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Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder that affects millions
of individuals globally. The condition arises through the loss of dopaminergic
neurons caused by various cellular stresses. In the surviving neurons of
patients diagnosed with PD, there are presence of Lewy bodies comprised of
aggregated proteins particularly a-synuclein. It is believed that the aggregated
forms of a-synuclein induces cellular stress causing progressive cell death.
However, it is not completely understood what stress pathways are activated
by a-synuclein aggregates that results in PD-associated cellular death. This
study aims to link a-synuclein oligomers and preformed fibrils (PFFs) to the
integrated stress response (ISR) pathway. The ISR is involved in the
reprogramming of cellular translation to determine the cell’s engagement in
homeostatic or apoptotic downstream processes during various stress
conditions including but not limited to oxidative and endoplasmic reticulum
stress. We show that SH-SY5Y neuroblastoma cells will express ISR markers
in response to toxic compounds such as sodium arsenite, thapsigargin and
MPP+ iodide. Further, it was also demonstrated that oligomers and PFFs will
activate the ISR which coincides with intracellular a-synuclein aggregation and
oxidative stress. Additionally, this research aims to explore the manner in
which small extracellular vesicles (sEVs) mediate pathological cell-to-cell
transmission linked to PD. The data presented shows that upon cellular
exposure to oligomers and PFFs, sEVs derived from these cells are positive
for a-synuclein and various stress-associated proteins. Overall, the results
show that a-synuclein aggregate-induced stress activates the ISR pathway

and alters the proteome of sEVs.
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1 Chapter One: General Introduction

1.1 Clinical overview of Parkinson’s disease

In 2020, 9 million individuals worldwide were reported to be diagnosed with
Parkinson’s disease (PD) (Pauwels and Boer, 2023). PD is the second most
common neurodegenerative disorder behind Alzheimer’s disease (AD) (Tolosa
et al, 2021). PD arises due to the degeneration of dopaminergic neurons in
the substantia nigra pars compacta (SNpc) (Sveinbjorndottir, 2016). However,
cholinergic (Pasquini et al, 2021), GABAergic, glutamatergic, noradrenergic,
adrenergic (Sveinbjorndottir, 2016; Braak and Braak, 2000) and serotonergic
systems (Politis and Niccolini, 2015) have also been implicated. Symptoms
associated with PD are often categorised into motor and non-motor symptoms.
Motor symptoms often involve aberrant gait, issues with speech production,
bradykinesia, akinesia, rigidity and tremor (Moustafa et al, 2016). There are
also frequent reports of cases where patients will experience non-motor
symptoms of a neuropsychiatric nature such as depression, anxiety,
hallucinations, dementia, and attention deficits. Non-motor symptoms may
also involve sleep disorders, gastrointestinal and autonomic dysfunction
(Chaudhuri et al, 2006).

Currently, there is no cure for PD, but the reported main and most beneficial
pharmacological treatment is carbidopa-levodopa (Armstrong and Okun,
2020). This combinational intervention consists of levodopa which allows for
the production of dopamine, whereas carbidopa blocks L-dopa decarboxylase
activity (Zhu et al, 2017). This serves to prevent conversion of levodopa to
dopamine outside of the central nervous system (CNS) reducing the
presentation of adverse effects (Zhu et al, 2017). Despite the benefits of this
treatment, there are numerous complications such as dyskinesia and
psychiatric issues (Salat and Tolosa, 2013). Altogether indicating a need for
alternative treatments for PD with less debilitating side effects and further

understanding of the condition itself.



1.2 Monomeric a-synuclein

a-Synuclein has been implicated in PD-associated neurodegeneration
(Calabresi et al, 2023). The a-synuclein protein is comprised of 140 amino
acids and encoded by the gene SNCA. There are three distinct regions of this
protein consisting of the N-terminal, non-amyloid component (NAC) and C-
terminal domains (Siddiqui et al, 2016). Protein residues 1-60 account for the
N-terminal domain (Doherty et al, 2020), which interacts with lipidic
membranes and is important for vesicle exocytosis (McGlinchey et al, 2021).
Residues 61-95 represents the NAC region (Doherty et al, 2020) and amino
acids 71-82 has been associated with a-synuclein axonal entry and transport
(Anderson et al, 2020). Lastly, the C-terminal region consists of amino acids
96-140 which has both acidic and flexible characteristics (Doherty et al, 2020)
(Figure 1.1). Physiological and pathophysiological information pertaining to a-
synuclein is discussed in Table 1.1. Monomeric a-synuclein has the propensity
to aggregate into amyloid neurotoxic structures (Figure 1.2). The N-terminal
has been found to be integral to the self-assembly of a-synuclein into amyloid
structures (Srinivasan et al, 2021). Additionally, metals such as copper and
iron ions which bind to the N-terminal have been found to exacerbate
aggregation of a-synuclein into insoluble structures (Srinivasan et al, 2021).
Truncation of the C-terminal region of a-synuclein results in the formation of a
B-sheet rich conformation and subsequent amyloid formation (Farzadfard et
al, 2022, Srinivasan et al, 2021).
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Figure 1.1 The structure of monomeric a-synuclein. (A) a-Synuclein chemical structure.

Adapted from AlphaFold. (B) Schematic breakdown of the three regions of the a-synuclein
monomeric protein. N: N-terminal domain, C: C-terminal domain, NAC: non amyloid

component.



1.3 Genetic risk factors of PD

90% of PD cases are considered to be sporadic whilst 10% are reported to

have a familial/genetic component (Schulze et al, 2018; Sandor et al, 2017)

with the common mutations listed in Table 1.1. Notably the protein a-synuclein

has several point mutations and triplications leading to increased aggregation

of the protein triggering early onset disease, as discussed in Table 1.1.

Table 1.1 Genes that have been reported have mutations implicated in PD.

Gene/Protein

Physiological Role

Association with PD

APOE:
Apolipoprotein
E

APOE is involved in the
maintenance of the blood brain
barrier integrity; cerebral blood flow
(Tai et al, 2016); synaptic plasticity
(Liao et al, 2018); lipid and glucose
metabolism (Huang and Mahley,
2014) and transcriptional regulation
(Liao et al, 2018; Kim et al, 2014).
APOE is considered a cholesterol
carrier/involved in lipid transport as
well as pivotal brain injury repair (Li
et al, 2018).

Mutations may impair its ability
to allow for neuronal repair
contributing to
neurodegeneration. Mutations
are linked to cognitive decline
observed in PD specifically PD
dementia (PDD) (Szwedo et al,
2022).

ATP13A2:
Lysosomal
type 5 P-type
ATPase

ATP13A2 plays roles in the
transportation of heavy metals and
has the highest expression in the
SNpc. It has been determined that
ATP13A2 is a lysosomal polyamine
exporter and protects against
polyamine toxicity. Examples of
polyamines include spermine and
spermidine which are organic
polycations important for cell
function (Veen et al, 2020). Specific
processes that these polyamines
are involved in, includes cell
proliferation and differentiation;

gene transcription and translation

Mutations in ATP13A2 has
been linked to a-synuclein
aggregation. Reduction in

ATP13A2 expression was

linked to intracellular

accumulation of a-synuclein.

Additionally, overexpression of
wild-type (WT) ATP13A2 has
been found to prevent the
aggregation of a-synuclein
induced by oxidative stress (Si
et al, 2021).




(Igarashi and Kashiwagi, 2009).
However, high concentrations of
these polycations are toxic to cells
(Veen et al, 2020).

GAK: Cyclin G | GAK regulates the initiation of Mutations in GAK leads to
associated autophagy in neuronal and glial reduced GAK expression
kinase cells (Zhang et al, 2023). which has been connected to
Autophagy is integral in the an increase in a-synuclein
prevention of protein accumulation | toxicity particularly when a-
(Zhang et al, 2023). GAK acts as a | synuclein was overexpressed
co-chaperone with auxillin for heat (Dumitriu et al, 2011). The
shock proteins as well as playing reduction of GAK is
roles in clathrin-mediated accompanied by an increase in
endocytosis (Baltussen et al, 2018). | a-synuclein levels when a-
synuclein was overexpressed
in cells (Dumitriu et al, 2011).
GBA: GBA is responsible for the cleavage | GBA1 is associated with early
Lysosomal of glycosphingolipids (GSLs), onset motor symptoms as well
hydrolase glucosylceramide (GlcCer) and as impaired cognition and
enzyme glucosylsphingosine (GlcSph) into hallucinations (Brooker and

glucocerebrosi
dase (GCase)

glucose and ceramide (Boer et al,
2020). GCase functions as a
lysosomal hydrolase (Boer et al,
2020). GCase
deficiency/dysfunction results in
lysosomal accumulation as seen in
Gaucher’s disease or a build-up of
cholesterol in lysosomes as
observed Niemann-Pick disease
type C (Boer et al, 2020).

Krainc, 2021; Neumann et al,
2009).

LRRK2:
Leucine rich
repeat kinase 2
(LRRK2)

protein

LRRK2 has reported roles in the
ubiquitin-proteasome system
(UPS); autophagy-lysosomal
system (APS); intracellular
trafficking, and mitochondrial

function (Esteves et al, 2014).

Mutations in LRRK2 has been
linked to both familial and
sporadic PD. Mutated LRRK2
has been linked to the MAPK-
associated signal transduction
pathway which is activated
upon exposure endoplasmic
reticulum (ER) stress (Rui et
al, 2018). LRRK2 has been

found to co-localise with




aggregated a-synuclein and
thought to exacerbate a-
synuclein cytotoxicity (Rui et
al, 2018).

MAPT: MAPT (tau) allows for the assembly | Tau is a component of Lewy
Microtubule- | of tubulin monomers into bodies (LBs) (Chin et al,
associated microtubules, which are necessary | 2020). Tau takes on a form
protein tau. for maintenance of cell shape and described to be both
establishment of axonal transport filamentous, insoluble and
tracks (Buée et al, 2000). Tau also phosphorylated in
helps microtubules stabilise and neurodegenerative
enables microtubules to connect pathological conditions (Brion
with other components of the et al, 2001). Mature fibrillar
cytoskeleton (Guo et al, 2017). tau are called neurdfibrillary
tangles (NFTs) which spreads
in a prion-like manner (Zhang
et al, 2018). NFTs accumulate
in cells and have been
demonstrated to inhibit
nucleocytoplasmic transport
and induce dysfunctional
axonal transport (Pan et al,
2023).
PARK7: The DJ-1 protein has many DJ-1 is a key biomarker in the

Parkinsonism
associated

deglycase (DJ-

functions including apoptosis
regulation; autophagy; chaperone

activity; mitochondrial homeostasis,

familial forms of PD. There are
considerable levels of oxidised

DJ-1 in the medulla oblongata,

1) and anti-oxidative cellular striatum, and substantia nigra

protection/reactive oxygen species | (SN) of the midbrain of

(ROS) regulation (Mencke et al, patients (Saito, 2017).

2021). Furthermore, oxidised DJ-1
has been found to be a
component of LBs (Saito,
2017).

PINK1: PTEN | PINK1 is a mitochondrial- The PINK1 protein has an
induces associated proteins that is believed | integral role in mitochondrial

putative kinase
1

to have connections to fission and

fusion of the mitochondria.

function, it has been found that
mutations in PINK1 leads to
the selective loss of

dopaminergic neurons (Ge et




al, 2020). Its loss has been
demonstrated to result in
increased fission/fragmented
mitochondria (Deas et al,
2009).

PRKN: Parkin | Parkin is a member of the ubiquitin | Parkin is a causative gene in
ligase family which will ubiquitinate | the autosomal recessive form
proteins associated with the of PD (Mizuno et al, 2001). a-
mitochondria and the cytosol Synuclein, specifically the O-
(Seirafi et al, 2015). It functions glycosylated form, has been
specifically as a E3 ligase which is | found to be a substrate of
a contributor to the machinery Parkin (Coelln et al, 2004). WT
responsible for tagging proteins Parkin has been found to
with ubiquitin. This forms the exude protective effects in the
foundation of the UPS which event of proteasome inhibition
regulates protein levels and is preventing a-synuclein related
involved in protein quality-control toxicity (Coelin et al, 2004).
(Coelin et al, 2004).

SNCA: a- Despite a-synuclein’s association Numerous SNCA mutations

Synuclein with PD pathophysiology, it has have been found to affect the

critical roles in normal cellular
function. It is an intrinsically
disordered protein (IDP) which is
soluble and has been demonstrated
to interact with the nucleus, ER,
mitochondria, kinases, and other
proteins (Bernal-Conde et al, 2020).
a-Synuclein is located in the
presynaptic terminals and has been
found to interact and attach to high-
curvature membranes (Sulzer and
Edwards, 2019). It binds to
synaptobrevin-2/VAMP2 of SNARE
complexes which are essential in
neurotransmitter release (Burré et
al, 2010). a-Synuclein has been
reported to have roles in
maintenance of immunological host

defences including the

rate of aggregation. Mutations
A30P, E46K, A53T, G51D have
been associated with early-
onset PD (Flagmeier et al,
2016) and are associated with
an alteration in the rate of
formation and aggregate
conformation (Alam et al,
2019). The A30P mutation has
been shown to induce
increased rates aggregation
when compared to WT a-
synuclein and produce
oligomeric aggregates
(Flagmeier et al, 2016). The
AS53T and E46K brings about
accelerated rates of
aggregation (Ohgita et al,
2022; Flagmeier et al, 2016).

Aggregates of a-synuclein has




inflammatory response (Alam et al,
2022).

been implicated in cell stress

and apoptosis (Du et al, 2020).

UCHL1:
Ubiquitin
carboxyl-

terminal

esterase L1

Found in high levels in neuronal
cells. UCHL1 belongs to a group of
deubiquitinating enzymes called
ubiquitin C-terminal hydrolases
essential in maintaining the balance
of ubiquitination (a process in
tagging proteins for degradation)
and de-ubiquitination (removal
ubiquitin from proteins) (Sharma et
al, 2020).

Evidence demonstrates that in
Drosophila, knock-down (KO)
of UCHL1 enhances
mitophagy which in turn
rescues phenotypes
associated with PD caused by
PINK1 or Parkin mutations
(Ham et al, 2021).




1.4 Environmental risk factors of PD

PD is an age-related neurological disorder. Studies focusing on global trends
in 204 countries and territories show that patients diagnosed with PD tend to
be over 65 years old (Ou et al, 2020). There are reported sex differences with
twice as many males than females being diagnosed. Cases where women
have been diagnosed with PD have yielded observations where progression
is faster and mortality rates are higher (Cerri et al, 2019; Haaxma et al, 2007).
Female patients with PD have been found to experience gastrointestinal
dysfunction, pain and dysphagia (issues with swallowing) plus depressive
symptoms (Cerri et al, 2019; Pavon et al, 2010). Whereas, males are more
likely to experience cognitive impairment, freezing of gait and camptocormia
(bending of the spine) (Cerri et al, 2019). It is reported that these differences
are attributed to variations in genes likely to occur in one sex rather than the
other. For example, mutations in GAPDH have been associated with
mitochondrial damage and autophagy, which are seen more frequently in older
males as opposed to females (Cerri et al, 2019; Ping et al, 2018). Additionally,
the variations in symptoms and risks when comparing male and female
patients were linked to job roles and stress levels (Cerri et al, 2019; Sieurin et
al, 2018). Evidence suggests that elements of the individual’s environment,

noted in Table 1.2, contributes to the onset of sporadic PD cases.



Table 1.2 Environmental risk factors involved in the pathogenesis and prognosis of PD.

Environmental Risk

Pathophysiological Mechanisms

Cigarette Smoking

Individuals who had been reported to smoke had a lower
risk of having PD compared to non-smokers (Mappin-
Kasirer et al, 2020). It has been proposed that cigarettes
act to inhibit monoamine oxidase (MAQ) preventing the
breakdown of dopamine. Further, cigarettes may act as a
stimulant restricting the activity of the dopamine transporter
(DAT) increasing dopamine at the synapse (Wang et al,
2022).

Metals/Heavy Metals

Exposure to metals such as thallium, chromium, mercury,
nickel, and cobalt has been linked to neurotoxicity. Due to
the reduced ability of neuronal cells to regenerate, the
exposure to these metals in the environment or ingestion
has been found to be problematic to health and function of
these cells (Vellingiri et al, 2022).

Cobalt, nickel, and mercury has been associated with
aggregation of a-synuclein as well as disruption to other
cellular mechanisms (Vellingiri et al, 2022). Chromium has
been implicated in raised ROS levels and thallium has been
found to result in the dysfunction of the mitochondria
(Vellingiri et al, 2022).

MPTP/MPP*

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
structurally similar to the herbicide Paraquat, generates the
active metabolite 1-methyl-4-phenylpyridinium (MPP*).
MPP* is taken up by DAT, where it accumulates at the
mitochondria of dopaminergic neurons blocking NADH-
ubiquinone oxidoreductase (complex |) resulting in
reduction in adenosine triphosphate (ATP) and increased
ROS (Risiglione et al, 2020).

Pesticides/Herbicides

As reported in a cohort study of 140,000 participants, those
who have been exposure to pesticides/herbicides before
1982 had a 70% higher incidence of PD 10 to 20 years later

than those who were not exposed (Ascherio et al, 2006).
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1.5 Oligomers

During the process of a-synuclein aggregation, the monomeric protein will
aggregate into an intermediary oligomeric structure made up of approximately
11 monomers (Du et al, 2020). Other studies using baicalein-stabilized
oligomers have recorded measurements up to 22 nm in width using electron
microscopy (EM) imaging (Hong et al, 2008). The oligomeric structure consists
of multiple a-synuclein monomers and are considered to be morphologically
heterogenous plus unstable (Du et al, 2020; Ghosh et al, 2015). Aggregation
into oligomers can be induced by the presence of metal ions, alcohol, lipids
and lipid peroxidation products (Alam et al, 2019). Oligomers have been
implicated as one of the primary toxic species associated with PD resulting in:
impairment of the complex | machinery of the mitochondria; mitochondrial
swelling; lipid peroxidation; ATP synthase oxidation (Du et al, 2020; Ludtmann
et al, 2018); ER stress (Du et al, 2020; Pailusson et al, 2017); disrupted
proteostasis (Du et al, 2020; Wilkaniec et al, 2019); inflammation; synaptic
impairment and cellular apoptosis (Du et al, 2020). The phrase oligomers is
an umbrella term relating to a broad range of self-assembling soluble
complexes; the structure and biological function of which are highly dependent
on the conditions in which assembly takes place. Due to variations in materials
and experimental preparations, there are reports of different oligomers with
differing characteristics which falls into various categories (Table 1.3) (Alam et
al, 2019).
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Table 1.3 Types of a-synuclein oligomeric aggregates reported in literature.

Oligomer Type

Description

Citations

Off-pathway

oligomers

Off-pathway oligomers are reported to be
dead end aggregates that do not form fibrillar
structures and have been found to be
comparatively stable resulting in the fibrils not

forming (see Figure 1.2).

Alam et al (2019)

On-pathway

oligomers

The term “on-pathway” refers to oligomers
that are prerequisite structures formed prior to
fibril formation. With further recruitment of
monomeric a-synuclein they will eventually
stabilise into amyloid fibrils (see Figure 1.2).
These oligomers often have cytotoxic effects

and have been linked with Ca?* influx.

Alam et al (2019)

Type 1

Oligomers

The presence of these forms of oligomers
arises due to the process of monomers
undergoing primary nucleation. They will exist
in equilibrium with monomers and form fibrils
with a long and straight structure which relies

on prolonged incubation.

Alam et al (2019)
Ashe (2019)

Type 2
Oligomers

Type 2 oligomers are formed in a secondary
nucleation process where fibrils are added to
monomers increasing the propensity for
oligomers to form through templated
aggregation. This process is considered to be
a more favourable reaction. These oligomers
will also form worm-like fibrils. A process

which also requires incubation.

Alam et al (2019)
Ashe (2020)

Type A

oligomers

Heterogenous small (40 — 45 nm in diameter),
globular and protofibrillar structures with
observed spherical or annular (ring-shaped)
structures. There are variations in structure

depending on preparation.

Danzer et al
(2007)

Type B

oligomers

Heterogenous population, with a large
monomer to oligomer conversation rate than
type A. Depending on lab preparations,
oligomeric morphology takes on a compact

spherical shape or amorphous (no definitive

Danzer et al
(2007)
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shape) structure. There are variations in

structure depending on preparation.

Type C

oligomers the oligomer particles were larger in size, (2007)

When compared to type A and B oligomers, Danzer et al

observed to be primarily spherical in shape.
These oligomers have the ability to induce

intracellular aggregation, and oxidative stress.

&R

Off-Pathway

% i

3 P

Monomer \.
—

On-Pathway
Oligomers Fibril

Figure 1.2 The aggregation pathway of a-synuclein. A summary of the aggregation

pathway from monomeric a-synuclein oligomers (referred to as on-pathway oligomers, Table

1.3). These oligomers will then stabilise and further aggregate into higher-order structures

such as full-length fibrils which are integral parts of LBs.
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1.6 Fibrils and preformed fibrils (PFFs)

Some oligomers will aggregate further into fibrils (Table 1.3, Figure 1.2), which
coincides with a conformational change from an a-helical to a B-sheet rich
structure (Du et al, 2020; Ghosh et al, 2015). B-pleated sheets stack
perpendicular to the fibril axis (Greenwald and Riek, 2010). They are able to
undergo elongation through recruitment of monomers as well as fragmentation
which allows for its successful replication (Sanchez et al, 2021). Fibrillar a-
synuclein is evidenced by cryo-EM to have a diameter of 5 -10 nm (Guerrero-
Ferreira et al, 2018). Fibrils can comprise of over 70 monomers (Sanchez et
al, 2021). These aggregates can consist of a-synuclein that has been
phosphorylated at serine-129, acetylated N-terminal or truncation of the C-
terminal (Guerrero-Ferreira et al, 2018). a-Synuclein fibrils form a major
component of highly organised cytoplasmic filamentous inclusions called Lewy
bodies (LB) (Lashuel, 2020) (Figure 1.2) which are found in surviving
dopaminergic neurons of the brains of patients diagnosed with PD (Parkkinen
et al, 2011). LBs are features of numerous diseases such as PD, Parkinson’s
disease dementia (PDD), dementia with Lewy bodies, multiple system atrophy
(MSA), frontotemporal Ilobar degeneration (FTLD) and corticobasal
degeneration (MenSikova et al, 2022). There are a range of proteins additional
to a-synuclein found to be enriched within LBs including but not limited to
chaperones (e.g. heat shock proteins), oxidative stress related proteins (e.g.
carbonyl reductase 1), kinases (e.g. protein kinase c, beta 1) and proteins
associated with ubiquitination (Xia et al, 2008). Moreover, there is conflicting
evidence regarding LBs themselves being primary contributors to
neurodegeneration (Parkkinen et al, 2011). Instead, aggregates of a-synuclein
have been linked to decreased cellular function, neuronal death and PD
pathology (Cascella et al, 2021). Fibrils have been found to be both structurally
long (mature) and short, with shorter forms being comparatively more toxic
due to the presence of more fibrillar ends resulting in the release of oligomeric
species (Cascella et al, 2021). Experimental findings show that longer fibrillar
structures rescue oligomer-associated toxicity (Lam et al, 2016). Numerous
studies that aim to model PD have reported the use of preformed fibrils (PFFs)

which are full-length fibrils that have been subjected to sonication (Chmielrez
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and Domanskyi, 2021; Patterson et al, 2019; Volpicelli-Daley, 2014; Wu et al,
2019). These PFFs model the mechanism in which long fibrils fragment due
to a variety of reasons such as catalysis by chaperones forming shorter
structures (Xue et al, 2009) also known as “seeds” (Wu et al, 2019). These
seeds have a higher capability of inducing cytotoxicity when compared to other
a-synuclein conformations (Xue et al, 2009). Treatment with PFFs have been
shown to reduce the activity of neuronal synapses; inhibit synaptic formation
(Wu et al, 2019); impair axonal transport; induce mitochondrial dysfunction;
trigger inflammatory responses (Tapias et al, 2017) and upregulate the

expression of senescence markers (Verma et al, 2022).
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1.7 Prion-like activities of a-synuclein

Prion is a shortened term for proteinaceous infectious particles which
encompasses a collection of neurodegenerative diseases found to be both
fatal and transmissible (Zhu and Aguzzi, 2021). Well known examples include
Creutzfeldt-dakob disease, Gerstmann-Straussler — Scheinker disease, fatal
familial insomnia and bovine spongiform encephalopathy (Baiardi et al, 2023).
These disorders particularly Creutzfeldt-Jakob disease and fatal familial
insomnia consist of spongiform changes to multiple brain regions, where these
spongiform changes are characterised by small round empty spaces (Baiardi
et al, 2023; Liberski, 2004). Alternatively, there is a second class of prion
disorders including that of Gerstmann-Straussler — Scheinker disease known
as prion protein (PrP) amyloidoses (Baiardi et al, 2023). The foundational
occurrence of these amyloid prion conditions is the conversion of cellular prion
protein (PrP°) to abnormal PrP (PrPS°¢) (Baiardi et al, 2023). It is not well
understood why PrPs¢ is formed but mutations in the PRNP gene, age,
inflammation, oxidative stress and the failure of the ubiquitin-proteasomal
system (UPS) can all influence this conversion (Baiardi et al, 2023). The failure
of the UPS allows PrPS¢to aggregate and stabilise into oligomers increasing
the propensity to form amyloid fibrils (Baiardi et al, 2023). An intrinsic element
of prion diseases is aggregates of PrPS¢ propagating and spreading from cell
to cell (Baiardi et al, 2023). These abnormal prions can activate cellular stress
responses such as the unfolded protein response (UPR) associated with ER
stress (Baiardi et al, 2023).

There have been discussions surrounding a-synuclein being either a prion or
prion-like protein (Leak et al, 2019). There is evidence in PD and MSA that a-
synuclein has the ability to form aggregated and phosphorylated deposits in
various regions of the mice CNS (Prusiner et al, 2015). Further, a-synuclein
was also shown to be transmissible in cultured HEK cells (Prusiner et al,
2015). Additionally, when a-synuclein fibrils were taken from brains of MSA
patients and added to SH-SY5Y cells, there were observations of an increase
in phosphorylated insoluble a-synuclein aggregates (Tarutani et al, 2018). This
provides some explanation for why PD has been characterised as a

proteinopathy, a specific category of neurodegenerative disorders where there
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are observed accumulation of specific proteins in neuronal cells causing cell
death (Bayer et al, 2015).
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1.8 Molecular events implicated in PD

The loss of dopaminergic neurons in the SNpc not only has underlying
environmental and genetic causes but this cellular loss is associated with the
dysfunction/failure of cellular systems and pathways. The signalling from the
gut microbiota to the CNS has been linked to several neurodegenerative
conditions including PD (Dong-Chen et al, 2023). It is believed that part of the
importance of the gut-brain axis revolves around altered immune and
endocrinologic activity in response to dysbiosis of the gut microbiota (Gallop
et al, 2021). The bacterial endotoxin, lipopolysaccharide (LPS) is known to

activate glial cells and result in elevated ROS levels in PD (Gallop et al, 2021).

Additionally, role of oxidative stress in PD has been highlighted in various
studies (Dong-Chen et al, 2023; Dorszewska et al, 2021; Fujita et al, 2014;
Gallop et al, 2021). Oxidative stress has been implicated in the misfolding of
proteins which forms the foundation for pathological aggregation to occur
(Chen et al, 2012). ROS is produced through various cellular processes
including the metabolism of dopamine (DA) and the mitochondrial electron
transport chain (Dorszewska et al, 2021). Dopaminergic neurons typically
contain high levels of DA, therefore due to the constant metabolism of DA there
are constantly high levels of ROS in these neurons causing these cells to be
vulnerable (Dorszewska et al, 2021). Although ROS are physiologically
necessary for processes such as supporting cell proliferation and host immune
system defence (as phagocytes release ROS to kill pathogens) (Chen et al,
2012), there are consequences of elevated cellular ROS levels. ROS have
been linked to impaired proteasomal function - normally required for the
degradation of ubiquitinated proteins (Dorszewska et al, 2021) as well as lipid,
protein and DNA oxidation (Chen et al, 2012). Altogether, literature points to

oxidative stress as a key hallmark of PD pathophysiology.
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1.9 Stress responsive pathways and the impact protein
synthesis

1.9.1 The molecular pathway of the integrated stress response,
ISR

It is well documented that a-synuclein aggregates results in cellular stresses
such as ER stress and production of superoxides (Du et al, 2020; Pailusson
etal, 2017). Further, oxidative stress has also been demonstrated to contribute

to the aggregation of a-synuclein in rodent models (Scudamore et al, 2018).

The integrated stress response (ISR) (Figure 1.3) is an intrinsic mechanism
within the cell’s arsenal to respond to imposing stresses efficiently and
appropriately for the purpose of promoting cell survival. The ISR modulates
protein synthesis in a manner which allows attenuation of global translation
and upregulation of specific messenger RNAs (mMRNAs) (Costa-Mattioli and
Walter, 2020). The initiation of such a molecular pathway can begin with stress
events such as oxidative stress which is sensed by the eukaryotic initiation
factor (elF2) kinase stress sensor, heme-regulated inhibitor (HRI) (Suragani et
al, 2012). Alternatively, viral infection activates protein kinase R (PKR)
(Derisbourg et al, 2021). Accumulated misfolded proteins in the ER triggers
protein kinase R-like endoplasmic reticulum kinase (PERK) and finally
deprivation of amino acids induces general control nonderepressible 2 (GCN2)
expression (Derisbourg et al, 2021). The activation of these kinases results in
the subsequent phosphorylation of the a-subunit of elF2 (Donnelly et al, 2013),
at serine-51 (Humeau et al, 2020). This results in the inhibition of cap-
dependent translation (Humeau et al, 2020) due to impeding the formation of
the ternary complex, tRNAMe.GTP-elF2 (Liu et al, 2020). This process is
contingent on the activity of EIF2B. EIF2B has five subunits — a, B, y, ® and ¢,
which exists in various complexes, with each subunit having demonstrated or
assumed specialised roles (Bogorad et al, 2018). The elF2B complex is the
guanine nucleotide exchange factor of the GTPase elF2. EIF2B acts to
destabilise the GDP-elF2 structure allowing GTP to bind to elF2 (Bogorad et
al, 2018). Therefore, under normal conditions, the ternary complex allows the
delivery of the initiating methionyl tRNA (tRNAMet) to the 40S ribosome

(Girardin et al, 2021). As a consequence of stress, the phosphorylation of
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elF2a alters elF2B binding to elF2, causing negative regulation of cap-
dependent translation (Ito et al, 2023; Licari et al, 2021). This is physiologically
beneficial because the ISR reprogrammes and rewires translation for the
purpose of resolving imposing stresses (Zhang et al, 2021). Downstream of
elF2a phosphorylation, is the selective translation of mRNAs with short
upstream open reading frames (UORFs) such as activating transcription factor
4 (ATF4), C/EBP homologous protein (CHOP) plus protein phosphatase 1
regulatory subunit 15A (PPP1R15A)/growth arrest and DNA damage-inducible
protein (GADD34) (Derisbourg et al, 2021). GADD34 acts as a ISR antagonist
through promotion of dephosphorylation of phosphorylated elF2a (Derisbourg
et al, 2021). ATF4 is a member of the ATF subfamily — a member of the basic
leucine zipper (bZIP) transcription factor superfamily. It is integral to the
regulation of transcription of various genes (B’chir et al, 2013). It can execute
its role through binding to the C/EBP-ATF response element (CARE)
sequences present on specific targeted genes (B’chir et al, 2013). There are
approximately 234 known ATF4 target genes (Neill et al, 2023). Some of these
genes that interact with the ATF4 protein include but are not limited to: CHOP,
activating transcription factor 3 (ATF3) and Tribbles Homolog 3 (TRIB3) (Neill
et al, 2023). DDIT3 known as the DNA damage-inducible transcript 3 also
known as CHOP/GADD153 is expressed as a result of ER stress, DNA
damage and starvation. This results in cell cycle arrest, apoptosis or
differentiation depending on the cell type (Jauhiainen et al, 2012). ATF3 plays
roles in regulating the inflammatory response (Hai et al, 2018) plus it has the
ability to regulate the cell cycle and act as a pro-apoptotic agent (Lu et al,
2006). TRIB3 belongs to the pseudokinase gene family which are proteins that
lack kinase activity but are able to regulate other kinases by competing for the
same peptide substrate of target kinases (Arif et al, 2023). Therefore, ATF4
through its interactions, influences various cellular processes and potentially
cell survival. When considering the ISR, the intensity and duration of the stress
pose as a key factor when influencing downstream processes of the ISR
(Derisbourg et al, 2021). Molecular events that result in extended/constant ISR
activation/elF2a phosphorylation may lead to ATP depletion and apoptosis
(Derisbourg et al, 2021). Additionally, in response to ER stress,

phosphorylation of elF2a and ATF4 expression can lead to enhanced
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expression of CHOP, that modulates death receptor 5 (DRS), BIM and PUMA

which mediates ER stress related apoptosis (Hetz et al, 2020).
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Figure 1.3 The ISR pathway. A summary of the ISR pathway showing various imposing cell
stresses and the resulting consequences that occurs due to phosphorylation of elF2a
including the inhibition of the ternary complex resulting in inhibition of translation, formation of

SGs and the activity of increased ATF4 expression.

1.9.2 The ISR, neurodegeneration and disease

The ISR has been implicated in numerous conditions such as cancer (Ghaddar
et al, 2021; Licari et al, 2021; Tian et al, 2021) as well as neurological disorders
(Costa-Mattioli and Walter, 2020) such as AD (Hu et al, 2021); amyotrophic
lateral sclerosis (ALS) (Marlin et al, 2022); Huntington’s disease (HD) (Paul,
2021); traumatic brain injury (TBI) (Chou et al, 2017); PD (Demmings et al,
2021) and Down’s syndrome (Rosi and Frias, 2020). Studies have explored
the concept that activation of the ISR, in pathological conditions, could become
desensitised to imposing stresses altering the homeostatic balance necessary
for cellular function and health (Costa-Mattioli and Walter, 2020). Evidence has

shown that inhibition of PKR and/or inhibited elF2a phosphorylation led to
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increased tumour formation in mouse fibroblasts (Costa-Mattioli and Walter,
2020). This indicates that ISR desensitisation may be a contributor to cancer
pathology. On the other hand, there are instances of hypersensitisation of the
ISR in disease conditions (Costa-Mattioli and Walter, 2020) particularly when
stress is sustained in a chronic manner resulting in ISR overactivation (Bond
et al, 2020). This occurrence is believed to be synonymous with the presence
of neurotoxic proteins that induce neurodegeneration (Bond et al, 2020). This
can be observed when elF2a phosphorylation was found to lead to the
upregulation of the (B-site amyloid precursor protein (APP) cleaving enzyme-1
(BACE1) in primary neurons, which suggests that the ISR may play roles in
amyloid beta (AB) peptide production contributing to AD pathology (Bond et al,
2020). To expand, BACE1 mediates AR deposition which is heightened in
clinical AD in vivo and is connected to the loss of neuronal cells (Bond et al,
2020). AB exists as a monomeric unstructured protein but undergoes a
conversion from an a-helical to B-sheet rich structure, causing fibril formation
(Chen et al, 2017). Studies have shown that the activation of the ISR in
neurons has a connection to PD. This is due to correlating observations of a-
synuclein aggregation, ER stress/PERK activation and caspase-3 expression
(Jiang et al, 2010) providing an explanation for the cellular apoptosis
underpinning neurodegeneration in PD. The link between PD and the ISR has
also yielded experimental findings showing that a-synuclein aggregates such
as PFFs induces the expression of protein markers associated with the ISR

such as ATF4 in mesencephalic neuronal cultures (Demmings et al, 2021).

1.9.3 Unfolded protein response pathway

The UPR (Figure 1.4) is another stress specific pathway activated when there
is an accumulation of unfolded and/or misfolded proteins in the ER (Hetz et al,
2020), a site for protein folding and maturation (Adams et al, 2019). There are
three major branches of the UPR which can lead to adaptive and pro-apoptotic
downstream processes (Hetz et al, 2020). For instance, the UPR mechanism
supports cellular adaptation to ER stress, through the phosphorylation of
elF2a (Hetz et al, 2020). This allows the selective translation and reduction of
global translation supporting ER protein folding, autophagy plus other

beneficial cellular mechanisms (Hetz et al, 2020). Additionally, the IRE1a
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RNase can cleave ER mRNAs leading to their degradation, through a
mechanism called regulated IRE1-dependent decay (RIDD), necessary for
reducing protein load and improving metabolism (Hetz et al, 2020). When
RIDD is sustained, it results in the degradation of microRNAs (miRNAs)
important in the negative control of caspase-2 resulting in inflammation and
cellular death (Hetz et al, 2020). ATFG6 cleavage is another event in the cell’s
efforts to adapt to ER stress, where the fragment ATF6p50, migrates to the
nuclei activating transcription of UPR specific target genes contributing to
protein folding and secretion plus ER and Golgi biogenesis (Hetz et al, 2020).
In the absence of cellular stress, IRE1, PERK and ATF6 are inactive
predominantly due to their association with the chaperone binding
immunoglobulin protein (BiP) also known as 78 kDa glucose-regulated protein
(GRP78) (Costa et al, 2020). When there are increases of unfolded or
misfolded proteins in the ER, BiP/GRP78 will have a stronger and preferential
association with the incorrectly folded proteins, resulting in dissociation from
IRE1, PERK and ATF6 triggering UPR activation (Costa et al, 2020).

Phosphorylated PERK has been observed in post-mortem samples of PD and
DLB patients. Additionally, regions of the brain such as the cingulate gyrus,
has been shown to have elevated BiP mRNA levels (Costa et al, 2020).
Overexpressed a-synuclein has been demonstrated to increase
phosphorylation of elF2a and BiP/GRP78 levels (Costa et al, 2020).
Oligomeric a-synuclein has been shown to activate IRE1a in SH-SY5Y cells
(Costa et al, 2020). The drug tunicamycin, a known ER-stress inducer, was
shown to increase oligomer levels (Costa et al, 2020). All these findings show
that ER stress is linked to a-synuclein and has the capacity to exacerbate a-

synuclein aggregation and toxicity.
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Figure 1.4 The UPR pathway during ER stress. A summary of the UPR pathway showing
the activation of BiP upon interaction with unfolded proteins when there is an accumulation of
unfolded/misfolded proteins. The activation of BiP is shown to cause phosphorylation of IRE1a
and PERK leading to various downstream consequences due to the reprogramming of
translation. Additionally, ATF6a localises to the Golgi apparatus where it is activated leading
to numerous downstream events. RIDD - regulated IRE1-dependent decay (RIDD). ERAD —

endoplasmic reticulum-associated degradation.

1.9.4 The mechanistic target of rapamycin (mTOR) signalling
pathway

The mTOR pathway involves two protein complexes mTORC1 and mTORC?2,
which are involved in the cell’s nutrient sensing pathway and is linked to aging,
regulation of growth, metabolism (Querfurth and Lee, 2021) plus synaptic
plasticity (Hoeffer and Klann, 2010). mTORC1 regulates with cell metabolism
and growth, whilst mTORC2 is associated with cell proliferation and survival
(Zou et al, 2020). mTOR specifically mTORC1 influences protein synthesis
through the regulation cap-dependent translation by phosphorylating both p70
ribosomal S6 kinase 1 (p70S6K1) and eukaryotic initiation factor 4E (elF4E)-
binding protein 1 (4E-BP1) (Querfurth and Lee, 2021; Zou et al, 2020). When
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4E-BP1 is phosphorylated, this prevents it binding to elF4E. This allows elF4E

to promote cap-dependent translation (Laplante and Sabatini, 2009).

