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ABSTRACT OF THE DISSERTATION

Genetic risk factors for dyskinesia and hallucinations among
Parkinson's disease patients

by

Cynthia Diana Johanna Kusters
Doctor of Philosophy of Epidemiology
University of California, Los Angeles, 2019

Professor Beate R. Ritz, Chair

Parkinson’s disease (PD) will become more prevalent in the next decades as the world’s
population ages.! Although PD is diagnosed based on its motor symptoms, PD includes a wide
range of non-motor symptoms. Two symptoms, in particular, significantly decrease quality-of-
life: hallucinations and dyskinesia. Hallucinations are an important co-morbidity and dyskinesia
is a common treatment-related complication. This dissertation analyzes the genetic risk factors
for both dyskinesia and hallucinations, and identifies specific genetic variants and combinations
of genetic variants that are associated with a higher risk of developing these symptoms.

In the first study, a large population-based study (PEG) was used to establish the association
between four candidate genes (DRD1, DRD2, DRD3 and BDNF) and dyskinesia. This study
consisted of 418 patients whose diagnosis was confirmed by a movement disorder specialist,

who were using levodopa, and who had a minimum of three years disease duration at the time of
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assessment. Applying Haploview and Phase, haploblocks for DRD1-3 and BDNF were created.
Risk scores for DRD2 and DRD3 were generated. Risk ratios were calculated using Poisson
regression with robust error variance. One haplotype in each DRD2 haploblock was associated
with a 29% to 50% increase in dyskinesia risk. For each unit increase in risk score we observed a
16% increase in dyskinesia risk for DRD2 (95%CI: 1.05-1.29) and a 17% (95%CI: 0.99-1.40)
increase for DRD3. The BDNF haploblock was not associated, but the minor allele of the rs6265
SNP was associated with dyskinesia (adjusted RR 1.31 (95%CI: 1.01-1.70)). Among the
candidate genes for dyskinesia the following were genetic risk factors for dyskinesia: several
haplotypes in DRD2, possibly some haplotypes in DRD3, and the minor allele of rs6265 in
BDNF. Among PD patients, there is a constant tradeoff between increasing medication to
address PD symptoms and increasing the risk of dyskinesia. Genetic information could help
prevent or postpone this debilitating consequence of treatment and may improve patient-
centered, personalized therapy. Future studies are needed to confirm our findings and quantify
the benefits of implementing a personalized treatment based on a genetic risk score. PD patients
with these genetic variants may be prime candidates for treatments aiming to prevent or delay the
onset of dyskinesia.

The second and third study are based on three longitudinal PD cohorts: two population-based
studies (ParkWest and PEG) and one international clinic-based study (PPMI). The population
was restricted to Caucasians only (N=745). The second and third study in this dissertation
analyze the association between polygenic risk scores (PRS) and hallucinations. In the second
study, we describe the strengths and limitations of a PRS. In addition, a PRS for hallucinations
based on PD candidate genes was generated and validation was attempted. The PEG and PW

studies were used for the creation of the PRS, and the PPMI was used for validation.
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Unfortunately, the PRS generated with the two population-based studies could not be replicated,
most likely due to the sample size. A second PRS was created based on a large GWAS for PD.
Based on the findings from a pooled analysis of all three studies, the hallucinations PRS, based
on the GWAS, indicated that the following genes might contribute to increased risk of
developing hallucinations in PD: LRRK2, APOE, SLC6A4, BDNF and MAPT.

In the third study, the overlap of the genetic architecture for Alzheimer’s disease (AD) and
schizophrenia (SZ) with Parkinson’s hallucinations was assessed. For this purpose, two PRS
were created. Both PRS were based on previously performed, large GWAS; one for SZ and one
for AD. Various PRS were created using different p-value thresholds. The full PRS model, using
all SNPs consisted of over 70,000 SNPs (AD and SZ). The genetic risk for hallucinations
appears to differ by age at onset of PD. Stratifying by younger (<60 years) and older (60+ years)
age at diagnosis, the SZ-PRS was associated with an increased risk for hallucinations among
young PD patients (adjusted OR=1.18 (95%CI: 1.03-1.35, p-value 0.02). The AD-PRS was
positively associated with hallucinations in older onset PD patients (adjusted OR=1.27 (95%CI:
1.08-1.50, p-value 0.005). The results suggest that the biological mechanisms for hallucinations
may depend on age at diagnosis. Among young onset PD patients, SZ susceptibility factors may
play a role in the development of hallucinations. In contrast, among older onset PD patients,
hallucinations appear to be influenced by the genetic architecture seen in AD that contributes to

cognitive decline.
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1. Introduction

1.1 Background Parkinson’s disease
1.1.a. Parkinson’s disease

James Parkinson was the first to describe a syndrome he named “Shaking Palsy” in 1817.2
Later this syndrome became known as Parkinson’s disease (PD). Dr. Parkinson described two
main criteria: “involuntary tremulous motion, with lessened voluntary muscular power, in parts,
not in action, and even, supported” and “a propensity to bend the trunk forwards, and to pass
from a walking to a running pace.”” The cardinal symptoms are tremor, rigidity, and
bradykinesia. Postural instability is considered a major motor symptom and is sometimes
considered a fourth cardinal symptom. Besides the presentation of these three cardinal
symptoms, a PD diagnosis requires that there is no indication of other neurodegenerative
disorders (e.g. progressive supranuclear palsy (PSP), multiple system atrophy (MSA) and
corticobasal degeneration), or a history of specific drugs or medications.>® While the only way
to confirm a PD diagnosis is a post mortem examination, repeated antemortem medical
éxaminations are the next best method.>’ Biomarker studies, including imaging studies, have
been explored unsuccessfully and further research is required.®!!

It is well established that PD is caused by the destruction of dopaminergic neurons,
specifically in the substantia nigra pars compacta (SNpc) and the accumulation of Lewy bodies
in the midbrain. However, the exact mechanism of this destruction remains elusive.'>!* The
neuronal loss in PD is not restricted to dopaminergic neurons, nonetheless dopaminergic neurons
are influenced the most.'® Other neurotransmitter neurons that are affected include: serotonergic,
noradrenergic and cholinergic systems. Dopamine is a common neurotransmitter in the brain
involved in many processes. These processes include, but are not limited to, movement,
cognition, and emotion-driven, the symptoms commonly seen in PD.!”!8 The Lewy bodies
contain a-synuclein aggregates, which can be identified in the central and peripheral nervous

system. These aggregates are shown to be related to PD, Lewy body dementia, and MSA."*-!



1.1.b. Treatment options for PD

The motor symptoms of PD are treated with a variety of medications. The most essential
medication for PD is levodopa (L-3,4-dihydroxyphenylalanine). Levodopa increases the
concentration of dopamine in the brain. Used in place of, or in combination with levodopa are
dopamine agonists, which stimulate the dopamine receptors. Other categories of treatment are
monoamine oxidase-B inhibitors (MAO-B inhibitors), catechol O-methyltransferase inhibitors
(COMT inhibitors), N-methyl-D-aspartate receptor inhibitors (NMDA inhibitors) and
anticholinergics. When either symptoms or side-effects of medications become too severe, deep
brain stimulation is explored as an option. Although it has shown high efficacy, the risks of deep

brain stimulation are considerable and it does not slow disease progression. 2223

1.1.c. Incidence/prevalence

Parkinson’s disease (PD) is a devastating, progressive neurological disorder affecting more
than a million Americans. It is the second most common neurodegenerative disease among the
elderly in the U.S.?* Incidence of PD increases with advancing age.?’ It is estimated to affect
more than 8.5 million individuals worldwide by 2030.! The worldwide prevalence has been
estimated from 41 per 100,000 among individuals between 40 to 49 years of age up to a
prevalence of 1,903 per 100,000 among individuals over 80 years of age.?® The prevalence
appears to be lower in Africa, the Middle-East and Asia compared to North-America, South-
America and Europe.?® The reasons for these differences has been hypothesized to be a result of
methodological issues, underreporting PD in countries with less-developed health care,
differences in exposures, and population stratification. Another study showed that in the U.S. the
prevalence appeared highest among Hispanics, followed by non-Hispanic Whites, Asians and

then Blacks.?’

1.1.d. Known risk factors for PD

Recent research points to a multi-factorial etiology of PD, involving genetic and
environmental factors.?=° The strongest non-genetic risk factor for PD is increasing age. Other
non-genetic risk factors include: pesticides; toxins (such as manganese and methamphetamines);

traumatic brain injury; and a positive family history. Physical activity and caffeine have been



found to be protective.?® 3133 Other variables that have been suggested to be protective include:
dietary products, smoking, melanoma, reproductive variables, body mass index (BMI),
cholesterol concentration, hypertension, alcohol abuse, vitamins, urate, and certain medications.
Results for these variables are inconsistent and/or might be due to reverse causation,3>3433
Several genes have been identified to cause hereditary PD, although these mutations are rare.
These include SNCA, LRRK?2, VPS35, Parkin, PINK1, DNAJC6 and DJ1.3%738 In addition,

several more common genetic variants are associated with a slight increased risk for PD.*’

1.1.e. Clinical features of PD

Although PD is diagnosed based on the motor symptoms, PD includes a wide range of
symptoms including non-motor symptoms. Some of these non-motor symptoms are also
prodromal symptoms. Prodromal symptoms include: constipation, anosmia, rapid eye movement
sleep disorder, fatigue, excessive daytime sleepiness, orthostatic hypotension, erectile and
urinary dysfunction, and depression.>°* Although these symptoms are associated with a higher
risk of developing PD, they are non-specific and poor predictors. > Other non-motor symptoms
include dysautonomia, sleep disturbances, mood disorders, cognitive disorders, pain, sensory

disturbances and hallucinations.?3!43

1.1.f. Progression

As the neurodegeneration of the dopamine neurons advance, the motor and non-motor
symptoms of PD patients worsen over time. While initial treatment can be very effective, over
time treatment-related complications become prevalent.** These progressive symptoms
include, but are not limited to, motor- and non-motor fluctuation, dyskinesia, increased postural
instability, freezing of gait, cognitive decline, and hallucinations.?” The Hoehn and Yahr scale is
used to measure motor progression. It was devised in 1967 and has been well established.*®

The diagnosis of PD is associated with an increased risk of overall mortality compared to the
general population. **-! Factors associated with this increased mortality and progression are:
increasing age at PD onset, presence of dementia, gender, psychosis/hallucinations, and a

49—

postural-instability gait disorder (PIGD) phenotype.**=? Depression and hallucinations are the

strongest predictors of nursing home placements among PD patients.>* In early PD, when motor-



symptoms are under control with medication, the Health Related Quality of Life (HR-QoL) is

55—

mainly reduced by the non-motor symptoms.*>>*® Over time, PD symptoms contribute to

significant disabilities and a greatly diminished HR-QoL.%%>

1.2. Dyskinesia

Dyskinesia refers to the involuntary movements that are caused by L-dopa treatment in
patients with PD (It is commonly known as levodopa-induced dyskinesia (LID)). These
involuntary movements include chorea, dystonia, myoclonus, tics, stereotypies and akathisia.
There are three categories of dyskinesia: peak-dose dyskinesia, diphasic dyskinesia, and off-
period dystonia. It is possible for patients to have overlapping types of dyskinesia. Peak-dose
dyskinesia is the most common LID. It accounts for more than 80% of all LID and is most
prevalent when the levodopa-concentration in the body is highest. Diphasic dyskinesia occurs in
about 20% of LID. The dyskinesia symptoms generally begin soon after a levodopa dose is
taken, subside for a few hours and then reoccur while the levodopa is wearing off. Off-period
dystonia occurs in about 30% of patients when levodopa is wearing off (e.g. in early
morning).5%®! See also figure 1.1,%? for a visualization of the various types of dyskinesia.

Dyskinesia has been reported to affect between 24-45% of all treated PD patients within the
first five years of diagnosis.****% This prevalence increases to 80% among patients 10 years into
the disease.® Several risk factors have been identified for dyskinesia, these include PD disease
duration, levodopa-equivalent daily dosage (LEDD), stress and anxiety, female gender, and
young age of onset.5%-66-71

Although LID has been shown to be a major component of the loss of HR-QoL,”*” in the
early stages, patients are not always aware of the side-effect or confuse the dyskinesia with the
PD tremor.”*7¢ Dyskinesia is associated with depression in PD, even when motor fluctuations
and disease stage are taken into account.”?

Levodopa-sparing strategies could prevent or delay LID. However, treatment of PD with L-
dopa is known to increase HR-QoL even during long-term follow-up.””~"° In addition, L-dopa
treatment has a much lower financial cost than dopamine agonists.%® Several anti-dyskinetic
medications have been approved for treatment, including amantadine.®' However, the benefits

from these treatments are limited. Several new treatments are in development.’3? A non-



medication treatment option is deep brain stimulation (DBS), which has demonstrated to have a

robust effect. 8384

Diphasicdyskinesia | :;::I-dose ﬁperiod
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Figure 1.1: “Levodopa-induced dyskinesia: different types and risk factors (A) The different
types of levodopa-induced dyskinesias are shown. Diphasic dyskinesias appear at the beginning
of the effect of levodopa dosing, before full clinical benefit on motor symptoms is reached, and
can reappear when the effect of levodopa starts to wear off. Peak-dose dyskinesias coincide with
the full antiparkinsonian benefit of levodopa (“on” period), whereas off -period dystonia appears
during “off ” periods when levodopa is no longer effective. (B) The risk of developing levodopa-
induced dyskinesias depends on both the progression of dopaminergic neurons degeneration and
the exposure to levodopa (dose and treatment duration). (C) As the disease progresses, the
probability of a good clinical response to levodopa decreases and the risk of both dyskinesias and
unsatisfactory clinical response of motor symptoms rises.”®?

1.3 Pathobiology of dyskinesia

It is well established that PD is caused by the destruction of dopaminergic neurons and
involves the accumulation of Lewy bodies in the midbrain. Many of the motor symptoms are due
to dopamine imbalances in the basal ganglia circuitry.®® The basal ganglia circuitry has two main

pathways called direct and indirect. The direct pathway is associated with D1-like dopamine
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receptors while the indirect pathway involves D2-like dopamine receptors. Adequate balance
between the two pathways is necessary for the initiation of movement (see Figure 2.2). In PD,
the loss of dopaminergic control leads to a hyperactivity of the inhibitory D2 pathway, which
produces bradykinesia.®**" The restoration of dopamine levels with L-dopa treatment
counteracts this imbalance, but can also produce hyperactivity through stimulation of the direct
D1 pathway. This stimulation can lead to dyskinesia. DRD3 is a dopamine D2-like receptor. In
animal studies, overexpression of the DRD3 receptor is associated with dyskinetic behavior,
while D3 antagonists can diminish and/or prevent LID.”'™ One PET-study found elevated
D2/D3 binding in the globus pallidus in patients with LID.** Since the D1 and D2 pathways are
controlled by dopamine receptors, common genetic variations in DRD loci are natural candidates
to explain the risk of dyskinesia.”>*® Brain derived neurotrophic factor (BDNF) influences
neuroplasticity and survival of the dopaminergic neurons in the substantia nigra. BDNF may also

affect dyskinesia due to modulation of the dopamine receptor expression.”’

a Physiclogical condition b Parkinson's disease

— Direct

— Indirect

Cortex Cortex

Thalamus | Putamen

A

o L 6D

Figure 1.2 (a) “In the physiological condition, DA arising from the SNpc is thought to activate
D1-expressing striatal MSNs of the direct pathway (red lines) and to inhibit D2-expressing
striatal neurons of the indirect pathway (blue lines). The output nuclei GPi and SNpr project to
the thalamus, which in turn sends efferents that complete the cortico-basal ganglia-thalamo-
cortical loop. (b) In Parkinson's disease, degeneration of nigral neurons reduces DA receptor
stimulation in striatal MSNs. The imbalance between direct and indirect pathways results in
abnormal activation of output nuclei and over-inhibition of thalamic neurons projecting to the
cortex.”®

1.4 Genetic studies for dyskinesia

While other genes and loci (e.g. DAT, MAO-A/B, COMT) have been implicated, 3-90:95-96.99
the majority of studies have focused on DRD1-3 and BDNF. Many genetic studies of enzyme or

6



receptor function have concentrated on SNPs only, specifically the rs1800497 in DRD2,66:6%-99-104
the rs6280 in DRD3,%¢1921%53nd the rs6265 in BDNF,'%196.107 and have reported inconsistent
results. 566997106 A relatively small clinic-based study using a Brazilian population implicated the

DRD2 haplotypes (based on rs228365, rs1076560, rs6277, rs1800497 and rs2734849) in

dyskinesia, but this result needs replication.'®

1.5 Hallucinations

Hallucinations are a frequent non-motor symptom among PD patients.!®!1? Visual
hallucinations are the most common, while auditory and tactile hallucinations are more unusual.
Visual hallucinations most often include images of people, animals or inanimate objects. With
longer disease duration, the prevalence of hallucinations increase and progress from minor
hallucinations to delusions and psychosis. Generally, early in the disease, patients with visual
hallucinations continue to have insight that the hallucinations are not real. Hallucinations are
more common in dim light and at night and are often persistent. Over time, the visual
hallucinations can change into more frightening images. In addition, delusions and loss of insight
can occur with longer disease duration. Delusions among PD patients, false and/or irrational
beliefs, tend to be of a paranoid nature. %110

Many studies have attempted to establish the prevalence of hallucinations among PD
patients. The majority of these studies were cross-sectional and clinic-based studies. There does
not appear to be a large difference between clinic-based and population-based studies in the
prevalence of hallucinations. Depending on the disease duration, the prevalence of hallucinations
is estimated to be between 9 and 60% (cumulative).'!'-'!”

