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The genetic architecture of Parkinson’s disease

Cornelis Blauwendraat, Mike A Nalls, Andrew B Singleton

Parkinson’s disease is a complex neurodegenerative disorder for which both rare and common genetic variants
contribute to disease risk, onset, and progression. Mutations in more than 20 genes have been associated with the
disease, most of which are highly penetrant and often cause early onset or atypical symptoms. Although our
understanding of the genetic basis of Parkinson’s disease has advanced considerably, much remains to be done.
Further disease-related common genetic variability remains to be identified and the work in identifying rare risk
alleles has only just begun. To date, genome-wide association studies have identified 90 independent risk-associated
variants. However, most of them have been identified in patients of European ancestry and we know relatively little of
the genetics of Parkinson’s disease in other populations. We have a limited understanding of the biological functions
of the risk alleles that have been identified, although Parkinson’s disease risk variants appear to be in close proximity
to known Parkinson’s disease genes and lysosomal-related genes. In the past decade, multiple efforts have been made
to investigate the genetic architecture of Parkinson’s disease, and emerging technologies, such as machine learning,
single-cell RNA sequencing, and high-throughput screens, will improve our understanding of genetic risk.

Introduction

The burden of Parkinson’s disease is a growing health-
care problem, with a global prevalence that is expected to
double from 6-2 million cases in 2015 to 12-9 million
cases by 2040." Clinically, Parkinson’s disease is defined
as a progressive movement disorder, although the pres-
entation of non-motor symptoms can also be severe.
Parkinson’s disease has a long prodromal phase with
features such as anosmia, constipation, and sleep disturb-
ance.”* Pathologically, Parkinson’s disease is characterised
Dby a loss of dopaminergic neurons in the substantia nigra
and the presence of Lewy bodies in the midbrain. Lewy
bodies are protein aggregates consisting of many proteins,
including o-synuclein (encoded by the SNCA gene).
Parkinson’s disease is the most common synucleinopathy;
other synucleinopathies are multiple system atrophy and
dementia with Lewy bodies, and these are clinically, and
perhaps genetically, overlapping diseases.*

Advancing age is the greatest risk factor for Parkinson’s
disease, but both environment and genetics are thought to
affect disease risk and progression. Although studying the
environmental contribution to disease is complex, poten-
tial associations between Parkinson’s disease and several
environmental traits have been found, including pesticide
exposure, smoking, and caffeine intake.”* Genetic contrib-
utors to Parkinson’s disease exist across a continuum,
ranging from DNA variants that are highly penetrant (ie,
causal) to variants that individually exert a small increase
in lifetime risk of disease. Genetic risk is often divided
into categories: rare DNA variants with high effect sizes,
which are typically associated with monogenic or fam-
ilial Parkinson’s disease; and more common, smaller
effect variants, which are usually identified in apparently
sporadic Parkinson’s disease.

Rare disease-causing DNA variants were historically
identified using linkage studies in large families with
Parkinson’s disease, and have more recently been iden-
tified with next-generation sequencing techniques, such as
exome and genome sequencing. The common genetic
components of Parkinson’s disease have mostly been

identified using genome-wide association studies (GWASs)
and to date 90 independent risk signals have been iden-
tified.’ In this Review, we describe current knowledge of
Parkinson’s disease genetics, including the most recent
developments in the field, and discuss our predictions for
the future of Parkinson’s disease genetics.

Current state of Parkinson’s disease genetics
Monogenic Parkinson’s disease

For Parkinson’s disease, the term monogenic is a useful
oversimplification. Although several highly penetrant rare
variants are linked to Parkinson’s disease (resulting in so-
called monogenic Parkinson’s disease), the presentation
of the disease is likely to be affected by other factors,
including both genetic and non-genetic factors. In some
carriers of highly penetrant variants, the disease will not
manifest (known as incomplete penetrance), and for those
with the disease, the age of onset, clinical presentation,
and progression can differ, even among those with the
same variant and within families. These observations
suggest that additional genetic or environmental factors
affect the disease process in addition to the single variant
of interest, and highlight the complexity of the causes
of Parkinson’s disease. Nevertheless, considerable pro-
gress has been made in the identification of rare, highly
penetrant variants.

