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Abstract 

 In Parkinson’s Disease, the protein alpha-synuclein (αSyn) misfolds and 

aggregates to form Lewy Bodies. Although its role in the presynaptic terminal is to bind 

synaptic vesicles, the role of αSyn in the nucleus is still unknown. In Chapter 1, 

background information on Parkinson’s Disease, αSyn, a potential nuclear role in DNA 

repair, and its most common post-translational modification of a serine 129 

phosphorylation site are discussed.  

Chapter 2 dives into these topics experimentally and highlights my work to 

investigate the role of αSyn in the repair of genomic DNA double-strand breaks. I 

hypothesized that αSyn is involved in non-homologous end-joining because it is thought 

to be the only double-strand break mechanism relevant in post-mitotic cells. In Chapter 

2, I provide evidence for αSyn modulating DNA double-strand break repair using a 

CRISPR/Cas9 lentiviral approach and show evidence that this repair is modulated by 

DNA-PKcs. Chapter 2 closes with experiments showing that altering clearance of αSyn 

via pharmacological kinase inhibition can lead to increased levels of histone 

modifications associated with DSB repair and increased survival rate of cells with αSyn 

inclusions.  

Chapter 3 describes additional studies that I performed related to this project that 

either yielded negative data or were difficult to interpret due to technical reasons. In 

Chapter 4 is a discussion of the project as a whole and proposes future experimental 

approaches to add to the current body of work.  
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Chapter 1: Introduction 

 Parkinson’s Disease (PD) is a movement disorder that affects more than 10 

million people worldwide. It is the second most common neurodegenerative disease 

after Alzheimer’s Disease and 1.2 million people in the United States alone are 

expected to be diagnosed by 2030. PD was first described by James Parkinson in 1817 

as the “shaking palsy” (Parkinson, 1817) and then further characterized and 

differentiated from other diseases such as multiple sclerosis by Jean-Martin Charcot in 

the mid 1800s (Goetz, 2011). Since then, symptom onset, diagnosis, environmental 

factors, and genetic mutations have been clearly defined. Although therapeutics 

ameliorating symptoms have been developed and studies have begun to elucidate the 

pathological progression of this disease, there are currently no widely effective disease-

altering treatments.  

 

1.1 Parkinson’s Disease 

Symptoms and Diagnosis 

Parkinson’s Disease consists of two types of symptoms: motor symptoms and 

non-motor symptoms. Motor Parkinsonism symptoms such as bradykinesia, rigidity, 

tremors, and postural instability are due to a loss of a subset of dopamine neurons in 

the substantia nigra. Non-motor symptoms, such as dementia, psychosis, blood 

pressure regulation problems, and sleep disorders, are due to neurodegeneration of 

various non-dopamine neurons in other nervous system regions. Non-dopamine-related 
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motor symptoms such as freezing of gait and difficulty swallowing are also associated 

with Parkinsonism. For most patients, motor symptoms arise in the later stages of life, 

with an average diagnosis age of 60. While every patient is unique with their disease 

progression, the parkinsonian symptoms almost universally worsen over time, if 

untreated. The most effective therapeutic treatment option for patients is levodopa, the 

catecholamine precursor to dopamine that helps replenish its levels when dopaminergic 

neurons are reduced in the substantia nigra. Although many potentially promising new 

therapies are currently in clinical trials, there are no disease-modifying therapies to date.  

Over the progression of the disease, patients’ diagnoses can change with the 

development of dementia. Cases in which patients experience dementia at least one 

year after their motor symptoms develop are categorized as having developed 

Parkinson’s Disease Dementia (PDD). Whereas if cognitive impairment precedes or 

occurs within one year of motor symptom onset, patients are diagnosed with Dementia 

with Lewy Bodies (DLB) (Gomperts, 2016). PDD and DLB both fall under the umbrella 

term of Lewy Body Dementias (LBD) (Milán-Tomás et al., 2021). Lewy Bodies are 

cytoplasmic inclusions found in surviving neurons that contain misfolded and 

aggregated α-synuclein (αSyn), which will be discussed at length later in this chapter.  

Prevalence and Comorbidities 

 PD affects 1% of the population above 60 years old, 4% of the population above 

80 years old (Dexter & Jenner, 2013), and 1-2 per 1000 people at any time. PD has 

recently undergone the fastest growth in prevalence out of all neurological disorders 

and is one of the leading causes of disability in the world (GBD 2015 Neurological 

Disorders Collaborator Group, 2017). Globally, the age-standardized incidence, 
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prevalence, and years lived with disability has increased from 1990 to 2019 by over 

150% in a study of 204 countries (Ou et al., 2021). Men are at a higher risk of 

developing PD and have a documented higher prevalence globally compared to 

women, however women have a higher mortality rate and faster progression than men 

(Cerri et al., 2019; Heller et al., 2014; Solla et al., 2012). Studies have shown that motor 

and non-motor symptoms, risk factors, and pathogenic mechanisms may differ in men 

and women. Specifically, vulnerability of the dopaminergic system to 

neurodegeneration, neuroinflammatory responses, and oxidative stress mechanisms 

may be behind these sex differences in pathophysiology (Cerri et al., 2019). 

Several risk factors are connected to PD, including age, gender, pesticide 

exposure, stress, and traumatic brain injury. PD also interacts with several other 

diseases. Comorbidities include anemia, depression, diabetes, gastrointestinal 

dysfunction, restless leg syndrome, and melanoma (Santiago et al., 2017). PD patients 

are at a higher risk of developing melanoma and vice versa. This may be because both 

diseases are associated with increased levels in αSyn. Increased levels of αSyn within 

the skin elevates the risk of melanoma, and increased aggregation of αSyn in the brain 

can form cytoplasmic inclusions called Lewy Bodies in PD patients. Comorbidities such 

as this may be important to understanding the etiology of PD and how other risk factors 

impact the development of this disease. 

 Prevalence of PD also differs based on geographic location, and rural living has 

been linked to PD incidence. Early studies suggested a connection between farming, 

rural living, and drinking well water with PD risk (Gorell et al., 1998; Priyadarshi et al., 

2001). For many years PD was thought to be purely caused by environmental factors. 
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Influential twin studies (Duvoisin et al., 1981; Ward et al., 1983) and research on 

pesticide exposure increasing PD risk (Baldi et al., 2003; Kamel et al., 2007; Liew et al., 

2014) all strengthened this environmental-only hypothesis. Specifically rotenone, 

paraquat, diquat, and maneb are the most heavily linked chemical pesticides associated 

with PD (Costello et al., 2009; Pezzoli & Cereda, 2013; Pouchieu et al., 2018; Tanner et 

al., 2011). However, the field of PD underwent an unprecedented dogma shift for 

neurodegenerative diseases when the first gene linked to PD was discovered. 

Genetic Risk 

 In 1997, αSyn was genetically linked to PD (Polymeropoulos et al., 1997) in an 

autosomal dominant fashion. αSyn, including its structure and function will be discussed 

at length in Chapter 1.2. Since this first fundamental genetic evidence linking αSyn, 

other monogenic mutations in Parkin, PTEN-induced putative kinase 1 (PINK1), and 

Daisuke-Junko-1 gene (DJ-1) have been associated with rare autosomal recessive 

forms of early-onset PD ( Kitada et al., 1998; Valente et al., 2001; Bonifati et al., 2003). 

Parkin is an E3 ubiquitin ligase; PINK1 is a protein kinase with a mitochondrial targeting 

domain, and both are involved in mitochondrial regulation and mitophagy (Seirafi et al., 

2015). In PD, Parkin is the most frequently mutated autosomal recessive gene and 

makes up nearly 50% of early-onset familial cases, followed by PINK1 accounting for up 

to 8% of early-onset genetic cases (Kalia & Lang, 2015). DJ-1 makes up 1-2% of early-

onset familial PD, and has been shown to be involved in regulating apoptosis, 

autophagy, inflammatory responses, chaperone processes, and recently cellular 

metabolism (Mencke et al., 2021).  
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More prevalent than Parkin, PINK1, and DJ-1, genetic point mutations in leucine-

rich repeat kinase 2 (LRRK2) were subsequently discovered as the most common 

monogenic form of PD leading to autosomal dominant PD (Zimprich et al., 2004). 

LRRK2 is a large protein that contains a GTPase and a kinase domain and functions in 

several different cellular signaling pathways, including autophagy, vesicle trafficking, 

cytoskeletal dynamics, protein translation, immune response, and lysosomal and 

mitochondrial function (Tolosa et al., 2020). The G2019S mutation is the most prevalent 

LRRK2 mutation and accounts for 5-6% of autosomal dominant cases and 1% of 

idiopathic PD cases (Xiong et al., 2017). LRRK2 kinase activity is commonly increased 

in LRRK2 mutation familial PD, and may also be increased in idiopathic PD due to 

oxidative stress or endolysosomal stress (Rocha et al., 2022). Furthermore, although 

rare, some LRRK2 carriers do not exhibit Lewy Body pathology, yet still most carriers 

present neuronal degeneration in the striatum (Rocha et al., 2022). It is still unclear how 

increased LRRK2 kinase activity in idiopathic PD may lead to these differing 

mechanisms of disease progression.  

The most prevalent genetic risk factor for PD comes from mutations in the gene 

GBA, which encodes for a lysosomal enzyme glucocerebrosidase. About 5-15% of the 

PD population have mutations in GBA, and GBA-associated PD is clinically identical to 

idiopathic PD with nigrostriatal dopaminergic neuron loss and Lewy pathology (Smith & 

Schapira, 2022). Interestingly, a polymorphism found within the SNCA gene encoding 

αSyn was associated with an increased risk of developing PD in GBA carriers 

(Blauwendraat et al., 2020), and associated with an accelerated motor decline in GBA-

PD patients (Stoker et al., 2020). Out of at least 15 genes in which monogenic 
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mutations are connected to PD, GBA mutations are the most widespread genetic risk 

for PD and are important to investigate further in the diverse population of PD patients.  

 Other than mutations causing protein coding changes, there are SNCA gene 

multiplications that also lead to PD. Duplications and triplications in SNCA were first 

studied in the early 2000s by following extremely rare families that developed severe 

early onset PD (Singleton et al., 2003). Several kindreds were found where duplications 

in SNCA can lead to early-onset PD with an approximate average age of onset of 50 

and triplications can lead to early-onset PD at around age 35 (Chartier-Harlin et al., 

2004). This was later confirmed in a study from over 50 families, and generally 

triplication patients have rapidly progressive symptoms whereas duplication patients 

have symptoms similar to late-onset parkinsonism (Book et al., 2018). Although 

extremely rare, these genetic multiplication cases directly shed light on how just 

increasing expression of normal protein sequence αSyn can heavily influence PD 

progression. 

 Out of all the genetic mutations discussed here, in total these familial cases only 

make up 10% of all PD cases. The remaining 90% of cases are idiopathic forms of PD. 

Although rare, these genetic mutations can provide critical insight into the mechanisms 

of neurodegeneration and can lead to the creation of cell lines and animal models to 

better study the disease relevant intricacies of PD.  

Animal Models 

 Although there is no perfect animal model for representing the human experience 

of PD, several models are useful for researching specific aspects of disease 

progression. As expected, transgenic models exist for almost all PD-associated genes 
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discussed in the previous section. Mouse, rat, non-human primates, Drosophila, and C. 

elegans models with genetic mutations targeting Parkin, PINK1, LRRK2, GBA, or αSyn 

have been studied for decades (Dovonou et al., 2023). These have provided valuable 

insights for understanding familial PD biology and progression. Scientists have also 

turned to genetically engineering mice which lack genes encoding for transcription 

factors such as Lmx1a/b, Otx2, Foxa1/2, and Pitx3 which are required for midbrain 

dopaminergic neuronal survival and lead to their degeneration when deleted (Dovonou 

et al., 2023). Transgenic models targeting well-known PD-associated genes and 

transcription factors have been incredible useful to recapitulate some familial and 

idiopathic phenotypes of PD in animals.  

Drug-induced animal models have also had a long and important history of 

reproducing certain motor deficits of Parkinsonism. The first ever PD model was 

developed almost 7 decades ago with reserpine injected animals to induce motor 

impairments via inhibition of the vesicular monoamine transporter type 2 (Carlsson et 

al., 1957; Fernandes et al., 2012). Haloperidol, a dopaminergic D2 receptor antagonist, 

has also been used to induce catalepsy and modeling rigidity and dyskinesia (Ionov & 

Severtsev, 2012, 2022; Waku et al., 2021). These historical drug-induced parkinsonism 

models are important for investigating motor symptoms, but fall short in reproducing the 

neuropathology of PD.  

In a similar vein, neurotoxic animal models have greatly improved over the years 

to replicate nigral loss and movement deficits. A well established and popular rodent 

model can be achieved by intracranial injections of 6-hydroxydopamine (6-OHDA) to 

lesion the nigrostriatal dopaminergic system (Blandini et al., 2008). This long-standing 
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model has been essential for researchers to study rapid and specific 

neurodegeneration, but it fails to replicate αSyn aggregation or Lewy pathology. 

Additionally, in the 1980’s another animal model was discovered when humans 

mistakenly self-administered 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) a 

synthetic heroin, resulting in Parkinsonism in young adults (Langston et al., 1983). The 

MPTP model has shown to reproduce motor symptoms such as tremors, rigidity, 

postural instability, and freezing and neurodegeneration of dopaminergic neurons in the 

substantia nigra and putamen in humans and non-human primates (Ding et al., 2008; 

Przedborski et al., 2001). Lastly, intracranial injection of Lipopolysaccharide (LPS) into 

rodents has also proved to be a reliable model for studying loss of nigral dopaminergic 

neurons (Le et al., 2001). LPS is an endotoxin normally used for studying inflammation, 

but was also utilized as a PD model when a laboratory worker developed Parkinsonism 

and dopaminergic neuronal loss after accidental LPS exposure in an open wound 

(Dovonou et al., 2023). Unlike the 6-OHDA model, the MPTP mouse model also 

demonstrates upregulation of αSyn (Hu et al., 2020) and the LPS neuroinflammation 

model shows increased nitration of αSyn in rats although Lewy pathology is not 

generally observed (Choi et al., 2010). Though some were discovered by accident, 

these neurotoxic models now allow researchers control over dopamine neuron 

degeneration and replicate some of the molecular and neuropathological characteristics 

of PD.   

As previously described, PD is heavily linked to environmental toxins and 

pesticide exposure through multiple epidemiological studies. Using this knowledge, 

animal models were developed using similar environmental toxins such as rotenone, 
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paraquat, and maneb. First established as a model over 20 years ago, rotenone inhibits 

proteasomal activity, prompts selective nigrostriatal dopaminergic neuron loss, causes 

motor impairments, and induces αSyn aggregation and inclusions (Betarbet et al., 2000; 

Fleming et al., 2004; Yuan et al., 2015). Paraquat can also be used to model partial 

neurodegeneration and increased αSyn aggregation (Manning-Bog et al., 2002). 

Paraquat alone may not fully cause motor deficits, but the combination of paraquat and 

maneb has been utilized to replicate motor impairments along with neuronal loss in 

mice and with mixed results in rats (Cicchetti et al., 2005; Saint-Pierre et al., 2006; 

Thiruchelvam et al., 2000). Toxin based models can be efficient at reproducing PD 

associated hallmarks like dopamine neuron loss, but in general do not cause Lewy 

pathology; there also can be experimental variability, as seen in epidemiological studies 

in humans exposed to these toxins.  

Most recently the field has adopted the αSyn overexpression and Lewy pathology 

seeding models to more precisely investigate αSyn pathogenesis. The first transgenic 

mouse line expressing WT human αSyn was the M-line, resulting in increased αSyn 

aggregation and inclusions and loss of dopaminergic terminals (Masliah et al., 2000). 

Then, the transgenic mouse line 61 (M61) was developed, overexpressing human WT 

αSyn using a neuron specific promotor. This line successfully modelled motor 

impairments, αSyn inclusions, and mitochondrial dysfunction but shows only mild effects 

on dopaminergic neurons (Rockenstein et al., 2002; Subramaniam et al., 2014). Other 

genetic models have targeted familial PD-associated point mutations within αSyn such 

as E46K, A30P, and A53T. Rodent, Drosophila, and C. elegans versions of these 

models have shown varying levels of αSyn accumulation and motor symptoms (Ekmark-
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Lewén et al., 2018; Emmer et al., 2011; Mizuno et al., 2010; Perni et al., 2021; Piltonen 

et al., 2013). The M83 line overexpressing human A53T αSyn demonstrates increased 

phosphorylated αSyn aggregation and motor symptoms after about 8 months, but lacks 

any dopaminergic neuron loss in homozygous mice (Giasson et al., 2002). Interestingly, 

the hemizygous M83 mice spontaneously develop motor impairments between 22 and 

28 months of age (Giasson et al., 2002).  

New αSyn animal models were developed when Kelvin Luk in Virginia Lee’s lab 

discovered that recombinant αSyn that was aggregated into preformed fibrils (PFFs), 

sonicated and then injected into WT mouse dorsal striatum causes 

hyperphosphorylation of endogenous αSyn, Lewy body-like pathology, extensive 

spreading of this pathology, long term motor deficits and neurodegeneration of striatal 

dopaminergic neurons (Luk, Kehm, Carroll, et al., 2012). Because this method allows 

researchers to control the PFF injection location, intracranial, peripheral stomach, and 

hindlimb gastrocnemius muscle injections have all demonstrated pathology spread to 

the brain. The PFF model has become widely used and is a gold standard in the field for 

generating Lewy pathology. However, αSyn pathology spread can take several months 

after PFF injection to develop in WT mice; therefore researchers have also turned to 

PFF or whole brain homogenates from symptomatic M83 mice injected into A53T αSyn 

mutant mice to accelerate pathology induction (Luk, Kehm, Zhang, et al., 2012; Schaser 

et al., 2020). Groups have also developed viral-vector mediated models to overexpress 

WT and A53T αSyn in rodents and non-human primates to better model the different 

stages of PD (Decressac et al., 2012; Kirik et al., 2003). As the PFF model proves to be 

one of the most widely accepted models in the field for studying αSyn pathology 
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progression, I adopted a PFF cortical injection protocol, which will be discussed further 

in Chapter 2, in an A53T αSyn-GFP accelerated mouse model to study longitudinal 

αSyn progression in vivo using multiphoton microscopy. 

 

1.2 Alpha-synuclein 

 Alpha-synuclein (αSyn) is a small 140 amino acid long protein highly conserved 

among vertebrates, originally discovered in the sting ray Torpedo Californica 

(Maroteaux et al., 1988). It was first named for its location in the (syn)apse and 

(nucle)us. In presynaptic terminals it functions to bind synaptic vesicles, but in the 

nucleus its role is more unclear. As seen in Figure 1.2.1, the N-terminal segment 

(residues 1-60) of the protein takes on an alpha-helical shape in the presence of 

synaptic vesicles and is responsible for binding to these vesicles. The hydrophobic Non-

amyloid-beta Component (NAC) domain (61-95) is prone to aggregation and allows for 

αSyn to form β sheet structures. The C-terminal segment (96-140) inhibits aggregation, 

potentially by electrostatic repulsion via its multiple anionic residues (Bisi et al., 2021). 

αSyn is generally accepted as an intrinsically disordered protein when in solution that 

folds into an alpha-helical conformation when binding vesicles, however there is some 

controversy in the field over whether it can exist physiologically as a tetramer under 

unpurified and non-denaturing conditions (Bartels et al., 2011).  
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Figure 1.2.1. Cartoon of αSyn Primary Structure. Adapted from Cheng et. al 2010. 
Intrinsically disordered αSyn stretched linearly to display N-terminal, NAC, and C-
terminal segments denoted by residue. Familial PD mutations found within the N-
terminal segment and post-translational modifications (PTMs) within the NAC and the 
C-terminal segment with the most common and pathologically relevant PTM, S129, 
highlighted in yellow. 

 

αSyn and Genetic PD 

 αSyn was the first gene linked to PD in the 1990’s and now there are several 

mutant variants associated with familial PD. A30P, E46K, A53T, A53E, H50Q, and 

G51D are the main variants studied in the field, with emerging evidence calling for 

A30G and A53V to also be added to this list. Interestingly, all of these missense 

mutations are located within a specific region in the N-terminal segment of αSyn, which 

suggests some functional role for this region of αSyn in PD pathogenesis. As previously 

described, many animal models exist for A30P, E46K, and A53T mutations, yet no 
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animal models exist for A30G, A53E, A53V, H50Q, G51D at this point in time (Dovonou 

et al., 2023). The A30P, E46K, and A53T mutations were first discovered in German, 

Spanish, and Italian/Greek pedigrees, respectively (Krüger et al., 1998; Polymeropoulos 

et al., 1997; Zarranz et al., 2004). Additionally, duplication and triplication αSyn copy 

number variations lead to early onset of PD symptoms. Overall, the αSyn mutation 

familial PD cases are extremely rare and make up less than 0.01% of cases, but these 

studies have been crucial for understanding protein dynamics and their impact on 

disease biology.  

 These single point mutations within αSyn alter the way the protein interacts on a 

molecular level. Through NMR spectroscopy, researchers concluded that the A30P 

mutation disrupts the alpha-helical preference of the N-terminal segment and the A53T 

mutation enhances its propensity to form β sheet-like conformations (Bussell & Eliezer, 

2001). Meanwhile via fluorescence resonance energy transfer (FRET), researchers 

determined A30P and A53T mutations did not alter N- and C- terminal interactions with 

membranes, but observed a closer vicinity between N- and C- terminal segments with 

the A30P mutant (McLean et al., 2000). As computational techniques improved, 

researchers were better able to model the specific dynamic changes of PD-associated 

mutants. After running replica exchange molecular dynamic simulations, it was 

suggested that β sheet propensity was increased in the N-terminal segment compared 

to the NAC domain or the C-terminal segment after A53T mutation (Coskuner & Wise-

Scira, 2013), confirming Bussel & Eliezer’s previous work. Conversely, the same 

research group showed that the A30P mutation produced the opposite results in which 

β sheet formation decreased in the N-terminal segment, but was enhanced in the NAC 
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domain and C-terminal segment (Coskuner & Wise-Scira, 2013). Although tightly 

located within the N-terminal segment, the A30P and A53T mutated αSyn forms can 

potentially widely differ in protein dynamics, although how they both lead to PD requires 

further investigation.  

αSyn Aggregation and Pathology 

 Not only is αSyn genetically associated with PD, but it is pathologically 

interconnected with the disease as well. αSyn misfolds to form oligomers which then 

accumulate to form larger aggregates like fibrils which make up the Lewy Bodies (LBs) 

found in surviving neurons in the brain. The prion-like hypothesis is that αSyn 

aggregates act as a seed to induce monomer αSyn to convert into an aggregated form 

and that this process in one cell can “infect” other cells via neuron transfer or glial cell 

transfer (Brundin & Melki, 2017). The prion-like theory still leaves several questions, 

such as how and where does the first aberrant αSyn aggregation start in the body. LBs 

can be found extensively in the peripheral nervous systems in PD patients, especially in 

the gut, which suggests a connection to the gut-brain axis. Braak’s hypothesis states 

the initial onset of Lewy pathology begins in the digestive system and olfactory system, 

and spreads peripherally to centrally from either of these two places (Rietdijk et al., 

2017). However, not all patients follow the stereotypical Braak staging system.   

