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Abstract 

 There are clear links between genomic instability, aging, and diseases of aging, 

like neurodegeneration and cancer. In Chapter 1, background information on Parkinson’s 

Disease, melanoma, and the clinical connection between these two diseases is explored. 

Furthermore, rationale for studying the neurodegeneration-associated protein, αSyn, and 

its role in the DNA damage response pathway is discussed as a potential molecular 

connection between the two diseases.  

Chapter 2 through 4 dive into these topics experimentally, investigating the links 

between Parkinson’s Disease and melanoma clinically (Chapter 2) and cellularly through 

both in vitro (Chapter 3) and in vivo (Chapter 4) methodologies. Through this dissertation, 

I conclude that there are distinct clinical characteristics in Parkinson’s Disease-associated 

melanoma and that the upregulation of αSyn in melanoma is important in functional DNA 

double-strand break repair, essential for cell growth phenotypes in vitro and in vivo. In 

Chapter 5, I explore the limitations of this work as well as future directions for 

investigation; I ultimately propose a rationale for the co-occurrence of disease, in that 

individuals with high levels of αSyn expression are susceptible to both Parkinson’s 

Disease and melanoma through similar loss-of-function and gain-of-function hypotheses, 

respectively. 

Lastly, Appendix A highlights unpublished work focusing on the role of αSyn in 

DNA double-strand break repair using various models. Appendix B is adapted from 

published work indicating the use of αSyn-based seed amplifications assays in the 

diagnosis of incidental Lewy body pathology in other neurodegenerative diseases. 
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Chapter 1: Introduction 

 Neurodegeneration and cancer are two of the most debilitating medical conditions. 

They are often thought of as opposite processes, whereby neurodegeneration is 

characterized as neuronal cell death, and cancer is characterized as hyperproliferation of 

cells. One could think of these phenomena, at the opposite extremes of cellular survival, 

as having minimal overlap, but evidence suggests otherwise. Strong associations link 

neurodegeneration and cancer in autopsy studies (1), epidemiological work (2), and 

monogenic syndromes (3). Interestingly, there is a general decrease in overall cancer 

incidence in neurodegenerative disease patients (2), but an increased risk of selected 

cancer types (4). The best studied neurodegeneration-cancer relationship comes from 

epidemiological work on Parkinson’s Disease (PD) and the skin cancer melanoma. Many 

studies report an increase in melanoma risk among individuals with PD compared to 

healthy individuals (2, 5-20). This risk is bidirectional, since there is also increased risk of 

developing PD in melanoma patients (12, 15, 21-23). Altogether, the association between 

PD and melanoma is well-established clinically, yet the cause is poorly understood. A 

potential mechanistic convergence in these two diseases provides new avenues to study 

both of these age-related conditions and address an urgent need for therapeutic options. 

The next sections of Chapter 1 will summarize some key points about these diseases 

individually and together, as well as introduce an alpha-synuclein (αSyn)-based 

hypothesis for understanding the underlying molecular connection between these two 

diseases. 
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1.1 Parkinson’s Disease 
 
Prevalence 
 

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

people worldwide. The estimated prevalence is 94 cases per 100,000 people, or 

approximately 0.3% in the general population in people 40 years or older (24) and nearly 

2% in those over 65 years of age in industrialized countries (25). The yearly incidence of 

new cases ranges from 8 to 18.6 people per 100,000. These numbers are rising, as the 

estimated global prevalence of PD was 2.5 million in 1990, compared to the 10 million 

reported in 2022 (26). By 2040, the global prevalence of PD is expected to double from 

6.2 million cases in 2015 to 12.9 million cases (27). 

There are several risk factors associated with PD development and diagnosis, 

including age, sex, environmental exposures, medical comorbidities, and genetics, which 

will be discussed below. Of these, age is the most important risk factor for PD. Both 

incidence and prevalence rise significantly in adults beginning at the age of 50 (24), with 

the mean age of diagnosis at 70.5 years (28), although other studies have found varying 

mean ages at diagnosis around 60 years. Furthermore, men have a significantly higher 

risk of developing PD than females by a ratio of approximately 1.4:1 (26), which is paired 

with higher mortality rates and faster progression than women (29-31). Both males and 

females show differing parkinsonism phenotypes, where men may develop a postural 

instability-dominant phenotype, which includes freezing of gate and falling, whereas 

females exhibit a more tremor-dominant phenotype (32, 33). Lastly, men experience more 

cognitive issues associated with the disease, such as rapid eye movement (REM) sleep 

behavior disorder (RBD) (33) and mild cognitive impairment with a rapid progression to 
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dementias (34, 35). Sexual dimorphism in PD will be more extensively discussed in 

Chapter 4. Many environmental exposures have been identified as risk factors for PD as 

well, including exposure to certain pesticides (36-43), air pollution (44-46), high 

consumption of dairy products (47, 48), hydrocarbon solvents (49, 50), living in rural areas 

associated with agriculture work (36), high intake of iron (51), and reduced vitamin D (52-

54). PD also interacts with several other diseases, where individuals afflicted with 

particular medical illnesses in early or mid-life have an increased risk of PD. Among the 

most consistently identified are: metabolic syndrome (55, 56), type 2 diabetes mellitus 

(57-59), traumatic brain injury (60-62), constipation (63), and depression (64-69).  

In PD, 90% of all patient cases are idiopathic. However, 10% of PD cases are 

caused by genetic mutations, sometimes occurring in familial cohorts. These monogenic 

forms of PD span autosomal dominant, autosomal recessive, and X-linked inheritance 

patterns. Most patients with familial PD have a younger age of onset compared to 

sporadic PD (70-72). The first gene linked to PD was SNCA, which encodes αSyn (73). 

This protein and will be discussed at length in Chapter 1.4. In addition to SNCA, other 

mutations in other genes have been since linked to PD, including LRRK2, GBA1, PRKN, 

PINK1, and DJ-1. 

The most common autosomal-dominant form of PD is a genetic point mutation in 

LRRK2 (leucine-rich repeat kinase 2) (74). Epidemiological studies have found that the 

G2019S mutation in the LRRK2 gene is the most prevalent and accounts for 5-6% of 

autosomal-dominant cases and 1% of idiopathic cases (75). However, genetic screening 

studies have found a race-specific incidence of LRRK2-associated familial PD. Studies 

suggest that LRRK2 pathogenic variants account for 3-13% of autosomal dominant forms 
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of PD in Europe (76-80), but up to 50% of familial PD in people of North African and 

Middle Eastern origin (77, 81-84). The LRRK2-associated phenotype is often correlated 

to late-onset diseases (79, 85-87) and symptoms are almost indistinguishable from 

idiopathic PD (88, 89). LRRK2 is a gene that encodes a protein called dardarin, which 

functions as a cytoplasmic kinase involved in phosphorylation of proteins (74, 81, 85). It 

is also associated with a variety of membrane and vesicular structures, important in 

vesicular transport, membrane turnover, and the lysosomal degradation pathway (90).  

Monogenic mutations in PRKN, PINK1, and DJ-1 have been associated with rare 

autosomal recessive forms of PD (91-93). These forms of disease are associated with 

early-onset of symptoms (before the age of 50), a slowly progressive course, and respond 

well to medications (94-98). The PRKN gene expresses a protein that is important in 

proteasomal pathways that functions in clearance of accumulating aggregated proteins; 

therefore, loss-of-function due to mutations can cause a significant impairment in this 

proteasomal pathway, leading to increase in neurodegenerative-associated aggregates 

(99, 100). Both PINK1 and DJ-1 genes are involved in mitochondrial function, therefore 

these variants may cause mitochondrial dysfunction-induced parkinsonism (93, 101-103). 

Other than the aforementioned point mutations associated with familial forms of 

PD, mutations in the gene GBA1 make up the most prevalent genetic risk factor for 

idiopathic PD. About 5-15% of PD patients will have mutations in the GBA1 gene (104) 

and the risk of PD among GBA1 pathogenic variant carriers is increased 2- to 7-fold over 

noncarriers (105-109). When compared to patients who had PD but lacked a GBA1 

pathogenic variant, those who carried a variant were significantly more likely to have a 

younger age of onset, less prominent motor symptoms, lower frequency of asymmetric 
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onset, higher frequency of family history of PD, and greater likelihood of cognitive 

impairment (105, 110-116). Because GBA mutations are the most widespread genetic 

risk factor for PD, substantial attention in the field is focused on this area of investigation. 

Altogether, although these genetic mutations are rare in comparison to the entire PD 

patient population, they can provide critical insight into the mechanisms of 

neurodegeneration. 

 

Symptoms and Diagnosis 
 
 PD is traditionally thought of as a movement disorder, where most patients present 

with a “classical triad” of motor signs. These three signs include bradykinesia, resting 

tremor, and muscle rigidity. Postural instability is often mentioned as an additional 

cardinal feature, but typically occurs much later in the disease (117). Bradykinesia can 

often be described by patients as “weakness”, “incoordination”, and “tiredness”, but is 

typically associated with decrementing amplitude and decreased manual dexterity of the 

fingers, and dragging or shuffling of the feet when walking, and affects 80% of patients at 

the onset of disease (118). Resting tremor is the presenting symptom in 70-80% of 

patients with PD and affects 80 to 100% of patients at some point in the course of the 

disease (118). Rigidity occurs in approximately 75 to 90% of patients with PD (118) and 

usually refers to an increased resistance to passive movement at a joint and manifests 

typically as decreased arm swing when walking and stooped posture (119). Classically, 

these three PD-associated motor signs start unilaterally and spread contralaterally 

several years after the onset of symptoms. Although disease progression and severity 
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are variable between patients, the motor symptoms associated with PD universally 

worsen over time. 

 There are three major clinical subtypes of PD: 1) tremor-dominant, 2) akinetic-rigid, 

and 3) postural instability and gait difficulty (120-122). Generally, individuals with the 

tremor-dominant subtype show slower progression and less neuropsychologic 

impairment than the other two groups (123-129). However, it is worth noting that there is 

large variability of parkinsonism symptoms between patients, and initial course 

progression does not allow clinicians to accurately predict the future course of PD for any 

given individual (129, 130). However, studies suggest that mortality is significantly 

increased for patients with PD compared to age-matched controls (30, 127, 131-135). 

In addition, PD patients will experience non-motor symptoms as well, with many of 

these arising years or even decades before the onset of classic motor symptoms (136), 

and are commonly referred to as prodromal-PD (pPD) disorders. These include RBD 

(137-142), constipation, and hyposmia (143-146). pPD disorders and their synergistic 

effect with melanocytic lesions in predicting PD will be discussed in Chapter 2. In addition, 

other non-motor symptoms during the course of disease include cognitive dysfunction 

and dementia (147-149), mood disorders (150, 151), sleep disturbances (152, 153), 

fatigue (154, 155), autonomic dysfunction (144, 156-160), olfactory dysfunction (143), and 

pain and sensory disturbances (161). In a multicenter survey, 97% of PD patients 

reported non-motor symptoms, with an average of 8 symptoms (152). Another single-

center survey study found that PD patients reported the most troublesome non-motor 

symptoms to be mood disorders, pain, and sleep problems (152). Altogether, the 

presence or absence of certain non-motor symptoms can help aid in the diagnosis of PD 
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and distinguish various synucleinopathies that may otherwise present similarly, including 

Dementia with Lewy Bodies (DLB) or multiple system atrophy (MSA).  

Because of the symptom variability between patients described above, definitive 

antemortem diagnosis for PD remains difficult, as physicians rely almost exclusively on 

patient history and physical exam. Currently, clinical diagnosis for PD follows criteria 

assigned by the Movement Disorder Society. Diagnosis requires the presence of 

parkinsonism (bradykinesia plus tremor or rigidity) as the central feature (117). In addition, 

supportive criteria can further increase the confidence of PD diagnosis, such as clear 

benefit from treatment with dopaminergic drugs, the presence of levodopa-induced 

dyskinesia, asymmetric resting tremor of a limb, and/or the presence of either olfactory 

loss or cardiac sympathetic denervation (117). Lastly, there are a set of absolute 

exclusion criteria and “red flags” that are specific signs of alternative diagnoses. The 

diagnosis of clinically established PD requires all of the following: 1) presence of 

parkinsonism, 2) no absolute exclusion criteria, 3) at least two supportive criteria, and 4) 

no red flags. Studies have shown that the overall accuracy of diagnosis based on the 

MDS criteria was 93% (162).  

Although there are no physiologic, radiologic, or blood tests available to confirm 

the clinical diagnosis of PD, some diagnostic modalities are currently being developed. 

Striatal dopamine transporter imaging (DaTscan) can be used for patients whom clinical 

diagnosis in unclear. This modality can detect a decrease in the number of dopaminergic 

neuron terminals in the striatum and reliably distinguishes parkinsonian syndromes from 

control patients with essential tremor (163-166). In addition, positron emission 

tomography (PET) in combination with ligands that bind to dopamine transporters can act 
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as a marker of uptake in various brain regions. Studies have shown decreased uptake in 

the caudate and putamen in patients with early PD compared to controls (167-169). 

Ligands that detect αSyn for PET are currently in development (170). Lastly, testing for 

αSyn via cerebrospinal fluid (CSF) or skin biopsies is available although not routinely 

utilized. These tests employ seed amplification assays (SAAs) to identify abnormal 

clusters of αSyn aggregation. Many of these modalities are uncovering a striking amount 

of overlap between multiple neurodegenerative diseases, suggesting the comorbidity of 

these diseases pathologically is higher than originally thought based solely on 

antemortem clinical examination. The SAA modality and the overlap in synucleinopathy 

between differing clinical diseases is further discussed in Appendix B.  

 

Neuropathology 
 

As mentioned above, the gold-standard for PD diagnosis is confirmation of 

neuropathology during postmortem brain autopsy. On gross-pathology, PD patients will 

exhibit loss of a subset of dopamine neurons in the substantia nigra pars compacta that 

projects to the dorsal putamen (171). These cells are pigmented with neuromelanin, so a 

loss of these neurons corresponds to a decrease in pigment within this brain region. The 

substantia nigra is a critical movement center in the brain and a loss of this neuronal 

population is what causes the motor symptoms seen in PD. It is estimated that by the 

time first symptoms of PD emerge, approximately 60-80% of the neurons in the substantia 

nigra pars compacta have been lost (172, 173). In the surviving neurons, there are 

cytoplasmic inclusions called Lewy bodies (LBs), which are the pathological hallmark for 

PD. LBs are round, eosinophilic, intracytoplasmic neuronal inclusions that consist of a 
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dense granular core and loosely arranged in fibrillary elements. LBs are comprised 

primarily of aggregated and misfolded forms of αSyn and ubiquitin but can also contain 

other protein elements as well (174, 175). Although a pathological hallmark for PD, LBs 

are not specific for PD since they are found in other neurodegenerative diseases and as 

many as 10% of brains of otherwise healthy adults (176).  

 The current neuropathological staging of PD does not follow the traditionally held 

view that pathology begins in the substantia nigra. Neuropathologist Heiko Braak, 

proposed an alternative six-stage process, whereby pathologic changes in PD start in the 

medulla of the brainstem and in the olfactory bulb (Braak Stages 1-2), progressing 

rostrally over many years to the substantia nigra and other clusters of the midbrain and 

basal forebrain (Braak Stages 3-4), and eventually to the cerebral cortex and temporal 

and frontal lobes (Braak Stages 5-6) (177). Stages 1 and 2 could represent clinically pre-

symptomatic phenotypes, whereas stages 3 and 4 generally associate with the time at 

which classic motor symptoms of PD first appear, followed by end-stages of PD during 

stages 5 and 6. Although Braak staging is widely used clinically, the validity and predictive 

utility of this staging has been questioned for multiple reasons, yet it remains the gold-

standard. 

In addition to this disease-specific pathology found in the substantia nigra, some 

patients will show a degeneration of various non-dopamine neurons in other nervous 

system regions, which correlates to non-motor symptoms. These include the internal 

globus pallidus, the centeromedian-perifascicular complex, the pedunculopontine 

tegmental nucleus, and the glutamatergic caudal intralaminar thalamic nuclei (178).  
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Concepts associated with αSyn neuropathology and downstream molecular 

dysregulation as a consequence of LB formation in PD will be introduced more thoroughly 

in Chapter 1.4. 

 

Treatment 
  

To date, the most effective therapeutic treatment option for patients with idiopathic 

PD is carbidopa-levodopa. Levodopa is a catecholamine precursor to dopamine synthesis 

that helps replenish its levels when dopaminergic neurons are reduced in the substantia 

nigra. Carbidopa is given in combination as it acts as a peripheral decarboxylase inhibitor 

to block levodopa conversion to dopamine in the systemic circulation before crossing the 

blood-brain barrier. This generally prevents nausea, vomiting, and orthostatic 

hypotension. Alternatively, monoamine oxidase type B (MAO B) inhibitors, dopamine 

agonists, or amantadine may be offered as an alternative, on a case-by-case basis. 

However, multiple studies have documented the benefit of levodopa over placebo and 

other dopaminergic therapies, with one showing a positive change in clinical scoring from 

baseline to 42 weeks on levodopa therapy (179), and another showing increased patient-

rated quality of life over seven years of follow-up, with less patients needing add-on 

therapy compared to patients on other therapies (180). Motor symptoms can be highly 

responsive to levodopa early in the disease course, but motor fluctuations and “wearing 

off” develop in 30-40% of patients by 5 years. Because of these features, patients on 

levodopa require education of risks and consistent monitoring to establish minimum 

effective dose.  
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The therapies described above are not disease-modifying therapies, but rather 

compensate for the loss of dopaminergic neurons associated with PD pathology. 

However, several anti-synuclein strategies are being investigated in clinical trials 

currently, but all to date remain unsuccessful (181). Trials of two monoclonal antibodies, 

cinpanemab and prasinezumab, showed similar clinical and radiographic outcomes in the 

treatment and placebo groups at 52 weeks in early-stage PD patients (182, 183). In 

addition, active immunotherapy-based modalities directed against αSyn are in early 

stages of development (184, 185). Despite these recent advances, no disease-modifying 

therapies are currently clinically available. 

 

1.2 Melanoma 
 
Prevalence 
 
 Melanoma is the fifth most common cancer in males and females and is the most 

serious form of skin cancer (186). It is estimated that roughly 100,000 new cases of 

invasive melanoma were diagnosed just within the United States in 2023 and about 

325,000 new cases worldwide in 2020 (187). Incidence rates in the United States 

continue to increase in adults ages 50 and older by approximately 1% per year from 2015 

to 2019 or 12-fold increase between 1970 to 2020 (188). Although the incidence of 

melanoma is rising worldwide, most likely due to increasing numbers of skin biopsies 

(189, 190), the mortality rates are beginning to decrease, likely because of early detection 

efforts and advancements in treatments. It is estimated that in the United States, the 

overall mortality has declined by around 5% per year between 2011 to 2020.   
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Certain risk factors are associated with the development of melanoma, including 

family history, excessive sun exposure (191-196), immunosuppression (197-200), light-

complexion (191, 201), red or blond hair (201), and light eye color (201). In addition, 

several syndromes can increase chances of developing melanoma, including familial 

atypical mole and melanoma syndrome (202, 203) and xeroderma pigmentosum.  

Symptoms, Pathology, and Diagnosis 
 
 The current classifications of cutaneous melanoma are influenced by site of origin 

and various other pathological, clinical, and genetic characteristics, making up the revised 

2018 World Health Organization classifications of melanoma tumors: high or low 

cumulative sun damage melanoma, desmoplastic melanoma, Spitz melanoma, acral 

melanoma, mucosal melanoma, melanoma arising in congenital nevus, melanoma 

arising in blue nevus, and uveal melanoma (186, 204). However, the traditionally 

classified melanoma subtypes based on previously described clinicopathological 

subtypes are superficial spreading, nodular, lentigo maligna, and acral lentiginous (205). 

For the scope of this dissertation, only these four melanoma subtypes and their 

associated pathological features will be discussed below. 

 Superficial spreading melanoma is the most common subtype, accounting for 

~70% of all melanomas (204). These tumors are generally thin with ≤1mm in thickness 

(206) and are most likely found on the back in males and the lower extremities in females. 

Most melanomas arise de novo without an associated nevus (207), yet superficial 

spreading melanoma is the subtype most likely to be associated with a pre-existing nevus 

(207). Histologically, superficial spreading melanoma presents as a variably pigmented 

macule or thin plaque with irregular border and lacks cellular maturation. In the radial 
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growth phase, there is a single-cell spread of epithelioid, neoplastic melanocytes through 

the layers of the epidermis. During the vertical growth phase, an epidermal component 

extends into the dermal component and mitosis is evident.  

 Nodular melanoma is the second most common type of melanoma accounting for 

15-30% of all melanomas. These tumors appear as darkly pigmented, pedunculated, or 

polypoid papules (206-212). Unlike superficial spreading melanomas, nodular melanoma 

frequently presents with uniform color and are usually thicker than 2mm at the time of 

diagnosis (212). While the other subtypes can exist as a precursor lesion (melanoma in 

situ) or in the radial growth phase, nodular melanoma cannot and begins a vertical growth 

phase on inception. Histologically, dermal growth of epithelioid or spindled neoplastic 

cells occurs in isolation without an epidermal component. 

 Lentigo maligna melanoma is the subtype most closely associated with sun-

damaged areas of the skin in older individuals and accounts for 10-15% of all melanomas 

(213). These tumors begin as tan or brown macules (214) and lesions gradually grow 

larger over the course of years, although vertical transformation of these tumors is slow 

(214, 215). Histologically, neoplastic melanocytes are present along the dermo-epidermal 

junction in a lentiginous pattern. Additional epidermal atrophy and solar elastosis is also 

commonly seen in these tumors. The hallmark of vertical growth is the formation of dermal 

nodules and fascicles and it is frequent that lentiginous proliferation extends down 

external root sheaths of hair follicles.  

 Lastly, acral lentiginous melanoma accounts for less than 5% of all melanomas, 

however, makes up the majority of melanomas among non-white individuals (216). The 
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anatomical location of these tumors is unique, in that they commonly arise on palmar, 

plantar, and subungual surfaces and first appear as dark brown irregular pigmented 

macules or patches (217). This subtype is the least likely to have radial growth and 

commonly, raised areas with ulceration and bleeding signify deeper invasion in the 

dermis. These tumors are generally diagnosed at later stages due to imitative qualities 

with other benign diseases and difficult-to-detect sites (218). Histologically, lentiginous 

melanomas are characterized by a lentiginous array of atypical melanocytes along the 

dermo-epithelial junction. Invasive lesions show the presence of neoplastic single cells or 

nests in the dermis. 

 Although clinical diagnosis for these melanoma subtypes is confirmed by biopsy 

and pathological analysis, early diagnostic criteria for melanoma follows key shared 

prediction rules. Many physicians use the widely adopted ABCDE checklist, which 

includes determination of asymmetry, border irregularity, color variegation, diameter 

>6mm, and evolution (219, 220). In addition, intrapatient comparative analysis is 

important, where suggestion of melanoma comes with a lesion that does not match the 

patient’s nevus phenotype, often referred to as the “ugly duckling” sign (221-224). Both 

the ABDCE rule and “ugly duckling” sign can be used by the patient and their primary 

care clinicians to detect suspicious lesions necessary for dermatological referral (225-

227). It is important to note that these criteria apply most commonly to the superficial 

spreading subtype of melanoma and are less applicable to nodular and desmoplastic 

subtypes. In addition, because the ABCDE criteria are likely to miss early nodular or 

subungual melanomas, the EFG rule (228) (elevation, firm on palpation, and continuous 

growth) and ABCDEF rule (229) (age, brown band, change in nail band, digits commonly 
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involved, extension of pigment onto nail fold, family history of melanoma) were proposed 

to facilitate the detection of these subtypes, respectively.  

 Once melanoma has been suspected, dermatology referral is necessary with 

diagnostic confirmation using biopsy and histopathologic analysis. No single pathologic 

feature of melanoma is diagnostic, but rather based on a combination of features, like 

atypical melanocytes and architectural disorder. Although melanoma subtype 

classification is helpful for diagnosis, it is not informative about the biological behavior of 

the tumor and necessary management. Recognized prognostic factors for melanoma 

follow the tumor, node, metastasis (TNM) staging system (230). The American Joint 

Committee on Cancer in collaboration with the Union for International Cancer Control 

developed the TNM staging system that is now widely accepted by dermatologists (231). 

The “T” stands for tumor thickness and is defined as: T0 (unknown or regressed), T1 

(£1mm), T2 (>1 to 2mm), T3 (>2 to 4mm), and T4 (>4mm), with subdivision in each 

category for presence or absence of ulceration (231-234). The “N” category details the 

involvement of regional lymph nodes and is defined as: N0 (no regional metastasis), N1 

(one involved lymph node), N2 (2-3 tumor-involved nodes), and N3 (4+ tumor-involved 

nodes, with subdivision in each category for method of detection and location of disease 

(231). Lastly, the “M” stands for distant metastases and is defined as: M1a (metastasis to 

distant skin or lymph nodes), M1b (metastasis to lung), M1c (metastasis to other visceral 

sites, excluding the CNS), and M1d (metastasis to the CNS). Based on the TNM 

parameters, patients are grouped into 4 prognostic stages: Stage I (T1-1N0M0), Stage II 

(T2-4N0M0), Stage III (T2-4N1-3M0), and Stage IV (T2-4N1-3M1a-d) (231). Additional 
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independent prognostic factors include age (235, 236), sex (237-240), anatomic location 

(237, 241, 242), and mutation status (243).  

In difficult-to-confirm lesions, immunohistochemistry can be used with markers 

specific for melanoma (S-100, Sox10, MART-1, HMB-45, MITF, and tyrosinase) as well 

as molecular techniques (comparative genomic hybridization, fluorescence in situ 

hybridization, and gene expression profiling) (244-247). Overall, these approaches can 

be particularly useful when distinguishing between atypical melanoma, precursor 

melanocytic lesions, and nonmelanocytic lesions. This becomes critically important in 

order to combat such an aggressive neoplasm and minimize morbidity and mortality. 

Together, TNM staging parameters and these additional prognostic factors help providers 

develop individualized clinical care and treatment plans for their melanoma patients. 

However, the underlying molecular mechanisms of melanoma progression are important 

in understanding these diagnostic criteria. 

 

Melanomagenesis Mechanisms  
 

Melanocyte biology and its perturbation in the context of melanomagenesis and 

progression is an extensively studied area of research, with the ultimate goal of 

developing targeted therapies and improving outcomes for melanoma patients. Many 

studies have demonstrated that UV exposure is a major risk factor for melanoma. There 

are two independent pathogenic pathways for UV-induced melanomagenesis that have 

been postulated: 1) a melanin-independent pathways associated with UVB-induced DNA 

damage and 2) a UVA-initiated melanin-dependent pathway associated with indirect 
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oxidative DNA damage (248, 249). Both pathways however will create cyclobutane 

pyrimidine dimers in DNA (250) and are linked to BRAF-mediated melanomagenesis 

(251). In addition, the “divergent pathway” model describes a theory that individuals with 

the propensity to develop fewer melanocytic lesions require more sun exposure to begin 

melanomagenesis, and this usually occurs on chronically sun-exposed sites. In contrast, 

individuals with large numbers of nevi may require less UV exposure to induce 

melanomagenesis, and therefore development melanoma in sites where large nevi are 

found. This model suggests that melanoma on different sites of the body may occur via 

different mechanisms, like the ones described above (252-255). 

Multiple genetic mutations are necessary to lead to melanocytic transformation and 

melanomagenesis, also known as the “multi-hit” model (256). One study, utilizing the 

Cancer Genome Atlas program, found that in 331 metastatic and primary melanoma 

samples, there were three main mutated genes, including BRAF, RAS, NF1, and the triple 

wildtype, which is defined as BRAF, RAS and KIT wild type (257). Later studies confirmed 

these findings and postulated that these specific melanoma genetic subtypes develop 

along distinct evolutionary pathways, driven by mutations in different genes, and that 

these paths diverge depending on amount of sun exposure (204). The initiating events of 

melanomagenesis are typically gain-of-function mutations in driver oncogenes (BRAF, 

NRAS, GNAQ, GNA11), followed by secondary loss-of-function mutations in tumor 

suppressor genes (CDNK2A, TP53, PTEN, BAP1) (204, 205, 256). In other words, the 

initial oncogenic mutations are not founder events, but rather facilitate malignant 

transformation with the acquisition of subsequent oncogenic stimuli. Divergence in these 

pathways can give rise to different surface antigen expression, cytogenetic profiles, and 
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growth characteristics between patients of the same melanoma subtype, that can lead to 

differing metastatic propensities and prognosis (258-262). For example, cutaneous 

melanomas, arising from sun-exposed skin, are often associated with BRAF mutations, 

whereas acral melanomas are less commonly linked to BRAF mutations and more likely 

have amplifications in genes like CCND1 and CDK4 (263-265). 

Specifically, 25-30% of cutaneous melanomas will harbor a mutation in the 

oncogene, NRAS (257, 266). A somatic mutation in NRAS can cause constitutive activity 

of the NRAS protein, which in turn leads to serial activation of serine-threonine kinases, 

promoting cell cycle progression and melanocytic transformation. In about 14% of 

melanoma cases, loss of function of the NF1 tumor suppressor gene, which directly 

suppresses NRAS signaling, is found in combination with NRAS mutations (257, 266-

270). Of the serine-threonine kinases activated downstream of RAS activity, BRAF and 

CRAF are arguably the most important in melanoma pathobiology. Following activation, 

RAF homo- and hetero-dimers interact with the MAPK/ERK kinase MEK to initiate 

phosphorylation and subsequent activating phosphorylation of ERK (271-273). This 

MAPK pathway signaling cascade ultimately results in pro-growth and melanoma 

transforming signal (274). In addition to NRAS mutations, RAS-independent pathway 

growth signaling can be activated directly with BRAF mutations and in fact, approximately 

50% of cutaneous melanomas have an activating V600 mutation in the BRAF gene (275-

277). Among melanomas that are BRAF mutation-positive, up to 95% are BRAF V600 

alterations to -E or -K (278, 279). These point mutations result in BRAF monomers, 

instead of homo- or hetero-dimers, which leads to insensitivity to ERK-mediated feedback 

inhibition.   
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In addition to somatic mutations associated with the multi-hit model of 

melanomagenesis, 10% of melanoma are familial and are a consequence of germline 

mutations (280). However, there is considerable heterogeneity between different families, 

suggesting the importance of multiple genes that can contribute to familial 

melanomagenesis (281). The three most commonly linked familial melanoma genes are 

CDKN2A(282, 283), BAP1(284-287), and MCR1 (288-290). 

 

Treatment 
 
 The diagnostic, prognostic, and genetic information provided by pathologic review 

of the biopsied lesion influences the selection of treatment for patients (291). During the 

radial growth phase, the melanoma is almost always curable by surgical excision alone 

(98.4% 5-year survival rate) (292). These melanomas are called melanoma in situ or 

microinvasive melanomas. However, tumors that infiltrate deep into the dermis are 

considered to be in a vertical growth phase and have metastatic potential (293). Vertical 

growth phase tumors can arise de novo or from radial growth phase melanoma, but 

require more extensive treatment modalities, especially in the setting of metastasis. In 

patients with limited number of metastases, surgical metastasectomy can be beneficial 

with or without the addition of adjuvant systemic therapy.  

Immunotherapy is a common treatment option and the most common systemic 

treatment for metastatic melanoma. “Typical” systemic anti-cancer treatment options, like 

radiation therapy and cytotoxic chemotherapy, have not been shown to improve overall 

survival in patients with melanoma and are therefore not widely used. In fact, in multiple 
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randomized phase III clinical trials in BRAF wild-type metastatic melanoma, single-agent 

immunotherapy improved overall survival compared to chemotherapy (294, 295). 

Checkpoint immunotherapy inhibition with a PD-1 inhibitor (pembrolizumab or nivolumab) 

in combination with a T cell activator (ipilimumab or relatlimab) has been reported to be 

more efficacious than single-agent anti-PD-1 therapy (296, 297), however responses to 

immunotherapy may develop slowly. PD-1 is a transmembrane protein expressed on T 

cells, B cells, and natural killer cells that binds to the ligands PD-L1 and PD-L2, which are 

present on many tumor cells. This interaction directly inhibits apoptosis of the tumor cell, 

therefore inhibition of PD-1 through treatment with antibodies like pembrolizumab or 

nivolumab, lead to downstream activation of apoptosis of cancer cells (298, 299). 

Unfortunately, the use of these systemic treatment modalities is associated with a variety 

of clinically significant autoimmune side effects, including fatigue, infusion-related 

reactions, cytokine release syndrome, dermatologic toxicity, diarrhea, hepatotoxicity, 

pneumonitis, autoimmune thyroid disease, adrenal insufficiency, type 1 diabetes mellitus, 

and increased risk of opportunistic infections. 

In patients where melanoma tumors have been sampled and specific point 

mutations have been identified, targeted therapy is the preferential treatment option. In 

BRAF V600 mutation-positive melanoma, BRAF inhibition is highly effective in producing 

rapid tumor regression, especially in combination with MEK inhibition (300-303). These 

combination regiments include dabrafenib plus trametinib, vemurafenib plus cobimetinib, 

and encorafenib plus binimetinib. Unfortunately, virtually every patient treated with a 

BRAF inhibitor will eventually have resistance and disease progression. No consistent 

mechanism for resistance has been identified, but studies have suggested bypass 
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mechanisms within the MAPK pathway (304-312), altered RNA processing of BRAF 

(313), and signaling through the parallel cell growth pathway, PI3K (314, 315).  

 

1.3 Parkinson’s Disease and Melanoma 
 
 Chapter 1.3 will focus on the clinical association between PD and melanoma. 

However, it is important to contextualize this disease connection within the broader trends 

between PD and other common cancers. Many epidemiological studies have indicated 

an inverse association between the risk of developing cancers and PD. Bajaj et al. found 

in a meta-analysis of 29 studies that PD was associated with an overall 27% decreased 

risk of all cancers and 31% decreased risk after exclusion of melanoma (2). Similarly, 

another meta-analysis study found a 17% decreased risk of cancer in PD patients (316). 

These trends extend to other neurodegenerative diseases as well, including Alzheimer’s 

Disease (AD) (317-320). However, these studies have collectively found an increased 

prevalence of a select few cancers in PD, including breast (4-6, 321), brain (4, 322, 323), 

non-melanoma skin cancer (5-7, 322, 323), and melanoma. Chapter 2 will further address 

the differences in incidence between PD-melanoma and PD-other cancers.  

 

Epidemiological Studies 
 
 In 1972, Skibba et al. first reported the unusual development of multiple 

melanomas in a patient suffering from PD (324). Since this initial report, many 

epidemiological studies have further elucidated a clinical connection between PD and 

melanoma, where there is an increased incidence of melanoma in PD patients compared 

to healthy individuals. These reports found an increased incidence ranging from 1.41-
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20.9, depending on the study, which included a variety of cohort sizes and demographic 

characteristics (2, 5-7, 10-15, 17, 18, 32, 325). A meta-analysis from 12 studies showed 

that the risk of developing melanoma in individuals with PD was 3.6-fold higher than 

controls individuals, with a pooled odds ratio of 2.1 (326). Another meta-analysis from 22 

studies reported a 2.4-fold increased risk of melanoma in PD, with a pooled odds ratio of 

1.83 (327). 

This clinical relationship is bi-directional, whereby individuals with melanoma are 

at an increased risk of developing PD. Although less well-studied, multiple investigations 

have reported an increased fold change of developing PD in melanoma patients ranging 

from 1.5 to 4.2 (7, 12, 15, 21-23). Interestingly, this increase in incidence of PD not only 

included patients with melanoma, but also their first-degree relatives. Gao et al. found 

that individuals with a first-degree family history of melanoma had a 1.85-fold higher risk 

in developing PD than those without a family history of melanoma (22), and this 

association extends to third-degree relatives, as well (12). Lastly, PD-associated mortality 

is significantly higher in individuals with melanoma compared to individuals with other 

types of cancer (12, 21, 23). Despite overwhelming evidence that the clinical relationship 

between melanoma and PD is bi-directional, the difference in melanoma disease 

presentation, characteristics, and prognosis in pPD is not well characterized, but it could 

provide substantial clinical insight and prompt development of clinical criteria that allow 

for better monitoring in a high-risk pPD population. Chapter 2 investigates the melanoma 

characteristics and other melanocytic and non-melanocytic precursor lesions associated 

with pPD, to address this gap in epidemiological research. 
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 There have been documented shared risk factors between PD and melanoma 

which include: 1) Age- the risk of developing both diseases increases with age; 2) Family 

history- having a close relative with PD increases one’s risk for PD, and having a close 

relative with melanoma increases one’s risk for melanoma (328); 3) Gender- men are 1.5 

times more likely to develop PD (329) or melanoma (330) compared to women; and 4) 

Ethnicity- both PD (28) and melanoma (329) are more common in white populations. 

Furthermore, melanoma and PD patients can share certain clinical prodromal features, 

like vitamin D deficiency (331-335) and sleep disorders (336-338). Altogether, the 

bidirectionality of this relationship and the shared clinical risk factors suggest that there 

are common genetic, environmental, and/or molecular mechanisms contributing to this 

phenomenon. 

 

Current Molecular Hypotheses 
 

Initial reports, like Skibba et al. (324), suggested that the increased incidence of 

melanoma among PD patients could arise from levodopa treatment. This was 

hypothesized based on the concept that levodopa is fundamentally involved in both 

dopamine and melanin biosynthetic pathways in dopaminergic neurons and melanocytes, 

respectively (339-341). Furthermore, although bidirectional, the risk for PD in melanoma 

patients has consistently been lower than that for melanoma in PD patients, indicating 

additional factors, like levodopa therapy, could be contributing to the latter. Clinically, 

melanoma history is still listed as a contraindication to levodopa use. However, reports 

showing an increased incidence of PD in melanoma patients and an increased risk of 

melanoma in first-degree relatives of PD patients, two populations that are not taking 
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levodopa, overwhelmingly suggest that the clinical relationship between PD and 

melanoma is not due to levodopa treatment, but rather other genetic, environmental, and 

molecular factors. 

 Some studies have investigated the underlying genetic links between PD and 

melanoma, given work linking family-history of melanoma to PD risk (12, 22). A meta-

analysis of four genome-wide association studies found a positive genetic correlation 

between melanoma and PD (342). They identified 7 melanoma and PD-associated 

genes, including GPATCH8, MYO9A, PIEZO1, SOX6, TRAPPC2L, ZNF341, and 

ZNF778. Another study performed whole-exome sequencing of 246 cutaneous 

melanoma tissue samples and found that roughly 50% of the samples contained one of 

14 somatic mutations in genes that had previously been associated with PD (110). These 

included the genes, LRRK2, PRKN, EIF4G1, and SYNJ1. In fact, other studies have 

validated these findings of PRKN somatic mutations within melanoma tissue (343, 344). 

Conversely, various melanoma-related gene mutations have been identified in PD 

patients. These include TRPM7 (345), PTEN (346), GPNMB (347, 348), and MC1R (22). 

Two gene polymorphisms in MC1R, variants R151C and R160W, which are responsible 

for fair skin phenotypes with reduced UV protection, has been linked to an increased 

incidence of PD (22, 349-352) and increased incidence of melanoma (353-355). 

Interestingly, the location of these correlated genes in melanoma and PD plays a role in 

the susceptibility of mutations. For example, fragile regions on chromosome 6 are home 

to PRKN as well as other tumor suppressor genes that are commonly mutated in 

melanoma. This region is especially susceptible to deletions and mutations (356). In 

addition, PINK1 is located on chromosome 1p36, a region frequently deleted in human 
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cancers and mutated in familial forms of PD (357-359). Further investigation is necessary 

to uncover the molecular and cellular pathways affected by these genetic mutations and 

how dysregulation of these pathways lead to both melanoma and PD pathogenesis. 

 Beyond the genetic connection between melanoma and PD, it is intriguing to 

consider the pathway convergences between these two diseases. One such pathway that 

has garnered interest in the context of melanoma and PD co-incidence is the 

pigmentation synthesis pathways. Melanin is the main determinant of skin pigment in 

melanocytes, but also exists as neuromelanin in dopaminergic neurons in the substantia 

nigra. Melanin synthesis disorders can lead to melanoma, while neuromelanin 

abnormalities have been linked to PD, suggesting a common correlation between both 

diseases (360, 361). These synthesis pathways share conserved precursors, where 

phenylalanine is converted to tyrosine (Figure 1.3.1). At this stage, pathways will diverge, 

where tyrosine hydroxylase (TH) converts tyrosine to the dopamine precursor levodopa, 

while tyrosinase (TYR) converts tyrosine to the melanin precursor dopaquinone. 

Neuromelanin is ultimately produced from dopamine in dopaminergic neurons and 

eumelanin and pheomelanin is produced from dopaquinone in the melanosome of 

melanocytes (362). 
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Figure 1.3.1. Biosynthesis of Melanin and Neuromelanin. Adapted from Kazumasa 
2021 (363). This schematic illustrates the shared and distinct synthesis pathways of 
melanin, neuromelanin. and dopamine. Both pathways initiate with the amino acid 
tyrosine (red circle), which is converted to L-DOPA via tyrosine hydroxylase. In 
dopaminergic neurons (blue box), L-DOPA undergoes decarboxylation by aromatic L-
amino acid decarboxylase (AADC) to form dopamine (red circle). Subsequently, 
dopamine may polymerize into neuromelanin in the substantia nigra. In melanocytes 
(yellow box), L-DOPA is further oxidized by tyrosinase, driving melanin synthesis into 
eumelanin or pheomelanin. Both pathways involve intermediate compounds, such as 
dopaquinones, which can generate reactive oxygen species contributing to cellular 
oxidative stress. These processes underscore the biochemical and pathological links 
between dopaminergic neurodegeneration and melanocytic function. 
 
 
 In the course of the aforementioned melanin and neuromelanin synthesis 

pathways, reactive oxygen species are formed, which have toxic effects on cells (364). In 

the substantia nigra, these radicals can lead to neuronal damage, while in the skin, these 
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radicals can lead to DNA damage, ultimately increasing the risk of PD and melanoma 

respectively (365, 366). Furthermore, aggregated αSyn, as seen in PD, has been shown 

to disrupt melanin biosynthesis, namely the catalytic activity of TYR (Figure 1.3.1) (367-

369). In fact, the TYR melanogenesis pathway was identified as the top significant 

pathway for PD in a GWAS study (370) and treatment with TYR inhibitor, S05014, 

protected neurons from MPTP-induced impairment in vitro and attenuated movement 

abnormalities in vivo (371). Overall, researchers have hypothesized that in the 

melanocytes of patients suffering from PD, increased αSyn causes inhibition of TYR, 

which leads to decreased melanin synthesis, leading in turn to the increased risk for 

melanoma (367, 372). However, aggregated αSyn may regulate other components of the 

melanin synthesis pathway, as well. In fact, Dean and Lee proposed an alternative 

mechanism by which αSyn modulates Pmel17 function, a premelanosomal protein which 

forms a fibrillar matrix that serves as a scaffold for melanin polymerization (373). αSyn 

has also been shown to regulate glycosphingolipids, which are responsible for the sorting 

of tyrosinase to melanosomes, and the dysregulation of glycosphingolipids has been 

associated with both melanoma and PD (374-379). Lastly, it has been proposed that the 

connection between PD and melanoma arises from pheomelanin levels; where 

neuromelanin is made of a pheomelanin core that becomes more exposed with age and 

therefore increases the selective vulnerability of the pigmented dopaminergic neurons to 

oxidative reagents or dopaminergic toxins in PD (380, 381), while increased peripheral 

pheomelanin is also associated with increased risk of melanomagenesis (382).  

Regardless of the cause of melanin/neuromelanin biosynthesis dysregulation 

suggested above, it is unclear whether the presence of neuromelanin in dopaminergic 



 44 

neurons is toxic or protective. The loss of neuromelanin in the substantia nigra, as seen 

on autopsy in PD patients (383), could be the result of the loss of neurons, or indicate 

that the death of neurons is triggered by loss of neuromelanin when the synthesis pathway 

is compromised (360, 384). However, in melanoma, it has been found that transformed 

melanocytes increase expression of melanin, which inversely correlates with overall 

survival and tumor progression in patients with advanced melanoma (361), suggesting its 

role in melanoma is not protective. Further studies are needed to elucidate the role of 

CNS and periphery pigmentation in the PD-melanoma association, especially in racial 

populations where melanomas most likely form on sun-protected areas. 

 In addition to the pigmentation pathway hypothesis, researchers have proposed 

the immune system as a contributing factor in the PD-melanoma association. Melanoma 

has traditionally been thought of as an immunogenic tumor, where cell proliferation is 

associated with immune system dysfunction (385, 386). In addition, neuroinflammation 

plays a role in the pathogenesis of PD (387-389). On autopsy, PD patients will exhibit 

elevated levels of pro-inflammatory factors in their brains, which are believed to play a 

role in neurodegeneration within the CNS (390). Furthermore, there is evidence that 

supports the involvement of the peripheral immune system in melanoma and PD 

pathogenesis and progression (391, 392). For example, PD patients have altered gut 

microbiomes, which may increase inflammation (391), and the intestinal flora plays a role 

in the response of patients treated with anti-PD-1 therapies (393). Overall, immune 

dysregulation may represent one of the convergent mechanisms leading to 

neurodegeneration in dopaminergic neurons and tumorigenesis in melanocytes, however 

more studies are needed to explore immune dysregulation in the PD-melanoma link. 
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 Lastly, the shared role of αSyn in melanoma and PD is of great interest. Although 

αSyn is traditionally thought of as a neurodegeneration-associated protein, it is also found 

outside of the CNS and is highly upregulated in melanoma. Studies have found an 

increased amount of αSyn deposition in skin biopsies of patients with melanoma, 

compared to melanocytes in healthy individuals(394-396), with an estimated 86% of 

primary metastatic melanoma tissue samples being positive for αSyn (397). In addition, 

gene expression analysis found that SNCA expression was around 3-fold higher in 

metastatic melanoma tissue samples compared with healthy controls (398). Lastly, 

immortalized human melanoma cell lines highly upregulate endogenous αSyn expression 

when compared to multiple other cell lines (339, 397-401). Altogether, these observations 

suggest that this PD-associated protein could represent a molecular link between these 

two diseases and will be the focus for the remainder of this dissertation. 

 

 

1.4 Alpha-synuclein 
 
 αSyn is a small 140 amino acid long protein that is abundant in the CNS, 

accounting for about 1% of total soluble CNS protein (402). As shown in Figure 1.4.1, the 

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

presence of synaptic vesicles (403, 404), which allows for αSyn to act as a chaperone 

when bound to these docked synaptic vesicles to form SNARE complexes for 

downstream neurotransmitter release from the presynaptic membrane (405-407). The 

hydrophobic Non-amyloid-beta Component (NAC) domain (residues 61-95) allows for 

αSyn to form β sheet structures and is the region responsible for pathologic αSyn 
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oligomerization. This region can either be membrane-bound or exposed to the cytosol, 

where it can recruit monomer αSyn and induce accumulation (408, 409). Finally, the C-

terminal segment (residues 96-140) inhibits aggregation but contains post-translational 

modification sites that are important in αSyn biology. These properties of αSyn’s structure 

suggest that it is an intrinsically disordered protein (IDP) that can fold into alpha-helical 

conformations and undergo other disease-associated reorganizations (described later in 

Chapter 1.4 and Chapter 5.4), yet there remains controversy as to whether it can also 

exist physiologically as a tetramer (410). αSyn is located throughout the cell body but 

enriched in the synapse and nucleus of the cell. Its role at the synapse has been highly 

studied, and it is involved in synaptic vesicle release and plasticity of the synapse via its 

N-terminal alpha-helical structure. Its role in the nucleus is poorly understood but will be 

discussed in length in Chapter 1.5, and is the basis for Chapters 3 and 4. 
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Figure 1.4.1. Structure of αSyn. Adapted from Fan et. al 2021 (411). This figure 
illustrates the domain organization of alpha-synuclein, a 140-amino-acid protein central 
to synucleinopathies. The N-terminal region (residues 1–60) features amphipathic helices 
that enable membrane binding and contains key mutations (e.g., A30P, E46K, A53T) 
linked to familial Parkinson’s disease. The non-amyloidogenic (NAC) domain (residues 
61–95) drives aggregation into amyloid fibrils, a hallmark of pathological inclusion bodies. 
The C-terminal region (residues 96–140) modulates aggregation through its acidic 
residues and is a site for phosphorylation and truncation. Together, these domains 
underpin alpha-synuclein’s role in physiological functions, such as synaptic vesicle 
regulation, and its misfolding in neurodegenerative diseases. 

 

Alpha-Synuclein in PD  
 
 As described in Chapter 1.1, aggregated and insoluble forms of αSyn are a major 

component of LBs in PD and other synucleinopathies (412-414). The mechanisms by 

which αSyn aggregates is not well understood. It is thought that an alteration in secondary 

structure causes the natively unfolded αSyn to self-aggregate after being targeted for 

proteasomal degradation by ubiquitin (415). Observations from both human and rodent 

models suggest that misfolded forms of αSyn can be transmitted from diseased neurons 

to healthy ones (416). Additionally, pathologic and aggregated αSyn can act as a template 
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that corrupts monomeric αSyn. This “seeding” phenomenon, similar to prion diseases and 

therefore coined the “prion-like hypothesis”, further spreads the disease from an affected 

neuron or glial cell to a normal one, which in turn becomes diseased. This is based, in 

part, on studies in which injection of pre-formed fibrils (PPFs) of αSyn into the brains of 

normal mice leads to LB-like pathology with progressive loss of dopaminergic neurons 

and impaired motor coordination (417, 418). Furthermore, in long-term studies of patients 

with PD who received human fetal nigral neuron transplantation, autopsy revealed that 

the grafted nigral neurons contain LBs that stain positive for αSyn (419, 420).  

Throughout the past few decades of research, scientists have questioned whether 

αSyn aggregation itself causes cell death and ultimately neurodegeneration (421, 422), 

or if LBs are merely byproducts and may actually serve a protective rather than toxic 

function (423-426). This issue is still under debate; however, recent evidence utilizing 

longitudinal in vivo multiphoton imaging in mice injected with pre-formed fibrils (PFFs) 

suggests that neurons that bear these inclusions are the ones that eventually degenerate 

(427). This data strongly supports a model where LBs are tightly paired with cellular death. 

However, how these aggregates are promoting cell death is still an active area of 

investigation. Some studies suggest that misfolded and aggregated αSyn can “clog” 

cellular protein homeostasis and impair proteolysis, through dysregulation of molecular 

chaperone, ubiquitin-proteosome, and autophagy-lysosomal pathways (428-430). Other 

studies suggest that αSyn aggregation causes mitochondrial dysfunction. In 32 to 38% of 

sporadic PD patients, mitochondrial complex I activity is decreased in the substantia nigra 

(431, 432). In addition, mitochondrial toxicity in PD has been utilized to develop multiple 

murine-based PD models. These agents include 1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine (MPTP) (433, 434) and rotenone (435). Lastly, other cellular insults 

have been reported as a consequence of LB formation upstream of neurodegeneration, 

including oxidative stress (432, 436), iron metabolism (437-439), inflammation (440, 441), 

and DNA damage (442, 443).  

Not only is αSyn pathologically connected to PD, but it is also genetically 

connected to PD. SNCA gene missense mutations and multiplications are rare causes of 

autosomal dominant parkinsonism (76). The symptomatic phenotype of individuals 

harboring these mutations range from classic PD to DLB (444-446); however, the clinical 

features of the majority of SNCA mutations show younger age of onset, greater cognitive 

decline, and more rapid progression of disease (88, 447, 448). The first SNCA mutation 

to be associated with parkinsonism was a single base pair substitution leading to a point 

mutation, A53T, on chromosome 4q21-q23 in a Greek-Italian kindred (73, 449). Since this 

discovery, several additional mutant variants have been found in familial kindreds linking 

the SNCA gene to parkinsonism, including A30P, E46K, A53E, H50Q, and G51D. Since 

their discovery, there have been PD mouse models created utilizing the A30P, E46K, and 

A53T mutations (450). 

Interestingly, all of these missense mutations are located within a specific region 

of the N-terminal segment of αSyn (Figure 1.4.1), which suggests a functional role for this 

region in PD pathogenesis. Studies have found that the A30P mutations disrupts alpha-

helical formation of the N-terminal segments, and the A53T mutation enhances the 

formation of β sheet-like conformations in the N-terminal segment (451, 452). Mechanistic 

insight into the pathophysiology of these mutations has uncovered a role for the NAC 

domain, as well. The A30P and G51Q mutations have been shown to increase cytosol 
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exposure of the NAC domain, prompting αSyn misfolding and aggregation (453). The 

difference in protein dynamics between the PD-associated point mutations helps increase 

our understanding of PD pathophysiology and αSyn aggregation; however, requires 

further investigation. 

Similarly, overexpression of SNCA can also lead to parkinsonism features. 

Duplications and triplications were first discovered in rare familial cohorts that display 

phenotypic symptoms of early-onset parkinsonism (454). In general, 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, with rapid progression of 

disease (455). In addition, triplications have been studied in multiple family cohorts, 

associated with autosomal dominant, young-onset parkinsonism, dysautonomia, cardiac 

denervation, DLB, and neuropathological features similar to MSA (456). 

Pathophysiologically, SNCA duplications and triplications may cause the natively 

unfolded αSyn protein to alter its secondary structure and self-aggregate (415). These 

genetic variations may promote the hydrophobic portion of αSyn to spontaneously form 

fibrillar protein aggregates as described above (457).  

Overall, αSyn biology and its aggregation properties are clearly linked to PD and 

other synucleinopathies. Yet its expression outside of the CNS is intriguing and allows us 

to consider its role in other diseases and physiological conditions as well. 

