate Z-stacks (Figure 27). The “multiply” function was applied to enhance the

115



Chapter 2

difference between positive and negative signal followed by “3D sharpen” to enhance border
definition and “3D Gaussian blur” to reduce noise (Figure 27a). The Z-stack was then
compressed into a single 2D image using the “Z-projection” function with “sum slices” to add
values from each slice of the Z-stack together for any given pixel. To enable accurate capture of
the positive and negative staining within the mitochondrial network, sharp boundaries were then
detected using “find edges”. The “threshold” command was then used to create a binary outline
image of all stained areas, using a “Huang dark autothreshold”. These outlines were filled and
inverted, leaving behind only regions with positively stained pixels that tightly followed the

mitochondrial staining. This mask was then used to isolate positive signal (Figure 27b).
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Figure 27: TMRM fluorescence intensity analysis part 1: creating the mitochondrial mask

To measure fluorescence intensity of TMRM staining in individual cells, a mask of mitochondrial
staining first had to be generated. To create this, raw Z-stacks underwent contrast enhancement and
noise reduction (a) before being compressed from a Z-stack to a 2D image using “sum slices”. In the
resulting image, sharp boundaries were detected and then images were thresholded to create a
binary outline image. Any non-specific staining was then removed, leaving a mask containing only
pixels positive for TMRM that tightly followed the contours of mitochondrial membranes (b). This

mask was taken forward for part 2 (Figure 28) to isolate positive signal.

2.12.7.2 Isolation of positive signal

The second duplicate Z-stack was compressed into a single 2D image using the “Z-projection”
function with “sum slices” (Figure 28a). The mask image from 2.12.7.1 was then subtracted
from this using “image calculator”, generating an image showing only positive signal within
those masked regions (Figure 28b). Cells were manually selected from this positive signal
image using the “freehand selection” tool and saved as individual ROls (Figure 28c). 20 cells

were selected per experimental group, per repeat, with up to 5 cells selected perimage.
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Figure 28: TMRM fluorescence intensity analysis part 2: isolating positive signal & selecting cells

To measure fluorescence intensity of TMRM staining in individual cells, the mask created in part 1
(Figure 27) was used to isolate only TMRM-positive pixels. Raw Z-stacks were compressed to 2D
images using “sum slices” (a), and the mitochondrial mask was then subtracted to leave an image
showing positive signal, tightly following the contours of mitochondrial membranes specified by the
mask (b). The “freehand selection” tool was then used to manually draw around individual cells, with

each cell outline saved as an ROI (c). These selected ROIs were then analysed in part 3 (Figure 29).

2.12.7.3 Isolation of cells & histogram analysis

Individual ROls were overlayed onto the image, filled and inverted to create a mask. This mask
was used with the “image calculator” tool to subtract this from the rest of the image, leaving
behind an image containing only one cell (Figure 29). Pixels were separated into 3 intensity bins:
0, 1-254 and 255. The “fill” tool was used to infill pixels outside the ROl with a maximum
intensity of 255 and negatively stained pixels within the bounds of the mitochondrial mask (e.g.
gaps between mitochondrial filaments) an intensity of 0. As such, any positive pixels had values
of 1-254. The “analyse histogram” function was then used to generate a readout of the
distribution of pixel values from 0-255. Intensity information from this histogram was taken

forward for analysis.

2.12.7.4 Quantitative intensity analysis

The output of the histogram was the number of pixels attributed to each intensity bin from 0-
255. 0 indicated non-positively stained pixels within the mitochondrial network (e.g. gaps
between mitochondrial filaments) and 255 indicated background from outside the
mitochondrial network (e.g. space between the bounds of the network and the edge of the
drawn ROI). Pixels in these 2 bins were discarded from analysis to avoid skewing of data by
pixels not positive for TMRM. Pixels between 1-10 were classified as noise, and pixels from 200-
254 were discarded as background. This left pixels between 10-200 which were considered to

be positive for TMRM and thus were quantified.

The number of pixels in each bin was used to calculate a weighted average, yielding an average
image intensity value per cell. Image intensities from each of the 20 cells per group were then
used to generate a group mean. SuperPlots were generated from this data to display each

individual data point and statistical analysis was carried out.
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2.12.7.5 Validation with positive control

To validate that quantitation of TMRM fluorescence intensity could capture a decrease in AWm,
intensities were quantified in the same cells before and after the addition of 10uM CCCP. 15
cells were chosen from the pre-treatment image, isolated and quantified as described. The
same 15 cells were quantified in images of the same field of view taken 1-10 minutes after the
addition of CCCP. The average fluorescence intensity for each cell at each time point was
plotted on a graph, enabling visualisation of a decrease in intensity after CCCP. Image
intensities from each of the 15 cells were used to generate a mean for each time point.
SuperPlots were generated from this data to display each individual data point, shown in

Appendix A (Figure 122).

Positive signal image Mask of cell 1 Isolation of cell 1

Output:
EE—— | Analyse
0 255 -
- histogram

N 155040 Min: 0

Mean: 220.729 Max: 255

StdDev. 61.563 Mode: 255 (107611)

Value: 208 Count: 177

Figure 29: TMRM fluorescence intensity analysis part 3: isolating cells & creating histograms

To measure fluorescence intensity of TMRM staining in individual cells, ROIs from part 2 (Figure 28)
were used to selectively isolate cells for analysis. By filling these ROls, creating masks and subtracting
these from the thresholded image, individual cells could be isolated to leave images containing only
one cell, ready for analysis. The “fill” tool was used to give pixels outside the cell an intensity of 255
and pixels in gaps within the mitochondrial network an intensity of 0, leaving positively stained
mitochondrial pixels between 1 and 254. A visual representation of this was generated using

“analyse histogram” and the values from this were inputted into excel for further analysis.
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2.12.8 Neuronal analysis

To evaluate the morphology of differentiated cells, immunofluorescence microscopy images of

cells stained with B-llI-tubulin and DAPI were analysed with ImageJ®.

2.12.8.1 Neurite measurements

To measure the number of neurites for each cell, B-lll-tubulin and DAPI images were merged to
allow identification of individual cells. The “multi-point” tool was then used to label individual
neurites, defined as B-lll-tubulin-positive projections from the cell body (Figure 30a). The
number of neurites was counted for 20 cells per experimental group, per repeat, and the mean
of each group was taken to give the average number of neurites per cell and statistically

analysed.

To measure the length of the primary neurite in each cell, images showing B-llI-tubulin were
opened with the “Neuron)” plugin which enables precise tracing of neurite paths. The “add
tracings” command was used to select individual neurites to be measured. For the longest
neurite in each cell, the first tracing point was placed at the edge of the cell body and the final
tracing point was placed at the end of the neurite. The “measure tracings” command was used
to generate the lengths of each traced neurite (Figure 30b). Primary neurite length was
measured for 20 cells per experimental group, per repeat, and the mean of each group was

taken to give the average primary neurite length per cell and statistically analysed.
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Figure 30: Steps for measuring neurites in differentiated cells with Imagel®

a) To measure the number of neurites per differentiated cell, B-IlI-tubulin and DAPI images were
merged and the “multi-point” tool was used to select individual B-llI-tubulin-positive projections
from the cell body.

b) To measure the length of the primary neurite, the “Neuron)” plugin was used to trace the
longest B-lll-tubulin-positive neurite in each cell. The “measure tracings” command was used to

measure the length of each tracing.
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2.12.8.2 Nuclear measurements

To measure nuclear morphology in differentiated cells, DAPl images were first thresholded. The
“subtract background” command was used with a rolling ball size of 50 to remove uneven
background and then the “auto threshold” command was used since DAPI staining was
generally very clean. Merged images showing DAPI staining with B-lll-tubulin staining were then
opened alongside this thresholded image to visualise differentiated cells, ensuring that in the
next steps only nuclei in cells with B-lll-tubulin-positive neurites were selected. Nuclei from
individual differentiated cells were selected using the “freeform selection” tool, with each being
added individually to the ROl manager. 20 cells were selected per experimental group, per
repeat, with up to 5 cells selected perimage. Care was taken to only select nuclear staining

which had a clear boundary and were not touching nuclear staining from other cells.

For a given image, all ROls were then overlayed onto the image, filled and inverted to create a
mask. This mask was used with the “image calculator” tool to subtract the staining within ROls
from the rest of the image, leaving only an image with the cells of interest. Individual cells were
isolated from the rest of this image in the same way: an individual ROl was overlayed onto the
image, filled and inverted to create a mask which was then subtracted from the image, leaving
an image containing only one cell. The “analyse particles” command was used on these images
to generate readouts of nuclear morphology. A summary of this process is shown in Figure 31.
Nuclear area and aspect ratio were measured for 20 cells per experimental group, per repeat

and statistically analysed.
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Figure 31: Steps for measuring nuclear morphology in differentiated cells with ImageJ)®

To measure nuclear morphology, DAPI staining was first thresholded to create a clean, binary image.
The “freeform selection” tool was used manually draw around nuclei and each was saved as an ROI.
A merged image of DAPI with B-lll-tubulin staining was opened alongside the thresholded DAPI
image to ensure that only cells considered differentiated were selected. By filling these ROIs,
creating masks and subtracting these from the thresholded image, nuclei from individual cells could
be isolated to leave images containing only one cell nucleus, ready for analysis. This image was

directly assessed using “analyse particles” to generate morphology measurements of area and
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2.12.9 Generation of SuperPlots

For all measurements generated from immunofluorescence microscopy images, data was
presented as a SuperPlot. A SuperPlot describes a graph which displays all data colour coded
by repeat to enhance communication of the experimental design and results. This enables the
reader to visualise technical and biological replicates, though does sometimes reveal
inconsistencies between replicates (e.g. as in Figure 79). SuperPlots were generated with
GraphPad Prism based on Lord et al. (2020) by overlaying 2 graphs: one displaying each data

point and one displaying means and SEM, both coded with the same colours (Figure 32).
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125



Chapter 2

Figure 32: Generation of SuperPlots using GraphPad Prism

To generate SuperPlots, two individual graphs were created and then overlayed. Firstly, a graph
displaying all individual data points was made, with data points colour coded by biological repeat.
Secondly, a graph displaying the means of each group, the overall mean from the 3 biological repeats
and the SEM. Means were colour coded by biological repeat in the same way. These graphs were

then overlayed to show all this information on a single set of axes.

2.13 Statistical analysis

Statistical analysis was performed on all quantitative data with at least 3 biological repeats
using GraphPad Prism 10 for Windows (Boston, Massachusetts, USA). Parametric tests were
carried out on means where data was approximately normally distributed and had equal

variance.

Different tests were performed dependent on the number of groups and variables being
analysed. T-tests were used when analysing how one factor (e.g. cell line) affects a response
variable in 2 groups. One-way ANOVAs were used when analysing how one factor (e.g. cell line)
affects a response variable in 3 or more groups. 2-way ANOVAs were used when analysing how
two factors (e.g. cell line and A/O treatment) affect a response variable in 3 or more groups.
With ANOVAs, post-hoc tests were used for multiple comparisons tests as recommended by
the software. Tukey’s test was used to compare every mean was with every other mean. Sidak’s

test was used when selected means were compared with each other.

For most analyses, pairing (t-tests) or repeated measures (ANOVAs) were used to signify those
particular values came from the same experimental groups. For example, values from the same
cell line would be matched, and values from the same biological repeat would be matched. This
enables the software to compare means knowing which values came from which biological

repeat, adding power to the analysis.

Differences between groups where p<0.05 were considered statistically significant. Significant
differences between groups are indicated on graphs throughout using stars: * = p<0.05, ** =

p<0.01, *** = p<0.001, **** = p<0.0001.
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Chapter 3 Investigating the role of endogenous a-
synuclein in mitochondrial health and quality

control

3.1 Introduction

The majority of literature on a-synuclein in PD has hypothesised that its neurotoxicity is
the result of toxic gain-of-function: pathological a-synuclein is aggregating and exhibiting new
functions that allow it to disrupt cell health (Betzer et al., 2018; Chen et al., 2015; Di Maio et al.,
2016; Hoffmann et al., 2019). The idea that a loss-of-function of endogenous a-synuclein may
be responsible for these pathological changes has not been well explored. Some research has
addressed this, with a lack of a-synuclein shown to cause neuronal degeneration in non-human
primates and disrupt normalimmune responses in mouse models (Alam et al., 2022; Collier et
al., 2016). However, current investigations have not explored whether a-synuclein loss-of-
function could contribute to the mitochondrial dysfunction observed in PD patients and models

(Bender et al., 2006; Devi et al., 2008; Martin et al., 2006).

Physiological a-synuclein has known functions in neuronal cells, regulating key
signalling processes required for communication. Enriched at pre-synaptic terminals, a-
synuclein has defined roles in co-ordinating vesicle recycling, facilitating neurotransmitter
release and modulating synaptic plasticity (Burré, 2015; Cheng et al., 2011). Aside from
localising and operating at synapses, a-synuclein has been shown to associate with
mitochondria (Nakamura et al., 2008). Interestingly, a-synuclein has exhibited a preferential
binding affinity for mitochondrial membranes over those of other organelles, and has even been
suggested to have a mitochondrial-targeting sequence in its N-terminus; the structural segment
involved in lipid binding (Bernal-Conde et al., 2020; Devi et al., 2008; Nakamura et al., 2008 et
al., 2020). In addition to binding the OMM, a-synuclein has been shown to enter mitochondria
through the TOM complex, facilitating interactions with IMM proteins such as cardiolipin and
notably, the key respiratory enzyme ATP synthase (Devi et al., 2008; Ghio et al., 2016; Gilmozzi
et al., 2020; Tripathi & Chattopadhyay, 2019). These observations suggest a functional

interaction between a-synuclein and mitochondria.

The role of a-synuclein in synaptic vesicle release and recycling relies on its interactions
with phospholipid membranes; a-synuclein’s ability to remodel these structures enables
membrane fusion and subsequent exocytosis of vesicles (Huang et al., 2019; Snead & Eliezer,

2014). Alongside its ability to bind mitochondria, the capacity of a-synuclein to reshape and
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restructure membranes raises questions about whether it could function physiologically in
mito-QC, since these systems rely on the remodelling of mitochondrial membranes. For
example, the key processes co-ordinating mitochondrial morphology, fission and fusion, rely on
the selective division and connection of mitochondrial membranes, with membrane-bound
machinery to facilitate this (Franchino et al., 2024; Ugarte-Uribe et al., 2014; von der Malsburg et
al., 2023). In addition, the biogenesis of MDVs relies on membrane budding and scission; both
of which require remodelling of at least one mitochondrial membrane (Neuspiel et al., 2008;
Soubannier et al., 2012a). As such, mitochondrial a-synuclein could conceivably function in

these pathways through its membrane-remodelling capacity.

In this chapter | aimed to test the hypothesis that a-synuclein loss-of-function alters
mitochondrial function and quality control, and that loss of physiological a-synuclein function
leads to pathological consequences for mitochondria in PD. Here, | used SH-SY5Y cells to
investigate the role of endogenous a-synuclein in mitochondrial health, dynamics and mito-QC.
To examine the impact of a-synuclein loss-of-function, | used CRISPR/Cas9 to generate an a-

synuclein knockout cell line and assessed cellular responses to mitochondrial damage.

1) Develop a model of a-synuclein loss-of-function in SH-SY5Y cells

2) Utilise the a-synuclein loss-of-function model to assess whether a-synuclein has a
physiological role in mitochondrial function and dynamics

3) Utilise the a-synuclein loss-of-function model to assess a-synuclein’s physiological role

in mito-QC
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3.2 Results

3.21 SH-SY5Y cells express endogenous a-synuclein

SH-SY5Y cells are an immortal cell line created in 1970, originating from a metastatic
neuroblastoma (Biedler et al., 1973, 1978). These cells have some similarities to the those
degenerated in PD and as such, are widely used in PD research (Xicoy et al., 2017). They can be
differentiated to enhance their neuronal phenotype but are often used in their undifferentiated
form, where they express immature neuronal markers but still proliferate (Kovalevich &
Langford, 2013; Pahlman et al., 1995). Previous research from our lab has used SH-SY5Y cells to
investigate mito-QC mechanisms, since they express physiological levels of key proteins such
as PINK1 and Parkin (Pawlyk et al., 2003). Importantly, they have been shown to undergo
PINK/Parkin-dependent mechanisms such as mitophagy and MDV release without requiring
overexpression of these proteins (Ryan et al., 2020; Collier et al., in prep). As such, they are a
useful model for studying these pathways physiologically, without the need for artificial

intervention.

The Human Protein Atlas reports that SH-SY5Y cells express endogenous a-synuclein, so they
were our chosen candidate for creating an a-synuclein loss-of-function model (Thul et al.,
2017). These cells have relatively low expression of the protein compared to other
neuroblastoma cell lines, so | first aimed to characterise endogenous a-synuclein in wild-type

SH-SY5Y cells (Thul et al., 2017).

A Western blot was performed to confirm the expression of a-synuclein in proliferating SH-SY5Y
cells. The cells expressed endogenous a-synuclein, as seen by the presence of a band at
approximately 18kDa (Figure 33). Though the protein is 14kDa in size, it appears slightly higher,
as previously reported in the literature (Huang et al., 2005). This detectable expression

confirmed that the SH-SY5Y cell line would be suitable to create a loss-of-function model.
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Figure 33: SH-SY5Y cells express endogenous a-synuclein

Wild-type SH-SY5Y cells were lysed and protein expression was assessed by Western blot with

antibodies against a-synuclein and GAPDH as a protein loading control. (n=1).

3.2.2 Mitochondrial damage triggers degradation of endogenous a-synuclein by

proteasomal and autophagic mechanisms

Limited research has explored the relationship between endogenous a-synuclein and mito-QC.
Accordingly, the impact of mitochondrial damage on physiological a-synuclein is not clear from
the literature, as most work is focused on pathological forms of the protein (Lin et al., 2019;
Melo et al., 2018). After establishing that SH-SY5Y cells expressed a detectable level of a-
synuclein, | next aimed to investigate whether inflicting mitochondrial damage caused any

direct changes to a-synuclein expression.

To examine this, a Western blot was performed to assess any changes in the expression of a-
synuclein in response to mitochondrial damage. This was evoked with a combination of
antimycin A and oligomycin (A/O): a complex lll inhibitor and ATP synthase inhibitor,
respectively (Lardy et al., 1958; Ma et al., 2011). Treatment with these compounds is known to
induce mitochondrial damage via disruption of the electron transport chain, with previous work
from our lab showing that these treatment times enable observation of MDV upregulation (2
hours), PINK1/Parkin induction (6 hours) and whole mitochondrial clearance (24 hours)

(McLelland et al., 2014; Ryan et al., 2020, Collier et al., in prep). Therefore, these treatment
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times were chosen to capture changes in a-synuclein expression over a course of accrued

damage.

Treatment of cells with A/O was shown to decrease expression of endogenous a-synuclein
compared to untreated cells (Figure 34). Longer treatment times resulted in lower a-synuclein
levels, with cells treated for 24 hours expressing significantly less a-synuclein than cells left
untreated (p=0.0023) or treated for 2 hours (p=0.0059). This reduction in expression is reflective

of a-synuclein degradation in response to mitochondrial damage.
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Figure 34: a-synuclein expression is decreased in response to mitochondrial damage

a) Wild-type SH-SY5Y cells were left untreated (-) or treated for 2 hours, 6 hours or 24 hours with
A/O to induce mitochondrial damage. Lysates were processed for Western blot with antibodies

against a-synuclein and B-actin as a protein loading control.

b) From Western blot data, a-synuclein expression in response to A/O treatment was normalised to
B-actin expression to account for differences in protein loading. a-synuclein expression is
represented here by the raw values of this calculation. Biological repeats are colour coded, with
circles representing the means of each repeat, bars representing the mean of the 3 repeats and
black lines representing the SEM. Statistical analysis was performed using a repeated measures
one-way ANOVA with Tukey’s multiple comparisons test. Significant differences: untreated V 24-

hour A/O p=0.0023 (**); 6-hour A/O V 24h A/O p=0.0059 (**). (n=3).

Since | observed that mitochondrial damage had a direct effect on the expression level of
endogenous a-synuclein, | considered whether it may have any impact on expression of post-
translationally modified forms of a-synuclein. Post-translational modifications have been
suggested to be of particular importance in a-synuclein regulation, including in turnover of the
protein (Brembati et al., 2023). One example of such a modification is pS129 a-synuclein, which
has been highly implicated in PD pathology due to its abundance in the Lewy bodies of PD
patients (Anderson et al., 2006). Due to this observation, investigations into pS129 a-synuclein
have been focused on its impacts on aggregation in the pathological form of the protein
(Ghanem et al., 2022). However, there is evidence to support the incidence of physiological
pS129 a-synuclein, with a recent paper finding that pS129 a-synuclein even correlated with a-
synuclein membrane interactions (Ramalingam et al., 2023). As such, | investigated the
occurrence of endogenous p129 a-synuclein and explored whether its expression may correlate

with the mitochondrial damage response.

In the same lysates from asynchronously proliferating SH-SY5Y cells, pS129 a-synuclein was
not observed by Western blot, implying that a-synuclein with this post-translational
modification was not detectable. In cells treated with A/O for 2, 6, or 24 hours to induce
mitochondrial damage, pS129 a-synuclein was still not detected (Figure 35). These
observations imply that pS129 a-synuclein is not present in measurable levels at baseline was
not seen to be upregulated in response to mitochondrial damage or associated with a-synuclein

degradation in this context.
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Figure 35: Endogenous phospho-5129 a-synuclein is not detected in wild-type SH-SY5Y cells

a)

b)

Wild-type SH-SY5Y cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce
mitochondrial damage. Lysates were processed by Western blot with antibodies against

phospho-5129 a-synuclein and B-actin as a loading control.

Phospho-5129 a-synuclein expression in response to A/O treatment was normalised to B-actin
expression to account for differences in protein loading. Expression of phospho-5129 a-synuclein
is represented here by the raw values of this calculation. Biological replicates are colour coded,
with circles representing the means of each repeat, bars representing the mean of 3 repeats and

black lines representing the SEM. (n=3).
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The observation that endogenous a-synuclein expression was reduced in response to A/O
treatment raised questions about which pathways were operating to degrade the protein.
Research in rat neuronal cultures has suggested that endogenous a-synuclein is degraded in
lysosomes but not through macroautophagic mechanisms, though this was not studied in the
context of mitochondrial damage (Cuervo et al., 2004). In the same study, human a-synuclein
was shown to be degraded by both macroautophagy and chaperone-mediated autophagy in
PC12 cells, but they transfected in wild-type a-synuclein rather than studying the endogenous
protein (Cuervo et al., 2004; Stefanis et al., 2001). In order to investigate the mechanisms of
endogenous a-synuclein degradation in response to mitochondrial damage, cells were treated
with A/O alongside inhibitors of protein degradation systems to assess whether suppression of

specific quality control pathways could rescue a-synuclein degradation.

The ubiquitin/proteasome system is a key player in the removal of proteins from the cell, both in
degrading dysfunctional and misfolded proteins as well as in the turnover of important
regulatory proteins (Hershko & Ciechanover, 1998). Bortezomib (Btz) can be used to block this
system, binding the 26S subunit of the proteasome and inhibiting its action (Ling et al., 2002). To
examine whether endogenous a-synuclein was degraded by the proteasome in response to
mitochondrial stress, cells were treated with A/O and Btz in combination. Proteasomal
inhibition rescued the reduction of a-synuclein to some extent; there was still a decrease in a-
synuclein with increasing treatment times, but this was less pronounced as compared to A/O
alone (Figure 36). The lack of a clear stepwise reduction in a-synuclein implies that inhibition of
the proteasomal system does rescue some mitochondrial damage-induced a-synuclein

degradation.
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Figure 36: Proteasome inhibition partially rescues a mitochondrial damage-induced reduction in a-

synuclein

a) Wild-type SH-SY5Y cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O and Btz to
induce mitochondrial damage and inhibit proteasomal activity. Lysates were processed by
Western blot with antibodies against a-synuclein and B-actin as a loading control.

b) a-synuclein expression in response to A/O and Btz treatment was normalised to B-actin
expression to account for differences in protein loading. a-synuclein expression is represented
here by the raw values of this calculation. Biological replicates are colour coded, with circles
representing the means of each repeat, bars representing the mean of the 3 repeats and black
lines representing the SEM. Statistical analysis was carried out using a repeated measures one-

way ANOVA with Tukey’s multiple comparisons test. There were no significant differences. (n=3).
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Another cellular system involved in protein and organelle removal is mitophagy. Like the
ubiquitin/proteasome system, this pathway is active basally to maintain organelle health but
can also be upregulated in response to stress (Palikaras et al., 2018). This process is
mitochondria-specific, so only degrades proteins directly inside, attached to or in very close
proximity to these organelles. Like other macroautophagy mechanisms, mitophagy triggers
recruitment of autophagosomes to engulf damaged mitochondria and co-ordinate their
degradation through lysosomal enzymes (Palikaras et al., 2018). This system can be blocked
using BafA1, an inhibitor of the vacuolar H+ ATPase (V-ATPase) that maintains lysosomal pH
gradients (Yamamoto et al., 1998). This prevents lysosomal acidification; a necessary step for
autophagosomes to bind and facilitate degradation of their contents. As such, BafA1 is
considered an inhibitor of autophagosome-lysosome fusion and is used to block autophagic

pathways.

To assess whether endogenous a-synuclein was degraded by autophagy pathways in response
to mitochondrial stress, cells were treated with a combination of A/O and BafA1. Inhibition of
autophagy still resulted in a reduction in a-synuclein expression when cells were treated for 2 or
6 hours, suggesting that some degradation was taking place through non-autophagic systems
(Figure 37). However, at the longer treatment time of 24 hours, a-synuclein expression was
completely rescued back to, or higher than, the level seen in untreated cells. Since the 24-hour
time pointis where | observed most degradation in cells treated with A/O alone, the rescue in a-
synuclein expression identified with BafA1 implies its degradation was likely mediated by

lysosomes.
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Figure 37: Inhibition of autophagosome-lysosome fusion rescues a mitochondrial damage-induced

reduction in a-synuclein

a) Wild-type SH-SY5Y cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O and BafAl
to induce mitochondrial damage and inhibit autophagosome-lysosome fusion. Lysates were

processed by Western blot with antibodies against a-synuclein and B-actin as a loading control.

b) a-synuclein expression in response to A/O and BafA1l treatment was normalised to B-actin
expression to account for differences in protein loading. a-synuclein expression is represented
here by the raw values of this calculation. Biological replicates are colour coded, with circles
representing the means of each repeat, bars representing the mean of the 3 repeats and black
lines representing the SEM. Statistical analysis was carried out using a repeated measures one-

way ANOVA with Tukey’s multiple comparisons test. There were no significant differences. (n=3).
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3.2.3 Endogenous a-synuclein is not detectable in isolated mitochondria

Since | demonstrated that mitochondrial damage-induced a-synuclein degradation was
rescued with inhibition of autophagy, | hypothesised that a-synuclein removal may be occurring
through the mitophagy pathway. To investigate whether a-synuclein was localised to
mitochondria at baseline or as part of the damage response, mitochondrial fractionation was
performed, resulting in biochemical separation of mitochondrial and cytosolic cell content. To
look at the impact of mitochondrial damage, cells were treated for 6 hours with A/O —enough
time for the induction of mitophagy but not so long that most mitochondrial proteins were
already degraded. Western blots were then performed on lysates containing isolated

mitochondrial fractions.

Successful isolation was confirmed since enrichment of the mitochondrial marker, Coxll, was
observed in the mitochondrial fractions and not the cytosolic fractions. Cytosolic markers such
as vinculin and a-tubulin were greatly increased in the cytosol and were barely detected in the
mitochondrial fractions, further corroborating the selectivity of the isolation protocol (Figure
38). In terms of a-synuclein, a low level of protein was visible in the whole-cell lysate from both
the untreated and A/O treated cells. Aside from this, the only a-synuclein detected was in the
cytosolic fraction of the untreated cells, but at a very low level. No endogenous a-synuclein was
visible in either mitochondrial fraction, suggesting that its association with mitochondria was

not detected using this method.
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Figure 38: Endogenous a-synuclein was not detected in isolated mitochondria

Wild-type SH-SY5Y cells were left untreated or treated for 6 hours with A/O to induce mitochondrial
damage. Mitochondrial and cytosolic fractions were isolated from cells and a whole-cell lysate was
generated from the same cell population. Lysates were processed by Western blot with antibodies
against a-synuclein as well as control proteins from different organelles to confirm isolation of
mitochondria: vinculin (cytoplasm), calnexin (ER), a-tubulin (cytoplasm) and Coxll (mitochondria).

(WC = whole cell lysate; cyto = cytosolic fraction; mito = mitochondrial fraction). (n=1).

3.24 Development and validation of an a-synuclein loss-of-function model in SH-

SY5Y cells using CRISPR/Cas9

To investigate physiological roles of a-synuclein more directly, CRISPR/Cas9 technology was
used to generate an a-synuclein loss-of-function model in SH-SY5Y cells. In this system, a
lentiviral vector containing a Cas9 nuclease enzyme is expressed alongside suitable gRNA
sequences to target a gene; in this case, the a-synuclein gene, SNCA. The Cas9 enzyme induces
a double-stranded DNA break at the site specified by the gRNA - these were designed to be in
exon 2 to ensure disruption early-on in the gene sequence. Due to the error-prone repair
mechanisms that cells can employ, repair of DNA often results in the use of incorrect bases to
fix the sequence and the induction of a mutation that leaves the protein non-functional and so
“knocked out” (Jinek et al., 2012; Ran et al., 2013). The CRISPR/Cas9 system relies on this faulty

repair mechanism and as such, creates cells with specific gene knockouts (Ran et al., 2013).

Alongside the a-synuclein loss-of-function model, a control cell line was created by transducing
wild-type SH-SY5Y cells with the lentiviral vector containing the Cas9 enzyme, but without any
gRNA sequences. This cell line was termed “EV” for “empty vector” and was used as a control
to ensure that any differences in phenotypes were the result of the gene knockout rather than

any features of the lentiviral process.

The CRISPR/Cas9 system very efficiently knocked out the functionality of the SNCA gene with
two separate gRNAs that targeted different regions within exon 2. Western blot analysis showed
that a-synuclein was completely undetected in these cells (Figure 39). Since they were

observed to be 100% knockout, they are referred to as “SNCA KO”.
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Figure 39: a-synuclein expression is eliminated in SNCA KO cells

a) Wild-type SH-SY5Y cells were transduced with virus from HEK cells transfected with either
lentiviral vector alone (EV) or lentiviral vector with gRNAs targeting the SNCA gene (SNCA KO).
Lysates were processed by Western blot with antibodies against a-synuclein and GAPDH as a
protein loading control.

b) Expression of a-synuclein was normalised to GAPDH to account for differences in protein

loading. Raw values of this calculation are plotted as relative a-synuclein expression. (n=1).
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Generation of SNCA KO cells also enabled the specificity of antibodies against endogenous a-
synuclein to be tested, especially those which were not knockout-validated by their respective
companies. After confirming a-synuclein knockout with Western blotting, | verified the
specificity of three antibodies: LB509 mouse monoclonal (Santa Cruz), 211 mouse monoclonal
(Santa Cruz) and 10842-1-AP rabbit monoclonal (Proteintech). Immunofluorescence imaging
revealed that although all three antibodies appeared to show endogenous a-synucleinin EV
cells, in fact, the staining detected by both LB509 and 211 antibodies was non-specific (Figure
40). This was concluded from the fact that immunofluorescence staining of EV and SNCA KO
cells was not visibly different, and the two cell lines could not be distinguished from each other
based on this staining. The 10842-1-AP antibody is the only one that showed a visible reduction
in cytoplasmic fluorescence signal between EV and SNCA KO cells (Figure 41Figure 40). This
observation knockout-validated this antibody in my hands since it could be used to distinguish

between the presence or absence of a-synuclein by immunofluorescence microscopy.

Based on staining by the 10842-1-AP antibody in EV cells, endogenous a-synuclein is present as
diffuse staining across the whole cell and does not appear to localise to any distinct structures.
Large, bright puncta are seen inside nuclei, but these can be discounted as non-specific

staining as they are still present in the SNCA KO cells.
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Figure 40: LB509 and 211 mouse monoclonal antibodies are not selective for endogenous a-

synuclein by immunofluorescence microscopy

EV and SNCA KO cells were fixed and immunostained with antibodies against a-synuclein (red): a)
LB509; b) 211. Nuclei were labelled with Hoechst (blue). Images were taken using widefield
immunofluorescence microscopy on a 100X objective. Scale bar = 20um. Figure shows representative

images. (n=1).

a-syn Nuclei / a-syn

10842-1-AP

SNCA KO

Figure 41: The 10842-1-AP rabbit polyclonal antibody is selective for endogenous a-synuclein by

immunofluorescence microscopy

EV and SNCA KO cells were fixed and immunostained with antibodies against a-synuclein (red).
Nuclei were labelled with Hoechst (blue). Images were taken using widefield immunofluorescence

microscopy on a 100X objective. Scale bar = 20um. Figure shows representative images (n=1).

143



Chapter 3

3.2.5 Lack of a-synuclein increases mitochondrial energy production through

glycolytic pathways

The production of ATP is widely considered to be the primary function of mitochondria. The ATP
they create is a major source of energy, fuelling metabolic reactions and regulatory processes
required for cell survival (Schapira, 2006). It relies on the movement of electrons through a
series of transport proteins embedded in the IMM, ending with the generation of energy
molecules by the ATP synthase pump (Nunnari & Suomalainen, 2012). This key process can be
disrupted when mitochondria are not healthy, with ATP production directly affected. For
example, cells from PD patients with mutations in PINK1 and Parkin were shown to experience
electron transport chain dysfunction and decreased ATP production (Abramov et al., 2010;
Mortiboys et al., 2008; Rakovic et al., 2010). Investigating ATP production is a direct readout of
mitochondrial function and health, so measuring this in my SNCA KO model would demonstrate

whether a-synuclein loss-of-function has any impact on bioenergetics.

