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Abstract 
Parkinson’s disease is the second most common neurodegenerative 
disease, affecting 1 % of the population at the age of 60 years in 
Finland. The latest studies estimate the heritablitity of PD to be around 
27 %. Mendelian inheritance accounts for only a small proportion of 
PD and the majority of PD cases are thought to result from a complex 
mixture of risk factors. This is supported by the latest genome-wide 
association study (GWAS) meta-analysis that identified 90 risk loci, 
explaining 16-36 % of the heritability of PD. However, the majority of 
the variants underlying the loci, the pathomechanisms of PD and 
special characteristics of PD in Finland remain to be clarified. 

The present study investigated the genetics of PD, focusing 
especially on the Finnish population. We studied the role of the 
EIF4G1 gene in PD and identified a c.3513_3521del deletion 
preventing the translation of messenger-RNA in a Caucasian-American 
male. In a Finnish cohort, we did not find any significant association 
between variants in EIF4G1 and PD. 

We could not identify significant associations between established 
monogenic variants, risk variants and PD after correction for multiple 
testing. In GWAS single variant association (SVA) test, loci near genes 
GBA, SIPA1L2 and SNCA had almost significant associations to PD 
and the whole exome sequencing study (WES) identified a GBA 
variant rs2230288 with an altered allele frequency of 8.5 % in Finnish 
PD cases. Furthermore, the polygenic risk score (PRS) including 
variant rs2230288 in GBA and variant rs2291312 in TTN was 
associated with PD with an odds ratio (OR) of 2.7 (95% confidence 
interval 1.4-5.2; p < 2.56e-03). 



We identified several novel candidate variants and genes. In gene-
level association analysis; some of the identified candidates included 
GPR126 with an OR of 1.056 and MPHOSPH10 with an OR of 1.53. 
In the SVA test, the most notable candidate variants included variant 
rs41289829 in NMBR, variant rs146727650 in GPR126 and variants 
rs140835766 and rs72681440 in PABPC1.  

Finally, we studied also biological processes associated with the 
identified genes using gene-set enrichment analysis (GSEA). 
Statistically significant classes in GSEA included phosphate 
metabolism, phosphorylation and organonitrogen compound 
metabolism. 

 
 
Keywords: WXS; Polygenic risk score; PRS; WES; 
Glucocerebrosidase; Parkinson’s disease; early onset 
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Tiivistelmä 

Parkinsonin tauti (PT) on toiseksi yleisin hermostorappeumasairaus, 
jonka vallitsevuus Suomessa on noin 1 % yli 60-vuotiailla. Uusimmat 
kaksostutkimukset arvioivat PT:n perinnöllisyyden olevan noin 27%. 
Taudilla on harvinaisia monogeenisiä muotoja, mutta PT:n oletetaan 
olevan pääasiallisesti monitekijäinen tauti, jossa useiden riskitekijöiden 
yhteisvaikutus johtaa taudin puhkeamiseen. Viimeisin meta-analyysi 
genomin kattavista assosiaatiotutkimuksista (genome-wide association 
study; GWAS) tunnistaa 90 riskilokusta, jotka voisivat selittää 16-36% 
PT:n perinnöllisyydestä. Variantit riskilokusten taustalla, niihin liittyvät 
patomekanismit ja tuntemus PT:n mahdollisista geneettisistä 
erityispiirteistä suomalaisessa väestössä ovat pääosin selvittämättä. 

Väitöskirjatutkimuksessa selvitettiin PT:n genetiikkaa keskittyen 
erityisesti suomalaiseen väestöön. Tutkimme EIF4G1 geenin 
merkitystä PT:ssa ja löysimme yhdeltä amerikkalaiselta PT-potilaalta 
harvinaisen c.3513_3521del deleetion, joka estää lähetti-RNA:n 
translaation yhdessä 39:stä transkriptissa. Suomalaisessa kohortissa 
EIF4G1:n ja PT:n välillä ei ollut yhteyttä.  

Tunnettujen monogeenisten muotojen, riskivarianttien ja PT:n 
välille ei löytynyt yhteyttä monimuuttujakorjauksen jälkeen. GWAS 
tutkimuksessa lokukset geenien GBA, SIPA1L2 ja SNCA lähettyvillä 
olivat kuitenkin lähellä tilastollista merkitsevyyttä, ja 
eksomisekvensointiaineistossa (whole exome sequencing, WES) 
GBA:n variantin rs2230288 alleelifrekvenssi oli 8.5% potilailla ja 4.7% 
kontrolleilla. Lisäksi polygeeninen riskipisteytys (polygenic risk score, 
PRS) joka sisälsi GBA variantin rs2230288 ja TTN-geenin variantin 
rs2291312 oli yhteydessä PT:iin vetosuhteella 2.7 (95%:n 
luottamusväli 1.4-5.2; p < 2.56e-03). 

Tutkimuksessa tunnistettiin myös useita uusia ehdokasvariantteja ja 
-geenejä. Geenitason assosiaatioista vahvimpia kandidaatteja olivat 



GPR126 tulosuhteella (OR) 1.056 sekä MPHOSPH10 tulosuhteella 
1.53. Yksittäisvarianteista puolestaan vahvimpia kandidaatteja olivat 
NMBR variantti rs41289829, GPR126 variantti rs146727650, sekä 
PABPC1 variantit rs140835766 ja rs72681440.  

Tutkimuksessa etsittiin myös PT:iin yhteydessä olevia biologisia 
prosesseja geeniryhmien rikastusanalyysillä (gene-set enrichment 
analysis, GSEA). Mielenkiintoisimpia tilastollisesti merkittäviä 
prosesseja olivat fosfaattimetabolian, fosforylaation ja typpeä 
sisältävien orgaanisten yhdisteiden metabolia.  

Asiasanat: WXS; Polygenic risk score; PRS; WES; 
Glucocerebrosidase; Parkinson’s disease; early onset 
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1 Introduction 
 
Parkinson’s disease (PD) is the second most common 
neurodegenerative disease affecting 1.9 % of the population aged 80 
years or older (Pringsheim, Jette, Frolkis, & Steeves, 2014). The 
clinical manifestations of the disease include motor symptoms such as 
bradykinesia combined with rigidity and tremor, in combination with 
some non-motor symptoms (Postuma et al., 2015). The pathological 
changes in PD include intraneuronal Lewy body (LB) inclusions and 
loss of dopaminergic neurons in substantia nigra (SN). It is the clinical 
phenotype that is used to make the diagnosis with post-mortem 
detection of neuropathological changes confirming the diagnosis.  
α-Synuclein protein aggregates are one of the main components of 

the LB inclusions. The α-synuclein protein is encoded by SNCA gene 
and mutations in SNCA have been identified to cause monogenic forms 
of PD (Chartier-Harlin et al., 2004; Ibanez et al., 2004; Krüger et al., 
1998; Lesage et al., 2013; Polymeropoulos et al., 1997; Singleton et al., 
2003). Monogenic forms of the disease constitute only 3-5% of PD, i.e. 
in most PD patients, the disease is thought to be caused by a 
combination of genetic and environmental factors. The heritability of 
PD is estimated to be around 27 %, which suggests that genetics play 
an important role (Goldman et al., 2019). Massive GWAS meta-
analyses are the best way to identify the genetic risks associated to PD; 
the most recent one identified 90 associated risk loci (Nalls et al., 
2019). 

There is no cure for PD. In order to successfully develop drugs for 
PD, we need to understand the underlying biological mechanisms and 
genetic studies have pivotal role in this process. The present study 
investigated the role of genes in PD with a special focus on the Finnish 
population. 
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2 Review of literature 

2.1 Epidemiology 

Parkinson’s disease (PD) is the second most common 
neurodegenerative disease. The prevalence of PD increases with age, 
being 41 per 100,000 (0.04 %) between the ages of 40 and 49 years, 
and 1903 per 100,000 (1.9 %) when individuals are aged 80 years or 
older (Pringsheim et al., 2014). Similarly, the incidence rate increases 
with age i.e. it is about 30 times higher at age of 80 years or older than 
between 40 and 49 years in women and about 70 times higher in men 
(Hirsch, Jette, Frolkis, Steeves, & Pringsheim, 2016). 

Methodological differences aside, there are major differences in the 
prevalence rates of PD between countries after age-adjustment to the 
relative WHO standard population (Figure 1) (Ahmad et al., 2001; 
Dorsey et al., 2018) . The highest age-adjusted prevalence rates can be 
found in North America, whereas the lowest rates can be found in 
Africa, Middle and South America and Middle East. In comparison, 
prevalence rates adjusted to the population age were 308 per 100,000 
(0.36 %) in France, 147 per 100,000 (0.15 %) in Taiwan, 217 per 
100,000 (0.22 %) in Germany, 803 to 1748 per 100,000 (0.8 – 1.75 %) 
in the USA, 196 per 100,000 (0.2 %) in Sweden in Stockholm County, 
30.0-139.9 per 100,000 (0.03 – 0.14 %) in Russia and 14 to 1,538 per 
100,000 (0.01 – 1.54 %) in China (Blin et al., 2015; Enders et al., 2017; 
Liu, C., Li, Lee, & Sun, 2016; Lökk, Borg, Svensson, Persson, & 
Ljunggren, 2012; Ma et al., 2014; Mantri, Fullard, Beck, & Willis, 
2019; Razdorskaya, Voskresenskaya, & Yudina, 2016a; Razdorskaya, 
Voskresenskaya, & Yudina, 2016b). 
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Fig. 1. Age-standardized prevalence of Parkinson’s disease worldwide. Reprinted from 
Dorsey et al. 2018. DOI: <https://doi.org/10.1016/S0140-6736(16)31012-1> under the CC 
BY 4.0 license <https://creativecommons.org/licenses/by/4.0/>.   

The age-adjusted prevalence rate of PD in Finland is close to the mean 
of all countries worldwide, and similar to the countries in Western 
Europe (Figure 1). The crude prevalence between the years 1996 and 
2012 in Finland was 455 per 100,000 (0.45%) and the incidence rate in 
2012 was about 31 per 100,000 (Kaasinen, Valtteri, Vahlberg, & 
Suominen, 2015). The incidence rate and male to female ratio of the 
incidence of PD has increased in Finland over the years, whereas the 
incidence ratio between urban and rural areas has remained unchanged 
(Isotalo, Vahlberg, & Kaasinen, 2017; Kaasinen et al., 2015). In 
comparison, in Japan, the incidence rate has remained unchanged, in 
the Netherlands, the rate has decreased whereas in Rochester, USA, the 
rate has increased (Darweesh, Koudstaal, Stricker, Hofman, & Ikram, 
2016; Savica, Grossardt, Bower, Ahlskog, & Rocca, 2016; Yamawaki, 
Kusumi, Kowa, & Nakashima, 2009). The increase in the incidence 
rate can be at least partly explained with lifestyle or environmental 
factors, such as changes in smoking behaviour. 



22 

2.2 Clinical Parkinson’s disease 

The PD diagnosis is based on clinically observable symptoms, and 
postmortem detection of LBs in specific brain regions confirms the 
diagnosis. The diagnostic criteria of PD are based on those issued by 
the UK Parkinson’s Disease Society Brain Bank Diagnostic Criteria 
(UK Brain bank), which consist of a three step protocol (Gibb & Lees, 
1988). First, the Parkinsonian syndrome is diagnosed on the basis of 
bradykinesia and one of the three cardinal symptoms including resting 
tremor, rigidity and loss of postural reflexes. Exclusion criteria are then 
checked and finally three or more supportive positive criteria for PD 
confirm the diagnosis (Table 1). According to a recent meta-analysis, 
the sensitivity of the UK Brain bank diagnostic criteria is 90.8% and 
the specificity is 34% with a pooled accuracy of 82.7% (Rizzo et al., 
2016). The clinical diagnosis, when made by movement disorder 
specialists, has a specificity of 83.5%, while that of non-expert 
clinicians (general neurologists, geriatricians, or general practitioners) 
is much lower, 49.2%. The diagnostic accuracy of clinically diagnosed 
PD is low in the early stage of the disease, especially in untreated or 
medication-responsive subjects (Adler et al., 2014).  

Movement Disorder Society Clinical Diagnostic Criteria for 
Parkinson's disease (MDS-PD) is a more extensive protocol targeted 
clinical research, but these criteria can be used to complement clinical 
features when needed (Postuma et al., 2015). MDS-PD incorporates 
non-motor features (symptoms, signs or biomarkers) into the diagnostic 
criteria and introduces a new diagnostic category, prodromal PD. 
Prodromal PD can be diagnosed, when a combination of early-risk and 
prodromal features are present, but they do not fulfill the clinical 
criteria for PD (Berg et al., 2015). The prodromal PD is defined as a 
combination of motor and non-motor features that together lead to a 
high likelihood (i.e. ≥80%) of the disease. Indeed, the disease can be 
defined as prodromal even when there are only non-motor disease 
features present, although the presence of risk factors (such as sex, 
pesticide exposure, smoking, family history of PD) alone cannot lead to 
a diagnosis of prodromal PD. Risk and prodromal features with the 
highest likelihood scores include polysomnography-proven rapid eye 
movement sleep behavior disorder (RBD), clearly abnormal 
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dopaminergic PET/SPECT findings, possible subthreshold 
parkinsonism (Unified Parkinson’s Disease Rating Scale (UPDRS) 
score more than 3 excluding action tremor), sibling with PD with age at 
onset under 50 years, hyperechogenicity in substantia nigra in 
transcranial ultrasound examination and olfactory loss. 

Table 1. UK Brain bank exclusion and supportive criteria for Parkinson’s disease 

Exclusion criteria Supportive criteria 

history of repeated strokes with parkinsonian features unilateral onset 

repeated brain injuries rest tremor present 

encephalitis in patient history progressive disorder 

oculogyric crises persistent asymmetry affecting the side of 

onset most 

neuroleptic treatment at onset of symptoms excellent response (70-100%) to levodopa 

more than one affected relative with PD severe levodopa-induced chorea 

sustained remission levodopa response for 5 years or more 

strictly unilateral features after three years clinical course of 10 years or more 

supranuclear gaze palsy  

cerebellar signs  

early severe autonomic involvement  

early severe dementia with disturbances of memory, 

language and praxis 

 

babinski sign  

presence of a cerebral tumour or communicating 

hydrocephalus on CT scan. 