 

Alpha-Synuclein in Melanoma 
 
 Although traditionally thought of as a neurodegeneration-associated protein, αSyn 

is also present in the periphery of the body and in cell-types seemingly unrelated to the 
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brain. In PD patients, researchers have found evidence for the deposition of pathologic 

αSyn within peripheral tissues (394, 458-473), which has been proposed as a pPD 

diagnostic tool for PD (474). In fact, a meta-analysis by Tsukita et al. found that the 

detection of pathologic αSyn in skin samples had enhanced selectivity in identifying PD 

versus healthy individuals (474). αSyn has also been found in specific skin cell types, 

including fibroblasts (475, 476), keratinocytes (394, 395, 458, 473), and melanocytes 

(395, 464, 477) within PD patients compared to healthy controls (395). Not only is αSyn 

found in the skin of PD patients, but endogenous αSyn seems to be highly upregulated 

in melanoma samples as mentioned in Chapter 1.3. Studies have found that ~85% or 

more of primary and metastatic melanoma biopsies from patients were positive for αSyn 

(5, 395-397), and this has been validated in multiple other studies (395, 473). In addition, 

gene expression analysis has found that SNCA expression is ~3-fold higher in metastatic 

growth phase melanomas compared with healthy controls (398). Finally, human 

melanoma cell lines that are commonly utilized in research show upregulation of αSyn 

compared to other cell lines (367, 397-401). 

 A handful of studies have followed up this observation with functional studies for 

the role of αSyn in melanoma. Exploiting The Cancer Genome Atlas melanoma mRNA 

expression dataset, one study found that melanoma patients with high SNCA expression 

had lower survival probabilities (478), suggesting that αSyn expression is important in the 

growth and potentially aggressiveness of the melanoma tumor. Other studies have 

supported this result and have found that αSyn is critical for melanoma growth and 

proliferation in both in vitro and in vivo models. Overexpression of αSyn causes increased 

cell proliferation in B16 melanoma cells (479) and increased tumor growth in a mouse 
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xenograft model (479). Conversely, knocking out αSyn suppresses melanoma 

proliferation (478), migration (480), and invasion (480) in vitro, while decreasing tumor 

growth in a mouse xenograft model (478, 481). Furthermore, inhibiting αSyn 

oligomerization with anle138b (3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole, 

a molecule that binds to fibrils and destabilizes oligomers) significantly inhibits melanoma 

cell proliferation in vitro (398) and the growth of xenograft melanoma tumors (398). 

Overall, these results suggest that endogenous αSyn expression plays a functional role 

within the melanoma cell to promote growth phenotypes, yet what this role may be is not 

well understood.  

 

Functional Studies 
 
 With the aforementioned data suggesting that LB formation contributes to neuronal 

death, and conversely, the upregulation of αSyn in melanoma is important for cell survival, 

this begs the question: what is αSyn doing inside of the cell to play a role in these 

disparate outcomes? 

 Within PD research, there are two opposing hypotheses to explain the observation 

that LB formation correlates to neuronal cell death: the αSyn “gain-of-function” hypothesis 

and the αSyn “loss-of-function” hypothesis. The more widely studied “gain-of-function” 

hypothesis postulates that αSyn aggregates can have toxic properties that can lead to 

problems within the cell. These downstream problems, which were briefly mentioned 

earlier in this section, include oxidative stress (432, 436), mitochondrial malfunction (482), 

synaptic dysfunction (483), ubiquitin proteosome system impairment (484, 485), iron 

metabolism (437-439), autophagic dysregulation (430, 486, 487), and inflammation (440, 
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441). Although more robustly studied, these “gain-of-function” hypotheses do not perfectly 

fit the complex nature of PD progression, and there has been building evidence for the 

validity of the “loss-of-function” hypothesis in PD.  

 The less-studied “loss-of-function” hypothesis in PD research postulates that the 

normal role of endogenous monomeric αSyn within the cell is perturbed during pathologic 

aggregation and LB formation. The absence of this upstream αSyn function ultimately 

leads to neuronal death. Data supporting this hypothesis includes the detection of 

interrupted synaptic transmission and dysregulated neuronal function in αSyn KO mice 

(488, 489). Furthermore, as mentioned earlier, longitudinal in vivo multiphoton imaging in 

PFF-injected WT Syn-GFP-expressing mice revealed tight correlation between inclusion 

formation and neuronal cell death (427). However, this study also revealed that prior to 

mature inclusion development, soluble Syn-GFP was present in both the cytoplasm and 

nucleus of the neuron. Upon somatic inclusion formation, the soluble Syn-GFP 

disappears from the nucleus of the cell. This finding was further confirmed in an 

analogous experiment utilizing an A53T Syn-GFP mouse line (442). Multiple studies have 

also shown endogenous expression of αSyn in the nucleus of the cell in PD patients’ 

brains, mouse models of PD, and immortalized cell lines (427, 442, 490-502). Altogether, 

these studies further advocate for the “loss-of-function” hypothesis, whereby the loss of 

soluble nuclear αSyn and the impairment of its potential function within the nucleus 

potentially contributes to neurodegeneration in PD. 

 With this in mind, it is also plausible that this “loss-of-function” hypothesis in PD 

and the nuclear function of αSyn could inform melanoma biology and help explain the 

PD-melanoma association. Multiple studies have shown that the upregulation of αSyn, 
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which is important for proliferation in melanoma cells, extends to expression within the 

nucleus (373, 395, 398, 401, 473, 503-506). The loss-of-function of nuclear αSyn as a 

consequence of LB formation in neurons can simultaneously exist with a gain-of-function 

of nuclear αSyn as a consequence of overexpression in melanoma cells, ultimately 

leading to both cell death and hyperproliferation, respectively. This potential explanation 

for the PD-melanoma association raises the question: what is the nuclear function of 

αSyn?  

 

 

1.5 Alpha-Synuclein and DNA Double-Strand Break Repair 
 
Role in the Nucleus 
 

Few studies have investigated the normal role of αSyn in the nucleus. Some of 

these have uncovered functions, including the modulation of gene expression by 

interacting with nucleosomes (507), histones (508-512), and regulatory regions of genes 

(513, 514), protecting against replication stress in yeast (510), and binding to DNA in vitro 

(442, 502, 515, 516). There is additional evidence that αSyn facilitates DNA double-strand 

break (DSB) repair.  

The role of αSyn in DNA DSB repair is first based on the observation of reported 

increases in DNA DSB signatures in brains of PD patients, that is directly correlated with 

LB pathology (442, 517, 518). Additionally, in one study, researchers found that in 

individuals with Ataxia Telangiectasia, a rare DSB repair deficiency disorder due to the 

mutation in DSB repair protein Ataxia Telangiectasia Mutated (ATM), LB-like inclusions 

were present in brain samples on autopsy (519). ATM knockout (KO) mice also display 



 55 

increased αSyn aggregation and progressive loss of dopaminergic neurons in the 

substantia nigra (520). Furthermore, direct evidence has implicated αSyn as a functional 

component of the DSB repair pathway. Nuclear αSyn foci have been shown to colocalize 

with 𝛾H2AX and poly ADP-ribose (PAR), both DSB response markers important in the 

early stages of the repair process (442). In mouse cortical neurons, in vivo laser-induced 

DNA damage rapidly recruited 142E Syn-GFP to the sites of damage (442). Moreover, 

αSyn KO in human haploid (HAP1) cells showed a significant increase in 𝛾H2AX after 

widespread DNA damage via bleomycin treatment (442) and an increase in percent of 

deletion frequency after CRISPR/Cas9 DSB induction (443). In vivo studies showed a 

significant increase in 𝛾H2AX and PAR signals in αSyn KO mice, as well (442). 

Mechanistically, there is evidence that αSyn facilitates DSB repair via the non-

homologous end-joining (NHEJ) pathway (443).  

These findings thus far link DSB repair to PD. Yet additional evidence suggests 

that DSB repair plays an important role in melanoma. During melanomagenesis, there is 

an increased amount of DSBs (521, 522), and studies have shown that melanoma cells 

upregulate DSB repair components, allowing for improved DSB repair critical for cell 

survival (523, 524). In addition, melanoma is known as a relatively radiotherapy-resistant 

cancer because of this increased DSB repair capacity (525, 526), whereby the addition 

of DSB repair inhibitors have been effective at treating melanoma (527, 528). 

Overall, these findings further support the loss-of function (PD) and gain-of-

function (melanoma) hypothesis (Figure 1.5.1): The loss of nuclear αSyn in dopaminergic 

neurons as a consequence of LB formation in PD leads to decreased DSB repair 

efficiency, an increased DNA damage burden seen in PD, and ultimately contributes to 



 56 

degeneration of this population of neurons; Conversely, as an additional mechanism to 

evade replication-induced DNA damage, melanoma cells upregulate αSyn to increase 

DSB repair efficiency, and ultimately promote cell proliferation, tumor growth, and 

metastatic potential. However, it is still unclear the mechanism by which αSyn could be 

involved in DSB repair within the nucleus and how this connects PD and melanoma 

progression. This question is the basis for Chapters 3 and 4 and will be investigated 

during this dissertation.  

 

Figure 1.5.1. Proposed Loss-of-Function (PD) and Gain-of-Function (melanoma) 
Hypothesis 
 
 
DNA Double-Strand Break Repair Pathways 
 
 Cells have developed conserved mechanisms to repair DNA damage, collectively 

referred to as the DNA damage response (DDR). These highly complex pathways have 
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adapted different DNA damage mechanisms specific to the type of insult and cell state. 

These types of insults include base pair mismatch, base oxidation, deamination and 

alkylation, single-strand breaks, intra-strand crosslinks, inter-strand crosslinks, and 

DSBs. Of these lesions, DSBs are the most toxic form of DNA damage and at baseline, 

10-50 DSBs occur during each cell cycle (529). DSBs arise from not only endogenous 

sources such as reactive oxygen species during metabolism, collapsed replication forks, 

collisions between replication and transcription machineries, incomplete separation of 

sister chromatids during mitosis, and nucleases, but also from exogenous sources, 

including ionizing radiation and compounds used in chemotherapy. The proper 

functioning of these pathways is critical, because if left unrepaired or if the level of damage 

exceeds the repair capacity, the outcome is either cell senescence or death. Therefore, 

the DSB DDR becomes especially important in the context of diseased states when cells 

are under highly stressful conditions that increase genomic instability. The two most-

common pathways to repair DSBs are homologous recombination (HR) and non-

homologous end-joining (NHEJ) (Figure 1.5.2). 

HR is named for this pathway’s ability to copy genetic information from a 

homologous (sister) chromatid. First, after recognition of the DSB site, a large 5’ to 3’ 

resection on one strand of the DNA is created, resulting in a single-stranded overhang. 

The MRN complex, consisting of MRE11, Rad50, and Nbs1, initiates short-range 

resection along with CtIP and BRCA1. Long-range resection is performed by EXO1 and 

BLM helicase. RPA will localize to the single-stranded overhangs until Rad51 is recruited, 

at which point a D-loop is created on the sister chromatid. The DSB is resolved by either 

synthesis dependent strand annealing (SDSA) or double Holliday junction (dHJ) 
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formation, ultimately resulting in non-crossover or crossover events. Because HR 

depends on templating of a sister chromatid, this pathway is relatively faithful and “error-

free”. However, this process is contingent on DNA replication and is therefore constrained 

to late S and G2 phases of the cell cycle when the duplicated sister chromatid is 

accessible. Because of these features, HR is traditionally found in proliferating cell types 

and not within post-mitotic populations, like neurons. 

Unlike HR, NHEJ does not rely on a sister chromatid and therefore is thought to 

be the only DSB repair pathway relevant to post-mitotic cells. First, Ku70/80 recognizes 

the DSB and recruits DNA-PK to the site of damage. DNA-PK then interacts with Artemis 

to form a complex, which autophosphorylates. After Artemis-mediated end processing, 

XRCC4 and XLF repair the DSB. Both XRCC4 and XLF can function in template-

dependent and template-independent synthesis, therefore leading to base pair mutations. 

Compared to the error-free nature of HR, NHEJ is traditionally thought of as “error-prone”; 

however, recent studies have suggested that its actual propensity towards inaccurate 

repair may be overestimated(530, 531). Because NHEJ is not dependent on sister 

chromatid templating, NHEJ can operate throughout the cell cycle and at a much faster 

rate than HR (532). 
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Figure 1.5.2. DSB Repair Pathways. Adapted from Gillespie et al. 2023 (533). This 
schematic depicts the two main pathways for repairing double-strand breaks (DSBs) in 
DNA: non-homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ 
is active throughout the cell cycle and involves direct ligation of DNA ends with minimal 
processing, making it rapid but error-prone. Key steps include recognition by the 
Ku70/Ku80 heterodimer, end processing by DNA-PKcs and Artemis, and ligation by 
XRCC4-LIG4. HR is active during the S and G2 phases when a sister chromatid is 
available as a template, ensuring error-free repair. This pathway includes end resection 
by the MRN complex, recruitment of RPA and RAD51, and strand invasion mediated by 
BRCA1/BRCA2. The pathways are tightly regulated by cell cycle-specific factors to 
maintain genome stability and prevent mutagenesis. 
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The choice between HR and NHEJ during any given insult is an active area of 

study, but include factors like cell cycle stage, chromatin structure and accessibility, repair 

protein expression, availability of homologous repair templates, and DNA damage type 

(534-537). Researchers have also found that although HR and NHEJ are mutually 

exclusive, a number of repair proteins are involved in and influence both pathways, 

including MRN complex, BRCA1, H2AX, PARP1, RAD18, ATM, and DNA-PK (537). For 

example, pathway choice is partly regulated by the balance of 53BP1 and BRCA1 (538). 

53BP1 protects the DNA ends against resection and promotes NHEJ, while BRCA1 

promotes resection and HR (539).  DNA-PK can also play a role in pathway choice via its 

kinetics, enzymatic competition, and/or autophosphorylation checkpoints with Artemis 

(534, 540). This area of investigation, HR versus NHEJ, becomes especially pertinent in 

the context of the association between PD and melanoma. Both neurodegeneration and 

cancer utilize these DSB repair pathways differently, which have substantial implications 

for the role of αSyn in these repair mechanisms. This topic will be discussed in Chapters 

3, 4, and 5.  

 

Alpha-Synuclein in the Nucleolus and the Nucleolar DNA Damage Response 
 
 Preliminary data from multiple cell lines indicate a potential role for αSyn in the 

nucleolus of the cell. Immunocytochemistry staining of primary melanocytes and human 

melanoma cell lines, SK-Mel28 and A375, for αSyn (Syn1) revealed an enrichment of 

discrete foci in the DAPI-poor regions of the nucleus (Figure 1.5.3). Traditionally in 

immunofluorescence, DAPI-poor regions have been associated with the nucleolus of the 

cell. DAPI binds to double-stranded DNA that is A-T rich, therefore it preferentially stains 
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heterochromatin more intensely than euchromatin due to its highly condensed nature. 

The nucleolus is a membraneless subcompartment of the nucleus where ribosome 

biosynthesis primarily occurs. Ribosomal DNA (rDNA) occur in repetitive gene clusters, 

called nucleolar organizer regions (NORs). The actively transcribed rDNA genes are 

located within euchromatic regions, allowing for efficient access by transcription 

machinery. However, heterochromatin is typically found in the regions between the 

repeating units of the rDNA gene cluster, which help regulate transcription and maintain 

the structural integrity of the rDNA array (541). Furthermore, rDNA does not have a 

particularly high proportion of adenine and thymine bases, the nucleolus is not considered 

A-T rich, but rather G-C rich. Lastly, although the nucleolus contains rDNA, it is primarily 

composed of rRNA and proteins involved in the process of ribosome assembly, ultimately 

leading to a low density of DNA found in the nucleolus. Altogether, this supports the notion 

that the enrichment of αSyn seen in the DAPI-poor regions of the primary melanocytes 

and melanoma cells is most likely within the nucleoli of the cell and require further 

investigation. 
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Figure 1.5.3. αSyn is enriched in DAPI-poor regions of the nucleolus. Primary 
melanocytes, SK-Mel28 cells, and A375 cells were seeded on coverslips and stained for 
alpha-synuclein (Syn1) and DAPI. Cells were imaged on the Zeiss 980 confocal 
microscope. Images produced by M. Arnold (unpublished). 
 
 
 The formation of the nucleolus is driven largely by the presence of intrinsically 

disordered proteins (IDPs), which readily undergo liquid-liquid phase separation (LLPS), 

allowing them to associate and form the distinct, membraneless compartment that is the 

nucleolus (542, 543). As stated above, the nucleolus is best known as the intranuclear 

compartment where rDNA genes are transcribed and rRNA is processed as part of 

ribosome biogenesis. Nucleoli form around tandem arrays of ribosomal DNA repeats, 

called nucleolar organizer regions (NORs). In humans, NORs are located on the p-arms 

of acrocentric chromosomes 13, 14, 15, 21, and 22 (544, 545). Within the nucleolus, three 

distinct subcompartments have been discovered, each with different biological functions: 

the fibrillar center, dense fibrillar component, and the granular component. These different 

regions are thought to represent the progressive stages of ribosome biogenesis. The 

rDNA genes are located in the fibrillar centers, with transcription occurring at the interface 

between the fibrillar center and dense fibrillar component. Processing of the pre-rRNA is 

initiated in the dense fibrillar component and continues into the granular component, 

where rRNA is assembled to form pre-ribosomal subunits, eventually exported into the 

cytoplasm for functional ribosomal assembly. The presence of rRNA is important in the 

phase separation necessary to establish the different subcompartments. When rRNA 

transcription is disrupted, for example from RNA polymerase I inhibition by treatment with 

Actinomycin D, the nucleolus will undergo drastic morphological changes. The formation 

of these subcompartments not only reflect ribosome biogenesis processes, but also arise 
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from the different combinations of IDPs with unique sequence characteristics that are 

important for facilitating these different processes of ribosome biogenesis (546). For 

example, pre-rRNA processing factor, fibrillarin, form clusters via its IDP properties that 

assemble into the dense fibrillar component. This self-association immobilize its 

interactions with rRNA to promote directional trafficking in the dense fibrillar component 

and pre-rRNA processing (547).  

The nucleolus is a structure important in the pathophysiology of human disease. 

There are a growing number of papers that investigate the role of nucleolar DSBs in the 

context of various disease states, such as neurodegeneration and cancer, that are prone 

to genome instability (548-550). The structure of the nucleolus is highly sensitive to 

various types of DNA damage (551-556), partly because rDNA is an intrinsically unstable 

genomic region due to its high level of transcriptional activity and repetitive sequences. 

Estimates suggest that up to 60% of all transcription within a normal mammalian cell 

occurs at rDNA (557), and faithful ribosome biogenesis is even more important to sustain 

the high rates of cell division and growth that occur in malignant cells (558, 559). 

Additionally, G-C rich DNA, like NORs, are highly stable, which leads to polymerase 

stalling, slippage, and increased susceptibility to damage from reactive oxygen species 

during replication, giving rise to SSBs and DSBs (560, 561). 

DSB repair within nucleoli involves distinct mechanisms from those operative in 

the larger nucleoplasm (Figure 1.5.4) where breaks are recognized by the ATM-

phosphorylated protein treacle (562-564), along with the MRN complex (MRE11-RAD50-

NBS1) (565, 566). The recruitment of the MRN complex suppresses transcription through 

inhibition of RNA polymerase I (563, 565, 567, 568), with this process being dependent 
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on ATM (569, 570), and triggers the translocation of ATR into the nucleolus. This in turn 

results in large-scale reorganization of nucleolar structure characterized by the movement 

of damaged rDNA to the nucleolar periphery and the formation of nucleolar “caps” 

consisting of the damaged rDNA and other proteins important for DSB repair (564, 565, 

569-571). The purpose for these nucleolar caps is to facilitate the accessibility of the 

damaged rDNA to repair components normally found in the nucleoplasm (572), including 

RPA, 53BP1, BRCA1, CtIP, and RAD51/52. It is thought that rapid repair with NHEJ is 

the prominent rDNA DSB repair pathway within the nucleolar interior at subthreshold 

levels of DSBs prior to transcriptional inhibition or nucleolar cap formation. However, this 

pathway choice shifts to HR when transcriptional silencing occurs and rDNA DSBs are 

recruited to the nucleolar caps (570). Furthermore, although HR is traditionally considered 

“error-free”, emerging evidence highlights that HR in clustered repetitive loci, like NORs, 

may be deleterious, as it can lead to chromosomal translocations and DNA repeat 

aberrations (573). Therefore, it has been argued that HR occurring at the nucleolar cap 

utilizes templated cis undamaged rDNA repeats present in the same NOR, which may 

limit interchromosomal recombination and translocations and allow for rDNA DSB repair 

in all phases of the cell cycle, as opposed to nucleoplasmic trans-based HR (569).  

The role of αSyn in the nucleolus has not been well-studied, especially in the 

context of DNA damage repair, and there have only been a handful of studies linking 

αSyn to the nucleolus, although most are indirect functional studies. Researchers have 

found that remaining neurons in the substantia nigra and peripheral blood of PD patients 

showed reduced mRNA expression of key nucleolar DDR proteins, diminished rRNA 

levels, less expression of key mRNAs encoding for ribosomal protein subunits, and  



 65 

 
 
Figure 1.5.4. Nucleolar DNA Double-Strand Break Repair Pathway. Adapted from 
Korsholm et al. 2020 (574). This figure illustrates the nucleolar response to DNA double-
strand breaks (DSBs) in ribosomal DNA (rDNA). Upon DSB induction, the ATM kinase is 
activated, initiating local transcriptional inhibition in the nucleolus. Treacle (TCOF1) 
recruits the MRN complex (MRE11-RAD50-NBS1), which is essential for DNA end 
resection and activation of ATR. ATR further suppresses transcription and facilitates 
nucleolar reorganization. Damaged rDNA loci translocate to the nucleolar periphery, 
forming nucleolar caps where homologous recombination (HR) repair factors, such as 
BRCA1, RAD51, and CtIP, assemble. This repair mechanism contrasts with non-
homologous end joining (NHEJ), which occurs in the nucleolar interior during active 
transcription. These pathways underscore the specialized processes ensuring rDNA 
stability while protecting the nucleolar architecture. 
 
 
abnormal nucleolar morphology (501, 555, 575). Nucleolar RNA helicase DDX10 

stabilizes αSyn oligomeric species in yeast (576) and overexpressed nuclear pathological 
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αSyn has been shown to alter rRNA processing in the mouse embryonic fibroblast via 

nucleolin malfunction-mediated nucleolar segmentation (577). Given the data suggesting 

that αSyn facilitates DNA DSB repair outside of the nucleolus (442, 443) and the 

preliminary data that αSyn may be enriched within the nucleolus (Figure 1.5.3), whether 

or not αSyn facilitates nucleolar DDR needs to be further investigated and is the basis for 

Chapter 3. 

 

 

1.6 Conclusion 
 
 The dissertation work that I will be presenting herein fits into the intersection 

between genomic instability, aging, and diseases of aging, like neurodegeneration and 

cancer. Genomic instability has long been implicated as an important factor in cellular 

aging (578). Dividing cells are constantly exposed to various sources of DNA damage, 

with an accumulation of such damage sufficient to cause the phenotypic changes 

associated with aging. In the context of neurodegeneration, post-mitotic cells, like 

neurons, are especially vulnerable to genomic instability generally due to their inability to 

undergo homologous recombination and their high metabolic rates that lead to increased 

production of DNA damage-inducing reactive oxygen species (579). In the context of 

cancer, hyperproliferation is a serious stressor that induces high levels of DNA damage 

within the cell. Taken together, and the fact that DNA repair efficiency decreases with 

age, it is possible that the underlying pathophysiology of neurodegeneration and cancer 

are more similar than originally thought. Furthermore, the PD-melanoma association 

highlights the need to study common molecular components important in genomic 
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stability, one being αSyn. It is plausible that in the general population, individuals with 

high expression of αSyn are 1) more predisposed to LB formation in PD and 2) more 

predisposed to melanocytic transformation in melanoma. I hypothesize that the 

consequence of both phenomena is a dysregulation in αSyn-mediated DSB repair 

function (loss-of-function in PD and gain-of-function in melanoma) (Figure 1.5.1). Chapter 

2 will further characterize the PD-melanoma association via epidemiological analysis of 

patient cohorts. Chapters 3 and 4 will dive into the mechanism of αSyn in 

melanomagenesis and growth via its role in DNA damage repair in vitro and in vivo 

respectively.  
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2.1 Abstract 
 
Background: Surveillance of melanoma survivors will increasingly involve diseases of 

older age such as Parkinson’s Disease (PD) due to lengthening survival from modern 

therapies.  The association of melanoma and subsequent PD is unverified and 

clinicopathologic features driving this association are unknown.   

Objective: Determine melanoma characteristics and interactions associated with PD 

incidence.  

Methods: Retrospective cohort study of US Veterans (n=5,890,509) using cancer registry, 

administrative codes, and notes.  PD incidence adjusted for competing risk of death and 

confounders. 

Results: Diagnosis of multiple nevi, atypical nevi, melanoma in-situ, lentigo maligna and 

superficial-spreading melanoma was associated with 15.9 [10.1,21.7], 34.3 [21.7,46.8], 

39.0 [6.9,71.1], 34.4 [17.3,51.4], 16.4 [-0.1,33.0] additional PD cases per 10,000 people 

at year 10.  Co-occurring dermatophytosis, hyperhidrosis, orthostatic hypotension, and 

REM-sleep behavior disorder amplified the melanoma-PD association adding 3.3 

[0.2,6.3], 4.6 [1.2,7.9], 10.0 [5.7,14.3], 50.3 [36.8,63.9] extra PD cases.  Other disorders 

(e.g. seborrheic dermatitis, constipation, anxiety) also increased the melanoma-PD 

association. 

Limitations: Lower proportion of females and non-whites  

Conclusion:  Melanocytic lesions and co-occurring disorders associated with PD risk are 

summarized “PD-THRESHOLD”: GI-Tract (constipation), mental Health (depression, 

anxiety), REM-Sleep-Behavior Disorder, Seborrheic dermatitis, Hyperhidrosis, 

Orthostatic-hypotension, Lower-stage melanoma, Dermatophytosis.  Clinicians should 
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consider asking about these symptoms to help identify early PD patients for 

neuroprotective trials.   

 
 
 
 
 
2.2 Introduction 
 

Melanoma represents the 5th most common malignancy with incidence rising 

among adults greater than 40 years old (580, 581). The advent of modern 

immunotherapies has revolutionized melanoma treatment such that 5-year relative 

survival for metastatic disease has more than doubled (582). Consequently, with 

substantially increased prevalence, it is now necessary to pivot toward surveillance 

strategies for these long-term survivors (583). 

The expanding role of melanoma surveillance raises the prospect of catching the 

neurodegenerative disease, Parkinson’s Disease (PD), years before it is currently 

diagnosed during an opportune time for preventative clinical trials.  Early detection of PD 

not only improves quality of life and reduces treatment costs (584) but by the time most 

PD diagnoses are made, significant brain damage has also occurred (e.g. up to 68% loss 

of neurons in certain regions of the substantia nigra) (585), so early detection of PD offers 

hope for a better treatment window.  Due to aging, shared genetic underpinnings (22, 

586, 587), environmental exposures (588), and biological mechanisms, melanoma 

survivors are at particular risk for developing PD.  Although the increased incidence of 

melanoma in PD populations has been well-studied, the incidence of PD in melanoma 

patients is less established.  While an early meta-analysis of nine case-control studies 

showed no association between melanoma and a later diagnosis of PD (OR 1.09, 95 % 
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CI 0.78–1.54 (327)), updated studies have yielded more mixed results (12, 589-591). 

However, the positive studies were either under-powered, utilized minimal follow-up 

times, did not control for important confounders such as smoking history, or were 

susceptible to misclassification.  Given the strong evidence of high rates of melanoma in 

manifest PD (373), the biologically plausible mechanisms implicating alpha-synuclein – 

the main PD pathologic protein – in melanoma (398, 478-481, 504, 506, 592) and shared 

precursors in the melanin (in melanocytes) and neuromelanin (in dopaminergic neurons) 

synthesis pathways (373, 593), this association demands a re-examination.   

The current electronic health records (EHR)-based cohort study aims to overcome 

prior limitations by leveraging the database of the United States Department of Veterans 

Affairs. These data allow for accurate and orthogonal ascertainment of both commonly 

coded entities like melanoma and uncoded clinical and clinicopathologic entities such as 

multiple nevi and dysplastic nevi.  The study expands the level of detail collected about 

melanomas (e.g. precursor lesions, subtyping, and staging) to more closely reflect a 

dermatologist’s assessment and add prevalence data to contribute to PD risk 

assessment.  To further aid dermatologists in their risk assessment, we also explore 

important modifiers of association including non-motor symptoms such as co-occurring 

orthostatic hypotension and constipation (594) and common skin conditions (144) which 

have all previously been shown to elevate risk of PD. Filling this knowledge gap will 

provide more precise estimates of PD risk and will help elucidate the shared 

pathophysiology between melanoma and PD. 
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2.3 Results 
 
Cohort 
 

1,317,418 Veterans were identified in the cancer registry for initial screening for 

their association with PD (Figure 2.3.1).  4,573,091 Veterans were identified with medical 

charts and paired pathology reports for analysis of melanocytic lesions and interactions 

(Figure 2.3.1).  Participants were predominately white (97%), non-Hispanic (99%), and 

male (97% male and 3.1% female) (Table 2.8.1).   

 
Figure 2.3.1. Schematic outlining analysis workflow. 
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Association of Melanoma and PD in Registry Data 

In the cancer registry, there were 45,758 diagnoses of melanoma and 1.1% (498) 

had subsequent diagnosis of PD (Table 2.8.1).   Diagnosis of melanoma (HR = 1.66 [1.49, 

1.84]) and melanoma in situ (HR = 1.71 [1.46, 1.99]) were positively associated with PD.  

Other cancers with positive association with subsequent PD included cancers of the 

thyroid (HR = 2.44 [1.88, 3.15]), female breast (HR = 1.70 [1.07, 2.73]), and nervous 

system (HR = 1.63 [1.29, 2.05]) (Figure 2.3.2).  In contrast, most cancers were negatively 

associated with PD such as colon (HR = 0.89 [0.80, 0.99]), respiratory (HR = 0.37 [0.29, 

0.47], and pancreatic cancers (HR = 0.18 [0.09, 0.33]).  When comparing prevalence 

amongst cancers positively associated with PD, melanoma cancers were more common 

than thyroid (n=10,022), breast (n=16,220), and nervous system (n=15.782) in both the 

cancer registry and in pathology reports (Table 2.8.2).   
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Figure 2.3.2. Cancer and risk of developing Parkinson’s Disease. Participants with 
cancer of a specific site were propensity matched 4-to-1 with controls using birth year, 
sex, race, ethnicity, and smoking status. The human body diagram (left) and heatmap 
table (right) show significant hazard ratios (p < 0.05) after adjustment for competing risk 
of death and multiple comparisons. Inset shows male and female reproductive organs.  
Adapted from images primarily provided by Wikimedia commons (sources in supplement 
text). Formal analysis performed by Gregory Scott.  
 

Elevated PD Incidence after Diagnosis of Melanoma Precursors and Certain Subtypes 
 

Melanoma identified through clinical notes and pathology reports was associated 

with PD (Figure 2.3.3a) similar to the registry definition of melanoma (Figure 2.8.1). At 5 

and 10 years after diagnosis, melanoma was associated with an extra 29.9 [8.9, 51] and 
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37.3 [13.6, 61] cases of PD per 10,000 people (Table 2.8.3).  Lentigo maligna showed 

similar effect sizes to melanoma overall with 18.3 [6.7, 29.9] and 34.4 [17.3,51.4] added 

PD cases per 10,000 at years 5 and 10.  Superficial-spreading melanoma showed 

borderline significant (p = 0.051 and p = 0.07) and lower magnitude PD risk of 10.6 [-1.2, 

22.5] and 16.4 [-0.1, 33] added PD cases at years 5 and 10, respectively.  PD incidence 

was not significantly increased after diagnosis of nodular, desmoplastic, or acral 

lentiginous subtypes of melanoma.  Affirmative mentions in the clinical notes of 

multiple/many nevi, atypical/dysplastic nevi, and melanoma in situ showed an ascending 

pattern of association with PD; for example, each accounting for 15.9 [10.1, 21.7], 34.3 

[21.7, 46.8] and 39 [6.9,71.1] cases of added PD per 10000 people at year 10, 

respectively (Figure 2.3.3b, Table 2.8.3).  Dysplastic/atypical nevi, melanoma in-situ, and 

melanoma had similar PD association effect sizes with greater collective prevalence than 

melanoma alone (n=359,163 in pathology reports), and so were combined and called 

“melanocytic lesions” in later analyses. 
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Figure 2.3.3. Impact of risk lesions for melanoma, melanoma subtypes, and pre-
melanotic lesions on incidence of PD. A) Cumulative incidence of PD is shown for 
those diagnosed with melanoma (blue) and cancer-free controls (black), lung cancer 
(red), or colon cancer (green) over twenty years. Desmoplastic, acral lentiginous, and 
nodular subtypes (not shown) were not significantly different from controls. B) Cumulative 
incidence of PD is shown for those diagnosed with any of three pre-melanotic lesions 
(pink or purple) and cancer-free controls (black) over twenty years. Formal analysis 
performed by Gregory Scott. 
 

Positive Interaction of Melanocytic Lesions with Other Disorders 
 

Having a combined diagnosis of a melanocytic lesion and another disorder was 

tested for positive interactions to further increase PD incidence.  Three out of twelve 
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dermatologic disorders showed positive interactions including hyperhidrosis, 

dermatophytosis, and seborrheic dermatitis (Figure 2.3.4a, Table 2.8.4).  Hyperhidrosis 

exhibited a longer duration (from year 9 to 20) of positive interaction with 3.6 [0.4,6.9], 5.5 

[2.1, 9], and 7.1 [3.5, 10.6] extra cases of PD per 1000 people due to positive interaction 

at years 10, 15, and 20.  Dermatophytosis and seborrheic dermatitis were significant at a 

later timepoint and shorter duration with 4.0 [0.7, 7.2] and 4.3 [1.5,7.2] cases of PD per 

1000 people at year 20, respectively.   

Melanocytic lesions also showed positive interaction with multiple non-

dermatologic disorders at increasing future PD incidence.  The longest duration (17 and 

14 year) and greatest effects were seen for REM sleep behavior disorder and orthostatic 

hypotension which ranged from 20.5 [10.4, 30.7] to 60.6 [46, 75.3] and 7.1 [3.4, 10.7] to 

14.8 [10.1, 19.6] added cases of PD per 1000 people (Figure 2.3.4b, Table 2.8.5).  Other 

disorders exhibited effect sizes and durations similar to dermatologic conditions including 

anxiety, constipation, depression, and urinary dysfunction with 5.0 [1.4, 8.5], 6.0 [3.5, 8.4], 

4.7 [1.6, 7.8], 3.8 [1.7, 5.9] added PD cases per 1000 people at year 20, respectively. 
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Figure 2.3.4. Positive interaction of melanocytic lesion with other non-melanocytic 
skin disorders and prodromal-PD disorders upon incidence of PD. LEFT: 
Representative graphs of individual skin (A) and prodromal (B) disorders with greatest 
positive interaction with melanoma showing cumulative incidence of PD over 20 years in 
melanocytic lesion only (blue), other disorder only (green), both melanocytic lesion and 
other disorder (purple), or neither (red). RIGHT: plot of all non-melanocytic skin disorders 
(A) or prodromal-PD disorders (B) showing the extra cases of PD from interaction with 
melanoma above that of adding risk of individual disorders.  Bolded lines represent 
statistical significance. Formal analysis performed by Gregory Scott. 
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Lower Melanoma Stage if preceding PD 
 

Registry data was compared between melanoma associated with subsequent PD 

versus unassociated melanoma (Table 2.3.1).  Data completeness was above 80% for 

AJCC stage, tumor status, and therapies and was lower for lymphovascular invasion 

(54%), venous invasion (23%), pathologic stage (42%), and clinical stage (55%).  

Melanoma antecedent to PD showed a greater proportion with early stage pathology 

compared to melanoma after PD in terms of overall AJCC stage (88.5% vs 84.2%), clinical 

stage (91.8% vs. 86.1%), and a trend for pathologic stage (84.9% vs 80.2%, p =0.09).  

Melanoma antecedent to PD also showed an increased proportion of patients with no 

evidence of tumor at the final report when compared to melanoma after PD (93.6% vs. 

85.7%).  There were no significant differences in SEER stage, laterality, venous invasion, 

lymphovascular invasion, or the occurrence of various therapeutics (including radiation, 

chemotherapy, or immunotherapy).  There were also no differences in BRAF and NRAS 

mutational status in both the VA registry and pathology reports (data not shown).   
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Table 2.3.1. Comparison of cancer registry data for melanoma with and without 
subsequent PD diagnosis. Formal analysis performed by Gregory Scott. 

 
 

Melanoma, no 
PD after 

Melanoma w/ PD 
after 

Comparison p 

N  42951 473   
AJCC Stage Total records 34568 (80.5%) 393 (83.1%) 

0-I vs. II-IV < 0.05 

 Stage 0 15132 (43.8%) 187 (47.6%) 
 Stage I 13979 (40.4%) 161 (41%) 
 Stage II 3312 (9.6%) 32 (8.1%) 
 Stage III 1655 (4.8%) 13 (3.3%) 
 Stage IV 490 (1.4%) 0 (0%) 

Clinical Stage Total records 23768 (55.3%) 294 (62.2%) 

0-1 vs. 2-3 < 0.05 

 Stage 0 11037 (46.4%) 152 (51.7%) 
 Stage 1 9446 (39.7%) 118 (40.1%) 
 Stage 2 2259 (9.5%) 19 (6.5%) 
 Stage 3 1026 (4.3%) 5 (1.7%) 

Pathologic Stage Total records 18359 (42.7%) 232 (49%) 

0-1 vs. 2-4 0.1 

 Stage 0 7243 (39.5%) 89 (38.4%) 
 Stage 1 7487 (40.8%) 108 (46.6%) 
 Stage 2 2162 (11.8%) 25 (10.8%) 
 Stage 3 1141 (6.2%) 10 (4.3%) 
 Stage 4 326 (1.8%) 0 (0%) 

Venous Invasion Total Records 10038 (23.4%) 137 (29%)   
 Yes 143 (1.4%) 2 (1.5%) Yes vs. No 0.9 
 No 9895 (98.6%) 135 (98.5%) 

Lymphovascular 
Invasion 

Total Records 23281 (54.2%) 215 (45.5%)   

Yes 571 (2.5%) 3 (1.4%) Yes vs. No 0.4 
No 22710 (97.5%) 212 (98.6%) 

Last Tumor Status Total Records 42169 (98.2%) 467 (98.7%)   

Evidence of Tumor 6019 (14.3%) 30 (6.4%) Yes evidence of 
tumor vs. No < 0.05 

No Evidence of Tumor 36150 (85.7%) 437 (93.6%) 
Radiation Therapy Total Records 40876 (95.2%) 461 (97.5%)   

Yes 346 (0.8%) 3 (0.7%) Yes vs. No 0.8 
No 40530 (99.2%) 458 (99.3%) 

Chemotherapy Total Records 40864 (95.1%) 461 (97.5%)   
 Yes 294 (0.7%) 3 (0.7%) Yes vs. No 1 
 No 40570 (99.3%) 458 (99.3%) 

Immunotherapy Total Records 40877 (95.2%) 461 (97.5%)   
 Yes 965 (2.4%) 5 (1.1%) Yes vs. No 0.1 
 No 39912 (97.6%) 456 (98.9%) 
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2.4 Discussion 
 

Clinical surveillance of patients with an atypical or malignant melanocytic lesion 

will continue to increase with the rising incidence and survivorship of melanoma and the 

growing awareness of dysplastic nevus/atypical moles from tools like the “What to Look 

For: ABCDES of Melanoma” and “Body Mole Map” provided by the American Academy 

of Dermatology (595).  These surveillance visits represent an opportunity to screen for 

melanoma and aging-associated diseases, such as PD, before significant 

neurodegeneration has occurred (585).  Similar to early detection and prevention in 

dermatology, early detection and protection against neurodegenerative disorders is better 

than rewiring an already damaged brain (584, 585).  This early window has been 

reinforced at the biologic level in a new PD definition that recognizes skin pathology 

occurring many years to decades before classic movement symptoms (596).  It is also a 

stage of PD enriched for dermatologic disorders such as melanoma, dermatophytosis, 

seborrheic dermatitis, rosacea, and psoriasis (144, 597, 598) 

This study overcomes limitations of prior investigations into an association with PD 

– deploying lengthier follow-up, adjusting of essential confounders, employing accurate 

and orthogonal definitions, including novel entities, and testing clinical interactions – to 

reveal that a diagnosis of a melanocytic lesion is tied to clinically meaningful increases in 

PD risk.  Misclassification in prior studies results from the use of administrative data (e.g. 

ICD codes) that show poor PPV for PD (599) as well as low accuracy for dermatologic 

entities not in tumor registries such as 47% for non-melanocytic skin cancer (NMSC) 

(600) and 30% for atopic dermatitis (601).  By using validated PD and melanoma 

subtyping definitions with much higher PPVs, searching for under-coded non-malignant 
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and melanocytic entities, and leveraging orthogonal definitions for melanoma (notes, 

registry), this study addresses these issues.  Prior studies were also hampered by lack of 

studying precursors, pathologic data, interactions, and limited follow-up given that 

preceding skin disorders, such as melanoma, occur on average 8 years before PD (602).  

The current study addresses these issues by spanning twenty years and examining 

precursor lesions, clinicopathologic classification and measurement of clinical 

interactions.  Overall, this study points to melanocytic lesions and specific comorbid 

disorders as components of a potential screening tool that is both sensitive and predictive 

for future PD.  Data show there are far more registry diagnoses, clinical workups, and 

pathologic workups of melanoma and melanocytic lesions compared to other PD-

associated malignancies and dermatologic entities (Table 2.8.2).  Interactions 

dramatically increase PD prediction and will help dermatologists target the most impactful 

features since melanoma, when considered alone and without interactions confers an 

inadequately small effect size for screening (e.g. hazard ratio of 1.66 and 3 cases of PD 

per 10,000 people, Figure 2.3.2 and Table 2.8.5).    

When taken together, these data can assist in eliciting a targeted history based on 

the mnemonic PD THRESHOLD: PD (Parkinson’s Disease), T (GI Tract dysfunction, such 

as constipation), H (mental Health disorders, including anxiety and depression), RE (REM 

Sleep Behavior Disorder, RBD), S (Seborrheic dermatitis), H (Hyperhidrosis), O 

(Orthostatic hypotension), L (Lower melanoma stage), and D (Dermatophytosis). This 

encompasses synergistic, i.e. greater than additive, interactions that when present in 

combination with melanocytic lesions should raise awareness for the development of PD.  

Moreover, there are emerging confirmatory skin and cerebrospinal fluid assays that could 



 83 

be used after clinical screening (603, 604).  Most profoundly, asking the singular question 

“have you been told or suspected of acting out your dreams” for RBD allows 

dermatologists to predict an impressive 6 extra cases of PD per 100 people on top of the 

two cases predicted by RBD alone (605).   

Finally, these data likely reflect shared pathophysiology between melanoma and 

PD and between melanoma and other disorders that serve to flag therapeutic targets for 

neuroprotective clinical trials.  The current study specifically implicates PD targets shared 

with both earlier stages of melanomagenesis and sebaceous, autonomic and sleep-

related systems as showing potential.  For example, this study identifies dermatophytosis 

as a skin disorder that synergizes with melanocytic lesion to increase incidence of PD. 

Previous work has identified dermatophytosis as a pPD disorder (144) and 60% of acral 

melanoma patients contract dermatophytosis (606). While the exact cause of increased 

susceptibility to these fungi in PD and melanoma remains unclear, theories include lipid 

metabolism disruptions and immune system dysfunction (607, 608). Given the 

established connection between PD and melanoma, further research into shared 

pathways, such as immune dysregulation and lipid metabolism, may provide insight into 

whether these other disorders play a role in PD-related skin abnormalities. 

Limitations of the current study include sampling bias, particular a skewing towards 

white and male populations in the VA, which may limit generalizability.  Another limitation 

is lack of other melanoma risk factor data such as family history and UV light exposure 

which could potentially impact PD risk.  

In summary, our study reveals the connection between melanoma and subsequent 

PD and arms the dermatologist with empirical data and a roadmap to guide patients 
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during a time of uncertainty.  Patients may benefit from early diagnostic testing and 

neuroprotective trials, and this is especially pertinent in individuals that meet PD 

THRESHOLD risk factors that positively interact with melanocytic lesions to increase 

incidence of PD.  As evidence accumulates, we submit this is one high-risk population in 

need of a clinical protocol for close monitoring.  

 

 

2.5 Methods 

Patient Population and Institutional Approval 

For the VA cohort, all Veterans over the age of 40 years old as of October 1st, 2021 

were included (n=21,882,307).  Data was obtained from the Corporate Data Warehouse 

(CDW) under IRB approval (MIRB #04744) using a waiver of participant consent. All time 

periods were included in the study. The earliest ICD codes in the CDW were dated 1999.   

 

Case Definitions and Data 

PD was defined using a validated definition based on age, ICD code, medication, 

and record duration (609).  Cancers were defined using the VA cancer registry (Oncology 

Domain) entered at the local level by registrars.  Data include cancer type, site, overall 

stage, clinical stage, pathologic stage, venous invasion, lymphovascular invasion, last 

tumor status, radiation therapy, chemotherapy, and immunotherapy.  Melanoma risk 

lesions (e.g. many nevi) are not coded or biopsied and so were defined based on 

affirmative mentions in clinical notes after removing negation and ambiguous statements.  
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Melanoma subtypes and precursors (e.g. superficial-spreading melanoma, dysplastic 

nevus) that are not coded but are typically biopsied were defined by both a) the presence 

of affirmative mention of the melanoma subtype in a clinical note and b) affirmative 

mention of melanoma in the associated pathology report.  Accuracy of melanoma, 

atypical/dysplastic nevi, lentigo maligna melanoma, and acral lentiginous melanoma were 

manually validated in a randomized subset of 200 cases by M.A and showed positive 

predictive values (PPVs) of 98.5%, 99.5%, 97.5%, and 95% respectively.   

Additional data collected included baseline characteristics (birth year, age, sex, 

race, ethnicity, smoking status), date of death, diagnosis of other skin disorders (actinic 

keratosis, atopic dermatitis, basal cell carcinoma, bullous pemphigoid, dermatophytosis, 

eczema, hyperhidrosis, lichen planus, psoriasis, rosacea, seborrheic dermatitis, 

squamous cell carcinoma) and early/prodromal PD disorders using ICD codes and free-

text medical and pathology notes (609).  Missing data for baseline characteristics was 

imputed using Multiple Imputation by Chained Equations (610).   

 

Statistical Analysis 

Initial screening of cancer and PD used a retrospective cohort design and 4-to-1 

propensity score matching (caliper width = 0.2).  Propensity score matching was done on 

birth year, race, ethnicity, sex, and smoking status and standardized mean differences 

were less than 0.1.  Association between cancer and subsequent PD was calculated after 

adjusting for competing risk of death and reported as hazard ratios (HR) and 97.5% 

confidence intervals (611).  Analysis of PD risk after diagnosis of melanocytic lesions 

used a retrospective cohort design and a pseudo-randomized control trial approach with 
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inverse probability of treatment weighting followed by measurement of cumulative 

incidence of PD adjusted for competing risk of death as described previously (612).  

Positive interactions between melanoma and another disorder are defined as a more-

than-additive impact on PD incidence when co-occurring in the same patient.  Analysis 

was conducted using RStudio (RStudio, Boston, MA).   
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2.8 Supplemental Material 
 
 Oncology Registry  Path Reports & Charts 
Database size (N) 1,317,418  4,573,091 
Analysis PSM  IPTW 
  Matched Controls Melanoma  Controls Melanoma 

 N 182972 45758  4556591 16500 
BASELINE       
 Birth Year 1943 (±12) 1943 (±12)  1948 (±14) 1943 (±12) 
 Sex      
 Female 5633 (3.1%) 1413 (3.1%)  341399 (7.5%) 492 (3%) 
 Male 177339 (97%) 44345 (97%)  4215192 (93%) 16008 (97%) 
 Race      
 African American, Black 2876 (1.6%) 715 (1.6%)  826753 (18%) 296 (1.8%) 
 Native American OR 

Alaskan Native 534 (0.29%) 157 (0.34%)  31844 (0.7%) 53 (0.32%) 

 White 178075 (97%) 44502 (97%)  3618302 (79%) 16000 (97%) 
 Ethnicity      
 Not Hispanic or Latino 180653 (99%) 45176 (99%)  4299310 (94%) 16242 (98%) 
 Hispanic or Latino 2319 (1.3%) 582 (1.3%)  257281 (5.6%) 258 (1.6%) 
 Smoking      
 Never Smoker 65624 (36%) 16400 (36%)  1412708 (31%) 5882 (36%) 
 Former Smoker 66210 (36%) 16568 (36%)  1350546 (30%) 6002 (36%) 
 Current Smoker 51138 (28%) 12790 (28%)  1793337 (39%) 4616 (28%) 
FOLLOW-UP       
 Duration (years) 16 (±5.7) 7.1 (±5)  14 (±6.6) 8.5 (±5.7)  
 Outcomes      
 None 122311 (67%) 27086 (59%)  2876448 (63%) 9296 (56%) 
 Parkinson’s disease 1500 (0.82%) 498 (1.1%)  55723 (1.2%) 213 (1.3%) 
 Death 59161 (32%) 18174 (40%)  1624420 (36%) 6991 (42%) 
abbreviations: PSM = Propensity-Score Matching, IPTW = Inverse Probability Treatment Weighting.  * = 
adjusted for competing risk of death 
 
Table 2.8.1.  Baseline characteristics of VA database populations. Data acquisition 
performed by Gregory Scott. 
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  Oncology registry Medical notes Pathology reports 

 Skin   2,350,719 
 Cancer 102,999 - 1,066,990 
 Melanoma 45,758 521,535 101,710 
 Melanoma, MIS, or nevus - - 359,163 
     
 Thyroid    30,885 
 Cancer 10,022 188,198 11,445 
     
 Breast*   47,723 
 Cancer 16,220  17,076 
      
 Nervous system   27,315 
 Cancer 15,782  8,421 
  * female sex under-represented in VA data 

 
Table 2.8.2.  Cancer counts in VA Oncology registry, medical notes, and 
pathology reports. Data acquisition performed by Gregory Scott. 
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  * borderline significance: p = 0.07 and p = 0.051 for years 5 and 10 respectively 
 
Table 2.8.3. Added cases of Parkinson’s Disease (per 10000 people) after 
melanocytic lesion versus control. Formal analysis performed by Gregory Scott. 
 