 αSyn aggregation does not only occur in PD patients. Glial cytoplasmic 

inclusions are also found in in Multiple System Atrophy (MSA) and αSyn inclusions can 

sometimes be found in brain autopsies from elderly non-symptomatic patients. This 

begs the question whether there is a threshold of Lewy pathology patients must meet 

before experiencing symptoms. Additionally, LBs are commonly found in patients 
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diagnosed with Alzheimer’s Disease (AD) (Kotzbauer et al., 2001). Interestingly, the 

NAC domain of αSyn is the second most common protein identified in Amyloid Beta 

Plaque in AD, which is why one of its original names was the non-amyloid-beta 

component precursor (NACP). The NAC domain can either be membrane bound or 

exposed to the cytosol where it can recruit monomer αSyn and induce accumulation 

(Hijaz & Volpicelli-Daley, 2020; Lv et al., 2019). The A30P and G51Q mutations have 

been shown to increase cytosol exposure of the NAC domain which could suggest a 

pathophysiological mechanism for those genetic cases (Ysselstein et al., 2015). Other 

members of the synuclein gene family exist, such as β-synuclein, which lacks the NAC 

domain and has been implicated in neuroprotection. Due to its crucial role in 

aggregation, the NAC domain has been highly studied to understand the biology behind 

αSyn aggregate assembly.  

 Throughout the past decade researchers have questioned whether αSyn 

aggregation itself causes cell death and ultimately neurodegeneration. As αSyn 

pathology is prevalent in brain areas with neurodegeneration (Fearnley & Lees, 1991), 

some groups have maintained that LBs directly cause neuronal cell death (Greffard et 

al., 2010; Lu et al., 2005). Opposingly, others have argued that LBs are a byproduct of a 

cell surviving the neurodegenerative mechanism (Bodner et al., 2006; Gertz et al., 

1994). However, when the Unni Lab longitudinally followed LB formation, maturation, 

and cell death via chronic in vivo multiphoton imaging in a Syn-GFP mouse model 

induced to form LB by PFF injection, this data strongly supported a model where LBs 

were tightly associated with that cell’s death (Osterberg et al., 2015). Still, whether Lewy 
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pathology promotes or prevents neurodegeneration is still an active area of study within 

the field.  

Functional Studies 

 As αSyn is highly implicated in PD genetics and pathogenesis, many research 

groups turned to functional studies to test whether an αSyn gain-of-function model or 

loss-of-function model could be used to explain PD pathogenesis. Several groups have 

shown evidence for a gain-of-function model by demonstrating that αSyn aggregates 

can have toxic properties and can lead to many problems in the cell. Among the list of 

potential problems caused by αSyn aggregates are mitochondrial malfunction (Parihar 

et al., 2009), synaptic dysfunction (Schulz-Schaeffer, 2010), ubiquitin proteosome 

system impairment (Kumar et al., 2018; McNaught et al., 2003), and problems with 

autophagy (Cuervo et al., 2004; Winslow et al., 2010; Xilouri et al., 2016). However, 

none of these ideas have led to a treatment targeting a mechanism that slows or halts 

the progression of motor symptoms in patients. This could suggest a gain-of-function 

model is not a perfect fit for the complex nature of PD progression.  

Loss-of-function models for αSyn are less studied in the PD field. The main 

reason for this is that αSyn KO mice show no severe phenotype. Although this suggests 

that loss-of-function may be less important, other groups have detected that synaptic 

transmission is interrupted and neuronal function is altered in αSyn KO mice (Greten-

Harrison et al., 2010; Steidl et al., 2003). Additionally, potential compensation by β-

synuclein and 𝛾- synuclein has been detected in the constitutive αSyn KO mouse. 

Curiously, triple αSyn, β-synuclein, and 𝛾- synuclein KO mice have no severe 

phenotype, but die prematurely at approximately 8 months for an unexplained reason. It 
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is also vague whether the αSyn KO must be present before or after birth, and whether 

one or both copies of the gene are necessary (Anwar et al., 2011; Garcia-Reitboeck et 

al., 2013; Greten-Harrison et al., 2010). Although understudied, loss-of-function 

experiments may be crucial to understanding αSyn’s role in PD.  

A loss-of-function model for soluble αSyn garnered more attention when the Unni 

Lab captured the maturation of LB-like αSyn inclusions in WT Syn-GFP mouse cortex 

with longitudinal in vivo imaging. After cortical PFF injection, inclusions developed into 

an immature stage in which both soluble and aggregated αSyn is present in the soma of 

cells. This soluble αSyn disappears from the nucleus of the cell when the somatic 

inclusion fully matures and takes on a fibrillar tendril shape wrapping its processes 

around the nucleus of the cell. The Unni Lab reported that neurons with mature 

inclusions die at a significantly faster rate compared to cells without inclusions 

(Osterberg et al., 2015). This finding was confirmed with an analogous protocol with a 

different mouse line expressing A53T Syn-GFP and an accelerated pathology seeding 

phenotype (Schaser et al., 2019). These novel findings suggest the disappearance or 

loss of soluble αSyn in the maturation of the inclusion may contribute to the cell’s 

demise. We will next discuss what the nuclear role of αSyn may be and whether when 

this role is lost that could lead to cell vulnerability and death. 

Role of αSyn in the Nucleus 

  One potential role αSyn may perform in the nucleus is facilitation of DNA double-

strand break (DSB) repair. Autopsies of brains from children who have suffered from 

Ataxia Telangiectasia (AT), a rare DSB repair deficiency, reveal LB-like inclusions that 

resemble LB found in PD (Agamanolis & Greenstein, 1979). Additionally, the Ataxia 
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Telangiectasia Mutated (ATM) KO mouse line displays increased αSyn aggregation and 

a progressive loss of dopaminergic neurons in the substantia nigra (Eilam et al., 2003). 

These two phenotypes with stark similarity to PD suggest there may be a link between 

αSyn and DSB repair. The Unni Lab conducted several pivotal experiments supporting 

this connection.  

 In 2019, the Unni Lab observed baseline colocalization of nuclear αSyn foci with 

𝛾H2AX, a classical marker for DSBs, and the DNA damage response marker poly ADP-

ribose (PAR). After widespread DNA DSB damage induced by bleomycin, αSyn KO 

human haploid (HAP1) cells developed increased 𝛾H2AX, as assayed by IHC and 

western blot, compared to WT cells. One caveat is that 𝛾H2AX is not a perfect correlate 

of DSB levels and can be associated with other DNA damage repair processes. 𝛾H2AX 

is a histone modification that occurs early in the signaling pathway to notify the cell of 

the DSB and help coordinate its repair. Since 𝛾H2AX is not an exact readout of DSB 

levels, the Unni Lab conducted neutral comet assays and found that αSyn KO cells 

treated with bleomycin had increased percent of DNA in comet tail and therefore more 

DSBs than WT cells treated with bleomycin. In support of this hypothesis, αSyn is 

rapidly recruited to the specific local site of laser-induced-DNA damage in mouse cortex 

in vivo. Lastly, IHC reveals that 𝛾H2AX levels increase in neurons bearing αSyn 

inclusions compared to cells without, suggesting heightened DSB levels are correlated 

with a Lewy pathology mouse model (Schaser et al., 2019). 

 More recent work from the Unni Lab demonstrates that ⍺Syn is not just found in 

the nucleus in general, but is specifically enriched in a sub-compartment, the nucleolus, 

where it regulates DSB repair of ribosomal DNA in a melanoma model (Arnold et al., 
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2024). This work outlines a mechanism by which αSyn facilitates the recruitment of the 

important DSB repair protein 53BP1 to DSB sites in the nucleolus, and the absence of 

αSyn leads to increased 𝛾H2AX levels and decreased 53BP1 recruitment, with potential 

functional consequences like micronuclei formation (Arnold et al., 2024). These nuclear 

and nucleolar findings further suggest a potential loss-of-function mechanism in which 

loss of αSyn within the nucleus/nucleolus could lead to genomic instability.  

 These findings implicating αSyn in DNA DSB repair are the first characterization 

of this possible nuclear function for αSyn. Although these mechanisms appear to be 

operative, it is unclear exactly the mechanism of how αSyn could be involved in DSB 

repair in the nucleus of neurons. Previous co-immunoprecipitation experiments did not 

show a direct binding interaction between αSyn and 𝛾H2AX, though it is possible that 

αSyn could be interacting with 𝛾H2AX indirectly or modulating another DSB repair 

factors downstream in the pathway. To fully introduce this topic, an in depth 

understanding of DSB repair is required.  

 

1.3 DNA Double-strand Break Repair 

 Each cell in the human body is exposed to tens of thousands of DNA lesions and 

breaks every day. Cells have developed complex, redundant, and highly conserved 

mechanisms to repair this damage. Each mechanism is extremely specific to the type of 

DNA damage, which can include a base pair mismatch, base oxidation, deamination 

and alkylation, a single-strand break, intra-strand crosslink, inter-strand crosslink, and 

double-strand break (DSB). DSBs are the most severe and toxic form of DNA damage 

in the cell, and approximately 10-50 DSBs occur in each cell every cell cycle (Tripathy 
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et al., 2021). DSBs are especially of interest as neuronal DSBs are associated with 

neurodegeneration and AD (Dileep et al., 2023) and αSyn has been implicated in DSB 

repair (Schaser et al., 2019). There are several pathways that cells utilize to combat this 

constant assault of DSB lesions including homologous recombination (HR), classical 

non-homologous end-joining (c-NHEJ), alternative non-homologous end-joining (alt-

NHEJ), single-strand annealing (SSA), which we will discuss in detail here.  

Homologous Recombination 

 HR is one of the main cellular pathways to repair a DSB, and the only pathway 

that allows for direct copying of genetic information from the sister chromatid in order to 

ensure perfect or faithful repair. It does this by accessing genetic information lost at the 

break site from DNA strands within the sister chromatid generated during DNA 

replication. HR, therefore, is constrained to late S and G2 phases of the cell cycle in 

which template DNA is accessible from the duplicated sister chromatid. DSBs can be 

induced by environmental factors like ionizing radiation, but also from replication errors 

in S phase, which HR is effective at repairing. Because of this cell cycle limitation, HR is 

only functional in dividing cells, and not relevant in post-mitotic cells including neurons.  

 The pathway of HR begins, after recognition of the break site, with a large 5’ to 3’ 

resection on one strand of DNA normally of greater than 50 base pairs creating a single 

stranded overhang. The MRN complex consisting of MRE11, Rad50, and Nbs1 along 

with CtIP and BRCA1 initiate short resection. Additional long-range resection is 

performed by EXO1 with assistance from the BLM helicase. The RPA filament coats 

these overhangs until the Rad51 protein is recruited by BRCA2. This filament then 

invades the template DNA on the sister chromatid, forming a D-loop. The D-loop is 
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resolved by either synthesis dependent strand annealing or double Holliday junction. 

These non-crossover or crossover events of the sister chromatid ensure the DNA is 

repaired faithfully. End processing is performed either by Pol 𝛿	or Pol 𝜀	and Ligase I to 

repair the DSB. Figure 1.3.1 visually depicts this process. HR can collaborate and 

compete with other pathways to repair DSB, but large DNA end resection is the defining 

feature that is exclusive to HR and NHEJ lacks (Jasin & Rothstein, 2013; X. Li & Heyer, 

2008; Wright et al., 2018).  

 

 
Figure 1.3.1. DSB Repair Pathways. Cartoon depicting c-NHEJ, alt-NHEJ, SSA, and 
HR, adapted from Chang et. al 2017. C-NHEJ associated with few and small indels due 
to smaller end resection (less than 20 nt) is shown with a repaired end product without 
deletions. Error-prone alt-NHEJ is dependent on Pol 𝛳 (highlighted in green) and results 
in deletions (shown by a shorter end product size). SSA produces repaired end 
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products with larger deletions due to an additional end resection step (shortest end 
product size). HR always faithfully repairs DNA by using sister chromatids but is limited 
to phases of the cell cycle.  

 

Classical NHEJ 

 Traditionally in the DNA repair field, DSB repair is categorized into HR and 

NHEJ, however emerging evidence strongly suggests that there are multiple alternative 

pathways of NHEJ. Classical NHEJ (c-NHEJ) is the best studied of these pathways with 

hallmarks of limited end resection and Ku70/80 dependency, whereas alt-NHEJ is a 

recently discovered mechanism that relies on microhomology and Pol 𝛳 for end joining. 

C-NHEJ and alt-NHEJ can operate throughout the cell cycle and can repair breaks that 

occur at all times during the cell cycle regardless of the cause, but some studies have 

suggested that they predominantly function in G1 (Zhao et al., 2017). One notable 

difference between HR and NHEJ is the speed of repair, NHEJ has an average time of 

30 minutes to repair, compared to HR that can take up to 7 hours to complete (Mao et 

al., 2008). NHEJ is thought to be the only DSB pathway relevant in post-mitotic cells, 

including neurons.  

 The mechanism of c-NHEJ initiates by Ku70/80 recognizing the DSB with rapid 

kinetics, within minutes of damage formation (Kim et al., 2005). Ku recruits DNA-PKcs 

which then interacts with Artemis to form a complex where autophosphorylation can 

occur to activate the nuclease activity of Artemis (Neal & Meek, 2011). DNA-PKcs is a 

member of the phosphatidylinositol 3-kinase-related kinase (PIKK) family and some 

groups argue that DNA-PKcs plays a role in how the cell chooses between HR, c-NHEJ, 

or alt-NHEJ using its kinetics, enzymatic competition, and/or autophosphorylation 
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checkpoints (Neal & Meek, 2011). After end processing, Polymerase λ and Polymerase 

μ, members of the Pol X family, promote ligation by XLF, XRCC4, and Ligase IV to 

repair the DSB (Chang et al., 2017). Both polymerases can function in template-

dependent and template-independent synthesis (Nick McElhinny et al., 2005), which 

can lead to base pair mutations. Traditionally, NHEJ is referred to as an “error-prone” 

pathway in comparison to HR. While it is true that NHEJ does not have the fail-safe of 

template DNA to produce consistently faithful repair, recent evidence suggests that c-

NHEJ can be fairly accurate, especially when rejoining simple breaks where the DNA 

ends have not be extensively modified as part of the damage-inducing process, while 

alt-NHEJ because of its mechanism is much more error-prone (Bétermier et al., 2014).  

Alternative NHEJ 

 alt-NHEJ is the newest member of DSB pathways to be categorized by the DNA 

repair field. Referred to by many names, including microhomology-mediated end joining 

(MMEJ) and Pol 𝛳-mediated end joining, alt-NHEJ was first observed in cells lacking 

core c-NHEJ machinery components, when somewhat surprisingly, it was found that 

they were still able to perform end-joining (Kabotyanski et al., 1998). Studies show that 

alt-NHEJ incorporates much larger deletions into the repaired product than c-NHEJ and 

that alt-NHEJ is generally dependent on microhomology regions found near to the break 

site on each end to ligate the two ends together (Neal & Meek, 2011). Researchers 

believe that alt-NHEJ operates with slower kinetics than c-NHEJ due to the requirement 

of further resection to search for microhomology regions (Chang et al., 2017). Most of 

the work investigating alt-NHEJ has been performed under conditions where c-NHEJ is 
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removed, thus additional work is required to fully elucidate whether alt-NHEJ also has a 

purpose when c-NHEJ is intact. 

Recent work suggests little resemblance between the two pathways in terms of 

mechanistic components. For example, new evidence shows alt-NHEJ uses poly ADP-

ribose polymerase 1 (PARP1), CtIP, and the MRN complex at early steps (Sfeir & 

Symington, 2015), which is more similar to HR than c-NHEJ. Pol 𝛳	then synthesizes 

new DNA, which can incorporate larger deletions (greater than 10 nucleotides), than the 

Pol λ and Pol μ used in c-NHEJ (Wyatt et al., 2016). Pol 𝛳 does likely inhibit additional 

resection and larger deletions that could occur via SSA, after which Ligase I and Ligase 

III are able to join DNA ends together (Chang et al., 2017). Although significantly 

different than c-NHEJ, it remains unknown whether alt-NHEJ is simply a redundant 

backup mechanism for when c-NHEJ fails, or if it has its own physiological role/s in DSB 

repair under certain specific conditions. 

In some ways, alt-NHEJ has more in common with SSA than c-NHEJ since both 

alt-NHEJ and SSA require end resection to uncover microhomology regions, but SSA 

necessitates more homology, requiring longer resection lengths (like HR), and therefore 

employs MRN and CtIP to create 3’ single-strand DNA ends and the EXO1 nuclease 

and the BLM helicase to resect, similar to HR. RPA coats and protects exposed single-

stranded DNA and RAD52 anneals complimentary single-stranded DNA. Next, the 

nucleotide excision repair complex XPF-ERCC1 cleaves the non-homologous single-

strand DNA tails and ligation occurs. SSA is prone to the largest deletions due to the 

large resection needed and is not as highly conserved as other DSB repair pathways. 

Understanding HR, c-NHEJ, alt-NHEJ, and SSA and their individual properties will be 
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important for understanding our experimental approaches and results manipulating 

αSyn in Chapter 2.  

 

1.4 Serine 129 Phosphorylation 

The most common post-translational modification αSyn will undergo is a serine 

phosphorylation at residue 129 in the C-terminal segment. S129 phosphorylated αSyn 

(pSyn) has been a major subject of study in the field due to its correlation with disease 

progression. pSyn has also been of interest to the Unni Lab because it alters how αSyn 

interacts with DNA. The Unni Lab confirmed that αSyn can bind to the major groove of 

DNA, but pSyn has a lower propensity to bind linear DNA and is unable to bind circular 

DNA forms (Dent et al., 2022). This could suggest that the S129 phosphorylation site is 

important for how αSyn interacts with DNA and modulates DSB repair.  

pSyn and Aggregation 

 Although other post-translational modification sites within αSyn, such as 

acetylation, ubiquitination, truncation, phosphorylation Y39, S87, Y125 and nitration 

Y39, Y125, Y133, and Y136 (Figure 1.2.1) have been described, none have been as 

closely studied as S129 phosphorylation. This is because pSyn is tightly correlated with 

pathology spread in PD, as over 90% of the αSyn found in LBs is phosphorylated 

compared to only 4% of αSyn in the healthy brain (Anderson et al., 2006). While total 

αSyn levels decrease in human CSF in PD patients, pSyn CSF levels are associated 

with disease severity (Stewart et al., 2015; Y. Wang et al., 2012). PD patient CSF 

analysis of pSyn has also been proposed to help distinguish between MSA and other 
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synucleinopathies (Foulds et al., 2012). In the periphery, pSyn levels in plasma can help 

detect PD (El-Agnaf et al., 2003; Foulds et al., 2012), and pSyn aggregation was 

detected in small and large nerves in skin (Donadio et al., 2014; Doppler et al., 2014), 

leading to the suggestion that pSyn could serve as a potential biomarker for PD.  

 Not only is upregulation of pSyn interconnected with human cases of PD, but 

increased accumulation of pSyn is also observed in several animal models described in 

Chapter 1.1. A genetic PD mouse model, a viral αSyn gene transfer rat model, a PFF 

model in mice, and two separate drosophila models all reported increased pSyn levels 

and aggregation (Chen & Feany, 2005; Neumann et al., 2002; Takahashi et al., 2003; 

Xu et al., 2021; Yamada et al., 2004). Yet the question remains if and how 

phosphorylation at S129 drives this pathology progression or if this modification occurs 

after LB formation. S129 phosphorylation has also been shown to alter αSyn properties 

and physiological function, which could also contribute to abnormal proteostasis and 

pathology progression. Phosphorylation at S129 can increase membrane binding 

(Nübling et al., 2014; Pronin et al., 2000) and can switch protein interaction affinity of 

non-phosphorylated αSyn from mitochondrial electron transport proteins to binding 

cytoskeletal and vesicle-trafficking presynaptic proteins once phosphorylated (M. A. 

McFarland et al., 2008). Most relevant to the nuclear αSyn field, S129 phosphorylation 

partly regulates translocation of αSyn from the cytoplasm to the nucleus (Gonçalves & 

Outeiro, 2013a). While these physiological changes represent promising starting points, 

more investigation is needed to clearly define what role S129 phosphorylation plays in 

disease.  
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In Vitro and In Vivo Studies 

While the correlation between pSyn and aggregation has been shown many 

times in the patient population, investigation of this topic in vitro and in in vivo animal 

studies has been conflicting. It has long been contested whether pSyn promotes or 

protects against aggregation (Oueslati, 2016; Tenreiro et al., 2014). In vitro studies have 

shown S129 phosphorylation has no effect or reduces αSyn fibrilogenesis, utilizing 

pharmacological and S129D/E phosphomimic approaches (Paleologou et al., 2008; 

Waxman & Giasson, 2011). In contrast, other in vitro studies show that S129 

phosphorylation can promote fibrillar aggregation (Fujiwara et al., 2002; Ma et al., 2016; 

Samuel et al., 2016). Because of this controversy, many groups turned to in vivo studies 

to try to shed light on this issue.  

While in vivo studies can potentially offer more biologically relevant results, 

disagreements over the role of pSyn in promoting aggregation have still arisen from this 

work. One body of work, employing a phospho-deficiency approach where S129 is 

mutated to alanine, observed an increase in αSyn accumulation in flies (Chen & Feany, 

2005). Another study in a rat genetic PD model displays increased αSyn aggregation 

and cell loss, supporting the initial result (Sato et al., 2011). However, the same S129A  

in other rat studies showed no effect on or reduced αSyn aggregation compared to the 

phospho-mimic S129D mutation in vivo (Azeredo da Silveira et al., 2009; Gorbatyuk et 

al., 2008; N. R. McFarland et al., 2009). It is therefore difficult to conclude if in vivo 

studies can better untangle this controversy, as animal models, IHC protocols, and 

approaches to measure phosphorylation are different across laboratories. Therefore, 

exploring these questions without using the phospho-deficiency and phospho-mimic 
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approach may yield useful information. Measuring pSyn levels with specific antibodies 

and manipulating the endogenous kinases that phosphorylate αSyn could help us to 

unravel this complex matter, although this strategy has proven difficult.  

Over 50 αSyn and pSyn antibodies are currently commercially available (Vaikath 

et al., 2019), but many have problems with specificity that can lead to misleading 

conclusions. Research into the role of nuclear αSyn has been somewhat contentious 

over the years because of disagreement about whether αSyn exists in the nucleus or 

not, likely in part because of these antibody specificity issues (Z. Huang et al., 2011). 

Some αSyn and pSyn antibodies can display non-specific cross-reactivity with another 

nuclear epitope which has made the interpretation of some work difficult. This makes it 

critical to validate any nuclear αSyn and pSyn antibody signal in a KO αSyn condition 

(Arnold et al., 2024; Schaser et al., 2019), and in the past decade a consensus has 

emerged using multiple different approaches that synuclein is present in the nucleus 

(Lashuel et al., 2022; Surguchov, 2015). For these reasons, in our work we have only 

included nuclear antibody data that has been validated in this way.  

Kinases 

Another factor that is important to consider is that there are several kinases that 

phosphorylate αSyn at S129. G-protein-coupled receptor kinases (GRKs), Casein 

Kinase II (CK2), and the Polo-like Kinase (PLK) family can all phosphorylate αSyn to 

varying degrees. LRRK2 has also been implicated as a synuclein kinase, although this 

is more controversial. GRK2 preferentially phosphorylates αSyn (Kawahata et al., 

2022), while GRK5 is involved in trafficking αSyn to the nucleus (Gonçalves & Outeiro, 

2013b). CK2 is an essential suppressor of apoptotic cell death and received attention 
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when CK2β was discovered in the outer rings of LBs in PD patients (Ahmad et al., 2008; 

Ryu et al., 2008). Additionally CK2α regulates phosphorylation of αSyn at Y136 in 

brains from DLB patients (Sano et al., 2021). LRRK2 and αSyn co-localize in substantia 

nigra neurons and LBs in PD brains and knockdown of LRRK2 increases αSyn 

inclusions in vitro (Guerreiro et al., 2013). Though some evidence exists for all of these 

kinases, the most evidence exists for the PLK family as an important S129 kinase. 