Interestingly, a-synuclein has been shown to interact with ATP synthase; a key determinant of
ATP production (Ludtmann et al., 2016, 2018; Tripathi & Chattopadhyay, 2019). As well as
evidence that oligomeric a-synuclein binds ATP synthase and induces mitochondrial damage,
research has found that monomeric a-synuclein also interacts with the pump to positively
modulate its function (Ludtmann et al., 2016, 2018). Further, this study found that lack of a-
synuclein reduced ATP levels, proposing a potential physiological function for a-synuclein in
regulating mitochondrial energy production (Ludtmann et al., 2016). | wanted to test this

hypothesis in my loss-of-function model to see whether | could recapitulate these observations.

Firstly, a luminescence-based assay was performed to capture any overall changes to ATP level.
In this method, cells are cultured under specific media conditions to manipulate ATP
production pathways, allowing measurement of ATP produced by the glucose-conversion
pathway, glycolysis, and mitochondrial OXPHOS (Appendix A, Figure 117). Under normal
growth conditions, cells are able to generate ATP by OXPHOS and by metabolising glucose
through glycolysis. Conditions can be manipulated so that cells can only use the glycolytic
pathway by inhibiting OXPHOS with the ATP synthase inhibitor, oligomycin (Lardy et al., 1958).
Conversely, cells can be grown in galactose media, where they have no glucose available for
glycolysis and thus can only generate ATP through OXPHOS (Rossignol et al., 2004). When
oligomycin is added to these conditions, this inhibits OXPHOS and thus leaves cells unable to
generate ATP through either pathway. This assay therefore provides insight into ATP production

through both mitochondrial and non-mitochondrial means.
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EV and SNCA KO cells were cultured under these different media conditions, and ATP levels
were measured by luminescence. In EV cells, ATP levels were almost equal whether cells used
glycolysis (glucose + oligomycin), OXPHOS (galactose) or both (glucose) (Figure 42a). In SNCA
KO cells, ATP levels produced with OXPHOS (galactose) were significantly lower (p=0.0214) than
with glycolysis (glucose + oligomycin) (Figure 42b). When both pathways were inhibited
(galactose + oligomycin), ATP levels significantly dropped as expected in both cell lines
(p<0.0001) (Figure 42). Comparatively, SNCA KO cells were seen to produce significantly more
ATP by glycolysis alone (glucose + O) and when both pathways were used together (glucose)
than EV cells (Figure 43). It is interesting to note that this trend holds true in all three biological

repeats and suggests that a-synuclein may play a role in ATP production.

Exposing mitochondria to energy-challenging conditions may initiate compensatory
mechanisms such as an increase in mitochondrial load to try and boost ATP production. To
ensure that this was not the case and was not the cause of changes in ATP levels recorded,
expression of the mitochondrial marker, Coxll, was measured as a readout of mitochondrial
load. Expression level was deemed similar between cells in different experimental conditions,

reflecting no overall change in mitochondrial load (Figure 43).
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Figure 42: Cells lacking a-synuclein produce more ATP through glycolysis than OXPHOS

EV and SNCA KO cells were grown in different media compositions to enable measurement of ATP
from glycolysis and/or OXPHOS: glucose (glycolysis and OXPHQOS), galactose (OXPHOS only), glucose
with oligomycin (glycolysis only) or galactose with oligomycin (negative control). An ATP kit was used
to obtain luminescence readings proportional to ATP in the media. Luminescence readings were
measured as relative light units (RLU), and this was normalised to total protein concentration. ATP
level here is shown by RLU per pg of protein. Graphs show within-cell line comparisons between a)
EV and b) SNCA KO cells under different media conditions. Biological replicates are colour coded,
with circles representing the means of each repeat, bars representing the mean of the 3 repeats and
black lines representing the SEM. Statistical analysis for differences within groups was performed
using a repeated measures 2-way ANOVA with Sidak’s multiple comparisons test. Significant
differences: a) EV: glucose, galactose and glucose + oligomycin V galactose + oligomycin, p<0.0001
(****). b) SNCA KO: glucose, galactose and glucose + oligomycin V galactose + oligomycin, p<0.0001

(****), galactose V glucose + O, p=0.0214 (*). (n=3).
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Figure 43: Cells lacking a-synuclein produce more ATP via glycolytic pathways than EV control cells

a) The same luminescence values from the ATP assay on EV and SNCA KO cells are shown
comparatively on the same graph. Luminescence readings were measured as relative light units
(RLU) and was normalised to total protein concentration. ATP level here is shown by RLU per ug
of protein. The graph shows between-cell line comparisons between EV and SNCA KO cells under
different media conditions. Biological replicates are colour coded, with circles representing the
means of each repeat, bars representing the mean of the 3 repeats and black lines representing
the SEM. Statistical analysis for differences between groups was performed using a repeated
measures 2-way ANOVA with Sidak’s multiple comparisons test. Significance was found between
ATP level in EV and SNCA KO cells cultured in glucose (p=0.0136, *) and in glucose + oligomycin
(p=0.0023, **). (n=3).

b) EV and SNCA KO cells were kept under the same growth conditions as for the ATP assay but were
instead lysed and processed by Western blot. An antibody against CoxIl was used to confirm no
differences in mitochondrial load and an antibody against a-synuclein was used to confirm that
SNCA KO cells used for the assay had no a-synuclein expression. GAPDH and B-actin were used as

protein loading controls. (n=1).

Though the ATP assay provides useful initial information, it is only able to provide one readout:
ATP level. Recently, a system has been developed to generate more specific readouts of
mitochondrial health and energy generation. The Seahorse mito-stress test is an assay that
directly measures cellular oxygen consumption rate (OCR) in live cells, quantifying the
bioenergetics of mitochondria in real time rather than just measuring the end-product (Gu et al.,
2021). It works by manipulating components of the electron transport chain with selective
inhibitors of mitochondrial respiratory complexes, described in Appendix A (Figure 118).
Exposure to these inhibitors in a specific profile enables measurement of key energetic

parameters (Appendix A, Figure 119).

There was little difference in oxygen consumption over the course of the mito-stress test
between the two cell lines, both at baseline and in response to mito-stress compounds, with the
trace of the means from 3 repeats showing almost identical profiles (Figure 44). This trace
normalises both cell lines to their respective baseline OCR from each repeat to allow
visualisation of the two cell lines on top of each other, clarifying the profiles. The raw trace can

be seen in Appendix A (Figure 120).
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Figure 44: Cells lacking a-synuclein have similar oxygen consumption to EV controls over the
course of the Seahorse mito-stress test
EV and SNCA KO cells were plated in a 96-well plate and underwent a Seahorse mito-stress test.
Oligomycin, FCCP and a combination of antimycin A and rotenone were applied at different time
points. Oxygen consumption rate (OCR) was measured over 80 minutes. This graph is a trace of the
means from 3 biological replicates. EV cells are shown in blue and SNCA KO in pink. Data points are
shown relative to the first baseline OCR reading, shown as 100%, for each cell line. Data has been

normalised to total protein concentration to account for differences in cell density. (n=3).
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There were small differences between the respiratory parameters measured by the mito-stress
testin EV and SNCA KO cells, but none were statistically significant. Basal respiration, the OCR
under basal conditions before the addition of oligomycin, were consistently increased in SNCA
KO cells, consistent with data from the ATP assay (Figure 45a). This can be visualised more
clearly in the raw trace shown in Appendix A (Figure 120). ATP-linked respiration, the proportion
of basal oxygen consumption directly linked to ATP production, was also increased in SNCA KO
cells, likely due to the overall higher basal respiration (Figure 45b). The remaining proportion of
basal respiration reflects the proton leak, which was also increased, likely for the same reason
(Figure 45c¢). In keeping with these observations, maximal respiration was slightly increased in
SNCA KO cells, implying that these cells have a greater capacity to produce ATP (Figure 45d).
There was no difference in spare respiratory capacity between EV and SNCA KO cells, which is
defined as the difference between maximal and basal respiration (Figure 45e). This measure is
commonly used to measure fitness of the cells as it reflects their ability to respond to changes
in energy demand (Divakaruni & Jastroch, 2022; Gu et al., 2021). Finally, there was a subtle
difference in non-mitochondrial respiration between the cell lines, indicating that SNCA KO
cells consume less oxygen through other cellular pathways, such as enzymatic reactions
(Figure 45f). Overall, the mito-stress test suggests that mitochondria in SNCA KO cells
consume more oxygen at baseline and can push this consumption further than EV cells. Despite
this, the fact that they have no difference in spare respiratory capacity shows that this ability

does not make them any more able to react to changes in energy demand.
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Figure 45: Lack of a-synuclein does not significantly impact mitochondrial oxygen

consumption rate in the Seahorse mito stress test

Respiratory parameters for EV and SNCA KO cells were calculated from oxygen consumption
rate (OCR) data from the Seahorse mito-stress test. Seahorse WavePro software was used to
collect data from each biological replicate. Graphs display measurements of a) basal
respiration, b) ATP-coupled respiration, c) proton leak, d) maximal respiration, e) spare
respiratory capacity and f) non-mitochondrial oxygen consumption. OCR is shown normalised
to protein concentration in mg/ml. Bars show EV cells in dark grey and SNCA KO cells in light
grey. Biological replicates are colour coded, with circles representing the means of each repeat,
bars representing the mean of the 3 repeats and black lines representing the SEM. Statistical
analysis was carried out using a paired t-test. There were no significant differences found

between the groups. (n=3).

For completeness, | also investigated whether there were any differences in mitochondrial
membrane potential (AWm) in SNCA KO cells. Generated by electron transport chain
complexes, AWm is a key indicator of mitochondrial health, and its maintenance is extremely
important for ATP synthesis (Zamzami et al., 1995; Zorova et al., 2018). The AWm is kept
constant at baseline, so complete loss of AWm (i.e., depolarisation) has grave consequences
for the mitochondria, triggering accumulation of PINK1 on the OMM and the start of mitophagy
(Kondapalli et al., 2012). | assessed this baseline AWm in EV and SNCA KO cells to determine

whether it was impacted by a lack of a-synuclein.

Measured by fluorescence intensity of the AWm probe, TMRM, EV and SNCA KO cells exhibited a
similar AWm at baseline in living cells, indicating that a-synuclein loss-of-function does not

impact the ability of cells to maintain their AWm under normal conditions (Figure 46).
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Figure 46: Lack of a-synuclein has no impact on baseline AWm

a) AWm was measured at baseline in live EV and SNCA KO cells using TMRM, a voltage-sensitive
probe. Images are representative and show TMRM staining (red) with cells shown by brightfield
(grey) from 1 repeat. Images were taken on a DeltaVision Elite live imaging system with a 60X

objective.

b) Fluorescence intensity of TMRM-positive mitochondria was measured in 20 cells per cell line,
per biological repeat. Average fluorescence intensity for each individual cell is represented by a
dot, with the mean of each biological repeat shown by a square and the mean of all 3 repeats
shown by a black bar. SEM is shown by vertical black lines. Data points are colour coded by
biological repeat. Statistical analysis was carried out by a paired t-test and reported no

significant differences between the groups. (n=3).

3.2.6 Lack of a-synuclein has no overall impact on the organisation of the

mitochondrial network

Though no impact on mitochondrial function was observed in my a-synuclein loss-of-function
model, | next aimed to investigate whether a lack of a-synuclein caused any alterations to

mitochondrial network morphology and organisation.

Mitochondria exist as a dynamic network, with constant fission and fusion events remodelling
these organelles to promote their health (Youle & Van Der Bliek, 2012). A physiological role for a-
synuclein in this context would be reflected by changes to the mitochondrial network in a loss-
of-function environment. As such, mitochondrial morphology and connectivity was assessed at
steady state and in response to treatment with A/O for 2, 6 or 24 hours to capture both basal

and stress-induced network changes (Figure 47).

To measure mitochondrial morphology, an analysis workflow was developed which enabled
measurement of the number of mitochondria per cell alongside the average area, perimeter,
circularity, and aspect ratio of mitochondrial regions per cell. It is known that cellular stressors
cause mitochondria to become fragmented through an upregulation of mitochondrial fission
processes, since smaller mitochondria are not only easier to be engulfed by autophagosomes,
but easier to transport (Preminger & Schuldiner, 2024). Fission is therefore a prerequisite for
mitophagy and has even been suggested to promote it (Fukuda et al., 2023; Kleele et al., 2021;
Twig et al., 2008). | first confirmed the sensitivity of these measurements by ensuring they could
recapitulate damage-induced changes to the mitochondrial network in EV cells. With increasing

A/O treatment, the number of mitochondria per cellincreased as the average mitochondrial
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area and perimeter decreased, reflecting an increase in mitochondrial fission. Mitochondrial
shape also corroborated this, with circularity and aspect ratio of mitochondrial fragments both
measuring more rounded mitochondria with increasing A/O treatment (Figure 48). In terms of
mitochondrial connectivity and intricacy, the workflow measured the average number of
mitochondrial branches, number of mitochondrial junctions, average mitochondrial branch
length and maximum mitochondrial branch length per cell. All four of these measurements
decreased with increasing A/O treatment, capturing the decrease in mitochondrial connections
and network cohesion as a result of damage-induced fission and mitophagy. Comparatively,
SNCA KO cells had a very similar mitochondrial profile (Figure 49). Measurements were similar
to those of the EV cells for all parameters, with no significant differences found in network

morphology or connectivity either at baseline or in response to damage.

Though not statistically significant, | noticed that untreated SNCA KO cells appeared to be
slightly smaller and rounder according to morphological measurements. Since the analysis was
based on images taken at 40X magnification, | thought it possible that phenotypes may have
been missed due to limited resolution. | endeavoured to exclude this possibility by reimaging
untreated EV and SNCA KO cells at 100X and reanalysing to resolve this (Appendix B, Figure
123, Figure 124). This analysis did not result in any significant differences between the cell
lines, confirming that there is limited impact of a-synuclein loss on steady state mitochondrial

morphology and connectivity.
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Figure 47: Loss of a-synuclein has no impact on the organisation of the mitochondrial network
EV (a) and SNCA KO (b) cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to
induce mitochondrial damage. Cells were fixed and stained with an antibody against TOM20
(red) with nuclei labelled by Hoechst (blue). Images shown are representative and originate from
1 biological repeat. Images were taken using widefield immunofluorescence microscopy on a 40X

objective. Scale bar = 20um.
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Figure 48: Lack of a-synuclein has no effect on mitochondrial morphology at baseline or in

response to mitochondrial damage

Quantitative measurements of mitochondrial morphology were obtained using an image analysis
workflow on Imagel to isolate individual cells and analyse particles within them that were positive
for TOM20. Measurements were taken from EV and SNCA KO cells left untreated (-) or treated for 2,
6 or 24 hours with A/O to induce mitochondrial damage. Parameters measured were a) number of
mitochondria per cell; b) average area of mitochondrial fragments per cell; c) average perimeter of
mitochondrial fragments per cell; d) average aspect ratio of mitochondrial fragments per cell and e)
average circularity of mitochondrial fragments per cell. 20 cells were analysed per condition, per
biological repeat. Measurements from each individual cell are shown by a dot, with the mean of
each biological repeat shown by a square and the mean of all 3 repeats shown by a black line. SEM is
shown by vertical black lines. Data points are colour coded by biological repeat. Statistical analysis
was performed by repeated measures 2-way ANOVA with Sidak’s multiple comparisons test, which

did not report any significant differences between EV and SNCA KO cells in any measure. (n=3).
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Figure 49: Lack of a-synuclein has no effect on mitochondrial connectivity at baseline or in

response to mitochondrial damage

Quantitative measurements of mitochondrial connectivity were obtained using an image analysis
workflow on Imagel to isolate individual cells and analyse skeletons within them. Measurements
were taken from EV and SNCA KO cells left untreated (-) or treated for 2, 6, or 24 hours with A/O to
induce mitochondrial damage. Parameters measured were a) average number of branches per
mitochondrial fragment per cell; b) average number of junctions per mitochondrial fragment per cell;
c) average length of mitochondrial branches per cell and d) maximum length of mitochondrial
branches per cell. 20 cells were analysed per condition, per biological repeat. Measurements from
each individual cell are shown by a dot, with the mean of each biological repeat shown by a square
and the mean of all 3 repeats shown by a black line. SEM is shown by vertical black lines. Data points
are colour coded by biological repeat. Statistical analysis was performed by repeated measures 2-
way ANOVA with Sidak’s multiple comparisons test, which did not report any significant differences

between EV and SNCA KO cells in any measure. (n=3).

3.2.7 a-synuclein loss-of-function increases Parkin expression at baseline, but has

limited overall impact on PINK1/Parkin mitophagy

Since a lack of a-synuclein had limited impact on mitochondrial energy production or network
organisation, | next aimed to evaluate whether a-synuclein loss-of-function had any effect on

cellular responses to mitochondrial damage through mito-QC systems.

a-synuclein has a physiological role in synaptic transmission, where it modulates vesicle
release and recycling through binding phospholipid membranes (Cheng et al., 2011). This lipid-
binding activity is mediated by the N-terminus of a-synuclein, suggesting an intrinsic
functionality to the relationship between a-synuclein and membranes (Emamzadeh, 2016). This
interaction and thus a potential physiological function for a-synuclein has not been well-studied
in the context of mitochondrial membranes, despite evidence that a-synuclein preferentially
binds these organelles (Devi et al., 2008; Guardia-Laguarta et al., 2014; Zigoneanu et al., 2012).
The ability of a-synuclein to reshape phospholipid membranes lends it to a role in mito-QC
mechanisms, where the dynamic remodelling of mitochondrial membranes facilitates
mitochondrial and cellular health. | consider the possibility that a-synuclein is a physiological

player in these pathways, such as PINK1/Parkin-mediated mitophagy.

In response to high levels of damage, mitochondria undergo fission activity to sequester

damaged components into individual organelles, in preparation for degradation (Burman et al.,
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2017). PINK1/Parkin mitophagy is initiated, and mitochondria that are deemed beyond repair are
engulfed by an autophagosome and subsequently degraded by the lysosome (Montava-Garriga
& Ganley, 2020). These processes all necessitate membrane remodelling by the mitochondria
as well as the autophagosome and lysosome, offering potential for physiological involvement of
a-synuclein. Additionally, evidence has shown that pathological forms of a-synuclein can cause
downregulation of Parkin (Wilkaniec et al., 2021). These impacts are considered to be the result
of toxic gain-of-function, but it is possible some of these phenotypes could result from the loss

of a physiological function of a-synuclein in a pathological context.

To address the question of whether a-synuclein has a physiological role in PINK1/Parkin
mitophagy, EV and SNCA KO cells were subject to mitochondrial damage and mitophagy was
evaluated (Figure 50a). Coxll, an electron transport chain protein embedded in the IMM, was
used as a readout of mitochondrial load to assess whole mitochondrial turnover. CoxIl was
found to be significantly decreased in response to 24 hours of A/O treatment in both EV
(p=0.0295) and SNCA KO (p=0.0294) cells, reflecting mitochondrial degradation by mitophagy
(Figure 50b). Both cell lines exhibited a Coxll reduction of approximately 50% upon A/O
treatment, showing that a-synuclein loss-of-function had no impact on the ability of cells to

clear damaged mitochondria.

To confirm this phenotype and assess PINK1/Parkin more directly, | assessed expression of
PINK1 itself. Degraded in the cytosol of healthy cells, PINK1 only stabilises on the OMM of
damaged mitochondria in response to changes in mitochondrial membrane potential (Matsuda
etal., 2013). In both EV and SNCA KO cells, this accumulation of PINK1 on the mitochondria is
seen by the significant increase in PINK1 expression (p=0.0006) upon mitochondrial damage
with A/O (Figure 50c). Expression was increased to a similar level in both cell lines, reflecting
that PINK1 stabilisation is unaffected by loss of a-synuclein. On the OMM, PINK1 is able to
recruit Parkin to ubiquitinate membrane proteins as a degradation signal, triggering engagement
of the autophagosome. Mfn2, a fusion co-ordinating protein, is a substrate of Parkin and has
been shown to be ubiquitinated as part of the mitochondrial degradation process (Chen & Dorn,
2013). This was measured as an additional readout of PINK1/Parkin mitophagy, with the
appearance of a higher molecular weight band (highMW Mfn2) by Western blot considered to be
a ubiquitinated form of Mfn2, as described in previous literature (Gegg et al., 2010; Ziviani et al.,
2010). Ubiquitinated Mfn2 was observed to significantly increase in response to A/O in both cell
lines (p<0.0001) with significantly higher expression in SNCA KO cells compared to EV controls
(p=0.0029) (Figure 50d). This suggests that damage-induced ubiquitination of mitochondrial

proteins may be increased by a-synuclein loss-of-function.
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Figure 50: Loss of a-synuclein has no impact on mitochondrial degradation but increases highMW

Mfn2 in response to mitochondrial damage

EV and SNCA KO cells were left untreated (-) or treated for 24 hours with A/O to induce
mitochondrial damage. Lysates were processed by Western blot (a) with antibodies against CoxlI,
PINK1 and Mfn2 alongside B-actin as a loading control and a-synuclein to confirm knockout in SNCA
KO cells. Graphs show expression of b) Coxll, c) PINK1 and d) Mfn2. Expression of CoxIl and PINK1
were normalised to B-actin to account for differences in protein loading, with the raw value of these
calculations shown on the graphs. For higher molecular weight (highMW, denoted on (a) by the
arrowhead) Mfn2, expression was normalised to total Mfn2 expression (both upper and lower
bands), thus is presented as a proportion of total Mfn2. Biological replicates are colour coded, with
circles representing the means of each repeat, bars representing the mean of the 4 repeats and black
lines showing SEM. Dark grey bars represent EV while light grey represents SNCA KO. Statistical
analysis was carried out using a repeated measures 2-way ANOVA with Sidak’s multiple comparisons
test. Coxll was significantly decreased with A/O treatment in EV (p=0.0295, *) and SNCA KO cells
(p=0.0294, *). PINK1 was significantly increased with A/O treatment in EV and SNCA KO cells (both
p=0.0006, ***) and so was highMW Mfn2 (both p<0.0001, ****), In SNCA KO cells treated with A/O,
highMW Mfn2 was significantly higher than in EV cells (p=0.0029, **). (n=4).

Although cells lacking a-synuclein had no difference in damage-induced mitochondrial
clearance, the observation that loss of a-synuclein resulted in higher levels of ubiquitinated
Mfn2 in response to mitochondrial damage raised questions about the relationship between a-
synuclein and Parkin. There is limited research on this in the context of endogenous a-
synuclein, but evidence from studies on the pathological form of the protein do suggest a
functional interaction between a-synuclein and Parkin (Jesko et al., 2019; Madsen et al., 2021;
Wilkaniec et al., 2021). It has been shown that exogenous a-synuclein oligomers result in post-
translational modifications to Parkin that result in its autoubiquitination and degradation (K
Chungetal., 2001; Wilkaniec et al., 2019; Yao et al., 2004). This suggestion that pathological a-
synuclein can alter Parkin expression led me to investigate whether perturbation of endogenous

a-synuclein may also influence Parkin levels.

To assess this, EV and SNCA KO cells were treated with A/O for 24 hours to evoke mitophagy,
but also for shorter time periods to capture any impacts on early damage responses as well as
when damage is accrued. Degradation of Parkin was seen in both cell lines in response to
mitochondrial damage, with the lowest Parkin expression remaining at the latest time point
where the most damage had accrued (Figure 51Error! Reference source not found.). There was n

o impact of a-synuclein loss on damage-induced Parkin degradation. Interestingly, a difference
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in Parkin expression between EV and SNCA KO cells was observed at baseline. SNCA KO cells

were observed to express significantly higher levels of Parkin (p=0.0072) than EV controls in

untreated conditions.
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Figure 51: Loss of a-synuclein increases baseline Parkin expression

a) EVand SNCA KO cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce
mitochondrial damage. Lysates were processed for Western blot with antibodies against
Parkin, GAPDH as a protein loading control and a-synuclein to confirm knockout in SNCA KO

cells.

b) From Western blot data, Parkin expression in EV and SNCA KO cells in response to A/O was
normalised to GAPDH expression to account for differences in protein loading. Parkin
expression is represented by the raw values of this calculation. Biological repeats are colour
coded, with circles representing the means of each repeat, bars representing the mean of the 3
repeats and black lines representing SEM. Dark grey bars represent EV and light grey bars
represent SNCA KO. Statistical analysis was performed with a repeated measures 2-way ANOVA
with Sidak’s multiple comparisons test. In untreated cells, the difference in Parkin expression

levels between EV and SNCA KO cells was significant (p=0.0072, **). (n=3).

After observing that a-synuclein had no impact on PINK1 expression and caused an increase in
Parkin expression at baseline, | explored whether a-synuclein loss-of-function directly
influenced PINK1/Parkin functionality through measuring phospho-ubiquitin at serine 65 (pUb
S65). Upon the induction of mitophagy, PINK1 phosphorylates ubiquitin serine 65. This recruits
Parkin to bind phosphorylated ubiquitin, allowing PINK1 to also phosphorylate Parkin at its
serine 65 residue to activate Parkin’s E3 ubiquitin ligase activity and therefore enable mitophagy
(Kane et al., 2014; Koyano et al., 2014; McWilliams et al., 2018). Since PINK1 is the only kinase
known to phosphorylate ubiquitin, pUb S65 can be used as a direct and specific readout of
PINK1/Parkin activity. In this experiment, the area and number of pUb S65 puncta per cell were
evaluated in response to mitochondrial damage (Figure 52). Only puncta colocalising with
mitochondrial staining were measured to reduce capture of non-specific background staining

elsewhere in the cell.

Both EV and SNCA KO cells displayed an increase in mitochondrial pUb S65 staining with
increasing A/O treatment. The greatest level of pUb S65 staining was induced with 24 hours of
A/O in measures of both average number of pUb S65 puncta and average pUb S65 area per cell
(Figure 53). When the two cell lines were statistically compared, there were no significant
differences between pUb S65 staining at any of the time-points, showing that loss of a-synuclein
had no impact on pUb S65 at early time points following damage. However, both total
mitochondrial pUb S65 area and number of mitochondrial pUb S65 puncta were both slightly
lower in SNCA KO cells than EV controls after 24 hours of A/O, suggesting that lack of a-
synuclein slightly lessens the response in situations where damage is accrued over a long time

period.
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Figure 52: Loss of a-synuclein has limited impact on pUb S65 in response to mitochondrial damage
EV (a) and SNCA KO (b) cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce
mitochondrial damage. Cells were fixed and immunostained with antibodies against pUb S65 (green)
and cytochrome c (red), with nuclei labelled by Hoechst (blue). Colocalisation between pUb S65 and
cytochrome cis reflected by yellow staining. Images shown are representative and originate from 1
biological repeat. Images were taken with widefield immunofluorescence microscopy on a 100X

objective. Scale bars = 20um.
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Figure 53: Loss of a-synuclein has no significant impact on pUb S65 upregulation in response to 24

hours of mitochondrial damage with A/O

EV and SNCA KO cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce
mitochondrial damage. Cells were fixed and immunostained for pUb S65 and cytochrome c.
Colocalisation between the 2 was ensured by only quantifying image pixels positive for both stains.
The total area and number of puncta of colocalised staining were measured per cell in 20 cells per
condition, per biological repeat. Graph a) presents the total area of mitochondrial pUb S65 staining
per cell, and graph b) presents the total number of mitochondrial pUb S65 puncta. Measurements
from each individual cell are shown by a dot, with the mean of each biological repeat shown by a
square and the mean of all 3 repeats shown by a black bar. SEM is shown by vertical black lines. Data
points are colour coded by biological repeat. (n=3). Statistical analysis carried out by repeated
measures 2-way ANOVA with Sidak’s multiple comparisons test for differences between cell lines

reported no significance. (n=3).
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3.2.8 Lack of a-synuclein results in a delay in the autophagosome response

We have shown that a-synuclein loss-of-function has limited impact on PINK1/Parkin activity
and whole mitochondrial clearance in response to damage with A/O. To be thorough, | next
investigated whether a-synuclein had any impact on the endpoints of the pathway:
autophagosomes and lysosomes. As another aspect of mitochondrial quality control that
requires membrane remodelling, there is potential for a-synuclein to act in a physiological
capacity in autophagosome-lysosome interactions. This has not been explored in the literature,
rather the focus has been on the impact of pathological a-synuclein, which has been shown to
cause defects in several aspects of autophagosome function (Sarkar et al., 2021; Tang et al.,

2021; Winslow et al., 2010).

When autophagosomes are formed, LC3l is modified in the isolation membrane to become
LC3Il (Kabeya et al., 2000). As such, levels of LC3Il can be monitored and used as a readout of
autophagosome number. LC3Il expression was measured in EV and SNCA KO cells by Western
blot in response to mitochondrial damage with A/O. Both cell lines showed an upregulation of
LC3Il expression with increasing A/O treatment times, but SNCA KO cells showed lower LC3II
levels, particularly following 2 and 6 hours of A/O treatment (Figure 54Error! Reference source n
ot found.). This difference between the cell lines was significant at the 6-hour time point
(p=0.0396). This difference was negligible in the 24-hour A/O treated cells, suggesting that any

impact of a-synuclein was resolved at later time points.
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Figure 54: Loss of a-synuclein causes a lower level of LC3II at early time points following induction

of mitochondrial damage

a) EVand SNCA KO cells were left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce
mitochondrial damage. Lysates were processed by Western blot with antibodies against LC3,
GAPDH as a protein loading control and a-synuclein to confirm knockout in SNCA KO cells (same

membrane as shown in Figure 51)Error! Reference source not found..

b) From Western blot data, LC31l expression in EV and SNCA KO cells in response to A/O was
normalised to GAPDH expression to account for differences in protein loading. LC3Il expression
is represented by the raw values of this calculation. Biological repeats are colour coded, with
circles representing the means of each repeat, bars representing the mean of all 3 repeats and
black lines showing SEM. Dark grey bars represent EV and light grey bars represent SNCA KO.
Statistical analysis was performed with a repeated measures 2-way ANOVA with Sidak’s multiple
comparisons test. In cells treated with A/O for 6 hours, the difference in LC3Il expression levels

between EV and SNCA KO cells was significant (p=0.0396, *). (n=3).

To investigate whether the impact of a-synuclein on LC3Il levels in response to mitochondrial
damage was due to defects in autophagosome formation, the experiment was repeated in the
presence of BafA1. Since BafA1 blocks all autophagosome-lysosome fusion, it prevents the
degradation of autophagosomal cargo and thus causes accumulation of autophagosomes.
Interestingly, the reduction of autophagosomes seen at early time points in SNCA KO cells is
recovered in the presence of BafA1 (Figure 55). This suggests that this phenotype was not the
result of a defect in autophagosome formation, instead suggesting that there is increased

autophagic flux in SNCA KO cells at earlier time points following mitochondrial damage.
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Figure 55: The lower level of LC3II at early time points following mitochondrial damage in SNCA

KO cells is rescued upon inhibition of autophagosome-lysosome fusion

a) EVand SNCA KO cells were left untreated (-) or treated for 2, 6, or 24 hours with A/O and
BafAl to induce mitochondrial damage. Lysates were processed by Western blot with an
antibody against LC3, GAPDH as a loading control and a-synuclein to confirm knockout in SNCA

KO cells.

b) From Western blot data, LC31l expression in EV and SNCA KO cells in response to A/O was
normalised to GAPDH expression to account for differences in protein loading. LC3Il expression
is represented by the raw values of this calculation. Biological repeats are colour coded, with
circles representing the means of each repeat, bars representing the mean of all 3 repeats and
black lines showing SEM. Dark grey bars represent EV and light grey bars represent SNCA KO.
Statistical analysis was performed with a repeated measures 2-way ANOVA with Sidak’s

multiple comparisons test and reported no significant differences between groups (n=3).
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Following the observation that autophagosome flux appears to be increased in SNCA KO cells at
early time points, | next evaluated whether a lack of a-synuclein had any measurable effect on
lysosomes. Firstly, | assessed whether there were any differences in the morphological
characteristics of lysosomes. Lysosomes are able to constantly modify their number and size,
with these features shown to influence their ability to function (de Araujo et al., 2020). One
example of machinery shown to regulate both lysosomal size and fusion of autophagic
membranes is SNARE complexes (de Araujo et al., 2020; W. J. Hong & Lev, 2014; Y. Wang et al.,
2016). Interestingly, a-synuclein is known to assemble and interact with SNARE complexes at
the synapse to execute its physiological function in the synaptic vesicle cycle (V. Gao et al.,
2023). As such, itis possible there may be a role for a-synuclein in regulating lysosomal
structure through an interaction with SNAREs, which could impact autophagosome-lysosome

fusion events.

Morphological differences in lysosomes were measured in cells at baseline or subject to 24
hours of accrued mitochondrial damage with A/O, when our previous data suggests that the
mitophagy response is greatest (Figure 56). There were no significant differences in the number
of lysosomal puncta per cell (Figure 57a) or the total area of lysosomal staining per cell (Figure
57b) between EV and SNCA KO cells regardless of mitochondrial damage, though the
measurements in SNCA KO cells were trending slightly higher. In calculations of the average
area of LAMP1+ puncta per cell, EV cells exhibited a slight increases upon A/O treatment, but
this was not seen in SNCA KO cells, suggesting that suggesting that lack of a-synuclein may
impact the ability of cells to increase lysosomal size in response to mitochondrial damage

(Figure 57c).
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Figure 56: Lack of a-synuclein causes bigger lysosomes at steady state, resulting in a less

pronounced enlargement of lysosomes in response to mitochondrial damage

EV (a) and SNCA KO (b) cells were left untreated (-) or treated for 24 hours with A/O to evoke
mitochondrial damage. Cells were fixed and immunostained with antibodies against cytochrome c
(red) and LAMP1 (green), with nuclei labelled by Hoechst (blue). Colocalisation between cytochrome
c and LAMP1 is shown in yellow. White arrows point to examples of lysosomes in each cell line across
the channels, enabling visualisation of lysosome size as well as colocalisation with mitochondria.
Images are representative and originate from 1 biological repeat. Images were taken using widefield

immunofluorescence microscopy with a 100X objective. Scale bars = 20um.
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Figure 57: Lack of a-synuclein does not significantly impact lysosomes at steady state

In EV and SNCA KO cells either left untreated (-) or treated with A/O for 24 hours, lysosomal
morphology was analysed by isolating cells and within each cell, isolating pixels positive for LAMP1.
a) Indicates the number of LAMP1+ puncta per cell, measured by counting the number of individual
puncta positive for LAMP1 staining in each individual cell. b) Indicates the total area of LAMP1+
staining per cell, measured by calculating the combined area of all individual LAMP1+ punctain a
given cell. c) Indicates the average area of individual LAMP1+ puncta per cell, calculated by dividing
the total area of LAMP1+ staining by the number of LAMP1+ puncta in the same cell. For each
measure, 20 cells were analysed per condition, per biological repeat. Measurements from each
individual cell are shown by a dot, with the mean of each biological repeat shown by a square and
the mean of all 3 repeats shown by a black bar. SEM is shown by vertical black lines. Data points are
colour coded by biological repeat. Statistical analysis carried out by repeated measures 2-way

ANOVA with Sidak’s multiple comparisons test reported no significant differences. (n=3).