 

negative response to large doses of levodopa (if 

malabsorption excluded) 

 

MPTP exposure  

 

2.3 Overlapping diseases 

PD is a complex disease with slowly manifesting symptoms that 
deteriorate with time. It is therefore possible to misdiagnose the 
disease, especially in the early stage. In a recent meta-analysis, the 
most common false-positive misdiagnoses in clinical-based studies 
were multiple system atrophy (MSA), progressive supranuclear palsy 
(PSP), dementia with Lewy bodies (DLB), Alzheimer’s disease (AD) 
and vascular encephalopathy (VaE) (Rizzo et al., 2016). In community-
based studies, essential tremor (ET), PSP, VaE, MSA, DLB, and drug-
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induced parkinsonism (DiPD) have been the most frequent false-
positive misdiagnoses. Parkinsonism in dementia, nonparkinsonian 
tremor, DiPD, MSA and DLB were included in the most frequent false-
negative misdiagnoses. 

2.4 Clinical subtypes of Parkinson’s disease  

The most distinctive symptoms in PD are the motor symptoms and 
these play a major role in PD subtype classification and prognosis 
studies, although recent studies have focused also on other phenotypic 
traits. A Canadian study with 156 PD cases divided PD into tremor, 
akinetic-rigid and mixed (combination of tremor and akinetic-rigid) 
subtypes, and concluded that the most common subtype at baseline is 
the mixed subtype (Rajput, Rajput, Ferguson, & Rajput, 2017). 
Survival was shortest and cumulative incidence of dementia highest in 
patients with the akinetic-rigid subtype. Somewhat similar results have 
been obtained in a cohort study with 396 cases, where the sum of 
postural instability, gait, freezing and walking scores in Short 
Parkinson’s Evaluation Scale (SPES) and Scales for Outcomes in 
Parkinson’s disease (SCOPA) were associated with the severity and 
prognosis of the disease (van der Heeden, Jorine F et al., 2016). 
Furthermore, the UPDRS motor score at baseline, male gender and 
cognitive impairment have been associated with a higher rate of motor 
score progression in a study with 576 PD patients (Reinoso et al., 
2015). Moreover, the postural instability and gait difficulty subtype of 
PD was associated with gray matter atrophy in motor-related regions of 
the brain (Rosenberg-Katz et al., 2013). 

In genetic studies, PD is usually divided into early-onset and late-
onset diseases, where the early-onset PD (EOPD) is defined as disease 
starting before the age of 50 years. EOPD seems to have significantly 
higher heritability (h2) of 0.83 compared to h2 of 0.29 in late onset PD 
(Goldman et al., 2019). There appears to be age-related differences also 
in symptoms and prognosis of the disease. High age at diagnosis 
decreases the risk of impulse control disorders, but increases the risk of 
dementia, hallucinations, freezing of gait, postural instability and falls, 
in a cohort of 1,232 patients with PD (Prange et al., 2019). 
Interestingly, a higher age at diagnosis decreases the risk of motor 
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fluctuations and dyskinesia until the age of 70 years and after which, 
the risk is increased. The risk of freezing of gait, postural instability 
and falls is also increased, if the age at diagnosis is higher than 70 
years. Furthermore, the risk of motor fluctuations and dyskinesia 
decreases, if tremor is present at onset. 

Non-motor symptoms may have some effect on the prognosis of 
PD. In a small study with 76 PD cases, mild cognitive impairment with 
orthostatic hypotension and RBD at baseline predicted a rapid 
progression of the disease (Fereshtehnejad et al., 2015). Interestingly, 
cognitive impairment and olfactory deficits are seen more frequently in 
men than women in early drug-naive PD (Liu, R. et al., 2015). 

2.5 Treatment and novel therapies 

Treatments for PD are symptomatic and the treatments cannot 
prevent nor delay the disease (Fox et al., 2018). Levodopa, dopamine 
agonists (DA) and MAO-B inhibitors are the main drug options in 
treating the motor symptoms of PD. The dopamine agonists include 
non-ergot drugs such as pramipexole, rotigotine, piribedil and 
ropinirole, and ergot derived drugs such as cabergoline, DHEC, 
pergolide and bromocriptine. Effective MAO-B inhibitors include 
selegiline and rasagiline. Surgery is an option for more advanced and 
suitable PD patients. These include treating patients with motor 
fluctuations and dyskinesia with deep brain stimulation targeting 
globus pallidus interna or subthalamic nucleus. Levodopa, a precursor 
of catecholamines, is still the most effective therapy for PD symptoms, 
although a typical downside effect is that the prolonged administration 
leads to motor fluctuations and dyskinesia (see e.g. (LeWitt & Fahn, 
2016)). 

Currently several novel therapies are being studied to treat PD. If 
successful, they may be able to cure or at least delay the progression of 
the disease. These include the GLP-1 receptor agonists that have been 
used in treating type 2 diabetes mellitus. They have shown some 
neuroprotective effects in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model of PD (Feng, P. et al., 2018). 
Stem cell-based therapy for replacing the degenerated neurons in PD 
has also been successful in preclinical primate models and the therapy 
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has proceeded to clinical trials (Barker, Parmar, Studer, & Takahashi, 
2017; Kikuchi et al., 2017). Furthermore, the accumulating evidence on 
the role of the gut in PD may lead to novel therapy options (see e.g. 
(Klingelhoefer & Reichmann, 2015)). Indeed, the removal of the 
appendix seems to reduce the risk of developing PD and there are some 
promising results of fecal microbiota transplantation in treating PD 
(Huang, H. et al., 2019; Killinger et al., 2018). 

2.6 Neuronal changes in Parkinson’s disease 

The pathological hallmark of PD is the dopaminergic neuronal loss in 
substantia nigra, which leads to a dopaminergic denervation of the 
striatum. Another hallmark is the accumulation of intraneuronal 
inclusions called Lewy bodies (LB) that are composed of aggregates of 
α-synuclein, although these inclusions can be found also in healthy 
individuals without PD (Berg et al., 2014; Parkkinen, Pirttilä, & 
Alafuzoff, 2008). Furthermore, LB pathology is not always present 
even in clinically well-defined PD patients. For example, six out of 28 
patients (21%) with the p.G2019S mutation in LRRK2 and 12 out of 22 
patients (57%) with other LRRK2 mutations did not exhibit LB 
pathology (Poulopoulos, Levy, & Alcalay, 2012). 

2.6.1 Lewy bodies 

Lewy bodies are the histopathological hallmark of PD and DLB. α-
Synuclein is the major component in LB but in fact  more than 90 
molecules have been characterized in LB inclusions (Wakabayashi et 
al., 2013). The role of α-synuclein in PD pathophysiology remains to be 
clarified. The protein is found in presynaptic terminals and it is known 
to regulate synapse vesicle exocytosis (Jakes, Spillantini, & Goedert, 
1994; Nemani et al., 2010a). Furthermore, α-synuclein seems to 
mobilize Ca2+ release from thapsigargin-sensitive Ca2+ pools in PC12 
cells (Huang, C., Chiu, Lee, Hsieh, Lin, & Kao, 2018a).  

a-Synuclein is present in a membrane-bound and a soluble 
cytosolic form and neuronal cells are able to release the soluble a-
synuclein via exocytosis (Lee, H., Choi, & Lee, 2002; Lee, H., Bae, & 
Lee, 2014). In addition to the soluble monomeric form, a-synuclein can 
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exist in oligomeric, fibril and ribbon assemblies and these assemblies 
have been suggested to be able to cross the blood-brain barrier in rats 
(Peelaerts et al., 2015; Pieri, Madiona, Bousset, & Melki, 2012). In its 
fibril form, a-synuclein has been postulated to be more toxic than the 
monomeric and oligomeric forms, and it has been able to induce the 
most severe motor impairment and neuronal loss in an animal model. 
Ribbons lead to a phenotype displaying PD and multiple system 
atrophy traits. Interestingly, α-synuclein-oligomers seem to increase 
calcium uptake in mitochondria leading to mitotoxicity (Luth, 
Stavrovskaya, Bartels, Kristal, & Selkoe, 2014). Furthermore, α-
synuclein fibril evoked cytotoxicity has been reported to be reduced in 
the presence of β-synuclein or after administration of GM1 ganglioside 
(Schneider et al., 2019; Yang, X., Williams, Yan, Mouradian, & Baum, 
2019).  

The spreading of the PD-related LBs in central nervous system is 
believed to be progressive, at least to some extent. Staging has been 
suggested to describe this progressive spreading (Braak et al., 2003). In 
stage (I), LBs are localized in the glossopharyngeal and vagal nerves 
(medulla) and anterior olfactory nucleus and olfactory bulb compacta 
(Figure 2). Stage (II) includes medullary nuclei and stage (III) involves 
the midbrain, in particular the tegmental pedunculopontine nucleus and 
SN, pars compacta. Stage (IV) includes midline and intralaminar nuclei 
of the thalamus and stage (V) the superordinate cortical areas for the 
regulation of autonomic functions. Stage (VI) includes the sensory 
association areas and premotor fields. Interestingly, it has been found 
that there is some discrepancy between LB and neuronal death 
distribution and staging in PD (see e.g. (Surmeier, Obeso, & Halliday, 
2017)). 
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Fig. 2. Stages in the intraneuronal PD-related pathological process. Stages are 
presented here as Roman letters I-VI. This figure is a derivative of “Skull and brain 
sagittal section” by Patrick J. Lynch, medical illustrator; C. Carl Jaffe, MD, cardiologist. 
Figure is licensed under Creative Commons Attribution 2.5 License 
<https://creativecommons.org/licenses/by/2.5/>. 

Staging and properties of misfolded α-synuclein are combined in a 
hypothesis suggesting that synucleinopathies could be prion-like 
disorders (Angot, Steiner, Hansen, Li, & Brundin, 2010). There is 
circumstantial evidence of prion-like spreading in individuals with PD 
that have received embryonic nigral transplants and have developed 
LB-like pathology into these grafted cells (Kordower, Chu, Hauser, 
Freeman, & Olanow, 2008). Furthermore, transmission of pathological 
α-synuclein into the dorsal striatum of healthy mice caused a 
Parkinson-like neurodegeneration (Luk et al., 2012). Prion-like proteins 
could spread in a staged manner via extracellular diffusion and axonal 
transport (Weickenmeier, Jucker, Goriely, & Kuhl, 2019). Antibodies 
that prevent the axonal transport of pathological α-synuclein are being 
currently clinically tested (Schofield et al., 2019). 

2.6.2 Dopaminergic neurons 

Dopamine neurons have a role in reward-dependent learning (Schultz, 
Dayan, & Montague, 1997). One of the characteristic traits of the 
dopamine neurons in SN is the high bioenergetic demand of the highly 
branched axon that makes it susceptible to mitochondrial oxidative 
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stress (Pacelli et al., 2015). Another trait is the calcium current driven 
pacemaker activity (Kang, Y. & Kitai, 1993). It has been shown that 
the neurons in SN pars compacta represent the onset of spontaneous 
movements with a pause in their firing, and this pause is lost in SNCA 
transgenic mouse model of PD (Dodson et al., 2016). Furthermore, this 
constant calcium firing requires a low intrinsic calcium buffering 
capacity (Foehring, Zhang, Lee, & Callaway, 2009)  and it has been 
shown that decreased mitochondrial bioenergetics together with 
decreased calcium buffering capacity correlated with motor deficits in 
Rhesus monkeys (Pandya et al., 2015). 

2.7 Experimental models of PD 

Some of the most critical research tools in studying the 
pathophysiology of disease are the disease models. Models of PD can 
be divided to toxin-based models and genetic models (Jagmag, 
Tripathi, Shukla, Maiti, & Khurana, 2016).  

Toxins used to mimic PD include 6-hydroxydopamine (6-OHDA), 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone, N,N′-
dimethyl-4,4′-bipyridinium dichloride (paraquat) and 
methamphetamine (Figure 3). The rotenone and paraquat models 
induce the formation of LBs, whereas 6-OHDA and MPTP produce 
lesions without LBs. At high concentrations, methamphetamine can be 
used to increase the effect of other neurotoxins. MPTP as a model for 
PD was discovered when it was self-injected by illicit drug abusers and 
MPTP manifested PD symptoms in these subjects (Langston, Ballard, 
Tetrud, & Irwin, 1983). Interestingly, also PD nonmotor symptoms, 
such as altered olfaction, sleep and gastrointestinal function, can be 
observed in toxin-induced models in mice, rats and primates (Table 2). 

Genetic models include α-synuclein, LRRK2, parkin, PINK1 and 
DJ-1 models in mice, rats and Drosophila. These monogenic models 
are limited in modelling the complexity of the more common forms of 
PD, which are considered to be caused by alterations in several genes. 
Genetic models can, however, be used to study familial PD and the 
biological mechanisms underlying PD.  

An example of a genetic model is bacterial artificial chromosome 
(BAC) transgenic rats overexpressing human wildtype α-synuclein 
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(Nuber et al., 2013) . The rats develop pathological changes including 
insoluble α-synuclein protein aggregates and increased reduction of 
nigral dopaminergic neurons. Furthermore, they manifest a phenotype 
with early changes in avoidance behavior, smell and novelty-seeking, 
and later display progressive motor deficits. Similarly, the BAC 
transgenic rat model that overexpresses human LRRK2 with a mutation 
in G2019S or R1441C exhibits a phenotype with motor coordination 
dysfunction, cognitive deficits and impaired striatal dopamine release 
that is responsive to L-DOPA (Sloan et al., 2016). These transgenic rats 
do not, however, have detectable protein aggregation or cell death.  

Whereas BAC transgenic models seem to create a PD phenotype 
with milder characteristics of the disease, the viral vector based animal 
models are able to manifest a disease with more severe symptoms. For 
example, the intracranial injection of viral vector overexpressing 
human α-synuclein A30P gene produced α-synuclein aggregation in 
neurons, Lewy-like neurites in SN and the striatum and loss of 
dopamine neurons in SN (Klein, King, Hamby, & Meyer, 2002). 
Furthermore, intracranial injection of the viral vector overexpressing 
G2019S LRRK2 gene in rats had a phenotype with ubiquitin-positive 
inclusions and neurite degeneration in a kinase-dependent manner 
(Tsika et al., 2015).  

Combining a genetic model together with toxin can be used to study 
the concomitant effects of gene and environment to the disease. For 
example, α-synuclein E46K mutant expressed in BAC transgenic rats 
develop α-synuclein protein aggregates at 12 months of age, but no 
nigral neurodegeneration (Cannon et al., 2013). However, the animals 
have an elevated higher sensitivity to rotenone, i.e. when these rats 
were exposed to a low-dose of this toxin, within one week they 
manifested the characteristics of the PD phenotype and at six months of 
age they displayed some pathological characteristics of PD such as a 
reduced striatal dopamine terminal density. 

