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Abstract

Parkinson’s disease is an age-related neurodegenerative disease, characterised by the death of neurons
in the substantia nigra and other brains regions such as the cortex in late-stage disease. Lewy bodies
and Lewy neurites composed of the aggregated pre-synaptic protein a-synuclein are a diagnostic finding
in affected brain regions at autopsy. This aggregation process is thought to cause neuronal dysfunction,
contributing to cell death in substantial part through impairing the function of organelles such as the
mitochondria. Environmental toxins targeting mitochondria or mutations in the mitophagy-associated

proteins PINK1 and PRKN can also cause PD.

Treatment of human iPSC-derived cortical neurons with in vitro aggregated a-synuclein pre-formed
fibrils modelled a-synuclein aggregation, triggering the aggregation of endogenous monomer. Using
up-to-date methodology significantly reduced batch-to-batch variability and increased the robustness
of PFF-induced a-synuclein aggregation in cell models, though these improvements were only weakly
correlated with measured parameters such as fibril length, suggesting unknown factors influence a
preparation’s aggregation efficacy. CRISPRi-mediated knockdown of SNCA abolished PFF-seeded
aggregation in human iPSC-derived cortical neurons, confirming that endogenous monomer is required
for the process of aggregation. In addition, co-localisation of the mitochondrial mitophagy marker
phospho-serine 65 ubiquitin (pS65Ub) and pathological o-synuclein aggregates marked by
phosphorylation at serine 129 (pS129) was found in PFF-treated neurons. This association was
influenced by aggregate size and time post-seeding, suggesting a pathological cascade where a-

synuclein aggregation results in accumulation of pS65Ub.

Recent studies have demonstrated a contribution of 134 risk loci to the development of PD. The
mechanism by which these genes increase disease risk is undefined and we hypothesised that these
genes might regulate the rate of a-synuclein aggregation or impede the process of mitochondrial
autophagy. A library of 71 candidate risk and 4 monogenic PD genes was screened in iPSC-derived
cortical neurons and validated in iPSC-derived dopaminergic neurons, identifying several novel and

previously-published genes which may modulate the levels of a-synuclein aggregation or of the



mitophagy marker phospho-serine 65 ubiquitin. Understanding the underlying mechanisms of risk gene
contribution to disease aetiology is expected to enable idiopathic patient stratification and personalised

medicine.
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1 Introduction

1.1 Overview of Parkinson’s disease

Parkinson’s disease (PD) was first described by James Parkinson in 1817, based on observations in
patients of resting tremor, weakness and a bent posture (Parkinson, 2002). The cardinal motor
symptoms, namely bradykinesia, muscular rigidity, resting tremor as well as postural and gait
impairments, remain the most recognisable feature of the condition (reviewed in Kalia & Lang, 2015).
Furthermore, clinically-relevant non-motor symptoms have been identified which accompany the motor
manifestations. These include autonomic dysfunction (orthostatic hypotension), cognitive dysfunction
(impaired memory, concentration, and mood as well as increased anxiety, apathy and visual
hallucinations), sleep disturbances (dream re-enactment and daytime sleepiness) and gastrointestinal
dysfunction (constipation) (Khoo et al, 2013). Several of these features pre-date the onset of motor
symptoms by more than 10 years (Kalia & Lang, 2015). PD is a progressive disease with late stages
presenting motor and non-motor symptoms that are increasingly resistant to treatment, with falls,
dysphagia, dysautonomia, dysarthria and dementia showing strong association with institution

admission and mortality (reviewed in Coelho & Ferreira, 2012).

The development of PD is determined by a complex interaction of genetic, lifestyle and environmental
factors, with ~85% of cases being idiopathic in nature. By far the highest risk factor is increasing age,
but gender and ethnicity also contribute to an individual’s risk profile (Pringsheim et al, 2014; Kalia &
Lang, 2015). Being a non-smoker, having low alcohol or increased caffeine consumption, having
depression, epilepsy, daytime sleepiness and early menarche increase risk for PD (Noyce et al, 2012;
Jacobs et al, 2020), as does exposure to pesticides, head injury, living in rural areas, taking B-blockers,
having an agricultural occupation or drinking well water (Noyce et al., 2012). Furthermore, a first
degree relative with PD, tremor, or dementia is a strong risk factor for the disease (Noyce et al., 2012;

Jacobs et al., 2020), and several mutations have been associated with autosomal dominant or recessive,
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early or late-onset PD (Polymeropoulos et al, 1997; Kitada et al, 1998; Kriiger et al, 1998; Singleton et
al, 2003; Chartier-Harlin et al, 2004; Ibafiez et al, 2004; Valente et al, 2004). The most recent genome-
wide association study (GWAS) has identified 134 loci associated with increased risk of PD, confirming
the involvement of genetic factors in idiopathic cases of the disease (The Global Parkinson’s Genetics

& Leonard, 2025).

Despite the fact that PD prevalence is second only to Alzheimer’s disease and is projected to affect up
to 9.3 million people by 2030 (Dorsey et al, 2007; Kalia & Lang, 2015), and that age-standardised
prevalence has risen 21.7% between 1990 and 2016 (Dorsey et al, 2018), treatment of PD remains
symptomatic with disease-modifying therapies having so far failed at various stages of development.
This may be partly explained by a growing recognition that PD might be more than a single disease, a
fact which could have confounded clinical trials. From a motor syndrome characterised early on by a
few cardinal manifestations, to a complex disorder having both a non-motor and motor component
(Langston, 2006), to more recently an umbrella term for multiple separate but related entities (Espay et
al, 2020; Farrow et al, 2022a), the concept of PD has evolved as the understanding of the disease
mechanisms and aetiology has progressed. Research is currently underway to classify subclusters of
patients based on symptomology and progression in an effort to find common targets for therapeutics
(Jankovic et al, 1990; Lawton et al, 2018), though this is controversial as it places emphasis on clinical
manifestations whose underlying mechanisms may be diverse (Mestre et al, 2021). Instead, several
researchers are proposing a personalised medicine approach, based on molecular pathogenesis, to
disease-modifying treatments (Weiner, 2008; Espay et al, 2017; Bloem et al, 2021). Consequently,

identification of aetiology and disease mechanisms are currently a predominant area of focus.

1.1.1 a-Synuclein in the pathogenesis of PD

As early as 1912, post-mortem staining and microscopy on PD patient brain slices revealed the presence
of proteinaceous inclusions within the soma and neurites of several neuronal populations (Goedert et
al, 2013). These inclusions were associated with areas of neuronal loss, in particular in the substantia
nigra pars compacta. These inclusions and filaments were respectively named Lewy bodies and Lewy
neurites in 1919 (Goedert et al, 2013). Their composition was subsequently dissected, revealing that
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they were composed of several different proteins such as ubiquitin (Kuzuhara et al, 1988) and p62
(Kuusisto et al, 2001). In 1997, the protein a-synuclein was discovered as a major component of these
Lewy bodies and neurites, implicating it in the pathogenesis of PD (Spillantini et al, 1997). These
findings were extended a year later to demonstrate that a-Synuclein was the most sensitive marker for
Lewy bodies and neurites as it stained more Lewy-like structures than ubiquitin (Spillantini et al, 1998)
or p62 (Kuusisto et al, 2003). a-Synuclein is a small pre-synaptic protein of 140 amino acids, whose
endogenous localisation and physiological function are still under investigation. It has been implicated
in the clustering of synaptic vesicles in a Ca?*-dependent manner at the pre-synaptic terminal,
organising the vesicle pool (Fusco et al, 2016; Lautenschlager et al, 2018). a-Synuclein may also
multimerise at the presynaptic plasma membrane and chaperone SNARE complex assembly (Burré et

al, 2014).

There is growing evidence for a role of a-synuclein in PD pathogenesis. Mutations in the gene encoding
a-synuclein, SNCA, were shown to cause autosomal dominant PD in kindreds with high rates of PD
(Polymeropoulos et al., 1997; Kriger et al., 1998; Singleton et al., 2003; Chartier-Harlin et al., 2004;
Ibafiez et al., 2004). Similarly, certain variants in the SNCA promoter (Pals et al, 2004) and certain
SNCA polymorphisms are associated with PD risk (reviewed in Campélo & Silva, 2017). Lastly, the
genetic dosage of SNCA correlates with the age at onset for PD, with patients carrying triplications of

the SNCA gene having the earliest age-at-onset (Book et al, 2018).

The appearance and spread of a-synuclein aggregates in the brain are correlated with neuronal loss and
disease severity, as demonstrated in post-mortem brain samples and experimental models (Braak et al,
2003; Luk et al, 2012b). Lewy bodies and neurites affect multiple brain areas such as the substantia
nigra pars compacta (SNpc), limbic system, motor system, amygdala, hypothalamus and cortex. This
demonstrates that despite large focus on the severe and characteristic loss of SNpc dopaminergic
neurons (DaNs) which produces many of the characteristic motor symptoms, degeneration of other
brain regions is also an important component of the disease (Braak & Braak, 2000). Further microscopy
studies have shown that Lewy bodies and neurites are composed of a matrix of a-synuclein which adopts

a range of morphologies, from clusters of discrete puncta to large, compact circular aggregates through
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a range of intermediate morphologies (Kuusisto et al., 2003). Analysis of small to large aggregates
revealed that the inclusions are formed first by a-synuclein and there is subsequent incorporation of
ubiquitin and p62. Furthermore, it was shown by correlative light and electron microscopy (CLEM)
that inclusions also contain a large number of membranous vesicular organelles that are similar to
lysosomes, as well as mitochondria with distorted internal architecture (Shahmoradian et al, 2019).
Aggregated a-synuclein was found to be tagged by phosphorylation at serine 129 (pS129) (Fujiwara et
al, 2002). Despite this, evidence suggests that Lewy bodies and neurites do not themselves cause
toxicity, but rather it is the smaller, soluble a-synuclein assemblies such as oligomers and small fibrils
which are toxic (Alam et al, 2019; Cascella et al, 2022; Emin et al, 2022). It is possible these may exert
toxic gain-of-function roles in the cell as well as depleting the levels of endogenous a-synuclein
monomer, possibly leading to loss-of-function phenotypes (Chandra et al, 2005; Burre et al, 2010;

Volpicelli-Daley et al, 2011).

1.1.2 Consequences of a-synuclein misregulation

As suggested by the engulfment of various organelles in Lewy bodies, a-synuclein aggregation has been
implicated in the disruption of multiple organelles in the cell (reviewed in Saramowicz et al, 2023).
These include mitochondria, the endoplasmic reticulum and Golgi apparatus, as well as
autophagosomes and lysosomes. The impacts of a-synuclein aggregation on mitochondria will be

covered in section 1.3.

a-Synuclein has been localised to mitochondria-associated endoplasmic reticulum membranes (MAMs)
and loss of this localisation was associated with PD-linked mutations in SNCA, increased mitochondrial
fragmentation and decreased function of the MAMSs (Guardia-Laguarta et al, 2014). Increased levels of
a-synuclein were also found to disrupt MAMs and interfere with ATP production and Ca?* flux between
the endoplasmic reticulum and mitochondria (Paillusson et al, 2017). a-Synuclein upregulation and
aggregation has been linked to sarco/endoplasmic reticulum calcium ATPase (SERCA) pump (Betzer
et al, 2018) and unfolded protein response activation (Hoozemans et al, 2007; Bellucci et al, 2011;
Collaetal, 2012; Chung et al, 2013; Valdés et al, 2014; Heman-Ackah et al, 2017) as well as trafficking
defects between the endoplasmic reticulum and Golgi apparatus (Cooper et al, 2006).
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a-Synuclein, both unmodified and tagged with pS129, has been identified in the nucleus of post-mortem
human patients with dementia with Lewy bodies (DLB) (Koss et al, 2022). However, the nuclear
localisation of a-synuclein and its aggregates is contested, as a different group were unable to identify
a-synuclein inclusions in the nucleus of DLB cases, but did identify such aggregates in multiple system
atrophy cases (Weston et al, 2022). Further research will be required in this area for a definitive

conclusion to be reached.

There is far less controversy regarding impairment of the autophagy-lysosomal pathway in PD by
pathologically elevated or aggregated a-synuclein. Reductions of lysosomal proteins LAMP1 and
CTSD were found in post-mortem brain tissues from PD patients, with the largest reduction found in
neurons bearing a-synuclein aggregates (Chu et al, 2009). Reductions in LAMP2A and HSC70 were
also found in patient SNpc samples and were associated with increased a-synuclein stability (Alvarez-
Erviti et al, 2010). LAMP1 and LAMP2 were significantly decreased in PD patient cerebrospinal fluid
samples (Boman et al, 2016). These data are consistent with findings of reduced lysosomal mass in a
toxin-induced mouse model of PD linked to lysosomal membrane permeabilisation by reactive oxygen
species (ROS) (Dehay et al, 2010), as well as with lysosomal depletion and enlargement in a-synuclein
pre-formed fibril (PFF)-treated conditions (Tanik et al, 2013). Studies in model systems using PFFs to
trigger a-synuclein aggregation showed that early, small aggregates of a-synuclein were cleared in
lysosome-dependent manner but not mature aggregates (Lee et al, 2004; Watanabe et al, 2013). Wild-
type a-synuclein has been shown to be degraded by chaperone-mediated autophagy, but mutant a-
synuclein (A53T and E46K) was found to block the receptor, leading to accumulation (Cuervo et al,
2004). Culturing SNCA-overexpressing neurons for hundreds of days led to reduced activity of
proteases in acidic cell compartments and, in this study, an increase in lysosomal mass. These effects
were dependent both on a-Synuclein levels and aggregation and resulted from impaired hydrolase
trafficking at the Golgi (Mazzulli et al, 2016a). a-Synuclein was also shown to impair Rabla activity,
resulting in an autophagy defect (Winslow et al, 2010). Furthermore, there is a genetic link between PD
autophagy-lysosomal system dysfunction, with lysosomal gene variants (Ngo et al, 2024), mutations in

ATP13A2 (Dehay et al, 2012), and VPS35 (Tang et al, 2015) contributing to PD risk.
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These data suggest many disease-relevant interactions exist between PD-linked «a-synuclein
upregulation or aggregation and several organelles such as the endoplasmic reticulum, autophagosome

and lysosome.

1.1.3 Genetic architecture of PD

The genetic component of PD was first studied in monozygotic and dizygotic twins, which showed
there was low concordance of PD status between the siblings with onset after 50 years of age, whereas
the concordance was higher if the onset was before 50 years of age (Tanner et al, 1999). This suggested
a genetic component to PD with an early age at onset. Study of kindreds with high rates of PD showed
not only mutations in SNCA, as discussed in 1.1.1, but mutations in LRRK2 and GBA which caused
autosomal dominant PD (Aharon-Peretz et al; Sidransky et al; Paisan-Ruiz et al, 2004; Zimprich et al,
2004). Mutations in the genes PINK1, PARK7, and PRKN were shown to cause autosomal recessive PD
(Kitada et al., 1998; Bonifati et al, 2003; Valente et al., 2004). Other genes implicated in monogenic
PD with variable scientific consensus, penetrance and age-at-onset include VPS35, PLA2G6, FBXO7,
ATP13A2, POLG, DNAJC6, DNAJC13, TMEM230, SYNJ1, VPS13C, CHCHD2, and DCTN1

(reviewed in Day & Mullin, 2021).

Early studies provided evidence that the majority of PD cases were sporadic and not caused by
mutations of large effect size in single genes (reviewed in Pankratz & Foroud, 2007). Instead, common
variants at many different loci might contribute to risk. However, GWAS studies at the time were
significantly underpowered and did not yield robust or consistent results in sporadic cases (Maraganore
et al, 2005; Fung et al, 2006). Analysis of the genomes of patients reporting a first-degree relative with
PD compared to normal controls revealed an association with the genes MAPT and SNCA, as well as
other candidates such as DGKQ/GAK (Pankratz et al, 2009). These studies also highlighted evidence
that certain genes, such as SNCA, confer risk for both sporadic disease as well as familial disease
depending on the presence of variants or mutations. Similarly, common genetic variants, such as those
identified by GWAS, as well as rare variants identified using more focussed approaches, have been
found to increase the risk of PD (Robak et al, 2017; Sun et al, 2025), increasing the complexity of
identifying individuals at high likelihood of developing PD.
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Subsequent studies in populations of European ancestry with increasingly large numbers of patients and
controls have now identified common variants at up to 134 loci which are significantly associated with
PD risk (Edwards et al, 2010; Hamza et al, 2010; Do et al, 2011; Nalls et al, 2011; Lill et al, 2012;
Pihlstram et al, 2013; Nalls et al, 2019; The Global Parkinson’s Genetics & Leonard, 2025). Identifying
the genes mediating the increased risk has proven more challenging. A study by two leading consortia
used gene expression and methylation analysis in post-mortem brains from patients and controls to
identify molecular mechanisms and candidate genes at 11 PD-associated loci, which identified
alterations in PARK16, GPNMB, and STX1B (International Parkinson's Disease Genomics & Wellcome
Trust Case Control, 2011). Li and colleagues (2019c) conducted a transcriptome-wide association study
to identify differential expression or splicing associated with PD in post-mortem brains and peripheral
monocytes from patients and controls. Candidate risk genes were subsequently prioritised by combining
this analysis with PD GWAS datasets to identify differentially-expressed or spliced genes that may
confer risk for PD (Li et al, 2019¢). Combining the datasets with methylation and expression data in a
Mendelian randomisation framework (Nalls et al., 2019) or integrating expression quantitative trait loci
(eQTL) datasets (Grenn et al, 2020) have yielded promising candidates that now require further study

to confirm their role in PD as well as underlying molecular mechanisms.

Another aspect of genetic susceptibility to PD resides in identifying genomic regions which influence
specific outcomes related to the disease, such as motor progression, cognitive decline, or age-at-onset.
Genetic variants in COMT, for example, may be associated with earlier age-at-onset of PD in males,
but not in females (Klebe et al, 2013), or with levodopa therapy-induced dyskinesia (Yin et al, 2021)
without modulating risk for the disease (Martin-Bornez et al, 2025). However, the association of COMT
with dyskinesia and other clinical symptoms is contested (Martin-Bornez et al, 2025). Other loci such
as MAPT (Kobayashi et al, 2006; Das et al, 2009; Gan-Or et al, 2012; Davis et al, 2016), SNCA
(Brockmann et al, 2013; Blauwendraat et al, 2019; Pedersen et al, 2021) and GBAL (Clark et al, 2007;
Nichols et al, 2009; Sidransky et al, 2009; Davis et al, 2016a; Blauwendraat et al, 2019) have been
consistently linked to PD risk and age-at-onset, with variants in or near GBA1 and SNCA leading to

earlier onset and a variant in MAPT leading to later onset. GBA1 variants, which are some of the most
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common genetic risk factors for PD, have also been clearly linked with faster motor progression
(Winder-Rhodes et al, 2013; Brockmann et al, 2015; Davis et al, 2016a; Davis et al, 2016b; Iwaki et
al, 2019) and cognitive decline (Winder-Rhodes et al, 2013; Davis et al, 2016b; Mata et al, 2016; Liu
et al, 2016; Iwaki et al, 2019), whereas different variants in SNCA have been associated with faster and
slower motor progression (Ritz et al, 2012; Cooper et al, 2016; Szwedo et al, 2021). LRRK2 variants
may instead be associated with increased symptom severity but slower progression (Saunders-Pullman

et al, 2018; Sun et al, 2024).

Though it could be thought that genes associated with monogenic forms of PD may not be representative
of idiopathic PD cases due to their larger effect size, there is evidence to suggest that polygenic risk
scores derived from risk variants of low effect size identified by GWAS in idiopathic patients may also
be associated with earlier age-at-onset (Escott-Price et al, 2015), suggesting that these variants may
have, cumulatively, an influence on the initiation of PD. Indeed, a large age-at-onset GWAS has
identified a significant effect of variants in SNCA and TMEM175 and nominally significant effects of
BST1, GBA1, IPP5F/BAG3, FAM47E/SCARB2, and MCCC1 variants on age-at-onset, many of which,
the authors note, have been associated with a-synuclein aggregation or lysosomal clearance
(Blauwendraat et al, 2019). A later study provided additional evidence to the involvement of

TMEML175, SNCA, and BST1 in modulating age-at-onset (Grover et al, 2022).

Genomic loci of low effect size have also been investigated for their effect on motor progression and
cognitive decline in idiopathic patients, though these studies are inherently more difficult due to
variation arising from the type of test administered (Movement Disorder Society-Sponsored Revision
of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS) versus Hoehn and Yahr, or Mini
Mental State Examination (MMSE) versus Montreal Cognitive Assessment (MoCA)), difficulty
harmonising clinical outcomes across cohorts (reviewed in Blauwendraat et al, 2020), the effect of
medication such as dopamine replacement therapy on the patient and natural daily variation in disease
symptomology (Blauwendraat et al, 2020). Variants at APOE (Iwaki et al, 2019; Liu et al, 2021; Tan
etal, 2021; Real et al, 2023), RIMS2 (Liu et al, 2021), TMEM108 (Liu et al, 2021), TMEM106B (Tropea

et al, 2019), and LRP1B (Real et al, 2023) were found to be nominally significant or significant at
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genome-wide level for association with cognitive decline. Genome-wide analyses of loci associated
with motor progression initially identified one variant in SLC44A1 (Iwaki et al, 2019), one haplotype
at GJA5 (Martinez Carrasco et al, 2023) and one nominal variant in ATP8B2 (Tan et al, 2021). The
MORN1, ASNS, PDE5A and XPOL1 loci have since been associated with progression to a Hoehn and
Yahr stage 3, and analysis of SNPs associated with PD risk did not show association with motor
progression, with the exception of one nominally significant variant in CLCN3 (Tan et al, 2024). This
study did not show replication of the association at SLC44A1. These data suggest that genetic variants
modulating the risk for PD and disease initiation may be different to those regulating disease
progression, as underpinned by a recent meta-analysis (Nguyen et al, 2025), and that larger datasets
with increased standardisation and correlation of clinical measures are likely to uncover more
progression variants as well as increase the validity and reproducibility of progression variants

identified.

1.2 Overview of mitochondrial function

Mitochondria are the organelle which produce the majority of the cells’ energy (Siekevitz, 1957) but it
is reductive to conceptualise mitochondria only as ‘powerhouses’. In fact, mitochondria have multiple
functions in addition to their role in energy production, such as participating the synthesis of various

biomolecules, acting as a hub for signalling and managing certain cellular waste products.

When performing their function as energy producers, mitochondria utilise pyruvate, produced in the
cytoplasm by the reactions of glycolysis. It is transformed into acetyl-CoA and fed into the tricarboxylic
acid (TCA) cycle which over multiple enzymatic oxidation steps produces reduced forms of NADH
and FADH, that act as electron stores, subsequently donating their electrons to the electron transport
chain (ETC) for oxidative phosphorylation (Walsh et al, 2018). Complexes I, 111 and IV of the ETC use
the free energy of donated electrons to power the pumping of H* ions into the intermembrane space,
creating an electrochemical gradient that powers the FiFyo ATP synthase; through conformational

changes, it phosphorylates ADP into ATP (Sazanov, 2015). Fatty acids can also be converted to acetyl-
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CoA for use in energy production via $-oxidation, and branched-chain amino acids may also provide
acetyl-CoA through transamination and a series of decarboxylating enzymatic reactions (Pietrocola et

al, 2015).

Mitochondria also have a prominent role in the synthesis of several molecules such as nucleotides,
glucose, haem, fatty acids, cholesterol and amino acids such as glutamate and aspartate (Spinelli &
Haigis, 2018). The energy-producing TCA cycle is intimately linked to anabolism as many
intermediates and enzymes of the TCA cycle are involved in the synthesis of fatty acids or glucose
(Owen et al, 2002). Acetyl-CoA is also an important precursor for lipid synthesis (Pietrocola et al.,
2015). Similarly, waste products from mitochondrial activities, such as ammonia, ROS and hydrogen
sulphide can also be utilised in synthetic or signalling pathways (Spinelli & Haigis, 2018). For example,
ammonia that is produced in the synthesis of amino acids is used in the reaction to make glutamate by

the enzyme glutamate dehydrogenase (GDH) in a bidirectional reaction (Spinelli et al, 2017).

Mitochondria also serve as a signalling hub and can both sense and signal the metabolic state of the cell
through ions, metabolites, proteins and other chemicals such as ROS. Hormone receptors for oestrogen
and testosterone, G protein-coupled receptors, metabolite and ion transporters, as well as concentrations
of metabolites and substrates all serve to sense signals either from the cell or from the mitochondrion
itself. This allows for a response such as shifting the equilibria of various metabolic reactions to promote
biosynthesis, mitochondrial fission or fusion, increased or decreased interaction with other organelles,
or a signalling output such as a transcription factor to effectuate nuclear gene expression change (Picard

& Shirihai, 2022).

1.2.1 Pathways of mitochondrial autophagy

Given the complexity and dynamic nature of mitochondria, mitochondrial quality control and turnover
is an equally diverse and highly specialised process. Several pathways of mitochondrial autophagy
(mitophagy) exist and are deployed for different types of mitochondrial damage. Perhaps the best
studied and understood pathway is the PINK1/PRKN-dependent pathway of mitophagy. PINK1 is a

mitochondrially-targeted kinase which is constitutively degraded by the protease PARL in
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physiological conditions, but is stabilised by proteolytic inhibition at the outer mitochondrial membrane
when the mitochondrial membrane potential is dissipated (Jin et al, 2010; Matsuda et al, 2010; Narendra
et al, 2010). Activated PINK1 phosphorylates PRKN, an E3 ubiquitin ligase, as well as ubiquitin at
serine 65 (phospho-serine 65 ubiquitin, pS65Ub), leading to the full activation of PRKN and generation
of pS65Ub chains on various PRKN targets at the outer mitochondrial membrane, such as mitofusins,
VDACSs, and mitochondrial protein import proteins (Sarraf et al, 2013; Koyano et al, 2014). This leads
to the clearance of mitochondria by interaction with p62/SQSTM1 (Geisler et al, 2010a), NDP52 or

Optineurin (Lazarou et al, 2015) and autophagic degradation (Narendra et al, 2008).

In another layer of regulatory complexity, the PINK1/PRKN-dependent pathway of mitophagy is also
regulated by deubiquitylases and phosphatases. The deubiquitylase USP30 negatively regulates the
process of mitophagy by removing the ubiquitin tag added by PRKN on outer mitochondrial membrane
proteins (Bingol et al, 2014). Ubiquitin ligase FBXO7 has also been implicated in mitophagy by
rescuing Parkin- but not Pink1-mutant Drosophila, though it regulated basal mitophagy which occurred
independently of Pink1 and Parkin via basal ubiquitination of substrates (Sanchez-Martinez et al, 2023).
The phosphatase PPEF2, on the other hand, was found to antagonise the phosphorylation of ubiquitin

by PINKZ1, thereby limiting mitophagy (Wall et al, 2019).

Despite the fact that the PINK1/PRKN-dependent pathway has been extensively implicated in
conditions of mitochondrial stress, Pink1l KO mice have no phenotypes despite displaying disruption of
depolarisation-induced mitophagy in mouse embryonic fibroblasts and basal mitophagy occurred to a
similar level in both control and Pink1 KO brains (McWilliams et al, 2018). This suggested that either
PINK1-dependent mitophagy is not the main pathway used by neurons at baseline, or that there was
compensation in these mice by other mitophagy pathways. Indeed, several PINK1-independent

pathways of mitophagy exist.

Mitophagy via the autophagy receptor BNIP3L/NIX was found to mediate mitochondrial clearance in
the maturation process of reticulocytes, in a manner independent to its role in pro-apoptotic pathways.
In reticulocytes derived from Nix KO mice, mitochondria were incorrectly localised to the outside of

autophagosomes, resulting in incomplete degradation of mitochondria (Schweers et al, 2007). Gene
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expression for both NIX and related protein BNIP3 is induced in conditions of hypoxia (Bruick, 2000;
Sowter et al, 2001). Upon induction of mitophagy, NIX is activated by phosphorylation (Rogov et al,
2017) and homo- or heterodimerisation with BNIP3 (Marinkovi¢ et al, 2021). This enables its binding
to LC3 and GABARAP through an LC3-interacting motif (LIR) and degradation of mitochondria via
WIPI/ATG13-mediated autophagy (Adriaenssens et al, 2025). In addition to BNIP3 and NIX, there
exists several other mitophagy receptors with a similar mechanism of action, namely FUNDC1 (Liu et
al, 2012b), BCL2L13 (Murakawa et al, 2015), and FKBP8 (Bhujabal et al, 2017). Importantly, KO of
any one PINK1/PRKN-independent receptors (BNIP3, NIX, BCL2L13, FUNDC1, FKBP8) does not
lead to complete reduction of mitophagy in HelLa cells, suggesting that elimination of individual
receptors allows for compensation. However, double-knockout of NIX and BNIP3 results in complete
abrogation of hypoxia-induced mitophagy (Yamashita et al, 2024). The importance, physiological roles

and triggers of each pathway of mitophagy is an area of active investigation.

1.3 Mitochondrial dysfunction in PD

Several lines of evidence suggest that mitochondrial dysfunction is at least a prominent feature of, if
not a causative factor in PD. Users of a synthetic drug developed severe and chronic parkinsonism after
intravenous injection of a substance contaminated with N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Langston et al, 1983). Indeed, parenteral injection of MPTP in mice led to a severe decrease
in the number of substantia nigra dopaminergic neurons, whereas nucleus accumbens or hypothalamus
neurons were unaffected (Heikkila et al, 1984). The MPTP metabolite MPP+ was found to be
selectively uptaken by dopaminergic neurons (Javitch & Snyder, 1984; Langston et al, 1984), inhibiting
the oxidation of NADH-linked substrates (Nicklas et al, 1985) and resulting in a highly dopaminergic-
neuron specific mitochondrial toxin. The mitochondrial toxins rotenone and paraquat have also been
linked to PD (Tanner et al, 2011) and rotenone has been extensively used to model PD both in mice and
in induced pluripotent stem cell (iPSC)-derived neurons (Betarbet et al, 2000; Ryan et al, 2013;

Fernandes et al, 2020; Van Laar et al, 2023). Furthermore, mutations in the mitophagy genes PINK1
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and PRKN result in early-onset PD (Kitada et al., 1998; Valente et al., 2004), as does mutations in the
gene PARKY (van Duijn et al, 2001; Bonifati et al., 2003) and UQCRCL (Jing et al, 2025). The majority
of patients with mutations in PRKN and some patients with mutations in PINK1 do not present with
Lewy pathology post-mortem, suggesting that mitochondrial dysfunction alone can cause degeneration
of dopaminergic neurons in the SNpc (Samaranch et al, 2010; Doherty et al, 2013; Takanashi et al,
2016; Nybg et al, 2020). Finally, work in human iPSC-derived dopaminergic neurons has shown that
cells from patients carrying mutations in SNCA (A53T, triplication or duplication), LRRK2 or GBA
show alterations to the levels of mitochondrial transcripts, impaired mitochondrial respiration and
membrane potential, complex | inhibition, altered mitochondrial morphology and reduced ATP levels
(Devi et al, 2008; Ryan et al, 2018; Zambon et al, 2019; Baden et al, 2023; Beccano-Kelly et al, 2023;
Williamson et al, 2023). These findings implicate mitochondrial dysfunction both as a cause and

consequence of PD pathogenesis.

1.3.1 Mitochondrial function impairment

An array of mitochondrial phenotypes have been described in PD post-mortem patient brains or
experimental models. A deficiency in the activity of complex I in post-mortem PD patient brains was
noted in 1990 by Schapira and colleagues, in the absence of a reduction in protein levels (Schapira et
al, 1990a). In a follow-up study, the activity of complex I, but not of any other oxidative
phosphorylation complex, was found to be reduced 42% in the substantia nigra and not in any other
brain region studied (Schapira et al, 1990b). More recently, differences in the distribution and severity
of complex | deficiency were found to underlie tremor-dominant or postural instability and gait disorder
PD (Flgnes et al, 2024), two subclassifications of PD made on the basis of motor or cognitive
symptomology, onset and progression (Jankovic et al., 1990). The finding that complex | deficiency, to
various extents, is a common feature in PD in patients, combined with the known effect of complex I-
targeting toxins such as rotenone on PD aetiology underlines the importance of complex I in the

aetiology of PD.

Overexpression of SNCA in cell models resulted in mitochondrial uptake of a-synuclein and a reduction
in complex I-linked respiration (Devi et al., 2008; Chinta et al, 2010). The localisation of a-synuclein
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at mitochondria was found to be increased in mitochondrial fractions from the substantia nigra and
striatum of PD patient brains, but not from the cerebellum, perhaps indicating that a-synuclein
localisation at mitochondria is associated with disease pathogenesis (Devi et al., 2008). Other studies
utilising similar overexpression models showed that a-synuclein induced nitric oxide and cytochrome
c release in associated with mitochondrial permeability transition pore (mPTP) opening (Parihar et al,
2008). However, in these models, overexpression of a-synuclein may be inducing mislocalisation of a-

synuclein at mitochondria (Parihar et al., 2008).

Studies utilising aggregated a-synuclein species such as oligomers and fibrils have found similar effects
of a-synuclein in iPSC-derived neurons and other models, though mediated by various mechanisms.
Aggregated a-synuclein, unlike physiological a-synuclein, was found to localise to mitochondria in a
pathological gain-of-function phenotype, resulting in respiration defects (Wang et al, 2019). Treatment
of cells with aggregated a-synuclein species resulted in complex I inhibition, reduced ATP and complex
I-mediated opening of the mPTP (Luth et al, 2014; Reeve et al, 2015). Oligomers of a-synuclein were
found to inhibit protein import by directly binding TOM20, resulting in competitive displacement of
mitochondrial-targeted proteins, reduced respiration and membrane potential as well as increased ROS
(Di Maio et al, 2016). Binding of a-synuclein to TOM20 was also found to disrupt mitochondrial
morphology, gene expression, and respiration (Zambon et al., 2019). Oligomeric a-synuclein may also
interact with ATP synthase (Ludtmann et al, 2018; Serdiuk et al, 2025) or bind mitochondrial
membranes through interaction with cardiolipin (Ryan et al., 2018; Choi et al, 2022) resulting in
opening of the mPTP and apoptosis, or alteration of mitophagy. Alternative mechanisms include
modulation of mitochondrial biogenesis and function by the interaction of a-synuclein and the

transcription factor REST (Ryan et al, 2021) or by nitrosylation of MEF2C (Ryan et al., 2013).

1.3.2 Alterations of mitophagy

PINK1 and PRKN are both involved in mitophagy and cause early-onset PD, suggesting that impairment
of this process could contribute to wider mitochondrial dysfunction and PD aetiology. Indeed, in
sporadic PD patient brains, increases in the PINK1/PRKN-dependent mitophagy marker pS65Ub were
found based on PD affectation status and correlated with disease severity in several brain regions (Hou
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et al, 2018; Hou et al, 2023). However, using a different labelling and quantification technique, a
separate study identified decreases in pS65Ub as well as PINK1 and PRKN in PD cases (Chen et al,

2023), indicating that further investigation is required.

Furthermore, mitophagy disruptions, such increased or decreased mitophagy, have been described in
several studies in iPSC-derived PD models. Measurement of mitophagy in SNCA A53T and E46K
iPSC- and ESC-derived DaNs showed increased mitophagy (Ryan et al., 2018). However, work in
LRRK2 R1441C rat primary cultures and human iPSC-derived DaNs showed reduced mitophagy and
pS65Ub levels (Williamson et al., 2023). In both LRRK2 G2019S and SNCA A53T mutant DaNs,
mitophagy was found to be delayed (Hsieh et al, 2016; Shaltouki et al, 2018). In VPS35-mutant iPSC-
derived DaNs, deficits in the autophagy-lysosomal pathway were linked to failed degradation of
mitochondria under stress conditions (Hanss et al, 2021). These studies demonstrate consistent
involvement of the mitochondrial quality control pathways in PD experimental models but little

consensus on the direction and mechanism governing these alterations.

1.4 Overview of CRISPRI technology

Sections 1.4-1.4.3 are adapted from the sections | wrote in Franks and Heon-Roberts, et al, 2024, with

permission from co-authors.

The foundation of the bacterial immune system are sequences of short, repetitive DNA. These clustered,
regularly interspersed, short palindromic repeats enable the transcription of two RNA molecules, the
CRISPR-derived RNA (crRNA) and the trans-encoded CRISPR RNA (tracrRNA). These associate with
CRISPR-associated (Cas) proteins, forming a ribonucleoprotein complex that is targeted to foreign
DNA and introduces double-stranded breaks (reviewed in Wiedenheft et al, 2012). It was subsequently
shown that fusing the tracrRNA and crRNA into a single guide RNA (sgRNA) retained full functionality
of the ribonucleoprotein complex, increasing the potential of this new technology for application in

genetic engineering (Jinek et al, 2012). The technology gained recognition with independent studies
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demonstrating the practicality of CRISPR/Cas9 in editing the genomes of human cell models (Cho et

al, 2013; Cong et al, 2013; Mali et al, 2013).

The advent of CRISPR technology rapidly enabled genome-wide genetic screening in multiple
mammalian cell models (Koike-Yusa et al, 2014; Shalem et al, 2014; Wang et al, 2014; Wang et al,
2015), for example providing insight into genes essential for cell survival. However, it was soon shown
that the nuclease-active CRISPR system (CRISPRn) targeted to endogenous loci produced a negative
selection pressure in bacteria as well as human cells due to DNA cleavage (Qi et al, 2013; Aguirre et
al, 2016; Munoz et al, 2016; Rosenbluh et al, 2017). The development of a nuclease-dead Cas9 (dCas9)
provided targeted silencing of endogenous loci (Qi et al., 2013) without reducing cell survival

(Rosenbluh et al., 2017).

1.4.1 Development of CRISPRI

Relying on steric hindrance to silence genes in human cells through impairment of transcription
initiation and elongation resulted in low levels of gene knockdown. The technology, renamed CRISPR
interference (CRISPRI), was improved by Gilbert and colleagues via fusion of a transcriptional
repressor domain, the Kriippel-associated box (KRAB) region of the KOX1 transcription factor, to the
dCas9 protein. This increased the levels silencing of CRISPRI technology, resulting in stable reductions
in gene expression over time in culture (Gilbert et al, 2013). In the following years, the Cas9 and dCas9
proteins were engineered to further expand the range of CRISPR technologies via fusion of alternative
transcription regulation domains. Attachment of four copies of the transcriptional activator VP16 to
dCas9 resulted in upregulation of endogenous genes targeted by the dCas9-VP16 complex (CRISPR
activation, CRISPRa) (Gilbert et al., 2013), whereas fusion of histone methylation and demethylation
domains enabled heritable silencing or activation (CRISPRoff and CRISPRon, respectively) (Liu et al,
2016; Nufez et al, 2021). These technologies, alone or in combination, enabled the study of a wide
range of complex biological systems, in particular when paired with transcriptomics, proteomics or

other high-content readouts.
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The CRISPRI system was further refined by improvements in the CRISPR/dCas9 system (Alerasool et
al, 2020) and the identification of sequence features improving sgRNA potency. This enabled more
effective silencing with improved genome-wide libraries (Gilbert et al, 2014; Sanson et al, 2018;
Replogle et al, 2022). CRISPRi technology has been applied in targeted as well as genome-wide
screening paradigms in both immortalised cell lines and human iPSC-derived neurons (Fulco et al,

2016; Liu et al, 2017; Tian et al, 2019; Tian et al, 2021).

1.4.2 Advantages and limitations of CRISPRI

In comparison with pre-dating technology, namely RNA interference (RNAI), CRISPRi demonstrates
several advantages, including increased specificity, fewer off-target effects (Heintze et al, 2013; Hsu et
al, 2013; Qi et al., 2013; Evers et al, 2016; Morgens et al, 2016), and increased reproducibility (Shalem
et al., 2014; Wang et al., 2014). As CRISPRI exerts its action in the nucleus by repressing gene
transcription, it can be targeted to promoters, enhancers and other genomic regulatory regions (Fulco et
al, 2016), unlike RNAi which mediates the degradation of mRNA. This enables the interrogation of a
broader range of genetic elements for their effects on screen readouts. However, as RNAI is mediated
by the delivery of short hairpin RNAs (shRNAs), relying on endogenous systems to degrade targeted
MRNA, this technology is applicable to more varied cell-types without requiring genetic engineering,
such as patient-derived iPSCs. CRISPRI, unlike RNAI, is more effective in cell lines engineered to
express dCas9 or which can be easily transduced with sgRNA and Cas9-expressing lentiviral vectors,

potentially limiting its applicability in some cell types.

The major advantage of CRISPRi over CRISPRn is its ability to silence gene expression without
introducing permanent modifications in the genome. This enables reversible knockdown of gene
expression (Mandegar et al, 2016), and is an advantage for the longitudinal study of gene silencing due
to reduced compensation with CRISPRi than CRISPRn (Rossi et al, 2015). Furthermore, the phenotypic
study of essential genes, which impact cell survival when mutated using CRISPRn, is better suited to
the incomplete gene silencing induced by CRISPRi (Wang et al., 2015). In particular, as individual
sgRNAs have been shown to be more or less effective, the level of silencing or activating effect can be
tuned to study the consequences of increased or decreased gene modulation (Jost et al, 2020). This may
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be particularly useful for the screening of candidate genes identified by GWAS at risk loci, as CRISPRI
or CRISPRa may phenocopy the effects of single nucleotide polymorphisms at larger scale than
CRISPRn-mediated genome editing. Indeed, genomic modification by CRISPRn also results in a mixed

population of cells with variable levels of protein activity, gene expression or gene splicing.

The sgRNA/dCas9 complex of CRISPRAI is effective when targeted to a narrow window (-50 to 300 bp)
around the transcription start site (TSS) (Gilbert et al., 2014). Consequently, silencing genes which
possess multiple TSSs or cryptic TSSs with a single sgRNA may be ineffective using CRISPRi and
may instead require targeting by several sgRNAs to achieve silencing of all isoforms. Targeting loci at
bidirectional promoter may also produce off-target effects as CRISPRi has been shown not to be strand
specific (Howe et al, 2017). Additionally, as CRISPRI silences gene expression through transcription
initiation, it effectively targets isoforms arising from alternative splicing but does not provide a mean
of modulating the levels of individual isoforms. As CRISPRn is able to induce specific changes in splice
sites, it may be advantageous in these applications to enable the production of specific isoforms or

enabling exon removal (Wang et al, 2024).