Given that lysosomes were not observed to increase their average area upon mitochondrial
damage in SNCA KO cells, | wanted to investigate whether there were any alterations in the
association between mitochondria and lysosomes. Damaged mitochondria are captured by
autophagosomes and trafficked to lysosomes for degradation, so | would expect to see
mitochondria and lysosomes in association in response to damage. To assess this, | measured
colocalisation between the two organelles. This was measured as a percentage of all
lysosomes, to provide an idea of how the lysosomal pool shifts in response to 24 hours of A/O,

causing accrued damage and triggering mitophagy.

In terms of both lysosomal puncta and area, EV cells were able to upregulate the percentage of
lysosomes that colocalised with mitochondria in response to A/O treatment, reflecting
trafficking of damaged mitochondria to the lysosome for degradation (Figure 58a). However,
this increase in the proportion of lysosomal staining associated with mitochondria was not
observed in SNCA KO cells. Interestingly, the percentage of lysosomes colocalising with
mitochondria was higher at baseline in SNCA KO cells than in EV cells, but was not upregulated
in response to mitochondrial stress (Figure 58b). This implies that a-synuclein loss-of-function
impacts the association between these organelles upon accrued damage, which may relate to a

defect in the trafficking of mitochondria to lysosomes.
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Figure 58: Loss of a-synuclein prevents the upregulation of lysosome-mitochondria colocalisation

in response to mitochondrial damage

In EV and SNCA KO cells left untreated (-) or treated with A/O for 24 hours, the colocalisation
between lysosomal and mitochondrial staining was measured as a proportion of total lysosomal
staining. Image pixels positive for both LAMP1 and cytochrome ¢ were measured, per cell, and
presented as a percentage of total LAMP1 (shown in Figure 253, b). a) Indicates the percentage of all
LAMP1+ puncta colocalising with cytochrome c per cell, calculated by dividing the number of
colocalised puncta by the total number of LAMP1+ puncta per cell. b) Indicates the percentage of all
LAMP1+ area colocalising with cytochrome c staining per cell, calculated by dividing the colocalised
area by the total LAMP1+ area per cell. For each measure, 20 cells were analysed per condition, per
biological repeat. Measurements from each individual cell are shown by a dot, with the mean of each
biological repeat shown by a square and the mean of all 3 repeats shown by a black bar. SEM is
shown by vertical black lines. Data points are colour coded by biological repeat. Statistical analysis
performed by repeated measures 2-way ANOVA with Siddk’s multiple comparisons test reported no

significant differences. (n=3).
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3.2.9 Lack of a-synuclein has no impact on steady state or damage-induced MDVs

Since | have thoroughly investigated the impact of a-synuclein loss-of-function on whole
mitochondrial clearance in response to damage, | next investigated whether SNCA KO cells had
any defects in mitochondrial repair pathways. One such mechanism that can be upregulated by
mitochondrial damage is the MDV pathway (Soubannier et al., 2012a; Soubannier et al., 2012b).
Upon mitochondrial stress, locally damaged mitochondrial components can be sequestered
inside vesicles derived from mitochondrial membrane and trafficked away from the organelle
(Soubannier et al., 2012a; Soubannier et al., 2012b). This strategic removal of damaged
contents maintains the health of the organelle left behind, preventing the induction of high-

energy processes like mitophagy (Cadete et al., 2016; T. Peng et al., 2022).

Since a-synuclein has been shown to bind and interact with mitochondrial membranes, it could
feasibly impact the formation of MDVs. With a role for a-synuclein in co-ordinating vesicle
release and recycling at the synapse, it is possible that this could extend to a relationship with
MDVs. Shown to act as a sensor of membrane curvature, a-synuclein preferentially binds to
highly curved structures like synaptic vesicles (Drin & Antonny, 2010; Emamzadeh, 2016). As
such, this property could be a transferable skill for a-synuclein which could allow it to function

in the MDV pathway.

Two main structural subtypes of MDVs have been described: those that are TOM20+/PDH-
which derived from the OMM, and those that are PDH+/TOM20- that derive from the IMM
(Neuspiel et al., 2008; Soubannier et al., 2012a; Sugiura et al., 2014). Although they still form at
steady state, MDVs have been shown to selectively incorporate oxidised cargo in response to
mitochondrial stress (Soubannier et al., 2012b). Previous research from our lab has shown that
MDVs are upregulated in SH-SY5Y cells in response to 2 hours of A/O treatment, so this
stimulus was used to assess whether a-synuclein loss-of-function alters the levels of MDVs (T.
A. Ryan et al., 2020). Both OMM- and IMM-derived MDVs were quantified (Figure 59), since
evidence has shown the ability of a-synuclein to bind both mitochondrial membranes (Devi et

al., 2008; Di Maio et al., 2016; K. Nakamura et al., 2008).

In terms of OMM-derived MDVs (TOM20+/PDH-), both EV and SNCA KO cells were able to
produce MDVs as a steady state quality control mechanism and to significantly increase the
number of MDVs (EV p=0.0251, SNCA KO p=0.0281) in response to AO-induced mitochondrial
damage (Figure 60a). The same trend was true for IMM-derived MDVs (PDH+/TOM20-), with
both cell lines equally able to generate MDVs both at steady state and in response to A/O
(Figure 60b). This suggests that loss of a-synuclein does not impact the level of MDVs at steady

state or in response to mitochondrial damage.
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Figure 59: Cells lacking a-synuclein have more MDVs after 2 hours of mitochondrial damage than
at steady state

EV (a, b) and SNCA KO (c, d)cells were left untreated (-) or treated for 2 hours with A/O to evoke
mitochondrial damage (b). Cells were fixed and immunostained with antibodies against TOM20 (red)
and PDH (green) with nuclei labelled by Hoechst (blue). PDH+/TOM20- MDVs were defined as PDH+
puncta that did not colocalise with TOM20 — these are shown with outlines of white arrowheads,
with images in green showing an example of the inclusion of PDH and exclusion of TOM20 in more
detail. TOM20+/PDH- MDVs were defined as TOM20+ puncta that did not colocalise with PDH —
these are shown with solid white arrowheads, with images in red showing an example of the
inclusion of TOM20 and exclusion of PDH in more detail. Images shown are representative and were

taken using widefield immunofluorescence microscopy on a 100X objective. Scale bars = 20um.
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Figure 60: Lack of a-synuclein has no impact on the ability of cells to generate both OMM- and

IMM-derived MDVs at steady state or in response to mitochondrial damage

EV and SNCA KO cells were left untreated (-) or treated for 2 hours with A/O to evoke mitochondrial
damage. MDVs were counted based on lack of colocalisation of mitochondrial markers TOM20 and
PDH. a) Indicates the number of TOM20+/PDH- MDVs, while b) indicates the number of
PDH+/TOM20- MDVs. 10 cells were analysed per condition, per biological repeat. Measurements
from each individual cell are shown by a dot, with the mean of each biological repeat shown by a
square and the mean of all 3 repeats shown by a black bar. SEM is shown by vertical black lines. Data
points are colour coded by biological repeat. Statistical analysis performed by repeated measures 2-
way ANOVA with Sidak’s multiple comparisons test. There was a significant increase in TOM20+
MDVs between untreated cells and those treated with A/O for 2 hours in both EV control cells

(p=0.0251, *) and SNCA KO cells (p=0.0281, *), but no differences between cell lines. (n=3).
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3.3 Discussion

In this chapter, | aimed to investigate the role of a-synuclein in mitochondrial health,
function and quality control using an SNCA KO model developed in SH-SY5Y cells. The
hypothesis that a-synuclein loss-of-function, rather than toxic gain-of-function, may potentiate
some aspects of PD pathology is often overlooked in the literature (Sulzer & Edwards, 2019).
Therefore, defining potential physiological roles for a-synuclein in maintaining mitochondrial
health and mito-QC mechanisms offers important insight into its wider cellular function, and
how the potential loss of these functions may contribute to PD. The results from this chapter
indicate that loss of a-synuclein does not cause significant defects in mitochondrial energy
production or damage-induced mitochondrial turnover but has minor impacts on early

autophagic flux.

Prior to creation of my loss-of-function model, initial investigations in wild-type SH-SY5Y
cells characterised the impact of mitochondrial damage on a-synuclein expression. Accrued
mitochondrial damage was shown to trigger a decrease in a-synuclein expression that was
partially rescued by inhibition of proteasomal and lysosomal pathways, suggesting that
damage-induced a-synuclein degradation occurs through both of these mechanisms. Thisis in
support of previous work showing degradation of endogenous a-synuclein by both the
proteasome and chaperone-mediated autophagy (Bennett et al., 1999; Cuervo et al., 2004;
Tofaris et al., 2001). Given that this degradation was triggered by mitochondrial damage, |
considered whether a-synuclein may be associated with, or recruited to, mitochondria under
these conditions. Localisation of a-synuclein to mitochondria has mostly been described in a
pathological context, where oxidative stress is high and a-synuclein is aggregated (M. L. Choi et
al., 2022; Devi et al., 2008), so | sought to assess whether this may occur when a-synuclein is at
a physiological level. Assessment of isolated mitochondrial fractions from A/O treated cells did
not show any evidence of association between a-synuclein and mitochondria. Unfortunately,
mitochondrial localisation of a-synuclein via immunofluorescence microscopy could not be
determined due to a lack of antibody specificity. From my data, | consider that a-synuclein was
likely not recruited to mitochondria as part of the damage response, but instead may have been
degraded as a result of antimycin A-induced production of mitochondrial ROS (Boveris &
Cadenas, 1975). Though research has described that ROS can promote aggregation of a-
synuclein, this has mostly been observed in terms of chronic, long-term exposure to oxidative
stress conditions (Hashimoto et al., 1999; Paxinou et al., 2001; Won et al., 2022). Therefore, it is
unlikely that endogenous a-synuclein was aggregated to the point of cellular removal upon 2-24

hours of A/O treatment. Instead, | consider a hypothesis described by Schildknecht et al (2013)
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that suggests a-synuclein may act as a scavenger of ROS under physiological conditions,
protecting the cellular environment. Oxidation of a-synuclein methionine residues has been
suggested as a mechanism to facilitate this, removing damaged ROS from the cell but perhaps

making a-synuclein a target for degradation (Glaser et al., 2005; Schildknecht et al., 2013).

After generating and validating an SNCA KO model in SH-SY5Y cells, | began to evaluate
the impact of a-synuclein loss-of-function on various mitochondrial phenotypes. Starting with
mitochondrial function, | investigated ATP levels, oxygen consumption rates and baseline AWm
as readouts of mitochondrial energy production and organelle health. These were all found to be
unaffected by the loss of endogenous a-synuclein, suggesting that it does not have an essential
role in maintenance of AWm or in regulating mitochondrial energy production. These findings
were unexpected, since they contradict a previous study that defined a role for physiological a-
synuclein in modulation of the ATP synthase pump (Ludtmann et al., 2016). This study found
that mitochondria in cells from a-synuclein knockout mice produced less ATP, which was
rescued by the addition of exogenous a-synuclein monomers (Ludtmann et al., 2016). However,
they also reported that loss of other synuclein isoforms, B- and y-synuclein, had similar
consequences in their model (Ludtmann et al., 2016). The structure of B-synuclein in particular
is highly homologous to a-synuclein, with the N-terminus in both proteins containing KTKEGV
sequences that facilitate membrane binding (Hayashi & Carver, 2022; Westphal & Chandra,
2013). Along with the fact that a- and B-synuclein are often co-expressed in the human body,
structural similarities between the proteins have led to suggestions that they may have similar
or co-operative functions (Hayashi & Carver, 2022). In support of this, B-synuclein has been
shown to interact with and modulate synaptic vesicles in a similar way to physiological a-
synuclein (Ninkina et al., 2021). In the context of my results, | suggest that the genetic SNCA KO
model developed in this study may have adapted to a lack of a-synuclein, with other members

of the synuclein family compensating for its cellular role.

Once | established that loss of a-synuclein did not impact mitochondrial energy
production in my model, | next investigated whether it caused any alterations in organisation of
the mitochondrial network. Given a-synuclein’s other cellular functions related to membrane
remodelling, whether this extends to mitochondrial membranes is an important question that
has not been previously addressed in the literature. | observed that both at steady state and
under damage conditions, there were no differences in the morphology and connectivity of
mitochondria in SNCA KO cells compared to EV control cells. These data led me to conclude

that in my model, a-synuclein is not required to maintain the organisation of the mitochondrial
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network. Since mitochondrial morphology is regulated by a fine balance of fission and fusion, |
therefore suggest that a-synuclein is not required for these events either at steady state orin
response to damage (Bereiter-Hahn & Voth, 1994; H. Chen & Chan, 2004). Though a-synuclein is
involved in membrane remodelling at the synapse, | do not see evidence that this extends to a
role in regulating mitochondrial morphology (Cheng et al., 2011). This contradicts evidence from
murine models which showed that a-synuclein null mice exhibited fragmented mitochondria,
but as yet this is the only other study that has investigated the impact of a-synuclein loss-of-
function on mitochondrial organisation (Faustini et al., 2019). Consequently, | suggest that the
alterations in mitochondrial organisation, morphology and fission-fusion mechanics seenin PD
patients are likely due to toxic gain-of-function from pathological a-synuclein and not the result

of loss-of-function of pathological a-synuclein (Chen et al., 2023).

In assessing mito-QC, | discovered that a-synuclein loss-of-function did not affect the
degradation of mitochondria by mitophagy. The fact that SNCA KO cells were still able to
efficiently conduct whole mitochondrial clearance and exhibit increased PINK1/Parkin activity
in response to damage indicates that in my model, a-synuclein does not have an essential role
in the co-ordination of PINK1/Parkin-dependent mitophagy. However, the observation that
Parkin expression was significantly elevated in SNCA KO cells at steady state suggests that a
potential regulatory relationship may exist between a-synuclein and Parkin. This fits with
previous literature, with earlier work showing that exogenous a-synuclein oligomers can
decrease Parkin expression through S-nitrosylation and subsequent degradation of the protein
(Wilkaniec et al., 2019, 2021). Such an association has only been described in the context of
both pathological a-synuclein and Parkin overexpression, but | provide evidence that this
relationship may also exist physiologically at steady state. Interestingly, SNCA KO cells showed
slightly lower levels of mitochondrial pUb S65 compared to EV control cells, which could
represent an increase in the turnover of damaged mitochondria as a result of increased Parkin
availability. | suggest that though the relationship between Parkin and a-synuclein is not
required for Parkin function, modulation of Parkin expression by a-synuclein may impact its

activity.

Further investigation into the later stages of these mitochondrial degradation pathways
revealed that a-synuclein loss-of-function impacted both autophagosomal and lysosomal
phenotypes. Measurement of LC3 lipidation demonstrated that cells lacking a-synuclein
exhibited less autophagosomes than EV control cells in response to 2 or 6 hours of

mitochondrial damage. This early reduction in autophagosomes was recovered to EV control
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levels when autophagosome-lysosome fusion was blocked, suggesting that the loss-of-function
phenotype may be the result of increased autophagic flux, rather than decreased
autophagosome formation. Interestingly, SNCA KO cells did not show the damage-induced
increase in colocalisation between the mitochondrial marker, TOM20, and the lysosomal
marker, LAMP1, seen in EV control cells. This could be due to increased autophagic flux at early
time points, as suggested by the LC3ll data. Since colocalisation was visualised after 24 hours
of A/O treatment, | only see a snapshot of the response to damage, so itis possible that the
highest level of colocalisation between mitochondria and lysosomes may have occurred at an
earlier time point in SNCA KO cells which was not captured by these data. One explanation for
this could be that SNCA KO cells have an increased availability of lysosomes ready to degrade
autophagic contents at these early time points, since immunofluorescence microscopy showed
that lack of a-synuclein increased total puncta and area of LAMP1 staining per cell at steady

state.

A potential mechanism behind this effect could be that a-synuclein loss-of-function
may contribute to disinhibition of transcription factor EB (TFEB), a protein known to promote
lysosome biogenesis and autophagy (Cortes & La Spada, 2019; Martina et al., 2014). Under
normal circumstances, TFEB interacts with the chaperone protein 14-3-3, leading to its
sequestration in the cytoplasm and prevention of its translocation to the nucleus to trigger
transcription of autophagy-promoting genes (Martina et al., 2014; Raben & Puertollano, 2016).
Interestingly, a-synuclein exhibits both structural and functional homology with 14-3-3, with
studies showing its ability to bind 14-3-3 interacting partners which could feasibly include TFEB
(Ostrerova et al., 1999; Perez et al., 2002b). Under pathological conditions, a-synuclein and
TFEB have been shown to have a direct relationship, with a-synuclein overexpression leading to
an increase in cytoplasmic retention of TFEB and a subsequent reduction in autophagy
(Decressac et al., 2013). As such, it is possible that a-synuclein may have a physiological role,
akin to that of 14-3-3, in the retention of TFEB in the cytoplasm which is lost in my SNCA KO
model. Loss of this interaction may therefore increase translocation of TFEB to the nucleus and

account for the increase in autophagic flux and LAMP1 staining seen in these cells (Figure 61).
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Figure 61: Potential mechanism for increased early autophagy flux and increased steady state

lysosome number in SNCA KO cells

We propose that a potential mechanism behind the increase in autophagy flux and lysosomal
number could be that SNCA KO cells have a loss of disinhibition of TFEB. Normally, 13-4-4 sequesters
TFEB in the cytoplasm to prevent its translocation to the nucleus and promotion of autophagy. Since
a-synuclein shares structural and functional homology with 13-4-4, | suggest that it may have a
similar role in modulating TFEB. When a-synuclein is lost, less TFEB may be retained in the
cytoplasm, leading to an increase in its translocation to the nucleus and subsequent increases in

transcription of genes promoting autophagy and lysosome biogenesis.

Given the loss-of-function phenotypes observed at early time points, | felt it important to
investigate alternative mitochondrial repair routes known to be active in response to localised
oxidative stress. Shown to selectively incorporate oxidised cargo, MDVs are upregulated in
response to short-term mitochondrial stress to sequester damaged components away from the
organelle, maintaining mitochondrial health (Soubannier et al., 2012a; Soubannier et al., 2012b;
Sugiura et al., 2014). Physiological functions of a-synuclein are most well-defined in the
synaptic vesicle pathway, where it can remodel phospholipid membranes and facilitate
membrane trafficking to modulate vesicle release (Burré, 2015; Drin & Antonny, 2010; H. J. Lee
et al., 2011; Murphy et al., 2000). These same mechanisms are required in the MDV pathway,
and since a-synuclein has been shown to bind mitochondrial membranes, | considered that its
function in vesicle modulation may extend to MDVs. | found that a-synuclein loss-of-function
did not impact the number of MDVs at steady state or in response to mitochondrial damage,

suggesting that it may not have a physiological role in this pathway despite its affinity for
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vesicles. Since a-synuclein’s role in vesicle release is facilitated by its preferential binding of
highly curved membranes, the fact that MDVs are ~70-150nm in diameter may mean that
compared to ~40nm synaptic vesicles, their membranes do not have sufficient curvature to
prompt a-synuclein binding (Drin & Antonny, 2010; Middleton & Rhoades, 2010; Neuspiel et al.,
2008; Sudhof, 1999). Though a-synuclein has previously been highlighted as one of a wealth of
proteins associated with MDVs in a proteomics study, based on my data | suggest that this is

likely as cargo rather than as a regulator of the pathway (R. F. Roberts et al., 2021).

Summary

To summarise, this chapter uses a loss-of-function model to provide novel insight into
the potential physiological roles of a-synuclein on mitochondrial health and quality control.
First, | established that a lack of a-synuclein did not impact ATP level, oxygen consumption
rates or maintenance of baseline AWm, suggesting that the physiological function of a-synuclein
is not required to facilitate energy production. In terms of mito-QC, | found that loss of a-
synuclein did not impact organisation of the mitochondrial network, and thus co-ordination of
fission-fusion events. Assessment of responses to localised mitochondrial damage revealed
that a-synuclein likely does not have a physiological role in the MDV pathway, since numbers of
MDVs at baseline and in response to stress were not impacted by a-synuclein loss-of-function.
Though overall damage-induced whole mitochondrial clearance was unaffected by a loss of a-
synuclein, levels of pUb s65 indicated a potential increase in mitophagic turnover. In line with
this, investigations into autophagosomes and lysosomes suggested increased turnover of both
autophagosomes and lysosomes at early time points, indicative of a potential physiological role
for a-synuclein in regulating early autophagic flux and lysosomal turnover. | suggest that
potential mechanisms behind this could be increased availability of both Parkin and lysosomes
at steady state, priming the system for a damage response. Further research is needed to
validate these phenotypes in more detail and establish whether a-synuclein loss-of-function
could contribute to the dysfunctional autophagy phenotypes reported in PD (Anglade et al.,
1997).
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Chapter 4 Investigating the impact of pathological a-
synuclein overexpression on mitochondrial

health and quality control

4.1 Introduction

Mitochondrial dysfunction is widely considered to be a key driver of PD, with clinical
research reporting mitochondrial pathology in the brains of PD patients (Bender et al., 2006;
Schapira et al., 1989). The relationship between mitochondrial dysfunction and PD
pathogenesis has been validated by the discovery that mutations in several key mitochondrial
genes are causative for familial forms of the disease (Billingsley et al., 2019). Importantly, many
of these genes have defined functions in mito-QC pathways, such as mitophagy co-ordinators
PINK1 and Parkin (Kitada et al., 1998; Valente et al., 2004). As such, recent research has
considered that mitochondrial dysfunction in PD may be the result of defective mito-QC

mechanisms (Chen et al., 2023; Ge et al., 2020).

The most well-characterised aspect of PD pathology is the aggregation of a-synuclein,
the protein which forms intracellular Lewy-body inclusions in the PD brain (Spillantini et al.,
1997). Though the precise mechanisms of a-synuclein toxicity are not understood, pathological
forms have been shown to trigger progressive cell death in animal models (A. Cooper et al.,
2006; Sousa et al., 2009). As two established drivers of PD pathology, a potential association
between a-synuclein and mitochondrial dysfunction has been explored in the literature.
Aggregated a-synuclein has been shown to bind mitochondrial membranes, with accumulation
coupled to mitochondrial localisation in PD brains (Devi et al., 2008; X. Wang et al., 2019). These
mitochondrial interactions have a direct impact on organelle function, with pathological a-
synuclein shown to reduce ATP production through impairment of complex | of the ETC (Chinta
et al., 2010; X. Wang et al., 2019). However, limited research has extended these investigations

to assess the relationship between a-synuclein and dysfunctions in mito-QC.

Links have been made between pathological a-synuclein and mitophagy, with
accumulation of a-synuclein species shown to cause delays in mitochondrial clearance and
impairments in both autophagosomal maturation and autophagosome-lysosome fusion
(Kinnart et al., 2024; Sarkar et al., 2021; Shaltouki et al., 2018; Tang et al., 2021). A range of
mechanisms have been suggested for these phenotypes, including interactions between a-
synuclein and proteins known to regulate cargo identification and trafficking in mito-QC, such

as Parkin and SNARE complexes (Tang et al., 2021; Wilkaniec et al., 2021). Despite these
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suggestions, there is no consensus on the mechanisms behind a-synuclein’s ability to disrupt
mitophagy. Even less is known about the impact of pathogenic a-synuclein on mechanisms

beyond PINK1/Parkin-dependent mitophagy, such as MDVs and mitochondrial dynamics.

Mutant forms of a-synuclein associated with familial PD have been demonstrated to
behave slightly differently to the wild-type (WT) protein (Ohgita et al., 2022). With a point
mutation in the N-terminus of a-synuclein, the mutant A53T form of the protein has been
suggested to have increased aggregation propensity and altered binding to phospholipid
membranes (Jo et al., 2000; Ohgita et al., 2022; Polymeropoulos et al., 1997). Interestingly, a-
synuclein A53T has been shown to have increased accumulation at mitochondrial membranes
compared to the WT protein in human dopaminergic neurons, accompanied by an increase in
its mitochondrial import (Devi et al., 2008). Further, recent research has shown that a-synuclein
AS53T exhibits oligomerisation at mitochondrial membranes that induces toxicity (M. L. Choi et
al., 2022). Alongside this, functional studies have shown that overexpression of A53T a-
synuclein can cause an increase in mitophagy, contrary to the delay in mitophagy reported for
the WT protein (Chen et al., 2015; Choubey et al., 2011; Stefanis et al., 2001). As such, |
investigated and compared the impact of both WT and A53T a-synuclein overexpression on

mechanisms of mito-QC.

In this chapter, | aimed to test the hypothesis that overexpression of a-synuclein
negatively impacts mitochondrial function and quality control through toxic gain-of-function. |
investigated this by generating SH-SY5Y cell lines stably overexpressing either GFP-a-syn-WT or
GFP-a-syn-A53T. Responses to mitochondrial damage were assessed in these cells to evaluate
the impact of a-synuclein overexpression on mitochondrial health, dynamics and mito-QC

mechanisms.

1) Develop gain-of-function models of a-synuclein in SH-SY5Y cells

2) Utilise the gain-of-function models to assess the impact of WT and A53T a-synuclein
overexpression on mitochondrial function and dynamics

3) Utilise the gain-of-function models to assess the impact of WT and A53T a-synuclein

overexpression on mito-QC
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4.2 Results

4.2.1 Development and validation of a-synuclein gain-of-function models in SH-SY5Y

cells

Many studies in this field utilise exogenous a-synuclein in the form of pre-formed fibrils (PFFs) to
study toxic gain-of-function. However, evidence suggests that although both oligomeric and
fibrillar a-synuclein are harmful, fibrillar a-synuclein is more stable and less damaging (Emin et
al., 2022; Winner et al., 2011). Since the oligomerisation process itself is considered to be
damaging, models employing PFFs do not capture this key aspect of a-synuclein toxicity. To
overcome this, | generated gain-of-function models in SH-SY5Y cells overexpressing WT and
A53T forms of GFP-a-synuclein. Since a higher concentration of the protein equates to a higher
aggregation propensity, | utilised an overexpression system to provide an environment whereby

assembly of de-novo higher order a-synuclein species could occur (Narhi et al., 1999).

Since GFP-tagged a-synuclein has been demonstrated to aggregate and induce toxicity,
plasmids containing GFP fused to the N-terminus of a-synuclein were used so that successful
overexpression of the protein could be visualised easily (Hansen et al., 2013). These sequences
are referred to as GFP-a-syn from this point onwards. Initially, SH-SY5Y cells were transiently
transfected with GFP-a-syn-WT and GFP-a-syn-A53T plasmids to confirm detectable
overexpression prior to generation of stable cell lines. A plasmid containing only GFP was used
as a control to rule out any impacts of the transfection process and confirm that overexpression
of GFP did not induce any cellular toxicity. This overexpression was confirmed by both Western
blot (Figure 62) and immunofluorescence microscopy (Figure 63). Since overexpression of GFP-
a-syn was confirmed in a transient setting, these sequences were used to generate stable cell

lines.
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Figure 62: GFP-a-syn is detected by Western blot in SH-SY5Y cells transiently overexpressing GFP-
a-syn-WT and GFP-a-syn-A53T plasmids

Wild-type SH-SY5Y cells were transfected with plasmids containing either GFP only, GFP-a-syn-WT or
GFP-a-syn-A53T sequences. After 24 hours, lysates were processed by Western blot with antibodies
against GFP, a-synuclein and B-actin as a protein loading control. GFP-a-syn is shown detected by

both GFP and a-synuclein antibodies.
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Figure 63: GFP-a-syn is detected by immunofluorescence microscopy in SH-SY5Y cells transiently
overexpressing GFP-a-syn-WT and GFP-a-syn-A53T plasmids

Wild-type SH-SY5Y cells were transfected with plasmids containing either GFP only, GFP-a-syn-WT or
GFP-a-syn-A53T. After 24 hours, cells were fixed and stained with antibodies against a-synuclein
(red) and GFP (green), with nuclei labelled by Hoechst (blue). Colocalisation of a-synuclein and GFP is
reflected by yellow staining. Cells were imaged using widefield immunofluorescence microscopy on a

60X objective. Scale bar = 20um.

After confirming that transfection with these plasmids enabled SH-SY5Y cells to transiently
overexpress a-synuclein, | aimed to generate a model that overexpressed this stably using

lentiviral vectors.

Lentiviruses are a commonly used genetic tool that facilitate stable expression of chosen genes

through their ability to exploit a host cell’s replication machinery (Serrao & Engelman, 2016). A
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type of retrovirus, they can integrate their own DNA into the genome of a host cell, enabling their
consistent expression within that cell and in any daughter cells (Serrao & Engelman, 2016). As
such, itis an efficient method for creating stably overexpressing cell lines. Since the GFP-a-syn
sequences were not already in retroviral backbones and thus could only be expressed

transiently, they were transferred into lentiviral vectors by subcloning.

Lentivirus generated with these new constructs was used to transduce SH-SY5Y cells
(Appendix A, Figure 113, Figure 114) and create populations of cells stably overexpressing
either GFP only, GFP-a-syn-WT or GFP-a-syn-A53T. Cell lines are referred to by these names
from this point on. GFP only cells were used as a control since they had been subject to the
same lentiviral process, represented a non-aggregation-prone comparison and to negate any
effects of potential GFP toxicity. Stable overexpression of these constructs was confirmed by

both Western blot (Figure 64) and immunofluorescence microscopy (Figure 65).
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Figure 64: GFP-a-syn is detected by Western blot in SH-SY5Y cells stably overexpressing GFP-a-syn-
WT and GFP-a-syn-A53T

Wild-type SH-SY5Y cells were transduced with lentiviral particles to facilitate stable overexpression of
GFP only, GFP-a-syn-WT or GFP-a-syn-A53T. Lysates were processed by Western blot with antibodies
against GFP, a-synuclein and B-actin as a protein loading control. GFP-a-syn is shown detected by

both GFP and a-synuclein antibodies.
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Figure 65: GFP-a-syn is detected by immunofluorescence microscopy in SH-SY5Y cells stably
overexpressing GFP-a-syn-WT and GFP-a-syn-A53T

Wild-type SH-SY5Y cells were transduced with lentiviral particles to facilitate stable overexpression of
GFP only, GFP-a-syn-WT or GFP-a-syn-A53T. Cells were fixed and stained with antibodies against a-
synuclein (red) and GFP (green), with nuclei labelled by Hoechst (blue). Colocalisation of a-synuclein
and GFP is reflected by yellow staining. Cells were imaged using widefield immunofluorescence

microscopy on a 60X objective. Scale bar = 20um.
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4.2.2 Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T in SH-SY5Y cells results in

markers of pathological a-synuclein

After successfully generating SH-SY5Y cell lines stably overexpressing GFP-a-syn, | investigated
whether they exhibited any markers associated with pathological a-synuclein. One of the key
toxic attributes of a-synuclein is its ability to oligomerise to form aggregates (Winner et al.,
2011). Such aggregates have been identified by immunofluorescence microscopy in SH-SY5Y
cells overexpressing a-synuclein in several other studies, so | sought to determine whether such

aggregates were visible in my own model (Melnikova et al., 2020; Melo et al., 2017).

Since GFP-a-synuclein was highly expressed and showed subcellular localisation to the
nucleus and cytoplasm in GFP-a-syn-WT and GFP-a-syn-A53T expressing cells (Figure 65), |
was uhable to visualise any individual a-synuclein by this method. To circumvent this, | cleared
out the cytoplasm to investigate the presence of aggregates. Permeabilisation of the cell
membrane with saponin prior to fixation allowed cytoplasmic proteins to exit through plasma
membrane pores (X. Zheng & Gallot, 2020). This resulted in the detection of small, round GFP-
positive puncta in both GFP-a-syn-WT and GFP-a-syn-A53T cells, which were not seen
frequently in GFP only control cells (Figure 66). These GFP-positive puncta colocalised with a-
synuclein staining, suggesting that they consisted of GFP-a-syn species. These were quantified
by the percentage of cells exhibiting more than 5 of these GFP-positive puncta, but the
individual numbers of these puncta are shown in Appendix B (Figure 125). GFP-a-syn-WT cells
had a significantly higher percentage of these cells than GFP only cells (p<0.0001), and though
not significant, GFP-a-syn-A53T also showed a higher percentage than GFP only cells (Figure

67). | consider that these puncta could possibly be GFP-a-syn aggregates.
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Figure 66: GFP puncta that colocalise with a-synuclein are observed at steady state in cells
overexpressing GFP-a-syn-WT and GFP-a-syn-A53T

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T expressing cells were permeabilised with saponin to
clear out cytoplasmic proteins. Permeabilised cells were stained with antibodies against GFP (green)
and a-synuclein (red), with nuclei labelled by Hoechst (blue) and assessed qualitatively. Cells were

visualised using widefield immunofluorescence microscopy on a 100X objective. Scale bar = 20um.
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Figure 67: GFP-a-syn-WT and GFP-a-syn-A53T cells have a higher percentage of cells with more
than 5 clearly identifiable GFP puncta than GFP only cells

Quantitative measurements of GFP-positive puncta were obtained from GFP only, GFP-a-syn-WT and
GFP-a-syn-A53T expressing cells that were fixed and permeabilised with saponin to clear out
cytoplasm. The number of bright GFP-positive puncta clearly distinguishable from background GFP
staining was counted in 16 cells per cell line, per biological repeat. For each group, the percentage of
these 16 cells that had 5 or more of these bright puncta was calculated and is displayed on the graph
as a coloured dot. The mean of all 3 repeats is shown by the bar, with SEM shown by vertical black
lines. Data points are colour coded by biological repeat. Statistical analysis was performed by a
repeated measures one-way ANOVA with Tukey’s multiple comparisons test. This reported that a
significantly higher percentage of GFP-a-syn-WT cells had 5 or more GFP-positive puncta than GFP
only cells (p<0.0001, ****), (n=3).