The translation of PARK7/DJ-1 (refer to Table 1.1) can depend on mTORCA1
where inhibition of mMTORC1 reduces the antioxidative and neuroprotective
properties associates with DJ-1 (Querfurth and Lee, 2021). Indicating a
potential link between the mTOR pathway and PD. Furthermore, REDD1 is a
stress-responsive protein, involved in the inhibition of the mTOR pathway. It is
overexpressed in response to ER stress, ROS, LPS, amyloid proteins, aging,
alcohol and smoking (Kim et al, 2023). It has been shown that REDD1 is
upregulated in response to PD neurotoxins like 1-methyl-4-phenylpyridnium
(MPP+), 6-hydroxydopamine (6-OHDA) and rotenone (Querfurth and Lee,
2021). Additionally, mTOR activation has been shown to protective in PD

neurotoxin models (Querfurth and Lee, 2021).
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1.10 Stress granules

1.10.1 The structure of stress granules

Stress granules (SGs) are membraneless, cytoplasmic cellular foci which form
in response to various stress-associated mechanisms including
phosphorylation of elF2a and inhibition of mMTOR (Hofman et al, 2020; Protter
and Parker, 2016; Kedersha et al, 2002; Sfakianos et al, 2018). Mammalian
SGs typically range in the size of 100-1000 nm (Wolozin and Ivanov, 2019).
They consist of a stable core and a dynamic shell (Hofmann et al, 2021). DNA-
binding proteins and RNA-binding proteins such as GTPase-activating protein
SH3 domain-binding protein (G3BP) SG assembly factor; TAR DNA-binding
protein 43 (TDP-43), fused in sarcoma (FUS); T-cell intracytoplasmic antigen
1 (TIA1); cytotoxic granule associated RNA binding protein/TIA1-related
protein (TIAR) and many others have been found to be contributors to SG

formation during stress (Wang et al, 2022).

1.10.2 Assembly and disassembly of SGs

SGs exist in equilibrium with polysomes where conditions of stress results in
the disassembly of polysomes resulting in an increased pool of untranslated
MRNPs present in pre-initiation complexes (PIC) which provides an
environment favouring SG formation (Wolozin and Ivanov, 2020). There are
two prominent models that recapitulate the assembly of SGs. The first
proposed model suggests an event of untranslated mRNAs that are attached
to proteins with regions that are intrinsically disordered resulting in liquid-liquid
phase separation (LLPS) synonymous with IDR-IDR (intrinsically disordered
region) interactions forming a stable core (Wheeler et al, 2016). Alternatively,
the second model suggests that there is aggregation of mMRNAs and proteins
that form stable cores allowing for formation of nucleation sites for LLPS due
to the concentrating of proteins containing IDRs. Also, this model proposes
that within the single SG there are potentially multiple cores (Wheeler et al,
2016). SGs exist in an equilibrium of fusion and fission, reflective of its dynamic
nature (Protter and Parker, 2016).

There are numerous processes involved in the assembly and disassembly of
SGs. Assembly of SGs can be regulated by post translational modifications
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such as the addition of O-linked N-acetylglucosamine (O-GIcNAc) to serine
and threonine residues (an event increased in oxidative stress). SG formation
can also be promoted by G3BP and UBAP2L demethylation, ribosylation and
SUMOylation (Hofmann et al, 2021). Chaperones and disaggregases (e.g.
HSP70) have been implicated in the disassembly of SGs. In addition to this,
decreased multivalency; arginine methylation; cold-shock and the degradation
of abnormal SGs by autophagy has been shown to participate in the process
of SG disassembly (Hofman et al, 2020)

1.10.3 The function of stress granules

SGs function to sequester translationally silent mRNAs for storage,
degradation, and later translation for the purpose of cell recovery and
homeostasis (Campos-Melo et al, 2021). SGs are essential in the reduction of
energy consumption to allow for the resolution of cell stress (Sandoval et al,
2021).

There are three subtypes of SGs that has been identified (Advani and lvanov,
2020; Hofmann et al, 2021; lvanov et al, 2019; Riggs et al, 2020; Martin et al,
2022;) (Figure 1.4). Type | canonical SGs form in response to oxidative, ER
and viral infection which induces elF2a phosphorylation. These SGs require
G3BP for assembly and contains 48S PICs but they lack elF2 and elF5
(Hofmann et al, 2021). Type |l SGs form as a result of attenuated translation
caused by elF4A helicase inactivation that occurs due to elF4A inhibitors.
These SGs also require G3BP but will contain elF2 and elF5 (Hofmann et al,
2021). Examples of elF4A inhibitors include: silvestrol (Zhen et al, 2022) and
pateamine A (Bordeleau et al, 2006). Type | and Il SGs are considered to be
canonical SGs (Advani and Ivanov, 2020). Type lll SGs, unlike Type | and I,
lacks elF3. Type lll SGs, also considered to be non-canonical, form in
response to ultraviolet (UV) light, selenite, nitric oxide and glucose starvation
(Advani and Ivanov, 2020; Hofmann et al, 2021). Selenite for example inhibits
mTORC1 activity preventing 4E-BP1 phosphorylation which allows for the
binding of 4E-BP1 to elF4E. This results in the displacement of eukaryotic
initiation factors G/A (elF4G/elF4A) from the elF4F complex causing cap-
dependent translation to be inhibited (Advani and lvanov, 2020). This

promotes SG formation independent of elF2a phosphorylation (Advani and
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Ivanov, 2020). Further, non-canonical SGs in some cases will lack canonical
SG components such as RACK1 and HDACG6 (Fujimara et al, 2012). These
non-canonical SGs are considerably less dynamic compared to their canonical

counterparts and have been shown to induce cytotoxicity (Advani and Ivanov,

2020).
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Figure 1.5 The pathways that lead to formation of canonical and non-canonical

SGs. A summary of how the phosphorylation of elF2a and elF4A inhibitors lead to
formation of canonical SGs containing elF3. Whereas non-canonical SGs lack elF3 and

form in response to various stresses including selenite which inhibits mMTORC1.
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1.10.4 Stress granules and neurodegeneration

SGs are associated with the neuronal degeneration in diseases such as ALS,
AD (Asadi et al, 2021; Wolozin and lvanov, 2020), HD and multiple sclerosis
(MS) (Martin et al, 2022). These conditions are examples of proteinopathy
disorders where the pathological conditions are dependent or at least partially
dependent on the presence of aggregated proteins that induce cytotoxicity. Ap
and tau has been associated with AD (Ganguly et al, 2017) and TDP-43 with
ALS (Scotter et al, 2015). TDP-43 and tau which has been implicated in
neurodegeneration, are also associated with SGs (Martin et al, 2022). Which
is suggestive of a connection between SGs and neurodegenerative disorders.
A key element of these conditions is the persistence of stress within the cell
resulting in SGs taking on what is known as a “pro-death” phenotype (Martin
et al, 2022). SGs can result from acute stress lasting for two hours or less,
(Reineke and Neilson, 2019). Whereas chronic stress results in the inhibition
of SG formation through overcoming phosphorylation of elF2a (Reineke and
Neilson, 2019). Chronic stress may also promote the assembly of SGs due to
increased elF2a phosphorylation which has been demonstrated in ALS and
frontotemporal dementia (FTD) (Reineke and Neilson, 2019). There are
observations of co-localisation of SGs with FUS and TDP-43 in FTD-ALS.
These interactions can cause the usually dynamic and reversible SGs to
become insoluble aggregates that are unlikely to undergo the typical process
of disassembly even when the stress dissipates. This gives rise to impaired
proteostasis, dysfunctional RNA homeostasis and alterations in protein
synthesis resulting in serious neuronal impairment (Baradaran-Heravi et al,
2020). When exploring the effect of ALS-associated mutant HNRNPA2B1 and
C9orf72 iPSc-derived motor neurons, it was found that there was increased
formation of SGs as well as impaired clearance of SGs induced by puromycin
treatment (Markmiller et al, 2018). It was also found that SGs in these mutant
cells rather than localising in the neuronal soma (typically seen in WT cells),
SGs were found to form in neurites. The neurite-localised SGs in the mutant
cells were rich in proteins involved in RNA transport and translation inhibition
which suggests SGs may exhibit aberrant assembly/disassembly dynamics
and may alter contribute to dysfunction of neuronal function e.g. axonal

transport potentially underpinning neurodegeneration in ALS (Markmiller et al,
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2018). The connection between PD and SGs has yet to be explored in depth.
However, the protein DJ-1 implicated in PD was found to associate with SGs

during oxidative stress in mammalian cells (Repici et al, 2019).
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1.11 Extracellular vesicles, neurodegeneration and
Parkinson’s disease

1.11.1 Physiological role of extracellular vesicles

Extracellular vesicles (EVs) have been a fundamental aspect of pathological
propagation in neurodegenerative diseases (Ananbeh et al, 2021; Ferrara et
al, 2023; Garcia-Contreras and Thakor, 2022; Upadhya and Shetty, 2021) and
the cell-to-cell transference of prions (Soukup et al, 2023). EVs are important
to cellular function due to its role in tissue maintenance and repair;
inflammation regulation; stimulation of cell differentiation; waste removal and

neurotransmission (Rashed et al, 2017).

1.11.2 Extracellular vesicles in disease and
neurodegeneration

Despite the clear physiological importance of EVs, their ability to be released
and taken up by cells have implications in the progression of cancer (Chang
et al, 2021), cardiovascular (Fu et al, 2020), psychological (Kong et al, 2023)
and neurodegenerative conditions (Raghav et al, 2022). There has been
evidence of increases in the size of EVs in disorders such as ALS (Sproviero
et al, 2018). EVs have been found to be enriched with proteins such as SOD1,
TDP-43 and FUS which play a role in ALS pathology (Sproviero et al, 2018).
Similar observations have been found in PD; when there is an accumulation
of a-synuclein within the cell, the cell will engage in cellular mechanisms to
remove a-synuclein which can occur by diffusion or exocytosis (Neupane et
al, 2023). The presence of a-synuclein in EVs can be a result of dysfunction
in specific cellular systems such as the autophagy-lysosome pathway (ALP)
responsible for intracellular protein homeostasis (Minakaki et al, 2018). In
human neuroglioma (H4) cells, ALP was inhibited by treatment with the
lysosomal inhibitor bafilomycin A1 or chloroquine diphosphate salt (a
lysosomotropic drug) (Minakaki et al, 2018). EVs contained more a-synuclein
when ALP inhibition occurred when treating cells with both compounds
(Minakaki et al, 2018). Given that ALP is key in the regulation of a-synuclein
levels, it shows that the cell will use the waste removal capabilities of EVs to

regulate intracellular a-synuclein levels.
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a-Synuclein internalization can occur by clathrin-mediated endocytosis;
diffusion as well as the utilisation of the lymphocyte-activation gene-3 (LAG3);
tunnelling nanotubules and heparan sulfate proteoglycans (Smith et al, 2023).
The neuronal receptor, LRP1, that regulates endocytosis has also been found
regulate the uptake of a-synuclein in human induced pluripotent stem cells
(iPSCs) — derived neurons (iPSNs) (Chen et al, 2022). Furthermore, mutated
genes associated with PD (e.g. LRRK2, ATP13A2, refer to Table 1.1) have
also been found to play roles in cell-to-cell transmission of a-synuclein (Smith
et al, 2023). It has been demonstrated that there was an increase in the cellular
uptake of tagged a-synuclein associated with EVs in SH-SY5Y cells
(Gustafsson et al, 2018) where a-synuclein was primarily present on the
outside of EVs with some on the inside (Gustafsson et al, 2018). A53T a-
synuclein was also found to reside on the EVs membrane. Additionally, the
mutations, H50Q and G51D, coincided with increased levels of EV-associated
a-synuclein (Gustafsson et al, 2018). Altogether, these reports show that EVs

mediates a-synuclein cell-to-cell transmission.
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1.12 Research overview and aims.

There are links in literature between a-synuclein and cell stress plus a-
synuclein and EVs within PD pathophysiology. However, there is a lack of
robust evidence on how specific stress pathways such as the ISR plays a role
in aggregated a-synuclein-associated cellular toxicity. Furthermore, there is a
lack of existing evidence exploring how a-synuclein aggregates alters the

proteomic cargo of EVs.
Therefore, the aims of this thesis are as follows:

e to validate ISR activation and SG formation in response to various well-
known compounds such as sodium arsenite (SA), thapsigargin (Tg) and
MPP+ to provide a baseline of expectation in SH-SY5Y cells for later
comparisons when investigating a-synuclein-induced stress.

e to demonstrate the ability of synthesised oligomers and PFFs to activate
the ISR and induce SG formation.

e to begin to connect a-synuclein-induced stress to EV-mediated cell-to-cell
transmission, the proteomics of sEVs derived from a-synuclein aggregate
treated cells will be explored to determine presence of a-synuclein and

stress-associated proteins.
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2 Chapter Two: Materials and methods

2.1 Reagents and materials

Table 2.1 Reagents and materials used throughout the study.

Reagents and Materials Supplier Catalogue
Number

4x Laemmli buffer BioRad, UK 1610747

Ampicillin VWR International, UK A051-B

Bicinchoninic Assay (BCA) ThermoFisher Scientific, UK C23227

BL21 E.coli (DE3) Thermo Scientific™, UK EC0114

Competent Cells

Bovine Serum Albumin Sigma-Aldrich, UK, A7030

(BSA)

CellROX Green ThermoFisher Scientific, UK C10444

cOmplete Protease Inhibitor | Sigma Aldrich, UK 11697498001

Cocktail

ProLong Diamond Antifade ThermoFisher, UK P36962

Mountant

Countess™ Cell Counting Invitrogen™, UK C10228

Chamber slides

CyQUANT™LDH kit ThermoFisher, UK C7026

Dimethyl sulfoxide (DMSO) Sigma-Adlrich, UK D8418

Emetine Sigma-Aldrich, UK E2375

Gibco™ Dulbecco’s Gibco™, UK 14040182

Phosphate-Buffered saline

(DPBS)

Gibco™ Dulbecco's Modified | Gibco™, UK 10569010

Eagle Medium (DMEM),

high glucose, GlutaMAX™

Gibco™ Foetal Bovine Gibco™, UK 10082147

Serum (FBS)

Gibco™, Penicillin- Gibco™, UK 15140122

Streptomycin (Pen-Strep)

Hi-Load 26/200 Superdex GE healthcare 28989336

200 pg column

Human ATF4 ELISA Kit Proteintech, UK KEO00147
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Imperial Gel Stain Fisher Scientific, UK 24615

Molecular weight marker LICORDbio, UK 928-40000

MPP+ lodide (in water) Sigma-Aldrich, UK D048

Mr Frosty™ Freezing ThermoFisher, UK 5100-0001

Containers

NIAD Dyes La-Trobe University (Hong Lab) | N/A

Oligomers BMRC (Laura Shippey) -

PFFs BMRC (Laura Shippey) -

PhosSTOP™ Sigma Aldrich, UK 4906845001

Ponceau S staining solution | ThermoFisher Scientific, UK, A40000279

Puromycin dihydrchloride Gibco, UK A1113803

RNA-to-cDNA™ ThermoFisher Scientific, UK 4387406

Sodium arsenite solution ThermoFisher, UK 7784-46-5

SyTOX blue Invitrogen, UK S34857

Tagman Gene Expression Life Technologies, UK 4331182

Assay

tert-Butyl Hydrogen Sigma-Aldrich, UK 458139

Peroxide (TBHP) solution

Thapsigargin Sigma-Aldrich, UK T9033

(in DMSO)

The ReliaPrep™ RNA Cell Promega, UK Z6011

MiniPrep system

Thioflavin T (ThT) Sigma Aldrich, UK T3516-25G

Trypan Blue Solution Gibco™, UK 15250061

VivaSpin 500 30000 MWCO | Scientific Laboratory Supplies, FIL8560
UK

B-mercaptoethanol (BME) G Bioscience BC98

10-well comb Mini- BioRad, UK 4561093

PROTEAN TGX™ Precast

Gels (4-20%)

Gibco™ Trypsin-EDTA Gibco™, UK 25200072

(0.25%)
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western blot experiments.

Table 2.2 Primary and secondary antibodies used in immunocytochemistry (ICC) and

Primary Supplier/Catalogue Number Dilution

Antibody/Host/Reactivity/

Clonality

Alix, Human, Rabbit, Polyclonal Proteintech, UK, Cat No. 12422-1- | 1:500
AP

Beta-Actin, Mouse, Human, Proteintech, Cat No. 66009-1-Ig 1:10000

Monoclonal

Beta-Tubulin, Rabbit, Human, Abcam, Cat No. ab6046 1:1000

Polyclonal

CD9, Human, Rabbit, Polyclonal Proteintech, UK, Cat No. 20597-1- | 1:250
AP

CHOP, Rabbit, Human, Proteintech, Cat No. 15204-1-AP 1:500

Polyclonal

EIF2S1, Mouse, Human, Abcam, Cat No. ab5369 1:1000

Monoclonal

GADD34, Rabbit, Human, Proteintech, UK, Cat No. 10449-1- | 1:250

Polyclonal AP

Mouse anti-Alpha-Synuclein, ThermoFisher Scientific, UK, 32- 1:500

Monoclonal 8100

Phospho-EIF2S1, Rabbit, Human, | Abcam, Cat No. ab32157 1:1000

Monoclonal

Puromycin, Mouse, Human, Sigma-Aldrich, Cat No. MABE343 | 1:500

Monoclonal

Rabbit anti-Alpha-Synuclein, Abcam, UK, ab209420 1:1000

Monoclonal

Rabbit anti-G3BP1 (Conjugated to | Abcam, UK, ab214946 1:1000

AlexaFluor 488), Monoclonal

Rabbit anti-Ki67, Monoclonal Abcam, UK, ab16667 1:100

Rabbit anti-TIA1, Monoclonal Abcam, UK, ab140595 1:150

Secondary Antibody/Reactivity/ | Supplier Dilution

Clonality

Goat Anti-Rabbit IgG (H+L) Texas | ThermoFisher, UK, T-2767 1:1000

Red, Polyclonal

Goat Anti-Mouse 1gG H&L Abcam, UK, ab150116 1:1000

AlexaFluor 594, Polyclonal
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IRDye 680RD Goat anti-Rabbit LICOR, UK, Cat No. 926-68071 1:15000
IgG (H+L), Polyclonal
IRDye 800CW Goat anti-Mouse | LICOR, UK, Cat No. 926-32210 1:15000

IgG (H+L), Polyclonal
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2.2 Cell culture

2.2.1 Culturing of SH-SY5Y cells

Human SH-SY5Y neuroblastoma cells derived from the thrice-cloned sub-line
of the bone marrow biopsy derived line SK-N-SH (European Collection of
Authenticated Cell Cultures, UK) were maintained and cultured at 37 °C and
5 % CO2 in DMEM in 175 cm? flasks. The medium was supplemented with 10
% (v/v) Foetal Bovine Serum (FBS) and 1 % (v/v) Penicillin-Streptomycin (Pen-
Strep). The sub-culturing of SH-SY5Y cells involved cells being washed in
Gibco™ Dulbecco’s Phosphate-Buffered saline (DPBS) Subsequently, SH-
SY5Y cells were detached from the surface of culture flasks using (0.25%)
Trypsin-EDTA and inactivated using DMEM GlutaMAX™ (supplemented with
10 % (v/iv) FBS, 1 % (v/v) Pen-Strep). Cells were centrifuged using the Mega
Star 1.6R centrifuge at 500 x g for 5 mins and the remaining supernatant was
removed, and the cell pellet was resuspended in DMEM GlutaMAX™
(supplemented with 10 %(v/v) FBS, 1 % (v/v) Pen-Strep) and introduced into
a new 175 cm? flask and maintained at 37 °C and 5 % CO:. Cells are sub-
cultured every 3-4 days at 70 — 80 % confluency. Cells were not used over

passage 25.

2.2.2 Cryopreservation of SH-SY5Y neuroblastoma cells

SH-SY5Y neuroblastoma cells were grown to a confluency of 70 % in 175 cm?
flasks and sub-cultured. Cells were counted using Trypan Blue Solution (0.4
% (w/v)) and Countess™ Cell Counting Chamber slides. Cells were counted
using the Countess™ 3 Automated Cell Counter. Cells (2 x 10°) were
suspended in 90 % (v/v) FBS and 10 % (v/v) dimethyl sulfoxide (DMSO) and
stored in cryovials. Cryovials were stored in Mr Frosty™ Freezing Containers
at -80 °C for 24 hrs. Cryovials were then moved to a dewar container

containing liquid nitrogen to be frozen for long-term storage.

2.2.3 Thawing SH-SY5Y neuroblastoma cells

Cryovials containing frozen cells was taken from the liquid nitrogen dewar
container and placed in a water bath set at 37 °C. Cells were thawed and
placed in falcon tubes containing 5 mL DMEM (10 % FBS, 1 % Pen-Strep).

Cells were centrifuged for 5 mins at 500 x g. Supernatant was removed, and
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cells were resuspended in DMEM (10 % FBS, 1 % Pen-Strep) and placed in

25 cm? flasks. Cells were maintained in incubators at 37 °C and 5 % CO..

2.2.4 Differentiation of SH-SY5Y neuroblastoma cells

Cells were grown in 6-well plates or 24-well plates containing coverslips in
DMEM (10 % FBS, 1 % Pen-Strep). The next day cell medium was replaced
with DMEM (1% FBS, 1% Pen-Strep) containing all-trans-retinoic acid (ATRA)
(Sigma-Aldrich, UK, R2625) at 10 uM for 4 days to induce differentiation.
ATRA supplemented DMEM medium was replaced after 2 days. DMEM
supplemented with 1 % (v/v) FBS and 1 % (v/v) Pen-Strep was replaced with
DMEM (10 % FBS, 1 % Pen-Strep) for one day prior to further
experimentation. Brightfield images were taken on different days of
differentiation using the Olympus 1X81 motorized inverted microscope using

the 10x objective.
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2.3 Production of monomeric a-synuclein

2.3.1 Transformation of BL21 (DE3) competent Escherichia coli
(E.coli) cells

BL21 E.coli (DE3) Competent Cells were thawed on ice and subsequently
incubated with a pET 23a* vector containing the WT a-synuclein sequence on
ice with periodic agitation for 20 min. Subsequently cells were then exposed
to heat shock for 45 secs and then returned to ice for 1 min. Cells were then
added to 500 uL of Luria-Bertani (LB) broth comprising of 10g tryptone, 10g
sodium chloride and 5g yeast extract per Liter. Ampicillin was dissolved at a
concentration 100 mg/mL in ultrapure water and filter sterilised through a 0.2
mm syringe filter. Ampicillin was added to LB media at a concentration of 1
ML/mL. Cells were incubated for 1 hr at 37 °C, 200 rpm using the Eppendorf
ThermoMixer. Cells were centrifuged for 1 min at 2500 x g using the VWR
Micro Star 21R microcentrifuge, some of the supernatant was removed and
the remaining reaction was added to a LB agar plate containing the 1 yL/mL
ampicillin. Agar plates were incubated at 37 °C for 24 hrs and colonies were

observed.

2.3.2 Growth of BL21 (DE3) competent cells

Starter cultures were set up from single colonies of freshly transformed E-coli
inoculated into flasks containing LB media and ampicillin. Liquid starter
cultures were left shaking overnight in a New Brunswick Incubator Shaker
Series at 200 rpm, 37 °C. Subsequently, 10 mL of the overnight culture was
introduced into 1 L auto-induction media (Formedium, UK) (in 2 L conical
flasks). These were incubated at 200 rpm and 37 °C for 24 hrs in the New
Brunswick Incubator Shaker Series. Cells were pelleted by centrifugation at
17,700 x g, 4 °C for 20 mins in a Sorvall RC 6 Plus Superspeed Centrifuge.
Lysis buffer was prepared fresh and comprised of 25 mM Tris-HCI (pH 8.0),
lysozyme (100ug/mL), 2 mM phenylmethylsulfonyl fluoride (PMSF) (in
isopropanol), DNase (20 ug/mL) and RNase (20 ug/mL). Bacterial cell pellets
were resuspended in lysis buffer for 30 mins (40 g bacterial pellet in 50 mL
lysis buffer)., EDTA was added to a final concentration of 1 mM. Lysate was
then probe sonicated 10 sec x 10. Lysates were stored on ice between periods

of sonication.
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2.3.3 Crude purification

Following the preparation of overnight cultures, bacteria containing the a-
synuclein expressing plasmid were centrifuged at 14,000 x g for 30 mins using
the Eppendorf 5804 R centrifuge. The supernatant was collected and acidified
to pH 4.5 using 1 M hydrochloric acid (HCI) then centrifuged for 30 min, at
14,000 x g. The supernatant was collected, and the pH was re-adjusted to pH
8.0 using (liquid) 1 M sodium hydroxide (NaOH).

2.3.4 Purification by fast protein liquid chromatography (FPLC)

The resulting supernatant left after the crude purification step was subjected
to anion exchange chromatography and size exclusion chromatography (SEC)
using the BioRad Next Generation Chromatography (NGC) Fast Protein Liquid
Chromatography (FPLC) system. At both stages of purification, fractions
corresponding with software graphical peaks were collected and tested for
presence of protein by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and gel staining using the Imperial Gel Stain.
For anion exchange, a 50 mL Q-Sepharose column (Q1126; Q-Sepharose
Fast Flow, Sigma-Aldrich) was equilibrated with two column volumes of buffer
A (25 mM Tris-HCI, pH 8.0) followed by loading of the column with crude
lysate. Bound protein was eluted with a 0-100% linear gradient of buffer B (25
mM Tris-HCL, 1 M NaCl, pH 8) in 5 mL fractions. After elution, protein was
dialysed at 4°C with at least six changes of water (over two days) prior to
freeze drying. The lyophilised protein was subject to SEC. For SEC, a Hi-Load
26/200 Superdex 200 pg column was equilibrated with three column volumes
of buffer A (25 mM Tris-HCI, pH 8.0, 25 mM NacCl). Lyophilised protein was
dissolved in 3 mL buffer A before injection. Protein was eluted in 5 mL fractions
before being subjected to dialysis and freeze drying. Lyophilised purified a-

synuclein was stored at -20°C.

2.3.5 Sodium dodecyl-sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) for a-synuclein purity.

To verify the purity of lyophilised a-synuclein, samples were collected at
various steps of the protein production process including supernatant samples
from crude purification steps and fractions that were collected in accordance

with FPLC peaks. Supernatant or fraction samples were resuspended in 4x
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Laemmli buffer and B-mercaptoethanol (BME) at a recommended ratio of 9:1
(Laemmli buffer: BME) and heated at 100 °C for 5 mins. Samples were then
loaded onto 10-well comb BioRad Mini-PROTEAN TGX™ Precast Gels along
with the molecular weight marker. Samples were resolved at 115 V for 1 hr.
Following SDS-PAGE separation, the precast gel was washed with 100 mL
double distilled water for 5 mins. The gel was then submerged in 25 mL of
Imperial Protein for 2 hr and then washed 30 mins x 4. Electrospray ionisation

(ESI) was used to determine the molecular weight of the sample.
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2.4 Production of aggregated a-synuclein

2.4.1 Determining the concentration of monomeric a-synuclein

1 mg of a-synuclein was dissolved in 1 mL of 50 mM sodium phosphate buffer.
90 uL of 50 mM sodium phosphate is placed in UVettes cuvettes and 10 uL of
the dissolved a-synuclein is added, and the absorbance was measured at 280
nm. The concentration of a-synuclein was calculated using Beer's Law; a-

synuclein has an extinction coefficient of 5690 M-'cm-".

2.4.2 Production of seedings oligomers (type C)

To produce seeding oligomers of a-synuclein, the Type C protocol (Danzer et
al, 2007) was followed. Monomeric a-synuclein was dissolved at 1 mg/mL in
50 mM sodium phosphate, 20 % (v/v) molecular grade ethanol and was left
shaking at 300 rpm, 28 °C for 24 hrs. Protein aggregates were concentrated
using VivaSpin 500 30000 MWCO.

2.4.3 Production of fibrils and preformed fibrils

Monomeric a-synuclein was dissolved at a concentration of 1mg/mL (as
previously described). To produce fibrils of a-synuclein, monomeric a-
synuclein was dissolved in 50 mM sodium phosphate containing 150 mM NacCl
and was left shaking at 1000 rpm, 37 °C for 7 days in a ThermoMixer. To
produce PFFs, 500 uL the fibrillar a-synuclein solution was probe sonicated

for 60 seconds (1 second on/off) in 1.5 mL Eppendorf tubes.

2.4.4 Characterising fibrils using AFM (outsourced technique).

Full length fibril samples were deposited on freshly cleaved mica and air dried
for 1 hr, followed by gentle rinsing with 100 yL CHROMASOLV™ water
(Honeywell) and brief drying under N2. A MultiMode 8 AFM, software v. 9.0,
(Bruker) was operated in intermittent contact mode or ScanAsyst™ mode
using TESPA-V2 probes (Bruker). Scans were collected at a line rate of 0.75—
1.95 Hz with amplitude setpoints between 250—-400 mV and pixel densities of
128, 256 or 512. All samples were scanned in air and images analysed using
NanoScope Analysis v. 1.50 (Bruker). Images were first-order plane fitted in

XY to remove tilt.

44



2.5 Fluorescent dyes for amyloid detection

2.5.1 Continuous ThT assay

200 pL of 50 uM ThT was used as a control. 20 yL of monomeric a-synuclein
solution at a final concentration of 1 mg/mL and 2 mg/mL was mixed with 180
ML 50 pyM ThT. The ThT/a-synuclein solution was incubated in black clear
bottom 96-well plates. Plates were incubated at 37 °C in a CLARIOStar
Microplate Reader with agitation at 200 rpm. Plates were subjected to 5 min
intervals of shaking with intermittent fluorescence measurements over 5 days.
Readings were taken at an excitation wavelength of 440 nm and an emission

wavelength of 486 nm.

2.5.2 Discontinuous ThT assay

200 pL of 50 uM ThT was used as a control. 20 uL of oligomer, fibril or PFFs
samples were collected at the same time daily during agitation (the process of
stimulating aggregation in Eppendorf tubes as described in Section 2.4) and
were added to 180 uL ThT 50 yM in black clear bottom 96-well plates and read
at excitation wavelength of 440 nm and emission wavelength of 486 nm using
the CLARIOStar Microplate Reader.

2.5.3 Fluorometric spectrophotometry for amyloid detection.

NIAD fluorescent dyes were synthesised by the author and done according to
the method disclosed in Owyong et al (2024). 5 mM stocks diluted in DMSO.
Dyes were diluted in PBS to a concentration of 50 uM. 100 uL of the diluted
dye was added to black cuvettes and the Agilent Cary Eclipse Fluorescent
Spectrophotometer was subsequently used to measure the emission of each
dye. Monomeric a-synuclein and PFFs were added to each diluted dye in PBS
for a concentration of 10 % (v/v). 100 pL of each protein-dye mixture was
placed in black cuvettes, where the emission readings were calculated using

a fluorescent spectrophotometer.
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2.6 Cellular treatments
The following cellular treatments were used prior to biological assays detailed

in the following sections.

Table 2.3 Cell treatments. The details of cell treatments employed throughout a variety of

experimentation.
Cell Treatment Concentrations Incubation duration
Sodium Arsenite 10 uM 1,6, 24 hr
solution
30 uM 1,6, 24 hr
250 uM 1hr
Thapsigargin 0.15 uM 1,6,24 hr
(in DMSO)
1.5 uM 1hr
tert-Butyl hydrogen | 40 mM 30 min
peroxide (TBHP)
MPP+ lodide (in 0.1 mM 1,6, 24 hr
water)
5mM 1,6, 24 hr
10 mM 1,6,24 hr
Oligomers 10 % (v/v), 0.1 mg/mL 1,6,24,48 hr
(Monomeric equivalent)
PFFs 10 % (v/v), 0.1 mg/mL 1,6,24,48 hr
(Monomeric equivalent)
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2.7 Fluorescent images of cells

2.7.1 Immunocytochemistry (ICC)

Cells grown on coverslips in 24-well plate were fixed in ice-cold 100 % (v/v)
methanol for 15 mins at -20 °C. Subsequently, cells were washed in 1 X DPBS
supplemented with 0.5% (v/v) Tween-20 for 3 min x 3. Cells were left in 1 X
DPBS supplemented with 1% (w/v) Bovine Serum Albumin (BSA) for 1 hr on
a plate shaker. Cells were then washed for 3 mins x 3 in 1 X PBS
supplemented with 0.5% (v/v). Tween-20. The desired primary antibody was
then added and incubated overnight at 4 °C, gently shaking. If not conjugated
to a secondary antibody, the primary antibody was removed, and the cells
were washed in 1 X DPBS supplemented with 0.5% (v/v) Tween-20 for 3 mins
x 3 and then left in secondary antibody at the recommended dilution for 1 hr
protected from the light. Finally, the secondary antibody solution was removed,
and cells were washed in 1 X PBS supplemented with 0.5% (v/v) Tween-20
for 3 mins x 3. The coverslips were then transferred to microscopic slides
containing ProLong Diamond Antifade Mountant and left to cure for 24hr. Cells
were visualised using the Zeiss LSM 800 Confocal Laser Scanning

Microscope.

2.7.2 Fluorescent imaging acquisition and analysis

The confocal ZEN blue system was used for analysis of fluorescent images
acquired through imaging using the confocal LSM 800 microscope. The 63x
oil objective was used in the acquisition of all Z-stack images with 1 pm

(automatic optimal setting) slices. Acquisition settings are shown in Table 2.4.

Table 2.4 Confocal image acquisition setting details. Lasers and laser transmission/power
used, corresponding with fluorophores available on the Zen Blue imaging system to image

ICC microscopic slides.

Selected Fluorophore Laser Laser Power
DAPI 405 nm 20%
Alexa Fluor 488 488 nm 0.2%
Alexa Fluor 564 561 nm 20%
Texas Red 561 nm 20%
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Images were exported from the ZEN blue imaging system (Figure 2.1) and
opened on the ZEN blue analysis system (in .czi format). Fluorophores were
automatically detected within the regions of interest (ROI) which were selected
by using the drawing tool around the cell/region of interest. Parameters such
as fluorescence intensity and area (um?) were selected and measurements

were automatically generated specifically pertaining to data within the ROI.

Figure 2.1 Image analysis methodology. Zen blue confocal analysis system was used to

select puncta within ROls which is highlighted in yellow. To the right of the image is the data
acquired indicating area and fluorescence intensity of individual puncta present in the
selected ROI.
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2.8 Lactate dehydrogenase (LDH) cytotoxicity assay
2.8.1 Optimal seeding density

Cells were seeded in 96-well plates from 0-12,000 cells per well for
undifferentiated cells. Cells were left overnight at 37 °C, 5 % CO:2to adhere in
100 pL of DMEM (10 % FBS, 1 % Pen-Strep). To assess the optimal seeding
density with the SH-SYS5Y cell line, triplicates of various seeding densities were
assayed for spontaneous and maximum LDH activity (Figure 2.2). To observe
the spontaneous LDH activity, 10 pL of ultrapure water was added to each well
overnight and incubated at 37°C, 5 % COz2. 10 uL of lysis buffer supplied in the
CyQUANT™LDH kit was added to each well to assess maximum LDH activity
and left for 45 mins in 37°C, 5 % COs2. In accordance with the provided supplier
protocol, 50 pyL of medium was transferred to 96-well flat bottom plates and
then incubated with the provided reaction mixture for 30 mins and protected
from light. 50 pL stop solution provided was then added to the incubated
medium/reaction mixture. As advised by the provided protocol, the
absorbance was read using the CIARIOStar Microplate Reader at 490 nm and

680 nm (background signal) within 1-2 hrs of stop solution addition.
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Figure 2.2 Optimal number LDH assay experiment. Cells were subjected to spontaneous
and maximum conditions and the LDH activity was measured. Error bars: + SEM (technical

repeats, n=3).
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2.8.2 Measuring treatment LDH activity

Cells were seeded in 96-well plates at a density of 10,000 cells per well. Cells
were left to adhere overnight 37 °C, 5 % CO2. Cells were treated with the
desired concentration and duration of the treatment the day after seeding. In
conjunction, separate wells were also treated with ultrapure and lysis buffer to
measure spontaneous and maximum LDH activity. The CyQUANT™ LDH
Assay kit protocol was followed (refer to Section 2.8.1). As advised, by the
provided protocol the absorbance was read at 490 nm and 680 nm
(background signal) within 1-2 hr of stop solution addition using the
CIARIOStar Microplate Reader. LDH absorbance activity was calculated by

performing 490 nm — 680 nm readings.
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2.9 Flow cytometry
2.9.1 Flow cytometry dyes

Table 2.5 Flow cytometry dyes. The dyes (and associated details of cytometer settings)

used to stain cells prior to feeding cells into the cytoFLEX for fluorescence intensity readings.

Fluorescent Laser Band Pass Filter Channel
Dye/Compound

CellROX Green Blue (488 nm) 525/40 FITC
NIAD CNEOT Blue (488 nm) 525/40 FITC
NIAD-4 Blue (488 nm) 525/40 FITC
SyTOX Blue Violet (405 nm) 450/45 PB450

2.9.2 NIAD-4 and NIAD-CNEOT fluorescent dyes used for
amyloid detection

Cells were grown in 12-well plates containing DMEM (10 % FBS, 1 % Pen-
Strep). 24 hr after seeding cells, monomeric a-synuclein or PFFs at 10% v/v
were added to the cells and left to incubate for 24 hr at 37 °C, 5 % CO2. Cell
media was removed, and cells were washed in 1X DPBS. Gibco™ DMEM
GlutaMAX™ (10 % FBS, 1 % Pen-Strep) was added to cells, along with either
NIAD-4 and NIAD CNEOT at a final concentration of 10 uM. Cells were
incubated for 30 mins at 37 °C, 5 % COa2. Cells were then washed in 1 X PBS
three times (30 secs each). Cells were detached using Trypsin-EDTA (0.25%)
for 5 mins at 37 °C, 5 % CO2. DMEM (10 % FBS, 1 % Pen-Strep) was used to
inactivate Trypsin-EDTA (0.25%). Cells were centrifuged for 5 mins; 1000 rpm
and the pellet was resuspended in 500 pL of 1 X DPBS. SyTOX blue was then
added to the cells in suspension at 1:500 for 5 mins as recommended by the
supplier and protected from the light. Cells were transferred to round based

tubes and analysed using the CytoFLEX S and 10,000 events were recorded.

2.9.3 CellROX Assay for oxidative stress detection
Undifferentiated and differentiated SH-SY5Y cells were maintained in 6-well
plates at 37 °C, 5 % CO:zin cell culture medium. Cells were then treated with

oligomers and PFFs at the various concentrations and durations. 40 mM
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TBHP was added for 30 mins (positive control). The CellROX green reagent
was added to the untreated and treated wells at a concentration of 5 yM for
30 mins at 37 °C. Cell medium was removed, and cells were washed in in 1 X
DPBS for 3 mins x 3. Adhered cells were detached from culture dish using
Trypsin-EDTA and inactivated using DMEM cell culture medium. Cells were
centrifuged and the remaining supernatant was removed, and the cell pellet
were resuspended in 1 mL of 1 X DPBS supplemented with FBS (1 %). 2 pL
of the SyTOX blue dead cell stain was added to 1 mL of cell suspension. Cells
were transferred to round base tubes and ROS was measured using the
CytoFLEX S and 10,000 events were recorded.