1.4.3 Genome-wide CRISPRI screening

The first genome-wide CRISPRn screens demonstrated that robust results in complex biological
systems could be obtained on a large scale, providing evidence that CRISPR technology is applicable
to genetic screening (Koike-Yusa et al., 2014; Shalem et al., 2014; Wang et al., 2014; Wang et al.,
2015). Pathway and gene discovery, therapeutic target discovery, and mechanistic interrogation are all
possible applications of genome-scale screening, typically utilising a simple readout such as cell
survival or proliferation (Li et al, 2019b; Tian et al., 2019; Tian et al., 2021; Guo et al, 2023). The use
of fluorescence-activated cell sorting (FACS) also enables the identification of populations of interest
on the basis of a fluorescently-linked phenotype (Kanfer et al, 2021; Sanchez et al, 2021; Wu et al,
2022), for example enabling the identification of genes regulating the levels of endogenous a-synuclein

expression (Santhosh Kumar et al, 2024).
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Several studies have demonstrated that the parallel use of CRISPRi and CRISPRa enables the
generation of highly complementary datasets (Gilbert et al., 2014; le Sage et al, 2017; Schmidt et al,
2022) which provide increased insight into the complex regulation of biological processes. This
approach uncovered the role of the lysosomal protein prosaposin in lipid processing at the lysosome
and in regulating cellular ROS (Tian et al., 2021). Recent areas of advancement have been in increasing
the number of readouts that can be obtained from pooled screens, such as integrating microscopy
information in flow cytometry workflows (Tsubouchi et al, 2024) or adapting pooled screens to high-

content microscopy (reviewed in Walton et al, 2022).

1.4.4 Arrayed CRISPRI screening

Unlike pooled screens which typically have a single, easily-measured readout, arrayed screens generate
information-rich datasets which can be subsequently mined for information on cell survival,
morphology, and levels of proteins of interest through multiplex immunocytochemistry or cell-painting
assays (Franks et al, 2024). Arrayed screens have also historically sacrificed throughput and scale to
achieve higher sensitivity to weak phenotypes. For example, an arrayed CRISPR screen for host factors
essential for the infection of HelLa cells by coxsackievirus B3 identified 8 candidate hit genes, whereas
pooled screening only identified a single gene, attributable at least in part to increased signal-to-noise
ratios (Kim et al, 2018). Arrayed CRISPR screens have also outperformed arrayed siRNA screens due

to increased consistency of sgRNAs targeting the same gene (Tan & Martin, 2016).

Due to more complex delivery and requirement for automated liquid handling, early arrayed CRISPR
screens were more limited in scale, but as these technologies have become increasingly advanced the
scale of screens has also increased exponentially (Hultquist et al, 2016; Strezoska et al, 2017). Arrayed
CRISPR screens are now being conducted at the scale of the druggable genome, with 7795 genes having
recently been screened for their effects on the delivery of mRNA into cells by lipid nanoparticles (Ross-
Thriepland et al, 2020). A new method for the generation of genome-wide CRISPRi, CRISPRa and
CRISPRn arrayed libraries will no doubt soon enable arrayed genome-wide CRISPR screens to be

performed (Yin et al, 2025).
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1.4.5 Applications of CRISPRI to disease modelling

CRISPR technologies enable the genetic modification of model systems such as iPSCs and iPSC-
derived cell lines to recapitulate disease-associated mutations and phenotypes. CRISPRi and CRISPRa
are particularly useful in an isogenic background, allowing direct comparisons of gene expression
modifications. In this way, study of phenocopying models allows the identification of mechanisms and
pathways underlying phenotypes, providing greater understanding of disease-causing mutations

(Franks et al., 2024).

1.5 Aims

Given the link between a-synuclein aggregation, mitochondrial dysfunction and the alteration of
mitophagy, as well as the lack of functional information on candidate risk genes at GWAS-identified

loci, the aims of this thesis are as follows:

1. Investigate the accumulation of pS65Ub secondary to pS129-positive aggregate formation in a
human iPSC-derived neuronal model.
a. Optimise and validate in vitro-aggregated a-synuclein PFFs as a means of modelling
the process of a-synuclein aggregation in iPSC-derived neurons.
b. Investigate the spatial and temporal association of pS65Ub and pS129 in the seeded
aggregation model.
2. Study the impact of a-synuclein aggregation on mitochondrial and lysosomal function in human
neurons.
a. Identify morphological consequences of a-synuclein PFF-seeded aggregation in
mitochondria and lysosomes.
b. Study the effect of pS129-positive aggregate formation on mitochondrial membrane
potential, ROS and ATP production.

c. Determine the effect of PFF treatment on lysosomal protease function.

39



3.

Identify candidate risk genes that modulate the rate of a-synuclein aggregation or the a-
synuclein-induced accumulation of pS65Ub.
a. Construct a library of CRISPRi sgRNA-expressing lentiviruses targeting candidate
genes at PD GWAS risk loci.
b. Conduct an arrayed screen to identify risk genes that alter the levels of PFF-seeded
pS129 and pS65Ub in iPSC-derived cortical neurons.
c. Validate pS129 and pS65Ub-modulating preliminary hits in human iPSC-derived

dopaminergic neurons.
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2 Materials and Methods

2.1 Cell culture

2.1.1 iPSC-derived i3 cortical neurons

2.1.1.1 Thawing

The cryopreserved G3dCas9 iPSC line was obtained from the Michael Ward laboratory (National
Institute of Health, USA) and thawed as follows. Matrigel (Corning) was prepared by diluting a 2.5
mg/ml aliquot in cold KnockOut™ DMEM medium (Gibco) to a final concentration of 100 pg/ml. A
T75 flask (Corning) per line was coated with 4 to 5 ml of cold Matrigel and incubated at 37°C for at
least one hour. In the meantime, 10 ml of KnockOut™ DMEM medium was added to a 15 ml conical
tube (Corning) and warmed to 37°C. Just before thawing, the Matrigel was aspirated from the coated
flask and replaced with mTeSR™1 Plus (STEMCELL Technologies) medium supplemented with 10
MM Rho-associated kinase (ROCK) inhibitor (ApexBio). Cryovials were kept on dry ice until the
moment of thaw, where they were placed in a 37°C water bath until almost completely melted. 1 ml of
KnockOut™ DMEM from the prepared 15 ml conical tube was added to the cryovial, the contents
resuspended and transferred to the conical tube. The cells were pelleted by centrifugation at 300 x g for
5 minutes at room temperature. The pellet was resuspended in mTeSR™1 medium supplemented with
10 pM ROCK inhibitor and the contents of the conical tube were transferred to the coated T75 flask.

The culture was placed in an incubator at 37°C, 5% CO,.

2.1.1.2 Maintenance of iPSC cultures

The culture and maintenance of G3dCas9 iPSCs was conducted as published by Fernandopulle and
colleagues (Fernandopulle et al, 2018), with minor modifications. Briefly, iPSC cultures were given a
full media change every other day, with 15 ml mTeSR™1 Plus medium warmed to room temperature.

Cells were colony passaged 1:6 when they reached 60-70% confluency. A 0.05M

41



ethylenediaminetetraacetic acid (EDTA) solution was prepared by diluting a 0.5M EDTA solution
(Invitrogen) in phosphate-buffered saline (PBS). The medium was aspirated from the flask and the cells
were washed once with EDTA. 5 ml of 0.05M EDTA was added to the flask and incubated at 37°C
until the cells became rounded and close to detachment. The EDTA solution was then aspirated, and
the cells vigorously washed off the culture surface with mTeSR™1 Plus medium, using a serological
pipette and pipette controller. The cell suspension was immediately transferred to a previously prepared

Matrigel-coated flask with mTeSR™1 Plus medium.

2.1.1.3 Differentiation of i3 cortical neurons

Induction

G3dCas9 iPSC cultures were replated for induction when they achieved ~70% confluency, on day in
vitro (DIV) 0. The cells were briefly washed with PBS, then enzymatically lifted by incubating for 5

minutes at 37°C with StemPro™ Accutase™ (Life Technologies). The Accutase™ was neutralised and
the cells washed off the culture surface using 5 ml of KnockOut™ DMEM and the whole cell suspension

was transferred to a 15 ml conical tube. After thorough mixing using a serological pipette and pipette
controller, 20 pl of the cell suspension was transferred to two new tubes for cell counting. The 15 ml
conical tube was centrifuged at 300 x g for 5 minutes, at room temperature, to pellet the cells. 1 pl of
Solution 18 (ChemoMetec) was added to the counting tubes and mixed. 10 pl of this cell suspension

was subsequently added to an A8 slide NC-Slide A8™ (ChemoMetec) and the cells quantified using the

NucleoCounter NC-250™ automated cell counter (ChemoMetec).

Following centrifugation, the cell pellets are resuspended in 1 ml of mTeSR1™ Plus medium
supplemented with 10 pM ROCK inhibitor, and 10-15 million cells plated in a T75 flask containing 15

ml of Induction medium (IM) which is composed of DMEM/F12 (Gibco™), 1X N2 supplement
(Gibco™), 1X non-essential amino acids (Gibco™), 1X Glutamax (Gibco™) and supplemented with 10

MM ROCK inhibitor and doxycycline at a final concentration of 2 pg/ml.

Differentiation
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During the differentiation, the medium was fully changed daily with IM supplemented with 2 pg/ml
doxycycline but no ROCK inhibitor until DIV 3, when the cells were again replated similarly to the

procedure outlined above.

Coating

On DIV 0, the final experimental plates were pre-coated with 2% polyethylenimine (PEI), by diluting
100 ul PEI solution in 4.8 ml borate buffer (100 mM boric acid, 25 mM sodium tetraborate, 75 mM
sodium chloride, pH 8.4 in H20). This 10X stock solution was then diluted 1:10 in ddH»0 and added to
culture plates at half the culture volume (25 pl for half-area 96 well plates). The plates were then
incubated at 37°C overnight. In early experiments, plates were instead coated with poly-L-ornithine
(PLO) by diluting 10 mg of powdered PLO in 5 ml borate buffer, which was further diluted 1:10 in

ddH:0.

On DIV 1, the plates were washed six times with sterile ddH.O. Following the washes, the plates were

dried using the laminar air flow in a tissue culture biological safety level two cabinet (BSLII).

On DIV 2, the dried plates were coated with 180 pg/ml Geltrex™ (or 10 pg/ml laminin (Sigma-Aldrich),
in early experiments) diluted in cold DMEM KO medium (ThermoFisher Scientific). This was again
incubated at 37°C overnight. Prior to replating the neurons on DIV 3, the laminin or Geltrex™ was

aspirated from the cells and half the normal cell culture volume of maturation medium was added to the

wells.

Replating

On DIV 3, cells were lifted using Accutase™, counted, centrifuged and subsequently resuspended in

maturation medium to 720,000 cells per ml for plates destined for confocal microscopy, and 2,000,000
cells per ml for plates destined for biochemical analyses such as Western Blot and gRT-PCR. The
maturation medium was composed of BrainPhys™ (STEMCELL Technologies), supplemented with 1X

B27 supplement (Gibco™), 10 pg/ml brain-derived neurotrophic factor (BDNF) (PeproTech), 10 pg/ml

neurotrophin-3 (NT-3) (Peprotech), 2 pg/ml doxycycline (Sigma-Aldrich), and 1 pg/ml laminin
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(Gibco™). Half a normal culture medium volume of the cell suspension was added to the final

experimental plates.

Following replating, half the culture medium was replaced biweekly with maturation medium as

described above, minus the doxycycline, until the experimental timepoint was achieved.
Freezing

Cells at the iPSC or differentiated (DIV 3) stage were lifted using Accutase™, counted, centrifuged and
resuspended at a density of 3.5 million cells/ml (at the iPSC stage) or ~25-30 million cells/ml (at DIV
3 stage) in 10% DMSO in FBS. The vials were quickly transferred to a freezing container (Corning),

and frozen overnight at -80°C. The vials were then stored long term in liquid nitrogen.

Table 1. Induction medium composition for i® cortical neurons

Reagent Final concentration Manufacturer Catalogue number
DMEM F/12 - Gibco™ 11320033

100X N2 supplement 1X Gibco™ 17502048

100X non-essential amino acids 1X Gibco™ 11140050

100x L-glutamine 2mM Gibco™ 25030081
Doxycycline 2 ng/ml Sigma-Aldrich D9891

Table 2. Maturation medium composition for i2 cortical neurons

Reagent Final concentration  Manufacturer Catalogue number
BrainPhys™ - STEMCELL Technologies 05790

50X B27 supplement 1X Gibco™ 17504044

BDNF 10 ng/ml PeproTech 450-02

NT-3 10 ng/ml PeproTech 450-03

Laminin 1 pg/ml Gibco™ 23017015
Doxycycline (only on day 3) 2 ng/ml Sigma-Aldrich D9891

2.1.1.4 Generation of stable cell CRISPRi knockdown lines

The G3dCas9 cell lines were thawed as described above and expanded until they achieved ~70%
confluency, at which point they were replated at a density of 800,000 cells/well in a 6-well cell culture
plate (Corning) coated with Matrigel. The iPSCs were replated into mTeSR1™ Plus medium containing
30 pl lentiviral vectors expressing a non-targeting SgRNA (NT), or expressing a SgRNA against PINK1,
PRKN, USP30, PPEF2, NIX, BNIP3 or SNCA. One the day following replating and transduction, the
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medium was removed, the cells were washed 5 times with PBS, and the medium was replaced once
more with mTeSR1™ Plus. Two days after transduction, the medium was replaced with mTeSR1™ Plus
containing 1 pg/ml of puromycin to begin selection of cells expressing the sgRNA vector. The cells
were selected for 7-9 days and passaged once with puromycin selection, until >95% of cells were
positive for the sgRNA cassette, as assessed by nuclear mTagBFP2 reporter expression. The iPSC lines

generated were frozen down as described above.

2.1.2 SH-SY5Y

Neuroblastoma SH-SY5Y cells were obtained from the European Collection of Authenticated Cell
Cultures (ECACC), expanded and cryopreserved prior to my arrival in the laboratory. My colleague
Katrina Savory transduced SH-SY5Y with a lentiviral SNCA-EGFP overexpression vector and sorted
the cells by flow cytometry to obtain high-expressing, medium-expressing and low-expressing

populations, expanded and banked for future use (unpublished data).

2.1.2.1 Thawing

SH-SY5Y vials were placed on dry ice until thawing in a water bath at 37°C. A 15 ml conical tube was
prepared containing 10 ml of DMEM/F12 (Gibco™), 10% foetal bovine serum (FBS) (Merck Life
Science) and 1% penicillin and streptomycin (Life Technologies). Once the vial was almost completely
thawed, 1 ml of medium was added to the cryovial, mixed, and the contents of the cryovial transferred
back into the conical tube. The cells were then centrifuged at 300 x g for 5 minutes, the supernatant was
aspirated and the pellet was resuspended in 1 ml of medium. The cells were plated in T75 flasks

containing 15 ml of medium.

2.1.2.2 Maintenance

Cultures of SH-SY5Y cells were split when they reached approximately 80% confluency. Cells were
lifted by removing the medium and incubating for 5 minutes at 37°C in 0.25% trypsin-EDTA (Life
Technologies). The trypsin solution was neutralised by adding a 7 ml of medium (DMEM/F12, 10%
FBS and 1% penicillin, streptomycin) and the cell suspension was transferred to a 15 ml conical tube.

The cells were centrifuged at 300 x g for 5 minutes at room temperature, the supernatant aspirated and
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the pellet resuspended in 5 ml of medium. 500-1000 pl of cell suspension were transferred to a new

T75 flask containing 15 ml of medium, for a 1:10 or 1:5 split.
2.1.3 HEK-293T

The HEK 293T Lenti-X™ cell line was obtained from Takara Bio Inc. This HEK cell line has high

transfection rate, making them ideal for lentiviral vector production (Takara).

2.1.3.1 Thawing
Vials of HEK 293T cells were transferred from liquid nitrogen to dry ice until thawing. Thawing was
performed similarly to the SH-SY5Y lines, except the culture medium was 10% FBS in DMEM

(Gibco™), and without penicillin and streptomycin.

2.1.3.2 Maintenance

HEK 293T cultures were split at ~80% confluence. The medium was aspirated and replaced with 0.25%
trypsin-EDTA, and incubated at 37°C for 3 minutes, until the cells were detached from the surface of
the plate. Culture medium (10% FBS in DMEM) was added to neutralise the trypsin-EDTA, and the
contents of the flask were transferred to 15 ml conical tubes. The cells were centrifuged and resuspended
as described in 2.1.2.2. 500-1000 pl of cell suspension were transferred to new flasks, for a 1:5 or 1:10

split.

2.1.4 iPSC-derived dopaminergic neurons

2.1.4.1 Thawing

Control and SNCA triplication patient iPSC lines were obtained from StemBANCC and genetically
engineered to express a hygromycin-selectable dCas9-KRAB construct by Dr Maria Claudia Caiazza
(unpublished data). 2 wells of a 6-well plate (Corning) per iPSC line were coated with Matrigel and
incubated at 37°C for 1 hour. Vials were transferred from liquid nitrogen to dry ice, then thawed quickly
in a 37°C water bath and the contents transferred to 10 ml of DMEM KO medium in a 15 ml falcon
tube. The cells were pelleted by centrifugation at 300 x g for 5 minutes at room temperature, the

supernatant aspirated and the pellet resuspended in 2 ml mTeSR™1 Plus (STEMCELL Technologies)
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medium. The Matrigel-coated wells were prepared by aspirating the coating and replacing it with 1
ml/well of mTeSR™1 Plus medium. 1 ml of cell suspension was transferred to each coated well, the
plate was swirled in a figure eight pattern to distribute the cells, and the plates incubated at 37°C, 5%

CO..

2.1.4.2 Maintenance and antibiotic selection of iPSC cultures

iPSC cultures were given a full media change every other day with mTeSR™1 Plus medium. Upon
reaching ~50% confluency after thawing, cultures were fed with medium containing 50 pg/ml
hygromycin B (Life Technologies) for 2 days, refreshing the medium each day, before selection
medium was replaced for another 2 days by mTeSR™1 Plus without hygromycin. Pulses of selection
were applied in this manner, 2 days on, 2 days off, with passages in medium without selection, until
>90% of the cells showed positivity for the nuclear mNeon Green signal reporting dCas9-KRAB
construct positivity. As a final step, the cells were then passaged in medium containing hygromycin,
yielding cultures >95% dCas9-KRAB-positive. Cells were passaged as colonies as described in section

2.1.1.2.

2.1.4.3 Differentiation of dopaminergic neurons

iPSC cultures were differentiated to dopaminergic neurons as previously described (Williamson et al.,
2023; Williamson et al, 2025), with modifications. iPSCs were plated at 1.2 million cells/well in 6-well
plates two days prior to the start of differentiation, and differentiation commenced only when all the

lines reached >90% confluency.

Table 3. DMEM KO KSR base medium composition

Reagent Amount/Concentration Manufacturer Catalogue number
DMEM KO 410 ml Gibco™ 10829018

KSR serum replacement 75 ml Gibco™ 10828010
B-Mercaptoethanol 10 uM Sigma-Aldrich M6250
L-glutamine 2mM Gibco™ 25030081

100X non-essential amino acids ~ 1X Gibco™ 11140050
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Table 4. NNB base medium composition

Reagent Amount/Concentration Manufacturer Catalogue number
Neurobasal 500 ml Gibco™ 21103049
100X N2 supplement 0.5X Gibco™ 17502048
50X B27 supplement 0.5X Gibco™ 12587010
L-glutamine 2mM Gibco™ 25030081

Table 5. NB base medium composition

Reagent Amount/Concentration Supplier Catalogue number
Neurobasal 500 ml Gibco™ 21103049
50X B27 supplement 1X Gibco™ 12587010
L-glutamine 2mM Gibco™ 25030081

Table 6. Growth factors and small molecules for dopaminergic neuron differentiation

Reagent Stock Final Dilution  Supplier Catalogue
concentration concentration number

LDN 1.179 mM 118 nM 1:10,000  Sigma- ab120797
Aldrich

SB 10 mM 10 uM 1:1000 Bio-Techne 1614

SHH 100 pg/ml 100 ng/ml 1:1000 Bio-Techne  1845-SH-500

FGF8a 500 pg/ml 100 ng/ml 1:5000 Stratech 16124-HNAE-SIB

Purmorphamine 10 mM 2 UM 1:5000 Bio-Techne  4551/10

CHIR 10 mM 3uM 1:3333 Bio-Techne 4423

ROCK inhibitor 10 mM 10 uM 1:1000 Tocris 1254

BDNF 100 pg/ml 20 ng/ml 1:5000 PeproTech 450-02

GDNF 100 pg/ml 20 ng/ml 1:5000 PeproTech 450-10

TGFp3 10 pg/ml 1 ng/ml 1:10,000 PeproTech 100-36E

DAPT 100 mM 10 uM 1:10,000  Abcam ab120633

Ascorbic acid 0.2M 0.2 mM 1:1000 Sigma- A4544
Aldrich

dcAMP 100 mM 0.5mM 1:200 Sigma- D0627
Aldrich

Antibiotic/antimycotic 100X 1X 1:100 Thermo- 15240062
Fisher

iPSCs were fed on DIV 0 with DMEM KO KSR medium supplemented with LDN and SB. The medium
was changed on DIV 1 to include LDN, SB, SHH, FGF8a and purmorphamine, and half-changed with
fresh medium on DIV 2. This same medium was prepared on DIV 3 and 4, supplemented with CHIR.
On DIV 5 through 10, DMEM KO KSR basal medium was mixed stepwise with NNB basal medium,
from 75% DMEM KO KSR, 25% NNB on DIV 5 and 6, 50% of both on DIV 7 and 8, and 25% DMEM

KO KSR, 75% NNB on DIV 9 and 10. The mixed basal medium was combined with LDN, SHH,
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purmorphamine, FGF8a and CHIR on DIV 5 and 6, and only LDN and CHIR through DIV 7 to DIV

10.

Neurons were split 2 wells to 3 wells on DIV 10 + 1 by washing cells with PBS, aspirating the wash
and incubating the cells with 1 ml/well Accutase™. 1 ml DMEM KO was used to wash cells from the
surface and transfer them to a 15 ml falcon tube for centrifugation at 300 x g for 5 minutes at room
temperature. The pellets were resuspended in DIV 10 medium supplemented with 10 uM ROCK
inhibitor, and the cell suspension was distributed to fresh Geltrex-coated wells. 24 hours post-splitting,
the medium was fully changed to DIV 10 medium, composed of 25% DMEM KO KSR, 75% NNB,
supplemented with LDN and CHIR. The medium was half-changed or fully changed in alternation each

day following until DIV 10 + 7.

On DIV 11, the fully was fully changed to maturation medium, which was composed of NB, CHIR,
BDNF, GDNF, TGFp3, DAPT, ascorbic acid, and dcAMP. On subsequent days, the medium was fully
changed or half changed in alternation, removing CHIR on DIV 13. On DIV 16, the cells were replated
as described in section 2.1.1.3 on poly-L-ornithine and Geltrex-coated plates, in dopaminergic neuron
maturation medium composed of NB, BDNF, GDNF, TGFB3, DAPT, ascorbic acid, dcAMP, ROCK
inhibitor and antibiotic/antimycotic. The cells were maintained until the final experimental timepoint
by half-feeding neurons three times a week in maturation medium with antibiotic/antimycotic,

removing the ROCK inhibitor after DIV 16.

2.2 Immunocytochemistry

Mature cortical neurons or SH-SY5Y cells were fixed by removal of the medium and incubation with
4% paraformaldehyde (Life Technologies) for 15 minutes at room temperature. The fixing solution was
then replaced with PBS containing 0.02% sodium azide and the plates were stored at 4°C until

immunocytochemistry was performed.

The cells were permeabilised for 15 minutes in 0.1% Triton X-100 (Merck) in PBS and subsequently

blocked in 10% FBS in PBS for 1 hour at room temperature. The primary antibodies were diluted in
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blocking buffer (10% FBS in PBS) at the concentrations in Table 7 and the cells were incubated with
this solution overnight at 4°C, in a sealed plate to prevent evaporation. The cells were subsequently
washed three times with PBS for 5 minutes, after which secondary antibodies targeting the primary
antibody’s species were diluted at 1:1000 in blocking buffer (10% FBS in PBS). The secondary
antibody solution was incubated for one hour at room temperature, after which the cells were washed
three times once more. If using the rabbit anti-pS129 antibody (Abcam) in combination with the rabbit
anti-pS65Ub antibody directly conjugated to Alexa Fluor 488 (Millipore), the neurons were first stained
with the anti-pS129 antibody (Abcam) and anti-MAP2 antibody (Millipore) overnight at 4°C, then
washed as described and stained with species-specific secondary antibodies for one hour at room
temperature. A second blocking step was performed for one hour at room temperature, following which
the neurons were incubated overnight with the directly-conjugated anti-pS65Ub antibody (Millipore) at
4°C, then washed three times. The plates were stored in PBS at 4°C until imaging on the PerkinElmer

Opera Phenix confocal microscope.

For 384-well format plates, the steps described were performed using the CyBio-Felix liquid handler

(Analytik Jena).

Table 7. Details of primary antibodies and dilutions

Protein target Clone Host Dilution Manufacturer Catalogue number
pS65Ub E62JT Rabbit 1:1500 Cell Signalling 62802
pS65Ub-AF488 - 1:500 Sigma-Aldrich ABS1514-1-AF488
pS65Ub-AF647 E5T1IW  Rabbit Cell Signalling 83816

a-Synuclein EP1536Y Rabbit 1:3000 Abcam ab51253
a-Synuclein 81A Mouse 1:40,000 Abcam ab184674

TOM20 F-10 Mouse 1:500 Santa Cruz sc-17764

TOM20 - Rabbit 1:500 Abcam ab220822

MAP2 - Chicken 1:2000 Millipore AB5543

LAMP1 H4A3 Mouse 1:500 Santa Cruz sc-20011

TH - Rabbit 1:500 Millipore AB152

Table 8. Details of secondary antibodies and dilutions

Protein target Fluorophore Host Dilution Manufacturer Catalogue number
Rabbit 1I9gG 488 Donkey 1:1000 Invitrogen A21206
Chicken IgG 555 Goat 1:1000 Invitrogen A32932
Mouse IgG 647 Donkey 1:1000 Invitrogen A31571
Rabbit 19G 555 Donkey 1:1000 Invitrogen A31572
Rabbit 19G 647 Donkey 1:1000 Invitrogen A31573
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Sheep 1gG 488 Donkey 1:1000 Invitrogen A11015
Rabbit 1gG 647 Donkey 1:1000 Invitrogen A32795
2.3 qRT-PCR

Samples were collected by resuspending cells in medium, collecting the suspension in 1.5 ml Eppendorf
tubes and centrifuging at 300 x g for 5 minutes. The supernatants were removed and the pellets were
frozen and stored at -80°C. RNA extraction was performed using the RNeasy Mini kit (QIAGEN), as
per manufacturer’s instructions and the RNA yield quantified using the Nanodrop™ spectrophotometer
(ThermoFisher). Up to 0.5 pg of RNA was reverse transcribed into cDNA with the High-Capacity
RNA-to-cDNA™ kit (ThermoFisher), as per manufacturer’s instructions, and the yield was quantified

using the Nanodrop™ spectrophotometer.

gRT-PCR in a 384-well format was performed by combining PowerUp™ SYBR™ Green Master Mix
(ThermoFisher), 0.5 pl each of forward and reverse primers, 1.5 pl of PCR-grade double distilled H.O
(ddH»0), and 2.5 ul of 1:10 diluted cDNA in each well. The QuantStudio™ ViiA 7 system was used to
perform the qPCR reaction, and the data analysed using the AACT method. The data was normalised to

the housekeeping gene GAPDH.

Table 9. Primer sequences for gPCR

Gene Forward Reverse

ANK?2 AGCACTCTTTCCCCAAACTC TCTCTGATGTTTCTGTTCCTGG
MAP2 CAGGAGACAGAGATGAGAATTCC CAGGAGTGATGGCAGTAGAC
TUBB3/TUJ1 TTTGGACATCTCTTCAGGCC TTTCACACTCCTTCCGCAC
VGLUT1/SLC17A7 TCAATAACAGCACGACCCAC TCCTGGAATCTGAGTGACAATG
SYN1 CCCCAATCACAAAGAAATGCTC ATGTCCTGGAAGTCATGCTG
PSD95/DLG4 AGTCAGAAATACCGCTACCAAG CCGTTCACCTGCAACTCATATC
Cuxi1 TCACCTCTTCATAGTCAGCCT CAGCCAGATCTCACAGCTTG
PAX6 GCCCTCACAAACACCTACAG TCATAACTCCGCCCATTCAC
NESTIN TGCGGGCTACTGAAAAGTTC GGCTGAGGGACATCTTGAG
NGN2 TACCTCCTCTTCCTCCTTCA GACATTCCCGGACACACAC
SNCA ATTCGACGACAGTGTGGTGT GTTTTCTCAGCAGCAGCCAC
GAPDH TCATCATCTCTGCCCCCTCT TCATGGATGACCTTGGCCAG
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2.4 Western Blot

i® Neurons were plated at a density of two million cells per well in a 6-well plate format and harvested
at several timepoints over the course of maturation by resuspending the cells in maturation medium,
centrifuging at 300 x g for 5 minutes at 4°C, followed by careful and complete removal of the medium.
The dry pellet was stored at -80°C. Pellets were resuspensed in 100 pl radioimmunoprecipitation assay
(RIPA) buffer supplemented with phosphatase and protease inhibitors (Roche) and sonicated for a total
of 5 minutes in a bath sonicator (Qsonica) at 20 kHz, 20% amplitude for 10 seconds on, 10 seconds off
at 5°C. The protein concentration was quantified using a bicinchoninic acid (BCA) assay. Briefly, the
samples were diluted 1:4 in ddH-0, and 4 ul/well of sample was added to a clear 384-well plate, in
triplicate. A 1:50 solution of BCA reagent A to BCA reagent B (ThermoFisher™) was prepared and 32
pl of reagent was added to each well. The concentration of each sample was measured after 20 minutes
incubation at 37°C, and the protein concentration determined against a standard curve ranging from 2

mg/ml to 62.5 pug/ml bovine serum albumin.

The protein concentration of each sample was normalised to 0.5 pg/ul and Laemmli buffer was added
to a final concentration of 1X. The samples were boiled at 95°C for 5 minutes. 15 ug of protein were
run in a Mini-Protean TGX pre-cast gel (Bio-Rad) at 200 V in 25 mM Tris, 192 mM glycine and 0.1%
SDS at pH 8.3 and transferred to a PVDF membrane using the Trans-Blot Turbo transfer system and
transfer pack (Bio-Rad) for 11 minutes at 2 amps. The membrane was immediately fixed in 4% PFA
for 15 minutes at room temperature. The membrane was subsequently blocked in 5% milk in tris-
buffered saline (TBS) with 0.1% Tween (TBS-T) for one hour at room temperature, then incubated with
a primary antibody solution (anti-a-synuclein, MJRF1, ab138501, Abcam) at 1:10,000 overnight at 4°C.
The membrane was washed three times in TBS-T, then incubated for 1 hour at room temperature in
secondary antibody dilution in 5% milk in TBS-T (goat anti-rabbit, 1706515, Bio-Rad) at 1:5000. The
membrane was again washed three times in TBS-T, then developed using Immobilon
chemiluminescence substrate (Sigma-Aldrich) and the Chemidoc imaging system (Bio-Rad). The

membrane was washed three more times in TBS-T and incubated for one hour at room temperature in
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primary antibody solution (anti-B-actin, ab49900, Abcam), then developed again. The density of a-
synuclein bands was normalised to the density of the B-actin bands prior to fold change normalisation

and graphing.

2.5 Invitro aggregation of a-synuclein fibrils

2.5.1 Fibril aggregation

1 mg of a-synuclein monomer was obtained commercially (Stratech) and resuspended in 1 ml of ddH,O
to a concentration of 1 mg/ml. The protein suspension was aliquoted into 500 pl aliquots in 1.5 ml
Eppendorf tubes and aggregated by shaking at 1000 rpm, 37°C for 7 days. Following aggregation, the
fibrils were sonicated using a probe sonicator (Hieschler) at 0.2 s interval, 25% amplitude in 5-10
minute intervals for 25 minutes, or for 12 minutes in a bath sonicator (QSonica) at 45% amplitude and

3 s on, off intervals.
2.5.2 Electron microscopy

3 mm size 300 mesh carbon-coated copper grids (TAAB) were prepared for staining using plasma
coating (PELCO EasiGlow). The fibrils were diluted 1:3 in PBS and then incubated on the grid for 2
minutes by inverting the grid on 10 ul droplets of the sample. The grid was incubated on 20 pl 2%
uranyl acetate, followed by a wash in ddH.O, then dried fully before imaging at the JEOL 1400 120kV
transmission electron microscope. Images were processed in Image J by overlaying the fibrils with
selections of the same length. The fibrils from 6 fields of view a 20,000x objective were quantified and
plotted as a distribution, or counted to estimate the relative number of fibrils per preparation. The
Euclidean distance was calculated as a measure of fibril coagulation by measuring the distance between

the centre points of each fibril within a field of view.
2.5.3 Thioflavin T fluorescence measurement

a-Synuclein fibrils were diluted to a final concentration of 100 pg/ml in PBS. Thioflavin T (ThT)
(Sigma-Aldrich) powder was dissolved to a stock concentration of 1 mM in PBS and stored at 4°C. o-
Synuclein fibrils and ThT solution were combined in 120 pl of PBS to a final concentration of 7 pg/ml
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fibrils and 25 pM, respectively. The solution was incubated in the dark at 37°C, without agitation, prior

to fluorescence reading on the Pherastar spectrophotometer (BMG Labtech).
2.5.4 Quality control

SH-SY5Y overexpressing the SNCA gene under a cytomegalovirus (CMV) promoter were seeded in a
96-well half area plate (Greiner) at a density of 1500 cells/well, incubated at 37°C, 5% CO, until settled
on the dish, then treated with 0.12-2.4 uM of aggregated a-synuclein fibrils diluted in cell culture
medium. The medium was fully changed 24 hours after treatment with fibrils, and the cells were grown
for a further 4 days. The cells were fixed as described in Section 2.2 and stained using
immunocytochemistry for phospho-serine 129, a marker of a-synuclein aggregation. Each new batch
of fibrils was directly compared with the previous batch, and an approximate, relative measure of
seeding efficacy was calculated by determining the fold-change difference between two preparations
and multiplying it to the seeding efficacy score of the previous preparation. The first preparation,

2021 _11, was given a seeding efficiency score of 1.

2.6 a-Synuclein aggregation

2.6.1 Cortical neurons

Cortical neurons were seeded at 18,000 cells/well in a 96-well half area plate (Greiner). At DIV 10, the
cortical neurons were treated with aggregated a-synuclein fibrils at final concentration 10 pg/ml diluted
in media. The fibrils were incubated with the cells for 48 hours, after which the media was changed
fully. The cells were then fed as described in 2.1.1.3, as normal, until DIV 24, the timepoint at which

cells were assayed or fixed for immunocytochemistry.
2.6.2 Dopaminergic neurons

Dopaminergic neurons were seeded at 16,000 cells per well in a 384-well format on DIV 16. Cells were
maintained by half-feed with dopaminergic maturation medium three times a week until DIV 35. a-
Synuclein PFFs were diluted to 20 pug/ml in medium and the cells were treated using a half-feed with
fibril-containing medium, for a final concentration of 10 pg/ml. After 48 hours, the medium was
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changed fully and the cells maintained normally until DIV 49, where they were fixed and

immunostained.

2.7 MitoSOX live assay

i® Cortical neurons were seeded at a density of 18,000 cells/well in a 96-well half area plate (Greiner).
Stocks of the MitoSOX™ mitochondrial superoxide indicator (Invitrogen™) were prepared by
dissolving 50 g vials of the MitoSOX™ reagent with 26 pl of DMSO, for a final concentration of 2.5
mM, and aliquoted into 4.5 pl aliquots. These stocks were stored at -20°C until use. At the final
experimental timepoint of DIV 10 or DIV 24, the neuronal cell medium was half-changed and control
wells were treated with rotenone at a final concentration of 10 uM, experimental wells, with an equal
concentration of DMSO, 3 hours before the start of the assay. Following incubation with DMSO or
rotenone, MitoSOX™ reagent was diluted to 2.5 UM in cortical neuron maturation medium, prepared
with basal BrainPhys medium without phenol red. The medium was fully changed to load cells with the
MitoSOX™ reagent, and the cells were incubated for 10 minutes at 37°C, 5% CO,. Following
incubation, the medium was fully changed to fresh, phenol red-free medium without MitoSOX™. The
neurons were then imaged using the 40x water immersion objective on the Opera Phenix high content

imaging microscope, using a temperature-controlled chamber set to 37°C, 5% CO..

2.8 CellTiter-Glo® 2.0 live assay

The CellTiter-Glo® 2.0 cell viability reagent (Promega) stock (100 ml) was thawed on ice and aliquoted
into 4 ml aliquots, then stored, protected from light, at -20°C. i* Cortical neurons were seeded at a
density of 18,000 cells/well in a 96-well half area plate, and the cells were cultured until the
experimental timepoint of DIV 10, or DIV 24. Control wells were treated with 30 pM of the
mitochondrial toxin carbonyl cyanide m-chlorophenyl hydrazone (CCCP), whereas experimental wells
were treated with an equal concentration of DMSO, for 3 hours prior to the assay. During incubation,
the number of nuclei was imaged by either treating with NucBlue™ Live ReadyProbes™ Reagent

(Invitrogen™), or using the mTagBFP2 nuclear reporter, using the Opera Phenix with a 20x objective.
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Following treatment, the medium was then removed and replaced with 100 pl of CellTiter-Glo®
reagent, diluted 1:1 in PBS. The plate was incubated with the reagent for 10 minutes at room
temperature, protected from light. Subsequently, 90 ul of the supernatant was removed at transferred to
an opague, white 96-well lumitrac plate (Greiner), in the same orientation as the original plate. This
plate was then loaded into the PHERAstar (BMG Labtech) and well luminescence was measured, with
the gain adjusted to 20% of the highest plate value. The raw luminescence values were divided by total
nuclear count, and the results expressed as luminescence intensity per nucleus, as a measure of ATP per

nucleus.

2.9 JC-10 live assay

The JC-10 reagent (AAT Bioquest) is purchased as a 3 mM stock solution, thawed upon receipt and
aliquoted into 6.5 pl aliquots and stored at -20°C. Cortical neurons were plated at a density of 18,000
cells/well, in a 96-well plate half area (Greiner). On the day of the assay, control wells were treated
with 30 uM of CCCP, whereas experimental wells were treated with equivalent concentrations of
DMSO, for 2 hours. Following incubation with the mitochondrial toxin, the JC-10 reagent was diluted
to 3 UM in phenol red-free cortical maturation medium, and cells were loaded with the reagent for 1
hour, as well as re-treated with DMSO and CCCP. After the hour, the medium was removed and 50 pl
of fresh, phenol red-free medium was added to each well and the plate was incubated at 37°C,
atmospheric CO; for 15 minutes. The plate was then loaded into the PHERAstar (BMG Labtech) for
imaging at excitation 485 and 520 nm, emission at 520 nm (monomeric) and 590 nm (aggregated). 5
cycles of measurements were taken, with 20 pl of 35 uM CCCP were injected on the third cycle to
depolarise mitochondrial membranes. The raw data was processed by taking the ratio of the
fluorescence intensity at 590 nm over the intensity at 520 nm, averaging the values of the first and
second cycle as a basal measurement, as well as the fourth and fifth cycle, post-CCCP, in each well.
The data was expressed as the difference between the basal measurement average and the average

measurement after CCCP injection.
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2.10 DQ™ Red BSA live assay

Cortical neurons were seeded at a density of 25,000 cells/well on DIV 3, and assayed at DIV 10 or DIV
31. DQ™ Red BSA 1 mg lyophilised stock was resuspended in 1 ml of PBS, to a final concentration of
1 mg/ml. 48 hours prior to assaying, control wells were treated with 0, 1, 5, 10, 20, or 40 uM of
chloroquine (CQ) using a full medium change, and the cells incubated at 37°C, 5% CO,. On the day of
assaying, DQ™ Red BSA was spiked into the wells to a final concentration of 3 pug/ml, and incubated
for 4 hours, 20 minutes in the cell culture incubator. The medium was then changed fully and
NeuroFluor™ NeuO was added to a concentration of 1:1000 in cortical maturation medium, along with
2 drops per ml of NucBlue™ Live ReadyProbes™ Reagent. The cells were further incubated for 40
minutes, after which the cells were imaged on the Opera Phenix confocal microscope, using the 40x

objective.

2.11 Preparation and cloning of sgRNAs for CRISPRI

2.11.1 Annealing sgRNAs

25 nM of top and bottom sgRNA oligonucleotides were obtained premixed in lyophilised powder
format from Integrated DNA Technologies (IDT) in 96-well PCR plates. The lyophilised sgRNAs were
reconstituted by dissolving in 100 ul of ddH-0O, to a stock concentration of 100 uM. To anneal the
SgRNAs, 2 pl of 100 uM, premixed top and bottom oligonucleotides were combined with 25 pl of

annealing buffer and 23 pl of RNase-, DNase-free ddH-O, for a total reaction volume of 50 pl.

Table 10. 2X annealing buffer composition

Reagent Concentration
Potassium acetate 200 mM
HEPES-KOH pH 7.4 60 mM
Magnesium acetate 4 mM
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The oligonucleotides were denatured by incubation at 95°C for 5 minutes in a thermocycler (BioRad).
Subsequent cooling at room temperature for 20 minutes allowed for the annealing process. The annealed

oligonucleotides were stored on ice or at -20°C until the ligation step.

2.11.2 Digestion of the lentiviral backbone

The lentiviral backbone was obtained from the Michael Ward laboratory (National Institute of Health,
USA) and was prepared for sgRNA ligation by double restriction enzyme digestion. The initial

digestion was performed by combining the following in a 1.5 ml Eppendorf tube:

Table 11. Digestion of the sgRNA backbone with Blpl

Reagent Amount
NEBuffer 2.1 (New England Biolabs) 2 ul
Blpl (New England Biolabs) 3ul
Lentiviral backbone 10 ug
RNase-, DNase-free ddH,0 To 20 pl

The digestion preparation was incubated overnight at 37°C.