Several groups have suggested that the PLK family is the main kinase 

responsible for αSyn S129 phosphorylation (Bergeron et al., 2014; Inglis et al., 2009; 

Mbefo et al., 2010). There are 5 PLK family members and PLK2 and PLK 3 can 

phosphorylate αSyn to a higher degree than PLK1 and PLK4. PLK5 lacks a functional 

kinase domain. Furthermore, PLK2 and PLK3 can promote αSyn shuttling from the 

nucleus to the cytoplasm (Gonçalves & Outeiro, 2013b), and PLK2 can regulate the 

clearance of αSyn via autophagy. The Unni Lab tested if PLK2 is the kinase responsible 

for phosphorylating αSyn within Lewy pathology. Interestingly, we found neurons with 

αSyn inclusions from PLK2 KO mice survived at a higher rate than those from WT mice, 

there was no difference in S129 phosphorylation of Lewy pathology after genetic 

deletion of PLK2 (Weston et al., 2021). Therefore, the question remains as to which 

kinase is responsible for phosphorylating αSyn within a LB. Understanding the answer 

to this question could be key to revealing the connection between pSyn and 

pathological progression. The PLK family and this connection is examined in 

experiments detailed in the results and discussion sections of Chapter 2.  

In conclusion, uncovering which kinase is the lewy pathology kinase in vivo is 

one of the major gaps in the literature of PD pathological progression. My dissertation 
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aims to test my hypothesis that the PLK family is the lewy pathology kinase in vivo. The 

second question of this dissertion is how specifically does αSyn influence DSB repair. 

Several pieces link αSyn to DSB repair, but how it contributes mechanistically is 

unknown. I hypothesized that αSyn is involved in NHEJ because it is thought to be the 

only DSB repair mechanism relevant in post-mitotic cells. Both of these overreaching 

questions are investigated experimentally in Chapter 2.  



 41 

  

Chapter 2 

Alpha-synuclein modulates the repair of genomic DNA double-strand 

breaks in a DNA-PKcs regulated manner 

 

Elizabeth P. Rose1, 2, Valerie R. Osterberg1, Jovin S. Banga1, Vera Gorbunova3, Vivek 
K. Unni1, 4 

 
1 Jungers Center for Neurosciences Research, Oregon Health & Science University, 

Portland, OR 97239 
2 Neuroscience Graduate Program, Vollum Institute, Oregon Health & Science 

University, Portland, OR 97239 
3 Departments of Biology and Medicine, University of Rochester, Rochester, NY, 14620 

4 OHSU Parkinson Center, Department of Neurology, Oregon Health & Science 
University, Portland, OR 97239 

 

Published on BioRxiv March 4th, 2024 

In Review at Neurobiology of Disease  

 

Abstract: 247 words 

Introduction: 1161 

Discussion: 1495 

Figures: 6 

Supplemental Figures: 4 
  



 42 

Abstract 

α-synuclein (αSyn) is a presynaptic and nuclear protein that aggregates in 

important neurodegenerative diseases such as Parkinson’s Disease (PD), Parkinson’s 

Disease Dementia (PDD) and Lewy Body Dementia (LBD). Our past work suggests that 

nuclear αSyn may regulate forms of DNA double-strand break (DSB) repair in HAP1 

cells after DNA damage induction with the chemotherapeutic agent bleomycin (Schaser 

et al., 2019). Here, we report that genetic deletion of αSyn specifically impairs the non-

homologous end-joining (NHEJ) pathway of DSB repair using an extrachromosomal 

plasmid-based repair assay in HAP1 cells. Notably, induction of a single DSB at a 

precise genomic location using a CRISPR/Cas9 lentiviral approach also showed the 

importance of αSyn in regulating NHEJ in HAP1 cells and primary mouse cortical 

neuron cultures. This modulation of DSB repair is regulated by the activity of the DNA 

damage response signaling kinase DNA-PKcs, since the effect of αSyn loss-of-function 

is reversed by DNA-PKcs inhibition. Using in vivo multiphoton imaging in mouse cortex 

after induction of αSyn pathology, we find an increase in longitudinal cell survival of 

inclusion-bearing neurons after Polo-like kinase (PLK) inhibition, which is associated 

with an increase in the amount of aggregated αSyn within inclusions. Together, these 

findings suggest that αSyn plays an important physiologic role in regulating DSB repair 

in both a transformed cell line and in primary cortical neurons. Loss of this nuclear 

function may contribute to the neuronal genomic instability detected in PD, PDD and 

DLB and points to DNA-PKcs and PLK as potential therapeutic targets. 

 



 43 

Introduction 

Synucleinopathies, such as Parkinson’s Disease (PD), Parkinson’s Disease 

Dementia (PDD), and Lewy Body Dementia (LBD), are characterized by the presence of 

aggregated α-synuclein (αSyn) pathology, known as Lewy pathology, which is found in 

surviving neurons in brain regions vulnerable to cell death. Although these three 

synucleinopathies, in addition to several other neurodegenerative diseases, are 

characterized by this abnormal αSyn aggregation within cell bodies and neurites, known 

as Lewy bodies and neurites, respectively, it is still not clear how Lewy pathology 

relates to neuronal cell death. Evidence exists for both gain-of-function and loss-of-

function mechanisms for how αSyn aggregation may play a role. Possible gain-of-

function mechanisms include toxic αSyn aggregates taking on distinctly new properties 

and disrupting presynaptic (Greten-Harrison et al., 2010; Steidl et al., 2003) & 

mitochondrial function (Parihar et al., 2009), affecting protein degradation by the 

ubiquitin-proteasome system (Kumar et al., 2018; McNaught et al., 2003) or autophagy 

(Cuervo et al., 2004; Winslow et al., 2010; Xilouri et al., 2016).  

αSyn is normally localized to the presynaptic terminal and nucleus of neurons, 

which is how it was originally named (Maroteaux et al., 1988). It is a 140 amino acid 

long protein that binds to the outer leaflet of synaptic vesicles and contributes to their 

trafficking (Burré et al., 2018). Extensive work has characterized its normal physiological 

function in modulating vesicle sorting and clustering at presynaptic terminals (L. Wang 

et al., 2014) during exo- and endocytosis (Greten-Harrison et al., 2010). Presynaptic 

loss-of-function hypotheses for the role of αSyn in synucleinopathies suggest 

dysregulation of these neurotransmitter vesicle processing steps in neurons with Lewy 
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inclusions. Conflicting evidence exists for whether αSyn knockdown is protective 

(Zharikov et al., 2015) or harmful (Benskey et al., 2018) in PD models. αSyn is also 

found in the nucleus of cells (Goers et al., 2003; Kontopoulos et al., 2006; Pinho et al., 

2019), where its role is less clear. Selective localization of αSyn to the nucleus using a 

nuclear localization sequence has been associated with motor deficits independent of 

its aggregation in mice (Geertsma et al., 2022). Other evidence points to the importance 

of αSyn in regulating transcription, modifying histone biology, and directly binding DNA 

(Iwata et al., 2001; Lee Clough & Stefanis, 2007; Somayaji et al., 2021). It has also 

been recently suggested to influence mRNA stability in P-bodies (Hallacli et al., 2022). 

Our previous work highlights a normal physiologic role in regulating forms of DNA 

repair, including double-strand break (DSB) repair (Schaser et al., 2019), and was 

motivated, in part, by human pathological studies in patients with Ataxia-Telangiectasia 

(AT) showing that they can develop Lewy pathology (Agamanolis & Greenstein, 1979). 

AT is a result of defects in DSB repair caused by mutations in the Ataxia-Telangiectasia 

Mutated (ATM) gene, known to be a critical kinase involved in DNA damage response 

signaling after DSBs have been detected within a cell, where it then helps to coordinate 

repair. An important aspect of this signaling is the phosphorylation of the histone H2AX, 

creating a mark known as 𝛾H2AX that helps recruit downstream DSB repair 

components to the site of the break. Interestingly, work in a mouse ATM knock-out (KO) 

model also suggests that this DSB repair dysfunction can cause progressive dopamine 

neuron loss in the substantia nigra and αSyn aggregation similar to what is seen in 

people with PD (Eilam et al., 2003).  
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Our previous work demonstrated that the induction of DNA damage with the 

chemotherapeutic agent bleomycin in the leukemia-derived immortalized HAP1 cell line 

clearly increased DSB and 𝛾H2AX levels, and that this increase was even greater in the 

αSyn KO condition. Bleomycin is used extensively to chemically induce DSBs in 

multiple systems and this has been shown to be associated with increased 𝛾H2AX 

levels, however, a caveat of this approach is that bleomycin is also known to increase 

other forms of DNA damage besides DSBs (Caporossi et al., 2003; C.-H. Huang et al., 

1981). Importantly, although 𝛾H2AX is widely used as a marker of DSB repair signaling, 

it can also be increased by other forms of DNA damage like clustered oxidative lesions 

or high levels of single-strand breaks (Mah et al., 2010). In order to directly test the role 

of αSyn in the repair of DSBs specifically, we set out here to use CRISPR/Cas9-based 

methods to selectively induce a single DSB at a prespecified site in the human genome 

in HAP1 cells to test the normal role of αSyn in the DSB repair process. In addition, we 

also set out to use this CRISPR/Cas9 strategy to induce a similar, prespecified DSB in 

the genome of primary cortical neurons from mice to test whether αSyn is important for 

modulating DSB repair in this cell type as well.   

Our recent work studying the ability of αSyn to bind double-stranded DNA using an in 

vitro gel-shift assay suggested that it can directly bind in the major groove. Interestingly, 

phosphorylation of αSyn at serine-129 (S129) seemed to alter the properties of this 

binding and switched DNA binding to a different mode (Dent et al., 2022).  S129 

phosphorylation (pSyn) is the most common post-translational modification αSyn 

undergoes and is highly enriched in Lewy pathology (Anderson et al., 2006). It is 

unclear, however, whether pSyn promotes or protects against aggregation (Tenreiro et 
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al., 2014). While S129 phosphorylation has been shown to reduce αSyn fibrillogenesis 

in vitro (Paleologou et al., 2008), other in vitro studies suggest that it can also promote 

fibrillar aggregation depending on the exact conditions used (Fujiwara et al., 2002; Ma 

et al., 2016; Samuel et al., 2016). In vivo, studies utilizing a phospho-deficiency 

approach where S129 is mutated to alanine increased aggregation in drosophila (Chen 

& Feany, 2005), but this same S129A mutant had no effect (N. R. McFarland et al., 

2009) or reduced (Gorbatyuk et al., 2008) aggregation compared to the phospho-mimic 

S129D mutation in rat brain. Another strategy to study the effects of S129 

phosphorylation is to modulate the kinases and phosphatases that act at this residue. 

Several kinase families have been shown to produce pSyn in vitro (Ishii et al., 2007; 

Kawahata et al., 2022; Pronin et al., 2000; Qing et al., 2009; Wu et al., 2020), but 

several studies, including our own work, suggest that the Polo-Like Kinase (PLK) family 

members 1, 2, and 3 (Aubele et al., 2013; Basso et al., 2013; Bergeron et al., 2014; 

Inglis et al., 2009; Mbefo et al., 2010; Oueslati et al., 2013; Waxman & Giasson, 2011) 

may be the most important in vivo (Weston et al., 2021). Our previous work 

demonstrated that genetic knockout of PLK2 led to increased αSyn in nuclear DSB 

repair foci and to improved survival of cortical neurons bearing aggregated αSyn 

inclusions in mouse cortex in vivo (Weston et al., 2021). Given the attractiveness of 

kinases, specifically the PLK family and PI3KK family, important for DSB repair 

signaling (e.g. ATM, ATR, DNA-PKcs), as drug targets, we also set out here to test their 

potential relevance to nuclear αSyn biology in modulating DSB repair, genomic stability 

and neurodegeneration.  
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Results 

αSyn KO in HAP1 cells impairs non-homologous end-joining. 

Our previous research in HAP1 cells suggested a role for αSyn in DSB repair 

using 𝛾H2AX levels as primary readout, however, there are two main mechanisms for 

repairing DSBs: non-homologous end-joining (NHEJ) and homologous recombination 

(HR). Perturbations in either can alter 𝛾H2AX levels. To directly test which pathway 

αSyn may be involved in, we used a previously established plasmid-based reporter 

system. This system involves two different plasmids, both of which can be linearized 

and transfected into cells. One is sensitive to NHEJ repair and will only produce 

fluorescent GFP expression when the plasmid is repaired by NHEJ and re-circularized 

in the process. An analogous plasmid assays HR and only produces functional GFP 

when HR repairs and re-circularizes this plasmid (Seluanov et al., 2010). After 

transfection of these linearized plasmids into HAP1 cells, we measured GFP expression 

and RFP expression (as a transfection control) using flow cytometry at 72 hours post-

transfection (Fig. 1A). We only found a significant difference between WT and αSyn KO 

cells when using a plasmid reporting NHEJ repair (Fig. 1A). This suggests that the loss 

of αSyn impairs NHEJ repair efficiency. We did not find a significant difference between 

WT and αSyn KO cell lines with the HR reporter (Fig. 1A), although overall repair 

efficiency was lower with this plasmid, possibly making the assay less sensitive to HR 

repair differences.  

One characteristic of NHEJ is that it is more error-prone compared to HR, since 

the repair that occurs is not templated using a faithful copy of the sequence from the 
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sister chromatid, as it is in HR. This often leads to the introduction of insertions and 

deletions (indels) at the repaired junction. In addition, NHEJ can be broken down to 

different subtypes, with classical NHEJ (c-NHEJ) being the most well studied and 

dependent on specific components like DNA-PKcs, XRCC4/XLF and ligase 4 (Neal & 

Meek, 2011). c-NHEJ is thought to be the least error-prone of the NHEJ pathways, with 

a decreased likelihood of introducing indels during repair and smaller sized indels when 

they do occur. In addition to c-NHEJ, other alternative NHEJ (alt-NHEJ) pathways 

dependent on Pol 𝛳, XRCC1, ligase 3, and single-strand annealing (SSA) pathways 

have been described. When alt-NHEJ is recruited to repair DSBs, higher levels and 

larger indel sizes are reported in the repaired products (Iliakis et al., 2004, 2015). With 

this in mind, we next wanted to investigate how the loss-of-function of αSyn affects the 

size and frequency of indels at the DSB repair junction. In order to do this, we 

transfected a ~500 bp linear double-stranded DNA into WT or αSyn KO HAP1 cells. 

DNA that had undergone DSB repair to produce a circular topology was purified from 

cells, then exposed to exonuclease treatment to remove remaining linear DNA from the 

sample, purified, linearized again (using a cut site opposite the repair junction) and 

analyzed by next-generation sequencing. This approach allowed us to detect the 

frequency of repair events that incorporated an indel during the repair process and to 

determine the exact size and position of these indels. Using this strategy, we found an 

increase in the frequency of sequenced junctions with deletions incorporated at the 

repair site in αSyn KO cells compared to WT cells (Fig. 1B). There was no apparent 

change in the size spectrum of deletions, however, and they were also relatively small 

(most <10 bp in length). This suggests that αSyn may be influencing specific sub-forms 
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of c-NHEJ, since alt-NHEJ and SSA are usually associated with larger deletions (>20 bp 

in length)(Chang et al., 2017). The repair of extrachromosomal DNA transfected into 

cells is likely, however, to involve different processes than occur in the context of 

genomic DSBs, where other important factors like DNA methylation, histone 

modifications, and higher order chromatin organization are important. 

 

Figure 1. αSyn KO in HAP1 cells reduces NHEJ efficiency using a plasmid 
reporter system. 

A) NHEJ reporting green fluorescing HAP1 cells after repair event at 24, 48, and 72 
hours post transfection (Scale bar = 50 μm). RIGHT: Quantification from 72-hour 
timepoint. HR reporter in WT cells (0.063 ±0.009) vs HR reporter in KO cells (0.037 
±0.012) (p=0.2697), NHEJ reporter in WT cells (0.433 ±0.038) vs KO cells (0.240 
±0.070) (p=0.0276). N=~500,000 cells counted per replicate, 3 biological replicates. 
Two-tailed student’s t-test. B) Next Generation Sequencing of repair junction from WT 
and KO HAP1 cells transfected with NHEJ reporter. Percent of deletions are increased 
in KO cells compared to WT cells. RIGHT: Quantification. Area under the curve of KO 
cells (1.392 ±0.134) significantly increased compared to WT cells (1.0 ±0.0) (p=0.0435) 
Two-tailed student’s t-test. Data and analysis performed by Valerie Osterberg. 
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αSyn KO modulates repair fidelity after CRISPR/Cas9-induced DSB formation in HAP1 

cells.  

To assess whether αSyn is involved in NHEJ within this genomic DSB context, 

we turned to a CRISPR/Cas9 approach using lentiviral expression. Cells were 

transduced with lentivirus to introduce a single DSB in the DNMT3B locus. As a control 

for transduction efficiency, a similarly designed lentivirus expressing EGFP was used. 

WT and αSyn KO HAP1 cells were transduced by this lentivirus similarly when assayed 

using immunocytochemistry (Fig. 2A). In order to confirm this using a second approach, 

we also used flow cytometry to quantify transduction efficiency and no significant 

differences between WT and αSyn KO HAP1 cells were observed (Fig. 2B, see 

Methods).  

To assess the effect of αSyn on the repair of single DSBs induced at the 

DNMT3B locus, we performed PCR to amplify a 288 bp product across the repair 

junction and analyzed these for indels using next-generation sequencing. Interestingly, 

similar to our data using transfected DNA (Fig. 1B), when we analyzed DSB repair 

junctions induced in genomic DNA we also found a significant increase in the frequency 

of repair junctions containing deletions in αSyn KO cells compared to WT cells (Fig. 

2C), with little change in the spectrum of deletions induced and relatively small lengths 

(most <10 bp). This again suggests that the loss of αSyn compromises DSB repair 

fidelity and may be skewing DSB repair between sub-forms of c-NHEJ that are more 

likely to induce small deletions at the junction. This finding was confirmed by a 

secondary method for measuring repair fidelity using a T7 Endonuclease 1 (T7EI) 

assay. In this case, we amplified a longer PCR product flanking the repair junction (544 
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bp) and digested the products with T7EI, which recognizes and cleaves duplex DNA 

that contain imperfect base pairing. These cleaved fragments of DNA are measured to 

determine the ratio of edited to unedited PCR products in the sample. This provides a 

way to screen for indels that were introduced during the repair of the CRISPR-mediated 

DSB and these results were similar to our sequencing data. We found a significant 

increase in gene editing (T7EI cleavable product) using this approach in αSyn KO cells 

compared to WT cells (Fig. 2D). Together, these two assays for indel frequency show 

that αSyn loss-of-function leads to an increase in small indel frequency during the repair 

of DSBs induced at an individual site in the human genome.  
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Figure 2. αSyn KO in HAP1 cells reduces genomic DSB NHEJ efficiency using a 
CRISPR/Cas9 system. 

A) GFP tagged DSB inducing CRISPR/Cas9 lentiviral treated WT and αSyn KO HAP1 
cells. Scale bar 10µm. B) Representative histograms of GFP tagged lentiviral 
transduction efficiency in WT and αSyn KO HAP1 cells using flow cytometry. No 
significant difference observed (see methods). C) NGS of 288bp repair junction with 
percent of reads containing deletions WT (black) and αSyn KO (gray) HAP1 cells 
transduced with CRISPR/Cas9 DSB inducing lentivirus. Mutant reads plotted against 
base pair position with cut site at base pair 67. RIGHT: Quantification. Increased mutant 
reads in αSyn KO cells (12.20 ±0.718) compared to WT cells (9.633 ±0.708) 
(p=0.0344). WT Nontargeting Virus (0.733 ±0.356), αSyn KO Nontargeting Virus (0.400 
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±0.245). N=5 biological replicates (2-3 technical replicates per biological replicate). Two-
tailed student’s t-test. D) T7 Endonuclease I enzymatic assay gel image of full-length 
unedited amplicon 544bp, edited fragmented products 335 bp and 209 bp. RIGHT: 
Quantification. % Gene Editing = 100 x (1 – (1- fraction cleaved)1/2). Significant increase 
in gene editing in αSyn KO HAP1 cells (14.15 ±0.583) compared to WT cells (9.707 
±0.702) (p=0.0012). WT Nontargeting virus (0.0 ±0.0), αSyn KO Nontargeting Virus (0.0 
±0.0). N=5 biological replicates (2-3 technical replicates per biological replicate). Two-
tailed student’s t-test.  

 
 

αSyn KO affects repair fidelity after CRISPR/Cas9-induced DSB formation in mouse 

primary cortical neurons.  

We next wanted to investigate whether αSyn also affects DSB repair fidelity in 

neurons, where NHEJ is thought to be the primary mechanism for DSB repair. We 

cultured WT and αSyn KO E18 cortical mouse neurons in vitro and used an analogous 

Dnmt3b targeting CRISPR/Cas9 approach using lentiviral expression. We first 

measured transduction efficiency using lentivirus expressing EGFP in WT and αSyn KO 

neurons using immunocytochemistry and detected no significant differences (Fig. 3A, 

see Methods). We then measured the indel frequency after the repair of a single DSB 

introduced into the genome of WT and αSyn KO mouse neurons using a PCR 

amplification and sequencing assay similar to the one we used in HAP1 cells. We again 

found a significant increase in the fraction of repair junctions containing deletions in 

αSyn KO neurons compared to WT neurons (Fig. 3B), very similar to what we found in 

HAP1 cells (Fig. 2C). Interestingly, the deletions in neurons were smaller around the cut 

site (most <5 bp in length) than what we detected in HAP1 cells (Fig. 2C). We next 

tested whether loss of αSyn leads to increased indel frequency using the T7EI assay in 
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cortical neurons and again detected an increase in gene editing in αSyn KO neurons 

compared to WT (Fig. 3C). 

 

Figure 3. αSyn KO in mouse cortical neurons reduces genomic DSB NHEJ 
efficiency using a CRISPR/Cas9 system. 

A) GFP tagged DSB inducing CRISPR/Cas9 lentiviral treated WT and αSyn KO mouse 
E18 cortical neurons. Scale bar 20µm. B) NGS of 272bp repair junction with percent of 
reads containing deletions from WT (black) and αSyn KO (gray) mouse neurons 
transduced with CRISPR/Cas9 DSB inducing lentivirus. Mutant reads plotted against 
base pair position with cut site at base pair 52. RIGHT: Quantification. Increased mutant 
reads in αSyn KO neurons (7.500 ±1.568) compared to WT cells (3.250 ±0.524) 
(p=0.0183). WT Nontargeting Virus (0.333 ±0.231), αSyn KO Nontargeting Virus (0.333 
±0.231). N=6 biological replicates (1-2 technical replicates per biological replicate). Two-
tailed student’s t-test. C) T7 Endonuclease I enzymatic assay gel image of full-length 
unedited amplicon 561bp, edited fragmented product 372bp. RIGHT: Quantification. % 
Gene Editing = 100 x (1 – (1- fraction cleaved)1/2). Significant increase in gene editing in 
αSyn KO neurons (2.442 ±0.283) compared to WT cells (1.208 ±0.300) (p=0.0136). WT 
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Nontargeting virus (0.0 ±0.0), ⍺Syn KO Nontargeting Virus (0.0 ±0.0). N=6 biological 
replicates (1-2 technical replicates per biological replicate). Two-tailed student’s t-test.  

 

αSyn modulates repair fidelity via DNA-PKcs-regulated mechanism. 