 
 

 Time since melanocytic lesion (years) 
 1 3 5 10 15 20 

melanoma -- 
[-3, 18.6] 

22.4 
[3, 41.8] 

29.9 
[8.9, 51] 

37.3 
[13.6, 61] 

33.9 
[6.6, 61.1] 

29.1 
[1, 57.2] 

melanoma subtypes       

lentigo maligna -- 
[-2.4, 3] 

11.3 
[1, 21.6] 

18.3 
[6.7, 29.9] 

34.4 
[17.3, 51.4] 

34.8 
[16.7, 53] 

26 
[7.6, 44.5] 

superficial spreading -2.8 
[-5.8, 0.2] 

-- 
[-3.9, 11.4] 

10.6* 
[-1.2, 22.5] 

16.4* 
[-0.1, 33] 

-- 
[-9.9, 25.7] 

-- 
[-17.2, 20] 

nodular -- 
[-5.1, 5.9] 

-- 
[-8.9, 16.1] 

-- 
[-7.5, 23.6] 

-- 
[-21.4, 17.3] 

-- 
[-35.1, 8.1] 

-25.6 
[-47.7, -3.4] 

desmoplastic -- 
[-10.3, 3.9] 

-- 
[-20.7, 18] 

-- 
[-31.4, 11.8] 

-- 
[-50.2, 9] 

-- 
[-57.2, 16.7] 

-- 
[-68.3, 5.9] 

acral lentiginous -6.4 
[-7.1, -5.8] 

-- 
[-37.8, 22] 

-- 
[-34.7, 71.7] 

-- 
[-54.6, 53.9] 

-- 
[-65.7, 61.7] 

-- 
[-69.6, 93.4] 

precursor lesions       

many nevi -- 
[-2.1, 1.2] 

4.1 
[0.9, 7.3] 

7.3 
[3.1, 11.4] 

15.9 
[10.1, 21.7] 

21.4 
[14.2, 28.5] 

17.9 
[10, 25.9] 

atypical/dysplastic nevus -- 
[-4, 3.5] 

-- 
[-2.2, 14.3] 

15.2 
[5.6, 24.8] 

34.3 
[21.7, 46.8] 

38.3 
[24, 52.7] 

37.4 
[21.9, 52.8] 

melanoma in situ -- 
[-15.8, 30.2] 

-- 
[-14.7, 36.6] 

-- 
[-7, 47.4] 

39 
[6.9, 71.1] 

41.4 
[7.4, 75.3] 

46.6 
[10.9, 82.2] 
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Figure 2.8.1. Melanoma diagnosis and PD Incidence. Melanoma defined by Oncology 
registry. Cumulative incidence of PD is shown for those diagnosed with melanoma (cyan) 
and controls (red) over twenty years. Formal analysis performed by Gregory Scott. 
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 Time since melanocytic lesion (years) 
 5 10 13 15 18 20 

Actinic Keratosis -- 
[-1, -3.5] 

-- 
[-1.3, -4.7] 

-- 
[-1.8, -5.5] 

-- 
[-1.9, -5.7] 

-- 
[-1.9, -5.8] 

-- 
[-1.6, -5.6] 

Atopic Dermatitis -- 
[-0.8, -4.3] 

-- 
[-0.2, -5.6] 

-- 
[0.5, -5.7] 

-- 
[2.1, -4.9] 

-- 
[3.5, -4.1] 

-- 
[3.6, -4.1] 

Basal Cell Carcinoma -- 
[-0.8, -3.9] 

-- 
[1.3, -3.4] 

-- 
[1.7, -3.2] 

-- 
[2.4, -2.5] 

-- 
[3.1, -1.9] 

-- 
[3.4, -1.8] 

Bullous Pemphigoid -- 
[2.4, -5.6] 

-- 
[8.5, -7.3] 

-- 
[9.1, -7.2] 

-- 
[12.8, -5.5] 

-- 
[12.8, -5.6] 

-- 
[17.9, -4] 

Dermatophytosis -- 
[2, -2.5] 

-- 
[3.8, -1.7] 

3.3 
[6.3, 0.2] 

3.3 
[6.4, 0.2] 

4 
[7.2, 0.7] 

4 
[7.2, 0.7] 

Eczema -- 
[1.4, -2] 

-- 
[2.3, -2] 

-- 
[2.3, -2.3] 

-- 
[2.9, -1.8] 

-- 
[3.1, -1.7] 

-- 
[3.8, -1.2] 

Hyperhidrosis -- 
[4.7, -0.8] 

3.6 
[6.9, 0.4] 

4.6 
[7.9, 1.2] 

5.5 
[9, 2.1] 

6.5 
[10.1, 3] 

7.1 
[10.6, 3.5] 

Lichen Planus -- 
[0.2, -4.5] 

-- 
[2.6, -4.5] 

-- 
[2.7, -4.7] 

-- 
[2.6, -4.8] 

-- 
[3, -4.6] 

-- 
[3.2, -4.4] 

Psoriasis -- 
[0.5, -3.4] 

-- 
[-0.7, -5.5] 

-- 
[-0.5, -5.7] 

-- 
[-0.6, -5.9] 

-- 
[-0.2, -5.7] 

-- 
[-0.1, -5.6] 

Rosacea -- 
[2.4, -3] 

-- 
[2.8, -3.1] 

-- 
[3.3, -2.9] 

-- 
[3.8, -2.5] 

-- 
[4.5, -1.9] 

-- 
[5.6, -1.3] 

Seborrheic Dermatitis -- 
[2.1, -1.8] 

-- 
[3, -1.6] 

-- 
[4.8, -0.6] 

-- 
[5.4, 0] 

3.7 
[6.4, 0.9] 

4.3 
[7.2, 1.5] 

Squamous Cell Carcinoma -- 
[-0.8, -3.3] 

-- 
[0.5, -3] 

-- 
[0.8, -3] 

-- 
[1.4, -2.6] 

-- 
[2, -2] 

-- 
[2.2, -1.8] 

       
 
Table 2.8.4.  Added cases of Parkinson’s Disease (per 1000 people) from interaction 
of a melanocytic lesion and another skin disorder. PD risk from having both disorders 
concomitantly versus adding risk from each disorder alone. Formal analysis performed 
by Gregory Scott. 
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 Time since melanocytic lesion (years) 
 5 10 13 15 18 20 

Anxiety -- 
[4, -0.8] 

3.1 
[5.9, 0.3] 

3.6 
[6.9, 0.4] 

3.9 
[7.3, 0.6] 

4.2 
[7.6, 0.8] 

5 
[8.5, 1.4] 

Constipation -- 
[1.4, -1.5] 

2.3 
[4.3, 0.3] 

3.2 
[5.4, 1] 

3.8 
[6, 1.5] 

5 
[7.4, 2.7] 

6 
[8.4, 3.5] 

Depression -- 
[4.4, -0.2] 

4.2 
[6.9, 1.5] 

5 
[7.9, 2.1] 

5 
[8, 2.1] 

4.9 
[7.9, 1.8] 

4.7 
[7.8, 1.6] 

Hypersomnia -- 
[7.3, -0.3] 

-- 
[8.2, -0.4] 

-- 
[8.4, -0.5] 

-- 
[8.8, -0.4] 

-- 
[9.1, -0.3] 

-- 
[9.3, -0.2] 

Orthostatic Hypotension -- 
[4.4, -1] 

7.1 
[10.7, 3.4] 

10 
[14.3, 5.7] 

11.7 
[16.2, 7.2] 

13.8 
[18.5, 9.1] 

14.8 
[19.6, 10.1] 

REM Sleep Behavior 
Disorder 

20.5 
[30.7, 10.4] 

40.9 
[53.4, 28.3] 

50.3 
[63.9, 36.8] 

55.3 
[69.3, 41.3] 

60.1 
[74.7, 45.5] 

60.6 
[75.3, 46] 

Smell or Taste Disturbance -- [-2.2, -9.4] 
-- 
[-3.1, -12.7] 

-- 
[-2.9, -13.8] 

-- 
[-0.8, -13] 

-- 
[0.5, -12.7] 

-- 
[3.7, -11] 

Urinary Dysfunction -- 
[1.2, -1.3] 

-- 
[2.7, -0.8] 

-- 
[3.6, -0.2] 

2.5 
[4.5, 0.6] 

3 
[5.1, 1] 

3.8 
[5.9, 1.7] 

 
 
Table 2.8.5. Added cases of Parkinson’s Disease (per 1000 people) from interaction 
of a melanocytic lesion and another prodromal PD disorder. PD risk from having both 
disorders concomitantly versus adding risk from each disorder alone. Formal analysis 
performed by Gregory Scott. 
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Supplement Text 
Images adapted for Figure 2 fall under the Creative Commons license and include:   
 

https://commons.wikimedia.org/wiki/File:Anatomy_and_physiology_of_animals_A
drenal_glands.jpg 
https://commons.wikimedia.org/wiki/File:Digestive_system_diagram_edit.svg 
https://commons.wikimedia.org/wiki/File:Respiratory_system_-_Lungs_--_Smart-
Servier.png 
https://commons.wikimedia.org/wiki/File:Alzheimer%27s_disease_brain_preclinic
al.jpg 
https://commons.wikimedia.org/wiki/File:Paranasal_sinuses.svg 
https://commons.wikimedia.org/wiki/File:Human_leg_bones_labeled_ru.png 
https://commons.wikimedia.org/wiki/File:Illu_cervix.jpg 
GGanatogram, R library, skeletal muscle:  
https://pmc.ncbi.nlm.nih.gov/articles/PMC6208569/ 
https://commons.wikimedia.org/wiki/File:Sexual_organs_-
_male_(no_description).svg 
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3.1 Abstract 
 

Although an increased risk of the skin cancer melanoma in people with Parkinson’s 

Disease (PD) has been shown in multiple studies, the mechanisms involved are poorly 

understood, but increased expression of the PD-associated protein alpha-synuclein 

(αSyn) in melanoma cells may be important. Our previous work suggests that αSyn can 

facilitate DNA double-strand break (DSB) repair, promoting genomic stability. We now 

show that αSyn is preferentially enriched within the nucleolus in melanoma, where it 

colocalizes with DNA damage markers and DSBs. Inducing DSBs specifically within 

nucleolar ribosomal DNA (rDNA) increases αSyn levels near sites of damage. Alpha-

synuclein knockout increases DNA damage within the nucleolus at baseline, after specific 

rDNA DSB induction, and prolongs the rate of recovery from this induced damage. αSyn 

is important downstream of ATM signaling to facilitate MDC1-mediated 53BP1 

recruitment to DSBs, reducing micronuclei formation and promoting cellular proliferation, 

migration, and invasion.  
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3.2 Introduction 
 

Neurodegeneration and cancer are traditionally thought of as opposite processes, 

with the former characterized by neuronal death and the latter uncontrolled cellular 

proliferation. In general, neurodegenerative disease patients are at moderately 

decreased risk of developing most cancers (2), however exceptions exist. The best 

described positive association between a neurodegenerative disease and cancer risk is 

between Parkinson’s Disease (PD) and the skin cancer melanoma (4). Since the initial 

observation by Skibba et al. (324), many epidemiological studies report an increase in 

melanoma risk ranging from 1.4- to 20-fold among individuals with PD compared to 

healthy individuals (2, 5-20). More malignant forms of melanoma that originate in the head 

or neck region (613) are also associated with sporadic and genetic forms of PD (602). 

This risk is bidirectional, since there is also increased risk of developing PD in melanoma 

patients (1.7-4.2-fold) (12, 15, 21-23). Altogether, the association between PD and 

melanoma is well-established, yet the cause is poorly understood.  

One potential molecular link is the neurodegeneration-associated protein alpha-

synuclein (αSyn) that aggregates into cytoplasmic inclusions called Lewy bodies in PD 

and other Lewy body disorders (LBDs) (614, 615). This Lewy pathology is associated with 

neuronal death in midbrain dopaminergic neurons, cortical glutamatergic neurons, and 

other vulnerable cell populations in LBDs (616). αSyn is not only abundant in the central 

nervous system, but is also found in other cell types in the body, including skin (617, 618). 

Given this connection between PD and melanoma, the presence of αSyn in the skin is 

intriguing. αSyn is not highly expressed in melanocytes of healthy individuals, but 

increased in melanocytes of people with PD (394, 395), and in ~85% of primary and 
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metastatic melanoma samples (5, 395-397). Many immortalized human melanoma cell 

lines also show high expression of αSyn (2, 5, 397, 401). These findings suggest that 

αSyn upregulation may be a key molecular link between PD and melanoma and an 

important contributor in both disease pathologies.  

Our previous work using longitudinal in vivo multiphoton imaging in mice revealed 

that Lewy body formation in cortical neurons was associated with a loss of soluble αSyn 

from the nucleus and cytoplasm and that only neurons bearing Lewy bodies went on to 

die (427). This led us to hypothesize that loss of a normal nuclear αSyn function could 

contribute to these cells’ demise. We unexpectedly found that αSyn colocalized with DNA 

double-strand break (DSB) repair components within the nucleus of human and mouse 

cells. Alpha-synuclein knockout (KO) increased DSBs and impaired DSB repair efficiency 

in human cells and mouse cortical neurons, which could be rescued by transgenic 

reintroduction of human αSyn in the mouse neuron αSyn KO background (442). Our 

previous findings are consistent with the work of others observing activation of DNA 

damage response (DDR) pathways in synucleinopathy models (500, 619, 620). We 

suggested that in neurodegenerative disease αSyn loss-of-function within the nucleus of 

inclusion-bearing neurons may contribute to their cell death (442). We also speculated 

that an αSyn gain-of-function in melanoma could play a potentially protective role against 

DNA damage. Consistent with this, the original report of αSyn localization to the nucleus 

in melanoma cell lines (401) has now been replicated in melanoma tissue samples from 

patients by multiple groups (395, 505). Within the epidermis in melanoma samples, αSyn 

was found in the nucleus, cytoplasm and even in the extracellular space (395), and 

present in oligomeric (506) and filamentous (505) aggregate forms. Although to our 
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knowledge, more mature discrete intracellular αSyn inclusions like Lewy pathology have 

not been described in melanoma. This contrasts with neuronal and glial αSyn aggregation 

found in LBDs and Multiple System Atrophy, where oligomeric forms and mature 

inclusions are present in the cytoplasm and nucleus (490, 491, 621). Consistent with the 

potential importance of nuclear αSyn in melanoma, work by others has shown that αSyn 

KO human melanoma cells implanted as xenografts in mice exhibit slower growth and 

increased apoptosis (478), paired with reduced tumor-induced mechanical allodynia 

(481). In addition, WT melanoma cells in αSyn overexpressing mice show increased 

metastasis (479), indicating potentially complex interactions between αSyn within 

melanoma cells and other tissues in the body. Alpha-synuclein expression is also 

correlated with poorer survival for patients with melanoma (478). Although numerous 

studies have described localization of αSyn to the nucleus in melanoma cells (373, 395, 

398, 401, 503, 504), its nuclear function is still unclear. In order to better understand these 

interesting links between neurodegeneration and cancer, we set out to test the function 

of αSyn within the nucleus of melanoma cells.  

 

 

3.3 Results 
 
Alpha-Synuclein Localizes to the Granular Component of the Nucleolus 
 
 In order to understand the spatial pattern of  αSyn localization within 

melanoma cells, primary cutaneous melanoma (n=4) and brain metastatic melanoma 

(n=17) biopsies were stained for αSyn. We found that 4/4 primary cutaneous melanoma 

and 15/17 brain metastatic melanoma samples demonstrated obvious αSyn staining 
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(Figure 3.3.1A). Counterstaining with hematoxylin showed a moderate degree of αSyn 

staining in these samples localized to the cytoplasm as well as the nucleus. Next, a wide-

excision biopsy from a primary melanoma tumor was stained for αSyn and various nuclear 

markers. Our immunofluorescence staining showed clear enrichment of αSyn near large, 

distinct replication protein A2 (RPA32) foci, which are reminiscent of similar large RPA32 

foci seen within the nucleolus and required for the repair of ribosomal DNA (rDNA) DSBs 

(Figure 3.3.1B) (567, 574). We next stained a panel of primary and immortalized 

melanocytes and melanoma cell lines and detected clear αSyn enrichment within the 

nucleolar sub-compartment of the nucleus in the vast majority of cells in all of these lines. 

In the SK-Mel28 melanoma cell line, αSyn colocalized to DAPI-poor regions and with 

established nucleolar markers treacle, nucleophosmin, and nucleostemin (Figure 3.3.1C-

1D, Figure 3.8.1A). Similar results were also seen in A375 (melanoma line), PIG1 

(melanocyte line), and human primary melanocyte cells derived from foreskin (Figure 

3.8.1B-D). We next used fluorescence deconvolution analysis to measure αSyn 

localization at higher spatial resolution within nucleolar sub-compartments. Mammalian 

nucleoli are comprised of three sub-compartments: the fibrillar center (FC), the dense 

fibrillar component (DFC), and the granular component (GC; rRNA transcription occurs 

at the interface of the FC and DFC, early rRNA processing occurs in the DFC, followed 

by additional rRNA processing and pre-ribosome assembly in the GC). These sub-

compartments were visualized using antibodies specific for each of them (RPA194, FC; 

fibrillarin, DFC; nucleophosmin, GC). 3D reconstruction (Imaris) revealed the localization 

of αSyn primarily in the GC, directly adjacent to the DFC, and relatively excluded from 

FCs (Figure 3.31E). In order to obtain more detailed spatial information, we measured 
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αSyn localization with immunogold transmission electron microscopy (immuno-TEM). 

Immuno-TEM images in SK-Mel28 cells also showed particle labeling primarily in the GC 

and/or DFC, but relatively excluded from the FC, and this labeling was significantly 

increased when compared to αSyn KO SK-Mel28 cells previously described (478) (Figure 

3.3.1F, Figure 3.8.2). Taken together, these data strongly suggest that αSyn localizes to 

the nucleolus in melanocytes and melanoma cells and is enriched within the GC of the 

nucleolus. These data are consistent with other work showing αSyn labeling within the 

nucleolus (401, 504), and extends it by demonstrating preferential enrichment within the 

GC. 
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Figure 3.3.1. Alpha-synuclein localizes to the granular component of the nucleolus 
in melanoma cells. A) Brown DAB pigment labels alpha-synuclein antibody (LB509) 
staining enriched in a subset of metastatic melanoma cells (arrowheads). Scale bar 
10µm. Table showing demographic information and staining pattern detected. – no 
detectable staining, + light staining, ++ moderate staining. B) Formalin-fixed paraffin-
embedded wide-excision patient biopsy was stained for alpha-synuclein (LB509), nuclear 
marker (RPA32), and DAPI. The sample was imaged on the Zeiss 980 confocal 
microscope with Airyscan. White circles indicate RPA32 foci and arrows denote LB509 
foci. C, D) SK-Mel28 cells were stained for alpha-synuclein (Syn1), nucleolar markers 
(nucleophosmin, treacle, and nucleostemin), and DAPI. Cells were imaged on the Zeiss 
980 confocal microscope with Airyscan and colocalization was analyzed in Imaris 
software. Error bars represent Standard Error of the Mean (SEM) with quantification from 
3 biological replicates (total n=30-36 nuclei per condition). ****p<0.0001 by T-test. E) SK-
Mel28 cells were stained for alpha-synuclein (Syn1), fibrillar center marker (RPA194), 
dense fibrillar component marker (fibrillarin), granular component marker 
(nucleophosmin), and DAPI. Cells were imaged on the Zeiss 980 confocal microscope 
with Airyscan oversampling and Joint Deconvolution and Channel Alignment post-
processing. 3D renderings were produced using Imaris software. F) SK-Mel28 cell pellets 
were fixed for 2 hours at RT. Thin sections were cut on an ultramicrotome (EM UC7), 
stained for alpha-synuclein (MJFR1, 1:75) (12nm colloidal gold particles), and observed 
by a JEOL 1400 transmission electron microscope. Blue labeling denotes nuclear 
membrane. Red labeling denotes the outline of the nucleolus. FC=Fibrillar Center. Arrows 
point to representative MJFR1 staining. Quantification of 3 biological replicates (total 
n=28-35 nucleoli per genotype). ****p<0.0001 by T-test. Error bars denote SEM. The 
different alpha-synuclein antibodies utilized in panels A-E were chosen after tissue-type 
and methodology optimization to determine which produced the most distinct and specific 
nuclear labeling. Formal analysis of Figure 3.3.1A performed by Randy Woltjer. Staining 
of samples in Figure 3.3.1B performed by Allison Zhao. TEM imaging and formal analysis 
of Figure 3.3.1F performed by Cindy Moore. 
 

Alpha-Synuclein Knockout Increases γH2AX Levels in the Nucleus and Nucleolus in an 
ATM- and ATR-Dependent Manner 
 

In order to understand the functional role of αSyn enrichment within the nucleolus, 

we measured levels of the phosphorylated histone marker of DSB repair γH2AX within 

the nucleoplasmic and nucleolar compartments independently. αSyn and γH2AX levels 

were both significantly greater in the nucleolus compared to the nucleoplasm and this 

γH2AX strongly colocalized with αSyn foci in SK-Mel28 cells (Figure 3.3.2A). We also 

measured significant colocalization between αSyn and γH2AX in PIG1 (melanocyte cell 
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line) and primary melanocytes (Figure 3.8.3A-3B). PLA analysis revealed significant αSyn 

and γH2AX colocalization compared to proper controls, within the ~40nm resolution of 

this technique (Figure 3.3.2B, Figure 3.8.3C), suggesting close proximity of these two 

molecules in nuclear and nucleolar DSB repair-associated foci. Interestingly, αSyn KO 

cells exhibited increased γH2AX immunocytochemical signal in the nucleus compared to 

control cells and this difference was even larger in the nucleolus (Figure 3.3.2C), 

suggesting that αSyn is even more important in the nucleolus for DSB repair than it is in 

the nucleoplasm. Importantly, stable reintroduction of wild-type human αSyn into the αSyn 

KO background (αSyn “rescue”) reduced both nucleolar and nuclear γH2AX back down 

to control levels (Figure 3.3.2C, Figure 3.8.2). These specific patterns in γH2AX levels 

were also seen using western blot analysis after nuclear fractionation and normalization 

to either total protein levels or total H2AX levels (Figure 3.3.2D, Figure 3.8.3D).  
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Figure 3.3.2. Alpha-synuclein interacts with γH2AX in the nucleolus and knocking 
out alpha-synuclein leads to increased ATM/ATR-driven H2AX phosphorylation. A, 
C) SK-Mel28 cells were stained for alpha-synuclein (Syn1), DSB marker (γH2AX), 
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nucleolar mask (nucleostemin), and DAPI. Cells were imaged on the Zeiss 980 confocal 
microscope with Airyscan and data was analyzed using FIJI (intensity) or Imaris 
(colocalization). Quantification represents 3 biological replicates (total n=71-172 nuclei or 
nucleoli per condition/genotype for intensity or n=30 nuclei per condition for 
colocalization). * p<0.05, *** p<0.001, **** p<0.0001 by T-test or ANOVA. Error bars 
denote SEM for all graphs. N=nucleus, Nu=nucleolus. Same γH2AX quantification of 
control cells between A and C. B) SK-Mel28 cells were seeded on PDL-coated coverslips 
and then fixed in 4% paraformaldehyde. Proximity Ligation Assay (Duolink) was 
completed using antibodies against Syn1 and γH2AX. Cells were imaged on the Zeiss 
980 confocal microscope and number of foci per nucleus was measured using CellProfiler 
while masking for the nucleus using DAPI. Each figure shows representative images and 
quantification from 3 biological replicates (total n=283-306 nuclei per genotype). 
****p<0.0001 by T-test. Error bars denote SEM. D) SK-Mel28 cells were lysed and a 
nuclear fractionation was performed. Nuclear protein was run out on SDS-PAGE and 
probed for γH2AX and total protein. Western blots were imaged on Licor CLx imager. *** 
p<0.001 by ANOVA. Error bars denote SEM. Quantification from 4 biological replicates. 
E, F) SK-Mel28 cells were treated with DMSO, KU-60019 (10µM), VE-822 (0.1µM), or 
NU-7441 (1µM) for 24 hours. Cells were fixed and stained for Syn1, γH2AX, nucleostemin 
and DAPI. Mean intensity of γH2AX signal within DAPI and nucleostemin masks analyzed 
using FIJI. ** p<0.01, *** p<0.001, **** p<0.0001 by ANOVA. Error bars denote SEM. 
Quantification from 3 biological replicates (total n=517-615 nuclei or nucleoli per 
condition). Staining of Figure 3.3.2B performed by Gabe Cohn. 
 

Three phosphoinositide 3-kinase (PI3K)-related kinase (PI3KK) family members 

are important for regulating γH2AX levels, ataxia-telangiectasia mutated (ATM), ataxia-

telangiectasia and Rad3-related (ATR), and DNA-dependent protein kinase (DNA-PK) 

(622). Pharmacologic ATR inhibition reduced γH2AX levels in the nucleoplasm, and both 

ATM and ATR inhibition reduced γH2AX levels in the nucleolus in control SK-Mel28 cells, 

while DNA-PK inhibition had no effect in either compartment (Figure 3.3.2E). In αSyn KO 

cells, both ATM and ATR inhibition reduced γH2AX levels in the nucleus and nucleolus, 

while DNA-PK inhibition again had less prominent effects, and similar overall patterns 

were also seen in αSyn rescue and control cells (Figure 3.3.2E, Figure 3.8.4A). 

Interestingly, inhibition of ATM, ATR, or DNA-PK all moderately increased nuclear αSyn 

levels (Figure 3.3.2F, Figure 3.8.4A). Similar changes in nuclear γH2AX levels after ATM, 
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ATR, or DNA-PK inhibition were also seen using the complementary In-Cell Western 

assay (Figure 3.8.4B, Figure 3.8.5A). Taken together, these results show that ATM and 

ATR are required for the increased phosphorylation of H2AX detected in the αSyn KO 

condition. Additionally, inhibiting any of these kinases–ATM, ATR, or DNA-PK–increases 

nuclear αSyn levels, potentially as part of a compensatory mechanism to improve DSB 

repair. We also attempted to test the potential effects of combined ATM, ATR and DNA-

PK inhibition in our SK-Mel28 cell lines by applying inhibitors to all three kinases 

simultaneously, but unfortunately, this led to toxicity with greatly reduced cell viability and 

were not pursued further. 

 To directly test the role of αSyn in facilitating DSB repair, we induced DNA damage 

throughout the nucleoplasm and nucleolus (pan-nuclear) in SK-Mel28 cells with the 

chemotherapeutic agent bleomycin (100µg/ml, 1 hour). Bleomycin chemically induces 

DSBs, in addition to other forms of DNA damage like single-strand breaks (623). As 

expected, bleomycin treatment increased pan-nuclear γH2AX immunocytochemical 

intensity (Figure 3.3.3A). Similar to our results with PI3KK inhibition, bleomycin also 

moderately increased pan-nuclear αSyn levels (Figure 3.3.3A). Pan-nuclear γH2AX 

levels were higher in αSyn KO cells compared to control cells treated with bleomycin and 

this was attenuated in αSyn rescue cells (Figure 3.3.3A). Similar results were also seen 

using western blot (Fig. 3B) and In-Cell Western (Figure 3.3.3C, Figure 3.8.5A) analyses. 

Next, we used immunocytochemistry to compare γH2AX levels between the nucleoplasm 

and nucleolus after bleomycin treatment, as we previously did in untreated cells (Figure 

3.3.2C). Bleomycin significantly increased γH2AX levels in both the nucleoplasm and in 

nucleoli (Figure 3.3.3D, Figure 3.8.6A) with no clear differences between the two 
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compartments, likely because bleomycin is a nonselective inducer of DNA damage 

throughout the nucleus with no preference for nucleolar versus nuclear DNA. 

Furthermore, we wanted to explore whether the increase in nuclear αSyn signal after 

bleomycin treatment via ICC was due to an upregulation of transcriptional activity or 

another mechanism. We performed qRT-PCR against SNCA and found that bleomycin 

treatment did not significantly change mRNA levels coding for αSyn, suggesting alternate 

downstream mechanisms such as increased cytoplasmic-to-nuclear transport or reduced 

αSyn degradation may be responsible for the increase in nuclear αSyn signal we detect 

after bleomycin treatment (Figure 3.8.6B). 

In order to understand the spatial relationship between αSyn and DNA at the sites 

of DSBs, we used a recently developed modified PLA technique, DNA Damage In Situ 

Ligation Followed by Proximity Ligation Assay (DI-PLA) (624). This approach detects a 

protein of interest, in our case αSyn, and a hairpin-shaped biotinylated DNA 

oligonucleotide that only ligates to double-stranded DNA ends (found in DSBs) as the 

PLA partner. This allows sensitive detection of proteins located within ~40nm of a DSB 

site. We found a higher number of αSyn DI-PLA foci in SK-Mel28 cells treated with 

bleomycin compared to our controls (Figure 3.3.3E, Figure 3.8.3C), indicating that αSyn 

is located close to the site of DSBs after bleomycin treatment.  

Although bleomycin treatment induces DNA DSBs, it also produces other types of 

DNA damage within the nucleus, including single-strand breaks. Therefore, we wanted to 

induce global nuclear DNA damage in a manner that more specifically created DSBs, so 

we next used ionizing radiation (IR). Upon X-ray IR, pan-nuclear γH2AX levels were 

higher in αSyn KO cells compared to control cells treated with IR, and this effect was 
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slightly, but significantly, attenuated below control levels in αSyn rescue cells (Figure 

3.3.3F). Altogether, these data indicate that αSyn is upregulated in response to DNA 

damage and may play a role in modulating DSB repair and that this might be particularly 

important in the nucleolus. 
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Figure 3.3.3. Alpha-synuclein is important in bleomycin and IR-induced DNA 
damage response pathways. A, D) SK-Mel28 cells were treated with DMSO or 
100µg/ml bleomycin for 1 hour and stained for Syn1, γH2AX, and DAPI. Mean intensity 
of γH2AX signal within DAPI and/or nucleostemin masks were analyzed using FIJI. * 
p<0.05, ** p<0.01, ***p<0.001, **** p<0.0001 by ANOVA. Error bars denote SEM. 
N=nucleus, Nu=nucleolus. Quantification from 3 biological replicates (total n=45-757 
nuclei or nucleoli per condition). Same γH2AX quantification between graphs in panel A 
with control cells. B) SK-Mel28 cells were treated with DMSO or 100µg/ml bleomycin and 
lysed and a nuclear fractionation was performed. Nuclear protein was run out on SDS-
PAGE and probed for γH2AX and total protein. * p<0.05, **** p<0.0001. Error bars denote 
SEM. Quantification from 4 biological replicates. C) SK-Mel28 cells were treated with 
DMSO or 100µg/ml bleomycin. Cells were processed according to the In-Cell Western 
manufacturer instructions and stained for γH2AX (800) and CellTag (700). ** p<0.01, *** 
p<0.001, **** p<0.0001 by ANOVA. Error bars denote SEM. Quantification from 3 
biological replicates (with 4 technical replicates per biological replicate). E) SK-Mel28 
cells were treated with DMSO or 100µg/ml bleomycin. DNA Damage In Situ Ligation 
Followed by Proximity Ligation Assay (DI-PLA) was completed. Number of foci per 
nucleus was measured within nuclear masking. Quantification from 3 biological replicates 
(total n=171-231 nuclei per condition). ****p<0.0001 by ANOVA. Error bars denote SEM. 
F) SK-Mel28 cells were treated with 0Gy or 5Gy of X-ray ionizing radiation followed by a 
20-minute recovery period and stained for Syn1, γH2AX, NST and DAPI. Mean intensity 
of γH2AX signal within DAPI masks were analyzed using FIJI. * p<0.05, ** p<0.01, 
***p<0.001, **** p<0.0001 by ANOVA. Error bars denote SEM. Quantification from 3 
biological replicates (total n=358-388 nuclei per condition). Staining of Figure 3.3.3E 
performed by Gabe Cohn. 
 

 

Alpha-Synuclein Regulates Nucleolar Double-Strand Break Repair of Ribosomal DNA 
 
 Given that bleomycin is a non-selective inducer of DNA damage both in the 

nucleoplasm and nucleolus, and our data suggests that αSyn is particularly enriched 

within the nucleolus, we next used an approach to create nucleolar-specific DSBs in rDNA 

with the intron-encoded endonuclease I-PpoI (569) that recognizes a 13-15bp DNA 

sequence within the 28S rDNA coding region. I-PpoI-induced DSBs in rDNA lead to a 

large-scale reorganization of nucleolar structure, including the formation of nucleolar 

“caps” at the nucleolar periphery that allow DSB repair components that do not 

accumulate inside nucleoli to associate with damaged DNA for repair. After repair occurs, 
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the nucleolus returns to its normal structure and caps disappear. After transfecting SK-

Mel28 cells with mRNA for I-PpoI WT or the catalytically inactive mutant H98A (negative 

control), we measured a clear increase in nuclear γH2AX, with a pattern indicating 

nucleolar-specific DSBs in the I-PpoI WT condition (Figure 3.3.4A). There was also a 

significant increase in nuclear αSyn levels upon rDNA DSBs (Figure 3.3.4A), indicating 

that the cell may upregulate protein levels of αSyn as a consequence of rDNA damage, 

similar to that seen with PI3KK inhibition and bleomycin treatment (Figures 3.3.2F, 

3.3.3A). Interestingly, γH2AX levels in the αSyn KO condition following induction of rDNA 

DSBs by I-PpoI were significantly increased compared to control or αSyn rescue cells 

(Figure 3.3.4A). A similar pattern was also seen using western blot analysis (Figure 

3.3.4B). Although I-PpoI is used extensively to study rDNA damage, the recognition 

sequence for this endonuclease is found in a small number of genomic locations outside 

of rDNA. In order to further test the role of αSyn in rDNA DSB repair, we next used an 

alternative CRISPR/Cas9 system to induce DSBs at a site only found in rDNA using 

gRNAs targeting the 28S rDNA subunit (565, 569). Similar to our I-PpoI experiments, 

CRISPR/Cas9-treated cells exhibited a high proportion of nucleolar caps (visualized by 

staining for the nucleolar protein treacle) and increase in γH2AX signal directly 

surrounding the caps compared to a non-targeting gRNA negative control treated cells 

(Figure 3.3.4C). Similarly, γH2AX levels were increased in the αSyn KO condition, 

compared to control and αSyn rescue cells, again indicating that αSyn loss-of-function 

impairs rDNA DSB repair (Figure 3.3.4C). To further test the role of nucleolar αSyn 

recruitment to sites of rDNA DSBs, DI-PLA analysis after nucleolar rDNA DSB induction 

with I-PpoI showed a higher number of αSyn DI-PLA foci compared to control conditions 
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(Figure 3.3.4D, Figure 3.8.3C), indicating that αSyn is recruited to within ~40nm of rDNA 

DSBs. We also utilized laser-induced DNA damage using multiphoton laser illumination 

to generate small, sub-nucleolar regions of DNA DSBs and then measured the immediate 

response of GFP-tagged human αSyn (αSyn-GFP). Focal illumination of small nucleolar 

subregions with a short pulse of high intensity laser light induced the rapid redistribution 

of αSyn-GFP to the site of damage (Figure 3.3.4E).  
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Figure 3.3.4. Inducing rDNA DSBs increases alpha-synuclein levels and localization 
to sites of damage and alpha-synuclein knockout significantly increases γH2AX. A) 
SK-Mel28 cells were transfected with WT and H98A I-PpoI mRNA and stained for Syn1, 
γH2AX, nucleostemin, and DAPI. Quantification from 3 biological replicates (total n=1867-
2823 nuclei per condition). * p<0.05, ****p<0.0001 by ANOVA. Error bars denote SEM. 
B) SK-Mel28 cells were transfected with WT and H98A I-PpoI mRNA, cells were lysed 
and a nuclear fractionation was performed. Nuclear protein was run out on SDS-PAGE 
and probed for γH2AX and total protein. Quantification from 4-6 biological replicates. 
*p<0.05, **p<0.01, ****p<0.0001 by ANOVA. Error bars denote SEM. C) SK-Mel28 cells 
were transfected with Cas9 and guide RNAs. Cells were stained for γH2AX, treacle, RNA 
polymerase II, and DAPI. γH2AX intensity was measured within a radius of treacle-
identified nucleolar cap. Quantification from 3 biological replicates (total n=126 nucleoli 
per condition). ** p<0.01, ****p<0.0001 by ANOVA. Error bars denote SEM. D) SK-Mel28 
cells were transfected with WT and H98A I-PpoI mRNA and the DNA Damage In Situ 
Ligation Followed by Proximity Ligation Assay (DI-PL) was completed. A treacle co-stain 
was included to identify nucleolar cap formation. Number of foci per nucleus was 
measured with DAPI masking. Each figure shows representative images and 
quantification from 3 biological replicates (total n=104-119 nuclei per condition). 
****p<0.0001 by ANOVA. Error bars denote SEM. E) SK-Mel28 control cells expressing 
Synuclein-GFP or Empty Vector-GFP (EV). Yellow arrows show targeting of laser-
induced damage (LID) pulse in the nucleolus. Baseline (t=-6s) and after LID (t=6 and 23s) 
images show accumulation of Synuclein-GFP at DNA damage site. Data from graph 
shows calculated enrichment ratio at LID site (compared to an adjacent site in the 
nucleolus). Quantification from >20 cells over 2 biological replicates. ****p<0.0001 by t-
test. Error bars denote SEM. Quantification of Figure 3.3.4C performed by Kezia 
Catharina Oxe. Staining of Figure 3.3.4D performed by Gabe Cohn. 
 

 We next investigated which PI3KK family member/s are responsible for the 

increase in γH2AX signal we detect in αSyn KO cells after I-PpoI induction of rDNA DSBs. 

This analysis revealed the largest decrease in γH2AX intensity in cells treated with ATM 

inhibitor, and a less pronounced, but still substantial, decrease after ATR or DNA-PK 

inhibition (Figure 3.3.5A, Figure 3.8.5B). These results differ from baseline (Figure 

3.3.2E), in that ATR inhibition no longer produced the largest γH2AX signal reduction. 

This could be due to the prominence of replication stress-induced DSBs during baseline 

conditions that are repaired by ATR cascades, as opposed to a shift towards ATM 

cascades during I-PpoI-induced DSBs. These results indicate that the increase in γH2AX 
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phosphorylation in control SK-Mel28 cells after I-PpoI treatment is driven primarily by 

ATM activity.  

 To understand the potential importance of αSyn in the kinetics of repair after I-

PpoI-induced rDNA DSB formation, we measured the time course of γH2AX changes. 

Using immunocytochemistry, we found a delay in recovery of γH2AX levels after I-PpoI 

transfection in αSyn KO cells that lasts at least 24 hours compared to control or αSyn 

rescue cells (Figure 3.3.5B). Western blot analysis of γH2AX at the 24-hour time point 

also confirmed a persistent elevation of γH2AX in αSyn KO cells compared to either 

control group (Figure 3.3.5C). These data strongly suggest that αSyn is important in 

regulating the DDR in a way that facilitates DSB repair and that its loss-of-function leads 

to higher levels of DNA damage that melanoma cells are slower to repair. 
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Figure 3.3.5. Alpha-synuclein knockout significantly impairs recovery of rDNA 
damage downstream of ATM signaling. A) SK-Mel28 cells were seeded in a black-
welled PDL-coated 96 well plate and treated with DMSO, KU-60019 (10µM), VE-822 
(0.1µM), or NU-7441 (1µM) for 24 hours. Cells were then treated with WT and H98A I-
PpoI mRNA for 6 hours in the presence of the inhibitors. Cells were processed according 
to the In-Cell Western manufacturer instructions and stained for γH2AX (800) and CellTag 
(700). Plates were imaged on the Licor CLx. * p<0.05, ** p<0.01, *** p<0.001 by ANOVA. 
Error bars denote SEM. Quantification from 6 biological replicates (with 3 technical 
replicates per biological replicate). Normalization to control cells transfected with I-PpoI 
H98A and treated with DMSO. B) SK-Mel28 cells (control/KO/rescue) were seeded on 
PLL-coated coverslips and then transfected with WT and H98A I-PpoI mRNA. At the 
indicated time point post transfection, cells were fixed and stained for Syn1, γH2AX, 
nucleostemin, and DAPI. Cells were imaged on the Zeiss 980 confocal microscope and 
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data was analyzed using FIJI. Quantification from 3 biological replicates (total n=1909-
3194 nuclei per condition). Statistical labeling denotes significance between control and 
KO cell lines, ****p<0.0001 by ANOVA. C) SK-Mel28 cells (control/KO/rescue) were 
transfected with WT and H98A I-PpoI mRNA. After 24 hours, cells were lysed and a 
nuclear fractionation was performed. Nuclear protein was run out on SDS-PAGE and 
probed for γH2AX and total protein. Quantification from 5 biological replicates. *p<0.05, 
**p<0.01, ***p<0.001, by ANOVA. Error bars denote SEM.  
 

 

Alpha-Synuclein is Recruited near Nucleolar Caps and Regulates the Rate of DSB 
Repair 
 

I-PpoI-treated SK-Mel28 cells were studied to understand the spatial distribution 

of αSyn after rDNA DSB induction and nucleolar cap formation. Discrete αSyn foci were 

found directly adjacent to the nucleolar cap (Figure 3.3.6A), similar to previous reports for 

53BP1 and BRCA1 after rDNA DSB formation (569, 570, 625), with the most αSyn signal 

within 2 microns of the nucleolar cap. Actinomycin D-mediated RNA Pol I inhibition, which 

also induces nucleolar caps by a mechanism independent of DNA damage, did not show 

the same αSyn localization to the juxta-nucleolar cap region (Figure 3.3.6A). To better 

understand how αSyn regulates DSB repair and nucleolar cap kinetics, we next utilized 

longitudinal live-cell imaging techniques. GFP-tagged treacle-expressing control, αSyn 

KO, and αSyn rescue cells were transfected with I-PpoI mRNA to induce rDNA DSBs and 

nucleolar dynamics were visualized over a ~12-hour period (~5-18 hours after I-PpoI 

transfection). No significant differences in percentage of cells with nucleolar caps or the 

time to cap formation were detected (Figure 3.3.6B). Interestingly, however, the rate at 

which nucleolar caps reorganized back to normal nucleoli was slower in αSyn KO cells 

compared to control or αSyn rescue cells (Figure 3.3.6B). Similar to our γH2AX time 
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course experiments (Figure 3.3.5A-B), this live-cell imaging data also strongly suggests 

that αSyn is important in regulating the rate at which DSBs in rDNA are repaired.  

 

Figure 3.3.6. Alpha-synuclein localizes to DSB-induced nucleolar caps and is 
important for nucleolar cap recovery. A) SK-Mel28 cells were seeded on PLL-coated 
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coverslips and then treated with WT I-PpoI mRNA for 6 hours or 100ng/ml Actinomycin D 
for 1 hour prior to fixation. Cells were stained for Syn1, nucleolar caps marker (UBF), 
nucleostemin, and DAPI. Cells were imaged on the Zeiss 980 confocal microscope with 
Airyscan oversampling and Joint Deconvolution and Channel Alignment post-processing. 
3D renderings and distance from cap analysis were produced using Imaris software. 
Quantification from 5 biological replicates. Error bars denote SEM. Statistical significance 
was calculated via nonlinear regression (99% confidence interval). B) SK-Mel28 cells 
(control/KO/rescue) were seeded on PDL-coated 8-well Ibidi plates. Cells were 
transfected with 800ng GFP-Treacle using Lipofectamine 3000. Twenty-four hours post-
transfection, cells were treated with WT I-PpoI mRNA. Four hours after treatment, live-
cell imaging was performed using the Zeiss Celldiscoverer 7 and imaged for 15 hours. 
Quantification from 5 biological replicates (>200 cells analyzed per genotype per 
experiment). *p<0.05, ****p<0.0001 by two-way ANOVA or Mantel-Cox test. Data 
acquisition and formal analysis of Figure 3.3.6B performed by Somarr Elliott. 
 

Alpha-Synuclein Knockout Impairs MDC1-Mediated 53BP1 Recruitment to Nucleolar 
Caps and Leads to Micronuclei Formation and Growth Dysregulation 
 

Given our data suggesting that γH2AX levels are persistently elevated after DSB 

formation in the αSyn loss-of-function condition (Figures 3.3.3-5), we next tested whether 

this could be due to a deficiency in a step downstream of γH2AX during DDR signaling. 

53BP1 has been previously shown to be recruited near nucleolar caps after specific rDNA 

DSBs induction (569, 570, 625) and downstream of H2AX phosphorylation. 53BP1 is 

important for DSB repair pathway choice, generally promoting non-homologous end 

joining (NHEJ) and limiting homologous recombination (HR) (626). However, DSB repair 

in heterochromatin by HR also requires 53BP1, suggesting that the role of 53BP1 may 

vary dependent on the context (627). We found a decrease in 53BP1 near the nucleolar 

cap in αSyn KO cells compared to control or αSyn rescue cells after I-PpoI transfection 

(Figure 3.3.7A), suggesting that αSyn is important for 53BP1 recruitment to DSBs 

downstream of γH2AX in nucleolar DDR signaling. In contrast, there was no significant 

difference in the recruitment of BRCA1 to the nucleolar cap in αSyn KO cells compared 

to control or αSyn rescue cells after I-PpoI transfection (Figure 3.3.7A, Figure 3.8.7). 
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Although several pathways have previously been implicated in 53BP1 recruitment, the 

best understood one involves MDC1 binding to γH2AX followed by multiple histone 

modification events that ultimately lead to 53BP1 localization at DSBs. We found that 

αSyn-mediated 53BP1 recruitment involves this MDC1 signaling cascade. Specifically, 

there was a significant decrease in MDC1 recruitment to the nucleolar cap in αSyn KO 

cells compared to control or αSyn rescue cells after I-PpoI transfection (Figure 3.3.7B). 

We next tested for possible downstream cellular consequences of delayed DSB repair in 

αSyn KO cells. Importantly, previous work suggests that progressing through mitosis with 

damaged rDNA leads to abnormal nuclear morphology in cells, like micronuclei (565), 

and that 53BP1 dysregulation may influence micronuclei formation (628, 629). We 

measured an increase in the percentage of cells with micronuclei at baseline in the αSyn 

KO condition, that was also present 6- and 24-hours post rDNA DSB induction with I-PpoI 

(Figure 3.3.7C). We also measured proliferation, migration, and invasion to determine the 

contributions of αSyn function to these downstream cellular phenotypes, since previous 

studies have found dysregulation of various growth measurements in αSyn KO cells (478, 

480), and dysregulated DDR is linked to cancer proliferation and metastatic phenotypes 

(630). SK-Mel28 αSyn KO cells also exhibited impaired proliferation, migration, and 

invasion capabilities compared to control and αSyn rescue cells (Figure 3.3.7D), 

suggesting that αSyn-mediated rDNA DSB repair is important for these forms of cell 

survival and growth. αSyn’s role in metastasis will be discussed later in Appendix A.2. 
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Figure 3.3.7. Alpha-synuclein knockout leads to reduced recruitment of MDC1 and 
53BP1 to nucleolar caps and is associated with impaired cellular growth and 
dysregulated expression of transcripts associated with DNA repair pathways. A, B, 
C) SK-Mel28 cells were transfected with WT I-PpoI mRNA. 0-, 6-, or 24-hours post 
transfection, cells were stained for Syn1, UBF, 53BP1, and DAPI or Syn1, Treacle, 
BRCA1, and DAPI or UBF, MDC1 and DAPI. Data was analyzed using FIJI. Micronuclei 
were hand counted with the experimenter blinded to cell condition. Quantification from 3-
4 biological replicates (total n=84-956 nuclei or cells per condition). * p<0.05, **p<0.01, 
****p<0.0001 by ANOVA. Error bars denote SEM. D) SK-Mel28 cells were plated on 
Matrigel coated ImageLock plates. Graphs represent temporal progression of total 
confluence (proliferation), or wound closure using Relative Wound Density as the metric 
to measure migration or invasion. Data represents time-course of means of each cell line 
among 3 biological replicates (with 16 technical replicates per experiment). *95%CI, 
***99%CI by nonlinear regression (migration) or simple linear regression (proliferation and 
invasion) analysis. E) Total RNA was extracted from SK-Mel28 control and KO cells and 
sent for RNA-sequencing (n=3 biological replicates per condition). Differentially 
expressed gene transcripts in KO cells compared to control were identified. These were 
cross-referenced to over 500 nucleolar-specific genes. 64 genes were identified and 
plotted on a volcano plot using p-value and fold change. All transcripts, greater than 1 
standard deviation and less than -1 standard deviation are plotted. Red labeling indicates 
RT-PCR validated genes. F) All significant upregulated and downregulated transcripts 
underwent gene ontology analysis. Gene sets found to be significant after Benjamini-
Hochberg multiple testing correction (P adj. < 0.05) are marked with an asterisk. Data 
acquisition of Figure 3.3.7E performed by Sahar Shekoohi. Figure assembly of Figure 
3.3.7F performed by Dillon Brownell. 
 

Transcriptomic Analysis Reveals Alpha-Synuclein Involvement in Nucleolar DNA 
Binding Regulation and Damage Repair Pathways 
 

Previous work has shown that rDNA DSB induction leads to transcriptional 

silencing of rDNA via an ATM-dependent process important for nucleolar cap formation 

(563, 565, 568, 571, 625, 631), and other work has implicated αSyn in transcriptional 

regulation, both in the nucleolus (576, 577) and in the context of neurodegeneration (632). 

Therefore, we next tested for a potential role of αSyn in rDNA transcriptional silencing 

after DSB induction. Measurements of transcription using 5-EU (5-Ethynyl Uridine) 

incorporation in SK-Mel28 cells treated with gRNAs targeting rDNA or Actinomycin D (Act 

D) were compared between control, αSyn KO, and αSyn rescue backgrounds. Our results 
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suggest that αSyn plays no detectible role in the specific silencing of rDNA transcription 

that occurs after DSB induction, but that it may have effects on general rDNA 

transcription, since this was increased in the αSyn KO condition at baseline (Figure 

3.8.8A, B).  

 In order to better understand these possible changes in baseline rDNA 

transcription in the αSyn KO cells and what cellular processes might be altered, whole-

cell RNA extraction and bulk sequencing (RNAseq) analysis was performed in SK-Mel28 

control and αSyn KO cells. Differentially expressed transcripts were identified and 

assigned p-values and false discovery rates (FDR) (633). A gene set was selected that 

included all immunofluorescence-validated nucleolar genes (543) and cross-referenced 

to our RNAseq differential gene expression list. 64 nucleolar-associated genes were 

identified to be significantly up- or down-regulated in the αSyn KO line compared to the 

control cells (Table 3.8.1). We identified 37 upregulated (log2-fold change 2.01 to 29.53) 

and 27 downregulated (log2-fold change -2.00 to -8.07, Figure 3.3.7D) nucleolar-

associated gene transcripts. Six of the transcripts exhibiting the largest changes were 

validated by qRT-PCR and all showed changes in the expected direction (Figure 3.3.7E, 

Table 3.8.2), with ATF3, DTX3, and HMGA2 significantly upregulated and CRIP2 

downregulated (Figure 3.8.8C). ATF3 (Activating Transcription Factor 3), which showed 

the largest upregulation in αSyn KO cells both by RNAseq and qRT-PCR, has been 

previously implicated in cellular responses to a variety of stresses (634) and to be 

important for regulating DSB repair (635, 636). Further gene ontology analysis revealed 

upregulated transcripts associated with DNA binding (HMGA1, HMGA2) and transcription 

(SFRP1, HMGA1, HMGA2, EN1, TBL1X, BMP7, ATF3) and downregulated gene 
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populations associated with RNA polymerase DNA binding (ZNF397, ZNF419, FOXJ2, 

ZBTB43, ZNF689, ZNF33B, STOX1) (Figure 3.3.7F).  

 

 

3.4 Discussion 
 

In this study, we have expanded our knowledge of the nuclear functions of the 

neurodegeneration and cancer-associated protein, αSyn, by showing its particular 

importance in facilitating nucleolar DDR pathways in melanoma. Our data suggest that 

αSyn is preferentially enriched within the nucleolar granular component, where it 

colocalized with the marker of DSB repair γH2AX. αSyn loss-of-function by genetic 

deletion increased γH2AX levels in the nucleolus via an ATR- and ATM-dependent 

pathway. Pan-nuclear DNA damage induction via bleomycin treatment increased global 

nuclear αSyn, while αSyn KO exacerbated the increase in γH2AX throughout the 

nucleolus and nucleoplasm. Selective rDNA DSB induction within the nucleolus via I-

PpoI- or CRISPR/Cas9-based approaches both increased nuclear αSyn and γH2AX, and 

in αSyn KO cells this γH2AX increase was even greater and mediated in large part by 

ATM. Our DI-PLA analysis showed that αSyn is present within close proximity (~40nm) 

of these rDNA DSB ends and to γH2AX. Kinetic studies of the γH2AX response after 

selective rDNA DSB induction also revealed a significant delay in γH2AX resolution in 

αSyn KO cells, which was also associated with impaired resolution of nucleolar caps. 

αSyn KO led to a reduction in important DDR effectors downstream of γH2AX, including 

MDC1 and 53BP1 recruitment to the nucleolar caps, after inducing rDNA DSBs, while 

leaving BRCA1 recruitment unaffected. These abnormalities in nucleolar DSB repair were 
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associated with multiple downstream cellular effects, including increased micronuclei 

formation, impaired proliferation, migration, and invasion. Lastly, transcriptomic analysis 

of αSyn KO cells reinforced our finding that αSyn loss-of-function leads to dysregulated 

DSB repair. Altogether, these findings illuminate a role for αSyn in the nucleolar DDR. It 

acts directly downstream of ATM-mediated H2AX phosphorylation to help facilitate MDC1 

recruitment and αSyn loss-of-function leads to delayed DSB repair with specific cellular 

consequences.  

 

Figure 3.4.1. Potential molecular mechanism by which αSyn facilitates nucleolar 
DDR and the downstream cellular consequences. 
 

Our findings strongly suggest that αSyn acts downstream of H2AX phosphorylation 

to enable proper MDC1 recruitment to DSBs and that this has subsequent effects on 

downstream events in the DDR pathway. Previous work has shown that ATM 

phosphorylation leads to the creation of the γH2AX histone mark and MDC1 directly binds 

to this γH2AX (637-640). MDC1 binding then continues the cascade that involves H2AX 

K13-K15 ubiquitination by the RING-type E3 ubiquitin ligases RNF8 and RNF168 (641-
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644), and histone H4 K20 methylation (645, 646), ultimately leading to 53BP1 recruitment 

to DSBs. Our data demonstrate an increase in γH2AX, but a decrease in MDC1 and 

53BP1, after inducing DSBs selectively in rDNA in an αSyn KO environment. BRCA1 

recruitment appears to be unaffected. This pattern strongly suggests that αSyn is directly 

involved in the recruitment and/or stabilization of MDC1 bound to γH2AX. Previous work 

showing that MDC1 directly binds γH2AX (638-640) and our PLA data showing close 

proximity between αSyn and γH2AX leads us to propose a model where αSyn may 

physically interact with both components to facilitate this γH2AX-MDC1 interaction (Figure 

3.4.1). Recent work shows that both αSyn and MDC1 are intrinsically disordered proteins 

that can undergo liquid-liquid phase separation (LLPS) under specific conditions (647-

651), so it will be interesting in future work to test if αSyn’s ability to undergo LLPS may 

be important in facilitating MDC1’s interaction with γH2AX. Other molecular mechanisms 

by which αSyn could promote 53BP1 recruitment may also be important. Protein 

methylation is another post-translation modification important for 53BP1 recruitment 

during the DDR and very recent work identified PRMT5 (Protein Arginine 

Methyltransferase 5) as an αSyn interactor through proteomic analysis (652).  PRMT5 

can directly methylate 53BP1 in its GAR domain to facilitate docking of 53BP1 to DSB 

sites (653, 654). It will be important to test in future studies whether αSyn regulates the 

histone post-translational modification cascade mediated by RNF8/168, PRMT5 

mediated 53BP1 methylation, and/or other pathways to directly facilitate 53BP1 binding 

to DSBs, in addition to its effects on γH2AX-MDC1 binding. Interestingly, expression of 

the PD-associated A53T αSyn point mutation has recently been shown to cause delayed 

repair and abnormal RNF8 retention at DSB repair foci after ionizing radiation treatment 
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(499), which is similar to our results with αSyn KO cells which show persistently elevated 

γH2AX levels after selective rDNA DSB induction. 

Our RNA-seq analysis identified 64 nucleolar-associated transcripts that were up 

or down regulated in αSyn KO cells, many of which have direct links to the DDR. Gene 

ontology analysis also showed enrichment of DNA binding and transcriptional regulation 

pathways (Figure 3.3.7E). ATF3, which had the largest change of any identified transcript 

(~30-fold increase in αSyn KO cells) is particularly interesting, since it is activated upon 

DNA damage in a p53-dependent manner and its overexpression moderately suppresses 

cell growth (655-657) and it facilitates DSB repair (635, 636). HMGA1 and HMGA2 are 

small non-histone proteins that can bind to DNA and modify chromatin state and were 

also upregulated in our dataset 2.5- and 4-fold, respectively. Both have been implicated 

in the DDR and are direct ATM/ATR kinase targets (658-661). HMGA2 is associated with 

suppression of NHEJ via hyperphosphorylation of DNA-PKcs (662), and interestingly, our 

data suggests αSyn KO reduces both MDC1 and 53BP1 recruitment. These RNA-seq 

data are consistent with the concept that αSyn is important in melanoma cells for 

determining the mechanism of DSB repair, which will also be important to test further in 

future studies (discussed in Chapter 5.2). 