Non-genetic risk factors for hallucinations are REM sleep behavior disorder, female sex, later
age at diagnosis, disease duration, cognitive decline, and motor subtype (postural instability and

gait disorder).' %120 Previously, medications, specifically dopamine agonists, were hypothesized



to cause hallucinations,'?! although recently several longitudinal studies were unable to identify
an association. 2123

The underlying pathomechanism of hallucinations remains unresolved. One theory, similar to
the psychosis theory among schizophrenia patients, is that there is an increased sensitivity in
mesolimbic and meso-cortical areas that is causing the hallucinations.!** A different hypothesis
is that the serotonergic and acetylcholinergic systems are causing an imbalance in the

25

serotonin/dopamine equilibrium'?’ or a cholinergic deficit.'?® Other causal risk factors for

hallucinations that have been proposed are visual-processing abnormalities, medications, sleep-
wake cycle dysregulation and cognitive impairment.'!!127-132

Imaging studies among PD patients indicate that those who report hallucinations have a
reduced cortical volume in various areas of the brain.!**~'* Specifically, these studies have
indicated that gray matter atrophy was detected in brain areas that are related to visuospatial
processing, attention, and memory, !33:134143.144.135-192 1y 54dition, one study found reduced CSF
amyloid ABi.42 among PD patients with early onset hallucinations (within four years after
diagnosis).!?? Post-mortem studies indicate that several neurodegeneration related protein
aggregates i.e. Lewy bodies, amyloid and tau pathologies are more prevalent among those with
hallucinations.'*

Hallucinations among PD patients can increase their anxiety, and has been shown to increase

the risk for dementia and depression.'!*!46-14% In addition, hallucinations are a very strong

54,150,151 152,153

predictor for placement in nursing homes and increases a patient’s mortality.
Finally, hallucinations have been shown to increase the caregiver burden substantially.'>*

Treatments for hallucinations among PD patients are limited. The atypical antipsychotic

medications currently prescribed to PD patients to treat hallucinations include: pimavanserin,



olanzapine, clozapine, risperidone, and quetiapine. These atypical antipsychotic medications
generally block the SHT2A and DRD2 receptors. Some of these medications have shown to
increase mortality and have severe side effects. Another reason why treatment is difficult, is that
traditional antipsychotic medications are contraindicated and will worsen the PD

symptoms, '3%1%

1.6 Genetic studies for hallucinations
Previous studies that researched the genetic risk factors for hallucinations reported

102,120,157—

conflicting results. 191 These studies were candidate-gene based and most had a small

sample size (less than 250 subjects). The genes involved in these studies are dopamine

102,157,161,184,188 DRDI1-4 102,157,160,161,166,183 158,159
b

transporter genes, serotonin receptor, serotonin
transporter gene 159,185 APOE 160,175-179 COMT161,177 HOMER]1 162,165 SNCA 163,175
CCK 164,182,187,191 CCKAR 164,187,191 CCKBR 164,187,191 GBA 167,168,170-174 LRRK?2 167 PITX3 169

and ACE.'80 181

1.7 Dissertation objectives

The aim of this dissertation is to investigate genetic risk factors for dyskinesia and
hallucinations, two major comorbidities among PD patients that have a significant influence on a
patients’ quality of life.

In chapter 2, a candidate-gene approach was used and haplotypes were created to analyze the
association between the dopamine receptor 1-3 and BDNF genes and dyskinesia. The goal of this
study is to determine the association between these candidate genes, as well to determine if there
is a subgroup of patients, genetically, who are at increased risk for developing dyskinesia after

treatment with L-Dopa medications.



In chapters 3 and 4, a genome-wide approach was utilized and polygenic risk scores were
created to decipher the underlying pathomechanisms for hallucinations. In chapter 3, one PRS
was created based on candidate genes in a training-set and validated in a target study, to decipher
if previously identified genes are associated with hallucinations. A second PRS was created
based on previous GWAS data for PD to decipher if the genetic architecture for PD is associated
with hallucinations. The analysis of the PD-PRS would answer whether disease (progression) is
affecting the risk for hallucinations. In chapter 4, two PRS were created, one based on
Alzheimer’s disease (AD) and one on schizophrenia, with the goal to decipher if the genetic

architecture of AD or schizophrenia overlaps with the genetic risk factors for hallucinations.
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2. STUDY 1: Dopamine receptors and BDNF-haplotypes predict dyskinesia in Parkinson’s

disease
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2.1 Abstract

Objective: Dyskinesia is a known side-effect of the treatment of Parkinson’s Disease (PD). We
examined the influence of haplotypes in three dopamine receptors (DRD1, DRD2 and DRD3)
and the Brain Derived Neurotrophic Factor (BDNF) on dyskinesia.

Methods: Patient data were drawn from a population-based case-control study. We included 418
patients with confirmed diagnoses by movement disorder specialists, using levodopa and a
minimum three years disease duration at the time of assessment. Applying Haploview and Phase,
we created haploblocks for DRD1-3 and BDNF. Risk scores for DRD2 and DRD3 were
generated. We calculated risk ratios using Poisson regression with robust error variance.

Results: There was no difference in dyskinesia prevalence among carriers of various haplotypes
in DRD1. However, one haplotype in each DRD2 haploblocks was associated with a 29 to 50%
increase in dyskinesia risk. For each unit increase in risk score, we observed a 16% increase in
dyskinesia risk for DRD2 (95%CI: 1.05-1.29) and a 17% (95%CI: 0.99-1.40) increase for DRD3.
The BDNF haploblock was not associated, but the minor allele of the rs6265 SNP was associated
with dyskinesia (adjusted RR 1.31 (95%CI: 1.01-1.70)).

Conclusion: Carriers of DRD2 risk haplotypes and possibly the BDNF variants rs6265 and
DRD3 haplotypes, were at increased risk of dyskinesia, suggesting that these genes may be
involved in dyskinesia related pathomechanisms. PD patients with these genetic variants might

be prime candidates for treatments aiming to prevent or delay the onset of dyskinesia.
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2.2 Introduction
Parkinson’s disease (PD) leads to significant disability and loss of quality-of-life.>® One
important component to loss of quality-of-life is L-dopa-induced dyskinesia, a common side-

effect of treatment. Dyskinesia affects 25% within the first five years

increasing up to 80%
among patients ten years into disease.®® Dyskinesia is associated with depression and increases
health-related costs.”? Interestingly, although some patients develop dyskinesia early in their
disease, other patients never do.

The two basal ganglia circuitry pathways (D1 and D2) associated with movement control are
regulated by dopamine receptors. Common genetic variations in DRD loci are natural candidates
for dyskinesia risk.”>% In addition, Brain Derived Neurotrophic Factor (BDNF) may affect
dyskinesia due to modulation of dopamine receptor expression.”’

The majority of studies focused on DRD1-3 and BDNF. Many of these have concentrated on
SNPs only, specifically the rs1800497 in DRD2,66:6%99-104.192.193 the 156280 in DRD3,56:102.105.193
and the rs6265 in BDNEF.!00:196.107 The results from these studies have reported inconsistent
results.$6:699-107.192.193 One small clinic-based study using a Brazilian population, analyzed
DRD?2 haplotypes (based on rs228365, rs1076560, rs6277, rs1800497 and rs2734849) and
implicated that DRD2 haplotypes are associated with dyskinesia.'*®

Here we are using a targeted approach for the three dopamine receptors (DRD1-3) and
BDNEF, to estimate risk of dyskinesia based on haplotypes’ variants. Haplotypes are
combinations of SNPs from a small region of a chromosome that commonly are inherited
together. Hence, reviewing haplotypes instead of SNPs limits the number of tests and allows us

to examine gene regions. Patients were enrolled in our large population-based study in California

(N=747) and dyskinesia was assessed relatively early, on average five years after first diagnosis
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based on cardinal motor symptoms. The goal of this study to determine whether a subgroup of
patients can be identified genetically who are at increased risk for developing dyskinesia after

treatment with L-Dopa medications.

2.3 Methods

2.3.a. Study population

We assembled a cohort from the population-based case control study Parkinson’s
Environment and Gene (PEG) study, which enrolled and followed patients from three Central
California counties (Kern, Fresno, and Tulare) between 2001 and 2015. All patients were seen by
movement disorder neurologists (JB, Dr. Bordelon) at least once at baseline, many on multiple
follow-up occasions, and were confirmed as having probable idiopathic PD according to
published criteria.’ Recruitment occurred in two phases. Recruitment during the first phase
(PEG1) in 2001-2007 has been described before.!** Among 563 potential patients, 359 incident
PD patients within the first three years after diagnosis were identified at baseline. Dyskinesia
was assessed during the first follow-up appointment, where we saw 250 PEG1 patients at least
once. The second recruitment strategy (PEG2) ensued during 2010-2015 and identified 388
idiopathic PD patients (from 589 potential patients). In PEG2, patients were allowed to have
received a PD diagnosis after 2001.

Disease duration was measured from the diagnosis date to the time of the Unified
Parkinson’s disease Rating Scale (UPDRS) IV assessment. We restricted our population to those
taking levodopa (N=459; 193 PEG1 and 266 PEG2 subjects). As dyskinesia is unlikely to
develop within the first years after diagnosis, we further restricted to patients seen with a

minimum of three calendar years of disease duration. Among patients who were seen too early in
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disease (N=101) or were not taking levodopa medication (N=143) at the first assessment, we
examined whether they met our criteria during a second assessment (34 PEG1; 26 PEG2). Figure
2.1 provides a flow diagram for the study population of 418 PD patients included in our final
analyses.

All study protocols regarding human subjects have been approved by the local Institutional

Review Board and all participants gave their written informed consent.

2.3.b. Definition of outcome and other variables

Dyskinesia was assessed during follow-up visits in PEG1, and starting with the first visit in
PEG2 (for some patients dyskinesia was assessed shortly after their first contact) using the
UPDRS part IV. Dyskinesia presence was noted (yes/no) and the severity of dyskinesia was
measured in hours per day (no dyskinesia, <25%, 26-50%, 51-75% and >75% of the waking
day).

Based on Parkinson’s medication at the dyskinesia assessment, we calculated a levodopa-
equivalent daily dosage (LEDD) converting all reported anti-Parkinsonian medications into a
standardized equivalent dosage according to a previously described algorithm. !> Race/ethnicity
was established via genetic Ancestry Informative Markers if available (72.5% of those included
here) or by self-report of ancestry if the Ancestry Informative Markers had not been measured

(27.5%). We grouped race/ethnicity as European ancestry, Hispanic and other.

2.3.c. Genetic analysis
DNA was extracted at UCLA from whole blood and genotyping was conducted at University

of British Columbia (UBC) for all patients with a confirmed diagnosis of PD. A total of 26 SNP
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were selected to be genotyped across the three DRD genes: 5 SNPs for DRD1, 12 SNPS for
DRD?2, 8 for DRD3 loci (supplemental table 2.1). Markers were mainly selected for haplotype
tagging. Genotyping was performed in duplicate at UBC using a Sequenom MassARRAY
platform and custom iPLEX assay. Three SNPs in the BDNF locus were previously genotyped at
UCLA for a subset of the study sample (N=312 patients with PD). All SNPs had a genotyping
call rate >97%, MAF>5% and were in Hardy-Weinberg equilibrium (as defined by a p-value
greater than 0.01 in Caucasians) except for rs11030104 (p-value: 1.7*10°), which was
subsequently excluded.

Using Haploview, %

we created linkage disequilibrium (LD) plots based on the total study
population (figure 2.2). A haploblock, consists of various haplotypes, i.e. SNP patterns.
Haploblocks were created based on the confidence intervals.!®” The haplotypes with the highest
probabilities for each subject were generated with Phase v2.1.1; rare haplotypes with a frequency
of less than 30 patients (=3.7%) were combined into one subgroup.!*® We created one haploblock
for the BDNF- and DRD1, and three haploblocks for DRD2 and DRD?3 loci (Figure 2.2). The
haplotypes in the three haploblocks are correlated. For the DRD2 haploblocks, the D” between
the first and second haploblock is 1.0, and between the second and third 0.25. For DRD3, the D’
between the first and second haploblock is 0.94 and between the second and third haploblock

0.61. The BDNF haplotype consisted of only two SNPs; the R-squared was 0.19 and D-prime

was 1.0.

2.3.d. Statistical methods
All analyses were performed using SAS 9.4 (SAS Institute, Cary NC). We estimated risk

ratios (RR) using Poisson regression models with robust error variance and a log link function'®”
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to estimate effects for eight chromosomal regions in four genes on dyskinesia occurrence. The
analyses were adjusted for gender, PEG recruitment period, disease duration, LEDD,
race/ethnicity and age at diagnosis. Throughout, we adjust for LEDD, adjusting for L-DOPA
daily dosage instead produced the same results. For analyses of dyskinesia severity, we
distinguished three categories [no, mild (<25%) and moderate/severe (>25%)] to ensure that the
proportional odds assumption of our model was met. When multiple haploblocks in one gene
showed associations, we created a risk score summing across the three risk-haplotypes and
estimated the effect according to the number of risk haplotypes a patient carried.

Finally, we assessed whether individual SNPs alone could explain the associations by
analyzing each SNP independently. In sensitivity analyses, we examined whether results were

consistent across race/ethnicity by restricting participants to their ancestry.

2.4. Results

2.4.a. Patient characteristics

The prevalence of dyskinesia in our patient sample was 24.6%, with the majority
experiencing symptoms of dyskinesia less than 25% of their waking hours per day. The average
age at diagnosis was 67 years, and on average 5.5 calendar years had passed since first diagnosis
when we assessed dyskinesia in our study (see table 2.1). Haplotype frequencies ranged between
4 and 51% in our haploblocks (Figure 2.2). The BDNF haplotype had a minimum frequency of
18.9% and a maximum of 45.4%. Because haploblock 2 of the DRD3 loci consists almost
exclusively of the GG haplotype, we lacked statistical power to examine associations for this

block. This haploblock was therefore omitted from analyses.
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Dyskinesia risk decreased with increasing age of PD diagnosis (with each year increase in
age at diagnosis: RR=0.98 (95% CI: 0.96-0.99), increased with LEDD (per 1000 mg: RR=1.77
(95% CI: 1.29-2.44), increased with disease duration (per calendar year: RR=1.14 (95%CI: 1.07-
1.21); and increased with UPDRS score (per five units increase: RR=1.07 (95%CI: 1.01-1.14)).
Gender, years of schooling, smoking status, family history of PD, and ethnicity were not
associated with dyskinesia in our population sample. The effect sizes and confidence intervals

were very similar for the association among these variables with ‘severity of dyskinesia’.

2.4.b. Association haplotypes with dyskinesia and ‘severity of dyskinesia’

We did not find any association between dyskinesia or ‘severity of dyskinesia’ and
haplotypes for DRD1. For DRD2, in both adjusted and unadjusted analyses, we found all three
DRD2-haploblocks to be associated with dyskinesia. We adjusted for gender, PEG1 or 2
recruitment, disease duration, LEDD, race/ethnicity and age at diagnosis. In each haploblock
there was one haplotype that accounted for about a 29 to 50% increased risk for dyskinesia. For
‘severity of dyskinesia’, the effect sizes were slightly higher (33-62% increase) and 95%
confidence intervals (CIs) were narrower. For DRD3, the TGG-haplotype of the first haploblock
and the CC-haplotype of the third haploblock suggested an increase in risk of developing
dyskinesia, however the 95% Cls included the null value. Finally, for BDNF, the TA-haplotype
was associated with ‘severity of dyskinesia’ with an increase of 43%, however the effect
estimate for presence of dyskinesia did not reach statistical significance in our data (see tables
2.2 and 2.3).