Homologs of LRRK2, parkin, PINK1 and DJ-1 genes are found 
also in invertebrates such as C. elegans and PD models invertebrates 
can be used to study general pathobiology in a genetic network and in 
molecular signalling. 
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Fig. 3. Comparison of Parkinson’s disease toxin models. Abbreviations: Meth, 
Methamphetamine; DA, dopamine; DAT, Dopaminergic Transporter; MPP+, 1-methyl-4-
phenylpyridinium; MAO A, Monoamine oxidase A; MAO B, Monoamine Oxidase B; NAT, 
Noradrenergic Transporter; SNc, Substantia Nigra pars Compacta; VTA, Ventral 
tegmental area; VMAT2, Vesicular Monoamine Transporter 2. Modified from Jagmag et 
al. 2016. DOI:<https://doi.org/10.3389/fnins.2015.00503> under the CC BY 4.0 license 
<https://creativecommons.org/licenses/by/4.0/>. 
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Table 2. Toxin-Induced Models of Parkinson's Disease and the Expression of Nonmotor 
Symptoms. Modified from (Titova et al., 2017) with permission from Elsevier. 

Toxin Models Nonmotor Symptoms Authors 

6-OHDA-lesioned rodents Olfaction (Duty & Jenner, 
2011) 

  Sensory/pain threshold  

  Sleep/wakefulness   

  Circadian rhythms   

  Cognitive function   

   Altered cardiovascular function   

  Bladder hyperactivity   

  Altered motility of gastrointestinal tract   

      

Intragastric rotenone 
administration in mice 

α-Synuclein accumulation in dorsal vagal 
nucleus 

(Pan-Montojo et al., 
2010)   

  Potential for investigating autonomic 
symptoms such as constipation 

 

      

MPTP-treated mice Olfaction (Taylor, Greene, & 
Miller, 2010) 

  Sleep dysfunction  

  Gastrointestinal dysfunction   

      

MPTP-treated primates Bladder hyperreflexia (Duty & Jenner, 
2011)   

  Constipation  

  Drooling   

  Altered cardiovascular function   

  Sleep disturbance   

  Cognitive disturbance   

Abbreviations: MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; OHDA, hydroxydopamine 
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2.8 Pathophysiological hypotheses 

Several major processes have been identified or suggested to be 
involved in the pathophysiological process leading to PD. The most 
convincing evidence supports hypotheses involving disruption of 
autophagy, mitochondrial processes and vesicle trafficking. 

A recent hypothesis on autophagy suggests that p38 mitogen-
activated protein kinase (MAPK) together with GTPase signalling 
could be the link between genomics and the etiology of PD 
(Obergasteiger, Frapporti, Pramstaller, Hicks, & Volta, 2018). LRRK2 
and α-synuclein both interact with p38 MAPK in the regulation of 
autophagy and apoptosis modulated by GTPases. 

Mitochondrial involvement in PD started to unravel as a 
consequence of discovering the association between PD and 1-methyl-
4-phenyl-1, 2, 5, 6-tetrahydropyridine (MPTP), a mitochondrial 
complex I inhibitor (Langston et al., 1983). Most of the more recent 
hypotheses involving mitochondrial disruption in PD designate 
oxidative stress as the principal process leading to the disease (Puspita, 
Chung, & Shim, 2017). These hypotheses are supported by the 
identification of several genes that are involved in the oxidative stress 
processes and are associated with PD (Puspita, Chung, & Shim, 2017). 
Furthermore, byproducts of dopamine metabolism have also been 
shown to induce oxidative stress. A neuromelanin precursor, 
aminochrome, was able to induce mitochondrial dysfunction and 
endoplasmic reticulum (ER) stress and it has been postulated to have a 
major role in PD (Segura-Aguilar, 2019). 

Vesicle trafficking is involved in several cellular processes, such as 
synaptic transmission, mitophagy, macroautophagy and endocytosis. 
Many of these processes have been implicated in PD and defects in 
trafficking are thought to be the underlying pathophysiological process 
in PD (Abeliovich & Gitler, 2016). Most of the established PD genes 
participate in some of the processes involving vesicle trafficking or 
endosome-lysosome pathways. Furthermore, the monomeric form of α-
synuclein has a propensity to bind to lipid membranes and this could 
also disrupt vesicle trafficking. Many PD-related genes are also 
involved in synaptic transmission.  
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Disturbances in mitochondrial quality control pathways have also 
been suggested to be the underlying cause of PD (Franco-Iborra, Vila, 
& Perier, 2018). This could be the penultimate step leading to 
mitochondrial dysfunction and it would affect all the mitochondrial 
functions. A failure of quality control would also lead to disruption of 
mitochondrial calcium homeostasis and calcium toxicity, which has 
been suggested to link the shortening and simplification of the dendritic 
arbor in several neurodegenerative diseases, including PD (Verma, 
Wills, & Chu, 2018). 

Nonetheless, other pathophysiological hypotheses exist; an immune 
system dysfunction with increased auto-antibodies has been proposed 
as a cause for PD, although a recent meta-analysis suggested that the 
evidence was inconclusive (Scott, Kouli, Yeoh, Clatworthy, & 
Williams-Gray, 2018). Another hypothesis speculated that disruption of 
nuclear membrane integrity by nuclear factors would lead to the 
increased formation of α-synuclein aggregates (Jiang et al., 2016). A 
similar cell membrane specific hypothesis involves the deregulation of 
sphingolipid ceramide metabolism as a cause of PD (Plotegher, 
Bubacco, Greggio, & Civiero, 2019).  

2.9 Genetics of Parkinson’s disease 

Several genes have been found to be associated with PD. A very small 
proportion, 3-5%, of the disease is caused by mutations in one gene 
(monogenic). The most common genes involved in monogenic forms of 
the disease and the most common genetic risk factor gene GBA will be 
introduced. The normal RNA and protein expression patterns of these 
genes seem to differ from each other, although this conclusion must be 
tempered by the fact that only limited data is available (Figures 4 and 
5). However, both the RNA and protein expression of these genes 
seems to be generally high in brain regions in comparison with the 
overall expression in all of the other tissues (Figures 7 and 8). Note 
that protein expression estimates (Figures 5 and 8) differ from that of 
the following text. Annotations in the text are based on “knowledge-
based annotation” in the Human Protein Atlas (v19.proteinatlas.org) 
and are “achieved by stringent evaluation of immunohistochemical 
staining pattern, RNA-seq data from internal and external sources and 
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available protein/gene characterization data, with special emphasis on 
RNA-seq”. 
 
 

 

Fig. 4. RNA expression of established genes associated wih Parkinson’s disease in 
various brain regions. The figure has been created using the ‘RNA consensus tissue 
gene data’ based on The Human Protein Atlas version 19 and Ensembl version 92.38. 
The legend on the right shows the correlation between the color codes and the 
consensus normalized transcript expression (NX) values. NX is the maximum value for 
each gene in HPA, GTEx and FANTOM5 data sources.  

 

2.9.1 LRRK2 

Leucine-rich repeat serine/threonine protein kinase 2 (LRRK2) 
gene contains 51 exons in a genomic region of 144 Kb (Zimprich et al., 
2004). The RNA expression is highest in the lung and granulocytes in 
blood, whereas the protein expression is highest in the kidney and lung 
(LRRK2 expression, available from v19.proteinatlas.org.; Uhlén et al., 
2015). In the central nervous system, the highest RNA expression is 
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found in cerebral cortex, spinal cord, basal ganglia and olfactory 
region, whereas the highest protein expression is located in basal 
ganglia and cerebellum. Some of the known physiological roles of the 
LRRK2 protein are the involvement in vesicle trafficking and 
regulation of autophagy (Alegre-Abarrategui et al., 2009; Gomez-
Suaga et al., 2011; Piccoli et al., 2014). LRRK2 has also a role in the 
maintenance of neurite length and neurite branching (MacLeod et al., 
2006). 

The association of LRRK2 variants to monogenic forms of PD has 
been studied extensively. The p.G2019S variant in the kinase domain 
of LRRK2 causes an autosomal dominant PD with low penetrance (26-
42.5%) (Lee, A. J. et al., 2017; Marder et al., 2015). The  p.G2019S 
and p.R1441C variants are among the most frequent mutations leading 
to monogenic PD and were detected in 0.9% of the PD cases in a UK 
cohort (N= 2262) (Tan, Manuela MX et al., 2019). The allele frequency 
of p.G2019S in non-Finnish Europeans is 0.0002560 in gnomAD 
dataset, but much higher in Ashkenazi Jews, 0.008396 (Lek et al., 
2016). Our group conducted a study with 527 Finnish patients with 
early-onset PD and 325 patients with late-onset PD but did not identify 
patients with LRRK2 p.R1441C/G/H or LRRK2 p.G2019S mutations 
(Ylonen et al., 2017). 

These mutations have been studied in various cell and animal 
models and several conclusions have been drawn regarding their effects 
on LRRK2 and biological functions. Mutations in LRRK2 increase 
kinase activity and lead to neurotoxicity in cell models (West et al., 
2007). Furthermore, overexpression of the p.G2019S mutation in rat 
cortical neurons resulted in decreased neuron survival and reductions in 
the length and branching of the cells (MacLeod et al., 2006). Two 
LRRK2 mutations in mice, R1441G or G2019S, increased their 
neuroinflammatory response and evoked neurodegeneration (Kozina et 
al., 2018). In Drosophila, the G2019S mutation in LRRK2 resulted in 
photoreceptor neurodegeneration and the increased energy demand 
contributed to the process (Hindle et al., 2013). Skin fibroblasts in PD 
patients with the p.G2019S mutation showed increased mitochondrial 
elongation and interconnectivity that were at least partially due to 
impaired mitochondrial function (Mortiboys, Johansen, Aasly, & 
Bandmann, 2010). Mice with a knock-in mutation in R1441C were 
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claimed to exhibit a phenotype related to prodromal PD (Giesert et al., 
2017). 

Several pathomechanisms have been suggested to explain how 
LRRK2 could be associated with PD: (1) Increased phosphorylation of 
tubulin-beta and subsequent disturbance of tubule dynamics (Gillardon, 
2009). (2) Inhibition of an endogenous peroxidase by phosphorylation 
leading to the dysregulation of the mitochondrial function and oxidative 
damage (Angeles et al., 2011). (3) Increased mitochondrial dynamin-
like protein (DLP1) levels and consequent alterations of mitochondrial 
fission/fusion (Wang, X. et al., 2012). (4) Impairment of the nuclear 
envelope in brain tissue leading to PD pathology in G2019S mutation 
carriers (Liu, G. et al., 2012). 

In addition to G2019S and R1441C, several other mutations in 
LRRK2 cause autosomal dominant PD, e.g. the R1441G substitution in 
the GTPase domain is enriched in the Basque population (22.4 %; 
N=418) (Gorostidi, Ruiz-Martinez, De Munain, Alzualde, & Massó, 
2009). The penetrance of R1441G in the Basques is 12.5% at 65 years 
and 83.4% at 80 years (Ruiz-Martínez et al., 2010). The ClinVar 
database lists a total of 13 LRRK2 variants that are associated with 
autosomal dominant PD (Table 3) (Landrum et al., 2017).    

Some of the LRRK2 mutations are risk factors for PD and, 
interestingly, the amino acid substitution R1398H in the COR domain 
has been reported to exert a protective effect (Chen, L. et al., 2011; 
Heckman et al., 2014). The protective mechanism of R1398H seems to 
be related to enhancement of GTPase and Wnt signaling activity 
(Nixon-Abell et al., 2016). In Asian populations, the most common risk 
factors are G2385R and R1628P (Farrer et al., 2007a; Funayama et al., 
2007; Gopalai et al., 2014; Tan, Eng-King et al., 2010; Zhang, Y. et al., 
2017). Penetrance of these risk factors may be modified by variants in 
other PD-associated genes/loci (SNCA, MAPT, GBA, BST1, PARK16) 
(Wang, C. et al., 2012). Interestingly, our group has detected a 
heterozygous R1628P mutation in two Finnish patients with EOPD in 
whole exome sequencing (WES) (N=225) giving an allele frequency of 
0.0044 (Ylonen et al., 2017). In the sequencing initiative Suomi (SiSu) 
population database consisting of 10,462 samples with Finnish 
ancestry, the allele frequency of R1628P mutation is 0.00086. 
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Differential clinical characteristics can be observed between 
LRRK2 mutations (Shu et al., 2018). A typical patient with G2019S 
associated PD is female and has early-onset disease with a family 
history of PD. Patients with G2385R have also a positive family history 
but somewhat higher MMSE scores. 

 
  

Table 3. Autosomal dominant mutations in the LRRK2 gene. 

Name Position Review date 

NM_198578.4(LRRK2):c.1256C>T (p.Ala419Val) 40646786  Sep 13, 2012 

NM_198578.4(LRRK2):c.3342A>G (p.Leu1114=) 40692290  Sep 13, 2012 

NM_198578.4(LRRK2):c.3364A>G (p.Ile1122Val) 40692927  Sep 13, 2012 

NM_198578.4(LRRK2):c.4309A>C (p.Asn1437His) 40703027  Sep 13, 2012 

NM_198578.4(LRRK2):c.4321C>G (p.Arg1441Gly) 40704236  Sep 13, 2012 

NM_198578.4(LRRK2):c.4321C>T (p.Arg1441Cys) 40704236  Oct 19, 2018 

NM_198578.4(LRRK2):c.4321C>A (p.Arg1441Ser) 40704236  Sep 24, 2018 

NM_198578.4(LRRK2):c.4322G>A (p.Arg1441His) 40704237  Sep 13, 2012 

NM_198578.4(LRRK2):c.5096A>G (p.Tyr1699Cys) 40714916  Sep 13, 2012 

NM_198578.4(LRRK2):c.5605A>G (p.Met1869Val) 40717057  Sep 13, 2012 

NM_198578.4(LRRK2):c.5620G>T (p.Glu1874Ter) 40717072  Sep 13, 2012 

NM_198578.4(LRRK2):c.6055G>A (p.Gly2019Ser) 40734202  Jan 11, 2019 

NM_198578.4(LRRK2):c.6059T>C (p.Ile2020Thr) 40734206  May 9, 2014 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 

ClinVar 
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Fig. 5. Protein expression profiles of established genes associated with Parkinson’s 
disease in various brain regions. Profiles are based on immunohistochemistry using 
tissue micro arrays. The figure has been created using the ‘Normal tissue data’ based 
on The Human Protein Atlas version 19 and Ensembl version 92.38.  