Our data also fits into a larger landscape of links between the nucleolus, genomic 

instability, and cancer. Due to their highly proliferative nature, cancers are vulnerable to 

replicative exhaustion and subsequent genome instability. The nucleolus is especially 

prone to this due to its extremely high levels of transcriptional activity of repetitive rDNA 

sequences. Estimates suggest that up to 60% of all transcription within a normal 

mammalian cell occurs at rDNA(557), and faithful ribosome biogenesis is even more 
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important in malignant cells to sustain their increased levels of cell division and growth 

(558, 559). In melanoma specifically, substantial evidence suggests that there is 

upregulation of DSB repair pathways to promote increased DSB repair capacity critical 

for survival (523, 524). Evidence for this includes melanoma’s relative resistance to 

ionizing radiation (525, 526) and that DSB repair inhibitors are particularly effective in 

many treatment models (527, 528). For example, melanoma has been shown to 

upregulate NHEJ protein, DNA-PK (663), which has been an effective drug target in 

cancer therapeutics using small molecule inhibitors (527). Another study, using DNA 

strand break bait (Dbait) molecules, which mimic DSBs and trap DNA repair proteins, 

thereby inhibiting DNA DSB repair, have been shown to be affective in pre-clinical trial 

models of melanoma (528) and a phase I clinical trial study is currently ongoing. Our 

findings that αSyn modulates nucleolar DSB repair and its loss-of-function negatively 

impacts cellular growth suggest that upregulation of αSyn levels in melanoma may also 

be part of a similar mechanism to improve DSB repair, allowing these cells to evade the 

programmed cell death and senescence pathways that would normally be triggered by 

high DSB levels. In contrast to what is seen in neurons, the high overexpression of αSyn 

by melanoma cells does not lead to frank aggregation or the formation of detectible Lewy 

pathology within these cancer cells. The reasons for this are unclear, but could involve 

melanoma-specific factors that act to limit this protein’s aggregation and allow it to remain 

soluble, even when it is at high concentration within the cell. Alternatively, if melanoma 

cells were to form Lewy pathology and then die quickly, they would also be hard to detect 

in a melanoma sample at any one given point in time. It will be interesting to explore in 

future work which of these or other mechanisms might be operative, especially since 
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specific anti-aggregation factors expressed by melanoma cells could reveal strategies to 

limit aggregation and keep αSyn soluble in a neurodegenerative disease context.  

It is well-established that PD patients and their first-degree relatives are at 

increased risk of melanoma, and symmetrically that melanoma patients are at increased 

risk of PD (2, 5-23). Our previous work suggests that genetic or environmental factors 

that cause increased αSyn expression within certain individuals would predispose their 

post-mitotic neurons to accumulate cytoplasmic Lewy pathology and this, 

counterintuitively, triggers a loss of soluble, functional αSyn from the nucleus. This could 

lead to deficient DSB repair that contributes to programmed cell death (427, 442). Our 

current data suggest these same individuals could also be predisposed to develop 

melanoma via a gain-of-function mechanism where increased αSyn levels improve DSB 

repair capacity within the nucleolus, which limits the senescence and programmed cell 

death pathways that are triggered by excessive DSBs associated with oncogenesis. This 

provides a framework for understanding the link between PD and melanoma and offers 

potential therapeutic targets in melanoma that are focused on reducing αSyn-mediated 

nucleolar DSB repair. 

 

 

3.5 Methods 
 
Cell lines 

 The SK-Mel28 cell line were produced by Dr. Stephan Witt (Louisiana State 

University), after being purchased from ATCC and authenticated at the University of 

Arizona Genetics Core via their STR Profiling Cell Authentication service. Per Shekoohi 
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et al. 2021, αSyn knockout cells were created through CRISPR/Cas9 genome editing 

targeting SNCA (478). In addition, re-expression of αSyn in the SNCA KO clone was 

established using lentivirus transduction of human αSyn under the CMV promoter. All SK-

Mel28, A375, and PIG1 cell lines were cultured in appropriate medium suggested by 

ATCC. Primary melanocytes were isolated from male patient foreskin samples provided 

by Oregon Health and Science University. Isolation protocol followed the steps outlined 

in (664). All cells were maintained in a humidified chamber with constant supply of 5% 

CO2 and 95% O2 at 37C.  

 

Patient biopsy and immunohistochemistry and immunofluorescence staining 

For immunohistochemistry staining (Figure 3.3.1A), IRB 1623 (Brain Bank, 

deceased anonymized subjects) and IRB 3493 (Pathology Department, postdiagnostic 

tissue) of Oregon Health and Science University gave ethical approval for this work. 

Human pathological analysis was done using standard hematoxylin methods. Standard 

IHC methods were used to evaluate alpha-synuclein. In brief, formalin-fixed, paraffin-

embedded sections of primary cutaneous or metastatic brain melanoma were incubated 

with antibody LB509 (1:3000; Thermo Scientific), developed with diaminobenzidine 

chromagen, and counterstained with hematoxylin, as previously described (665).  

For immunofluorescence staining (Figure 3.3.1B), eIRB STUDY00024716 of 

Oregon Health and Science University gave ethical approval for this work. Archival 

samples were formalin-fixed, paraffin-embedded (FFPE) and 7 micron sections were cut 

onto slides. Tissue sections were deparaffinized and an antigen retrieval was performed 

overnight at 56C (10 mM Tris base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0). 
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Samples were washed in 1X PBS, permeabilized in 0.25% Triton X-100 in PBS for 10 

minutes, and blocked for 2 hours at room temperature (RT) (2% FBS, 1% BSA in PBS). 

Primary antibody incubation occurred overnight at 4C in blocking buffer. The next day, 

tissue samples were washed in 1X PBS and incubated with secondary antibody at 37C 

for 1 hour in blocking buffer. After additional 1X PBS washes, samples were stained with 

DAPI and mounted using CFM2 antifade reagent and sealed with BioGrip. All 

immunofluorescence images were taken on a Zeiss Laser-Scanning Confocal 

Microscope 980 with Airyscan. 

 

Immunocytochemistry staining 

SK-Mel28 cells were seeded onto poly-l-lysine treated glass coverslips and treated 

as indicated in the figure legends. Cells were then washed with 1x PBS and fixed using 

4% paraformaldehyde for 15 minutes. After one wash in 1x PBS, cells were permeabilized 

in 0.25% Triton X-100 in PBS for 5 minutes. Coverslips were blocked in 10% goat 

serum/0.1% Triton X-100 in PBS for 30 minutes and then placed in the primary antibody 

overnight at RT. The next morning, cells were washed three times in 1x PBS and placed 

in secondary antibody overnight at RT. The following day, coverslips were washed 4 times 

in 1x PBS. The third wash contained DAPI (2.5µg/ml) for 20min. Coverslips were mounted 

using CFM2 antifade reagent and sealed with BioGrip. All immunofluorescence images 

were taken on a Zeiss Laser-Scanning Confocal Microscope 980 with Airyscan and 

analyzed with FIJI (2D analysis using custom made macro available on GitHub) or Imaris 

(3D analysis). Mean intensity was measured after imposing DAPI, RNA Polymerase II, or 

Nucleostemin masks over each cell. All cells within a 63x image were analyzed and 
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numbers of n are provided in each figure legend. Statistical significance was assigned 

using one-way ANOVA with multiple comparisons.  

Colocalization analysis was performed using Imaris 3D colocalization function 

following masking of either DAPI or NST. Thresholds were set using the automatic 

threshold function and Pearson’s coefficients were calculated. To produce the 

randomization scramble for statistical significance testing, the Syn1 channel (Alexa Fluor 

488) was moved 20 voxels in the x and y planes prior to Pearson’s coefficient reanalysis.  

Ultra-resolution imaging samples were processed as described above and imaged 

on Zeiss Laser-Scanning Confocal Microscope 980 with Airyscan oversampling 

parameters. These images underwent Airyscan Joint Deconvolution and Channel 

Alignment post-processing steps, prior to Imaris 3D analysis. 

Antibody specifics were as follows: LB509 (Abcam #27766, RRID:AB_727020, 

1:500), RPA32 (Bethyl #A300-245A, RRID:AB_210547, 1:1000), Syn1 (BD Biosciences 

#610786, RRID:AB_398107, 1:500), Nucleophosmin (Abcam #52644, RRID:AB_881735, 

1:100), Nucleostemin (Santa Cruz #166430, RRID:AB_2110097, 1:500), Treacle 

(Millipore Sigma #HPA038237, RRID:AB_10670660, 1:200), Fibrillarin (Abcam #5821, 

RRID:AB_2105785, 1:100), RPA194 (Santa Cruz #48385, RRID:AB_675814, 1:200), 

γH2AX (Cell Signaling #9718, RRID:AB_2118009, 1:500), Treacle (Sigma-Aldrich 

#GW22821, RRID:AB_1857861, 1:10,000), RNA Pol II (Santa Cruz #47701, 

RRID:AB_677353, 1: 500), UBF (Millipore Sigma #HPA006385, RRID:AB_1080447, 

1:10,000), 53BP1 (BD Biosciences #612522, RRID:AB_2206766, 1:1000), BRCA1 

(Sigma-Aldrich #07-434, 1:1000), MDC1 (Sigma-Aldrich #05-1572, 1:500). 
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DNA Damage In Situ Ligation followed Proximity Ligation Assay (DI-PLA) 

This protocol is adapted from Galbiati et al (624). SK-Mel28 sells were grown on 

13mm poly-d-lysine treated coverslips and fixed in 4% PFA for 15 minutes at RT followed 

by two washes with 1x PBS.  

 

DI-PLA: Blunting 

Coverslips were washed twice for 5 minutes with NEB2 buffer (50mM NaCl, 10mM Tris-

HCl pH 8, 10mM MgCl2, 1mM DTT, 0.1% Triton X-100) and twice for 5 minutes with 

Blunting buffer (50mM NaCl, 10mM Tris-HCl pH 7.5, 10mM MgCl2, 5mM DTT, 0.025% 

Triton X-100). Coverslips were then inverted onto a 35µL drop on parafilm of NEB 

Blunting Reaction (NEB, E1201): (1mM dNTPs, 1X Blunting Buffer, 0.2mg/mL BSA, 1X 

Blunting Enzyme). Coverslips were incubated in a dark humidity chamber for 1 hour at 

RT. 

DI-PLA: Ligation 

Coverslips were washed twice for 5 minutes with NEB2 buffer (50mM NaCl, 10mM Tris-

HCl pH 8, 10mM MgCl2, 1mM DTT, 0.1% Triton X-100), then twice for 5 minutes with 

ligation buffer (50mM Tris-HCl pH 7.5, 10mM MgCl2, 10mM DTT, 1mM ATP). Coverslips 

were then inverted onto a 50µL drop on parafilm of Ligation Reaction (0.1µM DI-PLA 

Linker, 1X T4 Ligation Buffer (NEB, B0202), 1mM ATP, 0.2 mg/mL BSA, 1X T4 Ligase 

(NEB, M0202)) overnight at 4°C in dark humidity chamber followed by proximity ligation 

assay between biotin and protein of interest.  

DI-PLA Linker: 5’-TACTACCTCGAGAGTTACGCTAGGGATAACAGGGTAATATAGTTT 

[BtndT] TTTCTATATTACCCTGTTATCCCTAGCGTAACTCTCGAGGTAGTA -3’. 
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Proximity Ligation Assay 

Proximity Ligation Assay was performed without deviation from manufacturer’s 

instructions (DUO92008). Coverslips were washed in a 0.5mL volume and reactions were 

performed by inverting the coverslip onto a 35µL drop on parafilm. Following the proximity 

ligation reaction, cells were stained with DAPI (0.2µg/mL) for 3 minutes followed by one 

wash in PBS and one water wash. The cells were then inverted and mounted on glass 

coverslips with 15µL of prolong gold mounting media (LifeTech, P36934) & were cured 

overnight in the dark at RT.  

All immunofluorescence images were taken on a Zeiss Laser-Scanning Confocal 

Microscope 980 and analyzed with CellProfiler. All cells within a 63x image was analyzed 

(~30cells/condition/biological replicate). Statistical significance was assigned using t-test 

or one-way ANOVA with multiple comparisons.  

 

Transmission electron microscopy 

SK-Mel28 control and KO cell pellets were fixed with 0.1M sodium cacodylate 

buffer (pH 7.2) containing 0.05% glutaraldehyde, 4% paraformaldehyde, and 0.1% picric 

acid for 2 hours at RT. The pellet was then processed for immuno-gold electron 

microscopy, using a microwave tissue processor (Pelco Biowave, Ted Pella, Inc, 

Redding, CA) as previously reported (666). The pellet was gently removed from the tube 

and transferred to specimen dishes (Ted Pella, Inc). Briefly, the pellet was exposed to 1% 

osmium tetroxide/1.5% potassium ferricyanide in the Biowave, washed in water, then 

followed by 0.5% aqueous uranyl acetate, dehydrated in alcohol/propylene oxide, and 

embedded in Epon/Spurr resin.  The pellet was thin sectioned (60 nm) on an 
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ultramicrotome (Leica EM UC7, Buffalo Grove, Il), using a diamond knife (Diatome, 

Hatfield, PA). The sections were placed on 75 mesh grids, then incubated overnight using 

an antibody against alpha-synuclein (abcam, Boston, MA, #AB138501, 

RRID:AB_2537217, rabbit polyclonal, 1:75) in TBST (tris buffered saline triton, pH 7.6) 

blocking solution (0.05% normal goat serum).  The sections were then incubated in a 

secondary antibody (goat anti-rabbit, 1:50, in TBST 8.2, Jackson ImmunoResearch, West 

Grove, PA) tagged with a 12 nm gold particle for 90 minutes at RT. The sections were 

then viewed on a JEOL electron microscope (1400 TEM, JEOL, Peabody, MA). 

Photographs (digital camera, AMT, Danvers, MA) were taken of immuno-gold labeling of 

the nucleolus. The density of gold labeling was quantified as #/µm2 of nucleolar area. 

 

Western blot analysis 

 SK-Mel28 cells were seeded on 10cm plates to be ~80% confluent the day of 

treatment. Cells were treated with bleomycin (100µg/ml) for 1hour or I-PpoI WT or H98A 

mRNA (7µg) as detailed below. After treatment, media was removed and cells were 

washed 1x with ice cold PBS. Cells were harvested by trypsinization, collected into 15ml 

conical tubes, and pelleted for 5min 200rfc. Liquid was aspirated, pellets were 

resuspended in 2ml PBS and transferred to 2ml microcentrifuge tubes. Proteins were 

extracted into cytosolic and nuclear fraction using the NE-PER extraction kit (Thermo-

Fisher, cat 78833) according to the manufacturer’s recommendations with the addition of 

a brief sonication (10 seconds, 10 kHz) after the first nuclear resuspension step. Protein 

preps were stored at -80C until Western blot analysis. 10-30µg protein was run on a 10-

20% Tris-Glycine 1.0 mm gradient gel (Invitrogen) and transferred onto an immobilon-FL 
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PVDF membrane (Millipore) at 30V for 2 hours on ice in 0.5% TBE using the Novex XCell 

II Blotting System (Invitrogen). If completing Syn1 staining, membranes are fixed in 4% 

paraformaldehyde/0.01% glutaraldehyde in PBS for 10 minutes at RT. Membranes were 

blocked overnight in Odyssey PBS Blocking Buffer (Li-Cor) and stained for 2 hours at RT 

with Syn1 (BD Biosciences #610786, RRID:AB_398107, 1:1,000;), γH2AX (Cell Signaling 

#9718, RRID:AB_2118009, 1:1,000), or H2AX (Santa Cruz #sc-517336, 1:500) and 1 

hour at RT with IRDye 680CW Goat anti-mouse (1:10,000; Li-Cor) or IRDye 800CW Goat 

anti-rabbit (1:5,000; Li-Cor). All staining was normalized to total protein (Revert 700 Total 

Protein Stain, Licor). Images were acquired using Li-Cor Odyssey CLx Imaging System.  

 

In-cell western 

SK-Mel28 cells were seeded on poly-d-lysine treated 96-well plates to be ~80% 

confluent the day of treatment. Cells were treated as indicated in the figure legends. After 

treatment, media was removed and cells were fixed using 4% paraformaldehyde for 15 

minutes. After one wash in 1x PBS, cells were permeabilized in 0.25% Triton X-100 in 

PBS for 5 minutes and blocked in 10% goat serum/0.1% Triton X-100 in PBS for 30 

minutes and then placed in the primary antibody overnight at RT (γH2AX, Cell Signaling 

#9718, RRID:AB_2118009, 1:500). The next morning, cells were washed three times in 

1x PBS and placed in secondary antibody at RT for 2 hours (IRDye 800CW Goat Anti-

Rabbit, Licor, 1:800). Cells were then washed 2 times in 1x PBS and then stained with 

CellTag (CellTag 700, Licor, 1:500) for 1 hour at RT. After a final wash in 1x PBS, the 96-

well plate was dried and images were acquired using Li-Cor Odyssey CLx Imaging 

System. 
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Ionizing radiation 

Ionizing radiation was delivered by an x-ray generator (Rad Source RS-2000 X-

ray Irradiator; 160 kV; 25mA; 2.0 Gy/min dose rate). Cells were treated with a total of 5 

Gy of irradiation, followed by a 20-minute recovery period. Following the recovery period, 

cells were fixed and processed for immunocytochemistry as described above.  

 

I-PpoI mRNA production and transfection 

 I-PpoI WT and H98A plasmids were generously gifted from Dr. Brian McStay (NUI 

Galway) and previously characterized (569). Plasmids were linearized at a NotI site 

positioned in the polylinker downstream from the I-PpoI ORF and transcribed using 

MEGAscript T7 kit (Invitrogen) according to the manufacturer’s instructions. I-PpoI mRNA 

was subsequently polyadenylated using a Poly(A) tailing kit (Invitrogen) according to the 

manufacturer’s instructions and then precipitated using lithium chloride. SK-Mel28 cells 

were seeded on poly-l-lysine treated glass coverslips at least 36 hours prior to 

transfection with the in vitro transcribed mRNA using the TransMessenger transfection 

reagent (Qiagen). One microgram of I-PpoI mRNA and 2µl of Enhancer R were diluted in 

buffer EC-R to a final volume of 100µl and incubated for 5 minutes at RT. Two microliters 

of TransMessenger transfection reagent was added and further incubated for 10min at 

RT. After addition of 900µl of serum-free medium, the transfection cocktail was added to 

cells. Following 4 h of incubation, the transfection medium was replaced by full medium, 

and cells were grown for an additional 2 hours or 24 hours prior to further processing.  
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RNP transfection 

 SK-Mel28 cells were grown on coverslips and transiently transfected with 

ribonucleprotein complexes consisting of purified recombinant Cas9 protein (Truecut 

Cas9 Protein v2, Invitrogen, #36499) and synthetic guide RNAs (Invitrogen TrueGuide 

Synthetic sgRNA #35514 or Negative Control, non-targeting 1 #A35526) using 

Lipofectamine CRISPRMAX Cas9 Transfection Reagent (Invitrogen) according to the 

manufacturer’s specifications unless otherwise stated. Cells were collected 24 hours 

post-transfection. The gRNA oligos targeted sequences in the 28S rDNA sequence or a 

human non-targeting control (Invitrogen, #CMAX00015). Unless otherwise stated, the two 

rDNA gRNA oligos were pooled in a ratio of 1:1 for each transfection. rDNA guide 1: 

CGAGAGAACAGCAGGCCCGC; rDNA guide 3: GATTTCCAGGGACGGCGCCT. Cells 

were collected 24 hours post-transfection. When applicable, Actinomycin D (Act D) was 

used as a positive control with cells treated at a final concentration of 100ng/ml for 1 hour. 

 

Laser-induced damage 

SK-Mel28 control cells were seeded onto poly-l-lysine treated live-cell imaging 

glass-bottom 4-well plates at 60,000 cells per well. Cells were then transfected with 800ng 

Synuclein-GFP or Empty Vector-GFP using Lipofectamine 3000 transfection reagent. 

Twenty-four hours post-transfection, cells underwent laser-induced damage (LID) using 

a Zeiss 880 LSM multiphoton microscope outfitted with dual channel BiG (binary GaAsP) 

detectors and a Coherent Technologies Chameleon titanium-sapphire femtosecond 

pulsed laser source (for imaging Synuclein-GFP). The Bleaching function is Zen was used 

to illuminate small, submicron-sized regions within the nucleolus with Chameleon laser 
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tuned to ~730 nm for 65 or 130µs. There is a ~4 second time delay required to switch the 

laser to and from the LID (~730nm) wavelength. Transmitted light was used to localize 

the LID pulse to the nucleolus. LID images were analyzed with ImageJ where regions of 

interest (ROIs) were selected to obtain mean fluorescence values in LID and control ROIs 

within the nucleolus. The ratio of the signal at each time point from the LID versus the 

control ROIs was used to calculate the Enrichment Ratio.  

 

Live-cell nucleolar cap imaging 

SK-Mel28 cells were seeded onto poly-l-lysine treated live-cell imaging glass-

bottom 4-well plates at 60,000 cells per well. Cells were then transfected with 800ng GFP-

Treacle (pcDNA 4TO-Strep-HA-AcGFP-Treacle) using Lipofectamine 3000 transfection 

reagent. Twenty-four hours post-transfection, cells were transfected with 1µg I-PpoI WT 

mRNA in serum free media. Four hours after transfected, cells were washed and media 

was replaced with DMEM Fluorobrite + 10% FBS. Live cell imaging was performed using 

the Zeiss Celldiscoverer 7 equipped with a 40x oil objective at 37C with 5% CO2. Cells 

were imaged every hour over 15 hours as z-stacks. Images were processed in FIJI and 

nucleolar caps were hand-counted by investigators blinded to condition. 

 

IncuCyte proliferation, migration, and invasion assay 

SK-Mel28 cells were seeded onto Matrigel treated (80µg/ml) 96-well plates 

(IncuCyte ImageLock) at 6,000 cells per well. Five hours after seeding, the cells were 

placed in the IncuCyte for 48 hours for proliferation analysis. At 48 hours, cells were taken 

out of the IncuCyte and placed in a standard incubator for 72 additional hours to obtain 
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100% confluence. After 120 hours post-seeding, the confluent cell layer was scratched 

with an IncuCyte 96-pin wound making tool. An additional 50µl of media (migration) or 

50µl of 0.3mg/ml Matrigel (invasion) was added to the wells with scratches. The 

subsequent movement of cells into the wound was observed and documented with the 

IncuCyte ZOOM software every 3 hours for 96 hours. The data were exported as the 

width of the cell-free area. For calculation of the cell migration/invasion distance, the 

equation the Relative Wound Density was used, where it is a measure (%) of the density 

of the wound region relative to the density of the cell region: 

 

 

5-EU labeling and immunofluorescence 

For 5-EU labeling, the RNP transfection reagents was performed using double the 

manufacturer’s specifications. 30 minutes prior to fixing cells were incubated with 1 µM 

5-Ethynyl Uridine (EU) (Invitrogen #E10345), except for the unlabeled control. Cells were 

fixed with 4% paraformaldehyde at RT for 10 minutes and subsequently permeabilized 

with 0.5% Triton X-100 for 10 minutes at RT. Click-iT reaction cocktail (100 Mm Tris-

buffered saline, 4 mM CuSO4, 100 mM ascorbic acid and 4 µM Alexa FluorTM 488 azide 

(Invitrogen #A10266) was used for detecting EU. Subsequently, samples were incubated 

at RT with primary antibodies (RNA Polymerase II, rabbit polyclonal, 1:1000, Abcam, 

ab5131, RRID:AB_449369; Treacle, mouse monoclonal, 1:500, Santa Cruz, sc-374536, 

RRID:AB_10987865) for 1 hour, 30 minutes with secondary antibody and 5 mg/ml DAPI 
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(Invitrogen #D1206) in a dark humid chamber. Cells were washed three times in PBS 

between incubation steps, rinsed with water, mounted with Fluoromount-GTM mounting 

medium (Invitrogen #00-4958-02), and sealed with nail polish. Qualitative image analysis 

of fluorescence was done using the confocal microscope LSM800 (Zeiss), using the 40x 

oil immersion objective and ZEN Software (Zeiss). Quantitative analysis was done using 

CellProfilerTM cell image analysis software. The analysis pipeline first segmented nuclei 

through the DAPI staining, and subsequently identified nucleoli through an inverted mask 

of the RNA Polymerase II staining. The nucleolar mask could then be used to measure 

nucleolar EU intensity per nuclei. For cells treated with Act D or gRNA, cells without 

nucleolar caps were manually removed for the data analysis. Experiments were repeated 

three times and at least 100 cells were quantified for each condition per repeat. 

 

Bulk RNA-sequencing 

RNA-sequencing was carried out as previously described (633) and is publicly 

available on GEO. Differential expression results were cross-referenced with antibody-

validated nucleolar transcripts previously identified (543). Nucleolar differentially 

expressed transcripts were submitted to the Enrichr online gene set enrichment platform 

(667-669), and results were visualized with ggplot2. All results were filtered for 

significance (P < 0.05) and ordered by combined score (log of p value * zscore of deviation 

from expected rank). Gene sets found to be significant after Benjamini-Hochberg multiple 

testing correction (P.adj < 0.05) were marked with an asterisk. 
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Quantitative RT-PCR 

Total RNA was extracted from SK-Mel28 cells (control/KO) using the Qiagen 

RNeasy Mini Kit (#74104) following the manufacturer’s instructions. RNase-Free DNase 

Set (Qiagen) was used to remove genomic DNA contaminants. Total RNA was eluted 

with nuclease-free water. cDNA was synthesized from 500ng RNA with TaqMan Reverse 

Transcription Reagents Kit (Applied Biosystems). Relative quantification with qRT-PCR 

was performed by using TaqMan Gene Expression Master Mix (Applied Biosystems) and 

TaqMan assay reagents (Table 3.8.2) on the QuantStudio 3 (Applied Biosystems). Gene 

expression was normalized to GAPDH expression. SNCA gene expression was used as 

a positive internal assay control. 

 

Statistical analysis 

Beyond individualized analysis within each assay methodology, all data was 

processed using GraphPad Prism version 9.0. Data was analyzed using one-way 

ANOVA, unless stated otherwise, and considered statistically significant if p < 0.05. All 

data was presented as a mean +/- standard error of the mean (SEM). 
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3.8 Supplemental Material 
 

 
Figure 3.8.1. Alpha-synuclein localizes to nucleolar markers in melanoma cells and 
primary melanocytes. A, B, C, D) SK-Mel28 KO (A), primary melanocytes (B), PIG1 (C), 
and A375 (D) cells were seeded on PDL-coated coverslips and then fixed and stained for 
alpha-synuclein (Syn1), nucleolar markers (nucleophosmin, treacle), and DAPI. Cells 
were imaged on the Zeiss 980 confocal microscope with Airyscan and colocalization was 
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analyzed in Imaris software. Error bars represent Standard Error of the Mean (SEM) with 
quantification from 1 biological replicate (total n=12-15 nuclei per condition). ****p<0.0001 
by T-test. 
 
 
 
 
 

 
 

Figure 3.8.2. Knockout and reintroduction validation of alpha-synuclein in SK-
Mel28 cells. A) SK-Mel28 cells (control/KO/rescue) were lysed using RIPA buffer and run 
out on SDS-PAGE and probed for Syn1 and total protein. Representative image of 
western blot. B) Total RNA was isolated from SK-Mel28 cells (control/KO/rescue). Using 
SNCA TaqMan primers, qRT-PCR amplification was determined when normalized to 18S 
internal control. Data is from 1 representative biological replicate with 2 technical 
replicates.  
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Figure 3.8.3. Alpha-synuclein localizes with γH2AX in melanoma cells & primary 
melanocytes and γH2AX increases in alpha-synuclein knockout cells. A, B) Primary 
melanocytes (A) and PIG1 (B) cells were seeded on PDL-coated coverslips and then 
fixed and stained for alpha-synuclein (Syn1), DSB marker (γH2AX), and DAPI. Cells were 
imaged on the Zeiss 980 confocal microscope with Airyscan and colocalization was 
analyzed in Imaris software. Error bars represent Standard Error of the Mean (SEM) with 
quantification from 1 biological replicate (total n=15 nuclei per condition). ****p<0.0001 by 
T-test. C) SK-Mel28 control and KO cells were seeded on PDL-coated coverslips and 
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then fixed in 4% paraformaldehyde. Proximity Ligation Assay (PLA) or DNA Damage In 
Situ Ligation Followed by Proximity Ligation Assay (DI-PLA, Duolink) was completed 
using antibodies against Syn1, γH2AX, or biotin. Cells were imaged on the Zeiss 980 
confocal microscope and number of foci per nucleus was measured using CellProfiler 
while masking for the nucleus using DAPI. Each figure shows representative images and 
quantification from 2 technical replicates (total n=10-30 nuclei per condition). D) SK-
Mel28 cells (control/KO/rescue) were lysed and a nuclear fractionation was performed. 
Nuclear protein was run out on SDS-PAGE and probed for γH2AX, total H2AX, and total 
protein. Western blots were imaged on Licor CLx imager. * p<0.05, ** p<0.01, **** 
p<0.0001 by ANOVA. Error bars denote SEM. Quantification from 4 biological replicates. 
Staining of Figure 3.8.3C performed by Gabe Cohn. 
 

 
Figure 3.8.4. γH2AX increase is driven by ATM and ATR in alpha-synuclein 
knockout cells. A) SK-Mel28 cells were seeded on PLL-coated coverslips and treated 
with DMSO, KU-60019 (10µM), VE-822 (0.1µM), or NU-7441 (1µM) for 24 hours. Cells 
were fixed and stained for Syn1, γH2AX, nucleostemin and DAPI. Representative images 
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are shown above. Quantification from 3 biological replicates is found in Figure 2E-F. B) 
SK-Mel28 cells were seeded in a black-welled PDL-coated 96 well plate and treated with 
DMSO, KU-60019 (10µM), VE-822 (0.1µM), or NU-7441 (1µM) for 24 hours. Cells were 
processed according to the In-Cell Western manufacturer instructions and stained for 
γH2AX (800) and CellTag (700). Plates were imaged on the Licor CLx. * p<0.05, ** 
p<0.01, **** p<0.0001 by ANOVA. Error bars denote SEM. Quantification from 3 biological 
replicates (with 4 technical replicates per experiment). Same γH2AX quantification from 
DMSO condition as Figure 3C as samples were run on the same plate. 

 
Figure 3.8.5. Representative Images of ICW plates. A, B) SK-Mel28 cells were seeded 
in a black-welled PDL-coated 96 well plate and treated with indicated treatments. Cells 
were processed according to the In-Cell Western manufacturer instructions and stained 
for γH2AX (800) and CellTag (700). Plates were imaged on the Licor CLx. Quantification 
from 3-5 biological replicates are in Figures 3C, 5A and Supplemental Figure 4B.  
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Figure 3.8.6. Increase in alpha-synuclein following bleomycin treatment is not due 
to transcriptional regulation. A) SK-Mel28 cells (control/KO/rescue) were seeded on 
PLL-coated coverslips and treated with DMSO or 100µg/ml bleomycin for 1 hour. Cells 
were fixed and stained for Syn1, γH2AX, nucleostemin, and DAPI. Representative figures 
shown above. Quantification from 3 biological replicates is shown in Figure 3D. B) Total 
RNA from SK-Mel28 cells (control/KO/rescue) was isolated and cDNA was prepared 
using Invitrogen TaqMan Reverse Transcriptase Reagents. Quantitative RT-PCR was 
performed using TaqMan assay reagents (Table 2) and gene expression levels were 
normalized to GAPDH. Quantification from 4 biological replicates (with 2 technical 
replicates per experiment). Significance calculated by one-way ANOVA. Error bars 
denote SEM. 
 
 

B

A

Fo
ld
C
ha
ng
e

(d
dC
tS
N
C
A
re
l.
G
A
PD
H
)

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm

2µm



 152 

 
Figure 3.8.7. Representative images of BRCA1 staining. SK-Mel28 cells 
(control/KO/rescue) were seeded on PLL-coated coverslips and then transfected with WT 
I-PpoI mRNA. 6-hours post transfection, cells were fixed and stained for Syn1, Treacle, 
BRCA1, and DAPI. Cells were imaged on the Zeiss 980 confocal microscope and data 
was analyzed using FIJI. Quantification from 3 biological replicates is shown in Figure 7A. 
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Figure 3.8.8. Alpha-synuclein is not involved in nucleolar DDR-mediated 
transcriptional silencing. A, B) SK-Mel28 cells (control/KO/rescue) were seeded on 
coverslips and then transfected with Cas9 (TrueCut Cas9 Protein v2, Invitrogen) and 
guide RNAs that target portions of the 28S unit of rDNA or non-targeting control (NT vs. 
Guide 1+3). Twenty-four hours after transfection, cells were treated with 5-Ethynyl Uridine 
before fixing and performing Click-iT reaction to detect EU. Additional staining for treacle, 
RNA polymerase II, and DAPI were completed. Cells were imaged on the Zeiss LSM800 
confocal microscope and analyzed using RNA polymerase II anti-masking. 5EU intensity 
was measured and normalized to nucleolar pixel number and size. Quantification from 3 
biological replicates (total n=519-737 nuclei per condition). * p<0.05, ** p<0.01, 
****p<0.0001 by ANOVA. Error bars denote SEM. C) Total RNA from SK-Mel28 cells 
(control/KO) was isolated and cDNA was prepared using Invitrogen TaqMan Reverse 
Transcriptase Reagents. Quantitative RT-PCR was performed using TaqMan assay 
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reagents (Table 2) and gene expression levels were normalized to GAPDH. 
Quantification from 5 biological replicates (with 3 technical replicates per experiment). ** 
p<0.01, *** p<0.001, **** p<0.0001 by two-way ANOVA. Error bars denote SEM. Data 
acquisition and formal analysis of Figure 3.8.8A-B performed by Kezia Catharina Oxe.  
 



 155  

1

Gene Name Nucleolar Location Fold Change log2(Fold Change) PValue FDR
ATF3 Nucleoli 29.52536727 4.8838831 1.91E-227 2.98E-225

SFRP1 Nucleoli 16.07883589 4.007091054 0 0

TBL1X Nucleoli 7.685113901 2.942066642 6.34E-158 5.55E-156

DTX3 Nucleoli 7.540997575 2.914755386 2.6E-107 1.27E-105

SPOCD1 Nucleoli 6.350004811 2.666757685 4.22E-89 1.62E-87

PCDH1 Nucleoli 6.316758918 2.659184512 4.18E-53 7.86E-52

DUSP1 Nucleoli 6.078912815 2.603813327 8.99E-166 8.96E-164

LURAP1L Nucleoli 4.698106043 2.232079277 1.09E-44 1.66E-43

HMGA2 Nucleoli rim 3.958533749 1.984966151 3.57E-78 1.19E-76

EN1 Nucleoli rim 3.593823411 1.845519521 1.37E-19 8.43E-19

PFKFB4 Nucleoli 3.501787008 1.808091336 2.55E-149 2.04E-147

CDCA7L Nucleoli 3.485427803 1.801335744 7.4E-132 5.22E-130

BMP7 Nucleoli 3.351598842 1.744849481 9.51E-57 1.94E-55

PLOD2 Nucleoli 3.283596221 1.715276732 1.28E-66 3.33E-65

PLPP4 Nucleoli rim 2.781738245 1.475986672 9.86E-155 8.22E-153

PHLDA1 Nucleoli rim 2.685250597 1.425056732 2.34E-259 4.23E-257

PDGFRL Nucleoli 2.652722178 1.407473589 7.97E-71 2.26E-69

HIST1H1C Nucleoli rim 2.601212023 1.379183997 9.35E-40 1.24E-38

HMGA1 Nucleoli 2.58668238 1.371102916 6.88E-197 9.19E-195

SH3TC1 Nucleoli rim 2.582615378 1.368832803 9.98E-26 8.1E-25

CSTB Nucleoli 2.51382743 1.329885615 2.49E-187 3.06E-185

KLF6 Fibrillar center 2.460415276 1.298901838 5.08E-161 4.75E-159

DLG3 Nucleoli 2.448057714 1.291637571 5.95E-24 4.5E-23

FAM198B Fibrillar center 2.445531037 1.290147775 3.04E-25 2.41E-24

KCNC4 Nucleoli 2.439896714 1.286820077 1.73E-44 2.62E-43

OSMR Nucleoli 2.300357658 1.201858188 2.26E-104 1.05E-102

PELI1 Nucleoli 2.272113094 1.184034646 4.11E-49 7.03E-48

CTSB Nucleoli 2.23062657 1.157449012 1.78E-169 1.84E-167

FADS3 Fibrillar center 2.20816123 1.142845515 7.9E-52 1.46E-50

DDX41 Nucleoli 2.156596089 1.108755998 6E-85 2.19E-83

B3GNT5 Nucleoli 2.131456723 1.091839763 9.73E-18 5.46E-17

SMPDL3A Nucleoli 2.108575404 1.076268615 1.06E-32 1.12E-31

SLC6A15 Nucleoli 2.100790212 1.070932099 1.73E-47 2.85E-46

CCDC59 Nucleoli rim 2.091777836 1.064729633 1.24E-36 1.49E-35

RNFT1 Nucleoli 2.03805413 1.027192369 1.14E-19 7.04E-19

PELO Fibrillar center 2.016925559 1.012157837 2.25E-64 5.49E-63

ATP6AP1L Nucleoli 2.013390254 1.009626836 2.55E-49 4.4E-48

ICK Fibrillar center -2.000231199 -1.000166765 1.08E-21 7.34E-21

DPH6 Nucleoli rim -2.005977839 -1.004305668 3.59E-16 1.85E-15

ZNF397 Nucleoli -2.013859384 -1.009962952 5.51E-16 2.82E-15

OSCP1 Nucleoli -2.024484901 -1.017554883 3.04E-13 1.32E-12

FOXJ2 Fibrillar center -2.027796062 -1.019912566 3.27E-47 5.35E-46

ZNF689 Fibrillar center -2.040976132 -1.029259311 3.71E-160 3.4E-158

UBR3 Nucleoli -2.079282131 -1.056085526 8.36E-73 2.47E-71

LZTS1 Nucleoli -2.100734509 -1.070893846 3.34E-134 2.42E-132

MYL5 Nucleoli -2.112441599 -1.078911457 1.02E-13 4.56E-13

AKAP11 Nucleoli -2.154422695 -1.107301332 4.51E-57 9.27E-56

BRWD1 Nucleoli -2.158029608 -1.109714658 2.45E-66 6.31E-65

ZNF33B Fibrillar center -2.198838417 -1.136741591 8.08E-33 8.57E-32

ZBTB43 Nucleoli -2.239812724 -1.16337811 1.03E-88 3.96E-87

TTC28 Nucleoli -2.242272354 -1.164961523 1.65E-77 5.44E-76

TAF4B Fibrillar center -2.378460438 -1.250028029 1.66E-49 2.91E-48

TMOD2 Fibrillar center -2.463846408 -1.300912323 1.59E-60 3.5E-59

RBM43 Nucleoli -2.499687886 -1.321747969 1.03E-29 9.78E-29

ABCC4 Nucleoli -2.539678916 -1.344646113 1.9E-105 8.93E-104

IQSEC1 Nucleoli rim -2.559626688 -1.355933414 3.08E-71 8.81E-70

SPIN4 Nucleoli -2.76010701 -1.464724201 1.39E-21 9.41E-21

MYL9 Fibrillar center -2.840665986 -1.506229205 9.12E-53 1.7E-51

POP1 Nucleoli -2.840967431 -1.506382293 3.57E-109 1.79E-107

JRK Nucleoli -2.960246116 -1.565717127 1.26E-79 4.24E-78

ZNF419 Fibrillar center -3.137808254 -1.649757194 7.28E-23 5.24E-22

STOX1 Fibrillar center -3.498043645 -1.80654829 5.71E-29 5.27E-28

BCAM Fibrillar center -5.401784718 -2.433436144 3.55E-59 7.67E-58

CRIP2 Nucleoli -8.074263539 -3.013330676 1.58E-154 1.31E-152
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Table 3.8.1. Differentially expressed nucleolar transcripts in alpha-synuclein 
knockout cells. Total RNA was extracted from SK-Mel28 control and KO cells and sent 
for RNA-sequencing analysis at Indiana University. Differentially expressed gene 
transcripts in KO cells compared to control were identified. These were cross-referenced 
to over 500 nucleolar-specific genes. 64 genes were identified. Data acquisition of Table 
3.8.1 performed by Sahar Shekoohi. 
 

 
Table 3.8.2. TaqMan assay probes 
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Gene of Interest TaqMan Assay

ATF3 Hs00231069_m1

DTX3 Hs01595350_m1

HMGA1 Hs00852949_g1

HMGA2 Hs04397751_m1

PELI1 Hs00900505_m1

CRIP2 Hs00373842_g1

SNCA Hs00240906_m1

GAPDH Hs02786624_g1

18S Hs99999901_s1
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4.1 Abstract 
 

Strong evidence suggests links between Parkinson’s Disease (PD) and 

melanoma, as studies have found that people with PD are at an increased risk of 

developing melanoma and those with melanoma are at increased risk of developing PD. 

Although these clinical associations are well-established, the cellular and molecular 

pathways linking these diseases are poorly understood. Recent studies have found a 

previously unrecognized role for the neurodegeneration-associated protein alpha-

synuclein (αSyn) in melanoma; the overexpression of αSyn promotes melanoma cell 

proliferation and metastasis. However, to our knowledge, no studies have investigated 

the role of αSyn in in vivo melanoma models outside of a xenograft paradigm. Our study 

created and characterized Snca knockout in the spontaneously developing melanoma 

TG3 mouse line, TG3+/+Snca-/-. We show that αSyn loss-of-function significantly delays 

melanoma onset and slows tumor growth in vivo. Furthermore, decreased tumor volume 

is correlated with a decreased DNA damage signature and increased apoptotic markers, 

indicating a role for αSyn in modulating the DNA damage response (DDR) pathway. 

Overall, our study provides evidence that targeting αSyn and its role in modulating the 

DDR and melanomagenesis could serve as a promising new therapeutic target. 
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4.2 Introduction 
 

The association between Parkinson’s Disease (PD) and melanoma has been well 

established. Many epidemiological studies have found a significant increase in the risk of 

melanoma among individuals with PD compared to healthy individuals, ranging from 1.4-

20-fold (2, 5-20). Likewise, there is also an increased risk for PD in melanoma patients, 

ranging from 1.7-4.2 fold (12, 15, 21-23). Altogether, it is clear that common 

environmental, genetic, and/or molecular mechanisms are at play to influence this clinical 

association, yet the underlying mechanism is still poorly understood.  

One potentially promising avenue of investigation is the biological function of the 

neurodegeneration-associated protein, alpha-synuclein (αSyn). Misfolded and 

aggregated forms of αSyn are found in cytoplasmic inclusions called Lewy bodies, which 

are neuropathological hallmarks in PD and other Lewy body disorders (614, 615). Lewy 

bodies are found primarily in the central nervous system, where their presence in 

dopaminergic neurons in the midbrain is associated with the degeneration of these cells 

in PD (616). αSyn is not only found in the central nervous system, but can also be found 

in the periphery, including in melanocytes (617, 618) and therefore could be a key 

molecular link between these disease pathologies. In primary and metastatic melanoma, 

~85% of biopsies show high expression of αSyn (5, 395-397, 592). Since this initial 

characterization, there have been several studies investigating the role of αSyn in 

melanoma growth and metastasis; the majority of these being in vitro studies. Overall, 

these studies using human and mouse melanoma cell lines have found that αSyn 

expression is important in cell proliferation (398, 478, 479, 592), motility (480), and 

protects against cell death (398, 504), through multiple potential mechanisms, such as 
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altering the inflammatory response (506, 633, 670), autophagy pathways  (398, 504), and 

DNA damage repair (592).  

Fewer studies have investigated the role of αSyn in in vivo melanoma mouse 

models and all this previous in vivo work, to our knowledge, has used a xenograft 

paradigm. In general, these xenograft studies corroborate previous in vitro work and find 

that αSyn is important in melanoma tumor growth and metastasis. Specifically, αSyn 

knockout (KO) human/mouse melanoma cells implanted as xenografts in mice exhibited 

slower growth and increased apoptosis (478), and reduced tumor-induced mechanical 

allodynia (481). Furthermore, WT melanoma cells in αSyn overexpressing mice show 

increased metastasis (479). Lastly, human melanoma xenografts implanted in mice and 

treated with an αSyn aggregation inhibitor (anle138b) led to increased cell death (398) 

and upregulation of anti-melanoma immune responses (506). Despite this substantial 

data linking αSyn to melanoma tumor growth in vivo, whether αSyn expression within 

melanocytes influences tumorigenesis is still not understood. In our current study, we 

aimed to create and characterize a new TG3 Snca-/- mouse line to better understand the 

function of αSyn in melanomagenesis, tumor growth, and metastasis in a spontaneous 

melanoma-forming mouse line. TG3 mice display melanin-pigmented lesions after a short 

latency and with complete penetrance (671-674). This model is driven by multiple tandem 

insertions of a transgene into intron 3 of Grm1 (metabotropic glutamate receptor 1) with 

concomitant deletion of an intronic sequence that increases expression of Grm1. 

Homozygous TG3 mice form primary melanoma tumors on pinna and perianal regions, 

in addition to metastatic tumors in lymph nodes, lung, and liver (671-674). The TG3 line 



 161 

also has the advantage of being mono-allelic, therefore making breeding to other 

genetically modified mice practical.  

Our previous work has shown αSyn’s role in modulating nuclear DNA damage 

response (DDR) pathways in human melanoma cells (592) and other cell types (442, 

443). Specifically, we found a novel function of αSyn in DNA double-strand break (DSB) 

repair, where αSyn colocalizes with DSB repair components and its knockout leads to 

increased DSBs and their slowed repair (442, 592). In this study, we aimed to investigate 

whether similar mechanisms are important for melanomagenesis and growth using the 

TG3+/+Snca-/- mouse model to test whether αSyn loss-of-function dysregulated DNA 

damage pathways and led to downstream cell death phenotypes.  

 

 

4.3 Results 
 
Loss of Alpha-Synuclein Delays Melanoma Onset and Decreases Tumor Growth in vivo 
 
 To study the role of αSyn in melanoma tumorigenesis in vivo, TG3 mice (671) were 

crossed with Snca-knockout mice. The generated TG3+/+Snca+/+ (“wildtype”) and 

TG3+/+Snca-/- (“homozygous KO”) mice were then analyzed for tumor growth from P30 to 

P100, at which point the mice were sacrificed and dissected for tissue processing (Figure 

4.3.1A). There was no significant difference in weight of the mice between wildtype and 

homozygous KO genotypes (Figure 4.8.1). Melanoma tumor onset was evaluated, and 

homozygous KO mice developed melanoma significantly later compared to the wildtype 

control group (Figure 4.3.1B). Wildtype mice on average exhibited tumors at P43, 

whereas melanoma onset was observed on average at P50 for homozygous KO mice. 
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This difference is driven primarily by male mice, since when stratified by sex there was 

no significant difference between genotypes in female mice but there was in male mice 

(Figure 4.3.1B). Further, the progression of melanoma growth on pinna and perianal 

regions were followed for ~70 days. Here, a graded scoring system from minimal (0) to 

extreme tumor growth (5) was used to quantify melanoma progression on pinna as 

previously described (675) (Figure 4.8.2) and quantitative size measurement was used 

to quantify melanoma progression in perianal regions. This analysis revealed no 

significant differences in tumor progression of the pinna between wildtype and 

homozygous KO genotypes, even when stratified by sex (Figure 4.3.1B). However, 

homozygous KO mice display decreased perianal tumor growth compared to wildtype 

mice, which becomes significant at later time points (Figure 4.3.1C). Again, this difference 

is driven primarily by male mice when stratified by sex (Figure 4.3.1C).  
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Figure 4.3.1. Alpha-synuclein knockout significantly delays tumor onset and slows 
tumor progression. a) Schematic representing experimental timeline. b,c) Pinna 
melanoma onset in TG3+/+Snca+/+ (n=15) and TG3+/+Snca-/- (n=14). Pinna and perianal 
tumor progression of the TG3+/+Snca-/- compared to the TG3+/+Snca+/+ after tumor onset. 
The grading system to evaluate the progression of tumor growth at the pinna region until 
endpoint at P110 is further described in Figure S2. Analysis was further stratified by sex 
with TG3+/+Snca+/+ male (n=10), TG3+/+Snca+/+ female (n=5), TG3+/+Snca-/- male (n=7), 
and TG3+/+Snca-/- female (n=7). Error bars represent Standard Error of the Mean (SEM). 
*p<0.05 by unpaired T-test for tumor onset or Two-way ANOVA for tumor progression.  

 

a
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Experimental Genotypes Display Similar Pigment Formation and Grm1 Expression 
 
 We next wanted to confirm the presence of melanoma-like cells in the primary 

tumors of these mice through histopathological analysis. Hematoxylin and eosin (H+E) 

staining revealed significant levels of pigmented cell growth in the primary pinna and 

perianal tumors of both wildtype and homozygous KO mice compared to control C57BL/6 

wildtype mice without tumors (Figure 4.3.2A). qRT-PCR analyses revealed comparable 

Grm1 mRNA expression levels between the wildtype and homozygous KO pinna and 

perianal primary tumors. This suggests that mice express the Grm1 transgene at similar 

levels regardless of Snca expression (Figure 4.3.2B). These levels were compared to 

positive control cerebellum tissue where Grm1 mRNA expression is known to be high. 

Additionally, H+E staining confirmed the presence of pigmented melanoma cells 

in the lymph nodes of both wildtype and homozygous KO mice, indicating lymph node 

metastasis had occurred in both genotypes (Figure 4.3.2A). The Grm1 mRNA expression 

in lymph node tissues of wildtype and homozygous KO mice was analyzed as a marker 

for melanoma cell dissemination. Here a less, although not significant, Grm1 expression 

was observed in lymph nodes of the homozygous KO mice compared to wildtype mice 

(Figure 4.3.2B), suggesting that αSyn loss-of function may decrease metastatic potential 

but that larger cohorts would be needed to detect this possible difference given inter-

animal variability. 
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Figure 4.3.2. Alpha-synuclein knockout does not interfere with Grm1 expression 
and results in possible decrease in lymph node metastasis. a) Formalin-fixed 
paraffin-embedded pinna and perianal primary tumors and lymph nodes were stained for 
hematoxylin and eosin in TG3-/-Snca+/+, TG3+/+Snca+/+, or TG3+/+Snca-/- mice. Stained 
samples were imaged on the Zeiss ApoTome2 microscope. Scale bar=100µm, except for 
TG3-/-Snca+/+ perianal scale bar=200µm and lymph node scale bar=50µm. b) Total RNA 
was isolated from pinna and perianal primary tumors and lymph nodes from 
TG3+/+Snca+/+ or TG3+/+Snca-/- mice. Using primers against the Grm1 gene, qRT-PCR 
amplification was determined when normalized to beta-actin. For pinna and perianal 
analysis, TG3+/+Snca+/+ (n=5) and TG3+/+Snca-/- (n=6). For lymph node analysis, 
TG3+/+Snca+/+ (n=12) and TG3+/+Snca-/- (n=9). Cerebellum samples (n=3). Each sample 
was run with 2 technical replicates. Statistical analysis via unpaired T-test.   
 

Loss of Alpha-Synuclein Decreases DNA Damage Signatures in the Melanoma Tumor  
 
 αSyn has been previously linked to DNA DSB repair, since knocking out αSyn 

significantly increases DNA damage levels in SK-Mel28 cells (592), Hap1 cells (442, 443), 
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and mouse brain (442) due to less efficient DNA DSB repair. We wanted to investigate 

whether there were differences in DNA damage burden and repair mechanisms between 

TG3+/+Snca+/+ (“wildtype”) and Snca-/- (“homozygous KO”) mice. Formalin-fixed paraffin-

embedded perianal primary tumor samples from wildtype and homozygous KO mice 

underwent immunofluorescence (IF) staining. Genotypes were first validated via IF when 

stained using an αSyn antibody, LB509, where homozygous KO tissue showed 

significantly reduced levels of staining compared to wildtype mice (Figure 4.3.3A). In 

addition, when analyzing the localization of αSyn labelling in the wildtype samples, 

discrete nuclear foci were seen in the melanoma tumor cells, similar to our previous 

studies where these foci are implicated in DNA damage repair processes (442, 443, 592). 

Given these findings and previous data, these samples were next stained for DNA 

damage and damage repair markers: γH2AX, RPA32, and 53BP1.  

γH2AX, a phosphorylated form of histone H2AX, is involved in the early stages of 

DNA DSB detection and is a sensitive marker for DNA damage burden. IF staining for 

γH2AX revealed a significant decrease in mean intensity of γH2AX signal, number of 

nuclear γH2AX foci, and density of nuclear γH2AX foci in the homozygous KO group 

compared to the wildtype group (Figure 4.3.3B). These trends remained similar when 

stratified by sex. RPA32, replication protein A2, binds and stabilizes single-stranded DNA 

intermediates that form during DNA repair and is important in homologous recombination 

(HR) DSB repair. IF staining for RPA32 revealed no significant differences in the mean 

nuclear intensity, number of nuclear RPA32 foci and their density in the homozygous KO 

group compared to the wildtype group (Figure 4.3.3C). Interestingly when stratified by 

sex, there were significant, but opposite, differences in mean nuclear intensity of RPA32 
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between the wildtype and homozygous KO group, despite no significant differences when 

combined.  Male homozygous KO mice exhibited a significant increase in mean nuclear 

RPA32 intensity compared to wildtype mice, whereas female homozygous KO mice 

exhibited a significant decrease in mean nuclear RPA32 intensity compared to wildtype 

mice (Figure 4.3.3C). Lastly, 53BP1, p53-binding protein 1, is an important regulator of 

DNA DSB repair and promotes non-homologous end-joining (NHEJ) DSB repair. IF 

staining for 53BP1 revealed a significant increase in mean nuclear 53BP1 intensity in 

homozygous KO mice compared to wildtype mice, driven by both male and female mice 

(Figure 4.3.3D). Homozygous KO female mice showed a significant increase in number 

and density of 53BP1 foci compared to wildtype mice, but male mice showed no genotype 

differences.  
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Figure 4.3.3. Alpha-synuclein loss-of-function leads to lower DNA damage 
signature in P110 perianal tumors. a, b, c, d) Formalin-fixed paraffin-embedded 
perianal primary tumors from TG3+/+Snca+/+ (n=5) and TG3+/+Snca-/- (n=5) were stained 
for LB509, γH2AX, RPA32, 53BP1, or DAPI. Stained samples were imaged on the Zeiss 
990 confocal microscope with Airyscan processing. Mean intensity, number of foci, and 
density of foci within DAPI masks were analyzed using Arivis. * p<0.05, ** p<0.01, *** 
p<0.001, **** p<0.0001 by unpaired T-test. Error bars denote SEM. Scale bar=5µm (a) or 
2µm (b,c,d). Quantification from 5 biological replicates (separate animals) per group were 
performed (n=163-249 nuclei analyzed per condition). 
 