To test how αSyn interacts with polymerases, nucleases and kinases known to 

be important in various DSB repair pathways, we next set out to test how a panel of 

small molecule inhibitors interacted with DSB repair in αSyn WT and KO HAP1 cells 

using our CRISPR-mediated DSB induction approach. To test the roles of Polymerase 

𝛳 and Mre11, we used pharmacological inhibitors of Polymerase 𝛳 (ART558) and 

Mre11 (mirin). We did not observe any consistent differences in the indel frequency 

after DSB repair in WT and αSyn KO HAP1 cells treated with either a Pol 𝛳 inhibitor 

(Pol 𝛳i) or Mre11i, compared to a vehicle control using both our sequencing and T7EI 

assays (Fig 4A-B).  

We also investigated the role of three phosphatidylinositol 3-OH-kinase-related 

kinases (PI3KKs) that are known to phosphorylate H2AX to produce 𝛾H2AX, ATM, 

ATM-and Rad3-related (ATR), and DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs). We inhibited these three kinases with KU60019, VE822, and AZD7648, 

respectively. To determine the maximum concentration without toxic effects, we 

performed dose response curves for all 5 inhibitors in these cell lines and chose the 

maximum dose that did not cause toxicity (data not shown). Interestingly, we found a 

consistent effect in both our sequencing and T7EI assays that inhibiting DNA-PKcs 

reversed the indel frequency effect normally seen in αSyn KO cells. In our previous 

experiments αSyn KO cells always had a higher frequency of indels created during the 
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repair process. However, under the condition of DNA-PKcs inhibition, this effect was 

reversed and αSyn KO cells had a lower deletion frequency than WT (Fig. 4B-C). As a 

control, we tested whether these inhibitors influenced cell proliferation and no significant 

changes were observed (Supplementary Fig. 1). These results suggest that αSyn’s 

normal function may be to modulate forms of c-NHEJ where DNA-PKcs is important, 

such as those which require the DNA-PKcs-stimulated endonuclease activity of Artemis 

(Chang et al., 2017), since our data is consistent with αSyn loss-of-function skewing 

repair towards a pathway that increases small indel frequency.  

In order to assess whether αSyn re-expression is sufficient to reverse the 

abnormalities we detected in DSB repair in αSyn KO cells, we used transient 

transfection to express WT αSyn and a variety of mutants in WT and αSyn KO cells. We 

transfected WT αSyn, and 6 other mutant forms (A53T, E46K, A30P, delNAC 61-95 

(deletion in residues 61-95), S129A, S129D) into WT and αSyn KO HAP1 cells and 

measured the indel frequency at the repair junction after using our CRISPR/Cas9 DSB 

induction system targeting the DNMT3B gene as previously described. We confirmed 

rescue of αSyn expression for WT and all mutant forms via western blot (Supplementary 

Fig. 2), but unfortunately, the transient transfection approach to re-express αSyn altered 

our system so that there was no difference between WT and αSyn KO cells in indel 

frequency as assayed by sequencing or the T7EI assay, as we had previously detected. 

This made it difficult to interpret the effect of our attempted re-expression in this context 

where we found no significant difference between transfected WT and αSyn KO cells in 

indel frequency (Supplementary Fig. 2) or in their proliferation (Supplementary Fig. 3). 
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Figure 4. αSyn’s modulation of DSB repair in human cells is reversed by DNA-
PKcs inhibition. 

A) NGS of repair junction with percent of reads containing deletions from WT and αSyn 
KO HAP1 cells transduced with CRISPR/Cas9 DSB inducing lentivirus. Mutant reads 
plotted against base pair position with cut site at base pair 45. Cells treated with 0.01% 
DMSO, Polθi (ART558 5µM), Mre11i (mirin 10µM), ATMi (KU60019 500nM), ATRi 
(VE822 40nM), DNA-PKcsi (AZD7648 5µM). B) Quantification of NGS of αSyn KO 
samples with condition normalized to WT DMSO. ANOVA summary p<0.0001. Post-hoc 
multiple comparisons: Significant increase of mutant reads in repair junction of DMSO 
treated αSyn KO cells (1.358 ±0.166) compared to DMSO treated WT cells (p=0.0124), 
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in Polθi treated αSyn KO cells (1.648 ±0.081) (p=0.0002), and in Mre11i treated αSyn 
KO cells (1.549 ±0.142) (p=0.0014). ATMi treated αSyn KO cells (1.313 ±0.101) 
(p=0.1162). ATRi treated αSyn KO cells (1.093 ±0.047) (p=0.9816). Significant 
decrease in mutant reads of DNA-PKcsi treated αSyn KO cells (0.5734 ±0.163) 
(p=0.0154). αSyn KO Nontargeting Virus (0.028 ±0.028) (p<0.0001). N= 3 biological 
replicates, 1-2 technical replicate per biological replicate. One-way ANOVA. C) T7 
Endonuclease I enzymatic assay quantification of percent gene editing of WT and αSyn 
KO cells treated with inhibitors from A) and C). % Gene Editing = 100 x (1 – (1- fraction 
cleaved)1/2). ANOVA summary p<0.0001. Post-hoc multiple comparisons: Significant 
increase of gene editing in DMSO treated αSyn cells (1.268 ±0.123) compared to 
DMSO treated WT cells (p=0.0212), and in Polθi treated αSyn KO cells (1.309 ±0.082) 
(p=0.0331). Mre11i treated αSyn KO cells (1.093 ±0.070) (p=0.9371). ATMi treated 
αSyn KO cells (0.7914 ±0.029) (p=0.2584). Significant decrease in mutant reads of 
ATRi treated αSyn KO cells (0.6812 ±0.106) (p=0.0262), and in DNA-PKcsi treated αSyn 
KO cells (0.1694 ±0.090) (p<0.0001). αSyn KO Nontargeting Virus (0.0 ±0.0) 
(p<0.0001). N= 3 biological replicates, 1-2 technical replicate per biological replicate. 
One-way ANOVA.  

 

Inhibition of PLK protects against neurodegeneration in Lewy pathology mouse model in 

vivo.  

We next wanted to test how manipulating phosphorylation of αSyn may affect cell 

death in a Lewy pathology mouse model, given our recent work suggesting that pSyn 

binds DNA very differently than non-phosphorylated αSyn (Dent et al., 2022). We 

measured cell survival of Lewy inclusion-containing neurons longitudinally over 4 weeks 

utilizing an in vivo multiphoton imaging approach in our previously characterized A53T 

Syn-GFP mouse line (Schaser et al., 2020). Previous work shows that the GFP tag 

used does not affect synuclein aggregation in this experimental paradigm (Osterberg et 

al., 2015; Spinelli et al., 2014). Mouse cortical regions were imaged for a 2-week 

baseline period, and then for an additional 2 weeks during exposure to the PLK inhibitor 

BI2536 or saline control. This PLK inhibition started at day 60 after αSyn preformed fibril 

(PFF) injection to induce Lewy pathology, a time point we have previously shown leads 
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to robust cortical Lewy pathology that can be imaged in vivo with this approach 

(Schaser et al., 2020). No significant differences in the rate of Lewy inclusion-bearing 

neuron cell death were detected between the two groups of mice during the baseline 

imaging period. However, after the treatment period had begun, we measured an 

increase in survival rate of cells bearing Lewy inclusions in mice treated with twice-

weekly BI2536 injections compared to those receiving saline control injections (Fig. 5A-

5B). These results suggest that acute pharmacologic inhibition of PLK protects against 

neurodegeneration of neurons bearing Lewy inclusions and extends the result we 

obtained previously in PLK2 KO mice (Weston et al., 2021) by reproducing this 

neuroprotective effect with a more clinically relevant treatment paradigm. 

We next tested how this inhibition of PLK may affect αSyn’s role in DSB repair. 

We set out to do this by treating HAP1 cells with BI2536 to test its effect on αSyn 

modulated DSB repair in our CRISPR/Cas9-mediated DSB induction paradigm, but 

unfortunately, BI2536 treatment was toxic to HAP1 cells at the relevant concentrations. 

Because of this, we tested another PLK inhibitor GW843682X which had a better 

toxicity profile on HAP1 cells in our hands. We found an increased frequency of indels 

at the DSB repair junction of WT and αSyn KO cells when treated with GW843682X 

compared to vehicle treated cells (Supplementary Fig. 4A). In mouse cortical neurons, 

no significant differences were observed (Supplementary Fig. 4B). These differences 

between our in vivo imaging results and our DSB repair assay in cultured cells may be 

due to the specificity differences in the inhibitors we were required to use. BI2536 

inhibits PLK1, 2 and 3 with a similar IC50, while GW843682X is more selective from 

PLK1 and 3, and previous work suggests that PLK2 may be the most important family 
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member for phosphorylating αSyn (Bergeron et al., 2014; Inglis et al., 2009; Lou et al., 

2010; Weston et al., 2021). 

 

 

Figure 5: PLK inhibition protects against neurodegeneration in neurons bearing 
somatic Lewy inclusions in vivo.  

A) 3D Reconstruction of mouse brain cortical pathology in vivo on Day 55 and Day 59 
post PFF injection with inclusion represented in B) highlighted (yellow square). Scale 
bar 30 µm. 255 µm z-stack. B) Representative images of mouse brain cortex in vivo 
demonstrating loss of cell body bearing αSyn somatic inclusion (yellow arrowhead) from 
day 55 to day 59 post PFF injection. Scale bar 20 µm (LEFT), scale bar 10 µm (RIGHT). 
Images were taken as separate acquisitions of inclusions (top 21µm z-stack, bottom 
36µm z-stack). C) Survival curve of somatic inclusions across 25 days of longitudinal 
imaging of cortical regions in vivo in mice treated with saline or PLK 1/2/3/4 Inhibitor 
BI2536 (15 mg/kg) IP injections for 2 weeks starting day 60 post PFF injection. Overall, 
Mantel-cox test p=0.0161. Pre BI2536/saline treatment p=0.1454. Post BI2536/saline 
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treatment p<0.0055. Saline treated group N= 4 animals. BI2536 treated group N=4 
animals. 108 inclusions counted.  

 

Inhibition of PLK increases levels of aggregated αSyn within somatic inclusions. 

To investigate the effects of PLK inhibition on aggregated αSyn within Lewy 

pathology, we used fixed tissue immunohistochemstry (IHC) to study neuronal somatic 

inclusions from mouse cortex after BI2536 or saline treatment after our in vivo imaging 

experiment (Fig. 5) had ended. Interestingly, BI2536 treatment reduced the ratio of 

pSyn/αSyn as we predicted, but for reasons different than we originally expected. 

BI2536 treatment had no significant effect on absolute pSyn levels measured, but it did 

increase the level of αSyn protein within Lewy inclusions. This was the cause of the 

decrease in the pSyn/αSyn ratio we detected. This suggests that at PLK1, 2 and 3 are 

not specific Lewy pathology kinases, but can have effects on the levels of αSyn protein 

within the inclusion (Fig 6A-6B). Previous work has suggested that PLK inhibition leads 

to a decrease in degradation of αSyn within aggregates (Oueslati et al., 2013). Our data 

is consistent with this result. We next tested whether PLK inhibition leads to changes in 

𝛾H2AX levels, via IHC. We found that BI2536 treatment caused an increase in 𝛾H2AX 

levels, both in cells with and without somatic Lewy inclusions (Fig. 6C). How PLK 

inhibition leads to an increase in 𝛾H2AX is not clear; it could be due to a specific effect 

on mediators of DSB repair like C-terminal binding protein (CtBP) interacting protein 

(CtIP), which are known to be phosphorylated by PLK (Barton et al., 2014; H. Wang et 

al., 2018) or potentially through its effect causing increased aggregated αSyn levels 

within cells.  
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Figure 6. PLK inhibition increases levels of aggregated αSyn within somatic Lewy 
inclusions.  

A) BI2536 treatment (15 mg/kg IP injections twice per week for two weeks) is 
associated with no change in pSyn levels but increased total αSyn levels within PFF-
induced aggregated somatic inclusion. Scale bar 2 µm. B) Quantification of synuclein 
levels within the aggregate. No significant difference between pSyn mean intensity from 
saline treated mice (21766 ±1255.436) and BI2536 treated mice (19698 ±918.248) 
(p=0.1805). Significant increase of αSyn mean intensity from BI2536 treated mice 
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(24755 ±511.682) compared to saline treated mice (15920 ±707.861) (p<0.0001). No 
significant difference of volume of the inclusion between saline treated mice (126.6 
±10.803) and BI2536 treated mice (133.6 ±6.606) (p=0.5559). Significant decrease of 
pSyn/αSyn mean intensity ratio of BI2536 treated mice (0.8106 ±0.038) compared to 
saline treated mice (1.590 ±0.135) (p<0.0001). N= 5-6 mice in each group, n=143 
inclusions. Two-tailed student’s t-test. C) BI2536 treatment is associated with increased 
DSB levels in PFF-induced cortical Lewy pathology mouse model. Scale bar 5µm. 
RIGHT: Quantification. Significant increase of nuclear 𝛾H2AX foci in cells without 
inclusions from BI2536 treated mice (49.55 ±6.334) compared to cells without inclusions 
from saline treated mice (21.54 ±2.605) (p=0.0007), but no significant difference when 
compared to cells bearing inclusions from BI2536 treated mice (37.53 ±7.357) 
(p=0.2178). Significant increase of nuclear 𝛾H2AX foci in BI2536 treated cells bearing 
inclusions compared to saline treated cells bearing inclusions (9.812 ±1.886) 
(p=0.0031). Significant decrease of nuclear 𝛾H2AX foci in saline treated cells bearing 
inclusions compared to cells without inclusions (p=0.0004). N= 5-6 mice in each group, 
n=349 inclusions. Two-tailed student’s t-test. Formal analysis of Figure 6D performed by 
Jovin Banga 

 

 

Discussion 

Here, we demonstrate that αSyn loss-of-function leads to impairment in the 

NHEJ pathway of DSB repair using a plasmid-based reporter assay in human cells (Fig. 

1). Importantly, using a CRISPR/Cas9-based system to introduce a DSB at a single 

genomic location within a chromosomal context also showed an impairment in DSB 

repair in human cells (Fig. 2) and mouse cortical neurons (Fig. 3) in culture in the αSyn 

KO condition. The effect of αSyn KO is to increase the frequency of small indels found 

in the repaired DNA, suggesting that αSyn might function to promote forms of DSB 

repair that have a lower frequency of small indels, for example, alternative pathways of 

c-NHEJ. Interestingly, DNA-PKcs inhibition reversed this effect and led to lower indel 

levels in the αSyn KO condition (Fig. 4). Inhibition of PLK in our in vivo multiphoton 

imaging paradigm suggested that acutely inhibiting this kinase can improve the survival 
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of these neurons (Fig. 5) and that this was associated with a reduction in pSyn/αSyn 

ratio within Lewy inclusions because of an increase in aggregated αSyn levels (Fig. 6).  

Although a normal role for αSyn in DSB repair is a relatively new concept that we 

recently introduced to the field, several other groups have linked perturbations in αSyn 

with DNA damage. For example, both increased expression of αSyn or the PD-

associated A30P mutation is correlated with down-regulation of genes involved in DNA 

repair, while only WT αSyn expression, and not the A30P form, induces DNA damage in 

dopaminergic neurons (Paiva et al., 2017). Other recent work shows that oxidized, 

misfolded αSyn can directly lead to DNA damage via an endonuclease activity, and that 

iron-dependent DNA breaks are associated with the triplication of the SNCA gene in a 

PD patient-derived IPSC line in vitro (Vasquez et al., 2017). Notably, αSyn pathology 

induced by PFF injection causes a DNA damage response in vivo signaled by increased 

𝛾H2AX and 53BP1 foci (Milanese et al., 2018). Our work suggests that in addition to this 

effect of dysregulated and/or aggregated αSyn contributing to DNA damage, a normal 

physiologic function of αSyn could be to repair DSBs. Our previous work provided 

evidence for this by showing recruitment of αSyn to the sites of DNA damage in HAP1 

cells and mouse cortex in vivo, and that αSyn loss-of-function led to higher DSB and 

𝛾H2AX levels, including after treatment with the chemical inducer of DSBs, bleomycin 

(Schaser et al., 2019). The current study significantly extends these results and again 

suggests a normal function for αSyn in repair of DSBs, but now when they are induced 

in a selective way within a single site in genomic DNA, both in human cells and mouse 

cortical neurons. In addition, we have found that αSyn plays an important role to 

facilitate sub-forms of c-NHEJ which result in a lower frequency of indels during the 
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DSB repair process when αSyn is present at normal expression levels. It is interesting 

to consider how our data fits in with the previous work from other groups suggesting that 

αSyn aggregation leads to increased levels of DNA damage. We propose, given our 

data presented here, that αSyn facilitates c-NHEJ through a mechanism that is 

regulated by DNA-PKcs activity, and that disrupting this process by overexpressing, 

mutating or aggregating αSyn leads to aberrant DSB repair. This could be due to a 

combination of factors, including shifting NHEJ towards a pathway that causes an 

increase in small indel frequency during DSB repair. In neurons, which are heavily 

dependent on NHEJ DSB repair, this could lead to a progressive increase in mutation 

burden with time in LB-containing cells. We speculate that when a certain level of these 

small indels accumulate, it may trigger dysregulation of critical gene expression and 

neuroinflammatory pathways that lead to programmed cell death. It will be important in 

future studies to test whether there is evidence for this in human patient-derived tissue 

or model systems exhibiting Lewy pathology using single-cell approaches, since our 

model directly predicts an increased frequency of small indels within the genome of LB-

containing neurons.  

One of our more unexpected results was the evidence for interactions between 

αSyn and DNA-PKcs in our DSB repair assays. There are multiple pathways to repair a 

DSB, including c-NHEJ, alt-NHEJ, SSA and HR. How the cell decides which pathway to 

use is a critical question and previous work suggests that DNA-PKcs is an important 

component in this decision. Because of its cellular abundance, DNA-PKcs is thought to 

be an early repair factor that binds DSBs (Neal & Meek, 2011) and shunts cells towards 

f c-NHEJ that can introduce small indels (Chang et al., 2017) and away from alt-NHEJ 
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and HR (Mao et al., 2008). Consistent with this, our experiment blocking an alt-NHEJ 

polymerase, Pol 𝛳, showed no effect (Fig. 4). In addition to the role DNA-PKcs has in 

inhibiting HR, which can be regulated by autophosphorylation (Neal et al., 2011), DNA-

PKcs may also regulate a cell’s decision between c-NHEJ and alt-NHEJ (Perrault et al., 

2004; Udayakumar et al., 2003), although other data suggests that DNA- PKcs 

phosphorylation of ATM (Zhou et al., 2017) or Ku (Fattah et al., 2010) facilitates this 

choice. C-NHEJ can proceed via a pathway independent of DNA-PKcs, involving Ku 

binding to XRCC4 and ligase 4 that does not introduce indels, or via other paths 

requiring DNA-PKcs activity that activates the endonuclease Artemis and introduces 

small deletions at the repair site (Chang et al., 2017). Our data suggests that αSyn 

promotes sub-forms of c-NHEJ which do not introduce small indels when DNA-PKcs is 

not inhibited. Our result that DNA-PKcs inhibition reverses this effect and αSyn switches 

to increasing the frequency of small indels suggests that these two molecules do 

potentially interact in potentially complicated ways. This interaction may be direct or 

indirect, and could also potentially involve modulation of liquid-liquid phase separation 

processes that are relevant to DNA repair and neurodegeneration (Webber et al., 2020), 

and in which αSyn has been recently implicated (Ray et al., 2020). One possibility is 

that αSyn could be acting like a partial agonist for DNA-PKcs activity. In the presence of 

DNA-PKcs’s endogenous activator, Ku protein at DSB sites, αSyn acts to reduce the 

level of DNA-PKcs kinase activity, thereby reducing Artemis endonuclease activity and 

reducing the level of small indels created at the repair junction. However, in the 

presence of strong DNA-PKcs chemical inhibition, αSyn partial agonism could actually 

promote its kinase activity and promote Artemis-mediated endonuclease activity giving 
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rise to small indel formation. Multiple models are possible, however, including ones 

where αSyn could directly promote or inhibit other DSB repair pathways that could 

influence the frequency of small indels formed during repair. It will be interesting in 

future experiments to test which of these models could be operative.  

Our in vivo multiphoton imaging data suggests that inhibiting PLK acutely can 

improve survival of Lewy inclusion-bearing neurons in cortex. This extends our previous 

work in PLK2 KO mice showing a similar result (Weston et al., 2021) by suggesting that 

pharmacologic inhibition may have similar effects and be potentially therapeutic. We 

originally expected that PLK inhibition with BI2536, which inhibits PLK1, 2 & 3, would 

have effects on pSyn levels within Lewy pathology, suggesting that PLK1 or 3 was a 

Lewy pathology kinase, since our previous work in PLK2 KO mice suggested that PLK2 

was not a Lewy pathology kinase (Weston et al., 2021). However, our fixed tissue IHC 

analysis did not suggest that pSyn levels were lower after BI2536 treatment, suggesting 

that PLK is not a Lewy pathology kinase in vivo. We did detect changes in total 

aggregated αSyn levels within inclusions, with PLK inhibition leading to an increase. Our 

data is consistent with previous work from Lashuel and colleagues that finds that PLK2 

regulates and enhances autophagic clearance of αSyn in a kinase-dependent manner 

(Oueslati et al., 2013). More investigation is required to decipher how PLK inhibition 

leads to increased neuronal survival and whether genomic stability plays a role, but it is 

interesting to speculate that increases in αSyn levels within the inclusion are mirrored by 

increases in potentially low levels of soluble nuclear αSyn as well that could be 

promoting more efficient DSB repair.  
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In summary, our data using powerful single genomic DSB induction approaches 

clearly demonstrates the importance of αSyn in NHEJ, favoring less error prone c-NHEJ 

pathways. This is the case both in a human cell line and in mouse primary cortical 

neurons, directly implicating αSyn-mediated DSB repair in this important cell type. Our 

data suggesting an interaction between αSyn and DNA-PKcs in this process is the first 

time, to our knowledge, this has been suggested and sets the stage for future work to 

test whether αSyn could act as a partial agonist of DNA-PKcs at DSBs. We also show 

how acute PLK inhibition can lead to neuroprotection in a Lewy pathology model and 

suggest that determining the mechanism for this effect could help lead to new 

treatments for clinically important forms of neurodegenerative disease.  

 

Methods and Materials 

Cell culture  

HAP1 WT (item #C631 bath 29663) and HAP1 Human SNCA 103 bp deletion knockout 

(item #HZGHC003210c003 batch 2) cell lines were purchased from Horizon Discovery. 

Cells were maintained at 37°C 5% CO2 and grown in IMDM media (Gibco #11995-

065)+10% Fetal Bovine Serum +5% penicillin-streptomycin (Gibco #1514022). Cells 

were passed when ~75% confluent and discarded above passage number 10.  
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Plasmid NHEJ and HR reporters  

HAP1 WT and SNCA KO cells were seeded for ~75% confluency and transfected with 

NHEJ and HR plasmid reporters(Seluanov et al., 2010) using X-tremeGENE HP DNA 

Transfection Reagent (1:3 DNA:reagent) in OptiMEM (Gibco #31985062). Images were 

taken on a Zeiss Axio Observer.D1 outfitted with an Excelitas X-Cite 120 LED GFP light 

at 24, 48, 72 hours.  After 48 hours, cells were spun down and either submitted for flow 

cytometry or the DNA was processed with Qiagen’s QIAprep kit. DNA was digested with 

T5 exonuclease for 1 hour at 37°C and cleaned up using Cytivia’s mag-bind beads. 

DNA was digested with fspI for 45 minutes at 37°C and cleaned up again with mag-bind 

beads. DNA was normalized and sent to Azenta Life Sciences for AmpliconEZ illumina 

sequencing.  

 

Flow Cytometry 

All experiments were completed with the help of OHSU’s Flow Cytometry core. GFP 

expression was measured in living cells, not fixed cells on the same day of experiment. 