Family studies of Parkinson’s disease genetics first
yielded results in 1997, with the discovery of a missense
variant in SNCA,"” and family-based studies continue to be
a productive line of investigation. To date, rare variants
in more than 20 genes have been reported to cause
Parkinson’s disease (table). However, the relevance of
many of these genes and variants is heavily debated, or
replication and functional validation studies have not been
done (eg, for LRP10,"* TMEM230, and DNAJCI3*™).
With large, population-wide sequencing studies such as
the UK Biobank” becoming available, increased efforts
are needed to quantify and validate the pathogenicity of
variants and nominated pathogenic genes. These efforts
will prevent uncertainties in assessing lifetime risk for
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Mutation Note Year of Proposed disease  Inheritance  Frequency Nominated Multiple Functional Negative Confidence
discovery  mechanism by GWAS independent evidencet reports as actual PD
families publishedt  gene§
reported*
SNCA Missense or Often with 1997,2003  Gain of functionor Dominant Veryrare  Yes ++ ++ + Very high
multiplication  dementia overexpression
PRKN Missense or loss  Often earlyonset 1998 Loss of function Recessive Rare No ++ ++ Very high
of function
UCHL1 Missense 1998 Loss of function? Dominant Unclear No = + Low
PARK7 Missense Often earlyonset 2003 Loss of function Recessive Veryrare  No ++ ++ Very high
LRRK2 Missense 2004 Gain of function Dominant Common  Yes ++ ++ Very high
PINK1 Missense or loss ~ Often early onset 2004 Loss of function Recessive Rare No ++ ++ Very high
of function
POLG Missense or loss  Atypical PD 2004 Loss of function? ~ Dominant Rare No ++ + High
of function
HTRA2 Missense 2005 Unclear Dominant Unclear No - + Low
ATP13A2  Missenseorloss ~Atypical PD 2006 Loss of function Recessive Veryrare  No ++ ++ Very high
of function
FBX07 Missense Often earlyonset 2008 Loss of function Recessive Veryrare  No ++ ++ Very high
GIGYF2 Missense 2008 Unclear Dominant Unclear No + + Low
GBA Missense or loss 2009 Likely loss of Dominant Common  Yes ++ ++ Very high
of function function (incomplete
penetrance)
PLA2G6 Missense or loss  Often earlyonset 2009 Loss of function Recessive Rare No ++ ++ Very high
of function
EIF4G1 Missense 2011 Unclear Dominant Unclear No - + Low
VPS35 Missense 2011 Loss of function Dominant Veryrare  No ++ + Very high
DNAJC6 Missense or loss ~ Often earlyonset 2012 Loss of function Recessive Veryrare  No ++ + High
of function
SYNJ1 Missense orloss  Often atypical PD 2013 Loss of function Recessive Veryrare  No ++ + High
of function
DNAJC13  Missense Same family as 2014 Unclear Dominant Unclear No + + Low
TMEM230
TMEM230 Missense Same family as 2016 Loss of function? ~ Dominant Unclear No - + Low
DNAJC13
VPS13C Missense or loss 2016 Loss of function Recessive Rare Yes ++ + High
of function
LRP10 Missense or loss 2018 Loss of function?  Dominant Unclear No - + Low
of function
GWAS=genome-wide association study. PD=Parkinson’s disease. *In this column, ++ denotes >4 families reported; + denotes =2 and <4 families reported; — denotes 1 family reported; - — denotes no reported
families. tIn this column, ++ denotes =4 disease-related reports; + denotes =1 and <4 disease-related reports; - denotes no disease-related reports. $Reports that could not replicate the finding that this gene is
a PD gene. In this column, + denotes no negative reports; —denotes >1 and <4 negative reports; - - denotes >4 negative reports. SSum of the scores in the three preceding columns, with each + adding 1 and
each - subtracting 1; very high denotes a score of =5; high denotes a score of 4; medium denotes a score of 2 or 3; low denotes a score of <1.
Table: Mutations that have been reported to cause Parkinson’s disease

Parkinson’s disease, both in the clinic and direct-to-
consumer genetic testing.