Following overnight incubation, components of the second digestion reaction were added to the initial

preparation in the following amounts:

Table 12. Digestion of the sgRNA backbone with BstXI

Reagent Amount
NEBuffer 2.1 to 3.1 spike 5ul
BstXI (New England Biolabs) 3ul
RNase-, DNase-free ddH,0O 2 ul

Table 13. NEBuffer 2.1 to 3.1 spike composition

Reagent Amount
NaCl 17.5mg
Tris-HCI 29.1 mg
10X NEB buffer 2.1 200 pl
ddH20 800 pl
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The preparation was incubated overnight at 37°C. The next morning, the digested backbone was
purified using the Qiaquick PCR cleanup kit, as per manufacturer’s instructions. The DNA
concentration was quantified using the Nanodrop™ spectrophotometer. To verify the success of the
digestion reaction, 100 ng of the digested product was run on a 0.8-1% agarose gel, using a previously
digested sample and an undigested sample as controls. The digestion product was stored at -20°C until

the ligation step.

2.11.3 Ligation of sgRNAs into the lentiviral backbone

Prior to the start of the ligation reaction, the annealed sgRNAs were diluted 1:20 in ddH>O in a 96-well
PCR plate (Starlab). The ligation reaction master mix was prepared in the following manner, scaling

based on the number of sSgRNAs:

Table 14. Ligation reaction (per sgRNA)

Reagent Amount

Digested, purified backbone 20 ng

Annealed guide oligonucleotides (1:20) 0.5 ul

2X Mighty Mix Quick Ligase buffer (Takara Biosciences) 25 ul
RNase-, DNase-free ddH,0O To5ul

The reaction was incubated at 16°C for 30 minutes, and the product was stored at -20°C until the

transformation step.

2.11.4 Transformation of ligated plasmids into competent bacteria

Luria broth (LB) with agar was prepared by dissolving 37 g of powdered LB agar (Invitrogen) into 1 L
of ddH20 and autoclaving the solution. LB agar was subsequently melted by microwaving in short
bursts and cooled slightly before adding carbenicillin (Gibco) to a final concentration of 100 pg/ml. 15
ml LB agar was dispensed to each petri dish, which were then left to cool and solidify at room

temperature.
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0.5 pl of the ligated plasmids were mixed with 10 pl STBL3 chemically-competent E. coli (Invitrogen)
and incubated on ice for 5 minutes before streaking onto the prepared petri dishes. The petri dishes were

incubated at 37°C overnight to allow for colony formation.
2.11.5 Plasmid amplification, isolation and sequencing

LB was prepared by dissolving 25 g of powdered LB into 1 L of ddH,O and autoclaving the resulting
solution. Single colonies were picked and inoculated into 6 ml of LB containing 100 pg/ml ampicillin,
then incubated with agitation at 37°C, 250 rpm for 16 hours. The bacteria were pelleted by
centrifugation at 2000 x g for 10 minutes at room temperature and the supernatant was removed by

decanting the liquid.

Plasmids were isolated from bacterial pellets using the QlAprep Spin Miniprep kit (Qiagen) on a
vacuum manifold as per the manufacturer’s instructions, eluting into 1.5 ml DNA lo-bind Eppendorf
tubes (Eppendorf). The DNA concentration was quantified using a NanoDrop Microvolume

Spectrophotometer (ThermoFisher Scientific).

Each plasmid was prepared for sequencing by combining 5 pul 100 ng/pl plasmid DNA and 5 pl of 5
pmol/ul sequencing primer (C31, sequence: GAC ATG ATA AGA TAC ATT GA) into Mix2Seq pre-

labelled tubes. Sanger sequencing was performed by Eurofins Genomics GmbH.

Vectors which failed sequencing were discarded and a new colony was picked, amplified and sequenced

until sequence-verified plasmids were obtained for all newly-created guides in the study.

2.12 Lentivirus packaging

Low passage HEK-293T cells were thawed and cultured as described in section 2.1.3. 15 cm dishes
(Corning) were coated with poly-L-ornithine 0.1 mg/ml (Merck) in 10% borate buffer and 90% ddH.O
(see section 2.1.1.3 on coating for borate buffer composition) and incubated for 1 hour at 37°C, 5%
CO,. The coating solution was then aspirated and the dishes left to dry slightly open in the cell culture

hood.
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HEK-293T cells at ~70% confluency were passaged and plated at 45 x 10° cells per dish in 20 ml of
medium then incubated overnight to allow for cell attachment. Transfection of the plasmids was
performed by combining into 1 15 ml falcon tube per plasmid 2.4 ml of room-temperature Opti-MEM™
medium (Gibco™) and 30 pl Lipofectamine™ 3000 (ThermoFisher Scientific), mixing gently and
incubating this solution for 20 minutes. In another 15 ml falcon, the following reagents were combined
per vector: 2.4 ml Opti-MEM™, 30 pl P3000 reagent (Lipofectamine™ Transfection Reagent,
ThermoFisher), 26.4 ug psPAX6, 9 ug pMD2G, 3.6 ug pAdVantage (Addgene) and 39 ug of plasmid
DNA. This reaction was mixed by gently flicking the tube and incubated for 20 minutes. Both tubes
were subsequently combined and mixed, then added dropwise to the dishes of HEK-293T cells while

swirling to mix the media evenly. The dishes were incubated at 37°C, 5% CO- for 24 hours.

A full media change was performed using 72 pl of ViralBoost Reagent (ALSTEM) and 36 ml of DMEM
1X, 10% FBS per dish and the cells were subsequently incubated for another 3 days. The medium was
harvested in a 50 ml falcon tube, centrifuged at 500 x g for 10 minutes at room temperature, and the
supernatant transferred to a clean 50 ml falcon tube. 12 ml of Lenti-X Concentrator (Takara Bio) was
added and mixed with the supernatant by inversion, then incubated at 4°C for 3 days, during which the

lentivirus particles were precipitated from the medium.

The lentivirus particles were pelleted by centrifugation at 1,500 x g for 45 minutes at 4°C and the
supernatant was carefully removed without disturbing the pellet. The pellet was resuspended in 360 pl

of PBS and aliquoted into 12 pl aliquots in 8-strip PCR tubes (StarLab), then stored at -80°C.

2.13 Titration of CRISPRi sgRNAs

To determine the optimal concentration to use for transduction, i* neurons at DIV 3 were replated at
16,000 cells/well in 25 pl medium/well in 384-well plates (Revvity). sgRNA-expressing lentiviruses
were diluted 1:5 then added to a 384-well source polypropylene plate (Greiner) and the ECHO acoustic
Nanodispenser (Beckman Coulter) was used to dispense 25-1500 nl of lentivirus onto the neurons. The
cells were incubated overnight in lentivirus-containing medium before the virus-containing media was

changed by full feeding the plates with fresh medium. The cells were subsequently fed as described in
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section 2.1.1.3 for 3-4 days, when the cells were given a media change containing HCS Nuclearmask™
Deep Red (Invitrogen) at 0.5X concentration to highlight all nuclei and imaged on the Opera Phenix

confocal microscope using the 20x water immersion objective at 37°C and 5% CO..

Dose-response curves between the percentage of transduced, mTagBFP2-positive nuclei and the
amount of virus dispensed (in nl) was computed and the minimal virus dose which transduced ~70% of

neurons was determined and carried forward into the screening experiments.

2.14 Arrayed CRISPRI screening in i cortical neurons

2.14.1 Experimental design

Screening plate layouts were designed to account for plate-by-plate normalisation and systemic spatial
effects. Five NT controls were distributed across each of the screening plates, and the sgRNA technical
replicates were distributed in two groups accounting for central and peripheral as well as left- and right-
hand side positioning. Control, SNCA, PRKN and PINK1-expressing stable iPSC lines (see section
2.1.1.4) were selected to provide positive and negative controls for the pS129 and pS65Ub assays.
Control sgRNA-expressing neurons were left untreated or were treated with a-synuclein PFFs and
CCCP to upregulate pS129 and pS65Ub, respectively. SNCA, PRKN and PINK1-expressing cells were
treated with PFFs, with the SNCA line expected to reduced pS129 levels, the PINK1 line expected to
reduced pS65Ub levels and the PRKN line expected to moderately increase pS129 levels, as we have

recently published (Schmidt et al, 2025).

After differentiation of iPSCs into i® cortical neurons, the cells were replated DIV 3 as described in
section 2.1.1.3, with modifications. 16,000 cells/well were seeded into PEI/Geltrex™-coated 384-well
Phenovue plates (Revvity) and sgRNA-expressing lentiviruses were diluted 1:3 in PBS and prepared
into a source plate for dispensing using the ECHO acoustic nanodispenser as described in section 2.13.
A lower dilution of the virus was used in these experiments to minimise the dispensing time, which is
performed at room temperature and atmospheric CO. levels, and increase cell viability. The

concentration of each virus was adjusted based on the titre of that virus as well as the lower dilution
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used in the screening experiments (1:3 vs 1:5). The virus-containing medium was fully changed 24
hours after transduction and the cells were fed normally until DIV 10, where the cells were treated with
10 pg/ml a-synuclein PFFs as per section 2.6. On DIV 24, control wells were treated with 15 uM CCCP,
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) or 2 uM oligomycin/antimycin to
induce pS65Ub formation for 6 hours at 37°C, 5% CO- and the cells subsequently fixed with 4% PFA
for 15 minutes at room temperature. The PFA was removed and replaced with PBS, and the plates were
sealed and stored at 4°C. The plates were subsequently stained by immunocytochemistry using
antibodies against pS129 (Abcam, clone EP1536Y, Cat # 51253), MAP2 (Millipore, Cat # AB5543)
and pS65Ub (Millipore, Cat # ABS1513-1-AF488) as described in section 2.2. All liquid handling steps

in 384-well format were performed using the CyBio-Felix robotic liquid handler (Analytik Jena).
2.14.2 Screen analysis

The images were analysed in Harmony 5.2 software (Revvity) using a bespoke analysis pipeline
detailed in Appendix Figure 47. Briefly, mTagBFP2-positive nuclei were identified and MAP2-positive
cytoplasm was segmented, retaining live MAP2-positive cells on the basis of the morphology of the
nucleus and the intensity of MAP2. pS129-positive aggregates were identified, their area, intensity and
number evaluated and their location mapped to either the soma or neurites. Their morphology (round
versus elongated) was also assessed. pS65Ub spots were identified and their area, intensity, number and
co-localisation with pS129 assessed. The mean per well data was exported and further processed using
R. The following analysis was performed on a per plate basis using each well as a technical replicate.
The data was processed by removing wells with fewer than 500 nuclei/well to account for cell death
and spatial effects on the pS129 and pS65Ub readouts were adjusted readout-by-readout using a linear
model applied to both rows and columns on a per plate basis. The data was log transformed and the Z-
score of each guide was calculated using the following formula, where x is the observed value and u
and ¢ are the mean and standard deviation of the combined 5 control sgRNASs on the plate, respectively,

Z:(x—u)
o
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Once the Z-score was calculated, the data from all plates was combined for downstream graphing.
Graphs were generated in R using several packages: tidyverse, ggplot2, ggbreak (Xu et al, 2021),
ggrepel and corrplot. Three independent primary screening replicates were processed in this manner
and subsequently integrated by taking the mean and standard deviation of the replicate Z-scores for
each sgRNA. Likely hits were identified using a Z-score threshold of +2. However, due to the high

variability of the pS129 aggregation assay, a threshold of +1.5 was used to identify sgRNAs to follow

up.

2.15 Flow cytometry

2.15.1 Initial protocol

Reagent Preparation Manufacturer Catalogue number
Trypsin-EDTA - Sigma-Aldrich T4049
FBS - Sigma-Aldrich F7524
PBS - Gibco™ 10010023
DPBS - Gibco™ 14190136
LIVE/DEAD™ near infra-red  Reconstitute in  Thermo-Fisher L10119
DMSO
Defined trypsin inhibitor - Thermo-Fisher R007100
Triton X-100 - Merck 648466
4% PFA Dilute 4X in PBS Thermo-Fisher 11586711

Flow cytometry of iPSC-derived cortical neurons was performed as described previously (Sandor et al,
2017), with minor modifications. Differentiated i® neurons were seeded at 2M/well in pre-coated 6 well-
plates or at 1M/well in pre-coated 12-well plates and maintained until DIV 10 or 24 as described in

section 2.1.1.3.

The neurons were washed with 1 ml warm Dulbecco’s PBS (DPBS) then dissociated with 900 pl warm
trypsin-EDTA. After 5 minutes incubation, the cells were washed off the dish using 1200 pl defined
trypsin inhibitor mix by pipetting into a single-cell solution. The solution was pipetted through a pre-
wetted cell strainer (Corning) into a 50 ml falcon tube. Cold PBS was used to wash the strainer and the
neurons were centrifuged at 300 x g for 5 minutes at 4°C to pellet the cells. The supernatant was
aspirated, the cells then placed on ice and resuspended in 500 pl PBS. The solution was transferred to
a DNA Lo-Bind tube (Eppendorf) and the cells pelleted once more by centrifugation.
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One tube was re-suspended in 500 pl LIVE/DEAD™ near infra-red at 1:1000 in PBS and incubated on
ice for 10 minutes, then centrifuged and the supernatant removed. The other tubes were resuspended in
30 pl PBS. 200 ul 4% PFA was added to all tubes and incubated on ice for 10 minutes. The cells were
washed once with 200 ul blocking buffer (0.1% Triton X-100, 10% FBS in PBS) by centrifuging,
resuspending and centrifuging once more. The cells were incubated in 200 pl blocking buffer for 1 hour
at room temperature. 50 pl of cell suspension from one tube was removed and set aside as an unstained
control. The cells were centrifuged and resuspended in primary antibody solution in blocking buffer
(2:100 for pS129 and 1:100 for pS65Ub), then incubated for 1 hour at 4°C, on a spinning rotor. The
cells labelled with the directly conjugated pS65Ub-AF488 antibody (ABS-1-AF488, Millipore) were
then washed three times by pelleting and resuspending in PBS. The cells labelled with the pS129
antibody (ab51253, Abcam) were washed three times, then incubated for another hour at 4°C in

secondary antibody (1:100, A32795, Invitrogen), then washed again before processing.

Flow cytometry analysis was performed on the BD LSRFortessa™ X-20 Cell Analyzer. Cells were gated
first by forward and side scatter to eliminate debris as well as doublets and then by using the
LIVE/DEAD™ dye to remove dead cells. pS65Ub or pS129-positivity was determined by gating based

on the 1gG control and vehicle-treated cells.

2.16 Correlative light and electron microscopy

For CLEM, preliminary trials were conducted on i® cortical neurons seeded on DIV 3 at very low density
(32,000 cells/well) on 14 mm diameter, no. 1.5 alpha-numeric gridded coverslips (MatTek). On DIV
10, these cells were treated with 30 um CCCP for 6 hours, then fixed for CLEM using 0.1%
glutaraldehyde, 4% PFA in PBS at pH 7.4. After three washed in PBS, the cells were blocked for 1 hour
at room temperature in blocking buffer composed of 0.1% Saponin, 10% FBS in PBS. The neurons
were then incubated in primary antibody diluted in blocking buffer (see Table 15) overnight at 4°C. The
neurons were then washed three more times in PBS and incubated with secondary antibodies diluted in
blocking buffer at room temperature for one hour, before being washed again in PBS. The neurons were

mounted on coverslips and imaged on the LSM 880 Axiolmager 2 confocal microscope (Zeiss), using
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the 5x and 63x oil immersion objectives. The positions of clusters of neurons on the grid were noted

for downstream processing and resin embedding.

Table 15. Details of primary antibodies used for CLEM

Protein target Clone Host Dilution Manufacturer Catalogue number
pS65Ub E62JT Rabbit 1:1500 Cell Signalling 62802

MAP2 - Chicken 1:2000 Millipore AB5543

TOM20 F-10 Mouse 1:500 Santa Cruz Sc-17764

Table 16. Details of secondary antibodies used for CLEM

Protein target Fluorophore Host Dilution Manufacturer Catalogue number
Rabbit 1I9G 488 Donkey 1:1000 Invitrogen A21206
Chicken 1gG 555 Goat 1:1000 Invitrogen A32932
Mouse IgG 647 Donkey 1:1000 Invitrogen A31571

The neurons were unmounted and fixed for 20 minutes in 2% glutaraldehyde in 0.1 M phosphate buffer
(PB) at pH 7.4, then washed three more times in 0.1 M PB. The grids were incubated for 1 hour at room
temperature in 1% osmium tetroxide. After washing once with 0.1 M PB, the samples were dehydrated
by 10-minute incubation on ice with steps of 30% and 50% ice cold ethanol. The samples were then
incubated in 1% uranyl acetate in 70% ethanol for 30 minutes in the dark, followed by 10-minute steps
on ice of 80%, 90% and 95% ethanol. The samples were further dehydrated for 20 minutes on ice with
dry ethanol then another 20 minutes at room temperature, followed by 100% acetone for 15 minutes,
twice. One hour incubations in 3:1, 1:1 and 1:3 acetone:resin with rotation started the resin embedding
process, which was continued with 100% durcupan resin overnight at room temperature. Resin-filled
Beem capsules were then upturned onto the grid location of interest and the samples polymerised in a

60°C oven for 24 hours.

After polymerisation, the coverslips were removed by sequential immersion in liquid nitrogen and
boiling water, and the resin block was subsequently trimmed by hand and sectioned on an EM UC7
ultramicrotome (Leica) using a diamond knife. The sections were floated onto EM grids and imaged on

the HT7800 electron microscope (Hitachi) using the 3000x and 5000x objectives.
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2.17 Statistical analyses

Outputted spreadsheets from the PheraStar or from the Harmony software were processed in Excel or
in R and graphed using Graphpad Prism (Graphpad) or R. Technical replicates were averaged and
normalised to a control within each differentiation, producing a fold change dataset that was
subsequently combined with subsequent biological replicates. The data were tested for normality using
the Shapiro-Wilk test and the examination of QQ plots prior to further graphing, and parametric or non-
parametric statistical tests (and corresponding post-tests) were implemented based on the result of the
normality test. Fold change-normalised data generated from independent differentiations was

considered a paired dataset during statistical testing.

For comparison of two conditions using fold change-normalised data arising from multiple independent
differentiations or from one experiment with measurements repeated before and after treatment, a
parametric paired t-test or non-parametric Wilcoxon’s test was used. For unpaired data, Welch’s t-test
was used to account for differences in variance between groups. When comparing three or more
conditions with one independent variable, using fold-change normalised data from multiple
differentiations, a parametric, repeated measures one-way ANOVA with Dunnett’s multiple
comparisons test or a non-parametric Friedman test with Dunn’s multiple comparisons test was used.
When comparing technical replicates from single experiment, a parametric ordinary one-way ANOVA
with Tukey’s multiple comparisons test (comparing all conditions pairwise) or Dunnett’s multiple
comparisons test (comparing all conditions to the control), or a non-parametric Kruskal-Wallis test with
Dunn’s multiple comparisons test was used. The Tukey or Dunnett’s multiple comparisons tests were
chosen to calculate 95% confidence intervals. Similarly, when comparing conditions with two
independent variables for a single experiment, a two-way ANOVA with Tukey’s multiple comparisons
test was used. For comparison of conditions across two independent variables using fold change-
normalised data from multiple differentiations, a repeated measures two-way ANOVA or a paired

mixed-effects model (if data was missing) with Tukey’s multiple comparisons test was used. For the
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statistical testing of correlation between two variables, Spearmann’s correlation test was used to account

for the possibility of nonlinear relationships between the two measured variables.

The data were plotted using the standard error of the mean (SEM) as an estimate of the precision of the
mean, rather than a measure of data spread. This was particularly relevant for the a-synuclein
aggregation data in neurons, where high cell-to-cell variability existed in all treated conditions. Data
plotted in R used several packages such as the tidyverse, ggplot2, and rstatix (Kassambra, 2023). Data
points on graphs represent independent differentiations, unless specified in the figure legend, and data

are plotted using the mean = SEM unless otherwise stated.
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3 Results: Modelling Parkinson’s Disease Using

a-Synuclein Pre-Formed Fibrils

Modelling de novo a-synuclein aggregation in iPSC-derived neurons is a challenge as there is a
temporal component that governs increasing likelihood of aggregation in human brain as well as in cell
models of the disease (Diao et al, 2021). One of the strongest risk factors for the development of
Parkinson’s disease is advancing age, and many studies have highlighted the difficulty in modelling
ageing, as well as phenotypes linked to ageing, in iPSC-derived neurons (Cornacchia & Studer, 2017).
Consequently, researchers have turned to triggering aggregation through exogenous methods, either

through overexpression of monomeric a-synuclein or through the use of recombinant or brain-derived

a-synuclein aggregates (Volpicelli-Daley et al, 2011; Cavaliere et al, 2017).

Extraction of a-synuclein proteinopathic seeds from the brain tissues of Parkinson’s disease patients
has generated highly disease-relevant insight into the process and consequences of a-synuclein
aggregation (Masuda-Suzukake et al, 2013; Cavaliere et al., 2017) but is limited by low yield and
paucity of brain materials to extract from. Seeded amplification assays, allowing for the de novo
generation of aggregation-prone seeds from patient brain-extracted materials, should theoretically
circumvent the aforementioned difficulty in sourcing disease-specific aggregated a-synuclein, but in
practice results in seeds that adopt a different conformation to the brain-derived materials from which
they originate (LOvestam et al, 2021; Yang et al, 2022). Treatment of human neurons with a-synuclein
PFFs has been shown to recapitulate the formation of Lewy body-like aggregates (Mahul-Mellier et al,
2020). How the formation of these aggregates impact cellular processes and components is an area of

active study.

The aim of this chapter is to investigate the accumulation of pS65Ub secondary to pS129-positive

aggregate formation in a human iPSC-derived neuronal model. To do this, I will:
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1. Optimise and validate in vitro-aggregated a-synuclein PFFs as a means of modelling the
process of a-synuclein aggregation in iPSC-derived neurons.
2. Investigate the spatial and temporal association of pS65Ub and pS129 in the seeded aggregation

model.

3.1 Characterisation of iPSC-derived i® cortical neurons

3.1.1 i® Neurons adopt glutamatergic and cortical neuronal identity

The G3dCas9 (hereafter, i¥) iPSC line carries two genetic modifications which enable its specialised
use for high-throughput biological experiments. A doxycycline-inducible neurogenin-2 expression
cassette was inserted into the AAVS1 safe-harbour locus (Wang et al, 2017) and a dCas9-BFP-KRAB
construct was integrated into the CLYBL safe-harbour locus, enabling constitutive expression of an
enzyme-deficient form of Cas9 linked to the repressor domain KRAB (Tian et al., 2019) (Figure 1a).
Upon addition of doxycycline, these cells differentiate in a one-step, 3-day process to cortical excitatory
neurons, a method which facilitates generating large quantities of neurons whilst using fewer resources
than more traditional small molecule-based differentiation protocols (Figure 1b). The resulting
population is composed of 97.4% MAP2-positive neurons (95% CI [96.55, 98.31]) and exhibits

typically polarised neuronal morphology with extensive arborisation (Figure 1c).

The differentiation and cell fate identity of the i® neuron has been extensively characterised elsewhere
(Zhang et al, 2013; Wang et al., 2017; Chen et al, 2020; Rosa et al, 2020; Lam et al, 2024). As an initial
step, the expression of key markers indicating neuronal, cortical and glutamatergic identity was

confirmed over the course of differentiation and maturation.

PAX6 and NES are genes expressed in neuronal progenitor cells and the expression of both was
upregulated at DIV 3, though only PAX6 trended towards being upregulated (p = 0.097) with time in

culture (Figure 2a), a timepoint during differentiation at which the cells have adopted a neuronal
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Figure 1. Genetically engineered G3dCas9 iPSCs differentiate in a one-step process to neurons.
a) In previous work by the Ward and Kampmann labs, an inducible neurogenin-2 expression cassette
was stably integrated at the AAVS1 locus (Wang et al, 2017) and a constitutively-expressed dCas9
cassette was integrated at the CLYBL locus (Tian et al, 2019) of a healthy control line, WTC11,
generating the G3dCas9 line. Left schematic: NGN2-expressing cassette, reproduced unchanged
from Fig. 1A of Wang et al, 2017, licensed under CC BY-NC-ND 4.0. Right schematic: dCas9-
expressing cassette, reproduced unchanged from Tian et al, 2019 with permission from Elsevier. b)
Schematic representation of differentiation of G3dCas9 iPSCs to cortical, glutamatergic neurons. c)
Representative image of differentiated i3 neurons at DIV 17, expressing the neuronal marker MAP2
by immunocytochemistry. Scale bar = 20 um. Quantification of the number of MAP2-positive cells
reveals that 97.4% of cells are MAP2-positive. N = 1 independent differentiations, each datapoint
represents a technical replicate. Data is presented as the mean = SEM. Panels 1a and 1b created with
Biorender.com.

morphology. The expression of these markers at this time suggests that despite their appearance, these
neurons are highly immature. Expression of PAX6 was increased at DIV 10, whereas the levels of NES

were similar to baseline. From DIV 17 to DIV 31, expression of both PAX6 and NES showed no change
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Figure 2. i® Neurons express cortical, excitatory, neuronal markers.

a) qPCR analysis of several neuronal progenitor cell, neuronal, glutamatergic, synaptic and cortical
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markers in i® neurons over the course of maturation at DIV 0, 3, 10, 17, 24 and 31. N = 2-3

independent differentiations. Statistical test: Repeated measures one-way ANOVA with Dunnett’s
multiple comparisons test or Friedman test with Dunn’s multiple comparisons test.

b)

Immunocytochemistry in DIV 10 i® neurons for the glutamatergic markers VGLUT1 and VGLUT2 as
well as for the neuronal markers MAP2 and TUJ1. 40x water immersion objective on the Opera
Phenix. Scale bar = 20 um. N = 1 independent differentiations. Data is presented as the mean + SEM.
*p<0.05 **p<0.01, ***p <0.001, **** p < 0.0001.

from baseline (with the exception of PAX6 at DIV 24, p = 0.0002), suggesting that the cells may acquire

a more mature expression profile with increased time in culture.
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Pan-neuronal markers TUBB3 (encoding TUBB3/TUJ1) and MAP2 (encoding MAP2) showed
increased expression from DIV 0 to DIV 3 over the course of differentiation, though only TUBB3
showed statistical significance (p = 0.0376), indicating adoption of a neuronal cell fate (Figure 2a). The
expression of MAP2 trended to increase over time (p = 0.0681 for the effect of culture time), whereas
after an initial increase with differentiation, TUBB3 expression was reduced and achieved a plateau over
the course of maturation. SLC17A7, which encodes for VGLUT1, showed a similar trend to TUBB3 (p
=0.0083 for the effect of time in culture, p = 0.0376 at DIV 3) (Figure 2a). This is consistent with rapid
neurite outgrowth and synapse formation at earlier stages of maturation, which transitions to slower
outgrowth and increased maintenance of existing neurites later in maturation. Interestingly, SYN1 which
encodes SYNAPSINL, a pre-synaptic synaptic vesicle protein, and ANK2, a cytoskeletal adapter protein
at synaptic terminals, showed increased expression over the course of maturation (p = 0.0014 and p =
0.1389), whereas the post-synaptic marker DLG4, encoding PSD95 at the post-synapse, maintained

constant expression following differentiation (Figure 2a).

Expression of the cortical marker CUX1 showed no statistical difference from DIV 0 over the course of
differentiation and maturation, consequently the levels of VGLUTL, VGLUT2, TBR1 and CUX2 were
investigated by immunocytochemistry in DIV 10 neurons to determine the potential for excitatory
neurotransmission and ascertain superficial or deep cortical layer identity (Figure 2b). The neurons
showed expression of both VGLUT1 and VGLUT2. Immunocytochemistry for TBR1 and CUX2
resulted in strong, unspecific staining of neurites and cell bodies, unlikely locations of physiological

function for two transcription factors (data not shown).

Culturing i® neurons in multi-electrode array (MEA) plates allowed for the longitudinal assaying of
neuronal activity over time. This technique allows for a broader measurement of neuronal firing at a
population level. The mean firing rate remained at a low level until DIV 35 and 45, when a time-
dependent increase in neuronal activity was observed (p = 0.0199 over time in culture, p = 0.0137 at
DIV 45) (Figure 3a). Local and disseminated network firing, measured through burst frequency and
network burst frequency, were absent until DIV 30 then increased over time (p = 0.0444 and p =

0.0382). Similarly, the synchronisation index of the network was increased over DIV 30-45 (p = 0.0455)
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(Figure 3a). Overall, this suggests that i® neurons in culture lack functional maturity until ~DIV 30, and

progressively acquire physiological firing capacities over extended culturing times.
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Figure 3. Increased excitatory firing in i® neurons over the course of maturation. a) Mean firing
rate, burst frequency, network burst frequency and synchrony index were measured by multi-
electrode array (MEA) over the course of maturation of i* neurons. These parameters were increased
over the course of maturation, particularly from DIV 30 onwards. Statistical test: Ordinary one-way
ANOVA with Dunnett’s multiple comparisons test. b) Raster plots of network bursting (yellow boxes
identify network bursts) with and without 10 uM cyanquixaline (CNQX) or an equivalent
concentration of DMSO. CNQX is an AMPA and kainate receptor antagonist and completely
abrogates i® neuron firing at DIV 45, as demonstrated by quantification of firing rate and bursting
behaviour of the neurons. N = 1 independent differentiations, each datapoint represents a technical
replicate. Statistical test: Paired t-test or Wilcoxon’s test. Data is presented as the mean &= SEM. * p
<0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Excitatory glutamatergic neurons express AMPA receptors, kainate receptors and NMDA receptors,
with AMPA and kainate receptors generally modulating fast synaptic signalling and NMDA receptors
regulating synaptic plasticity. Cyanquixaline (CNQX) is a potent AMPA and kainate receptor

antagonist, and treatment of neurons was expected to inhibit firing and network activity.

Complete abrogation of several measures of local and network firing was observed upon treatment
(Figure 3b), whereas DMSO-treated conditions showed no alterations to firing patterns. These data
confirm that the population of neurons produced by NGN2-directed differentiation have an excitatory,

glutamatergic profile.

3.1.2 Neurodegeneration-relevant proteins are expressed in i® neurons

To further characterise i® neurons, the expression of several neurodegenerative disease-associated
proteins in i* neurons was measured over the course of differentiation and maturation. SNCA expression
was increased over the course of maturation (p = 0.0292 for the effect of time in culture) until DIV 17,
at which time it stabilised over the subsequent timepoints (Figure 4a). APP showed no significant
increase in expression with differentiation. APOE, on the other hand, showed a marked decrease over
the course of differentiation and early maturation — its expression was significantly reduced from DIV
10 onwards (p = 0.0028, p <0.0001, p=0.0002 and p =0.0012 at DIV 10 to 31). MAPT showed strongly
increased expression through differentiation and maturation (p = 0.0083 for the effect of time in
culture). Overall, these data suggest that i® neurons have high levels of a-synuclein and tau expression

in comparison with iPSCs, but show no change in amyloid-p-encoding gene expression.

The protein levels of a-synuclein and tau showed a similar trend to the gene expression data, as assessed
by Western Blotting (Figure 4b). However, there was a strong upregulation of a-synuclein protein
between DIV 17 and 24, whereas gene expression was already at maximal levels at DIV 17. Overall,
these data suggest that the expression of aggregation-prone protein increases with the age and maturity

levels of neurons in culture.
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Figure 4. Neurodegeneration-related SNCA and tau are expressed in i® neurons.

a) Gene expression of neurodegeneration-related genes measured by gPCR over the course of
maturation in i neurons shows increased levels of SNCA and MAPT with time in culture. N = 2-3
independent differentiations. Statistical test: Repeated measures one-way ANOVA with Dunnett’s
multiple comparisons test or Friedman test with Dunn’s multiple comparisons test. b) Measurement
of SNCA and tau protein levels in i neurons over the same timepoints reveals strong increases in
SNCA and tau expression at DIV 24 and 31. N = 1 independent differentiation. Data is presented as
the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.2 a-Synuclein pre-formed fibrils to model the process of aggregation

3.2.1 Characterisation of in vitro-generated a-synuclein recombinant fibrils
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a-Synuclein PFFs were first aggregated in vitro following a protocol developed by Dr Nora Bengoa-
Vergniory (Bengoa-Vergniory et al, 2020) with modifications. a-Synuclein monomer sourced from the
Oxford Protein Production Small Research Facility (5 mg/ml) was agitated at 37°C, 250 rpm for 31
days. The successful production of proteinaceous fibrils was monitored by visually tracking the
turbidity of the solution, which increased over the course of aggregation (data not shown). At 31 days,
the aggregation was stopped and the fibrils stored at room temperature until sonication. A probe
sonicator (Hieschler) was used to sonicate the fibrils at 25% amplitude, 0.2 seconds cycle in 10-minute
bursts, and the resulting fibrils imaged by electron microscopy, until the fibrils reached an average

length of ~200 nm (Figure 5a).

Analysis of the PFFs under the electron microscope was performed by manually measuring the length
of fibrils using ImageJ software (section 2.5) (Figure 5b). A density distribution of the fibrils lengths
was then generated to allow the quantification of mean fibril length, and visualise the overall
distribution of the fibril sizes in the studied batch (Figure 5¢). The distribution of the fibrils within the
2021 11 preparation suggested that most fibrils were longer than 100 um, whereas shorter a-synuclein
fibrils, especially those <50 nm, have been shown to be more effective at seeding pS129-positive

aggregation in vitro and in vivo (Tarutani et al, 2016).

3.2.2 a-Synuclein PFFs trigger formation of phospho-serine 129-positive aggregates in

a dose-dependent manner

Treatment of primary neurons with a-synuclein PFFs has been shown to induce the formation of pS129-
tagged a-synuclein aggregates in the cytoplasm of cells, which replicate many of the markers of Lewy
bodies and neurites found in patient brains at autopsy (Mahul-Mellier et al, 2020). However,
recombinant fibrils are recognised to have strong batch-to-batch variability (Polinski et al, 2018). To
determine the effectiveness and treatment dosage of our preparation of a-synuclein fibrils, I conducted
a dose-response of 2 to 50 pug/ml of PFFs in i2 cortical neurons and measured the accumulation of pS129
by immunocytochemistry at day 14 post-seeding (Figure 6a). pS129-positive a-synuclein aggregates

formed in a dose-dependent manner, as assessed by measurements of staining
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Figure 5. Characterisation of a-synuclein fibrils aggregated from purified monomer. a)
Schematic representation of the method used in the in vitro aggregation of a-synuclein monomer into
PFFs. b) Electron micrographs of the first PFF batch produced, 2021_11, and overlay of the selection
used to quantify fibril length. 23,000x objective, JEOL 1400 KV electron microscope. c) Density
distribution plot of the fibril lengths from batch 2021_11. Dashed vertical line represents the mean
of the distribution. N = 179 fibrils. Panel 1a created with Biorender.com.

area and intensity (Figure 6b). In addition, there was no decrease in the average number of nuclei per
well on the basis of dosage, suggesting no toxicity of the PFFs or of the aggregation process at the

timepoint examined. This suggests that PFF treatment at DIV 10 in human cortical neurons may
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Figure 6. a-Synuclein PFFs seed pS129-positive aggregation in a dose-dependent manner. a)
Confocal microscopy images of i neurons treated with increasing doses of a-synuclein PFFs show
increasing levels of pS129-positive aggregates. Scale bar = 10 pm, 40x water immersion objective,
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Opera Phenix confocal microscope. b) Quantification of the levels of pS129 reveals significant
differences between experimental replicates. Statistical analysis: Ordinary two-way ANOVA with
Tukey’s multiple comparisons test. N = 2 independent differentiations, each datapoint represents a
biological replicate. ¢) Quantification of dose-dependent levels of PFF-seeded pS129 levels in i®
neurons. N = 4 independent differentiations. Statistical test: Friedman test with Dunn’s multiple
comparisons test. Data is presented as the mean = SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001.
model the early stages of a-synuclein aggregation, prior to advanced disease and cell death. The increase
in pS129 levels was non-linear, suggesting that the process of aggregation quickly reaches saturation

whereupon increases in fibrillar seeds does not produce further increases in aggregation (Figure 6b).

Statistically significant changes in the magnitude of PFF-induced pS129 aggregation were found
between experimental replicates for the total pS129 spot area (effect of experiment, p < 0.0001,
treatment, p = 0.0018), relative pS129 spot intensity (effect of experiment, p < 0.0001, treatment, p <
0.0001), number of spots per area of cell (effect of experiment, p < 0.0001, treatment, p = 0.0021,
interaction, p = 0.0097) and percentage of pS129-positive cells (effect of experiment, p < 0.0001,
treatment, p < 0.0001) (Figure 6b). This indicates that experiment-to-experiment variability is a strong
component of overall variability, in addition to within-experiment variability assessed by technical
replicates. Combining several independent replicates, each expressed as a fold change normalised to
the untreated control, showed that the relationship between a-synuclein PFFs concentration and the

levels of pS129 was nevertheless consistent across experiments (Figure 6c).
3.2.3 High batch-to-batch variability of recombinant a-synuclein PFFs

Another possibility for strong experiment-to-experiment variability was batch effects from different a-
synuclein PFFs preparations, prompting an investigation into the reproducibility of our fibrils. As a-
synuclein aggregation protocols have been found to be variable both batch-to-batch and across
laboratories, | compared fibrils generated by myself and Dr Bengoa-Vergniory (batch 2021_11) to
fibrils generated by myself (batch 2022_09) or generated by my colleague Ajantha Abey (batch
2023_02) using the same method of aggregation. Electron microscopy analysis revealed no
morphological differences between the fibril preparations (Figure 7a). Comparison of the mean fibril

length across each batch revealed that there was no significant difference between batches 2021_11
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Figure 7. Comparison of a-synuclein PFF preparations. a) Electron micrographs of batches
2021 11, 2022_09 and 2023 02 prepared by 3 independent experimenters show similar fibril
morphology and length. 6000x objective on Jeol 1400 KV electron microscope. Scale bars = 1 um
and 100 nm. b) Distribution density plot of fibril lengths of all three preparations. Dashed vertical
lines represent the mean of each preparation. N = 179 fibrils for 2021_11, N = 379 fibrils for 2022_09
and N = 304 fibrils for 2023_02. Statistical test: Kruskal-Wallis test with Dunn’s multiple
comparisons. ¢) Preparations 2021_11 and 2022_09 show significantly increased intensity of ThT in
comparison to monomeric SNCA. N = 1 independent experiment, each datapoint represents a
technical replicate. Statistical test: Kruskal-Wallis test with Dunn’s multiple comparisons post-test.
Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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and 2023_02, but that the mean length of batch 2022_09 was significantly shorter than both batches
2023 02 (p =0.0084) and 2021_11 (p = 0.0012) (Figure 7b). Thioflavin T fluorescence analysis of the
2022_09 and 2021_11 fibrils showed strongly increased fluorescence for both fibrillar batches (Figure

7c¢), indicating the fibrils have adopted a $-sheet conformation.

To rapidly and consistently assess a-synuclein PFF functional efficacy, | utilised a previously-
established immunocytochemical assay in SH-SY5Y cells overexpressing a-synuclein under the control
of the CMV promoter (Katrina Savory, unpublished data). Briefly, SNCA-T2A-GFP expressing SH-
SY5Y cells were seeded at low confluency into a 96-well plate format, treated with a dose-response of
a-synuclein PFFs and the levels of pS129 assessed as a readout of a-synuclein aggregation five days
post-seeding (Figure 8a). Treatment with a-synuclein fibrils led to a significant dose-dependent increase
in pS129-positive aggregates, which appeared predominantly as i) large, perinuclear solid masses, and
to a lesser extent as ii) dense cores with fibrillar offshoots, iii) fibrils or iv) a collection of puncta (Figure

8c).

Comparison of the three a-synuclein fibril batches with this assay demonstrated high variability
between the three preparations. Batch 2021 _11 showed the highest efficacy in inducing formation of
pS129-positive aggregates, whereas batches 2022_09 and 2023_02 showed reduced potency (Figure
8b-d). At the maximal PFF treatment concentration, 2021_11 had a significantly increased percentage
of pS129 positive cells compared to both 2022_09 (p = 0.0014) and 2023 _02 (p < 0.0001), and 2022_09
showed significantly more pS129-positive cells than 2023_02 (p = 0.0002) (Figure 8b-d). Overall, these
data suggested that the protocol for a-synuclein PFF aggregation produced high batch-to-batch
variability, which would create challenges in the design and implementation of a-synuclein PFFs-based
screening assays. Given that the objectives of the project relied on effective and reliable a-synuclein

aggregation, it became imperative to optimise fibril generation to minimise batch effects.

3.2.4 Optimisation of recombinant a-synuclein aggregation

A collaboration was established with the Magill lab, whose fibril preparations showed robust

aggregation in mouse models of PD (unpublished data). Through curation of the literature as well as
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Figure 8. Development of a functional validation assay for a-synuclein PFF preparations. a)
Schematic of the method employed to functionally assess the PFF-induced seeding efficiency of each
individual preparation. b) Representative confocal images of SH-SY5Y cells seeded with increasing
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concentrations of a-synuclein fibrils and stained with immunocytochemistry for pS129 and DAPI.
Scale bars = 50 pum. 40x water immersion objective, Opera Phenix confocal microscope. c)
Magnification of various aggregate morphologies found at 2 uM PFF. Scale bars = 10 pm. 40x water
immersion objective, Opera Phenix confocal microscope. d) Quantification of the percentage of
pS129-positive cells from the images in b). Preparation 2021 11 demonstrates a significantly higher
induction of PFF-seeded aggregation in comparison to preparation 2023_02, and a non-significant
increase over 2022 09. N = 1 independent experiments. Statistical test: Two-way ANOVA with
multiple comparisons test. Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, ***p <
0.001, **** p < 0.0001. Panel 1a created with Biorender.com.

discussion with the Magill and Volpicelli-Daley laboratories, 3 changes were made to the original

protocol (Figure 9).