Combining “risk haplotypes” (defined as the haplotypes in each haploblock associated with

increased risk for dyskinesia) into a risk-score for the DRD2 (see supplemental table 2.2 for
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prevalence of risk-scores), we estimated a 16% risk increase for dyskinesia and 21% risk
increase for ‘severity of dyskinesia’ with each unit increase in risk score. Analyzing the risk
score as a categorical variable, there is also a clear increase in odds with an increasing risk score.
Compared to no risk haplotypes, having 1 to 3 risk haplotypes increases the risk by about 55%,
while having 4 or more haplotypes increases the risk by 153%. The risk score for the DRD3
showed an increase of 17% with each additional “risk haplotype™ and a 20% increase for
‘severity of dyskinesia’, though both confidence intervals included or were very close to the null.
However, we observed a dose-response pattern when reviewing the association with the risk
score as a categorical variable (see table 2.4).

Restricting the sample to patients of European ancestry did not change the results for
dyskinesia nor for ‘severity of dyskinesia’. None of the individual SNPs were responsible for the
haplotype findings in the DRD loci. However, in BDNF, the rs6265 SNP was associated with
dyskinesia (aRR: 1.31 (95%CI: 1.01-1.70; p:0.04)), while the rs11030101 was not (aRR: 0.96
(95%CI: 0.74-1.26); p:0.78). Risk among minor allele carriers of rs6265 was even more

pronounced for ‘severity of dyskinesia’ (aRR: 1.43 (95%CI: 1.10-1.97); p:0.01).

2.5 Discussion

In our large community-based study of PD conducted in central California, we estimated an
increased odds for developing dyskinesia after dopaminergic treatment in specific DRD2, DRD3,
and BDNF but not DRD1 haplotype carriers. Our study finds that genetic variation in DRD2
influences the prevalence of dyskinesia and its severity in a dose response manner. Some
variations in DRD3 and BDNF may further contribute to the risk and “severity of dyskinesia”.

Our findings proved robust in sensitivity analyses. The three DRD2 “risk haplotypes™ are
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frequently prevalent in the population (Figure 2.2 and table 2.2). Hence, a large percentage of L-
dopa treated patients are at increased risk of developing dyskinesia. Overall, about 30% of
subjects have no DRD2 risk haplotype, with about 60% having one to three risk haplotypes; and
about 10% carrying four or more risk haplotypes. Especially patients with more than three risk
haplotypes are at a much higher risk since the risk of dyskinesia in medicated patients increased
by 153%.

Correction for multiple testing is not necessary in this study, because the four genes in this
study were chosen based on previous findings and because the haplotypes within each gene are
highly correlated and an adjustment for the number of tests would be overly restrictive.
However, when using an excessively restrictive Bonferroni correction assuming 10 tests (8
haplotypes and 2 risk scores) leading to an alpha value of 0.005, our findings for the DRD2 risk
score would still be considered statistically significant.

Only one previous study investigated an association between haplotypes in DRD2 and
dyskinesia. The haplotypes in this relatively small Brazilian clinic-based population (N=199)
were generated from different SNPs.!® Our SNPs were chosen based on tagging characteristics
rather than to replicate this previous study. Even though we cannot compare our results directly
to these haplotypes, several SNPs are in LD with ours. Specifically, rs6277 and rs2734849 are
associated with the rs1089154 and rs1554929 from our first haploblock (R-square is 1.0 for
rs6277 and 0.77 for rs2734849) based on HapMap data. Furthermore, rs2283265, rs1076560 and
rs1800497 are associated with the rs2471857 and rs2471854 from our second haploblock with R-
squares of 0.98, 0.94 and 0.64, respectively. According to functional studies, the recessive allele
of rs1800497 is associated with a decrease in DRD2 expression.”’ Hence, our haploblock may

be associated with functional changes in DRD2 expression. Lower expression would diminish
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the function of the inhibitory pathway and create an imbalance between the excitatory and
inhibitory pathways leading to dyskinesia.®’

Previous studies reviewed the association between DRD3 and dyskinesia, focusing mainly on
the 156280 SNP (Ser9Gly).56192195 The particular Ser9Gly polymorphism in the dopamine 3
receptor has a higher binding affinity to dopamine,’! and is in high LD with our third
haploblock (R-square for rs226082 and rs324026 are 0.84 and 1.00, respectively). Although two

66,193

studies found an association between the Ser9Gly polymorphism and dyskinesia, one of

which only found an association with a small subgroup of patients with diphasic dyskinesia,
other studies showed no association with dyskinesia.'*>!% One study has suggested that
additional information on dyskinesia subtypes might improve the prediction of dyskinesia risk.®
Unfortunately, we did not gather this information and cannot address this subtypes. The
estimated effect size for DRD3 in our study is smaller than for DRD2 limiting our power to
identify a statistically significant finding. However, our findings suggest that the DRD3
haplotypes may be relevant for dyskinesia, even though they are not formally statistically
significant.

In our study, the rs6265 SNP of BDNF was associated with dyskinesia while haplotype
associations were not evident. The minor allele of SNP rs6265 (Val66Met) has been previously
associated with time to development of dyskinesia in a study of 315 patients from the Cambridge
Centre for Brain repair.!’’ Yet another study involving 285 Australian patients with PD did not
find any difference in time to onset of dyskinesia.!’® The minor allele of rs6265 is associated
with a change of valine to methionine at codon 66 causing decreased protein secretion,
potentially changing the BDNF expression of the nigral dopaminergic neurons. This amino acid

change has been used as a biologic argument for increased susceptibility for dyskinesia.”®*’
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In genetic studies, an important potential confounder is race/ethnicity. To avoid potential
population stratification, we limited our analyses to patients from European ancestry in
sensitivity analyses and our findings did not change. We adjusted our analysis for race/ethnicity
according to three categories. Primary analyses were not adjusted for population substructure
using fractional ancestry because Ancestry Informative Markers were not available on ~25% of
the individuals. However, when we limited our analysis to those individuals with Ancestry
Informative Markers and adjusted for population structure, we got essentially the same results
(results not shown). Race/ethnicity in our study was based mostly on genetic Ancestry
Informative Markers, or — if unavailable — on self-report of parental origin. The correlation
between these two measures is high (95.4%) in our population. Although there may be some
measurement error for race/ethnicity, based on self-report, there is no indication this would
unduly influence our findings.

Information on dyskinesia on almost all subjects was available though we did not assess
dyskinesia during the baseline examination early in disease for subjects enrolled in PEG1. A
third of all patients were lost to follow up between baseline and follow-up exam in PEG1. The
main reason for this was mortality and disease severity preventing participation. Thus, if both
dyskinesia and genetic variants of interest influence mortality, we may have a survival bias in
PEGI1 subjects. However, as findings were consistent across both studies (PEG1 and PEG2) and
dyskinesia was assessed in PEG2 subjects at baseline such a survival bias appears unlikely.

We only gathered information about dyskinesia prevalence at the time of motor function
assessment during physical examinations and we did not record the exact start time of dyskinesia

leading to left censoring. This limitation does not allow us to conduct a time-to-event analysis.
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However, most of the PEG patients were early in their presentation (on average 5.1 years at first
dyskinesia assessment) and were followed up within 2-5 years of the first dyskinesia assessment.
The presence of one of the risk haplotypes, or variant alleles, can have major implications for
best practices in treatment of PD. Based on the findings of this study, we can hypothesize that
patients who are at higher risk for developing dyskinesia based on their genetic risk profile may
benefit from therapy with dopamine agonists along with a more strict L.-dopa-sparing strategy.
Treatment plans should reflect the difficulty in managing PD, to maximize optimal effects (L-
dopa ‘on’ time) but also mitigate dyskinesia risk. Future individual treatment plans may start to

consider a patient’s genetic profile.

2.6 Conclusion

Several haplotypes in DRD2, possibly haplotypes in DRD3 and the minor allele of rs6265 in
BDNEF, increased the risk of dyskinesia in our study. Levodopa induced dyskinesia and PD
symptoms must be approached as a tradeoff. Nevertheless, genetic information may help prevent
or postpone this debilitating consequence of treatment and may improve patient-centered,
personalized therapy. Association studies require confirmation and the health care economy of
implementing more personalized treatment should also be quantified before decisions are made.
PD patients with these specific risk haplotypes may be prime candidates for testing approaches to

prevent or delay the development of dyskinesia.
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2.7 Tables and Figures

Table 2.1 Overview of characteristics of the PEG study population

Dyskinesia No Dyskinesia Total sample
population
Total N=103 | Total N=315 | Total N=418
N %o N % N %
Race
European ancestry 87 84.5 244 77.5 331 79.2
Hispanic 14 13.6 60 19.0 74 17.7
Other 2 1.9 11 3.5 13 3.1
Smoker
Non-smoker 58 56.3 171 543 229 54.8
Former smoker 43 41.7 138 43.8 181 43.3
Current smoker 2 1.9 6 1.9 8 1.9
Gender
Male 62 60.2 207 65.7 269 64.4
Female 41 39.8 108 34.3 149 35.6
Family history of PD
No 87 84.5 259 83.5 346 83.8
Yes 16 15.5 51 16.5 67 16.2
Dyskinesia in hours
no dyskinesia 0 0.0 315 100.0 315 75.4
< 25% of waking day 70 68.0 0 0.0 70 16.7
>26 of waking day 33 32.0 0 0.0 33 7.9
Mean SD Mean SD Mean SD
Years of education 14.2 4.2 14.0 4.7 14.1 4.5
PD duration at time of 6.2 23 53 2.1
measuring dyskinesia 5.5 2.1
Levodopa equivalent daily 739.3 488.9 601.4 340.4
dosage 635.4 386.3
Age of diagnosis PD 64.1 10.9 67.6 10.0 66.7 10.3
UPDRS score 26.7 9.9 24.0 12.0 24.7 11.6

N: number. %: percentage. SD: Standard deviation
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Table 2.2 Poisson regression analyses for the association between dyskinesia and the haplotypes
for the DRD1, DRD2, DRD3 and the BDNF loci in PD patients (N=418 patients) with a
minimum of 3 years PD disease duration.

N Crude Adj
Dysk / No
Dysk RR RR 95%CI p-value
DRDI (rs4867798|rs5326|rs265981)
TCA 67/212 Ref
TCG 64 /211 0.97 1.00 0.75-1.34 0.98
CCG 34 /109 1.01 1.06 0.74-1.52 0.75
CTG 30/87 1.07 1.14 0.78 — 1.66 0.50
Other 1/2 NA
DRD2, block 1 (rs10891549|rs1554929|rs1124493|rs2242592|rs2245805)
CTAGG 78 /293 Ref
TCGTT 60/ 183 1.17 1.20 0.90 —1.60 0.22
TCAGG 48 /103 1.51 1.50 1.09 —2.07 0.01
TCGTG 5/30 0.68 0.63 0.26 —1.52 0.30
Other 5/9 NA
DRD2, block 2 (rs6265| rs11030101|rs1076563|rs1116313|rs2471857|rs2471854)
CGCG 87 /328 Ref
AACG 62 /183 1.21 1.25 0.94 —1.65 0.12
AATC 47/105 1.48 1.50 1.10-2.03 0.01
Other 0/2 NA
DRD2, block 3 (rs4245146|rs7122454|rs11214611)
TGA 79 /287 Ref
CGA 86 /215 1.33 1.29 1.00 — 1.66 0.05
CCG 31/113 1.00 1.01 0.69 —1.48 0.95
Other 0/3 NA
DRD3, block 1 (rs3732790|rs963468|rs324036)
TGC 91/311 Ref
AAC 73 /219 1.10 1.08 0.85-1.38 0.52
TGG 30/75 1.26 1.26 0.90 — 1.74 0.17
Other 2/13 NA
DRD3, block 3 (rs226082|rs324026)
T 116 /398 Ref
CC 72 /194 1.20 1.23 0.97—1.56 0.09
TC 8/26 1.04 1.08 0.61 -1.91 0.80
BDNF (rs6265|rs11030101)
CT 777202 Ref
CA 55/164 0.91 0.94 0.70—1.26 0.67
TA 40/76 1.25 1.27 0.93-1.72 0.13
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Dysk / No Dysk: number of Parkinson’s patients with dyskinesia / without dyskinesia. Ref:
Reference. 95%CI: 95% confidence interval. NA: not available due to small number of subjects
in cells. Adj. = adjusted analysis. Adjusted analysis was adjusted for PEG study, gender, disease
duration, levodopa equivalent daily dosage, ethnicity, and age at diagnosis.

Table 2.3 Poisson regression analyses for the association between ‘severity of dyskinesia’ and
the haplotypes for the DRD1, DRD2, DRD3 and the BDNF loci in PD patients (N=418 patients)
with a minimum of 3 years PD disease duration.

N Crude Adj
No / Mild /
Severe RR RR 95%CI p-value

DRDI (1s4867798|rs5326|rs265981)
TCA 212 /46 /21 Ref
TCG 211/46/18 0.95 0.97 0.71 —1.33 0.85
CCG 106/19/15 1.11 1.15 0.78 —1.70 0.48
CTG 87/21/9 1.06 1.14 0.77 —1.69 0.52
Other 2/0/1 NA NA
DRD2, block 1 (rs10891549|rs1554929|rs1124493|rs2242592|rs2245805)
CTAGG 293/55/23 Ref
TCGTT 183/44/16 1.15 1.17 0.87—-1.57 0.29
TCAGG 103 /27/21 1.68 1.62 1.14-2.30 0.01
TCGTG 30/2/3 0.84 0.74 0.28 —2.01 0.56
Other 9/4/1 NA NA
DRD2, block 2 (rs6265| rs11030101rs1076563|rs1116313|rs2471857|rs2471854)
CGCG 328/60/27 Ref
AACG 183/46/16 1.16 1.20 0.90 —1.60 0.22
AATC 105/26/21 1.63 1.62 1.15-2.28 0.01
Other 2/0/0 NA NA
DRD2, block 3 (rs4245146[rs7122454|rs11214611)
TGA 287/56/23 Ref
CGA 215/57/29 1.37 1.33 1.01 —1.74 0.04
CCG 113/19/12 1.07 1.08 0.72-1.63 0.71
Other 3/0/0 NA NA
DRD3, block 1 (rs3732790|rs963468|rs324036
TGC 311/64/27 Ref
AAC 219/49 /24 1.13 1.11 0.86 —1.43 0.42
TGG 75/18/12 1.36 1.35 0.95-1.92 0.10
Other 13/1/1 NA NA
DRD3, block 3 (rs226082|rs324026)
TT 398 /82 /34 Ref
CC 194 /46 /26 1.26 1.29 1.00 —1.65 0.05
TC 26/4/4 1.21 1.26 0.71 —2.25 0.43
BDNF (rs6265|rs11030101)
CT 202/54/23 Ref
CA 164/40/ 15 0.89 0.92 0.68 —1.25 0.60
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| TA | 76/22/18 | 140 | 143 | 1.01-2.03 | 004 |
No/Mild/Severe: Number of Patients with respectively no, mild or severe dyskinesia. N:
Number. Ref: Reference. 95%CI: 95% confidence interval. NA: not available due to small
number of subjects in cells. Adj. = adjusted analysis. Adjusted analysis was adjusted for PEG

study, gender, disease duration, levodopa equivalent daily dosage, ethnicity, and age at
diagnosis.
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Figure 2.1 Patient recruitment, in- and exclusion-criteria, flow diagram of the two PEG studies
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Figure 2.2 Linkage Disequilibrium (LD) plots for the DRD-loci in our study population, LD
measured with R-squared.
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Each LD plot shows the various haplotypes in a haploblock with its population frequency and
connections. In the crossing areas, the value of multiallelic D' is shown. This represents the level
of recombination between the two blocks.!®

30



Supplemental table 2.1. Overview of SNPs genotyped for this study.