The characteristics of the disease-causing variants for
monogenic Parkinson’s disease (ie, variants with large
risk effects that often result in protein-coding changes or
large expression differences) make them amenable to
modelling in cellular and animal systems using genetic
approaches. The goals of such work are to understand the
molecular mechanisms that underlie these monogenic
forms of Parkinson’s disease and to evaluate whether
these mechanisms are also applicable to the sporadic
form of Parkinson’s disease. Studies of patients with
disease-causing variants could be done to assess therapies
that target a particular genetic cause, and individuals who
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are non-manifesting carriers could be recruited to assess
pre-symptomatic therapies. The rarity of Parkinson’s
disease-causing variants means that gathering such
cohorts is a challenge, but there are major efforts to do
so. Perhaps the most straightforward group to recruit
is that of individuals with LRRK2 mutations (both patients
with Parkinson’s disease and non-symptomatic carriers),
especially Gly2019Ser; this variant is common enough in
some populations that well-powered cohorts could be
collected.” Indeed, LRRK2 kinase inhibitors are being
developed and tested, suggesting that individuals with
LRRK2 mutations will be one of the first precision
medicine cohorts for Parkinson’s disease.” Of note, partial
loss of function of LRRK2 seems to lack a phenotype
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in humans, implying that reducing kinase activity or
silencing the harmful allele could be a safe therapeutic
strategy.”*

Given that rare causal variants have been identified and
modelled to understand their pathobiology, and that thera-
peutics are being tested that target this pathobiology in
individuals who carry such variants, we might be close to
testing the right target in the right patients at the right
time. For example, pathogenic variants in PARK7 (also
known as DJ-1), PRKN (also known as PARK?2), and PINK1
have been implicated in mitochondrial and mitophagy
function. Variants in other genes, such as GBA, LRRK2,
and VPS35, are likely to be involved in lysosomal and
trafficking pathways. However, the insights and thera-
peutics arising from the study of rare penetrant variants
might not be generalisable to the more common, sporadic
disease. Aetiological subtypes of Parkinson’s disease are
likely to exist, and strategies targeting LRRK2 dysfunction
might only be effective for relevant subtypes. Some
therapies are unlikely to be effective for disease-associated
variants that result in little or no Lewy body pathology (eg,
those caused by variants in LRRK2 or PRKN**). Therefore,
diagnostic and treatment categories need to be con-
sidered on the basis of different disease mechanisms.
Categorisation for apparently monogenic disease (ie,
LRRK2-related or SNCA-related disease) might be straight-
forward, but for apparently sporadic disease it could
be complex; categories might need to be based on the
predominant pathomechanism, as indicated by genetics,
biomarkers, or both (eg, autophagy-related, mitophagy-
related, or lysosomal-related Parkinson’s disease).

Apparently sporadic Parkinson’s disease

Similar to the term monogenic, to describe Parkinson’s
disease as sporadic (or idiopathic) is an oversimplification.
The implication that typical Parkinson’s disease arises
spontaneously or with an unknown cause or origin is
inaccurate. We know now that a large proportion of
Parkinson’s disease cases are affected by genetic risk
factors, and these genetic factors can be detected via
GWAS (panel).’ In the early days of Parkinson’s disease
research, a genetic component for apparently sporadic
disease was not obvious, and for many years, attempts to
identify genetic influences in apparently sporadic disease
were unsuccessful. With a few notable exceptions, the
identification of genetic risk loci for Parkinson’s disease
occurred as a direct result of the application of GWASs.
GWASs allowed the transition from candidate-based
evaluation, in which a single gene, or more commonly a
single variant, was tested, to being able to examine the
majority of common variations in the human genome at
once, in a hypothesis-free manner.