2.9.2 SNCA 

The human α-synuclein (SNCA) gene contains 6 exons in a genomic 
region of 117 Kb (Touchman et al., 2001). It was first detected in 
Alzheimer’s disease plaques (Uéda et al., 1993). Its RNA expression is 
highest in cerebral cortex and olfactory region in brain, in bone marrow 
and in dendritic cells and monocytes (SNCA expression, available from 
v19.proteinatlas.org.). Protein expression is highest in the neuropil 
region of the brain as well as in kidney and bone marrow. 
α-Synuclein has a role in vesicle trafficking (Outeiro & Lindquist, 

2003). Overexpression of α-synuclein has been claimed to inhibit 
neurotransmitter release by inhibiting synaptic vesicle reclustering 
(Nemani et al., 2010b). Furthermore, α-synuclein in its monomeric 
form promoted vesicle exocytosis but in its aggregated form, it 
inhibited this process  (Huang, C., Chiu, Lee, Hsieh, Lin, & Kao, 
2018b). α-Synuclein also promoted dilation of exocytotic fusion pores 
(Logan, Bendor, Toupin, Thorn, & Edwards, 2017). In addition, it has 
been reported that α-synuclein mediates presynaptic assembly of the 
soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
(SNARE)-complex, which has a central role in neurotransmitter release 
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(Burré et al., 2010). In dopaminergic cells, the interaction between α-
synuclein and dopamine transporter (DAT) results in dopamine efflux 
and enhances DAT localization in cholesterol-rich membrane 
microdomains (Butler et al., 2015). 

The p.A53T, p.G51D, p.A30P mutations in SNCA and the locus 
duplication or triplication result in an autosomal dominant form of PD 
(Chartier-Harlin et al., 2004; Ibanez et al., 2004; Krüger et al., 1998; 
Lesage et al., 2013; Polymeropoulos et al., 1997; Singleton et al., 
2003). Penetrance estimates for point mutations and locus 
multiplications vary from 74-95% at age 60 and 90-100% at age 80 or 
more (Papadimitriou et al., 2016; Trinh, Guella, & Farrer, 2014). 

In Finland, a novel p.Ala53Glu mutation in SNCA was recently 
associated with PD (Pasanen et al., 2014). This mutation has been 
identified in three Finnish families with six affected subjects and seems 
to have incomplete penetrance (Pasanen et al., 2017).  

According to a meta-analysis, several single nucleotide 
polymorphisms (SNPs) in SNCA may increase or decrease the risk of 
PD with odds ratios (OR) of 1.22-1.38 or 0.77, respectively (Zhang, Y. 
et al., 2018). Furthermore, there may be an association between PD and 
allele-length variability in the dinucleotide repeat sequence (REP1) of 
the SNCA gene promoter, which is located in the microsatellite region 
10 Kb upstream of the gene (Maraganore et al., 2006). 

Some distinct clinical characteristics can be observed in patients 
with SNCA associated autosomal dominant PD (Figure 6). Especially 
patients with SNCA locus multiplications or point mutations in p.G51D 
have distinct clinical traits including early onset of the disease. 
Furthermore, p.A53T SNCA mutation carriers typically exhibit an 
olfactory dysfunction and suffer from a rapid eye movement sleep 
behavior disorder (Papadimitriou et al., 2016). The phenotype of the 
patients with p.Ala53Glu in Finnish families varied from dyskinesia-
prone PD to atypical multiple system atrophy (Pasanen et al., 2017). 
The patients who presented with a PD phenotype had severe 
bradykinesia and early onset levodopa-induced dyskinesia 
(Martikainen, Päivärinta, Hietala, & Kaasinen, 2015). 
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Fig. 6. Outline of clinical features associated with pathogenic SNCA mutations. Grey scale 
from white to black is intended to denote increasing severity, as follows: for age at onset, 
white: >60 years, grey: between 40 and 60 years, black: <40 years; for disease duration, 
white: >15 years, grey: between 10 and 15; black: <10 years; for all other features, white: 
absent; grey: occasionally present; black: constantly present. Mutations are ordered from 
mildest (left) to most severe (right). *only one family reported. Modified from (Petrucci, 
Ginevrino, & Valente, 2016) with permission from Elsevier. 
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Fig. 7. RNA expression of established genes associated with Parkinson’s disease in 
various tissues. Brain regions are colored in red. The figure has been created using the 
‘RNA consensus tissue gene data’ based on The Human Protein Atlas version 19 and 
Ensembl version 92.38. Legend on the right shows the correlation between the color 
codes and the consensus normalized transcript expression (NX) values. NX is the 
maximum value for each gene in HPA, GTEx and FANTOM5 data sources. 

 

2.9.3 PRKN 

E3 ubiquitin-protein ligase parkin (PRKN) gene contains 12 exons in a 
genomic region of 1,380 Kb (Asakawa et al., 2001). The RNA 
expression is highest in muscle, kidney and brain (PRKN expression, 
available from v19.proteinatlas.org.). In the brain, the RNA expression 
is highest in cerebral cortex and basal ganglia, while the protein 
expression is highest in basal ganglia and cerebral cortex. In addition to 
brain, protein expression is high in gall bladder, kidney and testis.  

PRKN, PINK1 and DJ-1 form a complex that ubiquitinates and 
degrades PRKN substrates (Xiong et al., 2009). In mitochondria, 
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PRKN is involved in the maintenance of the membrane potential and 
promotes the autophagy of the impaired mitochondria (Narendra, 
Tanaka, Suen, & Youle, 2008). Furthermore, PRKN is a p53 
transcriptional repressor (Da Costa et al., 2009). Interactions between 
Nrdp1 and Parkin seem to affect the production of reactive oxygen 
species (ROS) (Yu & Zhou, 2008).  

PRKN mutations cause autosomal recessive juvenile PD (Abbas et 
al., 1999). These causative mutations in PRKN can be point mutations, 
partial deletions or duplications. In an Iranian study examining 4000 
PD patients, 40 patients (1 %) were found to harbour a PRKN mutation 
(Taghavi et al., 2018). This was approximately 4 % of all EOPD cases 
(N=973). The ClinVar database lists 33 pathogenic PRKN variants 
associated with autosomal recessive juvenile PD (Table 4). The most 
common variation according to a systematic review was the deletion of 
exon 3 that has been found in 15% of the 958 PRKN mutation carriers 
(Kasten et al., 2018). Furthermore, a meta-analysis suggested that copy 
number variants in PRKN were associated with an increased risk in PD 
(Huttenlocher et al., 2015). In Finland, one patient with 
c.101_102delAG deletion and one patient with duplication of exons 5-8 
have been identified (Kaasinen, V., Hietala, & Kuoppamäki, 2015) . 
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Table 4. Autosomal recessive mutations in PRKN gene. 

Name Position Review date 

PARK2, 1-BP DEL, 202A    Apr 22, 2003 

PARK2, 1-BP DEL, 255A    Jun 1, 2002 

NM_004562.3(PRKN):c.1292G>T (p.Cys431Phe) 161771237  Aug 1, 2000 

NM_004562.2(PRKN):c.872-?_1083+?del 161969886 - 
161990448  Oct 24, 1998 

NC_000006.11:g.(?_161990367)_(161990468_?)del 161990367 - 
161990468  Feb 21, 2018 

NM_004562.3(PRKN):c.931C>T (p.Gln311Ter) 161990389  Sep 1, 2005 

NC_000006.11:g.(?_162206784)_(162206960_?)dup 162206784 - 
162206960  Aug 6, 2018 

NC_000006.11:g.(?_162206784)_(162394469_?)del 162206784 - 
162394469  Nov 14, 2017 

NM_004562.2(PRKN):c.172-?_871+?del 162206804 - 
162683797  Apr 9, 1998 

NM_004562.2(PRKN):c.735-?_871+?del 162206804 - 
162206940  Sep 1, 2005 

NM_004562.3(PRKN):c.850G>C (p.Gly284Arg) 162206825  Nov 12, 2016 

NC_000006.11:g.(?_162394314)_(162475226_?)dup 162394314 - 
162475226  Aug 3, 2018 

NM_004562.3(PRKN):c.719C>G (p.Thr240Arg) 162394349  Sep 1, 2005 

NM_004562.3(PRKN):c.635G>A (p.Cys212Tyr) 162394433  Apr 11, 2017 

NM_004562.3(PRKN):c.633A>T (p.Lys211Asn) 162394435  Sep 1, 2005 

NC_000006.11:g.(?_162475123)_(162475206_?)del 162475123 - 
162475206  Sep 23, 2016 

NM_004562.3(PRKN):c.560T>G (p.Leu187Ter) 162475181  Jul 3, 2018 

NC_000006.11:g.(?_162622143)_(162622304_?)del    Aug 3, 2018 

NC_000006.11:g.(?_162622143)_(162683817_?)del 162622143 - 
162683817  Jun 26, 2018 

NC_000006.11:g.(?_162622163)_(162864505_?)del 162622163 - 
162864505  Nov 12, 2016 

NM_004562.2(PRKN):c.413-?_534+?del 162622163 - 
162622284  Dec 1, 2005 

NM_004562.3(PRKN):c.483A>T (p.Lys161Asn) 162622214  Sep 1, 2005 

Single allele 162683537 -
162683817   Apr 26, 2018 

Single allele 162683537 -
162864525   Dec 22, 2017 

NC_000006.11:g.(?_162683547)_(162683807_?)del 162683547 - 
162683807  Oct 9, 2018 

NC_000006.11:g.(?_162864322)_(162864525_?)dup 162864322 - 
162864525  Oct 12, 2017 

NM_004562.2(PRKN):c.8-?_171+?del 162864342 - 
162864505  Nov 14, 2016 

NM_004562.3(PRKN):c.155del (p.Asn52fs) 162864358  Oct 9, 2018 

NM_004562.3(PRKN):c.125G>C (p.Arg42Pro) 162864388  Aug 25, 2018 

NM_004562.3(PRKN):c.98G>A (p.Arg33Gln) 162864415  May 17, 2018 
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NM_004562.3(PRKN):c.7+1G>T 163148693  Mar 1, 2006 

PARK2, 1-BP DEL, 1072T    Sep 1, 2005 

PARK2, EX5-6DEL    Feb 1, 2006 

Abbreviations: Chr, Chromosome; Position, position in human reference genome GRCh37; Review date, last 
review date in ClinVar 

 

 

Fig. 8. Protein expression profiles of established genes associated with Parkinson’s 
disease in various tissues. Brain regions are colored in red. Profiles are based on 
immunohistochemistry using tissue micro arrays. The figure has been created using 
the ‘Normal tissue data’ based on The Human Protein Atlas version 19 and Ensembl 
version 92.38. 

 
 

Bradykinesia and a good response to levodopa are the most 
prevalent symptoms in PRKN associated PD (Kasten et al., 2018). 
Median age at onset is 31 years. In the Iranian study, patients had also a 
disease with resting tremor as the first symptom with rigidity being 
seen in the majority of patients (Taghavi et al., 2018). 
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2.9.4 PINK1 

The mitochondrial serine/threonine-protein kinase (PINK1) gene 
contains 8 exons in a genomic region of 1.8 Kb (Valente et al., 2004). 
The RNA expression is highest in skeletal muscle and brain (PINK1 
expression, available from v19.proteinatlas.org.). In the brain, PINK1 is 
expressed ubiquitously in all regions. Protein expression is highest in 
placenta, breast tissue, rectum, parathyroid and adrenal gland. In the 
brain, PINK1 protein is expressed in cerebral cortex, hippocampus, 
basal ganglia and cerebellum. 

PINK1 functions in mitophagy by recruiting PRKN from cytoplasm 
to mitochondria to allow the degradation of dysfunctional mitochondria 
(Matsuda et al., 2010). This recruitment is mediated by the 
mitochondrial outer membrane guanosine triphosphatase, mitofusin 
(Mfn) 2 (Chen, Y. & Dorn, 2013). PINK1 also interacts with an F-box 
domain–containing protein 7 (FBXO7) (Burchell et al., 2013a). In 
mice, the Pink1 ortholog gene has a role in phosphorylation of serine-
250 in complex I subunit NdufA10, which is needed for ubiquinone 
reduction (Morais et al., 2014). In rhesus monkeys, CRISPR/Cas9-
mediated PINK1 deletion leads to decreased gray matter density, 
neuronal loss and decreased movement (Yang, W. et al., 2019). 

The ClinVar database describes 18 pathogenic PINK1 variants 
associated with autosomal recessive early-onset Parkinson’s disease 6 
(Table 5). In the recent systematic review, one amino acid change 
p.Leu347Pro was the most frequent (6.5%) mutation among 139 
PINK1 mutation carriers (Kasten et al., 2018). Furthermore, a 
heterozygous variant p.G411S may contribute to the risk of sporadic 
PD (Puschmann et al., 2016). 

Clinical characteristics of PINK1 associated PD (N=139) include 
young age at onset, L-dopa induced dyskinesia (39%), dystonia (21%) 
and motor fluctuations (34%) (Kasten et al., 2018). A minority of 
patients present with cognitive problems (Kasten et al., 2018; Tan et al., 
2019).  
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Table 5. Autosomal recessive mutations in PINK1 gene associated. 