Gene SNP Position Location Al | A2 | MAF | Function
Tagging
DRDI1 | rs265975 chr5:174862195 5.5 kb downstream T C 0.350 | SNPs
Tagging
DRD1 | rs28465440 | chr5:174866541 A G 0.142 | SNPs
Tagging
DRDI1 | rs4867798 | chr5:174867899 utr variant 3 prime C T 0.320 | SNPs
Tagging
DRDI1 | rs5326 chr5:174870196 utr variant 5 prime T C 0.140 | SNPs
Tagging
DRDI1 | rs265981 chr5:174870902 UTR-variant-5prime | A |G | 0.345 | SNPs
Tagging
DRD2 | rs10891549 | chr11:113278447 C T 0.465 | SNPs
Tagging
DRD2 | rs1554929 | chr11:113278764 T C 0.461 | SNPs
Tagging
DRD2 | rs2242592 | chr11:113283477 G |A 0.340 | SNPs
Tagging
DRD2 | rs1124493 chr11:113282295 intron variant T G 0.340 | SNPs
Tagging
DRD2 | rs2245805 | chr11:113290699 intron variant T G 0.300 | SNPs
Tagging
DRD2 | rs1076563 chr11:113295909 intron variant A C 0.489 | SNPs
Tagging
DRD2 |rsl1116313 | chrl1:113296107 intron variant A G 0.489 | SNPs
Tagging
DRD2 | rs2471857 chr11:113298339 | intron variant T C 0.198 | SNPs
Tagging
DRD2 | rs2471854 | chr11:113299639 intron variant C G 0.197 | SNPs
Tagging
DRD2 | rs4245146 | chr11:113317973 intron variant T C 0.450 | SNPs
Tagging
DRD2 | rs7122454 | chr11:113327468 intron variant C G 0.181 | SNPs
Tagging
DRD2 | rs11214611 | chr11:113330219 intron variant G A 0.180 | SNPs
downstream variant
500B,utr variant 3 Tagging
DRD3 | rs3732790 | chr3:113847283 prime A T 0.368 | SNPs
DRD3 | rs963468 chr3:113862887 intron 4 A G 0.377 | Literature
Tagging
DRD3 | rs324036 chr3:113870078 intron variant G C 0.138 | SNPs
Tagging
DRD3 | rs2630349 | chr3:113873372 intron variant A G 0.064 | SNPs
Tagging
DRD3 | rs2630351 | chr3:113875059 intron variant A G 0.057 | SNPs
Tagging
DRD3 | rs226082 chr3:113890815 intron 2 C T 0.316 | SNPs
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Tagging
DRD3 | rs324026 chr3:113891042 intron variant C T 0.351 | SNPs
5'-flanking / intron Tagging
DRD3 | rs9825563 | chr3:113900220 variant G |A |0312 ]| SNPs
Functional
BDNF | rs6265 chr11:27658369 Val66Met G | A ]0.229 | variant
intron variant,nc
transcript variant,utr Tagging
BDNF | rs11030101 | chr11:27659197 variant 5 prime A | T 0.274 | SNPs

A1l =major allele; A2 = minor allele; MAF = minor allele frequency, measured in the entire
genotyped population

Supplemental table 2.2 Prevalence of the DRD2 and DRD3 risk scores, based on summation of
risk haplotypes of the DRD2 and DRD3, respectively.

Number of Dyskinesia No dyskinesia Total sample
Risk population
Haplotypes
Total | N=98 | Total | N=309 | Total | N=407
DRD2, risk score

N Y% N % N Y%
0 20 20.4 103 33.3 123 30.2
1 35 35.7 93 30.1 128 31.5
2 11 11.2 46 14.9 57 14.0
3 15 15.3 42 13.6 57 14.0

4 10 10.2 15 4.9 25 6.1

5 3 3.1 8 2.6 11 2.7

6 4 4.1 2 0.7 6 1.5

DRD3, risk score

N Y% N % N %o

0 30 30.6 130 42.1 160 39.3

1 41 41.8 107 34.6 148 36.4

2 21 21.4 57 18.5 78 19.2

3 5 5.1 12 3.9 17 4.2

4 1 1.0 3 1.0 4 1.0

N= Number of PD patients with the number “risk haplotypes”. %o=percentage of the risk score
prevalence
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3. STUDY 2: Polygenic risk scores in Parkinson’s disease: opportunities and challenges in

predicting hallucinations
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3.1 Abstract

Creating polygenic risk scores (PRS) is an increasingly popular approach to uncover
underlying disease pathomechanisms, to predict disease risk prior to onset, and to establish
causality through a Mendelian Randomization approach. PRS can be a powerful tool and has
demonstrated success in many diseases, including in Parkinson’s disease (PD). To derive a valid
and accurate PRS requires understanding its strengths and limitations. In this study, we
attempted to generate and validate a PRS for hallucinations in PD based on three longitudinal
patient cohorts. An approach to identify potential genes/pathways involved in hallucinations
using a candidate-gene based PRS failed, most likely due to the restricted sample size.

We also developed a PRS for Parkinson’s disease status based on previous GWAS results,
and demonstrated a strong association with disease status in our independent dataset. This PD-
status PRS is possibly weakly associated with hallucinations, although our analyses did not reach
formal statistical significance. Based on the findings from the pooled analysis, the generated
hallucinations PRS, and the PD-status PRS, the following genes of interest to explain an
increased risk of developing hallucinations in PD are LRRK2, APOE, SLC6A4, BDNF and

MAPT.

34



3.2 Introduction

The diagnosis of Parkinson’s Disease (PD) is based on motor symptoms.>’? The heritability
of PD is estimated to be 40%,2% and large GWAS studies have been performed in the past. 20420
In recent years, more attention has been given to common and debilitating non-motor symptoms
of PD.!811 One important symptom influencing patients’ quality of life and of vital concern for
caregivers is hallucinations. Often PD patients retain insight during visual hallucinations.
However, loss of insight and paranoid psychosis, although rare, may occur during disease
progression. The prevalence of hallucinations increases with disease duration and risk factors,
including female sex, older age at diagnosis, and REM sleep behavior disorder (RBD).
Hallucinations often coincide with cognitive decline, '®12 and it is well established that
hallucinations are associated with an increase in mortality.'>?

A number of previous studies attempted to identify potential associations between
hallucinations and genetic variants in various candidate genes with conflicting findings. !2%!7-
169.171-191206.207 Twenty-one genes have been implicated or hypothesized as being associated with
the development of hallucinations among PD patients. The majority of these studies focused on a
few single-nucleotide polymorphisms (SNPs) within each gene to identify an association with
hallucinations or psychosis. Generally, these studies used small sample sizes (less than 250
subjects). Associations found in one study were often not replicated in others or were not even
targeted for replication.

In this study, we combined data from three longitudinal Parkinson’s disease studies to
attempt to decipher the role of these genes. We used the new promising tool, PRS, to explain or

predict the onset of hallucinations in PD. Previously, PRS created for PD were associated with

age at onset, cognitive decline and motor progression among PD patients.??2!° We first created
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a PRS based on genes previously implicated in the risk of developing hallucinations. This PRS
improved upon single gene based studies in, at least, two ways. Whereas the single-gene studies
were each restricted by statistical power to a few SNPs, the PRS increased the statistical power
to analyze many SNPs. Further, PRS assessed the combined influence of a large number of
biologically plausible candidate genes, an analysis that was unfeasible in the single-gene studies.
In order to maximize the power of our study, we combined three studies and restricted to the
number of candidate genes to develop the PRS. In addition, we created and validated a PRS
associated with PD status based on previous GWAS studies. This allowed us to assess whether
the underlying pathomechanisms of PD are also associated with the development of
hallucinations, and to assess whether the progression of PD pathology is causing hallucinations

among PD patients.

3.2.A Polygenic risk scores (PRS)

Complex diseases are thought to be caused by a combination of environmental exposures,
lifestyle choices and genetics variations. Large genome-wide studies have been performed to
identify potential genetic risk factors for these complex diseases. Unfortunately, genetic research
has only been able to identify a fraction of the heritability among complex diseases. This
phenomenon has been called the missing heritability.?!! One potential explanation for this
missing heritability is the polygenic theory that states that a plethora of common genetic variants
together influence the risk of disease, each contributing only a small effect.

Single SNPs may not act alone but in concert with many other genetic loci.?'? A PRS
represents an aggregated score that sums up the effects of a multitude of protective and risk

alleles (SNPs). A PRS commonly uses genome-wide association analysis, however, it does not
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require individual SNPs to reach statistical significance and takes synergism between SNPs into
account. Most commonly, the weights assigned to the risk alleles are derived from effect
estimates established in genome wide approaches. Synonyms for PRS are genetic score, genome-
wide score, multi-genic score or a multi-polygenic score. With the expansion of and increasing
affordability of genomic arrays, PRS are gaining interest as a tool to identify pathomechanisms
beyond simply predicting outcomes.

This multi-locus theory was first invoked as an explanation for the unsuccessful search for
genetic contributors to schizophrenia.?!'* Accordingly, the first polygenic score was developed
for schizophrenia and has been very successful in predicting disease risk and deciphering
underlying pathomechanisms.?!*?!> After the development of the PRS for schizophrenia, other
successful polygenic scores have been developed for a wide range of disorders and traits,
including Alzheimer’s disease, obesity, cardiovascular diseases, breast cancer, educational
attainment, and height >16-2%*

By using an aggregated score, a PRS has more power to identify an association with the
phenotype than identifying an association for each individual SNP. Many consortia that
originally came together to conduct GWAS analyses in studies of tens of thousands of
individuals can now be employed to generate PRS that include many SNPs with small effect
estimates, even for rare diseases and sub-phenotypes of common diseases.

Below, we used two approaches to investigate the uses of a PRS for hallucinations in PD and
to explain the creation and validation process as well as the strengths and limitations of the PRS
approach: i.e. a candidate-gene based RPS and a PRS generated from previous GWAS analyses
for PD status. We used this PD-status score to assess any overlap between genetic risk factors for

PD and hallucinations among PD patients.
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3.2.b Predicting risk of complex diseases.

One possible use of a PRS is to identify people who are at higher risk of developing a clinical
outcome, and to provide a simple screening tool that can potentially enable earlier treatment. In
order to fully measure the genetic risk associated with a disease, this score generally requires a
very large number of risk alleles, in the order of tens-of-thousands or hundreds-of-thousands of
risk alleles.”?> Although many PRS are associated with a disease, selecting SNPs to include in
the PRS can be difficult when a large GWA study is not available and the disease has a moderate
or low genetic heritability.?>>?26 An example of a successful, predictive PRS is a score created
for coronary artery disease (CAD).??” This score uses 6.6 million genetic variants and has an
Area Under the Curve (AUC) of 0.81. The success of this PRS is likely due to the large number
of genetic variants, the secondary optimization in a large second dataset before validation, and

the high heritability of CAD (50-60%).%28-2%

3.2.c. Identifying the underlying genetic architecture of a disease or phenotype.

Instead of using a large scale GWAS approach it is possible to create a PRS using pathway-
related genes or candidate-genes. If an association is identified, this can facilitate the
understanding of underlying mechanisms or biological functions.?*%?*! An example of a
pathway-specific approach is the Alzheimer’s disease (AD) study that developed and tested PRS
for amyloid-f clearance, cholesterol metabolism and immune response. This study attempted to
identify an association between the PRS and cognitive functions, as well as an association
between the PRS and biomarkers measured in cerebrospinal fluid (CSF) and PET scan. The
study generated the PRS using pathway-specific genes selected for their biological function.
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Interestingly, there was no indication that any of the genetic risk scores generated were
associated with cognitive function, except for the immune-response PRS and the measured
concentration of T-Tau in CSF.?¥

Another method to identify the underlying genetic architecture is to create a PRS based on a
genome-wide array and then determine the biologic function and/or pathways the genetic
variants or genes included in the PRS are representing.?'>?*? A study that used this approach

recently provided support for immune-related genetic susceptibility in PD. 23

3.2.d. Determining causality by developing a PRS as an instrumental variable (Mendelian
randomization approach)

Causality can be assessed when a PRS is developed to serve as a genetic predictor of a
(modifiable) risk factor for a disease. This method can decrease the need to address confounding
risk factors.?*® There are however important aspects to consider when using a PRS as an
instrument (proxy), namely that the genetic variants do not have a direct effect on the outcome.
The variants should only affect the outcome through the risk factor of interest for which the PRS
is a proxy measure. This assumption can become problematic when the PRS contains thousands
of genetic variants.?**?% Also, instrumental variable analysis generally requires large sample
sizes, especially when the PRS is weakly associated with the risk factor of interest. In this study,
since our goal was to identify genetic risk factors of hallucinations, a Mendelian randomization

approach was not appropriate.
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3.2.e. Identifying potential overlap of genetic risk factors between various disorders.
Underlying pathomechanisms can be identified when a well-established PRS for one disease
is utilized to explain another disorder. The goal of this approach is to analyze the overlapping
pathobiology. Examples include studies identifying associations between a PRS developed based
on SNPs associated with Schizophrenia that is also associated with a diagnosis of bipolar
disorders, anxiety disorders, and AD-related psychosis.?'*?3%237 In this study, we did not use this

approach as it is beyond the scope of this manuscript.

3.2.f. Creation of a polygenic risk score

To create a PRS requires, choosing the sample size for the training data, and choosing
whether to use a whole genome or candidate gene approach; i.e. an untargeted (or ‘unbiased’)
approach that requires a very large dataset, or a targeted approach that can be performed with a
smaller sample size. The latter is based on prior knowledge and is useful to determine whether a
specific (targeted) pathway is related to the outcome.

It is important to develop the PRS on a training set and validate it on an independent dataset.
Although it is technically possible to validate a PRS on the same dataset by using cross-
validation, where a percentage of the study subjects are used for the training and the remaining
subjects for validation, this cross-validation approach tends to overestimate the association
between the PRS and the phenotype. This is mainly due to the homogeneity of the subjects
within one study. The lack of generalizability to a different, separate study population tends to
reduce the effect estimates and predictive qualities of the association between the PRS and the

phenotype.?3
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Several methods have been proposed to create a PRS. The first method, the simplest and
most commonly used, is to select SNPs based on a p-value threshold for statistical significance
and to use the effect estimates as weights. This can be done using summary statistics from large
GWA studies.?!* Another option is to use a second independent dataset to optimize the SNP
selection threshold.??” Newer techniques involve joint analysis of all SNPs using mixed-effect
modeling, LD-based prediction and Bayesian techniques. These techniques have been shown to
increase some of the PRS’ predictive performance.?***' Another method that has been proposed
is to test only functional SNPs; or to divide all genome-wide derived SNPs into categories based
on their known or suggested function, and then calculating a p-value threshold dependent on the
category.’*

When using the weighted sum method (the first method described above), two criteria are
important for the selection of the SNPs in the PRS: linkage disequilibrium (LD) clumping and p-
value thresholds. As SNPs that are in close proximity are associated with each other (in LD), it is
important to remove SNPs that are highly correlated to avoid double-counting the genetic
location for the PRS. LD clumping is the process by which the SNP with the strongest
association, based on the p-value, is selected first and the SNPs in close proximity, with a LD
above a certain threshold, are removed. A high threshold runs the risk of including SNPs that are
not independent, while a low threshold could be too restrictive. There is no gold standard for LD
thresholds, however thresholds between 0.1 and 0.5 R-square are commonly used. 2%}

For the creation of the PRS, either a p-value threshold for the SNP selection needs to be
preset, or one can choose the number of SNPs based on a variance explained (R-square) increase.

There are no preset guidelines to selecting the optimal threshold. The optimal threshold depends

on the validity of the analysis and the polygenic nature of the phenotype. If the training set only
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includes a small sample size, as is the case in this study’s PRS for hallucination, it is prudent to
restrict the number of false-positive effect estimates by using a low p-value threshold. However,
in situations where the results of the training dataset were very precise or when the PRS is based
on large GWAS results, and the phenotype is thought to be very polygenic (infinitesimal model;
a very large number of SNPs with a very small effect size) than choosing a large p-value

threshold could generate a better predictor of the outcome.

3.3 Methods
3.3.a. Study population
Three separate research populations were used for this study. See an overview in figure 3.1.

The Parkinson’s Environment and Gene study (PEG) is a population-based case control study

among residents of the Central Valley of California. The specifics of this study have been
described previously. '°* In this paper, we used information from the PD patients’ cohort that
was followed between 2001 and 2019. These PD patients were classified by movement disorder
neurologists as probable idiopathic PD according to published criteria. * If a PD diagnosis was
deemed only ‘possible’ at baseline, a diagnostic re-assessment was scheduled. In addition, if
necessary, disease classifications were changed after further follow-up visits. Recruitment
occurred in two phases; during 2001-2007 (PEG1) and 2010-2018 (PEG2). At PEGI baseline,
359 incident PD patients were seen within the first three years after their diagnosis, but the
presence of hallucinations was first assessed during a follow-up appointment (N=251) on
average 6 years into their disease. The second recruitment strategy (PEG2) allowed patients to
have received a PD diagnosis after 2001 but they were first seen by UCLA specialists after 2010.
PEG?2 identified 388 idiopathic PD patients and at the time of this study, 183 had completed a
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follow-up visit. Thus, the PEG study has 434 PD patients with information about their
hallucinations. In addition, population-based controls were included during the PEG1 phase and
between 2007 and 2010. A total of 741 patients and 840 controls were included in the validation

for the PRS for PD status.

The ParkWest study (PW) is a longitudinal, population-based cohort of Parkinson’s disease
patients in South- and West-Norway.2* All patients with incident Parkinson’s disease between
November 2004 and August 2006 were approached for this study. After informed consent,
subjects were classified by certainty of the disease diagnosis, and if deemed necessary re-
assessments were conducted before the participant was included in the study. Final disease
classification occurred at a 28-months follow-up meeting according to acknowledged criteria.?%?
The ParkWest study collected data for 191 patients at baseline, and 159 patients at a 5-year

follow-up visit.