First, the source and consistency of the a-Synuclein monomeric starting material, and the buffer
conditions it is supplied in, are crucial considerations in the aggregation process of a-synuclein, and
standardisation of these two factors is recommended by prominent laboratories in the field (Polinski et
al., 2018). The monomer used in the aggregation of batches 2021 11, 2022_09 and 2023 02 was
sourced from the Protein Production Small Research Facility (Oxford), which produced a-synuclein on
an ad hoc basis. a-Synuclein monomer commercially available from rPeptide was used for subsequent

preparations.

Second, the aggregation rotation was increased from 250 rpm to 1000 rpm, which significantly
shortened the time required for fibril formation. Stronger agitation has been shown to increase fibril
formation, and this in spite of changes to ionic strength, monomer concentration or addition of
compounds into the reaction solution (reviewed in Narkiewicz et al, 2014), suggesting that increased

shaking could mitigate small experiment-to-experiment variations.

Third, though it was widely recommended throughout the literature to sonicate a-synuclein fibril
aliquots after storage and immediately prior to use, to increase the aliquot-to-aliquot consistency of the
preparations, the fibrils were sonicated in large volumes prior to storage and use. As quality control was
performed on the original fibril aliquot, this increased how representative the electron micrographs
taken were of the individual aliquots and minimised inconsistencies which may have arisen from
sonication of each small aliquot independently. It should also be noted that recommendations in the

field have evolved significantly over the past decade, and at least one
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laboratory which once advised against sonication prior to storage has, after further testing, adhered to

this method.

To compare the performance of the new a-synuclein PFF aggregation protocol, human recombinant o-
synuclein fibrils were obtained sonicated and frozen from the Volpicelli-Daley laboratory (batch
2023 _04) through the Aligning Science Across Parkinson’s (ASAP) consortium initiative to distribute
well-characterised fibrils. These were compared both to the newly-generated fibrils (batch 2023 _05)
(Figure 10a) and the fibrils generated using the previous aggregation protocol (batch 2022_09). Electron
micrographs did not reveal differences in structure or conformation of the fibrils, but analysis of the
fibril length distribution showed that batch 2023_04 had a mean length of 37 nm, whereas the mean
length of the fibrils for batches 2022_09 and 2023_05 were 100 nm and 76 nm, respectively. All three
PFF preparations showed statistically significant differences in their mean length in all pairwise

comparisons (p < 0.0001) (Figure 10b and f).

ThT fluorescence analysis revealed that the 2023_04 fibril batch showed the highest fold change
increase in intensity (109-fold) compared to batch 2022_09 which showed only a 44.3-fold increase in
intensity and 2023_05 which showed a 13.5-fold increase in intensity over the a-synuclein monomer
(Figure 10c). However, these results have limited interpretation without access to the starting material
for batch 202304, which was aggregated by the Volpicelli-Daley laboratory. In direct contrast to the
ThT assay results, functional validation of the a-synuclein fibrils in SH-SY5Y showed that batch
2023_05 outperformed both 2023 04 (p < 0.0001) and 2022_09 (p < 0.0001), with batch 2022_09 also
outperforming batch 2023 _04 (p = 0.0451) (Figure 10d-e). These data show that the newly-adopted a-

synuclein fibril aggregation method produces fibrils that are able to induce pS129 aggregation.

A crucial aspect of adopting this new protocol was to increase batch-to-batch consistency of the fibrils.
Three new batches were prepared in accordance with the new protocol — batches 2023_08 2 and
2023_08_1 were prepared by my colleagues Sarah Franks and Dr Elena Britti. Functional validation
revealed much more consistency between the three preparations, though one of the preparations,

2023_08_1, showed significantly increased levels of pS129 compared to 2023_08_2
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Figure 10. Characterisation of a-synuclein PFF preparations aggregated using different
methods. a) Schematic of the new method developed for the aggregation of a-synuclein monomer.
A commercial a-synuclein monomer is agitated at 1000 rpm and 37°C for 7 days prior to sonication
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and storage. b) Electron micrographs of batch 2022 _09, prepared following the original protocol,
batch 2023_04, obtained from the Volpicelli-Daley laboratory and batch 2023_05 prepared following
the new, adapted method. Scale bars = 200 nm. 20,000x objective, JEOL 1400 KV electron
microscope. c) Fibril preparations show increased ThT fluorescence in comparison to monomeric
SNCA. N =1 independent experiment, each datapoint represents a technical replicate. Statistical test:
Ordinary one-way ANOVA with Tukey’s multiple comparisons test. d) Confocal microscopy images
of functional seeding efficiency validation of each preparation in SH-SY5Y cells, immunostained for
pS129 and DAPI. Scale bars = 50 um. 40x water immersion objective, Opera Phenix confocal
microscope. e) Quantification of the microscopy images measuring the percentage of pS129-positive
cells at each concentration shows a statistically significant difference between batch 2023_05 and the
other two preparations. N = 1 independent experiment. Statistical test: Two-way ANOVA with
Tukey’s multiple comparisons test. f) Distribution density plots of fibril lengths for each preparation.
Vertical dashed lines represent the mean of the distribution for each batch. N = 329 fibrils for
2022 09, N = 1398 fibrils for 2023 04 and N = 262 fibrils for 2023_05. Data is presented as the
mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Panel 1la created with
Biorender.com.
(p = 0.0008) and 2024 03 (p < 0.0001) (Figure 11a-b). Importantly, all three preparations showed a
significant effect of PFF treatment (0 uM versus 2 UM, p < 0.0001), whereas two previous preparations
had failed to show a significant effect of treatment (2023 _02 and 2023 04). Interestingly, batch
2023_08_1 showed significantly increased mean length of fibrils compared to both other preparations
(p <0.0001) (Figure 11c). Another batch was prepared in 2025 and functionally evaluated using pS129
as a readout. It was shown to perform on par with the previous two preparations, with all three batches
demonstrating a significant effect of treatment at doses of 0.175 uM to 2 uM (p < 0.0209) (Figure 12a-
b). These data suggest reduced variability across preparations of fibrils, and that the protocol is more

robust to experimenter-induced variation.
3.2.5 Predicting seeding efficiency of a-synuclein PFF preparations

Given that early a-synuclein preparations showed increased batch-to-batch variability but few clear
differences in fibril morphology, we sought to identify parameters measured in the process of quality
control which might predict the seeding efficacy of a preparation. The electron micrographs of all the
previous a-synuclein preparations over the past three years were revisited (Figure 13 and Figure 14),
which revealed changes in the lengths of the fibrils within each preparation, but no apparent changes in
fibril morphology or conformation, such as helices. However, the natural variability existing within
fibril preparations as well as heterogeneity in the contrast of the positive staining confounded the

comparison of preparations on the basis of their appearance in EM micrographs.
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Figure 11. Preparations of in vitro aggregated a-synuclein show reduced experimenter-induced
variability. a) Preparations were aggregated in vitro by three independent experimenters and
subjected to functional characterisation in SNCA-GFP SH-SY5Y. Confocal microscopy images
showed that all three preparations show similar dose-dependent increases in pS129-positive
aggregation. Scale bars = 50 um. 20x water immersion objective, Opera Phenix confocal microscope.
b) Quantification of the number of pS129-positive cells shows a small significant increase in the
percentage of positive cells for batch 2023 _08_1. N = 1 independent experiments. Statistical test:
Two-way ANOVA with Tukey’s multiple comparisons test. ¢) Density distribution plot of fibril
lengths for each preparation. Vertical dashed lines indicate the distribution mean. N = 501 fibrils for
2024 _03, N = 489 fibrils for 2023_08_1 and N = 804 fibrils for 2023_08_02. Data is presented as
the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Plotting the fibril length distributions of all the preparations revealed a statistically significant reduction

in the mean fibril length over time (p = 0.0080 for 2022_09_thawed and p > 0.0001 for
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Figure 12. Preparations of in vitro aggregated a-synuclein show reduced batch-to-batch
variability. a) Three preparations were aggregated in vitro and functionally characterised in SH-
SY5Y overexpressing SNCA. Confocal microscopy images showed that all three preparations show
similar dose-dependent increases in pS129-positive aggregation. Scale bars = 50 pm. 20x water
immersion objective, Opera Phenix confocal microscope. b) Quantification of the number of pS129-
positive cells showed no difference across all preparations. N = 1 independent experiment. Statistical
test: two-way ANOVA with Tukey’s multiple comparisons test. ¢) Density distribution plot of fibril
lengths for each preparation. Vertical dashed lines indicate the distribution mean. N = 501 fibrils for
2024 _03, N = 804 fibrils for 2023_08_02 and N = 339 fibrils for 2025_04. Data is presented as the
mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2023_03t0 2025 _05). This is particularly evident when comparing the first preparation produced (batch
2021_11) compared to the last (batch 2025_05), which showed respective mean fibril lengths of 149.2
and 33.5 nm, respectively (Figure 14a). Binning the fibrils based on their length reveals that this appears

to be driven by a loss of fibrils >200 nm in length, and a gain in the proportion of fibrils between 0-50
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Batch 2023_03_CL Batch 2023_04_VD Batch 2023_05 Batch 2023_08_1

Batch 2023_08_2 Batch 2024_03 Batch 2025_04 Batch 2025_05

Figure 13. Comparison of all available a-synuclein PFF preparations to predict seeding
efficiency.

a) Electron micrographs of in vitro-aggregated a-synuclein preparations. All preparations show
similar overall morphology despite significant differences in the contrast of positive staining. The
fibrils show varying lengths, numbers per field and sideways packing of fibrils. Scale bars = 200 nm,
except for batch 2021_11, scale bar = 1000 nm. 20,000x objective on JEOL 1400 KV electron
microscope. b) Fibril length was measured using Image J software. ¢) The Euclidean distance was
measured from the centre point of another fibril. This measurement was repeated for all fibrils in a
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field of view, generating a distribution of distance measurements. 23,000x objective on JEOL 1400

120 kV electron microscope.
nm in length (Figure 14b). Plotting the mean fibril lengths and the total fibril counts also reveals a
possible inverse relationship between these two parameters (Figure 14c-d). Seeding efficiency was
determined in a relative manner by comparing the maximal levels of pS129 induced by each preparation
and normalising the value to the maximal levels of the previous preparation included in the comparison
(see section 2.5). The seeding efficiency shows an increase following the adoption of the new
aggregation method and although it shows batch-to-batch variability, this variability is reduced in scale

compared to the first three preparations (Figure 14e).

To analyse the degree of protein aggregation and coagulation within a-synuclein fibril preparations,
which is likely to effectively reduce the concentration of active seeds, the distance between the centre
of each fibril and each of the neighbouring fibrils in the electron micrographs was measured per field
of view, then mapped as a distribution (Figure 13c and Figure 14f). This highlighted increased distances
between fibrils in preparation 2021 11, and decreased distance (and increased aggregation) in

preparation 2025_04, visible in the electron micrographs of these two preparations (Figure 13a).

Finally in order to understand which measured parameters are most informative of a preparation’s
seeding efficiency, the mean length, mean Euclidean distance, fibril count and monomer source were
correlated to the efficiency score of each preparation. This revealed no parameter had a statistically
significant effect on seeding efficiency, though the mean length showed a Spearmann’s p = -0.25 and
the monomer source and aggregation protocol showed a Spearmann’s p = 0.317 (Figure 14f). The effect
of length on fibril uptake kinetics into cells has been well characterised, and it is possible that the a-
synuclein monomer itself or the buffer composition, contaminants, or the aggregation method are
contributing factors in the efficiency of the final preparation. Increasing the numbers of replicates may
increase the statistical power of the correlation. Interestingly, neither the Euclidean distance nor the
fibril count showed any correlation with the efficiency score, suggesting that the coagulation of the
fibrils and the number of fibrils, measured in this manner, does not have an influence on the levels of

pS129 generated (Figure 14f).
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Figure 14. Predicting the seeding efficacy of PFF preparations based on multiple measurable
parameters.
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a) Distribution density plots of the fibril lengths for each preparation. Black vertical lines represent the
mean of each distribution. N = 179 fibrils for 2021 11, N = 327 for 2022_09, N = 482 for
2022_09_thawed, N = 304 for 2023 _02, N = 585 for 2023_03, N = 1398 for 2023_04, N = 262 for
2023 _05, N =489 for 2023 08_1, N = 804 for 2023_08_2, N =501 for 2024_03, N = 339 for 2025_04
and N = 1145 for 2025_05. b) Fibril length was quantified and binned into categories based on length.
The proportion of the number of fibrils in each bin is presented as a bar plot. Over time, the preparations
have had fewer fibrils >200 nm and more fibrils <50 nm. ¢) Mean length of each fibril preparation
shows a significant decrease of mean length over time when compared to batch 2021 11. See a) for N.
Statistical test: Kruskal-Wallis test with Dunn’s multiple comparisons test. d) Count of the number of
fibrils in all the fields of view combined for each preparation reveals a trend towards increased numbers
of fibrils. N = 1 independent experiment. ) The seeding efficiency score was computed for each batch
relative to previous preparations and was overall increased and less variable in batches prepared with
the adapted protocol. N = 1 independent experiment. f) Distribution density plot of the Euclidean
distance between fibrils, measured from the centre position of a fibril to the centre position of another
fibril within a field of view, for each preparation. N = 2590 measurements for 2021_11, N = 9304
measurements for 2022_09, N = 19,565 measurements for 2022_09 thawed, N = 7694 measurements
for 2023 02, N = 28,179 measurements for 2023 03, N = 165,263 measurements for 2023 04, N =
5767 measurements for 2023 _05, N = 20,448 measurements for 2023 08 1, N = 53,722 measurements
for 2023 08 2, N = 21,643 measurements for 2024 03, N = 10,685 measurements for 2025 04, N =
116,586 measurements for 2025_05. g) Spearmann correlation plot of the parameters measured in
relation to the seeding efficiency score of the fibril preparations. N = 1 independent experiment.
Statistical test: Spearmann’s correlation test. Data is presented as the mean = SEM. * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001.

3.3 pS129-positive aggregates co-localise with a marker of mitophagy

Implementation of the a-synuclein PFF-induced pS129 assay into i® cortical neurons allows for the
study of a basic, neuronal biological model that is highly tractable and has shorter experimental
timeframes. With the integration of the dCas9-expressing cassette, having the possibility of knocking
down genes of interest allows dissection of the molecular process of a-synuclein aggregation and its

downstream effects.
3.3.1 a-Synuclein aggregates trigger formation of pS65Ub

It has been widely reported that a-synuclein pre-formed fibrils act as seeds which trigger the aggregation
of endogenous a-synuclein monomer. Examination of the SNCA gene expression (section 3.1.2)
suggested that SNCA is upregulated after differentiation and over maturation, suggesting increased
levels of pS129 could be seeded with PFF treatment later in maturation. To investigate the impact of a-

synuclein monomer expression over culture time on seeded aggregation, i® neurons were treated with
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Figure 15. Seeding pS129-positive aggregation later in maturation does not significantly
increase levels of pS129.

a) Confocal microscopy images of PFF-seeded pS129-positive aggregation in i* neurons 14 days
after PFF treatment at DIV 7, 10 or 17. Immunocytochemistry for pS65Ub and pS129 highlights
similar levels of both markers with treatment later in maturation. Scale bar = 20 um. 40x water
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immersion objective, Opera Phenix confocal microscope. b) Quantification of the pS129 staining in
the images in panel a) shows no statistically significant differences in measured parameters with PFF
treatment on days 7, 10 or 14. N = 2 independent differentiations. Statistical test: Two-way ANOVA
with Tukey’s multiple comparisons test. Data is presented as the mean = SEM. * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001.
a-synuclein PFFs at DIV 7, DIV 10 and DIV 17, then fixed 14 days post-seeding and stained by
immunocytochemistry for the levels of pS129. Examination of the confocal microscopy images
suggested that there were similar levels of pS129 seeded 14 days post-PFFs for DIV 7, 10 and 17 (Figure
15a). Quantification of key parameters such as the total spot area, relative intensity, number of spots
per area of cytoplasm, spot size and the number of pS129-positive cells showed no significant difference
in PFF-induced aggregation with time (Figure 15b). Knockdown of SNCA, which was predicted to
abolish aggregation, showed no increase in pS129 aggregation in terms of intensity, size or the number
of pS129-positive cells after seeding (a significant increase was noted for the total pS129 spot area
between UT and PFF-treated sgSNCA-treated cells on DIV 17 (p = 0.0217), though the effect size was
very small). Consequently, sgSNCA-expressing cells effectively served as a negative control for the
assay. This is consistent with the templating of endogenous monomer by exogenous proteinopathic
seeds. There was no significant change in the number of nuclei as a result of the PFF-treatment,
suggesting that the PFFs and aggregation process are not toxic at the timepoints examined (Figure 15b).
Overall, these data suggest that increased the increase in monomer expression over DIV 7 to 17 is

associated with no substantial gains in the levels of PFF-seeded pS129-positive a-synuclein

aggregation.

Previous data in dopaminergic neurons in the laboratory suggested there was an interaction between the
PFF-induced aggregation of a-synuclein and the formation of the PINK1-dependent mitophagy marker
pS65Ub. Staining one of the experimental replicates with an antibody targeting pS65Ub revealed a
similar pattern, with levels of pS65Ub correlating with the levels of pS129 and co-localising with the

pS129 puncta (Figure 15a).
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Figure 16. Time-dependent pS129 and pS65Ub accumulation over time post-seeding with
PFFs.

a) Confocal microscopy images show an increase in pS129 and pS65Ub immunostaining over
time after seeding with PFFs at DIV 10. Scale bars = 20 um. 40x water immersion objective, Opera
Phenix confocal microscope. b) Quantification of the immunostaining reveals a time-dependent
increase in the area, intensity of pS129 immunostaining as well as the number of pS129 spots and
percent of pS129-positive cells. Cells transduced with a sgRNA targeting SNCA have significantly
reduced pS129 levels. N = 3-4 independent differentiations. Statistical test: paired mixed-effects
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model with Tukey’s multiple comparisons. Data is presented as the mean + SEM. * p <0.05, ** p

<0.01, *** p <0.001, **** p < 0.0001.
To investigate the kinetics of pS129 and pS65Ub accumulation in i neurons, the DIV 10 timepoint for
PFF treatment was selected and the levels of both markers were measured by immunocytochemistry
from day 7 to 14 post-seeding. Confocal microscopy images revealed an increase in pS129-positive
aggregates, both in number and size, over time as well as an apparent increase in the size of the pS65Ub
spots co-localising with these aggregates (Figure 16a). Quantification of the staining revealed a
significant increase in the percentage of pS129-positive cells over the course of aggregation (timepoint,
p = 0.0101, genotype and treatment, p = 0.0016, interaction, p = 0.0158) (Figure 16b). For the relative
intensity, number of spots per area of cell and percentage of pS129-positive cells, there was a significant
effect of genotype and treatment (p = 0.0475, p = 0.0672 and p = 0.0016), and knockdown of the SNCA

gene markedly reduced the levels of pS129-positive aggregates (Figure 16a-b).

Though there was a trend towards increased total pS129 spot area, relative spot intensity and number
of spots per area of cell, these measured parameters did not achieve statistical significance. It is
nevertheless interesting to observe that this possible increase for most parameters is linear, suggesting
that saturation was not achieved. If practical considerations allowed for evaluation of later experimental
timepoints, it is possible that the process of aggregation would have continued unabated, perhaps

revealing more insight into early- versus late-stage a-synuclein aggregation.

3.3.2 pS129 and pS65Ub interaction at a single-aggregate level

In the previous experiment, it was observed that both pS65Ub-positive and negative a-synuclein
aggregates occurred in PFF-treated neurons, suggesting that there existed two populations, a population
that co-localised with pS65Ub and a population that did not. Analysis was performed on single pS129-
positive aggregates to uncover the relationship between pS65Ub and pS129. The size of pS129-positive
aggregates was hypothesised to determine the interaction with pS65Ub as larger aggregates seemed to

co-localise with pS65UDb to a higher degree that smaller aggregates (Figure 16a).
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Figure 17. Relationship of pS129 and pS65Ub puncta over aggregation time course.

a) Mean pS129 and pS65Ub puncta size over days post-PFF seeding is increased linearly with time.
b) Distribution density plot of the pS129 spot size, grouped based on co-localisation with pS65Ub,
reveals that pS65Ub-positive aggregates are overall larger than pS65Ub-negative aggregates. c)
pS129-positive aggregates were binned based on size, revealing a small increase in large aggregates
and a small decrease in small aggregates over time. ¢) The mean spot size for pS129 and pS65Ub
in pS65Ub-positive or negative pS129 aggregates shows that pS129-positive, pS65Ub-positive
aggregates are larger and show increased mean size over time. N = 1 independent experiments. Data
is presented as the mean.

Comparing the pS129 aggregate size over time revealed that the mean size of these puncta increases

linearly (Figure 17a). Similar analysis for pS65Ub-positive puncta revealed a time-dependent increase

99



in colocalization of pS65Ub with pS129-positive aggregates. Furthermore, the distribution of pS129
aggregate sizes was markedly different for pS65Ub-positive and pS65Ub negative aggregates, with

pS65Ub-positive aggregates being larger (Figure 17b).

The larger pS65Ub-positive pS129 spots grew in a time-dependent manner, as did the pS65Ub spots
co-localised with pS129-positive aggregates (Figure 17c). In contrast, pS65Ub-negative pS129 spots
were smaller in area and showed negligible growth over time. This could be indicative of a population
of pS129 aggregates which show very slow aggregation Kinetics and little interaction with pS65Ub.
Alternatively, this could be the result of continual nucleation of pS129-positive aggregates over time,
with smaller aggregates becoming larger aggregates whereupon they start accumulating pS65Ub, which
are then replaced by de novo synthesis of small aggregates. This latter hypothesis is consistent with the
linear accumulation of pS129-positive puncta in terms of area, intensity and number over time (Figure
16a-b). Classifying each aggregate into small (<0.6 um?), medium (0.6-1.5 um?) or large (>1.5 um?)
aggregates revealed that large aggregates increased marginally over time and small aggregates were
slightly reduced between days 9 and 12 post-PFFs before returning to baseline (Figure 17d). The lack
of overt trend towards reduced small aggregate and increased large aggregate proportion is also

consistent with continual generation of aggregates over time.

3.3.3 PFF-induced pS65Ub formation is dependent on PINK1

To rule out non-specific antibody interactions or other confounders in the interaction between pS129-
positive aggregates and pS65Ub-tagged mitochondria, CRISPRi was used to knock down PINK1 and
investigated the levels of pS65Ub after PFF seeding (Figure 18a). As expected, quantification of pS129
levels revealed a robust increase with PFF treatment, which was abolished by the knockdown of SNCA
(Figure 18b). The levels of pS129 in PINK1 knockdown conditions was equivalent to the control

condition.

Quantification of the pS65UD levels showed an increase in pS65Ub in control, PFF-treated conditions
(Figure 18b). The increase in pS65Ub was found to be driven by pS129-positive cells. PINK1

knockdown in neurons showed equivalent levels of pS65Ub to the untreated control in pS129-positive
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cells and pS65Ub levels were significantly reduced in pS129-negative cells. Overall, these data suggest
that the PFF-induced accumulation of pS65Ub is dependent on the PINK1-dependent pathway of
mitophagy, and that pS129-positive aggregates are co-localised with mitochondria tagged for

degradation.

3.4 Discussion

In this chapter, | have shown that i neurons could be differentiated to a population of 97.4% MAP2-
positive neurons, which expressed markers of neuronal progenitor cell identity during differentiation as
well as markers of cortical and glutamatergic identity during differentiation and maturation. The cells
acquired the capability of firing action potentials and developed a network bursting pattern of activity

with increased time in culture.

To develop a robust model of a-synuclein seeding, a-synuclein monomer was aggregated in vitro and
the resulting fibrils were shown to induce a dose-dependent increase in pS129-positive aggregates in
neurons and SH-SY5Y. However, a-synuclein preparations were found to have high batch-to-batch
variability. Optimisation of the aggregation protocol yielded increased consistency between
preparations. Correlation of several quality control metrics with the seeding efficiency of each
preparation suggested no measured parameters regarding fibril length, count, coagulation or preparation
method significantly correlated with higher seeding efficiency. However, the mean fibril length showed
a small inverse association and the monomer source and aggregation method showed a small positive

association with pS129-positive aggregate seeding.

Optimisation of the pS129 seeded assay in i® neurons highlighted that a-synuclein fibril-induced
aggregation was not significantly increased with seeding at later timepoints in maturation. Knockdown
of SNCA resulted in strong inhibition of aggregation. pS129-positive aggregates were also found to co-
localise with pS65Ub, a marker of mitophagy formed through the PINK1-dependent pathway. Time

course analysis showed that pS129-positive aggregates increased in size with time post-seeding, as did
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Figure 18. PFF-induced pS65Ub accumulation is dependent on the kinase PINK1.

a) Confocal microscopy images of pS65Ub and pS129 staining in cells transduced with a control
SgRNA, or sgRNAs targeting PINK1 or SNCA. pS129 staining is abolished with knockdown of
SNCA, and pS65Ub immunostaining is reduced in PINK1 knockdown conditions. b)
Quantification of the pS65Ub and pS129 immunostaining in total, pS129-positive and pS129-
negative cells. N = 1 independent differentiations. Statistical test: Kruskal-Wallis test with Dunn’s
multiple comparison test. Data is presented as the mean £ SEM. * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001.

the co-localised pS65Ub puncta. pS65Ub-positive pS129 aggregates were on average larger than their

pS65Ub-negative counterparts. Knockdown of the PINK1 gene prevented the accumulation of pS65Ub

in PFF-treated conditions.
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3.4.1 Maturity of iPSC-derived i® cortical neurons

gPCR analysis of various neuronal progenitor, neuronal, glutamatergic and cortical markers suggested
that the NGN2-induced i neurons express markers of neuronal progenitor cells, PAX6 and NES,
between DIV 3-10 and subsequently transition to a more mature, neuronal and glutamatergic profile
with further maturation. Neurogenin2 is a basic helix-loop-helix transcription factor whose expression
was found to be sufficient for the generation of electrophysiologically-active neurons from mouse
ESCs, even in the absence of medium factors supportive of neuronal differentiation, through activation
of a cascade of known developmental transcription factor expression such as Math3, Olig2 (Thoma et
al, 2012). Altogether, these data suggests that the forced expression of NGN2 results in activation of

physiological developmental neurogenesis pathways.

It is interesting that PAX6 was also shown to be upregulated by myself and other authors in NGN2-
induced neuronal cultures (Thoma et al., 2012), highlighting a reversal in the physiological cascade of
transcription factors. Indeed, multiple studies have shown that in model organisms, Pax6 is an upstream
neuronal progenitor factor which results in the activation of Ngn2, whose expression in turn generates
a negative feedback loop where Pax6 is downregulated (Bel-Vialar et al, 2007; Bergstrom et al, 2016).
Despite this reversal, NGN2 expression in this study was associated with generation of glutamatergic
neurons expressing MAP2, TUJ1, VGLUT1 and VGLUTZ2, which lack PAX6 and NES expression after
DIV 10 and which become electrophysiologically active with further maturation from DIV 30 onwards.
These data suggest that NGN2-induced neurons reproduce many of the features of physiological
neurons, and thus offer a time-effective, homogeneous model of cortical excitatory neurons. However,
given that the timepoints of this study were between DIV 10 and 24, my data suggests that the neurons
used in these studies were still immature and did not fully recapitulate the characteristics of in vivo

neurons, in particular the electrophysiological activity.

NGN2-induced neurons have been extensively characterised elsewhere (Zhang et al., 2013; Wang et
al., 2017; Chen et al., 2020; Rosa et al., 2020; Lam et al., 2024). These studies have highlighted similar
advantages and disadvantages of this cell culture model. An early iteration of the NGN2-induced neuron
protocol showed that NGN2-induced neurons became functional, excitatory neurons with
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electrophysiological activity and features of synaptic plasticity that could integrate into mouse brains
(Zhang et al., 2013). However, the neurons in this study were suggested to be immature on the basis on
their overall gene expression profile. Similarly, neurons differentiated from an isogenic iPSC line with
stable integration of an NGN2-expressing construct expressed TUJ1, NeuN, Tau, AnkG, GIluR2/3 and
VGLUTL at 4 weeks in culture. At 8 weeks, the cells were able to fire action potentials, which was
inhibited by CNQX (Wang et al., 2017). RNA-sequencing of i* neurons at timepoints over the first
month of maturation showed expression of VGLUTL, VGLUT2, ANK2, PAX6, NES, MAP2, SYN1,
CUX2 and CUX1 (Tian et al., 2019), in line with my data. Other studies have suggested that inducible
neurons cluster with foetal neurons based on gene expression profiles (Nehme et al, 2018), and resulted
in less mature neurons than an embryoid body-based differentiation protocol, corresponding roughly to

second trimester neurons (Rosa et al., 2020).

3.4.2 i® Neurons as a model of Parkinson’s disease

As discussed above, i neurons provide a rapid and reproducible cell culture model that is broadly
neuronal, cortical and excitatory, despite being immature. In the context of studying PD, a disease of
old age, the relevance of these neurons is an appropriate question. However, iPSC-derived models have
successfully replicated phenotypes found in post-mortem brains of human patients, despite iPSC-
derived cells generally proving to be youthful models of in vivo cell types (reviewed in Cornacchia &
Studer, 2017). A study of post-mortem PARK?2-deficient patient brains and iPSC-derived cells from the
same donors revealed a-synuclein aggregation in one donor’s brain and iPSC-derived neurons, which
was absent in the closely-related second donor’s brain and iPSC-derived neurons (Imaizumi et al, 2012).
Another comparative study highlighted deficiencies in nuclear envelope organisation, which was also
found in post-mortem human brain tissue (Liu et al, 2012a). More broadly, studies in post-mortem brain
tissues and in iPSC-derived neurons have independently identified defects in mitochondrial respiration,
oxidative stress, changes in dopamine metabolism or signalling and the autophagy-lysosomal pathway
as key mediators of dysfunction in PD (reviewed in Toulorge et al, 2016 and Tran et al, 2020). Overall,

this provides a strong rationale for the use and study of iPSC-derived neurons to understand disease
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mechanisms, especially in the context of this study where a tractable model was required to implement

CRISPRi-mediated gene knockdown.

The use of NGN2-induced neurons, which adopt a cortical neuronal cell fate, allows the modelling of
late-stage PD. Indeed, a-synuclein pathology in PD is thought to spread from the midbrain at early
Braak stages to higher brain regions such as the cortex in later Braak stages (Braak et al., 2003), though
the exact primary site of a-synuclein aggregation — the midbrain or perhaps the olfactory bulb or enteric
nervous system — has been controversial. However, it is well accepted that dopaminergic neurons in the
substantia nigra pars compacta are particularly vulnerable to a-synuclein pathology, dysfunction and
death, and it is the loss of this population of neurons that results in the motor symptoms so characteristic
of the disease. As such, this study would have been well-suited to implementation in iPSC-derived

dopaminergic neurons, though this was challenging on several counts.

Genetic screening on the scale required for this study is reliant on a homogeneous population of cells.
Indeed, the small molecule-based differentiation protocol which is well-established in our laboratory
and common in the field results in a mixed population of ~50-60% TH+ neurons (Kriks et al, 2011;
Zambon et al., 2019; Beccano-Kelly et al., 2023; Cramb et al, 2023). This is a crucial concern as
variability, replicate-to-replicate and across mixed cell populations, may obscure biological effects.
This is likely to be highly compounded when the effect sizes are expected to be small. Progress is
currently being made by several laboratories in creating transcription factor-induced dopaminergic
iPSC lines, following the same template as NGN2-induced cortical neurons. An early iteration used a
combination of Mash1, Ngn2, Sox2, Nurrl and Pitx3 to turn fibroblasts into dopaminergic-like neurons,
but showed a loss of 96-98% of cells in the process (Liu et al, 2012c). More recently mRNA-mediated
delivery of Atohl and Ngn2 induced >90% of cells into TH+ neurons, but required transfection of cells
with each differentiation (Xue et al, 2019), whereas others used a combination of ASCL1 and LMX1A
(Nishimura et al, 2022) or ASCL1, LMX1B and NURRL1 (Powell et al, 2023). In the latter study, no
electrophysiological activity characteristic of in vivo dopaminergic neurons was detected. One of the
most recent attempts used NGN2-induced differentiation coupled with small molecule patterning

factors, and the resultant neurons synthesised dopamine and had spontaneous electrophysiological
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activity reminiscent of brain dopaminergic neurons. Despite this, the population was only ~60% TH+
(Sheta et al, 2022). Successful generation of transcription factor-induced TH+ neurons will make

feasible large-scale screening in the most vulnerable cell type in PD.

3.4.3 Methods of modelling a-synuclein aggregation in a dish

Due to the foetal nature of iPSC-derived neurons, modelling the process of a-Synuclein aggregation in
vitro has been challenging to reproduce and several different methods have been developed to trigger
the process within reasonable timeframes. Indeed, iPSC-derived cells do not spontaneously develop
aggregates resembling Lewy bodies or Lewy neurites in vitro, even in a genetic background containing
four copies of the SNCA gene (Byers et al, 2011; lannielli et al, 2022). Small, punctate aggregates
appeared in a diffuse manner throughout the soma (lannielli et al., 2022), which became detectable
using Thioflavin S after 5 weeks of maturation. To model a-synuclein pathology, iPSC models have
been modified to use optogenetics to induce aggregation (Bérard et al, 2022; Kim et al, 2023), or
bimolecular fluorescence complementation (Outeiro et al, 2008). Other laboratories used transduction
with viral vectors to express supra-physiological levels of SNCA (reviewed in Delenclos et al, 2019).
Alternatively, Volpicelli-Daley and colleagues were the first to show that recombinant a-synuclein
monomer aggregated in vitro were able to template the aggregation of endogenous monomer expressed
at physiological levels in primary neurons (Volpicelli-Daley et al., 2011). This was reproducible across
cell types, such as iPSC-derived neurons (Zambon et al., 2019). Aggregates formed in this way

reproduce many of the features of Lewy bodies and Lewy neurites in vivo (Mahul-Mellier et al., 2020).

It should be noted that a-synuclein PFFs, by virtue of triggering the formation of a-synuclein aggregates
in neurons upon uptake, are more similar to a model of disease progression than de novo disease
initiation. a-Synuclein pathology in PD is thought to spread from lower to higher brain structures in a
prion-like manner, with late-stage disease showing cortical region involvement (Del Tredici et al,
2016). Monomeric, oligomeric and short fibrillar species have all been found in the CSF or plasma of
PD patients (Borghi et al, 2000; El-Agnaf et al, 2003; El-Agnaf et al, 2006; Desplats et al, 2009;
Lobanova et al, 2022), exocytosed by neurons through several possible mechanisms such as
extracellular vesicles or classical exocytosis (reviewed in Bras & Outeiro, 2021). In addition, many

106



studies have shown that these species can seed aggregation and fibril formation in seeded amplification
assays (Groveman et al, 2018; Kang et al, 2019; Shahnawaz et al, 2020; Russo et al, 2021; Schaeffer
et al, 2024; Bréuer et al, 2025). Several receptors have been proposed to mediate a-synuclein binding
and uptake at the cell surface, in an aggregation species-dependent manner, such as LAG3 (Birol et al,
2019; Mao et al, 2016), neurexin-1p (Birol et al, 2019), LRP1 (Chen et al, 2022), or heparan sulphate
proteoglycans (Birol et al, 2019). However, a recent study found that LAG3 was not expressed in neural
stem cell-derived neurons, or human and mouse brain samples (Emmenegger et al, 2021), suggesting
that further studies will be required to confirm uptake mechanisms of these a-Synuclein species.
Altogether, these data strongly suggest that a-synuclein seeds likely mediate cell-to-cell spreading over

the course of the disease.

In light of this, the PFF model of a-synuclein aggregation has been widely used to model the spread of
pathology in vivo. Injection of PFFs in mouse brains results in a transsynaptic spread of a-synuclein
pathology, in a manner than is dependent on both the connectome as well as cell-intrinsic properties
which confer a fertile ground for a-synuclein aggregation (Henrich et al, 2020), and have been widely
used in the field as models of disease propagation in the brain (Desplats et al, 2009; Luk et al, 2012a;
Luk et al, 2012b; Paumier et al, 2015; Abdelmotilib et al, 2017). In the context of this study, the
combination of the a-synuclein seeding model and cortical cell model is most accurately reflecting the
processes of late-stage PD, where a-synuclein pathology in cortical neurons is likely triggered by seeds

produced in other brain regions.

3.4.4 Factors influencing a-synuclein PFF-induced aggregation

Since the discovery that a-synuclein aggregation could be triggered by PFFs, the model has become
one of the most popular methods for modelling Parkinson’s disease in cultured cells or rodents. My data
showed that a-synuclein recombinant monomer can be agitated at 37°C to generate long fibrils, which
are then sonicated into smaller fragments. Treatment of i® neurons with fragmented fibrillar a-synuclein
resulted in the generation of pS129-positive a-Synuclein aggregates. Whilst an early study used
transduction reagents to shuttle fibrils into the cytoplasm of cultured immortalised cells (Luk et al.,
2009), it has since been shown on many occasions that fibrils are actively endocytosed by neurons and
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other cell types and result in the generation of pS129-positive aggregates (Lee et al, 2008; Desplats et
al, 2009; Volpicelli-Daley et al., 2011; Luk et al., 2012b; Tarutani et al., 2016; Courte et al, 2020). In
this study, initial a-synuclein preparations were characterised by high batch-to-batch variability, an

aspect of the model which has been widely observed in the field (Polinski et al., 2018).

There are multiple factors within the a-synuclein PFF preparation itself which have been observed to
modify its seeding efficiency. The origin, quality and consistency of the a-Synuclein recombinant
monomer used to produce the fibrils is a strong determinant of the potency of a preparation, once
aggregated. Ideally, a-synuclein monomer should be unmodified, produced at a high concentration and
provided in a buffer solution containing ~100 mM NaCl with a pH of ~7.4 (Volpicelli-Daley et al, 2014;
Polinski et al., 2018; Patterson et al, 2019). As contaminants and other inconsistencies may affect
fibrillisation, consistent monomer preparation is one of the crucial considerations in establishing a
robust PFF-induced aggregation protocol (Polinski et al, 2018). Given that the monomer used for
batches 2021 11 to 2023_02 was prepared ad hoc, this may have contributed to the stronger variability
observed in these preparations. Furthermore, buffer composition was different between the monomer
obtained from the Protein Production SRF (in PBS, exact composition unknown) and the monomer
obtained commercially for subsequent preparations (in 20mM Tris, 100mM NaCl, pH 7.4). Whilst
alterations in salt composition of buffer conditions has been shown to produce entirely different
conformations of a-synuclein assembly upon aggregation (Bousset et al, 2013), such a marked
difference in fibril architecture was not noted here. Additional considerations include the speed of
agitation and length of incubation of the monomer, which was increased to 1000 rpm and decreased to
7 days, respectively, as stronger agitation has been published to buffer small changes in pH or ionic

strength of the solution, increasing consistency of preparations (Narkiewicz et al., 2014).

Correlation analysis of fibril length, count, coagulation and monomer source showed none of these were
strong factors in influencing seeding efficiency. It should also be noted that the method of preparation
of fibrils was overhauled concomitantly to the change in monomer supplier. As such, it is currently not
possible to untangle the effect of the monomer preparation versus the changes in fibril incubation and

agitation. Fibril length was mildly anti-correlated to the seeding efficiency score, though this was not
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significant, suggesting it is possible that reduced a-synuclein fibril length is associated with increased
PFF-induced aggregation. Monomer source and/or aggregation method also showed a possible effect
on seeding potency. There is general support for the idea that shorter fragments may increase seeding
potential. A 2016 study identified a length-dependent increase in the rate of polymerisation of fibrils as
measured by ThT fluorescence Kinetics, suggesting that shorter fibrils accelerate fibrillisation (Tarutani
et al, 2016). However, dilution of sonicated fibrils replicated the kinetics of unsonicated fibrils,
suggesting that the number of available seeds — and thus, presumably, nucleation points — is the
determining factor (Tarutani et al., 2016). This idea is further supported by other studies. For example,
increased fibril concentration was found to be a stronger determinant of levels of a-synuclein pathology
than the length of the fibrils injected into mouse brains. Indeed, shorter fibrils did show higher seeding
activity than longer fibrils, but the effect reached a ceiling at ~100 nm in length and further
fragmentation did not increase potency (Abdelmotilib et al, 2017). In our study, it is possible that
methodological considerations are obscuring the true effect of fibril length on fibril potency. Indeed,
increasing the concentration of fibrils was shown in mouse primary neurons to increase a-synuclein
seeding potential but trended towards reaching a ceiling, which was attributed to attaining an equivalent
concentration of exogenous PFF to the endogenous a-synuclein concentration (Abdelmatilib et al.,
2017). As the correlation analysis in our study was performed using the maximal values of pS129
attained — at the highest concentration of fibrils — it is possible that the effect of shorter fibril

preparations may be concealed.

3.4.5 o-Synuclein fibrils template the aggregation of endogenous a-synuclein monomer

Our study showed that treatment of i* neurons and CMV-SNCA-T2A-GFP-expressing SH-SY5Y cells
with a-synuclein PFFs resulted in pS129-positive a-synuclein aggregation that increased with time and
was dependent on the levels of endogenous SNCA monomer. Knockdown of the SNCA gene using
CRISPRI resulted in marked reduction of a-synuclein pathology. Several studies have established that
a-synuclein PFFs are endocytosed, then escape to the cytoplasm by lysosomal rupture (Freeman et al,
2013) where endogenous SNCA monomer is recruited to the site of aggregation. For example, MYC-

tagged fibrils have been found at the core of pS129-positive aggregates, whereas the rest of the
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aggregate was devoid of the tagged a-synuclein in QBI-293 cells overexpressing SNCA (Luk et al.,
2009). Furthermore, aggregates formed in a mouse model overexpressing human A53T-mutant o-
synuclein on a WT murine SNCA background showed incorporation of both human and mouse a-
synuclein into aggregates seeded by PFFs (Luk et al., 2012b). It was also established early on that
seeded aggregation did not occur in SNCA KO animals and cell models, and that endogenous levels of
monomer dictate the extent of aggregation (Volpicelli-Daley et al., 2011; Luk et al., 2012b; Courte et
al., 2020; Tanudjojo et al, 2021; lannielli et al., 2022). This is consistent with the data in this study, as
SNCA expression was increased over time in culture and seeding of a-synuclein aggregation in SH-

SYSY expressing supraphysiological levels of a-synuclein resulted in rapid aggregation.