2.9.4 FlowJo analysis
Experimental files (.fcs format) were uploaded onto the FlowJo system. The
unstained condition was used to establish gating. Gating applied to the

unstained condition was applied to all conditions (Figure 2.3)
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Figure 2.3 FlowJo gating for analysis. The sequential steps employed to analyse data
acquired from the cytoFLEX. The unstained condition was used to establish gating for all
other experimental conditions. (A) SH-SY5Y cells were selected using the available
drawing tool to prevent the inclusion of debris. (B) Single cells were selected by using
the drawing tool subsequent to setting the graph to have FSC.H x FSC.A axes. (C) The
region that will contain live cells only to remove the dead cells from analysis was selected,
by setting the axis to PB450.H x FSC.H. (D) To detect ROS positive cells, the unstained
condition was used to gate the region free from unstained cells which will indicate the

region of cells positive for ROS due to an increase in fluorescence
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2.10 Western blot

2.10.1 Protein extraction

Following cell treatments, cells were washed with 1 X DPBS, then trypsinised
at 37 °C for 2 min. Trypsin-EDTA was inactivated with the addition of DMEM
(supplemented with 10 % FBS and 1 % Pen-Strep) and centrifuged at 450 x
g, 5 min. Pellets were then washed with 1 X DPBS, then centrifuged again at
450 x g, 5 min. Pellets were resuspended with ice-cold CelLytic™ M
supplemented with 10 % (v/v) cOmplete Protease Inhibitor Cocktail and 10 %
(v/v) PhosSTOP™ for 20 mins. Lysed cells were centrifuged at 12,000 x g for
15 min using the MicroStar 21R centrifuge set to 4 °C. Lysates were either

stored at - 20 °C for short-term storage or long-term storage at - 80 °C.

2.10.2 BCA assay

Standards were made according to the supplier’s protocol. The BCA assay
was preformed according to the microplate procedure. 12.5 L of standard or
protein sample was pipetted into each well in triplicate. 100 pL of the working
reagent (made in accordance with supplier’s instructions) was added to each
well and mixed by placing plate on shaker for 30 sec. The plate was incubated
at 37 °C for 30 min. Prior to measurement, the plate was allowed to cool to
room temperature. The absorbance was read at 562 nm using the
CLARIOStar Microplate Reader. The average 562 nm blank measurement
was subtracted from the standard and unknown sample replicates. A blank-for
corrected standard curve was prepared and the protein samples absorbances
were interpolated against the standard curve to establish protein concentration

in ug/mL.

2.10.3 Sample preparation

4x Laemmli buffer (LB), was supplemented with 3-mercaptoethanol (BME) at
aratio of 9:1 (e.g. 900 L 4x LB was mixed with 100 yL BME). One-part diluted
LB was mixed with three-part protein sample in accordance with the supplier’s
protocol. Protein samples containing LB/BME was heated at 100 °C for 5 mins

and stored at — 20 °C short-term and — 80°C for long-term storage.
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2104 SDS-page

Precast mini gels were placed in Bio-Rad Mini-PROTEAN Tetra Vertical
Electrophoresis Cell cassettes which were then placed in the respective
chamber. Running buffer comprising of 25 M Tris base, 1.92 M Glycine and
0.03M SDS was then placed in the chamber. Protein bands were resolved at
115 V for 60 min.

2.10.5 Semi-dry transfer

Transfer buffer was prepared using 600 mL double-distilled water, 200 mL 100
% (v/v) ethanol and 200 mL Bio-Rad premade 5x transfer buffer solution. Using
the Trans-Blot Turbo ready-to-assemble transfer kit, 0.2 ym nitrocellulose
membrane and filter paper was equilibrated in transfer buffer for 3 min. The
gel and membrane are assembled between two ion reservoir stacks in the
cassette of the Trans-Blot Turbo semi dry transfer instrument, and the transfer
took place using the following conditions 1.3 A, 25 V for 7 min. Following
transfer, to determine the integrity of the transfer the membrane was placed in
double-distilled water and then submerged in the 0.1 % (w/v) Ponceau S in
5% acetic acid staining solution for 5 min. The membrane was washed in
double-distilled water to clarify protein staining. Ponceau S stain was removed

by washing membrane multiple times with TBS-T for 5 mins.

2.10.6 Western blotting

Membrane was blocked using 1 X TBS-T supplement with 5 % (w/v) non-fat
milk for 1 hr at RT. Primary antibodies at various concentrations (Table 2.2)
were added to 5 % (w/v) milk TBS-T overnight at 4 °C, with gently shaking
using a plate shaker. The membrane was washed with TBS-T for 5 min x 3.
Fluorescent secondary antibodies (Table 2.2) were diluted in TBS-T
containing milk 5 % (w/v) which were subsequently added to the membranes
and incubated with shaking for 1 hr at room temperature. The membrane was
gently washed with TBS-T for 5 min x 3. Membranes were visualised using the
LiCOR Odyssey.

2.10.7 Puromycin incorporation assay
Cells were treated with the various treatments outlined in Table 2.3. In the last

5 mins of the treatment, cells were treated with 91 yM puromycin
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dihydrchloride and 208 uM emetine at 37 °C, 5 % CO.. Cells were then subject
to protein extraction methods outlined in Section 2.10.1. SDS-page and
western blot of puromycin incorporation samples were carried out as described
in Sections 2.10.3 - 6.

2.10.8 ImagedJ densitometry analysis

Image J was used preform densitometry analysis of protein bands present on
western blots acquired by the LICOR Odyssey 9210 instrument. The image
was converted to an 8-bit image. Measurements were acquired through
selection of the ROI using the rectangle tool and the parameter “mean grey
value” was selected to generate values within the ROI. The values were
acquired for the bands of the protein of interest (plus the background) and
housekeeping proteins (plus the background). The background values were
subtracted from the protein of interest and housekeeping protein values. The
net protein value was divided by the net housekeeping protein to normalise
values. Net fold change values were calculated by dividing the normalised
valued of the treated conditions by the normalised value of the ‘untreated
condition’ to establish fold change of protein expression relative to the

‘untreated’ condition.
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2.11 Human ATF4 enzyme-linked immunosorbent assay

(ELISA)
The reagents provided with the Human ATF4 ELISA Kit were prepared

according to the supplier’s instructions. 100 uL of standards, controls and
sample groups was added to each well and sealed using the cover seal. The
plate was incubated for 2 hrs, at 37 °C. The plate was then washed with 400
ML of 1X wash buffer x 4. Subsequently, 100 pyL of 1X Detection Antibody
solution was added and the wells were re-sealed and incubated for 1 hr at 37
°C. The wash step was repeated. 100 yL of 1X horse radish peroxidase (HRP)-
conjugated antibody solution was used, sealed and incubated for 40 mins at
37 °C. The wash step was repeated. 100 L of 3,3’, 5,5’-Tetramethylbenzidine
(TMB) substrate was used and incubated for 20 mins. 100 uL of stop solution
was added to each well for quenching colour development. The absorbance
was read at 450 nm and 630 nm (background signal) using the CLARIOstar
plate reader. A standard curve was plotted allowing for interpolation of the

sample group to establish pg/mL concentration of ATF4.
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2.12 Quantitative real time polymerase chain reaction
(QRT-PCR)

2.12.1 RNA extraction

Cells were maintained and treated (Table 2.3) in 25 cm? flasks. Cells were
trypsinised and trypsin-EDTA was inactivated using DMEM (10 % FBS, 1 %
Pen-Strep). Further, cells were centrifuged at 300 x g for 5 min. Cell pellets for
RNA extraction were washed with ice-cold PBS and centrifuged at 300 x g for
5 min. The ReliaPrep™ RNA Cell MiniPrep system was used according to
supplier’s instructions. Cell pellets were resuspended using BL (supplemented
with 1-Thioglycerol) and TG buffer. 100% (v/v) RNase-free isopropanol was
added to lysate extract and vortexed. The lysate was transferred to a mini
column before centrifugation for 30 sec at 12,000 x g (room temperature) using
the MicroStar 21R centrifuge. 500 yL RNA Wash Solution was added to the
contents of the mini column and centrifuged 30 seconds at 12,000 x g. The
DNase | incubation mix (24 uL Yellow Core Buffer, 3 uL 0.09M MnCl2 and 3 uL
DNase | enzyme) was prepared and added to the membrane inside the mini
column. The membrane containing samples were incubated for 15 mins at
room temperature. 200 pL of column wash solution was added, and the
columns were centrifuged for 15 sec at 12,000 x g. 500 uL RNA Wash Solution
was added to the mini column and centrifuged for 30 secs at 12,000 x g. A
second wash using 300 yL RNA wash was carried out and the columns
centrifuged for 2 min 12,000 x g. The mini column was transferred from the
collection tube to the Elution Tube, where Nuclease-Free Water was added to
the mini column membrane before centrifugation for 1 min at 12,000 x g. The
eluted RNA was stored at -80 °C. RNA yield was determined

spectrophotometrically at 260 nm using the Nanodrop instrument.

2.12.2 cDNA synthesis

The High-Capacity RNA-to-cDNA™ was used synthesise complementary
(cDNA) from RNA sample extracts. For each reaction, 2 pg of RNA was used.
The components for the reverse transcription reaction were prepared
according to supplier instructions. The RT reaction mix was then incubated in
a thermal cycler at 37°C for 60 mins, 95°C for 5 mins, then held at 4°C.

Samples were then stored at -20°C.
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2.12.3
All solutions were prepared, and the assay was performed as per the supplier’s

TagMan gene expression assay

protocol. cDNA samples were thawed on ice and gently vortexed. cDNA
samples were diluted to a concentration of 10 ng (RNA equivalent). The 18 pL
of PCR Reaction Mix (Master Mix, Gene Expression Assay and Nuclease Free
Water) was prepared as instructed and transferred to each well of the optical
reaction plate. Subsequently, 2 uL of each cDNA samples (in nuclease-free
water) were added to each well containing the Reaction Mix. The plate was
then loaded into the thermal cycler and the cycling conditions outlined in Table

2.6 were used.

Table 2.6 Gene expression cycle stages.

Step Temperature (°C) Time Number of Cycles
UNG Incubation 50 2 min 1
Enzyme Activation | 95 20 sec 1
Denature 95 1 sec 40
Anneal/Extend 60 20 sec

Table 2.7 Genes investigated and corresponding IDs.

Gene Gene ID Supplier/Cat No.
ATF4 Hs00909569_g1 4331182
ATF5 Hs01119208_m1 4331182
DDIT3 (CHOP) Hs00358796_g1 4331182
PPP1R15A (GADD34) Hs00169585_m1 4331182
GAPDH Hs02758991_g1 4331182
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2.13 Extracellular vesicle isolation, characterisation and
proteomics

2.13.1 Cell culture for EV isolation

SH-SY5Y cells were grown in DMEM supplemented with 10 % FBS and 1 %
Pen-Strep in 175 cm? flasks. Cell nutrient medium was removed and replaced
with in DMEM supplemented with 10 % (v/v) exosome-depleted FBS and 1 %
(v/v) Pen-Strep, 48 hrs before EV collection.

2.13.2 Differential ultracentrifugation for EV isolation

24/48 hrs after treatment (Table 2.3), the cell medium was collected in 50 mL
falcon tubes. Falcon tubes were centrifuged and spun in 2000 x g for 10 mins.
The supernatant was transferred to a fresh 50 mL falcon tube and placed on
ice. The supernatant was then transferred to 70 mL polycarbonate
ultracentrifuge bottles (Beckman Coulter, AUS) and centrifuged in a T45i rotor
in the Beckman Coulter Optima XPN-100 ultracentrifuge. An initial
centrifugation at 10,000 x g for 30 mins was performed before transferring
supernatants to clean ultracentrifuge tubes and was centrifuged at 100,000 x
g for 70 mins. The supernatant was then removed carefully as to not disturb
the pellet. The pellet was washed in 1X DPBS, and the sample was re-
centrifuged at 100,000 x g for 70 mins. The DPBS was then removed, and the
pellet was resuspended in100 uL of PBS.

213.3 Nanoparticle tracking analysis (NTA)

Recommended procedures by the supplier pertaining to cleaning and
calibration of the ZetaView instrument were followed. Particles/sEVs isolated
through methods such as ultracentrifugation and/or SEC were resuspended in
1 mL DPBS and subsequently vortexed. The dilution factor used was inputted
into the ZetaView software. Using a 1 mL syringe, diluted sample containing
sEVs, was inputted into the ZetaView machine via the inlet valve. Using the
designated standard operating procedures (SOP), parameters such as
particles/mL and particle diameter were acquired along with video acquisition
of diluted sample. Reports were provided containing the peak, mean average
analysis of particles/mL and particle diameter.
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2134 Electron microscopy (outsourced technique)

EM images were acquired at the La Trobe University, Melbourne Electron
Microscopy platform. Copper TEM with a formvar-carbon support film
(GSCU300CC-50, ProSciTech, Qld, Australia) were glow discharged for 60
sec using the Emitech k950x (k350 attachment. 5 pL (x 2) suspension of SEV
samples and allowed to adsorb for 30 sec. Two drops of 2% uranyl acetate
were used to negatively stain the particle sample and then left to dry prior to
imaging. Imaging of grids were carried out using the Joel JEM-2100 TEM (with
a Gatan Orius SC 200 CCD camera.

2.13.5 Mass spectrometry (outsourced technique)
The mass spectrometry experiment was carried out and EV data was acquired
by the La Trobe University (Bundoora campus) mass spectrometry platform

department.

2.13.5.1 Sample preparation
Isolated EVs and cell lysates were dried under vacuum, resuspended in 2 %

(w/v) SDS 20 mM Ammonium bicarbonate, and sonicated for 15 minutes to
disrupt EV particles. 20 pg of EV lysate was reduced by adding 2-carboxyethyl
Tris phosphine to a final concentration of 5 mM and incubating at 60 °C for 20
min. The reduced disulphide bonds were alkylated by adding iodoacetamide
to a final concentration of 20 mM and incubating for 10 min in the dark at room
temperature. The single pot, solid phase, sample preparation
strategy (Hughes, et al. 2019) was used to clean up solubilised and alkylated
protein for trypsin digestion. Proteins were captured onto carboxylate-modified
magnetic SpeedBeads (Cytiva 65152105050250 and 45152105050250) in a
50 % (v/v) ethanol environment by incubating at 24°C for 5 min with shaking
(900 rpm). Using a magnetic rack for separations, the beads were isolated,
and the supernatant discarded. The beads were washed 3 times with 80 %
(v/v) ethanol, discarding the supernatant each time. Trypsin protease at a ratio
of 1:20 (w/w enzyme:protein) was added in 20 mM ammonium bicarbonate
and incubated at 37 °C overnight on a shaker. Peptide solution was separated
from the beads and collected into fresh tubes. Digested samples were acidified

by addition of trifluoroacetic acid to 0.5 % (v/v). The tryptic peptides were then
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desalted using the StageTip method (Rappsilber et al, 2007) and dried in a

speedvac.

2.13.5.2 LC-MS analysis of peptides
LC-MS was performed on a Thermo Ultimate 3000 RSLCnano UHPLC system

and a Thermo Orbitrap LTQ Elite mass spectrometer (Thermo-Fisher
Scientific, Waltham, MA, USA). Dried peptides were reconstituted in 0.1% (v/v)
trifluoroacetic acid (TFA) and 2% (v/v) acetonitrile (ACN), and 500 ng of
peptides were loaded onto PepMap C18 5 ym 1 cm trapping cartridge
(Thermo-Fisher Scientific, Waltham, MA, USA) at 12 yL/min for 6 min before
switching the trap in-line with the analytical column (Thermo Acclaim
PepMap100 RSLC 75um x 50 cm, C18 2 um particle 100A). The column
compartment was held at 55°C for the entire analysis. The separation of
peptides was performed at 250 nL/min using a linear ACN gradient of buffer A
(0.1% (v/v) formic acid, 2% (v/v) ACN) and buffer B (0.1% (v/v) formic acid,
80% (v/v) ACN), starting at 14% buffer B to 35% over 90 min, then rising to
50% B over 15 min followed by 95% B in 5 min. The column was then cleaned
for 5 min at 95% B and afterward a ramped down to 1% B over 2 minutes and
then held at 1% B for a final 3 min. Mass-spectra were collected in Data
Dependent Acquisition (DDA) mode. MS1 spectra were collected in the
Orbitrap while CID35 MS2 spectra were collected in the ion trap. MS1 scan
parameters were scan range of 350-1500 m/z, 120,000 resolution,
Polysiloxane lock mass (445.120028 m/z). was used. MS2 spectra were

collected with rapid mode, top 15 peptides.

2.13.5.3 Database search
Raw files obtained from mass spectrometry analysis were searched against

the Human reference proteome retrieved from Uniprot in February 2024
(UP000005640_9606), using Sequest HT through Proteome Discoverer
(Version 2.4) (Thermo Scientific, Bremen, Germany). Precursor and fragment
mass tolerance were set to 20 ppm and 0.5 Da, respectively.
Carbamidomethylation of cysteine was set as fixed modification, while
oxidation of methionine, acetylation of the protein N-terminus, met-loss at
protein N-terminus and met-loss+acetyl at protein N-terminus were set as

dynamic modifications. Dlgest was set to Trypsin (Semi), Afalse discovery rate
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(FDR) threshold of 1% was used to filter peptide spectrum matches (PSMs).
FDR was calculated using a concatenated target/decoy strategy in Percolator.
For label-free quantification, precursor peaks were detected using the Minora
Feature Detector and quantified using Precursor lons Quantifier on area and

normalised to total peptideamoutn in Proteome Discoverer.

2.13.5.4 Data analysis
Multivariate statistics were performed using R, RStudio and the DEP package

for statistical analysis of proteomics data (Zhang et al 2018). Additional
packages included: readr, Hmisc, calibrate, edgeR, dplyr, tidyr, stringr,
extrafont, Complex Heatmap and heatmap. A Summarized Experiment object
was generated from Proteome Discoverer Proteins output using the
experimental design information and protein abundance columns. The data
was filtered to remove missing values, with only proteins identified in all three
replicates of one condition retained. Normalization was performed using
the normalize_vsn function, and the distributions of samples before and after
normalization were inspected through boxplots. Missing values were imputed
using the MinProb method to allow for descriptive statistics like PCA. The
intensity distributions before and after imputation were also plotted to check
for problems in data distributions. Differential enrichment analysis was
conducted with DEP using linear models and empirical Bayes statistics via
limma (Ritchie et al 2015). Significant proteins were identified based on user-

defined cutoffs for alpha (0.5) and log fold change (0.5).
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2.14 General statistical analysis

GraphPad Prism 8 was used to prepare data graphs and used to statistically
analyse data. All data was subjected to the Shapiro-Wilk test to establish
normality. Instances where the P value was <0.05, data was subjected to non-
parametric tests and in the case where the P value was not <0.05, parametric
tests were applied to the data. Where there were comparisons between two
groups, the student t-test (one-tailed) was applied. When data with two groups
were classed as non-parametric, the Mann Whitney test was performed.
Cases where there were three or more conditions/group compared, the
ordinary one-way ANOVA test was applied. When data was classed as
parametric the post-hoc Tukey’s multiple comparison test or Dunnett’s multiple
comparison test was carried out. Instances where data was non-parametric,
the Kruskal-Wallis test (with Dunn’s post hoc test) was used. Levels of
significance are provided by assigning asterisk which indicates the following:
P <0.05 (*), P <0.01 (**), P < 0.001 (***), P<0.0001 (****).
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3 Chapter Three: Validating ISR activation
using stress-inducing compounds

3.1 Introduction

3.1.1 The ISR’s role in stress and disease

The ISR under normal conditions is crucial to the maintenance of function and
health in various organisms (Costa-Mattioli and Walter, 2020), ranging from
reproductive system regulation (Grmai et al, 2024) to memory (Rosi and Frias,
2020). Despite the ISR’s importance in maintaining normal physiology,
dysregulation of the ISR has been associated with various conditions such as
cancer and neurodegeneration (Santos-Ribeiro et al, 2018; Licari et al, 2021;
Lockshin and Calakos, 2024). Cases where the ISR exhibits dysfunction tends
to occur where response to stresses is inappropriate or inefficient (Licari et al,
2021; Lockshin and Calakos, 2024; Santos-Ribeiro et al, 2018). This is
particularly the case with neurodegenerative diseases where sustained and
progressive stress has been implicated in conditions such as AD (Flury et al,
2025) and PD (Dias et al, 2013).

Stresses can be distinguished by duration and intensity (Schoof et al, 2021;
Bond et al, 2020). Acute stress is described to be transient in nature (Guan et
al, 2017) and chronic (sustained) stress which is defined by long-term stress
sensing (Guan et al, 2017). It is important to consider that the use of “acute”
and “chronic” is in a non-clinical context. Consequences of lasting activation
of the ISR may lead to neurological dysfunction including axonal and myelin
sheath loss (Chen et al, 2019) plus cell death (Bond et al, 2020).

3.1.2 Stress-inducing compounds in the investigation of the ISR

There are numerous factors that contribute to PD pathology including oxidative
(Dias et al, 2013) and ER stress (Mou et al, 2020). Both stresses are found to
activate the ISR (Bravo-Jimenez et al, 2025). There are a plethora of drugs
and compounds that have been used in the study of the ISR such as SA and
Tg (Rabouw et al, 2019). SA generates ROS - an indicator of oxidative stress
(Ruiz-Ramos et al, 2009). SA works to inhibit phosphate-using enzymes

resulting in dysfunctional cell metabolism (Rainey et al, 2024). Tg induces ER
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stress by the blocking the sarco/ER Ca?*-ATPase (SERCA) resulting in

aberrant Ca?* levels (Lindner et al, 2020).

3.1.3 Stress response pathways in PD neurotoxin models

The ISR has been linked to PD (Bravo-Jimenez et al, 2025). Toxin models
have been wuseful in understanding the processes involved in
neurodegeneration. Neurotoxins such as 6-OHDA, rotenone or paraquat have
been used to treat cells and animals to formulate these models (Bové et al,
2005). 1-methy-4-pheyl-1,2,3,6-tetrahydropyridine (MPTP) is another
neurotoxin known to cause parkinsonism in humans and monkeys due to
dopaminergic neuronal cell death (Bové et al, 2005). 1-methyl-4-
phenylpyridinium (MPP+), a metabolite of MPTP (Sallinen et al, 2009), has
been implicated in the selective elimination of dopaminergic neurons causing
PD-associated symptoms in mammals (Mapa et al, 2018). MPP+ has been
shown to localise in the mitochondria where it binds to complex | of the electron
transport chain leading to increased release of ROS (Risiglione et al, 2020).
The phosphorylation of elF2a has been implicated in neurodegeneration
(Bravo-Jimenez et al, 2025) and investigated in PD neurotoxin models where
cells have been treated with MPP+ iodide and 6-OHDA (Demmings et al,
2021). MPP+ and 6-OHDA has been shown to induce elF2a phosphorylation
and enhance ATF4 expression (Demmings et al, 2021). Further, pro-death
genetic markers such as CHOP, PUMA and TRIB3 have also been expressed
as a result of MPP+ and 6-OHDA exposure (Demmings et al, 2021). MPP+
has been demonstrated to increase mMRNA levels of genes associated with ER
(e.g. DDIT3), mitochondria (e.g. NOXA) and oxidative stress (e.g. NQO1).
Other studies have demonstrated MPP+ treatment inducing the expression of
ATF6 (Ghribi et al, 2003; Wang et al, 2023), PERK and IRE1-a (Holtz and
O’Malley, 2003; Ryu et al, 2002; Wang et al, 2023) - all markers of the UPR.
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3.1.4 Objectives

Chapter three aims to validate the activation of the ISR in known PD-related
stress conditions such as oxidative and ER stress. This information will act as
a foundation to understand the ISR in conditions of various stresses for later
comparison with a-synuclein-induced stress. To achieve this, chapter three will

explore:

e treatment of undifferentiated SH-SY5Y cells with SA and Tg at different
time points to assess expression of ISR markers including: elF2a
phosphorylation, ATF4, CHOP and GADD34 expression plus attenuated
protein synthesis.

e how MPP+-induced stress activates the ISR and how this compares to
SAand Tg.

e the effect of SA, Tg and MPP+ on SG dynamics to determine how different

stresses impact SG formation.
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3.2 Results

3.2.1 Oxidative and ER stress increases phosphorylation of
elF2a.

SA and Tg are known to induce phosphorylation of elF2a (Palangi et al, 2017),
a core event of the ISR (Humeau et al, 2020). SA and Tg were used to assess
ISR activation in SH-SY5Y cells by determining the presence of elF2a
phosphorylation. Cells were treated with SA and Tg for 1, 6 and 24 hr. Western
blot analysis was performed to quantify elF2a phosphorylation in comparison
to total elF2a. 10 yuM SA increased phosphorylation of elF2a at 6 and 24 hr by
1.4 and 1.6-fold compared to the untreated condition but was not significant
(Figure 3.1). 30 uM SA treatment for 1 hr and 6 hr treatment were able to
induce a 2.07 and 1.77-fold increase in elF2a phosphorylation compared to
the untreated condition (Figure 3.2). 30 uM SA induced significant cell death
at 24 hr preventing measurable protein expression by western blot. Treatment
with 0.15 yM Tg at 1, 6 and 24 hr yielded a 1.77, 2.62 and 2.06-fold increase
in elF2a phosphorylation respectively, when normalised to total elF2a (Figure
3.3). Data points in the SA 30 yM and Tg 0.15 pM despite showing increases
at certain timepoints were not significant. The data presented demonstrates
that both SA and Tg induces elF2a phosphorylation in SH-SY5Y cells in

alignment with findings presented in existing literature.
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Figure 3.1 Low-dose SA induces phosphorylation of elF2a. 10 yM SA was used to treat
cells for 1, 6, 24 hr. ImageJ densitometry analysis was used to process immuno-stained blots.
Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Data without asterisk have been deemed as not significant. Colours indicate

individual biological replicates: (1) red, (2) green, (3) blue. Error bars: £ SEM (n=3).
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Figure 3.2 Low-dose SA induces phosphorylation of elF2a. 30 yM SA was used to
treat cells for 1, 6, 24 hr. ImagedJ densitometry analysis was used to process immuno-
stained blots. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test
for multiple comparisons. Levels of significance close to P <0.05 (*) was reported. Data
without asterisk have been deemed as not significant. Colours indicate individual

biological replicates: (1) red, (2) green, (3) blue. Error bars: + SEM (n=3).
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Figure 3.3 Low-dose Tg induces phosphorylation of elF2a. 0.15 uM Tg was used to treat
cells for 1, 6, 24 hr. ImageJ densitometry analysis was used to process immuno-stained blots.
Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Levels of significance close to P <0.05 (*) was reported. Data without asterisk
have been deemed as not significant. Colours indicate individual biological replicates: Colours
indicate individual biological replicates: (1) red, (2) green, (3) blue (4) purple. Error bars:
SEM (n=4)
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3.2.2 MPP+ induces phosphorylation of elF2a

10 uM to 5 mM MPP+ treatment for 24 - 72 hr has been shown to induce DNA
fragmentation in SH-SY5Y cells (Pettifer et al, 2007). 500 uM MPP+ was also
shown to increase caspase-3 activity (Pettifer et al, 2007). This shows that
MPP+ has the ability to induce cellular stress and dysfunction. Further, it has
been demonstrated that incubating cells such as mouse N2A, rat PC12 and
SH-SY5Y with 10 mM MPP+ for 24 hr showed significant reduction in cell
viability and mitochondrial oxygen consumption (Mazzio et al, 2010).
Additionally, MPP+-associated stress has been shown to trigger the

phosphorylation of elF2a (Demmings et al, 2021).

To validate if MPP+ treatment activates the ISR in SH-SY5Y cells, elF2a
phosphorylation was assessed. Cells were treated with 10 mM MPP+ for 1, 6
and 24 hr. Western blotting analysis was used to assess elF2a
phosphorylation in comparison to total elF2a. EIF2a phosphorylation was
found to increase at 6 hr and 24 hr (1.62 and 1.64-fold increase) when
compared to the untreated condition (Figure 3.4). Data was not significant
when compared to the untreated condition but the significant when compared
to the 1 hr timepoint. The data presented shows that high dose MPP+ is able

to increase elF2a phosphorylation indicating ISR activation.
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Figure 3.4 10 mM MPP+ increases elF2a phosphorylation. 10 mM MPP+ was used to treat
cells for 1, 6, 24 hr. Imaged densitometry analysis was used to process immuno-stained blots.
Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Levels of significance was indicated by the following: P <0.05 (*). Data without
asterisk have been deemed as not significant. Colours indicate individual biological replicates:

(1) red, (2) green, (3) blue. Error bars: + SEM (n=3).
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3.2.3 ATF4 is expressed in response to oxidative and ER stress

ISR activation enhances expression of ATF4; a transcription factor which
coordinates the expression of genes either supporting cellular survival and
apoptosis, which is dependent on the conditions of the imposing stress (Wek
et al, 2023; Wortel et al, 2017). To further corroborate findings that SA and Tg
activates the ISR, SA and Tg was used to treat cells and ATF4 protein
expression was examined using the enzyme-linked immunosorbent assay
(ELISA). 30 uM SA was used to treat cells for 6 and 24 hr, ATF4 expression
was primarily found to increase at 6 hr (2.64-fold increase when compared to
the untreated condition) (Figure 3.5). SA 30 yM showed increases particularly
at 6 hr but data was not shown to be significant at any explored timepoint. At
24 hr, ATF4 expression reduced and was found to have minimal difference
compared to the untreated condition. ATF4 expression increased when cells
were treated with 0.15 yM Tg for 6 hr (2.96-fold increase). Additionally, Tg
treatment for 24 hr also showed a reduction in ATF4 expression compared to
the Tg 6 hr condition but was still higher than that of the untreated condition
(1.82-fold increase). With the consideration that SA and Tg at these
concentrations increases elF2a phosphorylation and ATF4 expression, the
data presented supports SA and Tg’s ability to activate the ISR. Additionally,
the reduction of ATF4 expression is due to eventual inactivation of the ISR

(Oliveira et al, 2024) and adaptation to stress.
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Figure 3.5 Low dose SA and Tg initially increases ATF4 expression but decreases in
conditions of chronic stress. 30 yM SA and 0.15 uM Tg was used to treat undifferentiated
SH-SY5Y cells for 6 and 24 hr. The ATF4 ELISA assay kit was used to establish pg/mL
concentrations of ATF4 from cell lysates. Data was analysed by one-way ANOVA followed by
Tukey’s post-hoc test for multiple comparisons. Data without asterisk have been deemed as
not significant. Colours indicate individual biological replicates: (1) red, (2) green, (3) blue.
Error bars: + SEM (n=3).
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3.2.4 MPP+ increases in ATF4 expression

With the observation that MPP+ increases elF2a phosphorylation, ATF4
expression was also quantified in response MPP+ treatment. Previous reports
in the literature have used mild concentrations of MPP+ for treatment of SH-
SYS5Y cells, such as 10 and 200 pM (Sakamoto et al, 2017). ATF4 expression
was also found to increase in cortical neurons in response to 50 yM MPP+

(Demmings et al, 2021).

To establish a comparison between the effect of low and higher concentrations
of MPP+ on ATF4 expression in SH-SY5Y cells, 0.1 mM MPP+ was used to
treat cells along with 5 and 10 mM MPP+ for 6 and 24 hr (Figure 3.6). 6 hr
treatment with 0.1 and 5 mM MPP+ induced the most ATF4 expression (1.50
1+ 0.94 and 1.85 + 0.23) compared to the untreated condition. However, despite
overall increases in ATF4 expression, data was not deemed to be significant.
10 mM MPP+ was not able to enhance ATF4 expression compared to the
untreated condition at 6 and 24 hr. The findings presented indicate that
expression of ATF4 reduces overtime which can be explained by cellular
adaptation to stress. Additionally, MPP+ at high doses as shown with the 10
mM treatment condition does not appear to enhance ATF4 expression at the

explored timepoints.
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Figure 3.6 MPP+ results in moderate increases in ATF4 expression. 0.1 mM, 5 mM and
10 mM MPP+ was used to treat undifferentiated SH-SYSY cells for 6 and 24 hr. The ATF4
ELISA kit was used to establish pg/mL concentrations of ATF4 from cell lysates. Data was
analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons.
Levels of significance was indicated by the following: P <0.05 (*). Colours indicate individual

biological replicates: (1) red, (2) green, (3) blue. Error bars: + SEM (n=2, n=3).
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3.2.5 CHOP is expressed in response oxidative and ER stress

Occasions where there is sustained and unresolved stress, apoptosis may
occur (English et al, 2017). CHOP has been described as an effector of the
ISR and in certain cases can be a pro-apoptotic marker (English et al, 2017;
Zappa et al, 2025). But there are cases where CHOP is also involved in

adaptation and recovery (Liu et al, 2023).

The expression of CHOP was explored in response to cell conditions used to
previously investigate elF2a phosphorylation. Cells were treated with 10 yM
SA, 30 uM SA, 0.15 uM Tg and 10 mM MPP+ for 1, 6 and 24 hr. It was shown
that 6 hr treatment of cells with 30 yM SA and 0.15 uM Tg induced CHOP
expression (Figure 3.7 B, 3.7 C). 10 uM SA (Figure 3.7 A) and 10 mM MPP+
(Figure 3.7 D) did not induce expression of CHOP. Here, the data suggests
that CHOP expression is concentration-dependent due to expression in
response to 30 uM SArather than 10 yM and stress-type specific as it was not

seen to be expressed in the 10 mM MPP+ condition.
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Figure 3.7 30 yM SA and 0.15 pM Tg induces CHOP expression, but other investigated
conditions do not. (A) 10 uM SA, (B) 30 uM SA, (C) 0.15 uM Tg and (D) 10 mM MPP+ was
used to treat cells for 1, 6, 24 hr. ImageJ densitometry analysis was used to process immuno-
stained blots. Treatment of cells with 30 yM SA and 0.15 yM Tg for 6 hr resulted in CHOP

expression. (n=3).
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3.2.6 LDH indicates cytotoxicity overtime in response to oxidative
and ER stress

CHOP expression was explored in response to SA, Tg and MPP+ (Figure 3.7).
SA and Tg induced CHOP expression but expression was not observed in the
MPP+ condition at the concentration explored. CHOP has been found to have
downstream pro-death effects and the LDH assay was preformed to assess
cell viability/cytotoxicity to indicate if CHOP expression coincided with reduced
cell viability. LDH is released when cells are compromised which has been
described as an indicator of cell death specifically late-stage apoptosis and
early-stage necrosis (Parhamifar et al, 2013). Apoptosis is defined by
programmed/controlled cell death often indicated by changes in biochemical
processes or morphology. Whereas necrosis is characterised as be
uncontrolled cell death often associated with cell fragments in culture medium
(D’Arcy, 2019).

Cells were treated with SA, Tg and MPP+ for 1, 6 and 24 hr (Figure 3.8).
Overall, all treatment conditions resulted in an increase in LDH activity
overtime. Maximal increases were seen at 24 hr compared to previous
respective treatment durations (10 yM SA, 24 hr: 0.79 £ 0.042; 30 uM SA, 24
hr: 0.96 + 0.066; 0.15 uM Tg, 24 hr: 0.43 + 0.0093; 5 mM MPP+: 0.58 +
0.061 10 MM MPP+: 0.87 £ 0.055) and higher than the spontaneous condition
(functions as a control condition for this assay, where water is added overnight,
see Section 2.8) as well as higher than the untreated condition (0.39 + 0.019
and 0.42 £ 0.023). Overall, the various compounds assessed using the LDH
assay, increased LDH activity in cells particularly at the 24 hr timepoint which
suggests that sustained exposure to SA, Tg and MPP+ increases cellular

toxicity.

79



¥k kk

=k
! g !
| e 1
! EEEE !
I R 1
| * |
1
2.0
E’ 1.5
(=]
=]
£
5
[
F 10 .:F ) _}
g X e ] b
£ g .
‘: n
i
g os

X
:

AL D) 70 11

0,15 M 5mm omm

I Lt &
aodf. L A - R N T &
30 M
BT Tg (TIEI= MPF+

Figure 3.8 Long-term stress increases cytotoxicity. 10 uM SA, 30 uM SA, 0.15 yM Tg, 5
mM MPP+ and 10 mM MPP+ was used to treat cells for 1, 6, 24 hr. The LDH activity, indicatory
of compromised cells and cytotoxicity, was measured from cell culture medium collected from
the various conditions reported. Absorbance was measured from the colorimetric assay to
establish LDH activity/levels. Data was analysed by one-way ANOVA followed by Dunnett’s
post-hoc test for multiple comparisons (comparing the treatment conditions to the untreated
condition). Levels of significance was indicated by the following: P < 0.001 (***) and P <0.0001
(****). Data without asterisk have been deemed as not significant. Colours indicate individual
biological replicates (1) red, (2) green, (3) blue. Error bars: + SEM (Biological replicates, n=3

and technical replicates, n=3).
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3.2.7 Oxidative and ER stress induces GADD34 expression

GADD34 is a protein phosphatase that promotes the dephosphorylation of
elF2a allowing protein synthesis to be appropriately restored (Oliveira et al,
2024). GADD34 is a target of ATF4 (Marton et al, 2022) and also activated by
CHOP (Hu et al, 2019). GADD34 was assessed in response to SA, Tg and
MPP+. 10 uM SA, 30 uM SA, 0.15 yM Tg and 10 mM MPP+ were used to treat
cells for 1, 6 and 24 hr. Western blotting analysis indicated GADD34
expression was not seen with 10 yM SA treatment at any of the timepoints
explored (Figure 3.9 A). However, expression of GADD34 in response to 30
MM SA for 6 hr and 0.15 uM Tg for 24 hr was observed (Figure 3.9 B, C). 10
mM MPP+ was also found to induce expression of GADD34 at 1, 6 and 24 hr
(Figure 3.9 D). The stress conditions explored (except 10 uM SA) induces
GADD34 expression which coincides with data previously presented showing

reduced elF2a phosphorylation and ATF4 expression.
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Figure 3.9 SA, Tg, MPP+ induces GADD34 expression. SA 10 yM, SA 30 uM, Tg 0.15 uM

and MPP+ 10 mM was used to treat cells for 1, 6, 24 hr. Treatment of cells with Tg 0.15 pM
for 24 hr resulted in GADD34 expression. (n=1).
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3.2.8 Global protein synthesis is inhibited following MPP+
treatment

Activation of the ISR results in the reduction of global cellular translation (Ryoo
and Vasudevan, 2017) to promote cell survival (Pakos-Zebrucka et al, 2016).
To assess global translation, cells were treated with 30 uM SA, 0.15 uM Tg
and 10 mM MPP+ for 6 hr. 6 hr was used as the treatment duration for this
experiment as this timepoint induced the highest expression of ATF4 when
compared to 24 hr (Figure 3.5, 3.6). The puromycin incorporation assay, used
to assess cellular protein synthesis, involves cells being treated with
puromycin and emetine towards the end of the stress/drug treatment as
described in (Section 2.10). Puromycin is an aminonucleoside antibiotic that
acts as a protein synthesis inhibitor. It is structurally similar to 3’ end of
aminoacylated tyrosyl tRNA (Enam et al, 2020). Puromycin is incorporated into
elongating nascent C-terminus chains which prevents further extension and
terminates translation by dissociating nascent peptides from their RNA in a
process called puromycylation (Aviner, 2020; Enam et al, 2020). It results in
the 80S ribosomes disassembling (Aviner, 2020). Emetine functions as a
translation elongation inhibitor (Rosa-Mercado et al, 2024). Using an anti-
puromycin antibody with subsequent immunoblotting as described in (Section
2.10) puromycylated proteins can be detected which indicates the successful
incorporation of puromycin which acts as an indicator of newly synthesised
proteins (Aviner, 2020). By comparing puromycin incorporation in stress
conditions to the untreated condition; changes in translation can be quantified

to investigate ISR activation.