HAP1 cells were trypsinized with 0.5% trypsin (Gibco #25300062) to transfer cells to a 

0.6 mL tube. Cells were incubated in trypsin for 10 minutes on ice. Cells were spun 

down and resuspended in PBS. Cells were spun down and resuspended in FACS 

Buffer (PBS +1% FBS). Cells were strained and submitted to OHSU’s Flow Cytometry 

for GFP expression analysis. Cells were first gated on a forward side scatter to exclude 

debris. Cells were next gated on forward side scatter height x forward side scatter area 

for doublet discrimination. GFP efficiency was measured by taking GFP positive singlets 
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over the total amount of single cells. For CRISPR/Cas9 lentiviral DSB assays, there was 

no significant difference in GFP efficiency between HAP1 WT cells treated with GFP 

lentivirus (21.54 ±4.92) and HAP1 KO cells (14.88 ±4.29) p=0.3653. Mutation values 

were not adjusted.  

 

Incucyte proliferation 

96 well image lock plates (Essen) were coated with 80μg/mL matrigel for 24 hours. 35K 

cells were plated per well in IMDM (10% FBS, 5% penicillin-streptomycin) with 6 

replicates of WT and SNCA KO cells each and transferred to the Sartorius Incucyte S3 

microplate holder maintained at 37°C at 5% CO2. 4x brightfield scans were taken 3 

hours after plating and continuously every 3 hours for the duration of the experiment. 

For proliferation assays post transfection, cells were seeded at 15 K per well to account 

for the different time course of the experiment. 

 

CRISPR/Cas9 lentiviral double strand break repair assay 

Human HAP1 WT and SNCA KO cells were maintained in IMDM (Gibco# 11995-065 

+10% FBS, +5% penicillin-streptomycin) under passage number 10. Cells were seeded 

16,000 cells per well in a 96 well plate coated in Poly-D-Lysine (Cultrex 343910001). 24 

hours after seeding, cells were incubated with a Horizon Discovery Human DNMT3B 

mCMV-EGFP lentivirus (cat. #VSGH12131) (MOI 1) in 50 µL of IMDM. 150 µL of 

maintenance media was added to cells 5 hours after start of lentiviral treatment. Cells 
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were harvested 72 hours after lentiviral treatment with 0.05% trypsin. Cells were lysed 

in 20% 5x Phusion HF Buffer, 5% 20 mg/mL Proteinase K, and 5% 10 mg/mL RNaseA 

and stored at -80 °C. The repair junction was amplified using a standard PCR reaction 

with Phusion HotStart. Human cell line repair junction 288 bp product reference 

sequence: 

TTTCTGAGCACAGAGGGTACAGGCCGGCTCTTCTTCGAATTTTACCACCTGCTGAA

TTACTCACGCCCCAAGGAGGGTGATGACCGGCCGTTCTTCTGGATGTTTGAGAAT

GTTGTAGCCATGAAGGTTGGCGACAAGAGGGACATCTCACGGTTCCTGGAGGTGA

GGGAATCTGGGGACCTGATTGTCACAGACAGCCAGGGCAGGGAAAGCGCTGCTG

GCAGTGATGATTGGTGGGTGTTGCCAACATTGGGAATGACTTTCCCGTTCTTGGTC

TGGCTAGATCCA with forward primer TTTCTGAGCACAGAGGGTACAG and reverse 

primer TGGATCTAGCCAGACCAAGAAC. Cut site at 45 bp CC^CC. Samples 

underwent a PCR cleanup protocol according to Qiagen’s QIAquick PCR Purification Kit 

protocol and DNA levels were measured via Qubit dsDNA HS Assay Kit. Samples were 

normalized to 20 ng/uL and sent to Azenta Life Sciences for Next Generation 

Sequencing (AmpliconEZ).  

Mouse E18 cortical neurons were transduced with an analogous mouse dnmt3b mCMV-

EGFP lentivirus (cat. #VSGM12147) (MOI 0.35) in maintenance media DIV 6. Cells 

were harvested 72 hours after lentiviral treatment with 0.05% trypsin and submitted to 

the same protocol as listed above. Mouse neurons repair junction 272bp product 

reference sequence: 

CTGTGCTGTTCCCATTACAGAGGGCACAGGAAGGCTCTTCTTCGAGTTTTACCACT

TGCTGAATTATACCCGCCCCAAGGAGGGCGACAACCGTCCATTCTTCTGGATGTTC
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GAGAATGTTGTGGCCATGAAAGTGAATGACAAGAAAGACATCTCAAGATTCCTGGC

AGTGAGTGGATTGTCAGGGAAACCTGGCAGGGAAGGCGCCACTAACACGGAGGG

CTGAGAAAATTATTTCCTGCTCAGAGGAGGGTGTGGCTTAATCTGAGAAC with 

forward primer CTGTGCTGTTCCCATTACAGAG and reverse primer 

GTTCTCAGATTAAGCCACACCC. Cut site at 52 bp CC^CC.  

 

T7 endonuclease I assay 

The repair junction of the DNMT3b gene from human HAP1 cell lysates from the DSBR 

Assay was amplified with the same PCR protocol to create a 544 bp full length product. 

Samples were then heated for 10 min at 95°C and slowly cooled at 1°C per minute to 

room temperature. Samples were digested with T7 Endonuclease I for 25 minutes at 37 

°C and run out on a 2% agarose gel at 100V for 2 hours. Human DNMT3b gene 544 bp 

product reference sequence: 

TGAGAAGGAGCCACTTGCTTCTGGCCAAGTTACTGGCAGCATCAGGGGCCTGTTG

GTGCTGCCTACGCTCCATAGTAAATCCTCAGCCCACAAGGGAAATACCCTAGTAAA

TAGTGCCCTGCTGCTGCCTGTGTCCCTGCTGTCATTCAGGTGGACATAGACTGGTA

GGCATCACCCTGAACTGTCAGGAGGCCATTGGGAACCTGCTGGTCTCAGGGAATA

AGGTGGGTTGGGCTGGAGGTTTCAAATGAACCCTGCGCTGTCATCTTTTCTGAGCA

CAGAGGGTACAGGCCGGCTCTTCTTCGAATTTTACCACCTGCTGAATTACTCACGC

CCCAAGGAGGGTGATGACCGGCCGTTCTTCTGGATGTTTGAGAATGTTGTAGCCA

TGAAGGTTGGCGACAAGAGGGACATCTCACGGTTCCTGGAGGTGAGGGAATCTG

GGGACCTGATTGTCACAGACAGCCAGGGCAGGGAAAGCGCTGCTGGCAGTGATG
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ATTGGTGGGTGTTGCCAACATTGGGAATGACTTTCCCGTTCTTGGTCTGGCTAGAT

CCA with forward primer TGAGAAGGAGCCACTTGCTT and reverse primer 

ACTGAAAGGGCAAGAACCAG. Mouse dnmt3b gene 561 bp product reference 

sequence: 

ACTTGGTGATTGGTGGAAGCCCATGCAATGATCTCTCTAACGTCAATCCTGCCCGC

AAAGGTTTATATGGTAAGCAGGGTTTGGGAACCTCCAGCACCACTATGTGCCATGT

GTCTATGTTCAAATGGAAAATGGAGAAAAGAAGCTGTTGTCAGTTGTTCAGCCGTA

TTCATGACTCAGGCCCGGTCCTTCCCAGACACAACAAATCCAGTTGCTTTCTTTTAC

TGCAGTGTCCTGGGGACACTCTTGGTCTTTTGAGGCTCGTTTGGAATGAAGGCTTT

GACTAAACCTTGTCCTCCTGTGCTGTTCCCATTACAGAGGGCACAGGAAGGCTCTT

CTTCGAGTTTTACCACTTGCTGAATTATACCCGCCCCAAGGAGGGCGACAACCGTC

CATTCTTCTGGATGTTCGAGAATGTTGTGGCCATGAAAGTGAATGACAAGAAAGAC

ATCTCAAGATTCCTGGCAGTGAGTGGATTGTCAGGGAAACCTGGCAGGGAAGGCG

CCACTAACACGGAGGGCTGAGAAAATTATTTCCTGCTCAGAGGAGGGTGTGGCTT

AA with forward primer ACTTGGTGATTGGTGGAAGC and reverse primer 

GTCTCCTCCCACACCGAATT.  

 

Animals 

All mice lines were housed in OHSU’s Department of Comparative Medicine (DCM) 

facilities in a light-dark cycle vivarium. Animals were maintained under ad libitum food 

and water diet. All animal protocols were approved by OHSU IACUC, and all 
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experiments were performed with every effort to reduce animal lives and animal 

suffering. 

 

Transgenic mouse lines 

WT (C57BL/6NJ Strain#: 005304) and SNCA KO (C57BL/6N-Sncatm1Mjff/J Strain #: 

016123) were obtained from The Jackson Laboratory. For embryonic cortical 

dissections, timed pregnancies were performed by breeding SNCA KO mice together or 

WT mice together for 72 hours and separating the female.  

The A53T-Syn-GFP mouse line was genetically created (Schaser et al., 2019) and 

characterized (Schaser et al., 2020) according to our previous research. 

 

Primary Cultured Neurons 

Cortices were dissected from E18 mice and kept in Hibernate-E (Gibco #A1247601) at 

4 °C until dissociation within 1 to 2 hours. Primary cortical neurons were cultured 

according to an adapted protocol from the Banker Lab (Kaech & Banker, 2006). 

Cortices were transferred to HBSS (Gibco #14025092) on ice. Neurons were 

dissociated with 2.5% trypsin (Gibco #15090046) for 15 minutes at 37 °C, gently 

inverting every 5 minutes. Neurons were dissociated in sterile filtered plating medium 

(Neurobasal Medium Gibco #21103049 +10% FBS, +1% GlutaMAX Supplement, +1% 

sodium pyruvate, +1% penicillin-streptomycin) and frozen down with MD Bioproduct’s 
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NeuroFreeze kit. Neurons were kept in liquid nitrogen up to 4 months. Neurons were 

thawed according to the NeuroFreeze kit and plated for 4 hours in PDL coated 96 well 

plates. Media was exchanged for sterile filtered maintenance media (Neurobasal 

Medium +2% B-27 Supplement 50X Gibco #17504044, +0.5% GlutaMAX Supplement) 

and neurons remained in a humidified incubator at 37 °C with 5% CO2 until DIV 5. One 

third of the media was exchanged for fresh maintenance media on DIV 5. Lentiviral 

Transduction for the DSB repair assay occurred on DIV 6.  

 

Pharmacological Agents 

All inhibitors were purchased, stored at -20 °C, diluted in DMSO, aliquoted, and 

immediately stored at -80 °C. Treatment concentrations were decided by a treatment 

curve, selecting the highest concentration possible without affecting cell health. Final 

concentrations were between 2x-2000x each inhibitor’s IC50 for each desired target. 

1000x Inhibitors were thawed and added to IMDM at 0.1%. Cells were treated with 

inhibitors concurrently with lentiviral treatment. Final Concentrations: 40nM ATRi 

(VE822), 500 nM ATMi (KU60019), 200 nM DNA-PKcsi (NU7441), 5µM DNA-PKcsi 

(AZD7648), 5 µM Pol 𝛳i (ART558), and 10 µM Mre11i (mirin).  

 

Transfection 

The mammalian expression vector pBApo-CMV-Pur (cat. #3421) was purchased from 

Takara. We used Genescript to insert the 144 amino acid sequence for WT synuclein 
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into the backbone and create 6 mutated strains: S129A, S129D, A53T, E46K, A30P, 

and delNAC(61-95). Plasmids were then transformed, miniprepped, and stored at -20C. 

24 hours before transfection, HAP1 cells were seeded to be 60% confluent. The 

jetOPTIMUS reagent was added to the DNA+jetOPTIMUS buffer according to the 

Polyplus protocol using 0.15ug of DNA for each well in a 96 well format, 1:1.5 ratio 

DNA: jetOPTIMUS reagent. Transfection was performed in IMDM +5% FBS for 4 hours 

and then media was exchanged for IMDM +10% FBS, +5% penicillin-streptomycin. 

Reagents were scaled up for transfections in a 60mm dish for subsequent western blot 

confirmation.  

 

Western Blot 

The western blot protocol used in the paper was completed in accordance to previously 

published work (Schaser et al., 2019). Primary antibodies used were: anti-Syn 4B12, 

1:500 dilution, mouse monoclonal, Biolegend, cat. 807804; GAPDH, 1:10,000 dilution, 

mouse monoclonal, Millipore, cat. MAB374. 

 

Mouse brain in vivo imaging & analysis 

2 to 3 month-old male and female mice were injected with mouse WT sequence PFFs 

using the same protocol as we have previously published (Schaser et al., 2019). Cranial 

window surgeries were performed 5 weeks post PFF injection according to our previous 

published protocols. Mouse cortex was imaged 3 weeks post cranial window surgery 
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using a Zeiss LSM 7MP multiphoton microscope. Zeiss Zen image acquisition software 

was used to collect z-stacks from layer 1 to layer 2/3 of the cortex with 3μm intervals at 

63x zoom 1. Regions of interest (ROIs) were analyzed in FIJI and inclusions were 

verified visually for each day of imaging by hand. New inclusions were counted for each 

day of imaging and scored by hand. No detectible sex differences were observed. 

Survival curves were created with Prism10 (GraphPad). Cortical regions were imaged 

for 4 weeks at 3 times per week. After 2 weeks animals were given a 2-week treatment 

of saline or 15 mg/kg BI2536 IP injections twice per week. Animals were sacrificed after 

4 weeks of imaging for IHC.  

 

Immunofluorescence and Immunohistochemistry 

HAP1 cells. 

Cells were seeded on #1.5 coverslips or glass-bottomed 96 well plates coated in PLL. 

Cells were fixed, permeabilized, incubated in blocking buffer, stained with primary and 

secondary antibodies, and mounted according to previously published protocols 

(Schaser et al., 2019). Cells were imaged on a Zeiss 980 laser-scanning confocal 

microscope with Zen software. Z-stacks of optimal intervals were acquired at 63x zoom 

1. 

Primary Cortical Neurons. 

Neurons were seeded into PDL coated Cellvis #1.5H glass-bottomed 96 well plates. 

After a 72-hour lentiviral treatment, neurons were fixed on DIV 9 with 4% PFA for 15 

minutes and permeabilized with 0.25% Triton X-100 for 20 minutes at RT. Neurons 
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were incubated with Biotium NucSpot555/570 (cat. 41033) for 10 minutes at RT. Whole 

well images were acquired same day on a Zeiss Celldiscoverer 7 at 20x zoom 1. 

Images were stitched together using Zen software and an Imaris machine learning 

analysis protocol was used to exclude dead nuclei. A mean intensity 488 threshold was 

used to count GFP positive cells on Imaris and GFP efficiency was calculated. For 

CRISPR/Cas9 lentiviral DSB assays, there was no significant difference in GFP 

efficiency between WT E18 cortical neurons treated with GFP lentivirus (6.267 ±0.70) 

and KO E18 cortical neurons (16.05 ±6.18) p=0.1907. Mutation values were not 

adjusted. 

Mouse Tissue. 

Brains from 4-5 month old mice were dissected and fixed according to previously 

published protocols (Schaser et al., 2019). Brains were sectioned into 50µM coronal 

slices using a Vibratome LeicaVT1000S. Tissue was fixed, permeabilized, incubated in 

blocking buffer, stained with primary and secondary antibodies, and mounted as 

previously published (Schaser et al., 2019). Imaging was performed on a Zeiss 980 

laser-scanning confocal microscope with a 63x oil objective zoom 7.0. Z-stacks of the 

αSyn inclusion and nucleus with optimal intervals. Analysis was performed in IMARIS 

using a 3D surface reconstruction of the inclusion and the DAPI channel to create a 

nuclear mask. We then used IMARIS to quantify the nuclear 𝛾H2AX foci count or αSyn 

and pSyn levels with an average intensity measurement. 

Primary antibodies used were: anti-Syn1, 1:500 dilution, mouse monoclonal, BD 

Biosciences, cat. 610786; anti-Phospho-Histone H2a.X, 1:500 dilution, rabbit 

monoclonal, Cell Signaling, cat. 9718; anti-PhosphoS129-Syn EPY1536Y, 1:500 
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dilution, rabbit monoclonal, Abcam ab51253. Secondary antibodies used were: Alexa 

Fluor 555 goat anti-mouse, Abcam ab150114; Alexa Fluor 647 donkey anti-rabbit, 

Jackson ImmunoResearch Laboratories 711605152.  
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Supplemental Materials 

 

 

Supplemental Figure 1. WT and αSyn KO HAP1 cell proliferation is unchanged by 
inhibition of Pol 𝛳/Mre11/ATM/ATR/DNA-PKcs. 

A) Normalized confluence of WT and αSyn KO cells treated with 0.01% DMSO, Pol 𝛳i 
(ART558 5uM), Mre11i (mirin 10µM), ATMi (KU60019 500nM), ATRi (VE822 40nM), 
DNA-PKcsi (AZD7648 5µM). No significant differences observed. WT DMSO= 95% CI 
50% maximum (27.25-61.40). KO DMSO= 95% CI 50% maximum (27.11-32.87). WT 
Pol 𝛳i= 95% CI 50% maximum (27.46-69.68). KO Pol 𝛳i= 95% CI 50% maximum 
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(25.87-30.66). WT Mre11i= 95% CI 50% maximum (28.76-117.6). KO Mre11i= 95% CI 
50% maximum (28.85-34.01). WT ATMi=95% CI 50% maximum (28.52-75.11). KO 
ATMi= 95% CI 50% maximum (27.98-33.98). WT ATRi= 95% CI 50% maximum (30.55-
46.05). KO ATRi= 95% CI 50% maximum (31.14-37.96). WT DNA-PKcsi = 95% CI 50% 
maximum (34.08-poor fit). KO DNA-PKcsi = 95% CI 50% maximum (32.79-40.85). N=3 
biological replicates, 6 technical replicates per biological replicate). Sigmoidal nonlinear 
regression.  

 

 

Supplementary Figure 2. Transient transfection cannot be used to assay DSB 
repair in αSyn KO HAP1 cells. 

A) Western Blot post transfection confirming over-expression in WT HAP1 cells and full 
rescue in αSyn KO cells. Full rescue observed with WT syn, S129A syn, S129D syn, 
A53T syn, E46K syn, A30P syn, and delNAC 61-95 syn. B) Quantification of NGS of 
288bp repair junction from αSyn KO cells with each synuclein construct condition 
normalized WT control plasmid. ANOVA summary p<0.0001. Post-hoc multiple 
comparisons show no significant differences. αSyn KO control plasmid (1.233 ±0.233) 
compared to WT control plasmid (p=0.5396). αSyn KO WT syn 
(0.9704±0.187)(p>0.9999). αSyn KO S129A (1.262 ±0.202)(p=0.4137). αSyn KO 
S129D (0.9630 ±0.037)(p>0.9999). αSyn KO A53T (0.9333 ±0.067)(p=0.9996). αSyn 
KO E46K (0.9167 ±0.110)(p-0.9977). αSyn KO A30P (1.075 ±0.038)(p=0.9990). αSyn 
KO delNAC 61-95 (1.000 ±0.058)(p>0.9999). αSyn KO Nontargeting virus (0.09120 
±0.009)(p<0.0001) N=3 biological replicates. One-way ANOVA. B) T7 Endonuclease I 
enzymatic assay quantification of percent gene editing of WT and αSyn KO cells 
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transfected with WT and mutant forms of synuclein. % Gene Editing = 100 x (1 – (1- 
fraction cleaved)1/2). ANOVA summary p<0.0001. Post-hoc multiple comparisons show 
no significant differences. αSyn KO control plasmid (1.325 ±0.308) compared to WT 
control plasmid (p=0.4784). αSyn KO WT syn (1.177 ±0.107)(p=0.9451). αSyn KO 
S129A (0.8936 ±0.107)(p=0.9982). αSyn KO S129D (0.7871 ±0.029)(p=0.8634). αSyn 
KO A53T (0.6414 ±0.129)(p=0.3716). αSyn KO E46K (0.7729 ±0.124)(p=0.8215). αSyn 
KO A30P (0.7102 ±0.125)(p=0.6015). αSyn KO delNAC61-95 (0.5394 
±0.050)(p=0.1494). αSyn KO Nontargeting virus (0.0 ±0.0)(p<0.0001). N=3 biological 
replicates. One-way ANOVA.  
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Supplementary Figure 3. Re-expression of WT and mutant forms of αSyn does 
not affect proliferation of HAP1 cells. 

A) Proliferation assay of WT(black) and αSyn KO(gray) HAP1 cells transfected with WT 
and mutant forms of synuclein from Supplementary Figure 2. Significant differences 
between proliferative curves over 72 hours of cells transfected with control plasmids and 
mutants. WT control plasmid= 95% CI slope (0.03694-0.04849), KO control plasmid= 
95% CI slope (0.01550- 0.03172). WT syn= 95% CI slope (0.03880-0.05068), KO WT 
syn= 95% CI slope (0.009200-0.01575). WT S129A= 95% CI slope (0.009390-0.01503), 
KO S129A= 95% CI slope (-0.001479-0.0009383). WT S129D= 95% CI slope 
(0.007822-0.01201), KO S129D= 95% CI slope (-0.001430– -0.0001155). WT A53T= 
95% CI slope (0.01200-0.01867), KO A53T= 95% CI slope (0.0004279-0.002834). WT 
E46K= 95% CI slope (0.007699-0.01610), KO E46K= 95% CI slope (-0.001203-
0.001774). WT A30P= 95% CI slope (0.01876-0.02842), KO A30P= 95% CI slope 
(0.002622-0.004776). WT delNAC61-95= 95% CI slope (0.02649-0.04193), KO 
delNAC61-95= 95% CI slope (0.006612-0.01099). N=3 biological replicates (6 technical 
replicates per biological replicate). Simple linear regression. 

 

 

Supplementary Figure 4: PLK1/3 inhibition increases indel frequency in HAP1 
cells, but not in mouse cortical neurons. 

A) NGS of 288bp repair junction from WT and αSyn KO HAP1 cells transduced with 
CRISPR/Cas9 DSB inducing lentivirus and treated with 0.01% DMSO or PLK1/3 
Inhibitor GW84362X 50µM for 72 hours. GW84362X treated cells show significantly 
increased mutant reads compared to DMSO treated cells. Row (Drug) Factor p=0.0071. 
Column (Cell Line) Factor p=0.1011. N=4 biological replicates (1-2 technical replicates 
per biological replicate). Two-way ANOVA. No post-hoc multiple comparisons. B) NGS 
of 272bp repair junction from WT and αSyn KO E18 mouse cortical neurons transduced 
with CRISPR/CAs9 DSB inducing lentivirus and treated with 0.01% DMSO or PLK1/3 
Inhibitor GW84362X 50µM for 72 hours. Row (Drug) Factor p=0.2046. Column (Cell 
Line) Factor p=0.0451. N=4 biological replicates (1-2 technical replicates per biological 
replicate). Two-way ANOVA. No post-hoc multiple comparisons. 
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Raw Images of Electrophoretic Gels and Blots, uncropped, unprocessed 

 

Electrophoretic Gel in Figure 2D. PCR amplicon from HAP1 cells. From left to right, 
Lane 1: NEB 100bp ladder, Lane 2-3: WT Non-targeting virus, Lane 4-5: WT CRISPR 
virus, Lane 6-7: WT under different experimental conditions (not comparable and not 
analyzed), Lane 8-9: αSyn KO Non-targeting virus, Lane 10-11: αSyn KO CRISPR 
virus, Lane 12-13: αSyn KO under different experimental conditions (not comparable 
and not analyzed), Lane 14-19: WT and αSyn KO samples not digested with T7E1, 
Lane 20: NEB 100bp ladder.  
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Electrophoretic Gel in Figure 3C. PCR amplicon from E18 cortical mouse neurons. 
From left to right, Lane 1: NEB 100bp ladder, Lane 2: WT Non-targeting virus, Lane 3: 
αSyn KO Non-targeting virus Lane 4-5: WT CRISPR virus, Lane 6-7: αSyn KO CRISPR 
virus. Lane 8-21: WT and αSyn KO samples under different experimental conditions 
(not comparable and not analyzed). Lane 22: NEB 100bp Ladder.  

