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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, aSyn, 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,
| conclude that there are distinct clinical characteristics in Parkinson’s Disease-associated
melanoma and that the upregulation of aSyn in melanoma is important in functional DNA
double-strand break repair, essential for cell growth phenotypes in vitro and in vivo. In
Chapter 5, | explore the limitations of this work as well as future directions for
investigation; | ultimately propose a rationale for the co-occurrence of disease, in that
individuals with high levels of aSyn 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Lastly, Appendix A highlights unpublished work focusing on the role of aSyn in
DNA double-strand break repair using various models. Appendix B is adapted from
published work indicating the use of aSyn-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 (7), 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 (72, 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 (aSyn)-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 (29-37). 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 (57), 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 (685, 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 aSyn (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
LRRK?2 (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 LRRKZ2-associated phenotype is often correlated
to late-onset diseases (79, 85-87) and symptoms are almost indistinguishable from
idiopathic PD (88, 89). LRRKZ2 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 (97-93). 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, 107-103).
Other than the aforementioned point mutations associated with familial forms of
PD, mutations in the gene GBA71 make up the most prevalent genetic risk factor for
idiopathic PD. About 5-15% of PD patients will have mutations in the GBA1 gene (7104)
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 (705, 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 (777). 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 (778). 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 (718). Rigidity occurs in approximately 75 to 90% of patients with PD (778) 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 (779). 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 (720-722). Generally, individuals with the
tremor-dominant subtype show slower progression and less neuropsychologic
impairment than the other two groups (723-729). 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 (729, 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 (7136),
and are commonly referred to as prodromal-PD (pPD) disorders. These include RBD
(137-142), constipation, and hyposmia (743-146). 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 (747-149), mood disorders (750, 151), sleep disturbances (152, 153),
fatigue (154, 155), autonomic dysfunction (744, 156-160), olfactory dysfunction (743), and
pain and sensory disturbances (767). In a multicenter survey, 97% of PD patients
reported non-motor symptoms, with an average of 8 symptoms (752). Another single-
center survey study found that PD patients reported the most troublesome non-motor
symptoms to be mood disorders, pain, and sleep problems (752). 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 (777). 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 (1717). 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% (762).

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 (7163-766). 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 (767-169).
Ligands that detect aSyn for PET are currently in development (770). Lastly, testing for
aSyn 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 aSyn 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 (777). 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 (772, 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 aSyn 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 (776).

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 (7178).
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Concepts associated with aSyn 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 (779), 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 (780). 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 (787). 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 (782, 183). In
addition, active immunotherapy-based modalities directed against aSyn 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 (786). 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 (787). 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 (788). Although the incidence of
melanoma is rising worldwide, most likely due to increasing numbers of skin biopsies
(789, 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 (797-196), immunosuppression (197-200), light-
complexion (7191, 2017), red or blond hair (207), and light eye color (207). 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 (786, 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 (272). 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 (274) 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 (276). 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 (278). 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 (279, 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 (2271-224). 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 (237).
The “T” stands for tumor thickness and is defined as: TO (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 (237-234). The “N” category details the
involvement of regional lymph nodes and is defined as: NO (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 | (T1-1NOMO), Stage Il

(T2-4NOMO), Stage Il (T2-4N1-3M0), and Stage IV (T2-4N1-3M1a-d) (237). 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 (CDNKZ2A, 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 NF7 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 (2771-273). 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 (287). The three most commonly linked familial melanoma genes are

CDKNZ2A(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 (297). 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 lll 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 (304-3712), altered RNA processing of BRAF

(373), and signaling through the parallel cell growth pathway, PI3K (374, 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 (3176).
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 1.5t0 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 (712, 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 (337-335) 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

39



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 (712, 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 (770). 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 TRPM?7 (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, 3617). 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 aSyn, 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 aSyn causes inhibition of TYR,
which leads to decreased melanin synthesis, leading in turn to the increased risk for
melanoma (367, 372). However, aggregated aSyn may regulate other components of the
melanin synthesis pathway, as well. In fact, Dean and Lee proposed an alternative
mechanism by which aSyn modulates Pmel17 function, a premelanosomal protein which
forms a fibrillar matrix that serves as a scaffold for melanin polymerization (373). aSyn
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, 387), 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
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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 (367), 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 (397), 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 aSyn in melanoma and PD is of great interest. Although
aSyn 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 aSyn 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 aSyn (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 aSyn 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

aSyn 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 aSyn to act as a chaperone
when bound to these docked synaptic vesicles to form SNARE complexes for
downstream neurotransmitter release from the presynaptic membra