30 uM SA, 0.15 yM Tg and 10 mM MPP+ were used to treat cells for 6 hr. 30
MM SAdid not result in a reduction in puromycin incorporation. 0.15 yM Tg and
10 mM MPP+ induced a significant reduction in puromycin incorporation by
1.51 and 2.94-fold respectively (Figure 3.10). Considering the increased
elF2a phosphorylation and ATF4 expression in response to 30 uM SA
treatment, the data showing puromycin incorporation similar to that of the
untreated condition despite evidence of stress induction was unexpected.
Regarding, 0.15 yM Tg and 10 mM MPP+, both treatments were able to
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reduce puromycin incorporation which was in line with previous indicators of

ISR activation (e.g. elF2a phosphorylation).
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Figure 3.10 Tg and MPP+ at 6 hr attenuates translation. 30 uM SA, 0.15 uM Tg, and 10
mM MPP+ was used to treat cells for 6 hr. The puromycin incorporation assay was performed
and subsequent ImagedJ densitometry analysis was used to process resulting immuno-stained
blots. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Levels of significance was indicated by the following: P <0.01 (**), P < 0.001
(***). Data without asterisk have been deemed as not significant. Colours indicate individual

biological replicates: (1) red, (2) green, (3) blue. Error bars: £ SEM (n=3).
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3.2.9 Chronic stress and the formation of SGs

SGs are known to form in response to SA and Tg (Wheeler et al, 2016; Zhang
et al, 2019). There are various SG markers used in the assessment of SGs
including G3BP and TIA-1 (Vanderweyde et al, 2012). G3BP is a stress-
assembly marker that promotes the formation of SGs and the inhibition of
G3BP has been shown to prevent the formation of SGs (Freibaum et al, 2023).
It has been demonstrated that 30 yM SA and 0.15 uM Tg at low concentrations
are able to activate the ISR. As such, 0.15 yM Tg, 10 yM SA and 30 uM SA
was used to treat cells for 1, 6 and 24 hr to assess presence of SGs. Using
immunocytochemistry, cells were stained for G3BP puncta (Figure 3.11 A, B,
C). The area, percentage of SG-positive cells, the number of SGs per cell and
the total number of SGs (across the total number of cells counted) were

quantified.

The percentage of cells positive for G3BP-positive SGs increased in response
to 0.15 uM Tg, 10 uM and 30 uM SA at 1 hr (74, 58, and 64 % on average)
compared to the untreated condition (6.7 %) (Figure 3.11 D). Within each
condition, the percentage of G3BP-positive cells reduced at the 6 and 24 hr
timepoint (Figure 3.12 A). This was seen across all parameters where it was
found that the total number of SGs and the number of SGs per cell in response
to 0.15 uM Tg, 10 uM and 30 uM SA reduced at 6 and 24 hr compared to 1 hr
timepoint (Figure 3.12 B, C). Additionally, SGs were larger at 1 hr compared
to the 6 and 24 hr timepoints in response to SA and Tg (Figure 3.12 D). Data
shows that low-dose SA and Tg-induced stress is capable of inducing SGs.
SA and Tg are able to induce SGs at 1 hr but will disassemble overtime
indicatory of adaptive mechanisms taking place during chronic stress (e.g.
GADD34 expression). Similar patterns of SG dynamics have been seen in

other literature.
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Figure 3.11 Low-dose SA and Tg-induced SGs but the number of SGs reduce in

24 hr

response to long-term treatment. Cells were treated with (A) 0.15 uM Tg (B) 10 uM SA and
(C) 30 uM SA. Cell nuclei were stained using DAPI and G3BP conjugated to AF488 was used

as an indicator of SG puncta. Magnification: 63x. Scale bar: 20 ym.
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Figure 3.12 Quantification of SG parameters in response to low dose SA and Tg. G3BP-
positive puncta (Figure 3.13) were analysed by quantifying various parameters including: (A)
percentage of cells positive for SGs, (B) total number of SGs across the total number of cells
(C) the number of SGs/G3BP positive puncta per cell and (D) the area of SGs (um?). (A, C,
D) Data was analysed by Kruskal-Wallis’ test followed by Dunn’s post-hoc test for multiple
comparisons. (B) Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test
for multiple comparisons. Significance is indicated by asterisk, P <0.05 (*), P<0.0001 (****).
Data without stars have been deemed as not significant. indicate individual biological

replicates: (1) red, (2) green, (3) blue. Error bars: £ SEM (n=3). (35 cells per repeat).
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3.2.10 SG formation in response to acute stress

Chronic stress (mild and prolonged stress) has been found to result in the
reduction of SGs where there is a reduction in size and number of SGs from 1
hr to 24 hr (Figure 3.11, 3.12). To investigate the dynamics of SGs in response
to acute stress (severe and short duration) cells were treated with 1.5 yM Tg
and 250 uyM SA for 1 hr. Immunocytochemistry was subsequently used to
detect G3BP-positive puncta (Figure 3.13). Compared to the untreated
condition, 1.5 yM Tg and 250 pyM SA treatment for 1 hr resulted in 100 % cells
positive for G3BP-positive SGs (Figure 3.13 A). SGs were also found to be
larger in area in response to SA and Tg compared to the untreated condition
(Figure 3.13 D). Acute and more severe stress was found to induce more and
larger SGs compared to SA and Tg chronic stress conditions (Figure 3.12),

indicating that severity of stress is a key factor in SG dynamics.

TIA-1 is another SG marker (Mackenzie et al, 2017), it was used to further
validate the presence of SGs in response to SA and Tg-induced stress. Cells
were treated with 1.5 uM Tg and 250 yM SA for 1 hr and immunocytochemistry
was performed to detect SGs expressing TIA-1. It was found that 1.5 uM Tg
and 250 uM SA resulted in 76 and 100 % of cells being positive for TIA-1 SGs
respectively and 33 % of cells on average were positive for SGs in the

untreated condition (Figure 3.14 A).

The data presented shows that SA and Tg acute stress will induce SGs
positive for G3BP and TIA-1.
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Figure 3.13 SA and Tg induces SG formation during short and longer duration
exposure. (A) Representative images of 1.5 yM Tg and 250 uM SA treated undifferentiated
SH-SY5Y cells. Cell nuclei were stained using DAPI and G3BP conjugated to AF488 was used
as an indicator of SGs. Magnification: 63x. Scale bar: 20 ym. G3BP-positive puncta were
analysed by quantifying various parameters including: (B) percentage of cells positive for SGs,
(C) total number of SGs across the total number of cells (D) the number of SGs/G3BP positive
puncta per cell and (E) the area of SGs (um?). Data was analysed by Kruskal-Wallis’ test
followed by Dunn’s post-hoc test for multiple comparisons. Asterisk indicates the extent of
statistical significance as reported by GraphPad Prism. The following levels of significance are
P <0.05 (*), P <0.01 (**), P < 0.001 (***), P<0.0001 (****). Data without asterisk have been
deemed as not significant. Colours indicate individual biological replicates: (1) red, (2) green,
(3) blue. Error bars: £+ SEM (n=3). (Total number of cells: 105/35 per repeat).
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Figure 3.14 SA and Tg acute/short-term treatment also forms SGs positive for TIA-1 (A)
Representative images of 250 uM SA (1 hr) and 1.5 uM Tg (1 hr) treated undifferentiated SH-
SY5Y cells. Cell nuclei were stained using DAPI and AF594 was used to indicate TIA-1
positive SGs foci. Magnification: 63x. Scale bar: 20 ym. G3BP-positive puncta were analysed
by quantifying various parameters including: (B) percentage of cells positive for SGs, (C) total
number of SGs across the total number of cells (D) the area of SGs (um?). Data was analysed
by Kruskal-Wallis’ test followed by Dunn’s post-hoc test for multiple comparisons. Significance
is indicated by asterisk, P<0.0001 (****). Data without asterisk have been deemed as not
significant. Colours indicate individual biological replicates: (1) red, (2) green, (3) blue. Error

bars: £ SEM (n=3). (35 cells per repeat).

94



3.2.11 MPP+ induces SG formation

With the presentation of data showing that acute and chronic SAand Tg stress
induces SG formation, MPP+ was also used to treat cells to compare SG
dynamics in response to the explored toxic compounds. Cells were treated
with 5 mM MPP+ for 1, 6, 24 hr (Figure 3.15). 41 % of cells in the untreated
condition were positive for G3BP-positive SGs (but on average <1 SG per cell).
1, 6, 24 hr treatment of SGs with 5 mM MPP+ resulted in 85, 18, 85 % of cells
being positive for SGs (Figure 3.15 B). Furthermore, when looking at other
parameters in the quantification of SGs in response to 5 mM MPP+ treatment,
there were more and larger SGs in the 1 hr and 24 hr 5 mM MPP+ conditions
(Figure 3.15C, D, E).

To confirm that 5 mM MPP+ treatment could induce the formation of TIA-1-
positive SGs, cells were treated with 5 mM MPP+ for 24 hr and
immunocytochemistry was performed. 76 % of cells were positive for TIA-1
positive SGs in response to 5 mM MPP+ 24 hr treatment compared to the
untreated condition (1.9 % of cells) (Figure 3.16 B). Overall, there were larger
and more TIA-1-positive SGs in response to MPP+ 5 mM treatment compared

to the cells that were not treated (Figure 3.16 C, D).

Cells were also treated with a higher concentration of 10 mM MPP+ for 1, 6,
24 hr to assess the impact of a higher concentration of MPP+ on SG dynamics.
Immunocytochemistry was used to detect the presence of G3BP-positive SGs
(Figure 3.17 A). It was found that in response to 1, 6, 24 hr treatment with 10
mM MPP+, 30, 50 and 74 % of cells respectively, had G3BP-positive SGs
compared to the untreated condition (18 %) (Figure 3.17 B). Overall, there

was an increase in the number and size (area) of SGs (Figure 3.17 C, D, E).

Additionally, cells were treated with 10 mM MPP+ for 24 hr and
immunocytochemistry was used to detect TIA-1-positive SGs (Figure 3.18).
60 % of cells treated with 10 mM MPP+ were found to be positive for TIA-1
SGs compared to the untreated condition (1 %) (Figure 3.18 B). In general, it
was found that there was more and larger (area) SGs in response to MPP+ 10

mM when compared to the untreated condition (Figure 3.18 C, D).
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Overall, it was shown that MPP+ treatment (5 and 10 mM) was able to induce
SG formation positive for G3BP and TIA-1. It appears to follow a different
pattern to SA and Tg chronic stress where overtime there appears to be an
increase in response to 10 mM MPP+ treatment or oscillations in SG formation
as seen with 5 mM MPP+ treatment rather than a reduction in SGs overtime

which was observed in the SA and Tg conditions.
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Figure 3.15 5 mM MPP+ induces SGs in both short and long-term stress. (A)
Representative images of 5 mM MPP+ treated undifferentiated SH-SY5Y cells. Cell nuclei
were stained using DAPI and AF488 was used to indicate G3BP positive SGs foci.
Magnification: 63x. Scale bar: 20 ym. G3BP-positive puncta were analysed by quantifying
various parameters including: (B) percentage of cells positive for SGs, (C) total number of
SGs across the total number of cells (D) the number of SGs/G3BP positive puncta per cell
and (E) the area of SGs (um?). Data was analysed by Kruskal-Wallis’ test followed by Dunn’s
post-hoc test for multiple comparisons. Levels of significance was indicated by the following:
P <0.05 (*), P <0.01 (**), P < 0.001 (***), P<0.0001 (****). Data without asterisk have been
deemed as not significant. Colours indicate individual biological replicates: (1) red, (2) green,
(3) blue. Error bars: £+ SEM (n=3). (35 cells per repeat).
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Figure 3.16 5 mM MPP+ induces TIA-1 positive SGs during long-term stress. (A)
Representative images of 5 mM MPP+ treated undifferentiated SH-SY5Y cells. Cell nuclei
were stained using DAPI and AF594 was used to indicate TIA-1 positive SGs foci.
Magnification: 63x. Scale bar: 20 ym. Position A and B are random position taken to show
the different TIA-1 puncta. TIA-1-positive puncta were analysed by quantifying various
parameters including: (B) percentage of cells positive for SGs, (C) total number of SGs
across the total number of cells (D) the area of SGs (um?2). Data was analysed by the Mann-
Whitney test. Levels of significance was indicated by the following: P <0.05 (*). Data without
asterisk have been deemed as not significant. Colours indicate individual biological
replicates: (1) red, (2) green, (3) blue. Error bars: £ SEM (n=3). (Total number of cells:
105/35 per repeat).
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Figure 3.17 Chronic treatment of cells with 10 mM MPP+ induces. (A) Representative
images of 10 mM MPP+ treated undifferentiated SH-SY5Y cells. Cell nuclei were stained
using DAPI and AF488 was used to indicate G3BP positive SGs foci. Magnification: 63x.
Scale bar: 20 ym. G3BP-positive puncta were analysed by quantifying various parameters
including: (B) percentage of cells positive for SGs, (C) total number of SGs across the total
number of cells (D) the number of SGs/G3BP positive puncta per cell and (E) the area of
SGs (um?). Data was analysed by Kruskal-Wallis’ test followed by Dunn’s post-hoc test for
multiple comparisons. Levels of significance was indicated by the following: P <0.05 (*), P
<0.01 (**), P = 0.001 (***), P<0.0001 (****). Data without asterisk have been deemed as
not significant. Colours indicate individual biological replicates: (1) red, (2) green, (3) blue.

Error bars: + SEM (n=3). (Total number of cells: 105/35 per repeat).
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Figure 3.18 10 mM MPP+ induces TIA-1 positive SGs during long-term stress. (A)
Representative images of 10 mM MPP+ treated undifferentiated SH-SY5Y cells. Cell nuclei
were stained using DAPI and AF594 was used to indicate G3BP positive SGs foci.
Magnification: 63x. Scale bar: 20 ym. G3BP-positive puncta were analysed by quantifying
various parameters including: (B) percentage of cells positive for SGs, (C) total number of
SGs across the total number of cells (D) the area of SGs (um?). Data was analysed by the
Mann-Whitney test. Levels of significance was indicated by the following: P <0.05 (*). Data
without asterisk have been deemed as not significant. Colours indicate individual biological
replicates: (1) red, (2) green, (3) blue. Error bars: £ SEM (n=3). (Total number of cells: 105/35

per repeat).
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3.3 Discussion
3.3.1 Oxidative and ER stress activates the ISR

SA and Tg were used to explore ISR activation in response to oxidative and
ER stress. It is well documented that arsenite-induced oxidative stress and Tg-
induced ER stress activates the ISR (McEwen et al, 2005; Zheng et al, 2019).
Treatment with SA and Tg yielded data that showed an increase in elF2a
phosphorylation (Figure 3.1, 3.2, 3.3). Increasing the concentration of 10 yM
to 30 uM SA mirrors increasing stress severity with observations of elevated
elF2a phosphorylation as a result. It appears that the more severe the stress,
the earlier the cell (if capable) will respond to the imposing stress and engage
in a process of adaptation to aid cellular recovery. 6 hr treatment with 30 yM
SA caused a reduction in elF2a phosphorylation, when compared to the 1 hr
treatment but was still elevated compared to the untreated condition. Due to
the extensive cell death in the 30 uM SA, 24 hr condition (due to the
concentration being extremely toxic as shown in LDH data), this prevented
elF2a phosphorylation quantification by western blot analysis. Cells were
treated with Tg (Figure 3.3) to provide a comparison between ISR marker
expression in conditions of oxidative and ER stress. 0.15 uM Tg, like the SA
conditions, induced an increase in elF2a phosphorylation but continues to
increase when cells are subjected to 6 hr treatment. However, the
characteristic reduction of elF2a phosphorylation is observed at 24 hr which
could also be a sign of cell recovery and adaptation which has been seen

existing literature (Hanson et al, 2024).

Considering this information, ATF4 expression was assessed in response to
the low-dose concentrations of 30 uM SA and 0.15 pM Tg at 6 and 24 hr
(Figure 3.5). The pattern of ATF4 expression in response to SA and Tg were
similar, where there were increases in expression of ATF4 at 6 hr. At 24 hr for
both SA and Tg, there is a reduction in ATF4 expression. The 24 hr timepoint
data shows adaptation could be taking in place which has also been observed

in other literature (Hanson et al, 2024).

ATF4 expression is associated with an increase in pro-apoptotic markers

(Rozpedek et al, 2016). Although, CHOP has associations with apoptosis in
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ER stress conditions (Hu et al, 2019), there are other proposed functions for
CHORP such as cell cycle arrest (Pan et al, 2024); cell recovery and adaptation
(Liu et al, 2023) plus promotion of autophagy (Yang et al, 2021). Additionally,
CHORP is a target of ATF4, where CHOP expression is dependent on ATF4
transcription (Su and Kilberg, 2008). Further, CHOP has in turn been observed
to negatively regulate ATF4 activity (Su and Kilberg, 2008). CHOP expression
was investigated using western blot analysis in response to 10 uM SA, 30 uM
SA and 0.15 uM Tg at 1, 6 and 24 hr. It was shown that 30 uM SA induced
expression of CHOP at 6 hr and 0.15 yM Tg induced moderate expression of
CHOP at 6 hr (Figure 3.7), coinciding with the pattern of ATF4 expression

observed in response to these treatments (Figure 3.5).

Additionally, ATF4 is associated with expression of GADD34 where GADD34
de-phosphorylates elF2a-P, deactivating the ISR (Marton et al, 2022; Oliveira
et al, 2024). Western blot analysis shows that GADD34 was expressed in
response to 6 hr treatment with 30 yM SA and 24 hr treatment with 0.15 uM
Tg. But this was not the case with 10 yM SA (Figure 3.9). At the timepoints
where GADD34 was expressed, there was reduction in elF2a phosphorylation
at 30 uM SA, 6 hr (Figure 3.2) and 0.15 uM Tg, 24 hr (Figure 3.3) compared
to their respective earlier timepoints. Which is indicatory of GADD34 activity

(deactivating the ISR) and suggestive of cellular adaptation.

GADD34 expression is low in unstressed cells but will increased upon
induction of cellular stress. However, when stress dissipates, the cellular
content of GADD34 will experience a rapid decline that occurs through 26S
proteasomal mediated degradation (Brush and Shenolikar, 2008). GADD34
expression was assessed by western blot in our study to establish if ISR
deactivation was an occurrence in the oxidative and ER (chemically induced)
stress conditions. However, with the rapid decay of GADD34, the assessment
of GADD34 decay rates and/or stability would have provided better context of
GADD34 expression in response to the stressors utilised in this study. An
example of this is the quantification of cellular levels of green fluorescent
protein fused with GADD34 to assess decay rates (Brush and Shenolikar,
2008).
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An intrinsic event of the activation of the ISR is the attenuation of translation
by the inhibition of GEF activity of elF2B resulting in the reduction of ternary
complexes (Wek et al, 2023). It has been demonstrated that Tg resulted in a
reduction of puromycin incorporation indicating translation inhibition (Figure
3.10). However, the incorporation of puromycin did not change in response to
6 hr treatment with 30 uM SA compared to the untreated. This marries with the
GADD34 data where GADD34 is expressed in response to 30 yM SA at 6 hr

indicatory of ISR de-activation.

3.3.2 High-dose MPP+ activates the ISR but does not enhance
ATF4 expression.

Understanding MPP+’s ability to not only induce stress but to also activate the
ISR was important in establishing a link between the ISR and PD pathology in

our cell model along with validating existing findings in literature.

10 mM MPP+ induced moderate elF2a phosphorylation (Figure 3.5) but did
not enhance ATF4 expression at this concentration (Figure 3.6). 0.1 and 5 mM
MPP+ was able to induce ATF4 expression at 6 hr compared to the untreated
condition (Figure 3.6). Similar to SA and Tg, (Figure 3.5), there was a
comparative reduction in ATF4 expression at 24 hr compared to the 6 hr
timepoint when cells were treated with MPP+ (at all explored concentrations).
Suggesting that cellular adaptation is taking place when cells are treated with
0.1 and 5 mM MPP+ for sustained durations. It would be beneficial to observe
elF2a phosphorylation at 0.1 and 5 mM MPP+ for comparative purposes to
understand why 10 mM MPP+ did not increase the expression of ATF4 when

compared to the untreated condition.

10 mM MPP+ treatment did not induce CHOP expression also (Figure 3.7).
Despite the absence of enhanced ATF4 and CHOP expression, puromycin
incorporation was lowered compared to the untreated condition indicating
reduced protein synthesis (Figure 3.10), a marker of ISR activation.
Considering that 10 mM MPP+ induces phosphorylation of elF2a and reduces
puromycin incorporation (indication of translation inhibition) at 6 hr, it was
interesting that ATF4 and CHOP expression was not enhanced. The absence
of CHOP expression in response to 10 mM MPP+ could mean other pro-death

markers being expressed. Caspase-3 was shown to be expressed in response
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to MPP+ (Kaul et al, 2003) as well as melastatin-like transient receptor
potential (TRPM) 2 (Sun et al, 2018). Absence of ATF4 and CHOP expression
was also seen when mouse embryonic fibroblast (MEF) cells were subjected
to UV irradiation (UV-B and UV-C) (Dey et al, 2012). There were also
observations of increased elF2a phosphorylation along with attenuation of
translation (Dey et al, 2012). Although UV radiation differs from MPP+ induced
stress, it is plausible to suggest that during specific stresses, a mechanism to
suppress CHOP expression could be utilized to promote survival. However,
further research is needed to investigate this in cases of MPP+ stress

conditions.

The data collected indicates that MPP+ at a concentration of 10 mM can
induce GADD34 expression at both 6 and 24 hours (Figure 3.9 D). This
induction correlates with moderate increases in phosphorylation of elF2a at 6
and 24 hr (Figure 3.4). Which suggests that the 10 mM MPP+ condition leads
to GADD34 induction independent of increased ATF4 and CHOP expression.
GADD34 induction was shown to occur independently of enhanced ATF4 and
CHOP expression during mild hyperosmotic stress (Krokowski et al., 2015).
MEFs were treated with 500 mosmol medium to induce hyperosmotic stress,
which caused an increase in elF2a phosphorylation and GADD34 expression
but no expression of ATF4 and CHOP (Krokowski et al, 2015). These
observations were also seen when SH-SY5Y cells were treated with trehalose,
an inducer of autophagy (Dimasi et al, 2017). It would be beneficial to
investigate the mRNA levels of ATF4, GADD34, and CHOP at the time points
investigated (1, 6, and 24 hours) in response to 10 mM MPP+ treatment of

SH-SYSY cells to provide further context for the findings presented.

3.3.3 Stress granules dynamics differ depending on stress
conditions

It has been demonstrated that acute and severe (high concentration) stresses,
as indicated by SA and Tg, lead to large SGs, often resulting in 100% of
quantified cells having SGs (Figure 3.13). Chronic stress (lower
concentrations/milder concentrations) induced by SA and Tg, resulted in SGs
that were smaller and fewer in number (Figure 3.11, 3.12). This suggests that

the SGs may have different characteristics due to differing stress conditions or
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the SGs being smaller could be due to the cell being subjected to milder stress
conditions. Within the chronic stress condition (mild, prolonged), there were
more and larger SGs at 1 hr compared to longer timepoints (Figure 3.11). The
observed reduction of SGs (number and size) overtime suggests stress
adaptation. This is supported by expression of GADD34 in response to 6 hr
treatment with 30 uM SA and 24 hr treatment with 0.15 yM Tg (Figure 3.9).
Similar patterns of SG reduction in response to chronic stress has been seen
in other literature where SGs reduce at timepoints after 1 hr treatment with low
doses of SA (e.g. 50 pM) (Adachi et al, 2024).

SG dynamics were also explored in response to MPP+ treatment. Data
presented showed that 5 mM and 10 mM induced the formation of SGs
(Figure 3.15, 3.16, 3.17, 3.18). These SGs were shown to be positive for both
G3BP and TIA-1. There appears to be a difference in SG dynamics in
response to MPP+ (Figure 3.15, 3.17) when compared to SA and Tg (Figure
3.11). Like SA and Tg, there also appears to be increases in SGs at 1 hr in
response to 5 mM MPP+ followed by a decrease at 6 hr. However, the number
and size of SGs increased again at 24hr (Figure 3.15). The oscillating SG
formation seen in response to 5 mM MPP+ has been seen in other stress
conditions. It has been shown that SGs can assemble and disassemble in an
oscillating manner as seen with viral infection-induced stress (Ruggieri et al,
2012). Regarding, 10 mM MPP+, this condition was shown to induce more

SGs overtime with the size and number of SGs peaking at 24 hr (Figure 3.17).

Expression of GADD34, in cases of SA and Tg-induced stress, appears to
coincide with a reduction of cells positive for SGs (Figure 3.9). Similar
observations were seen with hepatitis C virus infected-Huh7 cells where
GADD34 expression correlated with reduced phosphorylated elF2a levels and
decreased SGs (Klein et al, 2022). Considering the current understanding that
GADD34 de-phosphorylates elF2a-P, which is an indicator of cell recovery
(Goh et al, 2018), it is expected that SG disassembly should occur (Hoffmann
et al, 2022). This does not appear to be the case with 10 mM MPP+. GADD34
was shown to be expressed at 1, 6 and 24 hr (Figure 3.9 D) and SGs
increased overtime (Figure 3.17) which suggests an alternative link between
GADD34 and SGs that should be explored. Moreover, despite both SA and
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MPP+ having the capacity to induce oxidative stress (Anantharam et al, 2007;
Ruiz-Ramos et al, 2009), SG dynamics differs between the explored treatment
conditions, indicating that the SGs dynamics will vary in response to different

compounds with variances in their mechanism of action.

SGs will typically only form under conditions of stress. There were
observations of minimal amounts of SGs present in the untreated condition
(Figure 3.11 — 3.18). This could be due to fluctuations in cell culture conditions
resulting in moderate stress induction. Some cancer cell lines may be
inherently stressed as cellular stress has been found to be key to
tumorgenesis and cancer proliferation (Redding and Grabocka, 2023),
potentially enhancing basal levels of SGs. Additionally, SG components such
as G3BP1 have been found to be overexpressed in certain cancer cells
altering SG dynamics (Redding and Grabocka, 2024).
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3.4 Summary
The aim of chapter three was to validate the activation of the ISR in response
to compounds that have been explored in existing literature such as SA, Tg

and MPP+, to build a foundation of expectation in the selected cell line, SH-
SY5Y.

This study further explored the impact of duration, severity and type of stress
treatments on ISR marker expression. The data presented confirms SA and
Tg are able to increase expression of the following ISR markers: elF2a
phosphorylation, ATF4, GADD34 and CHOP expression (Figure 3.19). It can
also be confirmed that MPP+ can induce ISR marker expression. But in the
condition of high doses of MPP+ (10 mM) there is observation of ISR activation
independent of increased ATF4 and CHOP expression (Figure 3.20) which

requires further exploration.

Treatment with these stress-inducing compounds shows the capacity of cells
to adapt to various stresses (oxidative and ER stress) through the reduction of
ISR markers overtime as shown with the reduction of elF2a phosphorylation
and ATF4 expression as well as increased GADD34 expression despite the

observation of increased cytotoxicity.

It is common knowledge that SA and Tg triggers SG formation, but it has not
been shown in existing literature that MPP+ can induce SG formation which
has been demonstrated with G3BP and TIA-1 immunocytochemistry. Further,
SGs formed in response to MPP+ exhibits different dynamics when compared
to SAand Tg.

Furthermore, the data explored in this chapter uses techniques focused on
protein expression of ISR, it would be informative to investigate how stress
induced by SA, Tg and MPP+ alters gene expression of various ISR markers.
Exploration of additional timepoints and concentrations of the toxic
compounds used would be helpful in understanding how time and
concentration impacts the ISR. Also, further investigation into additional
adaptive and apoptosis markers downstream of ATF4 would provide a more
in-depth picture of the stress response induced by the stress conditions

investigated.
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Figure 3.19 A summary of data exploring SA and Tg of ISR marker expression. The diagrams

summarise the findings presented throughout the chapters in response to low-dose SA and Tg.

With specific focuses on how expression changes compared to the prior timepoint.
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of ISR marker expression. The diagrams summarise the

findings presented throughout the chapters in response to MPP+. With specific focuses on

how expression changes compared to the prior timepoint.
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4 Chapter Four: The production and
characterisation of a-synuclein
aggregates

4.1 Introduction

a-Synuclein aggregation is a hallmark in PD pathology (Hijaz and Volpicelli-
Daley, 2020) and has been studied in other diseases such as DLB, PDD, MSA,
pure autonomic failure and rapid eye movement sleep behaviour (Calabresi et
al, 2023). Due to its association with various conditions and mechanisms, the
production and characterisation of a-synuclein aggregates has been key to
studying PD (Danzer et al, 2007; Howe et al, 2021; Taylor-Whiteley et al, 2019;
Woerman and Luk, 2024). Aggregates of a-synuclein exist in many forms as
discussed in Sections 1.5, 1.6 with oligomers and PFFs being implicated in
PD-associated cellular stress (Russo et al, 2019; Taylor-Whiteley et al, 2019;
Zeng et al, 2024). The activation of the ISR in response to oligomers and PFF
will be explored to determine a link between the ISR, stress and PD pathology.
Therefore, production and characterisation of a-synuclein oligomers and PFFs

will be intrinsic to investigating this.

4.2 Objectives

The aim of this chapter is to focus on the production of seeding (Type C)
oligomers and PFFs for subsequent cellular treatment to explore cellular stress
as well as the effects of a-synuclein aggregates on sEV proteomic cargo.

Therefore, to achieve this, the following will be carried out:

e the production and characterisation of WT monomeric a-synuclein.

e inducing aggregation of monomeric a-synuclein into oligomers, fibrils
and PFFs.

e characterising oligomers and PFFs/fibrils using various techniques.

e exploration of alternative techniques (use of novel fluorescent dyes) to

detect intracellular aggregation upon exposure to PFFs.
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4.3 Results

4.3.1 The production and characterisation of monomeric a-
synuclein

The production of monomeric a-synuclein is required when synthesising
oligomers and PFFs. Monomeric a-synuclein was produced in a bacterial
expression system using the BL21 (DE3) E.coli strain. Bacterial cells were
subjected to expansion steps as described in Section 2.3. Samples at all
stages of crude purification were collected and subjected to SDS-PAGE. Gels
were then stained using the Imperial Protein Stain to detect presence of
proteins. It was observed that there were proteins at various molecular weights
(Figure 4.1 A).

To purify the acquired bacterial protein samples and obtain the desired
recombinant protein, samples were then subjected to FPLC using anion
exchange and gel filtration/size exclusion chromatography (SEC) (Section
2.3). Recombinant protein samples were dissolved in sodium phosphate and
purity was confirmed by the presence of a single protein band detected by
SDS-PAGE and subsequent staining of proteins present on the gel (Figure
4.1 B). The detected protein band was higher than 15 kDa, this is due to a-
synuclein monomers being intrinsically disordered proteins (IDP) (Tong et al,
2024). IDPs will migrate on gels slower due to a lower binding affinity to SDS
resulting in protein bands appearing higher than the expected molecular
weight (MW) (Trivedi and Nagarajaram et al, 2022).

The presence of a-synuclein in lyophilised samples was confirmed with dot
blots utilising an antibody that targets a-synuclein, alongside a BSA only

control (Figure 4.1 C).

To further validate the presence of full-length a-synuclein in synthesised
samples, electrospray ionisation mass spectrometry (ESI-MS) was performed
to determine the MW. It was found that the resulting sample had a MW of
14,460 Da (14.5 kDa, rounded) which is the expected mass of WT monomeric

a-synuclein (Figure 4.2).
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Monomeric a-Synuclein
B
£

Figure 4.1 a-Synuclein positive SEC samples. (A) Imperial staining (protein stain) of gels
acquired from SDS-PAGE, show that samples collected throughout the crude purification
steps contain proteins with varying molecular weight. The following are the steps at which
samples were collected: (A1) aliquots collected from sonicated BL21 pellets, (A2) samples
collected from supernatant after centrifugation of BL21, (A3) post-centrifugation supernatant
was acidified to PH 4.0 using 1 M HCI and (A4) acidified supernatant was centrifuged and
neutralised using 1 M NaOH. (B) Lyophilised samples subjected to both anion exchange and
SEC show a protein band of 14-15 kDa. (C) Dot blot analysis of the BSA control and
SEC/freeze-dried samples shows that samples prepared are positive for a-synuclein

(technical repeats, n=4).
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Figure 4.2 ESI-MS analysis of intact monomeric a-synuclein. ESI-MS spectra of 800 —
2000 range of recombinant proteins demonstrate the charge state distribution envelope of a-
synuclein. Each peak within the spectra represents an individual charge state of the protein,
with the relevant charges noted. The mass of the protein was determined to be 14,460.63 Da

(ESI performed by Prof. David P Smith).
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4.3.2 Using ThT to report presence of amyloid conformations

1 mg/mL monomeric a-synuclein was agitated over a 7-day period as
described in Section 2.5 to induce amyloid fibril formation of a-synuclein as
done in other literature (Volpicelli-Daley et al, 2011). A common practice in the
characterisation of fibrils is using fluorescent dyes such as Thioflavin T (ThT)
to detect the presence of the cross-linked b-sheet conformation present in
amyloid structures/a-synuclein fibrils (Li et al, 2018; Sulatskaya et al, 2018;
Xue et al, 2017). ThT fluorescence was compared between monomers,
oligomers and fibrils (Figure 4.3). It was found that ThT fluorescence was
highest in response to the fibrils compared to the monomer and oligomers
(Figure 4.3 B), indicating that the synthesised a-synuclein fibrils had an

amyloid structure.
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Figure 4.3 ThT indicates highest fluorescent intensity in response to a-synuclein

fibrils. (A) Spectral reading of ThT fluorescence across 450 — 520 nm shows increased
fluorescence in response to fibril samples. (B) ThT fluorescence intensity at 485 nm was
highest in response fibrillar a-synuclein compared to monomeric and oligomeric o-
synuclein. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for
multiple comparisons. Levels of significance as indicated by the following: P <0.05 (*),
0.01 (**). Data without asterisk have been deemed as not significant. Colours indicate
individual biological replicates. Error bars: + SEM (n=3) (biological repeats/separate
preparations, n=3).
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4.3.3 ThT detects a-synuclein amyloid formation occurs overtime

ThT was used to measure the aggregation rate of a-synuclein overtime
(Figure 4.4) to provide information on the dynamics of a-synuclein fibril
assembly. 1 mg/mL (70 uM) a-synuclein was agitated continuously for over 5
(5.4) days for 37 °C as described in Section 2.5 (Figure 4.4 A). A large
increase in ThT fluorescence was seen between days 1 and 3. No increase
was seen with the ThT control (Figure 4.4 A). This pattern of formation is
characteristic of nucleation and elongation kinetics associated with amyloid

fibril formation.

The discontinuous method as described in Section 2.5 (Figure 4.4 B) was
also utilised to measure ThT fluorescence in response to monomeric a-
synuclein assembly overtime at a higher concentration of 2 mg/mL (140 pM).
The discontinuous method involved the collection of aliquots for daily
measurement during sustained agitation of samples. A similar pattern to the
continuous method was observed, where an increase in ThT fluorescence

occurred between days 1 and 3 and tapers off after day 3 (Figure 4.4 B).

Together, the data presented demonstrates that a-synuclein fibril formation is
occurring in accordance with the expected nucleation and elongation kinetic

pathway.
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Figure 4.4 ThT fluorescence increases overtime when a-synuclein is agitated to
induce aggregation. (A) Monomeric a-synuclein (1 mg/mL, 70 yM) in 96-well black, clear
bottom plates were left to agitate for 5.4 days resulted an increase in fluorescence intensity
of ThT. The increase in fluorescence can be observed after day 3 to slight taper off (technical
repeats, n=3). (B) Aliquots of a-synuclein (2 mg/mL, 140 yM) was collected during agitation
of a-synuclein and ThT fluorescence was measured the same time daily. It was found
fluorescence increased overtime (technical repeats, n=3). (B) Data was featured in the

following scientific article, Owyong et al (2024).
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4.3.4 Using NIAD-4 derivatives to assess presence of amyloid
fibrils

For the furtherance of providing additional methods for the detection of
intracellular aggregation, synthesis and characterisation of derivatives of the
[5’-(4-Hydroxyphenyl)  [2,2’-bithiophen]-5-yl]] = methylene]-propanedinitrile
(NIAD-4) dye was carried out to formulate a method to discriminate cells that
experience intracellular a-synuclein aggregation in response to PFF treatment
(Owyong et al, 2024). NIAD-4 is a dye, like ThT, that has the ability to bind to
amyloid fibrils (Peccati et al, 2015) and has been reported to detect in vivo
protein deposits (Naganuma et al, 2023). It was found that along with NIAD-4,
NIAD CNEOT (one of the synthesised derivative dyes) preformed best in

measuring amyloid formation (Owyong et al, 2024).

The discontinuous method used in measuring ThT fluorescence (Figure 4.5
B) was used to measure NIAD-4 and NIAD CNEOT fluorescence overtime in
response to 2 mg/mL (140 yM) monomeric a-synuclein subjected to agitation
(Section 2.5). Aggregates were agitated in Eppendorf tubes for 4 days as
done previously (Figure 4.5). It was shown that NIAD-4 and NIAD CNEOT’s
fluorescence increased over the 4-day period compared to the dye-only
controls. NIAD-4 primarily showed an increase in fluorescence between days
1 and 3 followed by a tapering off after day 3, like ThT (Figure 4.5 A). NIAD
CNEOT showed an increase in fluorescence from day 1 to 4 in response to o-
synuclein (Figure 4.5 B). Data indicates that NIAD-4 and NIAD CNEOT can
be used as an alternative dye to ThT in the measurement of a-synuclein

amyloid formation.
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Figure 4.5 NIAD-4 and NIAD CNEOT dyes are able to detect aggregation overtime of a-
synuclein. Synthesis, characterisation and validation of NIAD dyes were described in the
following scientific article, Owyong et al (2024). As done previously the discontinuous method
was utilised to assess NIAD dyes fluorescence in response to a-synuclein (140 yM, 2mg/mL)
agitated over a 4-day period. Aliquots of a-synuclein was collected during agitation of a-
synuclein and ThT fluorescence was measured the same time daily. It was found fluorescence

in response (A) NIAD-4 (B) NIAD CNEOT increased overtime (technical repeats, n=3).
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4.3.5 NIAD-4 and NIAD CNEOT detected a-synuclein PFFs

Evidence collected suggested that both NIAD-4 and NIAD CNEOT have
similar capabilities to ThT in the detection of a-synuclein fibrils/amyloid. Both
dyes were used to compare monomeric a-synuclein samples to PFFs. It was
shown that both NIAD-4 and NIAD CNEOT fluorescence was higher in
response to PFFs compared to monomers and the dye only control (Figure
4.6). Data indicates that a-synuclein PFFs has an amyloid structure. Further,
the NIAD CNEOT derivative exhibits similar capabilities to NIAD-4 by

fluorescing more in response to PFFs.
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Figure 4.6 NIAD-4 and NIAD CNEOT dyes are able to detect aggregation overtime of a-
synuclein. Synthesis, characterisation and validation of NIAD dyes were described in the
following scientific article, Owyong et al (2024). Fluorometric spectrometry was used to
assess (A) NIAD-4 and (B) NIAD CNEOT fluorescence in response to a-synuclein monomers
and PFFs (70 uM, 1 mg/mL), it was found both dyes had the most fluorescence intensity in

response to PFFs compared to monomers and the dye only (technical repeats, n=3).
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4.3.6 Structural and size characterisation of a-synuclein fibrils

Monomeric a-synuclein was stimulated to aggregate as described in Section
2.4 to form fibrils. Atomic force microscopy (AFM) was carried out to validate
the structure of fibrils produced at the end of the preparative process (4-day
agitation) (Figure 4.8). The fibrils found in these samples exhibit a branched
morphology and display structural similarities to fibrillar aggregates reported
in other literature (Bharathi et al, 2007; Smith et al, 2008). These fibrils do not
display a typical tubular morphology instead they have a branched structure,
which may indicate that these fibrils are not mature but may have more “ends”

present which is usually associated with inducing cellular toxicity.