 
 

 

Western Blot in Supplemental Figure 2A (Left). HAP1 cell lysates stained with 
GAPDH loading control and αSyn antibodies. From left to right, Lane 1: WT HAP1 Not 
Transfected, Lane 2: αSyn KO HAP1 Not Transfected, Lane 3: WT HAP1 control 
plasmid, Lane 4: αSyn KO HAP1 control plasmid, Lane 5: WT HAP1 WT syn, Lane 6: 
αSyn KO HAP1 WT syn, Lane 7: WT HAP1 S129A, Lane 8: αSyn KO HAP1 S129A, 
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Lane 9: WT HAP1 S129D, Lane 10: αSyn KO HAP1 S129D, Lane 12: pSyn positive 
control.  

 
 

 

Western Blot in Supplemental Figure 2A (Right). HAP1 cell lysates stained with 
GAPDH loading control and αSyn antibodies. From left to right, Lane 1: WT HAP1 
control plasmid, Lane 2: αSyn KO HAP1 control plasmid, Lane 3: WT HAP1 delNAC61-
95, Lane 4: αSyn KO HAP1 delNAC61-95, Lane 5: WT HAP1 A53T, Lane 6: αSyn KO 
HAP1 A53T, Lane 7: WT HAP1 E46K, Lane 8: αSyn KO HAP1 E46K, Lane 9: WT 
HAP1 A30P, Lane 10: αSyn KO HAP1 A30P, Lane 12: pSyn positive control.  
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Chapter 3: αSyn and DNA Repair (Unpublished)  

 The data in Chapter 2 showed αSyn’s modulation of DNA repair via a DNA-PKcs 

regulated mechanism and an interesting connection between PLK inhibition, DSB 

histone modification levels and survival of inclusion-bearing neurons in a Lewy 

pathology mouse model. This project has undergone many iterations, redesigns, and 

changes based on where the data led us. Throughout the 5 years of this project, several 

other experiments have resulted in negative data or uninterpretable conclusions due to 

technical difficulties and therefore remain unpublished. These findings will be discussed 

here in chronological order, in which the most recent data will be presented last.  

 

3.1 PARP inhibition decreases nuclear αSyn foci. 

 αSyn has not only been linked to DNA repair, but it has been associated with 

DNA damage, specifically with the DNA-damage response factor Poly ADP-Ribose 

(PAR). Nuclear αSyn foci co-localize with 𝛾H2AX and PAR in a human WT cell line and 

in mouse cortical neurons (Schaser et al., 2019). PAR has also been shown to promote 

pathologic αSyn formation and cell death, which is prevented by inhibition or genetic 

deletion of PAR Polymerase 1 (PARP1) (Kam et al., 2018). Because PAR and PARPs 

play an important role in DNA repair and cell death and are highly studied in the cancer 

field, many PARP inhibitors have been developed to kill tumors defective in BRCA1 or 

BRCA2 proteins through synthetic lethality. However, the PARP family has over 16 

family members and PARP inhibitors can often target several members of the PARP 

family.  
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Since we have previously shown αSyn co-localizes with PAR, it would be useful 

to know which PARP is responsible for synthesizing the PAR that co-localizes with 

αSyn. Different PARPs have various roles in facilitating HR and NHEJ, and pinpointing 

the PARP that produces the specific PAR colocalizing with αSyn could help indicate 

which specific DNA repair mechanism αSyn is modulating. Here, we tested a panel of 

PARP inhibitors to investigate changes in levels of PAR, αSyn, and 𝛾H2AX and their co-

localization. 

Results  

 We quantified nuclear foci of PAR, αSyn, and 𝛾H2AX from human WT Hap1 cells 

treated with a panel of PARP inhibitors via IHC. We utilized 5 different PARP inhibitors: 

Veliparib (PARP1-2), Talazoparib (PARP1-2), G007 (PARP5a-5b), ITK413B (PARP1-2, 

7), and RBN-pan (PARP6-8, 10-12, 14-16). All PARP inhibitors showed no significant 

effects on PAR production, but there was a trend of RBN-pan decreasing nuclear PAR 

foci (Figure 3.1.1). While it did not reach significance by a one-way ANOVA compared 

to other inhibitors, we do observe a significant decrease in PAR nuclear foci when 

conducting a dose response curve with RBN-pan (Figure 3.1.2). While other PARP 

inhibitors had widely different effects on αSyn and 𝛾H2AX levels, RBN-pan was the only 

inhibitor to both decrease αSyn levels and PAR levels (Figure 3.1.1), suggesting 

PARP6-8, 10-12, 14-16 may be involved in nuclear localization of αSyn. Reduction of 

PAR and αSyn foci via RBN-pan inhibition was also dose dependent (Figure 3.1.2). No 

changes in 𝛾H2AX levels or co-localization of PAR, αSyn, or	𝛾H2AX (not shown) after 

RBN-pan treatment were observed.  
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Figure 3.1.1. RBN-pan inhibition reduces PAR and αSyn levels in Hap1 cells via 
IHC. Top: IHC Representative images of RBN-treated Human Hap1 WT cells. Bottom: 
Quantification of nuclear PAR,	αSyn,	𝛾H2AX after Veliparib, Talazoparib, G007, 
ITK413B, and RBN-pan treatment. Foci density normalized to DMSO condition. Bottom 
Left: Quantification of nuclear PAR foci. ANOVA summary p<0.0001. Post-hoc multiple 
comparisons show no significant differences between DMSO (1.000 ±0.22) and 
Veliparib (1.196 ±0.262) (p=0.9702), Talazoparib (1.573 ±0.309) (p=0.2165), G007 
(1.345 ±0.203)(p=0.6938), and ITK413B (0.961 ±0.137)(p>0.9999), and RBN-pan 
conditions (0.470 ±0.049)(p=0.1759). Bottom Center: Quantification of nuclear αSyn 
foci. ANOVA summary p<0.0001. Post-hoc multiple comparisons show no significant 
difference between DMSO (1.000 ±0.228) and Veliparib (1.294 ±0.247) (p=0.6495), 
Talazoparib (0.682 ±0.172)(p=0.5402), and G007 (0.886 ±0.148)(p=0.9871). Significant 
decrease in αSyn foci with ITK413B (0.250 ±0.060) (p=0.0001) and RBN-pan (0.404 
±0.071) (p=0.0021). Bottom Right: Quantification of nuclear 𝛾H2AX foci. ANOVA 
summary p<0.0001. Significant increase of 𝛾H2AX foci between DMSO (1.000 ±0.224) 
with Veliparib (2.877 ±0.512) (p=0.0199), Talazoparib (4.886 ±0.898)(p<0.0001), and 
ITK413B (3.880 ±0.412)(p<0.0001). No significant difference observed with G007 
(1.324 ±0.297) (p=0.9907) and RBN-pan (0.770 ±0.098)(p=0.9975). N=2-3 biological 
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replicates, 2 slides per biological replicate, 4-6 images per slide, 10-20 cells per image. 
One-way ANOVA. Post-hoc Tukey Multiple Comparisons. 
 
 
 
 

Figure 3.1.2. RBN-pan reduces PAR and αSyn foci in a dose dependent manner. 
IHC Quantification of nuclear PAR, αSyn, and 𝛾H2AX after 24-hour treatment of 30nM, 
300nM, 3μM, and 30μM RBN-pan. Left: PAR foci density normalized to DMSO 
condition. ANOVA summary p<0.0001. Post-hoc multiple comparisons show RBN-pan 
significantly reduced nuclear PAR foci compared to DMSO (1.000 ±0.081) at 30nM 
(0.610 ±0.043) (p=0.0006), 300nM (0.590 ±0.067) (p=0.0003), 3μm (0.551 ±0.047) 
(p<0.0001), and 30μm (0.386 ±0.044) (p<0.0001) RBN-pan conditions. Center: αSyn 
foci density normalized to DMSO condition. ANOVA summary p=0.0047. Post-hoc 
multiple comparisons show no significant difference of αSyn foci density of DMSO 
treated cells (1.000 0.123) between 30nM (0.733 ±0.092) (p=0.4503), 300nM (0.578 
±0.099) (p=0.0717), and 3μm (0.664 ±0.133) (p=0.2238) RBN-pan conditions. RBN-pan 
significantly decreased nuclear αSyn foci at 30μm (0.0371 ±0.045) (p=0.0018). Right: 
𝛾H2AX foci density normalized to DMSO condition. ANOVA summary p=0.5951. Post-
hoc multiple comparisons show no significant difference of 𝛾H2AX foci density of DMSO 
treated cells (1.100 ±1.130) between 30nM (0.885 ±0.148) (p=0.7782), 300nM (1.113 
±0.174) (p>0.9999), 3μm (0.894 ±0.144) (p=0.7996), and 30μm (0.892 ±0.100) ( 
p=0.7955) RBN-pan conditions. N=2 biological replicates, 2 slides per biological 
replicate, 6 images per slide, 10-20 cells per image. One-way ANOVA. Post-hoc Tukey 
Multiple Comparisons. 
 
 
 
 
 



 92 

Discussion 

 Firstly, we found 1 out of 5 PARP inhibitors reduced the nuclear PAR foci 

staining. Additionally, the only PARP inhibitor to decrease PAR levels also reduced 

nuclear αSyn localization. This unpublished finding suggests that PARP6-8, 10-12, or 

14-16 (inhibited by RBN-pan) is responsible for synthesizing the PAR that colocalizes 

with αSyn. This specific group of PARPs are more accurately named Mono ADP-ribose 

polymerases (MARPs) or MARylating enzymes because they covalently add a single 

molecule of ADP-ribose instead of polymeric chains. Once better inhibitors are 

developed in the future, narrowing down which of these MARylating enzymes could be 

modulating αSyn expression or localization could help indicate which DNA repair 

mechanism αSyn may be involved in.  

Materials and Methods 

Human Hap1 WT cells were maintained as previously described in Chapter 2 

and seeded on PLL coated 1.5 coverslips. The next day, cells were treated with PARP 

inhibitors for 24 hours. 100μm Veliparib, 3μm Talazoparib, 1 μm G007, 30 μm ITK413B, 

and 30 μm RBN-pan were diluted in DMSO at 1000x stocks and stored at -80 °C. Cells 

were treated with PARP inhibitors at 1:1000 dilution in media. Cells were fixed, 

permeabilized, incubated in blocking buffer, and stained according to existing protocols 

(Schaser et al., 2019). Primary antibodies were used: anti-Syn1, 1:500 dilution, mouse 

monoclonal, BD Biosciences, cat. 610786; anti-Poly(ADP-Ribose) Polymer clone 10 H, 

1:500 dilution, chicken polyclonal, Tulip BioLabs, cat. 1023; anti-Phospho-Histone 

H2A.X, 1:500 dilution, rabbit monoclonal, Cell Signaling, cat. 9718. Image analysis, 
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DAPI masking, nuclear volume calculation and nuclear foci quantification was 

performed on FIJI.  

 

3.2 Whole genome sequencing of αSyn KO cells 

 Chapter 2 highlights the Next Generation Sequencing (NGS) work suggesting 

αSyn modulates DSB DNA repair, however other sequencing experiments have also 

been attempted. In the early stages of this project, we had hoped to use Whole Genome 

Sequencing (WGS) to investigate genome wide trends in mutations from mouse 

hippocampal brain regions with PFF induced αSyn pathology. It would be interesting to 

test if αSyn Lewy pathology leads to an increase in insertions/deletions (indels) as our 

overall hypothesis would suggest. As a preliminary experiment, we performed WGS on 

WT and αSyn KO human cells at baseline and after bleomycin treatment to induce 

widespread DNA DSBs throughout the genome. 

Results 

 In order to test whether this WGS approach could comparing indel frequency 

across the genome in different samples, we submitted samples from WT and αSyn KO 

cells either treated with bleomycin (as a positive control to increase indel frequency) or 

water/vehicle (as the control). Our WGS confirmed that Hap1 cells are not fully haploid 

since portions of chromosomes 1 and 15 are diploid (Figure 3.2.1). It is believed that a 

fully haploid human cell line cannot survive in culture and specific genes found in these 

regions are required to be present at two copies for viability. It is important to note that 

Azenta formatted this data as default diploid samples, which is why the majority of the 
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WGS is shown at 2 copy numbers instead of 1 for haploid samples. Therefore, if all data 

is shifted down by 1 copy number, the orange portions of chromosome 1 and 15 are 

actually 2 and 3 copy number (Figure 3.2.1). When we compared indel percentage of 

samples treated with and without bleomycin, no obvious differences were observed, as 

we expected our positive control to show. Insertion and deletion percentages were 

exceptionally similar between all samples, suggesting this analysis of WGS was not 

suitable for detecting the low frequency of indel mutations at any one location that we 

are expecting (Table 3.2.2).  

 

 

 
Figure 3.2.1. WGS of WT and αSyn KO Hap1 cells separated by chromosome. 
Copy number report from Azenta Life Sciences WGS from Human Hap1 WT and αSyn 
KO cells at baseline. Loss of Heterozygosity (LOH) indicating haploid status in blue, 
with genetic copy number gains (orange) and losses (green). The reference sequences 
(black) were used to align sequenced reads.  

 

 

 

WT  

KO 
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Table 3.2.2. Indel percent of WT and αSyn KO Hap1 cells treated with bleomycin.  

Sample Total 
Reads 

Total 
Indels 

Indel 
Percent 

(%) 

Total 
Deletions 

Deletion 
Percent 

(%) 

Total 
Insertions 

Insertion 
Percent 

(%) 

WT CTL 
 

355509094 

 

 
721783 

 

 
0.203 

 

 
372204 

 

 
0.105 

 

 
349579 

 

 
0.098 

 

WT BLEO 
 

356449322 

 

 
719824 

 

 
0.202 

 

 
370556 

 

 
0.104 

 

 
349268 

 

 
0.098 

 

KO CTL 
 

339939586 

 

 
712460 

 

 
0.210 

 

 
368376 

 

 
0.108 

 

 
344084 

 

 
0.101 

 

KO BLEO 
 

352369821 

 

 
716658 

 

 
0.203 

 
 

 
369802 

 

 
0.105 

 

 
346856 

 

 
0.098 

 
 

 

Discussion 

 Because of difficulties in trying to validate this approach for comparing genome 

wide mutation profiles between samples even in our positive control samples, we 

concluded that WGS done in this way was not a viable experimental strategy for our 

purposes. We went through many rounds of working with Azenta representatives and 

several different analysis software packages to try to detect possible increases in indel 

frequency in our positive control condition, but no significant differences were detected. 

We confirmed the bleomycin treatment was causing an increase in DSB levels in cells 

via IHC (not shown); thus, we hypothesized that indel percentage was too low across 

the genome to detect changes between samples with these approaches and we 

decided to not pursue this line of inquiry. 
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Materials and Methods 

 Human Hap1 WT and αSyn KO cells were seeded to be ~70% confluent the 

following day. Cells were maintained according to protocols previously described in 

Chapter 2 and then treated either with water or Bleomcyin 10 μg/mL for 24 hours. Cells 

were lysed with the exact lysis buffer from CRISPR/Cas9 DSB repair assays. Cell 

lysates were harvested and submitted to Azenta Life Sciences on dry ice under the 

company’s instructions.  

 

3.3 Optimization of CRISPR/Cas9 DSB repair assay 

 Previously, our group has shown that αSyn modulates DNA DSB repair after 

damage induced by bleomycin. We have also shown that αSyn modulated DSB repair in 

a plasmid reporter system. However, to our knowledge, no one has ever investigated 

the role of αSyn in modulating repair after a single, predefined DSB has been 

introduced into the genome. Therefore, we developed a novel protocol using a 

CRISPR/Cas9 lentivirus to introduce a single DSB into the genome of human Hap1 

cells. Because no protocol existed for doing this in our lab before, many preliminary 

experiments were conducted to optimize this protocol for my use and for the future. We 

compared different lentiviruses targeting the DNA Methyltransferase 3 Beta (DNMT3b) 

or Peptidylprolyl Isomerase B (PPIB) gene, encoding for a cyclosporine binding protein 

in the endoplasmic reticulum, as well as optimized different types of selection protocols 

post transduction. Furthermore, we determined the exact size of PCR product to amplify 
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around the repair region to detect the maximum differences in gene editing between 

samples. The unpublished data from these optimization experiments is presented here.  

Results 

 We investigated two commercially available lentiviruses targeting the DNMT3b 

and PPIB gene to test how the DSB repair varied across the genome. We found that 

αSyn modulated DSB repair of the DNMT3b gene (Chapter 2, Figure 2), but the PPIB 

targeting virus data only showed a trend in this direction when indel frequency was 

tested with NGS, but the T7 Endonuclease I gel enzymatic assay suggested indel 

frequency was significantly increased in αSyn KO cells compared to WT cells at low 

multiplicities of infection (MOI) (Figure 3.3.1).  

 

Figure 3.3.1. αSyn trends to modulate DSB repair after PPIB targeting lentiviral 
transduction. Left: NGS of 260 bp PCR product from WT and αSyn KO Hap1 cells 
transduced with PPIB targeting DSB inducing CRISPR/Cas9 lentivirus at multiplicity of 
infection (MOI) 1.0 or 3.0. No significant difference of percent of mutant reads between 
WT (2.750 ±0.750) and αSyn KO cells (3.750 ±1.109) (p=0.4832). Right: T7 
Endonuclease 1 assay of 505bp PCR product from WT and αSyn KO Hap1 cells under 
exact conditions. αSyn KO percent gene editing normalized to WT corresponding 
condition. Percent gene editing significantly increased in αSyn KO cells (1.427±0.101) 



 98 

compared to WT cells (1.000 ±0.120) (p=0.0345). N=1-2 biological replicates, 1-2 
technical replicates per biological replicate. Two-tailed student’s t-test. 
 
 
 

All lentiviruses discussed so far also express GFP to collect data on transduction 

efficiency, however puromycin selective lentiviruses are also commercially available. 

Experiments with a puromycin selective lentivirus targeting the DNMT3b gene also 

showed a significant difference between DSBR gene editing between WT and αSyn KO 

samples, but only under certain lentiviral Multiplicity of Infection (MOI) conditions and 

only with NGS analysis and not the T7EI enzymatic assay, although consistent trends in 

this direction were seen (Figure 3.3.2).  

 

Figure 3.3.2. αSyn trends to modulate DSB repair after puromycin selective 
lentiviral transduction. Left: NGS of 288bp PCR product from WT and αSyn KO Hap1 
cells transduced with Puromycin selective DSB inducing CRISPR/Cas9 lentivirus at MOI 
0.3, 0.5, or 1.0. Puromycin selection at 1 μg/mL started at 24 or 48 hours post 
transduction. Percent mutant reads at MOI 0.5 significantly increased in αSyn KO cells 
(17.000 ±6.224) compared to WT cells (10.000 ±3.679) (p=0.0385). No significant 
difference of percent of mutant reads at MOI 0.3 between WT (8.000 ±2.955) and αSyn 
KO cells (11.500 ±4.205)(p=0.0887), at MOI 1.0 with 24 hour puromycin selection 
between WT cells (44.000 ±16.369) and αSyn KO cells (51.000 ±18.644)(p=0.4377), 
and at MOI 1.0 with 48 hour puromycin selection between WT cells (73.000 ±26.716) 
and αSyn KO cells (72.000 ±26.597)(p=0.9284).  Right: T7 Endonuclease 1 assay of 
544bp PCR product from WT and αSyn KO Hap1 cells under exact conditions. αSyn KO 
percent gene editing normalized to WT corresponding condition. No significant 
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difference of percent of gene editing at MOI 0.3 between WT (1.000 ±0.058) and αSyn 
KO cells (1.355  ±0.123) (p=0.1209), at MOI 0.5 between WT (1.000 ±0.376) and αSyn 
KO cells (1.694 ±0.357) (p=0.3122), at MOI 1.0 with 24 hour puromycin selection 
between WT cells (1.000 ±0.032) and αSyn KO cells (1.430 ±0.117) (p=0.0716), and at 
MOI 1.0 with 48 hour puromycin selection between WT cells (1.000 ±0.119) and αSyn 
KO cells (1.123 ±0.019) (p=0.4154).  N=1-2 biological replicates, 1-2 technical 
replicates per biological replicate. Two-tailed student’s t-test. 
 
 We not only optimized the transduction protocol with various lentiviruses, but also 

the PCR protocol for the length of the repair junction amplicon that was amplified for 

subsequent T7EI enzymatic assay. We tested 2 Kb and 8 Kb PCR product amplicons to 

investigate whether larger deletions that might occur after DSB repair could be detected 

between WT and αSyn cells. No significant differences were found between WT and 

αSyn KO cells with the 2 Kb or 8 Kb PCR products, although once again consistent 

trends were seen (Figure 3.3.3). NGS to sequence potential large deletions was not 

performed due to size limitations of NGS analysis.  

 

Figure 3.3.3. Trend of increased gene editing of αSyn KO cells with 2Kb and 8Kb 
PCR products. T7 Endonuclease 1 assay of 2 Kb and 8 Kb PCR products from WT 
and αSyn KO Hap1 cells transduced with DNMT3b targeting DSB inducing lentivirus at 
MOI 1.0 or 3.0. Left: 2Kb PCR Product. No significant differences of percent gene 
editing at MOI 1.0 between WT (1.000 ±0.072) and αSyn KO cells (1.347 ±0.173) 
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(p=0.1141) and at MOI 3.0 between WT (1.000 ±0.023) and αSyn KO cells (1.125 
±0.062)(p=0.1075). Right: 8Kb PCR Product. No significant differences of percent gene 
editing at MOI 1.0 between WT (1.000 ±0.028) and αSyn KO cells (1.232 ±0.148) 
(p=0.1749). N=2 biological replicates, 2 technical replicates per biological replicate. 
Two-tailed student’s t-test. 
 

Discussion 

 When finalizing the protocol for the CRISPR lentiviral DSB repair assay, we 

selected the EGFP DNMT3B lentivirus and 544bp PCR product to conduct experiments 

discussed in Chapter 2. We did this because our optimization experiments with 

puromycin selective lentivirus, PPIB targeting lentivirus, and 2 Kb and 8 Kb amplicons 

all appeared less sensitive at detecting differences between groups. The T7EI gel 

enzymatic assay with 2 Kb and 8 Kb repair junction amplicons also technically more 

difficult, which we could not prevent even after altering primer concentration, PCR 

protocol, or storage or thermal cycler settings. Due to these roadblocks, we did not 

continue experiments with 2 Kb and 8 Kb products and did not proceed with sequencing 

experiments to attempt to detect larger range deletions after DSB repair. This could be 

an interesting avenue in the future once further optimization to amplify larger PCR 

products is performed.  

Materials and Methods 

 All DSB repair CRISPR/Cas9 lentiviral experiments were conducted following 

protocols from Chapter 2 (Rose et al., 2024). PPIB targeting EGFP lentivirus was 

commercially purchased from Horizon Discover (#VSGH12107) as well as DNMT3b 

targeting puromycin selective lentivirus (#VSGH11974). Puromycin selection at 1 μg/mL 

either began 24 hours or 28 hours after lentiviral transduction and was diluted 1:1000 in 
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cell culture media. Volume of lentivirus was calculated by V=MOI x CN ÷ VT x 1000, 

where CN is the cell number in the well at transduction and VT is the viral titer in 

transduction units/mL. After cells lysis, repair junctions of 544 bp, 2 Kb, or 8 Kb 

amplicons were amplified via PCR for subsequent T7EI gel enzymatic assay. A 

separate 288bp amplicon was amplified for NGS (see Chapter 2 methods). 544 bp 

primers (see Chapter 2 methods). 2 Kb primers: Forward: 

TCAAGTGATTCTCTCCTCAGCCT. Reverse: GGAGGAAATGAGCTGCTGTG. 8 Kb 

primers: Forward: CATGCCCCAATTGCAGCTG. Reverse: 

CACACTTCACTAAGTGGCAGA.  