Name Position Review date 

GRCh37/hg19 1p36.33-q44(chr1:47851-249228449)x3 47851 - 
249228449  Jan 1, 2013 

GRCh37/hg19 1p36.33-q44(chr1:82154-249218992)x3 82154 - 
249218992  Jan 5, 2017 

GRCh37/hg19 1p36.33-q44(chr1:849467-249224684) 849467 - 
249224684  Jul 14, 2015 

GRCh37/hg19 1p36.33-q44(chr1:849467-249224684)x3 849467 - 
249224684  Dec 2, 2014 

GRCh37/hg19 1p36.32-36.12(chr1:2749920-
22564787)x1 

2749920 - 
22564787 Pathogenic 

GRCh38/hg38 1p36.22-36.12(chr1:10556797-
22557907)x1 

10616854 - 
22884400 Aug 12, 2011 

GRCh38/hg38 1p36.21-36.12(chr1:13110797-
20670207)x3 

13178269 - 
20996700 Aug 12, 2011 

GRCh38/hg38 1p36.21-36.12(chr1:15385267-
20980349)x1 

15711763 - 
21306842 Aug 12, 2011 

GRCh38/hg38 1p36.13-36.12(chr1:18347821-
22512894)x1 

18674315 - 
22839387 Aug 12, 2011 

GRCh37/hg19 1p36.13-36.12(chr1:20067124-
22537862)x1 

20067124 - 
22537862 Pathogenic 

GRCh38/hg38 1p36.12(chr1:20482657-21271999)x1 20809150 - 
21598492 Aug 12, 2011 

NM_032409.3(PINK1):c.13C>T (p.Gln5Ter) 20960054  Dec 26, 2018 

NM_032409.3(PINK1):c.273del (p.Cys92fs) 20960314  Dec 26, 2018 

NM_032409.3(PINK1):c.502G>C (p.Ala168Pro) 20964449  Sep 22, 2015 

NM_032409.3(PINK1):c.599del (p.Ala200fs) 20964546  May 2, 2018 

NM_032409.3(PINK1):c.620del (p.Arg207fs) 20964567  Jun 9, 2014 

NM_032409.3(PINK1):c.650C>A (p.Ala217Asp) 20964597  Sep 1, 2006 

NM_032409.3(PINK1):c.736C>T (p.Arg246Ter) 20966445  Nov 14, 2018 

NM_032409.3(PINK1):c.774C>A (p.Tyr258Ter) 20966483  Oct 11, 2018 

NM_032409.3(PINK1):c.813C>A (p.His271Gln) 20971019  Sep 1, 2004 

NM_032409.3(PINK1):c.836G>A (p.Arg279His) 20971042  Oct 1, 2008 

NM_032409.3(PINK1):c.926G>A (p.Gly309Asp) 20971132  Feb 15, 2008 

NM_032409.3(PINK1):c.938C>T (p.Thr313Met) 20971144  Oct 1, 2006 

NM_032409.3(PINK1):c.1040T>C (p.Leu347Pro) 20972133  Dec 27, 2018 

NM_005216.4(DDOST):c.*807_*5409del 20973463 - 
20978065  Jun 14, 2005 

NM_032409.3(PINK1):c.1311G>A (p.Trp437Ter) 20975547  Sep 1, 2008 

NM_032409.3(PINK1):c.1366C>T (p.Gln456Ter) 20975602  Nov 7, 2018 

NM_032409.3(PINK1):c.1474C>T (p.Arg492Ter) 20975710  Jan 2, 2019 

NM_032409.3(PINK1):c.1570_1573dup (p.Asp525fs) 20977008 - 
20977011  Sep 1, 2004 
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NM_032409.3(PINK1):c.1597_1599CAA[3] 
(p.Gln534dup) 

20977038 - 
20977040  Sep 1, 2005 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 
ClinVar. 

2.9.5 DJ-1/PARK7 

Protein/nucleic acid deglycase DJ-1 (DJ-1) gene contains 8 exons in a 
genomic region of 24 Kb (Bonifati et al., 2003). (Bonifati et al., 2003). 
The RNA expression is highest in dendritic cells, T-cells and in skeletal 
muscle (DJ-1 expression, v19.proteinatlas.org.). In the brain, RNA 
expression is ubiquitous in all regions. Protein expression is highest in 
male and female reproductive system tissues, pancreas, gastrointestinal 
tract, lung, endocrine tissues and brain. In the brain, protein expression 
is highest in hippocampus, cerebral cortex and basal ganglia. 

DJ-1 may function in deglycase and glyoxalase processes (Lee, J. et 
al., 2012; Richarme et al., 2015; Richarme et al., 2017). DJ-1 also has a 
role in protecting cells against oxidative stress and this may be 
mediated by regulating miR-221 (Canet-Avilés et al., 2004; Oh et al., 
2018; Taira et al., 2004). Research also supports the participation of 
DJ-1 as a copper chaperone for SOD1, which has a major role in the 
protection of cells against oxidative stress (Girotto et al., 2014; Xu et 
al., 2010). 

The ClinVar database lists nine variants in DJ-1 with a pathogenic 
association to autosomal recessive PD (Table 6). There does not seem 
to be any single variant among 20 index patients that is more frequent 
than others (Kasten et al., 2018). 

Aside from the relative small number of reported DJ-1 mutation 
carriers, specific clinical characteristics can be observed. Men seem to 
be overrepresented (76%; N=30) (Kasten et al., 2018). Dystonia (46%), 
tremor (63%), non-motor symptoms overall (57%) and atypical 
symptoms (13%) are more common in DJ-1 associated PD when 
compared to that of PRKN or PINK1 associated PD. 
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Table 6. Autosomal recessive mutations in DJ-1 gene associated. 

Name Protein change Position  Review date 

nsv513788   8018845 - 8044954 Oct 1, 2010 

NM_007262.4(PARK7): 
c.[-24+75_-24+92dup;487G>A] 

E163K 8021928 - 8021945 Nov 1, 2005 

NM_007262.5(PARK7): 
c.78G>A (p.Met26Ile) 

M26I 8022923 Jul 1, 2012 

NM_007262.5(PARK7): 
c.105dup (p.Ala36fs) 

  8025398 Jun 7, 2018 

NM_007262.5(PARK7): 
c.115G>T (p.Ala39Ser) 

A39S 8025408 Jun 1, 2006 

NM_007262.5(PARK7): 
c.189_190AG[1] (p.Glu64fs) 

  8025484 - 8025485 Nov 21, 2016 

NM_007262.5(PARK7): 
c.192G>C (p.Glu64Asp) 

E64D 8025485 Oct 1, 2004 

NM_007262.5(PARK7): 
c.446A>C (p.Asp149Ala) 

D149A 8044990 Aug 2, 2013 

NM_007262.5(PARK7): 
c.497T>C (p.Leu166Pro) 

L166P 8045041 Jul 1, 2012 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 
ClinVar 

 

2.9.6 VPS35 

The vacuolar protein sorting-associated protein 35 (VPS35) gene has 
17 exons in a genomic region of 29.6 Kb (Edgar & Polak, 2000). RNA 
expression is ubiquitous in all tissues, but is highest in the brain 
(VPS35 expression, available from v19.proteinatlas.org.). In the brain, 
the RNA expression is highest in pons and medulla, cerebral cortex, 
midbrain and basal ganglia. Protein expression is ubiquitous in all 
tissues except blood and the eye. In the brain, the protein is expressed 
in cerebral cortex, hippocampal formation, basal ganglia and 
cerebellum. 

VPS35 is a component of the retromer cargo-selective complex 
(CSC) (Hierro et al., 2007; Seaman, McCaffery, & Emr, 1998). CSC 
has an established role in retrograde trafficking from endosomes to the 
trans-Golgi network (Johannes & Popoff, 2008). Some of the roles of 
CSC include sorting of the amyloid precursor protein (APP) binding 
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receptor, recycling insulin and uptake of bacterial toxins (Bujny, 
Popoff, Johannes, & Cullen, 2007; Nielsen et al., 2007; Small et al., 
2005; Zhao et al., 2007). Furthermore, CSC mediates the human 
papilloma virus trafficking (Zhang, P., da Silva, Deatherage, Burd, & 
DiMaio, 2018). CSC is located in the presynaptic terminal (Vazquez-
Sanchez, Bobeldijk, Dekker, Van Keimpema, & Van Weering, 2018). 
In addition, VPS35 has been postulated to have a role in lysosomal 
degradation of α-synuclein (Miura et al., 2014). 

According to the ClinVar database, only the rs188286943 variant in 
VPS35 is associated with autosomal dominant PD, resulting in 
p.D620N. The clinical phenotype resembles that of idiopathic PD 
(Wider et al., 2008). Interestingly, D620N knock-in mice develop tau 
neuropathology and dopaminergic neurodegeneration (Chen, X. et al., 
2019). 

2.9.7 ATP13A2 

Cation-transporting ATPase 13A2 (ATP13A2) contains 29 exons in a 
genomic region of 26 Kb. RNA expression is highest in brain and 
pancreas (ATP13A4 expression, available in v19.proteinatlas.org.). In 
the brain, the RNA expression is highest in pons and medulla, cerebral 
cortex and hypothalamus. Protein expression is ubiquitous in all tissues 
except blood and the eye. In the brain, protein is expressed in cerebral 
cortex, hippocampal formation, basal ganglia and cerebellum. 

ATP13A2 is thought to participate in regulating intracellular cation 
homeostasis and it is localized in intracellular acidic vesicular 
compartments in cultured neurons (Ramonet et al., 2011). ATP13A2 
was found to have a role in manganese and zinc metabolism (Gitler et 
al., 2009; Kong et al., 2014). Furthermore, silencing of ATP13A2 
expression reduced the neurite outgrowth of cultured midbrain 
dopaminergic neurons and induced mitochondrial fragmentation in 
neurons. In ATP13A2 mutant fibroblasts derived from a PD patient and 
ATP13A2-knockdown dopaminergic cell lines, lysosomal acidification 
seemed to be compromised (Dehay et al., 2012). Restoration of the 
ATP13A2 level was able to rescue lysosomal activity. ATP13A2 also 
regulates trafficking and export of ubiquitin-conjugated proteins in 
response to proteotoxic stress (Demirsoy et al., 2017). Furthermore, 
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ATP13A2 depletion downregulated SYT11 gene at the transcriptional 
and post-transcriptional levels (Bento, Ashkenazi, Jimenez-Sanchez, & 
Rubinsztein, 2016). 

The ClinVar database lists 12 pathogenic variants in ATP13A2 
thought to cause autosomal recessive PD or Kufor-Rakeb syndrome 
(Table 7). ATP13A2 associated PD carriers present with parkinsonism 
with rigidity, bradykinesia, hypomimia (Park, Blair, & Sue, 2015). Half 
of the patients have tremor and develop dystonia later in the disease 
course. A cognitive impairment is usually present. In addition to PD, 
mutations in ATP13A2 gene cause hereditary spastic paraplegia 
(SPG78) (Estrada-Cuzcano et al., 2017). 

Table 7. Autosomal recessive mutations in ATP13A2 gene associated. 

Name Protein 
change 

Position Review date 

NM_022089.4(ATP13A2):c.3153_3154CT[2] 
(p.Leu1053fs) 

  17313377 - 
17313378 

 Sep 19, 2018 

NM_022089.4(ATP13A2):c.2629G>A (p.Gly877Arg) G877R, 
G833R, 
G872R 

17314950  Feb 1, 2011 

NM_022089.4(ATP13A2):c.2561T>G (p.Met854Arg) M810R, 
M854R, 
M849R 

17316234  Jun 15, 2012 

NM_022089.4(ATP13A2):c.2552_2553del 
(p.Phe851fs) 

F807fs, 
F846fs, F851fs 

17316242 - 
17316243 

 Feb 1, 2011 

NC_000001.10:g.(?_17318209)_(17319096_?)del  17318209 - 
17319096 

 Jul 13, 2018 

NM_022089.4(ATP13A2):c.1903C>T (p.Gln635Ter) Q635*, Q630* 17318840  Oct 31, 2018 

NM_022089.4(ATP13A2):c.1510G>C (p.Gly504Arg) G504R, 
G499R 

17322503  May 8, 2007 

NM_022089.4(ATP13A2):c.1306+5G>A   17322876  Aug 26, 2011 

NM_022089.4(ATP13A2):c.1099_1100GA[3] 
(p.Thr368fs) 

  17323608 - 
17323609 

 Jun 15, 2010 

NM_022089.4(ATP13A2):c.490C>T (p.Arg164Trp) R164W, 
R159W 

17330894  

ATP13A2, 22-BP DUP     Aug 26, 2011 

ATP13A2, 1-BP DEL, 3057C     Aug 26, 2011 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 
ClinVar 
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2.9.8 PLA2G6 

The 85/88 kDa calcium-independent phospholipase A2 (PLA2G6) gene 
contains 19 exons in a genomic region of 69 Kb (Larsson Forsell, 
Kennedy, & Claesson, 1999). RNA expression is highest in thyroid 
gland, brain and testis (PLA2G6 expression, available in 
v19.proteinatlas.org.). In the brain, the RNA expression is highest in 
corpus callosum and cerebral cortex. Protein expression is ubiquitous in 
all tissues except blood and eye. In the brain, protein expression is 
highest in basal ganglia. 

PLA2G6 has been suggested to have various functions including 
the release of fatty acids from phospholipid membrane, release of 
arachidonic acid, phospholipid remodelling, signal transduction, cell 
proliferation and endoplasmic reticulum stress-mediated apoptosis 
(Tang et al., 1997; Turk & Ramanadham, 2004). PLA2G6 has also 
been reported to be involved in monocyte chemotaxis (Carnevale & 
Cathcart, 2001). Furthermore, loss of normal PLA2G6 function leads to 
elevated mitochondrial lipid peroxidation and loss of mitochondrial 
function (Kinghorn et al., 2015). 

The ClinVar database lists four variants in PLA2G6 with a 
pathological association with autosomal recessive PD (Table 8). The 
PLA2G6 associated PD patient has typically early-onset disease with 
cognitive symptoms and is responsive to L-dopa treatment (Shi et al., 
2011; Yoshino et al., 2010a; Yoshino et al., 2010b). Interestingly, 
mutations in PLA2G6 can also cause infantile neuroaxonal dystrophy 
or neurodegeneration with brain iron accumulation (NBIA) (Khateeb et 
al., 2006; Morgan et al., 2006). NBIA patients often manifest a disease 
with α-synuclein-positive Lewy pathology and sometimes also tau 
accumulation (Paisán-Ruiz et al., 2012). 

Table 8. Autosomal recessive mutations in PLA2G6 gene. 

Name Position Reviewed 

NM_003560.4(PLA2G6):c.2370T>G (p.Tyr790Ter) 38508219  Oct 31, 2018 

NM_003560.4(PLA2G6):c.2222G>A (p.Arg741Gln) 38508565  Aug 20, 2018 

NM_003560.4(PLA2G6):c.1354C>T (p.Gln452Ter) 38522451  Oct 12, 2010 

NM_003560.4(PLA2G6):c.216C>A (p.Phe72Leu) 38541654  Oct 12, 2010 
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Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 

ClinVar 

 

2.9.9 FBXO7 

The F-box only protein 7 (FBXO7) gene contains 9 exons in a genomic 
region of 24.2 Kb (Di Fonzo et al., 2009a). The RNA expression is 
highest in bone marrow, thyroid gland and brain (FBXO7 expression, 
available in v19.proteinatlas.org.). In the brain, the RNA expression is 
highest in corpus callosum and in spinal cord. The protein is 
ubiquitously expressed in all tissues except eye and blood. In the brain, 
protein expression is highest in cerebral cortex, hippocampus and basal 
ganglia. 