DNA Damage Signature Correlates to Cell Death Phenotypes 
 
 To further understand the downstream cellular consequences of altered DNA 

damage repair mechanisms in αSyn homozygous KO mice, we assayed various cell 
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death markers via qRT-PCR. These included markers for apoptosis (Caspase-3, 

Caspase-9), necroptosis (RIP3), autophagic cell death (LC3B), and senescence 

(Cdkn2a-p16). We found that perianal tumors of homozygous KO mice exhibited 

significantly higher gene expression levels of Caspase-9, LC3B, and p16 compared to 

wildtype tumors (Figure 4.3.4A). Furthermore, to directly correlate the DNA damage 

signatures seen with immunofluorescence (Figure 4.3.3) with Caspase-9, LC3B, and p16, 

we ran linear regression analyses. Average nuclear mean intensity, foci number, and foci 

density of γH2AX and 53BP1 showed no significant associations with these cell death 

markers (data not shown). However, RPA32 nuclear mean intensity and foci density 

significantly correlated with the levels of p16, with mean foci number close to significance, 

but did not correlate with Caspase-9 or LC3B levels (Figure 4.3.4B). This indicates that 

mice with higher RPA32 levels also showed higher p16 mRNA levels, and this trend was 

statistically significant. This data suggests that αSyn loss-of-function and the subsequent 

dysregulation of the DDR this causes leads to a senescence-like phenotype, potentially 

driving the impaired tumor growth we measured in vivo.  
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Figure 4.3.4. Alpha-synuclein knockout increases apoptosis, autophagy, and 
senescence marker expression. a) Total RNA was isolated from perianal primary 
tumors from TG3+/+Snca+/+ or TG3+/+Snca-/- mice. Using primers against the various 
genes described in Table S1, qRT-PCR amplification was determined when normalized 
to beta-actin internal control. For analysis, TG3+/+Snca+/+ (n=5) and TG3+/+Snca-/- (n=6). 
Each sample was run with 2 technical replicates. * p<0.05 by unpaired Mann-Whitney T-
test. b) Simple linear regression analysis of mean nuclear intensity, number of foci, and 
density of foci of RPA32 immunofluorescence (Figure 3) compared to gene expression of 
Caspase-9, LC3B, and p16. Each point represents a single animal, with TG3+/+Snca+/+ 

(n=5, same animals from Figure 3) and TG3+/+Snca-/- (n=5, same animals from Figure 3). 
* p<0.05 by simple linear regression with 95% confidence intervals.  
 

 

4.4 Discussion 
 

In this study, we extend our knowledge of the molecular connection between PD 

and melanoma, by uncovering roles for the neurodegeneration-associated protein, αSyn, 

in melanoma formation and growth. We developed a model to investigate αSyn deficiency 

on melanomagenesis and metastasis in vivo in TG3 mice (671-674). Our data suggest 

that αSyn loss-of-function significantly delayed melanoma tumor onset in primary pinna 

tumors and growth of primary perianal tumors. Furthermore, there was a non-significant, 

but trending, decrease in the metastasis to lymph nodes as measured by Grm1 mRNA 

expression. Immunofluorescence staining of the primary perianal tumors revealed a 

significantly decreased DNA damage signature in Snca KO mice, as measured by 

quantifying nuclear γH2AX. Interestingly, there were sex-dependent differences in 

nuclear 53BP1 and RPA32 levels in homozygous KO mice compared to wildtype. Lastly, 

cell death marker analysis revealed that homozygous KO perianal tumors exhibited 

significantly higher levels of the apoptosis marker Caspase-9, autophagic marker LC3B, 

and senescence marker p16. In homozygous KO tumors, RPA32 immunofluorescence 
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significantly correlated with p16 mRNA levels, suggesting a potential senescence-like 

phenotype partly controlled by dysregulated RPA32-dependent DDR.  

These results fit into a larger landscape of links between cancer growth, genomic 

instability, and DDR. Due to their highly proliferative nature, cancers are especially 

vulnerable to replication-induced DNA damage and genome instability. Inherently, this 

leads to the high DNA damage signatures seen in many cancer types (676) and 

melanoma cells upregulate DSB repair pathway proteins (523, 524) to increase 

metastatic potential (677). Our findings suggest that when αSyn is present (“wildtype” 

mice), DSB repair pathways remain intact, allowing for cell survival and tumor growth. 

However, DNA damage from hyperproliferation creates large DNA damage signatures in 

late-stage tumors (Figure 4.4.1). In contrast, when αSyn is not present (“homozygous KO” 

mice), there is impaired DSB repair due to a decrease in DSB repair machinery (592). 

Accumulation of unrepaired DSBs ultimately leads to cell death and senescence 

phenotypes, with data suggesting that RPA32 levels synergize with senescence marker 

p16 upregulation. This could result in the impaired tumor growth and a decreased DNA 

damage signature (γH2AX) we detect, since the cells with a high DNA damage signature 

die and are removed from late-stage tumors (Figure 4.4.1). As a consequence of this 

unrepaired DNA damage and subsequent cell death, remaining cells may upregulate 

DDR pathways components 53BP1 and RPA32 and this may be sex dependent 

(discussed later in this chapter). Overall, our findings suggest that αSyn upregulation in 

melanoma may be part of a mechanism to improve DSB repair, allowing cells to evade 

the programmed cell death that would normally be triggered by high DSB levels, similar 

to what is seen with the upregulation of other DSB repair pathway proteins (523, 524).  
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Figure 4.4.1. Schematic summary of proposed mechanism. 
 

Loss of αSyn resulted in upregulation of various cell death and senescence 

markers, likely downstream of dysregulated DDR and resulting in the decreased tumor 

growth in vivo. Caspase-9 is an initiator caspase in the intrinsic apoptosis pathway that is 

activated when cytochrome c is released from mitochondria in response to death signals 

(678). LC3B, microtubule-associated protein 1 light chain-3B, is an autophagic protein 

that plays a role in cell death and autophagy. Autophagic cell death, also known as type 

2 cell death, is characterized by large-scale autophagic vacuolization of the cytoplasm 

(679, 680). In general, autophagy can protect cells from stresses like nutrient depletion 

or starvation, but excessive autophagy can lead to cell death. Furthermore, LC3B can 

also promote apoptosis through interactions with the extrinsic apoptotic factor Fas (681). 

Lastly, p16(INK4a) is a cyclin-dependent kinase inhibitor that is often expressed in 

senescent cells, which have stopped growing due to stress (682). This tumor suppressor 

gene is commonly mutated in human tumors, allowing precancerous lesions to bypass 

TG3 (+/+) TG3 (+/+)
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senescence (683). These processes have all been associated with DNA damage 

accumulation and implicated in melanoma, where suppression of Caspase-9 and p16 and 

over-stimulation of LCB3 have been linked to melanomagenesis, contributing to disease 

progression and resistance to therapy (684-693). Targeted therapy of some of these 

modulators is currently being explored as potential therapeutic strategies for melanoma 

(687, 694). Interestingly, our data suggesting a significant synergistic effect of RPA32 

protein levels and p16 expression coincides with previous reports of “RPA exhaustion”. 

This is a phenomenon by which persistent DNA damage can lead to replication 

catastrophe and cells then acquire senescent traits and is associated with various age-

related pathologies (695, 696). It is plausible that αSyn loss-of-function can induce such 

a pattern, however further investigation is necessary to elucidate mechanistic insight. 

The mechanism of how αSyn regulates DNA DSB repair is still an area for 

investigation. Our previous work uncovered a novel role for αSyn in the recruitment of 

53BP1 to ribosomal DNA DSBs, downstream of γH2AX signaling and upstream of MDC1 

activity, in the SK-Mel28 melanoma cell line (592). Furthermore, αSyn has been 

implicated in regulating DSB repair through a DNA-PK-dependent manner in Hap1 cells 

(443). These data suggest that αSyn may modulate the NHEJ repair pathway, where both 

53BP1 and DNA-PK are important. However, the choice between NHEJ and HR is 

particularly interesting and at the intersection of neurodegeneration and cancer. NHEJ is 

thought to be the primary DSB repair pathway in post-mitotic cells, like neurons, since it 

does not require a sister chromatid to act as a template, yet is more error prone (537). In 

contrast, there is growing evidence that different cancers rely primarily on the error-free 

HR to counteract the genomic instability associated with replicative stress (697). Studies 
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have shown that a high frequency of melanoma patients harbor mutations in HR-

associated genes (698-700), making these tumors vulnerable to immunotherapies and 

treatments that target HR (698, 699, 701). Yet, the choice between HR and NHEJ is a 

growing topic in the field (536). In our data, αSyn loss-of-function resulted in decreased 

γH2AX intensity and foci, sex-dependent differences in RPA32 intensity (increased in 

males, decreased in females), and an increase in nuclear 53BP1 (more robust response 

in females). This potentially suggests that αSyn upregulation in the TG3 melanoma 

mouse line is important for functional DDR in a sex dependent way and that when αSyn 

is no longer present and there is a buildup of unrepaired DNA breaks, male mice can 

better upregulate HR machinery (RPA32) in the surviving cells, while female mice can 

better upregulate NHEJ machinery (53BP1) in the surviving cells to try to compensate. 

Further investigation is necessary to uncover the specific mechanism of how αSyn is 

influencing the DDR as a function of melanomagenesis and sex in vivo.  

The sex differences we detect (in tumor onset, growth, and DDR components) are 

interesting since male sex is a recognized risk factor to the prevalence and outcome of 

both PD and melanoma. In PD, the prevalence is twice as high in males compared to 

females and is frequently associated with earlier disease onset (32, 702); men may 

develop a postural instability-dominant phenotype, which includes freezing of gait and 

falling (32, 33); and men experience more sleep and cognitive issues associated with the 

disease, such as REM sleep behavior disorder (33) and mild cognitive impairment with a 

more rapid progression to dementias (34, 35). In melanoma, men have a higher risk of 

developing melanoma over the age of 50 and ethnicities (240); men exhibit a higher risk 

of melanoma progression and metastasis than females (240, 703), with a greater risk of 
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mortality (239, 703, 704); and pathologically, thicker and more ulcerated tumors were 

observed in men (238). In both diseases, there have been many hypotheses as to what 

is driving these sex differences, including the involvement of sex hormones, the immune 

system response, and potential environmental exposures. However, in the context of our 

study, it is interesting to note previously reported sex disparities in DDR pathways. Others 

have found a greater accumulation of somatic mutations in male cells compared to female 

cells (705), suggesting decreased DNA damage repair. Females have an increased 

capacity to repair DNA damage by base excision repair (BER) compared to males in mice 

(706). Additionally, analysis of molecular difference in 13 cancers from The Cancer 

Genome Atlas database revealed that DNA repair genes are expressed at higher levels 

in female patients (707). Furthermore, steroid hormones can regulate DSB repair, both 

NHEJ and HR (708). Specifically, androgen receptors stimulate the activity and 

expression of DNA-PK in the NHEJ pathway (709), estrogens positively regulate the 

expression of NBS1 (710), and steroid hormones can regulate HR (711, 712). Our tumor 

growth and immunofluorescence data suggest that αSyn plays a role in modulating DSB 

repair pathways in a sex-dependent manner. Females may be better at upregulating 

compensatory mechanisms to counteract the unrepaired DNA damage (53BP1 

upregulation), and therefore are more resistant to negative effects of αSyn loss-of-

function in tumor onset and growth phenotypes. Males may be more vulnerable to DNA 

damage dysregulation as a consequence of αSyn loss-of function and serve as a more 

appropriate candidate for therapeutics that target αSyn in melanoma treatment regiments. 

For example, our data showed a direct relationship between RPA32 increase and p16 

mRNA senescence marker upregulation in male mice and our in vitro data, in the male 
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human melanoma cell line, SK-Mel28, αSyn KO significantly impaired growth phenotypes 

(592).  

In summary, the newly generated mouse model, TG3+/+Snca-/-, allows for the 

investigation of the function of αSyn in malignant melanoma. It is possible that individuals 

with upregulated expression of αSyn may predispose them to Lewy body aggregation in 

neurons (427, 442), but also melanocytic transformation and melanoma progression. The 

resulting loss-of-function due to αSyn aggregation (in PD) or gain-of-function of αSyn by 

increased expression without aggregation (in melanoma) would have differential effects 

on DNA damage repair pathways, potentially contributing to either neuronal cell death or 

melanoma cell growth, respectively. Our findings demonstrate the impact of αSyn on 

melanoma onset, progression, and metastasis in a sex-dependent manner and provide 

novel therapeutic targets focused on reducing αSyn-mediated DNA repair in melanoma. 

 

 

4.5 Methods 
 
Mice 

 The transgenic TG3 mice (671-674), were established at the Department of 

Chemical Biology, Rutgers University, Piscataway, USA and provided by Dr. Suzie Chen. 

Alpha-synuclein KO mice (C57BL/6N-Sncatm1Mjff/J) were obtained from Jackson 

Laboratories (strain #016123, RRID:IMSR_JAX:016123). Homozygous alpha-synuclein 

KO mice were crossed with TG3 heterozygous mice and double heterozygote F1 mice 

were crossed to each other to generate F2 mice for analysis. Genotyping of mice was 

carried out by Transnetyx Inc. and primer sequences and protocols are available upon 
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request. For all analyses, homozygous transgenic TG3 Snca+/+ and TG3 Snca-/- animals 

(litter mates) were used. Mice 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 experiments were performed with every effort to reduce animal lives and animal 

suffering, according to the US National Research Council’s Guide for the Care and Use 

of Laboratory Animals, the US Public Health Service’s Policy on Humane Care and Use 

of Laboratory Animals, and Guide for the Care and Use of Laboratory Animals. 

 

Tumor growth analysis 

 Starting at P30, mice underwent isoflurane anesthesia every 10 days to assess 

weight and tumor growth. Researchers were blinded to condition. To quantitate the 

severity of melanoma progression, detailed observation and photodocumentation was 

used to assign numerical scores of 0 to 5 to the thickness of pinna tumors (see Figure 

4.8.2 for detailed description) or quantitative measurements for thickness of perianal 

tumors. For pinna tumors, 0=tumor not palpable or visible; 1=individual small, clearly 

recognizable nodes or elevations in skin; 2=small, numerous recognizable nodes or 

elevations; 3=significantly thickened ears, clearly nodular tumors; 4=severely thickened 

ears or coarse tumors; 5=extreme tumor growth with risk of ulceration. Tumor onset was 

designated as time when tumor changed from 0 to 1. For perianal tumors, a ruler was 

used to manually measure the length of the perianal tumor in centimeters. 
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Immunofluorescence staining 

For immunofluorescence staining of perianal tumors, 5μm sections of formalin-

fixed and paraffin-embedded tissue blocks were deparaffinized and bleached in a H2O2 

solution for 1 hour at RT (1% dipotassium phosphate, 0.5% potassium hydroxide, 3% 

hydrogen peroxide). Tissue underwent antigen retrieval overnight at 56C (10 mM Tris 

base, 1mM EDTA solution, 0.05% Tween 20, pH 9.0). Samples were permeabilized in 

0.25% Triton X-100 in PBS for 10 minutes and blocked in 2% FBS/1% BSA in PBS for 2 

hours and then placed in the primary antibody overnight at 4C. The next morning, samples 

were washed in 1x PBS and placed in secondary antibody for 1 hour at 37C. Samples 

were washed 4 times in 1x PBS. The third wash contained DAPI (2.5µg/ml) for 20min. 

Coverslips were mounted using CFM2 antifade reagent and sealed with BioGrip. All 

immunofluorescence images were taken on a Zeiss Laser-Scanning Confocal 

Microscope 980 with Airyscan and analyzed in Arivis Software. Mean intensity was 

measured after imposing DAPI masks over each nucleus. All cells within a 63x image 

were analyzed and numbers of n are provided in each figure legend. Statistical 

significance was assigned using T-test.  

Antibody specifics were as follows: LB509 (Abcam #27766, RRID:AB_727020, 

1:500), RPA32 (Bethyl #A300-245A, RRID:AB_210547, 1:1000), γH2AX (Cell Signaling 

#9718, RRID:AB_2118009, 1:500), 53BP1 (BD Biosciences #612522, 

RRID:AB_2206766, 1:1000). 
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Quantitative RT-PCR 

Pinna tumors, perianal tumors, and lymph nodes were homogenized in RNeasy 

mini kit buffer (Qiagen) using a hand-held tissue homogenizer followed by Qiashredder 

centrifugation (Qiagen). Total RNA was isolated using the RNeasy mini kit (Qiagen) 

according to the manufacturer’s instructions. RNA concentration was measured with a 

NanoDrop spectrophotometer and cDNA was synthesized from 500ng RNA with M-MLV 

reverse transcriptase (Promega). Analysis of mRNA expression was performed using 

quantitative Real-Time PCR on the QuantStudio 3 (Applied Biosystems). A volume of 1 

μl cDNA template, 1 μl of forward and reverse primers (each 10 μM) and 10 μl of SYBR 

Green I (Roche) were combined to a total volume of 20 μl. Primers used are described in 

Table 4.8.1. Each sample was analyzed in duplicates. The target cDNA was normalized 

to β-Actin levels. Statistical significance was assigned using T-test. 

 

Statistical analysis 

Beyond individualized analysis within each assay methodology, all data was 

processed using GraphPad Prism version 9.0 (RRID:SCR_002798). Data was analyzed 

using T-test, unless stated otherwise, and considered statistically significant if p < 0.05. 

All data was presented as a mean +/- standard error of the mean (SEM). 
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4.8 Supplemental Material 

 
Figure 4.8.1. Alpha-synuclein knockout does not affect mouse weight. 
Weight of TG3+/+Snca+/+ (n=15) and TG3+/+Snca-/- (n=14) from P30 to P110 (endpoint). 
Analysis was further stratified by sex with TG3+/+Snca+/+ male (n=10), TG3+/+Snca+/+ 
female (n=5), TG3+/+Snca-/- male (n=7), and TG3+/+Snca-/- female (n=7). Error bars 
represent Standard Error of the Mean (SEM). Statistical testing by two-way ANOVA. 
Weight is represented in grams. 
 

 
Figure 4.8.2. Representative images and description of pinna tumor grading 
scale. 
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Table 4.8.1. Primers used in qRT-PCRs. 
 
 

 

 

 

 

 

 

 

 

 

Jump Back to Table of Contents 

Primer Forward (5'-3') Reverse (5'-3') 
β-Actin TGGAATCCTGTGGCATCCATGAAAC TAAAACGCAGCTCAGTAACAGTCCG 
Grm1 GGGCAGGGAACGCCAATTCT TGGAAGGGCTGCTGGGAGGG 
Caspase-3 AGCAGCTTTGTGTGTGTGATTCTAA AGTTTCGGCTTTCCAGTCAGAC 
Caspase-9 TCCTGGTACATCGAGACCTTG AAGTCCCTTTCGCAGAAACAG 
RIP3 AAGTGCAGATTGGGAACTACAACTC AGAATGTTGTGAGCTTCAGGAAGTG 
LC3B CCCCACCAAGATCCCAGT CGCTCATGTTCACGTGGT 
Cdkn2a 
(p16) CCCAACGCCCCGAACT GCAGAAGAGCTGCTACGTGAA 
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Chapter 5: Discussion 

5.1 Summary 
 
 The studies presented herein further demonstrate the robust connection between 

PD and melanoma through human epidemiological, human cell in vitro, and murine in 

vivo methodology. Utilizing both human and mouse models, the translational implications 

for this research are robust. In Chapter 2, I have leveraged large human datasets to 

characterize melanoma pathophysiology in pPD populations. In addition, I have 

uncovered novel synergistic relationships between melanocytic lesions, non-melanocytic 

skins disorders, and other pPD disorders to provide clinical criteria for the development 

of PD in melanoma populations. I have explored the mechanistic cellular and molecular 

connections between PD and melanoma, by investigating the role of αSyn in the DDR 

pathway in Chapters 3 and 4. I have uncovered a novel role for αSyn in the nucleolus and 

in nucleolar DNA DSB repair, via 53BP1 recruitment, utilizing an in vitro human melanoma 

cell line. Furthermore, αSyn’s function in the DDR was confirmed in translational studies 

in an in vivo TG3 melanoma mouse model. Together, these data suggest that melanoma 

may upregulate the expression of αSyn to facilitate the DDR, and this has significant 

downstream cellular consequences, such as increased proliferation, migration, and 

invasion, while inhibiting senescence pathways. This underlying mechanism may connect 

these two diseases clinically and contribute to the increased incidence of PD in melanoma 

patients. It is plausible that individuals with high αSyn expression are predisposed to both 

LB aggregation (PD) and melanocytic transformation (melanoma), which could be 

leveraged for diagnostic and therapeutic purposes. 
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5.2 DNA Damage Repair Pathways 
 
Mechanistic Insight 
 
 In Chapter 3, I uncovered a role for αSyn downstream of ATM-mediated 

phosphorylation of H2AX and upstream of MDC1-mediated recruitment of 53BP1 to rDNA 

DSB at the nucleolar cap. In Chapter 4, I further validated the role of αSyn in 53BP1 

recruitment and RPA32-mediated downstream cellular phenotypes. More specific 

investigation into the αSyn-mediated recruitment of 53BP1 and how this influences repair 

pathway choice would be a useful future direction. Recent publications have suggested 

that the recruitment of 53BP1 to damaged sites requires γH2AX-MDC1 binding, followed 

by ubiquitination of K13-K15 on H2AX by the RING-type E3 ubiquitin ligases RNF8 and 

RNF168 (641-644) and methylation of histone H4 on lysine 20 (645, 646). It is possible 

that αSyn works within this post-translational modification cascade in conjunction with 

RNF8 and/or RNF168 (Figure 5.2.1). It is also plausible that αSyn acts in the “docking” of 

53BP1 to the DNA damage sites (Figure 5.2.1), considering previous evidence that αSyn 

can directly bind to DNA (515, 516, 713) and is present at the DSB site (Figure 3.3.4). 

Interestingly, a recent study identified PRMT5 (Protein Arginine Methyltransferase 5) as 

a protein interactor of αSyn through proteomic analysis (652).  PRMT5 is important in the 

docking of 53BP1 to DSB sites through methylation and stabilization (653, 654). Given 

αSyn’s well-studied role in SNARE-dependent vesicle docking at the presynaptic 

terminus (405-407), it is interesting to consider whether similar molecular characteristics 

play a role in MDC1, PRMT5, and/or 53BP1 docking. Once 53BP1 docking occurs, it is 

phosphorylated further by ATM, leading to recruitment of 53BP1 effector proteins RIF1 

and PTIP, both of which protect the DSB ends from hyper-resection, ultimately inhibiting 
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HR and promoting NHEJ. However, it has been shown that DSB repair in heterochromatin 

by HR also requires 53BP1, suggesting that the role of 53BP1 may vary dependent on 

the context (627). How nucleolar αSyn-mediated 53BP1 recruitment fits into these 

dichotomous pathways needs to be explored. 

 

 

Figure 5.2.1. Proposed model for how α-syn regulates 53BP1 recruitment to sites 
of DSBs. Left side: WT condition. Right side: α-syn KO condition. DSB signaling begins 
with early events, including recognition of the break site by the MRN complex (1) and 
subsequent recruitment and activation of ATM, which phosphorylates H2AX, creating 
gH2AX (2). MDC1 directly binds γH2AX, and my data suggest that αSyn facilitates this 
interaction (3). Later events include recruitment of ubiquitin ligases RNF8 & UBC13 
(UBC13 not shown), which ubiquitinates Histone 1 (4) and L3MBTL2 (not shown), leading 
to recruitment of a second ubiquitin ligase, RNF168, which is responsible for H2AK13/15, 
L3MBTL1 and JMJD2A ubiquitination, exposing a ubiquitous H4K20 methylation mark 
(5). The combination of H2AK13/15 ubiquitination and exposed H4K20 methylation 
recruits 53BP1 to DSBs (6). Once 53BP1 is recruited, it is phosphorylated further by ATM 
(not shown), leading to recruitment of 53BP1 effector proteins RIF1 and PTIP (7). RIF1 
and PTIP both act to protect DSB ends from hyper-resection, inhibiting HR and promoting 
NHEJ. In the α-syn KO condition, my preliminary data suggest that H2AX phosphorylation 
is increased (2), while MDC1 (3) and 53BP1 (6, NHEJ component) recruitment are both 
decreased, and recruitment of BRCA1 (HR component) is unaffected (not shown). Aim 1 
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will test at which steps in this DNA damage response signaling pathway α-syn regulates 
DSB repair.  

 Additionally, a recent publication has suggested that tumor suppressor RASSF1A 

acts as a scaffold during initial nucleolar DNA damage response and promotes local ATM 

signal amplification within the damaged repetitive heterochromatic elements, which then 

leads to H2BS14 phosphorylation to silence RNA polymerase I at the nucleolar interior 

(714). Furthermore, Tsaridou et al. proposed that RASSF1A subsequently translocates 

to the nucleolar cap with the rDNA DSBs to facilitate the recruitment of 53BP1. RASSF1A 

is commonly silenced during malignant transformation, which is linked to early cancer 

onset and worse disease outcome (715). It is plausible that in the context of a cancerous 

state like melanoma, where RASSF1A silencing leads to impaired rDNA DDR and 

increased genomic instability, melanoma cells upregulate compensatory machinery, like 

αSyn, that help facilitate 53BP1 recruitment in the absence of RASSF1A. Testing whether 

αSyn is involved in this nucleolar-specific mechanism could indicate a complex multi-

protein system adapted to prevent genomic instability. 

 One way to test these hypotheses is through ICC approaches. After I-PpoI 

treatment, WT and αSyn KO SK-Mel28 cells could be assayed for levels of each factor 

and their respective epitope enrichment (MDC1, RNF8, Histone 1, L3MBTL2, RNF168, 

H2AK15ub, H4K20me2, 53BP1, pSer25/29-53BP1, RIF1, PTIP, RASSF1A). The use of 

other pharmacological inhibitors could aid in the discovery of αSyn’s mechanistic role in 

the DDR pathways, including inhibitors more selective for NHEJ (Ku60/70, DNA ligase 

IV) or HR (RAD51, DNA ligase I). Although effective, pharmacological inhibitors also 

possess experimental limitations as well, including insufficient inhibition of target if high 

enough concentrations aren’t used and off target inhibition leading to adverse 
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downstream effects. Other methods could be utilized in vitro, as well. Performing a co-

immunoprecipitation assay or proximity ligation assay between αSyn and MDC1, PRMT5, 

53BP1, and/or other DDR proteins could reveal whether αSyn is directly binding to these 

repair factors or rather indirectly affecting DSB repair pathway choice. These techniques 

have been previously successful for nucleolar-specific DDR questions (716). 

Furthermore, chromatin immunoprecipitation could be utilized to validate the diminished 

recruitment of various DDR factors to the rDNA DSB in αSyn KO cells to better understand 

where in the pathway αSyn is functioning, as previously described (524, 717-719). Lastly, 

live-cell fluorescence imaging experiments could be completed to investigate the kinetics 

of recruitment of each factor using a set of GFP-tagged constructs.   

 Although Chapter 3 provides mechanistic insight into the role of αSyn in the 

nucleolar DSB DDR in vitro, Chapter 4 provides only an initial analysis in vivo. One major 

limitation in Chapter 4 was the lack of temporal data in tissue analyses (Figure 4.3.3. and 

Figure 4.3.4.). Due to animal breeding constraints, the experimental cohort of mice were 

all sacrificed at P110, for consistent analysis. Therefore, my proposed mechanism of 

αSyn’s involvement in the DDR at prior timepoints (Figure 4.4.1) is speculative and based 

on my previous data from Chapter 3. Immunofluorescence optimization obstacles limited 

my ability to stain for nucleolar-specific markers, which could validate my in vitro studies 

and determine whether the dysregulation in γH2AX, RPA32, and 53BP1 in αSyn KO mice 

were specific to the nucleolus. Overall, these in vivo limitations hinder my ability to 

address the translatability of my Chapter 3 findings, and further investigation is warranted 

to elucidate the role of αSyn in nucleolar DDR in vivo. Melanoma mouse model choice 

will be discussed further in Chapter 5.6. 
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Lastly, the dysregulation of γH2AX seen as a function of αSyn knockout in both 

Chapter 3 in vitro and Chapter 4 in vivo models raises mechanistic questions. For 

example, is the γH2AX elevation, seen in Chapter 3 and hypothetically proposed at earlier 

time points of tumor development in Chapter 4, mediated by increased activation of one 

or more of the three PI3K kinase family members that are known to phosphorylate H2AX, 

including ATM, ATR, or DNA-PK (720, 721)? My results suggest that both ATM and ATR 

facilitate the elevated γH2AX levels in αSyn KO cells at baseline (Figure 3.3.2) and that 

ATM facilitates the elevated γH2AX levels in αSyn KO cells after I-PpoI treatment, 

although ATR and DNA-PK had moderate effects (Figure 3.3.5). It is also possible that 

there is reduced activity of γH2AX phosphatase, PP2A, whose inhibition has been shown 

to lead to persistent γH2AX foci (722) and whose activity is regulated by αSyn and its 

aggregation (369, 723). There are additional γH2AX phosphatases as well to consider, 

like PP2C and PP4 (724-726). Future comparison of levels of phospho-proteins known to 

be targets of ATM, ATR, and DNA-PK phosphorylation, as well as those that are 

dephosphorylated by PP2A, PP2C, and PP4 could provide valuable insight into whether 

alterations in activity of one or more of these kinases/phosphatases causes the increase 

in γH2AX in my results. Furthermore, distinct functions for ATM and ATR have been 

previously established in the nucleolar DDR cascade (574); how αSyn fits into these DDR 

kinase signaling pathways is worth further investigation. These phospho-proteomics 

studies could be performed in WT and αSyn KO cells at baseline (see Appendix A.2 for 

preliminary data), during I-PpoI or CRISPR/Cas9 treatment when rDNA DSBs are 

occurring, or during various stages of melanomagenesis and tumor growth in an αSyn 

KO in vivo mouse line. Further validation in the SK-Mel28 system is important to 
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determine the enriched target relevance to αSyn-regulated DSB repair, via kinase 

inhibitors that target the modifications discovered.  

 

Other Forms of DNA DSB Repair 
 
 It is possible that αSyn may facilitate other forms of DNA repair, like alternative 

NHEJ (aNHEJ) or replication stress-induced damage. aNHEJ, also known as 

microhomology-mediated end joining (MMEJ), was first discovered in NHEJ-deficient 

cells, yet were still able to perform end-joining (727). aNHEJ uses microhomology regions 

near the break site on each end to ligate the two ends together (540). Similar to HR, 

aNHEJ uses poly ADP-ribose polymerase 1 (PARP1), CtIP, and the MRN complex at the 

early stages of repair. However, this pathway then diverges and uses Pol q to synthesize 

new DNA (728). Compared to NHEJ, aNHEJ incorporates much larger deletions into the 

repaired product and therefore operates with slower kinetics (729). However, a recent 

study found that αSyn facilitates DSB repair through a DNA-PK dependent manner, 

shunting cells away from aNHEJ and towards NHEJ (443). Blocking aNHEJ with a Pol q 

inhibitor showed no significant differences in αSyn KO cells compared to WT (443). 

However, these experiments were not done in melanoma models. There is evidence that 

metastasis suppressor, NME1, modulates DSB repair pathway choice by enhancing 

aNHEJ and inhibiting NHEJ and HR in melanoma (524). Further investigation for the role 

of αSyn in aNHEJ within a melanoma context through the usage of pharmacological 

inhibitors or pathway specific repair plasmids is warranted. 



 192 

 αSyn has also been previously implicated in replication stress-induced DNA 

damage in yeast (510). While cancerous hyperproliferation can indirectly cause 

replication stress, it can also cause DNA damage from ROS, incomplete DNA repair, and 

telomere shortening, all of which can subsequently lead to DSBs. Although the 

downstream DSB repair pathways are similar between replication stress-induced DSBs 

and the other types of DSBs, the initiation and recognition of the DNA damage is distinct 

(730). When replication stress occurs, stalled replication forks will form due to various 

factors, including DNA lesions, nucleotide depletion, or protein-DNA crosslinks. Tension 

at these forks because of continued DNA unwinding to downstream DNA eventually 

cause fork collapse, which in turn prompts endonucleases to process the exposed single-

stranded DNA into a DSB. This type of DSB is unique in that they are recognized 

predominantly by ATR at the single-stranded DNA stage to initiate the DDR (731-733). 

To test whether αSyn could protect against replication stress-induced DNA damage, as 

was previously shown to occur in yeast (510), I treated SK-Mel28 cells with hydroxyurea, 

a compound known to induce ATR-dependent replication stress-induced DSBs. I did not 

find evidence in this one experiment that αSyn was important for repairing DNA damage 

induced by hydroxyurea (data not shown). However, more investigation is warranted, as 

this type of DNA DSB is more biologically relevant to a hyperproliferative cancerous state, 

like melanoma, and current research is uncovering ways to leverage this type of DDR in 

cancer therapy (734). In addition, UV irradiation has been shown to induce replication 

stress DNA DSB formation through an ATR-dependent mechanism (735). Taken 

together, this type of ATR-dependent DSB mechanism may be important in melanoma 

pathogenesis and therefore the role of αSyn in this process should be explored, especially 
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within the context of rDNA and the nucleolus. It is important to note that in Chapter 3, 

ATR inhibition did not completely attenuate the phenotype seen in I-PpoI-treated αSyn 

KO cells (Figure 3.3.5), yet the methods for initiating these rDNA DSBs do not fully 

recapitulate an ATR-dependent replication stress mechanism. Future experiments 

utilizing UV irradiation or other replication stress chemical inductors, like camptothecin, 

etoposide, cisplatin, or aphidicolin could be used (736) (see Appendix A.2 for preliminary 

data). 

 

DSB Inducer Limitations 
 
 As just mentioned, inducing DSBs both in vitro and in vivo is challenging, with each 

technique possessing strengths and weaknesses. In this section, I will be highlighting the 

ones used throughout the chapters of this dissertation and alternative approaches.  

 There are many techniques to induce DNA DSBs in global non-predictive genomic 

positions, including chemical agents, UVR, and IR treatments. In Chapter 3, bleomycin 

was used as a drug-induced technique in SK-Mel28 cells. Bleomycin causes DSBs in 

DNA by binding to specific DNA sequences, particularly guanine-rich regions, and then 

generating free radicals through a reaction with iron (Fe2+) and oxygen, which ultimately 

leads to the cleavage of the DNA backbone (737, 738). Even more efficient than 

bleomycin at inducing DSBs are the bicyclic enediynes. These molecules, which include 

neocarzinostatin, form a highly reactive para-benzyne diradical that can abstract 

hydrogens from the C-1’, C-4’ and C-5’ positions of deoxyribose moieties in both DNA 

strands, and subsequently cause DSBs (739).	Another major class of drugs that induce 
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DSBs are topoisomerase II inhibitors, which include etoposide, doxorubicin, 

mitoxantrone, and others. These drugs primarily work by trapping the topoisomerase II 

enzyme in a complex with cleaved DNA, preventing re-ligation, and leading to DSBs 

through a replication stress-dependent mechanism (740, 741). IR damages DNA through 

direct interactions or indirectly by generating hydroxyl radicals (•OH) through radiolysis of 

water. This leads to oxidative base modifications, SSBs with altered chemical ends, and 

clustered damage, which can escalate into DSBs when both strands are affected. UVR 

on the other hand, induces damage by forming covalent bonds between adjacent 

pyrimidine bases, creating bulky distortions such as cyclobutane pyrimidine dimers and 

pyrimidine photoproducts. UV-A radiation differs from UV-B and UV-C because it primarily 

causes DNA damage through photooxidation reactions, leading to the formation of 

oxidative lesions and direct strand breakages. UV-induced lesions interfere with 

replication and transcription, sometimes leading to SSBs and DSBs. Cells rely on 

nucleotide excision repair (NER) and other pathways to correct UV-induced damage, but 

if left unrepaired, these lesions contribute to genomic instability and mutations (739, 742, 

743).  

 It is important to note that the way in which the DSB is produced will result in 

preferential choice of repair pathway, either HR or NHEJ. Evidence suggests that HR and 

aNHEJ is recruited in the repair of breaks with more complex multiple damaged ends 

during late S and G2 phases of the cell cycle. In one study, where HeLa cells were treated 

with either bleomycin or IR, researchers found that cells treated with bleomycin 

preferentially employed NHEJ repair processes due to less complex breaks (744). 

Conversely, IR-induced DSBs usually contain overhanging 3’ and 5’ ends and are 
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surrounded by additional forms of DNA damage, termed complex or clustered lesions 

(745). Therefore, IR-induced DSBs may preferentially induce HR-mediated repair. 

Despite seeing similar effects of αSyn KO between both bleomycin and IR in Chapter 3, 

it would be worth using other global DSB-inducing methods that specifically target HR 

preference, like topoisomerase II inhibitors that rely on DNA replication machinery. If no 

effects of αSyn KO are seen, I can be more confident in αSyn’s involvement in NHEJ 

repair. In addition, active euchromatin is more vulnerable to IR than heterochromatin (739, 

746-748), therefore the αSyn KO effects seen in SK-Mel28 treated with IR may be more 

reflective of DSBs in euchromatin regions, like the nucleolus. 

As one can imagine from the mechanisms of action described above, these 

techniques to induce global DSBs are “dirty”, in the sense that they cause both SSBs and 

DSBs in non-discriminatory regions of the genome. For example, bleomycin treatment 

has been shown to produce one DSB for every ten SSBs (749, 750), topoisomerase class 

I inhibitors, like camptothecins, generate transient SSBs (751, 752), and UV and IR 

methods have also been shown to create various types of DNA lesions (743). 

Alternatively, endonuclease-derived techniques can be used to induce DSBs in a more 

selective manner, which can be useful in targeting rDNA regions in the nucleolus. Used 

in Chapter 3, I-PpoI is an intron-encoded endonuclease that targets a specific 15-base 

pair sequence found in the gene encoding for the ribosomal 28S subunit and creates 

defined 4 base 3’-overhangs (753, 754). Alternatively, AsiSI is an endonuclease that 

targets an 8-base pair recognition site in the 47S RNA coding region, but evidence 

suggests that AsiSI most likely cleaves only active repeats that are demethylated. Both 

methodologies have the advantage of providing the opportunity to study the kinetics of 
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repair via microscopic techniques, and fusion to the estrogen receptor has allowed 

researchers to follow inducible DSBs in real-time (755, 756). Although site-specific, these 

homing endonucleases also target regions outside of rDNA. For example, I-PpoI 

additionally targets 13 other genomic sites, the majority of which belong to 28S rRNA 

pseudogenes (717) and AsiSI induces lesions in 174 other sites of the human genome 

(757). In addition, I-PpoI does not efficiently cut every genomic region harboring the cut 

site due to either recognition sequence degeneration or inaccessibility caused by 

heterochromatinization (717, 758, 759). 

For these reasons, CRISPR/Cas9 technology provides a highly efficient means to 

introduce DSBs in rDNA in a targeted manner. Cas proteins can help guide CRISPR RNA, 

to DNA targets, unwind the foreign DNA, and cleave it to create DNA DSBs with blunt 

ends, 5’-, or 3’-overhangs (760). The CRISPR/Cas9 system used in Chapter 3 utilizes the 

adopted CRISPR-Cas9 ribonucleoprotein (RNP) complex, comprised of Cas9 protein and 

a single guide RNA (sgRNA) that recognizes a specific sequence of DNA. This RNP 

delivery method has become popular because 1) of its transient genome editing, 2) it 

avoids plasmid DNA integration, and 3) it results in faster gene editing.  

Like the global DSB-inducers, these targeted methods also exhibit repair pathway 

preferences. Cas9, specifically, produces blunt ends (761) and it has also been 

suggested that Cas9 remains tied on the substrate DNA after break induction, restraining 

the recognition of the break by DDR proteins and impeding repair (762, 763). This means 

that CRISPR/Cas9 generally favors NHEJ over HR(764). In addition, I-PpoI generally 

favors HR due to the nature of the clean breaks it creates (569), although there are 

suggestions that the “clean cuts” produced by endonucleases may aid in rapid accurate 
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repair by NHEJ prior to the formation of the nucleolar cap (566). Finally, both 

endonuclease and CRISPR/Cas9 systems can lead to cycles of break and repair, where 

the prompt rejoining after the first induction will lead to immediate re-cutting by the still 

present enzyme, also coined “chronic DSBs”. Such a scenario may influence check-point 

activation and repair pathway selection. Alternative inducible and tunable expression 

systems or transcription activator-like effector nucleases (TALENS), that generate 

“frayed” ends could alleviate this chronic DSB cycle and be utilized in the future for the 

study of αSyn in nucleolar DDR.  

Lastly, limitations also exist in these site-specific modalities in the ability to induce 

DSBs in only a sub-set of cells. Despite many optimization efforts, nucleolar caps were 

only produced in about 50% of I-PpoI-treated SK-Mel28 cells and 25-30% of 

CRISPR/Cas9-treated SK-Mel28 cells. This limitation restricted us from multiple large-

scale methodologies, including chromatin immunoprecipitation (ChIP), qRT-PCR, bulk-

RNA sequencing, and phospho-proteomics under rDNA DSB induction. Unless a large 

quantity of starting material is used to compensate for “dilution” of the DDR cells, these 

methods require more global DNA damage treatments and/or other cell lines with higher 

induction efficiencies. 

 

5.3 Forms of Synuclein  
 
 The experiments presented in Chapters 3 and 4 and Appendix A focus on WT, 

unmodified, monomeric αSyn. Additional forms of αSyn may be biologically relevant to 

the mechanism proposed and therefore should be considered for future investigation.  
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Phosphorylated Alpha-Synuclein 
 
 The phosphorylation at serine 129 (S129) in the C-terminus is the most common 

post-translational modification for αSyn. Although there are other phosphorylation sites 

within αSyn (Figure 1.4.1), S129 phosphorylated αSyn (pSyn) is a form of great interest 

due to its correlation with PD neuropathology progression. Over 90% of the αSyn found 

in LBs is S129 phosphorylated compared to only 4% of αSyn in the healthy brain (765). 

pSyn levels are associated with PD disease severity in CSF (766, 767), plasma (768, 

769), and nerves in the skin (459, 460, 467). In addition, numerous murine and drosophila 

PD models report increased pSyn levels and aggregation (770-773). Although pSyn can 

be used as a biomarker for PD, how phosphorylation at S129 drives pathology 

progression is still an area of investigation, yet some studies have found that S129 

phosphorylation alters αSyn function in various biological contexts. For example, S129 

phosphorylation increases the ability of αSyn to bind to membranes (774, 775) and 

cytoskeletal and vesicle-trafficking presynaptic proteins (776).  

 The role of αSyn phosphorylation in DDR is unknown. S129 phosphorylation 

regulates the translocation of αSyn from the nucleus to the cytoplasm and drives the 

malignant transformation of melanocytes (473). pSyn also alters how αSyn interacts with 

DNA, where pSyn has a lower binding propensity to linear DNA and minimal binding 

propensity to circular DNA (515). These data suggest that while soluble un-

phosphorylated αSyn in the nucleus facilitates the DDR, S129 phosphorylation can 

modulate how αSyn interacts with DNA and its function in DDR in melanoma. It would be 

interesting to investigate these questions using in vitro phospho-mimic (S129D) and 

phospho-deficient (S129A) approaches. Additionally, pharmacological manipulation of 
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endogenous kinases that have been identified to phosphorylate αSyn (G-protein-coupled 

receptor kinases, Casein Kinase II, Polo-like Kinase) could be fruitful. 

 

PD-Associated Mutations 
 
 As described in Chapter 1.4, six point mutations leading to autosomal dominant 

genetic forms of PD have been found within the N-terminal domain of the SNCA gene 

(A30P, E46K, H50Q, G51D, A53E, A53T) (Figure 1.4.1) (73, 445, 446, 777-781). 

Although SNCA mutations are found in a very small percentage of PD patients, they are 

associated with more aggressive forms of the disease, potentially due to faster rates of 

fibril amplification and lipid-induced aggregation (782). These mutations have been found 

to possess differing biological functions that may underly propensity for disease 

progression compared to WT αSyn. In a recent publication, researchers found that PD-

associated mutants will differentially affect DNA binding in vitro. Specifically, two of the 

disease-causing point mutations, A53T and A30P, were less efficient at binding DNA than 

WT, while mutation E46K was more efficient at binding DNA. Interestingly, a deletion of 

the central non-amyloid-beta component (NAC) domain, which is important for 

aggregation of the protein, also showed higher DNA binding (515). Furthermore, 

mutations seen in familial PD have been shown to alter rDNA biogenesis (783, 784). 

Together, these data suggest that PD-associated mutations may regulate αSyn’s ability 

to facilitate DDR and prompts further consideration. Stable reintroduction of αSyn WT, 

A53T, A30P, E46K, and ∆NAC into the αSyn KO SK-Mel28 cell line via lentiviral 

transduction would be an obvious next step in experimentation. This would test whether 

PD-associated mutations alter nucleolar DSB repair efficiency, as seen in Chapter 3, and 
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give further mechanistic insight into their differing capabilities in DNA binding. However, 

it is possible that some of these constructs are toxic when stably expressed, and therefore 

will not produce viable cell lines. In that case, an alternative approach would be transient 

transfection of these constructs at low levels on the αSyn KO background. 

 

Conformational Strains 
 
 Conformational strains of αSyn refer to different structural variations of the 

misfolded αSyn protein that can aggregate into distinct amyloid fibrils. This ultimately has 

been shown to lead to diverse pathological features, which can explain the heterogeneity 

observed in PD symptoms (785, 786). Studies have found that these different strains of 

αSyn aggregates can have varying levels of toxicity, propagation rates, and tissue 

distribution within PD, as well as other synucleinopathies (787-789). One study found that 

different conformations of αSyn pathology correspond to different stages of maturity for 

LB pathology, suggesting a temporal component to conformational differences (789). 

Furthermore, injection of different conformational strains into the olfactory bulb of mice, 

yielded distinct propagation patterns to other regions of the brain (787), suggesting that 

conformational strains of αSyn may underscore the heterogeneity among PD patients not 

only in clinical symptoms, but also neuropathologically on autopsy as described in 

Chapter 1.1. 

Although the biological mechanisms proposed in this dissertation work pertain to 

monomeric and soluble forms of αSyn within melanoma cells, it is possible that oligomeric 

forms of αSyn are relevant to the association between PD and melanoma. A handful of 
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studies have found aggregated forms of αSyn in the skin of PD patients (474) and that 

these aggregates are resistant to protease degradation, a hallmark of αSyn amyloids 

(469). In addition, inhibiting αSyn aggregation with anle138b significantly hinders 

melanoma cell proliferation in vitro and the growth of xenograft melanoma tumors(398) 

and also upregulates anti-melanoma immune responses (506). Whether or not 

polymerized forms of αSyn are important in melanomagenesis and tumor growth is still 

understudied. However, it is intriguing to consider the pPD period as a time when 

melanocytes interact with early αSyn pathology and are vulnerable to melanomagenesis.  

Our data in Chapter 2 suggest that there is a common mechanism at play years 

before clinical symptoms of PD. There have been reports that LB pathology in PD 

develops in peripheral autonomic neurons and certain brain regions prior to the onset of 

motor symptoms (790) and that PD patients will also harbor Lewy pathology in skin cells 

(394, 395). Therefore, it is plausible that melanoma progression may interact with these 

aggregates, whereby pPD αSyn aggregation and/or even its dysregulation in the DDR 

pathway may be an unbeknownst “hit” in the multi-hit melanoma model (256). However, 

it is important to note that melanoma staging was less advanced in the prodromal-PD 

group (Table 2.3.1), indicating that while melanoma may increase the risk of developing 

PD, there may be a somewhat protective effect of early PD-pathology on melanoma 

progression. Conversely, dysregulation of αSyn in melanoma cells may increase the 

likelihood to aggregate, which could then spread and seed in the brain, similar to theories 

that αSyn pathology starts in the gut and travels peripherally to centrally via the vagus 

nerve (425). There is also evidence that erythrocyte-derived extracellular vesicles, that 

contain pathological αSyn, can originate in the periphery of the body and traverse the 
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blood-brain barrier under certain conditions to “seed” into the brain (791-794). It is 

possible that melanoma cells can also release such extracellular vesicles, like 

melanosomes, exosomes, microvesicles, and extracellular particles containing 

aggregated forms of αSyn (795). These are just a few hypotheses to explain the increased 

incidence of PD in previously diagnosed melanoma patients, as seen in Chapter 2. 

Further investigation is warranted. 

 

Beta- and Gamma-Synuclein 

 Lastly, there is abundant evidence that other synuclein family members play a role 

in cancer pathogenesis and may underly the connection between PD and melanoma. The 

synuclein family is comprised of three members: alpha-, beta-, and gamma-synuclein 

(αSyn, bSyn, and gSyn, respectively). All three synucleins share sequence homology at 

the N-terminal region, while their C-terminus is specific for each family member. In the 

brain, it is suggested that bSyn modulates cell survival, metal levels, and dopamine 

uptake, and decreases αSyn aggregation (796-798), while gSyn is proposed to influence 

neurofilament network integrity and chaperone in retinal photoreceptor cells (799, 800). 

Both bSyn and gSyn have been shown to be linked to multiple types of cancers (801). 

bSyn has been implicated in the progression of breast (802), ovarian (802), glial (803), 

medulloblastoma (803), colon (804), and leukemia (805). Whereas, gSyn has been linked 

to many other cancers, including, breast (802, 806, 807), ovarian (802, 808), 

retinoblastoma (809), esophageal (810), pancreatic (811), gastric (812), bladder (813), 

prostate (814), cervical (814), colon (804, 814, 815), lung (814), uterine carcinoma (816), 
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endometrium (817), squamous cell carcinoma (818), and biliary tract (819). The 

underlying molecular functions of bSyn and gSyn in these various cancers are 

controversial depending on cancer type and study, where some describe an 

overexpression and others reduced expression. These disparities may reflect differing 

stabilizations of these proteins, including post-translational modifications and 

conformational propensities. Although no direct evidence shows a role for bSyn and gSyn 

in melanoma progression and reports suggest a much lower expression of these proteins 

in melanocytes compared to αSyn (477), it should be explored further, and more 

specifically in the context of DDR pathways. Simple colocalization of bSyn and gSyn with 

nucleolar DDR proteins should be investigated in addition to bSyn and gSyn knockout 

melanoma models. 

 

5.4 Liquid-Liquid Phase Separation 
 

The implication that αSyn is involved in nucleolar DDR is intriguing within the 

context of the known biology of liquid-liquid phase separation (LLPS). LLPS was initially 

discovered through observations of the nucleolus and cytoplasmic P granules, which led 

Hyman and colleagues to propose a set of criteria to define LLPS in cells: 1) maintenance 

of spherical shape, 2) fusion after touching, and 3) contain mobile molecules that undergo 

internal rearrangement and external exchange (820). The nucleolus is a dynamic 

membrane-less compartment and utilizes phase separation not only as a way to delineate 

from the nucleoplasm, but also in the formation of the nucleolar cap after transcriptional 

silencing or rDNA DSBs (631, 821, 822). It has also been shown that LLPS is important 
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in the condensation and dissolution of DNA repair factors during DSB repair, in order for 

proper DSB sensing and DDR signal transduction to initiate both HR and NHEJ (823).  

Interestingly, LLPS is a highly discussed topic in the neurodegeneration field, as 

αSyn is commonly described as an intrinsically disordered protein (IDP) (824). IDPs are 

characterized by containing few hydrophobic residues, a high net charge, low sequence 

complexity, and structure breaking residues (like proline) that facilitate disorder (825, 

826). Because of these features, they are prone to aggregate. Misfolded aggregates of 

αSyn will undergo phase separation during the formation of LBs in the context of 

synucleinopathies (647, 822, 827), potentially through an RNA G-quadruplex-mediated 

manner (828). It is believed that the liquid-like αSyn droplets will gradually undergo an 

irreversible liquid-to-solid phase transition into amyloid-like hydrogel entrapping 

oligomers and fibrils, which may underlie the cellular toxicity associated with PD (827). In 

addition, studies have suggested that PD-associated mutations, E46K and A53T, and the 

S129 phospho-mimic, S129E, greatly increases αSyn’s ability to undergo LLPS in purified 

systems (647, 829). Considering these findings and ours illuminating a role for αSyn in 

the nucleolar DDR (Chapter 3), it is plausible that αSyn may be modulating this process 

in a way that is beneficial for DSB repair in the nucleolus to promote genomic stability and 

thus melanoma cell survival. 

One plausible mechanism that fits within the findings of this dissertation is the role 

of 53BP1 in LLPS. A recent study found that 53BP1 undergoes LLPS with the 

heterochromatin protein HP1α to maintain heterochromatin integrity and genome stability 

(830). The role of αSyn in this mechanism is unclear, yet my findings showing that αSyn 

regulates 53BP1 recruitment could have downstream effects on LLPS-mediated genomic 
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stability pathways. Studies investigating presynaptic terminals show that αSyn modulates 

the phase separation of synapsin and changes its ability to cluster synaptic vesicles (831, 

832). It is possible that αSyn may be modulating LLPS of other proteins, like 53BP1, within 

repair foci to regulate their function in a way that is conceptually parallel to its role in 

presynaptic terminals.  

Another plausible mechanism is that the structural changes associated with 

nucleolar cap formation involves the merging of the fibrillar center and the dense fibrillar 

component of the nucleoli. Many studies have proposed that nucleolar segregation, which 

is LLPS driven, is dependent on ATM-mediated transcriptional inhibition (562, 563, 569, 

570). However, a recent finding suggested that nucleolar segregation may be 

transcription-independent, involving forces arising from nuclear envelope invaginations 

and the actin network (567). Although I found that αSyn loss-of-function does not regulate 

rDNA transcriptional inhibition after rDNA DSB induction (Figure 3.8.8), it is possible that 

αSyn facilitates DSB-induced nucleolar segregation via actin networking, which has 

previously been implicated in LLPS-driven systems (833-835). Additionally, evidence 

suggests that αSyn regulates actin polymerization by sequestering actin monomers, while 

in pathological states, its misfolding and aggregation can disrupt cytoskeleton dynamics, 

contributing to neurodegeneration associated with PD (836, 837). 

The experimental identification of LLPS is challenging in that no one criterion is 

sufficient to demonstrate phase separation of a protein. However, high mobility, which 

can be measured by fluorescence recovery after photobleaching (FRAP), is one indicator. 

