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Chapter 1

Parkinson’s disease (PD) is a progressive age-related movement disorder and 
the second most frequent neurodegenerative disorder after Alzheimer’s disease. 
Chapter 2 (General Introduction), describes the general characteristics of PD, 
indicating its prevalence, clinical and pathological symptoms, etiology and available 
therapy. PD is a multifactorial disease that results from a combination of genetic 
and environmental factors. At least, 18 loci have already been linked to PD, and 
in some cases, the causative gene has been identified (Table 1 - chapter 2). 
Examples include the SNCA, LRRK2, PARKIN, DJ-1, and PINK1 genes, which are 
all clearly associated with monogenic forms of early onset PD (EOPD). A summary 
of the mutations identified and the putative functions of these genes is presented in 
Chapter 2 (Genetics). The research described in this thesis started when mutations 
in the DJ-1 gene were associated with autosomal recessive EOPD. At that time, 
little was known about the prevalence and functional effects of the mutations, or 
about the molecular and cellular pathways in which DJ-1 was involved. Therefore, 
for the purpose of this thesis, we focused on two main research topics: 1) the 
evaluation of the contribution of DJ-1 mutations to EOPD (chapter 3, and 4) and 2) 
the identification of the molecular pathway affected by pathogenic DJ-1 mutations 
(chapter 5, and 6).

Following the discovery of PD-associated genes, many studies have attempted 
to evaluate their genetic contribution to PD by estimating the prevalence of mutations. 
However, there is a wide variation in the prevalence of mutations across the different 
mutation screening studies reported, partly because of heterogeneous methods of 
patient selection and partly because of the incompleteness of the molecular screening 
protocols. Therefore, the identification of additional PD-related genes broadened the 
aim of our research to include evaluation of the genetic contribution towards EOPD 
of not only DJ-1 but also other genes such as SNCA, LRRK2, PARKIN, and PINK1. 
We reasoned that to obtain a better estimate of the prevalence of DJ-1 mutations in 
PD it would be more informative if we compared the prevalence of DJ-1 mutations 



12

Chapter 1

with the prevalence of mutations in other known PD-genes (chapter 3) as well as in 
new genes that we hoped to find (chapter 4), in a single PD cohort, in parallel using 
the same methodology. In chapter 3, the prevalence of mutations in SNCA, LRRK2, 
PARKIN, DJ-1, and PINK1 is assessed in an EOPD Dutch cohort (EOPD-DC), with 
patient recruitment based solely on age at onset (AAO). This study represents the 
first large cohort screened for mutations with a comprehensive method for all EOPD-
associated genes by a single center. Familial mutations account for only 4% of the PD 
phenotype, with 48% of the detected mutations being copy number variants (CNVs). 
These results suggested that new mutations (CNV or homozygous missense variants) 
in as yet unassociated genes remain to be discovered in the EOPD population. Thus, 
our next goal was to identify new EOPD loci in Dutch PD patients. We address this in 
chapter 4, by investigating CNVs and runs of homozygosity (ROHS) using a whole 
genome oligonucleotide array.

The function of a protein encoded by a gene in which mutations are newly 
identified is often unknown. Thus the detection of a novel disease-associated 
locus is usually just the beginning of a long and intensive search to unravel the 
function of the protein encoded by that gene and to understand its link with the 
disease mechanism. Furthermore, the three-dimensional (3D) structure of a protein 
is often crucial to gain insight into its function. At the time we started studying 
DJ-1, the 3D structure of the DJ-1 protein as described in chapter 5 was not 
yet undetermined. Thus to elucidate the function of DJ-1 we used a variety of 
molecular techniques to characterize the physical properties of DJ-1 and the 
effect of mutations.  Mutations are of fundamental importance for gene diversity 
and evolution but are also associated with diseases and death when they occur at 
critical sites. Pathogenic mutations include nonsense and frameshift mutations that 
result in no protein expression, truncated and non-functional proteins, or missens 
mutations that give rise to single amino acid substitutions with detrimental effects. 
The detrimental effects of mutations may occur at all levels of protein structure and 
function. In chapter 5, we investigate the effects of the two original DJ-1 mutations 
(Bonifati et al. 2003), the large DJ-1 deletion that encompasses the 5 first exons and 
~4Kb of the promoter region (DJ-1Delex1-5), and the L166P missense mutation  
(DJ-1L166P), on protein elution profiles, intracellular localization, stability, and the 
capacity to interact with the E3 SUMO ligase PIASxα.
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Scope and Objectives of the Thesis

Protein-protein interaction data, enriched by high-throughput experiments 
such as yeast two-hybrid (YTH) analysis (Parrish et al. 2006) and mass spectrometry 
(Aebersold and Mann 2003), have provided important clues on functional 
associations between proteins. In chapter 6 we used the YTH method to search 
for proteins associated with DJ-1 wild-type in brain. Among the identified YTH 
interactors, we investigated the E2 SUMO conjugase enzyme UBC9, a key enzyme 
in the post-translational modification known as sumoylation. The Ubiquitin-mediated 
Fluorescence complementation (UbFc) method was used to confirm the DJ-1-
UBC9 interaction and visualize the subcellular localizations of these two proteins.

In summary, the first part of the thesis (chapter 3, and 4) is focused on 
evaluating the genetic contribution towards EOPD while the second part (chapter 
5, and 6) concentrates on identificating the molecular pathway in which DJ-1 is 
involved and that therefore underlie PD pathogenesis. In chapter 7, the presented 
experimental work is discussed in the context of the current literature. 
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Chapter 2

General introduction
Movement disorders or dyskinesias are characterized by hypokinesia/akinesia 
(scarcity/absence of movement), hyperkinesia (abnormal increase in muscular 
activity e.g. tremors and tics), or abnormal execution of movements in the presence 
of a clear consciousness. The most frequent of those is essential tremor, with 
an estimated prevalence in elderly people (≥65 years of age) of 4.8%, which is 
substantially higher than all types of parkinsonism (2.2%) (Benito-Leon 2009). 
PD (OMIM # 168600) is a chronic, often devastating, progressive degenerative 
disorder of the central nervous system characterized by motor deficits and a wide 
range of non-motor disturbances (Kehagia et al. 2010; Wood et al. 2010). There is 
evidence that PD motor symptoms were known and treated since ancient times 
(Manyam and Sanchez-Ramos 1999) but the disease was formally recognized in 
1817 as a clinical entity by the British physician, James Parkinson in “An Essay 
on the Shaking Palsy” (Parkinson 2002). PD belongs to a heterogeneous family 
of diseases referred to as parkinsonian syndromes or parkinsonism. Parkinsonism 
includes idiopathic PD (IPD), genetic parkinsonism (related to Mendelian genes, 
PARK1-PARK18), the atypical parkinsonian disorders such as, multiple system 
atrophy (MSA), progressive supranuclear palsy (PSP), diffuse Lewy body disease 
(DLB), corticobasal degenerative syndrome (CBD), frontal temporal dementia with 
parkinsonism (FTDP), and secondary parkinsonism caused by some toxins and 
drugs (Wenning et al. 2011). For instance, when disease is the result of exposure 
to pesticides or neurotoxic agents such as MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) (Langston et al. 1983; Sherer et al. 2003). Parkinsonism can also 
be induced by dopamine antagonists such as neuroleptics, resulting in functional 
loss of postsynaptic dopaminergic receptors (Rupniak et al. 1983). IPD is defined as 
parkinsonism having as yet no specific etiology or family history of PD.
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Clinical Symptoms and lifetime expectancy
A clinical diagnose of probable IPD versus other parkinsonian syndromes currently 
relies upon the presence and progression of clinical features (Lees et al. 2009), 
and uses the criteria from the Parkinson’s UK Society Brain Bank. One requires 
the presence of bradykinesia (slowness of movements) and at least one of the 
following motor symptoms: muscular rigidity, resting tremor, or postural instability. 
Exclusion criteria of PD diagnosis are other causes of parkinsonism such as 
a history of repeated strokes, repeated head injury, presence of cerebral tumor, 
dementia, preceding neuroleptic treatment, early severe autonomic, pyramidal and/
or cerebellar signs (Hughes et al. 1992). Unilateral onset with persistent asymmetry 
affecting mostly the side of onset, and levodopa responsiveness are the most 
important discriminating features suggestive of PD. Although the diagnosis of PD 
is mainly based on the cardinal motor symptoms mentioned above, it has become 
apparent that PD also induces a multitude of non-motor manifestations, including 
autonomic dysfunction, sleep disturbances, olfactory impairment, swallowing 
difficulty, gastrointestinal and urinary abnormalities, cognitive dysfunction, dementia, 
psychiatric symptoms and others (Wood et al. 2010; Weintraub and Burn 2011). 
In conclusion, PD is no longer considered as just a motor disorder, characterized 
by motor deficits, but rather a systemic disease with, apart from the described 
motor deficits, a wide range of non-motor disturbances and neurological symptoms 
(Ferrer et al. 2010; Ferrer et al. 2011). The absence of biological markers for the 
ante-mortem diagnosis of IPD, and considerable overlap of clinical features with 
other parkinsonism diseases, represent a considerable challenge for clinicians to 
make an early PD diagnosis (Litvan et al. 2003). The positive predictive value of the 
clinical diagnosis of IPD among specialists in movement disorders is extremely high 
98%, though sensitivity is 91% due to few false negative IPD cases (Hughes et al. 
2002). The diagnostic accuracy might increase by structural and functional brain 
imaging such as MRI (magnetic resonance imaging), TCS (transcranial sonography), 
PET (positron emission tomography), and SPECT (single photon emission 
computed tomography) (Piccini and Whone 2004; Piccini and Brooks 2006; 
Scherfler et al. 2007; Venegas-Francke 2010; Breen et al. 2011) although these 
are expensive and not accessible to all clinicians. Unless a molecular diagnosis of 
a mutation, a protein defect or another established cause of PD has been found in 
a specific patient, a definite diagnosis of PD will require post-mortem confirmation.  
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 The age at onset (AAO) of PD symptoms is typically after the age of 50 
(mean AAO = 60), and these cases are classified as late onset PD (LOPD). More 
rare are the early onset PD patients (EOPD) with AAO < 50 and these represent 
less than 10% of all PD cases (Elbaz, Grigoletto et al. 1999). Quinn et al classified 
individuals with idiopathic PD beginning between age 21 and 40 as young-onset 
PD and those starting before 21 years as juvenile PD (Quinn, Critchley et al. 1987). 
This led to a variation in the age range of EOPD which varies between studies 
from 40 to 50 years. In our study 50 years is the AAO threshold between early and 
late onset patients. The onset is gradual and the earliest PD symptoms might go 
unnoticed or misinterpreted and erroneously ascribed to old age (Lees et al. 2009). 
By the time a patient first presents with PD symptoms at the clinic, a significant 
proportion (50 - 70 %) of nigrostriatal dopaminergic neurons (DN) has already 
been lost and about 80% of the dopamine in the striatum has been depleted. The 
preclinical phase of PD has been estimated to precede motor impairment by > 5 
years based on nigral neuropathology, striatal dopamine transporter imaging, and 
non-motor clinical symptoms (Savica et al. 2010). The mean disease duration is 
13 years (Fall et al. 2003). Usually, the earlier onset (AAO < 40 years) cases have a 
slower progression and may live with their disability for 40 years or more (Lees et 
al. 2009). After controlling for age, men with PD have a 60% higher mortality than 
individuals without PD, and the excess mortality increases significantly with disease 
duration (Chen et al. 2006). The onset of imbalance, marks the progression into a 
more severe stage of the disease, and falls are a leading cause of nursing home 
placements (Hely et al. 2005). Pneumonia is the most common cause of death in 
PD (Fall et al. 2003; Hely et al. 2005).

Pathology
Parkinsonian disorders share the clinical presentation of PD (i.e. Parkinsonism) but 
are pathologically distinct entities with different pathological hallmarks and patterns 
of neuronal degeneration. IPD is mainly characterized by a progressive degeneration 
of DN in the ventral mesencephalon, particularly the cells of the Substantia 
Nigra pars compacta (SNpc) (Forno 1996), a key regulator of the basal ganglia 
circuitry. The loss of these neuromelanin-containing neurons produces the classic 
SNpc depigmentation, which is a major pathological hallmark of PD. Since these 
neurons project to the striatum, in particular the putamen, a profound reduction of 
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striatal dopamine is observed (Dauer and Przedborski 2003), which explains the 
characteristic motor deficits. Alongside the “classical” degeneration of nigrostriatal 
DN, there is significant concomitant degeneration in non-dopaminergic pathways 
including serotoninergic, noradrenergic, and cholinergic (Halliday et al. 2011; Pavese 
et al. 2011) and these more wide spread neuronal changes may lead to the more 
complex and variable motor and non-motor symptoms (Fox et al. 2009; Karachi et 
al. 2010; Pavese et al. 2010; Bassetti 2011). A second neuropathological hallmark 
of PD is the deposition of intraneuronal cytoplasmic protein inclusions, called Lewy 
bodies (LBs) and Lewy neurites (LNs), present in the surviving neurons of specific 
affected brain areas (Gibb and Lees 1988), and are used as a pathological marker 
for the disease progression. LB inclusions are made of insoluble and ubiquitinated 
protein aggregates composed mainly of α-synuclein (Spillantini et al. 1997). Often 
the familial forms of EOPD, such as PARK2-related disease, do not present LB 
pathology (Mori et al. 1998), and should be referred to as Parkinsonism.