 

3.4 Inhibition of Pol 𝛳 and PLK do not affect αSyn’s modulation of DSB repair.  

 In Chapter 2, we displayed several CRISPR lentiviral DSB repair experiments 

with the addition of pharmacological inhibitors. We showed that αSyn’s modulation of 

DSB repair was not affected by Pol 𝛳	inhibition (Chapter 2, Figure 4), and our data on 

the effects of PLK 1/3 inhibition on WT and αSyn KO cells was inconclusive (Chapter 2, 

Supplementary Figure 4). We also performed further experiments with several other Pol 

𝛳	and PLK family inhibitors in order to fully investigate their roles. Discovering that 

αSyn’s modulation of DSB repair is affected by Pol 𝛳	or PLK inhibition would give insight 

into the mechanism of how αSyn is modulating DSB repair, which motivated these 

experiments.  
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Results 

 It is important to determine which pathway of DSB repair αSyn could be 

modulating. Pol 𝛳	is the DNA polymerase responsible for alt-NHEJ, which makes it an 

attractive target for blocking the alt-NHEJ pathway. Therefore, we tested if Pol 𝛳	

inhibition via Novobiocin would alter or prevent the increase in indel frequency seen in 

αSyn KO cells. We found that the addition of Novobiocin did not change the previously 

seen effect on indel frequency in αSyn KO cells (Figure 3.4.1). We did not see a 

significant difference between WT and αSyn KO cells treated with DMSO, but this effect 

was trending.  

 

 
Figure 3.4.1. Inhibition of Pol 𝛳	does not affect αSyn’s modulation of DSB repair. 
NGS of 288bp PCR product from WT and αSyn KO Hap1 cells transduced with DSB 
inducing CRISPR/Cas9 lentivirus and treated with Pol 𝛳 Inhibitor Novobiocin at 100μM 
or DMSO. Percent mutant reads significantly increased in αSyn KO cells treated with 
Novobiocin (16.000 ±1.844) compared to WT cells (9.800 ±1.655) (p=0.0368). No 
significant difference of percent of mutant reads DMSO treated WT (21.667 ±5.753) and 
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αSyn KO cells (15.667 ±4.214) (p=0.3090). N=3 biological replicates, 1-2 technical 
replicates per biological replicate. Two-tailed student’s t-test. 
 
 
 The PLK family is thought to be the most important kinase that phosphorylates 

αSyn at S129. Investigating whether PLK inhibition would prevent the increase in indel 

frequency seen in αSyn KO cells would reveal that S129 phosphorylation could be 

involved mechanistically in how αSyn modulates DSB repair. PLK family (PLK 1, 2, 3 

and 4) inhibition via BI2536 did not significantly increase indel frequency in αSyn KO 

cells, although a trend was observed when compared to WT cells (Figure 3.4.2). This 

was observed both in NGS analysis and T7EI gel enzymatic assays. Unfortunately, 

however, BI2536 was toxic to cells at the concentration needed to inhibit all 4 PLK 

family members. This roadblock made results difficult to interpret, so we transitioned to 

testing inhibition of individual PLKs, 1, 2, 3, and 4, with Tak960, TC-S-7005, 

GW84362X, and Centrinone, respectively. No significant differences were detected 

(Figure 3.4.3).  

 

Figure 3.4.2. Inhibition of PLK Family does not affect αSyn’s modulation of DSB 
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repair. Left: NGS of 288bp PCR product from WT and αSyn KO Hap1 cells transduced 
with DSB inducing CRISPR/Cas9 lentivirus and treated with PLK family inhibitor BI2536 
at 1nM or DMSO. Percent mutant reads significantly increased in DSMO treated αSyn 
KO cells (13.000 ±0.577) compared to WT cells (10.500 ±0.289) (p=0.0082). Trending, 
but no significant difference of percent of mutant reads BI2536 treated WT (9.750 
±1.109) and αSyn KO cells (12.000 ±1.225) (p=0.2221). Right: T7 Endonuclease 1 
assay of 544bp PCR product from WT and αSyn KO Hap1 cells treated with BI2536 or 
DMSO. αSyn KO percent gene editing normalized to each WT corresponding condition. 
Percent gene editing significantly increased in DSMO treated αSyn KO cells (1.321 
±0.110) compared to WT cells (1.000 ±0.045) (p=0.0359). Trending, but no significant 
difference of percent of gene editing of BI2536 treated WT (1.000 ±0.096) and αSyn KO 
cells (1.503 ±0.209) (p=0.0711). N=2 biological replicates, 2 technical replicates per 
biological replicate. Two-tailed student’s t-test. 
 
 
 
 

 
Figure 3.4.3. Individual inhibition of PLK 2, 3, and 4 prevents increased indel 
frequency previously seen in αSyn KO cells. T7EI Gel Enzymatic Assay of 544bp 
PCR product from WT and αSyn KO Hap1 cells transduced with DSB inducing 
CRISPR/Cas9 lentivirus and treated with PLK 1 Inhibitor Tak-960, PLK 2 Inhibitor TC-S-
7005, PLK 1/3 Inhibitor GW84362X, PLK 4 Inhibitor Centrinone or DMSO. Samples 
normalized to WT DMSO condition. Percent gene editing significantly increased in 
DMSO treated αSyn KO cells (2.014 ±0.362) compared to WT cells (1.000 ±0.054) 
(p=0.0150). No significant difference of percent gene editing of Tak-960 treated WT 
(0.869 ±0.275) and αSyn KO cells (2.276 ±0.787) (p=0.1268), TC-S-7005 treated WT 
(1.790 ±0.660) and αSyn KO cells (1.988 ±0.585) (p=0.8098), GW84362X treated WT 
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cells (2.836 ±0.1015) and αSyn KO cells (2.983 ±0.956) (p=0.9147), or Centrinone 
treated WT cells (1.872 ±0.558) and αSyn KO cells (1.970 ±0.679) (p=0.8923). N=4 
biological replicates, 2 technical replicates per biological replicate. Two-tailed student’s 
t-test. 

Discussion 

 Adding specific pharmacological manipulations to our established CRISPR/Cas9 

DSB repair assay was attempted in order to provide insight into the mechanism of these 

effect. Unfortunately, some of these results were difficult to interpret. This was the case 

for Pol 𝛳 inhibition experiments in which NGS data suggested that Novobiocin did not 

prevent αSyn’s modulation of DSB repair (Figure 3.4.1). However, we received 

feedback from others in the field that more selective compounds for inhibiting Pol 𝛳 

exist compared to Novobiocin, and also that Novobiocin can alter other pathways, like 

single stranded DNA binding and translocation (Pismataro et al., 2023). This is why we 

attempted this experiment again with another Pol 𝛳 inhibitor, ART558, as shown in 

Chapter 2, Figure 4.  

 Manipulation of the DSB repair assay system with PLK inhibitors was also 

difficult to interpret. While the increase in indel frequency associated with αSyn KO cells 

disappeared under pan-PLK inhibition (BI2536, Figure 3.4.2) and specific PLK 2, 3, and 

4 inhibitor treatment (Figure 3.4.3), these were small effects. BI2536 treated αSyn KO 

cells did not reach statistical significance, but there was a clear trend. This signaled to 

us that BI2536 had no effect on this system. Also, the data from PLK 1, 2, 3, and 4 

individual inhibition was highly variable. We were hesitant to make firm claims on this 

data, as several more experiments would be needed to confirm that the small trends 

seen could be interpreted as these drugs having no effect on this system. We continued 

experiments with the PLK 1/3 inhibitor GW84362X because it was the most promising 
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inhibitor in terms of detecting changes in indel frequency in both WT and αSyn KO cells. 

We extended this experiment by testing PLK 1/3 inhibition in E18 primary cortical 

cultured neurons but found inconsistent results with this system as well (Chapter 2, 

Supplementary Figure 4). In the future, it would be of great interest to implement a 

cocktail of individual PLK inhibitors to avoid toxic effects of BI2536 or use non-

pharmacologic approaches to genetically knockout PLK. It would also be interesting to 

repeat these CRISPR DSB repair assays in commercially available PLK 2 or PLK 3 KO 

Hap1 cell lines to answer this question more precisely.  

Materials and Methods 

 All CRISPR/Cas9 lentiviral DSB repair assay methods were performed following 

exact protocols described in Chapter 2 (Rose et al., 2024). Deviations from this protocol 

include the addition of 100 uM Novobiocin Sodium (selleckchem #S2492), 1 nM BI2536 

(selleckchem #S1109), 5  nM Tak-960 (selleckchem #S1239), 25nM TC-S-7005 

(MedChemExpress #HY-108597), 50 nM GW84362X (selleckchem #S2880), 1 nM 

Centrinone (selleckchem #S7837) all diluted in DMSO and added to cell culture media 

at 1:1000 for 72 hours at start of transduction.  

 

3.5 PLK family inhibition does not affect αSyn inclusion formation nor minimum 

average life span.  

 In Chapter 2, we provided evidence suggesting PLK family inhibition led to 

increased survival rate of cells bearing αSyn inclusions. This data was only including 

cells that already present and bearing αSyn inclusions at the start of the in vivo imaging 
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experiment. In order to test survival curves from comparable groups of cells (Chapter 2, 

Figure 5), we excluded cells that formed new inclusions after the start of the longitudinal 

imaging. These cells’ formation rate and lifespan are analyzed and discussed below.  

Results 

 Cortical regions of PFF injected mice were imaged in vivo, longitudinally tracking 

when αSyn spread to new cells and those cells’ lifespans. In order to test the effects of 

PLK family inhibition, we imaged cortical mouse brain at baseline and continued 

imaging during a 2-week BI2536 or saline IP injection treatment. We found no 

significant differences between the formation of neuritic inclusions between saline and 

BI2536 treated groups before or after drug treatment (Figure 3.5.1). We also detected 

no difference in average minimum lifespan of these cells bearing newly formed 

inclusions overall (data not shown) or when binned into separate categories based on 

formation time and cell death time in relation to the drug treatment start (Figure 3.5.2). 

This lifespan is displayed as “minimum” because this data set includes cells bearing 

inclusions that did not die during the imaging window. These cells’ death point is 

unknown and therefore their life spans are deemed as their minimum life spans. 31 out 

of 84 cells bearing inclusions were still living on the last day of in vivo imaging, but 

results and statistical significance remains unchanged if excluded (not shown). 
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Figure 3.5.1. PLK family inhibition does not affect formation of αSyn inclusions. 
αSyn inclusion formation analysis across 25 days of longitudinal in vivo imaging of 
cortical regions in mice treated with saline (black) or PLK 1/2/3/4 Inhibitor BI2536 (red) 
(15 mg/kg) IP injections for 2 weeks starting day 60 post PFF injection. No significant 
difference between saline or BI2536 treated groups. Overall, Mantel-cox test p=0.7112. 
Pre BI2536/saline treatment p=0.8788. Post BI2536/saline treatment p=6311. Saline 
treated group N= 4 animals. BI2536 treated group N=4 animals. 69 neuritic inclusions 
counted. Mantel-cox test.  
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Figure 3.5.2. PLK family inhibition does not affect average minimum lifespan of 
cells with somatic inclusions. αSyn inclusion analysis of mouse cortex longitudinally 
imaged in vivo across 25 days in mice treated with saline or PLK 1/2/3/4 Inhibitor 
BI2536 (15 mg/kg) IP injections starting day 60 post PFF injection for 2 weeks, twice per 
week. Inclusions sorted into 3 categories if inclusions were formed “born” and cells 
bearing these inclusions died before drug treatment began, if inclusions were born 
before drug treatment and cells died after drug treatment, and if inclusions were born 
and cells died after drug treatment began. No significant differences of average 
minimum lifespan observed in inclusions born and died before treatment between saline 
(4.571 ±0.719) and BI2536 treated mice (6.000 ±0.000) (p=0.5087), in inclusions born 
and died after treatment between saline (11.258 ±0.860) and BI2536 treated mice 
(11.214 ±1.621) (p=0.9793), or in inclusions born and died after treatment between 
saline (5.917 ±0.917) and BI2536 mice (6.353 ±0.636) (p=0.6889). N=4 mice per group, 
84 inclusions counted. Two-tailed student’s t-test. 
 
 

Discussion 

 As we are most interested in the connection between αSyn inclusions and cell 

death, cell survival analysis (Chapter 2, Figure 5) is the way we chose to investigate this 

question. We concluded that PLK inhibition led to an increase of survival rate in cells 

bearing αSyn inclusions that were present at the start of imaging. However, αSyn 
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inclusion formation and average life span are factors that can be measured from the 

cells that formed new inclusions after the start of imaging. Here, we described that PLK 

inhibition caused no observable changes to inclusion formation or average minimum life 

span (Figure 3.5.1 and Figure 3.5.2). It is curious how PLK inhibition led to a significant 

increase in survival rate but not minimum life span. It is possible that newly born 

inclusions are physiologically different from older established inclusions and that PLK 

inhibition affects these cells differently. One theory is that older established inclusions 

may be more dense of an aggregate with αSyn and other organelle and debris 

accumulation that it changes the biology of how PLK interacts with αSyn. In order to 

answer this question more directly, imaging for a longer period of time may be helpful to 

parse apart newer inclusions from older ones and study them separately. It will never be 

a perfect experiment where you can track the full lifespan of every cell because some 

inclusions will be born before imaging and not all of them will die before the imaging 

window ends. We have performed an extended longitudinal imaging experiment up to 

180 days in WT and PLK2 KO mice and found similar neuroprotection (Weston et al., 

2021), but this extended timeframe was deemed not necessary to test the short-term 

effects of PLK inhibition.  

The question still remains of how S129 phosphorylation plays a role in this 

mechanism. As earlier stated, PLK inhibition did not lead to decreased S129 

phosphorylation as predicted and instead caused an increase in total αSyn levels, which 

we interpreted as due to a decrease in αSyn degradation given previous work done in 

the field (Oueslati et al., 2013). This change in αSyn levels is associated with increased 

survival rate of cells bearing αSyn inclusions, yet no change in inclusion formation and 
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minimum life span. It also remains unclear how these effects are also associated with 

increased nuclear DSB levels (Chapter 2, Figure 6). Further investigation is needed to 

parse apart how these effects are mechanistically related and whether increased DSB 

levels is downstream or upstream of decreased αSyn degradation. 

Materials and Methods 

 The PFF cortical injection protocol and in vivo imaging protocol was performed 

exactly the same as previously described in Chapter 2 (Rose et al., 2024). Figures from 

Chapter 3.5 were graphed and statistically analyzed with Prism Graphpad 10.0 software 

with inclusion formation graphs plotted as the inverse of survival curves.  
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Chapter 4: Discussion and Future Directions 

4.1 Plasmid reporter and CRISPR/Cas9 lentiviral system 

         In this dissertation, we report that DNA DSB repair is altered in the absence of 

αSyn. In a loss-of-function plasmid GFP reporter system, αSyn KO Hap1 cells repair 

DSBs using NHEJ less efficiently than WT cells (Chapter 2, Figure 1). This impairment 

of NHEJ in αSyn KO cells was not seen using a plasmid GFP HR reporter, giving us our 

first indication that αSyn could be modulating or shifting repair towards NHEJ rather 

than HR. We expanded upon this work by testing whether genomic DNA DSB repair is 

also affected by the loss of αSyn. After introducing a single DSB into the genome using 

a CRISPR/Cas9-expressing lentivirus, we found that indel frequency is increased in the 

absence of αSyn in human cells and mouse primary cultured cortical neurons (Chapter 

2, Figure 2-3). NHEJ can either happen faithfully, or with substitutions, insertions, or 

deletions. This increased indel frequency indicates that cells are not repairing DSBs 

efficiently and faithfully. We cannot detect faithful repair events with this approach 

because it is masked by un-repaired DNA, but the repair events that create mutations 

are important to fully understand as the health of the cell can depend on the prevention 

of consecutive mutations, ultimately leading to detrimental consequences. Although it is 

possible that αSyn functions as part of the molecular machinery of NHEJ, our data is 

more consistent with a function that shifts DSB repair towards sub-forms of c-NHEJ that 

have a lower frequency of small indels. The deletion spectrum we see in WT and αSyn 

KO cells looks identical (Figure 2-3), suggesting αSyn is not involved in the specific 

machinery of NHEJ. We would expect the deletion spectrum to change if this was the 
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case, but instead we see differences in the fraction of repair products with indels, 

implicating αSyn in an upstream choice of the cell to shift DSB repair towards c-NHEJ.  

         One caveat of the CRISPR DSB repair assays is that all reported significant 

differences between αSyn KO and WT cells were after an introduction of DSB into the 

DNMT3b gene which encodes for a DNA methyltransferase that can function in DNA 

repair to remove premutagenic DNA lesions (Sekiguchi & Sakumi, 1997). The DNA 

methyltransferase family, specifically DNMT1, has been implicated in microsatellite 

instability and mismatch repair (Jin & Robertson, 2013). While DNMTs, which catalyze 

DNA methylation, are linked to other types of DNA repair, no direct effect on DSB repair 

machinery exists currently (Jin & Robertson, 2013). Disrupting the DNMT3b gene with a 

DSB could cause abnormalities, however several instances of methyltransferase 

compensation have been documented, so compensation could also be at play here 

(Elliott et al., 2016; Scelfo et al., 2024). Furthermore, genetic deletion of DNMT3b can 

lead to increased rates of NHEJ and decreased rates of HR (Steinberg et al., 2023). 

While one DSB in DNMT3b is unlikely to cause dramatic changes in DSB repair 

pathway rates, nonetheless, it is vital to test whether this effect of αSyn loss increasing 

indel frequency will hold when the DSB is occurring in other genes. Preliminary 

optimization experiments in the PPIB gene were performed and showed similar trends, 

but were not continued as larger effects were seen with the DNMT3b targeting lentivirus 

(Figure 3.3.1). In the future, using lentiviruses to target other genes throughout the 

genome will be important to test the generalizability of the effects we have detected. 

Previous work from the Unni Lab has shown that there are hotspots in the genome 

where DSBs are programmed to upregulate transcription of immediate early genes and 
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this can alter synaptic plasticity and learning and memory (Weber Boutros et al., 2022). 

Targeting these genes in the future could provide insight into how αSyn could be 

connected to adaptive DSBs and aging.  

Methodological Limitations 

         The plasmid reporter experiments have several limitations that are important to 

note. In the first experiment we detected NHEJ efficiency was impaired in αSyn KO 

cells, but HR rates were not altered (Chapter 2, Figure 1A). As the HR GFP reporter 

and NHEJ GFP reporter are separate plasmids, this approach does not detect HR and 

NHEJ rates within the same population of cells. Determining the ratio of HR/NHEJ 

within one sample is more complicated but would be interesting to know. Utilizing a 

novel fluorescence switching reporter, called RepairSwitch, could be useful in this 

situation to measure rates of the two main DSB repair pathways via flow cytometry. This 

would allow us to measure HR and NHEJ rates simultaneously, although would still not 

allow us to distinguish c-NHEJ and alt-NHEJ concurrently. In the second plasmid 

reporter experiment we found increased deletions after DSB repair in αSyn KO 

compared to WT cells transfected with the NHEJ plasmid reporter (Chapter 2, Figure 

1B). While it is true this experiment does not allow us to collect any information on the 

difference between rate of repair in these cell lines, we are able to analyze indel 

frequency which was not possible during the GFP reporter flow cytometry experiment. 

These experiments individually are somewhat limited, but when taken together they can 

complement each other, showcasing the experimental details the other one lacks. 

Limitations also existed for CRISPR DSB repair assays in human cells and 

mouse neurons. Despite many efforts, the lentiviruses used only transduced about 30% 
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of cells. Several optimization experiments were conducted, but none increased the 

transduction rate significantly, including the use of polybrene (Chaney et al., 1986; 

Jacobsen et al., 2006). This limited us to performing all DSB repair assay in a 96 well 

format to conserve lentiviral use. Additionally, primary cultured neurons were sensitive 

and susceptible to detrimental effects when manipulated at low cell densities. To 

combat this, we tried seeding neurons at higher density in order to improve their 

resilience to subsequent lentiviral transduction. At this density, however, flow cytometry 

was not possible to detect lentiviral transduction rate. To get around this problem we 

used fluorescence imaging microscopy to measure transduction efficiency. Although we 

used different methods for measuring transduction efficiency between human cells and 

mouse neurons, it was important to compare our results from human cell lines to 

neurons which strengthened our evidence that αSyn modulates DSB repair in multiple 

systems.  

          

4.2 DSB repair pathways and pharmacological inhibitors 

Pharmacological inhibitors are one tool to use to block different DSB repair pathways to 

learn more about αSyn’s effect on this system. At baseline, we established that 

increased indel frequencies are associated with loss of αSyn. Blocking HR by inhibiting 

MRE11 and blocking alt-NHEJ by inhibiting Pol 𝛳 did not change this baseline (Chapter 

2, Figure 4). This suggests that the absence of αSyn does not affect HR or alt-NHEJ. 

We also confirmed that alt-NHEJ is not directly altered by genetic deletion of αSyn with 

another inhibitor, novobiocin (Figure 3.4.1). We did, however, find changes to the 
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baseline effect when inhibiting the 3 kinases that phosphorylate H2AX: ATM, ATR, and 

DNA-PKcs. All three prevented the increase of indel frequency seen in αSyn KO cells 

and under DNA-PKcs inhibition, a decrease of indel frequency was observed in αSyn KO 

cells compared to WT, the opposite effect to what we see under baseline conditions. 

Since the effect was the most striking under DNA-PKcs inhibition, we decided to 

investigate the regulation of DNA-PKcs in the absence of αSyn. We treated WT and 

αSyn KO HAP1 human cells with DMSO or DNA-PKcsi (AZD7648) at the same 

concentration that decreased gene editing after DSB repair in αSyn KO cells compared 

to WT cells. We found that DNA-PKcs nuclear levels were significantly increased in αSyn 

KO cells with this inhibition, while WT cells showed no significant differences with DNA-

PKcs inhibition (Figure 4.2.1).  
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Figure 4.2.1. DNA-PKcs nuclear density is enhanced in αSyn KO HAP1 cells 
compared to WT cells under DNA-PKcs inhibition. 

A) Representative images of WT and αSyn KO HAP1 human cells treated with either 
0.01% DMSO or DNA-PKcsi (AZD7648 5μM) for 72 hours in vitro. Scale bar 2 μm. B) 
Quantification of nuclear density of DNA-PKcs foci normalized to WT DMSO condition 
(Number of foci/volume). ANOVA summary p<0.0001. Post-hoc multiple comparisons: 
Significant increase of nuclear density DNA-PKcsi treated αSyn KO cells (3.547 ±0.328) 
compared to DMSO treated WT cells (1.000 ±0.030) (p<0.0001), DMSO treated αSyn 
KO cells (1.578 ±0.151)( p<0.0001), and DNA-PKcsi WT cells (1.355 ±0.056) 
(p<0.0001). No significant differences observed between DMSO treated WT and αSyn 
KO cells (p=0.0870), between DNA-PKcsi treated WT cells and DMSO treated WT cells 
(p=0.4470), or between DNA-PKcsi treated WT cells and DMSO treated αSyn KO cells 
(p=0.8051). N= 3 biological replicates, ~50 nuclei imaged per condition. One-way 
ANOVA.  