Our previous work in mouse cortical neurons in vivo (442), in primary culture (442), and 

SK-Mel28 cells (Figure 3.3.4) shows that αSyn tagged to GFP is rapidly recruited to DNA 
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induced by high intensity laser illumination of subnuclear regions. This LID technique 

could be exploited to measure the kinetics and mobility of Syn-GFP or other GFP-tagged 

DDR proteins within DSB repair foci. Furthermore, LLPS status can be confirmed by the 

loss of phase separation with exposure to the compound 1,6 hexanediol that inhibits 

LLPS, but not with 2,5 hexanediol, which is chemically similar but preserves LLPS. Under 

this FRAP LID technique, it would be critical to test the sensitivity of Syn-GFP recruitment 

after 1,6 hexanediol treatment.  

 

 
5.5 Downstream Cellular Phenotypes 
 
 The growth phenotypes associated with αSyn KO both in vitro (Chapter 3) and in 

vivo (Chapter 4) are interesting to examine in the context of downstream pathways 

associated with DSB DDR. These pathways, like apoptosis, senescence, and autophagy, 

are of particular interest because of both previously reported studies, my own data in 

mouse melanoma tissue (Figure 4.3.4), and unpublished data (Appendix A.2). There are 

additional cell death pathways that have been implicated in both PD and melanoma, like 

ferroptosis, necroptosis, and pyroptosis, but my preliminary data did not show a significant 

role for αSyn in these alternative pathways (Appendix A.2). 

 

Apoptosis 
 
 Apoptosis refers to a regulated process of cell death which is marked by distinct 

alterations in cellular morphology, such as cellular shrinkage, nuclear condensation, and 

DNA degradation. There are two main pathways that can initiate apoptosis: 1) the 
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extrinsic pathway and 2) the intrinsic pathway (838). The extrinsic pathway begins 

outside of the cell when conditions in the extracellular environment indicate that a cell 

should die. T cells generate a surface receptor called Fas, which increases production 

during an infection. When Fas binds to its ligands, apoptosis is triggered. The intrinsic 

pathway begins when a cell senses stress due to an injury within the cell and 

cytochrome c is released from the mitochondria. Both pathways converge on the 

execution pathway, which is initiated by the activation of caspase-3.  

 Apoptosis can be initiated in response to unresolved DSBs, partly as a way to 

prevent the propagation of severely damaged genetic material in proliferating cells. The 

DDR pathway will activate pro-apoptotic proteins like Bax, which can then lead to 

mitochondrial dysfunction and release of factors that trigger the caspase cascade, 

ultimately causing cell death (839-841). The tumor suppressor protein p53 also plays a 

critical role in the apoptotic response to DSBs, as it can be activated by the DDR via 

ATM and ATR phosphorylation cascades and induce the expression of pro-apoptotic 

genes. Specifically, p53 induces BIM, PUMA, and NOXA, which inhibit pro-survival 

BCL2 family members and leads to activation of Bax and downstream mitochondrial 

dysfunction. One study found that I-PpoI-induced rDNA DSBs were sufficient to induce 

p53-dependent apoptosis (842). Further discussion regarding the important role of p53 

in senescence, melanomagenesis and tumor proliferation will be discussed later in this 

section and in Chapter 5.6. 

 In PD, apoptotic cell death has been documented in postmortem tissue, animal 

models, and in vitro cultures, with the characteristic morphological changes and DNA 

fragmentation (843). Studies have found that oxidative stress, imbalance of calcium 
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homeostasis, and mitochondrial dysregulation are important factors in the apoptosis of 

dopaminergic neurons within the substantia nigra (844, 845). It is plausible that αSyn-

mediated DDR dysregulation can also lend to a pro-apoptotic phenotype in this vulnerable 

cell population. One study found that αSyn KO xenografts implanted into WT mice 

showed significantly increased apoptosis, as measured by the DNA fragmentation-

measuring TUNEL assay (478). Furthermore, my data suggests that αSyn loss-of function 

leads to an increased apoptosis response in vitro with the increase in micronuclei 

formation (Figure 3.3.7), a common indicator for DDR-induced apoptosis (846). In 

addition, in vivo experiments showed elevated levels of caspase-9 gene expression in 

αSyn KO mice melanoma tumors compared to WT mice (Figure 4.3.4). This result 

highlights the possibility for DSB-induced apoptosis, as caspase-9 is specifically involved 

in the intrinsic apoptosis cascade. Although caspase-3 levels were not significantly 

different between αSyn KO and WT tumors (Figure 4.3.4), the difference was trending 

toward significance (p=0.0628) and the potentially functional extrinsic apoptosis factor 

could be “diluting out” the changes seen in the intrinsic pathway as these two cascades 

converge at caspase-3. While gene expression of these pro-apoptotic factors is an 

important measurement, their total protein levels and activated byproducts are critical in 

understanding the downstream apoptotic phenotype as a result of αSyn loss-of-function. 

This would be a key next step in investigation (see Appendix A.2 for preliminary data). 

 

Senescence 
 

Genome instability has long been implicated as an important factor in cellular aging 

(578). Dividing cells are constantly exposed to various sources of DNA damage, with an 
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accumulation of such damage sufficient to cause the phenotypic changes associated with 

aging, like senescence. Cellular senescence is defined as a stable cell cycle arrest that 

can be triggered by various intrinsic and extrinsic stimuli and is characterized by cell 

swelling and the secretion of the senescence-associated secretory phenotype (SASP). 

DDR-induced senescence is thought to arise through p53-dependent or p53-independent 

pathways. The p53-dependent pathway entails ATM and ATR kinase signaling cascades 

resulting in CHK1/2 activation upstream of p53. This signaling then activates p21, which 

in turn inhibits the CDK’s inhibitory effect on RB1, ultimately leading to senescence. 

Alternatively, DNA damage can directly activate a p16 cascade independent of p53, 

resulting in CDK and RB1 activation. Traditionally, senescence has been viewed as an 

irreversible process that is a consequence of anti-proliferation; however, recent advances 

have extended its known role to complex biological processes, such as 

neurodegenerative disease and cancer. 

 In the context of neurodegeneration, post-mitotic cells, like neurons, are especially 

vulnerable to cellular senescence. The continuous activation of DNA damage repair 

pathways associated with aging produces senescence in neurons (847) and is linked with 

the pathogenesis of several neurodegenerative disorders (848). Patients with PD show 

enhanced levels of SA-ß-gal in their CSF (849) and brain tissue (850), with the level of 

αSyn aggregation directly correlating with level of senescence (851). One study found 

direct evidence that the accumulation of DNA DSBs and cellular senescence are 

intermediaries of αSyn-induced pathogenesis in a PD mouse model (620). A loss-of-

function of αSyn in the nucleus could account for these observations. 
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 In the cancer field, there has been substantial focus on senescence, as oncogene-

induced senescence (OIS) is a tumor-suppressive mechanism that prevents cells from 

becoming malignant. OIS is initiated from an activating mutation of an oncogene and is a 

defense mechanism by the cell that when is escaped, leads to carcinogenesis. In 

melanoma, this mechanism becomes particularly salient in the context of the multi-hit 

model (Chapter 1.2). Initial BRAF V600E and NRAS Q61R mutations in melanocytes will 

promote benign nevus formation, at which point these cells will initiate OIS to prevent 

dysplastic nevus transformation. However, upon the loss of tumor-suppressor genes (the 

“second hit”), many of which are involved in the OIS pathway like p53, pRB, and p16, OIS 

escape leads to melanomagenesis. Alternatively, cells that fail to undergo senescence 

can also lead to malignant transformation in the absence of the acquisition of additional 

mutations (852).  

My data detecting an upregulation of αSyn in SK-Mel28 cells and its potential DSB 

repair function fits into senescent characteristics of cancer pathogenesis as well. 

Persistent DSBs can drive cancer cells into senescence in a p53-dependent or p53-

independent manner (696, 853-855), as described above. This phenomena can be 

reversed by improving DSB repair fidelity (856, 857), and there is evidence that 

melanoma cells upregulate DSB repair components critical for survival (523, 524). 

Furthermore, studies have found that αSyn overexpression can inhibit cellular 

senescence (858). Given that increased nucleolar DSB repair capacity contributes to 

senescence escape and previous findings that αSyn modulates DSB repair, it is possible 

that αSyn gain-of-function due to overexpression of soluble αSyn in melanoma reduces 

senescence. Not only do αSyn KO SK-Mel28 cells show slower proliferation rates (Figure 
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3.3. 7) and αSyn KO mice show slower tumor growth (Figure 4.3.1), but on observation, 

nuclei of these cell populations are larger than in WT conditions, a key morphological 

characteristic of a senescent cell (859). In addition, micronuclei formation (Figure 3.3.7) 

can also be an indicator of cell senescence (860), which can trigger SASP via leakage of 

DNA into the cytoplasm (861, 862). More directly, my data shows that αSyn loss-of-

function leads to an increase in p16 levels, which are significantly correlated to RPA32 

signal in melanoma tumors in vivo (Figure 4.3.4). This data, as it stands, fits both the p53-

dependent and p53-independent pathways.  

Studies suggest that p53 and RPA interact to form a complex that dissociates as 

a part of DNA damage signaling (863) and phosphorylation of RPA by DNA-PK and 

phosphorylation of p53 by ATM and ATR promote HR repair pathways during 

transcriptional stress-induced DNA damage (864, 865). It is possible that αSyn is involved 

in the RPA-p53 dissociation mechanism, so that when during replicative stress in highly 

proliferating melanoma cells, RPA and p53 are freed to mediate DNA damage repair, 

ultimately leading to lower levels of senescence (and lower p16). Interestingly, higher p16 

levels have been shown to impair HR in head and neck squamous cell carcinomas (866), 

suggesting that αSyn KO-induced increases in p16 could be promoting conversion to 

NHEJ repair, which has been seen in a senescence-phenotype mouse model of PD (620). 

Further investigation into senescent phenotypes is warranted, although multiple 

techniques have been tested through the course of this dissertation, including Western 

blotting for p16 and immunocytochemical staining for senescence-associated b-

galactosidase. Ultimately, these techniques did not work in the SK-Mel28 cell lines. An 

ELISA to detect a panel of proteins in conditioned media for SASP (IL-6, IL-8, GROa) 
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would be a valid next step to confirm the senescence phenotype inferred by increased 

p16 gene expression. Additionally, further studies elucidating the role of αSyn in the 

relationship between RPA, p53, p16 and DDR-induced senescence are justified (and 

proposed in Chapter 5.6). 

 

Autophagy 
 
 The autophagy pathway is a cellular process that breaks down cytoplasmic 

material and delivers it to the lysosome for degradation. In response to DSBs, autophagy 

is often activated to help repair the injury by degrading damaged proteins and organelles, 

providing building blocks for repair, and facilitating the overall DDR through selective 

degradation of damaged components (867-869). Specifically, there are many pathways 

that lead to autophagy activation after DNA damage, but one to highlight is the 

ATM/CHK2-mediated nuclear exclusion of autophagic protein, FOXK (870). Furthermore, 

nucleophagy is a subtype of autophagy that targets nuclear material for degradation and 

helps cells respond to cell cycle perturbations and nuclear insults (871). This process, 

like apoptosis and senescence, involves the formation of micronuclei that contain 

genetic material, which allows for the identification and clearance of micronuclei with 

CGAS-mediated nucleophagy (872). Ultimately, autophagy is integral in many disease 

pathologies, including neurodegeneration and cancer (873, 874). 

In PD, disruptions in the autophagy pathway can result in the buildup of proteins 

and the formation of LBs. Autophagy is thought to play a role in the breakdown of αSyn 

fibrils, involving both the autophagy-lysosomal and ubiquitin-proteasomal pathways. 
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Furthermore, certain PD-associated genes also contribute to autophagy regulation (875). 

For example, mutated LRRK2 leads to axonal shortening and the formation of autophagic 

vacuoles (876). Additionally, PARKIN and PINK1 (autosomal recessive PD genes) can 

cause mitochondrial damage and promote autophagy (877). Currently, treatment 

modalities that influence autophagic and lysosomal activity to reduce LB accumulation 

are being explored in the PD field.  

Autophagy is equally as important in melanoma pathogenesis, yet has a more 

sequential and complex role (878, 879). In the early stages of melanomagenesis, 

autophagy can act as a tumor suppressor, removing damaged organelles and protein 

aggregates to prevent the buildup of harmful material. However, in advanced stages of 

the disease, autophagy promotes tumor growth and resistance to therapy by reducing 

stress from drugs and metabolism and aiding in growth and metastasis (880). Melanomas 

that harbor BRAF mutations are often associated with increased autophagic activation, 

making these types of melanomas more resistant to targeted therapies (687).  

 Autophagic cell death is a type of programmed cell death that occurs when 

autophagy is excessive or dysregulated, leading to the accumulation of 

autophagosomes, which eventually engulf critical cellular components, causing the cell 

to self-destruct. Current development of therapeutic targets is underway to exploit this 

pathway (881). In my data, αSyn KO led to significantly elevated levels of autophagic 

marker, LC3B, potentially indicating activation of autophagic cell death leading to 

diminished tumor growth (Figure 4.3.4). Furthermore, studies have found that αSyn 

overexpression can protect primary and metastatic melanoma cells from autophagic cell 

death (398, 504). This again fits the general picture that αSyn gain-of-function is critical 
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in melanoma growth by protecting against autophagic cell death and requires further 

investigation, such as immunocytochemistry, western blot, and electron microscopy 

techniques to quantify the formation of autophagosomes in αSyn KO cells.  

 

5.6 Melanoma Models 
 
Limitations (in vitro) 
 
 In Chapter 3, multiple in vitro cell models were utilized, including SK-Mel28, A375, 

PIG1, and primary melanocytes. However, SK-Mel28 cells were chosen as the primary 

cell model to study the role of αSyn in nucleolar DDR for various reasons, including the 

previous development of αSyn KO and KI clones (478) and the high levels of endogenous 

expression of αSyn in this particular melanoma cell line (397, 401). Like any immortalized 

cell line, there are drawbacks influencing translatability of the model to conclusions about 

the human disease. For example, human melanomas are associated with a variety of 

oncogenic and tumor suppressor gene mutations (multi-hit model, Chapter 1.2). SK-

Mel28 cells are WT RAS and CDKN2A, yet are mutated in PTEN (T167A), BRAF 

(V599E), CDK4 (R24C), and p53 (L145R) (882). Therefore, reproducing these 

experiments in alternative human melanoma cell lines, with differing genetic 

backgrounds, becomes crucial in understanding αSyn’s role in the nucleolar DDR. 

 The BRAF (oncogenic first-hit) and PTEN (tumor suppressor second-hit) mutations 

in SK-Mel28 cells are common in human melanomas and critical for melanomagenesis. 

However, the mutated isotype of p53 could potentially affect whether αSyn modulates 

downstream phenotypes through a p53-dependent or -independent pathway (as 
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suggested in Chapter 5.5). There is a discrepancy in the literature as to whether mutated 

forms of p53 are functionally deficient or not in SK-Mel28 cells(883-886). Of note, one 

study found no significant differences in downstream target gene activation between p53 

WT and mutant melanoma cell lines (887). Furthermore, another study found that both 

WT and mutant p53 proteins show kinetics of aggregation and fibrillar morphology that 

resemble those of classical amyloidogenic proteins, such as αSyn (888, 889), suggesting 

that p53-mutant cancers may be a class of protein aggregation diseases. Similar to αSyn, 

p53 was described to be transmitted between cells in a prion-like mechanistic fashion 

(890). Experiments utilizing a p53 inhibitor, like Pifithrin-α as previously described(883), 

could test whether downstream cellular phenotypes, like apoptosis, senescence, and 

autophagic cell death as a function of αSyn KO are p53-dependent or p53-independent.   

 Furthermore, the pigmentation status of the cell line may influence its susceptibility 

to DNA damage and how αSyn interacts with the DDR. One study analyzing patient 

pigmented melanoma tissue found that cells with increased amounts of αSyn had little to 

no pigmentation (397), later supported by another study (395). This observation is seen 

in SK-Mel28 cells, where high expression of αSyn correlates to hypopigmentation and 

knocking down SNCA expression increases overall melanin production (367). 

Conversely, overexpressing αSyn in pigmented A375 cells decreases melanin 

production. This becomes important in the context of DDR-induced carcinogenesis, as 

melanin serves to absorb UV radiation (891), so varying pigmented cell lines could also 

have evolutionarily diverged in their capacity for efficient DDR. Therefore, αSyn 

expression in SK-Mel28 cells, which disrupts melanin production, could be an evolved 

mechanism by which amelanotic melanomas evade early detection. Data showing that 
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patients with higher levels of SNCA expression had worse survival outcomes supports 

this hypothesis (478), although whether or not these cases are enriched by amelanotic 

melanomas is unclear. I did not find any synergistic patterns between amelanotic lesions 

and PD incidence in Chapter 2, yet further investigation is warranted to determine whether 

this hypothesis and the downstream DNA damage sensitivity, could be contributing to the 

PD-melanoma association. Utilizing other pigmented cell lines could help answer these 

questions and preliminary studies utilizing pigmented primary melanocytes is presented 

in Appendix A.1. 

 Lastly, one limitation to the SK-Mel28 lines that were utilized in Chapter 3 is the 

way in which the KI/Rescue line was created. The re-expression of αSyn in the αSyn KO 

background was achieved through transduction of a lentivirus expressing human αSyn 

under the CMV promoter with puromycin for colony selection and expansion (478). As a 

result, WT αSyn becomes randomly inserted into the genome and not at the endogenous 

locus. This means that 1) the expression of the “rescue” αSyn is not controlled by the 

endogenous promoter and 2) the system lacks αSyn splice isoforms. Both of these 

discrepancies to the WT cell line could ultimately influence how the cell is responding to 

DNA damage and how the “rescued” αSyn is facilitating the DDR. In the future, re-

engineering a gene-targeted KI line using CRISPR/Cas9 could be beneficial.  

 

Limitations (in vivo) 
 
 The TG3 mouse line was carefully chosen in Chapter 4 from one of several 

possibilities. The TG3 mouse is a model that produces tumors within a short timeframe 
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(~2-3 months) at 100% penetrance (671-674). Due to this reason, any impaired growth 

due to αSyn KO could be more easily measurable. In addition, the TG3 is a single allelic 

model, which is advantageous for crossing with an additional αSyn KO allele. Although 

the most common genetic mutation associated with human melanoma, BRAF, as well as 

other mutations in KRAS, HRAS, and NRAS are options for mouse models, most are not 

spontaneous and are double- or triple-allelic (892). Lastly, Braf is located close to Snca 

on chromosome 6, which makes breeding both alleles challenging.  

 Despite these advantages, the TG3 mouse line, like other genetically engineered 

melanoma mouse lines, have limitations. First, human and mouse skin morphology is 

different (892). Human melanocytes are distributed along the basal layer of the epidermis. 

In contrast, mouse melanocytes are located primarily in the bulb regions of the hair 

follicles. Therefore, most genetically engineered models initiate in the dermis and share 

limited histological similarities with human melanoma that have a predominantly 

epidermal and dermoepidermal junctional component. There has been advancement in 

the melanoma field that when mice constitutively express the hepatocyte growth 

factor/scatter factor transgene, melanocyte distribution is modified to be present more at 

the dermoepidermal junction, which in turn allows this model to share more 

histopathological features with their human counterparts (893, 894). Additionally, the 

promoter which is driving transgene expression is important to consider in genetically 

engineered models. For example, the most commonly used tissue-specific promoter in 

melanoma models is derived from the Tyr gene, which is also expressed in other cells of 

similar embryological origin, not just melanocytes (895, 896). Therefore, using promoters 

from genes that are expressed at later stages of melanocyte differentiation is critical to 
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consider for the most specificity. The transgene associated with the TG3 line is not 

expressed under the control of a melanocyte-specific promoter and is an additional 

limitation to the experiments in Chapter 4. 

Another important factor when choosing a melanoma mouse model is whether 

external carcinogenic agents are necessary for melanomagenesis and how relevant 

these processes are to human disease. For the most part, melanoma mouse models are 

either 1) double transgenic (oncogenic activation and tumor suppressor inactivation) and 

will spontaneously form melanoma at low penetrance, 2) double transgenic (oncogenic 

activation and tumor suppressor inactivation) inducible system with high penetrance, or 

3) single transgenic (oncogenic activation or tumor suppressor inactivation) with the 

addition of a carcinogenic agent, like UV radiation, with variable penetrance (892). The 

TG3 mouse line falls into neither of these categories and is a rare model by which a single 

allelic transgene spontaneously induced melanomagenesis with 100% penetrance. 

Systems that require carcinogenic agents are the most biologically relevant as UV 

radiation is the main environmental risk factor for melanoma in humans. However, the 

strain background of mouse makes a large impact on UV radiation sensitivity due to 

variations in skin pigmentation and hair amount (248, 893). It would be translationally 

beneficial to study the role of αSyn in melanomagenesis through the use of UV-induced 

models. There are several questions that my results prompt: Would αSyn overexpression 

lead mice to be more susceptible to UV-induced melanoma initiation and growth? Could 

the therapeutic target of αSyn result in higher resistance to UV-induced models? 

Preliminary studies investigating αSyn in UV-treated primary melanocytes is presented in 
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Appendix A.1. Overall, mouse models can play a vital role in advancing our understanding 

of the molecular underpinnings of the process of melanomagenesis and αSyn’s role in it.  

 

Alternative Disease Models 
 
 In order to fully translate the findings of this dissertation to the PD-melanoma 

association, it is important to test whether αSyn facilitates nucleolar biology in neurons, 

as I observed in melanoma. The substantial evidence suggesting the importance for 

nucleolar DDR in PD and other neurodegenerative disease pathogenesis raises the 

question of whether αSyn is regulating such processes. This is not an unconventional 

transition, however. One previous study investigating αSyn modifier, amino-terminal 

acetyltransferase B, did exploratory genome-wide CRISPR screening in SK-Mel30 cells 

followed by more targeted CRIPSRi screening in a neuronal cell population, showing 

shared screening hits (897), suggesting that melanoma cell lines that highly express αSyn 

can be representative models for neurons. Previous work from the Unni Lab in mouse 

cortex shows that αSyn colocalizes with markers of DSB repair, like γH2AX and PAR, in 

neurons similar to SK-Mel28 cells (442). In addition, αSyn KO increases levels of DSBs, 

and re-expression of WT human αSyn in specific cortical neurons within the mouse αSyn 

KO background reduced γH2AX and PAR levels (442). Future experiments would entail 

culturing E18 primary cortical neurons, as previously described (443), and visualizing 

αSyn nucleolar colocalization via ICC at baseline and after I-PpoI treatment. In addition, 

comparing WT and αSyn KO mice will allow us to implement similar techniques as to the 

ones optimized in Chapter 3. One advantage to these proposed future experiments is that 

increased transfection efficiency is seen for mRNA transfection over DNA plasmid 
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transfection in primary cell culture, including primary cortical neuronal cultures (898, 899). 

However, neurons do not have the same nucleolar prominence as other cell types and 

would require more dedicated staining experiments. Alternatively, other immortalized 

neuronal models in cell culture could be utilized and aid in ease of experimental 

optimization, including PC12, N2a, SH-SY5Y, and NT2 cells. Lastly, induced pluripotent 

stem cells (IPSCs) are becoming an increasingly common research tool to study highly 

translatable questions. Patient IPSCs from individuals with PD, melanoma, and/or both 

diseases could be differentiated into both neuronal and melanoma cell populations to 

investigate the role of αSyn in the DDR in a variety of genetic backgrounds. 

 

5.7 Clinical Implications 
 
 The findings presented in Chapters 2, 3, and 4 of this dissertation collectively 

emphasize the intricate relationship between PD, melanoma, and αSyn’s role in DNA 

damage repair pathways. These insights have profound clinical implications, spanning 

early diagnoses, risk managements, therapeutics, interventions, and the broader 

approaches to patient care.  

 Chapter 2 established a compelling link between melanoma, its precursor lesions, 

and pPD. The unique clinical characteristics of melanoma in pPD patients highlight a 

bidirectional relationship that could inform both neurological and oncological screening 

practices. Integrating dermatological evaluations with neurological assessments for 

individuals presenting with atypical melanocytic lesions or a family history of PD may 

enable earlier identification of at-risk individuals. Such approaches could incorporate the 
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use of predictive algorithms that integrate genetic, clinical, and molecular markers to 

stratify patient risk profiles more effectively (such as the proposed PD THRESHOLD 

mnemonic). Returning to the overarching hypothesis posed in Chapter 1.6, it is plausible 

that in the general population, individuals with high expression of αSyn are 1) more 

predisposed to LB formation in PD and 2) more predisposed to melanocytic 

transformation in melanoma (Figure 1.5.1). Therefore, screening efforts to measure 

baseline αSyn expression levels, may be fruitful in a clinical setting as an additional risk 

factor. Furthermore, these findings call for enhanced patient and physician awareness of 

the PD-melanoma connection. Educational initiatives aimed at primary care providers, 

neurologists, and dermatologists could ensure that subtle prodromal symptoms of PD or 

unusual dermatological findings are not overlooked. These overlapping pathologies also 

call for a holistic, interdisciplinary approach to patient care. Collaborative care teams 

could provide comprehensive care plans that address shared molecular pathways and 

environmental risk factors, ensuring optimal outcomes for patients with either or both 

diseases. 

 Chapters 3 and 4 reveal that αSyn’s involvement in DNA DSB repair pathways has 

significant implications for both neurodegeneration and tumor progression. αSyn’s 

modulation of 53BP1 recruitment and its role in maintaining genomic stability underscore 

its dualistic nature: the detrimental loss of αSyn’s nuclear function in PD and protective 

gain of αSyn’s nuclear function in melanoma. This nuanced role opens the door to 

targeted therapeutic interventions.  

In PD, therapeutic strategies that preserve αSyn’s nuclear function could be 

transformative, especially because existing therapeutic approaches focus largely on 
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symptom management. This may involve developing small molecules or gene therapies 

that enhance its DNA repair capabilities while minimizing its cytoplasmic aggregation 

tendencies. Enoxacin is an FDA-approved fluoroquinolone antibiotic that has recently 

been shown to promote recruitment of MDC1 and 53BP1 to DSBs by stimulating 

production of short non-coding RNAs (sncRNAs) associated with the DNA damage 

response (900). Enoxacin has also been used successfully in rodent models to improve 

brain function after systemic administration (901). It would be beneficial to test whether 

increasing 53BP1 recruitment to sites of damage with the small molecule enoxacin 

rescues DSB repair deficiencies and downstream growth phenotypes caused by αSyn 

KO in SK-Mel28 cells. In addition, in vivo multiphoton imaging of mice treated with PFFs 

and then subsequently given enoxacin would test whether pharmacologically increasing 

53BP1 recruitment to DSBs influences the formation of LB-like pathology and/or 

increases the lifetime of neurons in which LB-like inclusions have formed. A positive result 

would not only have broad ramifications in terms of validating my hypothesis, but would 

immediately provide the field with an unexpected, FDA-approved agent that could be 

tested in people for efficacy in PD and other synucleinopathies. 

Conversely, in melanoma, strategies to downregulate αSyn in tumor cells or disrupt 

its interactions with DNA repair machinery could sensitize tumors to other genotoxic 

therapies, especially when resistance mechanisms remain a significant hurdle. Many 

therapies are currently being tested to reduce the aggregation of αSyn in 

neurodegenerative disease models (902, 903), yet whether these disease-modifying 

therapies can be translated to decreasing soluble (non-aggregated) αSyn in melanoma 

in unknown. Alternatively, targeting parts of the nucleolar DDR that αSyn facilitates would 
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be a valid therapeutic option. Ultimately, these insights also raise the possibility of dual-

benefit therapies for patients with comorbid PD and melanoma. Targeted modulation of 

αSyn could simultaneously mitigate neurodegeneration and limit melanoma progression, 

representing a paradigm shift in personalized medicine. Moreover, the sex-dependent 

effects observed in Chapter 4’s in vivo studies suggest that therapies targeting αSyn may 

need to be tailored based on sex to maximize efficacy and minimize off-target effects. 

Precision medicine approaches that consider patient-specific genetic, molecular, and 

demographic factors will be critical in the development of these therapies.  

Lastly, the clinical implications of this work extend beyond PD and melanoma, 

shedding light on the broader relationships between neurodegeneration, cancer, and 

genomic instability. For example, micro- and macro-nucleoli have been reported in brain 

tissue samples of patients with not only PD, but also AD (904), amyotrophic lateral 

sclerosis (ALS) (905, 906), and Huntington’s disease (HD) (907), indicating nucleolar 

stress. One major limitation of the findings in Chapter 2 is the lack of neuropathological 

confirmation of clinical PD diagnosis, where it is possible that individuals diagnosed with 

“PD” may have had other neurodegenerative diseases, both clinically and pathologically. 

As mentioned previously in Chapter 1.1, many neurodegenerative diseases share clinical 

symptoms, yet neuropathological analysis of individuals with other neurodegenerative 

clinical diagnoses will also show αSyn pathology. LBs laden with αSyn are detected in 

the brains of about 50-60% of sporadic Alzheimer’s disease (AD) cases (908-912), 96% 

of familial PSEN1 cases (913), and in 10-20% of elderly individuals with no 

neurodegenerative disorders (914, 915). The clinical implications for this co-pathology 

are still not fully characterized, but the molecular mechanisms underlying this observation 
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is even less understood. Exploring these connections could yield additional therapeutic 

targets and diagnostic biomarkers, which will be evaluated further in Appendix B.  

 

5.8 Conclusions 

 This dissertation bridges two seemingly disparate diseases, PD and melanoma, 

by unveiling shared molecular mechanisms mediated by αSyn. The clinical findings from 

Chapter 2 provide compelling evidence of a bidirectional relationship between PD and 

melanoma, underscoring the potential for improved diagnostic frameworks that integrate 

dermatological and neurological markers. The experimental insights from Chapters 3 and 

4 further reveal the dualistic nature of αSyn: while its aggregation in the CNS accelerates 

neurodegeneration, its upregulation in peripheral tissues like melanoma may enhance 

DNA repair and cell survival, facilitating tumorigenesis. 

These results have far-reaching implications. They emphasize the importance of 

αSyn as a biomarker and therapeutic target, inspiring novel treatment strategies that 

transcend traditional disease boundaries. In conclusion, this work not only advances our 

understanding of the molecular interplay between neurodegeneration and cancer but also 

highlights the transformative potential of interdisciplinary research in developing 

innovative diagnostics and therapeutics. Future investigations should aim to refine these 

insights, exploring targeted therapies and personalized approaches to improve outcomes 

for patients navigating these challenging diseases. 

Jump Back to Table of Contents 
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Appendix A (unpublished) 

A.1 Primary Melanocytes 
 
Introduction 
 
 As mentioned in Chapter 5.6, UV radiation-based models are more biologically 

relevant systems, as UV radiation is the main environmental risk factor for melanoma in 

humans. Both in vitro and in vivo models can utilize UV radiation to induce 

melanomagenesis, however primary melanocyte cell culture has multiple advantages, 

such as shortened timing of experiments and downstream analysis. There are two 

independent pathogenic pathways for UV-induced melanomagenesis that have been 

postulated (briefly mentioned in Chapter 1.2): 1) a melanin-independent pathways 

associated with UVB-induced DNA damage and 2) a UVA-initiated melanin-dependent 

pathway associated with indirect oxidative DNA damage (248, 249). Both pathways will 

not only create cyclobutane pyrimidine dimers in DNA (250) but will also upregulate 

molecules like αMSH and MCR1, which are linked to BRAF-mediated proliferation and 

pigmentation. Whether or not αSyn is involved in these UV-associated melanomagenesis 

pathways is unknown and a clear area for translationally relevant investigation.  

 

Results 
 
 To investigate αSyn’s role in UV-induced DNA DSB repair, optimization of γH2AX 

response after UV radiation was performed on primary melanocytes. Primary 

melanocytes were cultured on coverslips and stimulated with UV radiation (5 minutes for 

total of 1,429 mJ/cm2) followed by various incubations times. Cells were then fixed and 
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stained for γH2AX. Compared to no UVR, there was a significant stepwise increase in 

γH2AX after UVR with increasing incubation times, with 60 minutes of incubation time 

resulting in the highest increase (Figure A.1.1). This condition was used for the remainder 

of the experiments. Next, primary melanocytes treated with UV for 5 minutes and 

incubated for 60 minutes were stained for αSyn (Syn1). Analysis revealed that UVR not 

only increased γH2AX levels, but also significantly increased αSyn compared to untreated 

controls (Figure A.1.2). Additionally, the colocalization of nuclear foci of γH2AX and αSyn 

was significantly increased under UV conditions compared to untreated conditions (Figure 

A.1.2). Lastly, to investigate which UV-induced melanomagenesis pathway αSyn may be 

involved in, primary melanocytes were cultured in growth medium lacking αMSH. 

Immunocytochemistry analysis revealed no significant differences in γH2AX increased 

response between αMSH+ and αMSH- conditions, yet a significant decrease in αSyn 

levels under αMSH- conditions that attenuated the UV-induced response (Figure A.1.3). 

No significant differences were seen in colocalization of γH2AX and αSyn between 

αMSH+ and αMSH- conditions. 
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Figure A.1.1 Response of γH2AX after UV radiation. A, B) Primary melanocytes were 
treated with UVR for 5 minutes, and incubated for various time points indicated, followed 
by staining for Syn1, γH2AX, and DAPI. Mean intensity of γH2AX signal within DAPI were 
analyzed using FIJI. * p<0.05, **** p<0.0001 by one-way ANOVA. Error bars denote SEM. 
Quantification from 1 biological replicate (total n=39-46 nuclei per condition). Melanocyte 
culturing and UV exposure of Figure A.1.1 performed by Gail Kent and Pam Cassidy. 

 

Figure A.1.2. Alpha-synuclein is important in bleomycin and IR-induced DNA 
damage response pathways. A, B) Primary melanocytes were treated with UVR for 5 
minutes, incubated for 60 minutes, and stained for Syn1, γH2AX, and DAPI. Mean 
intensity of γH2AX and Syn1 signal within DAPI and colocalization between γH2AX and 
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Syn1 foci were analyzed using FIJI. **** p<0.0001 by unpaired t test. Error bars denote 
SEM. Quantification from 3 biological replicates (total n=66-270 nuclei per condition). 
Melanocyte culturing of Figure A.1.2 performed by Gail Kent and Pam Cassidy. 
 

 

Figure A.1.3. Alpha-MSH removal significantly diminished alpha-synuclein levels 
and its response to UV radiation. A, B) Primary melanocytes were cultured in complete 
media or media without αMSH and treated with UVR for 5 minutes, incubated for 60 
minutes, and stained for Syn1, γH2AX, and DAPI. Mean intensity of γH2AX and Syn1 
signal within DAPI and colocalization between γH2AX and Syn1 foci were analyzed using 
FIJI. **** p<0.0001 by one-way ANOVA. Error bars denote SEM. Quantification from 3 
biological replicates (total n=41-270 nuclei per condition). Melanocyte culturing of Figure 
A.1.3 performed by Gail Kent and Pam Cassidy. 
 

Discussion 
 
 These results further emphasize αSyn’s role in DNA DSB DDR, in accordance with 

data presented in Chapter 3. Like bleomycin and I-PpoI treatment, UVR also led to a 

significant increase in αSyn levels, suggesting that upregulation of this protein may help 

facilitate the DDR at the DSB (increased αSyn colocalization with γH2AX). This data also 

implies that the results found in Chapter 3 are translatable to other cell types that are 
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pigmented (discussed in Chapter 5.6) and other DNA damage inducing paradigms 

(discussed in Chapter 5.2), further strengthening the developed hypothesis and 

highlighting the therapeutic potential in targeting αSyn in melanoma treatment. 

 Furthermore, the results in Figure A.1.3 are intriguing in that they open many 

possibilities for future investigation of the role of αSyn in αMSH and MCR1 biology. MC1R 

is the major genetic determinant of hair color. Binding of its ligand αMSH to MC1R in 

melanocytes activates the cAMP pathway and facilitates eumelanin synthesis (916, 917). 

MC1R is not only present in melanocytes but also has been found in dopaminergic 

neurons in the mouse substantia nigra (350) and these receptor levels are reduced in the 

substantia nigra of PD patients (352), with elevated αMSH seen in the CSF of patients 

with PD and MSA (918, 919). Evidence suggests that MC1R interacts with αSyn, however 

studies are contradicting. One study found that MC1R prevents αSyn oligomerization 

through Nrf2 activation (352), while another study found that αMSH treatment induced 

αSyn aggregation in a melanized human dopaminergic cell model and led to parkinsonism 

symptoms in mice (920). How αMSH and MCR1 are involved in PD pathogenesis is still 

unclear, but these preliminary results (Figure A.1.3) offer an interesting perspective of the 

role of αMSH and MCR1 in αSyn-mediated DSB repair in melanocytes.  

Recent studies have identified a crucial role of MC1R in regulating DNA repair 

within melanocytes following UV exposure, which can be pigmentation-dependent or -

independent (921, 922). One study found that pre-treatment of melanocytes with αMSH 

reduced UV-induced generation of oxidative DNA damage and increased protein levels 

of antioxidants, catalase and ferritin, as a defense response (923). It was also reported 

that pre-treatment of melanocytes with αMSH augmented their DDR by increasing 
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phosphorylation of ATR and ATM and enhancing formation of γH2AX at nuclear sites of 

repair (924), which have downstream effects on nucleotide excision repair (NER) (925). 

It is possible that αMSH also initiates the upregulation of αSyn in melanocytes as a 

defense mechanism for UV-induced DNA damage, since the absence of αMSH leads to 

a significant reduction in αSyn protein levels in primary melanocytes both prior to and 

following UV radiation (Figure A.1.3). It is also possible that diminished ATR and ATM 

phosphorylation in the absence of αMSH, has downstream consequences on the 

expression of αSyn and/or may interact directly with nuclear αSyn. Further investigation 

is warranted to uncover mechanistic insight into the convergence of αSyn-mediated DDR 

and the MCR1/αMSH pathway in melanomagenesis and melanoma growth phenotypes.  

 

Methods 
 
Cell lines 

 Primary melanocytes were isolated from male patient foreskin samples provided 

by Oregon Health and Science University. Isolation protocol followed the steps outlined 

in (664). Cells were maintained in a humidified chamber with constant supply of 5% CO2 

and 95% O2 at 37C.  

 

Ultraviolet radiation 

 One day prior, 30,000 primary melanocytes were seeded onto PDL coated 

coverslips in 35mm plates in complete melanocyte medium. At the time of UVR treatment, 

complete medium was replaced with PBS and UVR was delivered by a simulated solar 

radiation generator (Oriel 1600 W solar simulator; 21 seconds = 100 mJ/cm2 thermally-
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weighted solar radiation or 1SED) for 5 minutes. Cells were put in complete medium 

followed by a 60-minute recovery period. Following the recovery period, cells were fixed 

and processed for immunocytochemistry as described below.  

 

Immunocytochemistry staining 

After UVR treatment and fixation in formalin for 15 minutes, cells were washed in 

1x PBS and permeabilized in 0.25% Triton X-100 in PBS for 5 minutes. Coverslips were 

blocked in 10% goat serum/0.1% Triton X-100 in PBS for 30 minutes and then placed in 

the primary antibody overnight at RT. The next morning, cells were washed three times 

in 1x PBS and placed in secondary antibody overnight at RT. The following day, 

coverslips were washed 4 times in 1x PBS. The third wash contained DAPI (2.5µg/ml) for 

20min. Coverslips were mounted using CFM2 antifade reagent and sealed with BioGrip. 

All immunofluorescence images were taken on a Zeiss ApoTome2 Microscope or Zeiss 

Laser-Scanning Confocal Microscope 980 and analyzed with FIJI (2D analysis using 

custom made macro available on GitHub). Mean intensity and Pearson’s coefficient 

colocalization analysis was measured after imposing DAPI masks over each cell. All cells 

within a 63x image were analyzed and numbers of n are provided in each figure legend. 

Statistical significance was assigned using one-way ANOVA with multiple comparisons 

or unpaired t test. 

Antibody specifics were as follows: Syn1 (BD Biosciences #610786, 

RRID:AB_398107, 1:500), γH2AX (Cell Signaling #9718, RRID:AB_2118009, 1:500). 
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A.2 SK-Mel28 Cells 
 
Introduction 
 
 Additional experiments were performed utilizing the SK-Mel28 cell line to 

investigate the role of αSyn in global DDR and specifically the nucleolar DDR prior to and 

in continuation of the data presented in Chapter 3. These results were not included in 

publication due to non-significant findings and/or complicated mechanistic outcomes. 

Each experiment is outlined under its respective subheading. 

 

Results 
 
Neutral Comet Assay: DNA DSB Levels (Figure A.2.1) 
 
 In order to further test whether the DDR may be compromised in αSyn KO cells 

following induced DNA damage, the neutral comet assay was performed to measure 

DSBs, as previously described (442). SK-Mel28 αSyn Control and KO cells were treated 

with bleomycin (100µg/ml) or vehicle for 1 hour followed by neutral comet assay. Results 

show a significant increase in olive moment, tail moment, and % DNA in tail after 

bleomycin treatment compared to vehicle (Figure A.2.1). However, αSyn loss-of-function 

did not alter the response to bleomycin treatment, and in some measurements (olive 

moment and % DNA in tail), actually had a diminished response to bleomycin compared 

to Control and Rescue cells (Figure A.2.1). 
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Figure A.2.1. Alpha-synuclein KO does not affect DNA DSB levels as measured by 
neutral comet assay. A) Representative images of control SK-Mel28 cells treated with 
DMSO or 100µg/ml Bleomycin. Comet assay proceeded using Neutral Comet Assay 
protocol (Trevigen). Cells were stained with SYBR Green and imaged at 10x. B) 
Quantification of images collected from Neutral Comet Assay. Values are normalized to 
the average DMSO control within each replicate. Error bars indicate SEM (n= 2 biological 
replicates, total of 359-430 cells). Statistical significance calculated via one-way ANOVA 
with Tukey’s multiple comparisons tests, * p<0.05, ** p<0.01, **** p<0.0001.  
 

HR and NHEJ Repair Pathways (Figure A.2.2) 
 
 Results from Chapters 3 and 4 clearly indicate the important role of  αSyn in 

facilitating DNA DSB repair through 53BP1-specific pathways. 53BP1 is important for 

DSB repair pathway choice, generally promoting NHEJ and limiting HR (626). However, 

DSB repair in heterochromatin by HR also requires 53BP1, suggesting that the role of 

53BP1 may vary dependent on the context (627). To further elucidate which repair 

pathway αSyn may be involved in, HR and NHEJ plasmid reporters were utilized in the 

SK-Mel28 cell lines, as previously reported (443). This system involves two different 

plasmids that can be linearized and transfected into cells: one plasmid is sensitive to HR 

repair and the other plasmid is sensitive to NHEJ, both of which will produce fluorescent 

GFP expression when re-circularized (926). After transfection of these linearized 
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plasmids into SK-Mel28 cells, GFP expression and RFP expression (transfection control) 

were measured using flow cytometry. Results show that at 72 hours post-transfection, 

αSyn loss-of-function does not influence HR or NHEJ plasmid repair efficiency compared 

to Control and Rescue lines (Figure A.2.2). 

 

Figure A.2.2. Alpha-synuclein KO does not affect HR or NHEJ reporter plasmid 
repair efficiency. A) A representative image sequence of NHEJ reporting green 
fluorescing HAP1 cells after repair events at 24, 48, and 72 h post transfection (Scale bar 
= 50 μm). Images taken from Rose et al. (443). B) Quantification from 72 h timepoint. 
Efficacy of DSB repair was quantified by taking the ratio of cells with repaired events 
(green cells) over the transfection control (red cells). Error bars indicate SEM (n=140,149-
642000 cells counted per replicate, 2 biological replicates). Statistical significance 
calculated via one-way ANOVA with Tukey’s multiple comparisons tests. 
 

Localization and Interaction with Nucleolar Proteins (Figure A.2.3) 
 
 Despite the aforementioned non-significant data investigating the role of αSyn in 

global DDR (Figures A.2.1 and A.2.2), localization data from Chapter 3 (Figure 3.3.1), 

clearly shows an enrichment of αSyn in the granular compartment of the nucleolus. While 

investigation moved on to induced rDNA damage paradigms (Chapter 3), it is important 

to confirm the baseline enrichment of αSyn in the nucleolus, not only through 
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immunocytochemistry and electron microscopy techniques (Figure 3.3.1), but also 

through protein-protein interaction methodology. Proximity ligation assay (PLA) 

approaches also confirmed colocalization of αSyn with the nucleolar proteins, UBF, 

treacle, fibrillarin, and nucleophosmin (Figure A.2.3). Taken together, these data strongly 

suggest that αSyn localizes to the nucleolus in melanoma cells. 

 

Figure A.2.3. Alpha-synuclein interacts with multiple nucleolar proteins. SK-Mel28 
control and KO cells were seeded on PDL-coated coverslips and then fixed in 4% 
paraformaldehyde. Proximity Ligation Assay (Duolink) was completed using antibodies 
against Syn1 and UBF, Fibrillarin, Treacle, and Nucleophosmin. Cells were imaged on 
the Zeiss 980 confocal microscope and number of foci per nucleus was measured using 
CellProfiler while masking for the nucleus using DAPI. Each figure shows representative 
images and quantification from 3 biological replicates. ****p<0.0001 by T-test. Error bars 
denote SEM. Staining of Figure A.2.3 performed by Gabe Cohn. 

 

53BP1 Recruitment and Western Blot Analysis (Figure A.2.4) 
 
 To confirm the mechanistic findings in Chapter 3 regarding the impairment of 

53BP1 recruitment to the nucleolar cap in αSyn KO cells, additional western blot 

verification was performed. Unlike the data from immunocytochemistry (Figure 3.3.7), 
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treatment of cells with I-PpoI did not lead to a significant increase in 53BP1 protein levels 

and αSyn loss-of-function did not impair 53BP1 response to rDNA damage, although a 

small non-significant trend could be seen (Figure A.2.4). 

 

Figure A.2.4. Alpha-synuclein KO does not affect 53BP1 total protein expression 
as measured by western blot. The same cell lysates from Figure 3.3.4B were used in 
this experiment. SK-Mel28 cells were transfected with WT and H98A I-PpoI mRNA for 6 
hours, cells were lysed and nuclear fractionation was performed. Protein was run out on 
3-8% Tris-Acetate gel and transferred onto PVDF and probed for 53BP1 and total protein. 
Quantification from 4 biological replicates. Statistical analysis by ANOVA. Error bars 
denote SEM. 

 

Kinase Dysregulation in DDR Pathways (Figures A.2.5 and A.2.6) 

 The dysregulation in 53BP1 recruitment seen in Figure 3.3.7 and the mechanism 

proposed in Chapter 3 (Figure 3.4.1) both highlight the DDR kinase-phosphorylation 

cascades upstream of 53BP1 recruitment and αSyn recruitment to the rDNA DSB. Future 

experiments proposed in Chapter 5.2 included phospho-proteomic analysis to investigate 

potential alterations in multiple DDR kinase signaling pathways that occur with αSyn loss-

of-function. Using advanced mass spectrometry proteomics and the established 

TMT/IMAC bottom-up LC-MS/MS proteomics pipeline (927), we directly measured the 
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relative levels of phospho-targets in Control, αSyn KO and Rescue SK-MEL28 cells at 

baseline. Differentially abundant phosphosites were identified between Control and KO 

cells and validated through KO versus Rescue comparisons and 

hyperactivated/deactivated kinase signaling was inferred based on differential abundance 

of phosphosites using the kinase/substrate enrichment approach (KSEA R package 

(928)). Intriguingly, this data set identified 41 kinases that were upregulated or 

downregulated in αSyn KO compared to Control and Rescue cells (Figure A.2.5). Of these 

41, 4 downregulated kinases were identified with a greater than 1-fold-change and have 

been previously implicated in DDR pathways using gene ontology analysis (Figure A.2.5, 

red annotation), including PLK1, PRKCD, PLK3, and MTOR. Their respective 

phosphosite heatmaps are represented in Figure A.2.6.  

 

Figure A.2.5. Volcano plot of dysregulated kinases after alpha-synuclein loss-of-
function. Total protein was extracted from SK-Mel28 control, KO and rescue cells and 
sent for TMT/IMAC bottom-up LC-MS/MS proteomics (n=5 biological replicates per 
condition). Hyperactivated/deactivated kinase signaling was inferred based on differential 
abundance of phosphosites using the kinase/substrate enrichment approach (KSEA R 
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package. 41 kinases were identified and plotted on a volcano plot using p-value and fold 
change. Red labeling indicates kinases of interest. Formal analysis of Figure A.2.5 
performed by Vladislav Petyuk. 

 

 

Figure A.2.6. Heat maps of the identified phosphosites from 4 kinases of interest 
(Figure A.2.5). The heat map represents the significantly different phosphorylation sites 
identified between α-syn Control and KO SK-Mel28 cells. The phosphosites with 
increased intensities are marked in red, and phosphosites with lower intensities are 
marked in blue. Formal analysis of Figure A.2.6 performed by Vladislav Petyuk. 
 
 
rDNA Copy Number and Ribosome Biogenesis (Figure A.2.7) 

 In addition to the proposed role of αSyn in the nucleolar DDR (Figure 3.4.1), it is 

possible that αSyn is involved in other processes within the nucleolus. As mentioned in 

Chapter 1.5, NORs contain around 300 rDNA repeats and due to recombinogenic 

instability of the rDNA repeats, there is a 10-fold variation in copy numbers among 

humans (929, 930). However, during malignant transformation, replication stress can lead 

to copy number alterations within the rDNA repeats, and this has been proposed to serve 

as a biomarker in disease severity (548, 719, 931, 932). Furthermore, perturbations in 

DDR pathways can alter rDNA copy number (933, 934). These changes in rDNA copy 

number can ultimately have downstream effects on ribosome biogenesis. Ribosome 
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biogenesis is a complicated set of steps that start with the transcription of pre-rRNAs, 

their subsequent cleavage, and processing into the 28S, 5S, 5.8S, and 18S mature 

rRNAs, which along with an additional ~80 proteins are folded and organized to form the 

40S and 60S subunits. Several groups have documented nucleolar abnormalities in PD 

patient substantia nigra neurons (501, 555, 575), that monogenic forms of PD alter 

ribosomal function (783, 784), and that αSyn overexpression in the nucleus leads to 

altered rRNA processing and ribosome biogenesis (577). Whether αSyn loss-of-function 

leads to abnormalities in rDNA copy number or ribosome biogenesis as a consequence 

or not of nucleolar DDR dysregulation is unknown. 

To investigate whether αSyn KO influences rDNA copy number and therefore 

rRNA biogenesis, qPCR analysis was completed using isolated gDNA from SK-Mel28 

Control, KO, and Rescue cell lines probing for 18S, 28S, 5S, and tRNAMet (internal 

control), as previously described (549). Results show no significant differences in 5S, 

18S, or 28S copy numbers between Control, KO, and Rescue cell lines (Figure A.2.7). 

To induce genomic instability and reveal perhaps more subtle differences in the αSyn KO 

line, cells were passaged greater than 35 times. Cells that are repeatedly divided in a lab 

setting over many passages accumulate DNA damage in addition to telomere shortening, 

leading to a state of senescence and a higher likelihood of genetic mutations, potentially 

impacting the cell's function and behavior. At this high passage number, there was a 

significant decrease in 28S copy number in the αSyn KO line, however this result was not 

rescued when αSyn was reintroduced (Figure A.2.7). 
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Figure A.2.7. Alpha-synuclein KO does not affect rDNA copy number. Genomic DNA 
was isolated from SK-Mel28 Control, KO, and Rescue cells at various passage numbers. 
Using primers against the various targets described in Table A.2.1, qPCR amplification 
was determined when normalized to tRNAMet internal control. Each sample was run with 
2 technical replicates across 3 biological replicates. * p<0.05, **p<0.01 by one-way 
ANOVA. 
 
 
Ferroptosis and Lipid Peroxidation (Figure A.2.8) 
 
 The cellular growth pathways explored in Chapter 5.5 are in response to data 

presented in Chapters 3 and 4 regarding apoptosis, senescence, and autophagy. 

However, the dysregulation of multiple other cell growth pathways has been implicated in 

both PD and melanoma pathogenesis, including ferroptosis, necroptosis, and pyroptosis. 

Therefore, αSyn loss-of-function and dysregulation of the DDR could be leading to other 

downstream cellular growth abnormalities as well. Investigation into ferroptosis was 

completed using the compound, BODIPY (935). BODIPY™ 581/591 C11 is a sensitive 
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fluorescent probe that senses lipid peroxidation and localizes to membranes in live cells. 

Lipid peroxidation is involved in apoptosis and one of the main contributors to ferroptosis, 

an iron-dependent, non-apoptotic form of cell death. Oxidation of the polyunsaturated 

butadienyl portion of this fatty acid analog in live cells results in a shift of the fluorescence 

emission peak from red (∼590 nm) to green (∼510 nm), allowing ratiometric analysis of 

lipid peroxidation using flow cytometry. SK-Mel28 Control, KO, and Rescue cells were 

treated with 1µM RSL3 for 24 hours to induce ferroptosis followed by a 20-minute 

treatment with BODIPY-C11 and FACS analysis. Results show that αSyn KO did not 

significantly change ferroptosis levels as measured by increased shift in BODIPY-488 

oxidation signal from DMSO to RSL3, however reached a near-significant increase 

compared to Control and Rescue cells (Figure A.2.8).  

 

 
Figure A.2.8. Alpha-synuclein KO does not affect ferroptosis levels. SK-Mel28 cells 
were treated with DMSO or 10µM RSL3 for 24 hours. After a 20-minute treatment with 
BODIPY-C11, cells were prepared for FACS. Ferroptosis was quantified by taking the 
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percent increase in geometric mean 488 signal between DMSO and RSL3 treated cells 
in each condition. Error bars indicate SEM (n=6,833-18,514 cells counted per replicate 
across 3 biological replicates). Statistical significance calculated via one-way ANOVA with 
Tukey’s multiple comparisons tests. 
 
 

EMT and Metastatic Potential (Figure A.2.9) 

 
DSB repair is also linked to cellular processes with important implications for 

metastasis, including the epithelial-mesenchymal transition (EMT). The EMT is important 

for melanoma progression since the transition to a mesenchymal phenotype produces 

motile and invasive properties that promote the initial steps of metastasis. Interestingly, 

the opposite mesenchymal-epithelial transition (MET) is also important once malignant 

cells reach their target organ, in order to adopt an epithelial phenotype again and integrate 

successfully into the distant metastatic site. DSB repair can regulate the EMT, since loss-

of-function of the DSB repair factor γH2AX promotes the EMT by regulating the 

transcription factors Slug, Twist1 and ZEB1 in a colon carcinoma (936) and non-malignant 

(937) cell lines. Suppressing DSB repair via a Growth Hormone-dependent mechanism 

promotes the EMT and metastasis in an in vivo mouse model of colon carcinoma (938). 

