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Abstract

Parkinsonism is an umbrella term for a group of disorders characterized by the clinical signs of
tremor, bradykinesia, rigidity, and postural instability. On neuropathologic examination
parkinsonism can display alternate protein pathologies (e.g. a-synucleinopathy or tauopathy) but
the degeneration of nigral neurons is consistent. The main forms of parkinsonism are, Parkinson's
disease (PD), Dementia with Lewy Bodies (DLB), Multiple System Atrophy (MSA), Progressive
Supranuclear Palsy (PSP) and Corticobasal Degeneration (CBD). Genetic studies from candidate
gene, to unbiased genome-wide approaches including association and next-generation sequencing
have nominated a number of disease determinants. Within this review we will highlight the
genetic loci that are associated with disease and discuss the implications and importance for a
better understanding of the genes involved and thus the underlying pathophysiology of these
disorders.
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Genetic findings over the last 25 years have altered our perception of what parkinsonism is;
this was driven mostly by classical linkage methods in large familial aggregates with
Mendelian patterns of disease inheritance [1]. Although for the most part these genetic
variants account for a very small proportion of patients, they have provided crucial insights
into the underlying pathophysiology of Parkinsonian disorders. The familial genes include
SNCA, LRRK2, VPS35, PARKIN, PINK1 and DJ-1 for what is generally considered
Parkinson's disease (PD), and MAPT for Frontotemporal dementia and parkinsonism linked
to chromosome 17 with tau pathology (FTDP-17t), Progressive Supranuclear Palsy (PSP)
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and Corticobasal Degeneration (CBD). Notably the SNCA (a-synuclein) and MAPT (tau)
genes encode the two major protein pathologies of parkinsonism labeled the a-
synucleinopathies or tauopathies.

The vast majority of patients suffering with an age-related Parkinsonian disorder present
clinical signs without a known family history of disease. In the case of PD, the most
common form of parkinsonism, somewhere between only 15-20% of patients report another
affected family member [2]. However other Parkinsonian disorders including PSP, CBD,
and Multiple System Atrophy (MSA) report much less familial aggregation if any. In this
scenario it is much less likely that the classical familial genetic approaches will be
successful in identifying the genetic variation that influences the individual susceptibility to
these disorders.

To address the underlying genetics of sporadic disease, population-based (i.e. unrelated
case-control) studies were employed. For a longtime the only option was a candidate gene
approach, whereby the most likely biologically relevant genes were selected for restricted
genetic analysis. These studies had limited success, however, they did identify common
variation in the SNCA and MAPT genes that associated with risk of PD, PSP and CBD. As
genotyping technology advanced the first giant leap forward occurred with the evolution of
the large-scale unbiased genome-wide association studies (GWAS). This methodology
allowed the simultaneous genotyping of hundreds of thousands of single nucleotide
polymorphisms (SNPs) dispersed across the genome and, by exploiting the phenomenon of
linkage disequilibrium, measure the association of disease risk from common variation.
Although early GWAS suffered from limited coverage and low sample numbers, the recent
larger efforts have successfully identified a number of loci that alter the individual's
susceptibility to parkinsonism.

This review will briefly describe the common variant loci that have been nominated through
studies in the different Parkinsonian disorders and comment on the up-coming use of
population-based Next-Generation Sequencing (NGS) approaches and the fundamental
inherent complexities associated with polygenic disease.

Parkinson's disease (PD)

PD (OMIM168601) is the most frequent neurodegenerative movement disorder and second
neurodegenerative disorder after Alzheimer's disease (AD). PD is characterized by the main
clinical signs of resting tremor, rigidity, postural instability and bradykinesia, it is typically
asymmetric at onset and the symptoms progressively worsen [3]. However, PD is
recognized as a more systemic disease and non-motor signs include constipation, anosmia,
sleep abnormalities, autonomic dysfunction, behavioral changes, depression and dementia.
PD is a synucleinopathy with the pathologic presence of Lewy bodies and dopaminergic cell
death in the substantia nigra confirming a definite diagnosis.