The most commonly used indicator of a-synuclein pathology is phosphorylation of the protein at
serine 129 (pS129) (Lashuel et al., 2022). This is because pS129 a-synuclein has been well-
characterised in Lewy bodies of PD patients, where the majority of a-synuclein exhibits this
modification (Anderson et al., 2006). The association between pS129 a-synuclein and
aggregated a-synuclein has been shown in both cellular and animal models of PD, with pS129
a-synuclein now widely used as a marker for pathologically aggregated a-synuclein (Anderson et

al., 2006; Fujiwara et al., 2002; Okochi et al., 2000).
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Accordingly, | evaluated expression of pS129 a-synuclein as a readout of pathological a-
synuclein in my GFP-a-syn overexpression models. In untreated cells, pS129 a-synuclein was
detected in both GFP-a-syn-WT and GFP-a-syn-A53T cells by Western blotting (Figure 68). This
species was only seen at the same molecular weight as GFP-a-syn (approximately 43kDa), but
not seen at the molecular weight of endogenous a-synuclein (approximately 18kDa), suggesting
that the pS129 a-synuclein detected was post-translationally modified GFP-a-syn. In addition,
the lack of pS129 a-synuclein observed in GFP only cells verified that its occurrence was the

direct result of a-synuclein overexpression.
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Figure 68: Phospho-5129 a-synuclein is detected at steady state in cells overexpressing GFP-a-syn-
WT and GFP-a-syn-A53T by Western blot

Lysates were collected from GFP only, GFP-a-syn-WT and GFP-a-syn-A53T expressing cells at steady
state and processed for Western blot. Antibodies against phospho-5129 a-syn and GFP were used,

with GAPDH as a protein loading control.
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To verify this phenotype, | also visualised pS129 a-synuclein at steady state by
immunofluorescence microscopy. Qualitatively, pS129 a-synuclein was more clearly detected
in GFP-a-syn-WT and GFP-a-syn-A53T cells compared to the GFP only control, indicating
specificity of the antibody. pS129 a-synuclein staining appeared punctate — potentially vesicular
—in cells overexpressing GFP-a-syn. GFP-a-syn-A53T cells appeared to have denser pS129 a-
synuclein puncta, resulting in brighter staining. Interestingly, this was not consistent between
cells. In GFP-a-syn-A53T cells, some exhibited extremely bright pS129 a-synuclein staining, as
indicated in Figure 69, while others did not. This suggests that the presence of pS129 a-

synuclein is variable, and thus may depend on cellular activity and health.
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Figure 69: Phospho-5129 a-synuclein is detected at steady state in cells overexpressing GFP-a-syn-
WT and GFP-a-syn-A53T by immunofluorescence microscopy

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were fixed and stained with an antibody against
phospho-5129 a-synuclein (red) with nuclei labelled by Hoechst (blue). GFP was imaged alongside to
ensure only cells with overexpression of the constructs were qualitatively assessed. Phospho-5129
images were taken under the same exposure conditions and left unprocessed to allow for
comparison between cell lines. Cells were visualised using widefield immunofluorescence

microscopy on a 100X objective. Scale bar = 20um.
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4.2.3 Mitochondrial damage exacerbates markers of pathological a-synuclein in cells

overexpressing GFP-a-syn-WT and GFP-a-syn-A53T

Oxidative stress is known to be a key feature of PD pathogenesis (Dias et al., 2013). Having to
maintain dopaminergic activity and transport cellular components over long distances means
that dopaminergic neurons have higher metabolic demand than many other cell types (Bolam &
Pissadaki, 2012; Pacelli et al., 2015). As a result, these cells experience high baseline levels of
oxidative stress, with accumulating ROS creating a feedback loop that exacerbates
mitochondrial damage (Dias et al., 2013). For example, a recent paper showed that A53T a-
synuclein triggers the production of ROS, and this in turn accelerates the oligomerisation of a-
synuclein (M. L. Choi et al., 2022). Since mitochondrial damage is a major cause of ROS, | aimed
to investigate the impact of A/O exposure on the pathological phenotypes associated with a-

synuclein overexpression in my gain-of-function models.

One of the compounds | use to evoke mitochondrial damage, antimycin A, is known to induce
the production of ROS through inhibition of the electron transport chain (Balaban et al., 2005;
Panduri et al., 2004). As such, | assessed whether treatment of GFP-a-syn-WT and GFP-a-syn-
A53T cells with A/O had any impact on the aggregate-like staining observed at steady state. With
the cytoplasm cleared out by saponin, GFP-positive puncta were left behind. These tended to
puncta colocalise with a-synuclein staining in the overexpressed cells, suggesting that they
consisted of GFP-a-syn species. When assessed qualitatively, both GFP-a-syn-WT and GFP-a-
syn-A53T expressing cells appeared to have an increase in these GFP-positive puncta in
response to accrued mitochondrial damage compared to when untreated (Figure 70). This
damage-induced increase in GFP-positive puncta, that are potentially aggregates, provided an

initial suggestion that mitochondrial damage may impact a-synuclein species.

Interestingly, the only GFP-positive puncta that colocalised with a-synuclein in the GFP only
control cells were seen in a doublet formation very close to the nucleus, which | suggest could

be the centriole rather than any a-synuclein aggregate.
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Figure 70: GFP puncta that colocalise with a-synuclein appear to increase in response to

mitochondrial damage in cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated with A/O for 24
hours to induce mitochondrial damage. Cells were permeabilised with saponin to clear out
cytoplasmic proteins, stained with antibodies against GFP (green) and a-synuclein (red), with nuclei
labelled by Hoechst (blue) and assessed qualitatively. Cells were visualised using widefield

immunofluorescence microscopy on a 100X objective. Scale bar = 20um.

To assess this potential damage-induced effect quantitatively, | next explored whether
mitochondrial damage induced the expression of pS129 a-synuclein, a marker of pathology. In
both GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells, pS129 a-synuclein expression
was similar between cells left untreated and cells treated with A/O for 2 or 6 hours. However,
GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells treated with A/O for 24 hours
displayed significantly higher pS129 a-synuclein than in all other treatment conditions (Figure
71). These data suggest that accrued mitochondrial damage increases this pathological post-
translational modification to a-synuclein. Looking at the increase in pS129 a-synuclein
expression from untreated to 24-hour A/O treated cells, GFP-a-syn-WT overexpressing cells had
a fold change of 6.14 whereas GFP-a-syn-A53T overexpressing cells only had a fold change of
2.32 (graph in Appendix B, Figure 126). This difference in phosphorylation between the cell lines
was likely because the steady state level of pS129 a-synuclein was greater in GFP-a-syn-A53T

cells than in the GFP-a-syn-WT (Figure 71).
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Figure 71: Phospho-S129 a-synuclein is increased following 24 hours of mitochondrial damage in

cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T

a) GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2, 6 or 24
hours with A/O to induce mitochondrial damage. Lysates were processed by Western blot with
antibodies against phospho-S129 a-synuclein, GAPDH as a protein loading control and GFP to

confirm overexpression of GFP constructs in all cell lines.

b) Phospho-S129 a-synuclein expression in response to A/O treatment was normalised to GFP to
account for differences in the level of overexpression. Expression of phospho-5129 a-synuclein is
represented by the raw value of this calculation. The results from GFP only cells are shown in
dark grey, GFP-a-syn-WT cells in medium grey and GFP-a-syn-A53T in pale grey. Biological
replicates are colour coded, with circles representing the means of each repeat, bars
representing the mean of 3 repeats and black lines representing SEM. Statistical analysis was
performed by a 2-way repeated measures ANOVA with Tukey’s multiple comparisons test. No
significant differences were found between cell lines, but differences were found within cell
lines. In GFP-a-syn-WT cells, treatment with A/O for 24 hours led to significantly higher phospho-
$129 expression than cells left untreated (p<0.0001, ****), treated for 2 hours (p=0.0001, ***) or
for 6 hours (p<0.0001, ****). In GFP-a-syn-A53T cells, treatment with A/O for 24 hours led to
significantly higher phospho-5129 expression than cells left untreated (p=0.0008, ***), treated
for 2 hours (p=0.0004, ***) or for 6 hours (p=0.0016, **). Only significance between the

untreated and 24-hour treated groups is shown on the graph for clarity. (n=3).

4.2.4 GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells do not show

preferential recruitment to mitochondria in response to mitochondrial damage

Since previous data indicates a mitochondrial damage-induced increase in pS129 modified a-
synuclein in GFP-a-syn-WT and GFP-a-syn-A53T cells by Western blot, | sought to explore
whether pS129 modified a-synuclein demonstrated any localisation to mitochondria.
Expression of pS129 a-synuclein was qualitatively observed by microscopy and appeared to be
increased in GFP-a-syn-WT and GFP-a-syn-A53T expressing cells upon 24 hours of
mitochondrial damage, corroborating my Western blot data (Figure 71). As previously seen at
steady state (Figure 69), pS129 a-synuclein staining was not consistent between GFP-a-syn
overexpressing cells, again suggesting that phosphorylation of a-synuclein at the S129 residue
is dependent on cell-specific variables such as cell cycle phase and overall health. Expression

of pS129 a-synuclein was not observed in GFP only control cells.
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In terms of localisation of these pS129 a-synuclein puncta, | did not observe any clear
association with mitochondria. Though some damage-induced punctate pS129 a-synuclein
expression was colocalised with the mitochondrial marker TOM20 in GFP-a-syn-WT and GFP-a-
syn-A53T overexpressing cells, this did not appear to be preferential or specific since there were
also puncta across the nucleus and cytoplasm in these cells (Figure 72). Since pS129 a-
synuclein staining was diffuse, it is possible that colocalisation with mitochondria was observed
because of the ubiquitous nature of the diffuse staining, rather than any real mitochondrial

recruitment.
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Figure 72: Phospho-5$129 a-synuclein is increased following 24 hours of mitochondrial damage in
cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T, but does not show specific mitochondrial

recruitment

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 24 hours
with A/O to induce mitochondrial damage. Cells were fixed and stained with antibodies against
phospho-5129 a-synuclein (red) and TOM20 (imaged in far red, false coloured green for clarity) with
nuclei labelled by Hoechst (blue). Cells were stained with GFP to indicate overexpressed cells. In GFP-
a-syn- overexpressing cells (b, c), circles indicate examples of colocalisation between TOM20 and
pS129 a-synuclein Images were taken using widefield immunofluorescence microscopy on a 100X

objective. Scale bar = 20um.

To more clearly determine whether pS129 a-synuclein was localising to mitochondria, | again
applied saponin to clear out cytoplasmic staining and leave only punctate species behind, thus
increasing my confidence that any potential mitochondria-pS129 a-synuclein associations were
not due to diffuse staining. At steady state, pS129 a-synuclein puncta were visible in both GFP-
a-syn-WT and GFP-a-syn-A53T cells. Though a small number of puncta were visualised in
proximity to mitochondria, the majority of pS129 a-synuclein was localised to the nucleus. Very
few puncta were observed in GFP only control cells, consistent with previous data indicating
that pS129 a-synuclein species in these cells were a direct result of a-synuclein overexpression

(Figure 68, Figure 69).

Upon mitochondrial damage, both GFP-a-syn-WT and GFP-a-syn-A53T cells appeared to exhibit
increased pS129 a-synuclein staining, concurrent with previous data (Figure 71). In GFP-a-syn-
WT cells, the majority of puncta were still observed to be colocalised with nuclear staining,
whereas in GFP-a-syn-A53T cells, puncta were often outside of the nuclear stain. Though some
pS129 a-synuclein species were seen in proximity to mitochondria, this did not seem to be
preferential or suggest specific mitochondrial recruitment, since the majority of pS129 a-

synuclein puncta did not localise to mitochondria (Figure 73).
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Figure 73: Phospho-5S129 a-synuclein is not observed to be selectively recruited to mitochondria
following 24 hours of mitochondrial damage in cells overexpressing GFP-a-syn-WT or GFP-a-syn-

A53T

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 24 hours
with A/O to induce mitochondrial damage. Cells were fixed and permeabilised with saponin to clear
out cytoplasmic proteins. Permeabilised cells were stained with antibodies against phospho-5129 a-
synuclein (red) and TOM20 (imaged in far red, false coloured green for clarity), with nuclei labelled
by Hoechst (blue). Cells were stained with GFP to ensure that only cells expressing GFP constructs
were qualitatively assessed. White arrows indicate examples of pS129 a-synuclein puncta that are in
proximity to TOM20 staining. Images were taken using widefield immunofluorescence microscopy on

a 100X objective. Scale bar = 20um.

To further explore a potential mitochondrial localisation of GFP-a-syn in response to
mitochondrial damage, | investigated this association biochemically from isolated
mitochondria. This was assessed in cells treated for 6 hours with A/O, since this was enough for

the induction of mitophagy but not so long that most mitochondria had been degraded.

Isolation of mitochondria was considered to be successful, since the IMM protein Coxll was
selectively enriched in the mitochondrial, but not cytosolic, fractions of all three cell lines. This
was confirmed by the enrichment of selective markers in the cytosolic, but not mitochondrial,
fractions (x). GFP expression was used to assess whether GFP-a-syn was enriched in
mitochondrial fractions. In GFP only control cells (Figure 74a), the majority of GFP was seen in
the cytosol both at steady state and in response to mitochondrial damage, though a
comparatively small amount of GFP was present in the mitochondrial fraction upon A/O
treatment. In GFP-a-syn-WT cells (Figure 74b), GFP was again seen to be greatly enriched in the
cytosol both when untreated and in response to mitochondrial damage. GFP-a-syn was not
seen to be enriched in the mitochondrial fraction by an antibody against GFP, with barely any
GFP detected in these fractions. However, an a-synuclein antibody showed the presence of
GFP-a-syn (approx. 43kDa) in mitochondria when untreated and in response to A/O. In GFP-a-
syn-A53T cells (Figure 74c), a GFP antibody detected GFP-a-syn in both cytosolic and
mitochondrial fractions, regardless of treatment with A/O. Confirming this, GFP-a-syn was also

detected in all fractions with an a-synuclein antibody.

These data indicate an enrichment of GFP-a-syn in the mitochondrial fraction for cells
overexpressing GFP-a-syn-A53T compared to GFP only and GFP-a-syn-WT cells, but this does

not appear to be influenced by mitochondrial damage.
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Figure 74: GFP-a-syn is enriched in the mitochondrial fraction in cells overexpressing GFP-a-syn-

A53T, but not GFP-a-syn-WT

GFP only (a), GFP-a-syn-WT (b) and GFP-a-syn-A53T (c) cells were left untreated or treated for 6
hours with A/O to induce mitochondrial damage. Mitochondrial and cytosolic fractions were isolated
from cells and a whole-cell lysate was generated from the same cell population. Lysates were
processed by Western blot with antibodies against a-synuclein and GFP as well as control proteins
from different organelles to confirm isolation of mitochondria: vinculin (cytoplasm/cytoskeletal-
associated), calnexin (ER), a-tubulin (cytoplasm) and Coxll (mitochondria). (WC = whole cell lysate;
cyto = cytosolic fraction; mito = mitochondrial fraction). GFP-a-syn is shown detected by both GFP

and a-synuclein antibodies.
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4.2.5 Overexpression of GFP-a-syn-WT or GFP-a-syn-A53T has limited impact on

mitochondrial energy production

After confirming overexpression and pathogenicity of GFP-a-syn-WT and GFP-a-syn-A53T, | next
sought to investigate whether overexpression of GFP-a-syn had any impact on the primary

function of mitochondria: energy production.

PD pathology was first linked to dysfunction in ATP production when the mitochondrial complex
l inhibitor, MPTP, was shown to induce Parkinsonian-like symptoms in both humans and animal
models (Betarbet et al., 2000; Dauer & Przedborski, 2003; William Langston et al., 1983). In
accordance with this, a specific deficiency in complex | and a subsequent reduction in ATP has
also been observed in PD patients, further suggesting a direct relationship between PD
pathology and ATP production (Mortiboys et al., 2008; Rakovic et al., 2010; Schapira, 2006).
Mechanistically, it has been suggested that aggregated a-synuclein is able to directly bind
complex | to evoke this dysfunction in PD (Reeve et al., 2015). Additionally, a-synuclein
aggregates have been shown to induce oxidation of a subunit of ATP synthase, triggering
opening of the MPTP and thus reducing mitochondrial function (Ludtmann et al., 2018).
Considering that mitochondrial dysfunction has been extensively characterised in PD (Bender et
al., 2013; W. Liu et al., 2009; Pickrell et al., 2013), | aimed to explore whether this could be
evoked in my gain-of-function models, first by measuring the ATP produced by these cells. This
was measured using a luminescence-based assay to capture changes to the ATP level when

cells are using glycolysis, OXPHOS or both (Appendix A, Figure 117).

In GFP only control cells, ATP levels were very similar whether cells used glycolysis (glucose +
oligomycin), OXPHOS (galactose) or both (glucose) (Figure 75a). This pattern was matched in
both GFP-a-syn-WT and GFP-a-syn-A53T cells, where levels of ATP were almost equal across
the different conditions (Figure 75b, c). When cell lines were compared to each other, there
were no significant differences between groups regardless of whether cells were using
glycolysis or OXPHOS (Figure 76a). However, mitochondrial load appeared to be increased in
GFP-a-syn-WT and GFP-a-syn-A53T cells compared to GFP only controls, which could reflect
potential compensatory mechanisms to boost mitochondrial ATP production (Figure 76b).
Overall, overexpression of GFP-a-syn-WT and GFP-a-syn-A53T did not result in any measurable

differences in ATP levels.
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Figure 75: Overexpression of GFP-a-syn-WT or GFP-a-syn-A53T has no impact on ATP production
by glycolysis or OXPHOS

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were grown in different media compositions to
facilitate ATP measurements from glycolysis and/or OXPHOS: glucose (glycolysis and OXPHOS),
galactose (OXPHOS only), glucose with oligomycin (glycolysis only) or galactose with oligomycin
(negative control). An ATP kit was used to read luminescence proportional to ATP in the media.
Luminescence readings were measured as relative light units (RLU), normalised to total protein
concentrations. ATP level is represented by RLU per ug of protein. Graphs show within-cell line
comparisons between a) GFP only, b) GFP-a-syn-WT and c¢) GFP-a-syn-A53T cells under different
media conditions. Biological repeats are colour coded, with circles showing the means of each
replicate, bars representing the means of all 3 repeats and black lines representing SEM. Statistical
analysis for differences between groups was performed with a repeated measures 2-way ANOVA
with Tukey’s multiple comparisons test. Significance differences between groups are denoted on the

graphs by stars: *** signifies p=0.001, **** signifies p<0.0001. (n=3).
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Figure 76: There are no differences in ATP production between cells expressing GFP only, GFP-a-

syn-WT or GFP-a-syn-A53T

a)

b)

The luminescence values from the ATP assay on GFP only, GFP-a-syn-WT and GFP-a-syn-A53T
cells are shown comparatively on the same graph. Luminescence readings were measured as
relative light units (RLU) and normalised to total protein concentration. ATP level is shown by
RLU per pg of protein. The graph shows between-cell line comparisons of GFP only, GFP-a-syn-
WT and GFP-a-syn-A53T cells under different media conditions. Biological replicates are colour
coded, with circles showing the means of each repeat, bars representing the mean of the 3
repeats and black lines representing the SEM. Statistical analysis for differences between groups
was performed using a repeated measures 2-way ANOVA with Tukey’s multiple comparisons
test. No significance was reported. (n=3).

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were lysed after being grown in the same
growth conditions as for the ATP assay and processed by Western blot. An antibody against Coxll
was used to check mitochondrial load and an antibody against GFP was used to confirm

overexpression of GFP-a-syn. GAPDH and B-actin were used as loading controls.
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To investigate energy production more precisely in cells overexpressing GFP-a-syn, | next
utilised the Seahorse mito-stress test to measure OCR in living cells. By manipulating the
electron transport chain with mitochondrial inhibitors, this test allows me to measure specific
metabolic parameters (Gu et al., 2021). The biochemical basis of this method is further

explained in Appendix A (Figure 118).

The raw traces from the mito-stress test each have a different baseline OCR, making the
comparison of profiles between cell lines difficult (Appendix A, Figure 120). As such,
representative traces are shown normalised to the respective baseline OCR of each cell line in
order to clarify the profiles (Figure 77). Looking at these traces showing the means from 3
repeats, each cell line had the same profile, confirming that they all effectively responded to
each of the different inhibitors used throughout the test. Though these profiles were very similar,
GFP-a-syn-WT cells had the highest OCR percentage when cells were pushed to maximum
respiration with FCCP, and GFP-a-syn-A53T cells had the highest OCR percentage after

inhibition with antimycin A and rotenone.

Antimycin A/
Oligomycin FCCP rotenone
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Figure 77: Cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T have similar oxygen

consumption to GFP only controls over the course of the Seahorse mito-stress test

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were plated in a 96-well plate and subjected to a
Seahorse mito-stress test. Oligomycin, FCCP and a combination of antimycin A and rotenone were
applied at indicated time points. Oxygen consumption rate (OCR) was measured over 80 minutes.
This graph is a trace of the means from 3 biological replicates. GFP expressing cells are shown in
green, GFP-a-syn-WT expressing cells are shown in purple and GFP-a-syn-A53T expressing cells are
shown in orange. Data points are shown relative to the first baseline OCR reading, shown as 100%,
for each cell line. Data has been normalised to total protein concentration to account for differences

in cell density. (n=3).

Measurements from different sections of the mito-stress test trace represent different
respiratory parameters (Appendix A, Figure 119). Though there were no statistically significant
differences between the cell lines across any of these indicators, there were some consistent
trends. For example, GFP-a-syn-WT cells had higher OCR than GFP only cells in all 6
parameters, with cells overexpressing GFP-a-syn-WT having higher basal and maximal
respiration (Figure 78a, d). This suggests that overexpression of GFP-a-syn-WT has no negative
impact on energy production in my model. In GFP-a-syn-A53T cells, OCR measurements were
similar to those from GFP only control cells. There were no clear reductions in OCR, suggesting
that overexpression of GFP-a-syn-A53T also does not cause any gross defects in mitochondrial

function in my model.

The only measurement which exhibited a clear difference between GFP-a-syn-A53T cells and
the GFP only control cells was non-mitochondrial oxygen consumption, where GFP only cells
had the lowest measurement (Figure 78f). GFP-a-syn-A53T cells had a non-mitochondrial OCR
higher than both GFP only and GFP-a-syn-WT cells, which could potentially reflect a

compensatory mechanism to increase overall oxygen consumption.
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Figure 78: Overexpression of GFP-a-syn-WT or GFP-a-syn-A53T do not impact mitochondrial

oxygen consumption rates

Respiratory parameters were calculated from oxygen consumption rate (OCR) data from the
Seahorse mito-stress test. Seahorse WavePro software was used to collect and visualise data. Graphs
display measurements of a) basal respiration, b) ATP-coupled respiration, c) proton leak, d) maximal
respiration, e) spare respiratory capacity and f) non-mitochondrial oxygen consumption. OCR is
shown normalised to protein concentration in mg/ml. Bars show GFP only cells in dark grey, GFP-a-
syn-WT cells in medium grey and GFP-a-syn-A53T cells in light grey. Biological replicates are colour
coded, with circles representing the means of each repeat, bars showing the mean of all 3 biological
repeats and black lines representing the SEM. Statistical analysis was carried out using a repeated
measures one-way ANOVA with Tukey’s multiple comparisons test. No significant differences were

reported. (n=3).

To thoroughly explore any impacts on mitochondrial function, | assessed whether cells
expressing GFP-a-syn-WT or GFP-a-syn-A53T had any differences in AWm as an indicator of
mitochondrial health (Zorova et al., 2018). Maintenance of constant AWm is essential for
mitochondrial energy production and organelle health (Zamzami et al., 1995; Zorova et al.,
2018). Investigations into the impact of pathological a-synuclein on AWm are conflicting. One
study has demonstrated that ex-vivo incubation of isolated rat mitochondria with a-synuclein
aggregates resulted in a dose-dependent loss of AWm (Banerjee et al., 2010). However, other
research has shown that in an overexpression model, a-synuclein directly bound the OMM
without impacting AWm (Kamp et al., 2010). To investigate this in my model, | assessed whether

baseline AWm was impacted using the voltage-sensitive probe, TMRM, in live cells.

There was no difference in TMRM fluorescence intensity between GFP only, GFP-a-syn-WT and
GFP-a-syn-A53T cells, suggesting that baseline AWm was similar across the cell lines. Though
GFP only cells had a higher average fluorescence intensity, this appears to be skewed by one
individual biological repeat. These data imply that overexpression of GFP-a-syn-WT and GFP-a-

syn-A53T does not impact maintenance of baseline AWm (Figure 79).
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Figure 79: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on baseline AWm

a) AWm was measured at baseline in live cells overexpressing GFP only, GFP-a-syn-WT and GFP-a-
syn-A53T using the voltage-sensitive probe, TMRM. Images of TMRM staining (red) are
representative and were taken from 1 repeat. GFP staining (shown in grey for clarity) was also
imaged to enable selection of only cells expressing GFP or GFP-a-syn. Images were captured on a
DeltaVision Elite live imaging system with a 60X objective.

b) Fluorescence intensity of TMRM-positive mitochondria was measured in 20 GFP-positive cells
per cell line, per biological repeat. Average fluorescent intensity for each cell is shown by a dot,
with the mean of each biological repeat shown by a square and the mean of all 3 biological
repeats shown by a black bar. SEM is shown by vertical black lines. Data points are colour coded
by biological repeat. Statistical analysis was performed by a repeated measures one-way ANOVA
with Tukey’s multiple comparisons test but reported no significant differences between the cell

lines. (n=3).

4.2.6 Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T results in fragmentation

of the mitochondrial network at steady state

Maintenance of a healthy mitochondrial network relies on an efficient balance of fission and
fusion events (Youle & Van Der Bliek, 2012). Healthy networks are filamentous, with well-
connected organelles likely optimising metabolite exchange (McCarron et al., 2013). It is known
that in response to damage, mitochondrial fission segregates dysfunctional organelles for
mitophagy, resulting in a less tubular, more fragmented network (Twig et al., 2008).
Interestingly, an increase in this fragmentation response has been observed in both animal and
cellular models of PD (Shah et al., 2019). Of particular relevance, this phenotype has been
reported in models of a-synuclein overexpression, suggesting that pathological a-synuclein can
influence mitochondrial dynamics (Krzystek et al., 2021; K. Nakamura et al., 2011). It has been
proposed that this occurs through a relationship with proteins modulating fission and fusion
events (Hsieh et al., 2016; Ordonez et al., 2018; Shaltouki et al., 2018). A major co-ordinator of
mitochondrial fission, Drp1 is a GTPase that is recruited to constricted mitochondria to facilitate
membrane scission by forming a ring-like structure (Basu et al., 2017). Research has suggested
that overexpression of a-synuclein can prevent Drp1 from localising to mitochondria efficiently
through stabilisation of the cytoskeleton, reducing fission and thus impacting mitochondrial
morphology (Ordonez et al., 2018). Further, a-synuclein has been shown to increase levels of
Miro, a key adaptor protein that sits on the OMM and mediates mitochondrial motility in

response to damage (Shaltouki et al., 2018). This a-synuclein-induced upregulation of Miro
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prevented mitochondrial movement and though the mitochondrial network was not assessed in
this study, a delay in mitophagy was observed since Miro prevented normal motility (Shaltouki et
al., 2018). These associations between a-synuclein and proteins regulating fission-fusion
activity suggest that overexpression of a-synuclein can directly impact mitochondrial

morphology.

Given the observations of a-synuclein-induced mitochondrial fragmentation documented in the
literature, | next aimed to evaluate whether overexpression of GFP-a-syn-WT or GFP-a-syn-A53T
had any consequence on mitochondrial network organisation. Firstly, | assessed the nature of
the mitochondrial network at steady state and in response to damage with A/O in SH-SY5Y a-
synuclein cell models. | noted that as expected, mitochondria in untreated cells were tubular
and filamentous in shape, with many connections forming a clear network. As cells were
exposed to accumulating levels of damage with A/O, mitochondria became more fragmented,
giving the visual impression of indvidiual mitochondrial puncta throughout rather than one
connected network (Figure 80). This was true of all cell lines, indicating that GFP-a-syn-WT and
GFP-a-syn-A53T overexpressing cells were able to induce fragmentation of the mitochondrial

network in response to damage.

Using an analysis workflow, | quantified these changes in mitochondrial morphology and
connectivity at steady state and in response to mitochondrial damage from
immunofluorescence microscopy images. As well as decreasing in number (Figure 81a),
mitochondrial fragments in all 3 cell lines exhibited a decrease in the area (Figure 81b) and
perimeter (Figure 81c) in response to increasing mitochondrial damage. In measurements of
shape, all cell lines also exhibited an increase in the circularity (Figure 81d) and a decrease in
the aspect ratio (Figure 81e) of mitochondrial fragments, indicating that they became more
rounded in response to damage. Measurements of network connectivity showed that with
increasing mitochondrial damage, there were fewer mitochondrial branches (Figure 82a) and
junctions (Figure 82b) as well as a reduction in mitochondrial branch length (Figure 82¢, d) in all
3 celllines. Together, these readouts indicate numerically the expected fragmentation of the
mitochondrial network in response to mitochondrial damage. Since the same pattern of
mitochondrial fragmentation was observed in GFP only, GFP-a-syn-WT and GFP-a-syn-A53T
cells, | propose that overexpression of GFP-a-syn did not hinder the modulation of fission and

fusion in response to damage.
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Figure 80: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on the ability of
cells to induce mitochondrial fragmentation in response to accumulating mitochondrial damage
GFP only (a), GFP-a-syn-WT (b) and GFP-a-syn-A53T (c) cells were left untreated (-) or treated for
2, 6 or 24 hours with A/O to induce mitochondrial damage. Cells were fixed and stained with an
antibody against TOM20 (red) with nuclei labelled by Hoechst (blue). GFP was imaged to allow
selection of only GFP-positive cells for subsequent analysis. Images shown are representative and
originate from 1 biological repeat. Images were taken using widefield immunofluorescence

microscopy on a 100X objective. Scale bar = 20um.
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Figure 81: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T does not impact the ability of

cells to alter mitochondrial morphology in response to damage

Quantitative measurements of mitochondrial morphology were taken with an Imagel) image analysis
workflow to isolate individual, GFP-positive cells and analyse particles within these that were positive
for TOM20. Measurements were taken from GFP only (GFP), GFP-a-syn-WT (WT) and GFP-a-syn-
A53T (A53T) cells left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce mitochondrial
damage. Parameters measured were a) number of mitochondria per cell; b) average area of
mitochondrial fragments per cell; c) average perimeter of mitochondrial fragments per cell; d)
average aspect ratio of mitochondrial fragments per cell and e) average circularity of mitochondrial
fragments per cell. 20 cells were analysed per condition, per biological repeat. Measurements from
each individual cell are shown by a dot, with the mean of each repeat shown as a square and the
mean of all 3 repeats shown by a black line. SEM is shown by vertical black lines. Data points are all
colour coded by biological repeat. Statistical analysis was carried out by a repeated measures 2-way
ANOVA with Tukey’s multiple comparisons test. Significant differences were only found between the

cell lines when untreated, shown in Figure 83. (n=3).
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Figure 82: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T does not impact the ability of

cells to alter mitochondrial connectivity in response to damage

Quantitative measurements of mitochondrial connectivity were obtained using an Imagel image
analysis workflow to isolate individual GFP-positive cells and analyse skeletons within them.
Measurements were taken from GFP only (GFP), GFP-a-syn-WT (WT) and GFP-a-syn-A53T (A53T)
cells left untreated (-) or treated for 2, 6 or 24 hours with A/O to induce mitochondrial damage.
Parameters measured were a) average number of branches per mitochondrial fragment per cell; b)
average number of junctions per mitochondrial fragment per cell; c) average length of mitochondrial
branches per cell and d) maximum length of mitochondrial branches per cell. 20 cells were analysed
per condition, per biological repeat. Measurements from each individual cell are shown by a dot,
with the mean of each repeat shown by a square and the mean of all 3 repeats represented by a
black line. SEM is shown by vertical black lines. Data points are colour coded by biological repeat.
Statistical analysis was performed by a repeated-measures 2-way ANOVA with Tukey’s multiple
comparisons test. Significant differences were only found between the cell lines when untreated,

shown in Figure 84. (n=3).