Conversely, enhancement of HR in an ATM-dependent process inhibits the EMT (favoring 

MET) in breast carcinoma (939). Importantly, recent work in renal proximal tubule 

epithelial cells strongly suggests that αSyn promotes an epithelial nature and αSyn 

knockout promotes the EMT and renal fibrosis (940). This suggests that αSyn may play 

similar roles in melanoma and it is therefore important to test if αSyn regulates the EMT 

and the ability of malignant melanoma cells to metastasize. Consistent with the results 
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from renal proximal tubule epithelial cells (940), western blot analysis revealed that αSyn 

loss-of-function upregulates mesenchymal marker, vimentin (Figure A.2.9). 

 

Figure A.2.9. Alpha-synuclein KO increases mesenchymal marker, vimentin. SK-
Mel28 cells were lysed and protein was run out SDS-PAGE and probed for vimentin and 
total protein. Expected band size for vimentin = 57kDa. 

 

Replication Stress and Caspase-3 Activity (Figure A.2.10) 
 

Lastly, as alluded to in Chapter 5.2, αSyn may be involved in other DDR processes, 

not just ATM-mediated DSB repair. For example, αSyn has been previously implicated in 

replication stress-induced DNA damage in yeast (510). This type of DSB is unique in that 

it is recognized predominantly by ATR at the single-stranded DNA stage to initiate the 

DDR (731-733). To test whether αSyn could protect against replication stress-induced 

DNA damage and downstream apoptotic phenotypes, SK-Mel28 cells were treated with 

etoposide, a compound known to induce ATR-dependent replication stress-induced 

DSBs, and measured Caspase-3 activity. Interestingly, I found a significant decrease in 

caspase-3 activity in αSyn KO cells compared to Control and Rescue cells when treated 

with etoposide (Figure A.2.10).  
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Figure A.2.10. Alpha-synuclein KO decreases Caspase-3 activity after etoposide 
treatment. SK-Mel28 Control, KO, and Rescue cells were treated with 25µM etoposide 
for 72 hours. Cells and floating cells in the medium were lysed and Caspase-3 activty 
assay was performed. Each sample was run with 3 technical replicates across 3 biological 
replicates. Statistical significance by Fieller’s Theorem Confidence Intervals. Data 
acquisition and formal analysis of Figure A.2.10 performed by Pam Cassidy. 
  

 

Discussion 
 

The results presented in this Appendix A.2 provide valuable insights into the role 

of αSyn in the DDR and nucleolar biology, even though some findings were inconclusive 

or context dependent. Each experimental figure highlights specific aspects of αSyn’s 

involvement (or lack thereof) in various cellular processes. Below, I provide a detailed 

discussion of these findings, organized by the corresponding figure. 
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Neutral Comet Assay: DNA DSB Levels (Figure A.2.1) 

The neutral comet assay revealed that bleomycin treatment significantly increased 

DNA damage in SK-Mel28 cells, as evidenced by elevated olive moment, tail moment, 

and % DNA in the tail. However, αSyn KO did not amplify this response. Surprisingly, 

certain metrics, such as the olive moment and % DNA in the tail, exhibited a diminished 

response in KO cells compared to controls. These results suggest that while bleomycin 

effectively induces DSBs, αSyn loss-of-function may not exacerbate or mitigate the DDR 

in this context. One potential explanation for these findings is the compensatory activity 

of alternative DDR pathways or proteins, masking any αSyn-specific effects. Furthermore, 

while the comet assay is widely used in the field to measure DSBs, the neutral comet 

assay has notable limitations and controversies (941). First, although it measures DNA 

breaks, its specificity in distinguishing SSBs from DSBs is debated, as relaxation of 

supercoiling can occur under both neutral and alkaline conditions, potentially leading to 

misinterpretations. Second, the assay’s dynamic range is limited, saturating when a 

significant portion of DNA migrates to the comet tail, which may underestimate extensive 

damage. Lastly, the neutral comet assay may not be sensitive at detecting apoptotic DNA 

fragments (or DSBs found in micronuclei, Figure 3.3.7), as these fragments tend to diffuse 

away or are too small to be retained before electrophoresis. Taken together, while the 

results in Figure A.2.1 were non-significant, it is possible that this assay is not well-suited 

for detecting changes in the DSB burden under αSyn loss-of-function. Other techniques 

that were utilized in Chapter 3 are more sensitive and specific. 
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HR and NHEJ Repair Pathways (Figure A.2.2) 

Contrary to expectations, αSyn KO in SK-Mel28 cells did not alter the efficiency of 

HR or NHEJ in plasmid repair assays, as seen in HAP1 cells (443). Despite this result, 

these findings are similar to other studies in that the efficiency of NHEJ repair >> efficiency 

of HR repair. In human fibroblasts, NHEJ efficiency is typically 0.6-1.3 and HR efficiency 

is 0.05-0.3 (942). However, since DSB efficiency is measured as a ratio of GFP+/DsRed+ 

cells, variations in the mixture of I-SceI and DsRed plasmids may affect the result. This 

confound becomes important because each cell in the experiment contains only one copy 

of the integrated reporter construct, thus successful repair events will reconstitute the 

GFP gene in a fraction of the cells. Furthermore, the DSB repair efficiency is affected by 

cell type, cell cycle phase, and chromosomal location of the integrated constructs. Based 

on the high percentage of DsRed+ cells compared to GFP+ in my experiments in Figure 

A.2.2, it seems that SK-Mel28 cells may uptake and/or express the DsRed empty vector 

plasmids more proficiently than the DSB repair reporter plasmids, resulting in much 

smaller efficiency values of HR and NHEJ compared to previous reports. Lastly, the repair 

of extrachromosomal DNA transfected into cells, as described above, is likely to involve 

different processes than those that occur in the context of genomic DSBs. Other factors 

like DNA methylation, histone modifications, and higher order chromatin organization are 

absent in this paradigm. Given the complexity of DDR and the influence of cellular context, 

future studies using different cell lines or stress paradigms might elucidate αSyn’s 

nuanced roles in repair pathway dynamics. 

 



 247 

Localization and Interaction with Nucleolar Proteins (Figure A.2.3) 

The PLA demonstrated robust colocalization of αSyn with key nucleolar proteins, 

including UBF, treacle, fibrillarin, and nucleophosmin. This enrichment underscores 

αSyn’s potential involvement in nucleolar functions, such as ribosome biogenesis and/or 

nucleolar DDR. The consistent localization across methods (immunocytochemistry, 

electron microscopy, and PLA) strengthens the conclusion that αSyn’s presence in the 

nucleolus is functionally significant. However, it is important to note that nucleolar 

masking is required to confirm these protein-protein interactions within the nucleolus. As 

it stands, the PLA signal presented in Figure A.2.3 is spatially non-discriminatory within 

the nucleus. Future work should address whether these interactions influence nucleolar 

processes or contribute to disease phenotypes in melanoma or PD.  

For example, other proximity-labelling techniques could be utilized, like the 

Biotinylation by Antibody-Recognition (BAR) method (943), to validate PLA findings and 

investigate functional properties of αSyn in nucleolar DSB repair. In this method, the Syn1 

primary antibody would be used to label endogenous αSyn in fixed SK-Mel28 cells and a 

second antibody conjugated to HRP would be bound to the primary antibody. Biotin-XX 

Tyramide reagent in conjunction with hydrogen peroxide reaction would label nearby 

proteins with biotin. Streptavidin Dynabeads would pull out biotinylated proteins to be 

submitted to LC-MS for identification. This experiment could be useful both at baseline 

and when the nucleolar DDR is initiated via rDNA DSB induction. In addition, preliminary 

data from Eli Wisdom (graduate student in the Unni Lab), utilizing an αSyn-TurboID LC-

MS pipeline in HEK293T cells, showed that treacle, nucleophosmin, and nucleolin 
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proteins interact with αSyn-TurboID at baseline (data not shown). These preliminary 

results further emphasize the functional significance of αSyn in the nucleolus and provide 

rationale for future experimentation. 

 

53BP1 Recruitment and Western Blot Analysis (Figure A.2.4) 

Despite earlier findings in Chapter 3 showing impaired 53BP1 recruitment to 

nucleolar caps in αSyn KO cells (Figure 3.3.7), western blot data failed to demonstrate 

significant changes in 53BP1 protein levels following I-PpoI treatment. The discrepancy 

between immunocytochemistry analysis in Figure 3.3.7 utilized a masking feature of the 

nucleolar cap to measure 53BP1 signal directly surrounding the cap. Second, transfection 

efficiency for I-PpoI mRNA in SK-Mel28 cells is ~40-50%; during the 

immunocytochemistry pipeline, only cells with nucleolar caps were imaged and analyzed. 

Taken together, cell lysate-based western blotting may not have the spatial sensitivity or 

transfection efficiency required to detect the dysregulation of recruitment of 53BP1 to the 

nucleolar cap. Additional experiments utilizing global DNA damage inducers could 

provide clarity using this technique, however would have other significant drawbacks 

(explained in Chapter 5.2). 

 

Kinase Dysregulation in DDR Pathways (Figures A.2.5 and A.2.6) 

Proteomic analysis identified 41 dysregulated kinases in αSyn KO cells, with four 

(PLK1, PRKCD, PLK3, and MTOR) implicated in DDR pathways by gene ontology 
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analysis. The kinase/substrate enrichment analysis suggests that αSyn loss-of-function 

alters upstream signaling cascades, potentially affecting repair pathway activation. These 

findings provide a foundation for targeted studies on how specific kinases mediate αSyn-

dependent DDR mechanisms. The downregulation of MTOR, a known regulator of 

cellular growth and stress responses, is particularly intriguing given its implications in 

cancer and neurodegeneration. In addition, PLK1 and PLK3 are of particular interest. Of 

the kinases that phosphorylate αSyn, the Polo-like Kinase (PLK) family is suggested to 

be the main kinase responsible for αSyn S129 phosphorylation (discussed in Chapter 

5.3) (944-946). Two of the five PLK family members, PLK2 and PLK3 have been shown 

to promote αSyn shuttling from the nucleus to the cytoplasm (947) and PLK2 can regulate 

the clearance of αSyn via autophagy. Furthermore, one study found that αSyn inclusions 

from PLK2 KO mice survived at a higher rate than those from WT mice, yet there was no 

difference in S129 phosphorylation of Lewy pathology after genetic deletion of PLK2 

(948). A follow-up study found that pan-inhibition of the PLKs with the compound BI 2536, 

led to a significant increase in survival of neurons bearing LB inclusions in vivo (949). 

These previous findings in conjunction with the downregulation of PLK1 and PLK3 in SK-

Mel28 αSyn KO cells (Figures A.2.5, A.2.6) suggests that phosphorylation of αSyn may 

modulate its ability to facilitate the DDR, which in turn influences neurodegeneration and 

melanomagenesis properties, an interesting area for future investigation (proposed in 

Chapter 5.3). Lastly, the discovery nature of this omics data can be leveraged by further 

investigating the top-enriched kinases, regardless of their currently known role in DSB 

repair, via kinase inhibitors that target the modifications discovered. 
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rDNA Copy Number and Ribosome Biogenesis (Figure A.2.7) 

Quantitative PCR revealed no significant differences in rDNA copy number across 

Control, KO, and Rescue cell lines under baseline conditions. However, after extensive 

cell passaging, a reduction in 28S rDNA copy number was observed in αSyn KO cells. 

This result suggests that αSyn might influence rDNA stability under conditions of 

replicative stress. The lack of rescue upon αSyn reintroduction implies that these changes 

may be irreversible or involve additional factors beyond αSyn’s immediate role. 

Additionally, limitations in the Rescue line creation (discussed in Chapter 5.6) may 

account for the lack of complete rescue. Furthermore, it is interesting to consider the 

implications of DSB repair pathway choice in the findings of 28S copy number loss at high 

passage number. It has been shown that HR-mediated repair is a driver of rDNA copy 

number loss (719). The findings in Figure A.2.7 fit into this discovery by the potential 

hypothesis that αSyn KO, which seems to preferentially affect NHEJ repair process more 

than HR (443), leads to impairment of NHEJ, compensatory increase of HR, and therefore 

an increase in copy number loss. The 28S rDNA region may be more vulnerable than the 

other regions to this type of stressor. Future implementation of DSB inducers followed by 

rDNA copy number measurement may exacerbate these findings and increase the 

sensitivity for measuring αSyn KO-mediated changes in the other rDNA regions. 

Further experiments to determine whether these significant changes in 28S copy 

number influence ribosome biogenesis is warranted. Using established approaches, 

ribosome biogenesis could be measured via 47S pre-rRNA levels by qRT-PCR (950), 

specific probes that measure all major pre-rRNA intermediated by Northern blot (951), or 
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the newly-described technique “Riboprobing” (952). These future experiments could be 

performed in SK-Mel28 cells and mouse primary cortical neurons at baseline and after I-

PpoI mRNA transfection to test whether deficiencies in ribosome biogenesis occur in the 

αSyn KO context after DSB repair has been compromised by αSyn loss-of-function 

compared to WT cells. 

 

Ferroptosis and Lipid Peroxidation (Figure A.2.8) 

Although αSyn KO did not significantly increase ferroptosis levels, a near-

significant trend was noted. This result aligns with the hypothesis that αSyn mediates the 

DDR, which may have downstream cellular phenotypes, including ferroptosis. Previous 

findings have shown that αSyn KO in SK-Mel28 cells dysregulate iron metabolism by 

TfR1 and FPN1 deficiency and ferric iron and ferritin accumulation (478). Furthermore, 

an isoform of GPX4, a molecule important in the lipid peroxidation pathway and the 

selective target of RSL3 treatment to induce ferroptosis, plays a role in nucleoli-damaged 

cell death (953). Whether or not αSyn regulates ferroptosis cell death pathways through 

its function in nucleolar DDR is unknown, but future investigation is warranted given these 

preliminary results (Figure A.2.8). Variability between flow cytometry experiments is a 

limitation of these findings and other methods to measure ferroptosis should be 

employed, like qRT-PCR of ferroptosis markers, CHAC1 and PTGS2.  
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EMT and Metastatic Potential (Figure A.2.9) 

Consistent with findings in renal epithelial cells (940), αSyn KO in melanoma cells 

upregulated the mesenchymal marker, vimentin. These data suggest that αSyn may 

suppress the epithelial-to-mesenchymal transition (EMT) but upregulate the 

mesenchymal-to-epithelial transition (MET), a key process in distant metastasis. 

Unfortunately, due to breeding and institutional animal regulation restraints, the 

experimental TG3 mouse cohort from Chapter 4, which has previously demonstrated solid 

organ metastasis at later time points (673), could not be analyzed for genotype-specific 

differences in solid-organ metastasis. However, it is important to note that data from 

Chapter 4 showed an un-significant yet trending impairment in metastasis to lymph nodes 

in αSyn KO TG3 mice (Figure 4.3.2), potentially due to impairment of the MET. 

Potential future experiments include western blot analysis and 

immunocytochemistry for established markers of epithelial (E-cadherin) versus 

mesenchymal (N-cadherin) phenotypes. Additionally, in vivo metastasis paradigms could 

be fruitful in exploring αSyn’s role in cancer pathogenesis and metastatic potential. An 

athymic (rnu/rnu) rat in vivo brain metastasis model has been previously developed and 

validated for several melanoma lines (954). In this methodology, rats would undergo 

intracardiac cell infusion under ultrasound guidance of SK-Mel28 Control, KO, and 

Rescue lines. Animals would be euthanized on day 21 and brains analyzed with primary 

antibody staining for melanoma markers. I would predict that αSyn KO will decrease 

metastasis since cells will not be able to undergo MET to reincorporate at the distant site. 

Furthermore, it would be translationally beneficial to perform studies in human tissue from 
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patients with primary and metastatic melanoma to test whether levels of αSyn are 

correlated with melanoma cells expressing more epithelial markers. Understanding how 

αSyn modulates EMT/MET transcription factors or signaling pathways could reveal novel 

targets for melanoma therapy.  

 

Replication Stress and Caspase-3 Activity (Figure A.2.10) 

Etoposide-induced replication stress led to decreased caspase-3 activity in αSyn 

KO cells, suggesting that αSyn plays a role in regulating the apoptotic response to 

replication stress-induced DNA damage. While αSyn’s role in replication stress was not 

supported by earlier hydroxyurea-induced damage experiments (Chapter 5.2), the 

significant alteration in caspase-3 activity with etoposide treatment underscores the need 

for further exploration of αSyn’s function in ATR-mediated pathways. Given the distinct 

initiation and recognition of replication stress-induced DSBs compared to other types, 

these findings may reflect a context-dependent role for αSyn that is specific to certain 

types of DDR stimuli. This is particularly relevant in melanoma pathogenesis, where 

replication stress-induced DSBs are biologically significant due to the hyperproliferative 

nature of cancer cells.  

The potential implications of αSyn loss-of-function extend to the interplay between 

replication stress, genomic instability, and apoptosis (Chapter 5.5). As replication stress 

is a critical driver of genomic instability in cancer, the observed reduction in caspase-3 

activity may suggest a mechanism by which αSyn modulates cell survival under such 

stress. Future experiments using additional ATR-dependent inducers, such as UV 
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irradiation, camptothecin, or aphidicolin, will be essential to dissect the mechanistic 

underpinnings of these findings and to validate the broader role of αSyn in apoptosis 

downstream of replication stress responses. Moreover, investigating the interaction 

between αSyn and key apoptotic regulators, including p53 and pro-apoptotic BCL2 family 

members, could provide insights into how αSyn influences the apoptotic threshold in 

cancer cells, especially because these findings are in opposition to the increase in 

caspase-9 levels in αSyn KO mouse tumors (Figure 4.3.4). 

Overall, this Appendix A.2 highlights the multifaceted roles of αSyn in cellular 

processes related to DDR, nucleolar biology, cell death phenotypes, and stress 

responses. While some results were inconclusive or context dependent, the data 

collectively emphasize the complexity of αSyn’s functions in the SK-Mel28 cells line. 

Future studies employing advanced methodologies and diverse model systems will be 

crucial in unraveling these intricate mechanisms. 

 

Methods 
 
Cell lines 

 The SK-Mel28 cell line were produced by Dr. Stephan Witt (Louisiana State 

University), after being purchased from ATCC and authenticated at the University of 

Arizona Genetics Core via their STR Profiling Cell Authentication service. Per Shekoohi 

et al. 2021, αSyn knockout cells were created through CRISPR/Cas9 genome editing 

targeting SNCA (478). In addition, re-expression of αSyn in the SNCA KO clone was 

established using lentivirus transduction of human αSyn under the CMV promoter. SK-
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Mel28 cell lines were cultured in appropriate medium suggested by ATCC. Primary 

melanocytes were isolated from male patient foreskin samples provided by Oregon 

Health and Science University. Isolation protocol followed the steps outlined in (664). All 

cells were maintained in a humidified chamber with constant supply of 5% CO2 and 95% 

O2 at 37C.  

 

Neutral Comet Assay 

SK-Mel28 cells were treated overnight with DMSO or 100µg/ml Bleomycin for 1 

hour. Cells were washed with 1x PBS, trypsinized, resuspended in a 1000,000 cells/ml 

1x PBS solution, and mixed with molten agarose 1:2. The agarose mixture was placed 

onto CometSlides and the comet assay was completed following the manufacturer 

instructions (Trevigen, 4250-050-K). DNA was stained using SYBR Green and slides 

were imaged on a Zeiss ApoTome2 on AxioImager using a 10x objective (>100 

cells/condition). Olive Moment, Tail Moment, and % DNA in tail was analyzed using 

CometScore software and statistical significance calculated via one-way ANOVA with 

Tukey’s multiple comparisons tests. 

 

Plasmid NHEJ and HR Reporters and Flow Cytometry  

 
SK-Mel28 cells were seeded for ∼75 % confluency and transfected with NHEJ and 

HR plasmid reporters linearized at the Isce-I cute site (926) using Lipofectamine 3000 

Transfection Reagent (2µlDNA:5µlreagent) in OptiMEM (Gibco #31985062). Empty 

vector dsRed was also transfected concurrently as transfection control used for 
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normalization in FACS analysis. 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 72 hours, cells were 

trypsinized with 0.5 % trypsin (Gibco #25300062) to transfer cells to an 0.6 mL tube. Cells 

were incubated in trypsin for 10 min 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 and next gated on 

forward side scatter height x forward side scatter area for doublet discrimination. GFP 

efficiency was measured by taking GFP positive singlets over the total amount of single 

cells.  

 

Proximity Ligation Assay 

 SK-Mel28 sells were grown on 13mm poly-d-lysine treated coverslips and fixed in 

4% PFA for 15 minutes at RT followed by two washes with 1x PBS. Proximity Ligation 

Assay was performed without deviation from manufacturer’s instructions (DUO92008). 

Coverslips were washed in a 0.5mL volume and reactions were performed by inverting 

the coverslip onto a 35µL drop on parafilm. Following the proximity ligation reaction, cells 

were stained with DAPI (0.2µg/mL) for 3 minutes followed by one wash in PBS and one 

water wash. The cells were then inverted and mounted on glass coverslips with 15µL of 

prolong gold mounting media (LifeTech, P36934) & were cured overnight in the dark at 

RT. All immunofluorescence images were taken on a Zeiss Laser-Scanning Confocal 

Microscope 980 and analyzed with CellProfiler. All cells within a 63x image were analyzed 

(~30cells/condition/biological replicate). Statistical significance was assigned using t-test. 
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Antibody specifics were as follows: Syn1 (BD Biosciences #610786, 

RRID:AB_398107, 1:500), Nucleophosmin (Abcam #52644, RRID:AB_881735, 1:100), 

Treacle (Millipore Sigma #HPA038237, RRID:AB_10670660, 1:200), Fibrillarin (Abcam 

#5821, RRID:AB_2105785, 1:100), UBF (Millipore Sigma #HPA006385, 

RRID:AB_1080447, 1:10,000). 

 

I-PpoI mRNA production and transfection 

 I-PpoI WT and H98A plasmids were generously gifted from Dr. Brian McStay (NUI 

Galway) and previously characterized (569). Plasmids were linearized at a NotI site 

positioned in the polylinker downstream from the I-PpoI ORF and transcribed using 

MEGAscript T7 kit (Invitrogen) according to the manufacturer’s instructions. I-PpoI mRNA 

was subsequently polyadenylated using a Poly(A) tailing kit (Invitrogen) according to the 

manufacturer’s instructions and then precipitated using lithium chloride. SK-Mel28 cells 

were seeded on poly-l-lysine treated glass coverslips at least 36 hours prior to 

transfection with the in vitro transcribed mRNA using the TransMessenger transfection 

reagent (Qiagen). One microgram of I-PpoI mRNA and 2µl of Enhancer R were diluted in 

buffer EC-R to a final volume of 100µl and incubated for 5 minutes at RT. Two microliters 

of TransMessenger transfection reagent was added and further incubated for 10min at 

RT. After addition of 900µl of serum-free medium, the transfection cocktail was added to 

cells. Following 4 h of incubation, the transfection medium was replaced by full medium, 

and cells were grown for an additional 2h prior to further processing.  
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Western Blot Analysis 

 SK-Mel28 cells were seeded on 10cm plates to be ~80% confluent the day of 

treatment. Cells were treated with I-PpoI WT or H98A mRNA (7µg) as detailed above. 

After treatment, media was removed and cells were washed 1x with ice cold PBS. Cells 

were harvested by trypsinization, collected into 15ml conical tubes, and pelleted for 5min 

200rfc. Liquid was aspirated, pellets were resuspended in 2ml PBS and transferred to 

2ml microcentrifuge tubes.  

For 53BP1 western blots, proteins were extracted into cytosolic and nuclear 

fraction using the NE-PER extraction kit (Thermo-Fisher, cat 78833) according to the 

manufacturer’s recommendations with the addition of a brief sonication (10 seconds, 10 

kHz) after the first nuclear resuspension step. Protein preps were stored at -80C until 

Western blot analysis. 15µg protein was run on a 3-8% Tris-Acetate gradient gel 

(Invitrogen) with 500ul Antioxidant Reagent and transferred onto an immobilon-FL PVDF 

membrane (Millipore) at 30V for 1 hour on ice in NuPAGE Transfer Buffer using the Novex 

XCell II Blotting System (Invitrogen). Membranes were blocked overnight in Odyssey PBS 

Blocking Buffer (Li-Cor) and stained for 2 hours at RT with 53BP1 (BD Biosciences 

#612522, RRID:AB_2206766, 1:1000) and 1 hour at RT with IRDye 800CW Goat anti-

mouse (1:10,000; Li-Cor). All staining was normalized to total protein (Revert 700 Total 

Protein Stain, Licor). Images were acquired using Li-Cor Odyssey CLx Imaging System.  

For EMT marker western blots, cells were lysed in RIPA buffer (50 mM Tris-HCl 

[pH 8.0], 150 mM NaCl, 0.1% SDS, 1% Triton X- 100, 1x cOmplete protease inhibitors 

(Roche), Phosphatase inhibitors, and 1M Veliparib) and were stored at -80C until Western 

blot analysis. 10-30µg protein was run on a 10-20% Tris-Glycine 1.0 mm gradient gel 
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(Invitrogen) and transferred onto an immobilon-FL PVDF membrane (Millipore) at 30V for 

2 hours on ice in 0.5% TBE using the Novex XCell II Blotting System (Invitrogen). 

Membranes were blocked overnight in Odyssey PBS Blocking Buffer (Li-Cor) and stained 

for 2 hours at RT with Vimentin (Abcam #92547, RRID:AB_10562134, 1:1,000) and 1 

hour at RT with IRDye 680CW Goat anti-mouse (1:10,000; Li-Cor) or IRDye 800CW Goat 

anti-rabbit (1:5,000; Li-Cor). All staining was normalized to total protein (Revert 700 Total 

Protein Stain, Licor). Images were acquired using Li-Cor Odyssey CLx Imaging System. 

 

Phospho-proteomics 

  SK-Mel28 cells were grown in 10cm dishes, trypsinized, and spun down (n=5 

biological replicates). Cell pellets were frozen until further processing was completed. The 

phosphoproteome of the three cell lines were quantitatively analyzed using an established 

TMT/IMAC bottom-up LC-MS/MS proteomics pipeline (927). The data was processed 

with in-house developed PlexedPiper R pipeline or FragPipe tools (955). The quantitative 

data was compiled at the individual phospho-site level and the discovered differentially 

abundant phosphosites will be validated in KO vs KO/KI comparison. This data was cross-

referenced with the PhosphoSitePlus database (956) containing determined 

kinase/substrate relationships. The hyperactivated/deactivated kinases was inferred 

based on differentially abundance phosphosites using kinase/substrate enrichment 

approach (KSEA R package (928)). 
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Copy Number Quantitative PCR 

 Genomic DNA was isolated from SK-Mel28 Control, KO, and Rescue cells using 

the DNeasy kit (Qiagen) according to the manufacturer’s instructions. DNA concentration 

was measured with a NanoDrop spectrophotometer. Analysis of 5S, 18S, and 28S rDNA 

copy number was performed using quantitative Real-Time PCR on the QuantStudio 3 

(Applied Biosystems). A volume of 1μl gDNA template(10ng), 1μl of forward and reverse 

primers (each 500nm) and 6μl of SYBR Green I (Roche) were combined to a total volume 

of 12μl. Primers used are described in Table A.2.1. Cycling specifics: 95C for 10min, 40 

cycles (95C for 3sec, 60C for 30sec). Each sample was analyzed with 2 technical 

replicates across 3 biological replicates. The target gDNA was normalized to tRNAMet 

levels. Statistical significance was assigned using one-way ANOVA. 

 

 
Table A.2.1. Primers used in qRT-PCRs. 
 

 

BODIPY-C11 and Flow Cytometry Analysis 

SK-Mel28 cells were treated with DMSO or 10µM RSL3 for 24 hours. Cells were 

then treated with 1.5µM BODIPY-C11 for 20 minutes. To prepare cells for FACS, cells 

were washed with HBSS, trypsinized, and spun down at 500g for 4 minutes. Cell pellets 

were resuspended in HBSS and immediately submitted to OHSU's Flow Cytometry for 

Primer Forward (5'-3') Reverse (5'-3') 
18S CGATCAGATACCGTCGTAGTTC GGTCATGGGAATAACGCCGC 
28S GAAGCGCGGGTAAACGGC TGACGAGGCATTTGGCTACC 
5S CATACCACCCTGAACGCGCC CCGACCCTGCTTAGCTTCCG 
tRNAMet GAGTGGCGCAGCGGAAGCGTGCTGG GCAGAGGATGGTTTCGATCCATCG 
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analysis. Cells were first gated on a forward side scatter to exclude debris and next gated 

on forward side scatter height x forward side scatter area for doublet discrimination. 

Ferroptosis was quantified by taking the percent increase in geometric mean 488 signal 

between DMSO and RSL3 treated cells in each condition. Statistical significance 

calculated via one-way ANOVA with Tukey’s multiple comparisons tests. 

 

Caspase-3 Activity Assay 

 SK-Mel28 cells were seeded at 1x105 cells per 35mm plate. Cells were treated 

with DMSO or 25µM etoposide. After 72 hours of treatment, medium and cells were 

removed and pelleted at 500g for 5 minutes at 4C followed by washing with cold PBS. 

Supernatant was removed and cells were lysed in 160µl Caspase-3 Assay Buffer (25mM 

HEPES pH7.5, 5mM EDTA, 0.1% 3-[3-cholamidopropyl)dimethylamino]-1-

propanesulfonate, 2mM dithiothreitol) with sonication. 45µl supernatant and 135µl 

Caspase-3 Assay Buffer was used per well of a 96-well plate and 20µl Caspase-3 Assay 

Substrate (Ac-DEVD-MCA, Acetyl-L-Aspartyl-L-Glutamyl-L-Valyl-L-Aspartic Acid α-(4-

Methyl-Coumaryl-7-Amide, 0.5mM) was added. The plate was covered and incubated at 

37C for 2 hours. Fluorescence was then measured at 360nm excitation and 460nm 

emission. Protein concentrations were measured separately via Bradford Assay to 

normalize to caspase-3 activity.  
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A.3 In Vivo Class Switch Recombination 
 
Introduction 

The role of αSyn in adaptive immune modulation has recently gained more 

attention in the PD research community. Patients with PD have significantly higher levels 

of immunoglobulin G (IgG) binding to dopaminergic neurons, whereas IgM binding was 

not increased (957). In addition, PD patient blood samples were found to contain 

antibodies (958) and T cells (959) autoreactive to αSyn epitopes. In this context, 

interesting work from the Maitta Lab investigated potential abnormalities in the 

development of T (960) and B cells (961), in αSyn WT and KO mice. Their work on B cell 

maturation reports a reduction in total serum IgG in αSyn KO mice compared to WT mice, 

but no abnormality in IgM. When αSyn KO mice were challenged with a specific antigen, 

there was decreased production of antigen-specific IgG1 and IgG2b, but no change in 

antigen-specific IgM compared to WT mice (961). 

Although this preliminary data indicates a potential critical role for αSyn in B cell 

lymphopoiesis, the specific mechanism underlying the differences in immunoglobulin 

levels remains unknown, especially in an environment independent of secondary adaptive 

immune factors. In conjunction with the findings of this dissertation and other reports, 

demonstrating the critical role of αSyn in NHEJ-mediated DSB repair (443), I hypothesize 

that αSyn may be involved in immunoglobulin class switch recombination (CSR), a 

process that is critically dependent on NHEJ to produce immunoglobulin isotypes other 

than IgM (e.g. IgG, IgA, IgE). CSR is initiated by the introduction of DSBs by activation-

induced cytidine deaminase (AID) in the S regions of the IgM gene and a looping out-

deletion-recombination process ensues, where the constant region gene of the µ heavy 
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chain (Cµ) is replaced by a downstream constant region (Cg, Ca, or Ce) (Figure A.3.1). 

NHEJ is considered to be the principal mechanism used in CSR (962, 963). These set of 

experiments aim to elucidate whether αSyn is critical for CSR through an NHEJ-

dependent mechanism. 

 

 

 

 

 

 

 

 

 

Figure A.3.1. A model of immunoglobulin class switch recombination. 
 
 
 
Results 
 
 Primary B lymphocytes were cultured ex vivo from splenic tissue of αSyn WT and 

KO mice via negative selection magnetic enrichment (964). Cells then underwent LPS-

induced proliferation and class switching (Figure A.3.2A). Staining of cells for IgG2b and 

subsequent flow cytometric analysis revealed no significant differences in % increase of 

IgG2b between αSyn WT and KO mice (Figure A.3.2B).  
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Figure A.3.2. Alpha-synuclein loss-of-function does not influence IgG2b class 
switch recombination. A) Magnetically enriched splenic B cells before LPS stimulation 
and 48 hours after stimulation with 25µg/ml of LPS. Proliferating cells are seen as clusters 
in a background of blasting and apoptotic cells. B) LPS stimulated cells after 96 hours in 
culture were stained for CFSE and IgG2b showing the emergence of an IgG2b positive 
population following several rounds of cells division. Statistical analysis between αSyn 
WT (n=4) and KO mice (n=4) using unpaired t-test.  
 

Discussion 
 
 This preliminary experiment aimed to investigate whether αSyn loss-of-function 

impairs IgG2b CSR in murine B lymphocytes. My data suggests that there is no significant 

difference in % increase of IgG2b CSR after LPS stimulation compared to unstimulated 

cells. Despite these results, multiple future directions for investigation are possible. In the 

previously reported finding of decreased IgG2b in αSyn KO mice compared to WT mice 

(961), a different αSyn KO mouse model was utilized compared to the one used in this 

preliminary experiment. It is possible that different genetic backgrounds of mice influence 

CSR processes. Furthermore, this study found a decreased production of antigen-specific 

IgG1 in αSyn KO mouse compared to WT mice. IgG1 CSR can be achieved within my 

experimental design by adding 10ng/ml IL-4 to the stimulation cocktail, which could have 

led to significant differences between animal groups. Additionally, the ELISA technique 
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could be utilized to assay multiple isotypes concurrently. Lastly, while IgG2b isotype 

global levels were not significantly different, it is unclear whether αSyn loss-of-function 

affected NHEJ-specific CSR repair. Further sequencing analysis at the NHEJ repair 

junction (Figure A.4.1) would be useful to determine the frequency of additional insertions 

and deletions. Additional experiments could also include measuring the activity of key 

enzymes specific to NHEJ after LPS stimulation of B lymphocytes, like DNA-PK, via 

ELISA and western blot or implementing chemical inhibitors of repair enzymes specific to 

the NHEJ pathway, Ku70 or 80, Dnl4, 53BP, and DNA-PK during LPS stimulation of 

primary B lymphocytes.  

 

Methods 
 
B Lymphocyte Isolation and Class Switch Recombination Stimulation 

 Mice aged 8-12 weeks old were euthanized via cervical dislocation. Spleens were 

surgically removed and placed in a 70µm sterile strainer to homogenize the tissue. Cells 

were spun down at 350g for 5 minutes and resuspended in PBS. A 2ml suspension of 

1x108 cells/ml was prepared followed by the addition of 100µl of normal rat serum. 100µl 

of EasySep Negative Selection Mouse B Isolation Cocktail was added to each sample 

and incubated at RT for 10 minutes. 150µl EasySep Magnetic RapidSpheres were 

subsequently added to each sample and supernatants were taken after magnetic 

separation. Cells within the supernatant were isolated after 350g centrifugation for 5 

minutes and resuspended in warm 2ml PBS with 0.1% BSA. A 7ml suspension of 1x106 

cells/ml was prepared and incubated with 14µl of CFSE for 10 minutes in the dark. CFSE 
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staining was quenched with equal volume of bovine calf serum. Cells were washed 2 

times in culture medium (RPMI 1640, 10% FBS, 50µM BME) and resuspended in 500µl 

culture media. 125µl of cells at a final concentration of 3.2x106 cells/ml was added to a 

single well of a 96-well plate in addition to 125µl of culture media or stimulation media 

(culture media, 25µg/ml LPS). Cells were imaged on a brightfield microscope at 48 hours. 

 

IgG2b Staining and FACS 

 96 hours after seeding and LPS stimulation, cells were washed with 1ml staining 

buffer (PBS, 2% Bovine Calf Serum). Cells were spun down at 350g for 5 minutes and 

incubated in 100µl Fcblock buffer (staining buffer, 5% normal mouse serum, 2µl 0.5mg/ml 

Fcblock) per sample for 15 minutes on ice. Anti-mouse IgG2b antibody (2µl 0.5mg/ml) 

was then added for an additional incubation of 30 minutes on ice. Cells were washed 

twice in staining buffer followed by secondary incubation of 100µl of APC-Streptavidin 

(1:100) for 30 minutes on ice. Cells were washed twice in staining buffer and fixed in 50ul 

4% PFA for 10 minutes at RT in the dark. Samples were washed and stored at 4C in the 

dark for 12 hours followed by FACS analysis. CFSE was excited at 492 nm by an argon-

ion laser and emits at 517nm. The emission spectrum of APC-streptavidin is a 

fluorescence emission maximum of 660 nanometers (nm) when excited by 600–635 nm 

laser light. FACS data was gated and analyzed by FlowJo. 

 

Jump Back to Table of Contents 



 267 

Appendix B:                                                                                                
α-synuclein seed amplification in CSF and brain from patients with 

different brain distributions of pathological α-synuclein in the context 
of co-pathology and non-LBD diagnoses 

 

Moriah R. Arnold, BA1, David G. Coughlin, MD, MTR2, Barbara H. Brumbach, PhD3, 
Denis S. Smirnov, PhD2, Luis Concha-Marambio, PhD4, Carly M. Farris, MS4, Yihua Ma, 
MS4, Amprion Inc.4, Yongya Kim2, Edward N. Wilson, PhD5, Jeffrey A. Kaye, MD6, 
Annie Hiniker, MD, PhD7, Randy L. Woltjer, MD, PhD8, Doug R. Galasko, MD2, Joseph 
F. Quinn, MD6,9 

 

1 Medical Scientist Training Program, Oregon Health and Science University 
2 Department of Neurosciences, University of California San Diego 
3 Biostatistics and Design Program, Oregon Health and Science University 
4 Amprion Inc.  
5 Department of Neurology & Neurological Sciences, Stanford University 
6 Department of Neurology, Oregon Health and Science University 
7 Department of Pathology, University of California San Diego 
8 Department of Pathology, Oregon Health and Science University 
9 Portland VA Medical Center, Parkinson’s Disease Research Education and Clinical 
Care Center (PADRECC) 

 

 

Published in medRxiv March 2nd, 2022 

Published in Annals of Neurology July 9th, 2022 

 

 

 

 



 268 

B.1 Abstract 
 
Objective: To determine the sensitivity and specificity of α-synuclein seed amplification 

assay (αSyn-SAA) in antemortem and postmortem CSF of autopsy-confirmed patients 

with different distributions of pathological αSyn, co-pathologies, and clinical diagnoses. 

Methods: αSyn-SAA was used to test antemortem CSF samples from 119 subjects with 

a variety of clinical syndromes and standardized neuropathological examinations from 

OHSU and UCSD (56 additional postmortem CSF samples available). The αSyn-SAA 

was also applied to frontal cortex and amygdala homogenates. Sensitivity and specificity 

were compared across distributions of αSyn-pathology. Clinical data and co-pathologies 

were compared across αSyn-SAA positive and negative groups. 

Results: Fifty-three individuals without and 66 with αSyn-pathology (neocortical (n=38), 

limbic (n=7), and amygdala-predominant (n=21)) were included. There was a sensitivity 

of 97.8% and specificity of 98.1% of the αSyn-SAA to identify patients with 

limbic/neocortical pathology from antemortem CSF. Sensitivity to detect amygdala-

predominant pathology was only 14.3%. Postmortem CSF and brain tissue αSyn-SAA 

analyses also showed higher assay positivity in samples from limbic/neocortical cases.  

Interpretation: CSF αSyn-SAA reliably identifies αSyn seeds in patients with diffuse 

αSyn-pathology in the context of co-pathology and non-LBD diagnoses. The analysis of 

brain homogenates suggests that pathological αSyn in amygdala might differ from 

pathological αSyn in frontal cortex. αSyn-SAA might facilitate the differential diagnosis of 

dementias with mixed pathologies.  
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B.2 Introduction 
 

Aggregated α-synuclein (αSyn) is the main component of cytoplasmic inclusions 

called Lewy bodies (LB) and Lewy neurites, which are the defining pathological features 

of Lewy body diseases (LBD), including Parkinson’s disease (PD) and dementia with 

Lewy bodies (DLB) (614, 615). In addition, αSyn-laden LBs are found in the brains of as 

many as 50-60% of sporadic Alzheimer’s disease (AD) cases (908-912), 96% in familial 

PSEN1 cases (913), and in 10-20% of normal elders (914, 915). AD cases with αSyn-

pathology (sometimes called AD Lewy Body variant, AD-LBV) present relevant clinical 

differences compared to AD without αSyn-pathology, such as lower age of onset, lower 

age of death, more severe delusions, hallucinations, aberrant motor function, and sleep 

disorders (912, 965). Similarly, co-incidental AD pathology in DLB may lower the 

likelihood of patients manifesting certain core features like visual hallucinations (966). 

αSyn-pathology in AD cases affects amygdala, limbic and can affect neocortical areas 

with sparing of the brainstem and recent neuropathological studies in AD cases with 

amygdala-predominant αSyn-pathology found different αSyn truncations and 

modifications compared to limbic and neocortical αSyn-pathology found in PD or DLB 

(789, 967, 968).  

To date, neuropathological assessment at autopsy remains the gold standard to 

diagnose LBDs and in vivo αSyn biomarkers have been an unmet need. Recently, αSyn 

Seed Amplification Assays (αSyn-SAAs) (also known as protein misfolding cyclic 

amplification (PMCA) and real time quaking induced conversion (RT-QuIC)), have been 

adapted to detect misfolded αSyn aggregates (αSyn seeds) in CSF and peripheral tissues 

with remarkable diagnostic accuracy (603, 969-973). αSyn-SAA in CSF of clinically and 
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in some cases pathologically confirmed PD and DLB cases has shown impressive results, 

with several independent groups reporting sensitivities and specificities near or above 

90% (969-971, 974-981). However, αSyn-SAA performance in neuropathologically 

validated cohorts with varying distribution of αSyn pathologies, co-pathologies, and non-

LBD diagnoses has not been evaluated. Thus, it remains unknown if different types of 

αSyn-pathology distributions produce differences in seeding activity. A few  studies have 

reported detection of αSyn seeds in CSF from clinically diagnosed AD patients (5/14 or 

36% in one report (970) and 0/16 in another (971)) and from patients clinically diagnosed 

with AD who were pathologically confirmed to have DLB (11/17 or 65%) or incidental 

Lewy bodies (2/13 or 15%) (969). Despite the low number of cases, these results suggest 

that current assays may have different sensitivities, which may depend on αSyn-

pathology distribution, co-pathologies, and/or pathological αSyn species.  

In this multi-center study, we evaluated the capability of αSyn-SAA to detect αSyn 

seeds in antemortem and postmortem CSF samples as well as brain tissue of patients 

who underwent autopsy and neuropathological analyses. We compared the αSyn-SAA 

results to clinical and neuropathological data to determine sensitivity, specificity, clinical, 

and pathological correlations of this assay across different distributions of αSyn-pathology 

in the context of co-pathology and non-LBD diagnoses. 

 

B.3 Results 
 
Neuropathological αSyn Analysis and Comparison 
 

The neuropathological analysis of the 119 subjects revealed αSyn-pathology in the 

brains of 66 (55%) cases. Of the 66 patients with αSyn-pathology, 38 showed neocortical 
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stage αSyn-pathology, 7 showed limbic stage αSyn-pathology, and 21 showed amygdala-

predominant αSyn-pathology. Rates of AD pathology was high across the cohort.  40/53 

(75%) of cases without αSyn-pathology had intermediate or high degrees of AD 

neuropathological change, as did 19/21 (90%) cases with amygdala predominant αSyn-

pathology and 39/45 (87%) cases limbic or neocortical disease (Table B.3.1). These rates 

were not statistically significant across the αSyn driven categories (χ2=3.3, p=0.2).  The 

cases that did not have significant AD neuropathological change composed a variety of 

tauopathies, TDP-43-opathies, and vascular disease (Table B.3.1, Table B.8.1). No 

significant difference in Aβ40, Aβ42, Aβ42/40 ratio, t-tau, and p-tau in antemortem CSF 

were observed between the αSyn-pathology groups within institution (Table B.8.2). 
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      αS-SAA positivity 

Pathology n 
αSyn 

Pathology Antemortem Postmortem Frontal Amygdala 
AD 26 Negative 4% 1/26 20% 3/14 - - - - 

AD + VD 5 Negative 0% 0/5 0% 0/3 - - - - 

AD + VD + HS 2 Negative 0% 0/2 0% 0/2 - - - - 
AD + VD + AA 1 Negative 0% 0/1 - - - - - - 

AD + AA 3 Negative 0% 0/3 0% 0/1 0% 0/1 0% 0/1 
AD + HS 1 Negative 0% 0/1 0% 0/1 - - - - 
AD + HS + LMN 
Encephalitis 1 Negative 0% 0/1 - - - - - - 
AD + Pick's disease 1 Negative 0% 0/1 - - - - - - 

AD + PART 1 Negative 0% 0/1 - - - - - - 
AD + PART + METS 1 Negative 0% 0/1 0% 0/1 - - - - 

AD + VD + AA + ARTAG 1 Negative 0% 0/1 0% 0/1 0% 0/1 0% 0/1 

CBD + VD + AA 1 Negative 0% 0/1 - - 100%* 1/1 0% 0/1 
PSP 2 Negative 0% 0/2 - - - - - - 

CBD 1 Negative 0% 0/1 0% 0/1 - - - - 
FTLD-TDP43 1 Negative 0% 0/1 0% 0/1 - - - - 

FTLD-Tau 1 Negative 0% 0/1 - - - - - - 

VD 2 Negative 0% 0/2 - - 0% 0/1 0% 0/1 
Normal 2 Negative 0% 0/2 0% 0/1 - - - - 

AD + αSyn-Path 26 
Neocortical/

Limbic 100% 26/26 91% 10/11 100% 4/4 100% 4/4 

AD + αSyn-Path 7 
Amygdala-

predominant 14% 1/7 - - 50% 1/2 100% 1/1 

AD + VD + αSyn-Path 6 
Neocortical/

Limbic 83% 5/6 75% 3/4 100% 1/1 100% 1/1 

AD + VD + αSyn-Path 4 
Amygdala-

predominant 0% 0/4 100% 4/4 100%* 1/1 100% 1/1 
AD + AA + αSyn-Path 2 Neocortical 100% 2/2 100% 2/2 100% 1/1 100% 1/1 

AD + AA + αSyn-Path 3 
Amygdala-

predominant 0% 0/3 50% 1/2 0% 0/2 50% 1/2 
AD + AA + FTLD-TDP43 + 
αSyn-Path 2 

Neocortical/
Limbic 100% 2/2 100% 1/1 100% 1/1 100% 1/1 

AD + AA + FTLD-TDP43 + 
αSyn-Path 3 

Amygdala-
predominant 0% 0/3 33% 1/3 0% 0/3 33% 1/3 

AD + HS + αSyn-Path 4 
Neocortical/

Limbic 100% 4/4 100% 1/1 - - - - 
AD + Pick's disease + 
αSyn-Path 1 

Amygdala-
predominant 0% 0/1 - - - - - - 

AD + ARTAG + αSyn-Path 1 Neocortical 100% 1/1 100% 1/1 100% 1/1 100% 1/1 
AD + VD + PSP + αSyn-
Path 1 

Amygdala-
predominant 100% 1/1 - - 0% 0/1 100%* 1/1 

AD + Infarcts + αSyn-Path 1 
Amygdala-

predominant 100% 1/1 - - - - - - 
PSP + CBD + HS + αSyn-
Path 1 Neocortical 100% 1/1 - - - - - - 

FTLD-TDP43 + αSyn-Path 1 
Amygdala-

predominant 0% 0/1 0% 0/1 0% 0/1 0% 0/1 

αSyn-Path 3 Neocortical 100% 3/3 - - - - - - 
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Table B.3.1. αS-SAA positivity as a function of pathology diagnosis. AD:Alzheimer’s 
disease, VD: Vascular disease, HS: hippocampal sclerosis, AA: Includes amyloid 
angyopathy, leptomeningial congophilic angiopathy, and lepto/parenchymal congophilic 
angiopathy, LMN Encephalitis: Limbic Microglial Nodular Encephalitis , PART: Primary-
Age Related Tauopathy, METS: Micrometastases, ARTAG: Aging-related tau 
astrogliopathy, CBD: corticobasal degeneration, PSP: progressive supranuclear palsy, 
FTLD-TDP43: Frontotemporal lobe degeneration with TDP43 pathology, and αSyn-Path: 
Includes neocortical, limbic, and amygdala predominant αSyn pathology. *2/3 wells were 
positive. SAA for Table B.3.1 was performed by Amprion Inc. Neuropathology analysis 
was performed by Randy Woltjer and UCSD pathology. 
 

Using a Kruskal-Wallis test, we compared patients within αSyn distribution groups 

(none, amygdala-predominant, limbic/neocortical) on several standardized clinical and 

pathological variables to determine if there were important group differences. UPDRS 

part III scores were significantly different between αSyn groups at lumbar puncture 

(X2=21.59, p<0.0001, Table B.8.2) and at last visit prior to death (X2=14.93, p=0.0006, 

Table B.8.2). Post-hoc analyses showed that the limbic/neocortical group had higher 

UPDRS part III scores at lumbar puncture than those without αSyn-pathology and the 

amygdala-predominant αSyn group (Wilcoxon z=-3.71, p=0.0006 and Wilcoxon z=-3.44, 

p=0.002 respectively). The limbic/neocortical group also had higher UPDRS III scores at 

last visit prior to death compared to the amygdala-predominant group (Wilcoxon z=-3.70, 

p=0.0007). The majority of patients diagnosed with DLB (8/9) and PD (4/4) showed 

limbic/neocortical αSyn while 16/21 patients with amygdala predominant αSyn had a 

clinical diagnosis of AD (X2=28, p=0.002, Table B.8.2, Table B.8.1). Lastly, male sex was 

over-represented across the three αSyn distribution groups (X2=6.94, p=0.03, Table 

B.8.2). 
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Sensitivity and Specificity of the αSyn-SAA using CSF Samples 
 

A total of 119 antemortem CSF samples were analyzed with the clinical αSyn-SAA. 

All but 1 of the 53 patients without αSyn-pathology were negative by the clinical αSyn-

SAA and thus, the specificity for the clinical assay in this cohort was 98.1% (95% CI 90.1% 

to 99.9%) (Table B.3.2). Of the 66 individuals with αSyn-pathology, 47 were found positive 

by the clinical αSyn-SAA; Neuropathological analysis is the gold standard to which αSyn-

SAA results were compared to. Thus, samples with positive αSyn-SAA results from 

patients with pathological αSyn found at autopsy were called true-positives, while 

samples with negative αSyn-SAA results from patients without αSyn-pathology were 

called true-negatives. The overall sensitivity of the assay to detect αSyn-pathology in any 

form was 71.2% (95% CI 59.4% to 80.7%). However, significant differences were 

observed when stratifying sensitivity analysis by pathological αSyn distribution. αSyn-

SAA had sensitivity of 97.8% (95% CI 88.4% to 99.9%) in detecting αSyn seeds in 

limbic/neocortical pathology, but only 14.3% (95% CI 5.0% to 34.6%) in detecting 

amygdala-predominant αSyn-pathology (Table B.3.2).  

Fifty six of the 119 patients had postmortem CSF for clinical αSyn-SAA analysis, 

26 had no αSyn-pathology and 30 had αSyn-pathology at autopsy (limbic/neocortical 

n=20, amygdala-predominant n=10). Of the 26 patients without αSyn-pathology, 23 were 

found negative by the αSyn-SAA, for an estimated specificity of 88.5% (95% CI 71.0% to 

96.0%) (Table B.8.2). Of the 30 individuals with αSyn-pathology, 24 were found positive 

by αSyn-SAA; thus, the sensitivity for the combined cohort was 80% (95% CI 62.7% to 

90.5%). Similarly, when stratified by αSyn distribution, the clinical αSyn-SAA in 

postmortem CSF had sensitivity of 90% (95% CI 69.9% to 98.2%) to detect individuals 
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with limbic or neocortical αSyn, but sensitivity of only 60% (95% CI 31.3% to 83.2%), to 

detect amygdala-predominant αSyn (Table B.3.2). Despite a decrease in sensitivity of the 

αSyn-SAA between antemortem and postmortem CSF samples, there was no significant 

difference in postmortem interval between patients that tested positive or negative using 

postmortem CSF in both limbic/neocortical (p=0.45) and amygdala-predominant groups 

(p=0.12). 

ANTEMORTEM (n=119)  
Variable Value, % (95% CI) 

Sensitivity 71.2 (59.4-80.7) 

Limbic/Neocortical 97.8 (88.4-99.9) 

Amygdala 14.3 (5.0-34.6) 

Specificity 98.1 (90.1-99.9) 

Positive predictive value 97.9 (89.1-99.9) 

Negative predictive value 73.2 (62.0-82.2) 

POSTMORTEM (n=56)  
Variable Value, % (95% CI) 

Sensitivity 80.0 (62.7-90.5) 
Limbic/Neocortical 90.0 (69.9-98.2) 

Amygdala 60.0 (31.3-83.2) 

Specificity 88.5 (71.0-96.0) 

Positive predictive value 88.9 (71.9-96.2) 

Negative predictive value 79.3 (61.6-90.2) 
 
 
Table B.3.2. Sensitivity, specificity, and predictive values for antemortem and 
postmortem CSF αSyn-SAA against αSyn-pathology. SAA for Table B.3.2 was 
performed by Amprion Inc. 
 

Of the 56 individuals with both antemortem and postmortem CSF, 46 (82.1%) 

showed concordant αSyn-SAA results, 9 (16.1%) changed from negative results 

antemortem to positive results on the postmortem assay, and 1 (1.8%) changed from 

positive to negative. Interestingly, changes between antemortem and postmortem CSF 
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αSyn-SAA results was significantly higher in amygdala-predominant cases (6/10, all 

negative to positive) than in limbic/neocortical cases (1/20) (X2=28.49, p<0.0001).  