Candidate gene studies in PD identified common variation at SNCA, LRRK2, MAPT and
GBA which were later confirmed in the large GWAS [4]. Common variation has been shown
at SNCA, LRRK2 and MAPT to contain both protective and risk haplotypes which suggests
the function of these genes could be modulated to offer a therapeutic hope [5]. Indeed for
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some of the reported families with SNCA multiplication mutations evidence exists that
nature itself has evolved mechanisms to cope with pathogenic mutations [6]. Identifying
those individuals who appear protected against pathogenic mutations in PD may offer
alternate druggable targets for future development.

To date, 26 independent signals have been nominated in the most recent GWAS which was
a meta-analysis of previous smaller studies (Figure 1) [7]. The caveat of GWAS is that
although they nominate genomic loci they do not pinpoint the specific gene which allows for
multiple biologically-relevant candidates. For some regions the best candidate is clear (e.g.
SNCA and LRRK?2) while for others it remains unclear and this might again be the most
appropriate time to use the PARK loci nomenclature that was created for linkage regions.

A small number of studies have been performed looking at the possible genetic interactions
for some of the loci (i.e. SNCA, MAPT, LRRK2 and PARK16) [8-10]. The idea that a
‘genomic risk score’ can be created to predict the individual's likelihood to develop disease
is an attractive goal however when using GWAS data to either measure the genetic
contribution to disease (and what is accounted for) or to predict risk there is a fundamental
caveat. The premise of the GWAS is that you do not need to genotype the functional variant
to identify the risk at the loci due to the inherent linkage dysequilibrium with common
variation. The caveat is that by not genotyping the functional variant, you do not have a true
measure of the patient-control allele frequency and thus the true effect size (Figure 2).
Large-scale targeted sequencing efforts are underway for each of the GWAS loci in an
attempt to identify the functional variant/s that account for the association signal to address
these concerns.

Dementia with Lewy bodies (DLB)

DLB (OMIM 127750) is one of the most common types of dementia in the elderly, and has
clinical and neuropathological similarities with both AD and PD. Clinical signs of DLB
include progressive dementia, parkinsonism, visual hallucinations, and fluctuations in
cognition. At autopsy, DLB is classified as an a-synucleinopathy owing to the typical
widespread presence of cortical Lewy bodies, and usually also the neurofibrillary tangles
and senile plaques of AD. Only a handful of genetic studies have been performed in DLB,
but candidate approaches nominated genes that are associated with PD or AD, including
SNCA, GBA and APOE [4, 11-13].

The most recent study exploited the more mature fields of GWAS in PD and AD by
examining the known GWAS loci from each of the diseases in a large series of DLB patients
and controls [14]. Although the study had a smaller sample size than most of the recent PD
and AD GWAS significant associations were observed for SNCA, SCARB2 (a PD GWAS
locus) and APOE; a number of other loci reached nominal significance including MAPT.
These findings suggest that there is risk overlap from both PD and AD within the disease
etiology of DLB and may indicate a unique set of genetic risk variants are yet to be found.
Presently, efforts are on-going to generate an unbiased GWAS dataset for DLB.
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Multiple System Atrophy (MSA)

MSA (OMIM 146500) is a fulminant neurodegenerative disorder, clinically characterized by
autonomic dysfunction, parkinsonism and cerebellar or pyramidal symptoms [15, 16]. A
diagnosis of definite MSA requires a neuropathologic examination with striatonigral
degeneration or olivopontocerebellar ataxia in the presence of a-synuclein-positive glial
cytoplasmic inclusions (GCI). MSA is by nature a sporadic disorder with only a handful of
small families ever described. This has led to the understanding that genetics has a lesser
role to play in disease risk and thus has limited genetic studies.