My data also shows that pS129-positive aggregates expanded and that the number of cells bearing
pS129-aggregates increased over the course of time post-seeding with PFFs. Additionally, the number
of pS129-positive aggregates per area of cell was increased. This suggests that a-synuclein monomer is
continually being deposited into existing pS129-positive aggregates, but also that new nucleation points
are generated after exogenous fibrils have triggered the generation of the first aggregates. This is
consistent with a model of dynamic and continual seeding and amplification of a-synuclein monomers,
oligomers and fibrils, where aggregation is energetically favoured at high monomer concentrations
and/or once nucleation has occurred (Knowles et al, 2014; Galvagnion et al, 2015; Iljina et al, 2016; de

Oliveira & Silva, 2019; Dada et al, 2023).

3.4.6 pS129 aggregation induces pS65Ub accumulation

We have observed that a portion of pS129-positive aggregates in PFF-seeded i® neurons co-localised
with pS65Ub puncta, which grew in line with the growth of the a-Synuclein aggregate. The
accumulation of pS65Ub was dependent on the levels of the kinase PINK1. The co-occurrence of
pS65UDb and a-synuclein aggregates was first described in post-mortem human brains of PD patients by
Fiesel and colleagues, where it was found in the periphery of aggregates (Fiesel et al, 2015). These
puncta were found to be co-localised with lysosomes and mitochondria. Intriguingly, pS65Ub puncta
were found to be increased with ageing, and further increased in PD, but not in PINK1 or PRKN-
deficient PD patients (Hou et al., 2018). pS65Ub accumulation was correlated with Braak staging of a-
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synuclein pathology in the substantia nigra, amygdala and the hippocampus both in patient brains from
healthy controls and Lewy body disease patients, whereas similar analysis with amyloid pathology
staging did not reveal a clear correlation. Further modelling revealed that the association between .-
synuclein pathology and pS65Ub accumulation in the substantia nigra was the product of disease
processes, rather than age. Interestingly, pS65Ub puncta colocalised with neuritic SNCA by
immunocytochemistry, but not with somatic SNCA or with pS129, though they were located adjacent
to Lewy bodies (Hou et al., 2018). Similarly, pS65Ub staining was found in human brain tissue from 1
of 4 PD cases, and was not co-localised with a-synuclein pathology (Shiba-Fukushima et al, 2017).
Further studies by the Springer laboratory solidified the relationship between a-synuclein aggregation
and pS65Ub where SNCA-triplication showed increased pS65Ub compared to controls and sporadic
patients. The increase in pS65Ub with increased levels of SNCA were attributed to decreased basal

autophagy which resulted in higher PRKN levels (Hou et al., 2023).

These data stand in contrast to the data in this study, where PFF-induced pS65Ub puncta were found to
be directly co-localised with pS65Ub puncta, rather than on the outskirts. In fact, analysis of the size of
each superimposed puncta showed that the pS129 area is consistently larger than the pS65Ub area for
each aggregate, and the confocal images support the notion that the pS65Ub is located at the core of the
aggregate, rather than on the outskirts. One of the fundamental differences between these studies is the
use of patient post-mortem brain tissues, in comparison with our use of i® cortical neurons seeded with
a-synuclein PFFs. It is possible that this results in differential maturity (early aggregate formation rather
advanced-stage Lewy bodies) of a-synuclein aggregates. However, both PFF-induced a-synuclein
aggregates in cell culture and Lewy bodies from post-mortem human brain show heterogeneous small
vesicles and mitochondria both at the core and on the periphery of aggregates (Shahmoradian et al.,
2019; Mahul-Mellier et al., 2020). The use of high-resolution light microscopy, able to resolve the two
signals beyond the limit of diffraction of light, will be an excellent tool to precisely locate the pS65Ub

and pS129 and elucidate this unresolved question.

It is also unclear if the accumulation of pS65Ub is directly a result of a-synuclein aggregation. The

existence of a pS129-positive, pS65Ub-negative population of aggregates, and the fact that pS65Ub is
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accumulated in a similar manner to the aggregation of pS129 post-seeding, suggests that pS65Ub is a
consequence of a-synuclein aggregation. Future work should include resolving the temporal appearance
of pS129 and pS65UDb in seeded cultures over time, as well as verifying by immunostaining for total a-
synuclein and pS65Ub that there is no population of pS129-negative, a-synuclein-positive, pS65Ub-
positive aggregates, ruling out that pS65Ub-positive mitochondria present a nucleation point for
aggregation. If pS65Ub is indeed resulting from the aggregation of a-synuclein, there are two possible
hypotheses. First, that pS129-positive a-synuclein aggregation produces mitochondrial stress and
damage in its vicinity, either directly or indirectly, which results in activation of the PINK1-dependent
pathway of mitophagy and eventual incorporation of the pS65Ub-positive mitochondria into the
aggregate. Secondly, that pS129-positive aggregation causes cellular damage, leading to alterations in
the autophagy-lysosomal pathway that results in the incomplete clearance and accumulation of
naturally-arising pS65Ub-positive mitochondria. Further work will be required to positively rule out

one or the other explanation.
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4 Results: Organellar health and morphology

under PD-relevant insults

Several decades of research have probed the role that mitochondria play in the cellular dysfunction and
death of neurons in the substantia nigra of affected individuals and elsewhere in the brain. From this
has emerged a central role of mitochondria in the pathophysiological process, both upstream and
downstream of a-synuclein aggregation. It is hypothesised that the increased vulnerability of
dopaminergic neurons of the midbrain may lie in their large arborisation and pacemaking activity
(Guzman et al, 2009; Matsuda et al, 2009), which both contribute to high energy demands within these
neurons. It is then perhaps unsurprising that mutations in the mitochondrial genes PINK1 and PRKN
lead to autosomal recessive, early-onset PD with or without a-synuclein aggregation, or that exposure
to mitochondrial toxins such as MPTP or the pesticides rotenone or paraquat have been linked with

increased risk of sporadic PD.

In cell culture models, a large number of studies have identified mitochondrial phenotypes resulting
from a-synuclein overexpression or treatment with a-synuclein PFFs (Devi et al., 2008; Chinta et al.,
2010; Cooper et al, 2012; Luth et al., 2014; Reeve et al., 2015; Di Maio et al., 2016; Grassi et al, 2018;
Little et al, 2018; Ludtmann et al., 2018; Ryan et al., 2018; Zambon et al., 2019; Ryan et al., 2021;
Choi et al., 2022; Toomey et al, 2022). These studies identify changes in the morphology of the
mitochondrial network, as well as defects in mitochondrial respiration and turnover. However, there is
little consensus on the precise mechanism by which a-synuclein may precipitate these effects at
mitochondria, whether these alterations are a direct consequence of a-synuclein aggregation or the
result of dysfunction in other cellular pathways, such as the lysosomal-autophagy pathway. We
hypothesised that a-synuclein aggregation may be damaging mitochondria, resulting in increased

mitophagy.
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Consequently, the aim of this chapter was to study the impact of a-Synuclein aggregation on
mitochondrial and lysosomal function in human neurons. To do this, | have:
1. Identified morphological consequences of a-Synuclein PFF-seeded aggregation in
mitochondria and lysosomes.
2. Studied the effect of pS129-positive aggregate formation on mitochondrial membrane potential,

ROS and ATP production.

3. Determined the effect of PFF treatment on lysosomal protease function.

4.1 Mitochondrial defects resulting from a-synuclein PFF treatment

4.1.1 Confocal microscopy reveals mitochondrial network changes in response to the

mitochondrial toxin CCCP

The fission and fusion dynamics of mitochondria are central to preserving their function and enabling
their turnover. Mitochondria fuse to buffer damage and redistribute functional protein components, and
divide to allow efficient transport and engulfment by the autophagic machinery for recycling (Youle &
van der Bliek, 2012). To assess the sensitivity and resolution of confocal microscopy to alterations in
mitochondrial network morphology, i* neurons were treated with increasing concentrations of the
mitochondrial toxin CCCP for 6 hours, fixed and immunostained for the mitochondrial marker TOM20

and the neuronal marker MAP2, and imaged using the Opera Phenix confocal microscope.

Examination of the microscopy images revealed circularisation of the mitochondria, as well as increased
clustering in the perinuclear region (Figure 19a). Quantification supported the visual observations,
showing that despite no effect of CCCP on the total area occupied by TOM20 (p = 0.1395), there was
a significant increase in relative intensity of the TOM20 spots with treatment (p = 0.0055) (Figure 19b).
The number of TOM20 spots per area of cell was significantly increased with 15 uM and 30 uM CCCP
(p = 0.0290 and 0.0257) (Figure 19b). The area of individual mitochondria was overall unchanged,

whereas the mean width of mitochondria was increased and
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Figure 19. Mitochondrial morphology changes induced by the mitochondrial toxicant CCCP.
a) Confocal microscopy images of i® neurons treated with increasing concentrations of the
mitochondrial toxin carbonyl cyanide m-chlorophenyl hydrazone (CCCP), with mitochondria stained
using an anti-TOM20 antibody. Increased doses of CCCP result in mitochondrial fragmentation and
perinuclear clustering of the network. Scale bar = 10 um. 63x water immersion objective, Opera
Phenix confocal microscope. b) Quantification of mitochondrial morphology reveals an overall shift
towards fragmentation and circularisation of mitochondria with CCCP treatment. N = 1 independent
differentiations. Statistical test: ordinary one-way ANOVA with Dunnett’s multiple comparisons test
or Kruskal-Wallis test with Dunn’s multiple comparisons test. Data is presented as the mean + SEM.
*p <0.05, ** p<0.01, ***p < 0.001, **** p < 0.0001.

the length decreased with increasing CCCP concentration (p < 0.0001 and p = 0.0002, respectively).
This resulted in a highly significant change in the measured width-to-length ratio of mitochondria (p <
0.0001), supporting a shift in the population of mitochondria towards a shorter, rounder mitochondrial

phenotype. Though these data do not directly measure mitochondrial turnover, they are consistent with

induction of mitophagy by the mitochondrial toxin CCCP, resulting in fragmented mitochondria that
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can be targeted to lysosomes for degradation. These data are also further supported by increases in the
levels of the PINK1/PRKN-dependent mitophagy marker pS65Ub with FCCP treatment as measured

by immunocytochemistry in section 5.2.1.

4.1.2 «a-Synuclein aggregation induces alterations to mitochondria in neurons without

aggregates

To begin understanding the effects of a-synuclein aggregation on mitochondrial health, i* neurons were
treated with increasing concentrations of a-synuclein PFFs, fixed and stained 14 days post-seeding for
the mitochondrial marker TOMZ20. The area, width, length, and width-to-length ratio of mitochondria
were evaluated in all cells to identify morphological changes to the mitochondrial network. This
analysis revealed a significant effect of treatment on the length of mitochondria in total cells (p =

0.0389), but other readouts were unchanged (Figure 20a-b).

To determine if this effect was dependent on a-synuclein aggregation, the analysis was performed on
pS129-positive and pS129-negative cells within each condition. Mitochondrial morphology was
directly compared between pS129-positive and negative cells in the same well. Aggregate-bearing
neurons showed no change in any measured morphology parameter, whereas in pS129-negative
neurons, the mitochondrial network showed significant changes with increased concentrations of a-Syn
PFFs (Figure 20b). A significant reduction in mitochondrial area was found with 50 pg/ml PFF
treatment (p = 0.0229), as well as significantly reduced width and length of mitochondria with treatment
(p = 0.049 and p = 0.0113) (Figure 20b). For both populations, the mitochondrial width-to-length ratio
was unchanged. These changes suggest altered mitochondrial network morphology in the aggregate-
free neurons. These results were intriguing in light of the results in section 3.3.1, which highlighted
increased pS65Ub accumulation in cells bearing aggregates. As discussed above, mitochondrial damage
was associated with increased mitochondrial fragmentation, to facilitate mitophagy. There being no
fragmentation observable in pS129-positive neurons may support the notion that pS65Ub is
accumulated in pS129-positive neurons rather than produced as a result of heightened mitophagy in

these neurons.
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Figure 20. a-Synuclein PFF treatment induces mitochondrial network morphology alterations
in pS129-negative neurons.

a) Confocal microscopy images of neurons treated with increasing concentrations of a-synuclein
PFFs and immunostained for TOM20, MAP2 and pS129. Scale bar = 10 pm. 63x water immersion
objective, Opera Phenix confocal microscope. b) Quantification of the images in a) reveals no
significant effect of a-synuclein PFF treatment in total cells or pS129-positive aggregate bearing
cells, but a significant reduction in area, width and length of mitochondria in aggregate-negative
neurons. N = 4 independent differentiations. Statistical test: repeated measures one-way ANOVA
with Dunnett’s multiple comparisons test or Friedman test with Dunn’s multiple comparisons test.
Data is presented as the mean = SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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4.1.3 Functional assays reveal altered mitochondrial respiration

Alterations of mitochondrial function have been extensively described in PD. These were investigated
in our PFF-seeded model using several assays measuring mitochondrial ATP production, membrane
potential and ROS generation. Dissipation of the mitochondrial membrane potential using 30 uM CCCP
significantly reduced ATP production (p = 0.0113), JC-10 signal (p = 0.0044) and TMRM intensity (p
= 0.0003), whereas treatment with 10 uM rotenone increased ROS production as measured by the
MitoSOX assay (p = 0.0250) (Figure 21a), demonstrating that these assays identify mitochondrial

functional defects.

i® Neurons were treated with a-synuclein PFFs and the levels of ATP were measured using the CellTiter-
Glo assay 14 days post-seeding. This uncovered a trend towards decreased ATP production per cell in
a-synuclein-treated cells compared to controls (p = 0.0532) (Figure 21b), suggesting respiration is

altered in cells having received a-synuclein PFFs.

The mitochondrial membrane potential, as measured using the JC-10 potentiometric dye, was found to
be unchanged with a-synuclein PFF treatment (Figure 21c). To confirm these results, a parallel
experiment was performed using the imaging-based potentiometric dye tetramethylrhodamine
(TMRM), which also revealed no differences between the two conditions (Figure 21d). This suggested
that despite mitochondria in the a-synuclein-treated condition having difficulty with energy production,
this was not due to dissipation of the membrane potential, which would have a significant impact on

oxidative phosphorylation.

Prior publications have proposed that a-synuclein aggregation results in increased ROS production,
which go on to damage many protein and lipid components of the cell as well as cellular processes such
as dopamine metabolism and mitochondrial respiration The ROS sensor MitoSOX was used to
investigate ROS levels 14 days after a-synuclein PFF treatment and showed no statistically significant
change in ROS levels with a-synuclein treatment (Figure 21e). As such, this was also unlikely to explain

the decrease in ATP levels observed in PFF-treated conditions. It is possible that whilst aggregate-
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Figure 21. Mitochondrial function is altered by treatment with a-synuclein PFFs. a) i®
Neurons were treated with CCCP to dissipate the mitochondrial membrane potential and assayed
using the CellTiter Glo ATP assay, the JC-10 membrane potential assay, tetramethylrhodamine
(TMRM) membrane potential assay, revealing that CCCP induces significant reductions in ATP
production and membrane potential. Treatment of i3 neurons with rotenone induced significantly
increased reactive oxygen species (ROS) levels as measured by the MitoSOX assay. N = 4-5
independent differentiations, each datapoint represents a biological replicate. N = 1 independent
differentiations for the TMRM assay, each datapoint represents a technical replicate. Statistical
test: paired t-test, Welch’s t-test (TMRM data). b) ATP production trends towards a significant
decrease in PFF-treated i3 neurons. N = 3 independent differentiations, each datapoint represents
a biological replicate. Statistical test: paired t-test. ¢) Mitochondrial membrane potential as
measured by the JC-10 potentiometric dye is unchanged in a-synuclein-treated conditions. N = 3
independent differentiations, each datapoint represents a biological replicate. Statistical test:
paired t test. d) TMRM intensity is unchanged in PFF-treated conditions, confirming the results
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obtained with JC-10. N = 1 independent differentiation, each datapoint represents a technical
replicate. Statistical test: Welch’s t-test. €) Mitochondrial ROS levels show no change in i3
neurons treated with a-synuclein PFFs as measured by the area, intensity and number of MitoSOX
puncta. N = 2 independent differentiations, each datapoint represents a biological replicate.
Statistical test: Paired t test. Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, *** p
< 0.001, **** p < 0.0001.

negative neurons were able to remodel their mitochondrial networks (Figure 20b), aggregate-bearing

neurons may be unable to do so, resulting in decreased ATP generation.

4.2 Lysosomal alterations with a-synuclein PFF treatment

Impairment of the lysosomal-autophagy pathway is a consistent and characteristic feature of many
neurodegenerative diseases, including PD. Indeed, it is thought that the defective clearance and
recycling of proteins and other cellular components that occurs over the course of ageing may increase
the likelihood of aggregation for aggregation-prone proteins, perhaps through increasing their local
concentration. In turn, this aggregation may further impair the lysosomal-autophagy pathway, resulting

in a highly damaging feed-forward cycle.

Lysosomal defects have been observed in several familial iPSC-derived and animal models of PD, with
decreases in lysosomal activity, increases in lysosomal size or in the number of LAMP1-positive puncta
being noted (Chu et al., 2009; Tanik et al., 2013; Boman et al., 2016; Mazzulli et al., 2016a). Alterations
in lysosomal morphology have also been identified after a-synuclein aggregation triggered by treatment
with PFFs, as a-synuclein seeds have been shown to escape the lysosome after endocytosis through
lysosomal membrane rupture (Freeman et al., 2013). We hypothesised that a-synuclein aggregation
may be impairing mitochondrial turnover and mitochondrial function through its effects on lysosomal

function.
4.2.1 Lysosomal content is reduced in aggregate-negative neurons

i® Neurons were treated on DIV 10 with a-synuclein PFFs, fixed and immunostained for LAMP1 and
pS129 14 days post-seeding. Analysis of all neurons in the culture showed no significant changes to the

area or intensity of LAMPL, nor in the number of LAMPL1-positive puncta or in their size
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Figure 22. LAMP1-positive endolysosomal content and morphology is unchanged with a-
synuclein PFF treatment.
a) Confocal microscopy images of i® neurons treated with a-synuclein PFFs, fixed and
immunostained for LAMP1, pS129 and MAP2 14 days post-seeding. LAMP1-positive puncta are
localised to the soma of neurons. Scale bar = 10 um. 63x water immersion objective, Opera Phenix
confocal microscope. b) Analysis of LAMP1 total area, relative intensity, number of puncta and size
in total cells, pS129-positive aggregate-bearing cells and pS129-negative cells. A significant
reduction in the number of LAMP1-positive puncta was found in pS129-negative cells with 50
pg/ml PFF treatment. N = 2 independent differentiations. Statistical test: Friedman test with Dunn’s
multiple comparisons test. Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, ***p <

0.001, **** p < 0.0001.
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(Figure 22a-b). Subsetting the cultures further and analysing the pS129-positive and pS129-negative
populations separately showed no effect of a-synuclein PFF treatment on measured parameters in either
pS129-positive or negative cells, with the exception of the LAMP1 spot area which was significantly
reduced with PFF treatment (p = 0.0292) (Figure 22b). These data suggest that LAMP1-positive
endolysosomal content is reduced specifically in the pS129-negative cells, similar to the reductions in

mitochondrial contents observed above.

4.2.2 Lysosomal proteolytic activity is effectively measured by DQ-BSA imaging

Given the mitochondrial and lysosomal alterations seen in PFF-treated cells, | aimed to evaluate
lysosomal function in these neurons. To establish the sensitivity and maximal signal window of the DQ-
BSA lysosomal activity assay, i* neurons were treated at DIV 10 with increased concentrations of the
lysosomal alkalising agent CQ for 48 hours. DQ-BSA relies on the endocytosis and degradation of a
highly-labelled bovine serum albumin derivative, which relieves the self-quenching of the fluorophores
and results in increased fluorescence in a proteolytic activity-dependent manner (ThermoFisher). DQ-
BSA fluorescence was observed to be punctate and localised throughout the soma of i® neurons (Figure
23a). CQ treatment was found to significantly decrease the number of nuclei per well in a dose-
dependent manner (p = 0.0259), suggesting there is strong toxicity of lysosomal inhibition with this
compound (Figure 23b). Whereas treatment had no effect on the total area occupied by DQ-BSA spots
or the number of puncta per area of cell, the relative intensity of DQ-BSA puncta was reduced in a dose-
dependent manner (p = 0.0053), showing a mean 68.5% reduction in intensity at the highest dose of CQ
(95% CI [-0.2211, 0.8510]). The size of individual DQ-BSA puncta was also strongly increased with
CQ treatment (p = 0.0151). Together, these data suggest that the DQ-BSA assay can measure drug-

induced changes in the proteolytic activity of lysosomes.

20 uM of CQ was identified as an effective concentration to produce strong reductions in DQ-BSA
fluorescence whilst also mitigating the toxicity of the compound. At this concentration, the number of
nuclei per well were reduced to 57.3% of the control (95% CI [-0.4372, 1.5584]), and the relative DQ-

BSA spot intensity was decreased to 40.63% of the vehicle (H.0) value (95% CI [-0.1690, 0.9817]). i®
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Figure 23. Lysosomal alkalising agent chloroquine reduces proteolytic activity in a dose-

dependent manner.

a) Confocal microscopy images of control or chloroquine-treated i3 neurons with the lysosomal
proteolytic activity reporter DQ-BSA and neuronal stain NeuO. DQ-BSA puncta have reduced
intensity with increased concentration of chloroquine. Scale bar = 20 um. 40x water immersion
objective, Opera Phenix confocal microscope. b) Analysis of the number of nuclei, total DQ-BSA
spot area, relative intensity, number of spots and spot size for DQ-BSA reveals a dose-dependent
inhibition of lysosomal proteolytic activity and increase in endolysosomal puncta size with
chloroquine treatment. N = 3 independent differentiations. Statistical test: Friedman test with Dunn’s
multiple comparisons test. Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, ***p <

0.001, **** p < 0.0001.
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Neurons at DIV 10 were treated for 48 hours with 20 uM CQ and incubated with DQ-BSA for 1, 2, 3,
4 or 5 hours to assess the rate of endocytosis and signal window over time. Longer incubation resulted
in brighter puncta (Figure 24a), consistent with continued uptake, degradation and accumulation of the
unquenched fluorophore in endosomes and lysosomes. Quantification supported this observation, with
spot intensity, total area, number of puncta and size of individual puncta all showing significant
increases with incubation time (p < 0.0001 for all readouts) (Figure 24b). Additionally, increased
incubation time resulted in increased sensitivity of the assay to CQ-induced reductions in proteolytic

activity measured by the background-corrected (relative) intensity of the DQ-BSA puncta.

Similarly, to assess if maximal signal window was achieved or if signal saturation was observed,
titrating of the DQ-BSA concentration was performed in control and CQ-treated i* neurons. Significant
effects of DQ-BSA dose were observed for the total area, relative intensity, and number of puncta (p <
0.0001 for all parameters) (Figure 24c-d). Maximal signal window between the CQ-treated and H,O-
treated condition was observed at 3 pg/ml, with the trend of the control data beginning to show
saturation at 3 pug/ml. Altogether, these data suggested that 5 hours of incubation time at a concentration

of 3 pg/ml DQ-BSA vyielded the most sensitive assay.
4.2.3 a-Synuclein PFF treatment has no effect on lysosomal activity

i® Neurons were subjected to DQ-BSA imaging 14 days after PFF seeding and no effect of the treatment
on any measured parameter was found (Figure 25a), suggesting that a-synuclein PFFs do not alter
lysosomal proteolytic activity at this timepoint, in this cell type. To verify these observations, i® neurons
were treated with 10 pg/ml a-synuclein PFFs using 12 and 18 technical replicates for control and PFF-
treated conditions and assayed with DQ-BSA 14 days post-seeding (Figure 25b). No significant
difference between the untreated and treated conditions was found for all readouts except for the size
of DQ-BSA puncta, which showed a small but significant increase in the PFF-treated condition (p =
0.0102). Overall, these data suggest that a-synuclein PFF treatment and aggregation do not significantly

impact the proteolytic activity of lysosomes in this treatment paradigm.

4.2.4 Lysosomal activity is impaired by treatment with amyloid-p

124



Incubation time

DQ-BSA (pg/ml) DQ-BSA (pg/ml)

DQ-BSA (pg/ml)

1 hour 2 hours 3 hours 4 hours 5 hours
o
N
I
Q
£
=
o
o
L)
£
(&)
0
3 °
g 18 1.8 Q o 14
o g —_ D= __ 0. _ wxxx T¥** — Vehicle
o S e :
2514 @%‘g,ts ) <5 o B €Q
8§ gcs 05§ 3]
<< agc O et 2=
0012 €0 3o L
o= (=]
@5 S o12 %3 b
g% £8% 533 23
aw 0 S 0L 10 53 s
-— [v4 Qo
*‘3 0.8 0.8 [ . (=}
0 1 2 3 4 5 0 1 2 3 4 5 é 0 1 2 3 4 5 [ 1 2 3 4 5
Incubation time (hours) Incubation time (hours) Incubation time (hours) Incubation time (hours)
& DQ-BSA dosage (ug/ml)
0.375 0.75 1.5 3
Q
I
[}]
£
>
(=2
o
S
°
=
(&)
0
© -
° °
B 1.2 - 1.2 ‘g,_ 1.2 g — Vehicle
Sl b =i s
2 S0 npﬁ% I3 310 <5 RGO
w s gc < 0.8 me £ o <
< 2 ags a8 -
n o 08 ® £E0 08 ngo.a "was
i 25204 5232 #3
Déos %%S_“ ;Eé“ Qo
s o oo [« s
2 oa 0.0 E 0.4 a
= 0 1 2 3 =

DQ-BSA (ug/ml)

Figure 24. Optimisation of DQ-BSA incubation time and dosage in i® neurons. a) Confocal
microscopy images show increased DQ-BSA signal intensity with incubation time, and reduced
signal intensity in chloroquine-treated conditions. Scale bar =20 um. 40x water immersion objective,
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Opera Phenix confocal microscope. b) Quantification of the DQ-BSA signal reveals significantly
increased area, intensity and number of puncta with longer incubation time. c) Confocal microscopy
images show increased DQ-BSA intensity with DQ-BSA concentration. Scale bar = 20 um. 40x water
immersion objective, Opera Phenix confocal microscope. N = 1 independent differentiation.
Statistical test: Two-way ANOVA with Tukey’s multiple comparisons test. Data is presented as the
mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
To verify if the lack of marked lysosomal defects is specific to treatment with a-synuclein, amyloid-f3
oligomers were prepared and added in increasing concentrations to i® neuron media at DIV 10 for 5
days. No significant effect of treatment on the number of nuclei or the total area of DQ-BSA spots was
observed (Figure 26a-b). The relative intensity and the number of DQ-BSA puncta was significantly
reduced with increasing concentrations of amyloid-p oligomers (p = 0.0018 and p = 0.0001), and
uncorrected intensity was significantly increased with 3 uM amyloid-f treatment (p = 0.0499),
suggesting a dose-dependent impairment of lysosomal function. The size of DQ-BSA spots was not
significantly altered but did trend towards a reduction with 4 uM amyloid-§ treatment (p = 0.0522)

(Figure 26b). Altogether, these data reveal that amyloid-f3 oligomers have deleterious effects on the

function of the endolysosomal system.

4.3 High resolution microscopy for the evaluation of organellar

morphology

The resolution of light microscopy is curtailed by the magnification, resolution of the confocal
microscope as well as the limit of diffraction of light. In the case of mitochondria and lysosomes,
morphology is most effectively visualised by techniques which circumvent the limit of diffraction of
light, such as super-resolution light microscopy or electron microscopy. Whereas confocal light
microscopy allows to quickly highlight the location of proteins within neurons, the data in this chapter
and the previous chapter show it lacks the resolution to clearly make out sub-organellar architecture,
such as the mitochondrial cristae, or the ability to precisely localise protein complexes. Electron
microscopy is effective at visualisation of organellar structure and can be combined with immuno-

electron approaches to pinpoint proteins within the cell but is significantly more labour intensive.
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Figure 25. a-Synuclein PFF treatment has no effect on DQ-BSA signal intensity. a) Confocal
microscopy images of DQ-BSA puncta in untreated and a-synuclein-treated (50 pug/ml) conditions
show no differences between conditions. This is supported by quantification of the area, relative
intensity, number of puncta, uncorrected intensity and individual spot size of DQ-BSA puncta with
increasing PFF concentration, which shows no significant effect of treatment on any parameter
measured. Scale bar = 20 um. 40x water immersion objective, Opera Phenix confocal microscope. N
= 3 independent differentiations. Statistical test: repeated-measures one-way ANOV A with Dunnett’s
multiple comparisons test or Friedman test with Dunn’s multiple comparisons test. b) i® Neurons
were treated with 10 pg/ml a-synuclein PFFs and DQ-BSA total area, relative intensity, number of
puncta, uncorrected intensity and spot size measured 14 days post-seeding. The size of DQ-BSA
puncta was found to be significantly increased in a-synuclein-treated conditions. N = 1 independent
differentiation. Statistical test: Welch’s t test. Data is presented as the mean + SEM. * p < 0.05, ** p
<0.01, *** p <0.001, **** p < 0.0001.

CLEM offers a bridge between the two techniques, for example enabling the identification of neurons

bearing pS129-positive aggregates by light microscopy, and further analysis of the organellar
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Figure 26. Amyloid-B oligomers impair lysosomal proteolytic activity in a dose-dependent
manner. a) Confocal microscopy images of the DQ-BSA fluorescent reporter in i® neurons treated
with 1 to 5 uM amyloid-f3 oligomers. Scale bar = 20 um. 40x water immersion objective, Opera
Phenix confocal microscope. b) Quantification revealed a statistically significant decrease in the
intensity and the number of DQ-BSA puncta with increasing concentrations of amyloid-p. N =1
independent differentiation. Statistical test: ordinary one-way ANOVA with Dunnett’s multiple
comparisons or Kruskal-Wallis test with Dunn’s multiple comparisons test. Data is presented as
the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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architecture of these neurons by electron microscopy. To confirm our light microscopy findings, further
analysis of mitochondrial and lysosomal morphology was attempted using CLEM to differentiate

pS129-positive and negative neurons, in collaboration with Dr Camille Loiseau in the Magill laboratory.

4.3.1 Optimisation of correlative light and electron microscopy

As a preliminary trial, i® Neurons were cultured on alphanumerically gridded glass coverslips, treated
at DIV 10 with 30 uM CCCP for 3 hours, fixed and immunostained using antibodies against pS65Ub,
MAP2 and TOM20. After confocal imaging, the neurons were further fixed, stained and resin-
embedded for electron microscopy analysis (Figure 27a). It soon became clear that the first challenge
would be the embedding of neurons in resin, which on several occasions failed and led to neuron-shaped
cutouts within the resin after sectioning (Figure 27b). To correct this, we altered the dehydration and
embedding steps with step-wise dehydration in 30-100% ethanol for 10 minutes each, on ice, as well as
a longer embedding step using 3:1, 1:1 and 1:3 acetone:resin solutions for 1 hour each, followed by
incubation overnight in 100% resin at room temperature (see section 2.16). On the next attempt,
confocal microscopy revealed clusters of MAP2-positive neurons but failed to show pS65Ub or TOM20
staining (Figure 27c, data not shown). Preparation of the electron microscopy samples resulted in
correct registration of the neurons via electron microscopy, allowing for the identification of specific
neurons, but the contrast on subcellular features such as the nucleus and other cell membranes was very

poor (Figure 27d).

As one of the proteins of interest, pS65Ub, showed very weak signal with the sample preparation
designed for CLEM, the effect of the strength of fixation reagent and incubation time on the intensity
of pS65Ub, TOM20 and MAP?2 staining was investigated. We hypothesised that the stronger fixation
techniques used for sample preparation for CLEM were altering the conformation or availability of the
epitopes for antibody binding, resulting in a loss of signal intensity. DIV 10 i® neurons were treated with
30 uM CCCP for 3 hours and the cells fixed using a gradient of reagent concentrations for 2 hours at
room temperature. Confocal microscopy imaging demonstrated that the signal intensities for all three
antibodies were strongly reduced, with pS65Ub showing the strongest reduction — the signal became
diffuse and faint with concentrations of glutaraldehyde as low as 0.1% (Figure 28a). The MAP2
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Figure 27. Optimisation of correlative light and electron microscopy in i® neurons. a) Schematic
representation of the main steps of the correlative light and electron microscopy workflow for the
identification of aggregate-positive or negative i® neurons and imaging of organellar morphology. b)
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Initial trials of CLEM resulted in failure of resin embedding of neurons, leaving a neuron-shaped
cutout in the resin. 3000x objective. ¢) Confocal microscopy images of a neuronal cluster and
identification of a single neuron. Scale bar = 15 pum. 20x objective, Zeiss confocal microscope.
Images acquired by Dr Camille Loiseau over the course of a training session. d) Electron micrograph
depicting the correct embedding and registration of the neuron identified in c). Staining contrast and
structural preservation of the sample, however, was very poor. Scale bar = 1.5 pum. Panel 1a created
with Biorender.com.
intensity was the least affected, with unchanged staining pattern and detectable, albeit weaker,
fluorescence intensity. The TOM20 staining pattern was substantially altered with increasing
concentrations of glutaraldehyde, with 2% or 4% PFA with 0.1% glutaraldehyde demonstrating the
most conserved mitochondrial morphology without the diffusion and clustering observed with higher
concentrations of glutaraldehyde (Figure 28b). Considering that CLEM was to be used to localise
pS65Ub-positive mitochondria within and without pS129-positive aggregates, these data suggested that

this technique, and perhaps electron microscopy more generally, were unsuitable for this application

without extensive optimisation.

4.3.2 Optimisation of structural illumination microscopy

Considering the poor performance of the pS65Ub antibody under strong fixation, an alternative
technique was explored to identify and quantify changes in mitochondrial morphology. SIM uses
patterned excitation of the sample to overcome the diffraction limit of light and produce super-
resolution images. As a preliminary trial, SH-SY5Y cells were cultured on glass coverslips, fixed and
immunostained as previously described (see section 2.2) using saponin as a permeabilisation reagent.
The localisation and intensity of pS65Ub and TOMZ20 were observed after 30 pM CCCP or DMSO
treatment for 3 hours to induce mitochondrial fragmentation and pS65Ub formation. A marked
difference in the overall morphology of the mitochondrial network was observed between the two
conditions, with CCCP treatment inducing fragmentation of mitochondria and formation of pS65Ub
puncta and chains localised to the outside of the mitochondrial membrane (Figure 29). These data
suggest that SIM enables the precise localisation and visualisation of pS65Ub at mitochondria and for

evaluation of mitochondrial network morphology. However, the use of the TOM20 marker, which
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20 minutes incubation

4% PFA

§
!

2 hours incubation

2% PFA, 1% Glut 2% PFA, 0.75% Glut 2% PFA, 0.5% Glut 2% PFA, 0.25% Glut 2% PFA, 0.1% Glut

4% PFA, 0.1% Glut

Figure 28. Comparison of fixation reagents, concentrations and incubation times and their
effects on immunostaining pattern and intensity.
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i> Neurons were treated with 30 um CCCP for 3 hours and fixed in the standard 4%
paraformaldehyde (PFA) for 20 minutes or in a stronger fixative solution containing PFA and
glutaraldehyde (Glut) for 2 hours at room temperature. The neurons were subsequently
immunostained using a standard protocol with antibodies against pS65Ub, MAP2 and TOMZ20.
The staining intensity of pS65Ub was lost with the lowest concentration of glutaraldehyde and
PFA with 2 hours incubation, whereas the staining pattern of TOM20 was altered and intensity
lost at higher concentrations of glutaraldehyde. MAP2 intensity was reduced but the staining
pattern was unchanged with any of the PFA and glutaraldehyde concentrations used with 2 hours
incubation. White boxes indicate boundaries of the image inserts on the right. Scale bar for the
main images = 50 pum, scale bar for the inserts = 10 um. 40x water immersion objective, Opera
Phenix confocal microscope.

highlights the outer mitochondrial membrane, may make segmentation of the mitochondria difficult for

automated analysis given the complexity of segmenting membranes when mitochondria are

overlapping. Better results may be obtained by using a combination of mitochondrial matrix and outer

membrane markers such as TOM20 and citrate synthase.

4.4 Discussion

4.4.1 Mitochondrial uncoupling results in fragmentation of the network

Treatment of i® neurons with the mitochondrial uncoupler CCCP resulted in shorter, rounder
mitochondria and induces the formation of pS65Ub (see Chapter 5). This phenotype is likely
mitochondrial fragmentation as a result of mitophagy induction. Indeed, mitochondrial fission is
initiated when mitochondria are targeted for degradation (Youle & van der Bliek, 2012) and impairing
fission has been found to reduce mitophagy (Twig et al, 2008). Likewise, increasing fission rescued
PINKZ1 knockout phenotypes and PINK1 overexpression led to increased fission (YYang et al, 2008),
strengthening the bi-directional association of mitophagy with fission/fusion dynamics. Furthermore,
mitochondrial depolarisation has been linked to PINK1 stabilisation and activation, recruitment of
PRKN and subsequent mitophagy (Narendra et al., 2008; Narendra et al., 2010). However, the assertion
that mitochondrial uncoupling results in true fragmentation has been challenged in recent years, with
one group positing that CCCP may lead to mitochondrial rounding independent of the fission and fusion

machinery, at least in the first few minutes after treatment (Miyazono et al, 2018). Whether this holds
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true when assessing timepoints hours after treatment was not assessed. Moreover, rather than being
necessary for mitophagy as has been suggested, mitochondrial fission may facilitate separation of

damaged mitochondrial from the healthy network

DMSO CCCP

Figure 29. Preliminary trial of structure illumination microscopy (SIM) for the evaluation
of mitochondrial morphology. SH-SY5Y cells were treated with 10 uM CCCP for 3 hours, fixed
and immunostained as per a standard protocol, substituting the Triton X-100-based
permeabilisation reagent for a saponin-based permeabilisation reagent. Antibodies against
pS65Ub and TOM20 were used. The mitochondrial network showed fragmentation and formation
of pS65Ub puncta and chains at the outer membrane of the mitochondria in CCCP-treated
conditions. White boxes indicate the boundaries of the insert in the bottom left. White arrows
indicate possible pS65Ub chains extending from the mitochondrial membrane. 60x oil immersion
objective, DeltaVision OMX SR microscope, images acquired and deconvoluted by Dr Lothar
Schermelleh.

for selective degradation and may not be required for the process of mitophagy to occur (Burman et al,
2017). The data presented in this chapter show an increased number of mitochondrial spots per area of
cell, which is consistent with fragmentation. Other publications have also identified that CCCP-induced

mitochondrial morphology changes are dependent on the function of fission factor DRP1 (Ishihara et

al, 2003).

Of note, the data indicate that maximal, drug-induced morphological changes to mitochondrial networks
show at most a ~10% increase in the mean width-to-length ratio. Confocal microscopy images of the

network also demonstrated perinuclear clustering of mitochondria with CCCP treatment. These two
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factors are likely to contribute to a lack of sensitivity, at this resolution, for subtle changes in

mitochondrial morphology, suggesting that higher resolution techniques may be required.

4.4.2 Mitochondrial morphology is differentially altered in pS129-positive and negative

neurons

No change in mitochondrial morphology was found in pS129-positive aggregate-bearing neurons,
whereas decreased area, width and length of mitochondria were observed in pS129-negative neurons.
These data suggest an a-synuclein dependent effect on mitochondrial morphology in non-aggregate-
bearing neurons, an intriguing finding considering the previous observation of accumulated pS65Ub in
pS129-positive cells. Mitochondrial fission has been shown to enable mitochondrial turnover,
biogenesis and stress-induced apoptosis of cells, whereas fusion attenuates mitochondrial dysfunction

by complementing damaged metabolic machinery (reviewed in Youle & van der Bliek, 2012).

Previous studies have shown that expression of wild-type or mutant a-synuclein in cell culture models
resulted in mitochondrial fission (Kamp et al, 2010; Choubey et al, 2011; Nakamura et al, 2011;
Plotegher et al, 2014) through direct membrane binding — independently of fission/fusion machinery
such as DRP1 (Kamp et al., 2010; Choubey et al., 2011; Nakamura et al., 2011). This was concomitant
with reduced mitochondrial mass, reduced ATP production and increased mitophagy, whereas reversing
fragmentation through a dominant-negative DRP1 or MFN2 overexpression rescued cell death in
SNCA-AS3T expressing cells (Choubey et al., 2011). With expression of wild-type a-synuclein, defects

in mitochondrial respiration and cell death were observed (Nakamura et al., 2011).

The mechanism of action of a-synuclein contrasted with that found in LRRK2-G2019S models, where
in primary mouse cortical neurons, HEK293T cells and PD patient fibroblasts, increased interaction
between LRRK2 and DLP1 contributed to mitochondrial fragmentation (Niu et al, 2012; Su & Qi,
2013). This suggests that several mechanisms may be at play in causing mitochondrial alterations in
PD. In support of this, in mouse primary hippocampal neurons, a-synuclein degradation products
produced from degradation of PFF-seeded aggregates were found to associate with mitochondrial

membranes and cause loss of membrane potential, recruit inactive acetyl-coA carboxylase 1 (pACC1)
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leading to fragmentation, cytochrome c release and increased mitophagy (Grassi et al., 2018). In iPSC-
derived dopaminergic neurons from SNCA and SNCA-A53T-mutant PD patients, small, rounded
mitochondria were associated with loss of membrane potential, impaired respiration and increased
mitophagy (Little et al., 2018; Ryan et al., 2018; Zambon et al., 2019), perhaps through inducing
cardiolipin externalisation, which subsequently bound a-synuclein in a chaperone-like capacity or

induced mitophagy (Ryan et al., 2018).