The first GWAS loci for Parkinson’s disease (figure 1)
were identified in 2009 with data from approximately
5000 patients and 9000 controls.” In 2019, 90 independent
risk signals have been identified with data from more than
37000 patients, 17000 so-called proxy cases (individuals

with a parent with Parkinson’s disease) and 1-4 million
controls (figure 1).” Of note, the ancestral alleles that have
been identified across loci can be associated with both a
higher or lower risk of disease.” The heritable component
of Parkinson’s disease due to common genetic variability
is estimated to be around 22%, and the GWAS loci
identified to date explain just a fraction of this. Thus, many
more risk variants are yet to be discovered. Further
calculations estimate that to make major progress in
resolving the basis of this heritable component, we need to
almost triple the number of cases used in GWASs.’ Efforts
to extend sample collection and genotyping have been
successful for other diseases, such as cardiovascular
disease, and have yielded novel loci, biological insight, and
therapeutic implications.*

As well as discovering more genetic risk loci for
Parkinson’s disease, we also need to characterise the
biological basis of that risk, which has historically been
challenging. The first attempts at such characterisation
focused on associations between a risk variant and the level
of expression of a gene in the proximity of that variant
(known as expression quantitative trait loci [QTLs]; panel)
or identifying a damaging coding variant in high linkage
disequilibrium (that tends to occur on the same haplotype)
with the GWAS signal. Colocalisation analyses between
GWAS loci and expression QTLs have provided some
causal insight into GWAS loci, but large-scale functional
validation of the causality of the expression QTLs has not
generally been done. Pathway-based analyses have shown
that the genetic risk burden for Parkinson’s disease is high
in lysosomal and endocytosis pathways.””* Mendelian
randomisation studies (panel) have also found evidence for
causal associations between various traits or exposures and
risk of Parkinson’s disease, highlighting the potential over-
lap between Parkinson’s disease and certain phenotypes.**

A large number of the identified GWAS loci are in close
proximity to a so-called monogenic Parkinson’s disease
gene, such as SNCA, LRRK2, GBA, and VPS13C. These
regions are known as pleomorphic risk loci (panel).”
Although rare coding variants (with a high effect size) at
these genes can cause Parkinson’s disease, more common
variants (with a smaller effect size and often non-coding)
can also increase the risk for disease. In addition, some
loci are close to genes that cause other diseases, such as
MAPT, GRN, NEKI (associated with frontotemporal
dementia and amyotrophic lateral sclerosis*), and NOD1
(associated with Crohn’s disease and Blau syndrome®).

Genetic risk scoring based on GWAS loci

In the past five years, interest has grown in predicting
diseases or phenotypes using genetic risk scoring (panel)
based on GWAS loci. For some phenotypes or traits, a
high genetic risk score might be equivalent to a high-risk
variant.* In Alzheimer’s disease, genetic risk scoring is
a popular method, with many studies reporting an area
under the curve (AUC) of around 0- 82 (panel).”* However,
the majority of the predictive value is driven by the APOE
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Panel: Glossary of terms

Areaunder the curve

The area under the curve (AUC) refers to the area under the
receiver operating curve, which is a plot of true positive rate
against false positive rate. The AUC is commonly used to
evaluate the predictive value of a model, such as a genetic risk
score. In practice, an AUC measures how good a model is at
correctly identifying cases as cases and controls as controls.

An AUC of 1 means the model is always right and an AUC of 0-5
means that the model is equivalent to random guessing.