AFM
Height

400.0 nm

Figure 4.7 AFM images of day 4 fibrils. Fibrils were left agitating for 4 days and
representative AFM images were taken of fibrillar a-synuclein samples (n=7). Similar
morphology has been seen in other literature (Smith et al, 2008) at day 3 and 4 of fibril

formation. Image was featured in the following scientific article, Owyong et al (2024).
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4.3.7 Detecting intracellular aggregation using NIAD-4 and NIAD
CNEOT fluorescent dyes

SH-SY5Y cells were treated with PFFs for 24 hr and subsequently stained with
either NIAD-4 or NIAD CNEOT and SYTOX blue. SYTOX blue stains cells that
are dead for later exclusion so that data is representative of live cells only.
Cells were subjected to flow cytometry analysis where untreated cells were
compared to cells treated with PFFs to establish the corresponding
fluorescence intensity of live cells in response both dyes (NIAD-4 and NIAD
CNEOT). Raw data was gated and analysed using FlowJo software (Figure
4.8).

Intracellular aggregation was indicated by cells that had a higher fluorescence
intensity in response NIAD-4 and NIAD CNEOT. It was found when cells were
treated with PFFs for 24 hr, they had a higher fluorescence intensity when
stained with the NIAD dyes compared to the untreated cells (Figure 4.9). This
indicates the presence of intracellular aggregation in response to PFFs
detectable by NIAD-4 and NIAD CNEOT.
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Figure 4.8 Flow cytometry gating strategy for NIAD-4 and NIAD CNEOT experiment.
General flow cytometry gating strategy and control conditions — example shown for NIAD-
CNOET and corresponding conditions. (A) Cells were first gated followed by (B) single
cells. (C) Cells were then gated based on their side scatter (height) at 0 — 85 and 85 — 100
percentiles. (D — F) The cells gated by their side scatter profile and counted by their
intensity, with focus on the 85 — 100 percentiles of side scatter profiles in the high gate
population count. (Taken from the supplementary evidence of the Owyong et al, 2024 —

second author of paper (Laura E. Shippey) and performed this experiment).

126



>
or)
. O
o

-
N

2 °4 2 9

g |
s =

s High 859 i High sa0] i High [ 8l
18 5 5 §
9 E g g k=
= = = 3
= in [} o =3
o
a

t
7

=]

Low 875 o Low 89.1 ? Low 935 3 T %
ey v Ty v ey o Q (o]
NIAD-4 NIAD-4 G NIAD-4 H o o ,,?Q
w4 20 —_—
o

"

a
-
=3

-
)

g
= -
W =
25 5 g i
@
2% £ w £ w ] |
q @ High 146 @ High 203 @ High' gy 130] & {
z a 8;
= o A |
1 . 9 1 4
Low 852 ot 3 Low 60.0 wd Low 2.9 f—r v —
L b B A ki B e —y YTy T Ty —TTT———y— Py Ty o™ *-;O“" __(‘O‘f"
A ™ ] w oW W [ wt oW ot W o® *2 "6€
NIAD-CNOET NIAD-CNOET NIAD-CNOET o o L@

Figure 4.9 NIAD-4 and NIAD CNEOT detects intracellular aggregation in response to
PFFs. Flow cytometry gating showing PFF treated cells stained by (top) NIAD-4 and (bottom)
NIAD-CNOET with SYTOX as the counter dead-stain. (A, E) Dye only conditions in response
to NIAD-4 and NIAD CNEOT. (B, F) Dye + SYTOX staining conditions. (C, G) Dye + SYTOX
staining subsequent to PFF treatment. (D, H) Quantification of populations of cells positive for
NIAD-4/NIAD CNEOT. (Total events: 10,000) (n=3, technical replicates). (Taken from the
supplementary evidence of the Owyong et al, 2024 — second author (Laura E. Shippey) of

paper and preformed this experiment).
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4.4 Discussion

The production of human WT a-synuclein from BL21 cells was confirmed by
using diverse methods including SDS-PAGE with subsequent protein staining
and immunoblotting (dot blot) experiments to detect a-synuclein (Figure 4.1
A, B, C). ESI was used to determine the MW of the sample, and it was
confirmed that it was the expected MW of a-synuclein (Figure 4.2) (Abeliovich
et al, 2000; Lashuel et al, 2013; Siddiqui et al, 2016).

The confirmation of synthesised a-synuclein allowed for production of
oligomers, fibrils and PFFs. ThT, a commonly used dye in the detection of
amyloid, was used differentiate between monomers, oligomers and fibrils,
where fibrils were able to induce the highest amount of fluorescence

suggesting a high composition of B-pleated sheets (Figure 4.3).

ThT fluorescence was also used to show changes in aggregation/ increased
fibril formation overtime during the agitation of monomeric a-synuclein (Figure
4.4). When using the discontinuous method, NIAD-4 and NIAD CNEOT had a
similar pattern to the ThT dye, where fluorescence intensity in response to
sustained agitation of monomeric a-synuclein over a 4-day period (Figure
4.5).

When comparing PFFs to monomeric a-synuclein, NIAD-4 and NIAD CNEOT
fluoresced more in response to PFFs compared to monomeric a-synuclein
indicatory of PFFs being an amyloid structure (Figure 4.6). The data
presented show that NIAD-4 and NIAD CNEOT could be a useful method in
fibril detection and aggregate characterisation. This also demonstrates that

PFFs will retain its amyloid structure after sonication.

Fluorescent dye data was confirmed by AFM imaging which visualised the
morphology of day 4 fibrils (Figure 4.7); the day after which ThT and NIAD
dyes fluorescence was highest. Day 4 fibrils also mirrored the branched

structure seen in other literature (Bharathi et al, 2007; Smith et al, 2008).

To assess the ability of NIAD dyes to detect intracellular aggregation, flow
cytometry analysis was used to measure fluorescence intensity. It was found

that cells treated with PFFs had a higher level of fluorescence compared to
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untreated cells (Figure 4.8) showing that NIAD dyes are a useful method in
the detection of intracellular aggregation which is valuable in demonstrating

the seeding nature of PFFs.
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4.5 Summary

The aim of this chapter was to produce, prepare and characterise a-synuclein
aggregates for the purpose of later use in the investigation of cellular stress
and ISR activation. We demonstrated that ThT and the NIAD dyes (NIAD-4
and the newly synthesised NIAD CNEOT derivative) were able to differentiate
between a-synuclein structures (monomers and PFFs) plus show changes in
aggregation overtime. Here, it is shown that NIAD CNEOT is able to detect
presence of aggregation in response to 24 hr cellular treatment with PFFs. It
would be beneficial to improve robustness of this claim by co-staining NIAD
CNEOT with thioflavin S for example, another dye used to detect intracellular
amyloid formation (Flock et al, 2023). Future work on the characterisation of
a-synuclein should involve exploring structural differences between oligomers
and PFFs which can be done using techniques such as AFM and transmission

electron microscopy (TEM).
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5 Chapter Five: a-Synuclein oligomers
and preformed fibrils activate the ISR

5.1 Introduction

Chapter three explored oxidative and ER stress-induced activation of the ISR
using toxic compounds such as SA, Tg and MPP+. The data presented shows
that there is expression of numerous ISR markers including elF2a
phosphorylation (Figure 3.3-5) and increased ATF4 expression (Figure 3.7)
in response to chemically induced stress. In addition, validating ISR activation
with well-known stress inducing compounds, MPP+ was used to connect the
ISR to PD pathology. With the establishment that the ISR is activated in
response to oxidative and ER stress (stresses implicated in PD) plus a PD
neurotoxin (MPP+), it was of particular interest to explore if aggregated and
pathological forms of a-synuclein could activate the ISR to elucidate whether
the elF2a/ATF4 pathway was associated with a-synuclein aggregation patho-

mechanisms.

5.1.1 Oligomers and PFFs induce cellular stress

The failure of cellular systems to prevent aggregation of a-synuclein (Bayati et
al, 2024; Kumar et al, 2018) contributes to cell stress and eventual death (Feng
et al, 2022; Marques and Outeiro, 2012). Oligomers and PFFs have been
observed to induce oxidative and ER stress (Domingues et al, 2022; Jiang et
al, 2010). This has been demonstrated in a dose-response assay where
treatment of iPSC-derived cortical neurons with a-synuclein oligomers induced
an increase in ROS and lipid peroxidation (Deas et al, 2016). Moreover, when
mice-derived primary hippocampal neurons were treated with PFFs for 14
days, increased phosphorylated a-synuclein (at Ser129) was observed along
with higher MW a-synuclein species and mitochondrial dysfunction (Tapias et
al, 2017). The UPR specifically the PERK pathway has been shown to be
activated in PARK20 fibroblasts (a mutation that gives rise to a juvenile form
of recessive PD) (Amodio et al, 2019). Overexpression of AS3T a-synuclein in
PC12 cells resulted in an increase in the expression of GRP78 and
phosphorylated elF2a, altogether indicatory of UPR activation (Jiang et al,
2010). a-Synuclein has been linked to nutrient deprivation related stress,
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where a-synuclein is believed to mediate glucose deprivation activation of the
UPR pathway in differentiated SH-SYSY cells (Bellucci et al, 2011). Overall,
literature indicates that a-synuclein aggregation triggers cellular stress
responses. However, throughout literature different aggregate conformations
have been used in cell treatments and there are no definitive studies
comparing various a-synuclein aggregates and the manner in which they

induce stress plus activate stress pathways.

5.1.2 Objectives

This chapter aims to understand how ISR activation occurs as a result of
cellular exposure to oligomers and PFFs, with the additional purpose of
providing a comparison to previously studied stresses explored in chapter
three. To establish a link between a-synuclein aggregates and the elF2a/ATF4

pathway (ISR), the following will be performed:

e confirm intracellular aggregation in response to oligomer and PFF
treatment.

e assessment of oxidative stress and cytotoxicity upon exposure to
oligomers and PFFs.

e investigate the activation of the ISR and SG formation in response to a-

synuclein aggregates.
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5.2 Results

5.2.1 Oligomers and PFFs induces intracellular aggregation

a-Synuclein aggregates have been well documented to have prion-like
characteristics specifically exhibiting the ability to engage in cell-to-cell
transmission activities (Choi et al, 2021; Lee et al, 2010; Neupane et al, 2023).
Cells were treated with oligomers and PFFs to determine whether intracellular
aggregation of a-synuclein would take place. Undifferentiated SH-SY5Y cells
were treated with 0.1 mg/mL oligomers and PFFs (monomeric equivalent) for
1, 6, 24 and 48 hr. Immunocytochemistry was used to detect a-synuclein
positive puncta in response to oligomer and PFF treatment (Figure 5.1).
Percentage of cells with intracellular aggregates, total number of a-synuclein
and area of aggregates were subsequently quantified (Figure 5.2 A, B, C). It
was found that 24 hr treatment with oligomers resulted in the largest
percentage of cells positive for a-synuclein intracellular aggregates — 95.22 +
3.43 %. Within the PFF conditions, it was observed that PFF treatment for 24
and 48 hr resulted in the highest amount of aggregation —72.37 + 14.02 % and
76.20 £ 6.26 % respectively (Figure 5.2 A). Overall, oligomers and PFF
treatment of SH-SY5Y cells are able to induce intracellular aggregation
indicating that the synthesised a-synuclein aggregates (oligomers and PFFs)

are able to exhibit seeding/prion-like characteristics.
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Figure 5.1 Intracellular a-synuclein aggregation takes place in response to cellular
exposure to oligomers and PFFs. Cells were treated with (B) oligomers and (C) PFFs
at concentration of 0.1 mg/mL for 1, 6, 24, 48 hr. Cell nuclei were stained using DAPI and
TexRed was used as an indicator of intracellular a-synuclein aggregates. Magnification:
63x. Scale bar: 20 ym.
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Figure 5.2 Quantification of intracellular a-synuclein aggregation in response to
cellular exposure to oligomers and PFFs. a-Synuclein-positive puncta (as shown in
Figure 5.1) were analysed by quantifying various parameters including: (A) percentage
of cells positive for a-synuclein aggregates, (B) total number of a-synuclein across the
total number of cells (C) the area of a-synuclein intracellular aggregates (um?). (A) Data
was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. (B, C) Data was analysed by Kruskal-Wallis’ test followed by Dunn’s post-
hoc test for multiple comparisons (across all oligomers and PFF conditions). Significance
is indicated by asterisk, P <0.05 (*), P<0.01 (**) and P<0.001 (***). Data without stars
have been deemed as not significant. Colours indicate individual biological replicates:
(1) red (2) green (3) blue. Error bars: + SEM (n=3). (Total number of cells: 105/35 per
repeat).
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5.2.2 a-Synuclein aggregates increase oxidative stress

The most intracellular a-synuclein aggregation takes place at 24 and 48 hr
when treated with 0.1 mg/mL oligomers and PFFs (Figure 5.1, 5.2). To
establish whether intracellular aggregation coincided with oxidative stress,
flow cytometry was performed using the CellROX Green assay subsequent to
cell treatment with 0.1 mg/mL oligomers and PFFs for 24 and 48 hr. TBHP
treatment for 30 min was used as a positive control and it was found that nearly
100% of cells were ROS-positive and the unstained condition (where no dye
was used) had 0% of cells that were ROS-positive. It was found compared to
the untreated (no treatment, but stained with dye) conditions, that all oligomer
and PFF treatments were able to induce an increase in ROS-positive cells
compared to the untreated condition (Figure 5.3). It was observed that the
oligomer 48 hr treatment had the most ROS-positive cells (19.55 + 8.05 %)
compared to oligomer 24 hr treatment. PFF 24 hr treatment resulted in 27.81
1 11.42 % ROS-positive cells, which was higher than the PFF 48 hr treatment.
However, the untreated condition had 6.45 £ 4.35 % ROS-positive cells
(Figure 5.3 B). The data indicates both oligomers and PFFs are able to induce
an increase ROS-positive cells indicating oxidative stress induction. It was
found ROS-positive cells increased from 24 to 48 hr in response to oligomer
treatment. PFFs were able to induce more ROS-positive cells at 24 hr
compared to the PFF 48 hr timepoint. Overall, PFFs induced more ROS-
positive cells compared to oligomer treated cells at both timepoints. This
suggests that oxidative stress induction differs in response to oligomers and
PFFs and PFFs are able to trigger more oxidative stress compared to oligomer

treatment.
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Figure 5.3 Oligomers and PFFs induces ROS formation. Cells treated with oligomer and
PFFs was subjected to flow cytometry to assess presence of ROS using the CellROX Green
assay. Oligomers and PFFs at 24 and 48 hr resulted in an increase in ROS-positive cells.
(A) Flow cytometry analysis software, FlowJo, generated representative graphical diagrams
showing populations positive for ROS. (B) Quantification of ROS-positive cells in response
to oligomer and PFF treatment. Total events: 10,000 per repeat. ANOVA followed by Tukey’s
post-hoc test for multiple comparisons. Data without asterisks have been deemed as not
significant. Error bars: £ SEM (n=3).
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5.2.3 a-Synuclein oligomers and PFFs aggregates are cytotoxic

Oligomers and PFFs are known to cause a wide range of stresses (Du et al,
2020; Niskanen et al, 2025; Zeng et al, 2024). With the consideration that
cellular exposure to oligomers and PFFs induces an increase in ROS (Figure
5.3), which coincides with increased intracellular a-synuclein aggregation
(Figure 5.1, 5.2), the assessment of cytotoxicity in response these treatments
were of interest. The LDH assay was performed as described in Section 2.8
to assess cytotoxicity in response to 0.1 mg/mL oligomers and PFFs 1, 6, 24
and 48 hr treatment. All conditions were found to result in an increase in LDH
levels compared to the spontaneous (control) condition with the highest LDH
activity seen with oligomer and PFF treatment for 48 hr (Figure 5.4). As such
both oligomers and PFFs were demonstrated to cause cell toxicity at all
timepoints which corresponds with the observation that oligomers and PFFs

induce oxidative stress (Figure 5.3).
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Figure 5.4 Oligomers and PFFs are cytotoxic. Cell culture medium was collected
subsequent to oligomer and PFF (0.1 mg/mL) treatment and subjected to the LDH
cytotoxicity kit where LDH activity was quantified. The spontaneous functions as control
condition (ultrapure water added to culture medium overnight) and the maximum
condition are produced as result of lysis buffer treatment for 15 mins. Data was analysed
using one-way ANOVA followed by Dunnett’'s post-hoc test for multiple comparisons
(untreated vs treatment conditions). Significance is indicated by asterisk, P <0.05 (*),
P<0.01 (**). Data without asterisks have been deemed as not significant. Colours indicate
individual biological replicates: (1) red, (2) green, (3) blue. Error bars: + SEM (biological

replicates, n=3).
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5.2.4 EIF2a phosphorylation upon exposure to oligomers and
PFFs

SA, Tg and MPP+ were found to induce the phosphorylation of elF2a (Figure
3.4-6) and in conjunction with increased oxidative stress in response to
oligomers and PFFs (Figure 5.3), western blotting analysis was carried out to
establish if elF2a phosphorylation occurs in response to oligomer or PFF
treatment. Cells were treated with oligomers and PFFs for 6 and 24 hr. EIF2a
phosphorylation was quantified in comparison to total elF2a. A moderate 1.6-
fold increase in elF2a phosphorylation was observed in response to oligomer
treatment for 24 hr. Whereas PFF 6 and 24 hr treatment induced a 1.3-fold
change on average compared to the untreated cells, however data was not
deemed to be significant (Figure 5.5). Although the data is variable oligomers
at 24 hr and PFFs at 6 and 24 hr were able to moderately increase

phosphorylation of elF2a.
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Figure 5.5 EIF2a phosphorylation in response to oligomers and PFFs. Cells were treated
with oligomers and PFFs for 6 and 24 hr. ImageJ densitometry analysis was used to process
immuno-stained blots. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc
test for multiple comparisons. Data without asterisk have been deemed as not significant.
Error bars: £ SEM (biological replicates, n=4). Colours indicate individual biological replicates:
(1) red, (2) green, (3) blue (4) orange.
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5.2.5 Oligomers and PFFs moderately increases ATF4 gene
expression

Moderate elF2a phosphorylation occurred in response to oligomers and PFFs.
To determine if there are downstream effects indicatory of elF2a
phosphorylation, ATF4 expression was also assessed in the same oligomer
and PFF treatment conditions at 6 and 24 hr. 0.15 pM Tg was used as a
comparative stress-inducing treatment in the assessment of oligomer and
PFFs induction of ATF4 expression. qRT-PCR was carried out to establish
changes in gene expression of ATF4 (Figure 5.6 A). Tg resulted in the largest
change in ATF4 expression compared to the untreated control with a 4.6 and
3.11-fold increase seen in response to 6 and 24 hr treatment respectively.
Increases in ATF4 gene expression was also seen in response to oligomers
and PFFs for 6 and 24 hr. Oligomers resulted in a 2.83 and 1.74-fold increase
compared to the untreated condition. PFFs induced a 2.67 and 1.51-fold
increase (Figure 5.6 A). Though oligomer and PFF datapoints were deemed
to not be significant. Altogether suggesting that a-synuclein oligomers and

PFFs are able to increase ATF4 mRNA levels suggestive of ISR activation.

To assess whether increases in gene expression would coincide with an
increase ATF4 protein expression, an ELISA was also performed after cell
treatment with oligomers and PFFs for 6 and 24 hr as done previously with
SA, Tg (Figure 3.7) and MPP+ (Figure 3.8). It was found that oligomer and
PFFs particularly at 24 hr yielded the largest increases in ATF4 expression
where 1.31-fold and 1.44-fold increase, but data was not deemed to be
significant at any timepoint explored (Figure 5.6 B). The data presented was
variable but shows that oligomers and PFFs are able to induce moderate

increases in ATF4 expression.

143



Fold Change
Rel. Untreated
i

0 L] 1 1 1 1
& o g & o &
AP O

5 Q

-
B
3
3
3
%5 .
dg
E:
56 :
b
'Sy . -
14 .
* L]
0

T T T T T
Untreated 6hr 24hr 6hr 24hr

Figure 5.6 ATF4 RNA expression is enhanced in response to oligomers and PFFs.
(A) gRT-PCR was used assess changes in ATF4 gene expression change in response to
6 and 24 hr treatment with 0.15 pM Tg, oligomers (0.1 mg/mL) and PFFs (0.1 mg/mL). (B)
Oligomers and PFFs was used to treat undifferentiated SH-SY5Y cells for 6 and 24 hr.
The ATF4 ELISA assay kit was used to establish pg/mL concentrations of ATF4 from cell
lysates. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for
multiple comparisons. Levels of significance was indicated by the following: P <0.05 (*)
and P <0.01 (**). Data without asterisk have been deemed as not significant. Error bars:
+ SEM (biological replicates, (A) n=3, (B) n=5). Colours indicate individual biological
replicates: (1) red, (2) green, (3) blue (4) purple (5) dark yellow.
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5.2.6 ATF5 is not expressed in response to ER stress and
moderately expressed upon treatment with PFFs

CellROX Green data indicated an increase in ROS in response to oligomer
and PFF treatment (Figure 5.3) paired with observations of increased elF2a
phosphorylation (Figure 5.5) plus enhanced ATF4 gene and protein
expression (Figure 5.6). ATF5 is associated with the mitochondrial UPR
pathway, specific to the mitochondria (Fiorese et al, 2016) and is known to be
expressed as a result of ATF4 expression (Teske et al, 2013). Mitochondrial
dysfunction and genetic mutations in PINK1 and PARKZ2 have been associated
with dysregulation of mitochondria proteins and has been implicated in early-
onset, autosomal PD (Ashraf et al, 2024). Further PINK1 has been found to
regulate the mitochondrial UPR in cells (da Costa et al, 2020) which suggests

that the mitochondrial UPR may be linked to PD pathology in some manner.

gRT-PCR was used to assess gene (MRNA) expression of ATF5 in response
to Tg, oligomer and PFF treatment. It was found that 0.15 yM Tg treatment for
6 and 24 hr was able to induce an increase in ATF5 expression — 2.00-fold and
3.46-fold increase respectively. Whereas oligomers and PFFs (0.1 mg/mL) did
not induce noticeable increases in ATF5 expression except PFF treatment for
6 hr that resulted in a moderate fold change (1.50 £ 0.51) but not deemed to
be significant (Figure 5.7). Altogether showing that Tg treatment can induce
the expression of ATF5. However, there were only minor increases in ATFS
gene expression in response to PFF 6 hr treatment but not enough to
confidently conclude ATF5 expression in response to PFFs at the timepoints

explored.
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Figure 5.7 ATF5 expression is not enhanced in response to PFFs. gRT-PCR was used
assess changes in gene expression changes in ATF5 in response to 6 and 24 hr treatment
with 0.15 uyM Tg, oligomers (0.1 mg/mL) and PFFs (0.1 mg/mL). Data was analysed by one-
way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Data without asterisk
have been deemed as not significant. Error bars: + SEM (biological replicates, n=3). Colours

indicate individual biological replicates: (1) red, (2) green, (3) blue.
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5.2.7 CHOP expression was not induced by oligomers and PFFs

Oligomers and PFFs-associated stress have been found to enhance ATF4
gene expression (Figure 5.6 A). As CHOP is a target of ATF4 (Hu et al, 2019),
CHOP gene expression was assessed in response to oligomers and PFFs.
Cells were also treated with oligomers and PFFs for 6 and 24 hr and compared
to 0.15 uyM Tg treatment (6 and 24 hr). It was found that Tg treatment for 6 hr
caused the highest fold change in CHOP gene expression (27.65-fold
increase) but comparatively reduced at 24 hr (11.75-fold increase compared
to the untreated condition). It was found that the treatment conditions involving
both oligomers and PFFs did not result in an increase in CHOP gene

expression compared to the untreated condition (Figure 5.8 A)

To confirm the gene expression data, where CHOP expression did not
increase in response to oligomer and PFFs, western blot analysis of CHOP
expression subsequent to oligomer and PFFs treatment (6 and 24 hr) was
carried out. It was found that oligomers and PFFs cell treatment for 6 and 24
hr did not induce the expression of CHOP (Figure 5.8 B).

147



CHOP
A

60
40-
22
g o 'Y
5 E
o> —
C
20
r'?"l el ==
0 .:* + ¥ T T %_
& & 4
& & KON
A e (O K &
0(\ [8) < Q(
Oli PFF
B Unt 6 lhr 24 hr Bhr 24 hr
CHOP ~ 29 kDa

B-actin EE TN WE WM =M - 42kDa

Figure 5.8 Enhancement of CHOP expression does not occur in response to oligomers
and PFFs. (A) gqRT-PCR was used assess changes in gene expression changes in CHOP in
response to 6 and 24 hr treatment with 0.15 pM Tg, oligomers (0.1 mg/mL) and PFFs (0.1
mg/mL). Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Data without asterisk have been deemed as not significant. Error bars: + SEM
(biological replicates, n=3). Colours indicate individual biological replicates: (1) red, (2) green,
(3) blue. (B) Oligomers and PFFs were used to treat cells for 1, 6, 24 hr. ImagedJ densitometry

analysis was used to process immuno-stained blots. (biological replicates, n=3).
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5.2.8 GADD34 is expressed in response to ER stress and
moderately in response to a-synuclein aggregates

GADD34 is intrinsic to the de-activation of the ISR and important in the
regulation of cell stress (Oliveira et al, 2024) and was found to be expressed
in response to SA and Tg induced stress (Figure 3.11). It has been reported
that CHOP directly activates GADD34 during instances of ER stress for the
purposes of cell recovery particularly to re-establish protein synthesis
(Marciniak et al, 2004). GADD34 is a target of ATF4 (Marton et al, 2022) and
with the consideration that oligomers and PFFs can enhance ATF4 expression
(Figure 5.6).

gRT-PCR was used to quantify GADD34 gene expression in response to Tg,
oligomer and PFF (6 and 24 hr) treatment. It has been previously
demonstrated that 0.15 yM Tg induces GADD34 expression according to
western blot analysis (Figure 3.11). It was found that 0.15 yM Tg treatment
resulted in an increase in the expression of GADD34 at both 6 and 24 hr (8.53-
fold and 4.63-fold increase). Oligomers and PFFs were also able to induce
expression of GADD34. GADD34 expression was found to increase in
response to 6 hr treatment with oligomers (2.55-fold increase) and PFFs (3.68-
fold increase). Additionally, it was observed there was a decrease in GADD34
gene expression at 24 hr when compared 6 hr in all treatment conditions,
though no oligomer and PFF datapoints were not deemed to be significant.
The data presented shows that oligomers and PFFs can induce GADD34
expression but more so with PFF treatment (Figure 5.9). However, as

treatment/stress is sustained, GADD34 expression will decrease.
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Figure 5.9 GADD34 expression increased in response to oligomers and PFFs. gRT-PCR
was used assess changes in gene expression changes in CHOP in response to 6 and 24 hr
treatment with 0.15 pyM Tg, oligomers (0.1 mg/mL) and PFFs (0.1 mg/mL). Data was analysed
by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Levels of
significance was indicated by the following: P <0.05 (*). Data without asterisk have been

deemed as not significant. Error bars: + SEM (biological replicates, n=3). Colours indicate

individual biological replicates: (1) red, (2) green, (3) blue.
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5.2.9 PFFs inhibit cellular translation

Oligomers and PFFs activates the ISR as shown with increases in elF2a
phosphorylation (Figure 5.5) and enhanced ATF4 expression (Figure 5.6).
The puromycin incorporation assay was performed subsequent to cell
treatment (as described in Section 2.10). It was found that oligomers and PFF
treatment conditions (at both 6 and 24 hr) were able to result in a reduction in
puromycin incorporation when compared to the untreated condition.
Specifically, PFF treatment for 24 hr caused a significant reduction in
puromycin incorporation compared to the untreated condition (Figure 5.10).
Data presented shows protein synthesis is inhibited in response to oligomers
and PFFs particularly when cells were treated with PFFs for 24 hr. This data
can be explained by PFFs inducing more oxidative stress (Figure 5.3),
triggering cytotoxicity (Figure 5.4) along with enhanced elF2a phosphorylation
(Figure 5.6) and ATF4 gene expression data (Figure 5.7 A) when compared

to oligomers.
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Figure 5.10 Oligomers and PFFs attenuate cellular translation. Oligomers and PFFs (0.1
mg/mL) were used to treat cells for 6 and 24 hr. The puromycin incorporation assay was
performed and subsequent ImageJ densitometry analysis was used to process resulting
immuno-stained blots. Data was analysed by one-way ANOVA followed by Tukey’s post-hoc
test for multiple comparisons. Levels of significance was indicated by the following: P <0.05
(*). Data without asterisk have been deemed as not significant. Error bars: + SEM (n=3).

Colours indicate individual biological replicates: (1) red, (2) green, (3) blue.
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5.2.10 Stress granules form in response to oligomers and
PFF treatment

a-Synuclein aggregates activate the ISR (Figure 5.5, 5.6, 5.10). The formation
of SGs can be dependent on elF2a phosphorylation (Mclnerney et al, 2005).
With this in consideration, the presence of SGs was investigated in response
to oligomer and PFF treatment. The same treatment conditions used in the
assessment of SG formation was used previously to observe a-synuclein
aggregation (Figure 5.1, 5.2). Immunocytochemistry was preformed to detect
G3BP-positive puncta. Data presented shows that oligomers (Figure 5.11 A)
and PFFs (Figure 5.11 B) induce the formation of SGs. Parameters pertaining
to SGs were quantified such as percentage of SG positive cells, total number
of G3BP-positive puncta, the number of SGs per cell and area of SGs (Figure
5.12 A, B, C, D). It was found that oligomer 24 hr treatment and PFF 6 hr
triggered the largest percentage of cells positive for SGs - 53.34 £ 11.59 %
and 58.10 + 22.40 %, respectively. Oligomer and PFF treatment for 24 hr and
6 hr induced the highest total number of puncta and number of SGs per cells
respectively when compared to the other investigated timepoints within their
respective conditions (Figure 5.12 A, B, C). Additionally, SGs were largest in
response to 24 and 48 hr treatment with oligomers and PFFs (Figure 5.12 D).
But when comparing oligomers to PFF, PFFs were able to induce more SGs
at 6 hr compared to all investigated conditions. This shows that despite
oligomers and PFFs being aggregates of a-synuclein, the manner in which
they induce stress/impact SG dynamics varies which is also supported by

oxidative stress, elF2a, ATF4 and protein synthesis data previously shown.
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Figure 5.11 Oligomers and PFFs trigger SG formation. Cells were treated with 0.1
mg/mL (A) oligomers and (B) PFFs for 1, 6, 24 and 48 hr. Cell nuclei were stained using
DAPI and G3BP conjugated to AF488 was used as an indicator of SG puncta.
Magnification: 63x. Scale bar: 20 pm.
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Figure 5.12 Oligomers and PFFs trigger SG formation. G3BP-positive puncta were analysed
by quantifying various parameters including: (A) percentage of cells positive for SGs, (B) total
number of SGs across the total number of cells (C) the number of SGs/G3BP positive puncta per
cell and (D) the area of SGs (um?). (A, C, D) Data was analysed by Kruskal-Wallis’ test followed
by Dunn’s post-hoc test for multiple comparisons (across all oligomers and PFF conditions). (B)
Data was analysed by one-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons
(across all oligomers and PFF conditions). Significance is indicated by asterisk, P <0.05 (*), P<0.01
(**), P<0.001 (***) and P<0.0001 (****). Data without stars have been deemed as not significant.
Error bars: + SEM (n=3). (Total number of cells: 105/35 per repeat). Colours indicate individual

biological replicates: (1) red, (2) green, (3) blue.
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5.2.11 SGs co-localisation with intracellular a-synuclein
aggregates increases in response to oligomer and PFF
treatment

It has been demonstrated that oligomer and PFF treatment is able to induce
intracellular aggregation of a-synuclein (Figure 5.1, 5.2) and trigger SG
formation (Figure 5.11, 5.12). Intracellular aggregation was highest at 24 hr
and 48 hr treatment with oligomers and PFFs. Further SG formation was
highest in response to oligomer treatment at 24 hr. Therefore, as it has been
previously demonstrated that aggregates of TDP-43 and SGs co-localise and
interact (Mori et al, 2023), it was of interest to investigate if a-synuclein
aggregates and SGs interact. Cells were treated with oligomers and PFFs for
24 hr, where intracellular aggregation of a-synuclein and SG formation was
previously observed (Figure 5.1, 5.11). To establish if SGs co-localised with
intracellular a-synuclein aggregates, immunocytochemistry was performed
subsequent to treatment to visualise a-synuclein and SG positive puncta as
well as any co-localisation that may occur. a-Synuclein aggregates and SGs
were present in all conditions but at different capacities (Figure 5.13). Co-
localisation was determined by the use of the confocal analysis processing
system overlaying images positive for a-synuclein (red, AF594) and
SGs/G3BP (green, AF488). Foci found to have a yellow/orange colour
indicated co-localisation in this experiment. Co-localisation was increased in
oligomer and PFF 24 hr treatment conditions — 26.73 % and 22.22 %
compared to the untreated condition - 10 % but the data was not deemed to
be significant (Figure 5.12 B). The data suggests that oligomer and PFFs cell

treatment exacerbates a-synuclein co-localisation with SGs.
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Figure 5.13 Oligomers and PFFs increases SG co-localisation to a-synuclein
intracellular aggregates. Cells were treated with 0.1 mg/mL (A) oligomers and PFFs for 24
hr. Cell nuclei were stained using DAPI and G3BP conjugated to AF488 was used as an
indicator of SG puncta. Magnification: 63x. Scale bar: 20 ym. (B) Co-localisation of a-
synuclein and SGs positive puncta were quantified in Venn diagrams in cells positive for SGs
where the red circle represents the number of a-synuclein puncta and the green represents
the G3BP-positive puncta. The centre of the Venn diagram represents puncta with overlapping

signal indicating co-localisation (Total number of cells: 45/15 per repeat).
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5.3 Discussion

5.3.1 Oligomers and PFFs induce intracellular a-synuclein
aggregation that induces cellular stress

It was found at the later timepoints of 24 and 48 hr that both oligomers and
PFFs induced intracellular aggregation (Figure 5.1, 5.2), showing oligomers
and PFFs ability to seed aggregation. It is a well-known concept that a-
synuclein aggregates can induce cellular stress including oxidative stress
(Deas et al, 2016). It was confirmed that at 24 and 48 hr that both oligomers
and PFFs resulted in an increase in ROS-positive cells (Figure 5.3). It is also
an important consideration that there may also be other stresses induced by
these aggregates, but this was not explored within the scope of this research.
Furthermore, to provide a more global context for the consequence of the cell
stress induced by oligomers and PFFs, LDH activity levels (indicatory of
cytotoxicity) was measured (Figure 5.4). It was found that PFFs at 48 hr, out
of all the explored treatment conditions, was able to result in the highest
amount of released LDH. This corresponds with ROS data which showed that
PFFs were able to trigger more ROS-positive cells compared to oligomer-
treated and untreated cells. Altogether, it can be surmised that oligomers and
PFFs are cytotoxic in accordance with their demonstrated ability to induce
oxidative stress. One could also suggest that PFFs may be more toxic than
oligomers, but more experimental investigation would be required to confirm
this.

5.3.2 Oligomers and PFFs induces expression of specific ISR
markers

Chapter three demonstrated that SA and Tg are toxic to cells and activate the
ISR/elF2a-ATF4 pathway. It was also found that elF2a phosphorylation occurs
during MPP+ induced stress (Figure 3.6). MPP+ activates the ISR differently
when compared to SA and Tg, indicating that ISR activation varies in different
stress conditions. Given that a-synuclein aggregate-induced stress is a crucial
element of PD-associated pathology, the consequences of oligomers and PFF
induced cell stress was examined by investigating ISR activation. The core
focus of the ISR is the phosphorylation of elF2a, which was investigated

through cell treatment with oligomers and PFFs at 6 and 24 hr (Figure 5.5).

161



These time points were chosen to align with the stress-inducing compounds
discussed in chapter three. The results showed that both oligomers (at 24 hr)
induced phosphorylation of elF2a (Figure 5.1, 5.2). This indicates a link
between intracellular aggregation-induced stress and elF2a phosphorylation.
It is important to note that the elF2a phosphorylation data exhibited
considerable variability. Such fluctuations can be attributed to batch-to-batch
variability in the production of aggregates as well as influenced by their varying
interactions with cellular organelles (Devi et al, 2008; lyer and Claessens,
2019; Srinivasan et al, 2021), potentially resulting in inconsistent/varied
cellular responses. An alternative consideration is the timing of the
investigations into the effects of a-synuclein treatment. Many studies
examining a-synuclein and PD focus on longer time frames, ranging from days
to weeks (Demmings et al., 2021; Ferrari et al., 2023; Tapias et al, 2017).
Observations of phosphorylation at Ser129, was observed at longer timepoints
(Demmings et al., 2021; Tapias et al, 2017), which is a hallmark of PD
pathology (Parra-Rivas et al, 2023; Samuel et al 2016). Whereas Ser129
phosphorylation was not seen at shorter timepoints of a-synuclein aggregate
treatment (Taylor-Whiteley, 2019). Phosphorylation at Ser129 has been
connected to enhanced fibrillar networks (Samuel et al, 2016); reduced cell
viability; increased ROS and enhanced caspase-3 activity (Ma et al, 2016). It
might be reasonable to expect more considerable increases in elF2a
phosphorylation in response to prolonged exposure to oligomers and PFFs
due to an increased likelihood of cells being positive for intracellular
phosphorylated a-synuclein aggregates that corresponds to increased

cytotoxicity.

Downstream of elF2q, is the enhanced expression of ATF4 which has been
shown to occur in response to SA and Tg (Figure 3.7). It was shown that Tg
was able to result in an increase in ATF4 expression at both 6 and 24 hr
(Figure 3.7) with minimal comparative cytotoxicity (Figure 3.10), making Tg
0.15 pM an appropriate positive control. It was shown that oligomers and PFFs
at 6 and 24 hr along with Tg were able to enhance ATF4 gene expression
(Figure 5.6 A). All treatment conditions had higher ATF4 gene expression

compared to the untreated but there appeared to be a reduction in ATF4 gene
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expression when comparing the 24 hr to the 6 hr timepoint. As discussed in
chapter three, there appears to be an element of cellular adaptation to the
explored to chemical induced stress as well as a-synuclein aggregate stress.
To confirm the data showing increased ATF4 gene expression in response to
oligomers and PFFs, ATF4 protein expression was also shown to increase in
response to oligomers and PFFs but data was deemed not significant enough

to confidently show an increase in ATF4 protein expression (Figure 5.6 B).