In vivo, SNCA-expressing mice and PD patient brain tissues showed altered expression of mitochondrial
dynamics proteins such as DRP1 and consequently, increased mitochondrial fission (Brown et al, 2025),
whereas a-synuclein expression to human-like levels in Drosophila resulted in enlargement and
elongation of mitochondria through mislocalised DRP1 (Ordonez et al, 2018). Alternatively,
mitochondrial swelling has been associated with mPTP opening, which in turn impairs ATP production
and induces apoptosis (reviewed in Endlicher et al, 2023). a-Synuclein pathology has been associated

with mPTP opening (Luth et al., 2014; Ludtmann et al., 2018; Choi et al., 2022).

These various studies and models show that modelling PD generally results in mitochondrial
fragmentation. This stands in contrast with the data obtained in this study, where pS129-positive
aggregate bearing cells saw no significant change in size and shape with increasing concentrations of
a-synuclein, and pS129-negative cells were found to have smaller mitochondria. The current data are
insufficient to make conclusions on the mechanism driving the changes to mitochondrial morphology
in pS129-positive and negative neurons. Further experiments using higher resolution imaging
techniques will be instrumental in confirming these observations, and CRISPRi will be a valuable tool

in isolating mechanistic pathways contributing to these changes.
4.4.3 Mitochondrial function is impaired by a-synuclein PFF treatment

The data in this study suggest a decrease in ATP levels with a-synuclein PFF treatment. Mitochondrial
dysfunction has been observed consistently and extensively throughout post-mortem brains, familial
and sporadic models of PD, and reduced mitochondrial function may be sufficient to drive disease.

Indeed, gene mutations in mitophagy genes PINK1 and PRKN result in accumulation of damaged
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mitochondria (Geisler et al, 2010b) and cause autosomal-recessive Parkinson’s disease. Similarly,
accidental injection of the mitochondrial toxin MPTP, which metabolised to MPP+, also results in
severe parkinsonism (Langston et al., 1983). Defects in mitochondrial respiration, specifically impaired
complex | activity, have been found in sporadic PD patient brain tissues (Schapira et al., 1990a;
Schapira et al., 1990b), as well as in cell culture models using a-synuclein overexpression, aggregated
species-induced a-synuclein pathology, or familial PD mutations (Devi et al., 2008; Chinta et al., 2010;
Luth et al., 2014; Reeve et al., 2015; Ludtmann et al., 2018) suggesting that respiratory impairments
are a hallmark of PD pathology. Further studies have identified reductions in oxidative phosphorylation
in PD cell culture models without linking them to complex | (Cooper et al., 2012; Di Maio et al., 2016;

Wang et al., 2019; Zambon et al., 2019; Choi et al., 2022; Toomey et al., 2022).

a-Synuclein has been implicated by several mechanisms in the repression of normal mitochondrial
function. Overexpression of a-synuclein in primary human foetal dopaminergic neurons resulted in its
uptake into mitochondria, where it was found to localise to inner and outer mitochondrial membranes,
and was highly correlated to complex | activity reduction (Devi et al., 2008). A similar overexpression
model in mice showed increased A53T-mutant a-Synuclein at mitochondrial membranes, resulting in
complex | inhibition as well as decreased respiration and increased turnover (Chinta et al., 2010). It is
likely that these observations, particularly the uptake of a-synuclein into mitochondria, may be a result
of artificially increasing a-synuclein expression, as endogenous monomeric a-synuclein has not been
found to extensively co-localise with mitochondria unless under overexpression conditions (Parihar et
al., 2008; Chinta et al., 2010). Oligomer or fibril-seeded aggregation, on the other hand, has been found
at mitochondrial membranes, where it resulted in inhibition of protein import through direct TOM20
interaction (Di Maio et al., 2016), mPTP opening through nitric oxide and cytochrome c release (Parihar
et al., 2008), mPTP opening through oxidation of ATP synthase (Ludtmann et al., 2018) and/or

inhibition of complex | (Luth et al., 2014; Reeve et al., 2015; Ludtmann et al., 2018).

At 14 days post PFF seeding, i® neurons showed no reduction in mitochondrial membrane potential as
measured by JC-10 and TMRM, and no change in ROS levels measured by MitoSOX. These two

observations are in contrast to several studies which highlighted a loss of membrane potential or
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increased levels of ROS in various PD models or PD patient brain tissues (Cooper et al., 2012; Luth et
al., 2014; Di Maio et al., 2016; Grassi et al., 2018; Little et al., 2018; Ryan et al., 2018; Zambon et al.,
2019; Ryan et al., 2021; Choi et al., 2022; Toomey et al., 2022). Considering the lack of neuron loss
and the fact that aggregation saturation was not reached (see Chapter 3), it is possible that are modelling
an early stage of aggregation with mild respiratory impairment prior to the advent of overt mitochondrial
dysfunction. Indeed, in iPSC-derived dopaminergic neurons, mitochondrial impairment was not

observed before 21 days of a-synuclein aggregation (Mahul-Mellier et al., 2020).
4.4.4 a-Synuclein PFF treatment in i neurons does not induce lysosomal impairment

At 14 days post-seeding, measurement of LAMP1 intensity, size and area, and of lysosomal activity
using DQ-BSA in i® neurons demonstrated a lack of change in any measured metric relating to
fluorescence intensity (a readout of proteolytic activity), number of spots or total area occupied by spots.
The only exception was a very small but statistically significant increase in lysosomal size in a-
synuclein-treated conditions for DQ-BSA, which was not replicated by the LAMP1 immunostaining.
This was in contrast to amyloid-p-treated neurons, which showed statistically significant decreases in
spot intensity and number of spots, indicating fewer and less active lysosomes. This was surprising
considering well-established interactions between a-synuclein and the autophagy-lysosomal pathway
in PD. In post-mortem brain tissue from PD patients, it was observed that levels of LAMP1, CTSD and
HSP73 were all reduced and the effect was greatest in a-synuclein-positive neurons, an effect which
was replicated in rats that overexpress a-synuclein (Chu et al., 2009). PFF-treated cells formed
aggregates which co-localised with p62 and LC3 but not LAMPL, implying these aggregates were
flagged for degradation but never underwent autophagy, and in this study, lysosomal activity was intact
(Tanik et al., 2013). Similarly, culturing SNCA-overexpressing neurons for hundreds of days showed
reduced activity of specific proteases, but not overall activity, in manner that was at least partially
dependent on a-synuclein aggregation (Mazzulli et al., 2016a). This implies a small effect of long-term
a-synuclein aggregation on lysosomal function. However, early-stage aggregates seeded by PFFs in
HEK?293 cells were found to be degraded by the lysosome in a p62-dependent manner (Watanabe et al.,

2013). Similarly, oligomeric a-synuclein aggregates formed following rotenone exposure in
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immortalised cells and neurons were effectively cleared, but larger fibrillar aggregates were not (Lee et
al., 2004). Considering available evidence, it is possible that lysosomal dysfunction may not be
occurring in our model at this timepoint and that culturing cells with aggregates in a longer-term
capacity may reveal lysosomal impairment. It is also possible that, similar to the findings of Mazzulli
and colleagues, the total activity of the lysosomes may be unaffected and more specific assessment of

protease activity may be key to identifying lysosomal impairments.

Interestingly, though a-synuclein may have a detrimental effect on lysosomal activity, it is well
established that impairment of lysosomal autophagy pathway is a permissive cellular environment for
a-synuclein aggregation. Indeed, deleterious lysosomal gene variants are overrepresented in PD patients
(Robak et al, 2017), and increase risk of PD in areas of pesticide use (Ngo et al., 2024). Similarly,
mutations in ATP13A2 and Rab27b, or reduced cathepsin B activity all impair lysosomal function and
lead to increased a-synuclein accumulation and aggregation, whereas increasing lysosomal function
through Rab27b or cathepsin B overexpression inhibited a-synuclein aggregation (Zhang et al, 2022;
Jones-Tabah et al, 2024; Scholz et al, 2025). Co-treatment of a-synuclein PFFs and 20 uM CQ for 48h,
followed by washout of the PFFs and CQ, potentiates a-synuclein aggregation in i® neurons in our
paradigm (Appendix Figure 48). As such, it is possible to imagine that lysosomal dysfunction in patients
may pre-exist a-synuclein aggregation and subsequently be worsened in a feed-forward mechanism

with increasing a-synuclein accumulation.
4.4.5 Super-resolution microscopy to confirm and extend the findings of this study

The aim of establishing CLEM was to enable the identification of neurons bearing pS129-positive
aggregates and pS65Ub-tagged mitochondria within these a-Synuclein aggregates, as well as allow the
precise assessment of mitochondrial morphology — both of their network complexity and size and their
sub-organellar architecture. This technique has been used successfully to identify pS129-positive
neurons in culture and analyse the composition and location of a-synuclein aggregates within these
cells, allowing the identification of multiple organelles localised within aggregates as well as posit that
membranes may be nucleation sites for a-synuclein aggregates (Mahul-Mellier et al., 2020; Choi et al.,
2022). As the pS65Ub primary antibody was highly sensitive to the strong fixation used to prepare
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samples for CLEM, it became necessary to explore alternative methods. The preliminary SIM trial in
SH-SY5Y revealed that the technique was compatible with our pS65Ub, MAP2 and TOM20
immunostaining technique (pS129 was not assessed due to time constraints) and revealed highly

detailed mitochondrial morphology as well as precise pS65Ub localisation.

To confirm the findings in this chapter, future experiments should include computational evaluation of
mitochondrial morphology in pS129-positive and pS129-negative i neurons 14 days post-PFFs using
immunostaining for TOM20 and pS129, by SIM. It would also be of interest to extend the findings
detailed in Chapter 3 and assess the architecture of pS129-positive aggregates and the engulfment of
pS65Ub-tagged mitochondria over the course of aggregation in neurons. Understanding the interactions
of pS129 and pS65UD at high resolution will allow for the development of hypotheses regarding the
mechanism by which these two markers become intertwined and shed light on the process of aggregate

formation.
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5 Functional genomic screening identifies
candidate genes modulating pS129 and

PS65Ub formation

A large number of studies have been carried out on animal and cell culture models that carry familial
PD mutations and from which more generalised conclusions about disease aetiology and progression
have been made. In contrast to the abundance of mutation-driven models, research into sporadic models
of the disease is comparatively lacking, especially in iPSC-derived neurons. Without a clear aetiological
trigger for disease, iPSC lines derived from patients with idiopathic PD are the best available model.
Study of sporadic PD is important considering that it is estimated that the majority of PD cases, ~85%,
are idiopathic in nature, possibly triggered by a combination of environmental exposures, ageing and

genetic factors.

Though not driven by any single mutation with strong effect, natural variants at a large number of loci
in the genome have been shown to increase risk for PD by several genome-wide association studies
(GWAS) (Edwards et al., 2010; Hamza et al., 2010; Do et al., 2011; Nalls et al., 2011; Lill et al., 2012;
Pihlstrgm et al., 2013; Nalls et al., 2019; The Global Parkinson’s Genetics & Leonard, 2025). The
contribution of many of these genes to the development of PD is unknown, and the study of these
variants and their effects on cellular pathways and function is in its infancy. Low-throughput study of
some of these genes have revealed functions and potential mechanisms by which they are implicated in
PD (Dumitriu et al, 2011; Jinn et al, 2017; Diaz-Ortiz et al, 2022; Larbalestier et al, 2022; Jones-Tabah
et al., 2024). Considering the available evidence, we hypothesised that candidate risk genes identified
by GWAS may be acting on disease relevant cell pathways that were originally identified in familial

PD models, such as a-synuclein aggregation and mitochondrial dysfunction.
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The most recent GWAS have identified 134 loci contributing to the risk of PD in a European population
of Caucasian ancestry (The Global Parkinson’s Genetics & Leonard, 2025), a marked increase from 90
loci in 2019 (Nalls et al., 2019). GWAS are also being conducted in populations of differing ancestry
(Satake et al, 2009; Foo et al, 2020; Rizig et al, 2023; Leal et al, 2025; Step et al, 2025), as disease-
relevant loci can be population specific due to migration, genetic drift, natural selection and events such
as population bottlenecks. Consequently, it is likely that new loci will be uncovered in the coming years,
making the establishment of systematic platforms to study gene function a priority. It is expected that
understanding risk gene function may identify convergent pathways and thus, therapeutic targets. As
disease-associated risk variants each contribute only a small increase in the risk for disease, such
mechanistic understanding may inform the calculation of polygenic risk scores. It may also lead to

increased patient stratification, personalisation of medication and patient benefit.

The aim of this chapter is to identify candidate risk genes that modulate the rate of a-synuclein
aggregation or the a-synuclein-induced accumulation of pS65Ub. Consequently, I have:
1. Constructed a library of CRISPRi sgRNA-expressing lentiviruses targeting candidate genes at
PD GWAS risk loci.
2. Optimised and conducted an arrayed screen to identify risk genes that alter the levels of PFF-
seeded pS129 and pS65Ub in iPSC-derived cortical neurons.
3. Validated pS129 and pS65Ub-modulating preliminary hits in human iPSC-derived

dopaminergic neurons

5.1 Cloning and validating an arrayed CRISPRi PD GWAS candidate risk

gene library

At the beginning of this project, our goal was to perform genome-wide screening for modulators of a-
synuclein aggregation and pS65Ub accumulation, based on preliminary data linking the formation of

these two markers. Consequently, a flow cytometry-based genome-wide screening strategy was
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Figure 30. Flow cytometry optimisation for single-cell measurement of pS129 and pS65Ub

levels.

a) Schematic representation of the pooled screening workflow. b) i® Neurons were lifted and
immunostained in suspension using an antibody against pS129 and an Alexa-fluor 647-conjugated
secondary antibody. Fluorescence intensity of pS129 was measured using a BD LSRFortessa flow
cytometer with the 640 nm laser line and 670/30 emission filter. Aggregation-positive neurons were
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gated based on the intensity of the untreated, stained population. PFF treatment increased the number
of cells in the aggregation-positive gate from 3.97% to 49.15%. Treatment with PFFs and
chloroquine resulted in a very similar population shift, with the number of cells entering the pS129-
positive gate achieving 45.64%. c¢) i* Neurons were immunostained in suspension for pS65Ub and
the single-cell fluorescence intensity measured on the BD Fortessa flow cytometer using a 640 nm
laser line and 670/30 emission filter. pS65Ub-positive cells were found to increase from 37.8% to
48.0% in CCCP-treated conditions compared to DMSO. Histograms of the population distribution
do not indicate the presence of two distinct and separated populations for pS65Ub-negative and
pS65Ub-positive neurons. For all flow cytometry experiments, neurons were gated based on SSC
and FSC to identify single whole cells and eliminate debris, doublets or clumps, then gated on
viability using Live/Dead NIR staining before gating for pS129 or pS65Ub positivity.
Representative data from N = 1 independent differentiation, each datapoint represents a single event.
Panel 1a created with Biorender.com.

initially devised, leveraging the a-synuclein PFF model in i® neurons (Figure 30a). Co-treatment of o-
synuclein fibrils with the lysosomal alkalinising agent CQ for 48 hours was shown to increase the

percentage of cells bearing aggregates from 73.4% (95% CI [68.58, 78.17]) to 84.1% (95% CI [73.01,

95.12]) (Appendix Figure 48) and
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Figure ~ 31.  Sensitivity —of the pS129 (istinction between the PFF-treated and PFF
immunocytochemical assay.

i Neurons stably-expressing a control sgRNA or a  + CQ treated conditions was found (Figure
SgRNA targeting SNCA were treated with a-synuclein

PFFs on DIV 10, fixed and immunostained 14 days  30b). Similarly, a shift of only 11% in the
post-seeding for levels of pS129. SNCA knockdown

significantly reduced the levels of pS129 produced, number of events occurring in the pS65Ub-
and comparison of the two conditions determined a Z’

value of 0.1633. N = 1 independent differentiations,  positive gate was found when comparing
each datapoint represents a technical replicate.

Statistical test: two-way ANOVA with Tukey’s cells treated with 30 pM CCCP versus
multiple comparisons test. Data is presented as the

mean = SEM. * p <0.05, ** p <0.01, *** p <0.001, DMSO (40.6% to 51.6%) (Figure 30c).
**** p <0.0001.

Consequently, after several months of

optimisation, these techniques were determined to be of insufficient sensitivity
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to support screening and a new strategy was devised based on the well-characterised

immunocytochemistry assays for both markers.

Arrayed screens sacrifice the high throughput of pooled screens but generate information-rich datasets
which can provide multi-parametric readouts (Franks et al., 2024). The images produced by these
screens lend themselves to further analysis which may yield insight into biological questions linked to
the screen paradigm. As discussed in Chapter 3, in cell lines stably expressing a sgRNA targeting SNCA,
pS129 levels were found to be reduced compared to controls at DIV 24 following PFF-seeding,
indicating that reducing SNCA expression levels effectively abolished the aggregation of a-synuclein.
Indeed, the Z prime (Z’) value calculated from comparing the control condition to a SNCA knockdown
condition was 0.1633 (Figure 31), which was acceptable given the smaller scale of the arrayed screen

and cell-based aggregation model.

5.1.1 Library design and candidate risk gene selection

In 2022, the largest existing GWAS meta-analysis was conducted by Nalls and colleagues and identified
90 loci across the genome which increased risk for Parkinson’s disease (Nalls et al., 2019) (Figure 32a).
Using the web-based iPDGC locus browser, the top 2 candidate genes at each locus, as ranked by Grenn
and colleagues, were retained (Grenn et al., 2020). In the absence of clear candidates, the nearest gene
was selected. These selected candidates were subsequently filtered using a publicly-available RNA-
sequencing dataset (Tian et al., 2019) for expression in i* neurons and two sgRNAs targeting each of
the remaining genes were selected from the hCRISPRv.2 library on the basis of their in silico score
(Horlbeck et al, 2016). These sgRNA oligonucleotides were subsequently cloned into a lentiviral vector,
sequence verified and packaged into lentiviral particles to enable transduction into neurons and

subsequent screening (Figure 32b).

The library was composed of 71 genes retained from the GWAS meta-analyses and was supplemented
with 4 familial PD genes not represented in the GWAS (PINK1, PRKN, PARK7, VPS35), 9 non-
targeting controls and 13 hit genes from a proteomics study in our laboratory in PFF-treated

dopaminergic neurons (data by Helle Bogetofte-Barnkab, unpublished) (Table 23), for a total of 181
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Figure 32. Design of the arrayed PD GWAS candidate risk gene CRISPRi screening library. a)
Candidate risk genes were identified from the 2019 meta-analysis by Nalls and colleagues which
identified 90 loci associated with increased risk of Parkinson’s disease (Figure adapted from Nalls et
al, 2019). b) Library design and screening workflow. c) Candidate risk genes selected for the library
were inputted to STRING DB (Szklarczyk et al., 2025) to assess their network connectivity, revealing
one large cluster with associated offshoots, and one smaller cluster encapsulating proteins CRLS1,
NDUFAF2, ERCC8 and DCAF16. The remaining protein-coding genes either have yet to be
functionally connected or are functionally disparate to the other candidate risk genes in the library.
d) Gene ontology evaluation performed using STRING DB reveals enrichment of terms related to
cellular processes such as mitochondrial dynamics and function, as well as neuronal death and
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synaptic function. Statistical test: hypergeometric test with Benjamini-Hochberg multiple
comparisons test. e) Terms relating to cellular components revealed an enrichment in inclusion
bodies, the trans-Golgi network, the soma, neuronal projections, the endolysosomal system and
synapses. Statistical test: hypergeometric test with Benjamini-Hochberg multiple comparisons test.
Data is presented as signal enrichment values and coloured according to false discovery rate.
lentiviral vectors (2 sgRNAs/gene). Network analysis of the selected candidate genes identified one
main cluster composed of endolysosomal, synapto-vesicular and mitochondrial genes as well as many
standalone genes which were either unlinked to the other genes, indirectly linked or whose connectivity
has not yet been established (Figure 32c¢). Analysing the cell processes enriched in the GWAS and
familial gene library revealed an enrichment (signal > 0.75, FDR < 0.001) of genes involved in
mitochondrial fission, such as LRRK2, VPS35, MAPT, PINK1, and FAM49B, as well as genes involved
in neuronal death regulation, and mitochondrial architecture and metabolism (Figure 32d). Analysis of
the enrichment of cellular components in the library showed terms related to inclusion bodies, relating
to the genes CLCN3, TMEM163, LRRK2 and SNCA, as well as terms relating to the trans-Golgi network,

cell body, cytoplasmic vesicles, neuronal projections and synapses, as well as the endolysosomal system

(Figure 32e).

5.1.2 sgRNA cloning and lentiviral packaging

Of 181 vectors, 146 sgRNAs required cloning into a lentiviral vector which encodes ampicillin
resistance and EFlo-driven puromycin resistance, as well as a nuclear-localised mTagBFP2 reporter
(Figure 33a). 41 sgRNAs had already been cloned by Dr Stewart Humble and Peter Holderrieth (Table
23). The integration of the sgRNA into the lentiviral backbone was enabled by double enzymatic
restriction digestion at the BstXI and BIpl restriction sites, and ligation of the sgRNA oligonucleotides
using T4 ligase-mediated DNA ligation. Whereas the steps up to and including ligation and bacterial
transformation could be performed in a 96-well format, transformants were individually streaked onto
ampicillin-containing LB agar petri dishes and colonies were individually picked for vector
amplification, purification and sequence verification (Figure 33b). Sequence verification of these clonal
vectors was performed using commercial next-generation Sanger sequencing and yielded a majority

(~60%) of vectors with the correct insert and a minority which retained the sgRNA sequence of the

147



a Guide BIPI (391) [EF1-alpha promoter

TTG | [modified guide constant region HIV-1 packaging signal| mychLS
(358) BstXI AmpR promoter HIV-1 cPPT/CTS ‘ mycNLS
\ \
LN 20p07 = . 4ooof egc')oo‘ & zﬂﬁo'
Co (Camer > [ BN O ) -
muU6 modified| | Bacterial puC HIV-1 RRE PuroR | mTagBFP2 WPRE
GTTTAAGAGC  Truncated 5' HIV-1 LTR RSV promoter Truncated 5' HIV-1 LTR T2A

EF1a-Puro-T2A-MycNLS2x-mTagBFP

b 9419 bp

2OVOVOVOVIT
XOVDOVOVPDIT
AODIDIDIDIT
sgRNA oligo
library
ngatlor/ (
Bacterial transformation '\ _

CRISPRI guide library ) ,//

&
Lentiviral backbone

restriction digestion Plasmid purification

/

Ty

docuoMuAud MOAEAMHOWM

Sequencing verification

Library aliquoting and
storage

Lentiviral packaging <

c BstXI BlpI
Reference backbone tatcccttggagaaCCAcctTGTTGGGCAGCAGCAAAACTGTCAAGTTTAAGAGCTAAGcTGGAAACAGCATAGCAAGTTTAAATAAG
sequence atagggaacctcttGGngaACAACCCGTCGTCGTTTTGACAGTTCAAATTCTCGATTCGACCTTTGTCGTATCGTTCAAATTTATTC

mU6 modified 1 FCGR2A-1 | GTTTAAGAGC | modified guide constant region —
TG

Sequence-verified tatcccttggagaaCCAcctTGTTGGGCAGCAGCAAAACTGTCAAGTTTAAGAGCTAAGCTGGAAACAGCATAGCAAGTTTAAATAAG

vector  TATCCCTTGGAGAACCACCTTGTTGGGCAGCAGCAAAACTGTCAAGTTTAAGAGCTAAGCTGGAAACAGCATAGCAAGTTTAAATAAG
Failed vector TATCCCTTGGAGAACCACCTTGTTGGCEATCEGCTCEATEAGCEEGTTTAAGAGCTAAGCTGGAAACAGCATAGCAAGTTTAAATAAG

Figure 33. Cloning CRISPRi sgRNAs into lentiviral vectors at scale.

a) Lentiviral CRISPRi vector with an ampicillin resistance selection marker and an EF1a-driven
puromycin resistance construct and nuclear-localised mTagBFP2. The guide construct is driven
off a modified mU6 promoter and sgRNA sequences are inserted via double enzymatic digestion
at the BstXl and Blpl restriction sites. b) Schematic of the process of cloning the sgRNA
oligonucleotides into the lentiviral vector backbone using double-enzymatic digestion and ligation
and packaging the vectors into lentiviral particles using bacterial amplification of the plasmid,
plasmid purification and transfection into virus-producing cells. ¢) Sequence verification of picked
and amplified colonies. Panel 1b created with Biorender.com.
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original backbone (Figure 33c). The process was repeated iteratively until all sgRNA vectors were
sequence verified. Each vector underwent lentivirus packaging and concentration by transfection into

HEK-293T cells along with co-transfection of packaging vectors.

The lentiviral library underwent functional titration by treating i* neurons with increasing volumes of
lentivirus and observing the percentage of mTagBFP2-positive nuclei in the culture. A far-red nuclear
dye highlighted all nuclei in the culture, allowing for nuclear and cytoplasmic segmentation (Figure
34a). mTagBFP2 reporter fluorescence intensity was measured, and mTagBFP2-positive cells were
identified, allowing the calculation of the percentage of mTagBFP2-positive cells on a well-by-well
basis. Almost all vectors showed a dose-dependent increase in the percentage of reporter-positive
neurons in the culture, with the average vector achieving the target transduction rate of 70% at ~700 nl
(Figure 34b). 20 sgRNA-expressing lentiviruses failed to achieve the 70% transduction rate threshold
and for these sgRNASs the maximum volume of 1500 nl was used in the final screen due to limits in the
practicality and logistics of dispensing larger volumes with the ECHO nanodispenser. Furthermore, the
average vector saw no decrease in the number of nuclei at the highest volume of lentivirus used,
suggesting there is no general toxicity associated with dispensing increasing volumes or increased
concentrations of the sgRNA-expressing lentiviruses (Figure 34c). A small number of sgRNA-
expressing lentiviruses showed a reduction in the number of nuclei at the highest volume dispensed
(1500 nl), highlighting the necessity of identifying the lowest lentivirus volume that transduced ~70%

of neurons.

5.2 Optimisation of arrayed CRISPRI screening

One of the main considerations in the implementation of an arrayed CRISPRi screen was assay
sensitivity, which would determine the feasibility of detecting subtle changes in phenotypes resulting
from incomplete gene silencing. In iPSC-derived neuronal models, there existed the additional
complication that we and others have observed silencing of the sgRNA or dCas9 machinery expression

over the course of dopaminergic neuron maturation. To address these challenges, optimisation of the
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Red. The intensity of mTagBFP2 was measured in the nuclear region on a per cell basis and a
threshold approach used to identify sgRNA-positive cells. Scale bar = 50 um. 20x water immersion
objective, Opera Phenix confocal microscope. b) Titration curves of all vectors in the library. The
dashed line represents the target 70% transduction rate. ¢) Quantification of the number of nuclei by
volume of lentivirus dispensed, to assess toxicity. For both b) and c), the mean curve is plotted in
blue and the 95% confidence interval is represented by the shaded area around the curve. Data is
presented as the mean, each datapoint represents a biological replicate.
functional effect of syRNAs over the course of i* neuron maturation, of the screening workflow and of

the analysis pipeline was conducted.

5.2.1 sgRNAs and dCas9 machinery are not silenced over maturation

To determine the functionality of CRISPRI silencing over the course of neuronal maturation, i® neurons
stably expressing a sgRNA targeted to PINK1 or PRKN, or expressing a control sgRNA, were treated
at DIV 10 and DIV 31 with 30 uM FCCP to induce the formation of pS65Ub. The neurons were
subsequently fixed and stained for the levels of pS65Ub and TOM20 by immunocytochemistry.
Confocal microscopy revealed a marked decrease in the levels of pS65Ub in PINK1 and PRKN
knockdown conditions compared to control at both DIV 10 (Figure 35a) and DIV 31 (Figure 35c).
Quantification of the pS65Ub levels showed a significant decrease of pS65Ub total spot area, relative
spot intensity and number of spots per area of cell in PINK1 and PRKN knockdown conditions at DIV
10 (Figure 35b) and DIV 31 (Figure 35d) (p < 0.0001 for all readouts, except for the number of pS65Ub
spots per area of cell at DIV 10, where sgControl vs sgPRKN p = 0.0005). This suggests that the
CRISPRi machinery is continuously expressed and functional until DIV 31, a timepoint beyond the

endpoint of the PFF-induced pS129 accumulation paradigm.

Intriguingly, though there is a statistically significant difference between the total spot area and relative
spot intensity of pS65Ub in PINK1 versus PRKN knockdown conditions at DIV 10 (p = 0.0093 and p
= 0.0387, respectively), this difference is no longer observed at DIV 31. Moreover, the fluorescence
intensity of pS65UDb is lower overall in control conditions at DIV 31 versus DIV 10, perhaps suggesting
lower capacity for mitophagy in more mature neurons. Nevertheless, iPSC-derived i® neurons generated
pS65Ub in the presence of FCCP at DIV 31 in culture and retained functional CRISPRIi silencing at this

timepoint.
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Figure 35. Functional characterisation of CRISPRI silencing at DIV 10 and 31. a) Representative
confocal microscopy images of i neurons stably-expressing a control sgRNA or sgRNAs against
PINK1 and PRKN treated with 30 uM FCCP at a) DIV 10 and c) DIV 31. The neurons were fixed and

153



immunostained for pS65Ub , MAP2 and TOMMZ20. Scale bar = 20 um. 40x water immersion objective,
Opera Phenix confocal microscope. Quantification of the microscopy images reveals significant
decreases in levels of pS65Ub in both PINK1 and PRKN knockdown conditions at b) DIV 10 and d)
DIV 31. N = 3 independent differentiations, each datapoint represents a biological replicate. Statistical
test: two-way repeated measures ANOVA with Tukey’s multiple comparisons test. Data is presented
as the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

5.2.2 Optimisation of screening workflow and analysis

To evaluate the feasibility, scale and variability of the arrayed CRISPRI screening workflow and its

readouts, a small-scale pilot screen was performed. The aims of this pilot were threefold:

1. To perform the arrayed screening workflow from start to finish and detect any unforeseen issues
arising from use of robotics for high-throughput plate handling, specifically in regards to
dispensing sgRNA-expressing lentiviral vectors and identifying spatial and systemic effects
from media changes and treatments.

2. To assess the sensitivity and variability of the readouts related to pS129 and pS65Ub, and
consequently determine the feasibility of arrayed screening.

3. To evaluate the use of puromycin selection to purify the sgRNA-positive population in each

well and increase assay sensitivity.

i Neurons were transduced with lentiviruses expressing 5 non-targeting sgRNAs serving as controls
for plate-by-plate normalisation and sgRNAs targeting PINK1, PRKN, SNCA, USP30, and NIX. These
genes were chosen as PINK1 and PRKN are important for the formation of pS65Ub and the presence
of SNCA monomer is required for the aggregation of a-synuclein. The deubiquitylase USP30 is a
negative regulator of pS65Ub formation and silencing its expression was expected to increase pS65Ub
formation. NIX is involved in PINK1-independent mitophagy, and was hypothesised to have no effect
on pS65Ub or pS129 levels. The neurons were either treated with 15 pg/ml of puromycin to select for
sgRNA-positive cells or untreated prior to DIV 10, at which time the cells were treated with a-synuclein

PFFs. At 14 days post-seeding, the cells were fixed and immunostained for pS65Ub, MAP2 and pS129.
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Figure 36. Preliminary screening to optimise arrayed screening workflow. a) Representative
confocal microscopy images of i neurons transduced on day 3 with sgRNAs targeting PINK1 or SNCA,
or a control sgRNA. From DIV 6 to DIV 10, the cells were selected by refreshing the medium and
adding puromycin at 15 pg/ml and the neurons were treated with a-synuclein PFFs on DIV 10. At 14
days post-seeding, the cells were fixed and immunostained for pS65Ub and pS129. b) Quantification
revealed the expected increase in pS129 in PFF-treated conditions, but only no significant difference
for the area of pS65Ub in CCCP-treated conditions. ¢) Knockdown of the SNCA or PINK1 genes
showed no significant differences with controls in pS129 or pS65Ub levels, but were significantly
reduced compared to other cell types. d) Quantification of the above images revealed no change in the
number of mTagBFP2-positive nuclei being detected by the analysis pipeline, increased variability in
the total pS129 spot area for neurons having undergone puromycin selection and possible positional
effects regarding pS65Ub immunostaining. €) Heatmaps highlight systemic spatial effects in the
pS65Ub immunostaining, but not the pS129 immunostaining. f) Coefficients of variation of the total
pS129 and pS65Ub spot area in selected and unselected conditions. N = 1 independent differentiations,
each datapoint represents a biological replicate. Statistical test: Kruskal-Wallis test with Dunn’s
multiple comparisons test. Data is presented as the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** n < 0.0001.

Confocal microscopy imaging revealed no alterations to overall morphology or levels of pS129 and
pS65Ub in the unselected or selected cells (Figure 36a). Assay controls included untreated, PFF-treated
and CCCP-treated NT control neurons to verify the effect of a-synuclein PFFs on pS129-positive
aggregate formation, as well as PFF-treated NT control, PINK1, PRKN and SNCA knockdown neurons
to confirm that depletion of PINK1 and SNCA result in reduced pS129 and pS65UDb levels, respectively.
pS129 levels were found to be significantly increased in PFF-treated conditions (p = 0.00017) compared
to the untreated control, but no significant difference was found for the area of pS65Ub when cells were
treated with CCCP (Figure 36Db). In PFF-treated cells, the effect of genotype was statistically significant
for the total area of pS129 (p = 0.00154), though post-hoc comparison testing showed no significant

difference between sgSNCA-treated cells and controls (Figure 36c).
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The total pS65Ub spot area was not significantly different between sgPINK1-treated cells and controls
in preliminary screening (Figure 36¢). Measurement of other parameters for pS65Ub, such as intensity,
showed a significant increase in CCCP-treated conditions (Appendix Figure 50). Comparing selected
and unselected cells revealed no change in the number of nuclei detected by the analysis pipeline, which
was expected as SgRNA-negative cells were unlabelled and thus excluded from analysis (Figure 36b).
SNCA knockdown using both SNCA-targeted sgRNAs showed a strong reduction in pS129-positive
aggregation, but PINK1-targeted sgRNAs failed to significantly reduce the levels of PFF-induced
pS65Ub. Plotting heatmaps of the pS129 and pS65Ub total area highlighted systemic spatial effects in
the pS65Ub data which were absent in the pS129 data, confirming that correction of spatial effects
would be necessary on a per-readout basis (Figure 36¢). To account for the possibility these systemic
effects were induced by the manual dispensing the primary antibody solution to a source plate for
robotic liquid handling, in subsequent experiments this step was performed in a randomised, column-

by-column manner.

Interestingly, treatment of cells with puromycin appeared to increase the variability of technical
replicates for pS129 immunostaining but not pS65Ub immunostaining, and this was confirmed by an

increase in the coefficient of variation in selected conditions for pS129 but not pS65Ub (Figure 36d).

5.2.3 Optimisation of the analysis pipeline

To determine the maximal signal window achievable, settings spanning 0.1 to 1.0 for the key pS129
detection sensitivity parameter were tested on the first replicate of primary screening using the Z-score
of the SNCA-targeted sgRNA. Setting the detection sensitivity parameter to 0.1, 0.2 or 0.3 resulted in a
larger number of pS129 puncta being detected by the software at a sensitivity setting of 0.3, particularly
in the untreated condition, suggesting that higher sensitivity identifies more background fluorescence
as pS129-positive puncta (Appendix Figure 51a). Plotting the Z-score of wells treated with the SNCA-
targeted sgRNA-expressing lentivirus showed that for most readouts, the Z-score was lowest with a
detection sensitivity of 0.1, suggesting that restricting the identification of pS129-positive puncta to the
brightest spots increased the discrimination of the analysis pipeline between the positive and negative
control (Appendix Figure 51b). Plotting the proportion of pS129-positive neurons also demonstrated
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Figure 37. Screen plate design and controls.

a) Example screening plate layouts, with 31 sgRNAs/plate targeting PD GWAS genes in green,
plate-to-plate normalisation control sgRNAs (non-targeting controls, NT) in blue and assay
negative and positive controls in columns 2, 3, 22, and 23. b) Representative images of assay control
neurons stably expressing a non-targeting sgRNA, or sgRNAs towards PINK1, PRKN, and SNCA,
showing an increase in pS129 in PFF-treated conditions, and a reduction in pS129 levels with
expression of a SNCA-targeted sgRNA. Scale bar = 20 um. 40x water immersion objective, Opera
Phenix confocal microscope. ¢) Quantification of the pS129 and pS65Ub total spot area in assay
control, non-targeting sgRNA-expressing neurons shows the expected increase in pS129 levels with
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a-synuclein PFF treatment, but the expected increase in pS65Ub area with FCCP treatment was not
observed. d) Quantification of the pS65Ub and pS129 total spot area in PFF-treated i* neurons stably
expressing sgRNAs targeting PINK1, PRKN, or SNCA or a control, non-targeting SgRNA revealed
reduced pS129 levels in SNCA-targeting cells, but the expected decrease in pS65Ub with PINK1-
targeting sgRNA expression was not observed. N = 3 independent differentiations. Statistical test:
Kruskal-Wallis test with Dunn’s multiple comparisons test. Data is presented as the mean + SEM.

*p <0.05, ** p<0.01, *** p < 0.001, **** p < 0.0001.
that higher sensitivity settings for this parameter increased the number of cells classed as pS129-
positive, until the analysis software could no longer discriminate between pS129-positive and negative

neurons. With this evidence, the detection sensitivity was set to 0.1 for subsequent screening analysis.

5.3 Primary screening of PD GWAS risk candidate genes

Primary screening of all 181 vectors was conducted in i® neurons in a 384-well format. sgRNA-
expressing lentiviruses were dispensed to neurons on DIV 3 using acoustic nanodispensing, and the
cells treated with a-synuclein PFFs on DIV 10. 14 days post-seeding, the neurons were fixed and stained
by immunocytochemistry for pS129, MAP2 and pS65Ub. Three replicates of primary screening were
conducted to mitigate variability in the effect of sgRNAs. The well location of sgRNAs were
randomised for each experimental replicate to account for systemic spatial effects and plate-to-plate

effects.
5.3.1 Screen plate design and controls

To account for systemic spatial effects, sgRNA technical replicates were spatially separated within the
plate, with one group distributed centrally and one peripherally, as well as across the left and right edges
(Figure 37a). Five non-targeting sgRNASs were selected and dispensed in the same positions on each of
the screening plates, allowing for plate-by-plate normalisation of the data. Assay controls were
positioned in columns 2, 3, 22 and 23. SNCA-targeted sgRNA-expressing neurons were expected to
show a reduction in pS129-positive aggregation levels, and PINK1-targeted sgRNA-expressing neurons
were expected to show a decrease in pS65UD levels. PRKN-targeted sgRNAs, on the other hand, were
expected to show a mild increase in pS129-positive aggregation levels, as this had been previously

observed for smaller scale experiments and preliminary screening and subsequently published (Schmidt
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Figure 38. Correlation of screening readouts and composite readouts.

a) Heatmap of the Z-score of all readouts and genes and of the Z-score associated with the composite
pS129 readout. b) Correlogram of the screening readouts arranged by hierarchal clustering, showing
strong correlation of all the pS129-associated readouts and more moderate correlation of the pS65Ub
readouts. Data is presented as mean Spearmann’s p. ¢) Heatmap of the Z-score for all readouts and a
subset of hit genes. N = 3 independent differentiations. Statistical test: Pearson’s correlation. Data is
presented as the mean z-score. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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et al., 2025). Non-targeting SgRNA-expressing neurons were also left untreated, or treated with FCCP
(FCCP induced a strong pS65Ub response in cortical neurons) and a-synuclein PFFs to increase

pS65Ub and pS129 levels, respectively.

Confocal microscopy imaging and analysis of the screening controls across all experimental replicates
revealed the expected effect of treating non-targeting sgRNA-expressing neurons with a-synuclein
PFFs in increasing the area of pS129-positive aggregation, though the effect was not significant (Figure
37b-c). However, treatment of i* neurons with FCCP did not produce a significant increase in the levels
of pS65Ub, a surprising finding considering that multiple previous experiments supported the effect of
this toxin on pS65UDb formation. Likewise, levels of pS129-positive aggregation were trended towards
reduction in SNCA-targeted sgRNA-expressing neurons, as expected, but the levels of pS129 were not
increased in PRKN-targeted sgRNA-expressing neurons (Figure 37b-d). This was likely due to the small
effect size of PRKN silencing on pS129-positive aggregation, which was identified in smaller scale
experiments with >12 technical replicates. With larger-scale experiments, the use of nine technical
replicates per plate, reduced by loss of some wells due to low cell adherence, may have resulted in
insufficient power to identify this increase. The levels of pS65Ub were unchanged in neurons
expressing a PINK1-targeted sgRNA. Together, these data support the effect of SNCA knockdown on
reducing pS129 levels and increased confidence in the interpretation of sgRNAs modulating pS129, but

cautioned the interpretation of the pS65Ub data.

Table 17. Screening Harmony pipeline readouts and interpretation

Readout name in Harmony Readout code Interpretation

Number if MAP2-positive cells in
Live MAP2+ Cells - Number of Objects num_map?2_cells
culture (count)

Live MAP2+ Cells - Nuclear mTagBFP2 Intensity of nuclear mTagBFP2
mtagbfp2_intensity

Intensity Mean - Mean per Well reporter (arbitrary units)

Live MAP2+ Cells - Relative Spot Intensity Integrated pS129 signal (signal being
rel_ps129 spot_int

- Mean per Well spot intensity minus the spot
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Live MAP2+ Cells - Number of Spots per
Area of Cytoplasm - Mean per Well

Live MAP2+ Cells - Whole Cell - Synuclein
Intensity Mean - Mean per Well

Live MAP2+ Cells - Corrected Spot
Intensity- Mean Live MAP2+ Cells - All
pS129 Spots - Mean per Well

Live MAP2+ Cells - Spot Area [px?]- Sum
Live MAP2+ Cells - All pS129 Spots -
Mean per Well

Live MAP2+ Cells - All pS129 Spots
Morphology Area [um?Z- Mean Live

MAP2+ Cells - All pS129 Spots - Mean per

Well

Live MAP2+ Cells - Relative Spot Intensity

(2) - Mean per Well

Live MAP2+ Cells - Number of Spots per
Area of Cell - Mean per Well

Live MAP2+ Cells - Corrected Spot
Intensity- Mean Live MAP2+ Cells -All
pS65Ub Spots - Mean per Well

Live MAP2+ Cells - Spot Area [px?]- Sum
Live MAP2+ Cells - All pS65Ub Spots -

Mean per Well

num_ps129 spots_area

_cyto

whole_cell_ps129 int

corr_ps129 spot_int

total_ps129 spot_area

ind_ps129 spot_area

rel_ps65ub_spot_int

num_ps65ub_spots_ar

ea_cell

corr_ps65ub_spot_int

tot_ps65ub_spot_area

background intensity) divided by the
integrated intensity of pS129 across
the cell (arbitrary units)

Number of pS129 spots divided by the
area of the cytoplasm (count/px?)
Mean intensity of pS129 across all
pixels of the cell (arbitrary units)
Mean intensity of the pS129 spot peak
minus the intensity of the background

(arbitrary units)

Sum of the area of all pS129 spots

identified in the cell (px?)