Prevalence 
IPD has a worldwide distribution and is the second most common neurodegenerative 
disorder after Alzheimer’s disease. Reported estimates of PD prevalence vary, with 
higher levels seen in areas of intensive agriculture, where it has been suggested that 
agricultural pesticides may play a role, and lower levels seen in more industrialized 
areas (Benmoyal-Segal and Soreq 2006; Singhal et al. 2003). However, the higher 
rates seen in agricultural settings cannot yet be explained solely with epidemiological 
data (de Lau and Breteler 2006). The prevalence of PD in European populations is 
reported to be between 0.1-0.3%; rising to 1.2-1.5% of the population over 60 
years (Benmoyal-Segal and Soreq 2006), 1.8% over 65 years (de Rijk et al. 2000) 
to nearly 4% over 70 years (de Lau and Breteler 2006). A prevalence of only 0.42% 
in the over 65 was reported (Kim et al. 2009) possibly because of differences in 
case ascertainment. Significantly lower prevalence of PD have been reported in 
China (Li et al. 1985; Wang 1991), India (Das et al. 2010), and in people of African 
origin (McInerney-Leo et al. 2004) than in Caucasians populations. However these 
differences may result from methodological differences. Accurate determination of 
PD prevalence and incidence is difficult and all study methods exhibit some degree 
of case selection bias that may result in the underestimation of the prevalence of 
PD in the population: for instance, record-based studies or studies done in clinical 
settings fail to pick up patients who have not sought medical attention (de Lau and 
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Breteler 2006). Indeed as many as 48% of Chinese PD patients may be unaware 
that they have sypmtoms of PD (Zhang et al. 2005), and this lack of recognition is 
more extreme in rural (68%) than in urban areas (37%) (Rocca 2005). Furthermore, 
subjects with equivocal parkinsonism may be difficult to diagnose, and selection 
by questionaire may miss patients with early disease or atypical symptoms, whose 
evaluation may require examination by a movement disorders specialist diagnosis 
(Litvan et al. 2003); such a specialized examination is commonly absent in published 
studies (McInerney-Leo et al. 2004). Unsurprisingly, where strict criteria and 
specialist examination are present, estimates of prevalence is usually lower (Bower 
et al. 2000). Similarly, as age is a significant risk factor in PD, prevalence rates in 
countries with a lower life expectancy may report a lower PD prevalence. This may 
for example explain the lower rate of PD reported by a well-designed longitudinal 
door-to door survey in India (Age-adjusted prevalence (0,05%) life-expectancy 
figures: India (66 years), Europe (79 years), https://www.cia.gov/library/publications/
the-world-factbook/rankorder/2102rank.html) (Das et al. 2010). It is important to 
note that differences in the organization of medical systems, financial resources 
or indeed patient socioeconomic factors between different study sites may make 
certain methods more difficult or indeed impossible. For example, although the 
diagnosis of early, atypical PD may require specialist examination, in rural China 
for instance, it may be impossible to arrange for all subjects to receive an expert 
neurological review. Taking these factors into account, it is perhaps unsurprising 
that when comparable study methods and diagnostic criteria are used, prevalence 
estimates in different settings tend to equalize e.g. PD prevalence in elderly people 
in China (1.7%) (Zhang et al. 2005) is similar to that observed in Europe (1.8%) (de 
Rijk et al. 2000).
 In conclusion, comparisons of PD prevalence in different patient groups or 
locations remain difficult because the epidemiological methods and study design 
may vary significantly between studies. Therefore, previously reported ethnic 
and geographical differences in PD prevalence may result from methodological 
differences and so will require validation with additional large, well-designed studies. 

Therapeutic scope 
PD is an incurable progressive disease that has a devastating impact on a patient’s 
life by its chronicity, limited reaction to interventions and steady progression into 
dependency. The burden on the partner and family is increasingly heavy, until a 
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patient becomes institutionalised. The socioeconomic impact of PD in Germany is 
huge with mean annual costs of 20,095€ per patient (Winter et al. 2010). With an 
aging population, the management of PD is likely to prove an increasingly important 
and challenging aspect of medical practice.
 Dopamine-replacement therapy is the mainstay of symptomatic treatment 
for PD and the dopamine precursor levodopa, that was introduced in the 1960s, 
remains as the gold standard antiparkinsonian agent (Mercuri and Bernardi 2005; 
Rascol et al. 2011). Levodopa is highly effective in the initial stages of the disease, 
however chronic therapy is associated with adverse side-effects (Pezzoli and 
Zini 2010). In addition, this pharmacological approach remains unsatisfactory, as 
it mainly addresses the dopaminergic-motor features of the disease and leaves 
the non-motor symptoms unaffected. Novel therapeutic approaches for PD are 
focused on the symptomatic management of the non-dopaminergic features and 
improving motor function without inducing motor complications (Schapira et al. 
2006; Olanow et al. 2009). The need of resolving these drug-related issues led to 
the development of surgical interventions such as deep brain stimulation (DBS). 
However, despite the widespread use of DBS for the treatment of advanced PD 
(Follett et al. 2010; Bronstein et al. 2011), this therapy is associated with several 
important risks (some related to the operative procedures and hardware, others 
to the actual stimulation) (Videnovic and Metman 2008; Toft and Dietrichs 2011; 
Troster 2011) and still fails to slow or reverse the disease progression. Therefore a 
number of novel approaches are being developed with focus at repairing the loss 
of dopaminergic innervation to the striatum and making use of neurorestorative 
techniques such as cell transplantation, and gene therapy (Dyson and Barker 
2011; LeWitt et al. 2011; Loewenbruck and Storch 2011; Wakeman et al. 2011). 
Such strategies offer hope as a therapeutic alternative in PD with a beneficial effect 
on disease progression. Although a lot of effort is required to address the risk of 
tumour formation, limited phenotypical stability and behavioural efficacy before such 
therapies can reach routine clinical application (Loewenbruck and Storch 2011). 
Nevertheless, there are multiple symptoms that are unresponsive to any of these 
therapies, highlighting the involvement of other non-dopaminergic systems and 
the complexities of the disease beyond the basal ganglia circuitry (Hurelbrink and 
Lewis 2011). This emphasises the need for a better understanding of the disease 
pathogenesis for the development of more effective, and comprehensive disease 
modifying treatment methodologies (Hurelbrink and Lewis 2011).

Chapter 2
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Genetics
The  van Broeckhovengroup recently presented a valuable review of all PD-related 
genes and the major pathological findings with a practical approach for genetic 
diagnostic testing in families with early onset and clear family history (Crosiers et al. 
2011).
 Most cases of PD, occur in sporadic form, without a readily identifiable 
cause whereas in rare cases, PD runs in families compatible with Mendelian 
inheritance (Shino et al. 2010). The importance of studying the familial monogenic 
forms of PD is based, on the underlying assumption that the genes mutated in 
those cases may also be involved in the more common sporadic cases. Supporting 
this hypothesis, SNCA and LRRK2 genes are involved in both familial and sporadic 
forms of the disease. The big advantage of studying a genetic disorder in comparison 
to a sporadic syndrome, is that we can engineer cellular and animal models 
carrying the mutant gene to characterise the pathological pathways (Cookson 
2005). A main reason to continue the search of genes involved in PD is to widen 
knowedge on the pathogenesis and to find the therapeutic targets for PD that can 
cure the disease with minimum side effects. Whereas in PD, in general, there is 
probably a combination of genetic and environmental factors involved, in EOPD, 
the genetic factors appear to be more prominent given that there is more often 
a family history of the disease (Payami et al. 2002). For this reason, we focused 
our study on the EOPD cases. So far at least, 18 loci have been linked to PD (the 
“PARK” loci), in 13 of which the causative genes have been identified (Table 1). 
 For six loci the association is still controversial and requires confirmation 
in larger case-control studies. PARK5: A mutation in the gene ubiquitin C-terminal 
hydrolase-L1 (UCHL-1), was identified in a sibling pair from Germany with 
parkinsonism (Leroy et al. 1998). The UCHL-1 gene encodes an enzyme with 
two opposing enzymatic activities, ubiquitin ligase as well as peptide-ubiquitin 
hydrolysing activity (Liu et al. 2002), therefore playing a central role in the ubiquitin 
proteasome system (UPS). Dysfunction of the UPS, which normally identifies and 
degrades intracellular proteins, causes the toxic accumulation of proteins leading 
to neuronal death, and PD (Cook and Petrucelli 2009). Thus, the involvement of 
UCHL-1 in UPS makes it a plausible PD candidate gene. However the association 
is controversial because the identified variant was not found in other patients, and 
its pathogenicity was not demonstrated conclusively (Healy et al. 2004; Ragland et 
al. 2009). PARK11: GIGYF2 (Grb10-Interacting GYF Protein 2) was proposed to be 
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the gene coupled to PD at locus 11 (Lautier et al. 2008). However, the association 
has not been supported by co-segregation of the identified variants with disease in 
the families that generated the linkage (Bonifati 2009; Nichols et al. 2009). PARK13: 
First insight into in vivo effects of Omi/Htra2 dysfunction came from the identification 
of a homozygous loss of function mutation (S276C) in mnd2 mice leading to 
neurodegeneration (Jones, Datta et al. 2003). A neurodegenerative phenotype with 
parkinsonian features has been defined in Omi/Htra2 knockout mice (Martins et al. 
2004). This gene encodes a serine protease that is released from mitochondria into 
the cytosol during apoptosis and induces cell death (Suzuki et al. 2001). On the 
basis of the biological function of the gene, a candidate gene approach study was 
carried in search for disease causing mutations in a PD patient cohort (Strauss et al. 
2005). Despite the finding of probable disease causing mutations on a German and 
a Belgian PD cohorts (Strauss et al. 2005; Bogaerts et al. 2008), their association 
with PD is still uncertain.
 Recent genome-wide association studies (GWAs) have nominated 3 new 
chromosomal regions as putative PD susceptibility loci, PARK16 (Satake et al. 
2009), PARK17 (Pankratz et al. 2009), and PARK18 (Hamza et al. 2010). However, 
the strength of the association signal varied substantially among GWAs, indicating 
that further replication is needed to verify the results (Mata et al. 2011).
 Three genes have been identified as responsible for the phenotype in 
families with atypical PD. PARK9: Patients with mutations in the ATP13A2 gene, 
have a phenotype of juvenile onset atypical PD (Kufor-Rakeb syndrome) (Ramirez 
et al. 2006), which is more similar to the lysosomal storage diseases. PARK14: 
Mutations in the PLA2G6 gene were identified in patients with adult-onset dystonia-
parkinsonism (Paisan-Ruiz et al. 2009). PARK15: Mutations in FBXO7 cause early 
onset parkinsonian-pyramidal syndrome (Di Fonzo et al. 2009).
 For five of the loci, PARK3 (Gasser, Muller-Myhsok et al. 1998), PARK10 
(Hicks, Petursson et al. 2002), PARK12 (Pankratz, Nichols et al. 2002), and PARK16 
(Satake et al. 2009), and PARK17 (Pankratz et al. 2009) the responsible genes 
have not been identified. Though association of PD with one promoter SNP and 
several polymorphisms flanking the sepiapterine reductase (SPR) gene (Sharma et 
al. 2006), which is located at the PARK3 linkage region, suggested that this gene 
could be the PARK3 gene. 
 Susceptibility to the development of the more common late onset form of 
PD has been associated with polymorphism or mutations in several genes, including 
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LOCUS CHROMO-
SOME  POSI-

TION

OMIM INHERITANCE GENE PROTEIN FUNCTION REFERENCE(S)

PARK1/4 4q21-q23 *163890 AD + risk SNCA synaptic/lipid binding (Polymeropoulos et al. 
1997)

PARK2 6q25-q27 *602544 AR PARKIN Ubiquitin-E3 ligase (Kitada et al. 1998)

PARK3 2p13  *182125 AD SPR(?) Biosynthesis of te-
trahydrobiopterin

(Gasser et al. 1998; 
Sharma et al. 2006)

PARK5 4p14 *191342 AD UCHL1 Ubiquitin hydrolase (Liu et al. 2002)

PARK6 1p35-p36 *608309 AR PINK1 Protein kinase (Valente et al. 2004)

PARK7 1p36 *602533 AR DJ-1 Oxidative and prote-
olytic stress response 

and anti-apoptosis

(Bonifati et al. 2003)

PARK8 12q12 *609007 AD + risk LRRK2 Protein kinase (Paisan-Ruiz et al. 2004; 
Zimprich et al. 2004)

PARK9 1p36 *610513 AR ATP13A2 ATPase (Ramirez et al. 2006)

PARK10 1p32 606852 AD Unknown Unknown (Hicks et al. 2002)

PARK11 2q *612003 AD GIGYF2 IGF and /or Insulin 
signaling pathways

(Lautier et al. 2008)

PARK12 xq21-q25 300557 X-linked Unknown Unknown (Pankratz et al. 2002)

PARK13 2p13 *606441 AD HTRA2/Omi Serine peptidase (Strauss et al. 2005)

PARK14 22q13.1 *603604 AR PLA2G6 phospholipase (Paisan-Ruiz et al. 2009)

PARK15 22q12-q13 *605648 AR FBX07 ubiquitin-proteosome 
protein-degradation 

pathway

(Shojaee et al. 2008)