Of note, statistical analysis revealed that there were significant differences between GFP only,
GFP-a-syn-WT and GFP-a-syn-A53T cells when untreated at steady state. In terms of
morphology, steady state GFP-a-syn-WT and GFP-a-syn-A53T cells both exhibited significantly
lower mitochondrial area (Figure 83b), perimeter (Figure 83c) and aspect ratio (Figure 83e)
alongside significantly increased mitochondrial circularity (Figure 83d) compared to steady
state GFP only cells. Corroborating this, GFP-a-syn-WT and GFP-a-syn-A53T cells also
displayed significantly shorter mitochondrial branches than GFP only controls at steady state
(Figure 84c, d). Interestingly, these differences were all observed in both GFP-a-syn
overexpression cell lines, with no significant differences between GFP-a-syn-WT and GFP-a-
syn-A53T cells, implying that this phenotype is a general response to excess GFP-a-syn rather
than a specific form of the protein. These data suggest that overexpression of GFP-a-syn results
in a more fragmented mitochondrial network at steady state, though it does not impact

mitochondrial damage-induced changes in network organisation.
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Figure 83: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T results in a more fragmented
mitochondrial phenotype at steady state

Graphs show that morphological measurements of mitochondria from untreated GFP only, GFP-a-
syn-WT and GFP-a-syn-A53T cells from Figure 81 in more detail. Parameters measured were a)
number of mitochondria per cell; b) average area of mitochondrial fragments per cell; c) average
perimeter of mitochondrial fragments per cell; d) average aspect ratio of mitochondrial fragments
per cell and e) average circularity of mitochondrial fragments per cell. Measurements from each
individual cell are shown by a dot, with the mean of each biological repeat shown by a square and
the mean of all 3 repeats shown by a black line. SEM is shown by vertical black lines. Data points are
colour coded by biological repeat. Statistical analysis was performed by repeated measures 2-way
ANOVA with Sidak’s multiple comparisons test. The average area of mitochondrial fragments was
significantly lower in GFP-a-syn-WT (p=0.0021, **) and GFP-a-syn-A53T (p=0.0164, *) cells compared
to GFP only. The average perimeter of mitochondrial fragments was significantly lower in GFP-a-syn-
WT (p=0.0025, **) and GFP-a-syn-A53T (p=0.0134, *) compared to GFP only. The average aspect
ratio of mitochondrial fragments was also significantly lower in both GFP-a-syn-WT and GFP-a-syn-
A53T cells than GFP only (both p<0.0001, ****). The average circularity was significantly higher in
GFP-a-syn-WT (p=0.0162, *) and GFP-a-syn-A53T (p=0.0065, **) cells compared to GFP only. (n=3).
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Figure 84: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T results in a less connected

mitochondrial network at steady state

Graphs show the connectivity measurements from untreated GFP only, GFP-a-syn-WT and GFP-a-
syn-A53T cells from Figure 82 in more detail. Parameters measured were a) average number of
branches per mitochondrial fragment per cell; b) average number of junctions per mitochondrial
fragment per cell; c) average length of mitochondrial branches per cell and d) maximum length of
mitochondrial branches per cell. Measurements from each individual cell are shown by a dot, with
the mean of each biological repeat shown by a square and the mean of all 3 repeats shown by a black
line. SEM is shown by vertical black lines. Data points are colour coded by biological repeat.
Statistical analysis was performed by repeated measures 2-way ANOVA with Sidak’s multiple
comparisons test. The average length of a given mitochondrial branch was significantly lower in GFP-
a-syn-WT (p=0.0045, **) and GFP-a-syn-A53T (p=0.0077, **) compared to GFP only. The maximum
length of a mitochondrial branch per cell was also significantly lower in GFP-a-syn-WT (p=0.0006,
***) and GFP-a-syn-A53T (p=0.0016, **) cells compared to GFP only. (n=3).
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4.2.7 Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T have no impact on whole

mitochondrial clearance

After exploring the impact of GFP-a-syn-WT and GFP-a-syn-A53T overexpression on
mitochondrial function and network organisation, | next investigated whether this had any

measurable effect on mito-QC mechanisms in response to damage, starting with mitophagy.

Mitochondrial damage induces depolarisation of the OMM triggering activation of mitochondrial
clearance pathways, one of which is PINK1/Parkin mitophagy (D. P. Narendra et al., 2010; Vives-
Bauza et al., 2010). Damaged mitochondria are subsequently cleared from the cell by the
autophagosome-lysosome pathway, protecting remaining cellular components. Defects in
mitophagy have long been associated with PD, since mutations in both PINK1 and Parkin are
causative for some familial forms of the disease (Kitada et al., 1998; Pickrell & Youle, 2015;
Valente et al., 2004). However, the relationship between pathological a-synuclein and
autophagic mechanisms is not well understood. Previous research has shown that exogenous
a-synuclein oligomers can reduce mitophagy through a direct interaction with Parkin, leading to
reduced ubiquitylation of mitochondrial proteins (Wilkaniec et al., 2021). However, other
studies have suggested that a-synuclein aggregation instead induces mitophagy (Lurette et al.,
2023). Since there is no consensus on the impact of pathological a-synuclein on mitophagy, |
was interested to evaluate this in my model following exposure of cells to 24 hours of A/O

treatment.

After exposing cells to A/O for 24 hours, damage-induced degradation of Coxll was assessed as
a readout of mitochondrial clearance (Figure 85a). In line with the GFP only control cells, GFP-
a-syn-WT and GFP-a-syn-A53T cells exhibited a significant reduction of approximately 40% in
Coxll expression, signifying that all 3 cell lines were equally able to segregate and remove
damaged mitochondria in response to stress (Figure 85b). To more directly assess PINK1/Parkin
mitophagy, | measured whether PINK1 expression was upregulated in response to damage
(Figure 86a). A significant increase in PINK1 level was observed in GFP only, GFP-a-syn-WT and
GFP-a-syn-A53T cells, suggesting that overexpression of GFP-a-syn did not impact stabilisation
of PINK1 on the OMM (Figure 86b). Finally, | measured the expression of high molecular weight
Mfn2 (highMW Mfn2) as a readout of ubiquitinated Mfn2, since Mfn2 is known to be a substrate
of Parkin (Chen & Dorn, 2013). Ubiquitinated Mfn2 was shown to be significantly increased in
response to A/O in GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells (Figure 86c¢). Together,
these data suggest that overexpression of GFP-a-syn-WT or GFP-a-syn-A53T does not impact

whole mitochondrial clearance in response to mitochondrial damage.
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Figure 85: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on damage-

induced whole mitochondrial clearance

a)

b)

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 24 hours
with A/O to induce mitochondrial damage. Lysates were processed for Western blot with an
antibody against Coxll alongside a-synuclein to confirm overexpression of GFP-a-syn constructs
and GAPDH as a protein loading control.

Coxll expression in response to A/O treatment was normalised to GAPDH to account for
differences in protein loading. Coxll level is here represented by the raw value of this calculation.
Biological replicates are colour coded, with circles representing the means of each repeat, bars
representing the mean of the 4 repeats and black lines showing SEM. Bars show GFP only cells in
dark grey, GFP-a-syn-WT wells in medium grey and GFP-a-syn-A53T cells in light grey. Statistical
analysis was performed by a repeated measures 2-way ANOVA with Sidak’s test for multiple
comparisons. Coxll was significantly decreased with A/O treatment in GFP only (p=0.0443, *),

GFP-a-syn-WT (p=0.0250, *) and GFP-a-syn-A53T cells (p=0.0315, *). (n=4).
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Figure 86: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on expression of

PINK1/Parkin-dependent mitophagy markers in response to mitochondrial damage

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 24 hours
with A/O to evoke mitochondrial damage. Lysates were processed for Western blot (a) with
antibodies against PINK1 and Mfn2 alongside a-synuclein to confirm overexpression of GFP-a-syn
constructs and GAPDH as a loading control. Graphs b) and c) show quantitation of PINK1 expression
high molecular weight (highMW, denoted on (a) by the arrowhead) Mfn2 species, respectively.
Expression of PINK1 was normalised to B-actin to account for differences in protein loading. PINK1
level is represented by the raw values of this calculation. HighMW Mfn2 expression was normalised
to total Mfn2 expression (both upper and lower bands) and is presented as a proportion of total
Mfn2. Biological repeats are colour coded, with circles representing the means of each repeat, bars
showing the mean of all 3 repeats and black lines showing SEM. Bars show GFP only cells in dark
grey, GFP-a-syn-WT cells in medium grey and GFP-a-syn-A53T cells in light grey. Statistical analysis
was carried out by repeated measures 2-way ANOVA with Siddk’s multiple comparisons test. PINK1
was significantly increased in response to A/O treatment in GFP only (p=0.0024, **), GFP-a-syn-WT
(p=0.0021, **) and GFP-a-syn-A53T cells (p=0.0014, **). HighMW Mfn2 was also significantly
increased upon mitochondrial damage in GFP only (p=0.0052, **), GFP-a-syn-WT (p=0.0038, **) and
GFP-a-syn-A53T cells (p=0.0083, **). (n=3).

Data from the previous chapter showed that a lack of a-synuclein increased Parkin levels at
steady state, supporting the theory that a-synuclein may be involved in regulating expression of
Parkin. As such, though overexpression of GFP-a-syn did not impact readouts of PINK1/Parkin-
dependent mitophagy, | next aimed to investigate whether these a-synuclein models may

exhibit alterations in the expression or function of Parkin.

Recent research has suggested that pathological a-synuclein does functionally associate with
Parkin. Exogenous a-synuclein oligomers applied to cells were reported to directly result in
post-translational modifications to Parkin that cause its degradation, inciting an overall Parkin
decrease (Wilkaniec et al., 2019, 2021). However, this study was carried out in a Parkin
overexpression background, and an a-synuclein-induced reduction in Parkin has not been
observed in other studies. In fact, other research has shown Parkin to be protective against a-
synuclein overexpression by altering the balance of phospho-S129 a-synuclein species
(Khandelwal et al., 2010). Since SH-SY5Y cells express endogenous Parkin, my models provide a
suitable environment in which to investigate the impact of GFP-a-syn-WT and GFP-a-syn-A53T

overexpression on Parkin.
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In response to mitochondrial damage, Parkin is responsible for ubiquitinating proteins on the
surface of mitochondria as a degradation signal (Youle & Van Der Bliek, 2012). However, the
removal of ubiquitin chains from Parkin and its degradation is an important step thatis required
for efficient mitophagy (Durcan et al., 2014). As such, Parkin levels were assessed at steady
state and in response to mitochondrial damage with A/O (Figure 87a). A gradual decrease in
Parkin expression was reported in all 3 cell lines in response to increasing mitochondrial
damage, with cells experiencing the most accrued damage (24 hour of A/QO), exhibiting the
lowest Parkin expression (Figure 87b). No significant differences between the cell lines were
reported at any of the treatment times, suggesting that overexpression of GFP-a-syn-WT and

GFP-a-syn-A53T did not impact Parkin expression at steady state or in response to damage.
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Figure 87: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on Parkin

expression or degradation in response to mitochondrial damage

a) GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2, 6 or
24 hours with A/O to induce mitochondrial damage. Lysates were processed for Western blot
with an antibody against Parkin alongside a-synuclein to confirm overexpression of GFP-a-syn

constructs and GAPDH as a loading control.

b) From Western blot data, Parkin expression was quantified in GFP only, GFP-a-syn-WT and GFP-a-
syn-A53T in response to A/O. Parkin was normalised to GAPDH to account for differences in
protein loading, and Parkin expression is represented by the raw values of this calculation.
Biological repeats are colour coded, with circles showing the mean of each repeat, bars showing
the mean of the 3 repeats and black bars representing the SEM. Bars show GFP only cells in dark
grey, GFP-a-syn-WT cells in medium grey and GFP-a-syn-A53T cells in light grey. Statistical
analysis was performed by repeated measures 2-way ANOVA with Tukey’s test for multiple

comparisons. No significant differences between cell lines were reported. (n=3).

Though overexpression of GFP-a-syn did not affect PINK1 or Parkin levels, | lastly measured
whether it impacted PINK1/Parkin activity by measuring pUb S65 levels. When mitophagy is
triggered, PINK1 phosphorylates ubiquitin at serine 65 which in turn recruits Parkin to damaged
mitochondria (Kane et al., 2014; Koyano et al., 2014). As such, pUb S65 levels can be used as a
direct readout of PINK1/Parkin-dependent mitophagy. Research has shown that pUb S65 is
increased in an age- and disease-dependent manner in post-mortem brain tissue from PD and
Lewy-body dementia patients (Hou et al., 2018). Moreover, this study found that pUb S65
correlated with a-synuclein pathology in these specimens, suggesting a direct relationship (Hou
et al., 2018). To investigate pUb S65 species, the number of puncta and total area of pUb S65
staining was measured per cell in response to increasing mitochondrial damage. To reduce the
capture of background staining, only pUb S65 colocalising with the mitochondrial marker

cytochrome ¢ were measured (Figure 88).

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells all displayed an increase in
mitochondrial pUb S65 levels with increasing A/O induced damage. Highest levels of pUb S65
were observed when cells were exposed to A/O for 24 hours, both in terms of average number of
pUb S65 puncta and average pUb S65 area per cell (Figure 89). When cell lines were statistically
compared, GFP-a-syn-WT expressing cells showed a significantly higher total area of
mitochondrial pUb S65 staining than GFP only cells after 24-hour A/O treatment (p=0.0456)

(Figure 89). This was also reflected by the number of mitochondrial pUb S65 puncta per cell,
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which was significantly higher in GFP-a-syn-WT expressing cells than both GFP only and GFP-a-
syn-A53T expressing cells in response to both 6 hours and 24 hours of A/O. Interestingly, this

seems to be unique to wild-type a-synuclein since this phenotype was not apparent in GFP-a-

syn-Ab53T cells.

Together, these data show that overexpression of GFP-a-syn-WT and GFP-a-syn-A53T did not
impact overall mitochondrial clearance in response to mitochondrial damage and did not
impact expression of PINK1 or Parkin. However, overexpression of GFP-a-syn-WT was shown to
increase levels of mitochondrial pUb S65 as a readout of PINK1 activity in response to accrued

mitochondrial damage compared to GFP only control cells.

GFP pUb S65 CytC Nuclei / pUb S65 / CytC

2h AO

6h AO

24h AO

GFP only
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GFP pUb S65 CytC Nuclei / pUb S65 / CytC

2h AO
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GFP-a-syn-A53T
Figure 88: Cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T show increased pUb S65 levels
in response to mitochondrial damage
GFP only (a), GFP-a-syn-WT (b) and GFP-a-syn-A53T (c) cells were left untreated (-) or treated for 2, 6
or 24 hours with A/O to induce mitochondrial damage. Cells were fixed and immunostained with
antibodies against pUb S65 (green) and cytochrome c (red), with nuclei labelled by Hoechst (blue).
GFP was imaged to allow selection of only GFP-positive cells for subsequent analysis. Colocalisation
between pUb S65 and cytochrome c is reflected by yellow staining, with examples of mitochondrial
pUb S65 denoted by white arrowheads. Images shown are representative and originate from 1
biological repeat. Images were taken with widefield immunofluorescence microscopy on a 100X

objective. Scale bars = 20um.
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Figure 89: Overexpression of GFP-a-syn-WT, but not GFP-a-syn-A53T, results in increased pUb S65
levels in response to accrued mitochondrial damage compared to GFP only controls

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2, 6 or 24
hours with A/O to induce mitochondrial damage. Cells were fixed and immunostained for pUb S65,
cytochrome c and GFP to allow selection of only cells overexpressing GFP constructs. Colocalisation
between pUb S65 and cytochrome c was ensured by only quantifying image pixels positive for both
stains. The total area and number of puncta of colocalised staining were measured per cell in 20
GFP-positive cells per condition, per biological repeat. Graph a) shows the total area of
mitochondrial pUb S65 per cell, and graph b) shows the number of puncta of mitochondrial pUb S65
per cell. In both graphs, biological repeats are colour coded, with measurements from each
individual cell shown by a dot, with the mean of each biological repeat shown by a square and the
mean of all 3 repeats shown by a black bar. SEM is shown by vertical black lines. Statistical analysis
was performed by repeated measures 2-way ANOVA with Tukey’s multiple comparisons test for
differences between cell lines. GFP-a-syn-WT cells had significantly higher mitochondrial pUb S65
area than GFP only cells in response to 24 hours of A/O (p=0.0456, *). In response to 6 hours of A/O
treatment, GFP-a-syn-WT cells had a significantly higher number of mitochondrial pUb S65 puncta
than both GFP only (p=0.0400, *) and GFP-a-syn-A53T cells (p=0.0051, **). In response to 24 hours
of A/O treatment, GFP-a-syn-WT cells had a significantly higher number of mitochondrial pUb S65
puncta than both GFP only (p=0.0243, *) and GFP-a-syn-A53T cells (p=0.0083, **). (n=3).

4.2.8 Overexpression of GFP-a-syn-A53T results in a reduction in LC3 lipidation

After thoroughly investigating early markers of mitophagy, | next aimed to determine whether
overexpression of GFP-a-syn-WT or GFP-a-syn-A53T impacted later aspects of the pathway,
starting with autophagosome formation. Several studies have suggested mechanisms by which
pathogenic a-synuclein can impact autophagy, but the directionality of this impact is still
contested (Sarkar et al., 2021; Tang et al., 2021; Winslow et al., 2010). The standard practice for
assessing autophagy is by measuring levels of LC3II: the lipidated form of LC3 which is
conjugated to PE on autophagosomal membranes (Kabeya et al., 2000). By assessing LC3lI
levels, research has suggested that a-synuclein overexpression can cause a reduction in
autophagy (Winslow et al., 2010). However, other studies have found the opposite phenotype,
with a-synuclein overexpression shown to increase levels of LC3Il in cell models and the
lipidation of its fly homolog, Atg8, in Drosophila melanogaster (Sarkar et al., 2021; Tang et al.,
2021). To establish the impact of GFP-a-syn overexpression on autophagosome formation in my

model, | first assessed levels of LC3Il in response to mitochondrial damage (Figure 90a).
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In GFP only cells, LC3Il expression was upregulated with increasing mitochondrial damage,
reflecting a higher number of autophagosomes as mitochondria are degraded by mitophagy.
This increase was also seen in GFP-a-syn-WT and GFP-a-syn-A53T cells, showing that
overexpression did not prevent autophagosomes from being upregulated in response to A/O.
Though GFP only and GFP-a-syn-WT cells had a similar profile of LC3Il expression, GFP-a-syn-
AS53T cells consistently expressed lower LC3Il at each time point. This was most clear after 24
hours of A/O treatment, where LC3II levels were significantly lower in GFP-a-syn-A53T cells than
both GFP only (p=0.0365) and GFP-a-syn-WT cells (p=0.0432) (Figure 90b). These data suggest
that overexpression of GFP-a-syn-A53T results in lower LC3II levels and thus highlights a

potential autophagosomal defect.
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Figure 90: Overexpression of GFP-a-syn-A53T, but not GFP-a-syn-WT, results in decreased LC3Il in

response to accrued mitochondrial damage

a) GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2, 6 or 24
hours with A/O to induce mitochondrial damage. Lysates were processed by Western blot with
antibodies against LC3, a-synuclein to verify overexpression of GFP-a-syn constructs and GAPDH

as a protein loading control (same membrane as shown in Figure 87).

b) From Western blot data, LC3Il expression in GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells in
response to A/O was normalised to GAPDH expression to account for differences in protein
loading. LC3Il expression is represented by the raw values of this calculation. Biological repeats
are colour coded, with circles showing the means of each repeat, bars showing the means of all 3
repeats, and black lines representing the SEM. Bars show GFP only cells in dark grey, GFP-a-syn-
WT cells in medium grey and GFP-a-syn-A53T cells in light grey. Statistical analysis was
performed by repeated measures 2-way ANOVA with Tukey’s test for multiple comparisons.
Upon 24 hours of A/O, LC3Il expression was significantly lower in GFP-a-syn-A53T cells compared

to both GFP only (p=0.0365, *) and GFP-a-syn-WT cells (p=0.0432, *). (n=3).

Given that | observed a decrease in LC3ll levels in GFP-a-syn-A53T overexpressing cells with
accrued mitochondrial damage that may suggest a decrease in autophagosome number, | next
aimed to assess whether overexpression of GFP-a-syn resulted in any measurable changes to
lysosomal features (Figure 91). Previous research has suggested that as well as hindering
autophagosome-lysosome fusion, a-synuclein aggregates are able to directly impair lysosomal

function (Mazzulli et al., 2011; Sarkar et al., 2021).

Since lysosomal function is thought to be related to morphology, | assessed physical
measurements of lysosomes using LAMP1 staining to explore whether overexpression of GFP-a-
syn impacted lysosomal reshaping and remodelling in response to mitochondrial damage (de
Araujo et al., 2020). Firstly, the number of lysosomal puncta per cell was increased in response
to A/O treatment in all cell lines compared to steady state, suggesting an upregulation in the
number of lysosomes available to digest damaged cellular components (Figure 92a). Those
overexpressing GFP-a-syn-WT, and to a lesser extent, GFP-a-syn-A53T, appeared to have a
higher steady state total area of LAMP1 per cell compared to GFP only cells, though this was not
significant. In response to mitochondrial damage, the total LAMP1 area was increased from
untreated in both GFP only and GFP-a-syn-A53T expressing cells, but not in GFP-a-syn-WT

expressing cells where the area stayed the same (Figure 92b).
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Measurements from individual LAMP1 puncta revealed that GFP-a-syn-WT expressing cells had
puncta with higher area at steady state than GFP only cells (p=0.0147), suggesting lysosomal
swelling (Figure 92¢). Interestingly, though the average area of individual LAMP1 puncta
increased upon mitochondrial damage in GFP only cells, this decreased in GFP-a-syn-WT cells
and remained almost the same in GFP-a-syn-A53T cells. This implies that overexpression of

GFP-a-syn, especially GFP-a-syn-WT, may impact lysosomes.

a) GFP CytC LAMP1 Nuclei/ CytC / LAMP1

b) GFP CytC LAMP1 Nuclei / CytC / LAMP1

24h AO

GFP-a-syn WT
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()] GFP CytC LAMP1 Nuclei / CytC / LAMP1

24h AO

GFP-a-syn A53T

Figure 91: Overexpression of GFP-a-syn impacts readouts of lysosomal staining at steady state and
in response to mitochondrial damage

GFP only (a), GFP-a-syn-WT (b) and GFP-a-syn-A53T (c) cells were left untreated (-) or treated for 2, 6
or 24 hours with A/O to induce mitochondrial damage. Cells were fixed and immunostained with
antibodies against cytochrome c (red), LAMP1 (green), with nuclei labelled by Hoechst (blue). GFP
was imaged to allow selection of only GFP-positive cells for subsequent analysis. Colocalisation
between cytochrome c and LAMP1 is shown in yellow. White arrows point to examples of lysosomes
in each cell line across the channels, enabling visualisation of lysosome size as well as colocalisation
with mitochondria. Images are representative and originate from 1 biological repeat. Images were

taken using widefield immunofluorescence microscopy with a 100X objective. Scale bars = 20um.
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Figure 92: Overexpression of GFP-a-syn alters lysosome organisation

In GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells left untreated (-) or treated with A/O for 24
hours, lysosomal morphology was analysed by isolating pixels positive for LAMP1 within individual
cells. a) Indicates the number of LAMP1+ puncta per cell, measured by quantifying the number of
puncta positive for LAMP1 staining in individual cells. b) Shows the total area of LAMP1+ staining per
cell, measured by calculating the combined area of all LAMP1 puncta in a given cell. c) Indicates the
average area of individual LAMP1+ puncta per cell, calculated by dividing the total area of LAMP1+
staining by the number of LAMP1+ puncta in the same cell. For each measure, 20 GFP-positive cells
were analysed per condition, per biological repeat. Data points are colour coded by biological repeat,
with measurements from each individual cell shown by a dot, the mean of each biological repeat
shown by a square and the mean of all 3 repeats shown by a black bar. SEM is shown by vertical
black lines. Statistical analysis was performed by repeated measures 2-way ANOVA with Tukey’s test
for multiple comparisons. The average area of individual LAMP1+ puncta was significantly larger in

GFP-a-syn-WT cells than GFP only control cells at steady state (p=0.0147, *). (n=3).

To investigate the relationship between lysosomes and mitochondria, | next assessed
colocalisation of the two organelles in response to mitochondrial damage. Since dysfunctional
mitochondria inside autophagosomes are trafficked to the lysosome for degradation, | aimed to
visualise whether this process was occurring as expected in cells overexpressing GFP-a-syn,

especially due to lysosomal swelling evident at steady state in GFP-a-syn-WT expressing cells.

The percentage of all LAMP1+ puncta that colocalised with mitochondrial staining was
increased in response to mitochondrial damage in all 3 cell lines, reflecting the ability of cells to
traffic dysfunctional mitochondria to the lysosome as part of the damage response (Figure 93a).
Looking at this in terms of LAMP1+ area, the same pattern was evident, with no difference in the
colocalisation of mitochondria and lysosomes between the cells overexpressing GFP-a-syn and

GFP only controls (Figure 93b).

Together these data show that despite the fact that overexpression of GFP-a-syn-WT, and to a
lesser extent GFP-a-syn-A53T, appeared to alter lysosomal morphology measurements, this did
not results in any alterations to damage-induced colocalisation of mitochondria with

lysosomes.
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Figure 93: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T has no impact on colocalisation of
lysosomes with mitochondria

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells left untreated (-) and treated with A/O for 24
hours, the colocalisation between lysosomal and mitochondrial staining was measured. Per cell,
pixels positive for both LAMP1 and cytochrome c were measured and presented as a percentage of
total LAMP1+ staining (shown in Figure 31a, b). a) Shows the percentage of all LAMP1+ puncta
colocalised with cytochrome c per cell, calculated by dividing the number of colocalised puncta by
the total number of LAMP1+ puncta per cell. b) Shows the percentage of all LAMP1+ area colocalised
with cytochrome c per cell, calculated by dividing the colocalised area by the total area of LAMP1+
per cell. For each measure, 20 GFP-positive cells were analysed per condition, per biological repeat.
Data points are colour coded by biological repeat, with measurements from each individual cell
shown by a dot, the mean of each biological repeat shown by a square and the mean of all 3 repeats
shown by a black bar. SEM is shown by vertical black lines. Statistical analysis was performed by
repeated measures 2-way ANOVA with Tukey’s test for multiple comparisons but reported no

significant differences. (n=3).

4.2.9 Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T impacts both steady state
and damage-induced MDVs

Finally, | aimed to investigate the impact of GFP-a-syn overexpression on a local repair pathway:
MDVs. At steady state, mitochondrial contents can become damaged through exposure to
reactive oxygen species produced by physiological processes such as oxidative
phosphorylation (Nolfi-Donegan et al., 2020). To combat this damage and protect the rest of the
organelle, dysfunctional components can be selectively isolated in MDVs and trafficked away
from the mitochondrial network for degradation (Soubannier et al., 2012a; Soubannier et al.,
2012b). This mechanism has been shown to be upregulated in response to oxidative stress and
can turn over fully assembled mitochondrial complexes, confirming its importance in the acute
mitochondrial damage response (Kénig et al., 2021; Soubannier et al., 2012b; Sugiura et al.,
2014). Current research in the field of MDV biology has not investigated a link between a-
synuclein and MDVs, nor evaluated whether pathological a-synuclein can impact mito-QC

through this pathway.

Interestingly, evidence describing the relationship between pathological a-synuclein and
mitochondrial proteins hints at the potential for a-synuclein to impact both characterised

structural subtypes of MDVs. MDVs derived from the OMM have a double membrane and are
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positive for TOM20 but not PDH (Soubannier et al., 2012a; Sugiura et al., 2014). Those derived
from the IMM have a single membrane and are positive for PDH but not TOM20 (Neuspiel et al.,
2008; Sugiura et al., 2014). Firstly, pathological a-synuclein has been shown to preferentially
bind mitochondrial membranes, suggesting that it can localise to the same membranes that
MDVs are generated from (Ludtmann et al., 2018; X. Wang et al., 2019). This, alongside the
finding that pS129 a-synuclein can interact with the OMM protein TOM20, suggests that a-
synuclein could potentially impact these OMM-derived (TOM20+/PDH-) MDVs (Di Maio et al.,
2016). Further to this, pathological a-synuclein has been shown to be mitochondrially imported
and associated with the IMM in cells from PD brains, meaning that it can access the appropriate
mitochondrial compartment involved in the generation of IMM-derived (PDH+/TOM20-) MDVs
(Devi et al., 2008). Since a-synuclein could conceivably have a relationship with both OMM- and
IMM-derived MDVs, | investigated the numbers of both structural subtypes in GFP-a-syn-WT and
GFP-a-syn-A53T cells (Figure 94).

In terms of OMM-derived MDVs (TOM20+/PDH-), | identified that at steady state, cells
overexpressing GFP-a-syn-WT had significantly more MDVs than in GFP only control cells
(p=0.0061) (Figure 95a). Upon 2 hours of A/O treatment, both GFP-a-syn-WT and GFP-a-syn-
AS53T cells were still able to increase OMM-derived MDVs in response to damage but to a lesser
extent than GFP only cells. These data suggest that overexpression of GFP-a-syn reduces the
damage-induced upregulation of OMM-derived MDVs. Interestingly, GFP-a-syn-A53T cells had
significantly lower MDVs than GFP-a-syn-WT cells in response to A/O (p=0.0097).

There were no differences between the numbers of IMM-derived MDVs (PDH+/TOM20-) at
steady state between the cell lines, but differences were observed in response to mitochondrial
damage (Figure 95b). In GFP only cells, 2 hours of A/O treatment evoked a significant increase
in IMM-derived MDVs (p=0.0481), but the same level of response was not observed in GFP-a-
syn-WT or GFP-a-syn-A53T cells. MDVs were only subtly, not significantly, increased upon
damage in these cells, suggesting a potential defect in damage-induced IMM-derived MDV
formation. Further to this, GFP-a-syn-A53T cells exhibited significantly less MDVs than GFP only

cells in response to damage (p=0.0450).

Together, these data indicate that overexpression of GFP-a-syn can impact both structural
subtypes of MDVs. GFP-a-syn increased OMM-derived MDVs (TOM20+/PDH-) at steady state
and decreased IMM-derived MDVs (PDH+/TOM20-) in response to damage. This suggests that

pathological a-synuclein can cause dysfunction in these MDV pathways.
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Figure 94: Cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T can upregulate OMM-derived,
but not IMM-derived, MDVs in response to mitochondrial damage

GFP only (a, b), GFP-a-syn-WT (c, d) and GFP-a-syn-A53T (e, f) cells were left untreated (-) or treated
for 2 hours with A/O to induce mitochondrial damage. Cells were fixed and immunostained with
antibodies against TOM20 (red) and PDH (green) with nuclei labelled by Hoechst (blue). GFP was
imaged to allow selection of only GFP-positive cells for subsequent analysis, shown in Appendix B
(Figure 127). PDH+/TOM20- MDVs were defined as PDH+ puncta that did not colocalise with TOM20
—these are shown with outlines of white arrowheads, with images in green showing an example of
the inclusion of PDH and exclusion of TOM20 in more detail. TOM20+/PDH- MDVs were defined as
TOM20+ puncta that did not colocalise with PDH — these are shown with solid white arrowheads,
with images in red showing an example of the inclusion of TOM20 and exclusion of PDH in more
detail. Images shown are representative and were taken using widefield immunofluorescence

microscopy on a 100X objective. Scale bars = 20um.
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Figure 95: Overexpression of GFP-a-syn-WT and GFP-a-syn-A53T impacts OMM- and IMM-derived

MDVs in response to mitochondrial damage

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2 hours with
A/O to evoke mitochondrial damage. MDVs were counted based on lack of colocalisation of
mitochondrial markers TOM20 and PDH. a) Indicates the number of TOM20+/PDH- MDVs, while b)
shows the number of PDH+/TOM20- MDVs. 10 cells were analysed per condition, per biological
repeat. Measurements from each individual are shown by a dot, with the mean of each biological
repeat shown by a square and the mean of all 3 repeats shown by a black bar. SEM is shown by
vertical black lines. Data points are colour coded by biological repeat. Statistical analysis performed
by repeated measures 2-way ANOVA with Sidak’s multiple comparisons test. In terms of OMM-
derived MDVs, all 3 cell lines were able to significantly upregulate the number of TOM20+/PDH-
MDVs in response to mitochondrial damage (GFP only p=0.0006, ***; GFP-a-syn-WT p=0.0024, **;
GFP-a-syn-A53T p=0.0079, **). In untreated cells, those overexpressing GFP-a-syn-WT cells had
significantly higher TOM20+/PDH- MDVs (p=0.0061, **) than GFP only cells. In 2-hour A/O treated
cells, those overexpressing GFP-a-syn-A53T had significantly lower TOM20+/PDH- MDVs (p=0.0097,
**) than GFP-a-syn-WT cells. In terms of IMM-derived MDVs, GFP only cells were the only cell line
able to significantly upregulate PDH+/TOM20- MDVs (p=0.0481, *) in response to mitochondrial
damage. In 2-hour A/O treated cells, those overexpressing GFP-a-syn-A53T had significantly lower

PDH+/TOM20- MDVs (p=0.0450, *) than GFP only cells. (n=3).
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4.3 Discussion

In this chapter, | aimed to investigate the impact of a-synuclein gain-of-function
resulting from pathogenic overexpression on mitochondrial health. Though both a-synuclein
aggregation and mitochondrial dysfunction are both well-characterised as key drivers of PD
pathology, limited research has investigated the relationship between the two (Eldeeb et al.,
2022; Henderson et al., 2019). In particular, there is a gap in the literature in understanding how
a-synuclein pathology may impact mitochondrial function through perturbation of
mitochondrial dynamics and quality control (Thorne & Tumbarello, 2022). | utilised GFP-a-syn-
WT and GFP-a-syn-A53T overexpression models in SH-SY5Y cells to investigate the impact of
pathological a-synuclein on mito-QC. The results from this chapter indicate that though
overexpression of a-synuclein does not alter mitochondrial function or damage-induced whole
mitochondrial clearance, it has impacts on numbers of autophagosomes in response to
accumulated damage and increases steady state lysosomal size. In addition, | show that a-

synuclein overexpression affects the levels of both OMM- and IMM-derived MDVs.

In the field of PD research, a range of tools are used to incite a-synuclein pathology. One
method is to induce stable overexpression of a-synuclein, which has been shown to cause
nigrostriatal neurodegeneration, dopaminergic dysfunction and motor impairments in animal
models (Giasson et al., 2002; Kirik et al., 2002; Lo Bianco et al., 2002; Masliah et al., 2000).
Providing an environment where a-synuclein concentration and aggregation propensity is high,
overexpression encourages de-novo formation of a-synuclein oligomers (Narhi et al., 1999). In
SH-SY5Y cells in particular, a-synuclein overexpression induces aggregated species, visible as
a-synuclein-rich cytoplasmic inclusions by immunofluorescence microscopy and positive for
the amyloid fibril reporter, thioflavin T (ThT) (Melnikova et al., 2020; Melo et al., 2018; Wordehoff
& Hoyer, 2018). In the GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells developed in my
study, | observed a predominant cytoplasmic pool of protein with a subpopulation of a-
synuclein-positive puncta, suggesting the presence of potential a-synuclein aggregates. Though
| could not verify these as aggregated species using a ThT assay because of overlaps in the
emission spectra of GFP and ThT, the puncta | observed bore resemblance to those described
by previous studies where aggregates were ThT-positive, cultivating trust in the pathogenic
potential of my model (Melnikova et al., 2020; Melo et al., 2018). To further validate pathogenic
phenotypes as a result of a-synuclein overexpression, | assessed expression of pS129-modified
a-synuclein. Found at high levels in LBs in PD brains, pS129 a-synuclein is considered a
biomarker for pathological, aggregated a-synuclein species (Anderson et al., 2006; Fujiwara et

al., 2002). In cells overexpressing GFP-a-syn-WT or GFP-a-syn-A53T, | observed expression of
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pS129 a-synuclein both biochemically and by immunofluorescence microscopy, which was not
presentin GFP only control cells, indicative of pathological a-synuclein species. Together, the
presence of cytoplasmic a-synuclein-positive inclusions and the expression of pS129 a-
synuclein exclusively in GFP-a-syn overexpressing cells led me to conclude that overexpression
of a-synuclein did induce pathogenic phenotypes associated with a toxic gain-of-function.
Though it can be debated that use of other tools to generate a-synuclein pathology such as the
addition of exogenous PFFs or oligomers creates a more exaggerated pathogenic phenotype, |
argue that overexpression offers a more physiologically relevant model that enables the impact

of organic a-synuclein aggregation to be investigated (Chmielarz & Domanskyi, 2021).