Genetic heritability

Heritability has historically been estimated from twin studies,
and in the past decade has also been applied to GWAS and
sequencing data from large datasets. Genetic heritability is a
measure of the extent to which genetics is involved in a given
trait or phenotype. Heritability is often represented as an

H? value between 0 (no genetic contribution) and 1 (complete
genetic contribution). Complex diseases usually have
intermediate heritability values, implying that both genetics
and other factors (eg, environmental factors) contribute to
disease risk.

Genetic risk score

A genetic risk score, also known as a polygenic risk score, is
calculated by aggregating the allelic status of multiple variants
and their effect sizes, typically derived from a GWAS. If a trait or
phenotype has high genetic heritability, the genetic risk score
can be a good prediction tool.

Genome-wide association study

A genome-wide association study (GWAS) is a hypothesis-free
method to investigate whether any genetic variants are
associated with a particular trait or phenotype. The phenotype
being evaluated can be a case-control phenotype

(eg, Parkinson’s disease vs control), a continuous phenotype
(eg, body-mass index), or time-to-event (eg, incident stroke).
For example, GWAS identified a common variant, rs356182 in
the SNCA locus, that is associated with an increased risk for
Parkinson’s disease. The frequency of the minor allele (G) in the
general European population is around 34%, whereas in the
Parkinson’s disease population it is around 40%; the odds ratio
of the G allele is around 1-3.

GWAS locus

A GWAS locus is a region in the genome that is associated with
a certain trait or phenotype. In general, several variants within
the locus will tend to be inherited together on a haplotype;

gene (AUC 0-68-0-73 using the APOE locus alone®*). In
Parkinson’s disease, genetic risk scoring has been done in
multiple settings, with an AUC ranging from 0-65t0 0-69.°
In comparison with the lowest risk score quartile, the
genetic risk for the highest quartile is increased by four
times. The main drivers of the genetic risk score are
relatively common, high effect size, coding variants in
GBA (Glu326Lys and Asn370Ser) and LRRK2 (Gly2019Ser).

www.thelancet.com/neurology Vol 19 February 2020

these variants are considered to be in linkage disequilibrium.
Therefore, although a variant might be associated with a
disease, it might not be causal. Identifying causal variants and
genes remains challenging because a GWAS locus can contain
hundreds of significant variants spanning many different genes
in the same region. Of note, GWAS reports often name risk loci
by their closest gene. This gene is often misinterpreted to also
be the causal gene.

Mendelian randomisation

Mendelian randomisation is a framework for inferring a
potential causal association between an exposure and an
outcome using genetic data. Within the GWAS context,
Mendelian randomisation usually involves comparing two sets
of independent GWAS summary statistics, one representing the
exposure and the other representing the outcome of interest.
This comparison provides some insight into the causal effect of
the exposure on the outcome. Mendelian randomisation is often
used to tie together QTLs and GWASs, by providing a possible
molecular context for the association signals at GWAS loci.

Pleomorphic risk locus

A pleomorphic risk locus is a region, often identified by GWAS,
at which both rare (typically high effect size or causal) and
common (typically small effect) variants contribute to a specific
trait. For example, some missense variants in SNCA or
multiplications of SNCA clearly cause Parkinson’s disease. With
use of GWAS, several other variants in the SNCA locus have been
identified to moderately increase Parkinson’s disease risk,
probably by increasing SNCA expression. Another example is
the GBA gene, for which some variants (encoding lysosomal
acid glucosylceramidase) cause Gaucher’s disease (a lysosomal
storage disorder) in a homozygous state and are risk factors for
Parkinson’s disease in a heterozygous state.

Quantitative trait locus

Within the GWAS context, a quantitative trait locus (QTL) is
usually a region in the genome that is associated with a
molecular trait, such as gene expression or methylation. For
instance, a variant within a QTL might disrupt the local binding
motif of a transcription factor, leading to reduced gene
transcription. The effect of a QTL can be either local (or cis),
typically defined as when the affected gene is within

1 megabase of the variant, or distant (or trans), when it is
further away. In general, cis effects are stronger and easier to
detect than trans effects.