ATF4 interacts with many proteins (Neill and Masson, 2023), which affects how
cells respond to various stresses (Wu and Liang, 2024). ATF5 is one of the
many targets of ATF4 (Teske et al, 2013). ATF5 is intrinsic to the mitochondrial
UPR (Fiorese et al, 2016) and has been found to be pro-apoptotic in certain
cases through its ability to induce the transcription of BCL-2 (Fiorese et al,
2016). The mitochondria UPR and the ER UPR (as discussed in Section
1.9.3) have both been implicated in the neurodegenerative diseases (Xu et al,
2023). The mitochondria are essential in production of ATP and cell
growth/function. Mitochondrial stress responses can lead to increases
misfolded, unfolded and damaged proteins resulting in the activation of the
mitochondrial UPR (Xu et al, 2023). Under normal circumstances there are
chaperones (e.g. heat shock protein 60) available in the mitochondria to
correctly restore appropriate folding of various proteins as well as proteases
(e.g. mitochondrial Lon protease-like 1) that degrade damaged and/or
misfolded proteins. The mitochondrial UPR has different stands including:
ATF4-ATF5-CHOP; AKT-Era-NRF and Sirt3-FOX02a-SOD2 catalase. These
stands promote protein folding/degradation, increased quality of proteins and
enhanced antioxidant capacity respectively (Xu et al, 2023). The ER UPR and
mitochondrial UPR both have the capacity in conditions of ER stress to
maintain protein homeostasis through the stimulation of protein degradation
and promoting protein folding as well triggering other processes to achieve
this. When both are dysfunctional or prolonged, it can lead to cellular death
(Xu et al, 2023). The gene expression assay demonstrated that Tg 0.15 uM at
6 and 24 hours resulted in an increase in ATFS expression (Figure 5.7) as
observed in other studies (Ma et al, 2023). Oligomers (6 and 24 hr) and PFF

(24 hr) did not result in an increase in ATF5 gene expression compared to the
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untreated condition but PFF treatment for 6 hr was able to induce a moderate
increase in ATF5 expression but not significant enough to indicate a legitimate

change (Figure 5.7).

Additionally, CHOP acts as a transcription factor under the control of ATF4
(Teske et al, 2013). As a-synuclein aggregates were shown to induce ATF4
expression, CHOP gene expression was assessed in response to oligomer
and PFF treatment for 6 and 24 hr. Oligomers and PFFs did not result in an
increase in CHOP expression (Figure 5.8 A, B). This has been supported by
other studies where CHOP was not expressed but rather other death markers
such as PUMA (Demmings et al, 2021).

Oligomers and PFFs have been demonstrated to induce a minor enhanced
activation of the elF2a/ATF4 pathway (more so ATF4 expression than P-
elF2a) but with the absence of CHOP expression. To establish whether there
was expression of other ATF4 targets, GADD34 expression was explored.
GADD34 gene expression was examined following treatments with Tg,
oligomers, and PFFs at 6 and 24 hr. It was observed that all treatment
conditions led to an increase in the gene expression of GADD34, (Figure 5.9)
with PFF 6 hr treatment inducing the highest amount of GADD34 gene
expression when comparing the aggregate treatment conditions (Figure 5.9).
Across all the treatment conditions explored, GADD34 gene expression
reduced at 24 hr when compared to 6 hr (Figure 5.9) indicating that stress

adaptation and/or recovery is taking place.

The attenuation of global protein synthesis is a key event and indicator of ISR
activation (Ryoo and Vasudevan, 2017). It was demonstrated that in response
to stress inducing compounds such as Tg and MPP+ that ISR activation
corresponds to inhibited protein synthesis at 6 hr (Figure 3.12). It was shown
that cells treated with oligomers and PFFs for 6 and 24 hr resulted in a
reduction in puromycin incorporation compared to the untreated condition,
particularly when cells were treated with PFFs for 24 hr (Figure 5.10). This
can be linked to data showing PFFs inducing more ROS and toxicity when

compared to oligomers.
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5.3.3 Oligomers and PFFs triggers SG formation that co-localise
with a-synuclein

During ISR activation and cellular stress, SGs are commonly observed due to
their role in storing untranslated RNA (Glineburg et al, 2023). Oligomers and
PFFs were shown to induce oxidative stress (Figure 5.3), so observation of
SGs were of interest. It was shown that treatment with oligomers and PFFs
induced the formation of SGs (Figure 5.11). The highest number of SG-
positive cells was observed in response to a 6 hr treatment with PFFs (Figure
5.12 A). Since SGs are a marker of ISR activation, this finding further supports
the evidence that oligomers and PFFs can trigger ISR activation plus
reprogramme translation. The number of SGs and the percentage of SG-
positive cells peaked at different time points for oligomers (at 24 hr) and PFFs
(at 6 hr). This highlights that oligomers and PFFs induce varied stress
responses which could be due to structural differences of oligomers and PFFs
altering the manner in which it enters the cell and interacts with cellular

components.

SGs have been implicated in pathological protein aggregation associated with
ALS (Dudman and Qi, 2020). TDP-43 has been associated with ALS
neuropathology where TDP-43 are able to form aggregates (Kon et al, 2022).
Patient studies have shown presence of phosphorylated TDP-43 in the
cytoplasm leading to aggregation (Kon et al, 2022) as seen with a-synuclein
in PD (Lee et al, 2012). The presence of TDP-43 aggregates has been found
in senescent neuronal cells (Kon et al, 2022). TDP-43 aggregates have been
observed to co-localise with SGs, specifically the SG marker HuR, in the early
stages of TDP-43 aggregation (Mori et al, 2023). Here, we investigated
whether intracellular aggregates of a-synuclein co-localises with SGs (G3BP-
positive SGs). Treatment with oligomers and PFFs induced more than double
the amount of co-localisation (%) between SGs and intracellular a-synuclein
aggregates compared to the untreated condition (Figure 5.13 B). As the
number of SGs were highest for oligomers at 24 hr and PFFs at 6 hr (Figure
5.11 and 5.12), it would be of interest to explore co-localisation between a-
synuclein aggregations and SGs at other timepoints (e.g. 1, 6 and 48 hr). A

limitation of fluorescent imaging in co-localisation analysis is this method only
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determines signal overlap of two probes (Dunn et al, 2011). Therefore, it
cannot be robustly concluded that SGs and a-synuclein intracellular
aggregates interact and to what capacity they may do so. However, a-
synuclein is associated with numerous SG-associated proteins such as DJ-1
(Xu et al, 2017) and TDP-43 (Dhakal et al, 2021). Additionally, a-synuclein and
TDP-43 are found to form hybrid fibrils (Dhakal et al, 2021), which further
supports the idea that a-synuclein and SGs could interact. Further studies will
be of importance to determine the extent of this interaction and the associated

consequences for cellular function and health.
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5.4 Summary
Synthesized oligomers and PFFs demonstrate a prion-like ability to induce and
promote intracellular aggregation of a-synuclein, which is associated with

cellular stress and toxicity.

While it is known that oligomers and PFFs causes cellular stress, the
exploration of multiple ISR markers in response to oligomers and PFFs has
not been previously explored. This chapter illustrates that both oligomers and
PFFs can induce expression of specific ISR markers as summarised in Figure
5.14. It appears PFFs may incur a more robust stress response compared to
oligomers (in certain cases) which is supported by the presence of more ROS-
positive cells in response to PFFs when compared to oligomers. This is also
supported by PFFs inducing more cytotoxicity as shown by LDH activity data.
Oxidative stress and toxicity data coincides with PFFs triggering more SGs as
well as a stronger attenuation of protein synthesis when compared to

oligomers.

To further substantiate the ability of oligomers and PFFs to activate the ISR, it
would be beneficial to investigate oxidative stress markers downstream of
ATF4, such as NOXA (Albert et al, 2014) and markers upstream of elF2a
related to mitochondrial stress, like HRI (Chakrabarty et al, 2024 ). Additionally,
examining the effects of higher concentrations of oligomers and PFFs as well
as longer treatment durations could provide more information regarding the
effects of a-synuclein-induced chronic stress, to better reflect the prodromal
phase of PD.

Overall, chapter five shows that oligomers and PFFs alters the ISR where
specific markers experienced enhanced expression (e.g. ATF4 and GADD34
gene expression) and induces SG formation, which establishes a connection
between the ISR, SGs and PD.
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Figure 5.14 Timeline of ISR marker expression in response to oligomer and PFF
treatment. The diagrams depict and summarises the findings presented throughout the
chapters in response to PFF treatment at 1, 6, 24 and 48 hr. With specific focuses on how

gene and protein expression changes compared to the prior timepoint.
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6 Chapter Six: The effect of a-synuclein
aggregates on the extracellular vesicle
proteome

6.1 Introduction

6.1.1 The structure and function of extracellular vesicles
Extracellular vesicles (EVs) have been implicated in the propagation of
pathological proteins in neurodegenerative diseases (Ananbeh et al, 2021;
Ferrara et al, 2021; Garcia-Contreras and Thakor, 2023; Shippey et al, 2022;
Soukup et al, 2023; Upadhya and Shetty, 2021). EVs are released from cells
during various biological processes and are found in biofluids such as serum,
plasma, cerebrospinal fluid and cell culture supernatant (Zeng et al, 2022).
EVs have been categorised into various groups including exosomes (30-150
nm) formed through the endosomal pathway, microvesicles (100 — 1000 nm)
formed through the outward budding of the plasma membrane and apoptotic
bodies (larger than 1000 nm) formed during apoptosis (Rizzo et al, 2021).
Small extracellular vesicles (sEVs) is a general term often used to class
exosomes and other nanosized membranous particles with diameters less
than 200 nm (Abhange et al; 2021; Jia et al, 2022) and are defined by surface
protein markers such as CD63 and CD81 (Zhou et al, 2024). The general
composition of EV’s include tetraspanin proteins; adhesion proteins; tissue
specific proteins membrane fusion and trafficking proteins; endosomal and
vascular body proteins; transmembrane proteins and sphingolipids (Rashed
et al, 2017).

There are numerous mechanisms involved in the biogenesis of EVs
(Hadizadeh et al, 2022; Tricarico et al, 2016; Yu et al, 2024). An example is
the biogenesis of exosomes, which begins with the early endosome being
formed by the process of plasma membrane invagination where the early
endosome can fuse with endocytic vesicles. As a result, the content of these
vesicles can then be with recycled, degraded or secreted (Abels and
Breakefield, 2016). Early endosomes that remain will develop into late
endosomes which will accumulate intraluminal vesicles (ILVs) formed by the

inward budding of the endosomal membrane which allows for proteins, nucleic
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acids and lipids to be sorted into vesicles (Abels and Breakefield, 2016;
Fonseka and Mathivanan, 2023). The late endosomes are called
multivesicular bodies (MVBs) which are able to fuse with the lysosome to allow
degradation of content or fuse with the membrane to allow release of ILVs as
exosomes into the extracellular space (Abels and Breakefield, 2016) in a

process termed exocytosis.

EVs are also taken up by cells in a process called endocytosis via a number
of documented mechanisms such as membrane fusion, caveolin-mediated
endocytosis, clathrin-mediated endocytosis, lipid raft-mediated endocytosis
and others (Mulcahy et al, 2014). When taken up by recipient cells, molecular
and signalling pathways can be initiated, reflective of EV roles in cell-to-cell
communication (Fonseka and Mathivanan, 2023). The contents of EVs are
released into the cellular cytoplasm and have the ability to modify transcription
and translation (Abhange et al; 2021). Additionally, EVs are known to have
roles in tissue maintenance and repair, inflammation regulation, stimulation of

cell differentiation, waste removal and neurotransmission (Rashed et al, 2017).

6.1.2 EVs role in neurodegenerative disease

sEVs/exosomes have been associated with neurodegenerative disorder
pathology, particularly in the spread of cytotoxic proteins that play integral roles
in causing cellular death (Gomes et al, 2023). However, they have been found
to carry miRNAs (Beatriz et al, 2023) and lipids (Ghadami and Dellinger, 2023)

which influences the progression of numerous disease types.

In a meta-analysis pertaining to sEVs (reported as exosomes) isolated from
PD patients’ plasma, there is evidence of increased total a-synuclein
associated with EVs (Xylaki et al, 2023). The presence of EV-associated a-
synuclein has been proposed as a method to effectively differentiate healthy
controls and PD patients (Xylaki et al, 2023). A cross comparison of EVs
isolated from patients diagnosed with progressive nuclear palsy (PSP), DLB
and PD, showed increased levels of EV positive a-synuclein in PD and a
reduction in the number of particles compared to plasma acquired from
controls, PSP and DLB patients (Stuendi et al, 2021). By contrast, when a-

synuclein aggregates were used to treat the neonatal mouse cerebral cortex,
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there was evidence of increased secretion of EVs as indicated by increased
ALIX expression (an EV marker) compared to controls (Wang et al, 2023).
Evidence has been presented showing the uptake of PFFs by neuroglioma H4
cells (Ishiguro et al, 2024). Further, when free PFFs and PFF-positive EVs
derived from H4 cells were added to cell culture medium of iPSCs, PFFs within
EVs were more rapidly taken up by iPSC-derived dopaminergic neurons
(Ishiguro et al, 2024). This shows that EVs are a vessel for cellular
transmission of a-synuclein aggregates. LDH levels were also investigated to
assess cellular viability of primary cortical neurons in response to a-synuclein-
positive EVs compared to a-synuclein-negative EVs derived from HEK cells.
It was found that LDH levels increased in response to a-synuclein positive EVs
(Zhang et al, 2019) indicating that EVs containing a-synuclein can induce

cellular toxicity.

6.1.3 Objectives

Literature has shown that EVs mediates the cell-to-cell transmission of a-
synuclein (Ishiguro et al, 2024; Stuendi et al, 2021) and it is known that
treatment of cells with aggregated or mutated forms of a-synuclein results in
increased a-synuclein-positive EVs and EV secretion (Shippey et al, 2022;
Xylaki et al, 2023). Thesis chapters, three and five, investigated stress
induction (specifically ISR activation) following exposure to stress-inducing
compounds and a-synuclein aggregates (oligomers and PFFs). To further this
work, changes in sEV proteomic cargo in response to stress-inducing
compounds and a-synuclein aggregate exposure will be investigated to
provide an understanding for how stress impacts the sEV proteome. To

investigate this, the following will be conducted:

o verification of SH-SY5Y cell differentiation.

e solation and characterisation of sEVs from undifferentiated and
differentiated SH-SYSY cells.

e analysis of SEV protein expression by LC-MS in response to oxidative
and ER stress by treating undifferentiated cells with SA and Tg.

e analysis of protein expression in sEVs derived from to oligomer and
PFF treated undifferentiated and differentiated SH-SY5Y cells.
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6.2 Results

6.2.1 Characterising the morphology of undifferentiated and
differentiated SH-SY5Y neuroblastoma cells

SH-SY5Y cells are commonly wused in the research of
neurological/neurodegenerative diseases such as PD (Magalingham et al,
2022; Xicoy et al, 2017). Undifferentiated SH-SY5Y cells have two reported
states: the ‘S’ type which refers to epithelial-like cells and ‘N’ type which refers
to the neuronal-like cells (Kovalevich and Langford, 2016). These cells have
been reported to have attributes like dopaminergic neurons and stem cells
(Avola et al, 2018). It has been demonstrated that differentiation of SH-SY5Y
cells using compounds such as all-trans retinoic acid (ATRA) will result in the
expression of markers indicatory of neuronal differentiation and expression of
neuronal markers such as TH, MAP2 and B-tubulin Ill (Avola et al, 2018). It is
common practice in the differentiation of SH-SYS5Y cells to use ATRA in low
serum conditions (Kovalevich and Langford, 2016). ATRA-differentiation of
SH-SY5Y cells induces changes in neuronal marker expression that can be
seen as early as 2 days (Cuende et al, 2008). Morphological changes such as
neurite out-growth have been observed when SH-SY5Y cells were treated for
4 days (Xun et al, 2013). Additionally, cells subjected to differentiation exhibit
less capacity to proliferate than undifferentiated cells as observed by a

decrease in the proliferation marker, Ki67 (Taylor-Whiteley et al, 2019).

To differentiate SH-SYS5Y cells into a more neuronal cell type, undifferentiated
SH-SYSY cells were treated with 10 uM ATRA in low serum media (1 % FBS)
for 4 days. Prior to ATRA treatment (day 0) and the last day of differentiation
(day 4), brightfield images were taken to observe morphological changes of

SH-SYSY cells which showed an increase in neurite length (Figure 6.1).

Immunocytochemistry was also performed to detect expression of Ki67 which
was found to decrease in response to ATRA treatment (Figure 6.2). This
shows that proliferation will reduce in response to ATRA treatment in alignment

with existing literature.

Together the results indicate that ATRA induced differentiation of SH-SY5Y
cells.
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Figure 6.1 Morphology changes upon prolonged exposure to RA. Brightfield images were
taken at day 0 and day 4. Day 0 is characteristic of undifferentiated cells where neurites are
comparatively shorter. Day 4 images of RA-treated cells to have longer neurites indicatory of

differentiation. Scale bar: 100 ym.
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Figure 6.2 Ki67 expressed reduces during prolonged exposure to RA. (A) Representative
fluorescent images were taken of undifferentiated and RA-differentiated cells to quantify Ki67
expression. Cell nuclei were stained using DAPI and Anti-Ki67/AF594 was used as an
indicator of Ki67. Magnification: 63x. Scale bar: 20 um. (B) Quantification of Ki67 puncta. (C)
Percentage of cells expressing Ki67 was quantified and (D) the number of Ki67 puncta was
quantified across the total number of cells. Data was analysed by student t test. Asterisk
indicates the extent of statistical significance as reported by GraphPad Prism. The following
levels of significance are P <0.05 (*), P <0.01 (**). Data without asterisk have been deemed
as not significant. Colours indicate individual biological replicates: (1) red (2) green (3) blue.
Error bars: £ SEM (n=3). (35 per repeat).
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6.2.2 a-Synuclein aggregation in differentiated cells

a-Synuclein oligomers and PFFs have been shown to induce intracellular
aggregation in undifferentiated SH-SY5Y cells particularly at 24 and 48 hr
(Figure 5.1). Cells were treated with 0.1 mg/mL oligomers and PFFs for 48 hr
to confirm the presence of intracellular aggregation in differentiated cells.
Immunocytochemistry was performed to detect a-synuclein-positive
puncta/intracellular aggregation. Data showed presence of a-synuclein
intracellular aggregation at 48 hr within the differentiated cells in response to
oligomer and PFF treatment (Figure 6.3). Oligomers induced aggregation with
an area of 2.8 + 0.73 uym?2 compared to the PFFs 1.8 + 0.35 ym and both
conditions resulted in 100% of cells being positive for a-synuclein aggregates
(Figure 6.3). Altogether the data is accordance with previous observations,
where intracellular aggregation is seen to occur upon exposure to oligomers
and PFFs in undifferentiated cells (Figure 5.1) and differentiated cells (Figure

6.3). Which is also in alignment with existing literature.
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Figure 6.3 a-Synuclein aggregation in undifferentiated cells when treated with
oligomers and PFFs. (A) Representative images of 0.1 mg/mL oligomer and PFF treated
differentiated SH-SY5Y cells (48 hr). Cell nuclei were stained using DAPI and anti-
MJFR1/AF594 was used as an indicator of a-synuclein aggregates. (B) The area of a-
synuclein positive puncta. (C) The percentage of cells positive for a-synuclein aggregates. (D)
Total number of a-synuclein puncta over the total number of cells counted. Magnification: 63x.
Scale bar: 20 ym. Data without asterisk have been deemed as not significant. Error bars: £
SEM (n=1). (Total Cells: 20 Cells).
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6.2.3 ROS increases in cells exposed to oligomers and PFFs

Oligomers and PFFs have been shown to induce intracellular aggregation in
both undifferentiated and differentiated cells (Figure 5.1, 6.3). Additionally,
oligomers and PFFs were demonstrated to induce an increase ROS in
undifferentiated cells (Figure 5.2). To confirm that oligomers and PFFs can
induce oxidative stress in differentiated cells, CelROX Green flow cytometry
was used to measure ROS. TBHP was used as a known oxidative stress
inducer (positive control) which resulted in 98.5 % of cells being ROS-positive
(Figure 6.4). The percentage of differentiated SH-SYS5Y cells that were ROS-
positive cells increased in response to oligomer (19.1 %) and PFF (14.8 %)
treatment compared to the untreated condition (0.16 %) (Figure 6.4). This
shows that oligomers and PFFs induces oxidative stress in differentiated cells

as shown with a-synuclein treatment of undifferentiated cells.

179



DIFFERENTIATED CELLS

b 10ed o
15— 150 = 1.5 =
T T T
o o I
@ @ &
R R R Th
T T T
- x5 4 3 @
A . B 05+ RS 3
st = i iy s / Ao e I
oo - R 13 Ms .
55 ; f_g-_r:b ;
B T L] al T " Sy T ke | T =gy L) L] T o 5
0 w' o f 0 w'owt W 0 w' w’
Comp-FLI-H = FITC-H Comp-FL1-H = FITC-H Comp-FL1-H - FITC-H
OLIGOMER 48 hr PFF 48 hr
2007 ™
1.5 = K
T T
o &
] &
EERTT YL
T T
@ &
s i
200# = Sid =1
L]
¥ T
CompFL1H : FITC-H Comp-FL1H - FITC.H

25=

20

ROS Positive Cells (%)

Figure 6.4 Oligomers and PFFs increases ROS positive cells. Flow cytometry graphs

showing CellROX Green stained cells in different conditions including differentiated cells
treated with 0.1 mg/mL oligomers and PFF for 48 hr. Data without asterisk have been

deemed as not significant (n=17). (Total Events: 10,000).
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6.2.4 Characterising the size of sEVs isolated from SH-SY5Y
cells

The isolation of sEVs from conditioned cell media can be performed using
various techniques including microfluidics, precipitation techniques,
immunoaffinity based capture, ultrafiltration and SEC (Dilsiz, 2024). Here,
sEVs were isolated from SH-SY5Y cells by differential ultracentrifugation of
conditioned medium collected from undifferentiated SH-SY5Y following cell
treatment with 10 yM SAand 0.15 uM Tg.

Once isolated, EVs were characterised by NTA to provide information on size,
number and charge of particles within a sample (Comfort et al, 2021). The
ZetaView instrument was used to determine the number of particles collected
and if these fall within the size range considered to be sEVs. Particles isolated
from untreated undifferentiated cells had a mean diameter of 137.03 + 2.91
nm within the expected range of sEVs. The average (mean) diameter of
particles acquired from SA treated cells were 136.8 + 3.73 nm. Particles
acquired from the Tg treated cells, had mean diameter of 141.27 + 1.24 nm
(Figure 6.5 B). The diameter of particles from each condition were within the
exosome/sEV size range and there appeared to be no significant differences
in diameter between particles isolated from each condition. The untreated
conditioned media contained 6.57 + 2.69 x 100 particles/mL (Figure 6.5 B)
with comparable levels acquired from SA and Tg treated cells, 5.97 + 1.4 x

100 particles/mL and 2.8 + 1.14 x 100 particles/mL respectively.

Using identical methods to isolate and measure particle diameter and
particle/mL, sEVs were isolated from undifferentiated cells treated with
oligomers and PFFs. The particle diameter for all conditions was within the
expected sEV size range. Oligomer-derived particles were on average 128.2
t+ 3.15 nm and the PFF condition had particles that were 133.4 £ 1.75 nm
compared to the untreated condition which had particles with an average
diameter 118.5 + 596 nm (Figure 6.6 B). Approximately 10-fold less
particles/mL were observed in the treated conditions 5.30 + 1.39 x 10"° and
4.83 + 2.2 x 10" for the oligomers and PFF respectively compared to the
control (20.33 + 9.84 x 10"%) (Figure 6.6 C).
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The particle parameters were also assessed in differentiated SH-SY5Y cells
treated with oligomers and PFFs with no significant change in diameter
compared to the undifferentiated cells (Figure 6.7 B). Isolated sEVs also
appeared to be within exosomal/sEV range. But sEVs derived from
differentiated SH-SY5Y cells appeared to be smaller in diameter compared to
sEVs collected from the medium of undifferentiated cells. In addition,
quantification of particles/mL in the oligomer and PFF treated conditions were

similar to the particles/mL derived from undifferentiated cells (Figure 6.7 C).

As such sEVs derived from undifferentiated and differentiated SH-SYS5Y cells
were within the size range of exosomes/sEVs. Treatment with SA and Tg did
not significantly alter the size of sEVs and did not result in a significant
difference in the particles/mL. Additionally, treatment of undifferentiated and
differentiated cells with oligomers and PFFs did not have a significant impact
on particle diameter or the total particle/mL count (to note the particle/mL

parameter was not normalised to a cell viability/death count).
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Figure 6.5 NTA of EV samples derived the conditioned medium from undifferentiated
cells treated with SA and Tg. (A) NTA images of particle samples post-isolation from cell
treated with 10 yuM SA and 0.15 pM Tg. (B) Particle diameter of particles was assessed (C)
as well as the particles per mL (mean + SEM, n=3). Statistical analysis was carried out using
the One-way ANOVA. Colours indicate individual biological replicates: (1) red (2) green (3)

blue.
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Figure 6.6 NTA of EV samples derived from undifferentiated cells treated with a-
synuclein aggregates. (A) NTA images of particle samples post-isolation from cell treated
with 0.1 mg/mL oligomers and PFFs. (B) Particle diameter of particles was assessed. (C)
Particles per mL of sEV samples were also measured. (mean + SEM, n=3). Statistical analysis
was carried out using the One-way ANOVA. Colours indicate individual biological replicates:
(1) red (2) green (3) blue.
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Figure 6.7 NTA of EV samples derived from differentiated cells treated with a-synuclein
aggregates. (A) NTA images of particle samples post-isolation from cell treated with 0.1
mg/mL oligomers and PFFs. (B) Particle diameter of particles was assessed. (C) Particles per
mL of SEV samples were also measured. (mean + SEM, n=3). Statistical analysis was carried
out using the One-way ANOVA. Colours indicate individual biological replicates: (1) red (2)
green (3) blue.
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6.2.5 Validation of isolated SH-SYS5Y derived sEVs

In addition to characterising the size and amount of isolated sEVs,
visualisation of the particles by negative stain TEM was performed. Images
confirm sEV were present in all conditions (Figure 6.8) which mirrors other
literature’s sEV TEM images (Rikkert et al, 2019). The TEM preparation of sEV
causes the EV structure to somewhat collapse forming a cup-like structure that
is typically seen across TEM images in literature (Rikkert et al, 2019) which

was also characteristic of the sEVs presented.

A UNDIFFERENTIATED CELLS

-
PFF 48 hr

B DIFFERENTIATED CELLS

] ¢ "

Ea = ==

Figure 6.8 TEM of EV samples derived from undifferentiated and differentiated cells
subjected to stress treatments. TEM images of: (A) sEVs derived from undifferentiated cells
treated with 10 yM SA and 0.15 pM Tg for 24hr. 48 hr oligomer and PFF (0.1 mg/mL) treated
undifferentiated cells sEVs. (B) sEVs acquired from differentiated SH-SY5Y cells treated with
oligomers and PFFs for 48 hr (n=3). Scale bar 200 nm.
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6.2.6 Detecting sEV markers

To further validate the presence of sEVs, western blotting was carried out on
cell lysates and sV samples to determine the expression of the following
markers: ALIX, CD9 and the sEV negative control marker, B-actin. CD9 is a
tetraspanin and associated with various cell functions including differentiation,
proliferation, adhesion as well as others (Reyes et al, 2018) and is necessary
for the uptake of EVs (Nigri et al, 2022; Tognoli et al, 2023). ALIX has been

found to be cytoplasmic protein that is also enriched in sEVs (Yang et al, 2021).

Expression of both ALIX and CD9 was observed in both the cell lysate and
sEV samples (Figure 6.9). To aid in the distinction between cell lysates and
sEV samples, a negative marker was used. It was shown that p-actin was not
expressed in sEV samples but present in cell lysates as shown by western blot

analysis. Data presented further validates the isolation of sEVs.
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Figure 6.9 ALIX and CD9 but not B-actin is expressed in sV sample. Cell and sEV lysates
were subjected to western blotting (A) ALIX was expressed in response to cell lysates and
sEVs, but ($-actin was not expressed in sEV samples. (B) CD9 was expressed in response to

cell lysates and sEVs but 3-actin was not expressed in sEV samples.

187



6.2.7 Protein expression is altered in response to oxidative stress
To elucidate the effects of cell stress on sEVs’ proteomic cargo, cells were
treated with 10 uM SA and 0.15 uM Tg for 24 hr. Cell supernatant was then
collected and subjected to a number of centrifugation steps to remove cell
debris and isolated sEVs (by ultracentrifugation specifically). LC-MS analysis
was used to detect proteins expressed in sEVs derived from untreated and

treated conditions as summarised in Figure 6.10.

Cells treated with 10 yM SA for 24 hr yielded a number of proteins where
expression was either reduced or increased (Figure 6.11). Information
regarding the function and associated signalling pathways were provided
about the detected proteins with decreased and increased expression (Table
6.1 and 6.2).

Profiling was carried out, as described in Section 2.13, on isolated sEVs from
undifferentiated SH-SY5Y cells subjected to numerous stress conditions. The
normalised fold change in proteins expression between conditions was plotted
as -logz fold change against the -log'® of the significance value. Volcano plot
diagrams provided information on expression of proteins where the higher the
protein is located on the y-axis of the diagram, the more significant the result.
Whereas the x-axis shows magnitude of change compared to the control.
Therefore, the left panel will show proteins with reduced expression, and the
right panel indicated proteins with increased expression in response to
treatment. Proteins were referred to using their gene symbol and identified
through user defined threshold to display/visualise proteins on the volcano
plot: alpha (0.5) which is the statistical significance level and logz fold change
(0.5). In addition to this, proteins indicated on the volcano plots included
proteins identified in all three replicates of one condition and were determined
to have more than one unique peptide. The one unique peptide rule is defined
by a peptide sequence that appears exclusively in a single protein within a

specific proteomic database (Zhao and Lin, 2010).

To further understand the context behind sEV expressed proteins, STRING
analysis was used to establish networks or associations between proteins, the

proteins with reduced expression or increased expression was inputted.
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It was found that the proteins with reduced expression such as SRP14 and
PSMAZ2 (Figure 6.12) were connected by a black line according to STRING
analysis indicating co-expression of proteins (Figure 6.12). SRP14 acts as a
signal recognition molecule involved in the recognition of the scaffold particle
RNA, 7SL (Gussakovsky et al. 2024). Whereas PSMA2, a component of the
20S and 26S proteosome, is involved in the recycling of damaged proteins
(Rashid et al, 2023). There is not an abundance of information regarding exact
connections between these two proteins but through autoantigen analysis in
various human cell lines, it was found that both these proteins were expressed
in HS-Sultan cells (Wang et al, 2022). Autoantigens are associated with viral
infection, translation vesicle processing, cell stress and apoptosis. They are
released during cell death which can stimulate immune cells (Wang et al,
2022).

Additionally, GNG12 and RRAS found to be reduced in expression in response
to SAtreatment were found to have interactions according to STRING analysis
(Figure 6.12). GNG12 belongs to the G protein family and regulates signalling
cascades associated with inflammation (Li et al, 2020). RRAS is a small
GTPase necessary in the aid of cell survival and important in the process of
cell adhesion (Komatsu and Ruoslahti, 2005). The link between these proteins
within neurodegeneration has not been elucidated. But proteomic analysis for
reoccurrence predicting of non-small cell lung cancer reported that amongst
411 patients there was lower expression of several proteins including GNG12
and RRAS (Huang et al, 2023).

Gene ontology analysis of the sEV proteins found to have reduced expression

showed that the proteins were associated with EVs (Figure 6.13).

SERPIN B12, DSG1, FLG2 and BLMH were identified to have increased
expression and had associations according to STRING (Figure 6.14).
SERPIN B12, DSG1, FLG2 and BLMH are involved in epidermal differentiation
processes according to cluster analysis of identified proteins. These proteins
were found to be abnormally expressed in the skin of individual's diagnosed
with atopic dermatitis (Goleva et al, 2025). The connections between these

proteins within neurodegenerative diseases have not yet been explored.
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XPO7, USO1 and LMAN1 were also found to have increased expression and
were linked using STRING (Figure 6.14). Affinity purification and mass
spectrometry analysis of A549 lung carcinoma cells expressing SARS-CoV-2
and SARS-CoV proteins revealed that XPO7, USO1 LMAN1 were among a
number of other proteins identified as viral protein host binders (Stukalov et al,
2020). This suggests that these proteins are essential to the viral infection
process and disease progression. In more general instances these proteins
(as discussed in Table 6.2) have been linked to nucleocytoplasmic transport,
molecule recognition and vesicular transport (Dommett et al, 2006; Mingot et
al, 2004; Yoon et al, 2021).

AP2B1, RPS6KA3, KIF5B had increased expression in response to SA cell
treatment and interact according to STRING (Figure 6.14). AP2B1 and
RPS6KA3 were identified as enriched differentially expressed genes involved
in cellular repair when ATRA-differentiated SH-SY5Y cells were treated with
amyloid-B1-42 (Silvestro et al, 2021). Further, the connection between
RPS6KA3 and EIF5B hinges on the observation that depletion of EIF5B,
important in canonical translation, also resulted in the reduction of RPS6KA3
(Bressler et al, 2021). This suggest that sEVs will carry translation-associated

markers.

HNRNPA3, HNRNPL and RALY, proteins with increased expression in sEVs,
had detected connections according to STRING (Figure 6.14). HNRNPA3 was
found to associate with RNA packaging proteins important in
nucleocytoplasmic shuttling and mMRNA processing such as HNRNP
complexes (Ma et al, 2002). Pull down assays revealed association of
HNRNPA3 to HNRNPL in HeLa nuclear and cytoplasmic extracts (Ma et al,
2002) but associations to neurodegeneration and neurological conditions have

not yet been found.

Gene ontology analysis indicated that the linked proteins that increased in
expression in response to SA stress were associated with the extracellular

matrix (Figure 6.15).

Altogether, the sEV proteomic data derived from cells treated with SA for 24

hr indicates the SA stress has the ability to alter the proteome of sEVs to exhibit
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proteins associated with cellular processes necessary for normal function e.g.
translation and mRNA shuttling but the proteins identified had associations

with disease.

There were no proteins determined to be significant when comparing the sV
proteome derived from cells treated with 0.15 uM Tg 24 hr to untreated cell
sEVs (Figure 6.16).

Logz centred intensity was calculated and compared for each of the sV
proteins detected in SA, Tg and untreated conditions (Figure 6.17). It was
observed that sEV proteins in the SA condition had the most difference
compared to the untreated condition. Detected proteins in Figure 6.17 when
comparing the SA to the untreated condition, found to have increased and
decreased expression were discussed in Tables 6.1 and 6.2. The additional
proteins found to increase in response to SA when compared to the Tg

condition were the following:

e distinct subgroup of the Tas family member 2 (DIRAS2) - it may have
roles in cell growth and morphology (Grunewald et al, 2018).

e ephrin B4 (EPHB4) - receptor proteins involved in cell-to-cell
communication (Chen et al, 2019).

e Ras family GTPase 1 (RAP1A) — involved in the integrin pathway
necessary for cell adhesion (Sayyah et al, 2014).

e serpin family B member 12 (SERPINB12) — serine protease inhibitor

involved in matrix remodelling (Niehaus et al, 2015).

When comparing the Tg condition to the SA condition, poly(A) binding protein
cytoplasmic 4 (PABPC4) involved in cell development and survival (Liu et al,

2012) was found to increase in sV samples.

Clustered heatmaps based on log2 centred intensity was used to summarise
protein expression in the different treatment conditions (untreated, SA and Tg)
(Figure 6.18).
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Cell treatment

Cell medium collection.

Centrifugation to remove

‘“-a\\ cell debris.

Ultracentrifugation for small
EV/exosome isolation.

Resuspension of pellet
(sEVs) in PBS.

LC-MS proteomic analysis of
sEVs.

Figure 6.10 Experimental workflow of EV isolation and proteomic analysis. Cell medium
is transferred to falcon tubes subsequent to cellular treatment in T175 flasks. Centrifugation
of medium is preformed to remove cell debris. Ultracentrifugation is preformed to isolated
sEVs. The resulting pellet (sEVs) is resuspended in PBS and then subjected to preparation

for LC-MS analysis.
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Figure 6.11 LC-MS analysis of sEV proteins derived from cells treated with SA 24 hr. A

number of proteins were found to experience an increase in expression in response to 24 hr of
SA treatment as seen in the right section of the volcano plot. The left section also shows
proteins with reduced expression in response to the SA treatment. (n=3). Protein have been
disclosed in Table 6.1 and 6.2. Proteins were made visible by cutoffs for alpha (0.5) and log
fold change (0.5).
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Table 6.1 Decreased expression of sEV proteins. The proteins found to have reduced
expression in the sEV sample when comparing the SA 24 hr treatment condition to untreated
conditions (Figure 6.10). As described in Section 2.13.5, proteins included in the table were
identified as significant and made visible in volcano plots through cutoffs for alpha (0.5) and

log2 fold change (0.5).

Undifferentiated Cells (SA 24 hr)

Protein Reported role/Disease association
Aldo-keto reductase family 1 It is an enzyme that converts nicotinamide
member B1 (AKR1B1) adenine dinucleotide phosphate (NADPH)

into NADP* involved in numerous metabolic
and physiological processes such as
glucose metabolism, inflammation and
prostaglandin synthesis. It has been
associated with the mTOR pathway and
has been implicated in colorectal, breast
and various cancers due to its
overexpression in these diseases which has
been linked to increases in ROS and other

cellular events (Khayami et al, 2020).

Activated leukocyte cell adhesion Cell adhesion molecule that is involved in
molecule (ALCAM) or CD166 the activation of T-cells, inflammation and
the propagation of tumours. It is often linked
to the grade and stage of cancers. ltis
associated with melanoma, colorectal,
breast, prostate, bladder and many other
cancers. The knocking down of ALCAM has
been associated with autophagy activation
(Darvishi et al, 2020).

Charged multivesicular body Probable core component of the endosomal
protein 4b (CHMP4B) sorting required for transport complex IlI
(ESCRT-III) which is involved in
multivesicular bodies (MVBs) formation and
sorting of endosomal cargo proteins into
MVBs. It has been found to be increased in

the neuronal nuclei of ALS cell models

(induced human pluripotent stem cell
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derived spinal neurons) (Coyne and
Rothstein, 2021).

Coxsackievirus and adenovirus
receptor (CXADR also CAR)

Component of the epithelial apical junction
complex that may function as a homophilic
cell adhesion molecule and is essential for
tight junction integrity. It has been
demonstrated to be involved in neurite
extension and neuronal development
(Patzke et al, 2010).

Echinoderm microtubule-associated
protein-like 2 (EML2)

Tubulin binding protein that inhibits
microtubule nucleation and growth,
resulting in shorter microtubules. It has
been linked to cell growth, the immune
response, apoptosis as well as other

physiological processes (Sun et al, 2024).