Research has demonstrated that oxidative stress can exacerbate a-synuclein toxicity by
promoting its aggregation and inducing PTMs, so | next sought to uncover whether this was
apparent in the context of a-synuclein overexpression (Won et al., 2022; Xiang et al., 2013). In
line with previous data, | observed that increasing exposure to A/O amplified the appearance of
a-synuclein-positive puncta and levels of pS129 a-synuclein, indicating that a-synuclein
pathology was augmented by mitochondrial damage. Since aggregated a-synuclein has been
shown by others to preferentially bind mitochondrial membranes, | considered that this
phenotype may be the result of a direct association between a-synuclein and mitochondria
(Choubey et al., 2011; Devi et al., 2008; W. Liu et al., 2009; X. Wang et al., 2019). However, | was
unable to visualise selective localisation of a-synuclein to mitochondria by
immunofluorescence microscopy. This could be as a result of antibody limitations, since
assessing pS129 a-synuclein only enabled me to observe localisation of a specific pool of
modified a-synuclein. In addition, since staining predominantly diffuse, saponin was used to
clear out the cytoplasm which further reduced the pool of a-synuclein able to be visualised.
When localisation was further investigated biochemically, isolated mitochondria from GFP-a-
syn-A53T, but not GFP-a-syn-WT, cells exhibited an enrichment of GFP-a-syn that was not
altered by mitochondrial damage. This allowed me to make several inferences about the

relationship between a-synuclein and mitochondria.

Firstly, though both GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells had similar
pathogenic phenotypes in terms of number of GFP inclusions and levels of pS129 a-synuclein,
only GFP-a-syn-A53T cells showed mitochondrial enrichment of GFP-a-syn. This indicates that
the A53T form of a-synuclein may have a different relationship with mitochondria than the wild-
type protein. Recent work has suggested that the conversion of a-synuclein into aggregated

species occurs at mitochondrial membranes specifically for a-synuclein A53T, which could
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explain why only the mutant a-synuclein exhibits mitochondrial enrichment in my study (M. L.
Choi et al., 2022). In further agreement with this finding, several studies describing an
association between a-synuclein and mitochondria have only done so in the context of a-
synuclein A53T (Chen et al., 2015; Choubey et al., 2011; Melo et al., 2017; Wang et al., 2019).
Secondly, the exacerbation of a-synuclein pathology in response to mitochondrial damage did
not appear to be the result of a direct association with mitochondria since mitochondrial
enrichment of GFP-a-syn-A53T was not increased in response to A/O. | suggest that the
increase in cellular pS129 a-synuclein and a-synuclein-positive cytoplasmic puncta in both
GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells may have been due to the same
mechanism: direct modification of a-synuclein by A/O-induced mitochondrial ROS that entered

the cytoplasm (Tafani et al., 2016; Won et al., 2022).

After generating and validating a-synuclein gain-of-function models in SH-SY5Y cells, |
investigated the impact that a-synuclein overexpression had on mitochondrial function through
assessing ATP levels, oxygen consumption and baseline AWm. | found that overexpression of
GFP-a-syn-WT or GFP-a-syn-A53T did not significantly alter any of these measurable readouts
of mitochondrial function. This was surprising, since other studies have reported that
pathological a-synuclein models display reductions in mitochondrial respiration (Ludtmann et
al., 2018; Wang et al., 2019). However, both described direct interactions between a-synuclein
and mitochondria, including the binding of a-synuclein oligomers to ATP synthase (Ludtmann et
al., 2018; Wang et al., 2019). As such, it could be that direct mitochondrial localisation of a-
synuclein is required to impact ATP production, which | was unable to observe in my models. It
is important to note that these studies both utilised exogenous addition of aggregated a-
synuclein species rather than an overexpression model, suggesting that a-synuclein’s impact
on mitochondrial respiration may be dependent on the presence of high levels of aggregates. An
alternative explanation could be that a-synuclein overexpression did influence ATP levels, but
this was compensated by the presence of more mitochondria. Measurement of Coxll expression
alongside the ATP assay revealed that GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells
exhibited increased mitochondrial load compared to GFP only controls. This led me to consider
that these cells may have upregulated their mitochondrial content as an adaptation to account

for mitochondrial dysfunction induced by a-synuclein overexpression.

Next, | explored whether a-synuclein overexpression influences mitochondrial dynamics
through assessment of mitochondrial morphology and network connectivity. In agreement with

previous literature, | report that overexpression of a-synuclein results in significantly increased
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fragmentation of the mitochondrial network at steady state (Furlong et al., 2020; Kamp et al.,
2010; Krzystek et al., 2021; K. Nakamura et al., 2011). The mechanism behind this mitochondrial
phenotype is debated, with suggestions that a-synuclein induces either an increase in
mitochondrial fission or a decrease in mitochondrial fusion (Furlong et al., 2020; Krzystek et al.,
2021; K. Nakamura et al., 2011). For example, Krzystek et al (2021) proposed that a-synuclein
induces mitochondrial fragmentation through alteration in activity of the fission regulator Drp1,
since downregulation of this protein rescued the phenotype. Conversely, other studies have
reported that a-synuclein does not interact with fission/fusion machinery but instead impacts
mitochondrial dynamics through a direct association with mitochondrial membranes (Kamp et
al., 2010). Based on my data, | consider the possibility that overexpression induces
fragmentation by triggering an increase in fission activity. Since mitochondrial morphology and
connectivity is only altered at steady state, | suggest that cells overexpressing a-synuclein have
anincreased baseline level of oxidative stress that triggers upregulation of mitochondrial fission
as a quality control mechanism to preserve mitochondrial health. Though previous work has
shown that a-synuclein directly increases oxidative species, assessment of baseline cellular
ROS in my GFP-a-syn-WT and GFP-a-syn-A53T overexpressing models would enable this theory
to be tested (Hsu et al., 2000; Wilkaniec et al., 2021).

In exploring mito-QC further, | found that overexpression of a-synuclein did not impact
expression of PINK1/Parkin-dependent mitophagy markers, or degradation of whole
mitochondria in response to mitochondrial damage. Though dysfunctions in mitophagy have
been reported in PD, | was unable to recapitulate these in my model (Choubey et al., 2011; W.
Liu et al., 2009; Shaltouki et al., 2018; Wilkaniec et al., 2021). Interestingly, many studies which
have shown an a-synuclein-induced reduction in mitophagy have utilised tools that create
cellular environments with extremely high levels of aggregation, such as the addition of
exogenous PFFs or inducible a-synuclein aggregation (Lurette et al., 2023; Wilkaniec et al.,
2021). In particular, the study using a newly developed optogenetic system to selectively induce
aggregation of a-synuclein is one of the first to discriminate between the impact of a-synuclein
expression and a-synuclein aggregation, enabling the authors to conclude that overexpression
alone was not sufficient to impact mitophagy in their system (Lurette et al., 2023). This led me to
consider that a-synuclein’s ability to impact PINK1/Parkin-dependent mitophagy may be
conformation-dependent. Though the overexpression models of a-synuclein developed in my
study provide an environment for organic aggregation of the protein, the number and size of
aggregated species may not reach the same level as in these models where the stepwise
fibrillisation process of a-synuclein is either circumvented or artificially accelerated (lljina et al.,

2016).
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Despite this, cells overexpressing GFP-a-syn-WT showed increased levels of pUb S65 as
a readout of PINK1/Parkin activity upon accumulated mitochondrial damage. Since this was not
accompanied by a reduction in overall mitochondrial clearance, | suggest that this phenotype is
the result of enhanced mitochondrial damage. However, it is not clear why this is exclusive to
GFP-a-syn-WT overexpression. One explanation could be that cells overexpressing GFP-a-syn
may require a greater response to mitochondrial damage, since the oxidative stress induced by
A/O is exaggerated by overexpression of a-synuclein. As such, GFP-a-syn-WT cells may be able

to indirectly increase PINK1/Parkin activity to cope with this, but GFP-a-syn-A53T cells may not.

Upon assessment of autophagosomes by LC3 lipidation, | observed that cells
overexpressing GFP-a-syn-A53T had a lower number of autophagosomes compared to GFP only
control and GFP-a-syn-WT overexpressing cells. One explanation for this could be a potential
interaction between a-synuclein and cardiolipin (CL), a mitochondrial phospholipid that makes
up approximately 15-20% of all phospholipids in the IMM (Paradies et al., 2019). Oxidative stress
is known to trigger externalisation of CL onto the OMM, where it can bind LC3ll on
autophagosomes (Chu et al., 2014). However, more recent research has shown that CL is
associated with MAMs, which provide a molecular platform for the formation of
autophagosomes (Kulkarni et al., 2024; Manganelli et al., 2021). Further to this, CL has been
shown to bind machinery known to co-ordinate autophagosome formation such as AMBRA1,
BECN1 and WIPI1 (Manganelli et al., 2021). Interestingly, many studies have characterised the
ability of a-synuclein to interact with CL and compete with its binding partners (Lurette et al.,
2023; Martin-Jiménez et al., 2024; Robotta et al., 2014; Ryan et al., 2018; Stefanovic et al.,
2014). Accordingly, | propose that a-synuclein may compete with these molecules to bind CL,
resulting in a reduction or delay in autophagosome formation (Martin-Jiménez et al., 2024). The
exclusivity of this phenotype to GFP-a-syn-A53T may be explained by its proximity to
mitochondria to facilitate this interaction, since | previously showed that GFP-a-syn-A53T, but
not GFP-a-syn-WT was enriched in the mitochondrial fraction. Alternatively, the reduction in
autophagosomes could indicate an increase in autophagosomal turnover. This could reflect an
attempt by the cell to boost autophagic flux in order to degrade damaging a-synuclein A53T

when its pathological impacts have been exacerbated by accumulated mitochondrial stress.

Removal of a-synuclein from the cell is known to be co-ordinated by lysosomes, as it is
for many aggregate-prone proteins (Mak et al., 2010). Since sequestration of a-synuclein inside
lysosomes creates an opportunity for it to impact their function, | explored whether

overexpression of a-synuclein in SH-SY5Y cells had any impact on lysosomal phenotypes
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(Cuervo et al., 2004; Hoffmann et al., 2019). Interestingly, LAMP1 puncta at steady state were
significantly larger in cells overexpressing GFP-a-syn-WT compared to GFP only controls. This is
in line with a previous study by Nascimento et al (2020) which also described an increase in
lysosomal size in SH-SY5Y cells overexpressing GFP-a-syn-WT. My data demonstrated that an
excess of a-synuclein induced a swollen lysosomal phenotype, indicative of undigested
materials within the organelle (Hu et al., 2022). This could be explained by a-synuclein’s ability
to impact the activity of digestive enzymes, since previous research has suggested that
pathological a-synuclein can deplete levels of glucocerebrosidase (GCase) and cathepsin D
(Hoffmann et al., 2019; Mazzulli et al., 2011). However, this suggestion does not resolve why a
more exaggerated phenotype was observed in cells overexpressing GFP-a-syn-WT compared to
GFP-a-syn-A53T. As such, | consider an alternative interpretation that lysosomal swelling could
be the result of a direct accumulation of wild-type a-synuclein in lysosomes at steady-state as
cells try to clear the protein. Previous research has shown that though wild-type a-synuclein is
selected for translocation into lysosomes by chaperone-mediated autophagy, a-synuclein A53T
is not (Cuervo et al., 2004). In fact, this study found that a-synuclein A53T acts as an uptake
blocker on lysosomal membranes, not only inhibiting their own degradation but also that of
other proteins (Cuervo et al., 2004). Therefore, transport of wild-type a-synuclein, but not a-
synuclein A53T, into lysosomes through the CMA pathway could explain the difference in

lysosomal morphology observed between the two cell lines.

Finally, | investigated how overexpression of a-synuclein impacted mito-QC in the
context of localised mitochondrial damage by assessing IMM- and OMM-derived MDVs. Given
that pathological a-synuclein has been shown to bind both these membranes and enhance
oxidative stress, | hypothesised that overexpression of a-synuclein may impact generation of
these vesicles (Bender et al., 2013; Devi et al., 2008; K. Nakamura et al., 2008; Robotta et al.,
2014). In terms of OMM-derived (TOM20+/PDH-) MDVs, my data demonstrated that cells
overexpressing a-synuclein had slightly more at steady state compared to GFP only controls.
Since generation of this subtype of MDVs has been shown to be upregulated as an early,
protective response to mitochondrial damage, a higher number of MDVs at steady state may
reflect an increase in MDV generation due to a-synuclein-induced oxidative stress as previously
suggested to explain the increase in steady state fragmentation in these cells (Hsu et al., 2000;
Ryan et al., 2020; Soubannier et al., 2012a; Wilkaniec et al., 2021). Alternatively, a higher
number of MDVs at steady state could indicate a defect in MDV trafficking, causing them to
accumulate. OMM-derived MDVs are shown to shuttle to the lysosome for degradation, but the
machinery that facilitates this is still not clear. One protein shown to be involved in trafficking of

OMM-derived MDVs is Parkin, which has been suggested to interact with pathological a-
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synuclein by several studies (Jesko et al., 2019; Madsen et al., 2021; McLelland et al., 2014;
Ryan et al., 2020; Wilkaniec et al., 2019). Though | did not observe any differences in Parkin
expression or function in cells overexpressing a-synuclein in the context of mitophagy, it could
be that a-synuclein has a more subtle impact on Parkin that could influence OMM-derived MDV
trafficking. Further investigation is needed to establish whether this phenotype is the result of an
increase in MDV biogenesis or a defect in MDV trafficking. Despite this, cells were still able to
upregulate OMM-derived MDVs upon exposure to A/O, suggesting that the efficiency of the
pathway in responding to mitochondrial stressors was not impacted by a-synuclein

overexpression.

In assessing IMM-derived (PDH+/TOM20-) MDVs, | observed a more striking phenotype.
In response to mitochondrial damage, GFP-a-syn-WT and GFP-a-syn-A53T overexpressing cells
were not capable of increasing the number of IMM-derived MDVs compared to GFP only
controls. Since the numbers of these MDVs were equal across all cell lines at steady state, |
suggest this phenotype is not the result of a general defect in biogenesis of MDVs, but is specific
to the generation of MDVs as a direct response to localised oxidative stress. Mechanisms of
MDYV biogenesis are still poorly understood, with the role of molecular players still being
debated and developed. For example, though MDVs were initially described to be independent
of the scission protein Drp1, more recent research has suggested otherwise (Konig et al., 2021;
Soubannier et al., 2012a). Given that the co-ordination of MDV biogenesis is not well-
understood, we do not know whether the machinery involved may change depending on MDV
cargo, such as between oxidised and non-oxidised mitochondrial components. It could be that
a-synuclein impacts only machinery that generates MDVs containing oxidised cargo, but more

research is needed on regulation of the pathway to establish this.

Summary

To summarise, the work in this chapter develops and uses a-synuclein overexpression
models to provide insight into the potential effects of toxic gain of a-synuclein function on
mitochondrial health and quality control. Firstly, overexpression of both GFP-a-syn-WT and
GFP-a-syn-A53T was shown to induce markers of a-synuclein pathology at steady state which
were exacerbated in response to mitochondrial damage. Though immunofluorescence
microscopy did not enable me to visualise mitochondrial localisation of a-synuclein, GFP-a-
syn-A53T was shown to be enriched in biochemically isolated mitochondria. On assessment of

mitochondrial function, | demonstrated that overexpression of a-synuclein did not impact ATP
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levels, OCR or maintenance of baseline AWm, which | suggest may be due to lack of a
substantial pool of aggregated protein in my model. | observed an elevation in the mito-QC
response, illustrated by mitochondrial fragmentation and higher levels of OMM-derived MDVs,
which | suggest may be the result of an a-synuclein-induced increase in baseline oxidative
stress. | propose that this could be due to increased steady state oxidative stress in the system
caused by a-synuclein pathology. Interestingly, a-synuclein overexpression appeared to reduce
damage-induced generation of IMM-derived MDVs, though a better understanding of MDV
machinery is required to discern the mechanism behind this. Finally, though whole
mitochondrial clearance was unaffected by a-synuclein overexpression, lysosomal morphology
was altered in GFP-a-syn-WT cells which may reflect an attempt by the cell to remove wild-type

a-synuclein by CMA.
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Chapter 5 Investigating the impact of alterations in a-
synuclein on neuronal differentiation of SH-

SY5Y cells

5.1 Introduction

SH-SY5Y cells are commonly used in neurodegenerative research as a neuronal-like
model. Originally generated from neuroblastoma cells, they have a morphology similar to
immature neurons and express some neuronal markers but, unlike primary neurons, are easy to
maintain and highly proliferative (Biedler et al., 1973, 1978; Kovalevich & Langford, 2013). A key
advantage of using this cell line in PD research is that they can be differentiated into cells that
more closely resemble a mature neuronal phenotype and therefore better recapitulate
dopaminergic neurons (Luchtman & Song, 2010). During the differentiation process, SH-SY5Y
cells go through several stages that facilitate their development into neuronal-like cells. An
important early step is the change in expression of cell cycle genes, causing cells to irreversibly
enter the G, phase and stop proliferating (Feles et al., 2022; Hardwick et al., 2015). This enables
cells to redirect their energy into differentiating, starting with reorganisation of the cytoskeleton
to facilitate the growth of neurites (Avila et al., 2020). Actin filaments polymerise to form
membrane sprouts at sites where neuritogenesis will occur, and microtubules rearrange to
provide these neurites with structural support (Avila et al., 2020; Ponti et al., 2004). Alongside
these changes, cells begin to express neuron-specific cytoskeletal components such as 3-3-
tubulin (Guo et al., 2010). Dynamic, actin-rich growth cones form at the tip of extending
neurites, engaging the cytoskeleton to drive neurite outgrowth (Lowery & Vactor, 2009). As
neurites increase in length, growth cones also enable them to navigate and turn by responding
to guidance cues (Lowery & Vactor, 2009). Cells have recognisably neuronal-like morphology,
with a small soma and long neurites, alongside the upregulation of other specific genes involved
in neuronal function and synaptogenesis, such as GAP43 (Shipley et al., 2016; Zhao et al.,
2012). This also includes the expression of catecholaminergic genes, including machinery
required to synthesise neurotransmitters such as noradrenaline and dopamine (Filograna et al.,
2015). During this process and in terminally differentiated SH-SY5Y cells, the activity of
mitochondria is likely altered to reflect the switch in energy usage (Rangaraju et al., 2019; Sheng

& Cai, 2012).

Interestingly, differentiated SH-SY5Y cells also provide an environment where a-

synuclein may have a more physiologically relevant role. Primarily expressed in the CNS and
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localised at pre-synaptic terminals, a-synuclein has a well-established function in the release
and recycling of synaptic vesicles (Burré, 2015; Gao et al., 2023; Kahle et al., 2000). The ability of
a-synuclein to sense and enhance membrane curvature enables it to bind these vesicles and
facilitate their fusion with the cell membrane, resulting in exocytosis (Sulzer & Edwards, 2019).
Interestingly, a-synuclein has been shown to have further functions that impact the
homeostasis of dopamine (Venda et al., 2010). As well as modulating vesicle release, a-
synuclein has been shown impact dopamine synthesis by an interaction with tyrosine
hydroxylase (TH), a key enzyme involved in the conversion of tyrosine into the dopamine
precursor, L-3,4-dihydroxyphenylalanine (L-DOPA) (Gao et al., 2007; Peng et al., 2005; Perez et
al., 2002). In particular, overexpression of a-synuclein has been suggested to reduce the activity
of TH, and therefore levels of dopamine (Gao et al., 2007; Peng et al., 2005; Perez et al., 2002).
Additionally, several studies have described a relationship between a-synuclein and the
dopamine transporter (DAT), the membrane protein responsible for reuptake of dopamine into
the presynaptic bouton (Fountaine & Wade-Martins, 2007; Gosavi et al., 2002). These
associations hint that a-synuclein is involved in a range of regulatory functions in neurons, thus
a-synuclein may have a precise function in differentiated SH-SY5Y cells that is distinct from its

role in undifferentiated cells (Cheng et al., 2011).

As well as being important for activity in mature neurons, it has been suggested that a-
synuclein may have a role in neuronal development. This is based on the observation that a-
synuclein expression peaks during gestation and slowly reduces into adulthood (Alejandra
Morato Torres et al., 2020; Raghavan et al., 2004). Interestingly, research has shown that
plasma a-synuclein expression is reduced in children with neurodevelopmental disorders such
as ASD, raising further questions about a-synuclein’s function in early human development
(Sriwimol & Limprasert, 2018). Supporting the theory that a-synuclein has a role in neuronal
development, it has been shown to redistribute from the cell body to the axon as neurons
undergo maturation (Robertson et al., 2004; Zhong et al., 2010). This alteration in localisation
may accompany a functional switch and insinuate that a-synuclein has disparate roles in

immature and mature neurons.

Though the potential role of a-synuclein in development is not well established, several
studies have investigated this by assessing the impact of alterations in a-synuclein on
differentiation and maturation of cultured cells. For example, iPSCs from PD patients with
triplication of the SNCA gene exhibited impaired differentiation as well as increased oxidative
stress (Byers et al., 2011; Oliveira et al., 2015). However, whether a-synuclein’s ability to impact
the health and development of immature human neurons was the result of a loss-of-function of

physiological a-synuclein or a toxic gain-of-function associated with pathological a-synuclein is
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still not understood. | aim to address this by investigating differentiation of SH-SY5Y cells

exhibiting either overexpression or knockout of a-synuclein.

Aims:

1) Validate a published protocol for differentiating SH-SY5Y cells and characterise

differentiated neuronal phenotypes in wild-type cells
Investigate the impact of a-synuclein loss-of-function on differentiation of SH-SY5Y cells

Investigate the impact of a-synuclein overexpression on differentiation of SH-SY5Y cells

277



Chapter 5

5.2 Results

5.2.1 Differentiation of wild-type SH-SY5Y cells results in cells with neuronal

morphology

Various methods to enable the differentiation of SH-SY5Y cells have been described throughout
the literature, but most rely on the addition of retinoic acid (RA) to promote the switch from
proliferation to neuronal differentiation (Janesick et al., 2015; Kovalevich & Langford, 2013). RA
binds to nuclear retinoic acid receptors (RARs) and retinoid X receptors (RXRs) which interact
with retinoic acid response elements (RAREs) in the promotor regions of neuronal target genes,
regulating their transcription (Cafion et al., 2004; Johnson et al., 2019). RA also promotes
development through modulating the activity of Rho GTPases, key factors important in co-
ordinating the rearrangement of cytoskeletal proteins that is required for generation of the
growth cone and neurite outgrowth (Johnson et al., 2019; Nayak et al., 2013). In addition, RA has
been shown to directly stimulate intracellular signalling molecules that promote neuronal
differentiation such as cyclic AMP/protein kinase A (CAMP/PKA)-dependent cAMP response
element binding protein (CREB) and phosphatidylinositol-3-kinase (PI3K) (Bastien et al., 2006;
Canon et al., 2004).

Though some papers suggest that as little as 3-7 days with RA is enough to induce a neuronal
phenotype, cells often do not exhibit any more neurite outgrowth than observed in
undifferentiated cells (Ferreira et al., 2013; Presgraves et al., 2004; Simoes et al., 2021). As
such, many studies use further supplements in combination with RA to encourage neuronal
phenotypes over a longer time period, including growth factors like brain-derived neurotrophic
factor (BDNF) (J. Chen et al., 1990; Encinas et al., 2000). Known to promote neuronal
differentiation, maturation and survival in human neurons through TrkB receptor signalling,
BDNF facilitates the differentiation of SH-SY5Y cells and has been suggested to enhance the
effects of RA (Acheson et al., 1995; Arcangeli et al., 1999; Binder & Scharfman, 2004). Alongside
areduction in serum to prevent cellular proliferation, a combination of RA and BDNF has been
shown to successfully differentiate SH-SY5Ys into cells with a neuronal phenotype (de Medeiros

et al., 2019; Encinas et al., 2000; Jauhari et al., 2017; Shipley et al., 2016).

As such, | aimed to adapt and validate a published protocol for RA/BDNF-induced neuronal

differentiation (Shipley et al., 2016). A summary of this 14-day protocol is shown in Figure 96.
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Undifferentiated Differentiated
Day 0 1 2 3 4 5 6|7 8 9 10 11 12 13 14
Plate + RA Replate + RA, BDNF
Standard growth media (10% hiFBS) Media change

Differentiation media 1 (2.5% hiFBS) |:| PDL-coated plate
Differentiation media 2 (0% hiFBS)

Figure 96: Summary of the protocol used to differentiate SH-SY5Y cells

SH-SY5Y cells were subject to a differentiation protocol adapted from Shipley et al., 2016. Cells were
plated in standard growth media, then maintained in low-serum media with RA until day 7 when
they were replated on PDL. Cells were then maintained in no-serum media with RA and BDNF until

day 14.

To validate this method, wild-type cells were subject to this differentiation protocol and
preliminary brightfield images were taken to record changes in cellular morphology throughout
the process (Figure 97). These images demonstrate the impact of RA over the first 7 days, since
with increased exposure to RA, more cells started to extend projections. Though cells had
reduced serum in their media, they were still proliferating and thus increased their cell number
to confluency on day 7. After cells were replated, they were cultured in a combination of RA,
BDNF and other differentiation-inducing factors such as KCl and B27. From this point on, cells
were no longer proliferating due to lack of serum and terminal differentiation. With increasing
time exposed to RA and BDNF, cells showed projections with appeared to be greater in number
and length. Qualitatively, cells showed considerably more neuronal-like morphology on day 14

than on day 1 (with no RA or BDNF) and on day 7 (with RA only).
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Figure 97: SH-SY5Y cells exhibit visible neuronal morphology after a 14-day differentiation protocol

Wild-type SH-SY5Y cells were subject to a 14-day differentiation protocol. After plating cells on day O,
cells were imaged on days 1, 3, 5 and 7, prior to replating on PDL. After replating, cells were imaged
on days 8, 10, 12 and 14 (as indicated). Images are representative from one biological repeat of the
differentiation protocol. Images were captured with a light microscope on a 10X objective. Scale bar

=20pum.

To further investigate the extent of neuronal differentiation, | assessed expression of B-lll-
tubulin and filamentous actin (F-actin); two cytoskeletal proteins involved in neuronal
maturation (Avwenagha et al., 2003; Caccamo et al., 1989). In developing human neurons, B-IlI-
tubulin is enriched in axons while F-actin is distributed in neuronal dendrites and growth cones
(Avwenagha et al., 2003). By immunofluorescence microscopy, | was able to use these markers
to define cells as “differentiated” or “undifferentiated”, since not every cell exhibited neuronal
morphology. Cells with no detectable B-llI-tubulin expression, no projections and a rounded
architecture highlighted by F-actin were considered “undifferentiated” (Figure 98a). | noted that
these cells tended to have no contact with other cells. Accordingly, cells with a B-llI-tubulin-
expressing projection with F-actin distributed throughout and enriched at the end (defined as a
growth cone) were considered “differentiated” (Figure 98b). The longest B-llI-tubulin-positive
neurite per cell was considered the “primary neurite”. Differentiated cells also appeared to have
areduction in nuclear size, with the small nucleus in the cell body defined as the soma.
Interestingly, these cells often had direct contact with at least one other cell. From this point on,
the presence of at least one B-llI-tubulin-rich primary neurite was used to define and distinguish

“differentiated” from “undifferentiated” cells by immunofluorescence microscopy.
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Undifferentiated
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primary neurite
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Figure 98: F-actin and B-IlI-tubulin distribution distinguishes differentiated and undifferentiated
cells

Wild-type SH-SY5Y cells were subject to a 14-day differentiation protocol before being fixed and
stained by immunocytochemistry. Cells were labelled with an antibody against B-IlI-tubulin (red),
with Phalloidin to indicate F-actin (green) and with Hoechst to show nuclei (blue). Images shown are
cells from the same coverslip, with cells defined as “undifferentiated” (a) or “differentiated” (b)
dependent on morphology and distribution of cytoskeletal proteins. Images were taken using

widefield immunofluorescence microscopy with a 40X objective. Scale bar = 20um.

B-lll-tubulin staining was also used to quantify the number of “differentiated” cells in a given
field of view and the average length of the primary neurite in differentiated cells (Figure 99).
From this, an average of approximately 87% of all cells in a given field of view were considered
“differentiated” (Figure 100a). Tracing and measurement of neurites revealed that the average
length of the longest neurite in a differentiated cell was approximately 100nm (Figure 100b).
Both the average percentage of “differentiated” cells and the average length of the primary
neurite was relatively uniform across the 3 biological repeats, suggesting that the impact of the
differentiation protocol was consistent from one population of cells to the next. This established
confidence that any differences in these characteristics in experimental cell lines would likely

not be the result of variation across biological replicates.
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Figure 99: B-llI-tubulin staining enables identification of the percentage of differentiated cells in a
given population and quantification of neurite length

Wild-type SH-SY5Y cells were subject to a 14-day differentiation protocol before being fixed and
stained by immunocytochemistry. Cells were labelled with an antibody against B-lll-tubulin (red) and
nuclei were labelled with Hoechst (blue). Images are representative and from 1 biological repeat. An
example of a cell without B-IlI-tubulin staining considered “undifferentiated” is highlighted by a
white arrow. Images were taken using widefield immunofluorescence microscopy with a 40X

objective. Scale bar = 20um.
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Figure 100: The proportion of differentiated cells and length of longest neurite in differentiated

cells is consistent between biological repeats

a) The number of cells expressing B-lll-tubulin in at least one neurite was counted and
expressed as a percentage of total cells in a given field of view, identified by nuclei. This was
measured in 10 fields of view per biological repeat from images taken on a 40X objective.
Percentages for each field of view are represented by circles, with the average of each

repeat indicated by the bar and SEM shown by black lines. (n=3).

b) The length of the primary B-IlI-tubulin-positive neurite was measured in 20 cells considered
differentiated per biological repeat. Individual measurements are represented by circles, with

the average of each repeat indicated by the bar and SEM shown by black lines. (n=3).
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5.2.2 Differentiation of wild-type SH-SY5Y cells induces expression of neuronal and

dopaminergic markers

After confirming that this adapted differentiation protocol could generate cells with consistent
neuronal morphology, | evaluated whether these cells expressed any neuron-specific markers
by Western blotting (Figure 101). Biochemical confirmation of neuronal phenotype in
differentiated SH-SY5Y cells is standard practice throughout the literature, with B-Ill-tubulin and
GAP43 considered reliable indicators of neuronal phenotype (Kovalevich & Langford, 2013;
Kume et al., 2008).

The first of these proteins assessed was B-IllI-tubulin, which | had already confirmed expression
of via immunocytochemistry. Western blotting affirmed that cells subject to differentiation
expressed significantly higher B-llI-tubulin than undifferentiated cells (Figure 101b, p=0.0074).
Next, | measured expression of growth-associated protein (GAP43), a component of axonal
growth cones involved in the formation of neurites (Meiri et al., 1986). GAP43 was also
significantly increased in cells subject to differentiation compared to undifferentiated cells
(Figure 101c, p=0.0274). The upregulation of these neuron-specific markers alongside the
visible neuron-like morphology led me to conclude that differentiation of SH-SY5Y cells with the
RA/BDNF protocol adapted from Shipley et al. (2016) was successful in creating neuron-like

cells.

In addition to characterising differentiated cells as neuron-like, many papers define these cells
as a specific neuronal subtype. Research has suggested that protocols can be tailored to
develop dopaminergic neurons from undifferentiated SH-SY5Y cells, but there is no consensus
on exactly which differentiation-inducing compounds lead to this neuronal subtype (de
Medeiros et al., 2019; Xie et al., 2010). For example, several papers have used the same
approach of combining RA and BDNF, but some have reported a dopaminergic phenotype while
others claim a cholinergic phenotype (de Medeiros et al., 2019; Jauhari et al., 2017; Shipley et
al., 2016). To investigate whether the differentiated cells | generated exhibited any signs of
dopaminergic machinery, | assessed expression of tyrosine hydroxylase (TH), an enzyme
involved in the conversion of L-tyrosine to L-DOPA prior to dopamine synthesis that is primarily
expressed in the CNS (Nagatsu et al., 1964). Western blotting showed that differentiated cells
expressed significantly more TH than undifferentiated cells (Figure 101d, p=0.0142). Though |
cannot characterise these differentiated cells as fully dopaminergic from this finding alone, |

conclude that they have dopaminergic characteristics.
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Figure 101: SH-SY5Y cells exhibit increased expression of neuronal and dopaminergic markers after
a 14-day differentiation protocol

Wild-type SH-SY5Y cells were either left undifferentiated or subject to a 14-day differentiation
protocol before being lysed. Lysates were processed by Western blot with antibodies against B-IlI-
tubulin, GAP43 and TH, alongside B-actin as a protein loading control. a) is a representative blot from
1 biological repeat. Graphs show expression of b) B-llI-tubulin, c) GAP43 and d) TH. Expression of
each was normalised to B-actin to account for differences in protein loading, with relative expression
shown by the raw values of these calculations. Biological replicates are colour coded, with circles
representing the means of each repeat, the mean of the 3 repeats indicated by a bar and black
lines showing SEM. Statistical analysis was performed by an unpaired t-test. Between
undifferentiated and differentiated cells, there was a significant increase in B-lll-tubulin (p=0.0074,

**), GAP43 (p=0.0274, *) and TH (p=0.0142, *). (n=3).

286



Chapter 5

5.2.3 Loss of a-synuclein negatively impacts the ability of SH-SY5Y cells to undergo

neuronal differentiation

The physiological functions of a-synuclein are most clearly defined in mature neurons, in
synaptic transmission and plasticity (Burré, 2015). The role of a-synuclein throughout neuronal
development and differentiation is not well understood. However, recent work has suggested a
potential role for a-synuclein in regulation of gene transcription during these processes (T.
Nakamura et al., 2024). a-synuclein was shown to functionally interact with key chromatin
remodelling proteins involved in neuronal maturation, representing a potential developmental
role for a-synuclein (T. Nakamura et al., 2024). Interestingly, a role in regulation of
developmental gene expression was also implied by Prahl et al., 2022 who found that human
dopaminergic cells lacking a-synuclein appeared to differentiate normally but had a

downregulation in expression of genes linked to the cell cycle and differentiation.