PARK16 1q32 613164 risk Unknown Unknown (Satake et al. 2009)

PARK17 4p16  614203 risk GAK uncoating of clathrin-
-coated vesicles in 
non-neuronal cells

(Pankratz et al. 2009)

PARK18 6p21.3  614251 risk HLA-DRA Antigen presentation, 
Immune response

(Hamza et al. 2010)

NA 1p21  *606463 risk GBA Lysosomal enzyme 
that digests gluco-
cerebroside into a 

glucose and ceramide

(Goker-Alpan et al. 2004)

NA 4p15  *600387 risk BST1 Calcium homeostasis; 
pre-B cell growth

(Satake et al. 2009)

NA 17q21 *157140 risk MAPT Microtubule assem-
bly and stability

 (Hutton et al. 1998)

Table 1. The PARK loci. Not all the genes and loci listed have a confirmed role in PD pathogenesis. NA, not 
applicable, gene with mutations that clearly confer a risk to PD, but has not been assigned a PARK locus; AD, 
autosomal dominant; AR, autosomal recessive; ATP13A2, ATPase, type 13A2; BST1, bone marrow stromal antigen 
1; DJ-1, oncogene DJ-1; FBXO7, F-box only protein 7; GAK, cyclin G-associated kinase; GBA, glucocerebrosidase ; 
GIGYF2, GBR10-interacting GYF protein 2; HLA-DRA, major histocompatibility complex, class II, DR alpha; HTRA2, 
HTRA serine peptidase 2; LRRK2; leucine-rich repeat kinase 2; MAPT, microtubule-associated protein tau; PLA2G6, 
phospholipase A2 group VI; PINK1, PTEN-induced putative kinase 1; PARK2, parkin; SNCA, alpha-synuclein; SPR, 
sepiapterine reductase; UCHL1, ubiquitin C-terminal hydrolase L1.
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GBA, MAPT, MC1R, ADH1C, and BST1 (Satake et al. 2009) genes. GBA: Whereas 
homozygous mutations in the Glucocerebrosidase (GBA) gene are associated with 
Gaucher’s disease, the most common lysosomal storage disorder, heterozygous 
mutations of GBA give a 3- 5 fold increased risk of developing PD (Goker-Alpan et 
al. 2004). While GBA mutations are not likely a mendelian cause of PD, moderate 
disturbances of lysosomal processing apparently contribute to PD, occurring in 
15% of Ashkenazi PD patients (Sidransky et al. 2009), and 4.2% of Caucasian PD 
patients (Neumann et al. 2009).
 Recently, GWAs and meta-analyses of PD associated gene loci were 
reported from international studies of more than 12,000 PD cases (Consortium 
2011) and 770 PD cases from the Netherlands (Simon-Sanchez et al. 2011), 
confirming 6 and adding 5 new loci.
 This introduction continues with a more detailed description of the five genes, 
SNCA, LRRK2, PARK2, PINK1, and DJ-1, which were studied in this thesis (chapter 
3). The inheritance is autosomal dominant for patients with mutations in the SNCA, 
and LRRK2 genes, and autosomal recessive for patients with mutations in the PARK2, 
DJ-1, and PINK1 genes. Although these genes account for a minority of all PD 
cases, except in specific clinical subgroups or populations, their mutations provided 
extremely valuable insights into the underlying neurodegenerative pathways of PD. 
Therefore, the genes and associated pathways are described in this introduction.

PD-genes associated with a dominant inheritance:
localisation, identification, mutations and diagnostics.

SNCA (PARK1/PARK4). The α-Synuclein (SNCA) gene was the first “PD gene”, 
in 1997, to be identified and was therefore designated as the Parkinson’s Disease 
type 1 (PARK1) gene (Polymeropoulos et al. 1997). The gene was assigned to 
chromosome 4q21-q23 (Spillantini et al. 1995; Polymeropoulos et al. 1996), spans 
about 117 Kb, and contains 6 exons (Touchman et al. 2001). Three point mutations: 
A53T, A30P and E46K (Polymeropoulos et al. 1997; Kruger et al. 1998; Zarranz et 
al. 2004), as well as a whole-locus duplication (Chartier-Harlin et al. 2004; Ibanez 
et al. 2004), and triplication [initially classified as PARK4] (Singleton et al. 2003; 
Farrer et al. 2004) were identified in a few autosomal dominant-PD families. Both 
the SNCA point mutations and the genomic multiplications are extremely rare in 
sporadic PD (Johnson et al. 2004; Berg et al. 2005) and are mainly observed in 
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familial autosomal dominant-PD, with SNCA rearrangements more frequent than 
point mutations (Ibanez et al. 2009). Moreover, recent GWAs have also associated 
SNPs in and around α-synuclein with increased risk of familial PD (Pankratz et al. 
2009) and sporadic PD (Satake et al. 2009; Simon-Sanchez et al. 2009; Edwards et 
al. 2010; Hamza et al. 2010; Do et al. 2011; Elbaz et al. 2011; Nalls et al. 2011; Saad 
et al. 2011; Simon-Sanchez, van Hilten et al. 2011; Spencer et al. 2011) confirming 
the importance of this protein in the pathogenesis of both the familial and sporadic 
form of the disease. The identification of the A53T mutation in the SNCA gene in 
familial PD (Polymeropoulos et al. 1997) prompted the discovery of α-synuclein 
protein as the primary structural component of LBs and LNs in IPD (Spillantini 
et al. 1997) and some other related neurodegenerative disorders, collectively 
termed α-synucleinopathies. Thus α-synuclein dysfunction appears to be a critical 
determinant for the PD development in both dominant and sporadic forms of the 
disease. This is a good example that shows that study of rarer monogenic forms of 
PD can give information about the commoner sporadic form.
Subsequently, α-synuclein immunohistochemistry has become the most specific 
and sensitive method for detecting LBs and LNs and therefore the classical tool for 
a definitive diagnosis of PD and other LB disorders (Giasson et al. 2000; Hamilton 
2000; Lippa et al. 2007). Numerous investigations on α-synuclein followed that 
have transformed our concepts of the cellular pathology, anatomical distribution 
and the pathogenesis underlying PD.
 α-Synuclein is a small (140 amino acid) protein characterized by a 11-amino 
acid repeats with a highly conserved motif (KTKEGV) distributed throughout the 
amino-terminal region (Maroteaux et al. 1988), a highly hydrophobic middle domain 
(residues 61-95), also referred to as NAC (non Aβ component), and an acidic carboxy-
terminal region. The protein is abundantly expressed in the central nervous system, 
although it was initially found only in the presynaptic nerve terminal and portions of 
the nucleus, hence the name synuclein (Maroteaux et al. 1988). The physiological 
function of α-synuclein is not fully understood. Though its subcellular localization 
within the nerve terminal and its ability to interact directly, via its hydrophobic 
domain, with vesicle phospholipid membranes suggests that α-synuclein is a critical 
regulator of vesicle dynamics and trafficking at the presynaptic terminal and in brain 
lipid metabolism (Willingham et al. 2003; Auluck et al. 2010; Darios et al. 2010).
 Under normal conditions, in solution α-synuclein is natively unfolded 
(Weinreb et al. 1996). However, in the presence of small and acidic phospholipid 
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vesicles, α-synuclein adopts an α-helical secondary structure (Davidson et al. 1998) 
that is ideally suited for lipid interactions and consistent with a role in vesicle function 
at the presynaptic terminal. α-Synuclein is prone to aggregrate into amyloid-like, 
beta-sheet fibrils in vitro (Bisaglia et al. 2009), and bundles of these fibrils are the 
major components of LBs and LNs. The hydrophobic domain of α-synuclein is 
required for its oligomerization and fibrillization in vitro and toxicity in vivo (Giasson 
et al. 2001). However the α-synuclein amyloids are not required for toxicity. Instead, 
early misfolded forms of α-synuclein, possiby dimers or small oligomers are 
proposed to be toxic species in the synucleinopathies, whereas the α-synuclein in 
LBs may be inert.
 Phosphorylation may modulate α-synuclein aggregation, inclusion 
formation, and toxicity in SH-SY5Y cells (Nonaka et al. 2010). However, the role 
of α-synuclein modification in vivo is still not clear (Greggio et al. 2011). Studies 
using a yeast α-synuclein model (Outeiro and Lindquist 2003) demonstrated that 
at low levels of expression, both wild-type (WT) and mutant A53T α-synuclein 
localize evenly to the cell surface and do not alter cell viability, whereas higher 
levels of expression, result in redistribution of α-synuclein from the surface of the 
yeast cell to cytoplasmic foci (collections of stalled vesicles) (Outeiro and Lindquist 
2003). These defects are accompanied by reduced growth, increased toxicity, 
accumulation of cytoplasmic lipid droplets (Outeiro and Lindquist 2003), vesicle 
accumulation and profound endoplasmic reticulum (ER) stress (Cooper, Gitler et al. 
2006), mitochondrial stress (Su et al. 2010), and activation of heat-shock response 
(Yeger-Lotem et al. 2009). Vesicle accumulation in yeast is intimately associated with 
toxicity and is due to blockage in ER-to-Golgi complex vesicle trafficking (Cooper 
et al. 2006). Association between α-synuclein toxicity and vesicle trafficking is not 
unique to yeast, it is also present in worm, fly and mammals (Auluck et al. 2010). The 
transgenic drosophila expressing human α-synuclein replicate essential features of 
human PD, including age-dependent loss of DN, Lewy-body-like inclusions and 
locomotor impairment. Transcriptional profiling of this PD model has revealed 
alterations in vesicle trafficking, lipid metabolism, and mitochondrial function at the 
pre-symptomatic stage (Scherzer et al. 2003).
 Interestingly, α-synuclein knock-out (KO) mice lack an obvious phenotype, 
suggesting that the protein does not play a crucial role in development and that 
α-synuclein induced neurodegeneration is not due to a loss a function of the protein 
(Abeliovich et al. 2000). The genomic multiplications of SNCA as well as the three 
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pathological SNCA missense mutations promote the aggregation of α-synuclein 
perhaps by increasing the local concentration of α-synuclein. The exquisite 
dosage dependency of α-synuclein toxicity and foci formation in the yeast model is 
reminiscent of the familial forms of PD caused by SNCA multiplication. It has been 
proposed that the AAO of carriers of a SNCA multiplication reflect a SNCA gene 
dosage effect because familial patients with a SNCA triplication (4 copies of the gene) 
become affected in their thirties whereas those with a gene duplication (3 copies 
of the gene), only in their fifties (Chartier-Harlin et al. 2004). Conversely, one study 
observed no statistically significant differences in the AAO of ADPD patients carrying 
duplications and triplications of the SNCA gene (Ibanez et al. 2009) but confirmed a 
gene dosage effect by showing that the severity of the phenotype associated with 
SNCA multiplications correlates with the number of copies of the gene (Ibanez et al. 
2009). Given that mutations in SNCA cause a dominant phenotype that can be due 
to gene duplications and triplications strongly suggests that the gene dosage effect 
is explained by α-synuclein’s toxicity, caused by overproduction of a protein that has 
normally a propensity to aggregate. It was therefore hypothesized that too much 
α-synuclein results in gain-of-function toxicity.