The Parkinson’s Progression Markers Initiative study (PPMI) is a longitudinal study

following incident Parkinson’s disease patients and healthy controls. This study is an
international multicenter study (US, Europe, Israel and Australia) and unlike the previous
studies, it is clinic-based. Newly diagnosed, untreated PD patients were enrolled if they had a
dopamine transporter deficit on 123-I loflupane dopamine transporter (DatScan) imaging, no
dementia at baseline-visit, and consented to the extraction of biological samples (including
serum, plasma, urine and cerebrospinal fluid), genetic analysis, extensive imaging (MRI and
DatScan) as well as neuropsychiatric/cognitive testing. PPMI gathered information from 317 PD
patients during follow-up.

For the development of the PRS for hallucinations in PD, we used two population-based

studies (PEG and PW) and attempted to validate the score among a third independent study
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(PPMI). We used PD cases and controls from the PEG study for the validation of the PRS
associated with PD-status, and used PD patients from the three studies (PEG, PW, and PMI)

when analyzing this validated PD-status PRS to determine the association with hallucinations.

3.3.b. Definition of outcome and other variables

The presence of hallucinations was assessed using the Movement Disorder Society - Unified
Parkinson Disease Rating Scale (MDS-UPDRS) in PEG and PPMI, while PW used the UPDRS.
245246 The specific sub-item is answered positively when a patient or caregiver indicates that
there were illusions, hallucinations and/or psychosis. In this study, for simplicity, we use the
term ‘hallucinations’ to include all sub-items. For the PEG study, we used the information
provided at the first follow-up visit, about 5 years after disease diagnosis. To increase
comparability between studies, we chose to use the information about the presence of
hallucinations at a five-year disease duration in the ParkWest and the 48-months follow-up visit

after baseline in the PPMI study (~5 years’ disease duration).

3.3.c. Genotyping data

All three studies performed a genome-wide array. The PEG study used the Global Screening
Array (GSA) chip, the PPMI study used the NeuroX chip and the ParkWest study the Illumina
Infinium OmniExpress. To homogenize the strands and impute the whole genome and to
increase coverage of the 21 genes, we imputed data by means of the Michigan Imputation
Server.?*” The Michigan Imputation Server uses Minimac3 for imputation. Phasing was

performed using ShapelT v2.r790,?*® the reference panel was HRC.r1.2016. 2%
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Standard data quality control was performed. Subjects with less than 95% of the SNPs
genotyped were removed. SNPs with a minor allele frequency (MAF) less than 0.02 or with a
Hardy Weinberg Equilibrium p-value of less than 1*107 were also excluded. To avoid any bias
due to family structures, genetic relatedness between subjects was estimated by calculating the
Identical by Descent (IBD) percentage. Among pairs or families with a genetic overlap of 20%
or more, one subject was randomly selected to remain in the study.

For the hallucination PRS, as the sample sizes are relatively small for a genomics based
approach, we limited our PRS creation to the 21 genes previously identified or hypothesized as
being associated with hallucinations in PD. 120-157-169.171-191.206.207 Thjs restricted selection of
genes aims to reduce inclusion of false-positive findings in the PRS. SNPs within a 20Kb border
of each gene were selected. We, furthermore selected only those SNPs that were available in the
genomics data from all three studies (N=3,994 SNPs). The top genetic variants (N=9,830) of the
combined GWAS of PDGene and PDBWS were used for the PRS creation to estimate PD
association.””> Of these top variants, there were 8,233 variants available in our PEG study.

After quality control, 841 PD patients provided genotyped data for the analysis (390 in PEG,
134 in PW, and 317 in PPMI) of hallucinations. For PD status, 741 patients and 840 controls
from the PEG study had whole genome data. All study protocols regarding human subjects were
approved by their local Institutional Review Board and written consent was given by all

participants.

3.3.d. Ethnicity
In the three studies, ethnicity was estimated slightly differently. In the PW and the PEG

study, principal component analysis was performed and compared to the 1000 Genomes Super-
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populations. All subjects in PW were considered to be of European ancestry. In the PEG study,
the subjects were divided into the 5 main Super-populations (African, American, East-Asian,
European or South-Asian). In the PPMI study, ethnicity was based on questionnaire data and
later confirmed with a hidden Markov model using Structure 2.3.4.2%

For subjects in all three studies, fractional ancestry was estimated using hidden Markov
modeling and clustering (Structure 2.3.4).%°° The ideal number of clusters was assessed using the
Evanno method with Structure Harvester package in R.>*! The final model used 4 clusters, with
10,000 burnin periods and 10,000 Markov chain Monte Carlo repetition.

As population stratification and genetic ancestry are two main confounders in genetic studies,
we restricted our analysis to subjects classified as representing the European Super-population.
In analyses, we also adjusted for fractional ancestry identified by Structure.?’ In a sensitivity

analysis, we also ran a PRS for the total population. However, as the majority of our populations

are Caucasian, results are not necessarily generalizable to other ethnic groups.

3.3.e. Confounders

All analyses were adjusted for sex, fractional ancestry, age at diagnosis, disease duration at
time of assessment for hallucinations and study as necessary. In order to increase the number of
degrees of freedom we adjusted the logistic regression analyses using propensity scores derived

from these variables.

3.3.f. Polygenic risk score generation
We chose to use a targeted approach to build a hallucination PRS from our own data, while
the PRS for PD status was based on findings from a previous meta-GWAS.2% First, the primary
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creation of the hallucination-PRS was based on the PW and PEG study, since they represent
population-based samples, while the replication was attempted with an independent and clinic-
based study (the PPMI). Second, we showed the influence of alternating between studies in the
creation and validation of the PRS. Third, we demonstrated the results of using cross-validation
as a method to create and validate a PRS based on all three studies (using 70% of the subject for
the training, and 30% for validation).

The weights for the hallucinations-PRS we created were based on the effects estimate from a
logistic regression adjusted for the confounders mentioned above using propensity scores. The
weights for the PD status-PRS were based on the effect estimates from the previously performed
GWAS analysis. For both PRS we used a threshold r-square LD of 0.1 in order to reduce
potential false-positives as much as possible.

In this study, the program ‘PRSice’ was used to create the PRS and in the replication study to
calculate a weighted sum PRS.2>? The final score is the sum of the number of risk alleles per
individual weighted by each B coefficient. As it is desirable to limit the number of false-positive
alleles in a PRS, especially given a relatively small dataset, we limited the number of alleles
using a p-value threshold of 0.05. In the sensitivity analysis, we used various p-value thresholds
(P<0.01, P<0.10) as well as the “optimal” number of SNPs based on the explained variance (R-
square). The latter tends to include almost all SNPs used for the creation of the score (in our
case, it included all SNPs after clumping). While this method may be an effective approach with
a large sample size, given our smaller sample size, selecting the PRS based on the R-square is

likely to be ineffective as we will show below.
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In summary, the PRS for hallucinations was calculated based on the effect estimates from the
training dataset (PW and PEG) by summing the number of risk alleles times the weights for each
subject. A p-value threshold of 0.05 and a LD-threshold of 0.1 were used for clumping. Using
the weights and the SNPs chosen based on this protocol, the score was calculated in our target
dataset (PPMI), and subsequently a logistic regression was performed to analyze the association
between the PRS and hallucinations adjusted for the confounders using a propensity score.

For the PRS associated with PD status, we used the effect estimates from the previous GWA

study 2%

as the weights and calculated the PRS scores using various p-value thresholds among
all subjects. After calculating the PRS, we performed logistic regression analysis to assess the

association with PD status among PEG patients and controls, and with the presence of

hallucinations among PD patients from PEG, PW and PPMI combined.

3.3.g. Software
Analyses were performed using a combination of Plink 1.9, RStudio 1.1.453, SAS 9.4 (SAS

Institute, Cary NC), Structure 2.3.4, and PRSice 2.1.8.23-292-2%6

3.3.h. Alternative analysis

Instead of a PRS analysis, a gene set-based analysis could be performed to identify whether
specific genes are associated with hallucinations among PD patients. A gene set-based analysis
(GSA) analyzes the number of independent (clumped) SNPs within a gene that reaches a p-value
threshold (often 0.05) and analyzes the average test-statistic of these SNPs. In this study, we
show the results of the GSA for hallucinations based on the 21 candidate genes previously
implicated, using a p-value threshold of 0.05, LD threshold of 0.5 and 25,000 permutations.
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Finally, we also provided a pooled analysis of the association between the SNPs in the PRS and
hallucinations.

Although the analyses above can be performed in lieu of PRS analyses, they generally
require a larger sample size to identify statistically significant findings. The pooled analysis
requires the largest sample size to identify single SNPs that are statistically significantly
associated with the outcome. We provided these alternative analyses for comparison purposes

and as they can contain additional insights.

3.4 Results

The average age of subjects with PD in this study was 64 years old, with a range of 23 to 87
years. The controls in this study were on average 66 years during the interview (range: 35 to 99).
The main difference between subjects in the PPMI and the PEG/PW study was age at diagnosis.
Subjects in the PPMI study were younger at diagnosis (61 years old vs 66-67). The PEG study
was unable to examine patients at set time points, thus variation in disease duration was larger.
Interestingly, though, the overall prevalence of hallucinations at, on average, 5 years of disease
duration was similar in all three studies. On average 12.6% reported experiencing these

phenomena, almost exclusively without loss of insight. See also Table 3.1.

3.4.a. PRS created for hallucinations based on a training dataset

First, we generated a PRS for hallucinations based on 21 candidate genes. The PRS based on
our original criteria included 21 SNPs and was of moderate strength in the training set
(PEG/PW). The adjusted OR was 2.69 (95%CI: 2.10 — 3.45), p-value was 2*107!3 and the R-
square was 0.16. Unfortunately, this PRS did not replicate in the validation data with an adjusted
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OR of 1.00 and p-value of 0.98 (see Table 3.2). When reviewing the associations of the
individual SNPs with hallucinations, the effect estimates seen in the training dataset were not
reproduced in the validation dataset, and several associations even changed the direction of the
effect estimates explaining the overall null result. (See Supplemental Table 3.2)

Using different criteria to select SNPs did not improve the performance of the score, i.e.
using more and less restrictive p-values (0.01 or 0.10), and selecting SNPs based on optimizing
the R-square. None of the scores created (whether based on a minimum of 4 or a maximum of
180 SNPs) validated in the replication datasets. The adjusted ORs in the target datasets hovered
around 1.0 (null value) and had high p-values (see Table 3.2a). Other variations in creating the
PRS, where we exchanged training and target datasets or where we included other ethnicities,
provided similar results. Even when using a cross-validation approach that resulted in a higher
R-square in the training dataset (70% of subjects), the PRS effect was not replicated in the
validation dataset (30% of subjects).

Results based on alternative methods to explore the associations between these 21 genes and
hallucinations are presented in Table 3.3 and Table 3.4a. In a set-based analysis using all three
studies we also did not identify associations with one specific gene at a formal statistical
significant level, adjusted for multiple comparisons. Interestingly, a pooled analysis for all three
studies showed a number of consistent findings across the three studies, even though it did not
reach formal statistical significance after multiple comparison corrections were applied. Our
pooled analysis suggests that genetic variants in APOE, LRRK2, SLC6A4, and BDNF might be
important to review again in a larger dataset.

Prior to the development, we were unable to estimate the power to detect an association

between the PRS and hallucinations. The heritability of hallucinations among PD patients is
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currently unknown and our dataset was not large enough to calculate the heritability. However, it
is likely we have only limited statistical power and therefore can only identify moderate to strong
effect size SNPs in these datasets. A power calculation, after the PRS was created indicated that
there was 80% power to detect an odds ratio of 1.3 or above. Assumptions were based on the
distribution of the PRS in the training dataset and included a mean of -1.607 and a standard
deviation of 2.272, in combination with an alpha of 0.05, sample size of 297 (PPMI) and two-

sided testing.

3.4.b. PRS created for PD status based on previous GWAS results

We employed a PRS for PD status that was created based on the top SNPs from a previous
meta-GWAS and included 442 genetic variants after clumping. This PD-status PRS validated
very well in the PEG study where genetic data from controls was available. The association of
the PRS with PD status, independent of the P-value threshold chosen, was highly associated with
disease status. The adjusted OR for PD ranged between 1.34 to 1.50, with confidence intervals
from 1.23 (lower) to 1.70 (upper) and p-values in the order of 107'%to 10712, This PD status PRS
was able to explain about 8% of the variance (R-square between 7.7 to 8.8%) in our combined
datasets. (Table 3.2b) While we initially restricted to Caucasian subjects, the PRS appears to
have an even slightly stronger association in the Hispanic population. The ORs ranged between
1.77 and 2.32, with confidence intervals from 1.43 to 3.2, p-values in the range of 107 to 1078
and R-squares around 22 to 25% (see Supplemental Table 3.3). Evidence for the power of a PRS
approach is that the individual SNPs of the PD-status PRS (p-value threshold <1*10-%), are not
statistically significant after adjustment for multiple testing (Table 3.5), while the overall PRS is
highly significant.
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However, while the PD-status PRS created using the meta-GWAS data showed a formally
statistically significant (while weak) association with disease status, it did not show any
association with hallucination status. The PRS generated using a rather low p-value threshold did
suggest that there might be a small increase for hallucinations with this score based on 58 SNPs
in 51 genes (aOR: 1.19 (95%CI: 0.92-1.52)), however the score did not reach formal statistical
significance levels. (Table 3.2b) After reviewing the individual SNPs from the PD-status PRS
and their association with hallucinations, the majority of the effect estimates had wide
confidence intervals that overlapped with the effect estimates of the previous meta-GWAS.
However, several effect estimates were very different and changed direction (Table 3.5). Genes
that appeared to validate and especially would benefit from a larger study are LRRK?2 and
MAPT.

Based on the distribution of the created PRS for the PD-status with a p-value threshold 1*10"
8 we had 80% power to detect an odds ratio of 1.65 or more. As we identified a very weak effect
estimate around 1.2, our study was clearly not large enough to identify such a small PRS effect

estimate.

3.5. Discussion and future directions

Using a meta-GWAS based PRS we found, as expected, a statistically formal significant
association between PD-status and the PRS in our PEG study confirming that the sites identified
as predictors in large GWAS can be widely applied to population-based PD studies, even across
various ethnicities. However, we were unsuccessful when analyzing associations between this
PD specific PRS and hallucinations, suggesting that whatever the influence is of these SNPs on

PD risk does not necessarily translate to explaining these progression symptoms.
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Alternatively, we attempted to generate a hallucination specific PRS from our data but the
derived results did not replicate and while certain SNPs were consistently associated with
hallucinations across three datasets, it is impossible to determine whether these genes (APOE,
LRRK2, SLC6A4, or BDNF) are truly implicated in the development of hallucinations at the
moment. Unfortunately, the lack of replication is most likely due to the limited sample size i.e.
the small percentage of subjects with information about hallucination symptoms during follow-
up and a lack of a large GWA studies on this subject.

Still, it appears that among the top genetic variants associated with hallucinations in our 21
candidate genes, there is consistency across the three studies. Unfortunately, the weights for the
PRS we generated from the three datasets in the training phase, all with a relatively small sample
size, were thus necessarily based on effect estimates with wide confidence intervals. This
uncertainty of effect estimate is not taken into account during the creation of the score and this
type of measurement error would lead to a bias towards the null and could explain our lack of
replication.

Another potential type of measurement bias occurs when the outcome is misclassified. This
is especially important for discrete phenotypes (e.g. PD status or hallucinations). Hence, using
cases that are well characterized and have a very specific phenotype would increase validity. It is
difficult to measure hallucinations accurately, and while the three studies used similar methods,
the UPDRS only includes one question concerning hallucinations. It might be more accurate to
measure hallucinations with a specialized questionnaire or instrument.?” However, this
instrument would have to be used in all studies consistently in order to pool these data. Thus, we
expect some outcome misclassification independent of the genetic risk factor, which is likely to

cause a further bias towards the null, making it more difficult to identify any association.
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Instead of analyzing hallucinations at one specific time point, another option would be to use
a time-to-event analysis. However, to get the timing right may depend on the ability of patients
to recall accurately the first onset of hallucinations symptoms and to schedule patient follow-up
assessments in tight enough intervals to facilitate accurate recall. Hence, in population-based
studies time-to-event analysis may be challenging. In this research, we chose as the outcome
ever-versus-never occurrence of hallucinations after on average ~5 years from a first PD
diagnosis, a time period of great relevance for patients. Five years after diagnosis is also a
reasonable chance of sufficient compliance with follow-up assessments, as both mortality and
loss-to-follow-up increase substantially after five years from diagnosis.