Guanine nucleotide-binding protein
G(1)/G(S)/G(O) subunit gamma-12
(GNG12)

Guanine nucleotide-binding proteins (G
proteins) are involved in various
transmembrane signalling systems. It has
been found to be linked to the activation of
the NF-kB signalling pathway which is
connected cancer proliferation and

angiogenesis (Alausa et al, 2022).

60 kDa heat shock protein D
(HSPD1)

Chaperonin involved in the folding of
mitochondrial proteins that ultimately
becomes imported into the mitochondrial
matrix (Cémert et al, 2020)

Phosphoribosylformylglycinamidine
synthase (PFAS)

Necessary for the de novo synthesis of
purine but interacts with various proteins
such as carbamoyl-phosphate synthetase
(synthesis of pyrimidine), chaperonin
containing TCP1, subunit 2 (chaperonin)
and peroxiredoxin 1 (antioxidant enzyme)
specifically through allowing for these
proteins post-translational modifications (Lu
et al, 2019).
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Proteasome subunit alpha type-2
(PSMA2)

A protein responsible for the degradation or
recycling of proteins considered to be
defective. It has been linked with the
influenza A virus, acting as a host factor for

this virus’ maturation (Rashid et al, 2022).

Ras-related protein Rab-21 (RAB21)

Linked to neurodegenerative disorders such
as AD as well as cancers such as glioma. It
is involved in membrane trafficking,
endosomal function, cell adhesion as well
as endosomal cargo sorting (Liu et al,
2022).

Ras-related protein R-Ras (RRAS)

Studies have identified RRAS as having
links to cell adhesion, differentiation,
migration, invasion, neurite growth and
phagocytosis. It preforms inside-out
signalling which allows for integrin signalling
(Liu et al, 2017).

Signal recognition particle 14 kDa
protein (SRP14)

SRP14 influences elongation arrest activity
via effects on the ribosome and has the
ability to alter the tertiary structure of RNA
(Thomas et al, 1997).
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Table 6.2 Increased expression of sEV proteins. The proteins found to have increased
expression in the sEV sample when comparing the SA 24 hr treatment condition to untreated
conditions. (Figure 6.10). As described in Section 2.13.5, proteins included in the table were
identified as significant and made visible in volcano plots through cutoffs for alpha (0.5) and

log2 fold change (0.5).

Undifferentiated Cells (SA 24 hr)

Protein Reported role/Disease Association

Aconitase 1 (ACO1) Within the mitochondria, this enzyme converts citrate to
isocitrate in the tricarboxylic acid (TCA) cycle.
Mitochondrial ACO1 is involved in cellular respiration
and ATP level modulation (Cho et al, 2021).

Adaptor Protein AP2B1 is linked to the mediation of intracellular
Complex 1 (AP2B1) trafficking specifically the shuttling of vesicles within the
trans/Golgi network and recycling endosomes (Moreno
et al, 2022).

Alcohol dehydrogenase | An isoenzyme that belongs to a family of enzymes

1C (ADH1C) responsible for alcohol metabolism. It has been found
that individuals carrying the homozygous allele for
ADH1C have increased risk for alcohol-induced organ
damage (Homann et al, 2006). Additionally, ADH1C has
been linked to a higher risk of colorectal adenomas

according to a Dutch case study (Homann et al, 2009).

Apolipoprotein A1 One of the main apolipoproteins of the plasma high-
(APOA1) density lipoproteins and is a co-factor of
lecithin:cholesterol transferase, an enzyme that

produces plasma cholesteryl esters (Cochran et al,

2021).
Bleomycin Hydrolase A protease enzyme that targets cysteine, expressed in a
(BLMH) number of tissues. It is involved in the degradation of

citrullinated filaggrin monomers into free amino acids

necessary for skin hydration (Riise et al, 2019).

Carbohydrate CHST14 has been linked to Ehlers-Danlos Syndrome
Sulfotransferase 14 (inherited condition that affects the connective tissue)
(CHST14) (Kosho, 2016). It linked to a variety of functions specific
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to the nervous system including inhibition of neural

regeneration and cell proliferation (Akyiz et al, 2013).

Desmoglein-1 (DSG1)

DSG1 is a constituent of desmosomes which connects
the cell surface to the keratin cytoskeleton. DSG1 plays
roles in numerous diseases including pemphigus
foliaceus (autoimmune blistering disorder) as well as

other skin conditions (Samuelov et al, 2013).

DIRAS family GTPase 2
(DIRAS2)

DIRAS2 or Di-Ras2 has been associated with ADHD as
well as neurodevelopment. It is unclear what pathways
this protein effects due to minimal available information
but due to its labelling as a Ras kinase, it may have
roles in cell growth and morphology. It appears to be
primarily expressed in the hippocampus, cerebral cortex
and cerebellum of the human brain (Griinewald et al,
2018).

Ecm29 Proteasome
Adaptor (ECPAS)

A proteosome-interacting protein that plays roles in the
remodelling of the 26S proteosome in human cells in

conditions of oxidative stress (Wang et al, 2017).

Exportin 7 (XPO7)

This exportin protein has been found to be involved in

nucleocytoplasmic transport (Mingot et al, 2004).

Filaggrin 2 (FLG2)

Filaggrin (FLG) contributes to the maintenance of the
barrier function of the skin. However, FLG2, a variation
of FLG, which is found in the stratum corneum is
reported to be important for skin barrier function.
Reduction of FLG2 is often associated with skin

inflammation and atopic dermatitis (Margolis et al, 2014).

G Protein Pathway
Suppressor 1 (GPS1)

GPS1 has been identified as a matrix protein 2-
interacting host protein. It has also been found to be a
component of COP9 signalsome, which regulates the
NF-kB signal pathway involved in inflammation and the

immune response (Kuwahara et al, 2019).

Glycogen
phosphorylase B
(PYGB)

PYGB is one of two forms with the other form being
glycogen phosphorylase A. PYGB is the
dephosphorylated low activity form of glycogen
phosphorylase which regulates glycogen concentration

in the muscle and liver (Oikonomakos et al, 2000).
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Glycogen phosphorylases are also found in the brain

and regulates oxidative stress (Mathieu et al, 2019).

Glycogen Synthase
Kinase 3 Alpha (GSK3A)

GSK3A regulates fatty acid metabolism and involved in
the accumulation of lipids within the heart (Nakamura et
al, 2020). It has also been linked to inflammation and
apoptosis plus regulating oxidative stress (Rana and
Singh, 2018).

Heterogeneous nuclear
ribonucleoprotein A3
(HNRNPA3)

HNRNPAS3 belongs to a family of proteins involved in
mRNA processing and transport, transcription, DNA
repair and others. It has been linked to the early stages

of cortical development (Ou et al, 2020).

Heterogenous Nuclear
Ribonucleoprotein L
(HNRNPL)

An RNA-binding protein that is associated with DNA
repair (Hu et al, 2019).

Kinesin Family Member
5B (KIF5B)

A motor adaptor protein that along with syntabulin (a
syntaxin-binding protein), regulates the anterograde
transport of syntaxin-1 to neuronal processes (Cai et al,
2007).

Lectin, Mannose
Binding 1 (LMAN1)

LMAN1 belongs to a family of collectin proteins and acts
as a major-recognition molecule of the innate immune
system. This protein has been connected to
inflammation and apoptotic cell clearance (Dommett et
al, 2006).

Minichromosome
Maintenance Complex
Component 4 (MCM4)

One of six MCM proteins, which forms part of the pre-
replicative complex that binds to the replicative origins in
the cell cycle’s G1 phase and is essential for DNA
replication. MCM4 has been evidenced to be a marker of

non-small cell lung cancer (Kikuchi et al, 2011).

Peptidase Mitochondrial
Processing Subunit
Alpha (PMPCA)

PMPCA processes mitochondrial proteins specifically by
cleaving the extension peptides at the amino termini of
precursor proteins synthesised in the nucleus that have

been imported into the mitochondria (Nagao et al, 2000).

Periostin (POSTN)

POSTN also known as osteoblast-specific factor 2 is a
vitamin K-dependent protein belongs to a family of
fasciclins. It is believed to interact with integrins and

activate numerous signalling pathways such as NF-
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kB/STAT3, PI3K/Akt and FAK signalling. It has been
linked to tissue repair and inflammation (Conway et al,
2013).

RBP associated with
lethal yellow mutation
(RALY)

RBP forms RNP complexes and the protein arginine N-
methyltransferase (PRMT1) has found to be enriched in
these RNP complexes. A target of PRMT1 is Fused in
Sarcoma (FUS) which is associated with transcriptional
regulation, DNA repair and damage response. In
neurons, FUS plays roles in RNA transport, mRNA
stability and synaptic homeostasis (Gasperini et al,
2018).

Ribosomal Protein S6
Kinase A3 (RPS6KA3)

RPS6 is linked to the mTOR pathway specifically acting
as an effector of TORC1 (Magnuson et al, 2012).
RPS6KAS3 has been found to be a downstream substrate
of the extracellular signal-regulated kinase (ERK)
pathway and an activator of CREB1 (Pan et al, 2023). It

is also a component of SGs (Sfakianos et al, 2018).

Secernin-1 (SCRN1)

An amyloid plaque associated protein that has the ability
to interact with phosphorylated tau, a major component
of NFTs — a hallmark of AD. There is evidence that
SCRN1 plays roles in ER signalling and synaptic vesicle
cycling (Pires et al, 2019).

Secreted
Phosphoprotein 2
(SPP2)

SPP2 is a bone matrix protein that inhibits bone
morphogenetic proteins and acts as an inhibitor of
tumour cell growth in cases of prostate, pancreatic and
hepatocellular cancer. Improved survival in breast and
lung cancer patients was connected to increased SPP2
expression. However, its overexpression has been
linked to poor prognosis in patients diagnosed with

ovarian cancer. (Tu et al, 2019).

Selenium Binding
Protein 1 (SELENBP1)

SELENBP1 covalently binds to selenium and plays roles
in protein degradation, intra-Golgi transport as well as
modulating cellular redox reactions (Elhodaky and
Diamond, 2018).
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Serpin Family B
Member 12
(SERPINB12)

A human clade B/intracellular inhibitor of trypsin-like
proteinases found in various tissues including the
cerebellum and has been found to primarily localised in
the epithelium of most organs and alveolar
macrophages. It may have roles in processing of
proteins and host defence through inhibiting bacterial

and viral proteases (Niehaus et al, 2015).

Thrombospondin type 1
domain containing 4
(THSDA4).

THSD4 encodes ADAMTSLG6, a microfibril-associated
protein that binds to fibrillin-1 promoting fibrillin-1’s
matrix assembly (Elbitar et al. 2021).

USO1 Vesicle Transport
Factor (USO1)

A vesicle transport factor which regulates vesicle
trafficking from the ER to the Golgi apparatus.
Expression of USO1 has been linked to colon, breast

and gastric cancer (Yoon et al, 2021).
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Figure 6.12 STRING analysis of sEV proteins found to have reduced expression in
response to SA 24 hr treatment. Proteins found to have decreased expression upon 24 hr
treatment with SA according to LC-MS proteomic analysis were entered into the STRING
software to provide information regarding connections between the proteins. STRING analysis
colour definitions: red — fusion evidence; green — neighbourhood evidence; blue: co-
occurrence; purple - experimental evidence; yellow — text-mining evidence; light blue —

evidence sourced from other databases; black line — proteins found to be co-expressed.
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Figure 6.13 Gene ontology analysis of sEV proteins with reduced expression in
response to SA 24 hr treatment. Proteins found to have decreased expression upon 24 hr
treatment with SA was subjected to gene ontology analysis via STRING software. The
connections between the detected sEV proteins yielded significant enrichment in various

cellular components associated with EVs and the extracellular sspace.
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Figure 6.14 STRING analysis of sEV proteins with increased expression in response to SA
24 hr treatment. Proteins found to have increased expression upon 24 hr treatment with SA
according to LC-MS proteomic analysis were entered into the STRING software to provide
information regarding connections between the proteins. STRING analysis colour definitions: red
— fusion evidence; green — neighbourhood evidence; blue: co-occurrence; purple - experimental
evidence; yellow — text-mining evidence; light blue — evidence sourced from other databases;

black line — proteins found to be co-expressed.
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Figure 6.15 Gene ontology analysis of sEV proteins with increased expression in
response to SA 24 hr treatment. Proteins found to have increased expression upon 24
hr treatment with SA was subjected to gene ontology analysis via STRING software. The
connections between the detected sEV proteins yielded significant enrichment in various

cellular components and had associations with female organ tissues.
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Figure 6.16 LC-MS analysis of sEV proteins derived from cells treated with Tg 24 hr.
When proteins found in sEVs derived from the Tg condition was compared to the untreated
condition, there appeared to be no significantly different changes in the expression of proteins
found in the isolated EVs. (n=3). Proteins included in the volcano plot were identified as
significant through and made visible on the volcano plot by cutoffs for alpha (0.5) and log fold
change (0.5). In this case no proteins were identified.
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Figure 6.17 Log: centred intensity of sEV proteins derived from cells treated with
undifferentiated SA and Tg. Undifferentiated cells were treated with 10 uM SA and 0.15 M
Tg for 24 hr. The logz centred intensity was calculated of significant proteins. These proteins
were included by user defined cutoffs for alpha (0.5) and log fold change (0.5). In this case no

proteins were identified.
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Figure 6.18 sEV protein expression in response to SA and Tg treatment of

| rIIII

undifferentiated SH-SY5Y cells. Clustered heatmap presents LC-MS proteomic analysis of
sEVs derived from undifferentiated SH-SY5Y cells subjected to SA and Tg 24 hr treatment.
Proteins shown have been determined to be significant and log2 centred intensity
normalisation is used to determine proteins with reduced expression (blue to white) and
increased (orange to burgundy/purple) expression in individual conditions. Colour coded

condition is indicated on the top of the heatmap: SA (pink), untreated (green), Tg (blue).
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6.2.8 Oligomer and PFF treatment of undifferentiated SH-SY5Y
cells are positive for a-synuclein as well as proteins
indicatory of stress induction

LC-MS analysis was also carried out on sEVs derived from oligomer and PFF
(48 hr) treated undifferentiated cells to understand how a-synuclein
aggregates would alter protein expression in sEVs derived from SH-SY5Y
cells. It was shown that oligomers and PFFs are able to induce intracellular
aggregation in undifferentiated cells (Figure 5.1). With this in consideration
establishing if sEVs are a vehicle for transmission of a-synuclein was of
particular interest. SNCA (a-synuclein) was found to have increased
expression in response to 0.1 mg/mL oligomer 48 hr treatment (Figure 6.19).
Further, other proteins identified to have altered expression in response to

oligomer treatment was reported in Table 5.3 and 5.4.

LAMC1 and LAMB1 were proteins detected to reduce in sEV samples derived
from cells treated with oligomers (Figure 6.20). Both proteins are laminins
shown to be both important in development, where LAMC1 has been found in
adaxial cells during somitogenesis and LAMB1 is detected in all cells localised
around the notochord (Sztal et al, 2011).

0.1 mg/mL PFFs treatment for 24 hr yielded similar result where there was a
significant increase in the expression of SNCA (Figure 6.21). Other proteins
identified alongside SNCA that had increased expression in sEVs in response
to PFF treatment (48 hr) were reported in Table 6.5 and 6.6.

It is also important to consider the presence of SNCA in sEVs in response to
oligomer and PFF cell treatment could also be attributed to the input material

used to treat cells (oligomers and PFFs) being detected by LC-MS.

Moreover, STRING analysis indicated that amongst the proteins identified to
have reduced expression in sEVs in response to PFF exposure was
MACROH2A2, MACROH2A, H2BC18, H1-0, H3-3B, H2BC21, H1-5, H1-3 and
FEN1 had connections (Figure 6.22). These are histone proteins involved in
gene expression and chromatin stabilisation (Costanzi and Pehrson, 2001;
Ojaimi et al, 2025). FEN1 was linked to H3-3B and H2BC21 (Figure 6.22);

FEN1 is a nuclease that removes 5 flaps involved in DNA repair and
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degradation, it also is an important contributor to histone modifications (Zhang
et al, 2016).

Gene ontology analysis also showed that the linked proteins with decreased
expression are involved in the regulation of DNA and gene expression (Figure
6.23).

PTK7 and SCRIB were proteins identified to increase in expression in sEVs
upon PFF treatment (Figure 6.24). It was reported that PTK7 and SCRIB
double heterozygous variants were identified in a spina bifida case when
investigating neural tube defect conditions (Lei et al, 2018) suggesting that

both proteins are important in cellular development.

Logz centred intensity was calculated for each of the sEV proteins detected in
oligomer, PFF and untreated conditions that were also determined to be
significant (Figure 6.25). a-Synuclein (SNCA) expression was found to
experience the largest fold change in response to oligomers and PFFs
compared to the untreated condition but more so in response to oligomer
treatment. Detected sEV proteins mentioned in Figure 6.25 found to have
increased and decreased expression specifically when comparing oligomers
to the untreated condition was discussed in Tables 6.3 and 6.4. Proteins
detected in sEVs, when comparing PFFs to untreated were discussed in
Tables 6.5 and 6.6. Additional proteins were found to increase in response to

the oligomer condition compared to PFF condition:

e eukaryotic translation initiation factor 2 subunit 3 (EIF2S3) — encodes
the gamma subunit of the translation initiation factor elF2 and important
in the translation mechanism (Gregory et al, 2019).

o flap endonuclease (FEN1) - enzyme essential in DNA replication and
repair (Guo et al, 2020).

e macroH2A.2 histone (MACROH2AZ2) - a histone variant that contributes
to the chromatin shaping (Nikolic et al, 2023).

e reticulon 4 (RTN4) - ER protein that regulates the morphology of the ER
(Konno et al, 2024).

e stathmin 4 (STMN1) - promotes the disassembly of the mitotic spindle,
necessary for cell cycle and differentiation (Jing et al, 2024).

210



The following sEV proteins were found to increase in response to PFFs when

compared to the oligomer condition:

collectin 11 (COLEC11) — involved in innate defence mechanisms
(Farrar et al, 2016).

intracellular adhesion molecule 1 (ICAM1) — cell surface protein
important in inflammation (Bui et al, 2021).

peptidoglycan recognition protein 1 (PGYRP1) — a pattern recognition
protein that is necessary for antibacterial responses and involved in
immune mechanisms.

tenascin-C (TNC) — an extracellular matrix protein that has been linked

to chronic inflammation (Yilmaz et al, 2022).

Clustered heatmaps based on log2 centred intensity was used to summarise

protein expression in the different treatment conditions (untreated, oligomer
and PFF) (Figure 6.26).
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Figure 6.19 LC-MS analysis of sEV proteins in response to cell treatment with oligomer
48 hr. A number of proteins were found to experience an increase in expression in response
to 48 hr of oligomer treatment as seen in the right section of the volcano plot. The left section
however shows proteins with reduced expression in response to the oligomer treatment. (n=3).
Proteins have been disclosed in Table 6.3 and 6.4. Proteins included in the volcano plot were
identified as significant and made visible on the volcano plot through cutoffs for alpha (0.5)
and log fold change (0.5).
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Table 6.3 Decreased expression of oligomer treated cellular sEV proteins. The proteins
found to have decreased expression in the sEV sample when comparing the oligomer 48 hr
treatment condition to untreated conditions. Proteins included in the table were identified as
significant and made visible on the volcano plot through cutoffs for alpha (0.5) and log fold
change (0.5).

Undifferentiated Cells (Oligomers 48 hr)

Protein Reported role/Disease Association
Enabled homolog ENAH is a member of the enabled/vasodilator stimulated
(ENAH) phosphoprotein gene family that binds to actin. It has been

linked to a variety of cancer types including but not limited

to gastric and breast cancer (Deng et al, 2022).

Histones 1-10 (H1-10) | These histones are expressed in somatic cells and has
been linked to remodelling of chromatin as well as

establishing cell state specificity (Izzo et al, 2017).

Laminin subunit LAMBH1 is an extracellular matrix protein present in most
beta-1 (LAMB1) tissues that is linked to MAPK pathway (Lee et al, 2021).
Laminin subunit LAMCH1 is an extracellular matrix protein (Durham et al,

gamma-1 (LAMC1) 1995) that is now considered an oncogene linked to the
cell-to-cell signal transduction in the tumour
microenvironment as well as tumour cell invasion (Fang et
al, 2021).
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Table 6.4 Increased expression of oligomer treated cellular sEV proteins. The proteins
found to have increased expression in the sEV sample when comparing the oligomer 48 hr
treatment condition to untreated conditions. Proteins included in the table were identified as

significant and made visible on the volcano plot through cutoffs for alpha (0.5) and log: fold

change (0.5).

Undifferentiated Cells (Oligomer 48 hr)

Protein Reported role/Disease Association

Carboxypeptidase | CPXM1 belongs to the carboxypeptidase family and is believed to
X, M14 Family regulate adipogenesis and regulate extracellular matrix remodelling.
Member 1 It has been demonstrated to be a biomarker of various cancers
(CPXM1) including breast and ovarian cancer (Gu et al, 2024).

Chromodomain
Helicase DNA
Binding Protein 3
(CHD3)

CHD3 remodels chromatin plus facilitates the nucleosome
mobilization, it has also been shown to be inactivated in numerous
cancers (Mills, 2017).

Coactosin Lie F-
Actin Binding
Protein 1 (COTL1)

COTL1 belongs to the ADF-H domain protein superfamily and
linked to the stabilisation of actin filaments. Additionally, COTL1 has
been linked to TGF-B signalling pathway inhibition (Lechuga et al,
2024).

Complement
Factor B (CFB)

CFB is a serine protease that acts as C3 convertase and has been
linked to the activation of the complement alternative pathway which
is linked to inflammation and immunologic regulation (Huang et al,
2002).

FMR1 Autosomal
Homolog 1 (FXR1)

One of a group of Fragile-X-related RNA binding proteins that is
associated with mRNA metabolism, transport, translation and
degradation (Méndez-Albelo et al, 2024). It has also been found to
be recruited into SGs during stressed SH-SY5Y cells as shown

when cells were treated with SA (Valina et al, 2025).

Solute Carrier
Family 12 Member
12 (SLC12A2)

Studies have shown that SLC12A2 is a transporter protein involved

in corticogenesis and brain development (McNeill et al, 2020).

UDP-Glucuronate
Decarboxylase 1
(UXS1)

UXS1 catalyses the reaction from UDP-glucuronrate to UDP-xylose
where UDP-xylose is essential for the biosynthesis of
glycosaminoglycan found in proteoglycans core proteins.

Proteoglycans themselves are important in numerous signalling
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pathways particularly to allow for successful development (Moriarity
et al, 2002).

a-Synuclein
(SNCA)

SNCA is localised in the nerve terminals and has been linked to the
regulation of the synaptic vesicles specifically inhibiting
neurotransmitter release. It is primarily known for its links to PD
(Bendor et al, 2013).
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Figure 6.20 STRING analysis of sEV proteins found to have decreased expression in
response to oligomer 48 hr treatment. The proteins identified to have a connection that
was of interest had reduced expression compared to the control in response to oligomer
treatment. STRING analysis colour definitions: red — fusion evidence; green — neighbourhood
evidence; blue: co-occurrence; purple - experimental evidence; yellow — text-mining evidence;
light blue — evidence sourced from other databases; black line — proteins found to be co-

expressed.
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Figure 6.21 LC-MS analysis of sEV proteins isolated from cells treated with PFF 48 hr.

A number of proteins were found to experience an increase in expression in response to 48

hr of PFF treatment as seen in the right section of the volcano plot. The left section however

shows proteins with reduced expression in response to the oligomer treatment (n=3).

Proteins have been disclosed in Table 6.5 and 6.6. Proteins included in the volcano plot were

identified as significant and made visible on the volcano plot through cutoffs for alpha (0.5)

and log fold change (0.5).
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Table 6.5 Decreased expression of PFF treated cellular sEV proteins. The proteins found
to have decreased expression in the sEV sample when comparing the PFF 48 hr treatment
condition to untreated conditions. Proteins included in the table were identified as significant

and made visible on the volcano plot through cutoffs for alpha (0.5) and log: fold change (0.5).

Undifferentiated Cells (PFF 48 hr)

Protein

Reported role/Disease Association

Core histone
macro-H2A.1
(MACROH2A1)

A histone variant that regulates mitochondrial respiration through

the modulation of poly (ADP-ribose) polymerase (PARP) activity.

Core histone

MACROH2A2 encodes the core histone H2A variant that is

endonuclease 1
(FEN1)

macro-H2A.2 involved in the repair of double-stranded breaks and differentiation

(MACROH2A2) modulation. The downregulation or loss of MACROH2A2 has
been linked to numerous malignancies such as bladder, lung
cancer as well as glioblastoma (Nikolic et al, 2023).

Flap An enzyme important in the maintenance of eukaryotic genome

stability, specifically through its participation of DNA replication
and repair. It has also been identified as a protein essential to the

suppression of tumours (Henneke et al, 2003).

Histone 1.0 (H1-
0)

A linker histone classified as a DNA-binding protein involved in the
formation of higher order structures of chromatin (Liegro et al,
2018).

Histone 1.5 (H1-
5)

A linker histone which organises chromatin and has been linked to
mammalian development. It is also believed to be a factor in

carcinogenesis (Behrends and Engmann, 2020).

Histone H2B Belongs to the H2B Clustered Histone family with roles in cell
type 2-E cycle distribution. H2BC21 has been linked to glioma categorised
(H2BC21) to have a poor prognosis (Jia et al, 2022).

Histone H2B A clustered histone variant of H2B which forms part of the core of
type 2-F the chromatin’s nucleosome essential to processes such as DNA
(H2BC18) replication, repair and recombination (Jiang et al, 2020).

Histone H3.3 Encodes H3.3 expressed in embryonic and differentiated cells
(H3-3B) plus implicated in a variety of cancers. It is a DNA-binding protein

involved in repair of DNA damage (Okur et al, 2021).
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Histones 1.3
(H1-3)

H1-3 is a canonical, somatic histone essential to chromatin

remodelling and correct development (Izzo et al, 2013)

Ras-related RAB3A regulates neurotransmitter release and influences

protein Rab-3A; | calcium-induced synaptic vesicle exocytosis (Yang et al, 2010).

(RAB3A)

Reticulon-4 Essential to the structure of the ER. It has been found that the loss

(RTN4) of RTN4 does not affect ER functions as such nor does it result in
activation of the UPR, but store-operated calcium entry is altered
(Jozef et al, 2014).

Ribosomal RPL7A has been linked to alcohol (consumption) linked breast

protein L7a cancer. It is an ethanol-response factor in the breast cancer cells;

(RPL7A) its expression is increased in response to ethanol.

Stathmin STMN1 regulates the microtubule skeleton and engages

(STMN1) microtubule depolymerisation - processes necessary in the

regulation of the cell cycle particularly mitosis. Dysfunction of
STMN1 leads to a reduction in cell proliferation (Rubin and Atweh,
2004).
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Table 6.6 Increased expression of PFF treated cellular sV proteins. The proteins found
to have increased expression in the sEV sample when comparing the PFF 48 hr treatment
condition to untreated conditions. Proteins included in the table were identified as significant

and made visible for the volcano plot through cutoffs for alpha (0.5) and log: fold change (0.5).

Undifferentiated Cells (PFF 48 hr)

protein kinase

Protein Reported role/Disease Association

Claudin-12 A member of the claudin protein family and claudin-12 is considered

(CLDN12) to be an atypical member. It is involved in paracellular Ca?*
transients. It has been linked to cancer cell migration and invasion
plus cancer metastasis (Apostolova et al, 2024).

Collectin A pattern recognition receptor which belongs to the C-type lectin

subfamily superfamily (Wang et al, 2023). Its primary roles are host defence,

member 11 development of the embryo, fibrosis and autoimmunity. It is linked to

(COLEC11) proliferation and growth of cancer cells (Wang et al, 2023)

Inactive PTKY is also known as a colon carcinoma kinase-4 and regulates the

tyrosine- wnt (canonical and non-canonical) signalling pathways. It is important

in the tumorigenesis of certain cancers particularly oesophageal

7 (PTK7) squamous cell carcinoma. This protein promotes the proliferation,
migration and invasion of different cell types but has been found to be
a tumour suppressor in some instances (Shin et al, 2022).

Intercellular A cell surface glycoprotein found in immune, epithelial and

adhesion endothelial cells. Its expression increases during inflammation

molecule 1 particularly induced by inflammatory cytokines. It also regulates the

(ICAM1) barrier function of epithelial and endothelial cells. (Bui et al, 2020).

Peptidoglycan

PGLYRP1 is linked to the invasive nature of pancreatic cancer cells.

Recognition In mammals PGLYRP1 is primarily produced by neutrophils and has
Protein 1 been associated with immune evasive mechanisms in T cells
(PGLYRP1) secreted from tumours (Lopez-Gil et al, 2024).

Protein eva-1
homolog A
(EVA1A)

A lysosome and ER associated protein that has the ability to co-
localise with the autophagosome. It promotes autophagy, apoptosis
as well as differentiation. It has been found to be expressed in

various cancer cells (Canham et al, 2023).
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Protein
scribble
homolog
(SCRIB)

SCRIB plays a part in the regulation of cellular polarity which is
essential in maintaining not only the morphology of cells but their

general function (Su et al, 2012).

Proteoglycan 4
(PRG4)

A mucin-like glycoprotein that is primarily expressed in cells found in
the joint and chondrocytes. It plays a role in the lubrication of ocular

surfaces and regulate the inflammatory response (Das et al, 2019).

Rho-related
GTP-binding
protein RhoC
(RHOC)

A Rho GTPase sub-family member which regulates signal
transduction such as cell shape, division, migration, proliferation and
vesicular trafficking. A typical Rho GTPase will mediate the exchange
from GDP to GTP and has been determined to be important to cancer

pathogenesis (Eckenstaler et al, 2022).

Solute carrier
family 12
member 2
(SLC12A2)

Refer to Table 6.4

Synuclein
Alpha (SNCA)

Refer to Table 6.4

Tenascin-C
(TNC)

An extracellular matrix protein that belongs to the tenascin family. It
regulates cell surface receptors, cell adhesion, migration, proliferation

plus differentiation (Gremlich et al, 2020).
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Figure 6.22 STRING analysis of sEV proteins with decreased expression derived from
cells treated with PFF 48 hr. The proteins identified to have a connection that was of interest
had reduced expression compared to the control in response to PFF treatment. STRING
analysis colour definitions: red — fusion evidence; green — neighbourhood evidence; blue: co-
occurrence; purple - experimental evidence; yellow — text-mining evidence; light blue —

evidence sourced from other databases; black line — proteins found to be co-expressed.
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Figure 6.23 Gene ontology analysis of sEV proteins found to have reduced
expression isolated from cells subjected to PFF 48 hr treatment. Proteins found to
have decreased expression upon 48 hr treatment with PFFs were subjected to gene
ontology analysis. The connections between the detected sEV proteins yielded significant

enrichment in various biological and molecular processes.
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Figure 6.24 STRING analysis of sEV proteins identified to have increased
expression isolated from cells treated with PFF 48 hr. The proteins identified to have
a connection that was of interest had increased expression compared to the control in
response to PFF treatment. STRING analysis colour definitions: red — fusion evidence;
green — neighbourhood evidence; blue: co-occurrence; purple - experimental evidence;
yellow — text-mining evidence; light blue — evidence sourced from other databases; black

line — proteins found to be co-expressed.
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Figure 6.25 Log: centred intensity of sEV proteins derived from undifferentiated cells
treated with oligomers and PFFs. Undifferentiated cells were treated with 0.1 mg/mL
oligomers and PFFs for 48 hr. The logz centred intensity was calculated of significant proteins.
These proteins were included by user defined cutoffs for alpha (0.5) and log fold change (0.5).

In this case no proteins were identified.
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Figure 6.26 sEV protein expression in response to oligomer and PFF treatment of
undifferentiated cells. Clustered heatmap presents LC-MS proteomic analysis of sEVs
derived from undifferentiated SH-SY5Y cells subjected to oligomer and PFF 48 hr treatment.
Proteins shown have been determined to be significant and log2 centred intensity
normalisation is used to determine proteins with reduced (blue to white) and increased
(orange to burgundy/purple) expression in individual conditions. Colour coded conditions

are indicated on the top of the heatmap: oligomers (pink), untreated (green), PFFs (blue).



6.2.9 Mitochondrial and PD associated proteins and a-synuclein
are present in sEVs in response to oligomer and PFF
treatment of differentiated SH-SYSY cells

sEVs were isolated from ATRA-differentiated cells treated with -either
oligomers or PFFs (0.1 mg/mL) for 48 hr. LC-MS proteomic analysis was
carried out on sEVs to determine how a-synuclein aggregates would affect
sEV proteomic cargo derived from differentiated cells. SNCA was found to
have increased expression in sEV samples in response to both oligomer and
PFF treatment of differentiated cells (Figure 6.27 and 6.30) in a similar

manner to the undifferentiated cell line.

Other proteins found to have a reduction or an increase in expression in

oligomer-treated cell sEV samples were reported in Table 6.7 and 6.8.

STRING analysis of proteins with increased expression in response to
oligomer exposure showed connections between SNCA, NDUFB9 and
PARKY, which has direct links to PD (Figure 6.28). Both SNCA and PARK7
were identified as PD associated genes with identified missense mutations
(Nuytemans et al, 2010). When investigating proteins with altered expression
in eight brains of individuals diagnosed with PD, it was found that SNCA,
NDUFB9, and PARK7 were among 202 mitochondrial proteins (> 1.5-fold)

found to have altered expression compared to controls (Toomey et al., 2022).

Gene ontology reported that these linked proteins had roles in synaptic
transmission, regulation of the mitochondria’s electron transport chain as well

as cuprous ion binding (Figure 6.29).

Proteins with reduced and increased expression in response to PFF treatment
was reported in Table 6.9 and 6.10.

SNCA and NDUFS7 were found to have increased expression and linked
according to STRING analysis (Figure 6.31). Both proteins were identified as
mitochondrial proteins reported to have altered expression in PD brains
compared to controls (greater than 1.5-fold) (Toomey et al., 2022).

No significant pathway enrichments were identified in the dataset for the PFF

48 hr condition, so gene ontology was not presented.
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Logz centred intensity was calculated for each of the sEV proteins detected in
the oligomer, PFF and untreated conditions that were also determined to be
significant (Figure 6.32). sEV proteins found to experience a change in
expression when comparing the treatment condition to the untreated condition
were discussed in Tables 6.7, 6.8, 6.9 and 6.10. a-Synuclein/SNCA
expression was found to increase in response to oligomers and PFFs
compared to the untreated condition but more so in response to oligomer
treatment. PARKY7 was found to increase in response to oligomers when
compared to PFFs and the untreated condition. Large fold changes were seen
in the expression of mitochondrial subunits NDUFB9 and NDUFS?7 in response
to oligomers and PFFs respectively, when compared to the untreated
condition. This suggests that in addition to a-synuclein, sEVs will carry
mitochondrial subunits and markers of oxidative stress when cells are exposed
to oligomers and PFFs. Furthermore, the following sEV proteins were found to
increase in response to oligomers when compared to PFFs as seen in Figure
6.32:

e Aggrecanase-1 (ADAMTS4) — a metalloproteinase that targets
proteoglycans particularly the degradation of proteoglycans in the
extracellular matrix (Lemarchant et al, 2017).

e Eps15 homology domain (EHD4) — involved in endocytic trafficking
(Sharma et al, 2008).

e G protein subunits 11 (GNA11) - forms the alpha subunit of G proteins
allowing for a range of signalling processes to take place (Pilch et al,
2024).

e Glutamyl-prolyl-tRNA synthetase 1 (EPRS1) — allows for the binding of
certain amino acids to their respective tRNA (Yang et al, 2023).

e Integral membrane protein 2 B (ITM2B) — is involved in amyloid
metabolism (Wohlschlegal et al, 2021).

e NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9
(NDUFB9) - an accessory subunit of the mitochondria’s respiratory
chain (Li et al, 2015).

e Peptidase inhibitor 15 (PI115) - acts as a serine protease inhibitor (Prusty
et al, 2018).
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Platelet-activating factor acetyl hydrolase 1B1 (PAFAH1B12) — involved
in neuronal migration and layer formation in cells essential to
development (Feng et al, 2024).

Protein/nucleic acid deglycase DJ-1 (PARK7) — involved in the
regulation of oxidative stress (Skou et al, 2024).

Ras-related protein Rab-5A (RAB5A) - involved in neuronal
endocytosis (fusion of enodcytic vesicles to early endosomes (Hoop et
al, 1994).

Scribble (SCRIB) — a polarity protein important in cell differentiation and
synaptic function (Qin et al, 2005).

Transforming growth factor beta regulator 4 (TBRG4) — involved in
regulating the cell cycle by the stabilisation of regulatory proteins
involved in the cell cycle (Tao et al, 2024).

Valine aminoacyl-tRNA synthetase (VARS1) - involved in the

esterification of amino acids to their respective tRNA (Hiz et al, 2022).

The following sEV proteins were found to increase in response to PFFs when

compared to oligomers as seen in Figure 6.32:

2,3-bisphosphoglycerate mutase (BPGM) — regulates glycolysis (Kulow
et al, 2024).

Erbin (ERBIN) — an adaptor protein linked to autophagy and apoptosis
(Qiu et al, 2024).

Glucosylceramidase Beta 1 (GBA1) — linked to PD, is a lysosomal
enzyme essential to the function of the Iysosome and
neuroinflammation (Bo et al, 2022).

NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondrial
(NDUFS7) - a subunit of complex | and has been linked to processes
such as myogenesis (Hong et al, 2014)

Signal peptidase complex subunit 2 (SPCS2) — forms part of the ER
SPase and is believed to be important in viral processing and packaging
(Cui et al, 2015) and associated with overall ER function (Hu et al,
2022).
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e Tight junction protein 1 (TJP1) — modulates the mTOR pathway (Liu et
al, 2020).

Clustered heatmaps based on log2 centred intensity was used to
summarise protein expression in the different treatment conditions

(untreated, oligomer and PFF) (Figure 6.33).
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Figure 6.27 LC-MS analysis of SEV proteins from cells treated with oligomers 48 hr. The
right panel shows proteins of high significance with increased expression in response to
oligomers compared to the untreated. The left shows proteins with reduced expression
compared to the control when cells were treated with oligomers for 48 hr (n=3). Protein have
been disclosed in Table 6.7 and 6.8. Proteins included in the volcano plot were identified as
significant and made visible on the volcano plot through cutoffs for alpha (0.5) and log fold
change (0.5).
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Figure 6.28 String analysis of sEV proteins with increased expression derived from
cells treated with oligomers 48 hr. The protein group with increased expression in response
to oligomers were inputted in STRING software and some proteins were found to have
connections. STRING analysis colour definitions: red — fusion evidence; green -
neighbourhood evidence; blue: co-occurrence; purple - experimental evidence; yellow — text-
mining evidence; light blue — evidence sourced from other databases; black line — proteins

found to be co-expressed.
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Table 6.7 Decreased expression of oligomer treated cellular sEV proteins. The proteins
found to have increased expression in the sEV sample when comparing the oligomer 48 hr
treatment condition to untreated conditions. Proteins included in the table were identified as
significant and made visible on the volcano plot through cutoffs for alpha (0.5) and log fold
change (0.5).

Differentiated Cells (Oligomer 48 hr)

Protein Reported role/Disease Association

Signal peptidase SPCS2 is found in all eukaryotes and is responsible for the
complex subunit 2 cleavage of signal peptides and is a crucial component of the
(SPCS2) UPR. The deletion of SPCS2 has been found to activate the

ER and UPR (Chung et al, 2024).