FBXO7 works as a substrate-binding adaptor in the SCF (SKP1-
CUL1-F-box) protein complex-mediated proteolysis via ubiquitination 
(Chang, Y., Cheng, Chang, Jong, & Yuo, 2006; Hsu, Lee, Chang-Tze, 
& Huang, 2004). FBXO7 also interacts with PINK1 and PRKN and 
acts in PRKN-mediated mitophagy (Burchell et al., 2013b). FBXO7 
deficiency leads to impaired complex I activity and increased ROS 
production (Delgado-Camprubi, Esteras, Soutar, Plun-Favreau, & 
Abramov, 2017). This results in poly (ADP-ribose) polymerase (PARP) 
upregulation. This restores the NAD+ content, redox index and elevates 
the ATP pool and may be an underlying mechanism in decreased 
complex I -driven respiration. In mice, an FBXO7 deletion triggered 
axonal degeneration in central and peripheral nervous system and had a 
specific proteasome activity in Schwann cells but not in cerebellar 
granule neurons (Joseph et al., 2019). 

The ClinVar database lists six variants with a pathologic association 
to autosomal recessive PD (Table 9). Phenotypically, FBXO7 
associated PD is a juvenile-onset, progressive PD with increased 
tendon reflexes, spasticity and positive Babinski sign (Di Fonzo et al., 
2009b; Shojaee et al., 2008). Interestingly, de novo variants in FBXO7 
may cause intellectual disability with behavioral problems such as 
autism spectrum disorder, attention-deficit/hyperactivity disorder, 
anxiety, aggression, and dysmorphisms such as thin upper lip, broad 



54 

space between the paramedian peaks of the upper lip, high broad 
forehead, long palpebral fissures (Jansen et al., 2019) . 

Table 9. Autosomal recessive mutations in FBXO7 gene. 

Name Position Reviewed 

NM_012179.4(FBXO7):c.65C>T (p.Thr22Met) 32871054  Jan 20, 2009 

NM_012179.4(FBXO7):c.152del (p.Asn51fs) 32874996  Nov 16, 

2017 

NM_012179.4(FBXO7):c.1132C>G (p.Arg378Gly) 32889256  Jun 1, 2008 

NM_012179.4(FBXO7):c.1144+1G>T 32889269  Nov 16, 

2017 

NM_012179.4(FBXO7):c.1206_1207dup (p.Arg403fs) 32894152 - 32894153  Oct 17, 2018 

NM_012179.4(FBXO7):c.1492C>T (p.Arg498Ter) 32894440  Jan 20, 2009 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 

ClinVar 

 

2.9.10 DNAJC6 

The DNAJ/HSP40 homolog, subfamily C member 6 (DNAJC6) gene 
encodes auxilin and contains 21 exons in a genomic region of 161.4 Kb 
(Ohtsuka & Hata, 2000). RNA expression is highest in cerebral cortex 
(DNAJC6 expression, available in v19.proteinatlas.org.). Protein 
expression is also highest in cerebral cortex, hippocampus and 
cerebellum. 

Auxilin is involved in endocytosis as a co-chaperone interacting 
with HSC70 in the uncoating of clathrin-coated vesicles (Ungewickell 
et al., 1995). Without auxilin, clathrin and adaptor proteins assembled 
into membrane-less cages (Hirst et al., 2008). Furthermore, it was 
reported that auxilin may act as a chaperone and as an uncoating factor 
in the early secretory pathway (Ding et al., 2016). Interestingly, 
LRRK2 phosphorylated auxilin in Ser627, and in LRRK2 PD patient-
derived dopaminergic neurons this resulted in a disrupted synaptic 
vesicle endocytosis and decreased synaptic vesicle density (Nguyen & 
Krainc, 2018). 

The ClinVar database lists six DNAJC6 variants with pathogenic 
association to autosomal recessive PD (Table 10). Patients with 



55 

homozyous mutations in DNAJC6 seem to manifest with a phenotype 
of juvenile-onset atypical PD, whereas heterozygous mutations develop 
early-onset PD with slower progression and a good response to 
dopaminergic therapy (Ferreira & Massano, 2017). 

Table 10. Autosomal recessive mutations in DNAJC6 gene. 

Name Position Reviewed 

NM_001256865.1(DNAJC6):c.244C>T (p.Arg82Ter) 65831790  Dec 3, 2018 

NM_001256864.2(DNAJC6):c.801-2A>G 65851393  Feb 1, 2014 

NM_001256864.2(DNAJC6):c.2223A>T (p.Thr741=) 65867559  Aug 9, 2016 

NM_001256865.1(DNAJC6):c.2200C>T (p.Gln734Ter) 65871735  Mar 1, 2013 

NM_001256864.2(DNAJC6):c.2536C>T (p.Gln846Ter) 65874368  Oct 13, 2016 

NM_001256864.2(DNAJC6):c.2779A>G (p.Arg927Gly) 65877077  Aug 9, 2016 

Abbreviations: Position, position in human reference genome GRCh37; Review date, last review date in 

ClinVar 

 

2.9.11 EIF4G1 

The eukaryotic translation initiation factor 4-gamma, 1 (EIF4G1) gene 
contains 32 exons in a genomic region of 20.9Kb (Transcript 
ENST00000342981.8; Ensemble release 98) (Zerbino et al., 2017). 
RNA expression is highest in liver and skeletal tissues (EIF4G1 
expression, available in v19.proteinatlas.org.). In the brain, the RNA 
expression is ubiquitous in all regions. The protein is expressed in all 
tissues except blood cells and the eye. In the brain, the protein is 
detectable in cerebral cortex, hippocampal formation, basal ganglia and 
cerebellum. 

The most recent genetic study of EIF4G1 does not support the 
association between EIF4G1 and PD (Nichols et al., 2015). The gene 
forms a complex with PABPC1, which has been proposed as a 
candidate gene in association with PD (STUDY III) (Tarun & Sachs, 
1996). Interestingly, there are reports that EIF4G1 interacts with 
VPS35 and possibly with PINK1 (Dhungel et al., 2015; Wan et al., 
2018). 
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2.9.12 GBA 

The acid β-glucocerebrosidase (GBA) or β-glucosidase gene contains 
11 exons in a genomic region of 7.6 Kb (Germain, Puech, Caillaud, 
Kahn, & Poenaru, 1998). RNA expression is highest in parathyroid 
gland (GBA expression, available in v19.proteinatlas.org 
.). In the brain, RNA expression is ubiquitous in all regions, but 
somewhat higher in cerebral cortex, pons and medulla, corpus callosum 
and basal ganglia. The protein is expressed in all tissues except blood 
cells and the eye. In the brain, the protein has been detected in cerebral 
cortex, hippocampal formation, basal ganglia and cerebellum. 

GBA is a lysosomal enzyme that synthesizes and degrades 
cholesteryl glucoside (Akiyama, Kobayashi, Hirabayashi, & 
Murakami-Murofushi, 2013; Marques et al., 2016). Furthermore, GBA 
mediates the hydrolysis of glucosylceramide into ceramide and glucose 
and is involved in the formation of ceramide from recycled sphingosine 
(Abdul-Hammed, Breiden, Schwarzmann, & Sandhoff, 2017; Kitatani 
et al., 2009; Vaccaro et al., 1997). GBA p.L483P knockin mice have 
been reported to manifest a defect in mitophagy(Li, Hongyu et al., 
2019). 

The ClinVar database lists five variants which have an association 
with the risk of PD (Table 11). Although not listed in the ClinVar 
database as pathogenic, also p.E365K, p.T408M and p.N409S have 
been associated with the risk of PD (Blauwendraat et al., 2018). 
Penetrance and age at onset of PD in patients with GBA variants 
p.E365K, p.T408M or p.N409S are influenced, but not solely 
explained, by genetic risk score calculated using the latest PD GWAS 
meta-analysis variants (Blauwendraat et al., 2019; Nalls et al., 2019). 
Interestingly, another study showed that PD patients with GBA 
mutations classified functionally as severe had a higher risk and earlier 
onset of the disease than those with GBA mutations classified as mild 
(Table 12) (Beutler & Gelbart, 1998; Gan-Or et al., 2015).  
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Table 11. Variants in GBA gene associated to the risk of PD. 

Name Position Clinical significance 

NM_000157.4(GBA):c.1604G>A 

(p.Arg535His) 

155204793 Pathogenic (Last reviewed: Dec 6, 

2018) 

NM_000157.4(GBA):c.1504C>T 

(p.Arg502Cys) 

155204987 Pathogenic (Last reviewed: Jan 2, 

2019) 

NM_000157.4(GBA):c.1294T>A 

(p.Trp432Arg) 

155205566 Pathogenic 

NM_000157.4(GBA):c.887G>A 

(p.Arg296Gln) 

155207244 Pathogenic (Last reviewed: Oct 31, 

2018) 

NM_000157.3(GBA):c.1448T>C 

(p.L483P) 

155205043 Pathogenic/Likely pathogenic, risk 

factor(Last reviewed: Jan 16, 2019) 

Abbreviations: Position, position in human reference genome GRCh37 

 

Table 12. Severe mutations in GBA. Modified from (Beutler & Gelbart, 1998) with 
permission from Elsevier. 

Nucleotide 
substitution 

Amino acid 
substitution 

c.437C>T p.Ser107Leu 

c.475C>T p.Arg120Trp 

c.586A>C p.Lys157Gln 

c.649C>T p.Pro178Ser 

c.721G>A p.Gly202Arg 

c.754T>A p.Phe213Ile 

c.1090G>A p.Gly325Arg 

c.1138G>A p.Ala341Thr 

c.1141T>G p.Cys342Gly 

c.1213A>G p.Ser366Gly 
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3 Aims of the study 
The Finnish twin study in 1988 identified 35 subjects with PD in a 
cohort of 32,030 individuals, but only one dizygotic twin pair was 
concordant for the disease (Marttila, Kaprio, Koskenvuo, & Rinne, 
1988). The study implied that heritability did not play a strong role in 
PD. However, the number of affected patients was rather small and the 
mean age at onset was 60 years, indicating that the study may have 
focused more on idiopathic PD with a limited power to obtain more 
conclusive results. Family history studies in the Finnish population 
have suggested that the relative risk of PD is 2.7-2.9 among first-degree 
relatives of PD patients and that recessive inheritance could be more 
common than dominant inheritance (Autere, Moilanen, Myllylä, & 
Majamaa, 2000; Kuopio, Marttila, Helenius, & Rinne, 2001). No genes, 
except for those causing mitochondrial parkinsonism, had been 
identified in the population when the present study commenced 
(Luoma, P. T. et al., 2007) .  

The aim of this work was to examine the genetic components of the 
disease especially in the Finnish population. The three main research 
objectives were: 
 

1. To study the role of EIF4G1 gene variation in Parkinson’s disease 
2. To identify genetic characteristics of Finnish Parkinson’s disease 

from whole exome sequencing and genome wide association study 
data 

3. To carry out a targeted analysis of the interactors of established and 
suggested PD genes using protein-protein interaction data together 
with WES data 
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4 Samples and methods 
Samples and methods used in this thesis are described in Tables 13-17 
and in Figure 9. Table 13 presents a general summary of samples and 
methods. Figure 9 presents how the analyzed populations have been 
built-up and what the subsequent independency between study I, II and 
III is. Table 14 describes the sample cohorts. Tables 15-17 illustrate the 
quality control steps in WES and GWAS in studies II-III. Details of the 
study samples and methods are described in the original articles I-III. 

4.1 Genetic analysis 

4.1.1 Finnish PD cohort sample preparation and data pre-processing 
for whole exome sequencing  

DNA libraries were prepared from blood extracted DNA using either 
Nextera Rapid Capture Expanded exome kit or TruSeq Exome Library 
Prep kit, according to the manufacturer’s protocol (Illumina, San 
Diego, CA, USA). Pooled libraries were paired-end sequenced using 
HiSeq2000 (Illumina, San Diego, CA, USA). 

Raw data was acquired from Illumina’s BaseSpace utility in fastq-
format. Sequences were aligned to Human genome assembly 19 
reference by BWA and processed to analysis-ready vcf files with 
Genome Analysis Toolkit (GATK, ver. 3.1) best practices protocol 
(DePristo et al., 2011; Lek et al., 2016; Li, H. & Durbin, 2009). 

Variants were filtered by using 99.9% tranche and quality control 
was performed by using PLINK and PLINK/SEQ softwares (Tables 15 
and 16) (Chang, C. C. et al., 2015). The PLINK/SEQ program is no 
longer maintained.  

4.1.2 Single variant association test 

The single variant association (SVA) test was performed by using 
either linear mixed model (STUDY II) or logistic regression (STUDY 
III). Linear mixed model used efficient mixed-model association 
eXpedited (EMMAX) method, available in EPACTS software that 
captures both the population stratification and hidden relatedness 
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(Kang, H. M., 2012; Kang, H. M. et al., 2010). Logistic regression was 
performed using PLINK software. The covariates used in the tests 
included age, sex and first ten principal components (STUDY III) or 
age, sex, first 20 principal components, first five components of 
multidimensional scaling and exome sequencing batch information 
(STUDY II). Functional annotations were performed using Annovar, 
SNPEff and SNPSift programs (Cingolani, Patel et al., 2012; Cingolani, 
Platts et al., 2012; Wang, K., Li, & Hakonarson, 2010). 

4.1.3 Polygenic risk score association test 

Polygenic risk scores (PRS) of the selected variants were calculated 
using PLINK software and in-house python scripts. Logistic regression 
was used to calculate the odds ratio of individual variants. The risk 
score for each variant was the natural logarithm of the odds ratio and 
the final score for each individual was the sums of the risk scores. 

4.1.4 Gene-level association test 

The general concept underlying gene-level association tests is to 
identify genes that have several variants with a weak association with 
the disease in question. This is done by using a method that estimates 
the combined effects of these variants in each gene and then 
statistically tests the association between this estimate and the disease.  

Gene-level association tests were done using either EPACTS or 
Raremetal (STUDY II) (Feng, S., Liu, Zhan, Wing, & Abecasis, 2014) . 
The tests included the combined multivariate and collapsing (CMC) 
burden test using EMMAX, sequence kernel association test (SKAT, 
performed with SKAT-O), Variable Threshold (VT) test and weighted-
sum test (WST) of Madsen and Browning. 

4.2 Protein-protein interaction network analysis 

Protein-protein interaction (PPI) data was obtained from the Integrated 
interactions database (Kotlyar, Pastrello, Sheahan, & Jurisica, 2016). 
Analysed PD network 1 included protein interactions between 
candidate genes and established or suggested PD genes (STUDY III). 
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Descriptive analysis visualizing the interactions between candidate 
genes and suggested or established PD genes were conducted on the 
respective genes in PD network 1. 

4.3 Gene set enrichment analysis 

A gene set enrichment analysis (GSEA) was conducted on the genes 
included in PD network 1. GSEA information was acquired from 
GSEA v6.1 (software.broadinstitute.org/gsea) and STRING v10 
databases (Szklarczyk et al., 2015). The top results of these analyses 
were selected based on p-value and number of genes involved in 
enriched pathway or process.