Using genetics alone, predictions of Parkinson’s disease
risk are unlikely to have clinical utility. A better scenario
would be if each new patient in the clinic were genetically
screened for a broad range of neurological diseases to
provide accurate diagnoses. Additionally, population gen-
etic screening efforts can identify subjects at risk, who are
interesting candidates for clinical trials. For Parkinson’s
disease specifically, combination of the genetic risk score
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Number of GWAS variants associated with Parkinson’s disease

0
D

2005 2006 2009 2011 2011 2014 2017 2019 2022
Start of First Parkinson’s ~ First Parkinson’s ~ Meta-analysis1 Meta-analysis2 ~ Meta-analysis3  Meta-analysis4 ~ Meta-analysis5  Meta-analysis 6
GWAS era disease GWAS disease loci
267 patients 5000 patients 12000 patients 15000 patients 19000 patients 26000 patients 37 700 patients 99 000 patients
270 controls 9000 controls 21000 controls 50000 controls 95000 controls 403000 controls 1-4 million >2-0 million

T

controls controls

Year

Figure 1: Timeline of genetic discoveries from GWASs for Parkinson’s disease
GWAS=genome-wide association study.

with other observations, such as the smell test and some
prodromal features,** will probably be implemented in the
near future to help clinicians identify people at prodromal
stages. A multimodal predictive model will also help to
select prodromal populations for future clinical trials and
could help in differentiating synucleinopathies, atypical
Parkinson’s disease syndromes, and other diseases from
Parkinson'’s disease, which would improve trial efficiency.

Additional analyses to assign function to GWAS loci

To gain more information about the biological function
of GWAS loci, a promising approach is to do GWASs
for additional clinical phenotypes, such as age at onset
and longitudinal progression. An age-at-onset GWAS
is typically done in a large case series with age as a
continuous phenotype. An age-at-onset GWAS from
2019," which included more than 28000 patients with
Parkinson’s disease, reported that not all Parkinson’s
disease GWAS loci actually contribute to the age at onset.
Although risk genes such as GBA, SNCA, and TMEM175
are all associated with younger age at onset, other well-
known loci, such as MAPT, RAB29 (also known as
RAB7LI), and GCH1 are not associated with age at onset.
These findings imply that some pathways can accelerate
the underlying disease process and therefore result in

earlier onset. The mechanism of earlier onset could be
related to SNCA pathology or related pathways, because
genes such as TMEM175 and GBA have been associated
with increased o-synuclein aggregation,”* and an increase
of SNCA expression results in increased o-synuclein
aggregation.**

Progression GWASs are typically performed on
longitudinal data and can include many different clinical
measurements. In the largest Parkinson’s disease pro-
gression GWAS to date, more than 4000 patients with
Parkinson’s disease with over 25000 visits were included,
derived from 12 different cohorts.* Two genome-wide
variants were identified, neither of which seem to affect
Parkinson’s disease risk. One variant in the intron of
SLC44A1 was associated with scores assessed with the
Hoehn and Yahr scale,” a system of measuring Parkinson’s
disease progression. The other variant of interest, an
intergenic variant and expression QTL for ADRA2A, was
associated with the frequency of insomnia at baseline.
Additionally, GBA variants were associated with greater
motor and cognitive decline over time, confirming
previous reports.®*

Although these age-at-onset and progression GWASs
included a very large number of samples, very few signifi-
cant variants were identified compared with Parkinson’s
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disease risk GWASs. Two likely explanations are that: 1)
these phenotypes are affected by the environment (which
is hard to control and test for); and 2) the phenotypes are
highly variable, with day-to-day differences, measurement
errors, and difficulty in standardising clinical measure-
ments across sites and study designs.

The future of Parkinson'’s disease genetics
Diversifying genetics

Genetic diversity is a major challenge in the field of
Parkinson’s disease genetics. Similar to many other
scientific fields, the majority of research has been done
in individuals with mainly European ancestry.” This lack
of diversity means that genetic risk score predictions for
disease might not be globally generalisable.”