As such, | first investigated whether a-synuclein loss-of-function had any impact on the ability of
SH-SY5Y cells to differentiate into neuronal-like cells. Immunofluorescence microscopy
analysis revealed that SNCA KO cells were still able to differentiate, with many cells extending
B-1ll-tubulin-rich projections (Figure 102). However, a significantly lower percentage of cells
were differentiated in a given field of view compared to EV controls (p=0.0179) (Figure 103). This
suggests that a lack of a-synuclein does impact the capacity of SH-SY5Y cells to undergo

differentiation.
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Figure 102: Lack of a-synuclein reduces the proportion of cells exhibiting B-lll-tubulin staining

EV and SNCA KO cells were subject to a 14-day differentiation protocol before being fixed and
stained by immunocytochemistry. Cells were labelled with an antibody against B-lll-tubulin (red) and
nuclei were labelled with Hoechst (blue). Images are representative and from 1 biological repeat.
Images were taken by widefield immunofluorescence microscopy with a 40X objective. Scale bar =

20pm.
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Figure 103: Lack of a-synuclein reduces the proportion of differentiated cells in a field of view

The number of cells expressing B-lll-tubulin in at least one neurite was counted and expressed as a
percentage of total cells in a given field of view, identified by nuclei, in EV and SNCA KO cells. This
was measured in 6 fields of view per biological repeat from images taken on a 40X objective. Across
the 3 repeats, the average number of nuclei per field of view was 32.64. Data points are colour coded
by biological repeat, with the percentage for each field of view represented by a circle, the average
of each repeat shown by a square and the average of all 3 biological repeats shown by a black line.
SEM is shown by vertical black lines. Statistical analysis was performed by an unpaired t-test,

showing a significant difference between the cell lines (p=0.0179, *). (n=3).

5.2.4 Differentiated cells lacking a-synuclein have no differences in neuronal nuclear

morphology compared to EV controls

In cells that were classified as differentiated, the same B-llI-tubulin staining was used to take
morphological measurements to assess whether a-synuclein loss-of-function had any impact

on neurite outgrowth.

Neurite sprouting is the foundation of axon generation in human neurons and is thought to be
driven by the action of the cytoskeleton (Da Silva & Dotti, 2002). As such, the number of B-Ill-
tubulin-positive neurites were counted per differentiated cell as a readout of a cell’s ability to
generate new neurites. In addition, the length of a differentiated cell’s primary neurite was
measured. Neurite length is a common readout of differentiation in SH-SY5Y cells and is
considered to be a direct correlate of neuronal phenotype (J. Chen et al., 1990; Dwane et al.,

2013). There were no significant differences between EV control and SNCA KO cells in either
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number of neurites or primary neurite length (Figure 104a, b). This suggests that a-synuclein

loss-of-function does not significantly impact the capacity of a cell to create or extend neurites.

Following this, | investigated whether there were any alterations to nuclear morphology. During
neuronal development, nuclear reorganisation takes place to facilitate changes in gene
expression (Ito & Takizawa, 2018). As such, nuclear architecture changes during neuronal
differentiation. | observed that in control cells, nuclei became smaller and more elongated in
response to differentiation, as indicated in Figure 98. Given this, nuclear area was measured
along with nuclear aspect ratio, a readout of nuclear shape, to further characterise
differentiated cells. Analysis of nuclear area showed that cells lacking a-synuclein had slightly
larger nuclei than controls, though this was not significantly different (Figure 104c). There was
no difference in nuclear aspect ratio between the cell lines (Figure 104d). This suggests that a-

synuclein loss-of-function may have a subtle impact on nuclear size, but not shape.
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Figure 104: Lack of a-synuclein has no significant impact on neurite morphology or nuclear area in

differentiated cells

EV and SNCA KO cells were subject to a 14-day differentiation protocol and stained for B-IlI-tubulin
and for nuclei with DAPI. Images were subsequently analysed to measure neuronal and nuclear
morphology. Only differentiated cells were included in this analysis, selected for by the expression of
B-lll-tubulin and the presence of at least one neurite. For all parameters, 20 cells per cell line were
assessed across 3 biological repeats, shown by colour-coding. a) Shows the average number of
neurites per cell. The mean of each repeat is shown by a circle, with the mean of all 3 repeats shown
by a bar and the SEM shown by vertical black lines. Individual data points are not shown for clarity
since data is discrete. The remaining graphs show b) average length of the primary neurite per
differentiated cell, measured with Neuron), c) average nuclear area per cell and d) average nuclear
aspect ratio per cell. In b), c) and d), individual data points are shown by circles, with the mean of
each repeat represented by a square and the mean of all 3 repeats shown by a black line. SEM is
shown by vertical black lines. Statistical analyses were performed using unpaired t-tests, but no

significance was reported. (n=3).

5.2.5 Lack of a-synuclein results in subtle changes in the expression of neuronal and

dopaminergic markers in differentiated cells

Next, | verified the neuronal phenotype of differentiated SNCA KO cells biochemically and
assessed whether a-synuclein loss-of-function resulted in any differences in the expression of
neuronal and dopaminergic markers (Figure 105). Firstly, SNCA KO cells exhibited lower levels
of B-llI-tubulin than EV cells (Figure 105b). Though cells lacking a-synuclein were able to
increase B-lll-tubulin in response to differentiation, this was less pronounced than in EV
controls. The same pattern was reflected for a second neuronal marker, GAP43, which was also
increased in response to differentiation in SNCA KO cells but to a lesser extent than in EV
controls (Figure 105c). Though these differences were not significant, these findings suggest
that lack of a-synuclein does slightly reduce the expression of neuronal markers, consistent

with Figure 103 which illustrated a decreased proportion of differentiated cells.

As seenin EV controls, lysates from differentiated SNCA KO cell populations showed increased
expression of the dopamine precursor, TH, compared to undifferentiated cells (Figure 105d).
Interestingly, TH expression was higher in differentiated SNCA KO cells compared to EV
controls, suggesting that a lack of a-synuclein may enhance the expression of dopaminergic

markers.
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Figure 105: Loss of a-synuclein results in subtle decreases in expression of neuronal markers in
cells subject to differentiation

EV and SNCA KO cells were subject to a 14-day differentiation protocol. Lysates from
undifferentiated and differentiated cells were processed for Western blot with antibodies against B-
IlI-tubulin, GAP43 and TH, with B-actin as a loading control and a-synuclein to confirm knockout in
SNCA KO cells. a) is a representative blot from 1 biological repeat. Graphs show protein expression of
b) B-llI-tubulin, c) GAP43 and d) TH. Expression of each was normalised to B-actin to account for
differences in protein loading, with relative expression shown by the raw values of these
calculations. Biological replicates are colour coded with circles representing the means of each
repeat, bars representing the mean of the 3repeats and black lines showing SEM. Statistical analyses
were performed by unpaired t-tests but did not report any significant differences between the cell

lines. (n=3).
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5.2.6 Overexpression of GFP-a-syn has no impact on the ability of SH-SY5Y cells to

undergo neuronal differentiation

Due to the adult-onset nature of PD, the impact of pathological a-synuclein has been well
characterised in mature neurons. Though the exact mechanisms behind its toxicity are still
undefined, aggregation of a-synuclein is known to cause neuronal damage and eventual cell
death in adult dopaminergic neurons (Calabresi et al., 2023). However, in PD patients with
mutations in the SNCA gene, pathological a-synuclein is present throughout the neuronal
development process, prior to clinical PD onset (Olgiati et al., 2015; Polymeropoulos et al.,
1997). For example, rare triplications in the SNCA gene are causative for a severe early-onset
form of PD, causing a two-fold upregulation of a-synuclein expression (Olgiati et al., 2015; Zafar
etal., 2018). The implications of the developing nervous system being exposed to higher, more

aggregation-prone levels of a-synuclein are largely unknown (Afitska et al., 2019).

One study investigated this in iPSC neuronal progenitors from patients with an SNCA gene
triplication, observing that these cells had impairments in neuronal differentiation and
maturation (Oliveira et al., 2015). This led me to hypothesise that overexpression of a-synuclein
may hinder the differentiation process in SH-SY5Y cells. Previous research has suggested this,
with a-synuclein overexpression seen to attenuate a dopaminergic phenotype in differentiating
SH-SY5Y cells (Kim et al., 2018). However, the differentiation protocol used in this study was
only 4 days long and used RA alone, which arguably only captures cells at a very early stage
where | see neuronal characteristics still developing (Figure 97) (Kim et al., 2018). As such, |
aimed to investigate the impact of a-synuclein gain-of-function on the differentiation process in

my model with a validated 14-day differentiation protocol (Shipley et al., 2016).

We first evaluated whether a-synuclein gain-of-function impacted SH-SY5Y differentiation by
assessing neuronal morphology. By immunofluorescence microscopy, | observed that cells
overexpressing GFP-a-syn WT and GFP-a-syn A53T were both able to differentiate into neuronal-
like cells exhibiting B-llI-tubulin-positive projections (Figure 106). There was no difference in the
percentage of cells that were successfully differentiated in a given field of view between GFP
only controls and both GFP-a-syn cell lines (Figure 107). Approximately 80% of cells were
considered differentiated in all 3 cell lines, implying that overexpression of GFP-a-syn-WT and

GFP-a-syn A53T does not impact the differentiation capacity of SH-SY5Y cells.
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Figure 106: Overexpression of GFP-a-syn-WT or GFP-a-syn-A53T has no impact on the proportion
of cells exhibiting B-lll-tubulin staining

GFP only, GFP-a-syn WT and GFP-a-syn A53T overexpressing cells were subject to a 14-day
differentiation protocol before being fixed and stained by immunocytochemistry. Cells were labelled
with antibodies against B-IlI-tubulin (red) and GFP (green) with nuclei labelled by Hoechst (blue).
Images are representative and from 1 biological repeat. Images were taken by widefield

immunofluorescence microscopy on a 40X objective. Scale bar = 20um.
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Figure 107: Overexpression of GFP-a-syn-WT or GFP-a-syn-A53T has no impact on the proportion

of differentiated cells in a given field of view

The number of cells expressing B-IllI-tubulin in at least one neurite was counted and expressed as a
percentage of total GFP-positive cells in a given field of view in GFP only, GFP-a-syn WT and GFP-a-
syn A53T overexpressing cells. This was measured in 6 fields of view per biological repeat from
images taken on a 40X objective. Across the 3 repeats, the average number of nuclei per field of view
was 33.94. Data points are colour coded by biological repeat, with the percentage for each field of
view represented by a circle, the average of each repeat shown by a square and the average of all 3
repeats shown by a black line. SEM is shown by black vertical lines. Statistical analysis was performed

by an unpaired t-test and reported no significant differences between the cell lines. (n=3).

5.2.7 Differentiated cells overexpressing GFP-a-syn-A53T, but not GFP-a-syn-WT, have

alterations in neuronal morphology compared to GFP only controls

To identify whether differentiated cells overexpressing GFP-a-syn WT or GFP-a-syn-A53T
exhibited any differences in neuronal morphology, measurements were taken from
immunofluorescence images. Firstly, quantification of B-lll-tubulin-positive neurites revealed
that cells overexpressing GFP-a-syn A53T had a lower average number of neurites per cell than
both GFP only control and GFP-a-syn WT cells (p=0.0337) (Figure 108a). GFP-a-syn A53T cells
also had the lowest average primary neurite length compared to GFP only control (p=0.0489)
and GFP-a-syn WT cells (p=0.0335) (Figure 108b). This suggests that overexpression of GFP-a-

syn A53T, but not GFP-a-syn WT, impacts the ability of cells to generate and extend neurites.
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I then expanded my analysis to nuclear morphology. As previously mentioned, | observed
smaller and more elongated nuclei in differentiated wild-type cells compared to
undifferentiated, as seen in Figure 98. Though there were no significant differences in nuclear
measurements between the cell lines, cells overexpressing GFP-a-syn A53T exhibited both a
larger average nuclear area and a lower average nuclear aspect ratio, corresponding to larger,
rounder nuclei than both GFP only control and GFP-a-syn WT cells (Figure 108c, d). This implies
that overexpression of GFP-a-syn A53T, but not GFP-a-syn WT, may impact nuclear morphology

in differentiated cells.

Interestingly, | also observed that GFP was mostly seen localised to the cell bodies of cells
overexpressing GFP only and GFP-a-syn-WT (Figure 109, pink), but GFP was present both in the
cell body and in neurite projections in cells overexpressing GFP-a-syn-A53T (Figure 109,
yellow). Together, these observations demonstrate that overexpression of GFP-a-syn A53T
causes impairments in neuronal-like morphology in differentiated cells. These defects are not

caused by overexpression of GFP-a-syn-WT and thus appear to be exclusive to GFP-a-syn-A53T.
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Figure 108: Overexpression of GFP-a-syn A53T reduces neurite number and primary neurite length

in differentiated cells

GFP only, GFP-a-syn WT and GFP-a-syn A53T overexpressing cells were subject to a 14-day
differentiation protocol and stained for B-lll-tubulin and for nuclei with DAPI. Images were analysed
to measure neuronal and nuclear morphology. Only GFP-positive, differentiated cells were included
in this analysis, selected for by the expression of B-llI-tubulin and the presence of at least one neurite
as well as positive GFP staining. For all parameters, 20 cells per cell line were assessed across 3
biological repeats, shown by colour-coding. a) Shows the average number of neurites per cell. The
mean of each repeat is shown by a circle, with the mean of all 3 repeats shown by a bar and the SEM
shown by vertical black lines. Individual data points are not shown for clarity since data is discrete.
The remaining graphs show b) average length of the primary neurite per differentiated cell,
measured with Neuronl, c) average nuclear area per cell and d) average nuclear aspect ratio per cell.
In b), ¢) and d), individual data points are shown by circles, with the mean of each repeat
represented by a square and the mean of all 3 repeats shown by a black line. SEM is shown by
vertical black lines. Statistical analyses were performed using one-way ANOVAs with Tukey’s multiple
comparisons tests. A significant difference was seen in the average number of neurites per cell
between GFP-a-syn WT and GFP-a-syn A53T cells (p=0.0337, *). GFP-a-syn A53T also exhibited a
significantly shorter average primary neurite length than GFP only cells (p=0.0489, *) and GFP-a-syn
WT cells (p=0.0335, *). GFP-a-syn A53T cells showed reduced nuclear aspect ratio compared to GFP-
a-syn-WT but this did not reach significance (p=0.0750) (n=3).
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GFP only GFP-a-syn WT GFP-a-syn A53T

B-lll-tubulin

GFP

Nuclei
B-lll-tubulin
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Figure 109: GFP is expressed in neurites in cells overexpressing GFP-a-syn-A53T, but not in cells
overexpressing GFP only or GFP-a-syn-WT

GFP only, GFP-a-syn WT and GFP-a-syn A53T overexpressing cells were subject to a 14-day
differentiation protocol before being fixed and stained by immunocytochemistry. Cells were labelled
with antibodies against B-llI-tubulin (red) and GFP (green) with nuclei labelled by Hoechst (blue).
Examples of cell bodies (pink) and neurites (yellow) are highlighted. Images are representative and
from 1 biological repeat. Images were taken by widefield immunofluorescence microscopy on a 60X

objective. Scale bar = 20um.
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5.2.8 Overexpression of GFP-a-syn-A53T decreases the expression of dopaminergic

markers in differentiated cells

We then investigated whether a-synuclein overexpression had any impact on the expression of
neuronal and dopaminergic markers by Western blotting (Figure 110). Firstly, cells
overexpressing GFP-a-syn WT and GFP-a-syn A53T were both able to upregulate expression of
the neuronal cytoskeletal proteins B-IlI-tubulin and GAP43 in response to differentiation.
However, differentiated cells overexpressing GFP-a-syn A53T displayed lower expression of
both markers than the other cell lines (Figure 110b, ¢). Though this was not significant, this
supports my morphological data which suggests that GFP-a-syn A53T overexpressing cells

show less pronounced neuronal phenotypes.

Assessment of TH expression was used as a readout of dopaminergic phenotype, with the level
of TH in differentiated cells overexpressing GFP-a-syn A53T significantly lower than both GFP
only control (p=0.0206) and GFP-a-syn WT differentiated cells (p=0.0024) (Figure 110d). As
such, | conclude that overexpression of GFP-a-syn A53T attenuated the dopaminergic

phenotype of differentiated cells.
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Figure 110: Overexpression of GFP-a-syn A53T reduces expression of neuronal and dopaminergic
markers

GFP only, GFP-a-syn WT and GFP-a-syn A53T cells were subject to a 14-day differentiation protocol.
Lysates from undifferentiated and differentiated cells were processed for Western blot with
antibodies against B-lll-tubulin, GAP43 and TH, with B-actin as a loading control and a-synuclein to
verify overexpression of the GFP-a-syn constructs. a) is a representative blot from 1 biological repeat.
Graphs show protein expression of b) B-Ill-tubulin, c) GAP43 and d) TH. Expression of each was
normalised to B-actin to account for differences in protein loading, with relative expression shown by
the raw values of these calculations. Biological replicates are colour coded with circles representing
the means of each repeat, bars representing the mean of the 3 repeats and black lines showing SEM.
Statistical analyses were performed by 2-way ANOVAs with Siddk’s multiple comparisons tests.
Significant differences were indicated for TH expression, with differentiated GFP-a-syn A53T cells
expressing significantly less TH than differentiated GFP only cells (p=0.0206, *) and GFP-a-syn WT
cells (p=0.0024, **). (n=3).
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5.2.9 Organisation of the mitochondrial network changes in response to

differentiation SH-SY5Y cells

Once | had established how differentiation was impacted by a-synuclein loss- and gain-of-
function, | began to investigate mitochondria in neuronal-type cells. | investigated this in
differentiated wild-type cells as a basis using immunofluorescence staining with B-Ill-tubulin
alongside the mitochondrial marker, cytochrome c, enabled qualitative observations to be
made. Since not every cell in a given field of view was differentiated, this enabled a direct
comparison between mitochondria in undifferentiated and differentiated cells. Undifferentiated
cells exhibited filamentous mitochondrial networks with well-connected organelles in the
perinuclear region (Figure 111, yellow). In differentiated cells, mitochondria localised close to
the nucleus displayed extremely bright cytochrome c signal, implying that mitochondria were
condensed. This made observations about the filamentous nature of the network extremely
difficult to make, though mitochondria were not obviously fragmented. In addition to this
mitochondrial population, mitochondria were also present within neurites. B-lll-tubulin-rich
projections from the cell body often contained mitochondria, which were enriched at the very
tips of neurites (Figure 111, pink). This suggested that differentiated SH-SY5Y cells exhibit a
switch in mitochondrial organisation to metabolically support the cells’ neuronal architecture.
This further confirms that differentiated SH-SY5Y cells are more representative of human

dopaminergic neurons.

Unfortunately, the nature of the cytochrome c signal in differentiated cells, even at higher
maghnification, meant that it was not possible to quantify changes to the mitochondrial network.
The analysis workflow used previously (chapters 1 and 2) was unable discriminate between
mitochondrial fragments in differentiated cells, meaning that only qualitative observations

could be made (Appendix B, Figure 128).
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Figure 111: Differentiated SH-SY5Y cells have mitochondria localised in both the soma and neurites

Wild-type SH-SY5Y cells were subject to a 14-day differentiation protocol before being fixed and
stained by immunocytochemistry. Cells were labelled with antibodies against B-lll-tubulin (green)
and cytochrome c (red), with nuclei labelled by Hoechst (blue). An example of a differentiated cell,
identified by neurites with positive B-IlI-tubulin staining, is highlighted in pink. White arrow heads
signify mitochondria present within neurites. An example of an undifferentiated cell, identified by
negative B-lll-tubulin staining, is highlighted in yellow. Representative images were taken using

widefield immunofluorescence microscopy with a 60X objective. Scale bar = 20um.

5.2.10 SH-SY5Y cells are more susceptible to mitochondrial damage when

differentiated

Literature suggests that an increased energy burden makes human dopaminergic neurons more
susceptible to oxidative stress in PD (Bolam & Pissadaki, 2012). Given that the altered
distribution of mitochondria observed in differentiated cells implied a switch in the metabolic
pressure experienced by mitochondria, | aimed to investigate whether this impacted responses
to mitochondrial damage in my model. In previous work, we have shown that A/O can be used to
induce a mitochondrial damage response. In undifferentiated SH-SY5Y cells, treatment with
5um antimycin A and 10pm oligomycin triggers mitophagy, measurable by a reduction in Coxll
that reflects whole mitochondrial clearance. When the same concentrations of A/O were
applied to differentiated cells for 24 hours, visualisation with brightfield microscopy revealed
that the cells were mostly dead and thus, their mitochondrial damage response could not be
assessed by Western blotting (Figure 112). However, the observation that the level of A/O that
induces mitophagy in undifferentiated cells causes death in differentiated cells did allow me to

conclude that differentiated cells are more susceptible to mitochondrial damage.
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Untreated 24h A/O

Figure 112: SH-SY5Y cells are more susceptible to mitochondrial damage when differentiated
Wild-type SH-SY5Y cells were subject to a 14-day differentiation protocol. On day 14, cells were
treated for 24 hours with A/O at a concentration known to induce mitophagy in undifferentiated
cells: 5um antimycin A and 10um oligomycin. Images are representative and from one biological

repeat. Images were captured using a light microscope with a 10X objective. Scale bar = 100um.

(n=2).
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5.3 Discussion

In this chapter, | aimed to optimise and validate a protocol for differentiating SH-SY5Y
cells and investigate how neuronal phenotypes were affected by perturbations in a-synuclein.
Though the impacts of a-synuclein have been well-investigated in mature adult neurons, its
influence on immature neurons and the process of neuronal development is less known (Burré,
2015; Murphy et al., 2000; Raghavan et al., 2004). To explore this, | subjected SNCA KO cells and
cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T to my differentiation protocol and
assessed whether these exhibited measurable changes in neuronal morphology and expression
of neuronal and dopaminergic markers compared to controls. | reported that loss of a-synuclein
reduces the number of cells with a neuronal phenotype, but subtly increases expression of the
dopamine precursor, TH. Alongside this, | show that overexpression of GFP-a-syn-A53T

attenuates neuronal morphology and reduces expression of TH in differentiated cells.

Firstly, | validated a differentiation protocol using wild-type SH-SY5Y cells and
established quantifiable measures that could be used to indicate neuronal phenotype. A range
of SH-SY5Y differentiation methods have been published, describing the exposure of cells to
various combinations of growth factors over a period of 3 days to 3 weeks (Encinas et al., 2000;
Kovalevich & Langford, 2013; Presgraves et al., 2004; Shipley et al., 2016; Simdes et al., 2021). |
optimised a protocol based on Shipley et al (2016), utilising a combination of RA and BDNF
across a 14-day period to ensure enough time for cells to exhibit clear neuronal architecture. |
found that this method induced measurable changes in morphology, with differentiated cells
exhibiting reduced nuclear size and long neurites rich in the neuronal marker, B-llI-tubulin.
Alongside this, cells upregulated expression of B-lll-tubulin and the growth cone marker,
GAP43, measured biochemically by Western blot. | also reported an increase in TH, suggesting
that differentiated cells have dopaminergic characteristics. Though | cannot confirm whether
cells created active synapses, this does indicate that differentiated cells upregulate machinery
involved in dopaminergic transmission. Once | had established a reliable protocol for generating
SH-SY5Y cells of a consistent neuronal phenotype, | applied this to my a-synuclein cell models:
SNCA KO cells and cells overexpressing either GFP-a-syn-WT or GFP-a-syn-A53T. | considered
that differentiated SH-SY5Y cells provide an environment in which a-synuclein may have a more
physiologically relevant role compared to undifferentiated cells, since its primary functions
have been characterised in the regulation of neuronal transmission and plasticity (Burré, 2015;
Cheng et al., 2011; Gao et al., 2023; Lautenschlager et al., 2018). A key advantage of the
differentiation system is that it not only better represents a neuronal system, but it provides a
window into neuronal development and thus the opportunity to investigate how genetic

manipulation of a-synuclein may impact this process.
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Next, | assessed whether a-synuclein loss-of-function altered neuronal phenotypes in
differentiated SH-SY5Y cells. Studies investigating a-synuclein expression throughout human
and murine lifetimes have revealed that peak a-synuclein expression occurs early on in
development during gestation, leading to suggestions that it may have a physiological role in
neuronal differentiation and maturation (Alejandra Morato Torres et al., 2020; Raghavan et al.,
2004). | found that the majority of SNCA KO cells expressed neuronal B-IlI-tubulin and exhibited
neuronal morphology after undergoing the 14-day protocol, indicating that a-synuclein is not
required for generation of a neuronal phenotype. However, approximately 70% of cells were
considered differentiated in SNCA KO populations compared to 80% in EV controls, implying
that a lack of a-synuclein did impact the differentiation capacity in a subset of cells.
Interestingly, a-synuclein has been suggested to have a role in the regulation of developmental
gene expression and chromatin remodelling (Nakamura et al., 2024; Prahl et al., 2022). For
example, interactome analysis recently revealed an association between a-synuclein and the
BRG-1 associated factor (BAF) complex, a neuron-specific chromatin remodelling complex
important for regulating expression of genes important for neuronal development (Choi et al.,
2015; Nakamura et al., 2024). This study suggested that a-synuclein is able to co-operate in
neuronal differentiation of SH-SY5Y cells by this interaction, so loss of this interaction may
explain the impact on differentiation seen in my model (Nakamura et al., 2024). In support of
this nuclear role, studies have suggested that a-synuclein is able to bind RA, translocate to the
nucleus and enhance the transcription of early neuronal genes (Davidi et al., 2020). Lack of this
nuclear function in the absence of a-synuclein could explain the reduced differentiation

capacity seen in these cells.

Studies have shown that a-synuclein is redistributed from the nucleus to the neurites over
the course of neuronal development (Courte et al., 2020). This suggests that a-synuclein may
reside in the nucleus to carry out regulation of developmental genes in immature neurons and
then traffic to the neurites as neurons become more mature, primed for its synaptic role in
mature neurons. Localisation of a-synuclein in differentiating neurons could not be assessed
due to the limited specificity of antibodies against endogenous a-synuclein, but this would be
important to investigate using other methods. It is not clear why the lack of a-synuclein only
impacts differentiation in a small subset of cells, though it could be due to compensation of a-
synuclein function by B-synuclein, which has similar properties to a-synuclein and has also
been linked to neuronal development (Hayashi & Carver, 2022; Sriwimol & Limprasert, 2018).
Alternatively, differentiation capacity may have been impacted by other characteristics that
differ throughout populations of undifferentiated SH-SY5Y cells, including morphology, health,

cell-cell contacts and cell cycle stage.
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In cells subject to differentiation, | observed a subtle reduction in the expression of
neuronal markers, B-lll-tubulin and GAP43, in SNCA KO cells compared to EV controls. Since
this was measured biochemically by Western blotting, lysates captured the entire cellular
population, encompassing cells that remained undifferentiated. As such, the reduction in
neuronal markers can be explained by the reduced proportion of differentiated cells in the SNCA
KO population. Despite having approximately 10% less cells of a neuronal phenotype, SNCA KO
cells expressed higher expression of the dopamine precursor, TH, than EV controls. This
suggested that in differentiated cells, a-synuclein may have a role in regulation of dopamine
synthesis. Previous literature has demonstrated that a-synuclein can act as a downregulator of
TH, stimulating protein phosphatase 2A (PP2A) which in turn dephosphorylates TH and reduces
its activity (Hua et al., 2015; X. M. Peng et al., 2005; Perez et al., 2002a). This has been shown to
be exaggerated in the context of gain-of-function, but these studies only observe differences in
TH activity rather than expression. Based on data from my loss-of-function environment, |
suggest that physiological a-synuclein may be able to modulate TH expression as well as

activity.

A relationship between a-synuclein and PP2A may also explain some phenotypes
observed in the context of a-synuclein overexpression. Differentiated cells overexpressing GFP-
a-syn-A53T exhibit less pronounced neuronal morphology, with less, shorter neurites and larger
nuclei compared to GFP only and GFP-a-syn-WT overexpressing cells. Accordingly,
differentiated cells overexpressing a-synuclein-A53T also expressed a slightly lower level of the
growth cone marker GAP43, likely reflecting the lower number of neurites. Previous research
has shown that primary neurons from mouse models of a-synuclein A53T overexpression also
had less, shorter neurites, which was demonstrated to be the result of an impact on GSK3p and
B-catenin facilitated by an a-synuclein-PP2A interaction (Kim et al., 2018). This mechanism was
confirmed by the fact that the decrease in neurite length was rescued by the PP2A inhibitor,
okadaic acid (S. Kim et al., 2018). Upon differentiation with RA, GSK3p is rendered inactive and
unable to phosphorylate proteins to target them for degradation by the UPS (Castelo-Branco et
al., 2004). One of its substrates, B-catenin, is able to accumulate in the cytoplasm, enter the
nucleus and upregulate expression of neuronal genes (Castelo-Branco et al., 2004; Kim et al.,
2018). However, in cells overexpressing a-synuclein A53T, this process was shown to be
impaired due to a-synuclein-induced increase in PP2A (Kim et al., 2018). PP2A can activate
GSK3B, enabling it to phosphorylate and signal the degradation of B-catenin (Il Lee et al., 2005;
Zhou et al., 2009). The authors suggest the lack of B-catenin available to upregulate neuronal
genes is aresult of the association between a-synuclein and PP2A (Kim et al., 2018). The excess
of a-synuclein in my model may have upregulated PP2A in this way, explaining the reduction in

neurite length. Interestingly, | only observed this phenotype in cells overexpressing GFP-a-syn-
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A53T and not GFP-a-syn-WT, suggesting that the two forms of a-synuclein may not modulate
PP2A in the same way. Another factor that influences the PP2A system is oxidative stress, with
increasing evidence suggesting that PP2A signalling can be influenced and mediated by ROS
(Elgenaidi & Spiers, 2019). It is possible that overexpression of GFP-a-syn-A53T causes more
oxidative stress in the system compared to overexpression of GFP-a-syn-WT due to differences
in aggregated species, which differentially impact the regulation of PP2A and therefore neuronal

characteristics.

In line with the hypothesis that GFP-a-syn-A53T may induce more oxidative stress, studies
investigating neuronal development in primary human progenitor cells have shown that a-
synuclein A53T is acutely toxic, with higher rates of cell death than cells overexpressing wild-
type a-synuclein or controls (Schneider et al., 2007). Reduced viability of cells overexpressing a-
synuclein has been shown to be recovered by use of antioxidant drugs, suggesting that a-
synuclein-induced oxidative stress may be directly responsible for this (B. Kumar et al., 2005). It
would be important to measure cellular ROS alongside cytotoxicity throughout the
differentiation process in future, to establish whether a-synuclein overexpression is impacting
levels of oxidative stress, and to identify whether this appears to correlate with both neuronal
phenotypes and cell survival. Since | did not quantify cell death during the differentiation
process, it is possible that the most pathogenic cells with the highest levels of a-synuclein
overexpression, aggregation and oxidative stress were killed during the differentiation process
and therefore only less pathogenic cells were left behind to reach a neuronal phenotype.
Interestingly, one study has suggested using an inducible a-synuclein overexpression system to
circumvent this potential problem (Vasquez et al., 2018). The authors describe a doxycycline-
induced tetracycline-controlled transcriptional activation system (Tet-On) which enables wild-
type SH-SY5Y cells to be terminally differentiated into neurons prior to the induction of a-
synuclein overexpression (Vasquez et al., 2018). This has been suggested as an advantageous
method for the study of PD, since it enables the impact of pathological a-synuclein on healthy
neuronal cells to be assessed. Arguably, considering how perturbations in a-synuclein impact
the differentiation process is an important aspect of neuronal phenotype that should not be
completely discounted, since many patients with familial PD experience changes or mutations
to the SNCA gene that start from birth, and thus are present throughout neuronal development
(Byers et al., 2011; Oliveira et al., 2015; Siddiqui et al., 2016; Zafar et al., 2018). Induced
pluripotent stem cell (iPSC) models have shown this, with cells from patients with a triplication
of the SNCA gene resulting in excess a-synuclein expression shown to have impaired neuronal
differentiation and maturation that may impact cell health throughout the patients’ life (Oliveira

et al., 2015).

309



Chapter 5

An alternative explanation for the disparity in neuronal morphology between cells
overexpressing GFP-a-syn-WT and GFP-a-syn-A53T could be that the two proteins have different
structural preferences which can impact their interaction with other cellular components. It has
been suggested that a-synuclein harbouring the A53T mutation prefers to generate a f-sheet
conformation rather than an a-helix, resulting in reduced membrane binding (Jo et al., 2000).
Since less a-synuclein A53T may be bound to membranes, more may be available in the cytosol
to be intracellularly trafficked. Indeed, | did observe GFP-a-syn in the neurites of cells
overexpressing GFP-a-syn-A53T, which was not seen in GFP only controls or GFP-a-syn-WT
cells. It could be that due to structural differences, GFP-a-syn-A53T is less readily sequestered
in the nucleus and thus is less able to bind RA and regulate transcription of neurodevelopmental
genes, resulting in an attenuated neuronal phenotype (Nakamura et al., 2024; Prahl et al., 2022).
Alternatively, the differences in morphology could relate to the relationship between a-
synuclein and cytoskeletal proteins. Reorganisation of the cytoskeleton is a key stage required
for differentiation of SH-SY5Y cells that directly facilitates growth cone formation and neurite
outgrowth, and it has been suggested that a-synuclein has a physiological association with
microtubules that may impact this (Mazzetti et al., 2023). It has been suggested that mutant
forms of a-synuclein have a compromised ability to bind microtubules in neuronal cells, so an
altered cytoskeletal network as a result of this may explain the difference in neurite length

between cells overexpressing GFP-a-syn-WT and GFP-a-syn-A53T.