Mean of the areas of single pS129
spots in the cell, also known as spot

size (px?)

Integrated pS65Ub signal (signal
being spot intensity minus the spot
background intensity) divided by the
integrated intensity of pS65Ub across
the cell (arbitrary units)

Number of pS65Ub spots divided by
the area of the cytoplasm (count/px?)
Mean intensity of the pS65Ub spot
peak minus the

intensity of the

background (arbitrary units)

Sum of the area of all pS65Ub spots

identified in the cell (px?)
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Sum of the areas of pS65Ub spots co-

Live MAP2+ Cells - Spot Area [px?]- Sum localising with pS129 (determined
tot_ps65ub_spot_area
Live MAP2+ Cells - pS65Ub Spots Co- through thresholding the pS129
coloc_ps129
localised with pS129 Spots - Mean per Well intensity within the pS65Ub spot)
(px®)

5.3.2 Readout correlation and unified scoring

Arrayed CRISPRI screens generate large amounts of data stemming from the information-rich image
dataset acquired, which poses a significant challenge in the identification of candidate risk genes to
pursue for mechanistic validation. The readouts produced by the Harmony analysis software were
selected on the basis of their biological interpretation and provide complementary information on the
levels of pS129 or pS65Ub in each knockdown condition (Table 17). To better prioritise candidate hit
genes, the Z-score of each screened sgRNA for each readout was plotted as a heatmap to enable
comparison of Z-score values between outputs (Figure 38a). This revealed strong correspondence of Z-
score values for all pS129 readouts, though the relative pS129 spot intensity, number of spots per area

of cytoplasm, and total spot area were most similar.

The five pS65Ub readouts were overall less similar. These conclusions were supported by correlation
analysis of the readouts, where hierarchal clustering demonstrated that all pS129-associated readouts
were significantly correlated, including the total pS65Ub area colocalised with pS129 (Figure 38b).
However, pS65Ub readouts clustered separately. The only significant correlation between pS65Ub
readouts arose between the relative pS65Ub spot intensity and the number of pS65Ub spots per area of
cell. Subsetting the dataset by identifying preliminary hit genes yielded additional information on the
readouts contributing most to hit gene identification (Figure 38c). As a means of reducing data
dimensionality and identifying the strongest candidate hit genes, a unified pS129 score was generated
for pS129-associated readouts, produced by the multiplication of the Z-scores for the pS129 relative

spot intensity, total spot area, number of spots per area of cell and individual spot area. This composite
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Figure 39. Primary GWAS candidate risk gene screening. a) Quantification of the primary screen
results based on the unified aggregation score for pS129, a composite readout produced by the
multiplication of the Z-scores of 4 pS129-associated readouts. Knockdown of SPPL2B and FAM49B
showed upregulation of pS129 levels, whereas knockdown of BRIP1, HLA-DRB5, NOD2 and SNCA
resulted in decreased pS129 aggregation. b) Quantification of the screen results using the z-score for
the readouts total pS65Ub spot area and c) total pS65Ub spot area co-localised with pS129. Dashed
lines identify the cutoff used to classify hit or non-hit genes, at score = £2 and hit genes are labelled in
red. N = 3 independent differentiations. Data is presented as the mean unified pS129 score or as the
mean z-score.

readout was subsequently used to prioritise hit genes for further validation and mechanistic study. Due
to the weaker correlation between the pS65Ub readouts, a composite score was not calculated for this
readout and instead the total pS65Ub spot area, co-localised or not with pS129, were used as primary

readouts.

5.3.3 ldentification of putative modulators of pS129-positive aggregate formation and

a-synuclein PFF-induced pS65Ub

Images from all 181 sgRNA-mediated knockdown conditions and assay controls were acquired,
analysed, and processed with custom analysis pipelines. The data was cleaned by first filtering out wells
with abnormally low or high numbers of neurons, then log transforming the data and adjusting for
systemic spatial effects using linear regression over rows and columns. The log-transformed data was
further normalised by calculating the Z-score of each sgRNA in relation to the mean of 5 non-targeting
controls on a plate-by-plate basis. A Z-score threshold of +2 was used to identify candidate hit genes.
Once the data was combined into a unified pS129 score and pS65Ub readouts, this resulted in 7 pS129-
associated hit sgRNAs (Figure 39a) (6 genes) and 9 pS65Ub-associated hit SgRNAs (8 genes) (Figure
39b), representing 3.86% and 4.97% of vectors screened, respectively. These values are similar to the

percentage of hit sgRNAs which might be expected by chance.
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Table 18. Top upregulating sgRNAs ranked by readout score in the primary screen

GWAS dataset Proteomics dataset
pS129 pS65Ub pS129 pS65Ub
SgRNA Score SgRNA Z-score SgRNA Score SgRNA Z-score
SPPL2B-2 3.57 SPPL2B-2 3.73 SIK2-1 0.28 NIM1-2 291
FAM49B-2 2.28 NOD2-1 3.16 CALB1-1 0.06 SIK1-1 2.45
STK39-1 1.53 LRRK2-1 3.07 Ctrl_NT-1 0.02 HMGB1-1 2.40
CRLS1-2 1.25 MCCC1-1 2.55 MKNK1-2 0.00 DSTYK1-2 2.26
GPNMB-1 0.64 RNF141-1 2.45 SIK1-1 0.00 CACNA2D2-1 2.01
CD38-1 0.59 LRRK2-2 2.32 NT-6 0.00 LARP1-2 2.01
C5orf24-1 0.56 HLA-DRB5-1 2.24 Ctrl_NT-4 0.00 PRKACA-2 1.93
GALC-2 0.49 DYRK1A-2 2.02 NT-1 0.00 PSEN1-1 1.92
KPNA1-2 0.45 RNF141-2 2.02 NT-2 0.00 PRKACA-1 1.92
FYN-2 0.31 GPNMB-1 1.94 NT-8 0.00 LARP1-1 1.86

Table 19. Top downregulating sgRNAs ranked by readout score in the primary screen

GWAS dataset Proteomics dataset
pS129 pS65Ub pS129 pS65Ub

SgRNA Score SgRNA Z-score SgRNA Score SgRNA Z-score

SNCA-1 -66.39 NOD2-2 -2.32 LATS1-2 -0.12 SIK1-2 -0.69

SNCA-2 -53.04 FYN-1 -1.23 MKNK1-1 -0.10 Ctrl_NT-2 -0.62

NOD2-2 -12.91 PARK7-1 -1.19 LARP1-1 -0.08 Ctrl_NT-1 -0.31
HLA-DRB5-2 -4.82 SLC18B1-1 -0.77 SIK1-2 -0.08 NT-2 -0.12

BRIP1-2 -2.03 TMEML175-2 -0.70 LATS1-1 -0.05 CALB1-2 -0.06

The top-ranked preliminary hit sgRNAs by pS129 or pS65Ub score that showed increased pS129
aggregation were SPPL2B-2 and FAM49B-2 (unified score = 3.57 and 2.28, respectively). Two more

SgRNAs, STK39-1 and CRLS1-2 (pS129 unified score = 1.53 and 1.25, respectively), trended towards
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Figure 40. Primary screening of sgRNAs targeting proteomics hit genes.
a) sgRNAs targeting genes identified by proteomics in PFF-treated or untreated dopaminergic
neurons (data by Helle Bogetofte-Barnkob, unpublished) were screened in the same manner as PD
GWAS candidate gene-targeting sgRNAs. Analysis of the unified a-synuclein aggregation score
showed no sgRNAs effected change on pS129 aggregation levels in i* neurons. b) Quantification of
the total pS65Ub spot area z-score revealed several SgRNAs which upregulate pS65Ub levels in
cortical neurons. ¢) Quantification of the total pS65Ub co-localised with pS129 revealed no sgRNAs
that achieved the threshold to be classed as hits. Dashed lines identify the cutoff used to classify hit
or non-hit genes, at unified score = £2 and hit genes are labelled in red. N = 3 independent
differentiations. Data is presented as the mean unified pS129 score or as the mean z-score.
upregulation of pS129 aggregation but did not achieve the threshold, suggesting hit genes of low effect
size. The strongest sgRNAs associated with decreased pS129 aggregation were both sgRNAs targeting
SNCA (unified score = -66.38 and -53.03, respectively). sRNAs NOD2-2, HLA-DRB5-2, BRIP1-2 all
exceeded the threshold for hit identification with unified pS129 scores of -12.90, -4.82 and -2.02,
whereas the sgRNA NDUFAF2-2, with a score of -1.59, trended towards downregulation of pS129-

positive aggregation but did not achieve the cutoff (Figure 39a).

sgRNAs SPPL2B-2, NOD2-1, LRRK2-1 and LRRK2-2, MCCC1-1, RNF141-1, HLA-DRB5-1,
DYRK1A-2 and RNF141-2 were identified as preliminary hits on the basis of their total pS65Ub spot

area Z-score (3.73, 3.16, 3.07 and 2.32, 2.54, 2.45, 2.24 and 2.02 respectively) (Figure 39b). sgRNAs
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GPNMB-1 and KLHL14 achieved scores of 1.94 and 1.89 respectively and were not classified as
preliminary hit genes. Only one sgRNA was found to downregulate pS65Ub. NOD2-2 achieved a Z-
score of -2.32. Interestingly, comparing this readout to the total pS65Ub spot area co-localised with
pS129 highlighted pS65UDb formation in different subcellular contexts — most sgRNAs identified did
not show an increase in pS65Ub area co-localised with pS129, indicating that this may be independent
of pS129 formation (Figure 39c). However, both RNF141-1 and SPPL2B-2 (Z-scores 5.10 and 2.01)
were also identified to increase pS65Ub co-localised with pS129, suggesting that they increase pS65Ub

spot area in a pS129-dependent manner.

sgRNAs targeting genes identified in a proteomics analysis of PFF-treated and untreated SNCA-
triplication dopaminergic neuronal cultures were analysed in the same manner as PD GWAS genes, but
none were found to modulate the levels of pS129 (Figure 40a). Intriguingly, several were found to
increase the levels of pS65Ub, with sgRNAs NIM1-2, SIK1-1, HMGB1-1, DSTYK1-2, CACNA2D2

and LARPL1 achieving Z-scores of 2.90, 2.45, 2.40, 2.25, 2.01 and 2.01 (Figure 40b).

5.3.4 Cellular pathways underlying pS129 and pS65Ub regulation

To identify major cellular pathways underlying the regulation of pS129 and pS65Ub, sgRNAS targeting
an array of genes related to mitochondria and mitophagy, the endolysosomal and autophagy pathways
were screened for their effects on pS129 and pS65Ub levels. Both sgRNAS targeting the lysosomal
ATPase subunit-encoding gene ATP6VO0AL, a subunit of the lysosomal proton pump responsible for
acidifying lysosomes, showed strong increases in pS129 aggregation (unified pS129 score = 3.88 and
23.82 for ATP6VOA1-1 and ATP6VOAL-2, respectively) ( Figure 41a), in line with the results of
increased a-synuclein aggregation with co-treatment of PFFs and the lysosomal alkalising agent CQ.
As expected, several mitochondrial-targeted sgRNAs upregulated pS65Ub levels, but the sgRNA with
the strongest effect targeted SIAH1 (Z-score 3.10) ( Figure 41b). Furthermore, VDAC1-2, LAMP2-1,
AMBRAL-2 and BNIP3-1 achieved scores of 2.93, 2.84, 2.62, and 2.12 respectively. VDAC1-1,

AMBRAL-1, FUNDC1-2, and LAMP2-2 also trended towards increasing pS65Ub area (Z-scores 1.74,
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Figure 41. Identification of cellular pathways and processes underlying pS129 and pS65Ub
accumulation. a) sgRNAs targeting genes relating to mitochondrial function, mitophagy, the
endolysosomal and autophagy pathways were screened alongside PD GWAS candidate risk gene-
targeting sgRNAs in i® neurons. Quantification of the unified pS129 aggregation score highlighted the
lysosomal proton V-ATPase as a strong modulator of PFF-induced pS129 aggregation. b)
Quantification of the pS65UDb total spot area z-score identified lysosomal and mitochondrial-targeted
sgRNAs as modulators of pS65Ub accumulation. ¢) Quantification of the total pS65Ub spot area co-
localised with pS129 z-score revealed only two sgRNAs which achieved the cutoff. Dashed lines
identify the cutoff used to classify hit or non-hit genes, at score = +2 and hit genes are labelled in red.
N = 2 independent differentiations. Data is presented as the mean unified pS129 score or as the mean
z-score.

1.66, 1.64 and 1.56). MCU-2 and LAMP2-1 (Z-score 2.28 and 2.03), on the other hand, were found to
upregulate pS65Ub levels co-localised with pS129 ( Figure 41). Altogether, these data implicate
lysosomes in the regulation of pS129 levels and mitochondria, autophagosomes and lysosomes in the

regulation of pS65Ub levels.
5.3.5 Correlation of pS129 and pS65Ub levels in screening data

Previous data discussed in this thesis demonstrated an accumulation of pS65Ub as a result of PFF
treatment in i neurons (see section 3.3.1). Consequently, commonalities between hit genes modulating
the pathways were expected. Comparison of pS65Ub and pS129 readouts between sgRNA-mediated
knockdown conditions allowed the identification of several groups: pS129 and pS65Ub up and
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downregulators, pS129-specific up and downregulators and pS65Ub-specific up and downregulators
(Figure 42a). There were few pS129 and pS65Ub regulators with only SPPL2B and LAMP2 exerting
an effect on levels of both proteins. pS129 modulators included ATP6VOA1, MCU, as well as, of course,
SNCA, whereas pS65Ub modulators included LRRK2, VDAC1, RNF141, LARP1, SIK1, NIM1,
DYRK1A, RNF141, AMBRA1, DSTYK1, SIAH1, and MCCC1. Guides to HLA-DRB5 were found to both
specifically upregulate pS65Ub or specifically downregulate pS129, possibly suggesting off-target

effects.

Despite the scarcity of genes shown to regulate both pS129 and pS65Ub in the combined screening
data, on a well-to-well basis, correlating the pS65Ub and pS129 total spot area data from all three
screening replicates showed a weak correlation (R® = 0.19), suggesting indirect regulation of pS65Ub
by pS129 (or possibly vice-versa) (Figure 42b). Furthermore, statistical testing using Spearman’s rank
correlation coefficient also demonstrated a weak but statistically significant correlation (p = 0.331, p <

0.0001) between these two variables, further confirming that pS129 and pS65Ub are co-regulated.

5.4 Validation screening in iPSC-derived dopaminergic neurons

iPSC-derived cortical neurons provide a model of cortical involvement in the late stages of PD and
represent a population of neurons that shows neurodegeneration in advanced disease. To identify
possible disease-relevant cell-type-specific differences in the genetic regulation of PFF-induced pS129
seeding and pS65Ub accumulation, control and SNCA-triplication human iPSC lines were differentiated
to dopaminergic neurons. At DIV 35, 69.3 and 62.8% of cells from healthy control lines 156 and 856
(both expressing dCas9) were MAP2-positive, and 35.0 and 28.7% were tyrosine hydroxylase (TH)-
positive (Figure 43a). TH-positive cells represented 50.1 and 44.4% of the MAP2-positive cells in

culture.

The differentiation efficiency was markedly lower for the 831-1 and 831-3 SNCA-triplication lines, with
9.3 and 14.3% of cells showing MAP2 positivity and 2.1 and 7.0% showing TH-positivity (Figure 43Db).

Due to the low differentiation efficiency, the data from these lines is not shown in this thesis.
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Figure 42. Regulation of pS129 and pS65Ub is largely independent.

a) Comparing the pS129 and pS65Ub total spot areas identifies up and downregulators of pS129,
pS65Ub or both. SNCA, ATP6VO0AL, and MCU are identified as specific modulators of pS129 levels,
whereas several genes such as LRRK2, LARP1, FYN, VDAC1, AMBRA, SIK1, and MCCC1 depletion
was associated with pS65Ub upregulation. Knockdown of SPPL2B and NOD?2 are identified as up-
and downregulating both pS129 and pS65Ub, respectively. Dashed lines identify cutoffs used to
classify hit or non-hit genes, at Z-score score = +1.5 for pS129 and Z-score = 2 for pS65Ub. b)
Combining the well-average data from all three screening replicates and comparing the total pS129
and pS65Ub area Z-scores on a well-by-well basis identifies a weak correlation between pS129 and
pS65UDb. Quantification of correlation using Spearman’s method achieves a highly significant
correlation with p = 0.331. N = 3 independent differentiations. Data is presented as the mean z-score.
Statistical test: Spearman’s correlation test. * p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001.
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iPSC-derived dopaminergic neurons were transduced with lentiviral vectors on DIV16 and treated with
a-synuclein PFFs on DIV35. The cells were subsequently fixed, stained and imaged 14 days post-PFFs.
Treatment of dopaminergic neurons with CCCP resulted in a statistically significant increase in pS65Ub
spot area in the first replicate of validation screening but had no effect in the second (p = 0.0003 and p
= 0.11). The mean of both replicates combined is shown in Figure 44. Likewise, a-synuclein PFFs
induced a statistically significant increase in pS129 levels compared to untreated cells in the second
replicate of validation but not the first (p = 0.087 and p = 0.00004). PINK1-expressing cells did not
show a reduction in pS65Ub for either replicate (Figure 44), but pS129 levels were decreased for SNCA-

knockdown cells only in the second validation replicate (p = 0.36 and p = 0.00003).

Table 20. Top upregulating sgRNAs ranked by readout score in the validation screen

GWAS dataset Proteomics dataset
pS129 pS65Ub pS129 pS65Ub
SgRNA Score SgRNA Z-score sgRNA Score sgRNA Z-score
VPS35-2 1.16 SPPL2B-1 0.61 Ctrl_NT-3 0.01 MKNK1-1 0.50
VPS35-1 1.02 SPPL2B-2 0.55 Ctrl_NT-5 0.00 Ctrl_NT-3 0.44
SPPL2B-2 0.07 STK39-1 0.51 SIK2-1 0.00 MKNK1-2 0.15
FAM49B-2 0.05 GPNMB-1 0.49 Ctrl_NT-4 0.00 Ctrl_NT-5 0.07
STK39-2 0.04 DYRK1A-1 0.48 Ctrl_NT-1 0.00 Ctrl_NT-4 0.02

FAM49B-1 0.03 HLA-DRB5-1 0.47

SPPL2B-1 0.02 Ctrl_NT-3 0.44

CRLS1-1 0.01 FAMA49B-1 0.39
Ctrl_NT-3 0.01 NOD2-2 0.33
DYRK1A-1 0.01 PRKN-2 0.28
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Table 21. Top downregulating sgRNAs ranked by readout score in the validation screen

GWAS dataset Proteomics dataset
pS129 pS65Ub pS129 pS65Ub
SNCA-2 -0.48 PINK1-2 -0.75 SIK1-2 -0.13 SIK1-2 -0.38
SNCA-1 -0.44 PRKN-1 -0.67 SIK1-1 -0.03 Ctrl_NT-1 -0.34
STK39-1 -0.04 VPS35-2 -0.50 Ctrl_NT-2 0.00 SIK1-1 -0.31
GPNMB-2 -0.01 FYN-1 -0.40 SIK2-2 0.00 Ctrl_NT-2 -0.15
NDUFAF2-2 -0.01 SNCA-2 -0.39 MKNK1-2 0.00 SIK2-1 -0.07

The screening data showed a similarly muted effect size for sgRNAs expected to strongly disrupt pS129
or pS65Ub formation ( Figure 45). Line 856 dCas9 showed very low levels of pS129-positive aggregate
formation after PFF treatment and no effect of SNCA knockdown on any measured parameter of
aggregation, and consequently was excluded from the study. For control line 156 dCas9, both sgRNAs
towards SNCA showing a trend towards reducing pS129 levels using the unified a-Synuclein
aggregation score but only achieved scores of -0.44 and -0.48 ( Figure 45a). There was also an upwards
trend of both sgRNAs towards VPS35 in increasing the levels of pS129 (score = 1.02 and 1.16). This
contrasts with the data in cortical neurons, where sgRNAs towards VPS35 were not amongst the top-
ranked sgRNAs. sgRNAs targeting PINK1 and PRKN (PINK1-2 and PRKN-1) were the top ranked
sgRNAs decreasing the area of pS65Ub (Z-scores = -0.75 and -0.67), with both sgRNAs against
SPPL2B taking the top ranks for sgRNAs upregulating pS65Ub levels (Z-scores = 0.61 and 0.55) (
Figure 45b). From the proteomics dataset, no sgRNA showed a convincing effect on the modulation of
pS129 ( Figure 45d), but an MKNK1-targeting guide was the best-ranked towards upregulating pS65Ub
levels (Z-score = 0.50) ( Figure 45d). Consequently, these data suggest there may be commonalities as
well as cell-type-specific differences (specifically regarding pS129-modulation by VPS35) in

regulation of pS129 induced by PFFs, but additional validation of these hits will be required.
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Figure 43. Differentiation efficiency of iPSC-derived dopaminergic neurons.

a) Healthy control dCas9-expressing iPSC lines 156 and 856 were differentiated to dopaminergic
neurons using a small-molecule differentiation protocol, fixed and stained on DIV 35 for TH and
MAP2. Quantification of the number of TH-positive and MAP2-positive cells in culture
demonstrated both lines achieved a differentiation efficiency of above 60% for MAP2-positivity and
~30% for TH-positivity. b) SNCA-triplication dCas9-expressing lines 831-1 and 831-3 had much
poorer differentiation efficiency, achieving only <15% MAP2-positive cells and only 2 and 7% TH-
positivity. These lines were excluded from further analysis. Scale bar = 100 um. N = 1 independent
differentiations. Data is presented as the mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001.

5.5 Prioritisation of hit genes for mechanistic follow-up

Though the effect size for several of the validation screen replicates in both i® neurons and dopaminergic
neurons was small, it is interesting to note that several sgRNAs and gene targets were ranked in the top

5 or 10 based on their pS129 unified score or total pS65Ub spot area Z-score. Small effect sizes were
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Figure 44. Quantification of internal assay controls in iPSC-derived dopaminergic
validation screening.

Dopaminergic neurons were treated with a-synuclein on DIV 35, fixed and immunostained for
pS129 and pS65Ub 14 days post-seeding. dCas9-expressing cells are marked by nuclear mNeon
Green signal, and sgRNA-expressing cells are marked by nuclear mTagBFP2. Quantification
reveals a trend towards increased levels of pS129 in PFF-treated conditions, as well as lower levels
of pS129 in SNCA knockdown cells for one replicate of validation screening though not the other.
N = 2 independent differentiations. Statistical test: Kruskal-Wallis test with Dunn’s multiple
comparisons. Data is presented as the mean £ SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001.

expected, considering that it is well established that risk variants provide a small increase in disease
risk. Table 22 details the genes for which one or both sgRNAs were found amongst the top 5 or 10
ranked sgRNAs by readout score in both the primary screen and validation screen in dopaminergic

neurons. This list prioritises genes for follow-up, such as those which are common to both pS129 and

179



pS65Ub-related readouts. For example, FAM49B and CRLS1 knockdown was found to upregulate

pS129 in both screens, but did not always achieve the threshold. Similarly, SPPL2B and DYRK1A were

common upregulators of pS65Ub across both screens. LRRK2 had a very strong effect in primary
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Figure 45. Validation screening in iPSC-derived dopaminergic neurons. a) The top-ranked hits
from secondary screening in i* neurons were retained for screening in dopaminergic neurons. Though

181



the effect size for each sgRNA was very low, including both sgRNA targeting SNCA, the top-ranked
genes included VPS35, SPPL2B and FAM49B. The SNCA-targeted sgRNAs both showed a trend
towards reducing pS129, as measured by the unified a-synuclein aggregation score. b) sgRNAs
targeting PINK1 and PRKN were best-ranked for their effect in downregulating pS65Ub spot area, and
both sgRNAs targeting SPPL2B were found to increase the levels of pS65Ub, though they did not
achieve the cut-off at 2. c) VPS35, SPPL2B, FAM49B and STK39 were the top-ranked genes targeted
by sgRNAs for pS129-associated pS65Ub area, though the effect sizes were very low. Conversely,
FGF20, PINK1 and HLA-DRBS showed the strongest downregulatory effects. d) Due to throughput for
the validation in dopaminergic neurons, a limited number of genes were assessed from the proteomics
dataset in this experiment. No genes were found to modulate the levels of pS129 and MKNK1 was the
best-ranked gene modulating the levels of pS65Ub. N = 1-2 independent differentiations. Dashed lines
identify the cutoff used to classify hit or non-hit genes, at score = £2 and hit genes are labelled in red.
Data is presented as the mean unified pS129 score or as the mean z-score.

screening and was mistakenly omitted from dopaminergic neuron screening, but will be prioritised for
further follow-up as its role in pS65UD is supported by previous study (Williamson et al., 2023). Most

of the prioritised genes were found to form a main interaction cluster (Figure 46).

Though some may prove to be spurious, further analysis using 96-well format, which has provided
increased sensitivity over 384-well format in previous experiments, will be necessary to confirm the
effect of these genes on the readouts assessed in this study. Likewise, 96-well studies should identify

the top 2 genes to pursue for further mechanistic study.

Table 22. Genes targeted by the top-ranked up or downregulating sgRNAs in both primary and

validation screening

pS1291T  pS129|  pS65Ub T pS65UD |

FAM49B SNCA SPPL2B SIK1
CRLS1 DYRK1A
SPPL2B NOD2
VPS35 HLA-DRB5
GPNMB

5.5.1 Future directions

A crucial aspect to interpretation of the prioritised hit genes will be the evaluation of gene knockdown

by gPCR for each sgRNA. This experiment could not be completed as planned prior to the submission
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of this thesis but will inform the interpretation of the results of the screens. The next step will be the

confirmation of the results in 384-well high-throughput experiments in a 96-well format. To follow up

on the genes prioritised for their effect on pS129, thorough characterisation of all steps of the PFF-

seeding process will be required. gPCR for the levels of the SNCA gene will determine if a-synuclein

PFFs might be resulting in increased pS129 through higher concentration and availability of monomer

HLA-DRB5

4 SPPLZB

I iDYRKlA

Figure 46. Interaction network of prioritised
genes for mechanistic follow-up.

Comparison of best-ranked genes using STRING
DB (Szklarczyk et al., 2025) for the regulation of
pS129 and pS65Ub across 2 screens or more
yielded a shortlist of genes for mechanistic follow-
up. Interaction analysis reveals a main cluster of
interconnected genes, and several genes which do
not directly interact with any others, such as
CRLS1, MKNK1, SIK1, and SPPL2B.

for seeding. Treatment of sgRNA-expressing
cells with fluorescently-labelled PFFs and
timelapse imaging of their uptake into cells will
allow to determine uptake levels and kinetics.
DQ-BSA and LysopH assays will be required to

verify if defective proteolytic

degradation may contribute to the pS129
phenotype. For genes prioritised for their effect
on pS65UDb levels, a similar process will involve
determining if sgRNA-expressing cells may
reduce mitochondrial membrane potential,
induce PRKN relocalisation to mitochondria or
increase pS65Ub at baseline, in the presence of
PFFs and in the presence of CCCP. Similarly,

examination of the co-localisation of

mitochondria with LC3b and LAMP1 will allow to determine if clearance of damaged mitochondria is

defective.
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5.6 Discussion

In this chapter, a CRISPRI library of 181 vectors to 75 PD-related genes and 13 genes identified by
proteomics was cloned and packaged into lentiviral vectors. These genes are components of several
cellular processes such as regulation of mitochondrial fission and architecture, neuronal death,
metabolism, synapse function and autophagy. Measurement of pS65Ub levels in PINK1 and PRKN
knockdown conditions revealed functional knockdown of proteins using CRISPRi over the course of
maturation. Preliminary screening enabled testing of the screening workflow, liquid handling robotics
and analysis pipelines. Puromycin selection did not increase the sensitivity of the screen and increased
the variance of pS129-related readouts. Preliminary screens also identified spatial systemic effects that
required experimental and computational correction. Primary screening of all library genes identified
several candidates, which were retained for secondary screening in iPSC-derived dopaminergic
neurons. Following screening, sgRNAs modulating pS129, pS65Ub or both were ranked and prioritised
for mechanistic follow-up, including FAM49B, CRLS1, SPPL2B, LRRK2, DYRK1A, VPS35, NOD2,

GPNMB, HLA-DRBS, and SIK1.

5.6.1 Targeted arrayed screening provides a rich and complex dataset

This study was first designed as a genome-wide screen using flow cytometry to identify sgRNAS which
regulate the levels of pS129 and pS65Ub post-seeding. This approach would have been advantageous
for its ability to identify strong modulators of pS129 in an unbiased, hypothesis-free and systematic
manner. Yet, this approach would have been less specific and relevant to PD, and would not have
identified perturbations causing low effects, making it unsuitable for the study of candidate risk genes
identified by GWAS. Due to the difficulty of optimising a flow cytometry-based staining technique in
iPSC-derived neurons, an arrayed approach was instead devised, based on well-characterised
immunocytochemistry assays. With a Z’ value of 0.16, pS129-positive aggregation by immunostaining

was a rational candidate for hypothesis-driven, systematic analysis of the function of PD risk genes.

Arrayed screening also had the advantage of enabling the observation and quantification of the entire

genetically-perturbed population, as opposed to flow cytometry-enabled genome-wide screening which,
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due to screen design, relies on sequencing the top and bottom quantiles of the pooled population and
identification of over-represented sgRNAS. In the case of the pS129 assay, this is highly advantageous
as the process of a-synuclein is highly stochastic, with a proportion of cells not responding, a proportion
responding moderately and a proportion responding strongly to the PFF insult. Single-cell output of the
well data identified a large spread of the population for each sgRNA, consequently, flow cytometry
based only on high or low-intensity cells may have lacked sufficient information. The dimensionality
reduction and representation of the single-cell data that can be extracted from the arrayed screen is an

area of current investigation.

Unlike flow cytometry-based genome-wide screens, which rely on single, simple readouts such as the
intensity of pS129 or pS65UDb fluorescence, arrayed screens allow for multiple, complex readouts. From
the current dataset, readouts based on the number, size, and intensity of pS129 aggregates, as well as
spatial information such as their location within the cell (somatic or neuritic) and their morphology
(round vs elongated) were all extracted for future analysis. Having information-rich microscopy images
and multi-parametric readouts allows the data gathered in this study to be mined in future to answer
complementary biological questions. As it stands, this dataset has already provided the necessary data

for analysis of pS65Ub levels in different subcellular compartments.
5.6.2 Screening design

The plate layouts for screening were designed to account for systemic spatial variation, enable
computational correction of spatial effects, and allow for plate-to-plate normalisation of the data.
Consequently, each screening plate had assigned internal assay controls, to provide positive and
negative controls for the pS129 and pS65Ub assays, and five non-targeting controls distributed
throughout the plates for normalisation. Seven technical replicates per guide were chosen to provide
enough sensitivity to identify sgRNA candidates. Power calculations using preliminary screening data
to determine the sample size necessary for a statistical power of 0.8 with 180 groups (ANOVA, a =
0.05) were attempted but predicted a statistical power of 1.0 for all values of sample size, perhaps due

to a low number of groups (six) in the preliminary screen design (data not shown).
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In preliminary screens, SNCA knockdown cells showed strong downregulation of pS129, whereas
pS65Ub levels showed systemic variation that required changes to staining technique — notably, the
randomised distribution of antibody solution to source plates for liquid handling to reduce bias in

staining intensity.

Composite readouts for pS129 were calculated in a bid to increase the sensitivity to SgRNAs of
moderate effect size. As pS129 readouts are highly positively correlated, by using a multiplicative
model, the effects of small changes are compounded whilst sgRNAs of very low or inconsistent effect
size are reduced. However, this approach has several caveats. Whilst useful in reducing the
dimensionality of the data and prioritising genes based on their cumulative effects on multiple readouts,
composite readouts do not capture which readouts are producing most of the effect size, and the
multiplicative model is inadequate for screen readouts where one or two parameters may be conferring
a large effect, and other parameters are near zero. In this study, readouts related to pS65Ub were
different to each other and were not correlated. Utilising several individual readouts to prioritise genes

or exploring an additive model for composite readout calculation may be more advantageous.

The use of lines stably expressing sgRNAs targeted to SNCA, PINK1, and PRKN was motivated by the
need to reduce the large amount of these control lentiviruses that would be required to provide internal
controls on each plate, enabling the use of fewer resources per screen. In preliminary screening, primary
screening and validation screening, these lines functioned as intended to provide proof of the effect of
a-synuclein PFFs and of SNCA knockdown on the formation of pS129-positive aggregates. However,
the effect of sgPINK1-expressing cells and CCCP and FCCP on the levels of pS65Ub were more
variable, despite both the PINK1 knockdown line and both these drugs having been tested on i® neurons
prior to application in screening. There are several possibilities that will require further investigation.
First, it is possible that the FCCP and CCCP used in these experiments may have degraded, despite
having been aliquoted and stored at -80°C under optimal conditions. CCCP is light sensitive as well as
prone to degradation after freeze-thawing (Nag et al, 2023), indicating low stability. It is possible that
over time and temperature fluctuations that the compounds used in this study had become ineffective.

However, fresh FCCP was made for the second replicate of primary screening and showed no effect on
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the sgControl-expressing cells in this screen. Furthermore, the PINK1 knockdown line did not show the

previously validated and expected decrease in pS65Ub levels for both primary and validation screening.

Plating of the same stable-expression sgControl, sgPRKN and sgPINK1-expressing lines as was used
for the first and second replicates of validation screening in a 96-well format for a final replicate of the
experiment in Figure 35 revealed a strong response to FCCP in the sgControl line, and a strongly
reduced response in PINK1 and PRKN knockdown cells using a different antibody (Cell Signalling, Cat
#62802), suggesting that neither the line nor the drug explains the behaviour of the screening controls.
Though the same batch number of the direct-conjugate pS65Ub antibody (Millipore, Cat#ABS1513-1-
AF488) was used for both the preliminary screening and subsequent screens, new vials of the antibody
were ordered to accommodate the large antibody use requirements of the primary screens. It is possible
that small differences in antibody storage or shipment may have reduced the affinity of the antibody for

pS65Ub, which compounded with high background, resulted in reduced sensitivity.

5.6.3 Prioritised genes reflect mostly mitochondrial and lysosomal biology

Though the considerations discussed above caution the interpretation of the pS65Ub data, it should also
be noted that the primary screen identified LRRK2 as a modulator of pS65Ub, which has been previously
published to be a modulator of mitophagy by several laboratories, including ours. LRRK2 G2019S and
LRRK2 R1441C mutations, which potentially increase the kinase activity of the protein, have been
shown to impair basal and induced mitophagy in mouse and human cell models (Hsieh et al., 2016;
Bonello et al, 2019; Wauters et al, 2020; Singh et al, 2021; Williamson et al., 2023). Several
publications have linked this phenotype to the kinase activity of LRRK2, either through inhibition of
mitochondrial fission (Bonello et al., 2019), through impaired degradation of MIRO1 (Hsieh et al.,
2016; Hsieh et al, 2019) (or without direct evidence of kinase involvement (Williamson et al., 2023)),
through reduced optineurin recruitment due to RAB10 phosphorylation (Wauters et al., 2020). As o-
synuclein aggregation has also been linked to defective MIRO1 degradation (Shaltouki et al., 2018),
examining the links between pS129 formation, LRRK2 activity and pS65Ub accumulation will be of

interest for the field.
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Similarly, a panel of mechanistic sgRNAs showed VDAC1, LAMP2, and AMBRA1 knockdown
increases the levels of pS65Ub. This has mechanistic basis as AMBRAL has been shown to modulate
mitophagy through binding LC3b at the outer mitochondrial membrane and driving PRKN-dependent
and independent mitophagy, with AMBRAL1-deficient embryos showing increased numbers of damaged
mitochondria (Strappazzon et al, 2015). VDAC1 may also be involved in mitophagy, with VDAC1
silencing in HelLa cells slightly delaying the recruitment of PRKN to mitochondria after depolarisation
but also reducing mitochondrial clearance after depolarisation (Geisler et al., 2010a). The role of
LAMP2 in mitophagy is less clearly defined, with controversy regarding its role in the PINK1/PRKN-
dependent pathway. A study in HeLa cells showed no effect of LAMP2 knockdown on the clearance of
mitochondria following oligomycin/antimycin or CCCP-induced mitophagy (Liu et al, 2020), though a
study in iPSC-derived cardiomyocytes from LAMP2-mutant patients and in Lamp2 knockout mice
noted impaired clearance of mitochondria and the accumulation of damaged mitochondria (Hashem et
al, 2017); a cell-type specific effect of LAMP2 cannot be ruled out. It is possible that LAMP2 may have
a role in mitophagy by regulating autophagosome-to-lysosome fusion (Chi et al, 2019), or alternatively,

LAMP2 deficiency may lead to impaired trafficking of lysosomal enzymes (Eskelinen et al, 2002).

Identification of SNCA in all three screens as the main gene downregulating pS129 levels strengthens
the validity of the assay. Interestingly, there were no sgRNAs identified to consistently and robustly
downregulate pS129 — other genes prioritised for mechanistic follow-up on the basis of their effect on
pS129 upregulated levels of this protein. FAM49B is a protein that may localise to mitochondria and
regulate mitochondrial fission and metabolism (Chattaragada et al, 2018), though it has also been
implicated in actin polymerisation through RACL1 signalling (Yuki et al, 2019), and in immunity via
RAB10 and TLR4 (Li et al, 2021). To our knowledge, this is the first study linking FAM49B to the
formation of pS129-positive aggregates, but it is possible that its role in downregulating
macropinocytosis and phagocytosis (Yuki et al., 2019) may regulate a-synuclein PFF uptake. CRLS1
encodes a mitochondrial enzyme which catalyses the conversion of phosphatidyl glycerol to cardiolipin.
Bi-allelic CRLS1 deficiency in humans has been linked to a multisystem degenerative disease with

primary fibroblasts demonstrating fragmented mitochondrial networks and altered mitochondrial
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architecture, as well as ER and mitochondrial stress (Lee et al, 2022). Cardiolipin has also been
implicated in the aggregation of a-synuclein, by interacting with monomers and accelerating the rate of
fibrillisation at mitochondrial membranes (Choi et al., 2022) or by acting as a chaperone to remove
monomers from fibrils and re-fold them (Ryan et al., 2018). In this thesis, CRLS1 knockdown increased

pS129 levels, suggesting that increased levels of cardiolipin may reduce pS129-positive aggregation.

SPPL2B knockdown was found to upregulate both pS129 and pS65Ub. This is intriguing considering
this protein is an aspartyl protease which cleaves intramembrane-regions of proteins, generating an
intracellular domain fragment. SPPL2b cleaves type Il transmembrane proteins (reviewed in Badman
et al, 2025). SPPL2b is localised to the plasma membrane and late endosomes/lysosomes and is highly
expressed in the brain, where it is thought to act on immune signalling and synaptic function through
cleavage of substrates such as TNFa, VAMP1-4 and TMEM106B (Badman et al., 2025). It is possible
that SPPL2b’s role in increasing pS65Ub and pS129 may be the result of its role in intramembrane
cleavage of proteins, suggesting action on a common signalling pathway. Alternatively, SPPL2b has
been shown to modulate the levels of amyloid-f (Maccioni et al, 2024) and amyloid-f increases the
rate of a-synuclein aggregation (Koppen et al, 2020; Rontgen et al, 2025). Further characterisation of
the mechanism of SPPL2b may provide further insight into the mechanistic convergence of Alzheimer’s

and Parkinson’s disease.

The increased effect of VPS35 knockdown on pS129-positive aggregation in dopaminergic neurons
compared to cortical neurons was an interesting discovery and suggests that there may be commonalities
as well as differences in the effect size of predisposing genes in different neuronal cell types. VPS35 is
an integral part of the retromer complex, which serves to recycle target receptors, transporters, enzymes
and other cargo back to the trans-Golgi network or the plasma membrane, enabling them to escape
lysosomal degradation (reviewed in Rowlands & Moore, 2024). As VPS35 is involved in the sorting
and recycling of many cargo proteins, it is possible that VPS35 silencing may increase a-synuclein
aggregation through alterations in autophagy, such as ATG9A mislocalisation, and/or alterations in
lysosomal proteolysis and chaperone-mediated autophagy due to impaired sorting of cathepsin D or

LAMP2a (Rowlands & Moore, 2024). As a-synuclein has been shown to be degraded by chaperone-
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mediated autophagy (Cuervo et al., 2004), this could explain the increase in a-synuclein following
silencing of VPS35. However, the mechanism by which the effect of reduced VPS35 should be higher

in dopaminergic neurons compared to cortical neurons is unclear.

5.6.4 A PD-centred approach to a-synuclein biology

To our knowledge, this is the first high-throughput study to leverage the identification of PD risk loci
and uncover modulators of a-synuclein aggregation in human neurons. An approach very similar to the
one used in this study, using RNAI, was successfully applied to screening prioritised GWAS candidates
for their effect on oligomycin/antimycin-induced pS65Ub formation, identifying KAT8 and KANSL1
as regulators of stress-induced mitophagy (Soutar et al, 2022). This study highlighted the potential of
these types of high-throughput experiments in identifying the function of genes, with modulation of
KANSL1 rather than MAPT showing a biological effect in this paradigm despite overlapping GWAS
signals. Previous studies have either studied the function of single GWAS-identified risk genes
(Dumitriu et al., 2011; Jinn et al., 2017; Diaz-Ortiz et al., 2022; Larbalestier et al., 2022; Jones-Tabah
et al., 2024), or targeted a larger and/or less specific library of genes, such as the druggable genome
(Rousseaux et al, 2018), lysosomal storage disorder genes (Yu et al, 2023) or a curated library of genes
associated with mitochondrial biology, cellular trafficking and cytoskeleton (Neupane et al, 2025).
Other studies utilised compound libraries to screen for small-molecule modifiers of a-synuclein levels
or aggregation in vitro or in cell models (Pujols et al, 2017; Staats et al, 2020; Svanbergsson et al, 2021;

Casalino et al, 2022).