Several notable findings have been reported in non-
European populations; for instance, certain GBA variants
and LRRK2 Gly2019Ser are highly enriched in the
Ashkenazi Jewish population; MAPT and the GBA GWAS
signal were absent in the largest GWAS of Asian patients
with Parkinson’s disease to date;** and population-specific
GBA variants have been identified.”* These examples
are probably representative of much wider diversity
in Parkinson’s disease genetics, and many population-
specific genetic risk factors are probably yet to be dis-
covered. Future interventional therapies are likely to be
targeted at genetic subgroups (eg, GBA-related or LRRK2-
related), which could be problematic in regions where
carrier prevalence is low, resulting in inadquate com-
mercialisation of the drug in that region. The therapies
being developed might not be effective for the majority of
patients in some regions. Large collaborative genetic
studies, such as the Latin American Research Consortium
on the Genetics of Parkinson’s Disease,” need to be done
to collect DNA and phenotype information and pro-
vide local education and training for underrepresented
populations.

Understanding Parkinson's disease risk loci

At the genome-wide level, the GWAS loci that have already
been identified have provided insight into the causes of
Parkinson’s disease, with each novel locus exposing more
of the disease-related pathway. However, we are only just
beginning to understand the underlying biology. While we
continue to dissect the genetic basis of disease, efforts to
systematically investigate the functions of these risk loci
must run in parallel. To date, only a few Parkinson’s
disease GWAS loci have been systematically assessed,
such as SNCA and TMEMI175%% With use of QTL
mapping and the identification of damaging coding
variants, we can assign or nominate a gene to a small
number of loci. Such QTL attempts have been limited to
expression estimates in heterogeneous tissue (eg, post-
mortem brain regions) with small sample sizes, and
because a QTL signal can be cell-specific (and therefore
tissue-specific), the tissue in which expression and
functional studies should be done is not always known.

www.thelancet.com/neurology Vol 19 February 2020
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Figure 2: Schematic for genetics-driven drug discovery

The advent of single-cell RNA sequencing and other
single-cell techniques, such as assay for transposase
accessible chromatin with sequencing (or ATACseq) and
HiC sequencing, has modified this approach. With use of
expression and epigenomic data that are attributable to
specific cell types, the cell type(s) that is most affected by
risk variants can be inferred, providing information on the
cells or tissue of interest. Studies on the brains and
neurons of mice have identified several dopaminergic
neuronal subpopulations,”® and single-cell RNAseq
experiments have been done on the human brain,” which
have already identified multiple cell subpopulations.
Although more single-cell reference data are needed, the
expression of genes in close proximity to Parkinson’s
disease loci seems to be enriched in brain tissues, and
specifically in midbrain neurons’® a result that is
in contrast with the immune-centred signal observed
in Alzheimer’s disease.® To evaluate these loci, large,
unbiased screens and molecular assays need to be done,
with resources such as induced pluripotent stem cells
(from patients and controls) differentiated into relevant
cell types (figure 2). With use of these cells, DNA and RNA
molecular assays could be performed to map and analyse
these regions in detail. Gene editing tools such as CRISPR
could be used to validate the causal variants and genes.
Additional studies of genetic perturbations (ie, editing,
knockdown, or overexpression of genes) should be done to
mimic the aging or stressed state of cells in the human
brain. As new single-cell methods are developed and
induced pluripotent stem cell datasets expand to include
greater numbers of cell lines, more disease-relevant
tissues, and epigenetic and proteomic information, the
path from genetic finding to biological understanding will
become easier and more robust.
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For the Parkinson'’s Progression
Markers Initiative see
https://www.ppmi-info.org

For the Parkinson’s Disease
Biomarkers Program see
https://pdbp.ninds.nih.gov
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Search strategy and selection criteria

References for this Review were identified by searches of
PubMed and bioRxiv, from database inception to April 1, 2019,
and of the reference lists of relevant articles. The search terms
used were: “Parkinson” or “Parkinson'’s disease” in combination
with “genetics”, “gene”, “genome-wide”, “meta-analysis”, or
“GWAS". No language restrictions were applied. The final
reference list was generated on the basis of relevance to the

topics covered in this Review.