In genetic studies, the most important potential confounder that influences results are genetic
ancestry (population stratification). In this study, we restricted the analysis to subjects that were
genetically identified as Caucasian, and additionally adjusted for fractional ancestry. For our PD-
status PRS, we also analyzed the Hispanic population and were able to establish a stronger
association between the PRS and PD status than in the Caucasian population. Commonly, a PRS
is based on either a restricted Caucasian population or a mixed population with a majority of
Caucasians. In these scenarios, it is important to recognize the likelihood that the polygenic score
is invalid or less effective in a population of a different ethnicity or race. 2°%2%° In fact,
extrapolations of GWAS results from one population to predict risks in a different population
have often been inaccurate.2°*?%! In addition, due to the misclassification and inaccuracy of PRS
in different populations, health disparities might increase when such screening tools are

implemented without taking these factors into account. 22

3.6 Conclusion
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PRS are gaining popularity and have the potential to decipher underlying pathomechanisms,
predict outcomes, and even infer causality when using a Mendelian Randomization approach.
While our PRS were not able to identify a strong association with hallucinations, there is some
indication that genetic variants are associated with these symptoms. The PD-status PRS with a
strict p-value threshold and the pooled analysis suggest genes such as LRRK2, APOE, SLC6A4,
BDNF and MAPT are potentially involved in the occurrence of hallucinations among PD
patients. We suggest that this outcome should be further explored in a larger dataset to identify

subjects higher risk for developing hallucinations.
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4.1 Abstract

Objective: Although the diagnosis of Parkinson’s disease (PD) is established based on motor
symptoms, non-motor symptoms such as hallucinations are very common. The prevalence of
hallucinations increases with disease duration. However, genetic risk factors for hallucinations
remain elusive. In this study, we examined the overlap of genetic architecture for Alzheimer’s
disease (AD) and schizophrenia (SZ) with hallucinations in PD.

Methods: Three longitudinal PD studies were combined to analyze the association of two
polygenic risk scores (PRS) with the prevalence of hallucinations after, on average, five years of
disease duration. One international clinic-based study, and two population-based studies (one
from Norway and one from the US). When combined, this included 745 Caucasian subjects. PRS
were based on previously performed large GWA studies for AD and SZ.

Results: Stratifying by younger (<60 years) and older (60+ years) age at diagnosis, the SZ-PRS
was associated with an increased risk for hallucinations among young PD patients (adjusted
OR=1.18 (95%CI: 1.03-1.35, p-value 0.02). The AD-PRS had a positive association for
hallucinations in older onset PD patients (adjusted OR=1.27 (95%CI: 1.08-1.50, p-value 0.005).
The results were very similar when hallucination severity was used as the outcome.

Conclusions: Our results suggest that the specific biological mechanisms for hallucinations may
depend on age at diagnosis. In young onset PD patients, SZ susceptibility factors may play a role
in the development of hallucinations. While in older onset PD, hallucinations appear to be

influenced by the genetic architecture seen in AD that contributes to cognitive decline.
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4.2 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease in the
United State and is estimated to affect 1.2 million individuals in the US by 2030.%% A
combination of genetic and environmental factors contribute to the loss of dopaminergic neurons
and PD’s characteristic motor symptoms, as well as to its peripheral non-motor symptoms.2%

While for decades the clinical focus has been on the motor symptoms of PD,2% in recent
years more attention has been given to its non-motor symptoms (NMS) that considerably affect
health related quality of life. NMS consist of a wide range of symptoms, from pain, depression
and cognitive decline to sleep disorders.?®>

One important non-motor symptom that negatively affect quality of life is the occurrence of
hallucinations among PD patients.?®® Depending on the type of measurement and when during
disease progression hallucinations are assessed, the prevalence of hallucinations has been
reported as low as 9% early in the disease to a cumulative occurrence in as many as 60% of
patients after 12 years of disease.'!'"!'* Hallucinations among PD patients commonly manifest as
visual hallucinations representing people, animals or inanimate objects. Patients generally retain
insight into these phenomena not being ‘real’. As the disease advances, more severe psychosis
can manifest, including visual and non-visual hallucinations; (paranoid) delusions and a loss of
insight.!%”

Risk factors for hallucinations include REM sleep behavior disorder, female sex, later age at
diagnosis, disease duration, and motor subtype (postural instability and gait disorder).!!$-12
Dopamine agonists were hypothesized to cause hallucinations, '?! although recently several

longitudinal studies were unable to identify an association.!?>!23 Hallucinations are not only
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major contributors to a decrease in quality of life,?%® but have been associated with the need for

150,151 152,153

nursing home care and an increased mortality.
Visual hallucinations experienced by PD patients resemble those of schizophrenia patients.
Both auditory and visual hallucinations in patients with either Alzheimer disease (AD) or
schizophrenia (SZ), have previously been attributed to a shared pathophysiologic mechanism.2%’
Interestingly, in PD hallucinations often co-occur with cognitive decline; but it remains unclear
whether one phenotype is causing the other. That is, some studies have shown that dementia

122,268,269 \while other studies

increases the risk for subsequent development of hallucinations,
found the occurrence of hallucinations to increase the risk of subsequently developing dementia.
114.146-199 However, both phenomena may also have a common underlying pathobiology and
whether one or the other occurs first might be random.?7%2"!

Imaging studies among PD patients indicate that those who report hallucinations have a
reduced cortical volume in various areas of the brain.!33134137-140 Iy addition, one study found
reduced CSF amyloid ABi-42 among PD patients with early onset hallucinations (within four
years after diagnosis).!?? Post-mortem studies indicate that several neurodegeneration related
protein aggregates i.e. Lewy bodies, amyloid and tau pathologies are more prevalent among
those with hallucinations.'® One study, however, reported that this pathology was limited to PD
patients with hallucinations and co-existing dementia, while PD patients experiencing
hallucinations without cognitive decline did not show these pathological changes.?’? This might
indicate that patients who hallucinate with and without dementia are exhibiting separate subtypes
of pathology leading to their hallucinations.

Previous studies that tried to identify genetic risk factors for hallucinations reported

conflicting results.!%2120-157-191 These studies were candidate-gene based and most had a small
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sample size (less than 250 subjects). Several studies focused on genes known to be related to
cognitive decline and dementia, (e.g. APOE, MAPT), or to schizophrenia risk (e.g. COMT,
DRD?2). However, no study has previously taken a comprehensive look at the genetic risk factors
for schizophrenia or AD using polygenic risk scores (PRS) and their association with
hallucinations among PD patients.

In this study, we utilized GWAS results from large consortia to create PRS in order to
identify potential genetic overlap between genes involved in AD or schizophrenia pathogenesis
and hallucinations in PD. PRS are a very powerful tool, as the PRS combines the underlying
genetic architecture into one score that can then be used to predict the occurrence of
hallucinations among PD patients. We created PRS for schizophrenia and Alzheimer’s disease
separately and then estimated its effects based on three well characterized longitudinal studies of

PD.

4.3 Methods

For a detailed description of the study population, outcome measurements and genotyping,
refer to chapter 3. Briefly, this study combines three separate research populations (see also
Figure 4.1). First, the Parkinson’s Environment and Gene study (PEQG) is a population-based case
control study in the Central Valley of California. Second, the ParkWest study (PW) is a
longitudinal, population-based cohort of Parkinson’s disease patients in South and West-Norway.
And the third study is the Parkinson’s Progression Markers Initiative study (PPMI), a
longitudinal, clinic-based study following incident Parkinson’s disease patients and healthy
controls. This study recruited internationally and had a multicenter design (US, Europe, Israel

and Australia).
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The presence of hallucinations was assessed using the Movement Disorder Society - Unified
Parkinson Disease Rating Scale (MDS-UPDRS) in PEG and PPMI, while PW used the
UPDRS.?*2% The presence of hallucinations was considered positive when a patient or
caregiver indicated the presence of illusions, hallucinations and/or psychosis. For this study, we
used information at the first follow-up visit among PEG patients (on average 6.2 years after
diagnosis), at five-year disease duration among patients from the PW, and 48-months after
baseline-visit among the PPMI subjects.

The severity of hallucinations was estimated based on the score of the question. For the
MDS-UPDRS this means 0 represents no hallucinations; 1 - slight illusions or non-formed
hallucinations; 2 - formed hallucinations independent of environmental stimuli; 3 - formed
hallucinations with loss of insight; and 4 - the patients is experiencing delusions or paranoia. The
UPDRS has a slightly different scoring and unfortunately, it combined scores 1 and 2 of the
MDS-UPDRS. Therefore, it does not differentiate between formed and non-formed
hallucinations among subjects that have hallucinations without loss of insight. To take this
uncertainty into account, we scored those subjects as 1.5 (N=9).

In all three studies a genome-wide array was performed and SNPs for the whole genome
were imputed using the Michigan Imputation Server.>*” The Michigan Imputation Server uses

Minimac3 for imputation, phasing using ShapelT v2.r790,%*8

and the reference panel was
HRC.r1.2016.%* Standard data quality control was performed. Subjects with less than 95% of the
SNPs genotyped were removed, and SNPs with a minor allele frequency (MAF) less than 0.02
and or with a Hardy Weinberg Equilibrium p-value of less than 1*10”7 were excluded. Among

family members with a genetic overlap of 20% or more (Identical by Descent), one subject was

randomly selected to remain in the study.
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After quality control, 841 PD patients, followed longitudinally, had provided both
genotyping and hallucination information (390 in PEG, 134 in PW, and 317 in PPMI). All study
protocols regarding human subjects have been approved by their local Institutional Review

Board and written consent was given by all participants.

4.3.a. Confounders

Fractional ancestry among all subjects was estimated using hidden Markov modeling and
clustering (Structure 2.3.4).°° We used four clusters (based on the Evanno method),?>! 10,000
burnin periods and 10,000 Markov chain Monte Carlo repetition. We restricted the analysis to
subjects classified as from the European Super-population and in the analysis we adjusted using
fractional ancestry identified by Structure. As a sensitivity analysis, we also used the PRS on the
total population, as well as the Hispanic subpopulation, and men and women separately.

All analyses were adjusted for sex, fractional ancestry, age at diagnosis, disease duration at

time of assessment for hallucinations and study when necessary using propensity scores.

4.3.b. Creation of polygenic risk scores

Two weighted sum PRS were created, one for Alzheimer’s disease and one for
schizophrenia. The weights were based on the effect estimate from previous large scale GWAS
data,?’>?™ the final score being the sum of the number of risk alleles per individual weighted by
each [ coefficient (log of the odds ratio).

Alzheimer’s disease (AD) — PRS: The PRS for AD was based on the IGAP GWAS and

the APOE status. The IGAP GWAS analysis was performed on 74,046 Caucasian subjects and

consisted of over 7 million SNPs.?”® After excluding ambiguous variants and restricting to those
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that were available in all three studies (PEG, PW, and PPMI), more than 3 million variants
remained. Subsequent clumping of the data, to take linkage disequilibrium into account, using a
R-square threshold of 0.1, led to a total of 77,881 SNPs remaining in the score.

As APOE allele status is a well-known genetic risk factor for AD, and allele status is best
estimated using specific combinations of two SNPs (rs429358 and rs7412), we chose to use the
APOE allele status instead of using the GWAS results for this specific gene region. The GWAS
results have been known to be highly associated with APOE allele status. However, some
measurement bias would still occur when using GWAS data instead of estimating the allele
status based on the two SNPs. Among our subjects, there were no ambiguous APOE alleles;
among the Caucasian population, 93 subjects had at least one APOE-e2 allele and 178 subjects
had at least one APOE-e4 allele. The APOE risk was calculated using the odds ratio estimated
from the meta-analysis of 28 case-control studies from Alzgene.org. The odds ratio among the
Caucasian population has been estimated to be 0.55 (B: -0.598) for each APOE-e2 allele; and
3.77 (B: 1.327) for each APOE-e4 allele compared to the APOE-e3 allele.?”

Schizophrenia (SZ) — PRS: The PRS for schizophrenia was based on the schizophrenia

working group of the Psychiatric Genomics consortium. The GWAS analysis was performed on
77,096 subjects of mixed ethnicity, although the majority of the subjects were Caucasian (24 out
of 28 studies) and the remaining studies were done among East-Asian populations.?’* After
excluding ambiguous variants and restricting to those that were available in all three studies
(PEG, PW, and PPMI), there were more than 3.5 million variants. Subsequent clumping of the

data, using a R-square threshold of 0.1, led to a total of 70,966 SNPs.
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4.3.c Analysis

After the creation of the two PRS, we performed logistic regression analysis to analyze the
association between each PRS and the presence of hallucinations. In addition, we also performed
an ordinal regression analysis analyzing hallucination severity. All analyses were adjusted for
confounders using a propensity score.

In addition to our initial analysis, we performed stratified analysis by sex, age at diagnosis
and ethnicity (European ancestry and Hispanic). Age at diagnosis was stratified by early onset
(less than 60 years) versus those diagnosed at 60 years or older. As a sensitivity analysis, we also
stratified by using the median age at diagnosis (65 years). Analyses were performed using a
combination of Plink 1.9, RStudio 1.1.453, SAS 9.4 (SAS Institute, Cary NC), Structure 2.3.4,

and PRSice 2.1.8,250.252-256

4.3.d. Power calculation

A power calculation, based on the distribution of the schizophrenia-PRS indicated that there
was 80% power to detect an odds ratio of 1.18 or above. Assumptions were based on the
distribution of the PRS (mean of -9.33 and a standard deviation of 3.63), in combination with an
alpha of 0.05, sample size of 745 subjects and two-sided testing. Based on the distribution of the
AD-PRS with a p-value threshold 1*10®, we had 80% power to detect an odds ratio of 1.25 or

more.

4.4. Results
The characteristics of the subjects in this study are shown in Table 4.1. On average, the age

of diagnosis was 64 years (range: 23 to 87 years), 64% were male and our population consisted
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mainly of subjects of European descent (89%). Hallucinations were prevalent in 12.6% of the
subjects. Among the patients with hallucinations, 84% only had mild hallucinations without loss
of insight, while 16% had severe hallucinations with loss of insight and/or psychosis or
delusions.

The schizophrenia-PRS had between 106 to 70,966 SNPs depending on the P-value
threshold. There did not appear to be any association between the PRS and the prevalence of
hallucinations (Table 4.2a). The AD-PRS included 39 to 77,885 SNPs depending on the P-value
threshold. Overall, there did not appear to be a strong association between hallucinations and the
AD-PRS, although there was some indication of a small effect when using the AD-PRS with a
smaller P-value threshold. For example, for the PRS with a p-value threshold of 1*1073, using
810 SNPs, the adjusted OR (aOR) was 1.11 (95%CI: 1.00-1.22, p-value 0.05). The strongest
genetic risk factor among the AD-PRS appeared to be the APOE-allele. When calculating the
APOE risk based on a subject’s APOE alleles, the adjusted OR was 1.30 (95%CI: 0.96-1.76, p-
value 0.09). When analyzing according to hallucination severity, the effect estimates were very
similar. (see Table 4.2b)

Interestingly, when stratifying by age at diagnosis, the schizophrenia-PRS is associated with
an increase in hallucinations among the patients who were diagnosed before the age of 60 years
(aOR for model with all SNPs: 1.18 (95%CI: 1.03-1.35, p-value 0.02), Table 4.3a), while no
association was observed among those diagnosed at or after age 60 (aOR: 1.01 (95%CI: 0.95-
1.08, p-value 0.76)). The opposite was found for the stratified analysis with the AD-PRS. The
AD-PRS was associated with an increase of hallucinations among those who were diagnosed at a
later age (aOR for model with p-value threshold 1*10°%: 1.27 (95%CI: 1.08-1.50, p-value 0.005),

Table 4.4a), while no association or maybe even a protective effect was found among those
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diagnosed before 60 years of age (aOR: 0.77 (95%CI: 0.57-1.05, p-value 0.10) Again, the effect
of the APOE-allele appeared to be a strong driver for this increased risk. The adjusted OR for the
APOE risk was 1.57 (95%CI: 1.11-2.23, p-value 0.01). Results for the ordinal analysis of
hallucination severity were consistent with the logistic regression of the binary outcome (Table
4.3b and 4.4b).

Using different categories for age at diagnosis, for example using age 65 (the median for age
at diagnosis) as the cut-off for stratification did not change the overall results. Effect estimates
were very similar and the strength of the associations (p-values) were comparable (Supplemental
Table 4.1).

The association seen among the Caucasian subpopulation for the schizophrenia-PRS did not
replicate well in our Hispanic subpopulation. Among Hispanics, the more restrictive (lower p-
value threshold) models using the schizophrenia-PRS appeared to have an association with
hallucinations (see Supplemental Table 4.2); and the model using the p-value threshold of 1*107*
with 1090 SNPs generates an aOR of 2.21 (95%CI: 1.12-4.34, p-value 0.02). This model also
had an association independent of the age of diagnosis in Hispanics (aOR among those
diagnosed before 60: 2.21; aOR among those diagnosed at age 60 or later: 2.29). However, there
did not appear to be an association with the full 70,966 SNP schizophrenia-PRS among
Hispanics, with an early diagnosis (aOR: 1.00 (95%CI: 0.67 — 1.47, p-value 0.98).