Tetraspanin 18 TSPAN18 is present primarily in endothelial cells and has been
(TSPAN18) found to regulate the Orai1/Ca?* signalling pathway (Gavin et
al, 2020).
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Table 6.8 Increased expression of oligomer treated cellular sEV proteins. The proteins

found to have increased expression in the sEV sample when comparing the oligomer 48 hr

treatment condition to untreated conditions. Proteins included in the table were identified as

significant through cutoffs for alpha (0.5) and log: fold change (0.5).

Differentiated Cells (Oligomer 48 hr)

[ubiquinone] 1

beta subcomplex

Protein Reported role/Disease Association
NADH NDUFBS9 is an accessory subunit of the mitochondria specifically
dehydrogenase the mitochondria’s membrane respiratory chain nicotinamide

adenine dinucleotide (NADH) dehydrogenase (complex I). Loss of

this subunit has been shown to result in increased mitochondrial

inhibitor 15 (P115)

subunit 9 ROS (Li et al, 2015).
(NDUFB9)
Peptidase P115 belongs to antigen 5 and pathogenesis-related 1 proteins

superfamily and acts as a serine protease inhibitor (Prusty et al,
2018).

Proteasome
activator complex
subunit 1 (PSME1)

PSME1 is a regulator of various intracellular proteolytic pathways
and has been linked to HIV infection particularly initial stages of
infection. It is believed that PSME1 has the ability to influence viral
RNA (Liu et al, 2024). It is also associated with oxidative stress and

the immune response (Kogberber et al, 2023).

Protein/nucleic
acid deglycase
DJ-1 (PARK7)

PARK?7 encodes the protein DJ-1, which is found in the cytoplasm,
mitochondria and nucleus. It will localise to the mitochondria’s outer
membrane in conditions of oxidative stress. It is linked to autosomal
recessive PD (Skou et al, 2024).

SELENBP1 Refer to Table 6.2
a-Synuclein Refer to Table 6.4
(SNCA)
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Figure 6.29 Gene ontology analysis of sEV proteins found to have increased expression
in response to oligomer 48 hr treatment. Proteins found to have increased expression upon
48 hr treatment with oligomers was subjected to gene ontology analysis via STRING software.
The connections between the detected sEV proteins yielded significant enrichment in various

cellular components and had associations with female organ tissues.
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Figure 6.30 LC-MS analysis of sEV proteins isolated from cells treated with PFF 48 hr.
The proteins found to have increased expression in response to PFF treatment were shown
in the right panel and reduced expression in the left panel (n=3). Proteins have been disclosed
in Table 6.9 and 6.10. Proteins included in the volcano plot were identified as significant and

made visible on the volcano plot through cutoffs for alpha (0.5) and log fold change (0.5).
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Table 6.9 Decreased expression of PFF treated cellular sEV proteins. The proteins found
to have increased expression in the sEV sample when comparing the PFF 48 hr treatment
differentiated SH-SY5Y to the untreated condition. Proteins included in the table were

identified as significant and made visible on the volcano plot through cutoffs for alpha (0.5)

and logz fold change (0.5).

Differentiated Cells (PFF 48 hr)

Protein

Reported role/Disease Association

CD82 antigen
(CD82)

A tetraspanin linked to cell adhesion and T-cell activation (Shibagaki et
al, 1998) and has been used as a marker for muscle cells (Alexander et
al, 2016). CD82 has been linked to proliferation of myoblasts (Alexander
et al, 2016). It also has the ability to activate mTORC1 (Ye et al, 2021).

Integral ITM2B is a membrane protein which has been connected to familial
membrane dementia and has been found to facilitate the glutamate transmission
protein 2B (Yao et al, 2019).

(ITM2B)

Threonine-- A peripheral member of the multiple tRNA synthase complex. When
tRNA ligase 1, | TARS1 was deleted in mice models they were found to exhibit
cytoplasmic dysfunctional development in both the bone, muscle and in general but
(TARS1) not protein synthesis itself (Zeng et al, 2023).
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Table 6.10 Increased expression of PFF treated cellular sV proteins. The proteins found
to have increased expression in the sEV sample when comparing the PFF 48 hr treatment of
differentiated SH-SY5Y to the untreated condition. Proteins included in the table were
identified as significant and made visible on the volcano plot through cutoffs for alpha (0.5)

and logz fold change (0.5).

Differentiated Cells (PFF 48 hr)

Protein Reported role/Disease Association

NADH NDUFS?7 is a subunit of complex | and has been linked to
dehydrogenase processes such as myogenesis (Hong et al, 2014) as well as
[ubiquinone] iron- encephalopathy, pyramidal and extrapyramidal symptoms when
sulfur protein 7, mutated (Lebon et al, 2007).

mitochondrial
(NDUFS7)

Proteasome activator | Refer to Table 6.8
complex subunit 1
(PSME1)

SELENBP1 Refer to Table 6.2

a-Synuclein (SNCA) Refer to Table 6.4
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Figure 6.31 LC-MS analysis of sEV proteins. The proteins found to have increased
expression sEVs derived from PFF treated cells. STRING analysis colour definitions: red —
fusion evidence; green — neighbourhood evidence; blue: co-occurrence; purple - experimental
evidence; yellow — text-mining evidence; light blue — evidence sourced from other databases;

black line — proteins found to be co-expressed.

239



log, Centered intensity (+95% CI)

DIFFERENTIATED CELLS

BPGM

CcD82

EHD4

EPRS1

EREIN

4 |

}

{
:

3

:

GBA1

GNA11

ITM2B

KRT16

KRTEB

NDUFES

s
{

4

1

!

f

NDUFS7

PAFAH1B2

PARK7

PI15

PSME1

RABSA

;
i

1

f’
J
}

SCRIB

SELENBP1

SNCA

SPCS2

TARS1

TERG4

{
i

&

!

4
{

TJP1

TSPAN18

VARS1

;
}

{

Oligomer
PFF
Unt

Oligomer
PFF
Unt

Oligomer
PFF
Unt

Dligomer
PFF
Unt

Oligomer -
PFF
Unt -

Oligomer
PFF
Unt

Figure 6.32 Log: centred intensity of sEV proteins derived from differentiated cells
treated with oligomers and PFFs. Differentiated cells were treated with 0.1 mg/mL oligomers
and PFFs for 48 hr. The logz centred intensity was calculated of significant proteins. These
proteins were included by user defined cutoffs for alpha (0.5) and log fold change (0.5). In this

case no proteins were identified.
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Figure 6.33 sEV protein expression in response to oligomers and PFFs treatment of
differentiated cells. Clustered heatmap presents LC-MS proteomic analysis of sEVs derived
from differentiated SH-SY5Y cells subjected to oligomer and PFF 48 hr treatment. Proteins
shown have been determined to be significant and log2 centred intensity normalisation is used
to determine proteins with reduced expression (blue to white) and increased (orange to
burgundy/purple) expression in individual conditions. Colour coded condition is indicated on

the top of the heatmap: oligomers (pink), untreated (green), PFFs (blue).
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6.3 Discussion

6.3.1 Differentiated SY5Y cells experience intracellular
aggregation upon exposure to a-synuclein oligomers and
PFFs

Treatment with oligomers and PFFs at various timepoints (1, 6, 24, 48 hr)
induces intracellular aggregation in undifferentiated cells (Figure 5.1). A
similar increase in a-synuclein-positive puncta was seen in differentiated cells
at 48 hr in response to both oligomers and PFFs (Figure 6.3). Oligomers and
PFFs at this timepoint were shown to also cause oxidative stress in
differentiated cells (Figure 6.4) as demonstrated in undifferentiated cells.
These findings are established and in accordance with previous literature
(Taylor-Whiteley et al, 2019). To further our understanding of the biological
effect and prion-like ability of these aggregates, the next step was to be assess
how cellular exposure to oligomers and PFFs effects the proteomic cargo of
SEVs.

6.3.2 The characterisation of sEVs derived from SH-SY5Y cells

Characterising EVs is a common practice prior to conducting experimental
work with EVs. Using NTA on sEV samples derived from undifferentiated and
differentiated cells subjected to untreated and treatment conditions show that
the EV samples fall within the sEV/exosome range as samples were on
average between 114 — 141 nm (Figure 6.5 B, 6.6 B, 6.7 B). Whereas
differentiated SH-SY5Y sEVs were comparatively smaller (Figure 6.7).
Regarding the quantification of the number of sEVs in response to untreated
and treated conditions, no significant differences were observed (Figure 6.5C,
6.6C, 6.7C). However, when looking at the undifferentiated sEV samples, SA,
Tg, oligomer and PFF treatments resulted in a decrease in particles/mL (or
less sEVs) when compared to the untreated condition. This could be explained
by the increased cellular death which was shown in cytotoxicity data in chapter
three and five which would cause a decrease in total cell number. Therefore,
concurrent live/death cell assays would be helpful in understanding why this

decrease in sEVs was observed and to normalise data.
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6.3.3 Oxidative stress impacts the proteins expressed in sEVs

Oxidative stress has been shown to result in the expression of markers
associated with the ISR (Figure 3.1, 3.2), cell death markers (Figure 3.7) and
induces toxicity (Figure 3.8) which has been demonstrated by SA treatment
of undifferentiated SH-SY5Y cells. It is understood that in instances of stress,
the cargo of sEVs will change in some manner. Oxidative stress has been
shown to result in the presence of antioxidant proteins in EVs such as SOD1
(Chiaradia et al, 2021). It is believed that this process not only helps cells
remove toxic or damaged proteins from its intracellular space (Chiaradia et al,
2021) but it can help transmit proteins from a donor cell to recipient cells to
modulate the recipient cells response to an imposing stress (Chiaradia et al,
2021). Using SA treatment at a concentration of 10 uM for 24 hours, LC-MS
proteomic analysis revealed that the cargo was altered (Figure 6.11). The
proteins found to have decreased expression in response to SA treatment
were shown to be proteins involved in transport and trafficking, development
and cell structure maintenance as well as many other roles (Table 6.1).
Instances where protein expression was increased in response to SA 24 hr,
proteins detected had different roles ranging from cell signalling, RNA
processing and metabolism (Table 6.2). In accordance with the idea that sEVs
carry proteins as a marker of oxidative stress, we observed increased
expression of ECPAS, a protein involved in remodelling the 26S proteosome
during oxidative stress (Figure 6.11, Table 6.2). Additionally, markers of
apoptosis were detected as indicated by the expression of LMAN1 (Table 6.2),
which aligns with the LDH cellular toxicity results. SELENBP1, a protein
involved in redox regulation, was shown to increase in sEV samples which
acts as an indicator of cellular oxidative stress. Furthermore, the connection
of sEV to specialised stress pathways was shown in the expression of the
RPS6KA3 protein, which influences activation of the mTOR pathway
(Magnuson et al, 2011). Additionally, RPS6KA3 acts as a kinase where ATF4
is one of its targets (Field et al, 2009). RPS6KA3 has also been shown to
localise to SGs during SA treatment (Sfakianos et al, 2018). Altogether, the
sEVs’ (derived from SA stress cells) proteomic data supports the concept that
sEVs derived from stress conditions will carry molecules that have the capacity

to target key protein substrates likely to have associations with stress
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regulation and alter cellular processes in neighbouring cells. An additional
example of this is EVs will carry high levels of program-death-ligand 1 and
cancer-associated receptors involved in angiogenesis as well as disease

progression (Kumar et al, 2024).

6.3.4 Oligomers and PFFs results in increased a-Synuclein sV
loading plus alterations in sEVs proteomics in
undifferentiated and differentiated SH-SYS5Y cells.

Data presented shows oligomers and PFFs can induce cellular stress and
toxicity in undifferentiated cells (Figure 5.3, 5.4). LC-MS analysis showed
oligomer and PFF altered sEV proteomics. Treatment of undifferentiated SH-
SY5Y cells with 0.1 mg/mL oligomers and PFFs for 48 hours resulted in
increased SNCA-positive sSEV samples, as determined by LC-MS proteomic
analysis (Figures 6.19, 6.21). However, given the nature of the protocol it
cannot be determined if the a-synuclein is present within or on the membrane
of the sEV. The association of a-synuclein with sEVs is supported by wider
literature and EVs have been found to be positive for a-synuclein aggregates
in response to a-synuclein aggregate treatment (e.g. PFFs) (Ishiguro et al,
2024).

Use of LC-MS analysis to identify key proteins within sEVs that are involved in
stress response pathways derived from a-synuclein aggregate treated cells
has not been previously shown in literature. Oligomer 48 hr treatment resulted
in an increased expression of CFB, an inflammatory associated protein, in
sEVs (Figure 6.19). It was shown that when SH-SYSY cells were maintained
in the absence doxycycline, they secreted oligomeric a-synuclein. The
collected conditioned medium was able to activate microglia, indicatory of an
inflammatory response (Leandrou et al, 2024) - a key marker of PD (Pajares
et al, 2020).

PFFs were also used to treat SH-SYS5Y cells, sEVs showed reduced
expression of a range of histones H1-0, H1-3, H1-5, H3-3B, H2AC18,
H2BC21, and MACROH2A1 and MACROH2A2 (Figure 6.21) which were
found to have associations via STRING analysis (Figure 6.22). Similarly, a
decrease in histone expression (H1-10) was also seen is sEVs derived from

cells treated with oligomers (Figure 6.19). Amyloid material has been shown
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to bind to histones in other contexts (Smith et. al 2008). This interaction is due
to repeating net negative charges found on the surface of both DNA and
amyloid. Core (H3, H4) and linker (H1) histones have been found to interact
with WT a-synuclein via the N-terminal flexible histone tails and the C-terminal
of a-synuclein (Jos et al, 2021). Mutations of a-synuclein have been found to
have a higher affinity for histones (Jos et al, 2021). Which could explain the
reduction in histones expressed in sEVs released by cells treated with PFFs.
In other cases, core histones such as H2A, H2B, H3 and H4 plus the linker
histone, H1 are released into extracellular space by damaged cells (Richards
et al, 2023). In other instances, the presence of histones in EVs has been
recognised as an indicator of neuroinflammation (Richards et al, 2023).
Further, phagocytes exposed to extracellular histones have been found to
result in inflammation, toxicity, and ROS (McRae et al, 2024). Exploration into
the link between a-synuclein aggregates and histone dynamics is required to

provide more context for this work.

EVA1A, ICAM1 and PRG4 were found to have increased expression in sV
samples as a result of PFF cell treatment (Figure 6.21). These proteins are
associated with apoptosis and inflammation (Table 6.6). This data supports
findings that show sEVs have the ability to propagate PFF/a-synuclein-linked

cellular toxicity (Quiroz-Baez et al, 2020)

sEVs derived from oligomer and PFF treated cells, were positive for increased
expression of PSME1 which has been linked to oxidative stress and
SELENBP1, also increased in sEV samples, is involved in the maintenance of
redox reactions (Figure 6.29). This evidence coincides with the oxidative

stress-inducing capabilities of oligomers and PFFs (Figure 6.4).

STRING analysis showed links between key proteins implicated in PD namely,
NDUFB9 (mitochondrial protein) and PARK7, expressed in sEV samples
derived from oligomer-treated differentiated cells (Figure 6.27). This links to
commonly investigated associations between a-synuclein aggregates,
mitochondrial insults (Thorne and Tumbarello, 2022) and the presence of
antioxidant machinery present in EVs during stress (Chiaradia et al, 2021).
sEVs being positive for PARK7 supports this idea but also links sEVs to the
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ISR and SGs. PARKY has been found to localise to SGs in HEK293T cells
specifically in conditions of stress (hyperosmotic shock) (Repici et al, 2018).
This corresponds with evidence that oligomers have been found to induce SG
formation (Figure 5.11). Furthermore, in support of data presented showing
sEVs being positive for PARK7, EVs taken from PD patients were also found
to be positive for PARK7 (Valencia et al, 2022)

Overall, the cellular stress induced by oligomers and PFFs appear to result in
expression of proteins within sEV samples associated with oxidative stress

regulation, inflammation and the mitochondria.
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6.4 Summary
Oxidative stress and toxicity have been shown to be induced by both SA, a-
synuclein aggregates, the data presented in this chapters shows the sEV

proteome will mirror the stress experienced by the cell it is derived from.

The sEV proteins found to experience an increase in expression within
treatment conditions (SA 24 hr, oligomer 48 hr and PFF 48 hr) are connected
to oxidative stress, antioxidant modulation, inflammation and apoptosis. There

were also increased expression of proteins in sEVs associated with SGs,

sEVs acquired from a-synuclein aggregate treatment conditions were positive
for SNCA but this was not the case for sEVs acquired from the SA and Tg
condition. Altogether supporting that sEVs mediates a-synuclein

transmissibility.

It is also a valuable consideration that input a-synuclein (oligomers and PFFs
used to treat cells) could be a contributor to the high levels of detected a-
synuclein. It would be beneficial to explore this using tagged a-synuclein
aggregates when treating cells to determine if sEV-associated a-synuclein is
due to simply treating cells with oligomers/PFFs or rather sEVs engaging in

the transmission of endogenous a-synuclein.

sEVs derived from SH-SYS5Y cells exposed to aggregated a-synuclein shares
some similarities to the proteins identified in patient-derived EVs. This
indicates that the method and model adopted in this study is appropriate in
further understanding a-synuclein aggregate transmission and potential

consequences associated with this process.

Overall, the release of sEVs positive for a-synuclein and stress-associated
proteins is linked to the intracellular aggregation and oxidative stress induced
by oligomers and PFFs (Figure 6.34) which suggests that stress underpins

the seV-mediated cell-to-cell transmission.
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Figure 6.34 a-Synuclein-positive sEVs are released from cells treated oligomers and
PFFs. A summary figure of data presented. Cellular exposure to oligomers and PFFs that
results in intracellular aggregation of a-synuclein that has been shown to induce oxidative
stress. As a result of either intracellular aggregation and/or oxidative stress induced by said
aggregation this results in a-synuclein-positive sEVs being released from neuronal cells (in
this case undifferentiated and differentiated SH-SY5Y cells).

248



7 Chapter Seven: Discussion, conclusion
and future work

7.1 Introduction

Cellular stress has been explored as a major contributor in PD progression
(Dias et al, 2013) and has been closely linked to the pathology exhibited by a-
synuclein-associated neurodegeneration (Hsu et al, 2000). Previous research
has linked PD to the ISR by showing expression of ATF4 in response to MPP+
and PFFs (Demmings et al, 2021). The activation of the ISR has not been
shown in response to both oligomers and PFFs. Therefore, investigations were
carried out to determine if a-synuclein oligomers and PFFs could activate the
ISR which would provide further context into a-synuclein-induced cellular
stress. Furthermore, EVs have been highlighted as a mediator in the cell-to-
cell transmission process of a-synuclein (Shippey et al, 2022). It was of interest
to also explore how cellular stress could alter the proteins expressed in sEVs

to further understand the mechanism of sEV-mediated cellular transmission.

To explore ISR activation and changes in the sEV proteome upon exposure to

a-synuclein-induced stress, the research aims of this thesis were:

e to validate ISR activation and SG formation in response to SA, Tg and
MPP+ iodide for later comparisons when investigating a-synuclein-induced
stress.

e to determine the ability oligomers and PFFs to induce cellular stress,
activate the ISR and induce SG formation.

e to link a-synuclein-induced stress to alterations in the sEV proteome.
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7.2 Discussion

7.2.1 Cellular adaptation occurs in conditions of chronic
chemically induced stress.

The activation of the ISR was studied using chemical inducers such as SA, Tg
and MPP+. The use of toxic compounds was important in validating
appropriate utilisation of molecular techniques to allow for comparison to
existing research findings and establishing a baseline of expectation
pertaining to the stress response in undifferentiated SH-SY5Y cells. The main
ISR markers studied in this research were elF2a phosphorylation, ATF4,
CHOP, GADD34 expression and protein synthesis inhibition along with the
formation of SGs. It was demonstrated that all markers of the ISR, investigated
in this study, was expressed in response to SAand Tg (Figure 3.2, 3.5). It was
shown that expression of these markers is dependent on both time and
concentration of the stress-inducing compound used for treatment. Increased
elF2a phosphorylation (Figure 3.2, 3.3) and ATF4 protein expression (Figure
3.5) was observed but overtime there would be a reduction in both molecular
events. This could be attributed to stress adaptation in chronic stress
conditions (Avelar et al, 2024; Ryoo, 2024). ATF4 may modulate various genes
to manage stress adaptation or induce apoptosis (Demmings et al; 2021; Ok
et al, 2023; Wek et al, 2023; Wortel et al, 2017). GADD34 is a target of ATF4
and intrinsic to stress adaptation (Krokowski et al, 2015). It was found that
reductions in elF2a phosphorylation coincided with an expression of GADD34
when cells were treated with SA and Tg (Figure 3.9). The expression of
GADD34 provides an explanation for the eventual reductions in the expression
of ISR markers (elF2a phosphorylation, ATF4 and CHOP expression) in

response to SA and Tg treatment.

Attenuation of protein synthesis is a key outcome of ISR activation, Tg
treatment was found inhibit protein synthesis (Figure 3.10). This coincides
with Tg treatment enhancing elF2a phosphorylation, ATF4 and CHOP
expression. SA treatment at 6 hr did not result in attenuation of protein
synthesis (Figure 3.10), which is explained by the expression of GADD34 at
this timepoint (Figure 3.9) which inactivates the ISR and restores protein
synthesis (Oliveira et al, 2024).
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7.2.2 High dose MPP+ activates the ISR but does not enhance
ATF4 expression.

MPP+ which has been extensively used in the research of PD-associated
neurodegeneration (Chun et al, 2001; Kalivendi et al, 2003; Kim-Han et al,
2011; Mapa et al, 2018; Marti et al, 2017; Yee et al, 2014) was introduced to
establish a connection between the ISR and PD. Evidence shows 10 mM
MPP+ induced elF2a phosphorylation but ATF4 expression did not increase
(Figure 3.6). In response to 10 mM MPP+, ATF4 expression was found to
reduce at 24 hr compared to the 6 hr timepoint, despite the 6 hr timepoint not
showing enhanced ATF4 expression compared to untreated condition (Figure
3.5). There could be a mechanism of ATF4 suppression in conditions of
chronic, severe MPP+ stress. TRIB3, found to be expressed in response to
MPP+ (Demmings et al, 2021), acts as an inhibitor of ATF4 during Bortezomib
treatment of HepG2 cells (Ord et al, 2021). ATF4 was seen to mildly increase
when cells were treated with 0.1 and 5 mM MPP+ for 6 hr (Figure 3.6),

suggesting that ATF4 expression is concentration dependent.

10 mM MPP+ did not induce CHOP expression (Figure 3.6). This could be
due to the concentration of MPP+ used or the cell model used for this
experiment. Different cell types will respond differently to the same stress-
inducing compound as shown through variations in ISR marker expression
(Hanson et al, 2024). This is valuable to note as MPP+ has been shown at
lower concentrations, 25 uM (16 hr treatment), to induce expression of CHOP,
TRIB3 and PUMA mRNA levels in mice mesencephalic neurons (Demmings
et al, 2021). Additionally, an increase in ATF4 protein expression was observed

in cortical neurons treated with 50 uM MPP+ (Demmings et al, 2021).

GADD34 was expressed in response to 10 mM MPP+ treatment for 1, 6 and
24 hr (Figure 3.9), indicating an ATF4-independent mechanism of GADD34
expression. This indicates that recovery mechanisms are still taking place

despite the severity of 10 mM MPP+ treatment.

7.2.3 MPP+ SG dynamics differs to that of SA and Tg.
The ISR is activated in response to SA, Tg and MPP+. SGs can form in
response to the activation of the ISR. The low-dose concentrations used when
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looking at 30 yM SA and 0.15 uM Tg induced an initial increase of SGs at 1 hr
but reduced at 6 and 24 hr. Treatment of cells with 10 mM MPP+ caused the
number and size of SGs to increase overtime, peaking at 24 hr (Figure 3.17).
Which suggests differing mechanisms in SG dynamics in these explored

stress conditions.

Stress severity could be key to understanding the variation in dynamics seen
to these different stresses. When treating U20S cells with 50 uM SA, it was
found that there was an initial increase at 1 hr but then the percentages of SG
positive cells began to decrease at 4 hr, with no SGs observed at 12 and 24
hr (Adachi et al, 2024). However, when cells were treated with 100 and 500
MM SA, SGs could once again be seen at 1 hr with reductions at 4, 12 and 24
hr but as the concentration of SA increased the time taken to for all observable
SGs to disassemble took longer (Adachi et al, 2024). These observations
indicate that the presence of SGs, may act as an initial responder to stress but
overtime through adaptive mechanisms SGs will disassemble at different rates

depending on the severity of the stress/concentration of drug.

According to the data presented, enhanced elF2a phosphorylation leads to
SG formation but eventually SGs will reduce in both size and number that can
be attributed to GADD34 activity/expression as shown when cells are treated
with SA and Tg. In the 10 mM MPP+ condition, the increased percentage of
cells with SGs coincides with an increase in elF2a phosphorylation also.
Which indicates that SGs formed in response to these stresses are influenced

by the phosphorylation of elF2a (Wang et al, 2019).

7.2.4 Oligomers and PFFs alters the elF2a/ATF4 pathway
Equipped with the knowledge that ISR activation looks different depending on

the type of stress the cell is subjected to, understanding if synthesised

oligomers and PFFs activate the ISR was of primary interest.

a-Synuclein aggregates exhibit prion-like activity, specifically through the
recruitment, misfolding and aggregation of initially natively folded a-synuclein
(Leak et al, 2019). Fluorescent imaging showed when undifferentiated SH-
SY5Y cells were treated with oligomers and PFFs, that the size and number
of a-synuclein aggregated increased (Figure 5.1, 5.2) an indicator of prion-like
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activity. The observed intracellular aggregation coincided with oxidative stress

(ROS formation) (Figure 5.3) and increased cytotoxicity (Figure 5.4).

When exploring ISR activation upon exposure to oligomers and PFFs, it was
found that both oligomers and PFFs induced moderate phosphorylation of
elF2a but not significant enough to confidently determine a biologically
relevant change (Figure 5.5). Gene expression data showed that oligomers
and PFFs increased ATF4 and GADD34 levels (Figure 5.6, 5.9), indicating
ISR activation. ATF4 has been explored in neurodegeneration (Pitale et al,
2017) where increased ATF4 expression was observed in the SNpc of rat
models. This correlated with a loss of tyrosine hydroxylase (TH) positive cells
(Pitale et al, 2017) which are able to synthesise catecholamine needed for
production of dopamine, epinephrine and other neurotransmitters (Daubner et
al, 2011) - all found to be implicated in PD and neurodegenerative diseases
(Barone, 2010). This shows that ATF4 expression is key to the apoptosis
associated with neurodegeneration which has been previously demonstrated
(Demmings et al, 2021). We also present evidence of oligomer and PFF
treatment inhibiting translation (Figure 5.10), further supporting the link
between a-synuclein pathology and the ISR. The protective and pathological
implications of a-synuclein aggregate inhibition of protein synthesis was not

explored but it would be of interest to investigate this.

Other downstream markers associated with ISR activation upon oligomer and
PFF treatment were explored to understand the implications of the ISR being
activated. ATF5 and CHOP gene expression was investigated upon oligomer
and PFF treatment to determine whether the mitochondrial-UPR and ER
stress mechanisms were activated. However, it was found that ATF5 (Figure
5.7) and CHOP (Figure 5.8) were not expressed. This suggests that the
synthesised oligomers and PFFs does not induce mitochondrial-UPR and ER
stress in this cell model or at these timepoints. Exploring expression of elF2a
kinases (e.g. PERK and HRI) in response to oligomers and PFFs would be
helpful to confirm this.

In conjunction with oligomers and PFFs activating the ISR, G3BP-positive SGs
were formed (Figure 5.11, 5.12). PFFs were found to induce more SGs
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compared to oligomers which indicates PFFs triggering a higher level of
cellular stress. PFFs resulted in higher percentage of cells positive for SGs
overall and earlier than oligomers. Further, PFFs induced more SGs per cell
(double) compared to oligomers. Oligomers and PFFs had the largest SGs at
48 hr suggesting that the size of SGs in response to oligomers and PFF

treatment increases overtime.

There were less G3BP-positive SGs induced by oligomers and PFFs
compared to SA, Tg and MPP+. The distribution of SGs (percentage of cells
positive and SGs per cell) overtime in response oligomers and PFFs were
different when compared to SA, Tg and MPP+. Which indicates that the SG
dynamics in conditions of SA, Tg, a neurotoxin (MPP+) and a-synuclein varies

considerably.

TDP-43 forms aggregates which is a known marker of ALS, has been found to
interact with SGs (Mori et al, 2023). SG co-localisation with intracellular a-
synuclein aggregates was explored to garner more understanding of the link
between SGs and a-synuclein. SGs were shown to co-localise with
intracellular a-synuclein aggregates particularly in response to oligomer and
PFF treatment (Figure 5.13). Pull-down assays would be helpful in robustly
confirming that there is an interaction between SGs and a-synuclein. It would
be of interest to explore how this alters the kinetics of SG assembly and

disassembly plus if this exacerbates a-synuclein aggregation.

7.2.5 Small EVs carry proteins associated with the imposing cell
stress

EVs are important contributors to cellular stress (Kumar et al, 2024). The
release of EVs is enhanced during stress and has been found to contain cargo
reflective of conditions of the cell they are derived from (Kumar et al, 2024). It
has been previously shown that ER stress increased the release of EVs but a-
synuclein reduced the release of exosomes (Jahangiri et al, 2022) showing

that EV dynamics is impacted by cellular stress.

To explore the effects of cellular stress and sEVs, stress-inducing compounds
and a-synuclein aggregates shown to activate the ISR was used to determine

how stress alters the sEV proteome.
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It was found that sEVs derived from cells treated with oligomers and PFFs
were positive for a-synuclein (Figure 6.19, 6.21) which functions as an
indicator that EVs are a medium for cell-to-cell transmission of a-synuclein. It
is important to note that the oligomers and PFFs used on the treatment of cells

could contribute to the increased expression detected in SEV samples.

It was also found that sEVs derived from cells treated with SA, oligomers and
PFFs carried proteins associated with oxidative stress and cell death such as
SELENBP1 and PSME1. Which supports the idea that sEVs will carry cargo
indicatory of cell stress which links to the presented ROS and cytotoxicity data
(Figure 5.3, 6.4).

sEVs derived from SA-treated undifferentiated cells were shown to have
increased expression of SG-associated proteins such as FXR1 and RPS6KA3

which shows a novel link between sEVs and SGs.

There was increased expression of mitochondrial subunits (NDUFB9 and
NDUFS7) in sEVs derived from differentiated SH-SYS5Y cells treated with
oligomers and PFFs (Figure 6.27, 6.30). The presence of mitochondrial
subunits in EVs has been reported as a way to modulate metabolism and
inflammation in recipient cells (Mambro et al, 2023). PARK7 was identified to
have increased expression in sEVs isolated from oligomer treated
differentiated SH-SY5Y (Figure 6.27). LC-MS proteomic analysis of PD
patient sEVs showed presence of PARK7/DJ-1 also (Zhao et al, 2019;
Anastasi et al, 2021; Dutta et al, 2023). Potentially indicating that sEVs will
carry proteins involved in stress modulation, as PARKY7 is involved in

alleviating oxidative stress (Zhang et al, 2021).

It can be concluded that sEVs will carry proteins associated with cellular stress
as shown with sEVs derived from SA, oligomers and PFFs. All stress
conditions explored in the study of the sEV proteome were also shown to
activate the ISR. Which suggests there could be a link between the ISR and
sEVs. It would be of interest to explore how ISR activation directly impacts
sEVs as well as the ability for stress-derived sEVs to activate the ISR in

recipient cells.
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7.3 Concluding Remarks

This thesis aimed to investigate the implications of oligomer and PFF-induced
stress with primary focus on oligomers and PFFs ability to activate the ISR.
The secondary aim explored the effects of oligomer and PFF-induced stress

on the proteome of isolated sEVs.

It has been shown that synthesis of oligomers and PFFs was able to induce
intracellular aggregation that was synonymous with oxidative stress and
cellular toxicity. The sustained/chronic exposure to oligomers and PFFs
moderately altered ISR activation as demonstrated by increased ATF4 and
GADD34 expression, inhibition of protein synthesis and induced SG formation.

Which has not been explored in wider literature.

When comparing the a-synuclein aggregates discussed in chapter five to the
stress inducing compounds in chapter three, it can be determined that ISR
activation and SG dynamics vary depending on stress conditions. We show
that MPP+ at 10 mM activates the ISR independent of ATF4 and CHOP.
Furthermore, oligomers and PFFs results in a comparatively moderate gene
expression of specific ISR markers (e.g. ATF4 and GADD34) which could be
due to the a-synuclein aggregates requiring a longer time or more cell loading
(higher concentration of oligomers and PFFs added to cell medium) to induce
substantial ISR activation. An alternative explanation is oligomers and PFFs
interacts with various cell organelles resulting in different stresses and stress

pathways being activated causing variable data.

The alteration of the ISR upon a-synuclein aggregation suggests that
exploration of the ISR in PD therapeutics may be of some benefit. Moreover,
further exploration into the extent and specific role of the ISR in a-synuclein

stress is required.

With the newly revealed understanding of components of the elF20/ATF4
pathway being altered along with SG formation upon oligomer and PFF
treatment, LC-MS analysis of sEV proteins derived from cells treated with
oligomers and PFFs was investigated. sEV data supports the ability for
oligomers and PFFs to induce oxidative stress/toxicity due to the expression

of sV proteins (derived from oligomer and PFF treated cells) associated with
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oxidative stress and senescence (Figure 7.1). Altogether, data opens a door
of potential studies into link between the ISR and sEVs.

8
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Figure 7.1 A summary of the proposed sequence of events during stress caused by
oligomers and PFFs. (1) The synthesised a-synuclein aggregates (oligomers and PFFs)
induce intracellular aggregation through the recruitment of endogenous a-synuclein which
results in (2) oxidative stress. (3) This stress activates the ISR. The oxidative stress induces
is linked to the (4) release of sEVs containing proteins positive for a-synuclein and associated
with oxidative stress. The connection between the ISR and release of these sEVs has not yet

been elucidated.
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7.4 Future work

The data presented in chapters: three, five and six explored various the
consequences of stress to understand how a-synuclein aggregate associated
stress activates the ISR and alters sEV cargo. The aims of the study were met
as it was proven that oligomers and PFFs induces expression of certain ISR
markers plus reduces protein synthesis and alters the proteins present with
sEVs coinciding with intracellular aggregation and stress induction. Moreover,
there are experimental improvements that can be made to strengthen the
hypothesis that oligomers and PFFs activate the ISR which underpins PD-

associated neurodegeneration.

Alternative cell models should be used in the exploration of a-synuclein, cell
stress and the ISR.

Human dopaminergic neurons which are the primary cell population affected
by PD are often hard to isolate (Xicoy et al, 2017). Therefore, alternative cell
models are used to study PD. The SH-SY5Y neuroblastoma cell line exhibits
catecholaminergic phenotypes with the ability to release dopamine and
noradrenaline (Xicoy et al, 2017). The cells can also be differentiated into post
mitotic neurons using 5 — 100 uM ATRA enabling the presentation of further
dopaminergic neuron-like features/markers (Xicoy et al, 2017). The Lund
human mesencephalic (LUHMES) neuronal cell line isolated from human
mesencephalon (Lauter et al, 2020) can be differentiated to exhibit
dopaminergic neuron-like features with increases in markers such as TH and
Tuj1 (Zhang et al, 2014). LUHMESs are known to release, and uptake dopamine
plus develop extensive neurites (Zhang et al, 2014). iPSCs or neural stem cells
(NSCs) are also used to model neurodegenerative disorders such as PD.
NSCs can be differentiated into DA neurons that can mirror early and later
stages of neuronal development (Xu et al, 2016). Altogether, 2D cell cultures
are advantageous for experimentation due to their cost-effectiveness, batch
consistency and are overall easier to use (Solana-Manrigue et al, 2025).

However, 2D models may neglect aspects of true physiological environments
such as glial cell interactions (Smits et al, 2019). Therefore, the utilisation of
3D models in research has been explored as an alternative model in
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understanding neurodegenerative diseases. An example is the differentiation
of SH-SY5Y cells grown in differentiation medium (containing foetal bovine
medium and retinoic acid) and Matrigel (Li et al, 2022). 3D models have been
considered advantageous due to closely mimicking DA neurons. There is
evidence of increased expression of neuronal-associated genes in 3D models
such as TH compared to RA and RA/BDNF differentiated 2D SH-SY5Y
cultures (Li et al, 2022). 3D models have also been used as a model of a-
synuclein phosphorylation upon MPP+ treatment along with observations of
increased aggregation into oligomers (Li et al, 2022). Yet, 3D models can still
lack the complexity of the brain’s physiological environment (Solana-Manrigue
et al, 2025).

Organoids comprising of iPSCs or human embryonic stem cells (hESCs) have
now been adopted to model areas of the brain such as the midbrain as it
contains DA neurons. Additionally, implementation of co-culture systems of
neurons with astrocytes in these organoids are also being explored (Kwak et
al, 2020; Solana-Manrigue et al, 2025) as well as personalised organoids
using patient cells (Solana-Manrigue et al, 2025). The primary limitation of
organoids is the very short period in which they can be cultured before

necrosis occurs (Zagare et al, 2021; Solana-Manrigue et al, 2025).

There is a progression in the availability in the cell models that can be used to
study PD-associated neurodegeneration, but considerations around selection
of cell models used should be based on the facilities available as well as the

research question presented.

Exploration of the ISR upon oligomer and PFF treatment in cell models such
as IPSCs would be beneficial. iPSCs are derived from human cells
reprogrammed and the lacks the tumour background of SH-SYS5Y cells (Aboul-
Soud et al, 2021; Wang et al, 2024) which may have an impact on the manner

in which SH-SY5Y responds to stress.

Investigating other gene and protein markers associated with the ISR is
important in providing a more robust link between a-synuclein aggregates and
the ISR.
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Oligomers and PFFs treatment were found to induce ATF4 expression (Figure
5.6) but it was found that gene expression of both ATF5 and CHOP was not
enhanced in response to oligomers and PFFs (Figure 5.7, 5.8). Therefore, as
ATF4 has many proteins in which it interacts with (Pakos-Zebrucka et al,
2016), it would be of importance to this investigation to explore more genes
and proteins associated with ATF4. Some of these proteins include: ATF3 (cell
death), FAM175B/Abro1 (involved in oxidative stress responses), mTORC1
(autophagy inhibition), TRIB3 (repression of ATF4-CHOP), XIAP (inhibitor of

apoptosis), as well as others (Pakos-Zebrucka et al, 2016).

To truly stipulate if EVs are a medium for cell-to-cell transmission and

transmission of cell stress, EV-recipient cell experiments should be carried out.

The research explored in Chapter Six provides proteomic analysis of sEVs in
response to cell stress imposed by SA as well as a-synuclein aggregates.
sEVs has been implicated in modulation (Kumar et al, 2024), cell stress and
dysfunction (O’Neill et al, 2019) and prion transmission (Khadka et al, 2023;
Zhang et al, 2018). Administering sEVs from stressed cells to treatment-
naive/control SH-SY5Y recipient cells, with subsequent gene expression and
proteomic analysis of the recipient cells would be important in understanding
pathological transmission between cells mediated by sEVs. Additionally,
assessing intracellular aggregation of a-synuclein in recipient cells in response
to exposure to sEVs derived from oligomer and PFFs treated cells would

provide proof of cell-to-cell transmission of a-synuclein.
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