Screening for modulators of a-synuclein aggregation in HEK cells identified inhibitors of p38 MAPK
and PKC which conferred their effect through increasing the number of lysosomes by blocking their
permeabilisation by fibrils (Svanbergsson et al., 2021). Recent screens using a-synuclein PFFs to
trigger a-synuclein pathology have identified modulators of PFF uptake such as heparan sulphate
proteoglycan genes as well as v-ATPase subunits which acidify phagosomes and VPS35 (Vanderperre
et al, 2024), in addition to mitochondrial gene OXR1 and endoplasmic reticulum gene EMC4 (Neupane
et al., 2025). These screens highlight diverging as well as converging mechanisms to screens that assess
the levels of a-synuclein monomer or aggregation by overexpression. For example, a genome-wide
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screen using the levels of endogenous, fluorescently-linked SNCA as a readout identified the NatB
complex as a regulator of a-synuclein stability (Santhosh Kumar et al., 2024). Genome-wide screening
in LUHMES cells identified a retromer complex subunit, SNX5, as protective against the toxicity of a-
synuclein overexpression (Hollerhage et al, 2025), whereas a genome-wide screen using bi-molecular
complementation to monitor a-synuclein oligomerisation identified three RAB proteins and five

phosphotransferases (Gongalves et al, 2016).

These different biological paradigms have identified modulators of differing aspects of a-synuclein
biology. This is useful in understanding underlying pathways that may be important in the regulation
of a-synuclein levels and aggregation, but it is intriguing that many of these studies have not identified
more PD-related genes. The exception is the study by Yu and colleagues in Drosophila which identified
many lysosomal storage disorder genes that affect a-synuclein pathology — a more targeted library,
enriched in genes that have been linked to PD by GWAS. Our approach using a PD-centred library may
thus be advantageous in identifying disease-relevant biology that may, for one reason or another, be
more subtle than the modulators that are identified at larger scale, using less specific libraries. Until the
full network of risk genes, their functions and their interactions are known (and whether they converge
on genes identified in the screens conducted to date), we may learn more about PD from smaller-scale

screening of relevant libraries than from genome-wide-scale experiments.
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6 Discussion

I have shown that aggregates of a-synuclein were seeded in human iPSC-derived cortical neurons by
addition of in vitro-aggregated a-synuclein PFFs. Optimisation of fibril generation and treatment
paradigms in cultured cells enabled robust and reproducible seeding. pS129-positive PFF-seeded
aggregates in human iPSC-derived neurons showed co-localisation and correlation with the mitophagy
marker pS65Ub, with pS129, pS65Ub-positive aggregates increasing in size and intensity over time.

Furthermore, pS65Ub co-localisation was associated with increased size of pS129-positive aggregates.

Moreover, treatment of cortical neurons with a-synuclein PFFs impacted the function of mitochondria
by reducing ATP production in the absence of mitochondrial membrane potential dissipation or
increased ROS generation. The proteolytic activity of lysosomes was unchanged. A library of 181
vectors targeting 71 candidate risk genes at 90 risk loci identified novel and previously-published
modulators of pS129-positive aggregate formation and pS129-induced pS65Ub accumulation.
Validation of screening hits in cortical neurons and dopaminergic neurons highlighted cell-type specific

differences in genetic modulation of both markers.

6.1 pS129-positive aggregate formation is linked with PINK1-dependent

mitophagy in PFF-treated conditions

The data presented here suggest but do not prove that formation of pS129-positive aggregates alters the
process of PINK1-dependent mitophagy prior to the degradation of pS65Ub-tagged mitochondria at the
lysosome, either by inducing mitophagy through mitochondrial damage or disrupting naturally-
occurring mitophagy. Measurement of mitochondrial membrane potential using the potentiometric dye
JC-10 showed no dissipation of mitochondrial membrane potential, despite there being a significant

decrease in ATP production. This argues against the possibility of PINK1/PRKN-activating
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mitochondrial damage mediated by seeded a-synuclein aggregation. However, it is also possible that
bulk measurement of mitochondrial membrane potential using the JC-10 dye lacks the sensitivity to
detect subtle alterations of the potential in the mitochondrial network or disruption of the potential of a
subset of mitochondria within the population. This could mask mitochondrial damage induced by a-
synuclein aggregation which may trigger excess PINK1/PRKN-dependent mitophagy. Moreover, these
assays were performed at 14 days post-seeding, at a timepoint after the initial nucleation of a-synuclein
aggregates and prior to loss of neurons. Measurement of membrane potential earlier or later timepoints
may reveal the damaging effects of a-Synuclein entry and nucleation, as well as the point where a-

synuclein aggregation overwhelms the cell’s capacity to buffer the damage.

Furthermore, measurement of total lysosomal proteolytic activity showed no change, suggesting that a
potential lack of clearance of pS65Ub-tagged mitochondria is not due to a general reduction in
lysosomal protease activity. This does not preclude that deficiency of specific enzymes, such as
glucocerebrosidase (GCase, the product of PD gene GBA) or cathepsin B (CTSB, the product of PD
gene CTSB), may exist. Indeed, several studies have established circumstantial and direct evidence of

an interaction between a-synuclein and GCase or CTSB in disease conditions.

Lysosomal GCase deficiency has been found in substantia nigra samples from sporadic and GBA
mutation-carrying PD patients (Gegg et al, 2012). There is evidence that a-synuclein may interact
directly with GCase (Yap et al, 2011) or with glucosylceramide (Mazzulli et al, 2011) at acidic pH,
with overexpression of a-synuclein resulting in a deficiency in GCase activity and protein levels (Gegg
et al., 2012). a-Synuclein and GCase interaction may establish a negative feedback loop that increases
a-synuclein levels and aggregation at further expense to GCase activity (Mazzulli et al., 2011; Mazzulli
et al, 2016b). Furthermore, the cysteine protease CTSB has been implicated in a-synuclein monomer
and fibril degradation — altering the aggregation rate of a-synuclein — as well as in modulation of GCase
activity (McGlinchey & Lee, 2015; Tsujimura et al, 2015; Jones-Tabah et al., 2024), providing an
alternative mechanism by which a-synuclein aggregation could lead to impaired degradation of
mitochondria targeted for mitophagy. Reduced GCase activity has been associated with impaired

clearance of mitophagosomes and increased mitochondrial dysfunction (Li et al, 2019a). Altogether,
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these data provide evidence towards the possibility that a-synuclein may modulate specific lysosomal

enzymes rather than result in a general reduction in lysosomal degradative capacity.

To further elucidate the mechanism of pS65Ub accumulation, several considerations need to be
addressed. The most fundamental is establishing certainty over the causal link between pS65Ub
accumulation and pS129-positive aggregation. To address this, evaluating the sequence of appearance
of pS129 and pS65Ub by immunocytochemistry over the course of early aggregation (from days 0 to 7
following PFF addition) will be essential in determining the sequence of events. Likewise, staining for
total a-synuclein, pS129, TOM20 and pS65Ub will determine whether a-Synuclein aggregation could
be seeded at mitochondrial membranes, as has been recently suggested (Choi et al., 2022). The presence
of pS65Ub-positive or TOM20-positive, a-synuclein-positive puncta would be evidence towards
mitochondrial membranes being an early site of a-synuclein aggregation, prior to pS65Ub and pS129
formation. Performing aggregation experiments in the presence and absence of subthreshold
concentrations of the mitochondrial toxin CCCP or an autophagy inhibitor, such as SAR405 or 3-
methyladenine, may also provide insights into the underlying mechanism. However, we should be
mindful that interventions increasing the aggregation of a-synuclein will make it difficult to untangle
the link between the two markers, so pharmaceutical interventions should occur after the PFFs have

been internalised by cells and escaped to the cytoplasm.

6.2 Functional characterisation of candidate risk genes at PD risk loci to

enable aetiological stratification of patients

One of the main aims of this study was the identification of PD candidate risk genes which regulate the
process of pathological a-synuclein aggregation or the PINK1/PRKN-dependent turnover of
mitochondria. a-Synuclein aggregation and mitochondrial dysfunction are pillars of PD pathology that
have been extensively studied, with multiple lines of evidence — from post-mortem human brain
samples to animal and cell culture models — implicating them in the process of neurodegeneration. In
this study, these two aspects of disease pathology formed the basis for screening PD-associated risk
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genes, providing disease-relevant insight. One of the major contributions of this study to the field is the
identification of several candidate risk genes (FAM49B, CRLS1, SPPL2B, and VPS35) which alter the
rate of a-synuclein aggregation in both cortical and dopaminergic human neurons. The data presented
here also provide further evidence towards the involvement of LRRK2 in regulating mitophagy, linking
two important aspects of PD pathophysiology. This study enabled the creation of a rich and multi-
parametric dataset that may be mined for other types of information — for example, neuronal
morphology and aggregate location. Future studies will confirm and extend the findings presented here,
confirming the role of these genes in the processes of pS129-positive aggregate formation and pS65Ub

accumulation as well as providing insight into the underlying mechanisms.

This project was designed to address a key question which underlies fundamental advancement in the
understanding of Parkinson disease(s). The function and contribution of PD candidate risk genes in
disease pathogenesis is currently a major area of research, with past studies having typically selected a
single candidate for in depth analysis (Jinn et al., 2017; Diaz-Ortiz et al., 2022; Jones-Tabah et al.,
2024), or performed high-throughput screens without a specific focus on PD candidate risk genes
(Neupane et al., 2025). One of the strengths of this study was the combination of high-content biology
with a PD-centric gene library, highlighting pathogenic pathways which are likely of high importance
in PD pathogenesis. Whilst the aggregation of a-synuclein and mitochondrial toxin-induced pS65Ub
have individually been extensively studied, the combination of a-synuclein aggregation and pS65Ub in

the context of genetic perturbation of GWAS loci is novel.

Understanding the convergence or divergence of these risk genes on cell processes and pathways such
as a-synuclein aggregation or mitochondrial dysfunction — and how this relates to disease onset,
symptoms, and progression — is likely to enable progress in identifying disease-modifying therapies.
Polygenic risk scores have already been associated with clinical outcomes such as the progression of
motor symptoms, the age-at-onset as well as non-motor symptoms (Paul et al, 2018; Iwaki et al, 2019).
Disease-modifying therapies based on genetic risk profiles are currently in clinical trials for GCase or
LRRK2-targeted therapeutics. LRRK2 inhibitors are being tested for patients carrying mutations that

enhance the kinase activity of the protein (reviewed in Ding & Ren, 2020). Several classes of
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compounds are in clinical trials for treatment of PD with GBA mutations, such as small molecule
chaperones or GCase activators, which may need to be tailored to individual mutations (reviewed in
Smith & Schapira, 2022). Targeting a selected and biologically-defined population in this manner with
therapeutics informed by biological pathogenesis may increase the number of successful outcomes at

clinical trials (Pagano et al, 2024).

Using CRISPRI to identify genes modulating PD-associated phenotypes resulted in the identification,
in this study, of 10 genes which alter a-synuclein aggregation and/or mitophagy upon downregulation
of their expression. FAM49B, CRLS1, SPPL2B, LRRK2, DYRK1A, VPS35, NOD2, GPNMB, HLA-
DRBS5, and SIK1 show associations with mitochondria, metabolism, the endo-lysosomal system, and
immunity. Silencing of SPPL2B, FAM49B and VPS35 increased the rate of a-synuclein aggregation,
suggesting that their physiological function may decrease disease risk, as a-synuclein aggregation has
been linked with dysfunction and neurodegeneration in several (Desplats et al, 2009; Volpicelli-Daley
et al, 2011; Abdelmotilib et al, 2017; Berard et al, 2022), though interestingly, not all (Tanaka et al,
2004; reviewed in Jellinger et al, 2009; Hatton et al, 2020; Chu et al, 2024) studies. Downregulation of
genes which altered pS65Ub levels without altering pS129-positive aggregation formation, such as
LRRK2, may instead be protective. Indeed, mitophagy enhancement has been proposed as a therapeutic
strategy in PD (Fang et al, 2023). Further studies, preferably in an in vivo model, will be necessary to

confirm the effect of modulating these genes on the course of the disease.

With growing appreciation for the heterogeneity of genetic and aetiological factors contributing to
development of PD, this increased interest in precision medicine is driving research that enables patient
stratification based on biology. By establishing the involvement of PD candidate risk genes in a-
synuclein aggregation or PFF-induced pS65Ub accumulation, we hope that the data presented in this
study will contribute towards the biological definition of disease aetiology and subtyping. Indeed, it has
been posited that PD may not be a single disease, but rather a collection of related entities with distinct
biological underpinnings and that this heterogeneity may be confounding clinical trials (Farrow et al.,
2022a). Furthermore, two frameworks have been proposed to overhaul the diagnosis and classification

of PD patients, based on biological biomarkers rather than clinical signs and symptoms. Both utilise the
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presence of pathological a-synuclein in patient cerebrospinal fluid or tissues, as determined by seed
amplification assay, and neurodegeneration, as determined by clinical imaging, to provide a diagnosis
of PD (Hoglinger et al, 2024; Simuni et al, 2024). However, only one framework, the SynNeurGe
framework, also takes genetic risk from fully penetrant or moderately penetrant loci into account and
patients with risk variants that do not confer strong predisposition are not currently classified (Hoglinger
et al., 2024). As research enables better understanding of genetic risk and its impact on PD development
and progression, this may allow further refinement of these frameworks for disease-mechanism-based

subclassification.

There are also several caveats to the study’s design as well as considerations in regards to interpretation
of this data in the context of clinical application. Identification of risk gene function and integration of
this information into polygenic risk scores may be informative for pinpointing major pathways of
disease pathogenesis in patient subgroups and allowing therapeutic targeting of these pathways but is
unlikely to be useful for predicting the progression of individuals to PD. Indeed, they provide
information at a population level (Koch et al, 2021) and make for poor screening tools with low
detection rates and high false-positive rates (Wald & Old, 2019). This is due to individual SNPs
generally having low effect sizes, though some, such as those linked to SNCA, may have increased odds
ratios compared to other loci. Furthermore, additional studies will be required to validate and expand

upon the data presented here prior to clinical application.

Moreover, it is possible that an unknown proportion of the candidate risk genes selected for screening
in this study may not be the genes causing the risk signal at these loci. Identification of the true causative
genes at risk loci is a complex task. Risk variants may regulate several genes in cis and trans (Farrow
et al, 2022b), precluding the identification of single genes at all loci. Risk variants may also alter gene
splicing rather than function or expression (Li et al, 2016; Tan et al, 2021). SNPs associated with risk
signals identified by GWAS are often in linkage disequilibrium with several other variants, further
confounding candidate gene identification. Correlation of risk loci with eQTLs (Grenn et al., 2020),
fine-mapping, integration with epigenetic marker datasets or transcriptomics in health and disease (Li

et al., 2019c), and case-by-case study of gene function may all be necessary to confirm a candidate
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gene’s effect on PD risk. Several different techniques have been applied to this issue to date. In a recent
study, transcriptomic and epigenetic data was used to identify GPNMB, RAB29, and TMEM163 as
candidate risk genes at their respective loci, whereas the genes ZRANB3, PCGF3, NEK1, NUPL2,
GALC and CTSB were significantly associated with splicing variants (Kia et al, 2021). Another study
performed a transcriptome-wide association study (TWAS), highlighting several genes previously
studied in the context of PD, such as SNCA, LRRK2, CTSB, CRHR1, DYRK1A, TMEM163, KANSL1,
GPNMB, CTSB and TMEM175 (Li et al, 2023). Several other genes such as MMRN1, DND1P1,
PLEKHM1, amongst others, were also prioritised. Further functional validation of TWAS-prioritised
genes in a Drosophila PD model found that 58.8% of the 80 genes screened in this model showed
modulation of motor phenotypes, suggesting that this analysis identified variants that may be relevant
to PD pathology (Li et al, 2023). It is likely that through the integration of multiple data types and

analyses, increased confidence in candidate risk gene identification could be achieved.

The uncertainty surrounding the identity of disease-causing genes at GWAS-identified loci is a
fundamental challenge to the aforementioned identification of disease-causing mechanisms and patient
stratification. Erroneous prioritisation of candidate risk genes may confound pathway analysis,
highlighting pathways that do not strongly influence disease initiation or progression, or alternatively
failing to identify important disease-modulating pathways. GWAS provide an incomplete picture of the
genetic variation contributing to disease by focussing on common genetic variation, as well as being
generally conducted with a few of many models of analysis (e.g. autosomal additive, or recessive)
(reviewed in Tam et al, 2019). Finally, PD is highly influenced by environmental conditions, as
discussed in section 1.1, which may act on pathways that drive disease in absence of a genetic
predisposition, though it should be noted that several pesticides and chemicals associated with PD, such
as rotenone, paraquat or trichloroethylene, have been linked to mitochondrial and endolysosomal
defects (Dorsey et al, 2025), two pathways that have been implicated in genetic forms of PD. The
involvement of many of the genes prioritised in this thesis with mitochondrial and endo-lysosomal
pathways reflects two of the major cellular processes that have been implicated both in monogenic PD

as well as in candidate risk genes identified from GWAS loci (Billingsley et al, 2019; Bandres-Ciga et
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al, 2020; Dehestani et al, 2022; reviewed in Bhore et al, 2024; Doostparast Torshizi et al, 2024), though
other pathways such as protein misfolding, synaptic transmission, immune response and post-

translational modification, amongst others, have also been implication (Bandres-Ciga et al, 2020).

The exclusive use of CRISPRI to screen candidate risk genes is another limitation of the study, as it is
well established that risk loci may up or downregulate gene expression, function or alter gene splicing.
For example, the risk-associated SNP rs1293298 in CTSB has a protective allele (A) which has been
associated with upregulated CTSB expression in brain tissues (Blauwendraat et al, 2020), and another
variant has been associated with alternative splicing (Kia et al, 2021). On the other hand, several SNPs
associated with the SNCA gene increase risk for PD (Mohammadi et al, 2025), likely through increased
gene expression (Cronin et al, 2009). Gene expression enrichment analysis has also identified that
several of these genes, despite being enriched in brain tissues (Nalls et al, 2019), may be enriched in
glia (Kia et al, 2021). Consequently, the finding in this study that the majority of the candidate genes
evaluated do not alter a-synuclein aggregation or mitophagy in cortical neurons does not preclude that
some of these genes may alter these phenotypes upon upregulation of function or expression, in a
different cell type, or may have other effects, such as splicing. As such, a natural extension of this study
is to conduct this screen with CRISPRa to provide a complementary dataset. Similarly, this study does
not address the combinatorial and interactive nature of risk genes. Disease genes have been found to
interact with each other in networks converging on pathological pathways (Barabasi et al, 2011). An
individual’s combination of risk is expected to be different than would be predicted by the addition or
multiplication of the effects of individual risk genes, which may be particularly relevant in the context
of polygenic risk scores. However, genetic interaction screens are difficult to perform with large
numbers of genes, as combinatorial testing exponentially scales. Consequently, the study of genetic

interactions is outside of the scope of this study.

Despite these limitations, this study establishes a modular platform for the study of GWAS-identified
candidate risk genes, where screening can be extended to include confirmed risk genes as well as new
candidates identified through the study of more diverse populations. Indeed, as risk loci are to some

extent ancestry specific (Satake et al., 2009; Simo6n-Sanchez et al, 2009; Foo et al., 2020), it will be
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crucial to perform large-scale GWAS to identify and functionally validate additional risk loci that may

inform personalised medicine for all ancestries.

6.3 Conclusions

In summary, this study identified a correlation between the aggregation of a-synuclein and the levels of
mitophagy marker pS65Ub in human neurons. The potency of a-synuclein PFFs was influenced by the
monomeric a-synuclein source and preparation method, as well as unknown factors. PFF-induced
aggregation was associated with functional changes at mitochondria in the absence of detectable
membrane potential dissipation or ROS generation whereas lysosomal degradative capacity was
unaffected in conditions of PFF-seeded aggregation. Screening of candidate genes at PD-associated risk
loci identified FAM49B, CRLS1, SPPL2B and VPS35 as potential modulators of a-synuclein
aggregation and LRRK2 as a modulator of pS65Ub levels. Future studies will be focussed on uncovering
the mechanisms underlying the interaction of pS129 and pS65Ub as well as how hit genes identified in
screening contribute to regulation of both markers. The data in this study is expected to contribute to
the field’s understanding of the function of PD candidate risk genes and the mechanisms and pathways
underpinning disease aetiology, which we hope will enable better patient stratification and reduced

confounding heterogeneity in clinical trials.
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Appendix

1. Maximal projection
of image z-stacks

2. Segmentation of
nuclei based on
mTagBFP2 nuclear
intensity

3. Measurement of
nuclear intensity,
morphology and
texture properties

4. Selection of live
nuclei based on
intensity, morphology
and texture properties

5. Segmentation of
cytoplasm based on
MAP2-stained region

6. Selection of MAP2-
positive cells based
on MAP2 intensity

7. Segmentation of
pS129-positive spots

8. Calculation of
pS129 intensity and
morphology properties

9. Selection of circular
pS129 spots on the
basis of morphology
properties (roundness)

10. Selection of
elongated pS129 spots
on the basis of
morphology properties
(roundness)

11. Defining the
neuronal somatic
region by expanding
the perinuclear ring
region.

12. Defining the
neuritic region by
excluding the somatic
region from the
cytoplasm ROI

13. Selection of pS129
spots within the
somatic region and
calculating their
morphological
properties

14. Selection of pS129
spots within the
neuritic region and
calculating their
morphological
properties
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15. Selection of
pS129-positive cells
on the basis of the

22. Selection pS65Ub
spots co-localising

with elongated pS129

number of pS129
spots

spots

16. Selection of 23. Selection of

pS1 29-ne_gative cells pS65Ub spots co-
by exclusw.n' qf localising with somatic
pS129-positivity pS129 spots

17. Selection of 24. Selection of

pS65Ub spots on the pS65Ub spots co-
basis of pS65Ub localising with neuritic
staining intensity pS129 spots

18. Selection of
pS65Ub spots in
pS129-positive cells

19. Selection of
pS65Ub in pS129-
negative cells

20. Selection of
pS65Ub spots co-
localising with pS129

21. Selection of
pS65Ub spots co-
localised with circular
pS129 spots

Figure 47. Automated analysis pipeline in Harmony for the analysis of arrayed CRISPRI
screens measuring pS129 and pS65Ub.

Steps for the segmentation and selection of MAP2-positive neurons, followed by the identification
of pS129-positive aggregates in the soma and neurites. pS65Ub spots were identified in all cells,
pS129-positive or pS129-negative cells. pS65Ub spots were also co-localised with round,
elongated or all pS129 spots. The readouts used in this study are detailed in section 5.3.1. Images
were taken on the 40x water immersion objective of the Opera Phenix confocal microscope.
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Figure 48. Lysosomal alkalinising agent chloroquine (CQ) potentiates pS129-positive
aggregation. a) Confocal microscopy images of i® neurons treated on DIV 10 with 10 pg/ml a-
synuclein PFFs or co-treated with 20 uM CQ and 10 pg/ml a-synuclein PFFs. Plates were fixed
on DIV 24 and immunostained for aggregated a-synuclein marker pS129. Scale bar = 10 um. 63x
water immersion objective on the Opera Phenix confocal microscope. b) Quantification revealed
increased levels of pS129-positive aggregation with co-treatment of PFFs and CQ compared to
PFFs only. N = 1 independent differentiations. Data is presented as the mean = SEM.
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Table 23. Details of CRISPRi sgRNAs used in this study

sgRNA Category Gene Kampmann Reference Number Insfcl)lr'go Sequence Code Origin
FCGR2A-1 GWAS FCGR2A FCGR2A_+_161475317.23-P1P2 0.799 GGCAGCAGCAAAACTGTCAA AlA This study
FCGR2A-2 GWAS FCGR2A_+_161475683.23-P1P2 0.786 GATGCTGGGGAGGTGAGCTT A 1B This study
VAMP4-1 GWAS VAMPA4 VAMP4_+ 171711193.23-P1P2 0.970 GCGATCGGCTCGATGAGCGG A1lC This study
VAMPA4-2 GWAS VAMP4_+ 171711196.23-P1P2 0.891 GCGCCGATCGGCTCGATGAG A 1D This study
NUCKS1-1 GWAS NUCKS1 NUCKS1 - 205718968.23-P1P2 0.878 GGTGCGCGCGGGCCCCGAAA A 1E This study
NUCKS1-2 GWAS NUCKS1_- 205719091.23-P1P2 0.767 GGACTCCGCACTGACCTGAC A1F This study
RAB7L1-1 GWAS RAB7L1 RAB7L1_+ 205744193.23-P1P2 0.954 GGCCCAGACAGGCGGTGGGT Al1G This study
RAB7L1-2 GWAS RAB7L1 - 205744188.23-P1P2 0.917 GCCCTCTTCAAACTGAAGTG A lH This study
SIPA1L2-1 GWAS SIPALL2 SIPALL2 - 232650285.23-P1P2 0.785 GCTGTCTCTCCCCATCAGGA A2A This study
SIPA1L2-2 GWAS SIPALIL2 + 232650129.23-P1P2 0.769 GAGGAGAGCCGACTGGAGAG A2B This study
KCNS3-1 GWAS KCNS3 KCNS3_+ 18060165.23-P1P2 0.959 GCCTGGACCACAGGAGACTG A2C This study
KCNS3-2 GWAS KCNS3_-_18059939.23-P1P2 0.903 GGCGGGACCGACGGACAGAC A2D This study
MAP4K4-1 GWAS MAP4KA MAP4K4_+ 102314194.23-P1P2 0.782 GAGGACGGGCCCGGAGCGTG A2E This study
MAP4K4-2 GWAS MAP4K4_+ 102314209.23-P1P2 0.767 GGCGCCGCGCGCCTCGAGGA A 2F This study
TMEM163-1 GWAS TMEM163 TMEM163_-_135476142.23-P1P2 1.014 GGTGCCGGCCGCAGAAGGTG A 2G This study
TMEM163-2 GWAS TMEM163_+_ 135476146.23-P1P2 1.007 GGAACGCCGCTAGCCGAGAG A2H This study
STK39-1 GWAS STK39 STK39_- 169104097.23-P1P2 1.029 GCGCCGAAGCCAGCTAGGAG A3A This study
STK39-2 GWAS STK39 + 169104017.23-P1P2 0.885 GGCCGGCCGAGAGGTGTCGG A3B This study
SATB1-1 GWAS SATBI SATB1 - 18466360.23-P1 1.064 GCCCCGGGCAGGATAGAGGG A3C This study
SATB1-2 GWAS SATB1 - 18466357.23-P1 0.950 GGGCCCCCGGGCAGGATAGA A3D This study
IP6K2-1 GWAS IP6K2 IP6K2_+ 48754592.23-P1P2 1.075 GCCGAGGAACCCGGCTGAGG A 3E This study
IP6K2-2 GWAS IP6K2_+ 48754601.23-P1P2 1.011 GACGGAAACGCCGAGGAACC A 3F This study
KPNA1-1 GWAS KPNA1L KPNA1 + 122233801.23-P1 1.564 GCGCGCGTAGGCGCTCGGGC A 3G This study
KPNA1-2 GWAS KPNA1_+ 122233737.23-P1 0.917 GCTCGCTGCTCGGTGCGAGG A3H This study
GAK-1 GWAS GAK GAK_+_926062.23-P1P2 0.903 GAGATGGTGCACCTCCGGGC AdA This study
GAK-2 GWAS GAK_+_926066.23-P1P2 0.891 GCGGAAGATGGTGCACCTCC A 4B This study
DCAF16-1 GWAS DCAF16 DCAF16_+ 17812291.23-P1P2 0.918 GTAGGCCTGGCTGGGTCGTG A4C This study
DCAF16-2 GWAS DCAF16_+ 17812328.23-P1P2 0.915 GAGTGGCCTTGCCACCGGAG A 4D This study
CAMK2D-1 GWAS CAMK2D CAMK2D_-_114682878.23-P1P2 0.982 GAGCCCGCGCGGCTTCAAGA A4E This study
CAMK2D-2 GWAS CAMK2D - 114682323.23-P1P2 0.924 GCCCGCGGCGCTGTCACCCA A 4F This study
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ERCC8-1
ERCC8-2
NDUFAF2-1
NDUFAF2-2
GIN1-1
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PAM-1

PAM-2

Chorf24-1
C5orf24-2
RIMS1-1
RIMS1-2
FYN-1
FYN-2
SLC18B1-1
SLC18B1-2
VPS37A-1
VPS37A-2
BIN3-1
BIN3-2
FAM49B-1
FAM49B-2
ASAP1-1
ASAP1-2
SH3GL2-1
SH3GL2-2
CNTLN-1
CNTLN-2
GBF1-1
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BAG3-1
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RNF141-1
RNF141-2
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GWAS
GWAS
GWAS
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CLCN3_+_170541739.23-P1P2

CLCN3 CLCN3 +_170541734.23-P1P2
ERCCS_ - 60240852.23-P1P2
ERCCS ERCC8 _+_60240826.23-P1P2
NDUFAF2 - 60240946.23-P1P2
NDUFAF2  NDUFAF2 - 60241076.23-P1P2
GINL GINL_+ 102455804.23-P1P2
GINL_ - 102455774.23-P1P2
PAM_+_102201705.23-
oAM ENST00000438793.3
PAM_+ 102201571.23-
ENST00000304400.7
- C50rf24_- 134181671.23-P1P2
C50rf24_+_ 134181678.23-P1P2
AIMSL RIMSL_ - 72596682.23-P1P2
RIMS1 - 72596645.23-P1P2
. FYN_+ 112194611.23-P1P2
FYN_- 112194589.23-P1P2
SLC18B1 + 133119637.23-P1P2
SLCI8BL g c18B1 + 133119412.23-P1P2
VPS37A_+ 17104482.23-P1P2
VPS3TA VPS37A_- 17104916.23-P1P2
BING BIN3_- 22526419.23-P1P2
BIN3_+_22526573.23-P1P2
FAM49B_- 130952029.23-P1
FAMA49B FAMA49B_+_131028535.23-P2
ASAP1 - 131455906.23-P1P2
ASAPL ASAP1 - 131455861.23-P1P2
SH3GL2 - 17579147.23-P1P2
SH3GL2 SH3GL2_-_17579132.23-P1P2
CNTLN_ +_17135087.23-P1P2
CNTLN CNTLN +_17135503.23-P1P2
BFL GBFL_+ 104005322.23-P1P2
GBF1_-_104005285.23-P1P2
BAGS BAG3 + 121411323.23-P1P2
BAG3_- 121411132.23-P1P2
ANELAL RNF141 - 10562561.23-P1p2

RNF141 - 10562697.23-P1P2

1.170
1.101
0.984
0.855
1.001
0.955
0.998
0.976

1.019

0.988

1.000
0.975
0.966
0.840
0.965
0.953
0.893
0.883
0.854
0.845
0.972
0.885
1.062
1.043
0.807
0.785
1.108
1.055
0.907
0.902
1.031
1.020
0.898
0.837
1.838
1.049

GCCGGACCGGCCCTGACCCA
GCCGGCCCTGACCCACGGAA
GGCATATCGTGTCCTCACAC
GGTGAGGACACGATATGCTG
GCGGTGATATATCCGGCCAA
GGGCAGCGCTGGAAACTGGG
GGCGCGAGATAAATCACGAG
GGAACGACCACTCACCGAGG

GGAGGCGTCTCGGTCACGAG

GTATGACTCCGGAATGACAG

GCGCCTCTAACACTACAGGG
GCCCCGGACGCAGTACGAAG
GTGCTGGGCGTGCATCCGAA
GCTAGGGCTCCGCTGTGAGG
GCGAGCAGCCGCGCTGGTGG
GCGGCTCCGCTCCTGACAGA
GGAGGTCGAGTCCAAGGACG
GGGGCCTGATCGTGGGGTTC
GCGCCCAAACCGGCCAGCCA
GCTCCACCGGAGGAAAAAGT
GCACCGAGGGAACGACCCTA
GGGACCCCGGCGGCAGACGC
GAGAGCCGCGACAAGCCAGG
GATCCGATTTGCCCCCGGAG
GCCGAGCGCGGCGCAGGAAG
GCAGTGCTCGCCCGCGGCAG
GCCGGCGGCGGCACGACCAG
GCTCGCGCCCATAGCCCCGG
GGCGCTGGGGGCGAAGGGTG
GCTGGGCGGGGTAGGTCCCA
GCCGGGACGGGCAGTAGAGC
GCAGGCAGCGGGCTAGACTG
GCGCGGGTCGTTCCACGTAG
GGGCGGCCCGGCCAGAGACT
GGGCTAGGCCTGTCTCCCCG
GCAAGGCATCGCGCACCCTG

A 4G
A4H
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A 5B
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A5D
A5E
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A5G

A 5H
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A6C
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A6H
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AT7C
ATD
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ATF
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B 1H

This study
This study
This study
This study
This study
This study
This study
This study
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This study
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This study
This study
This study
This study
This study
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DLG2-1
DLG2-2
SCAF11-1
SCAF11-2
HIP1R-1
HIP1R-2
FBRSL1-1
FBRSL1-2
CAB39L-1
CAB39L-2
MBNL2-1
MBNL2-2
MIPOL1-1
MIPOL1-2
SYT17-1
SYT17-2
SETD1A-1
SETD1A-2
STX1B-1
STX1B-2
CHRNB1-1
CHRNB1-2
KANSL1-1
KANSL1-2
KLHL14-1
KLHL14-2
MEX3C-1
MEX3C-2
SPPL2B-1
SPPL2B-2

DYRK1A-1

DYRK1A-2

SPTSSB-1
SPTSSB-2
CD38-1
CD38-2

GWAS
GWAS
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GWAS
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GWAS
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GWAS
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SETD1A
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CHRNB1

KANSL1

KLHL14

MEX3C

SPPL2B

DYRK1A

SPTSSB

CD38

DLG2_-_84027894.23-P1P2
DLG2_-_84028346.23-P1P2
SCAF11_+ 46384075.23-P1P2
SCAF11_+ 46384171.23-P1P2
HIPIR + 123320035.23-P1P2
HIPIR - 123320047.23-P1P2
FBRSL1_+ 133066769.23-P1P2
FBRSL1_+_133066766.23-P1P2
CAB39L_- 50018126.23-P1
CAB39L_- 50018123.23-P1
MBNL2_- 97874785.23-P1P2
MBNL2_+_97874974.23-P1P2
MIPOL1_+ 37667657.23-P1P2
MIPOL1_+_37667282.23-P1P2
SYT17_+_19179623.23-P1P2
SYT17_+_19179645.23-P1P2
SETD1A_+ 30969392.23-P1P2
SETD1A - 30969773.23-P1P2
STX1B_-_31021964.23-P1P2
STX1B_-_31021956.23-P1P2
CHRNB1_-_7348458.23-P1P2
CHRNB1_-_7348409.23-P1P2
KANSL1 + 44270352.23-P1P2
KANSL1_- 44270669.23-P1P2
KLHL14 - 30349866.23-P1P2
KLHL14_- 30350225.23-P1P2
MEX3C_- 48723919.23-P1P2
MEX3C_-_48723915.23-P1P2
SPPL2B_- 2328912.23-P1P2
SPPL2B_+ 2328680.23-P1P2
DYRKIA_-_38792743.23-
ENST00000398960.2
DYRKIA_-_38793111.23-
ENST00000398960.2
SPTSSB_+_161089261.23-P1P2
SPTSSB_-_161088856.23-P1P2
CD38_+_15779997.23-P1P2
CD38_- 15780419.23-P1P2

0.959
0.875
1.229
0.889
1.660
0.796
0.857
0.805
1.053
1.046
0.889
0.779
0.993
0.900
1.011
0.937
0.895
0.835
1.038
0.963
1.113
0.986
0.981
0.965
0.991
0.984
0.895
0.854
1.756
1.123

0.647

0.559

0.823
0.816
0.997
0.993

GTGGGCTGAACCAACCATGT
GCAGTGCATCGTGGGAGCAG
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GGTCAGCAGCTTGTCGTCGG
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GTCCGCCGTCCCCGCGTTGT
GCGGTGCCCGCCGCAACCAA
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GGGGCAGAGAGGGATTGTAT
GGGCTGGGCGAAGATGAGGC
GGTGCTGAGTAGGGAGTCCC
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FGF20-1
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BRIP1-2
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2
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1
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2
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GWAS
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GWAS
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Proteomics

Proteomics

Proteomics

Proteomics

Proteomics

Proteomics
Proteomics
Proteomics
Proteomics
Proteomics
Proteomics
Proteomics
Proteomics
Proteomics
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BST1

HLA-DRB5

GPNMB
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LRRK2

NOD2

BRIP1

RIT2
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CALB1

CACNA2D1

CACNA2D2

SIK1

SIK2

NIM1
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PSEN1

BST1 - 15704748.23-P1P2
BST1 - 15704751.23-P1P2
HLA-DRB5_-_32497983.23-P1P2
HLA-DRB5_+_32497964.23-P1P2
GPNMB_-_23286430.23-P1
GPNMB_+_23286445.23-P1
FGF20_-_16859809.23-P1P2
FGF20_-_16859438.23-P1P2
LRRK2_+_40618865.23-P1P2
LRRK2_+_40618843.23-P1P2
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Figure 49. Comparison of pS129 antibodies in PFF-treated i neurons. a) i Cortical neurons
were treated on DIV 10 with 10 pg/ml a-synuclein PFFs, fixed and immunostained 14 days post-
PFFs with two different pS129 antibodies, clone 81A (Abcam, ab184674) or EP1536Y (Abcam,
ab51253). 81A demonstrated strong unspecific staining even at 1:40,000 dilution in the untreated
condition, whereas EP1536Y was highly specific. Scale bar = 30 uM. 40x water immersion
objective on the Opera Phenix confocal microscope. b) Quantification of the staining
demonstrated that the 81A antibody showed no difference between basal and treated conditions,
resulting in no increased fold change in PFF-treated wells. EP1536Y discriminated well between
untreated and treated conditions. Data is presented as the mean + SEM.
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Figure 50. Preliminary screening internal controls. a) a-Synuclein PFF-treatment shows
increased pS129 area, intensity and number of spots per area of cell. b) PFF-treated cells show a
decrease of pS129 in SNCA knockdown conditions compared to PINK1 and PRKN knockdown
cells, but not sgControl-expressing cells. ¢) CCCP treatment increases the intensity of pS65Ub
when compared to PFF-treated cells, but not control cells. d) PINK1 knockdown cells show
reduced pS65Ub spot intensity and number compared to controls. N = 1 independent
differentiation. Statistical test: Kruskal-Wallis test with Dunn’s multiple comparisons test. Data is
presented as the mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

212



sgGPNMB-1

-1

sgSNCA
Synuclein PFFs

sgControl

Synuclein PFFs

a

a

Synuclein PFFs

a

Untreated

1'0 AnAnisuas uondaleq

Z'0 AyAnisuas uonoajeg

€'0 AnAmisuas uonosjag

213



Total pS129 Spot Area Relative pS129 Spot Intensity Individual pS129 Spot Area

Z-Score (sgSNCA vs sgControl)

Z-Score (sgSNCA vs sgControl)
: 5

Z-Score (sgSNCA vs sgControl)

T T T T T T T T T T T T T T T T T T T T -2 T T T T T T T T T
0.1 02 03 04 05 0.6 0.7 0.8 09 1.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Detection Sensitivity Detection Sensitivity Detection Sensitivity

Proportion of pS129 Positive Cells
1.00

pS129 Spots per Area Cytoplasm

Z-Score (sgSNCA vs sgControl)
Fold Change (sgControl/isgSNCA)

T T T T T 1T T — T T T T T T T T T
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9 1.0 0.1 02 0.3 04 05 0.6 07 0.8 09 1.0
Detection Sensitivity Detection Sensitivity

Figure 51. Harmony analysis pipeline optimisation. a) Confocal microscopy images of SNCA
and GPNMB-targeted or control sgRNA-expressing i neurons from the first replicate of primary
screening, treated with PFFs at DIV 10 and fixed, stained and imaged 14 days post-seeding. The
Harmony software analysis was optimised to detect bright pS129 puncta and disregard background
fluorescence — the puncta highlighted green are detected by the algorithm, within the region of
interested delineated in white. Scale bar = 20 um. 40x water immersion objective, Opera Phenix
confocal microscope. b) Detection sensitivity parameters from 0.1 to 1.0 were tested to determine
the setting with the largest assay window as assessed by the SNCA-targeted guide’s Z-score, in
comparison to control sgRNA-expressing neurons. Low detection sensitivity settings (sensitivity
= 0.1) showed the largest Z-score for SNCA knockdown conditions and were retained for analysis
of this and further replicates of the primary screen. With increasing detection sensitivity, higher
background was observed which contributed to a greater proportion of cells classed as pS129-
positive.
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Figure 52. Primary screening readouts in cortical neurons. a) to f) Quantification of readouts
from the primary screen from cortical neurons. Dashed lines identify the cutoff used to classify

hit or non-hit genes, at score

differentiations.

+2 and hit genes are labelled in red. N = 3 independent
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Figure 53. Primary screening readouts for genes in the proteomics datasets in cortical
neurons. a) to g) Quantification of readouts from the primary screen of proteomics genes-targeting
SgRNAs. Dashed lines identify the cutoff used to classify hit or non-hit genes, at score = +2 and
hit genes are labelled in red. N = 3 independent differentiations. Data is presented as the mean z-
score.
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Figure 54. Screening readouts for the mechanistic library of genes targeting mitochondria,
lysosomes and autophagy. a) to g) Quantification of readouts from the screen of mechanistic
genes. Dashed lines identify the cutoff used to classify hit or non-hit genes, at score = £2 and hit
genes are labelled in red. N = 3 independent differentiations. Data is presented as the mean z-

score.
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