This inconsistency between the Caucasian and Hispanic subpopulations was also seen among
the AD-PRS. While the AD-PRS appeared to have a small, positive association with
hallucinations among the Caucasian subpopulation, there was no indication of an association
among the Hispanic subpopulation, where the aOR is either below or near one. This same

inconsistency was also found among those diagnosed at or after age 60. While the aOR among
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Caucasians indicates a positive association in the smallest PRS on 39 SNPs (p-value threshold
1*¥10°%;a0R: 1.27 (95%CI: 1.08-1.50, p-value 0.004)), there was no association among those
identified as Hispanic (aOR: 0.72 (95%CI: 0.33-1.53, p-value 0.39).

Even though associations were identified between the PRS and hallucinations, the R-square
for these associations were rather small, i.e. less than 1% in the models using the total population
and a maximum of 3.5% in the SZ-PRS using all SNPs among young PD patients. This suggests

that the PRS only explains a small fraction of the risk for hallucinations overall.

4.5 Discussion

This study is the first to use a PRS to analyze the genetic risk factors for AD and
schizophrenia with hallucinations among PD patients. Using a PRS, based on previously
performed GWAS data is a very powerful method to determine the possible overlapping
pathobiology between various phenotypes. The use of previously performed GWAS data for the
creation of a PRS has several benefits. One benefit was that when the GWAS was performed on
very large datasets, the estimates for the associations were precise. This ensured that the
measurement errors for the weights in the PRS were minimalized. Another benefit was that there
was no need for validation of the PRS in a separate, independent dataset. Previous studies have
provided validation for both the AD-PRS and SZ-PRS.?23:276278

This study identified some age-specific associations between both PRS and hallucinations.
Specifically, the AD-PRS is positively associated with hallucinations among patients diagnosed
after age 60 and the SZ-PRS is positively associated with hallucinations among patients
diagnosed before age 60. This suggests that there are different biological pathways for patients

diagnosed at an early age vs. at a later age. This is in line with a prior study that suggested that
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hallucinatory psychosis in young onset PD patients without dementia could be due to an
underlying psychiatric illness.?” Hypothesized in this study was that genetic susceptibility for
psychiatric illnesses are represented by the SZ-PRS among young onset PD patients.

The results in this study indicate that the PRS using the full model (all SNPs) for
schizophrenia performed optimally, while the PRS for AD had stronger associations (narrower
confidence intervals) in much more restricted models. This is not surprising as schizophrenia is
thought to have an infinitesimal genetic model, while for AD several genes and genetic variants
with larger effect sizes have been indicated (e.g. APOE). As such, a more restrictive model for
AD is justifiable.

The genetic architecture of the PRS for schizophrenia has been researched extensively. The
SZ-PRS has been associated with many phenotypes, both psychiatric (such as bipolar disease,
autism and anxiety disorders), cognition, and non-psychiatric (e.g. hypertension, diabetes). This
shows the pleiotropy of this PRS.?%® Contrary to the large number of studies that identified
correlations between PRS and other phenotypes, attempts to identify underlying
pathomechanisms have been less successful.?8! Some biological functions, such as neurogenesis,
mitochondrial disruption, RNA splicing and phosphoprotein gene pathways have been
considered promising.?#>2%3 A reason for this lack of finding biological pathways is likely the
infinitesimal genetic model, where the effect estimates are very small and a very large number of
SNPs contribute to the genetic susceptibility. This might also indicate potential interactions
between multiple networks. 2%

The effects of the AD-PRS seemed to be mainly driven by the APOE status of patients.
APOE regulates amyloid-beta aggregation and clearance in the brain, as well as brain lipid

transport, glucose metabolism, neuronal signaling, neuro-inflammation and mitochondrial
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function.?®> An association between APOE and cognitive decline among PD patients has been
established previously. 2% Prior studies that tried to identify an association with hallucinations
among PD patients have been inconsistent, with some studies identifying an association, !7¢-178.186
while others did not.!*%!7>177.17 However, none of these studies stratified by age at diagnosis, a
majority only had a small sample size (less than 250 subjects) and disease duration varied by
study.

We previously assessed the association between a PRS developed for PD, based on large
GWAS data for PD risk factors (Chapter 3). This study did not find an association with
hallucinations. This was independent of age at diagnosis. Combined with the findings in this
study, these results suggest that the development of hallucinations is based on a pathobiology
that is different from the progression of the disease itself, aka it is not the Parkinson’s disease
itself that is causing hallucinations among PD patients. Among older PD patients, the
pathobiology of hallucinations appears more similar to that of cognitive decline and Alzheimer’s
disease among the older PD patients. While among younger PD patients hallucinations appear to
be caused by an underlying genetic susceptibility for hallucinations, similar to the genetic risk
factors for schizophrenia.

When identifying an association with hallucinations, it is important to take disease duration
into account. Longer disease duration is associated with an increase in hallucinations and a time-
to-event analysis would be optimal. However, in this study, we decided to choose one time point
instead of a time-to-event analysis. The PEG study only gathered information on hallucinations
at follow-up visits, and the disease duration varied by subjects but averaged around 6 years into
their disease. The PPMI study and PW study had set time points where they estimated the

prevalence of hallucinations. The PW had visits scheduled every 2 years, while the PPMI had
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visits every 3 to 6 months in the first five years, so there was no consistency in visit frequency
between the three studies and the accuracy of an accurate recall for the start date of the
hallucinations would be biased according to study. We hypothesize that there is an increased risk
for hallucinations at each time point. Therefore, choosing a single time point was appropriate for
this study. The prevalence of hallucinations is around 10 to 15% at around 5 years’ disease
duration. In addition, the mortality and loss-to-follow-up in longitudinal PD studies has been
shown to increase substantially after five years, which was the main reason for choosing this
specific time point.

By choosing to use the estimate at around 5 years’ disease duration, there is still a possibility
of survival bias. This would be the case if loss-to-follow-up was associated with the PRS. A
Cox-survival-regression analysis to estimate the association between the PRS and mortality was
performed in the PEG study and no such association was identified. Therefore, survival bias
appeared to be unlikely.

It is difficult to assess the prevalence of hallucinations accurately. Estimates were based on
the UPDRS or MDS-UPDRS, that was available across the three studies. More specialized and
validated instruments to measure hallucinations have been developed,?*’ but were unavailable in
these studies. It is likely that the number of patients with hallucinations was underestimated,
especially considering that patients that did not report hallucinations at the specific time point
might develop hallucinations in the near future or that patients were giving socially desirable
answers and were afraid to acknowledge the presence of hallucinations. There is no indication
that the genetic score would influence the mismeasurement differentially. The use of the
UPDRS/MDS-UPDRS likely caused non-differential misclassification, leading to a bias towards

null. This suggests that the true associations were likely to be larger in magnitude.
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In genetic studies, the most important potential confounder that influences results are genetic
ancestry (population stratification). In this study, the analysis was restricted to subjects that were
genetically identified as Caucasian, and additionally adjusted for fractional ancestry. The SZ-
PRS was based on a mixed population, while the AD-PRS was based on Caucasian subjects.
However, when the association with the PRS among the Hispanic subpopulation was analyzed,
the results differed from those among the Caucasians. Part of these differences could be the
relatively small sample size of the Hispanic subpopulation, however it is also very likely that
there is population stratification and that these PRS are not valid for this subpopulation. Previous
studies have indicated that the APOE e4 allele is less prevalent among Hispanics and that the risk
for dementia associated with APOE e4 among Hispanics is lower or even absent.?$”2%? Even
though the SZ-PRS was based on a mixed population, it consisted of mainly Caucasian subjects,
with the remainder being mainly East-Asian. Unfortunately, the Hispanic subpopulation was not

well-represented in the meta-GWAS and it appears that the PRS is not generalizable.

4.6 Conclusion

Pathomechanisms for hallucinations appear to differ by age at onset as suggested by the
genetic architecture differences based on the association with the AD- and the SZ-PRS. Among
subjects with young onset PD (before age 60), genetic susceptibility for schizophrenia appears
important, while for older patients the genetic architecture associated with Alzheimer’s disease
(especially APOE) is significant for the development of hallucinations. These results suggest that
the overlapping pathobiology and the genetic architecture for AD is an underlying cause for both

cognitive decline and hallucinations among older-onset PD patients.
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4.7 Tables and Figures

Figure 4.1 Inclusion and exclusion criteria for the subjects in this study
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Table 4.1 Characteristics for the subjects in this study, stratified by study and stratified by age at
diagnosis (less than 60 years of age vs. 60 years and older at diagnosis)

Stratified by study Stratified by age at Total
diagnosis population
Diagnosis | Diagnosis
PEG PW PPMI S50 60
%/ %/ %/ %/ %/ %/
No. D No. SD No. SD No. D No. D No. SD
No. of 390 134 317 256 585 841
subjects
Ageat 658 10 | 666 92 608 98 | 52 631693 6.1 |641 5.4
diagnosis
Dis. Duration | 62 28 | 5 01|45 05|57 26152 17|54 21
Male sex 239 613 | 84 627|214 675|160 625|377 644|537 63.9
Race

Furopean | 314 80.5| 134 100 [ 297 937|222 867|523 89.4| 745 886
Hispanic | 72 185| 0 0 |10 32|20 113] 53 91| 8 98
African o olo ol 1 03|l0o o1 o021 o1
Asian 4 110 olo9o 28l5 2138 14|13 16
Hallucinations | 51 13.1] 15 10 | 40 12.6| 27 106| 79 135|106 12.6
UPDRS score | 196 1021211 93 |203 86 [194 92 |204 97 (201 95
at baseline

Abbreviations: No.: Number; %: percentage; SD: Standard Deviation; Dis.: disease
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Table 4.2a Logistic regression for the association between Schizophrenia-PRS or the AD-PRS

and hallucinations among subjects from all three cohorts combined (PEG, PW and PPMI).

Schizophrenia - PRS Alzheimer’s disease — PRS
Threshold P- | No. of aOR  95% CI P No. of aOR  95% CI P
value SNPs SNPs
1*10°® 106 0.94 0.60 1.46 0.77 | 39 1.11 097 128 0.13
1*10° 281 1.09 0.79 1.49 0.60 |52 1.13 098 1.29 0.08
1*¥107 509 1.06 0.83 136 0.63 |84 1.12 098 1.27 0.10
1*10™ 1,090 1.12 092 137 0.27 | 199 1.09 096 1.23 0.17
1*¥1073 2,760 094 0.82 1.09 042|810 1.11 1.00 1.22 0.05
0.01 8,097 1.02 092 1.12 0.75| 4,523 1.04 098 1.11 0.19
0.05 18,452 1.05 097 1.14 0.25| 14,670 1.03 098 1.07 0.25
0.10 26,621 1.03 096 1.10 0.46 | 23,504 1.02 098 1.05 0.37
0.20 37,560 1.04 098 1.11 0.23 | 36,706 1.01 098 1.04 0.72
0.50 57,013 1.04 098 1.11 0.19 | 60,898 1.00 098 1.03 0.87
All 70,966 1.04 098 1.11 0.18| 77,885 1.00 0.98 1.03 0.90
APOE risk 2 1.30 0.96 1.76 0.09J

The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (B: 1.327),

while each apoe2-allele decreases risk (B:-0.598) compared to apoe3.

The logistic regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value

Table 4.2b Ordinal regression for the association between Schizophrenia-PRS or the AD-PRS
and hallucinations severity among subjects from all three cohorts combined (PEG, PW and

PPMI).
Schizophrenia - PRS Alzheimer’s disease — PRS

Threshold P- | No. of aOR  95% CI p No. of aOR  95% CI P
value SNPs SNPs
1*¥10® 106 090 0.58 1.39 0.63 |39 1.15 093 1.42 0.20
1*10°° 281 1.04 0.76 143 0.79 |52 1.17 096 142 0.11
1*107 509 1.02 0.80 1.31 0.85]| 84 1.15 095 1.38 0.14
1*10* 1,090 1.09 090 1.33 0.38|199 1.09 093 1.29 0.29
1¥1073 2,760 092 080 1.05 0.23 810 .12 0.99 1.26 0.07
0.01 8,097 1.00 091 1.11 0.97 | 4,523 1.05 098 1.12 0.19
0.05 18,452 1.04 096 1.13 0.33 | 14,670 1.03 098 1.08 0.21
0.10 26,621 1.02 095 1.09 0.59 23,504 1.02 098 1.06 0.32
0.20 37,560 1.03 0.97 1.10 0.34 ] 36,706 1.01 098 1.04 0.60
0.50 57,013 1.03 0.97 1.10 0.27 | 60,898 1.01 098 1.03 0.71
All 70,966 1.03 098 1.10 0.26 | 77,885 1.00 098 1.03 0.73
APOE risk 2 1.33 098 1.79 0.06J

The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (B: 1.327),

while each apoe2-allele decreases risk (p: -0.598) compared to apoe3.

The ordinal regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,

disease duration, and study through the use of a propensity score.
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Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;
P: P-value
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Table 4.3a Logistic regression for the association between Schizophrenia-PRS and

hallucinations among subjects from all three cohorts combined (PEG, PW and PPMI), stratified

by age at diagnosis.

Diagnosis PD before age 60

Diagnosis PD at or after age 60

Threshold P- | No. of aOR  95% CI P aOR  95% CI P
value SNPs

1*¥1078 106 0.84 035 201 069| 099 0.59 1.66 097
1*¥10°° 281 0.87 047 163 0.67 1.20 0.83 1.74  0.33
1*¥107 509 1.26 0.73 218 040 1.03 0.77 136 0.86
1*10* 1,090 120 0.78 1.84 040 1.10  0.88 1.38 0.39
1*¥1073 2,760 093 068 126 0.63] 095 0.81 1.11 0.53
0.01 8,097 1.09 0.88 134 043 1.00 0.89 1.12  0.98
0.05 18,452 1.17 099 138 0.07 1.01 0.93 1.11 0.76
0.10 26,621 120 1.03 140 0.02] 098 091 1.06  0.65
0.20 37,560 1.18 1.02 1.37 0.02 1.01 094 1.08 0.82
0.50 57,013 1.17  1.02 1.34 0.02 1.01 0.95 1.08 0.72
All 70,966 1.18 1.03 135 0.02 1.01 0.95 1.08 0.76

The logistic regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value

Table 4.3b ordinal regression for the association between Schizophrenia-PRS and hallucinations
severity among subjects from all three cohorts combined (PEG, PW and PPMI), stratified by age

at diagnosis.

Diagnosis PD before age 60

Diagnosis PD at or after age 60

Threshold P- | No. of aOR  95% CI P aOR  95% CI P
value SNPs

1*¥10°8 106 0.84 035 2.02 070 094 0.56 1.57 0.82
1*¥10°¢ 281 0.87 047 1.63 0.67 1.16  0.80 1.67 043
1*10° 509 1.26 073 218 040 099 0.75 1.31 0.96
1*10* 1,090 1.19 078 181 043 1.09 0.87 1.36 0.48
1¥1073 2,760 092 067 125 0.58 0.93 0.79 1.09 0.35
0.01 8,097 1.08 0.88 133 044] 099 0.88 1.11 0.85
0.05 18,452 1.18 1.00 140 0.05 1.01 0.92 1.10 090
0.10 26,621 1.22 1.04 142 0.01 0.97 0.90 1.05 0.52
0.20 37,560 1.18 1.02 137 0.02 1.00 0.93 1.08 0.96
0.50 57,013 1.17  1.03 134 0.02 1.01 0.94 1.08 0.85
All 70,966 1.18 1.04 136 0.01 1.00  0.94 1.07  0.89

The ordinal regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value
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Table 4.4a Logistic regression for the association between AD-PRS and hallucinations among
subjects from all three studies (PEG, PW and PPMI), stratified by age at diagnosis.

Diagnosis PD before age 60 | Diagnosis PD at or after age
60

Threshold No. of aOR  95% CI P aOR  95% CI P
P-value SNPs

1*10°® 39 0.77 057 1.05 0.10| 127 1.08 1.50 0.005
1%10%° 52 0.80 060 1.07 0.13| 126 1.08 1.48 0.003
1*10° 84 0.77 058 1.04 0.09| 126 1.08 1.47 0.003
1*10 199 0.77 058 1.02 0.07| 121 1.05 140 0.01
1*1073 810 0.89 0.71 1.10 0.28| 1.18 1.05 1.33 0.005
0.01 4,523 092 0.80 1.05 023] 108 1.00 1.17 0.04
0.05 14,670 093 0.84 1.02 0.12] 105 1.00 1.11 0.04
0.10 23,504 094 086 1.03 0.18| 1.03 099 1.08 0.13
0.20 36,706 096 090 1.03 030 1.01 098 1.05 045
0.50 60,898 096 090 1.02 0.17] 101 098 1.04 0.50
All 77,885 095 0.8 1.02 0.15| 1.01 098 1.04 0.51
APOErisk |2 0.83 045 154 055| 157 111 223 0.01

The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (: 1.327),
while each apoe2-allele decreases risk (B:-0.598) compared to apoe3.