116 antemortem (51 no αSyn-pathology, 44 limbic/neocortical αSyn-pathology, 21 

amygdala-predominant αSyn-pathology) and 33 postmortem (11 no αSyn-pathology, 15 

limbic/neocortical αSyn-pathology, 7 amygdala-predominant αSyn-pathology) CSF 

samples were also analyzed by a research kinetic αSyn-SAA to accurately estimate 

kinetic parameters and further characterize seeding activity in these samples. Fewer 

samples were run using this assay because some samples had been exhausted in the 

previous analysis. The kinetic assay provides a diagnostic output based on a probabilistic 

algorithm, which deems samples as “negative”, “positive”, or “inconclusive. The kinetic 

αSyn-SAA “negative” and “positive” determinations were consistent with the CLIA-

regulated version of the assay for the antemortem and postmortem analyzed in parallel 

(data not shown). Fmax was analyzed between groups, with no αSyn-pathology (p<0.0001, 

q=20.42, DF=113) and amygdala-predominant αSyn-pathology (p<0.0001, q=14.07, 

DF=113) groups having significantly lower Fmax than individuals with neocortical or limbic 

αSyn-pathology on antemortem CSF, most likely caused by the abundance of “negative” 

samples (Figure B.3.1A). Representative raw kinetic graphs are shown in Figure B.3.1B.  

There were kinetic differences in the seed amplification of amygdala-predominant cases 

compared to neocortical/limbic cases (TTT (p=0.0007) and T50 (p=0.0002)) where 

amygdala-predominant cases had slower seeding activity. However, the small number of 

amygdala-predominant αSyn-SAA positive cases (n=3) precludes reliable conclusions. 

There were no significant differences in kinetic parameters between αSyn-pathology 

groups using postmortem CSF in the kinetic αSyn-SAA (data not shown).  
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Figure B.3.1. Kinetic parameters of Research SAA stratified by alpha-synuclein 
distribution. A) Maximum Fluorescence Signal from R/D αSyn-SAA using antemortem 
CSF between no αSyn-pathology (n=51), Neocortex/Limbic (n=44), and Amygdala-
predominant (n=21) groups. B) Representative figures of raw kinetic data from the 
Research SAA using antemortem CSF. Included are “negative” samples that are from no 
αSyn-pathology and amygdala-predominant individuals, and “positive” samples that are 
from neocortical and amygdala-predominant individuals. Statistical analysis using one-
way ANOVA with Tukey’s multiple comparisons post hoc (A). Error bars represent 
Standard Error of the Mean (SEM). SAA for Figure B.3.1 was performed by Amprion Inc.  
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(C0/C1 v C2/C3), Braak tau stage (B0/B1 v B2/B3) and Amyloid-β Thal Phase (A0/A1 v 

A2/A3) for cases with pathological αSyn (Figure B.3.2). There were no significant 

associations between the likelihood of αSyn-SAA positivity and CERAD score (p=0.7), 

Thal phase (p>0.9), and by Braak tau stage (p>0.9) (Figure B.3.2). We also evaluated the 

effect of proteins associated to AD biomarkers in in CSF as they could interfere with the 

amplification process in the assay. No significant differences were found in levels of Aβ40, 

Aβ42, Aβ42/40 ratio, t-tau, and p-tau, between limbic/neocortical cases and amygdala-

predominant cases as a function of αSyn-SAA result within institution (data not shown). 

Overall, αSyn-SAA positivity or lack thereof is not associated with the presence of AD co-

pathology or commonly used AD CSF biomarkers. 

 

Figure B.3.2. Differences in neuropathology scores between synuclein-pathology 
groups as a function of SAA result. Bars represent the distribution of SAA positive or 
SAA negative within high (“H”) or low (“L”) categorization of ADNC, Braak, Thal, and 
Cerad neuropathological staging. Patients are further classified by limbic/neocortical 
(“L/N”) or amygdala-predominant (“A”) groups. Statistical analysis using Fisher’s exact 

A.

100 20 30 40

L
HA

A
A

A
L/
N

L/
N

L/
N

L/
N

L
H

L
H

L
H

L
H

L
H

L
H

L
H

A
D
N
C

B
ra
ak

Th
al

C
er
ad

Number of patients

αSyn-SAA -
αSyn-SAA +



 279 

test within synuclein-pathology group. SAA for Figure B.3.2 was performed by Amprion 
Inc. Neuropathology analysis was performed by Randy Woltjer and UCSD pathology. 
 
 

Comparisons of Subjects with Positive vs Negative CSF αSyn-SAA Results 
 

UPDRS part III scores at the time of lumbar puncture were significantly lower in 

the antemortem false negative group compared to the true positive group (Z=-3.12, 

p=0.002), considering pathological analysis as gold standard. The interval between 

lumbar puncture and death was significantly different between true positive and false 

negative groups, with the false negative group having on average a longer interval than 

the true positive group (Z=2.09, p=0.04, Figure B.3.3A). The two groups also differed in 

the distribution of αSyn-pathology (X2=48.69, p<0.0001); 94.7% of the false negatives fell 

into the amygdala-predominant group, while 93.6% of the true positives fell into the 

limbic/neocortical group. Similarly, in postmortem CSF, 66.7% of false negatives were in 

the amygdala-predominant group and 75% of true positives were in the limbic/neocortical 

αSyn group (X2=3.75, p=0.05) (Figure B.3.3B).  
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Figure B.3.3. Clinical and pathological differences between True Positive and False 
Negative. A) Interval in years from lumbar puncture to death between True Positives 
(n=47) and False Negative (n=19) groups. B) Distribution of Neocortex/Limbic and 
Amygdala-predominant LRP in True Positive and False Negative groups for antemortem 
and postmortem CSF analysis. Number of patients in each category is indicated on the 
bar. Statistical analysis using Wilcoxon rank-sum test with post hoc pairwise comparisons 
from Dwass, Steel, Critchlow-Fligner method (A) or chi-square (B). Error bars represent 
Standard Error of the Mean (SEM).  
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Lastly, we explored how clinical diagnosis related to clinical αSyn-SAA 
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biological sex, where αSyn-SAA-positive patients had a significantly greater proportion of 

males (23/29, 79.3%) compared to αSyn-SAA-negative patients (25/46, 54.3%) (X2=7.84, 

p=0.005). Clinically diagnosed AD patients with positive αSyn-SAA CSF had higher 

UPDRS part III scores (6.71 +/- 8.6) than those with negative αSyn-SAA CSF (1.82 +/- 

4.92) at most recent visit prior to death (Z=2.53, p=0.01). 

 

Detection of αSyn Seeds from Frontal Cortex and amygdala brain samples 
 
 We next analyzed a subset of patients (n=22) from the UCSD-ADRC cohort who 

had frozen brain tissue available for analysis, including 4 no αSyn-pathology, 10 

amygdala-predominant, and 8 limbic/neocortical cases. In both brain regions, the 4 

patients without αSyn-pathology were negative by the αSyn-SAA, consistent with the 

results for antemortem CSF in both kinetic and clinical assays (Table B.3.3). In agreement 

with the high sensitivity in CSF for limbic/neocortical cases, seeding activity was detected 

in both frontal cortex and amygdala of all 8 analyzed cases. However, there was a 

significant decrease in seeding activity in both frontal cortex and amygdala of the 

amygdala-predominant cases. Of the 10 amygdala-predominant cases, 4 cases showed 

no seeding activity in both frontal cortex and amygdala. There were 2 cases with seeding 

activity detected in the amygdala, with one of them showing 2/3 wells positive in frontal 

cortex.  

Within no αSyn-pathology and limbic/neocortical groups, there was 100% 

concordance between brain homogenate results and CSF results. Of the 5 patients with 

amygdala-predominant αSyn-pathology that also tested positive on the αSyn-SAA using 

amygdala brain tissue, 3 also had some seeding activity on the αSyn-SAA using either 
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antemortem or postmortem CSF (Table B.3.3). Overall, the assay detected higher 

seeding activity in amygdala tissue in amygdala-predominant cases, while neocortical 

cases presented high levels of seeding activity in both brain regions.  

Case Information Brain 
Tissue 

AM  
CSF 

PM 
CSF 
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1 Male NA 84 Normal A0 C0 I Not None - - 1.8 -  
2 Male 65 71 CBD A3 C1 I Low None 2/3 - 2.9 -  
3 Female 65 76 AD A3 C3 VI High None - - 4.7 - - 
4 Female 58 66 AD A3 C3 VI High None - - 3.0 - - 
5 Female 72 84 AD A3 C2 VI High Amygdala -  2.7 -  
6 Female 83 90 AD + PSP A3 C2 VI High Amygdala - 2/3 0.9 +  
7 Female 84 91 AD A3 C3 VI High Amygdala 2/3 + 4.6 -  
8 Male 75 84 AD A3 C2 VI High Amygdala 2/3 + 4.9 - + 
9 Female 56 66 FTLD TDP-43 A0 C0 I Not Amygdala - - 3.8 - - 
10 Male 69 76 AD A3 C3 VI High Amygdala - - 5.5 - - 
11 Male 55 73 AD A3 C3 V High Amygdala - - 1.9 - - 
12 Male 77 86 AD A3 C3 V High Amygdala - + 5.3 - + 
13 Female 79 87 AD A3 C3 IV Intermediate Amygdala - + 5.3 - + 
14 Female 90 100 AD A3 C3 V High Amygdala - - 8.0 - - 
15 Male 54 67 LBD A1 C2 I Low Limbic/Neocortical + + 8.1 +  
16 Male 72 81 LBD A3 C2 V High Limbic/Neocortical + + 3.7 +  
17 Male 59 71 LBD A3 C2 IV Intermediate Limbic/Neocortical + + 3.5 +  
18 Male 63 71 LBD A3 C2 III Intermediate Limbic/Neocortical + + 1.2 +  
19 Male 66 71 LBD A3 C3 VI High Limbic/Neocortical + + 1.7 + + 
20 Male 62 73 LBD A3 C1 II Low Limbic/Neocortical + + 6.8 + + 
21 Male 52 72 LBD A2 C2 V Intermediate Limbic/Neocortical + + 9.3 + + 
22 Female 51 59 LBD A3 C3 VI High Limbic/Neocortical + + 2.7 + + 

 
Table B.3.3. Patient categorization from brain homogenate samples. Abbreviations: 
AM: Antemortem, PM: Postmortem, ADNC: Alzheimer’s disease neuropathological 
change NA: not applicable. LRP: Lewy Related Pathology, CSF: cerebrospinal fluid. CBD: 
corticobasal degeneration, AD: Alzheimer’s disease, PSP: progressive supranuclear 
Palsy, FTLD TDP-43: frontotemporal lobar degeneration TAR DNA-binding protein 43, 
LBD: Lewy-body disease.  Inconclusive cases have 2/3 replicate wells that were positive. 
Brain tissue samples were analyzed at 10-8 dilution. Positive results indicate 3/3 replicates 
were positive and negative results indicate 0/3 replicates were positive. Amygdala tissue 
could not be obtained for case 5. SAA for Table B.3.3 was performed by Amprion Inc.  
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B.4 Discussion 
 

Although there have been large strides in the understanding of the molecular basis 

of synucleinopathies, in vivo methods for detecting αSyn are still limited. Misfolded αSyn 

aggregation likely begins years to decades before the onset of symptoms, allowing for 

the potential ability to identify patients in the earliest stages of their diseases. The 

development of a sensitive and specific diagnostic tool for synucleinopathies would allow 

for early diagnosis of patients where often there is the highest level of clinical uncertainty 

and when disease modifying therapies are of the greatest potential use (982). Thus, 

αSyn-related biomarkers remain a crucial need to the field. Several publications have 

shown promising results for αSyn-SAAs performed in academic laboratories (970, 976), 

but the performance of the assay within a regulated CLIA environment, and against 

pathology-confirmed samples, has been a gap. Moreover, the knowledge of whether 

current generations of αSyn-SAAs can detect pathological αSyn in patients with other 

pathologies and with clinical diagnoses other than PD or DLB, is crucial to understanding 

the range of their diagnostic utility.  αSyn-SAA offers the ability to identify αSyn seeds in 

living patients and studies have focused largely on cases with clinical DLB, PD, and MSA 

and where performed, autopsy was used as a validation of the clinical diagnosis.  

However, these assays offer the potential ability to identify patients with αSyn-pathology 

who may not exhibit a ‘synucleinopathy phenotype’. One factor that can complicate 

diagnosis is the presence of AD co-pathology which affect clinical expression particularly 

in PD and DLB(966, 983-988). Furthermore, in AD, αSyn-pathology pathology in AD-LBV 

is common and also associated with worse prognosis and specific clinical features (912, 

965). The use of αSyn-SAA assays to help characterize patients in terms of their αSyn-
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pathology is immediately clinically applicable and potentially valuable in clinical trials to 

recruit homogenous populations; but detailed studies in well-characterized pathologically 

validated cohorts has been needed to understand how the current αSyn-SAA assay can 

be applied. We used pathologically driven categories of αSyn pathology, independent of 

clinical diagnosis, in a cohort of patients with high degrees of co-pathology to assess the 

performance of the αSyn-SAA assay. In these cases, the use of such a biomarker could 

prove useful in identifying αSyn pathology that was not necessarily suspected.   

Our results add to the previous reports that αSyn-SAAs can robustly detect αSyn 

seeds in limbic/neocortical stage αSyn-pathology, but also show decreased sensitivity in 

detecting αSyn seeds in amygdala-predominant cases. An additional unique feature to 

this study is the number of subjects with postmortem CSF, providing a proximal time point 

to the autopsy assessment. Classification using postmortem CSF showed a sensitivity of 

80% and specificity of 88.5%, however when stratified by pathology distribution, again the 

assay performed significantly better in detecting limbic/neocortical than amygdala-

predominant αSyn-pathology. Lastly, we also observed decreased seeding activity from 

amygdala-predominant cases when assaying frozen brain tissue from frontal cortex and 

amygdala. 

The lower sensitivity of CSF αSyn-SAA to detect αSyn seeds in amygdala-

predominant pathology may represent assay dependence on degree of brain αSyn 

“burden”. Alternatively, negative αSyn-SAA CSF samples in the amygdala-predominant 

group could be explained by localized brain pathology that does not enter the CSF. 

However, direct analysis of amygdala homogenate from amygdala-predominant cases 

showed low detection, suggesting less seeding activity by these particular αSyn species. 
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Recent studies have found that αSyn species in amygdala-predominant pathology found 

in AD may have different immunohistochemical properties than PD or DLB patients with 

limbic and neocortical αSyn-pathology (789, 967, 968). It is plausible that these 

amygdala-predominant αSyn seeds have lower rates of amplification due to unique 

conformation or post-translational modifications of these αSyn species.  Currently, there 

is no method to quantify αSyn seeds in a sample, thus, it is not possible to determine if 

αSyn seeds were extracted with similar efficiencies from amygdala and frontal lobe 

tissues. Lower concentrations in the amygdala homogenates could explain negative 

results. However, we found positivity in dilutions up to 10-9 in some cases which is higher 

than previously shown in the literature (not shown), suggesting the homogenization 

protocol did not artificially decrease the amount of αSyn seeds. The small number of 

amygdala-predominant cases who had seeding activity had slower time-to-threshold and 

T50 values than limbic/neocortical cases (TTT (p=0.0007) and T50 (p=0.0002)).  This is 

potentially of interest given that in vitro models have shown that lower levels of synthetic 

αSyn seeds take longer to amplify in αSyn-SAA (970, 971). However, future studies of 

larger cohorts will be needed to confirm these preliminary observations. 

Since αSyn-pathology commonly coexists in AD and may be associated with faster 

clinical progression (989), identifying this pathology with a biomarker would improve 

clinical monitoring and create options for clinical trials targeting αSyn in these patients. If 

amygdala-predominant type αSyn-pathology is an early stage or precursor of more 

widespread concomitant LB pathology in AD, then detecting its presence through 

biomarkers such as αSyn-SAA would be useful. However, the effect of amygdala-

predominant αSyn-pathology in AD appears to have less clinical impact in some cases or 
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may take years to convert to a more widespread seeding. Further work is needed to 

determine why the seeding potential of amygdala-predominant αSyn-pathology is lower 

in some cases, or whether different types of αSyn-SAAs could provide detection of this 

pathology.  We also report for the first time that αSyn seeds can be amplified from 

postmortem CSF samples. This is relevant because it could offer some insights when 

antemortem CSF samples are negative but there is detectable brain pathological αSyn 

upon neuropathological analysis. In these cases, positive postmortem CSF results could 

indicate that the αSyn pathological process started after antemortem CSF collection or 

that the disease process was too early at the time of antemortem CSF collection. 

However, we observed a reduction in sensitivity when testing postmortem CSF from 

neocortical/limbic cases, driven by 2 samples that were negative. Since we observed an 

increase in sensitivity when analyzing amygdala-predominant postmortem CSF, αSyn 

seed degradation or overall CSF instability is unlikely to explain the difference. 

Preliminary observations suggest that brain debris or cellular breakdown products could 

contaminate the sample during postmortem CSF collection, which effects could be 

minimized at least partially by centrifugation. Nevertheless, the instability of αSyn seeds 

and other CSF components in postmortem CSF and their potential effects on αSyn-SAA 

have not been systematically studied and require further exploration. 

The assay’s ability to identify clinically unexpected synuclein pathology is an area 

of great potential. Our results indicate that 27/75 (36%) of the clinically diagnosed AD 

patients had αSyn aggregates in their antemortem CSF and were later autopsy-confirmed 

to have limbic/neocortical LB disease. DLB can be misdiagnosed as AD during life, and 

the presence of moderate to severe AD-related tau pathology is associated with a lower 
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likelihood of visual hallucinations and cognitive fluctuations, and worse performance on 

tests of episodic memory and naming in DLB patients, meaning that it is more challenging 

to diagnose these patients with mixed pathologies accurately (987, 988, 990).  

Clinically, our cohort included only 4 PD and 9 DLB cases, and pathologically, 

there were no cases with brainstem-only αSyn-pathology which are limitations of the 

study. Our study adds valuable new information about the accuracy of αSyn-SAA in the 

context of co-pathology and non-LBD diagnoses. In another study, CSF from 4 cases with 

incidental αSyn-pathology in brainstem-only have been analyzed by αSyn-SAA (977). 

Three of these cases were positive, suggesting that brainstem pathological αSyn shares 

propagation features with limbic and neocortical rather than amygdala-predominant 

pathological αSyn. Since brainstem-only pathological αSyn is an early event, these 

results are consistent detection of αSyn seeds in CSF of prodromal PD cases, like 

isolated REM sleep behavior disorder (iRBD) (977, 981, 991). Finally, other minor 

weaknesses include potential differences in interpretation of the NACC guidelines 

between the two institutions and the impossibility to determine if patients with αSyn-SAA 

negative antemortem CSF and pathological αSyn upon autopsy represent true false 

negatives or if the pathology developed after antemortem CSF collection. Additionally, 

the limbic/neocortical group was skewed towards male participants. This is congruent 

with numerous studies identifying a sex-link for risk of synucleinopathy (992-994). Larger 

numbers of cases with additional distributions of pathological αSyn, particularly 

brainstem-only and olfactory-only, should be further investigated to get a full picture of 

the relationship between brain pathology and CSF αSyn-SAA positivity. Lastly, further 

work is needed to fully interrogate differences in the seeding activity between pathological 
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αSyn from different brain regions. It is unknown if the differences reflect the conformation 

of the seeds (strains), interactions with co-localized co-pathology, or perhaps brain region 

specific components (proteins, lipids, polysaccharides, nucleic acids, etc.) that may have 

an effect of the αSyn-SAA. Our data suggest that AD co-pathology is unlikely to explain 

the differences based on CSF measures, CERAD scores, Braak-tau stages, and Thal 

phases. 

In this large, multicentered autopsy-validated cohort of patients with a variety of 

stages of αSyn-pathology, our results indicate that the αSyn-SAA is highly predictive of 

neocortical or limbic αSyn-pathology in aging patients for whom αSyn-pathology is not 

clinically suspected. This feature makes αSyn-SAA a diagnostic tool with great potential 

for clinical trials aiming to initiate interventions early in the disease process or to select-

out patients with co-incidental αSyn-pathology. However, there was substantially lower 

sensitivity to detect amygdala-predominant αSyn pathology in brain tissue and CSF, 

which may have distinct biochemical properties and seeding potential that reduces 

detection in current generation of αSyn-SAAs. 

 

 

B.5 Methods 
 
Patient Selection 

eIRB 725 of Oregon Health and Science University ADRC gave ethical approval 

for this work. IRB 170957 of University of California San Diego ADRC gave ethical 

approval for this work. Informed consent was obtained from each subject for the retrieval 

of biological samples. 
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Participants in brain aging studies from the Oregon Alzheimer’s Disease Center 

(OADC) (n=57) and University of California San Diego Shiley-Marcos Alzheimer’s 

Disease Research Center (UCSD-ADRC) (n=62) who had 1) CSF collection during life, 

and 2) subsequent brain autopsy (n=119) were included in the study. All subjects had an 

annual battery of clinical, neuropsychologic, and other cognitive assessments, as 

described by the National Alzheimer’s Coordinating Center (NACC)(995), including Mini-

Mental State exam (MMSE), and Unified Parkinson’s Disease Rating Scale Part III 

(UPDRS). Blood was drawn for the determination of APOE genotype. Clinical diagnoses, 

assigned at the time of CSF collection, included AD (n=75), DLB (n=9), PD (n=4), mild 

cognitive impairment (MCI, n=11), other dementia (n=13, including frontotemporal 

dementia (n=10), mixed dementia (n=1), and “other dementia” (n=2)), and cognitively 

normal controls (n=7). Clinical diagnoses were assigned by a multidisciplinary consensus 

conference at each site. Pathologically, the cohort included patients with AD pathology 

(n=43), AD with αSyn-pathology (n=59), αSyn-pathology in isolation (n=3), progressive 

supranuclear palsy (n=2), corticobasal degeneration (n=2), FTLD TDP-43 (n=2), vascular 

disease in isolation (n=2), normal subjects (n=2), and patients with a mix of AD and other 

tauopathies (n=4) (Table B.3.1). Cases were grouped by αSyn-pathology distribution as 

below. Patient-level information can be found in Supplemental Table 1. 

 

CSF Analysis 

CSF was collected for all 119 cases by lumbar puncture in the morning fasting 

condition according to a standardized protocol (996). A subset of patients (n=56) had 

additional CSF samples obtained at the time of brain removal. CSF specimens were 
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divided into 0.5 ml aliquots and stored at -80°C. Antemortem CSF collection occurred 1-

15 years prior to autopsy (17.6% in 0-2yr, 46.3% in 2-5yr, 18.5% in 5-8yr, 6.7% in 8-10yr, 

10.9% in 10-16yr). Antemortem CSF was analyzed for Aβ40, Aβ42, t-tau and p-tau 

(Lumipulse, Fujirebio at both sites).  

CSF samples were initially analyzed by the endpoint qualitative version of the 

αSyn-SAA that has been validated for clinical use under CLIA/CAP certifications (clinical 

assay, SYNTapTM). Each sample was analyzed in triplicate (40µL CSF per well) in a 96-

well plate (COSTAR, cat# 3603) with a final volume reaction of 200µL).  The reaction 

mixture consisted of 0.3mg/mL rec-αSyn (Amprion, cat# S2020) in 100mM PIPES pH 

6.50, 500mM NaCl, 10µM ThT, and a 2.5mm borosilicate glass bead per well. Plates were 

sealed using an Optical Adhesive Film (ThermoFisher, cat# 4311971) and shaken at 

800rpm with orbital shaking for 1min every 29min of quiescent incubation in a TIMIX 5 

shaker (Edmund Buehler) placed in an incubator set to 37°C. Bottom fluorescence 

readings at 490nm were performed using a BMG FLUOstar Omega. This clinical version 

of the assay was performed according to standard operational procedures in agreement 

with CLIA regulation. CSF samples were deemed “Detected” or “Not Detected” based on 

a preestablished threshold for the median maximum fluorescence of the triplicate. The 

research and development (R&D) kinetic αSyn-SAA was utilized to analyze CSF samples 

and brain tissues. The methods of the kinetic αSyn-SAA have been reported in detail 

elsewhere (974, 975). Briefly, CSF samples and brain homogenates (BHs) were 

evaluated in triplicates (40µL/well) in a 96-well plate (COSTAR 96, cat# 3916), in a 

reaction mix consisting of 0.3mg/ml rec-αSyn (Amprion, cat# S2021), 100mM PIPES pH 

6.50 (Sigma, cat# 80635), 500mM NaCl (Lonza, cat# 51202), 10µM ThT (Sigma, cat# 
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T3516), and a 3/32-inch BSA-blocked Si3N4 bead (Tsubaki Nakashima). This assay was 

performed in a BMG FLUOstar Omega shaker/reader with orbital shaking at 800rpm for 

1min and 29min of quiescent incubation at 37°C. Fluorescence at 490nm was measured 

every 30min for accurate estimation of kinetic parameters. The assay outcomes of the 

R&D kinetic assay are positive, inconclusive, or negative, based on a probabilistic 

algorithm that uses maximum fluorescence and kinetic parameters(974). Maximum 

fluorescence (Fmax, RFU) was the highest fluorescence reading within the length of the 

assay. A 4-parameter fit (Mars, BMG) was fit to estimate the slope (RFU/h) and the time 

to reach 50% of the Fmax (T50, h) of each replicate/well. The time to threshold (TTT, h) 

was determined with a user defined formula (Mars, BMG); threshold was set to 5,000 

RFU. Scientists performing the assay were blinded to the clinical or pathological 

diagnoses associated with the samples. 

 

Brain Tissue Analysis 

In a subset of patients (n=22), 500mg samples of frozen brain tissue from the 

middle frontal cortex and amygdala were provided for αSyn-SAA. Cases included those 

without αSyn-pathology (n=4), amygdala-predominant αSyn-pathology (n=10), and 

limbic/neocortical αSyn-pathology (n=8). All frozen samples were provided from the 

UCSD-ADRC. 

Frontal cortex and amygdala samples were homogenized to 10% w/v in 1XPBS 

(Cytiva, cat# SH30256.02) with cOmplete Mini EDTA-free protease inhibitor cocktail 

(Roche, cat# 11836170001). Approximately 100µg of brain sample was homogenized in 

1.5mL tubes preloaded with 1mm zirconium beads (cat# 11079110zx) in a MP FastPrep 
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24 homogenizer. Two rounds of homogenization were performed for all samples (15s at 

4m/s and 30s at 6m/s). If additional homogenization was needed, samples were chilled 

on ice for 5min in between additional homogenization rounds at 6m/s for 30s. BHs were 

centrifuged at 800xg for 1 minute to remove cellular debris. Supernatants were collected, 

vortexed, aliquoted, and stored at -80°C until αSyn-SAA analysis. BH aliquots were 10-

fold serially diluted in synthetic CSF (Amprion, cat# S2022) up to 10-9 and analyzed in 

triplicates. Results for 10-8 dilution are shown to avoid negativity by over-dilution.   

 

Neuropathological Assessments 

Neuropathological assessments were performed in a standardized manner with 

various pathologies assessed using hematoxylin and eosin staining and 

immunohistochemistry directed against tau, amyloid-β, α-synuclein, and TDP-43 species 

as appropriate and pathological diagnoses were assigned by expert neuropathologists 

(987, 997-999). MSA cases were excluded from this study given the known altered 

kinetics on αSyn-SAA assays compared to PD and DLB cases (1000). Alzheimer’s 

disease neuropathological change was assigned according to NACC guidelines after 

Braak tau stage, CERAD stage, and Thal phase was determined (997, 1001). Distribution 

of LRP was determined via α-synuclein immunohistochemistry staining (OADC: αSyn 

MJFR1, Abcam; UCSD-ADRC: pSer129 αSyn 81A, Biolegend Laboratories) using slices 

from pons and/or midbrain, hippocampus, amygdala, and neocortical areas including 

temporal cortex and/or middle frontal cortex and the following staging definitions were 

applied: Neocortical: midbrain+ pons+ hippocampus+ amygdala+ neocortex+; Limbic: 
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midbrain+ pons+ hippocampus+ amygdala+ neocortex-; Amygdala-predominant: 

midbrain- pons- hippocampus+/- amygdala+ neocortex- (665). 

 

Statistical Analysis 

Clinical and pathological differences between the OADC and UCSD-ADRC 

cohorts were assessed to determine the necessity for stratification by site. All DLB and 

PD patients were from UCSD. Sensitivity, specificity, and predictive values were 

calculated via chi-squared test with 95% confidence intervals calculated using the hybrid 

Wilson-Brown method. Differences in kinetic parameters were analyzed by one-way 

ANOVA with Tukey’s multiple comparisons test or unpaired t-test. Prior to testing group 

differences, all outcome variables were assessed for normality. For normally distributed 

continuous variables, we used the General Linear Model (GLM) to test whether there 

were group differences in the outcome variables (age at death, onset of cognitive 

symptoms, and MMSE decline rate). For non-normally distributed continuous variables 

(UPDRS at lumbar puncture, MMSE at lumbar puncture, UPDRS at most recent visit, 

MMSE at most recent visit, CDR at most recent visit, lumbar puncture to autopsy interval, 

CSF Aβ40, Aβ42, t-tau, and p-tau, disease duration, postmortem interval), we used a 

Kruskal-Wallis test (more than two groups) or a Wilcoxon rank-sum test (two groups) to 

test for group differences. Post hoc pairwise comparisons were tested using the Dwass, 

Steel, Critchlow-Fligner Method. We used chi-square tests or fisher’s exact tests to test 

for group differences when outcome variables were categorical (biological sex, early-

onset status, neuropathology diagnosis, clinical diagnosis, NACC variables: Thal phase 

for amyloid plaques, Braak stage for neurofibrillary degeneration, density of neocortical 
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neuritic plaques, NIA-AA Alzheimer’s disease neuropathologic change (ADNC), density 

of diffuse plaques, cerebral amyloid angiopathy, arteriosclerosis, APOE status. For the 

following variables, we had data from both the OADC and UCSD-ADRC cohorts: onset 

of cognitive symptoms, disease duration, age at death, rate of MMSE decline, MMSE at 

lumbar puncture, most recent MMSE score, interval between lumbar puncture and 

autopsy, postmortem interval, biological sex, clinical diagnosis, Thal phase, Braak tau 

stage, Cerad stage, ADNC, APOE genotype, CSF Aβ40, Aβ42, t-tau, and p-tau. UPDRS 

score at lumbar puncture was only collected at UCSD. Statistical significance was set at 

p < 0.05.  
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OHSU 1440 M 73 65 8 3 AD 1) AD LRP- - -     AD 

OHSU 2158 F 86 69 17 5 AD 1) AD LRP- - -     AD 

OHSU 2272 F 91 75 15 6 AD 1) AD LRP- - -     AD 

OHSU 2543 M 95 82 13 7 AD 1) AD LRP- - -     AD 

OHSU 2079 M 81 65 15 7 AD 1) AD  2) HS  3) VD LRP- - -     AD + HS + VD 

OHSU 3513 F 99 94 6 11 AD 1) AD  2) VD LRP- - -     AD + VD 

OHSU 2487 M 69 45 24 13 AD 1) AD LRP- - -     AD 

UCSD 5907 F 66 58 8 3 AD 1) AD 2) AA 3) VD 
4) Tau LRP- - - - - AD + AA + VD 

+ ARTAG 
UCSD 5830 F 64 57 7 3 AD 1) Normal LRP- - -     Normal 

UCSD 5787 M 90     3 AD 1) AD LRP- - -     AD 

UCSD 5814 M 75 61 14 4 AD 1) AD LRP- - -     AD 

UCSD 5825 M 79 72 7 5 AD 1) AD 2) HS LRP- - -     AD + HS 

UCSD 5892 F 77 65 12 5 AD 1) AD 2) AA LRP- - - - - AD + AA 

UCSD 5846 F 65 49 16 11 AD 1) AD LRP- - -     AD 

OHSU 3116 M 71 53 18 15 FRONTOTEMP 1) FTLD LRP- - -     FTLD-TDP43 

UCSD 5806 M 57 55 2 2 FRONTOTEMP 1) FTLD LRP- - -     CBD 

UCSD 5849 M 71 63 8 5 FRONTOTEMP 1) AD LRP- - -     AD 

OHSU 2790 F 84 78 5 1 MCI 1) AD  2) VD LRP- - -     AD + VD 

OHSU 3147 F 89 86 2 10 MCI 1) AD LRP- - -     AD 

OHSU 3817 F 93 85 8 11 MIXED 1) AD  2) HS  3) VD LRP- - -     AD + HS + VD 

OHSU 3476 F 72     10 NONE 1) AD LRP- - -     AD 

OHSU 3624 M 93 82 11 12 NONE 1) VD  2) AD LRP- - -     AD + VD 

UCSD 5828 F 71 70 1 2 NONE 1) AD 2) PART 3) 
METS LRP- - -     AD + PART + 

METS 
OHSU 2310 M 76 55 20 10 AD 1) AD LRP- - +     AD 

OHSU 1742 M 65 49 16 10 AD 1) AD LRP- - +     AD 

OHSU 3425 M 98 88 10 11 MCI 1) AD LRP- - +     AD 

OHSU 1219 M 63     1 AD 1) AD  2) CALP LRP- -       AD + AA 

OHSU 1276 M 81 74 7 1 AD 1) AD  2) VD  3) 
CALP LRP- -       AD + AA + VD 

OHSU 1399 M 85 76 8 2 AD 1) AD LRP- -       AD 

OHSU 982 F 75 69 6 2 AD 1) AD  2) CAL LRP- -       AD + AA 

OHSU 1510 F 66 53 13 4 AD 1) AD LRP- -       AD 

OHSU 1610 M 62 53 9 4 AD 1) AD LRP- -       AD 

OHSU 914 F 67 55 12 5 AD 1) FTLD LRP- -       FTLD-Tau 

OHSU 1688 F 76 63 13 6 AD 1) AD LRP- -       AD 
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OHSU 1171 M 44 35 9 6 AD 1) AD LRP- -       AD 

OHSU 1770 F 83 70 13 8 AD 1) AD LRP- -       AD 

OHSU 1583 M 93 81 13 8 AD 1) AD LRP- -       AD 

UCSD 5712 F 85 73 12 2 AD 1) AD LRP- -       AD 

UCSD 5791 M 79     2 AD 1) AD 2) HS 3) 
LMN Encephalitis LRP- -       

AD + HS + 
LMN 

Encephalitis 
UCSD 5732 F 79     3 AD 1) AD LRP- -       AD 

UCSD 5047 M 69 56 13 8 AD 1) AD LRP- -       AD 

OHSU 850 F 48 43 6 2 FRONTOTEMP 1) PSP LRP- -       PSP 

OHSU 1124 M 67     6 FRONTOTEMP 1) PK  2) AD LRP- -       AD + Pick's 
disease 

UCSD 5766 M 81 71 10 4 FRONTOTEMP 1) FTLD LRP- -       PSP 

OHSU 3482 F 88     10 MCI 1) AD LRP- -       AD 

UCSD 5681 M 92 90 2 1 MCI 1) AD 2) VD LRP- -       AD + VD 

UCSD 5687 M 85 79 6 2 MCI 1) Normal 2) VD LRP- -   - - VD 

OHSU 1873 M 83     0 NONE 1) Normal LRP- -       Normal 

UCSD 5816 F 83     3 NONE 1) AD 2) PART LRP- -       AD + PART 

UCSD 5276 M 94 86 8 16 NONE 1) AD 2) VD LRP- -       AD + VD 

OHSU 1271 M 68 59 9 7 OTHDEM 1) VD LRP- -       VD 

UCSD 5853 M 72 65 7 3 OTHDEM 1) FTLD 2) VD 3) 
AA LRP- -   2/3 - AA + VD + 

CBD 
OHSU 1856 F 86 70 17 8 AD 1) AD  2) VD Limbic - -     AD + VD 

UCSD 5873 M 73 55 18 1 AD 1) AD 2) AA 3) LBD 
4) TDP-43 

Amygdala-
predominant - - - - 

AD + AA + 
FTLD-TDP43 
+ αSyn-Path 

UCSD 5908 F 10
1 90 11 8 AD 1) AD 2) AA 3) LBD 

4) Tau 
Amygdala-

predominant - - - - AD + AA + 
αSyn-Path 

UCSD 5869 F 67 56 11 4 FRONTOTEMP 1) FTLD 2) LBD Amygdala-
predominant - - - - FTLD-TDP43 

+ αSyn-Path 

UCSD 5872 M 77 69 8 6 MCI 1) AD 2) AA 3) LBD 
4) TDP-43 

Amygdala-
predominant - - - - 

AD + AA + 
FTLD-TDP43 
+ αSyn-Path 

OHSU 3235 M 92 78 14 3 AD 1) AD  2) LBD  3) 
VD 

Amygdala-
predominant - +     AD + VD + 

αSyn-Path 

OHSU 2201 M 86 71 15 10 AD 1) AD  2)  VD Amygdala-
predominant - +     AD + VD 

UCSD 5812 M 84 75 9 5 AD 1) AD 2) LBD 3) VD Amygdala-
predominant - + 2/3 + AD + VD + 

αSyn-Path 

UCSD 5901 F 87 79 8 5 AD 1) AD 2) AA 3) LBD  Amygdala-
predominant - + - + AD + AA + 

αSyn-Path 

UCSD 5896 M 86 77 9 5 AD 1) AD 2) AA 3) LBD 
4) TDP-43 

Amygdala-
predominant - + - + 

AD + AA + 
FTLD-TDP43 
+ αSyn-Path 

OHSU 2666 M 97     8 MCI 1) VD  2) AD Amygdala-
predominant - +     AD + VD 

OHSU 1663 M 80 67 13 2 AD 1) AD Amygdala-
predominant -       AD 

OHSU 1454 F 86 77 9 3 AD 1) AD Amygdala-
predominant -       AD 

OHSU 832 M 61 53 9 4 AD 1) AD Amygdala-
predominant -       AD 

OHSU 1553 F 71 62 9 4 AD 1) AD Amygdala-
predominant -       AD 

OHSU 1201 M 68 57 11 7 AD 1) AD  2) CALP Amygdala-
predominant -       AD + AA 

UCSD 5731 F 84 76 8 2 AD 1) AD 2) LBD Amygdala-
predominant -   -   AD + αSyn-

Path 
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UCSD 5800 F 92 81 11 4 AD 1) AD Amygdala-
predominant -   2/3 + AD 

OHSU 1034 F 59 46 13 5 FRONTOTEMP 1) PK  2) AD Amygdala-
predominant -       AD + Pick's 

disease 
UCSD 5704 M 78 72 6 2 DLB 1) AD LRP- +       AD 

UCSD 5659 M 69 63 6 3 DLB 1) LBD 2) AD Neocortical + -     AD + αSyn-
Path 

OHSU 2297 F 80 72 8 5 AD 1) AD  2) LBD  3) 
VD Neocortical + +     AD + VD + 

αSyn-Path 

OHSU 1729 M 58 48 10 6 AD 1) AD  2) LBD Neocortical + +     AD + αSyn-
Path 

OHSU 1786 F 82 69 13 7 AD 1) AD  2) VD Neocortical + +     AD + VD 

OHSU 2034 M 82 63 18 10 AD 1) AD  2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5832 M 66 58 8 2 AD 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5865 M 72 66 6 2 AD 1) AD 2) LBD 3) AA Neocortical + + + + AD + AA + 
αSyn-Path 

UCSD 5899 F 59 51 8 3 AD 1) AD 2) AA 3) LBD 
4) TDP-43 Neocortical + + + + 

AD + AA + 
FTLD-TDP43 
+ αSyn-Path 

UCSD 5852 M 85 74 11 4 AD 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5831 M 87 81 6 5 AD 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5877 M 80 68 12 7 AD 1) AD 2) AA 3) LBD Neocortical + +     AD + AA + 
αSyn-Path 

UCSD 5898 M 73 52 21 10 AD 1) LBD 2) AD 3) 
Tau Neocortical + + + + AD + ARTAG 

+ αSyn-Path 

UCSD 5696 M 75 69 6 3 DLB 1) LBD 2) AD Neocortical + +     AD + αSyn-
Path 

UCSD 5843 M 79 67 12 4 DLB 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5829 M 69     3 FRONTOTEMP 1) AD 2) LBD 3) HS Neocortical + +     AD + HS + 
αSyn-Path 

UCSD 5835 F 86 79 7 3 MCI 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5798 F 87 80 7 5 MCI 1) AD 2) LBD Neocortical + +     AD + αSyn-
Path 

OHSU 3960 M 95 89 6 12 NONE 1) AD  2) LBD Neocortical + +     AD + αSyn-
Path 

UCSD 5895 M 73 62 11 7 PD 1) LBD 2) AD 3) VD Neocortical + + + + AD + VD + 
αSyn-Path 

OHSU 1269 M 70 61 9 2 AD 1) LBD  2) AD Neocortical +       AD + αSyn-
Path 

OHSU 1301 M 83 76 7 2 AD 1) AD  2) PD Neocortical +       AD + αSyn-
Path 

OHSU 1449 M 84 79 5 2 AD 1) AD  2) LBD Neocortical +       AD + αSyn-
Path 

OHSU 1486 M 73 66 6 3 AD 1) AD  2) LBD Neocortical +       AD + αSyn-
Path 

OHSU 1779 M 84 72 12 5 AD 1) AD  2) LBD Neocortical +       AD + αSyn-
Path 

UCSD 5851 M 71 63 8 1 AD 1) AD 2) LBD Neocortical +   + + AD + αSyn-
Path 

UCSD 5855 M 64 57 7 3 AD 1) AD 2) LBD 3) HS Neocortical +       AD + HS + 
αSyn-Path 

UCSD 5706 M 83 77 6 3 AD 1) AD 2) LBD 3) HS Neocortical +       AD + HS + 
αSyn-Path 

UCSD 5745 M 73     3 AD 
1) FTLD 2) PSP 3) 
Corticobasal 4) HS 

5) LBD 
Neocortical +       

HS + PSP + 
CBD + αSyn-

Path 
UCSD 4879 M 75 62 13 4 AD 1) LBD  Neocortical +       αSyn-Path 

UCSD 5183 F 81 61 20 15 AD 1) LBD  Neocortical +       αSyn-Path 

UCSD 5688 M 88 82 6 2 DLB 1) LBD 2) AD Neocortical +       AD + αSyn-
Path 
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UCSD 5729 M 70 63 7 2 DLB 1) LBD  Neocortical +       αSyn-Path 

UCSD 5815 M 84 72 12 3 DLB 1) LBD 2) AD Neocortical +       AD + αSyn-
Path 

UCSD 5505 F 68 62 6 3 DLB 1) LBD 2) AD Neocortical +       AD + αSyn-
Path 

UCSD 5778 M 72 59 13 4 DLB 1) PD 2) AD Neocortical +   + + AD + αSyn-
Path 

UCSD 5752 M 67 54 13 8 MCI 1) LBD 2) AD Neocortical +   + + AD + αSyn-
Path 

UCSD 5615 M 76 67 9 0 PD 1) LBD 2) AD 3) VD Neocortical +       AD + VD + 
αSyn-Path 

UCSD 5762 M 81 72 9 4 PD 1) LBD 2) PD 3) AD Neocortical +   + + AD + αSyn-
Path 

OHSU 1472 M 79 64 15 2 AD 1) AD  2) HS Limbic +       AD + HS 

OHSU 1497 M 79 65 13 3 AD 1) AD  2) VD Limbic +       AD + VD 

OHSU 1675 M 75 65 10 3 AD 1) AD Limbic +       AD 

UCSD 5733 M 64 59 5 0 AD 1) AD 2) LBD Limbic +       AD + αSyn-
Path 

UCSD 5875 F 72 61 11 4 AD 1) AD 2) AA 3) LBD 
4) TDP-43 Limbic +       

AD + AA + 
FTLD-TDP43 
+ αSyn-Path 

UCSD 5742 M 77 71 6 3 PD 1) LBD 2) PD 3) AD Limbic +       AD + αSyn-
Path 

OHSU 693 M 80 71 9 1 AD 1) AD 2) Infarcts Amygdala-
predominant +       AD + Infarcts 

OHSU 1436 F 40 37 4 2 AD 1) AD Amygdala-
predominant +       AD 

UCSD 5741 F 91 83 8 1 FRONTOTEMP 1) AD 2) PSP 3) 
LBD 4) VD 

Amygdala-
predominant +   - 2/3 

AD + VD + 
PSP + αSyn-

Path 

 
Table B.8.1. Summary of patient information. For pathology diagnoses, 
AD=Alzheimer’s disease, CAL=leptomeningial congophilic angiopathy, 
CALP=lepto/parenchymal congophilic angiopathy, FTLD=fronto-temporal lobe 
degeneration, HS=hippocampal sclerosis, LBD=Lewy body dementia, Normal=no 
irregular pathology, PD=Parkinson’s disease, PK=picks lobar sclerosis, PSP=progressive 
supranuclear palsy, VD=vascular disease. SAA for Table B.8.1 was performed by 
Amprion Inc. Neuropathology analysis was performed by Randy Woltjer and UCSD 
pathology. 
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 No αSyn-pathology (n=53) Amygdala (n=21) Limbic/Neocortical 
(n=45) 

  

 N Mean (SD) N Mean (SD) N Mean (SD) Test 
statistic 

p value 

Age at 
death#  

53 77.2 (12.1) 21 79 (14.4) 45 76.3 (8.1) F=0.43 0.65 

Age at onset 
of clinical 
symptoms#   

44 66.9 (13.8) 20 67.9 (13.7) 43 66.8 (8.9) F=0.07 0.94 

Rate of 
decline in 
MMSE score 
#   

41 3.1 (3.3) 13 5.1 (3.7) 34 3.6 (2.8) F=1.76 0.18 

  Median (IQR)  Median (IQR)  Median (IQR)   
Onset to LP 
Duration 

44 4.6 (2.6, 6.9) 20 5.7 (4.1, 7.0) 43 5.1 (3.5, 7.2) χ2=2.43 0.30 

Total 
Disease 
Duration 

44 9.1 (6.6, 13.2) 20 9.3 (8.4, 11.8) 43 8.8 (6.2, 12.0) χ2=0.86 0.65 

UPDRS part 
III score at 
lumbar 
puncture##  

15 0 (0, 0) 8 0 (0, 0) 21 11 (4, 25) χ2=21.59 <0.0001 

MMSE score 
at lumbar 
puncture## 

53 24 (19, 29) 21 23 (14, 26) 43 22 (17, 26) χ2=5.17 0.08 

MMSE score 
at last visit##  

53 15 (4, 22) 21 12 (9, 19) 44 15.5 (7, 21.5) χ2=0.06 0.97 

CDR score 
at last visit##  

53 2 (1, 3) 21 2 (2, 3) 44 2 (2, 2.5) χ2=1.01 0.60 

UPDRS part 
III score at 
last visit##  

40 0 (0, 0) 13 0 (0, 2) 27 8 (0, 17) χ2=14.93 0.0006 

LP to 
autopsy 
interval ##  

53 4.7 (2.4, 8.4) 21 3.9 (2.4, 5.4) 45 3.2 (2.7, 5.1) χ2=2.83 0.24 

Aβ42##  
OHSU 
UCSD 

 
13 
17 

 
622 (531, 857) 
398 (308, 532) 

 
5 

10 

 
575 (374, 705) 
497 (405, 519) 

 
10 
25 

 
546.5 (419, 635) 
377 (298, 438) 

 
χ2=0.94 
χ2=3.38 

 
0.62 
0.18 

Aβ40##  
OHSU 
 
UCSD 

 
13 

 
17 

 
10742 (8768, 13505) 

7213 (6232, 9367) 

 
5 
 

10 

 
10248 (7981, 

13278) 
9143 (7375, 

11203) 

 
10 

 
25 

 
9894.5 (5931, 

11009) 
7744 (5236, 8518) 

 
χ2=1.88 

 
χ2=4.47 

 
0.39 

 
0.11 

Tau##  
OHSU 
UCSD 

 
13 
17 

 
576 (472, 720) 
502 (363, 763) 

 
5 

10 

 
924 (585, 966) 
566 (535, 694) 

 
10 
25 

 
506.5 (331, 731) 
353 (248, 531) 

 
χ2=1.56 
χ2=4.98 

 
0.46 
0.08 

pTau##  
OHSU 
UCSD 

 
13 
17 

 
86.7 (75.7, 100.6) 
67.6 (42.9, 102.1) 

 
5 

10 

 
152.9 (94.1, 156.4) 

88.2 (80.2, 92.8) 

 
10 
25 

 
84.1 (56.7, 112.4) 

54.2 (31.7, 71) 

 
χ2=1.99 
χ2=4.38 

 
0.37 
0.11 

Aβ42/40##  
OHSU 
UCSD 

 
13 
17 

 
0.06 (0.05, 0.07) 
0.05 (0.05, 0.07) 

 
5 

10 

 
0.05 (0.05, 0.05) 
0.05 (0.04, 0.06) 

 
10 
25 

 
0.07 (0.05, 0.07) 
0.05 (0.04, 0.06) 

 
χ2=2.38 
χ2=0.80 

 
0.30 
0.67 

  Percent  Percent  Percent   
Sex###  

Male 
Female 

 
31 
22 

 
 (39.7%) 
 (83.7%) 

 
11 
10 

 
(14.1%) 
(24.4%) 

 
36 
9 

 
(46.2%) 
(37.8%) 

χ2=6.94 0.03 

Clinical 
diagnosis##
# 

No 
dementia 
AD 
DLB 
PD 
Other 
dementia 
MCI 

 
 

6 
31 
1 
0 
9 
6 

 
 

(85.7%) 
(41.3%) 
(11.1%) 

(0%) 
(69.2%) 
(54.6%) 

 
 

0 
16 
0 
0 
3 
2 

 
 

(0%) 
(21.3%) 

(0%) 
(0%) 

(23.1%) 
(18.2%) 

 
 

1 
28 
8 
4 
1 
3 

 
 

(14.3%) 
(37.3%) 
(88.9%) 
(100%) 
(7.7%) 

(27.3%) 

χ2=28.0 0.002 
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Thal 
phase###  

0 
1 
2 
3 
4 
5 

 
5 
0 
3 
0 
8 

11 

 
(83.3%) 

(0%) 
(75%) 
(0%) 

(42.1%) 
(33.3%) 

 
1 
0 
0 
0 
3 
8 

 
(16.7%) 

(0%) 
(0%) 
(0%) 

(15.8%) 
(24.2%) 

 
0 
1 
1 
2 
8 

14 

 
(0%) 

(100%) 
(25%) 

(100%) 
(42.1%) 
(42.4%) 

χ2=11.80 0.30 

Braak 
stage### 

0 
1 
2 
3 
4 
5 
6 

 
6 
2 
0 
4 
2 
7 

32 

 
(66.7%) 
(40%) 
(0%) 

(66.7%) 
(22.2%) 
(31.8%) 
(49.2%) 

 
1 
1 
0 
0 
1 
4 

14 

 
(11.1%) 
(20%) 
(0%) 
(0%) 

(11.1%) 
(18.2%) 
(21.5%) 

 
2 
2 
3 
2 
6 

11 
19 

 
(22.2%) 
(40%) 

(100%) 
(33.3%) 
(66.7%) 
(50%) 

(29.2%) 

χ2=15.53 0.21 

CERAD 
score###  

None 
Sparse 
Moderate 
Frequent 

 
12 
4 

12 
25 

 
(80%) 

(44.4%) 
(33.3%) 
(42.4%) 

 
2 
1 
6 

12 

 
(13.3%) 
(11.1%) 
(16.7%) 
(20.3%) 

 
1 
4 

18 
22 

 
(6.7%) 

(44.4%) 
(50%) 

(37.3%) 

χ2=11.3 0.08 

ADNC###  
None 
Low 
Intermedia
te 
High 

 
5 
3 
5 

17 

 
(83.3%) 
(33.3%) 
(31.3%) 
(40.5%) 

 
1 
0 
1 
9 

 
(16.7%) 

(0%) 
(6.3%) 

(21.4%) 

 
0 
6 

10 
16 

 
(0%) 

(66.7%) 
(62.5%) 
(38.1%) 

χ2=11.73 0.07 

Semi-
CERAD 
score### 

None 
Sparse 
Moderate 
Frequent 

 
 

12 
4 
8 

26 

 
 

(63.2%) 
(57.1%) 
(33.3%) 
(41.3%) 

 
 

4 
1 
2 

13 

 
 

(21.1%) 
(14.3%) 
(8.3%) 

(20.6%) 

 
 

3 
2 

14 
24 

 
 

3 (15.8%) 
2 (28.6%) 

14 (58.3%) 
24 (38.1%) 

χ2=9.47 0.15 

Cerebral 
amyloid 
angiopathy#
## 

None 
Mild 
Moderate 
Severe 

 
 

18 
10 
13 
9 

 
 

(47.4%) 
(43.5%) 
(37.1%) 
(50%) 

 
 

4 
5 
8 
2 

 
 

(10.5%) 
(21.7%) 
(22.9%) 
(11.1%) 

 
 

16 
8 

14 
7 

 
 

(42.1%) 
(34.8%) 
(40%) 

(38.9%) 

χ2=3.17 0.79 

Arteriosclero
sis### 

None 
Mild 
Moderate 
Severe 
Missing/No
t done 

 
12 
19 
8 
2 
3 

 
(48%) 

(52.8%) 
(33.3%) 
(50%) 

(21.4%) 

 
4 
6 
5 
0 
1 

 
(16%) 

(16.7%) 
(20.8%) 

(0%) 
(7.1%) 

 
9 

11 
11 
2 

10 

 
(36%) 

(30.6%) 
(45.8%) 
(50%) 

(71.4%) 

χ2=9.16 0.33 

ApoE4###  
Non-
carrier 
Carrier 

 
26 
26 

 
(55.3%) 
(37.1%) 

 
8 

12 

 
(17.0%) 
(17.1%) 

 
13 
32 

 
(27.7%) 
(45.7%) 

χ2=4.47 0.12 

 
Table B.8.2. Summary of statistical analysis between αSyn pathology groups. # 
general linear model used for analysis, ## Kruskal-Wallis test used for analysis, ### Chi-
square test used for analysis. Neuropathology analysis was performed by Randy Woltjer 
and UCSD pathology. 
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