To date, no GWAS or large-scale association studies have been published for MSA.
Genomic multiplication of the SNCA locus has been observed to cause parkinsonism,
dementia and autonomic dysfunction, characteristic of the MSA phenotype [17]. In 2009,
Scholz and colleagues reported the recessive association of a SNP (rs111931074) in the 3’
untranslated region of the SNCA gene increases the risk for MSA [18]. Our group confirmed
the association in a second pathologically confirmed series showing that the homozygous
recessive genotype rs111931074-TT was increased in cases compared to controls [19]. Our
genetic studies of MSA have also nominated common variation at other PD-loci; MAPT and
LRRK2 [20, 21].

Recently, the first whole-genome sequencing study in a proband from a unique Japanese
family with MSA nominated recessive mutations in the COQ2 gene to be the cause of the
disease phenotype [22]. A number of other cases were identified and a common substitution
(p.V393A) was associated with an increased risk of disease. The COQ2 mutations are
predicted to result in a loss-of-function which subsequently leads to a COQ10 deficiency.
Our follow-up studies suggested specific variants were increased in patients but we did not
observe any common association as proposed in Asian populations [23]. Presently, efforts
are on-going to publish an unbiased GWAS dataset for MSA.

Progressive Supranuclear Palsy (PSP)

PSP (OMIM 601104) is a rare neurodegenerative movement disorder clinically
characterized by falls, axial rigidity, vertical supranuclear gaze palsy, bradykinesia and
cognitive decline [24]. PSP is the second most common extrapyramidal disorder after PD.
Histopathologically, PSP is classified as a tauopathy, due to the presence of neurofibrillary
tangles (the major component of tangle pathology is abnormally hyperphosphorylated tau)
and glial tau inclusions, with neuronal loss and gliosis in the globus pallidus, subthalamic
nucleus and substantia nigra.

Given the presence of tau pathology it was established early that common genetic variability
within the MAPT gene, denoted by the extended, non-recombining MAPT haplotype H1,
was associated with disease risk [25]. However the identification of other susceptibility
locus proved elusive. PSP-like signs and pathology were observed in some carriers of
pathogenic familial LRRK2 mutations but there is no evidence of common variant
association. In 2011, the first large PSP GWAS was published and confirmed MAPT as the
most significant association by far (P=2.1x107°1), but also nominated a small number of
additional loci (MOBP P=1.0x1079; STX6 P=1.8x10~? and EIF2AK3 P=7.4x107") [26].
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However, given the rarity of the disease no follow-up studies have yet confirmed these hits
or nominated additional loci.

Corticobasal degeneration (CBD)

CBD is a very rare, progressive neurodegenerative disorder with patients presenting motor,
sensory, behavioral and cognitive signs [27]. The clinical phenotype, termed corticobasal
syndrome (CBS), is a sporadic disorder comprising of asymmetric progressive rigidity and
apraxia with limb dystonia and myoclonus. CBD pathology is characterized by
circumscribed cortical atrophy with spongiosis and ballooned neurons with extensive
neuronal and glial tau pathology. Abnormal tau accumulation within astrocytes forms
pathognomonic astrocytic plaques.

Given the population frequency of CBD, large-scale genetic efforts have been limited. This
year a global consortium published the first GWAS, with a relatively small series of just
over 150 pathologically-confirmed CBD cases [28]. This study confirmed the established
association with MAPT (P=1.42x10712) and nominated two novel associations at KIF13B
(P=7.1x10"7) and SOSL (P=2.0x107). Interestingly, when the signals from the larger PSP
GWAS were tested nominal association was observed with the MOBP locus (P=3.8x107>;
with same direction and effect size) but not STX6 or EIF2AK3. These findings may suggest
that similar to DLB with PD and AD, there may be some overlap in the genetic risk
determinants of PSP and CBD however some specific distinct associations exist.