In terms of dopaminergic phenotype, GFP-a-syn-A53T overexpressing cells also
expressed significantly lower levels of TH compared to both GFP only controls and cells
overexpressing GFP-a-syn-WT. Though this could again relate to a relationship between a-
synuclein and PP2A, pathological a-synuclein has also been shown to directly interfere with
CREB signalling — a key pathway of transcription factors that increase expression of neuronal
genes, including TH (Kim et al., 2011). It was found that a-synuclein overexpression did not
impact baseline levels of TH in these cells, it suppressed upregulation of TH in response to the
cAMP signalling activator, forskolin (Kim et al., 2011). Though this study was performed in
human neuroblastoma cells, it was not in the context of neuronal differentiation (Kim et al.,
2011). As such, | cannot be sure whether the same signalling pathways that upregulated TH in
response to forskolin would be activated in response to differentiation. In addition, structural
analysis of a-synuclein has recently revealed that it can directly enfold both TH and dopamine-
B-hydroxylase, suggesting it is able to reduce synthesis of dopamine and noradrenaline (Lehrer
& Rheinstein, 2022). This was investigated in the context of monomeric a-synuclein rather than
aggregated species, making this study more relevant to my overexpression model which likely
results in an excess of monomers with a smaller pool of aggregated a-synuclein (Lehrer &

Rheinstein, 2022). However, the most likely conformations described in this study all suggest
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that TH docks at the N-terminus of a-synuclein, which in my overexpression models has a GFP
tag attached that may interfere with binding (Lehrer & Rheinstein, 2022). The impacts on TH level
seen in both of my loss- and gain-of-function models provide good support for the relationship
between a-synuclein and dopamine regulation that has been suggested in the literature (Kim et

al., 2014; Kim et al., 2011; Perez et al., 2002; Yu et al., 2004).

Once | had established differentiation of SH-SY5Y cells as a neuronal model in our lab and
investigated the impact of perturbations in a-synuclein, | started to characterise how
mitochondria in wild-type differentiated cells were impacted by neuronal phenotype as a
foundation for future investigations in mito-QC. In undifferentiated cells mitochondria appear
flat, spread out in a clear network and take up at least 50% of the cell. | found that mitochondrial
distribution was visibly altered in differentiated cells, with the majority concentrated in the
small cell body forming a tight bundle. Interestingly, some mitochondria were seen localised to
neurites, particularly at the tips of growing projections. Unfortunately, the nature of the
mitochondrial network could not be quantified in differentiated cells, due to the extremely
dense nature of mitochondria throughout shrunken cell bodies that could not be defined into
individual segments with current image analysis workflows. Despite this, qualitative
observations indicated that the morphological change experienced as cells take on a neuronal
phenotype is accompanied by a switch in metabolic requirements (Bolam & Pissadaki, 2012).
Mitochondria in differentiated cells are not only responsible for producing ATP to facilitate
cellular reactions, but also to fuel the extension of projections and the trafficking of cellular
components along these neurites. This indicated that, as in the human neurons degenerated in
PD, these mitochondria may be experiencing more metabolic pressure and thus may be more
sensitive to oxidative stress (Bolam & Pissadaki, 2012). This vulnerability was confirmed when
differentiated cells were exposed to mitochondrial damage, since the concentration of A/O
used to evoke mitophagy in undifferentiated cells resulted in death. As such, | considered that
differentiated SH-SY5Y cells would provide a useful neuronal background in which to investigate
mito-QC. However, assessment of mitochondrial phenotypes proved difficult. As well as
difficulty with imaging mitochondria in differentiated cells by immunofluorescence microscopy,
functional analysis of differentiated cells by an ATP assay or Seahorse mito-stress test was not
possible due to the mismatch between the cell plating densities required for the experiments
and for cells to successfully differentiate. Investigations into mito-QC in these cells would be
valuable, but would require careful optimisation of imaging protocols, development of new

image analysis workflows and the employment of alternative techniques such as qPCR.
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Summary

To summarise, this work optimises and validates a protocol for the differentiation of SH-SY5Y
cells into those of a neuronal, dopaminergic phenotype and investigates how this process is
impacted by perturbations in a-synuclein. It also sets up this system as a suitable neuronal
model in which to investigate the impacts of altered a-synuclein expression on mitochondrial
function and quality control. Firstly, loss of a-synuclein reduced the proportion of cells that
differentiated but did not impact the neuronal morphology of those which did exhibit a neuronal
phenotype. However, lack of a-synuclein did subtly increase overall expression of the dopamine
precursor TH in differentiated cells, which | suggest could be the result of the loss of an
interaction between a-synuclein and PP2A. In terms of investigating the potential toxic gain-of-
function of a-synuclein on neuronal differentiation, | found that cells overexpressing GFP-a-syn-
WT had no observable phenotypes. On the other hand, cells overexpressing GFP-a-syn-A53T did
still differentiate, but had less exaggerated neuronal morphology. | suggest that this could also
be the result of an association between a-synuclein A53T and PP2A, which may be further
modulated by oxidative stress. In addition, cells overexpressing a-synuclein A53T exhibited a
significant reduction in TH, which | propose may be due to the direct ability for a-synuclein to
regulate upregulation of TH gene expression in the nucleus. | also find that in wild-type cells,
mitochondrial distribution is altered upon differentiation and that differentiated cells are more
susceptible to mitochondrial damage. These findings support the model of differentiated SH-
SY5Y cells as being valuable to investigate mitochondrial health and quality control, though
considerable optimisation is needed to enable the same thorough level of investigation

undertaken in undifferentiated cells.
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Chapter 6 General discussion

Table 19: Summary of key phenotypes found in a-synuclein loss- and gain-of-function models over

the course of this study

SNCA KO GFP-a-syn-WT GFP-a-syn-A53T
Mitochondrial
No phenotype No phenotype No phenotype
function
Mitochondrial Increased Increased
dynamics No phenotype fragmentation at steady | fragmentation at
state steady state

OMM-derived MDVs
More MDVs at steady | More MDVs at steady

No phenotype
state state

IMM-derived MDVs . .
No damage-induced No damage-induced

No phenotype
upregulation of MDVs | upregulation of MDVs

Whole mitochondrial

No phenotype No phenotype No phenotype
clearance
Autophagosomes Increased
No phenotype Less autophagosomes
autophagic flux
Lysosomes

No phenotype No phenotype No phenotype

Neuronal phenotype Reduced neuronal

No phenotype No phenotype
morphology

Dopaminergic
No phenotype No phenotype Reduced TH
phenotype
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Both a-synuclein pathology and dysfunctional mito-QC have been well-established as key
drivers of PD, but there is a lack of research on the relationship between them. Though a-
synuclein has been shown to localise to mitochondria, bind membranes and incite
mitochondrial dysfunction in a pathological context, limited work has investigated the
association between a-synuclein and mitochondria under physiological conditions (M. L. Choi
et al., 2022; Devi et al., 2008; Hegde et al., 2024; Ludtmann et al., 2018; X. Wang et al., 2019).
Better understanding of this physiological relationship would provide valuable insight into PD
pathogenesis (Thorne & Tumbarello, 2022). In particular, it would enable us to elucidate
whether dysfunctional mito-QC in PD could result from loss-of-function of physiological a-
synuclein rather than exclusively attributed to gain-of-function of pathological a-synuclein.
Development of an a-synuclein loss-of-function model in mammalian cells enabled me to
address this question. | found that lack of a-synuclein had limited impact on both mitochondrial
respiratory function and responses to mitochondrial damage, indicating that a-synuclein does
not have physiological roles in ATP production or in regulating mito-QC. Therefore, | propose
that dysfunctional mitochondrial phenotypes in PD are likely not due to a-synuclein loss-of-
function. These findings provide novel insight into a-synuclein’s function and suggest that a-
synuclein does not readily associate with mitochondria in a regulatory capacity. The primary
study that has previously defined a potential functional relationship between monomeric a-
synuclein and mitochondria in modulation of the ATP synthase pump did not investigate this in
the context of endogenous a-synuclein; knockout models were exposed to exogenous a-
synuclein species (Ludtmann et al., 2016). Though an association between a-synuclein and
mitochondria may be possible, my data leads me to consider that it may not occur at
physiological a-synuclein concentrations. Instead, | provide evidence that a-synuclein may
modulate some elements of mito-QC through its activity in the cytosol. For example, | observe
that loss of a-synuclein evokes an increase in Parkin expression at steady state, suggesting that
a-synuclein may have a physiological role in Parkin regulation. This has been proposed to occur
in pathological circumstances through a-synuclein-induced Parkin PTMs that result in its
proteasomal degradation (Wilkaniec et al., 2019, 2021; Yao et al., 2004). In addition, lack of a-
synuclein was seen to increase autophagic flux but did not impact whole mitochondrial
clearance. This suggests that a-synuclein’s ability to influence autophagosomes is not specific
to mitochondrial degradation. Together, these data indicate that a-synuclein is not required for
mito-QC, but its ability to modulate mito-QC mechanisms likely occurs outside of a direct
interaction with mitochondria. To rule out a physiological association between a-synuclein and
mitochondria, it would be important to specifically investigate interactions between them.
Unfortunately, | was unable to explore this in my model due to antibody limitations. Though
improved detection of endogenous a-synuclein by immunofluorescence microscopy would

enable us to establish whether a-synuclein localises to mitochondrial networks under
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physiological conditions, alternative methods such as protein-protein interaction assays may
provide more detailed insight. Though many of these assays require exogenous application of a
bait protein or artificial overexpression of a protein of interest, a recently developed system
called Endobind circumvents these issues by using CRISPR knockin to tag endogenously
expressed proteins (Bill et al., 2021; Rao et al., 2014). Accordingly, a system such as this would
aid in characterising the relationship between a-synuclein and mitochondria in a physiological

context.

Though the disease relevance of pathological a-synuclein has meant that it is better
characterised than physiological a-synuclein, how it induces cytotoxicity and neuronal death is
still poorly understood. Associations between aggregated a-synuclein and mitochondrial
membranes have been shown to cause mitochondrial dysfunction and are suggested to be a
potential driver of PD pathology (M. L. Choi et al., 2022; Hegde et al., 2024; Ludtmann et al.,
2016; K. Nakamura et al., 2008; X. Wang et al., 2019). Recent work has even demonstrated that
mitochondria represent a site of pathological structural conversion for a-synuclein, with
formation of toxic oligomeric species at mitochondria shown to act as a seed for further
aggregation (M. L. Choi et al., 2022). My study investigated this in the context of mito-QC,
providing novel insight into how pathological a-synuclein impacts responses to mitochondrial
damage. | found that overexpression of either GFP-a-syn-WT or GFP-a-syn-A53T did not impact
mitochondrial function or whole mitochondrial clearance. This is in contrast to previous data
showing that a-synuclein impacts both ATP production and mitophagy. However, there is no
general consensus on the directionality of the relationship between a-synuclein and mitophagy.
Several studies report that pathological a-synuclein causes a delay in mitophagy (Hsieh et al.,
2016; Kinnart et al., 2024; Shaltouki et al., 2018; Wilkaniec et al., 2019), while others describe an
increase in mitophagy (Chinta et al., 2010; Hui et al., 2024; Krzystek et al., 2021; Lurette et al.,
2023).

In my study, the comparative lack of a-synuclein-induced changes compared to those
reported in the literature led me to consider that a-synuclein’s capacity to impact mitochondrial
health may be conformation- and aggregation-dependent. Using super-resolution microscopy,
it has been estimated that a-synuclein forms stable fibrils at a size of approximately 70
monomers (Sanchez et al., 2021). In SH-SY5Y cells overexpressing a-synuclein, the doubling
time of a-synuclein has been calculated as 5 hours, meaning it would take approximately 32
hours for a single monomer to reach this stable fibrillar state (Sanchez et al., 2021; J. C. Sang et
al., 2021). However, this was calculated upon triggering of aggregation by an external factor: the
addition of exogenous a-synuclein species. The schema of a-synuclein misfolding in the
absence of such a trigger has not been described in SH-SY5Y cells, suggesting that

overexpression alone of a-synuclein does not induce detectable aggregates within an
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experimental time window of 24-72 hours. This is supported by the fact that studies which do
use an external trigger of aggregation often use overexpression of a-synuclein alone as a non-
aggregatory control (Hasegawa et al., 2004; Lurette et al., 2023; Vasquez et al., 2018). Though |
visualised potential aggregates in my models by immunofluorescence, | was unable to confirm
their size or compostion and thus cannot be sure of their structural nature or how much of the
total a-synuclein pool they represented. As such, my model cannot be said to be aggregatory.
Several studies that have described direct interactions between a-synuclein and mitochondria
have confirmed measurable a-synuclein aggregation, leading me to suggest that alterations in
mitophagy and energy production may only occur in response to aggregated a-synuclein
species (M. L. Choi et al., 2022; Ludtmann et al., 2018). Further work is needed to establish the
specific conditions under which pathological a-synuclein localises to mitochondria. Elucidating
whether this association is dependent specific structural characteristics of a-synuclein would
be important to better define this. One method that could help clarify this is the use of inducible
aggregation models; an optogenetic system where a-synuclein is overexpressed and can be
artificially triggered to aggregate (Lurette et al., 2023; Vasquez et al., 2018). This would enable
discrimination between mitochondrial phenotypes caused by excess a-synuclein regardless of

aggregation, and phenotypes that occur as a direct result of aggregated species.

Interestingly, | did observe pathological impacts of a-synuclein on the mitochondrial
network. Since a-synuclein overexpression was shown to induce mitochondrial fragmentation
and increase the number of OMM-derived MDVs at steady state, | propose that pathological a-
synuclein does have an impact on mitochondrial health. Specifically, | suggest that a-synuclein
overexpression alters baseline mito-QC rather than responses to accumulated mitochondrial
damage. Since a-synuclein loss-of-function did not impact organisation of the mitochondrial
network or OMM-derived MDVs in my study, | confirm that these effects are due to a gain-of-
function effect due to a-synuclein overexpression. A range of studies have shown that
pathological a-synuclein can influence mitochondrial dynamics, with some suggesting this
occurs through direct binding between a-synuclein and the mitochondrial membrane (Kamp et
al., 2010; K. Nakamura et al., 2011). Alternatively, several papers have described interactions
between pathological a-synuclein and key molecular players involved in co-ordinating
fission/fusion activity, such as Drp1 and Miro (Gui et al., 2012; Hsieh et al., 2016; Krzystek et al.,
2021). However, since | only see an impact of pathological a-synuclein on steady state mito-QC,
| suggest that a-synuclein may act in a more indirect way. Previous research has shown that a-
synuclein overexpression augments oxidative stress in human neuroblastoma cells, measured
by greater levels of ROS (Parihar et al., 2009). | consider that increased ROS induced by a-
synuclein may explain the increase in mitochondrial fragmentation and OMM-derived MDV

generation in my model as mitochondria attempt to respond to this increase in oxidative stress.
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This could be confirmed using one of several tools that have been developed to enable
visualisation of ROS in real-time using live imaging, such as CellROX™ for cellular oxidative
stress and MitoSOX™ for mitochondrial superoxide species (Habibalahi et al., 2020; Kauffman et
al., 2016). In addition to these impacts at steady state, | also see that overexpression of a-
synuclein prevents upregulation of IMM-derived MDVs in response to short exposure to
mitochondrial damage inducers. Since no impact on MDVs was observed in my loss-of-function
model, | again suggest that this is due to pathological a-synuclein gain-of-function. As a recently
described phenomenon, the mechanisms of MDV biogenesis and trafficking are not well
understood (Soubannier et al., 2012a; Sugiura et al., 2014). For example, though MDVs were
originally described to be completely independent of Drp1, this has recently been reevaluated
and they are now thought to be Drp1-dependent (Konig et al., 2021; Sugiura et al., 2014). Further
characterisation of this pathway and the molecular players that facilitate it will aid

understanding of how a-synuclein may interfere with damage-induced IMM-derived MDVs.

Interestingly, both a-synuclein loss-of-function and a-synuclein overexpression resulted
in changes in autophagosome number. Lack of a-synuclein resulted in an early increase in
autophagic flux, which suggested that a-synuclein may have a physiological role in regulating
this. However, overexpression of GFP-a-syn-A53T caused a reduction in autophagosomes in
response to accumulated damage. Since this phenotype was opposite to the one induced by
loss-of-function, | suggest that this reduction in autophagosomes was due to a-synuclein gain-
of-function. Since whole mitochondrial clearance was unaffected in both loss-of-function and
a-synuclein overexpression models, the relationship between a-synuclein and autophagy does
not appear to be intrinsically linked to the mitochondrial damage response. To test this, it would
be useful to expose cells to cellular stressors that do not specifically target mitochondria and

assess how a-synuclein impacts autophagic mechanisms.

The next step in investigating the relationship between a-synuclein and mito-QC would be
to extend the work from this study into a neuronal model, since this would better recapitulate
the dopaminergic neurons that are degenerated in PD (Bolam & Pissadaki, 2012). In this study, |
set up a suitable neuronal model through differentiating SH-SY5Y cells which could be used in
future studies. However, | faced significant challenges in assessing mitochondrial phenotypes
in differentiated cells as discussed in Chapter 5 (5.3). In future, use of advanced imaging
techniques such as stochastic optical reconstruction microscopy (STORM), a form of super-
resolution microscopy that achieves a spatial resolution of 20-30nm may alleviate these issues.
This would enable visualisation of individual mitochondrial fragments to be considerably
improved, permitting analysis of mitochondrial network organisation and identification of MDVs.
Since the neurons targeted in PD have been shown to be more vulnerable to mitochondrial

dysfunction and oxidative stress than other cells, it would be interesting to also assess ROS in
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these cells both to see how this differs from undifferentiated cells and to see how oxidative
stress is impacted by changes in a-synuclein. Though using alternative imaging methods would
help overcome challenges in resolving mitochondrial features in neuronal-like cells, problems
with functional assays would remain due to technical issues in maintaining neuronal
morphology to enable analysis. As such, | consider that alternative neuronal models may aid
investigations into mito-QC, such as primary neurons or iPSCs. Primary neurons already have a
directed cell fate and so do not require the same complex steps to promote neurite outgrowth,
making them more suitable for metabolic assays (Clerc & Polster, 2012). Neurons grown from
iPSCs have also been shown to be suitable for functional assays, so could be an alternative to
differentiated SH-SY5Y cells (Roy-Choudhury & Daadi, 2019). Alternatively, methods have been
developed to functionally analyse isolated mitochondria from animal brain, which could provide
better insight into neuronal respiration while circumventing the requirement for plating and

maintaining individual neurons (Sperling et al., 2019).

Development of this neuronal model enabled me to assess how neuronal differentiation
was impacted by genetic manipulation of a-synuclein expression, providing important initial
characterisation prior to further use in investigating mitochondrial function and mito-QC
pathways. Interestingly, | suggest that though physiological a-synuclein plays a limited role in
mito-QC, it does influence the differentiation of SH-SY5Y cells. | observe that cells lacking a-
synuclein have a reduction in differentiation capacity but increased TH expression,
demonstrating that physiological a-synuclein has arole in influencing neuronal and
dopaminergic phenotypes. Though the association of a-synuclein with neuronal development
has been suggested due to its expression in early human developmental stages, its function has
not been well defined (Alejandra Morato Torres et al., 2020; Raghavan et al., 2004). However, a-
synucleins activity as a molecular chaperone with structural and functional homology to 14-3-3
proteins may explain its physiological role in immature neurons (Ostrerova et al., 1999). Recent
work has described the importance of 14-3-3 proteins in development of the nervous system,
including control of the cell cycle, transcription and differentiation (Berg et al., 2003; Cornell &
Toyo-oka, 2017). This includes the synthesis of catecholamines such as dopamine through
binding and activating TH (Halskau et al., 2009). Interestingly, it is a-synuclein’s similarity to 14-
3-3 proteins which may also explain the increase in autophagic flux and lysosome number
observed in undifferentiated SNCA KO cells. Thus, | suggest that further investigation into a-
synuclein’s potential function as a molecular chaperone may help to define its potential

physiological functions in both mito-QC and neuronal differentiation.

Limited research has focused on the pathological impact of a-synuclein in neuronal
development, likely since PD pathology does not emerge until later life. However, previous

research has shown that a-synuclein can reduce differentiated phenotypes in PD patient-
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derived iPSCs and primary neurons from mouse models of PD (S. S. Kim et al., 2011; Oliveira et
al., 2015). This was suggested to occur through a-synuclein’s ability to induce degradation of B-
catenin which has a key role in the upregulation of neuronal gene expression (S. S. Kim et al.,
2011). My data support the idea that a-synuclein pathology can negatively impact neuronal
differentiation and shows that in SH-SY5Y cells, overexpression of a-synuclein A53T reduced
expression of neuronal and dopaminergic markers alongside causing morphological defects.
This was specific to the A53T mutant form of the protein since cells overexpressing wild-type a-
synuclein had no measurable changes in neuronal differentiation. This is interesting since in
undifferentiated cells there were very limited differences in mitochondrial phenotypes between
cells overexpressing wild-type or A53T a-synuclein. This suggests that though a-synuclein wild-
type and A53T affect mito-QC in a similar way, they seem to function distinctly in differentiated
cells. The main characteristic that differs between these two proteins is that despite being
intrinsically disordered like the wild-type protein, a-synuclein A53T has an increased
aggregation propensity (Kang et al., 2011). As well as exhibiting increased levels of aggregation,
a-synuclein A53T has been shown to aggregate into different structural species to the wild-type
protein (Lashuel et al., 2002). While wild-type a-synuclein has been shown to form annular,
pore-like structures after long incubation periods, a-synuclein A53T also forms tubular
structures (Kayed et al., 2009; Lashuel et al., 2002). Assessment of aggregated protein levels
and structures would be a good starting point in identifying what causes the disparate impacts
of wild-type and A53T a-synuclein on differentiation. Interestingly, differentiated SNCA KO cells
have a similar but less exaggerated phenotype to cells overexpressing GFP-a-syn-A53T. This
suggests the possibility that both cell lines could be behaving similarly in this context due to
loss-of-function or related dominant negative phenotype. This is distinct from impacts on
mitochondrial organisation and mito-QC, which appear to purely be driven by a gain-of-function
effect. | suggest that further research on a-synuclein’s physiological role in neuronal
differentiation would be important to better characterise a-synuclein’s capacity to influence

neuronal biology in PD.
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Appendix A

A.1 Materials & methods

A1.1 Molecular cloning

Nhel site

T3 promoter|
Mi3 rev]
Tac operator|——

lac promoter| -
[CAP binding site| pPLIM1-GFP-a-syn WT
8495 bp

Figure 113: pLIM1-EGFP-a-syn-WT

| BstBT site

Map of the lentiviral plasmid created to enable stable overexpression of GFP-a-syn-WT. The GFP-a-

syn-WT sequence was subcloned from the EGFP-alphasynuclein-WT plasmid into the pLIM1

backbone that had been digested with Nhel and BstBI restriction enzymes (shown in Methods).

320



Appendix

| BstBT site

o\
T3 promoter| - =
[FiTrev) - L/Ea a
lac operator] — = i wi T
fac promoter |~ &' & 2| |
CAP binding site| pLIM1-GFP-a-syn A53T E
8495 bp g | |
. §:|‘| L
."f \'.: = .-.I‘E'_"I
"‘\ \\ I,I'I 7
Y !
) e

Y
—
S
L

MI3fwd)  (T7 promoter
Figure 114: pLIM1-EGFP-a-syn-A53T

Map of the lentiviral plasmid created to enable stable overexpression of GFP-a-syn-A53T. The GFP-a-
syn-WT sequence was subcloned from the EGFP-alphasynuclein-A53T plasmid into the pLUIM1

backbone that had been digested with Nhel and BstBI restriction enzymes (shown in Methods).
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AmpR promoter

|CAP binding site|
lac promoter| |

lentiCRISPR v2
14,873 bp

~~(BsmBl site|

Figure 115: pLentiCRISPRv2

Map of the pLentiCRISPRv2 plasmid used to create CRISPR/Cas9 knockouts. This had been
predigested by Professor Nullin Divecha with BsmBlI, a dual cutter, to leave a site next to the scaffold
for gRNAs. The original plasmid was Addgene #52961, a gift from Feng Zhang
https://www.addgene.org/52961/; RRID: Addgene_52961.
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Figure 116: pLentiCRISPR SNCA KO

Map of the pLentiCRISPR plasmid with a SNCA KO gRNA sequence inserted, used to generate the
SNCA KO cell line.
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Appendix

Table 20: Western blot buffer compositions

Buffer

Composition

RIPA buffer

50mM Tris-HCl pH 7.4, 150mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton-X-100, protein inhibitor cocktail tablet
(Roche, 04693159001)

1X running buffer

10% Laemmli buffer in dH»0

1X transfer buffer

10% 10X transfer buffer, 10% methanol in dH,0

10X Laemmli buffer

5mM Tris-HCL pH 8.3, 192mM glycine, 0.1% SDS

10X transfer buffer

60.4g Tris (Fisher Bioreagents™, BP152-500), 299g glycine (Fisher
Bioreagents™, G/0800/60), dH»0

TBS wash buffer

Tris-HCLlpH 7.4, 0.5M NaClin dH,0

TBS-T wash buffer

TBS + 0.1% Tween®-20 (Sigma Aldrich, P7949)
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Table 21: Western blot reagent compositions

Reagent

Composition

6X loading dye

12% SDS, 47% glycerol, 0.45M DTT, 60mM Tris pH 6.8, 0.0006%

Bromophenol blue (Sigma Aldrich, B8026)

1XPBS

137mM NaCl, 2.7mM KClL, 10mM Na;HPO,4, 2mM K;HPO,

10X PBS (Fisher
BioReagents™, BP399-500)

1.37M NaCl, 27mM KCl, 100mM Na,HPO,, 20mM K,HPO,4

Tris-HClpH 6.8 60.57g Tris, approx. 40ml conc. HCL, dH»0

Tris-HClLpH 7.4 60.57g Tris, approx. 35ml conc. HCL, dH»0

Tris-HCl pH 8.8 60.57g Tris, approx. 7ml conc. HCL, dH»0

5 XTBE 54g Tris, 27.5g boric acid, 20ml 0.5M EDTA (pH 8), dH,0

Table 22: SDS-Page gel compositions

Reagents 15% Resolving gel Stacking gel
Acrylamide (Severn Biotech, |3.8ml 834ul
20-2100-05)

1M Tris-HCl 1.875ul (pH 8.8) 625ul (pH 6.8)
dH,0 1.81ml 3.52ml

SDS 38ul 25ul

10% APS (Acros Organics, 50ul 50pul
327081000)

TEMED (Sigma Aldrich, 8ul 5ul

T22500)
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A.1.3 ATP assay

Glucose Galactose
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Figure 117: ATP assay rationale

In the ATP assay, manipulating glucose availability in growth media pushes cells to produce ATP

through specific pathways which can be measured by luminescence:

1) Glucose: cells can produce ATP by glycolysis because of glucose in the media and by oxidative
phosphorylation because the ETC is fully functioning

2) Glucose + oligomycin: cells can produce ATP by glycolysis because of glucose in the media, but
not by oxidative phosphorylation because the ETC is inhibited by oligomycin

3) Galactose: cells cannot produce ATP by glycolysis because glucose is not present in the media,
but can by oxidative phosphorylation because the ETC is fully functioning

4) Galactose + oligomycin: cells cannot produce ATP by glycolysis because glucose is not present in
the media, and also cannot by oxidative phosphorylation because the ETC is inhibited by

oligomycin
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A.1.4 Seahorse mito-stress test

Mitochondrial
matrix

s P proe @l g
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Electron transport chain

Figure 118: Inhibitors used in the Seahorse mito stress test and their targets in the ETC

In the Seahorse mito stress test, inhibitors are employed to selectively impact specific parts of the
ETC. Oligomycin inhibits ATP synthase, FCCP disrupts the proton gradient across the IMM, rotenone

inhibits complex | and antimycin A inhibits complex IIl.
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Figure 119: Example graph generated from the mito stress test showing respiratory parameters
The mito stress test measures oxygen consumption rate (OCR) in live cells over 120 minutes.
Different mitochondrial inhibitors are injected at specific times to allow measurements of specific
respiratory parameters. After basal readings (blue) oligomycin is injected to inhibit mitochondrial
ATP synthase. As such, the difference between the OCR at baseline and with oligomycin is considered
to be ATP-linked respiration (purple). Below this is considered proton leak as the result of uncoupled
respiration (yellow). FCCP is injected to collapse the proton gradient, uninhibiting the ETC and driving
maximal respiration (pink). Finally, rotenone and antimycin A are injected together to completely
shut down mitochondrial respiration. Any oxygen consumption remaining after this is considered to
be non-mitochondrial (orange), and thus is subtracted from all other measures of mitochondrial OCR.

This graph and these measurements are automatically calculated by Agilent Wave Pro software.
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Figure 120: Normalisation of Seahorse mito stress test traces

The Seahorse mito stress test generates a trace corresponding to oxygen consumption rate (%) over
time. Cell lines have different baseline OCR, but differences between groups are not measured by
the raw OCR, but rather the differences between particular parts of the trace, as described in Figure
119. Differences in baseline can make comparisons between cell lines difficult to visualise, so |
normalised traces to the first baseline reading. This reading is placed at 100%, and all other data
points are shown relative to this. This enables differences between parts of the trace to be better
visualised. As such, normalised traces are presented in the results chapters and traces showing the

means of the raw values from all 3 repeats are shown here (n=3).
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A.1.5 Live imaging AWm with TMRM

Pre-CCCP Post-CCCP

Figure 121: TMRM fluorescence intensity decreases upon depolarisation of the mitochondrial
membrane with 10uM CCCP

Wild-type SH-SY5Y cells were incubated with TMRM at 37°C for 30 minutes and imaged. 10uM CCCP
was added and cells were imaged over a further 10 minutes. Images show the same field of cells
prior to the addition of CCCP and 10 minutes after CCCP was added. Live cell fluorescence

microscopy was used to observed cells with a 63X objective and image Z-stacks. Scale = 20um.
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Figure 122: Quantitation confirms that fluorescence intensity of TMRM decreases upon
depolarisation of the mitochondrial membrane with 10uM CCCP

Wild-type SH-SY5Y cells were incubated with TMRM at 37°C for 30 minutes and imaged. After 30
seconds, 10uM CCCP was added and images were taken once per minute for 10 minutes. 15
individual cells were selected and the fluorescence intensity of their TMRM signal was recorded at
each time point. Individual data points are shown by dots, with the average of these 15 cells shown

by a square. SEM is shown shown by vertical black lines. (n=1).
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Appendix

Figure 123: Comparison of mitochondrial morphology measurements in images taken at 40X

and 100X magnification

Graphs show morphological measurements of mitochondria from untreated EV and SNCA KO cells
imaged at both 40X (pale grey background) and 100X (medium grey background). This was to
assess whether images of better resolution may be better suited to this analysis in future.
Parameters measured were a) number of mitochondria per cell; b) average area of mitochondrial
fragments per cell; c) average perimeter of mitochondrial fragments per cell; d) average aspect
ratio of mitochondrial fragments per cell and e) average circularity of mitochondrial fragments
per cell. Statistical analysis was carried out on the 100X data by a paired t-test. As with the

analysis carried out at 40X, no significant differences were found between the cell lines. (n=3).
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Figure 124: Comparison of mitochondrial connectivity measurements in images taken at 40X and
100X maghnification

Graphs show connectivity measurements of mitochondria from untreated EV and SNCA KO cells
imaged at both 40X (pale grey background) and 100X (medium grey background). This was to assess
whether images of better resolution may be better suited to this analysis in future. Parameters
measured were a) average number of branches per mitochondrial fragment per cell; b) average
number of junctions per mitochondrial fragment per cell; c) average length of mitochondrial branch
per cell and d) maximum length of mitochondrial branch per cell. Statistical analysis was carried out
on the 100X data by a paired t-test. As with the analysis carried out at 40X, no significant differences

were found between the cell lines. (n=3).
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B.2 Datachapter 2: Investigating the impact of pathological a-

synuclein overexpression on mitochondrial health and mito-QC
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Figure 125: GFP-a-syn-WT and GFP-a-syn-A53T expressing cells have more individual clearly
identifiable GFP-positive puncta than GFP only cells

GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were fixed and permeabilised with saponin to
clear out the cytoplasm. The number of bright GFP-positive puncta clearly distinguishable from
background GFP was counted in 16 cells per cell line, per biological repeat. Individual data points are
shown by circles, with the mean of each repeat shown by a square, the mean of all 3 repeats shown
by a black bar and the SEM shown by vertical black lines. Statistical analysis was performed by a
repeated measures one-way ANOVA with Tukey’s multiple comparisons test. GFP-a-syn-WT cells had

a significantly higher number of individual GFP puncta than GFP only cells (p=0.0182, *). (n=3).
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Figure 126: GFP-a-syn-WT expressing cells have a higher fold-change in pS129 a-synuclein
expression from untreated to 24-hour A/O treated cells

For each of the GFP only, GFP-a-syn-WT and GFP-a-syn-A53T expressing cell lines, the fold change in
relative phospho-5129 a-synuclein expression (shown in Chapter X, fig X) from untreated cells to 24-
hour A/O treated cells was calculated. Relative phospho-5S129 a-synuclein expression was normalised
to the expression when cells were untreated for each cell line. Biological replicates are colour coded,
with circles representing the fold change in each repeat, bars representing the mean of 3 repeats
and black lines showing the SEM. GFP only cells are shown in dark grey, GFP a-syn-WT cells are

shown in medium grey and GFP-a-syn-A53T cells are shown in pale grey. (n=3).
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Figure 127: Confirmation of GFP expression in cells used for MDV analysis
GFP only, GFP-a-syn-WT and GFP-a-syn-A53T cells were left untreated (-) or treated for 2 hours with
A/O to induce mitochondrial damage. GFP was imaged to allow selection of only GFP-positive cells

for subsequent analysis. Confirmation of GFP expression is shown here.
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B.3 Data chapter 3: Investigating the impact of alterations in a-

synuclein on neuronal differentiation of SH-SY5Y cells

Unprocessed Processed

Undifferentiated

Differentiated

Figure 128: Mitochondrial network analysis cannot resolve mitochondrial morphology and
connectivity in differentiated SH-SY5Y cells

Mitochondrial network analysis was carried out on undifferentiated and differentiated cells using the
Imagel® analysis workflow developed for SH-SY5Y cells. Thresholding was carried out to capture
shape and structure of the mitochondrial network prior to measurement of mitochondrial

morphology and connectivity.
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