 

Because of this unexpected reversal of effect seen under DNA-PKcs inhibition 

(Chapter 2, Figure 4), we speculate that αSyn could act as a partial agonist for DNA-

PKcs, reducing Artemis endonuclease activity and reducing indels incorporated after 

repair as a way to explain this data. This proposed model is depicted in a cartoon 

graphical summary, created with Biorender (Figure 4.2.2). While DNA-PKcs is involved 

in c-NHEJ, other DSB repair proteins are also required for c-NHEJ repair. Repeating 

this experiment with pharmacological inhibitors for Ku70/80 and DNA ligase IV, to test if 

a decrease in indel frequency in αSyn KO cells is also seen as it was with DNA-PKcs 

inhibition, would be a useful future direction. As c-NHEJ cannot function without 

Ku70/80 and DNA ligase IV, this experiment, could potentially strengthen the evidence 

suggesting αSyn shifts DSB repair towards c-NHEJ.   
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Figure 4.2.2. Proposed partial agonist model for how αSyn may regulate DNA-
PKcs facilitated DSB repair. 

Cartoon schematic visually summarizing one possible model of how αSyn may act as a 
partial agonist to reduce DNA-PKcs kinase activity or Artemis nuclease activity, which 
may limit resection and reduce indel formation after DSB repair. The bottom panel 
shows how under DNA-PKcs inhibition, αSyn partial agonism could enhance DNA-
PKcs/Artemis activity, leading to increased resection and deletions incorporated at the 
repair junction. 

 

The ATM and ATR inhibition results showing that these kinases that 

phosphorylate 𝛾H2AX prevented the baseline effect of increased indel frequency in the 

absence of αSyn is also interesting. ATM has recently been shown to suppress c-NHEJ 

events and c-NHEJ factor recruitment (Balmus et al., 2019; Bennardo & Stark, 2010; 

Cisneros-Aguirre et al., 2022). One possibility is that αSyn is a partial agonist of ATM. In 
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the presence of ATM, αSyn could reduce the level of ATM activity, which in turn 

increases c-NHEJ rates or shifts DSB repair to c-NHEJ alternative pathways, resulting 

in a reduction of small indels incorporated after repair.  Conversely, in the presence of 

ATM pharmacologic inhibition, αSyn partial agonism could facilitate ATM activity, 

suppressing c-NHEJ and increasing small indel formation. Several theories are 

possible, but this partial agonist hypothesis does fit the data presented in the current 

study (Chapter 2, Figure 4).  

Similarly to ATM, ATR is one of the kinases that phosphorylates H2AX. Loss of 

H2AX can also increase c-NHEJ events (Feng et al., 2017) which could similarly explain 

how αSyn affects ATR, similar to the proposed mechanism for ATM above. While NHEJ 

can occur independently of ATR and a potential mechanism for how ATR and αSyn is 

more unclear, there is well-known redundancy between ATM, ATR, and DNA-PKcs, 

therefore it is not necessarily surprising all 3 kinases showed a similar result when 

inhibited.  ATM and ATR have hundreds of phosphorylation targets, so it will be 

interesting to learn in future experiments how these might be altered when αSyn is 

knocked out. It would also be interesting to simultaneously test a cocktail of inhibitors 

with ATR, ATM, and DNA-PKcs, as well as a group of c-NHEJ inhibitors in Ku60/70, 

DNA ligase IV, and DNA-PKcs to ensure that c-NHEJ is abolished. These future 

directions could be integral to deciphering how exactly αSyn can shift DSB repair 

towards c-NHEJ.   

Methodological Limitations 

         While pharmacological inhibitors can be effective at blocking certain targets, 

there are certainly limitations associated with this approach. Efficacy issues can arise if 
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high enough concentrations are not used to fully inhibit the target. For all 

pharmacological inhibition used in this project, a concentration was chosen at least 

twice the IC50 of any given drug. Additionally, partial inhibition, off target inhibition, and 

adverse downstream effects are all caveats and limitations with a pharmacological 

experimental design. For example, several of the PLK family individual inhibitors used in 

Figure 3.4.3 also inhibit other PLK family members at certain concentrations. This was 

at times unavoidable in order to ensure inhibition of the target of interest. One way to 

bypass this issue would be to implement bump and hole chemical genetics to attain 

specificity without affecting other members in the protein family by manipulating the 

sterics of protein-ligand interactions (Islam, 2018). These methods were outside of the 

scope of this project but could provide useful roadmaps for the future.  

For DNA-PKcs inhibition, other methods could be utilized to further investigate the 

connection between αSyn and DNA-PKcs. Performing a co-immunoprecipitation assay 

between αSyn and DNA-PKcs could reveal whether αSyn is directly binding to DNA-PKcs 

or, alternatively, it is indirectly affecting how DNA-PKcs functions in the DSB repair 

pathway choice. Furthermore, measuring a readout of Artemis endonuclease activity via 

western blot at baseline, in the absence of αSyn, and under DNA-PK inhibition could 

also elucidate this complex multi-protein system. Testing whether Artemis 

endonuclease activity reduces in WT condition via partial agonism of αSyn on DNA-PKcs 

could indicate a potential mechanism for this complex system. Discovering that Artemis 

endonuclease activity increases under DNA-PKcs inhibition and decreases in αSyn KO 

cells under DNA-PKcs inhibition would help to confirm this hypothesis.  Overall, 
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pharmacological inhibition is just one way to scientifically manipulate a system but could 

be bolstered with additional alternative genetic and/or biochemical approaches. 

 

4.3 Rescue of αSyn via transient transfection 

         After discovering the novel finding that increased indel frequency was associated 

with loss of αSyn, we immediately wanted to test whether reintroduction of αSyn would 

prevent this effect. This rescue experiment was prioritized in the current study yet 

suffered from many complications. We theorized that αSyn reintroduction would reduce 

indel frequencies to those seen in WT cells at baseline, but we were also interested if 

mutant αSyn forms would function similarly to WT αSyn at baseline or not. We utilized a 

transient transfection approach to reintroduce WT αSyn, αSyn lacking the NAC domain, 

phosphodeficient S129A and phosphomimic S129D mutants, and 3 familial PD 

associated mutant αSyn forms: A53T, E46K, and A30P. The NGS indel results after 

αSyn rescue were ultimately uninterpretable due to technical difficulties (Chapter 2, 

Supplementary Figure 2). If these obstacles were overcome, it would have been 

fascinating to learn if mutant αSyn forms are equally functional to shift DSB repair to c-

NHEJ, like we hypothesize WT αSyn is able to accomplish.  

Methodological Limitations 

         The technical limitations of this αSyn rescue experiment caused the results to be 

challenging to interpret because the established effect of increased indel frequency was 

not consistently observed when we were also transfecting a control plasmid. Based on 

this control not reproducing the baseline result, we concluded that the prior transient 
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transfection somehow disrupted the effect in seen in αSyn KO cells after lentiviral 

transduction. This transient transfection of WT αSyn and all mutant αSyn forms was 

performed on the same day as CRISPR/Cas9 lentiviral transduction. We were limited to 

this timeline because the transfection could not occur earlier due to concerns about over 

confluency in a 96-well plate format by 72 hours after transfection/transduction. 

Transfection was not attempted later out of concern that the rescue of αSyn expression 

would not high enough 24 hours after lentiviral transduction. We also tested four 

different transfection reagents: lipofectamine 3000, calPhos, X-tremeGene, and 

jetOPTIMUS, but similar results were found with each. We ultimately chose to use 

jetOPTIMUS because it showed the highest expression of αSyn, but due to proprietary 

restrictions it is still unclear what compounds are present in the transfection reagent and 

if these could potentially be disrupting subsequent lentiviral transduction. 

Not only was the transient transfection limited, but other approaches were met 

with roadblocks as well. We attempted nucleofection in a 96-well plate format, but WB 

analysis showed that cells did not adequately express αSyn, suggesting nucleofection 

was not rescuing αSyn. We also considered creating stable cell lines with αSyn 

transgenically re-expressed for the rescue. However, with 6 mutant αSyn strains, WT 

αSyn and a negative control, creating 8 stable cell lines in this way was not feasible. 

Another possible downside of a stable cell line experiment is that once they are created 

and passaged, compensation can occur to minimize any detrimental effects from the 

genetic manipulations made. For these reasons, we chose the transient transfection 

route in this experimental design, which were ultimately unsuccessful. Although 8 stable 

cell lines may be technically and financially challenging to produce, it may be beneficial 
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to extend our results and further investigate the effect of αSyn disease-causing 

mutations on DSB repair.  

  

4.4 PLK Inhibition leads to increased cell survival  

         In order to link the in vitro findings connecting αSyn to DSB repair to in vivo αSyn 

Lewy pathology, we investigated how PLK inhibition affected longitudinal cell survival of 

neurons bearing αSyn inclusions in mouse cortex. We found that PLK inhibition led to 

increased cell survival, but it is unclear if this was due to any changes in S129 

phosphorylation (Chapter 2, Figure 5). We were surprised to find, after IHC analysis of 

mouse tissue, there were no changes to S129 pSyn levels and only an increase in total 

αSyn levels after PLK inhibition via BI2536 IP injections (Chapter 2, Figure 6). We had 

hoped to investigate how S129 phosphorylation is connected to αSyn and DSBs in the 

current study, but after this unexpected pSyn result, the technical limitations of S129A/D 

transient transfection in vitro (Chapter 2, Supplementary Figure 2), and the inconsistent 

results in human cells and mouse neurons in vitro after PLK 1/3 inhibition via 

GW84362X pharmacological inhibition (Chapter 2, Supplementary Figure 4) and BI2536 

(Figure 3.4.2), we are unable to comment on how changes in S129 phosphorylation 

modulate this system.  

Another unexpected result came from IHC analysis of BI2536 treated mice, in 

which higher 𝛾H2AX levels were associated with PLK family inhibition compared to 

saline controls (Chapter 2, Figure 6). At first, this finding was counterintuitive because 

one would assume that if cells bearing αSyn Lewy pathology survived at a higher rate 
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after BI2536 treatment, they would also have a lower insult of nuclear DSB levels. 

However, BI2536 treatment correlated to higher cell survival yet increased 𝛾H2AX 

levels. This could be due to PLK’s many targets. PLK is involved in cell cycle regulation 

(Lee et al., 2014) and DNA damage response as it is upstream of ATM/ATR (Hyun et 

al., 2014; Li et al., 2017) which could explain why 𝛾H2AX levels increase after inhibition. 

Also, here we are using 𝛾H2AX staining to measure a snapshot of DSB levels which 

isn’t a perfect correlate and could explain this result. Increased 𝛾H2AX levels could 

indicate more efficient DSB repair in which the cell is recruiting more 𝛾H2AX to break 

sites, which could in turn be associated with increased genome stability and cell 

survival. Expanding this experiment to include multiple time points of 𝛾H2AX staining 

may be useful. Additionally, an in vitro correlate with BI2536 treatment in primary 

cultured neurons and conducting neutral comet assays will be vital to testing whether 

DSB levels actually increase after PLK inhibition or whether recruitment of 𝛾H2AX could 

be associated with more efficient DSB repair.  

It is possible that genomic stability is still linked to PLK inhibition. We determined 

that PLK inhibition led to an increase of total aggregated αSyn within the inclusion. From 

past work, we also learned that as αSyn inclusions aggregate and mature, the soluble 

synuclein in the nucleus decreases (Schaser et al., 2019). Perhaps the increase in 

somatic aggregated αSyn was also correlated with a small increase in soluble αSyn 

nuclear localization, which could facilitate error-free DSB repair by shifting repair 

towards c-NHEJ, leading to genomic stability. There is much more work to do to 

connect these ideas, but it is interesting to speculate if there could be genomic stability 
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facilitated by nuclear αSyn that is driving the protection against neurodegeneration 

observed after PLK inhibition treatment.  

Linking αSyn to genomic stability is a challenging feat, but other experimental 

approaches may be better suited to this task. We attempted to perform WGS on mouse 

brains with and without hippocampal Lewy pathology to compare indel frequency and to 

look for hotspots in the genome where mutations or large indels may have been 

incorporated. This was an original aim for this project, but we were unable to identify a 

comparative WGS analysis tool that would detect changes in indel frequency across 

samples in preliminary experiments (Table 3.2.2). Another approach would be to 

replicate the pathology induced loss of nuclear soluble αSyn in primary cultured neurons 

in vitro. With this design, we could test whether the loss of nuclear soluble αSyn 

translates to changes in genomic instability by 𝛾H2AX staining via ICC, measure DSB 

levels directly with neutral comet assays, and even apply our CRISPR/Cas9 lentiviral 

DSB repair assay and performing NGS to detect changes in indel frequency. A more 

advanced future direction once these prior questions have been investigated would be 

to expand upon the PLK inhibition longitudinal multiphoton in vivo imaging experiment 

and test whether DNA-PKcs inhibition results in protection against neurodegeneration as 

well. Based on the decrease in indel frequency seen with DNA-PKcs inhibition (Chapter 

2, Figure 4), we would expect to see similar neuroprotection of αSyn inclusion bearing 

cells if our speculation that αSyn is facilitating genomic stability and in turn promoting 

neuronal survival is correct. Although more questions about this mechanism still exist, 

the findings of this dissertation can be summarized in a graphical abstract (Figure 4.41). 
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Figure 4.4.1. Graphical summary of the changes reflected in mouse cortical 
neurons in vivo after PLK inhibition.  

Cartoon schematic visually summarizing how under PLK inhibition, neurodegeneration 
of neurons bearing αSyn inclusions is delayed. Additionally within the aggregate, total 
αSyn is increased and nuclear 𝛾H2AX levels are increased. The mechanism for how 
these changes lead to reduced cell death remail unclear. 
	

Methodological Limitations 

         Longitudinal in vivo imaging experiments are challenging and do have several 

technical limitations. We are limited in that we can only analyze cells bearing inclusions 

present at the time of the start of imaging. Cells that form new inclusions can be 

analyzed separately but their life span are impossible to measure if the cells do not die 
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within the imaging time period (Figure 3.5.2). We were limited to imaging for a month-

long period for a variety of technical reasons. Furthermore, there was a spread of αSyn 

pathology between individual animals. We tried to address this variability by ensuring 

both saline and BI2536 treated groups contained mice with relatively equivalent 

pathology loads. This issue is mitigated by baseline imaging before treatment with drug, 

since then each mouse can also act as its own control pre- and post-drug treatment.   

         Another experimental design limitation is that PLK has several cellular functions 

that when inhibited can lead to adverse effects. PLK was first discovered for its role in 

cell cycle regulation in which it functions to regulate centrosome maturation, checkpoint 

recovery, spindle assembly, cytokinesis, and apoptosis (Lee et al., 2014). Furthermore, 

PLK has been shown to contribute to DNA damage response by phosphorylating factors 

upstream of ATM/ATR and phosphorylates MRE11, regulating their DNA damage 

response functions (Li et al., 2017). With PLK playing a role in cell recognition of DNA 

damage, it can be difficult to parse a part whether an effect is only due to PLK 

manipulation or whether αSyn is driving changes observed. This challenge is 

exaggerated when studying this question in an in vivo system where variability and 

animal-to-animal differences are also at play. We attempted to address this in part by 

inhibiting PLK in human cells with BI2536 treatment in vitro (Figure 3.4.2), but 

unfortunately toxicity issues made this difficult. It would be interesting to try other PLK 

inhibitors to test whether DSB levels increase in WT and αSyn KO human cells via 

𝛾H2AX staining and neutral comet assays. This could provide information on whether 

PLK is upstream or downstream of αSyn in its role to shift DSB repair towards c-NHEJ. 	



 129 

         Lastly, we were limited by the available antibodies to successfully detect 

differences in pSyn levels after PLK inhibition via BI2536 in mouse brain IHC samples. 

pSyn antibodies can vary in their ability to detect pSyn based on other post-translational 

modifications that might be present such as truncation and/or aggregation into αSyn 

fibrils (Lashuel et al., 2022). In our hands, we have not identified a pSyn antibody that 

stains within the nucleus and is specific (as defined by validation in αSyn KO human 

cells). In the future, we would be interested in testing newer pSyn antibodies created by 

the Lashuel group to be able to detect whether PLK inhibition affects pSyn levels within 

αSyn inclusions.   

 

4.5 Conclusions 

 The data presented here in this dissertation showcase the role of αSyn in DNA 

DSB repair that may be regulated by DNA-PKcs and provide evidence that it may shift 

DSB repair towards c-NHEJ. We highlight how BI2536 treatment to inhibit PLK protects 

against neurodegeneration, showing its potential as a future therapeutic in PD. 

Questions remain about how αSyn affects genomic stability when αSyn pathology is 

present and how this may eventually contribute to death of dopaminergic neurons. 

While these questions persist, we have uncovered one piece of the puzzle. There is a 

long road ahead to solve these problems to ultimately discover a disease-altering 

therapeutic for PD. And yet, the journey will be filled with curiosity, novelty, and the joys 

of knowledge seeking to discover the vastness of what is left to uncover.  
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Appendix A: Supporting Data 

A.1 DSB repair assay sanger sequencing 

 Preliminary sequencing results were conducted using sanger sequencing to 

compare indel frequency between WT and αSyn KO PCR products from the same cell 

lysates used in Chapter 2, Figure 2 that were transduced with a DSB inducing 

CRISPR/Cas9 lentivirus. The sanger sequencing confirmed our finding that indel 

frequency is increased in αSyn KO cells compared to WT cells (Figure A.1.1). These 

experiments were conducted as preliminary experiments before NGS was performed 

but were ultimately not continued due to finding more consistent and larger effects with 

the accuracy of NGS.   

Materials and Methods 

 PCR products from the DSB repair junction were submitted to the Vollum DNA 

Sequencing Core for sanger sequencing. Applied Biosystems Sequence Trace files 

were analyzed with Tracking of Indels,  Deletions, and Recombination events (TIDER) 

software from the Netherlands Cancer Institute (Brinkman et al., 2018). 
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Figure A.1.1. Sanger sequencing confirms NGS result of DSB repair of WT and 
αSyn KO Cells. Sanger Sequencing of 544bp PCR product from WT and αSyn KO 
Hap1 cells transduced with DSB inducing CRISPR/Cas9 lentivirus. Top: Indel map from 
a representative WT sample with percent of sequences plotted against deletions 
(negative x axis) or insertions (positive x axis) by increments of 5 base pairs. Red bar at 
0 indicates faithful repair. Bottom: Indel map from a representative αSyn KO sample. 
Right: Quantification of sanger sequencing with the equation: percent mutant reads = (1 
– percent sequences with faithful repair). Significant increase of percent mutant reads of 
αSyn KO cells (6.391 ±0.615) compared to WT cells (3.683 ±0.375) (p=0.0010). N=4 
biological replicates, 3 technical replicates per biological replicate. Two-tailed student’s 
t-test. 
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A.2 Flow Cytometry 

 In order to confirm the transduction rates of the DSB-inducing GFP expressing 

lentivirus were affecting WT and αSyn Hap1 cells similarly, we performed flow cytometry 

to measure GFP positive transduced cells. Overall transduction rates of WT cells were 

not significantly different from αSyn KO cells (reported in Chapter 2, see Methods). Cell 

populations with gating on forward side scatter plots to exclude debris and doublet cells 

are represented here for non-transduced GFP negative cells (Figure A.2.1) and 

transduced cells (Figure A.2.2) with a subset GFP positive.  

Materials and Methods 

 Protocols for flow cytometry were previously described in Chapter 2 (see 

Methods). GFP negative and positive events were analyzed in the OHSU Flow 

Cytometry Core using BD FACSDiva 9.0.   
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Figure A.2.1. Flow cytometry of non-transduced WT and αSyn KO Hap1 cells. 72 
hours after seeding, cells were strained in FACS buffer (PBS + 1%FBS) and GFP 
positive singlet cells were measured on the BD Canto II machine in the OHSU Flow 
Cytometry core. A) Cell populations were selected to exclude debris (white) by gating 
cells on a forward side scatter and then by gating cells on forward side scatter height 
(FSC-H) by forward side scatter area (FSC-A) for doublet cell (yellow/red) discrimination 
in WT cells (top) and αSyn KO cells (middle). B) Green events represent singlet cells in 
the selected gated population with the GFP+ gate outlined in white text. 0.0% of singlet 
cells were GFP positive for WT (left) and 0.0% for αSyn KO cells (right).  
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Figure A.2.2. Flow cytometry of GFP lentivirus transduced WT and αSyn KO Hap1 
cells. 72 hours after lentiviral transduction, cells were strained in FACS buffer (PBS + 
1%FBS) and GFP positive singlet cells were measured on the BD Canto II machine in 
the OHSU Flow Cytometry core. A) Cell populations were selected to exclude debris 
(white) by gating cells on a forward side scatter and then by gating cells on forward side 
scatter height (FSC-H) by forward side scatter area (FSC-A) for doublet cell (yellow/red) 
discrimination in WT cells (top) and αSyn KO cells (middle). B) Green puncta represent 
GFP negative singlet cells in the selected gated population with the GFP positive 
population (pink). 11.2% of singlet cells were GFP positive for WT (left) and 9.8% for 
αSyn KO cells (right). 
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Appendix B: Recipes 

B.1 DSB Repair Assay 

1. Lysis Buffer (For one well from 96-well plate) 

a. 20μL 5x Phusion HF buffer 

b. 5μL Proteinase K (20mg/mL) 

c. 5μL RNase A (10mg/mL) 

d. 70μL nuclease free water 

2. PCR Reaction (For one well from 96-well plate) 

a. 25μL 2x Phusion HF buffer (dNTPs included) 

b. FWD primer 500nM final concentration 

c. REV primer 500nM final concentration 

d. 1μL Phusion Hot Start II HF DNA Polymerase (2 U/μL) 

e. 5μL cell lysate 

3. T7 Endonuclease I Reaction (For one well from 96-well plate) 

a. 10μL PCR reaction from gDNA 

b. 3μL nuclease free water 

c. 1.5μL NEBufer (10x) 

d. 0.5μL T7 Endonuclease I (10 U/μL) 

 

 

B.2 Primary Cultured Neurons 

4. Plating Medium 

a. Neurobasal Medium 

b. 10% FBS 

c. 1% GlutaMAX (100x) 

d. 1% sodium pyruvate 

e. 1% penicillin streptomycin (100x) 
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5. Culture Medium 

a. Neurobasal medium 

b. 2% B27 supplement 

c. 0.5% GlutaMAX (100x) 

 

B.3 Western Blot 

1. RIPA lysing buffer  

a. Add the following to 1358μL nuclease free water for a final volume of 2mL 

b. 100μL 1M Tris HCL 

c. 300μL 1M NaCl 

d. 200μL 10% TX-100 

e. 20μL SDS 

f. 20μL 100X protease inhibitor 

g. 2μL 1000X phosphatase inhibitor cocktail 

2. Running Buffer 

a. 720mL DI water 

b. 80mL 10X Tris-Glycine SDS Running Buffer (Li-Cor) 

3. Transfer Buffer 

a. 100mL methanol 

b. 960mL DI water 

c. 40mL 25X Tris-Glycine Transfer Buffer (Li-Cor) 

4. Fixation Solution 

a. 7.5mL PBS 

b. 2.5mL 16% PFA 

c. 12.5μL 7% glutaraldehyde 
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B.4 Immunohistochemistry 

1. Blocking Buffer 

a. PBS 

b. 0.1% Triton-X 100  

c. 10% goat serum 

2. Permeabilization Buffer 

a. PBS 

b. 0.25% Triton-X 100 

3. Incubation Buffer 

a. 1:5 dilution Blocking Buffer in PBS 

b. Primary/secondary antibodies at denoted dilution 
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