 

 

Table 13. Summary of samples and methods used in this thesis. 

Variable STUDY I  STUDY II  STUDY III 

One stage Discovery  Replication  GWAS reanalysis Discovery  Replication  

N, case/cntrl 168/-  185/440 200/- 403/1650  439/855 60/8214 

Ancestry American  Finnish Finnish Finnish  Finnish Finnish 

Genotyping 

method 

Sanger  WES, Sanger WES, Sanger GWAS  WES WES 

Used 

cohorts 

Coriell  Mitopark,  

Stampeed 

Mitopark Mitopark, Fusion  Mitopark, 

FINRISK, 

Stampeed 

Mitopark, 

FINRISK, 

Stampeed 

Genetic 

analysis 

Descriptive 

functional 

analysis  

 SVA, Gene-level1 

emmaxCMC/VT/MB/SKAT 

Descriptive SVA, Gene-level 

emmaxCMC/VT/MB/SKAT 

 SVA, PRS SVA, PRS 

Other 

methods 

-  - - -  PPI gene 

prioritization, 

GSEA 

PPI gene 

prioritization, 

GSEA 

WES 

capture kits 

-  Nextera Rapid Capture 

Expanded Exome Kit 

(NRCEEK) 

TruSeq 

Exome 

Library Prep 

Kit (TELPK) 

-  NRCEEK, 

TELPK, 

Rapid Capture 

Exome 

enrichment kit 

Rapid Capture 

Exome 

enrichment kit 
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Abbrevations: Sanger, Sanger sequencing; WES, whole exome sequencing; GWAS, Genome-wide association study; Cntrl, Controls; Coriell, Coriell Institute for 
Biomedical Research Mitopark, Finnish PD cohort; Stampeed, Northern Finland Birth Cohort 1966; Fusion, Finland-United States Investigation of NIDDM Genetics 
study; FINRISK, Finnish population cohort; SVA, single variant association test; EmmaxCMC, Collapsing burden test using EMMAX; VT, variable threshold test; 
MB, Madsen Browning test; SKAT, sequence kernel association test; PRS, polygenic risk score; PPI, protein-protein interaction; GSEA, gene-set enrichment 
analysis. 1 Gene-level analyses were carried out using either EPACTS or Raremetal with default settings. 
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Fig. 9. Workflow of analysed samples and their independency in studies I-III. Numbers represent the cases and controls in cohorts 
and their use in different studies. Abbrevations: Sanger, Sanger sequencing; WES, whole exome sequencing; GWAS, Genome-wide 
association study; Coriell, Coriell Institute for Biomedical Research Mitopark, Finnish PD cohort; Stampeed, Northern Finland Birth 
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Cohort 1966; Fusion, Finland-United States Investigation of NIDDM Genetics study; FINRISK, Finnish population cohort. *N, 
cases/controls.   

 

Table 14. Description of cohorts used in the thesis. 

Variable STUDY I  STUDY II  STUDY III1 

 Coriel2 Mitopark3 Stampeed4  Fusion FINRISK Case 

(n=107) 

FINRISK Cntrl 

(n=8579) 

Ancestry American  Finnish Finnish Finnish  Finnish Finnish 

Type EOPD+LOPD   EOPD Population control Population control  EOPD+LOPD Population control 

Age5 mean (y) ± 

SD 

57 (range, 27-86 

years) 

 47 ± 6 

 

34 61 ± 8  60 ± 10 49 ± 13 

Gender, males 

(%) 

-  55% 48% 55%  55% 48% 

Abbreviations: AAO, age at onset; Fusion, Finland-United States Investigation of NIDDM Genetics study. 
1 In Study III Mitopark and Stampeed cohorts from Study II were merged with FINRISK cohort. 2 Coriell Institute for Biomedical Research 3 Mitopark 

demographics modified from Ylikotila et al 2015. 4 STAMPEED dataset includes samples from the Northern Finland Birth Cohort 1966. 
5 PD cases: age at onset; controls: age at sampling. 
 



 

 

Table 15. Quality control steps in whole exome sequencing in studies II and III. Modified 
from Study II. 

Step Description 

1 Removed non-random missingness between cases and controls, cutoff P < 1E-4 

2 Removed samples with wrong sex-information (reported vs genetically derived) 

3 Removed variants with missingness by call rate more than 5% 

4 Removed samples with variant missingness by individual more than 10% 

5 Hardy-Weinberg fail threshold 1E-4 

6 Removed heterozygous outliers; deviation from mean observed heterozygosity rate < 3*SD 

7 Removed samples that fail IBD check (relatedness), Phi-hat > 0.185 

8 Minor allele frequency less than 10% 

9 Removed ancestry outliers comparing to aggregate European reference samples; samples that 

deviate more than 2SD from observed mean in PC1 & PC2 

Abbreviations: P, p value; IBD, identity-by-descent; SD, standard deviation; PC1, principal component 

1. 

 

Table 16. Additional quality control steps in whole exome sequencing in study II. 
Modified from Study II. 

Step Description 

1 Removed samples that deviate more than 2 SD from observed mean in each statistics: 

1.1 number of non-reference genotypes 

1.2 number of genotypes with a minor allele 

1.3 number of heterozygous genotypes 

1.4 total number of called variants 

1.5 genotyping rate 

1.6 number of singletons 

1.7 mean ti/tv 

2  Removed variants with missingness > 1% 

Abbreviations: SD, standard deviation; ti/tv, transition-to-transversion ratio. 
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Table 17. Quality control steps in Genome-wide association study in articles II and III. 
Modified from Study II. 

Step Description 

1 Duplications were removed 

2 SNPs ambiguous to strand (A/T and G/C) were removed 

3 Missingness in cases compared to controls (from chi-squared test) P <1E-5 

4 Non-random missingness by haplotype P <1E-5 

5 Removed variants with missingness by call rate more than 5% 

6 Removed samples with variant missingness by individual more than 10% 

7 Minor allele frequency less than 5% 

8 Hardy-Weinberg equilibrium P less than 1E-5 

9 Samples with wrong gender information were removed 

10 Removed samples that fail IBD check (relatedness), Phi-hat > 0.185 

11 Removed heterozygous outliers; deviation from mean observed heterozygosity rate < 3*SD 

12 Removed ancestry outliers comparing to aggregate European reference samples; samples 

that deviate more than 2SD from observed mean in PC1 & PC2 

Abbreviations: P, p value; IBD, identity-by-descent; SD, standard deviation; PC1, principal component 

1. 
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5 Results 

5.1 Mutations in EIF4G1 are not a common cause of Parkinson’s 
disease (STUDY I) 

In a cohort of 168 cases of PD, we identified four novel variant 
singletons in the EIF4G1 gene (NM_182917.4) including c.849C>G, 
c.3513_3521del, c.4152G>A, c.4425A>G and the previously reported 
variant c.1064C>T. Three of the novel variants were synonymous and 
most likely benign, whereas the in-frame deletion p.R1172_D1174del 
was predicted to prevent mRNA translation in one of the 39 transcripts 
(Figure 10). The patient was a Caucasian male with an age at onset 
(AAO) of 69 years. He presented with classical signs of PD and 
reported that his sister was suffering from PD. The patient carrying the 
previously reported non-synonymous variant c.1064C>T (rs199812237, 
p.T355I) was of Asian descent with AAO of 59 years and with classical 
signs of PD. The allele frequency (AF) of this variant was 0.6%, 
whereas in the Genome Aggregation Database (gnomAD), the 
frequency is 0.9% in the South Asian population. 

EIF4G1 was also included in STUDY II and III, but no significant 
associations between variants in EIF4G1 and Finnish PD were found. 
 

 

Fig. 10. Location of Non-synonymous variant p.T355I and in-frame deletion 
p.R1172_D1174del in EIF4G1 protein. The figure indicates also predicted binding sites 
by SUMOsp (Ren et al., 2009). Modified from STUDY I with permission from John Wiley 
& Sons, Inc. 

EIF4G1 Region and Sites

1 1599

PABPC1-binding EIF4E-binding eiF3/EIF4A-binding EIF4A-binding

Thr355Ile Gly1172_Arg1174del
674-675 cleavage site

681-682 cleavage site
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5.2 Genetics of early-onset Parkinson’s disease in Finland: exome 
sequencing and genome-wide association study (STUDY II) 

5.2.1 Single variant association test of whole exome sequencing 
data 

Analysis of WES data of 438 Finnish patients with early-onset PD 
(EOPD) revealed several significant associations between the variants 
and PD (Figure 11). Nine variants were replicated, i.e. rs41289829, 
rs146727650, rs78146983, rs113574896, rs112868101, rs78407297, 
rs140835766, rs72681440 and rs141620200. We then removed variants 
with low variant quality score log-odds (VQSLOD) values and a high 
discrepancy in the minor allele frequency (MAF) between the study 
and the Genome Aggregation Database (gnomAD). In addition, we 
later confirmed with Sanger sequencing that the PABPC1 variant 
rs113574896 was a false positive result (STUDY III). The remaining 
eight candidate variants were characterized further. 
 

Fig. 11. Manhattan plot for single variant associations in WES. Discovery dataset. Cases, 
N=185; Controls, N=480. Modified from STUDY II with permission from Elsevier. 

Characterization of candidate variants 

The rs41289829 variant occurs in the neuromedin-B receptor (NMBR) 
and has recently been found to be in linkage disequilibrium (LD) with 
the non-synonymous variant rs146727650 in a G-protein-coupled 
receptor (GPR126) (Table 18). Both variants had low AF of 0.6% in 
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the discovery dataset and OR of 1.4. RadialSVM and LR predictions 
estimated that the functional effect of the rs146727650 variant was 
tolerable.  

Six variants were identified in the poly(A)-binding protein 
(PABPC1) gene and all but variant rs78407297 were predicted to be 
deleterious. In addition, we later confirmed with Sanger sequencing 
that PABPC1 variant rs113574896 was a false positive result (STUDY 
III). The AF of variants rs78407297, rs78146983 and rs112868101 
deviated 25-100 times in the Discovery dataset from that of population 
average (gnomAD), whereas the AF of variants rs140835766 and 
rs72681440 were more similar. Both variants had a high allele 
frequency and a small effect size with OR of 1.1. 

Variant rs141620200 in serpin family A member 1 (SERPINA1) 
gene was predicted to be deleterious. This variant had a low VQSLOD 
value of -0.7318 in the discovery dataset and an exceptionally high AF 
of 2% compared to the population average. 

Based on the inconsistent AF and low VQSLOD score, PABPC1 
variants rs78407297, rs78146983, rs11286810 and SERPINA1 variant 
rs141620200 were omitted from results. 
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Table 18. Candidate variants in WES SVA after quality check. Modified from STUDY II 
with permission from Elsevier. 

Variant rs41289829 rs146727650 rs140835766 rs72681440 

Gene NMBR GPR126 PABPC1 PABPC1 

MAF-Dis 0.006 0.006 0.08 0.09 

MAF-Rep 0.005 0.005 0.003 0.008 

MAF-POP 0.004 0.004 0.03 0.03 

OR 1.36  1.36 1.10 1.10 

CI 1.23-1.51 1.23-1.51 1.06-1.13 1.06-1.13 

R.SVM - T D T 

LR - T D D 

Ex.Funct Syn Nonsyn Nonsyn Nonsyn 

Cases-Dis 6 6 90 88 

Controls-Dis 3 3 43 49 

Cases-Rep 2 2 1 3 

MAF-Dis, minor allele frequency in Discovery dataset; MAF-Rep, minor allele frequency in Replication 

dataset; MAF-POP, minor allele frequency in the Genome Aggregation Database; OR, odds ratio; CI, 

95% confidence interval in OR; R.SVM, Radial SVM functional effect predictor; LR, LR functional effect 

predictor; T, tolerant; D, deleterious; Ex.Funct, exonic function; Syn, synonymous variant; Nonsyn, 

non-synonymous variant; Cases-Dis, cases in discovery dataset; Controls-Dis, controls in discovery 

dataset; Cases-Rep, cases in replication dataset. 

5.2.2 Gene-level association tests 

The 438 whole exome sequences from patients with EOPD were then 
analyzed using gene-level association tests. More than 30 significant 
associations were found, but only the genes MPHOSPH10, ANKRD36, 
GPR126, TAS2R19, SERPINA1 and ZNF519 shared variants between 
discovery and replication datasets (Table 19). 

All the variants in ANKRD36 and rs141620200 in SERPINA1 had 
low VQSLOD scores suggesting that the gene-level association was a 
false positive. ANKRD36 and rs141620200 were, therefore, omitted 
from further analyses. 
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Table 19. Characterization of the candidate genes in WES gene-level analysis. Modified 
from STUDY II with permission from Elsevier.  

 
Gene MPHOSPH10 GPR126 TAS2R19 SERPINA1 ZNF519 

gene-TEST BURDEN VT BURDEN BURDEN SKAT 

NUM-var 1 3 26 13 4 

MAF-avg 0.001 0.003 0.008 0.02 0.007 

VQSLOD-min 2.84 1.42 -8.17 -4.28 -9.01 

 

VQSLOD-avg 2.84 2.94 -3.73 -1.36 -1.97 

OR 1.53 1.06 1.04 1.08 1.12 

CI 1.27-1.84 1.02-1.10 1.01-1.08 1.04-1.12 1.06-1.19 

Shared var rs143555311 6:142758601 rs12424373 rs17580 rs61730995 

MAF-Dis 0.001 0.001 0.004 0.008 0.01 

MAF-Rep 0.005 0.005 0.01 0.01 0.01 

MAF-pop 0.001 0.0008 0.004 0.008 0.005 

Cases/cntrls 3/1 4/0 6/5 9/9 12/10 

gene-TEST, gene-level test type; NUM-var, number of variants included in the test; MAF-avg, average 

of minor allele frequency of the variants; VQSLOD-min, minimum VQSLOD value in the variant group; 

VQSLOD-avg, average value of the VQSLOD in the variant group; OR, odds ratio; CI, 95% confidence 

interval of the OR; SHARED VAR, variants in the gene shared by both the discovery and replication 

datasets; MAF-Dis, MAF of the variant in discovery dataset; MAF-Rep, MAF of the variant in replication 

dataset; MAF-pop, minor allele frequency in the Genome Aggregation Database; Cases/cntrls, allele 

count of cases and controls added in discovery and replication datasets; BURDEN, Collapsing burden 

test using EMMAX; VT, variance threshold test; SKAT, sequence kernel association test. 