Improving prediction of disease risk and progression
Prediction of Parkinson’s disease risk and disease pro-
gression has been restricted by a scarcity of harmonised
and deeply phenotyped cohorts. To date, the vast majority
of the clinical trials for neurodegenerative diseases have
failed, and did not result in approved therapies. Common
problems include recruiting patients at the wrong time
in their disease course, small group sizes, and no genetic
screening or grouping before enrolment. For Parkinson’s
disease in particular, an absence of genetic screening or
grouping prior to enrolment could have a considerable
effect on the outcome because of the potential genetic
subtypes of the disease, as discussed earlier.”" A universal
therapy for Parkinson’s disease is unlikely to be found;
therefore, specific clinical trials are underway for GBA-
related Parkinson’s disease (NCT02906020) and LRRK2-
related Parkinson’s disease (NCT3710707).

Early detection is likely to be crucial for neuro-
degenerative disease interventions. Predictive analytics,
using polygenic risk scores and multimodal machine-
learning studies, will drive the identification of high-risk
individuals, and these people can be selected for inter-
ventional therapy. Additionally, data-driven efforts to
subtype disease could help in designing more efficient
trials and more accurately quantifying efficacy.” A large
number of phenotypes (eg, imaging results, loss of smell,
and other clinical observations)*** that are associated with
Parkinson’s disease could also be included in prediction
and progression models. Typically, prediction studies can
only be done on a small scale, with a limited scope.?*#
Similarly, autopsy-confirmed studies assessing Parkinson’s
disease risk, the spread of Lewy body pathology, or other
features often have very small sample sizes. If performed
on a larger scale, these studies could be informative in
defining the genetic basis and spread of pathology.*

An ongoing problem in many fields of biomedical
research is that data can be deep (a lot of data on a small
number of patients) or wide (a large sample size), but not
both. To some extent, this issue is being addressed by the
Accelerating Medicines Partnership and its ongoing
efforts to aggregate data from public and private organisa-
tions on disease biomarkers and therapeutic targets.”
Longitudinal studies, such as the Parkinson’s Progression
Markers Initiative and the Parkinson’s Disease Biomarkers
Program, have substantially increased our understanding

of Parkinson’s disease and are valuable resources for
researchers in the field.

A beneficial step forward would be to combine the
available data for Parkinson’s disease into a single pro-
gression or risk score that could be implemented in
a practical and understandable manner in the clinic.
Novel machine-learning approaches could offer a way
of combining genetic data, imaging, and other clinical
phenotypes to improve the prediction of Parkinson’s
disease progression and Parkinson’s disease risk.®”” How-
ever, at present, these efforts are limited by the scarcity of
deep datasets.

Conclusion
Understanding the genetic factors that influence
Parkinson’s disease risk, onset, and progression is crucial
to developing treatments that might slow or stop disease
progression. To date, many genes and GWAS loci have
been identified that contribute to the development of
Parkinson’s disease. We need to continue this search for
genetic risk factors, while also making a concerted, coord-
inated effort to understand the consequences of these dis-
coveries at the molecular and biological levels. This
understanding of both genetic and functional information
will be key to the identification of cause-related therapies.
The application of cause-related therapies will require us
to be able to identify the prominent causal factors in each
patient, preferably before clinical signs and symptoms.
Longitudinal studies, with high-quality data and large
samples, will be crucial to improving our prediction
of Parkinson’s disease risk and disease progression. The
ultimate goal of Parkinson’s disease research is to treat
patients with the right therapy at the right time; although
much research remains to be done, we believe that the
path to this goal is now clear.
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