LRRK2 (PARK8). Mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene were 
linked to autosomal dominant-PD type 8 (PARK8 locus) (Paisan-Ruiz et al. 2004; 
Zimprich et al. 2004). This gene is localised on chromosome 12q12, spans a genomic 
region of 144kb, and contains 51 exons, coding for 5 different domains (Paisan-
Ruiz et al. 2004; Zimprich et al. 2004). More than 50 variants, almost all missense, 
including at least 16 pathogenic variants are known (Hedrich et al. 2006; Klein and 
Lohmann-Hedrich 2007). Mutations in LRRK2 are common in both early and late 
onset PD occurring worldwide in 4-5% of familial and ~1% of sporadic PD patients 
(Goldwurm et al. 2005; Khan et al. 2005; Mata et al. 2005; Johnson et al. 2007; Healy 
et al. 2008; Paisan-Ruiz 2009), although frequencies vary with ethnic background. 
Ethnicity has a significant influence on G2019S prevalence, which is very rare in 
Asia, South Africa and central Europe, whereas it is highly prevalent in idiopathic and 
familial PD among the Portuguese (11%) (Bras et al. 2005), Ashkenazi Jews (20%) 
(Ozelius, Senthil et al. 2006), and Arab-Berbers (30%) (Hulihan, Ishihara-Paul et al. 
2008), and North African Arabs (40%) (Lesage, Durr et al. 2006). The penetrance 
of most mutations is not clear, but the G2019S mutation is nearly fully penetrant by 
the age of 80 (Healy, Falchi et al. 2008). The large number of exons of the LRRK2 
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gene (51 exons) and the fact that putative pathogenic mutations are concentrated 
in only 4 exons (31, 38, 41, and 48) (Mata et al. 2005), explains why most studies, 
including ours (chapter 3), analyzing this gene for mutations have only focused on 
exons with known mutations; in particular, more than 40 studies to date have only 
screened the region containing the common G2019S mutation. An international 
consortium performed a comprehensive analysis of LRRK2, including sequencing 
of all coding exons, and copy number variation (CNV) analysis in a series of 272 
LOPD cases and 275 controls. The study revealed 3.6% cases with potentially 
pathogenic mutations including 1.5% cases with the G2019S mutation (Paisan-Ruiz 
et al. 2008). It would be of interest to perform such a complete LRRK2 sequence 
analysis in an EOPD patients as well, as it was shown that the commonly found 
LRRK2 mutations are equally frequent in EOPD and LOPD (Goldwurm et al. 2005).  
 The LRRK2 gene encodes a large 2,527-amino acid (280 kDa) protein 
named Dardarin (Basque word for tremor). Dardarin is a multidomain protein with a 
leucine-rich repeat domain, a Rho/Ras-like GTPase domain, a kinase domain, and a 
WD40-repeat domain and COR domain (Paisan-Ruiz et al. 2004; Zimprich, Biskup et 
al. 2004). It undergoes autophosphorylation in vitro (Greggio et al. 2008). Dardarin is 
localized in the cytoplasm and is associated with cellular membranes structures and 
organelles such as, ER, Golgi and mitochondria (West et al. 2005; Gloeckner et al. 
2006). Since, mitochondria are implicated in the pathogenesis of PD, the localization 
of dardarin to mitochondria could play a critical role in PD pathogenesis (Banerjee et 
al. 2009). The precise physiological role of dardarin is unknown but the presence of 
multiple functional domains suggests involvement in a wide variety of cellular processes 
such as control and maintenance of neurite growth, vesicle endocytosis, and vesicle 
sorting, activation of apoptosis, mitogen-activated protein kinase pathways, protein 
translation control, programmed cell death, and activity in cytoskeleton dynamics 
(Webber and West 2009; Parisiadou and Cai 2010). Pathogenic mutations were 
identified in several different domains of Dardarin. The G2019S and I2020T mutations, 
which are located in the kinase domain, lead to toxicity through a simple gain of 
kinase function (Gloeckner et al. 2006; Greggio et al. 2006). Kinase activity is required 
for the toxic effects of dardarin even for the mutants with mutation in other domains 
(Greggio et al. 2006). One possible interpretation is that the kinase domain regulates 
the GTPase/ROC domain by phosphorylation and this is the output signal involved in 
the pathogenic process (Greggio et al. 2011). Other mutations do not lead to simple 
gain of function, but may lead to an increase in regulated kinase activity, but as yet, 
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neither the upstream activators nor the downstream targets of dardarin are known, 
making this hypothesis as yet impossible to test (Hardy et al. 2009).

PD-genes associated with recessive inheritance: localisation, identification, 
mutations and diagnostics

PARKIN (PARK2). An autosomal recessive form of juvenile parkinsonism (AR-JP) 
was for the first time described in consanguineous Japanese families that carried 
homozygous deletions in the PARK2 gene (Kitada et al. 1998). The gene maps to 
6q25-q27, extends over more than 1Mb, and has 12 exons. PARKIN, with more 
than one hundred identified mutations, is by far the most frequently mutated gene 
for EOPD across different ethnic groups (Klein and Lohmann-Hedrich 2007). A 
large number of missense mutations and large genomic rearrangements (leading 
to exonic deletions and multiplications) are observed in any possible combination 
(Hedrich et al. 2004). PARKIN exonic dosage alterations occur frequently (66-67%) 
in the homozygous or heterozygous state, emphasizing the importance of gene-
dosage assays for a sensitive detection of PARKIN mutations (Lucking et al. 2000; 
Hedrich et al. 2001; Kann et al. 2002). The parkin mutation frequency is highly 
correlated with low AAO and positive family history (Lucking et al. 2000). In families 
with autosomal recessive-EOPD, PARKIN mutations are identified in 28% of patients 
with AAO ≤46-55 years and in 82% of juvenile patients (Lohmann et al. 2003). In 
sporadic EOPD patients, PARKIN mutations are identified in 3 - 33% of patients 
with AAO ≤ 45-51 years (Lucking et al. 2000; Bertoli-Avella et al. 2005; Klein et al. 
2005) and in up to 77% of juvenile patients (Lucking et al. 2000). The most frequent 
PARKIN mutations are deletions of exon 3 and/or 4 (21%) and the R275W missense 
mutation in exon 7 (10%) (Hedrich et al. 2004).
 The PARKIN gene encodes a protein of 465-amino acids (Kitada et al. 1998) 
that comprises an N-terminal ubiquitin-like domain and two C-terminal RING finger 
domains that are separated by an in-between RING fingers (IBR) domain (Shimura 
et al. 2000). The parkin protein is expressed ubiquitously in the brain, as well in 
many extra-cerebral tissues. It is a E3 ubiquitin-ligase of the UPS (Shimura et al. 
2000; Zhang et al. 2000). E3 ubiquitin ligases catalyse the covalent attachment of 
ubiquitin to lysine residues of substrate proteins. Ubiquitin is best known for its role 
in targeting proteins for proteasomal degradation. Therefore, it has been proposed 
that a loss of parkin function due to pathogenic mutations causes accumulation of 
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parkin substrates, which ultimately damage DN. Various putative parkin substrates 
have been described (Cookson 2003) however accumulation was yet observed for 
only two substrates in a parkin knockout model (Ko et al. 2005; Ko et al. 2006). 
Parkin has a critical role in maintenance of the cellular protein quality control by 
removal of misfolded or damaged proteins (Shimura et al. 2000; Shimura et al. 
2001). The RING finger regions of parkin confer the binding site for the E2 ubiquitin-
conjugating enzymes (Imai et al. 2000; Shimura et al. 2000; Zhang et al. 2000; 
Shimura et al. 2001)). Mutations in these domains of Parkin abolish or diminish 
the E3 ligase activity by disrupting or reducing the interaction of the E3 with the 
E2s (Imai et al. 2000; Shimura et al. 2000; Zhang et al. 2000; Shimura et al. 2001). 
Ubiquitination seems to be important in the etiology of PD as shown by the function 
of parkin as an E3 ubiquitin-ligase, by the ubiquination defects induced by parkin 
mutations and the presence of ubiquitin moieties in all types of α-synuclein inclusions.  
WT parkin may also have a role in the regulation of α-synuclein metabolism as it 
can polyubiquitinate an O-glycosylated isoform of α-synuclein (α Sp22) in normal 
human brain, while loss-of-function mutants lost this activity and cause pathologic 
accumulation of non-ubiquitinated αSp22 in parkin-deficient PD brains (Shimura et 
al. 2001). Familial juvenile parkinsonism (JP), associated with mutations of PARKIN 
cause an autosomal recessive form of EOPD that is unique in its lack of the hallmark 
inclusion bodies (Takahashi et al. 1994; Mori et al. 1998; Hayashi et al. 2000). In 
addition, overexpression of parkin can suppress cell death induced by ER stress 
(Imai et al. 2000), and by accumulation of the misfolded Pael receptor (Imai et al. 
2001). WT, but not mutant, parkin is able to rescue the toxic effect of proteasome 
inhibition or mutant α-synuclein (Petrucelli et al. 2002). These findings demonstrated 
a link between the two PD-linked gene products, thus indicating a common pathway 
(protein mishandling- protein degradation pathway) in selective neurodegeneration 
in PD.

PINK1 (PARK6). Mutations in the PINK1 [PTEN (phosphatase and tensin homolog)-
induced putative kinase-1] gene were first identified in 2004 in Sicilian PARK6-linked 
families (PARK6 locus) (Valente et al. 2004). The gene is located at 1p36, spanning 
about 18kb, and containing 8 exons. While PINK1 mutations are frequent in some 
Japanese families linked to PARK6 locus (Kitada et al. 1998; Hatano et al. 2004), in 
sporadic EOPD patients, mutations are rare, ranging from ≤ 1 - 7% (Valente et al. 
2004; Klein and Lohmann-Hedrich 2007).
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 The PINK1 gene encodes a 581 amino acid protein with an N-terminal 
mitochondrial targeting peptide (Valente et al. 2004), and a highly conserved 
kinase domain (Valente et al. 2004). PINK1 is localized in the outer mitochondrial 
membrane, with the N-terminus being inside the mitochondria and the C-terminal 
kinase domain facing the cytoplasm (Zhou et al. 2008).
 PINK1 protein has a functional role in the survival of neurons that is lost by the 
G309D mutant (Haque et al. 2008). Interestingly, the cytoprotective phenotype of PINK1 
is achieved by the presence of the cytosolic PINK1 lacking the mitochondrial-targeting 
motif (Haque et al. 2008), indicating that both cytosolic and mitochondrial PINK1, 
may be important for this protective effect. WT PINK1 protects cell lines from stress-
induced mitochondrial dysfunction and proteasome inhibitors-induced apoptosis, 
an effect abrogated by the G309D mutation (Valente et al. 2004). Overexpression of 
WT PINK1 rescues abnormal mitochondrial morphology that has been described in 
drosophila carrying PINK1 mutations (Clark et al. 2006; Park et al. 2006).
 Sequence analysis strongly suggests that PINK1 is a putative kinase with 
two identified substrates, TRAP1 and Htr2 (Plun-Favreau et al. 2007; Pridgeon et 
al. 2007). The TNF (tumor necrosis factor) receptor-associated protein 1 (TRAP1), 
a mitochondrial molecular chaperone, is identified as a cellular substrate for the 
PINK1 kinase (Pridgeon et al. 2007). WT PINK1 in response to cellular stress, but 
not the mutant isoforms, phosphorylates TRAP1 to protect cells against hidrogene 
peroxide (H2O2)-induced cell death (Pridgeon et al. 2007). Additionally, absence of 
TRAP1 prevented the anti-apoptotic ability of WT PINK1, suggesting that TRAP1 
acts downstream of PINK1 (Pridgeon et al. 2007). HtrA2 is a serine protease with a 
mitochondrial targeting sequence that causes mitochondrial dysfunction leading to 
a neurodegenerative disorder with parkinsonian features (Martins et al. 2004). Point 
mutations in HtrA2 are a susceptibility factor for Parkinson’s disease (PARK13 locus) 
(Strauss et al. 2005). HtrA2 interacts with PINK1 and that both are components of 
the same stress-sensing pathway. HtrA2 phosphorylation is decreased in PD brains 
of carriers of PINK mutations. PINK1-dependent phosphorylation of HtrA2 might 
modulate its proteolytic activity, thereby contributing to an increased resistance of 
cells to mitochondrial stress (Plun-Favreau et al. 2007).