Perspectives

The nature of parkinsonism is characterized by a late-onset sporadic phenotype that is
influenced by a gradient of environmental and genetic determinants. Identification of the
environmental factors, given their likely quantitative effect, will be difficult without a clear
understanding of the genetic background. The causative spectrum of disease phenotypic risk
from 99% genetic to 99% environmental covers the alternate hypothesizes underlying these
disorders. From genetic examples such as SNCA triplications to environmental causes (such
as post-encephalitic parkinsonism, MPTP-induced parkinsonism), most patients probably
fall somewhere in-between. Within the current review we have tried to outline some of the
genetic variants and loci that influence those patients who may not have one major disease
determinant. The identification of these factors and the elucidation of their clinical relevance
remains one of the greatest challenges within the field of parkinsonism genetics.

The use of NGS approaches (exome, whole-genome and transcriptome) in parkinsonism
may help resolve the underlying genetic basis of what appears to be a complex multigenic
disorder [29]. GWAS have nominated a number of loci through common variant association;
NGS will hopefully provide further insight into rare variants and help resolve the pathogenic
mechanisms of each gene/protein. In addition, exome and genome sequencing approaches
will facilitate pathway analysis whereby the additive effects of multiple variants within the
same pathway can be assessed. The concept of polygenic disease, with susceptibility
determined by the additive or interactive effects of many low penetrant loci, is an attractive
answer to late-onset sporadic disorders.
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As observed for LRRK2 variants in PD it is clear that the frequency of specific variants will
depend on the ethnic heritage of the patient group [5]. To date most studies have been
performed in Caucasian populations, with only one Asian GWAS for PD. Interestingly, the
MAPT H2 is almost absent in Asian populations and studies in PSP and CBD have been
limited. As stated earlier the identification of environmental determinants will be difficult
until we understand the genomic influence, however there the interaction of the two may be
even more complex. Assuming specific variants only have an effect when a specific
environmental agent is encountered (e.g. smoking) creates a scenario whereby straight-
forward patient-control studies will not be helpful. Similar to polygenic effects, we will need
to rely even more heavily on bioinformatics and computing power to analyze the big data
sets for these types of gene-gene or gene-environment interactions.

Applying the genetic knowledge which has been gleaned from these large-scale efforts to
direct therapeutic intervention strategies is critical. Identifying the functional/actionable
variants at each locus and within each candidate gene will be crucial to understanding the
disease mechanisms related to each specific protein/ locus. These genetic insights can drive
the functional research and develop the biological tools and model systems that will be
required for drug development. To date, little work has been successful in identifying
genetic factors that modulate the age-at-onset which is an excellent phenotype to target for
therapeutic intervention given the late-onset nature of parkinsonism.

We are entering an exciting time for genomic studies of parkinsonism. The technological
revolution that has occurred over the last decade, from the growth of GWAS to the latest
NGS studies has moved us closer to an answer. This period of precision/individualized
medicine will be driven by our understanding of the genetic variation and how this will
inform diagnostic/prognostic protocols. As targeted therapeutics are developed, genomics
will inform criteria and selection for informed clinical trials. It is likely combination
approaches will be used in parkinsonism, for example, some patients will benefit from a-
synuclein knockdown approaches, others may require a LRRK?2 inhibitor (if gain of function
is the true toxic mechanism) and others will require a combination of both. Genomic
information will be an indispensable part of the neurologist's armamentarium as we move
forward to our ultimate goal of parkinsonism prevention.
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Association of PD risk with SNCA SNP rs356219 (A>G)
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Figure 2.
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Caveat interpreting GWAS association signal. The figure shows the variation in odds ratio
that can be observed for an association when the functional variant (X) is not directly
genotype but rather alleles in linkage disequilibrium are used as a measure of signal.
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Table 1

The genes/loci associated with the alternate forms of parkinsonism.

Disease Gene Locus OMIM Gene Number

DLB GBA 1922 606463
APOE 19q13 107741

SNCA 4922 163890

SCARB2 4921 602257

MSA SNCA 4922 163890
MAPT 17¢21 157140

COoQ2 4021 609825

PSP MAPT 17921 157140
MOBP 3p22 600948

EIF2AK3  2pll 604032

STX6 1025 603944

CBD MAPT 17¢21 157140
KIF13B 8p12 607350

SOS1 2p22 182530

MOBP 3p22 600948
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