Characterization of candidate genes 

The estimated OR of the M-phase phosphoprotein 10 (MPHOSPH10) 
was 1.53 in emmaxCMC (burden test), including the variant 
rs143555311 that was found in three cases and one population control. 
GPR126 had an OR of 1.056 in the variance threshold (VT) test and all 
of the three variants included in VT test were rare with an average 
allele frequency of 0.28%. Four of the cases carried the GPR126 
variant CHR6:142758601 giving an AF of 0.1% in the Discovery 
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dataset and 0.5% in the Replication dataset. None of the population 
controls harbored this variant. 

Gene-level association tests revealed significant associations in 
TAS2R19, SERPINA1, ZNF519 and CEL. The variants included in 
these tests had, however, generally low VQSLOD values, and it is 
likely that these associations were false. 

A significant association was found for the intergenic variant 
chr9:135955826 (rs11243993) in CEL in SVA test in GWAS study. It 
was incorrectly stated in STUDY II that rs11243993 was found also in 
WES data. None of the CEL variants included in WES data showed 
significant associations in the SVA analysis after correction for 
multiple testing. Interestingly, the protein-protein interaction network 
analysis suggested that the GWAS signal in chr9:135955826 
(rs11243993) could have originated from the RALGDS gene (STUDY 
III).  

5.2.3 Analysis on established PD genes and variants 

None of the established PD genes or loci showed significant 
associations after correction for multiple testing. However, in GWAS 
SVA study there were almost statistically significant associations in 
loci near GBA, SIPA1L2 and SNCA genes. GBA and SNCA were also 
analyzed from WES data (STUDY III) and we found that the 
rs2230288 variant (p.E365K in GBA) had a p value of 8.9e-06 in the 
discovery dataset. This variant had an AF of 8.5% in PD cases and 
4.7% in controls (STUDY III). Furthermore, the GBA gene-level 
burden test using GWAS data had a p value of 3.27E-05. Estimated OR 
for GBA gene-level burden was 1.12 (95% confidence interval 1.059-
1.174) including three markers (STUDY II). Interestingly, loci near 
ITGA8 and NMD3 harbored variants with almost statistically 
significant p values. These genes have previously exhibited significant 
associations in the discovery dataset of a large PD meta-analysis (Nalls 
et al., 2014). 
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5.3 Integration of data from protein-protein interaction network and 
exome sequencing (STUDY III) 

Protein-protein interaction (PPI) data from integrated interactions 
database and 36 established or suggested PD genes (PD36 genes) were 
used to select 2305 genes that were connected via an interaction 
(Figure 12). Whole exome sequences were then analysed for these 
2305 genes. We identified 8091 variants and selected 11 variants with p 
value below 0.0005 in seven candidate genes (INA, UBXN11, IKBKB, 
TTN, KARS, PABPC1 and TERF2IP). The 11 variants were subjected 
to replication, but none of the variants was associated with PD in the 
SVA test after correction for multiple testing. The polygenic risk score 
using rs2230288 in GBA and rs2291312 in TTN, however, was 
associated with PD giving an OR of 2.7 (95% confidence interval 1.4-
5.2; p < 2.56e-03). 
 
Biological processes were then identified with GSEA. We created a PPI 
network consisting of 74 proteins, including the seven candidate 
proteins, 29 proteins out of the PD36 proteins and 38 proteins in recent 
GWAS meta-analysis (Chang, D. et al., 2017; Nalls et al., 2014) or in 
the WES analysis conducted in STUDY II. GSEA revealed significant 
enrichment of 28 proteins in phosphate metabolism, 29 proteins in 
phosphorylation and 20 proteins in organonitrogen compound 
metabolism. 
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Fig. 12. Analysis workflow in STUDY III. PPI, protein-protein interaction; WES, whole 
exome sequencing; GWAS, genome-wide association study; GSEA, gene set 
enrichment analysis. Modified from STUDY III. DOI: <https://doi.org/10.1038/s41598-019-
55479-y> under the CC BY 4.0 license <https://creativecommons.org/licenses/by/4.0/>. 
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6 Discussion 
During the last decade, most of the progress in understanding the 
genetics of PD has emerged from GWAS studies that have discovered 
novel risk loci thanks to the steadily increasing number of samples 
being examined. The first PD GWAS was published in 2006 and 
included 267 patients and 270 controls (Fung et al., 2006). Three years 
later the first PD associated loci was discovered with GWAS including 
5000 patients and 9000 controls (Simon-Sanchez et al., 2009). 
Currently, after several years and GWAS studies, the most recent 
GWAS meta-analysis was able to identify 90 variants in the SVA test 
and seven genes in a gene-level burden test, using 37 688 cases, 18 618 
UK Biobank proxy-cases, and 1.4 million controls. (Nalls et al., 2019). 
Novel genetic associations help to make new or more complete 
hypotheses on the pathogenesis of PD and this accumulated knowledge 
may lead to drug discoveries that may even lead to a cure for PD. 
Furthermore, genetic profiling of PD patients will assist in discovering 
novel subclasses of PD that will in turn help to find novel targets e.g. 
information useful in clinical trials. 
A genetic epidemiological study of familial PD has suggested that a 
genetic contribution of a single major locus could be present in Finland 
(Moilanen, Autere, Myllylä, & Majamaa, 2001). However, currently 
there are no studies supporting the role of a single major locus in 
Finnish patients with PD. The prevalence estimates of Mendelian 
versus sporadic forms of the disease are generally based on studies in 
other populations. In Finland, the monogenic forms of PD have been 
associated only with mutations in SNCA and PRKN genes. There are 
two Finnish patients with the mutation c.101_102delAG and 
duplication of exons 5-8 in PRKN gene, and two Finnish families with 
6 affected PD patients with a rare p.Ala53Glu mutation in SNCA gene 
(Kaasinen et al., 2015; Pasanen et al., 2017). In addition to the SNCA 
and PRKN mutations, homozygous or compound homozygous variants 
in POLG1 gene have been found in Finnish patients with a 
mitochondrial syndrome including parkinsonism (Luoma, Petri et al., 
2004; Remes et al., 2008; Ylönen et al., 2013). Furthermore, a CAG-
repeat variation in POLG1 has been associated with both sporadic and 
early-onset PD (Luoma et al., 2007; Ylonen et al., 2017).  
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The Finnish population is a genetic isolate established by a small 
group of founders and shaped by geography and population bottlenecks 
during history (Norio, Nevanlinna, & Perheentupa, 1973; Peltonen, 
Palotie, & Lange, 2000). This isolation seems to have affected the 
genetic landscape of the Finnish people, increasing the proportion of 
deleterious rare and low-frequency variants in the population when 
compared to non-Finnish Europeans (Lim et al., 2014). Therefore, the 
genetic isolation could have altered also the allele frequencies of the 
most common variants associated with monogenic PD and with the PD 
risk. Furthermore, novel variants could be enriched in Finland. The 
present study was carried out to achieve a better understanding in the 
genetics of PD in the Finnish population. 

6.1 Mendelian forms of PD 

Studies on familial segregation of PD have shown that familial 
types of the disease exist in Finland (Autere et al., 2000). It has been 
estimated that 3-5% of patients with PD have one of the known 
mutations leading to monogenic PD (Hernandez, Reed, & Singleton, 
2016). In the present study, however, none of the 438 Finnish patients 
with early-onset PD harbored the established variants causing 
monogenic forms of PD. Recently, a novel p.Ala53Glu mutation in 
SNCA gene has been identified in several patients with Finnish 
ancestry (Pasanen et al., 2014; Pasanen et al., 2017). Another Finnish 
study identified p.R1628P risk variant in LRRK2 gene in two patients 
(Ylonen et al., 2017). Interestingly, p.R1628P is not very common in 
populations with a Caucasian ancestry, but it is one of the most 
common risk factors in Asian populations. Furthermore, in Asia, the 
allelic frequencies of the established PD variants differ from those in 
populations with a Caucasian ancestry, and additional risk factors exist 
(Farrer et al., 2007b; Kilarski et al., 2012; Tan, E. K. et al., 2005). The 
lack of established variants causing Mendelian forms of the disease in 
our studies raises the question does the Finnish population have 
different mutations underlying the disease when compared to other 
populations with Caucasian ancestry? In isolated populations, the 
mutations can be either more or less frequent than in outbred 
populations. For example, the p.R1441G mutation in the LRRK2 gene 
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is found in 20 % of the PD patients in the Basque region in Spain 
(González-Fernández et al., 2007). The p.R1628P variant found in two 
Finnish patients suggests that PD in Finland has genetic similarities to 
that of Asian populations, supported by the fact that Finns and some of 
the East Asian populations share the Y chromosome haplotype N, 
suggesting a common ancestor (Derenko et al., 2007; Rootsi et al., 
2007). 

6.2 Novel candidate variants and genes 

We identified several novel candidate variants and genes (STUDY 
II, STUDY III). Mainly rare variants (MAF < 1%) were identified in 
STUDY II, with the exception of PABPC1 variants. A recent study in 
the Chinese population was unable to replicate some of the variants 
identified in STUDY II (Chew et al., 2019). Larger sample sizes will be 
needed in order to replicate these findings in the Finnish population. 
The allele frequency of variants identified in STUDY III was either 
common or low (MAF > 1%). However, none of the novel variants or 
genes was supported by the recent GWAS meta-analysis (Nalls et al., 
2019). 

6.3 GBA risk variants 

The GBA gene harbours variants that are associated with the risk of 
PD (Goldstein et al., 2019). This is true also in the Finnish population, 
where the GBA variants p.N370S and p.L444P seem to associate with 
the risk of PD (Ylonen et al., 2017). In STUDY III, the variant 
p.E365K was enriched in cases and although p.E365K by itself was not 
significantly associated with PD after correction for multiple testing, 
the PRS including p.E365K together with TTN variant rs2291312 was 
associated to the risk of PD. This is in line with recent studies that 
indicate that although p.E365K seems to associate with PD, the 
penetrance of the allele is incomplete and affected by other risk variants 
(Blauwendraat et al., 2018; Blauwendraat et al., 2019; Goldstein et al., 
2019). 
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6.4 Role of EIF4G1 in PD 

The latest studies suggest that variants in EIF4G1 are not associated 
with the disease (Nichols et al., 2015). Furthermore, our studies could 
not detect any statistically significant association between EIF4G1 and 
PD. The EIF4G1 protein seems to be interacting with VPS35 and 
possibly with PINK1. It has been reported that overexpression of yeast 
homolog of the gene seemed to suppress α-synuclein toxicity (Dhungel 
et al., 2015; Khurana et al., 2017; Wan et al., 2018). EIF4G1 is, 
however, associated also with neoplasia (Bhat et al., 2015). Therefore, 
the associations with the established PD genes may reflect the fact that 
EIF4G1 has a major role in regulating gene expression, which is not 
limited to PD. Interestingly, EIF4G1 forms a complex with PABPC1 
(Tarun & Sachs, 1996). In STUDY II and III, we identified several 
PABPC1 variants as potential candidate variants for PD and visualized 
the PABPC1 interactions with EIF4G1, GIGYF2, BAG3 and 
HIST1H3J. We could not confirm the association of these variants with 
PD, but considering all the interactions between PABPC1 and 
previously identified PD genes, PABPC1 seems to be an interesting 
candidate gene for PD. 

6.5 Methodological considerations 

Genotype data for the studies were obtained using whole exome 
sequencing and genotyping chip. A genome-wide association study 
using genotyping chip is a cheap and robust method that has been 
successful in finding associations to the diseases (Visscher et al., 2017). 
Usually the method is used to find common variants associated with the 
disease and the identification of causal variants requires subsequent 
sequencing. From the technical point of view, GWAS is reliable and 
accurate, but genomic coverage is limited mainly to common and low-
frequency variants, although with larger reference panels and with 
custom arrays, the analysis can be extended to target rare variants 
(Grove et al., 2013; McCarthy et al., 2016). WES can detect common 
variants as well as rare and de novo variants, but WES is a less reliable 
technology and therefore errors are expected in laboratory phase, 
although careful study planning can minimize these errors. 
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Furthermore, one recent study suggests that singletons may make a 
significant contribution to diseases, which stresses the importance of 
sequencing as a method (Cirulli et al., 2020).  

In STUDY III, we estimated the total sequencing coverage of the 
established PD genes. Most of the established genes had a somewhat 
limited coverage when compared to overall coverage of the whole 
exome. For example, in PD cases, the LRRK2 exome regions were 
covered only at 6x depth, PRKN at 1x depth and SNCA at 2.5x depth. 
The limited coverage may result that some or all of the established 
variants in these genes have remained undetected. 

The main problem with GWAS and WES, however, is the high 
cost, which is due to the large sample size required to achieve the 
statistical power to detect associations for complex diseases such as 
PD. We adopted several approaches to overcome the limitation of the 
statistical power including gene-level association tests (STUDY II) and 
restriction of the analyses to target candidate genes (STUDY III). Both 
of these strategies are based on different theoretical assumptions and 
are therefore prone to errors. 

In STUDY III, we used prior knowledge of established PD genes 
and information about protein-protein interactions to reduce the number 
of variants and genes to be analyzed. This approach allowed us also to 
make suggestions of the genes underlying the previously identified 
GWAS signals. This is especially interesting when the GWAS signals 
are located in intergenic regions, in which case the closest gene is not 
necessarily the underlying entity. Indeed, although the GWAS signal in 
intergenic region chr9:135955826 in STUDY II had the CEL gene as 
the closest entity, our PPI network suggested that the signal could have 
originated from the RALGDS gene. 
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7 Conclusions 
We studied the genetics of Parkinson’s disease with a special focus on 
patients with Finnish ancestry. Our findings suggested that variants 
associated to PD in Finland may differ from those in other Caucasian 
populations. Furthermore, our hypothesis generating studies suggested 
several novel candidate genes and variants. 
 
I  Variants in EIF4G1 gene are unlikely to be associated with PD. 

Functional studies suggested that EIF4G1 has a major role in 
regulating gene expression and that this dysfunction can affect also 
the genes involved in PD. 
 

II  Novel genes and variants may associate with PD patients with 
Finnish ancestry. Furthermore, the allele frequencies of established 
PD genes associated with the Mendelian forms of the disease differ 
in Finns from those of other populations with Caucasian ancestries. 

 
III  PPI information and network analysis can help to target genetic 

analysis in attempts to identify novel gene and variant associations 
with the disease. Such candidate genes and variants would 
otherwise remain unidentified, if more traditional genetic analysis 
methods were only used. We found that the previously identified 
loci in GWAS meta-analyses form a closely connected PPI network 
with established PD genes. Furthermore, our novel candidate genes 
interacted not only with the established PD genes, but also with 
these previously identified genes from the GWAS meta-analyses. 
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