DJ-1 (PARK7). Mutations in the DJ-1 gene (PARK7 locus), originally identified by 
our group in two consanguineous families from genetically isolated communities in 
The Netherlands and in Italy, are associated with AR-EOP (Bonifati et al. 2003). DJ-1 
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maps at 1p36.2-p36.3, comprises 7 exons, spanning over 24kb of genomic DNA 
(Taira et al. 2001). Mutations in this gene are considered rare, accounting for just 
1-2% of the sporadic EOPD cases (Abou-Sleiman et al. 2003; Hague et al. 2003; 
Clark, Afridi et al. 2004; Djarmati et al. 2004; Hedrich et al. 2004; Lockhart et al. 
2004). DJ-1 was originally described as an oncogene (Nagakubo et al. 1997) and 
as a protein responsive to oxidative stress (OS) (Mitsumoto and Nakagawa 2001). 
The oncogenesis function appeared unrelated to PD, whereas its involvement in 
OS response seemed interesting because OS has been associated with PD for 
many years (Jenner et al. 1992), and because it links a genetic mechanism with an 
environmental factor. The DJ-1 transcript is found in all adult human tissues tested 
and with highest mRNA expression levels observed in the heart, skeletal muscle, 
pancreas and 4 glands: the pituitary, adrenal, thyroid and salivary glands (Nagakubo 
et al. 1997; Wagenfeld et al. 1998). DJ-1 expression in brain is also ubiquitous, with 
higher levels of the transcript in the subcortical regions more affected in PD (Bonifati 
et al. 2003). The DJ-1 protein is ubiquitously and homogeneously expressed 
throughout the body and brain (Rizzu et al. 2004). DJ-1 is diffusely distributed in the 
cytoplasm and nucleus (Nagakubo et al. 1997) and in the mitochondrial matrix and 
inter-membranous space (Zhang et al. 2005). The first pathogenic mutation identified 
in the DJ-1 gene in PD was a homozygous deletion found in a Dutch kindred with 
EOPD, which removed approximately 14kb of genomic sequence, including ~4kb 
upstream of the DJ-1 start codon and the first five exons (Bonifati et al. 2003). The 
deletion abrogates protein expression (Macedo et al. 2003), representing a natural 
knockout of DJ-1 and indicating that DJ-1 loss-of-function is pathogenic. The next 
DJ-1 pathogenic homozygous variant was the L166P missense mutation identified 
in an Italian kindred (Bonifati et al. 2003) rendered the protein highly unstable 
(Macedo et al. 2003), and unfolded (Olzmann et al. 2004). The M26I homozygous 
missense mutation was found in an EOPD patient of Ashkenazi Jewish origin (Abou-
Sleiman et al. 2003) and affects both protein stability (Blackinton et al. 2005; Xu 
et al. 2005) and structure (Hulleman et al. 2007). We detected a novel DJ-1 in-
frame homozygous deletion that results in the loss of a highly conserved proline 
residue (P158Del). Based on the high conservation of the deleted amino acid 
(Bandyopadhyay and Cookson 2004) and on its location at the dimer interface (Tao 
and Tong 2003), we predicted an adverse conformational change that could render 
the protein unstable (chapter 5). A recent study confirmed the incapacity of the 
P158Del mutant to form homodimers and a dramatic reduction in protein stability 
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(Ramsey and Giasson 2010). Other mutations have been identified in DJ-1 but their 
pathogenicity has yet to be proven. A reduced nuclear distribution and increased 
mitochondrial localization of DJ-1M26I and DJ-1L166P mutants was observed (Xu et al. 
2005). However, considering the instability of these mutants, the apparent increase 
in mitochondrial localization could be an artefact of accelerated protein turnover by 
the proteosome in the cytoplasm.
 Evidence from characterization of DJ-1’s protein structure, comparison 
with protein homologs and identification of binding partners suggested a possible 
involvement of DJ-1 in several physiological processes which are briefly described 
below. The DJ-1 gene encodes a 189 amino-acid protein of approximatly 21kDa. 
Structural (Honbou et al. 2003; Huai et al. 2003; Lee et al. 2003; Tao and Tong 
2003; Wilson et al. 2003) and molecular (Macedo et al. 2003; Miller et al. 2003; 
Baulac et al. 2004) data demonstrated that the DJ-1WT protein is a homodimer. 
Human DJ-1 was identified as a hydroperoxide-responsive protein that is converted 
into a more acidic variant, with a more acidic isoelectric point (pI), upon exposure to 
compounds that induce reactive oxygen species (ROS) such as hydrogen peroxide 
(H2O2), the herbicide paraquat (PQ2+) and lipopolysaccharide (LPS) (Mitsumoto 
and Nakagawa 2001; Mitsumoto et al. 2001). The reduction in pI results from the 
modification of cysteine residues on DJ-1 to cysteine-sulfinic and cysteine-sulfonic 
acids under oxidative conditions. The cysteine at position 106 (C106) is the most 
sensitive among the three cystein residues and is required for DJ-1’s cytoprotective 
action during OS-induced cell death (Kinumi et al. 2004). This is supported by the 
C106A artificial DJ-1 mutant, which cannot be oxidized, nor translocated into the 
mitochondria and sensitises cells to OS (Canet-Aviles et al. 2004; Kinumi et al. 
2004; Meulener et al. 2005).The ability of DJ-1 to quench ROS is relatively modest 
and thus insufficient to fully account for its more robust cytoprotective effect. This 
implies that DJ-1 exerts its protective function through other mechanism(s) (Junn et 
al. 2005), such as transcription of genes involved in stress response. Loss of DJ-1 
may therefore result in increased damage attributable to the free radicals that are 
generated as a by-product of dopamine metabolism. DJ-1 protein has been highly 
conserved in evolution (Bandopadhyay et al. 2004) and belongs to the large ThiJ/
PfpI superfamily of proteins which include proteases, catalases and chaperones 
(Bandyopadhyay and Cookson 2004). The functional divergence within this protein 
family makes it difficult to predict the function of human DJ-1 on the basis of 
sequence homology alone. The cysteine residue equivalent to C106 in human DJ-1 
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is conserved among all of the members of the DJ-1/ThiJ/PfpI superfamily and is 
proposed as the catalytic nucleophile for the PfpI family of intracellular proteases 
(Bandyopadhyay and Cookson 2004). Indeed WT DJ-1, but not the C106A mutant, 
possesses intrinsic activity to hydrolyse the casein substrate (Olzmann et al. 2004). 
Recently, Chen et al 2010 confirmed DJ-1’s proteolytic activity a latent protease 
zymogen, which is activated by the removal of a 15-amino acid peptide at its C 
terminus (Chen et al. 2010). The activated DJ-1 functions as a cysteine protease 
with Cys-106 and His-126 as the catalytic diad. Importantly, it was shown that 
endogenous DJ-1 in dopaminergic cells undergoes C-terminal cleavage in response 
to mild OS, suggesting that DJ-1 protease activation occurs in a redox-dependent 
manner (Chen et al. 2010). Moreover, we find that the C-terminally cleaved form 
of DJ-1 with activated protease function exhibits enhanced cytoprotective action 
against OS-induced apoptosis (Chen et al. 2010). The cytoprotective action of DJ-1 
is abolished by the C106A and H126A mutations (Chen et al. 2010). These findings 
support a role for DJ-1 protease in cellular defense against OS.
 The fact that DJ-1 belongs to a protein family which include proteins with 
chaperone activity (capacity to suppress the aggregation of unfolded proteins) 
(Bandyopadhyay and Cookson 2004), together with evidence for DJ-1 being bound 
to microtubular filaments of the cytoskeleton (Hod et al. 1999), and that it is colocalized 
within a subset of pathological tau inclusions (Rizzu et al. 2004), supports DJ-1’s 
function as a chaperone. DJ-1’s chaperone activity was confirmed in a study where 
overexpression of DJ-1 decreased aggregation of the α-synuclein A30P mutant 
protein (Shendelman et al. 2004). In vitro and in vivo silencing of DJ-1 increases the 
susceptibility to cell death whereas overexpressing DJ-1 provides cytoprotective 
effects against cell death induced by OS (H2O2, dopamine, paraquat, rotenone) or 
proteolytic stress (proteasome inhibition or expression of a-synuclein A30P mutant). 
The pathogenic mutants M26I, L166P showed reduced neuroprotective activity. 
DJ-1 protects DN from OS and proteolytic stress by increasing expression of 
glutathione (GSH) and heat shock protein 70 (Hsp70), respectively (Zhou and Freed 
2005). Cells with null or reduced DJ-1 expression showed increased sensitivity to 
OS-induced apoptosis (Xu et al. 2005). DJ-1 wild type, but not the pathogenic 
mutants, protect neurons against apoptosis by interacting with Daxx, p54nrb 
and PSF nuclear proteins (Junn, Taniguchi et al. 2005; Xu et al. 2005). Additional 
evidence for the anti-apoptosis function of DJ-1 comes from its capacity to 
modulate the PI3′K survival pathway by negatively regulating the tumor suppressor 
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gene PTEN (Kim et al. 2005). Furthermore, DJ-1 was originally described as an 
oncogene because of its enhanced transforming activity in cooperation with H-ras; 
the mechanism of this ras-related signal transduction pathways is as yet unclear 
(Nagakubo et al. 1997). Besides the cysteine oxidation and ubiquitination post-
translation modifications, DJ-1 can also be sumoylated. Sumoylation involves the 
covalent attachment of SUMO (Small ubiquitin-related modifier) peptide to lysine 
residues of targeted substrates (Melchior et al. 2003; Wilkinson and Henley 2010; 
Wilkinson et al. 2010). DJ-1 interacts with all the components of this pathway, 
SUMO-1, the Uba2 (E1 SUMO activating enzyme), Ubc9 (E2 conjugating enzyme) 
and PIASxα (E3 SUMO ligase) (Junn et al. 2005; Shinbo et al. 2005; Shinbo et al. 
2006) (chapter 6). The exact effects of DJ-1 modification by SUMO-1 remain to 
be determined. The finding of the DJ-1 gene provided fundamental clues into the 
etiology of PD. DJ-1 seems to be a multifunctional protein that provided evidence 
supporting a role mitochondrial dysfunction, OS, and protein mishandling in disease 
etiology. Additionally, DJ-1 protein is functionally linked to three other PD-associated 
genes: PARKIN, PINK1 and SNCA (Xiong et al. 2009), and it seems to indicate that 
the affected proteins converge into a common underlying pathway.

Concluding remarks
This introduction discussed some recent advances in the PD-associated proteins 
and their respective functions. The importance of characterising defective genes was 
highlighted through study of the specific mutations, their encoded proteins and their 
protein binding partners in the inherited forms of PD. The function of the defective 
protein may reveal the biochemical pathway(s) in the inherited and the sporadic 
forms of PD. Advances in identification of pathways involved in PD will contribute to 
a much better understanding of PD pathogenesis, and such knowledge is essential 
for the future treatment strategies aimed at correcting biochemical and cellular 
abnormalities underlying PD.

General introduction to Parkinsonism
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ABSTRACT
Recently, we have performed a mutation screening in the PARKIN, DJ-1, PINK1, 
LRRK2 and SNCA genes in a early onset Parkinson’s disease Dutch cohort (the 
EOPD-DC cohort). The relatively low overall mutation frequency observed (4%) 
together with the significant proportion of CNVs, we hypothesized that CNVs in yet 
non-associated genes could be responsible for the disease phenotype in some of 
the patients. Thus in search for novel loci associated with PD, we identified CNVs in 
60 patients from the EOPD-DC cohort, 25 patients from an isolate (the Walcheren 
group), and 47 individuals of Dutch origin. A group of CNVs present in PD patients 
and absent from controls, affected important genes such as HLA, CACNA1C, and 
DUB-3 and Olfactory receptors. The HLA locus, located at chromosome 6, was 
recently associated with late onset PD (Hamza et al. 2010), therefore supporting 
our results. In addition, two CNVRs were significantly associated with both patient 
groups. Of particular interest is the CNVR #183, located at chromosome 22 and 
affecting the GSTT1 gene, a gene involved in cellular detoxification. The associated 
p value was 6.6E-05 (OR = 6.8) in EOPD patients and 2.5E-07 (OR =3.2) in 
Walcheren patients. Another approach of identification of recessive loci associated 
with complex diseases is based on performing association studies with runs of 
homozygosity (ROHs). Therefore, we investigated and compared the presence of 
ROHs in a total of 88 PD patients and 47 controls. However, none of the ROH 
regions reached significance.
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INTRODUCTION
Normally, every person has two copies of each gene on autosomal chromosomes, 
one inherited from the mother and one from the father. However, large segments of 
DNA, ranging in size from thousands to millions of basepairs (bp), can be present 
in one, three, or more than three copies, or, although more rarely, can be missing 
altogether. A Copy Number Variant (CNV) is a DNA segment of at least 1 kb in 
size, present at a variable copy number between individuals; these variants can be 
genomic CN gains (insertions or duplications) or losses (deletions or null genotypes) 
relative to a designated reference genome sequence (Feuk et al. 2006; Scherer et al. 
2007). Although most CNVs are benign variants, a subset of CNVs are associated 
with diseases (Zhang et al. 2009). In Parkinson’s disease (PD), examples of identified 
CNVs include a large deletion of the DJ-1 gene (Bonifati et al. 2003), many different 
rearrangements (deletions and duplications) of exons of the PARKIN gene (Lucking 
et al. 2000) and two genomic multiplications (duplication and triplication) of the 
SNCA gene (Ibanez et al. 2004; Singleton et al. 2003).
 Recently, we have performed a mutation screening that included exon 
dosage analysis in a early onset Parkinson’s disease Dutch cohort (EOPD-DC) 
to evaluate the frequency and nature of mutations in the PARKIN, DJ-1, PINK1, 
LRRK2 and SNCA genes (Macedo et al. 2009). Three of the five genes that 
currently have been identified for EOPD, PARKIN, DJ-1, and PINK1, are associated 
with a recessive mode of inheritance resulting from homozygous or compound 
heterozygous mutations. The relatively low overall mutation frequency observed 
(4%) suggested that other mutations in yet non-associated recessive genes for 
EOPD remain to be discovered for this cohort. Gene finding for recessive diseases 
by linkage approaches is often done in families with high degree of consanguinity 
by homozygosity/autozygosity mapping. However, such families are difficult to find 
as patients with autosomal recessive disease often appear as the first patient in a 
family with parents being unaffected carriers. Another approach of identification of 
recessive loci associated with complex diseases is based on performing association 
studies with ROHs. A ROH is a combination of more than a single locus with each 
locus carrying two identical alleles. High-density single nucleotide polymorphism 
(SNP) microarray data can be used to identify ROHs across variable numbers of 
consecutive SNPs (Lencz et al. 2007). ROHs have been commonly found in the 
human genome, and currently known ROHs range in size from 200kb to more than 
15Mb (McQuillan et al. 2008; Simon-Sanchez et al. 2007). Some ROHs have potential 

Chapter 4



63

functional significance and are significantly associated with complex diseases such 
as for example schizophrenia (Lencz et al. 2007) and Alzheimer’s disease (Nalls 
et al. 2009). In addition, based on our previous observation in which a significant 
proportion, (approximately 50% (8/17)) of the identified mutations, was CNVs, we 
hypothesized that CNVs in yet non-associated genes could be responsible for the 
disease phenotype in some of the patients. Therefore, we investigated and compared 
both the presence of CNVs and ROHs in a total of 88 PD patients and 47 healthy 
individuals of Dutch origin. We included 60 unrelated patients from the EOPD-DC 
cohort (the EOPD-DC group). Given that a recessive phenotype is more frequent 
in earlier onset cases than dominant phenotypes, we selected these 60 cases with 
an age at onset (AAO) before the age of 40 years or with family history suggestive 
of recessive inheritance of disease and with unexplained phenotype i.e cases for 
which we did not find mutations in the 5 PD-genes tested. Additionally, we studied 
a group of 25 PD patients originated from a genetic isolate from the Southwest of 
the Netherlands (the Walcheren group) that we expected to be more inbred than 
the general population and thus might facilitate the finding of a candidate PD risk 
region. We also included 3 Dutch female siblings with Parkinsonism, which carry a 
single heterozygous mutation in the Parkin gene, but for which a second mutation 
in this gene had not been identified (the Sibs group). With the current genome wide 
screening, we aimed to identify a second pathogenic mutation, shared by all three 
sisters. In addition, we aimed at using the CNV affecting the PARKIN gene, carried 
by these siblings, as a positive control in CNV detection.