The ordinal regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;
P: P-value

Table 4.4b Ordinal regression for the association between AD-PRS and hallucinations severity
among subjects from all three studies (PEG, PW and PPMI), stratified by age at diagnosis.

Diagnosis PD before age 60 | Diagnosis PD at or after age
60

Threshold No. of aOR  95% CI P aOR  95% CI P
P-value SNPs

1*10°® 39 0.60 038 095 0.03| 140 1.09 1.80 0.01
1*10° 52 0.66 043 102 0.06| 138 1.10 1.72 0.0l
1*¥107 84 0.64 042 097 0.03| 134 1.08 166 0.01
1*¥10™ 199 0.64 044 094 002 125 1.04 151 0.02
1*¥1073 810 0.87 0.67 1.13 029 1.19 1.04 137 0.01
0.01 4,523 093 080 1.08 032| 1.08 1.00 1.17 0.07
0.05 14,670 093 085 103 0.18]| 1.05 1.00 1.11 0.05
0.10 23,504 095 087 1.04 027| 1.03 099 1.08 0.16
0.20 36,706 097 091 1.04 045| 1.01 098 1.05 048
0.50 60,898 097 091 103 027| 1.01 098 1.04 0.50
All 77,885 096 090 1.03 0.25| 1.01 098 1.04 0.51
APOErisk |2 082 044 153 053] 1.60 1.13 227 0.01

The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (B: 1.327),
while each apoe2-allele decreases risk (B:-0.598) compared to apoe3.
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The ordinal regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value

Supplemental Table 4.1a Logistic regression for the association between Schizophrenia-PRS

and hallucinations among subjects from all three cohorts combined (PEG, PW and PPMI),
stratified by median age at diagnosis (65 years)

Diagnosis PD before age 65 | Diagnosis PD at or after age 65
Threshold No. of aOR  95% CI P aOR  95% CI P
P-value SNPs
1*10°® 106 1.10 0.55 220 0.79| 084 047 149 0.5
1*10%° 281 1.20  0.74 193 046| 103 0.67 157 090
1*¥107 509 .30  0.87 195 020 094 068 130 0.71
1*10™ 1,090 122 089 167 022 1.06 082 137 0.67
1*10 2,760 .11 0.88 140 039 086 0.72 1.03 0.10
0.01 8,097 .11 095 131 0.18| 096 084 1.09 0.52
0.05 18,452 .17 1.03 133 0.02| 097 087 1.08 0.56
0.10 26,621 1.14  1.02 128 0.03| 096 088 1.05 0.36
0.20 37,560 .15 1.03 128 0.01| 098 090 1.06 0.63
0.50 57,013 .13 1.02 126 0.02| 099 092 1.07 0.81
All 70,966 1.14  1.03 126 0.01] 099 092 1.07 0.80

The logistic regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;
P: P-value

Supplemental Table 4.1b Logistic regression for the association between AD-PRS and
hallucinations among subjects from all three studies (PEG, PW and PPMI), stratified by median
age at diagnosis (65 years)

Diagnosis PD before age 65 | Diagnosis PD at or after age 65
Threshold No. of aOR  95% CI P aOR  95% CI P
P-value SNPs
1*10°8 39 095 0.77 118 0.67| 129 1.06 158 0.01
1*10°¢ 52 097 079 118 0.73] 129 1.07 155 0.01
1*10° 84 095 077 116 0.61] 129 1.07 155 0.01
1*10* 199 093 0.77 113 046| 125 1.05 148 0.01
1*107 810 099 08 1.16 09| 120 1.05 138 0.01
0.01 4,523 1.0o1 091 1.11 091| 1.07 098 1.16 0.14
0.05 14,670 099 092 106 0.73] 1.05 099 1.11 0.11
0.10 23,504 099 093 1.05 072 1.03 098 1.08 0.24
0.20 36,706 1.00 095 1.05 093] 1.01 097 1.05 0.77
0.50 60,898 099 095 104 0.79| 1.00 097 1.04 0.87
All 77,885 099 095 104 0.78] 1.00 097 1.04 0091
APOErisk |2 1.12 072 1.74 0.61] 154 1.01 236 0.04
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The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (B: 1.327),
while each apoe2-allele decreases risk (B: -0.598) compared to apoe3.
The ordinal regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.
Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value

Supplemental Table 4.2a Logistic regression for the association between schizophrenia-PRS
and hallucinations among subjects stratified by ethnicity

Caucasian subpopulation

Hispanic subpopulation

Total population

P-value No. of
thresh. SNPS

aOR  95% Cl P

aOR  95% CI P

aOR 95% CI P

1*10® 106
1*10° 281
1*10° 509
1*10™ 1,090
1*10 2,760
0.01 8,097
0.05 18,452
0.1 26,621
0.2 37,560
0.5 57,013
All 70,966

092 059 142 0.69
1.06 0.78 1.46 0.70
1.04 081 134 0.74
1.10 090 134 035
093 0.81 1.07 033
1.01 091 1.11 0.88
1.04 096 1.13 0.29
1.02 095 1.10 0.53
1.04 097 1.10 0.29
1.04 098 1.10 0.23
1.04 098 1.10 0.23

295 071 123 0.14
1.73 0.64 4.67 0.28
1.66 0.73 3.78 0.23
221 1.12 434 0.02
1.52 099 235 0.06
131 092 1.87 0.14
1.07 082 1.40 0.62
1.04 081 133 0.77
1.03 0.81 1.30 0.83
1.00 0.81 1.25 0.98
1.01 082 125 0.93

1.02 0.67 1.54 093
1.11 082 149 049
1.09 086 139 045
1.19 099 144 0.06
1.00 088 1.14 0098
1.04 095 1.14 042
1.05 098 1.14 0.18
1.03 096 1.10 0.40
1.04 098 1.11 0.21
1.04 098 1.10 0.19
1.04 098 1.10 0.18

Less than 60 years
old at diagnosis

Caucasian subpopulation

Hispanic subpopulation

Total population

P-value No. of
thresh. SNPS

aOR  95% CI P

aOR  95% CI P

aOR 95% CI P

1%10® 106
1*10° 281
1*10° 509
1*10* 1,090
1*1073 2,760
0.01 8,097
0.05 18,452
0.1 26,621
0.2 37,560
0.5 57,013
All 70,966

0.82 034 197 0.66
0.86 046 1.62 0.65
1.26 0.73 2.18 0.41
1.18 0.77 1.80 0.45
092 0.67 125 0.58
1.08 0.88 1.32 048
1.16 098 1.38 0.08
1.20 1.03 1.40 0.02
1.17 1.01 136 0.03
1.16 1.01 1.33 0.03
1.17 1.02 1.34 0.02

1.15 0.08 16.1 0092
1.65 0.27 10.1 0.59
143 034 592 0.63
221 067 730 0.19
220 068 7.10 0.19
132 0.61 285 048
097 058 1.62 0.91
1.07 0.66 1.73 0.78
1.05 0.66 1.67 0.84
1.01 0.69 149 096
1.00 0.67 147 0.98

0.80 035 1.82 0.59
0.89 050 1.59 0.69
1.29 0.77 2.14 033
1.31 0.88 194 0.18
099 074 132 093
1.10 090 134 0.36
1.14 097 134 0.10
1.19 1.03 138 0.02
1.17 1.02 134 0.03
1.15 1.02 131 0.03
1.16 1.02 1.32 0.02

60 years or older
at diagnosis

Caucasian subpopulation

Hispanic subpopulation

Total population

P-value | No. of
thresh. SNPS

aOR  95% CI P

aOR  95% CI P

aOR 95% CI P

1*10® 106
1*10° 281
1*10° 509
1*10 1,090
1*1073 2,760

098 0.58 1.64 0093
1.19 082 1.72 035
1.01 0.76 1.34 093
1.09 0.87 137 0.44
095 081 1.11 048

489 075 31.7 0.10
1.71 0.49 593 0.40
1.76  0.60 5.10 0.30
229 097 541 0.06
140 0.88 223 0.16

91

.13 0.70 1.83 0.62
123 087 174 0.24
1.06 081 1.39 0.68
1.17 094 1.44 0.15
1.01 087 1.17 092




0.01
0.05
0.1
0.2
0.5
All

8,097

18,452
26,621
37,560
57,013
70,966

1.00 0.89 1.12 0.96
1.01 092 1.11 0.79
098 090 1.06 0.61
1.01 094 1.08 0.87
1.01 094 1.08 0.76
1.01 094 1.08 0.81

1.31
1.11
1.03
1.03
1.00
1.02

0.87
0.81
0.76
0.77
0.75
0.78

1.96
1.53
1.39
1.37
1.33
1.33

0.20
0.51
0.86
0.86
1.00
0.90

1.03
1.03
0.99
1.01
1.01
1.01

092 1.15
094 1.12
092 1.07
094 1.08
095 1.08
095 1.08

0.60
0.54
0.77
0.72
0.68
0.72

The APOE risk is based rs429358 and rs7412, where each apoe4-allele increases risk (B: 1.327),
while each apoe2-allele decreases risk (B:-0.598) compared to apoe3.
The logistic regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,

disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;
P: P-value; thresh.: threshold

Supplemental Table 4.2b Logistic regression for the association between AD-PRS and
hallucinations among subjects stratified by the studies (PEG, PW and PPMI).

Caucasian subpopulation Hispanic subpopulation Total population
P-value | No. of
thresh. | SNPS aOR 95% Cl P aOR 95% CI P | aOR 95% ClI P
1*10® | 39 1.12 097 129 0.12| 081 044 149 050 1.11 097 127 0.14
1*%10% | 52 1.13 099 129 0.08| 091 0.53 156 073 1.12 099 1.28 0.08
1*#10° | 84 1.12 098 1.28 009|096 058 159 0.87| 1.12 099 127 0.08
1*10 199 1.09 097 124 0.16| 094 0.58 152 079 1.09 097 123 0.16
1*10° | 810 1.11 1.00 123 004|093 0.66 130 066 1.09 099 120 0.08
0.01 4,523 1.05 098 1.12 0.16| 094 0.76 1.16 056 1.03 097 1.09 0.36
0.05 14,670 | 1.03 098 1.07 021|099 087 1.12 0.82] 1.02 098 1.06 040
0.1 23,504 | 1.02 098 1.06 031|099 090 1.10 0.85] 1.01 098 1.04 0.60
0.2 36,706 | 1.01 098 1.04 060|098 090 1.07 063 | 1.00 098 1.03 092
0.5 60,898 | 1.00 098 1.03 0.73]|097 090 105 043 ] 1.00 097 1.02 0.84
All 77,885 | 1.00 098 1.03 076|097 0.89 1.04 038 1.00 097 1.02 0.78
APOE
risk 2 131 097 177 0.08| 097 029 327 097|129 097 1.72 0.08
;::rsst:‘?giggnosis Caucasian subpopulation Hispanic subpopulation Total population
P-value | No. of
thresh. | SNPS aOR 95% CI P aOR 95% CI P | aOR 95% ClI P
1*#10® | 39 0.77 057 105 0.10] 142 041 491 058 0.78 0.58 1.05 0.10
1#10° | 52 0.80 059 1.07 0.14| 154 048 489 047|082 062 1.08 0.15
1*%10° | 84 0.77 058 1.04 0.09]| 167 0.53 521 038|080 061 1.06 0.12
1*#10* 199 0.77 058 1.02 0.07] 1.05 042 264 092 0.77 059 1.00 0.05
1*¥10° | 810 0.89 0.71 1.11 030| 1.04 056 194 0.89| 0.87 0.71 1.07 0.20
0.01 4,523 092 080 106 025|1.09 074 162 065|093 082 1.05 023
0.05 14,670 | 093 0.84 1.02 0.14] 1.04 079 136 0.78] 094 0.86 1.02 0.12
0.1 23,504 | 095 087 1.03 023|1.02 084 125 082|095 0.89 1.02 0.19
0.2 36,706 | 097 091 1.04 038|104 087 125 067|097 092 1.03 034
0.5 60,898 | 096 090 1.02 023|103 088 120 071]097 092 1.02 023
All 77,885 | 096 090 1.02 021|103 089 120 0.68| 097 092 1.02 0.21
APOE
risk 2 0.83 045 155 056|265 030 231 038] 087 048 157 0.64
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60 years or older
at diagnosis

Caucasian subpopulation

Hispanic subpopulation

Total population

fh'rvezlh‘fe E;i)%f aOR  95% CI P aOR  95% CI P | aOR 95%CI P
1*10° | 39 127 1.08 150 0.004] 072 033 153 039] 125 1.06 146 0.0l
1*¥10 | 52 127 1.08 1.48 0.003| 081 040 1.61 054|125 1.08 145 0.004
1%¥105 | 84 126 1.08 1.47 0.003| 086 045 1.64 064|125 1.07 144 0.004
1%10* | 199 121 1.05 140 001|096 052 1.75 088|121 1.06 139 0.0l
1%¥10° | 810 118 1.05 133 0.005| 092 059 143 071| 1.17 1.04 130 0.0l
0.01 4523 | 1.08 1.00 1.17 004|089 069 1.15 037|1.06 099 1.14 0.10
0.05 14670 | 1.05 1.00 1.11 004|097 084 1.14 074| 1.04 099 1.09 0.8
0.1 23504 | 1.03 099 1.08 0.12| 098 087 1.11 078 1.02 099 1.06 024
0.2 36,706 | 1.01 098 1.05 041|096 085 107 043| 1.01 098 104 0.5
0.5 60.898 | 1.01 098 1.04 046|094 085 105 026]| 1.00 098 1.03 081
All 77.885 | 1.01 098 1.04 047|094 084 104 022|100 098 103 085
APOE

risk 2 1,58 111 225 001|071 015 345 067|152 1.09 2.13 0.0l

The logistic regression analyses were adjusted for sex, fractional ethnicity, age at diagnosis,
disease duration, and study through the use of a propensity score.

Abbreviations: No.: Number; aOR: adjusted Odds Ratio; %: percentage; CI: Confidence Interval;

P: P-value
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4 Public Health Relevance

Parkinson’s disease (PD) will become more prevalent in the next decade as the world’s
population ages.! Two symptoms in particular significantly decrease quality-of-life:
hallucinations and dyskinesia. Hallucinations are an important co-morbidity and dyskinesia is a
common treatment-related complication. This dissertation analyzed the genetic risk factors for
both dyskinesia and hallucinations and identified specific genetic variants or combinations of
genetic variants that are associated with an increase of these comorbidities.

Among the candidate genes (DRD1-3 and BDNF) for dyskinesia, the following were
identified as genetic risk factors: several haplotypes in DRD2, possibly some haplotypes in
DRD3, and the minor allele of r$6265 in BDNF. Among PD patients, there is a constant tradeoff
between medication increases needed to address PD symptoms and increasing the risk of
dyskinesia. Genetic information could help prevent or postpone this debilitating consequence of
L-Dopa treatment and may improve patient-centered, personalized therapy. Future studies are
needed to confirm our findings and quantify the health care benefits and risks of personalized
treatments based on genetics.

Combining the results of the second and third study led to establishing that the genetic risk
factors for hallucinations differ between young and older PD patients. Among young PD
patients, the genetic architecture for schizophrenia appears to influence the risk for
hallucinations, while for older PD patients, the genetic architecture for AD (especially the
APOE-gene) is associated with an increased risk. Further research to decipher the difference
between these two subpopulations would be highly recommend.

These results also suggest that the genetic risk factors for hallucinations are not the same as

those for PD, although further study of certain genes (LRRK2, APOE, SLC6A4, BDNF and
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MAPT) is recommended. The effort to create a PRS based on the candidate-genes was
unsuccessful, potentially due to the limited sample size. Research into this possible PRS would
benefit from adding additional larger studies with both genetic as well as phenotypic data.

The analysis for hallucinations were based on a Caucasian subpopulation and further
analysis, including large GWAS of other ethnicities would be necessary to be able to generalize
the data to other subpopulations. While sometimes a PRS can be used to predict the risk of
developing a phenotype. Based on this research, the developed PRS’s predictive qualities are
suboptimal and preclude its use as a screening tool.

Overall, in this dissertation, it is demonstrated that certain genetic risk factors increased the
chance of dyskinesia and hallucinations. These findings suggest certain underlying
pathomechanisms and could identify subjects that are at an increased risk. Potentially in the
future, when creating a personalized medical plan based on a person’s genetic risk scores, this
research will be able to help prevent or delay these serious comorbidities of hallucinations and

dyskinesia in PD.
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