RESULTS
CNVs descriptives
We identified and mapped CNVs in a total of 88 Dutch PD patients and compared 
them with CNVs identified in the cohort of 47 Dutch healthy individuals. Among the 
135 Dutch individuals we identified a total of 2,359 non-redundant CNVs, ranging 
in size from 6 Kb to 20 Mb, including 81% deletions, 16% duplications, and 3% 
CNVs that were found in both directions. Eighty percent of the CNVs were observed 
in a single individual (singleton-CNVs), while the remaining CNVs were identified in 
at least two individuals (“recurring” CNVs). The vast majority (87%) of the identified 
CNVs were found to overlap with CNV loci included in the database of genomic 
variants (DGV) http://projects.tcag.ca/variation/. As the frequency of the CNVs 
increased, so did the proportion of CNVs found in the DGV database: 85% for the 
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singleton-CNVs, 94% for the twice recurring, and 100% for the other recurring-
CNVs. The absence of some of the singleton CNVs identified in this study, from 
DGV may be a result of a low frequency of these CNVs in the general population. 
Alternatively they could be population specific, false positive findings or not detected 
by low resolution platforms. To minimize the risk of including false positives, we 
excluded the singleton-CNVs altogether and proceeded only with the recurring-
CNVs for further analysis. We are aware that with this CNV selection criteria may 
have excluded true CNVs and increased the false negative rate in our data set. 
Future follow-up studies with larger Dutch samples may allow us to go back to 
these rare CNVs.
 Because our goal was to identify loci or genes that may carry independent 
mutations in different patients, we created a script to merge the CNVs that overlap 
at least in 70% of their size into CNV regions (CNVRs). The merging resulted in 1,205 
CNVRs, including 339 recurring CNVRs. The vast majority (92%) of the recurring 
CNVRs overlapped with the CNV loci reported in DGV. 

Selection of the CNVs potentially associated with PD in the EOPD-DC group
The subset of CNVRs present in the EOPD-DC patients, consisted of 269 recurring 
CNVRs, with 56 being PD-specific, and 213 present in controls and EOPD-DC 
patients. 

EOPD-DC group: The rare and PD specific CNV variants
From the subset of 56 PD-specific CNVRs, each CNVR is shared by 2 to 5 patients 
(Table 1), up to 4% of the individuals analyzed and thus representing the rare variants 
that may be involved in the Mendelian forms of PD. We are interested in genetic 
variants affecting genes; among the subset of 56 PD specific CNVRs, 33 included 
genes. Of particular interest is the CNVR #266, located at chromosome 6, which 
overlaps with genes from HLA locus, including the HLA-DRB1, HLA-DRB6, HLA-
DRB5 gene, which was recently associated with late onset PD (Hamza et al. 2010). 
Another interesting region is CNVR #57, affecting the L-type voltage dependent 
calcium channel alpha 1C subunit (CACNA1C) gene. This type of calcium channel 
has been considered necessary for pacemaking and responsible for the specific 
phenotype of dopaminergic neurons from substantia nigra. Another region of 
potential interest is the CNVR #313, located at chromosome 8 and including the 
DUB-3 gene, which encodes an active deubiquitinating enzyme, which expression 
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CNVR# Genes EOPD-DC Walcheren Sibs Total Chr. Start Position End Position

1 ORs, LOCs 3 0 0 3 chr1 5,117 747,320

5 - 2 0 1 3 chr1 49,669,439 49,795,114

8 AMYs 2 0 0 2 chr1 103,904,534 104,116,873

36 LOCs, PTCHD3 1 1 0 2 chr10 27,657,895 27,741,926

39 - 4 1 0 5 chr10 58,181,958 58,222,206

42 - 2 1 0 3 chr10 66,970,080 67,014,884

53 LOC 2 0 0 2 chr11 58,560,750 58,611,610

54 CNTN5 2 0 0 2 chr11 99,025,028 99,086,147

57 CACNA1C 1 1 0 2 chr12 2,105,425 2,136,571

72 LOC 2 0 0 2 chr12 130,696,562 130,758,789

76 LOCs 4 0 0 4 chr13 48,383,614 48,476,350

81 USP10P1, ORs, LOC 2 1 0 3 chr14 19,212,742 19,493,200

84 - 2 0 0 2 chr14 40,666,792 40,800,529

85 - 1 1 0 2 chr14 44,226,080 44,308,272

101 - 2 0 0 2 chr15 21,927,566 21,993,971

109 SCAPER 2 1 0 3 chr15 74,677,299 74,735,351

111 - 2 2 0 4 chr15 85,600,254 85,681,851

115 LOCs 4 0 0 4 chr16 34,323,955 34,614,572

117 - 2 0 0 2 chr16 54,677,851 54,743,702

119 LOC 2 1 0 3 chr16 76,909,405 76,956,002

129 KIAA1267 3 0 0 3 chr17 41,518,102 41,647,903

130 KIAA1267 2 1 0 3 chr17 41,563,921 41,648,144

131 TCAM1, CSH1, 
CSHL1, CHH2, GH2

1 2 0 3 chr17 59,286,633 59,341,700

133 - 2 0 0 2 chr18 61,898,993 61,957,228

143 CEACAMP6, PSG1, 
PDG10

2 0 0 2 chr19 47,980,900 48,083,837

165 GALNT13 3 0 0 3 chr2 154,554,489 154,621,329

167 CREB1 3 0 0 3 chr2 208,058,284 208,130,560

188 - 3 0 0 3 chr22 37,617,105 37,680,472

191 - 1 1 0 2 chr3 6,613,870 6,671,642

195 SFMBT1 2 1 0 3 chr3 52,977,190 53,020,891

201 EPHA3 2 0 0 4 chr3 89,462,893 89,503,151

207 - 2 0 0 2 chr3 152,868,100 152,887,086

Table 1 – continue on next page
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CNVR# Genes EOPD-DC Walcheren Sibs Total Chr. Start Position End Position

234 LOCs 1 1 0 2 chr4 138,311,541 138,371,795

235 - 1 1 0 2 chr4 161,227,098 161,300,167

237 CCDC110, PDLIM3, 
LOCs

1 1 0 2 chr4 186,627,136 186,684,564

241 - 2 0 0 2 chr 7,221,756 7,280,292

247 - 1 1 0 2 chr5 57,326,837 57,377,909

248 LOCs 1 0 2 3 chr5 97,060,213 97,177,610

250 RAB9P1 2 1 0 3 chr5 104,461,366 104,530,854

258 - 1 1 0 2 chr6 8,283,831 8,324,887

259 - 2 0 2 4 chr6 19,130,555 19,217,222

266 HLAs 2 0 0 2 chr6 32,605,393 32,663,435

271 - 2 0 0 2 chr6 49,039,459 49,102,574

277 - 2 0 0 2 chr6 74,624,888 74,663,166

278 - 5 0 0 5 chr6 74,638,693 74,665,814

282 - 2 0 0 2 chr6 95,530,408 95,616,345

292 - 2 0 0 2 chr7 70,003,525 70,063,559

307 CSMD1 2 0 0 2 chr8 4,201,587 4,228,639

309 FAM90As. DEFBs, 
SPAG11A, HSPDP2, 
LOCs

1 1 0 2 chr8 7,581,785 7,869,043

310 DEFB, SPAG11A, 
HSPDP2, LOCs

2 0 0 2 chr8 7,681,853 7,926,604

313 DUB3, LOCs 2 1 1 4 chr8 11,930,259 12,074,812

314 FAM90A25P, 
FAM86B2, LOC

1 2 0 3 chr8 12,276,118 12,352,472

322 - 2 1 0 3 chr8 115,696,712 115,753,303

328 LOC 2 0 0 3 chr9 6,659,854 6,712,102

330 IFNA4, LOC 2 0 0 2 chr9 21,169,577 21,186,376

338 ORM1,ORM2, AKNA 3 0 0 5 chr9 116114181 116138937

Table 1. List of PD specific CNVRs observed in the EOPD-DC cohort. There were 56 CNVRs 
which were absent from controls and present in EOPD-DC patients.  The number of individuals per group 
is indicated as well as the gene symbol representing the genes that are located within the regions and 
the region location: chromosome (chr.), start and end position (Hg18/v36.1). In bold are indicated the 
regions discussed in the text.
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may increase cell death (Burrows et al. 2004). DUB-3 participates in the ubiquitin 
proteasome system (UPS), a system which was proposed to be involved in PD 
pathogenesis (Cook and Petrucelli 2009). In addition, CNVRs # 1 and 81, located 
at chromosome 1 and 14, which overlap with olfactory receptor (OR) genes, may 
be involved in the PD etiology because olfactory dysfunction is common among 
PD patients and appears prior to the motor symptoms (Kranick and Duda 2008). 
The CNVs represented by the above mentioned CNVRs, with the exception of 
CNVR #81, are all deletions, and thus loss-of-function mutations. The PI-HAT value 
between patients sharing one of the above mentioned CNVRs, ranged from 0 to 
0.03, and therefore indicated that patients are not closely related.

EOPD-DC group: The common CNV variants
We performed an association analysis on the 213 CNVRs present in both cases 
and controls.  Two CNVRs #299 and #183 were significantly associated with the PD 
phenotype after correction for multiple testing (p value < 2.3E-04) (Table 2). The CNVR 
#299 was present in 11% of controls (5/47) and 47% of the EOPD patients (28/60) 
(Fisher’s exact test P value (1) = 5.3E-05; OR = 7.4) (Table 2). The region is located at 
chromosome 7 (start position: 141,689,214; end position: 141,720,636) (hg18/36.1) 
and contains part of the T cell receptor beta gene cluster (TRB) including TRBV3-2, 
TRBV4-2, TRBV4-3, TRBV6-2, and TRBV6-3 (Table 3).  The T cell receptor (TCR) is 
a molecule found on the surface of T lymphocythes that is responsible for antigen 
recognition. The CNVR #183 was present in 13% of controls (6/47) and 50% of the 
EOPD patients (30/60) (Fisher’s exact test P value (1) = 6,6E-05; OR = 6.8) (Table 
2). It is located at chromosome 22q11.23 (start position: 22,667,289; end position: 
22,748,507) and contains the GSTT1, GSTTP1, GSTTP2, LOC768328, LOC799832, 
LOC391322 genes and the 5’end of the CABIN1 gene (Table 3). The CNVR region 
#183 is distinct though partially overlaps (at CABIN1 gene) with a deletion of ~3Mb 
at the long arm of chromosome 22 (22q11.2) that has been identified as the cause 
of DiGeorge syndrome, and schizophrenia (Murphy 2002; Williams et al. 2006). The 
Calcineurin-binding protein 1 (Cabin1) binds to and inhibits calcineurin, a calcium/
calmodulin-dependent protein phosphatase ubiquitously expressed in brain and 
with several functions including activation of the T-cell immune response, calcium 
homeostasis, and dephosphorylation of dopamine receptors (Rusnak and Mertz 
2000). In addition, Cabin1 represses MEF2 (Myocyte enhancer factor 2) transcriptional 
activity (Jang et al. 2007), a protein that in neuronal cells is implicated in neuronal survival 
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CNVR# Chr. Start Position End Position EOPD-DC Walcheren Controls p value (1) p value (2) Nº of Genes

47 chr11 5,739,489 5,774,897 18 12 7 - 3.3E-09 3

281 chr6 79,026,109 79,102,364 16 11 7 - 1.1E-08 0

318 chr8 39,333,557 39,517,373 15 12 11 - 8.8E-08 2

52 chr11 55,116,117 55,209,252 8 8 5 - 1.1E-07 6

299 chr7 141,689,214 141,720,636 28 8 5 5.3E-05 1.1E-07 6

264 chr6 32,539,270 32,625,660 17 10 9 - 1.7E-07 5

183 chr22 22,667,289 22,748,507 30 8 6 6.6E-05 2.5E-07 7

268 chr6 32,776,834 32,821,245 22 9 10 - 1.1E-06 0

225 chr4 34,455,243 34,511,662 11 6 4 - 1.3E-06 0

61 chr12 9,436,975 9,631,521 38 14 18 - 1.6E-06 3

198 chr3 68,823,343 68,839,170 4 5 3 - 4.0E-06 0

283 chr6 103,826,171 103,881,483 12 11 17 - 7.1E-06 0

22 chr1 150,815,903 150,852,729 20 11 18 - 1.1E-05 2

44 chr11 4,919,458 4,933,575 2 4 2 - 1.5E-05 2

300 chr7 142,156,111 142,176,424 6 9 15 - 1.5E-05 3

238 chr4 187,291,130 187,378,042 22 8 14 - 2.7E-05 1

265 chr6 32,560,757 32,777,978 18 8 14 - 2.7E-05 1

80 chr13 82,014,774 82,104,781 1 4 3 - 3.4E-05 0

182 chr22 22,572,295 22,684,513 12 6 10 - 5.1E-05 14

231 chr4 115,350,023 115,403,666 4 3 1 - 6.7E-05 3

295 chr7 75,975,220 76,059,080 7 3 1 - 6.7E-05 2

320 chr8 112,360,507 112,441,025 2 3 1 - 6.7E-05 0

91 chr14 81,490,982 81,637,981 16 6 11 - 7.9E-05 0

96 chr14 105,939,576 106,020,090 6 5 8 - 9.2E-05 10

31 chr1 194,991,793 195,083,341 6 3 2 - 1.7E-04 2

147 chr19 59,937,537 60,071,040 6 3 2 - 1.7E-04 9

155 chr2 52,585,423 52,647,008 5 3 2 - 1.7E-04 1

217 chr3 196,868,508 196,961,134 1 3 2 - 1.7E-04 4

274 chr6 67,061,694 67,116,910 1 3 2 - 1.7E-04 0

206 chr3 131,249,264 131,301,811 9 4 6 - 2.0E-04 2

Table 2. CNVRs significantly associated with PD. The table shows the 30 CNVRs which are 
significantly more frequent in patients than in controls.  The number of individuals per group is indicated 
as well as the number of genes that are located within the region. Comparison of frequencies between 
patients and controls was performed with Fishers Exact test. P value (1) was obtained by comparison of 
EOPD-DC with Controls whereas p value (2) was obtained by comparison of Walcheren and Controls. In 
bold are indicated the 2 CNVRs which are significantly more frequent in both EOPD-DC and Walcheren 
cohorts when compared to controls.
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CNVR# Chr. Start Position End Position EOPD-DC Walcheren Controls p value (1) p value (2) Nº of Genes

47 chr11 5,739,489 5,774,897 18 12 7 - 3.3E-09 3

281 chr6 79,026,109 79,102,364 16 11 7 - 1.1E-08 0

318 chr8 39,333,557 39,517,373 15 12 11 - 8.8E-08 2

52 chr11 55,116,117 55,209,252 8 8 5 - 1.1E-07 6

299 chr7 141,689,214 141,720,636 28 8 5 5.3E-05 1.1E-07 6

264 chr6 32,539,270 32,625,660 17 10 9 - 1.7E-07 5

183 chr22 22,667,289 22,748,507 30 8 6 6.6E-05 2.5E-07 7

268 chr6 32,776,834 32,821,245 22 9 10 - 1.1E-06 0

225 chr4 34,455,243 34,511,662 11 6 4 - 1.3E-06 0

61 chr12 9,436,975 9,631,521 38 14 18 - 1.6E-06 3

198 chr3 68,823,343 68,839,170 4 5 3 - 4.0E-06 0

283 chr6 103,826,171 103,881,483 12 11 17 - 7.1E-06 0

22 chr1 150,815,903 150,852,729 20 11 18 - 1.1E-05 2

44 chr11 4,919,458 4,933,575 2 4 2 - 1.5E-05 2

300 chr7 142,156,111 142,176,424 6 9 15 - 1.5E-05 3

238 chr4 187,291,130 187,378,042 22 8 14 - 2.7E-05 1

265 chr6 32,560,757 32,777,978 18 8 14 - 2.7E-05 1

80 chr13 82,014,774 82,104,781 1 4 3 - 3.4E-05 0

182 chr22 22,572,295 22,684,513 12 6 10 - 5.1E-05 14

231 chr4 115,350,023 115,403,666 4 3 1 - 6.7E-05 3

295 chr7 75,975,220 76,059,080 7 3 1 - 6.7E-05 2

320 chr8 112,360,507 112,441,025 2 3 1 - 6.7E-05 0

91 chr14 81,490,982 81,637,981 16 6 11 - 7.9E-05 0

96 chr14 105,939,576 106,020,090 6 5 8 - 9.2E-05 10

31 chr1 194,991,793 195,083,341 6 3 2 - 1.7E-04 2

147 chr19 59,937,537 60,071,040 6 3 2 - 1.7E-04 9

155 chr2 52,585,423 52,647,008 5 3 2 - 1.7E-04 1

217 chr3 196,868,508 196,961,134 1 3 2 - 1.7E-04 4

274 chr6 67,061,694 67,116,910 1 3 2 - 1.7E-04 0

206 chr3 131,249,264 131,301,811 9 4 6 - 2.0E-04 2

Table 2. CNVRs significantly associated with PD. The table shows the 30 CNVRs which are 
significantly more frequent in patients than in controls.  The number of individuals per group is indicated 
as well as the number of genes that are located within the region. Comparison of frequencies between 
patients and controls was performed with Fishers Exact test. P value (1) was obtained by comparison of 
EOPD-DC with Controls whereas p value (2) was obtained by comparison of Walcheren and Controls. In 
bold are indicated the 2 CNVRs which are significantly more frequent in both EOPD-DC and Walcheren 
cohorts when compared to controls.
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CNVR# Size (%) Gene Symbol Gene Full Name

22 100 LCE3C late cornified envelope 3C

22 100 LCE3D late cornified envelope 3D

31 100 CFHR1 complement factor H-related 1

31 100 CFHR3 complement factor H-related 3

44 100 OR51A2 olfactory receptor, family 51, subfamily A, member 2

44 100 OR51A4 olfactory receptor, family 51, subfamily A, member 4

52 100 OR4C11 olfactory receptor, family 4, subfamily C, member 11

52 100 OR4C6 olfactory receptor, family 4, subfamily C, member 6

52 100 OR4P1P olfactory receptor, family 4, subfamily P, member 1 

pseudogene

52 100 OR4P4 olfactory receptor, family 4, subfamily P, member 4

52 100 OR4S2 olfactory receptor, family 4, subfamily S, member 2

52 100 OR4V1P olfactory receptor, family 4, subfamily V, member 1 

pseudogene

47 100 OR52N1 olfactory receptor, family 52, subfamily N, member 1

47 100 OR52N5 olfactory receptor, family 52, subfamily N, member 5

47 100 OR56B2P olfactory receptor, family 56, subfamily B, member 2 

pseudogene

61 100 DDX12 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 12

61 100 LOC728715 -

61 100 OVOS -

80 0 - -

96 100 IGHV3-41 immunoglobulin heavy variable 3-41 pseudogene

96 100 IGHV3-42 immunoglobulin heavy variable 3-42 pseudogene

96 100 IGHV3-43 immunoglobulin heavy variable 3-43

96 100 IGHV4-39 immunoglobulin heavy variable 4-39

96 100 IGHV7-40 immunoglobulin heavy variable 7-40 pseudogene

96 100 IGHVII-40-1 immunoglobulin heavy variable (II)-40-1 pseudogene

96 100 IGHVII-43-1 immunoglobulin heavy variable (II)-43-1 pseudogene

96 100 IGHVIII-38-1 immunoglobulin heavy variable (III)-38-1 pseudogene

96 100 IGHVIII-44 immunoglobulin heavy variable (III)-44 pseudogene

96 100 IGHVIV-44-1 immunoglobulin heavy variable (IV)-44-1 pseudogene

91 0 - -
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CNVR# Size (%) Gene Symbol Gene Full Name

147 100 KIR2DL1 killer cell immunoglobulin-like receptor, two domains, long 

cytoplasmic tail, 1

147 100 KIR2DL3 killer cell immunoglobulin-like receptor, two domains, long 

cytoplasmic tail, 3

147 100 KIR2DL4 killer cell immunoglobulin-like receptor, two domains, long 

cytoplasmic tail, 4

147 100 KIR2DP1 killer cell immunoglobulin-like receptor, two domains, 

pseudogene 1

147 100 KIR2DS4 killer cell immunoglobulin-like receptor, two domains, 

short cytoplasmic tail, 4

147 100 KIR3DL1 killer cell immunoglobulin-like receptor, three domains, 

long cytoplasmic tail, 1

147 100 KIR3DL2 killer cell immunoglobulin-like receptor, three domains, 

long cytoplasmic tail, 2

147 18,95 KIR3DL3 killer cell immunoglobulin-like receptor, three domains, 

long cytoplasmic tail, 3

147 100 KIR3DP1 killer cell immunoglobulin-like receptor, three domains, 

pseudogene 1

155 39,5 LOC129656 -

182 100 DDT D-dopachrome tautomerase

182 100 DDTL D-dopachrome tautomerase-like

182 100 GSTT2 glutathione S-transferase theta 2

182 100 GSTT2B glutathione S-transferase theta 2B (gene/pseudogene)

182 100 GSTTP1 glutathione S-transferase theta pseudogene 1

182 100 LOC100128677 -

182 100 LOC100129358 -

182 100 LOC100130420 -

182 100 LOC100131702 -

182 100 LOC100132082 -

182 100 LOC284890 -

182 100 LOC645964 -

182 100 LOC729832 -

182 100 LOC768328 -
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CNVR# Size (%) Gene Symbol Gene Full Name

183 6,44 CABIN1 calcineurin binding protein 1

183 100 GSTT1 glutathione S-transferase theta 1

183 100 GSTTP1 glutathione S-transferase theta pseudogene 1

183 100 GSTTP2 glutathione S-transferase theta pseudogene 2

183 100 LOC391322 -

183 100 LOC729832 -

183 100 LOC768328 -

206 100 LOC644974 asparagine-linked glycosylation 1-like 2

206 11,05 LOC729375 -

217 100 LOC440993 -

217 100 MIRN570 microRNA 570

217 100 MUC20 mucin 20, cell surface associated

217 2,84 MUC4 mucin 4, cell surface associated

198 0 - -

231 0 - -

238 100 CYP4V2 cytochrome P450, family 4, subfamily V, polypeptide 2

238 100 FAM149A family with sequence similarity 149, member A

238 100 FLJ38576 -

225 0 - -

283 0 - -

264 100 HLA-DRB5 major histocompatibility complex, class II, DR beta 5

265 100 HLA-DQA1 major histocompatibility complex, class II, DQ alpha 1

265 100 HLA-DQB1 major histocompatibility complex, class II, DQ beta 1

265 100 HLA-DRB1 major histocompatibility complex, class II, DR beta 1

265 100 HLA-DRB5 major histocompatibility complex, class II, DR beta 5

265 100 HLA-DRB6 major histocompatibility complex, class II, DR beta 6 
(pseudogene)

268 67,75 HLA-DQA2 major histocompatibility complex, class II, DQ alpha 2

274 0 - -

281 0 - -
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CNVR# Size (%) Gene Symbol Gene Full Name

299 5,46 TRB@ T cell receptor beta locus

299 100 TRBV3-2 T cell receptor beta variable 3-2 pseudogene

299 100 TRBV4-3 T cell receptor beta variable 4-3

299 100 TRBV6-2 T cell receptor beta variable 6-2 (gene/pseudogene)

299 100 TRBV6-3 T cell receptor beta variable 6-3

300 3.53 TRB@ T cell receptor beta locus

300 100 TRY6 Trypsinogen C

300 100 TRY7 Trypsinogen D

295 100 LOC100133091 -

295 100 UPK3B uroplakin 3B

320 0 - -

318 100 ADAM3A ADAM metallopeptidase domain 3A (cyritestin 1)

318 58.84 ADAM5P ADAM metallopeptidase domain 5 pseudogene

Table 3. Genes within the 30 CNVRs associated with PD. The table indicates the name of the 
genes that are located within the CNVRs significantly associated with PD. The size (%) corresponds to 
the proportion of the gene size that is affected by the CNVR. 
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(Mao et al. 1999) and that may modulate activity-dependent synapse development 
and plasticity in the brain (Shalizi et al. 2006). The glutathione S-transferase theta-1 
(GSTT1) gene is a member of the glutathione S-transferases (GSTs) superfamily of 
proteins that metabolize xenobiotics (Hayes et al. 2005). GSTTP1 and GSTTP2 are 
pseudogenes of the GSTT gene. The association of GSTT1 with increased risk of 
PD is an interesting finding because for long time, GST polymorphisms have been 
suggested as potential risk factors for PD (De Palma et al. 1998; Perez-Pastene et 
al. 2007). 
 The CNVs within the associated CNVR #183 encompass the entire GSTT1 
gene and were present either as deletion (the null genotype) or as duplication. The 
frequency of the GSTT1 deletion did not vary significantly between groups, it was 
13% (6/47) in the control group and 22% (13/60) in the EOPD-DC patient group. 
A duplication of the GSTT1 gene was not detected in controls whereas this variant 
was present in 28% (17/60) of the patients. Notably the positive association of 
the CNVR was lost when only the deletion variants were considered suggesting a 
stronger association effect of the duplication of GSTT1 rather than the deletion of 
the same gene. Interestingly, we found additional CNVs in GSTM2, GSTM4, GSTT2 
and GSTT2B genes in cases only, and GSTM1 gene variants more often in patients 
12% (7/60) than in controls 2% (1/47) (Table 3). These findings may suggest a 
possible role for other genes from the GST superfamily in the risk of developing PD. 
The frequency of these variants should be accessed in a larger cohort to validate 
the veracity of the results. 
 In order to validate our findings, 48 out of the 60 EOPD-DC samples 
were included in a larger independent study using a different SNP platform, the 
Illumina 660 Quad (Simon-Sanchez, J., manuscript in preparation). The new data 
set confirmed the presence of the CNV region located at chromosome 22, being 
shared by 52% (25/48) of the PD patients analysed. Moreover, the occurrence of 
both deletions and duplications was also confirmed. Though duplications were 
observed in only two individuals, and were therefore not associated with the disease 
phenotype. 

Selection of the CNVs potentially associated with PD in the Walcheren 
group
The subset of CNVRs present in the Walcheren patients, consisted of 193 recurring 
CNVRs, with 31 being PD-specific, and 162 present in controls and patients. 
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Walcheren group: The rare and PD specific CNV variants
From the subset of 31 PD-specific CNVRs, each CNVR is shared by 2 to 5 patients 
(Table 5), up to 4% of the individuals analyzed and thus representing the rare 
variants that may be involved in the Mendelian forms of PD. We are interested in 
genetic variants affecting genes; 21 of the PD specific CNVRs included genes. Of 
particular interest are the CNVRs #57 and #313, already indicated as interesting 
regions present in EOPD-DC patients, affecting the CACNA1C and DUB-3 genes, 
respectively. Again, the CNVs represented by these two CNVRs, are all deletions 
and thus representing loss-of-function mutations. The PI-HAT value between 
patients sharing one of the above mentioned CNVRs, ranged from 0.028 to 0.032, 
and therefore indicated that patients are not closely related. 

Walcheren group: The common CNV variants
We performed and association analyze on the 162 CNVRs present in Controls 
and Walcheren patients. Thirty CNVRs were significantly associated with the 
PD phenotype after Bonferoni correction for multiple testing (p value < 3.1E-04) 
including the two CNVRs associated with PD in EOPD-DC patients: #183 (Fisher’s 
exact test P value (2) = 2.5E-07; OR =3.2) and #299 (Fisher’s exact test P value 
(2) = 1.1E-07; OR =4.0) (Table 2). The majority of significant CNVRs affected genes 
involved in the regulation of the immune response or olfaction (Table 3). 
 Recently a new association with the HLA region and Late Onset PD was 
detected (Hamza et al. 2010) implicating the immune system in PD pathogenesis. 

CNVs and ROHs in PD Patients

Gene Controls EOPD-DC Walcheren

GSTM2 0 5 0

GSTM4 0 5 0

GSTT2 0 7 4

GSTT2B 0 7 4

GSTM1 1 7 2

GSTTP1 2 0 1

GSTT1 6 30 8

GSTTP2 6 30 8

Table 4. Frequency of the CNVs affecting GST genes. 
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CNVR# Genes EOPD-DC Walcheren Sibs Total Chr. Start Position End  
Position

36 LOCs, PTCHD3 1 1 0 2 chr10 27,657,895 27,741,926

39 - 4 1 0 5 chr10 58,181,958 58,222,206

42 - 2 1 0 3 chr10 66,970,080 67,014,884

57 CACNA1C 1 1 0 2 chr12 2,105,425 2,136,571

81 USP10P1, ORs, LOC 2 1 0 3 chr14 19,212,742 19,493,200

85 - 1 1 0 2 chr14 44,226,080 44,308,272

109 SCAPER 2 1 0 3 chr15 74,677,299 74,735,351

113 - 0 1 1 2 chr16 22,464,605 22,611,363

119 LOC 2 1 0 3 chr16 76,909,405 76,956,002

130 KIAA1267 2 1 0 3 chr17 41,563,921 41,648,144

191 - 1 1 0 2 chr3 6,613,870 6,671,642

195 SFMBT1 2 1 0 3 chr3 52,977,190 53,020,891

234 LOCs 1 1 0 2 chr4 138,311,541 138,371,795

235 - 1 1 0 2 chr4 161,227,098 161,300,167

237 CCDC110, PDLIM3, LOCs 1 1 0 2 chr4 186,627,136 186,684,564

247 - 1 1 0 2 chr5 57,326,837 57,377,909

250 RAB9P1 2 1 0 3 chr5 104,461,366 104,530,854

258 - 1 1 0 2 chr6 8,283,831 8,324,887

309 FAM90As, DEFBs, SPAG11A,HSPDP2, LOCs 1 1 0 2 chr8 7,581,785 7,869,043

313 DUB3, LOCs 2 1 1 4 chr8 11,930,259 12,074,812

328 LOC 2 1 0 3 chr9 6,659,854 6,712,102

35 C10orf51 0 2 0 2 chr10 27,232,285 27,270,681

64 OVOS2, LOC 0 2 0 2 chr12 31,202,250 31,298,174

111 - 2 2 0 4 chr15 85,600,254 85,681,851

131 TCAM1, CSH1, CSH2, GH2, CSHL1 1 2 0 3 chr17 59,286,633 59,341,700

160 IGKs 0 2 1 3 chr2 89,604,119 89,904,379

201 EPHA3 2 2 0 4 chr3 89,462,893 89,503,151

204 FILIP1L, C3orf26 0 2 0 2 chr3 101,144,653 101,378,539

240 - 0 2 0 2 chr5 7,178,022 7,255,820

314 LOCs 1 2 0 3 chr8 12,276,118 12,352,472

338 ORM1, ORM2, AKNA 3 2 0 5 chr9 116,114,181 116,138,937

Table 5. List of PD specific CNVRs observed in the Walcheren cohort. There were 56 CNVRs 
which were absent from controls and present in the Walcheren patients.  The number of individuals 
per group is indicated as well as the gene symbol representing the genes that are located within the 
regions and the region location: chromosome (chr.), start and end position (Hg18/v36.1). In bold are 
indicated the regions discussed in the text.
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CNVR# Genes EOPD-DC Walcheren Sibs Total Chr. Start Position End  
Position

36 LOCs, PTCHD3 1 1 0 2 chr10 27,657,895 27,741,926

39 - 4 1 0 5 chr10 58,181,958 58,222,206

42 - 2 1 0 3 chr10 66,970,080 67,014,884

57 CACNA1C 1 1 0 2 chr12 2,105,425 2,136,571

81 USP10P1, ORs, LOC 2 1 0 3 chr14 19,212,742 19,493,200

85 - 1 1 0 2 chr14 44,226,080 44,308,272

109 SCAPER 2 1 0 3 chr15 74,677,299 74,735,351

113 - 0 1 1 2 chr16 22,464,605 22,611,363

119 LOC 2 1 0 3 chr16 76,909,405 76,956,002

130 KIAA1267 2 1 0 3 chr17 41,563,921 41,648,144

191 - 1 1 0 2 chr3 6,613,870 6,671,642

195 SFMBT1 2 1 0 3 chr3 52,977,190 53,020,891

234 LOCs 1 1 0 2 chr4 138,311,541 138,371,795

235 - 1 1 0 2 chr4 161,227,098 161,300,167

237 CCDC110, PDLIM3, LOCs 1 1 0 2 chr4 186,627,136 186,684,564

247 - 1 1 0 2 chr5 57,326,837 57,377,909

250 RAB9P1 2 1 0 3 chr5 104,461,366 104,530,854

258 - 1 1 0 2 chr6 8,283,831 8,324,887

309 FAM90As, DEFBs, SPAG11A,HSPDP2, LOCs 1 1 0 2 chr8 7,581,785 7,869,043

313 DUB3, LOCs 2 1 1 4 chr8 11,930,259 12,074,812

328 LOC 2 1 0 3 chr9 6,659,854 6,712,102

35 C10orf51 0 2 0 2 chr10 27,232,285 27,270,681

64 OVOS2, LOC 0 2 0 2 chr12 31,202,250 31,298,174

111 - 2 2 0 4 chr15 85,600,254 85,681,851

131 TCAM1, CSH1, CSH2, GH2, CSHL1 1 2 0 3 chr17 59,286,633 59,341,700

160 IGKs 0 2 1 3 chr2 89,604,119 89,904,379

201 EPHA3 2 2 0 4 chr3 89,462,893 89,503,151

204 FILIP1L, C3orf26 0 2 0 2 chr3 101,144,653 101,378,539

240 - 0 2 0 2 chr5 7,178,022 7,255,820

314 LOCs 1 2 0 3 chr8 12,276,118 12,352,472

338 ORM1, ORM2, AKNA 3 2 0 5 chr9 116,114,181 116,138,937

Table 5. List of PD specific CNVRs observed in the Walcheren cohort. There were 56 CNVRs 
which were absent from controls and present in the Walcheren patients.  The number of individuals 
per group is indicated as well as the gene symbol representing the genes that are located within the 
regions and the region location: chromosome (chr.), start and end position (Hg18/v36.1). In bold are 
indicated the regions discussed in the text.
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Also diminished olfaction is for long recognized as an early symptom of most of PD 
patients (Kranick and Duda 2008). In addition to the CNVR #183, the identification 
of another CNVR #182 affecting genes from the GST superfamily, significantly 
associated with PD (Fisher’s exact test P value (2) = 5,1E-05), may further support 
the involvement of these genes in the development of PD. 

Identification of the cause of PD in the three siblings
The three PD siblings included in this study are heterozygous carriers of a common 
deletion encompassing the exon 3 of PARKIN gene, and were included as CNV 
positive controls. We compared the genomic location of the identified CNVs with 
the location of PARKIN, PINK1, and DJ-1, in search for an overlap between the 
two. We detected CNVs affecting the PARKIN gene in only two samples. These 
were two of the three PD siblings included in the study as CNV positive controls. 
The PARKIN deletion measured between 77-95Kb and included 21-29 consecutive 
markers. There are at least two possible methodological explanations for the failure 
of detection of one of the three deletions of the CNV positive controls. Either the 
average Log2R, or the number of markers of the CNV segment did not pass the 
chosen threshold values. We therefore looked at the list of the detected CNVs before 
segment discretization step, i.e. all the CNVs including the ones with average Log2R 
above the set threshold of -0.3219, in search for CNVs overlapping with the PARKIN 
gene. There was no other CNV, besides the two, already described, overlapping 
with PARKIN, therefore we can exclude the Log2R threshold, as a possible cause 
for the PARKIN false negative detection. One CNV out of the two CNVs found within 
PARKIN contained 21 markers, which is a number close to the minimum number 
of consecutive markers (20) required to detect a CNV. The third undetected CNV 
may have been missed for having less than 20 consecutive markers. Thus, the 
relatively high number of markers selected as minimum threshold to define a CNV 
segment is the most plausible explanation for this specific false negative detection. 
In agreement with this is that the concordance rate observed for deletions within a 
group of replicate samples, predicts the occurrence of false negative deletions with 
the method and settings used. 
 The PARKIN mutations so far associated with EOPD have a recessive 
inheritance. Therefore, mutations in both alleles are required for the manifestation 
of the disease. Though, by MLPA-Copy number analysis and exon-sequencing, we 
detected a deletion affecting exon 3 of the PARKIN gene shared by the three PD 
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siblings. However a second mutation was not identified. The second mutation may 
have been missed because we did not sequence the entire genomic region of the 
gene, i.e. the introns, 5’ and 3’UTR were not sequenced.  We therefore investigated 
if the second allele is also shared by the three siblings. The three PD siblings share 
both alleles of a large genomic region of 374 SNP markers that includes the PARKIN 
and PACRG (Parkin coregulated gene, a gene that shares its promoter with PARKIN) 
genes. Interestingly, the three siblings share another genomic variant, within the 
coding region of PARKIN a D394N substitution which was identified as polymorphic 
(Abbas et al. 1999) but might be pathogenic. 

ROH descriptives
A total of 135 samples including 88 PD patients and 47 controls were analyzed 
for ROHs. A summary descriptive statistics for the 135 individuals that quantified 
number of ROHs, mean ROH length and total ROH length was generated (Table 
6). These measures were compared between the PD and control groups (Table 6). 
The mean ROH length and mean ROH number did not differ significantly between 
the different PD groups and the control group. The total ROH length per sample 
was significantly larger in PD patients from the Walcheren group (p = 0.039) and 
in patients from the Sibs group (p = 0.0001) but not in the EOPD-DC group when 
compared with the control group. The significant larger homozygosity of the 

CNVs and ROHs in PD Patients

Cohort characteristics Control EOPD-DC Walcheren Sibs 

N. 47 60 25 3

Female (%) 53 33 40 100

ROH N. 31.3 (9.7) 34.3 (5.4) 35.7 (9.3) 41.7 (3.1)

ROH length (Mb) 1.4 (0.1) 1.3 (0.1) 1.4 (0.3) 1.9 (0.4)

Total ROH Length (Mb) 43.1 (14.8) 45.9 (7.7) 52.7 (23.5)* 80.9 (20.2)*

Fid -0.029 (0.044) 0.003 (0.017) 0.024 (0.013) 0.014 (0.011)

PI-HAT 0.082 (0.032) 0.072 (0.023) 0.152 (0.040) 0.752 (0.007)

Table 6. ROHs statistics. The table below shows the statistics on the number and length of ROH per 
cohort.  
The coefficient of inbreeding estimate is given by Fid and PI-HAT.
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genomes from the patients from the isolate and the 3 siblings group in comparison 
to EOPD-DC might be caused by the higher kinship between individuals of those 
groups. The average inbreeding coefficient of the 3 sibs (PI-HAT =0.752) and of the 
Walcheren group (PI-HAT = 0.152) is indeed higher than in the EOPD-DC cohort 
(PI-HAT =0.072) or Controls (PI-HAT =0.082) (Table 6). Theoretically, an excess of 
ROHs may increase the chances of rare recessive genetic diseases (Nalls et al. 
2009) therefore though the PD-isolate cohort is small, it may increase our chances 
to find the causative defective gene.

Identification of ROHs 
The ROHs larger than 1Mb in length were identified using all 135 individuals, 
compared and clustered using the PLINK software package. A total of 890 ROH 
clusters with consensus shared by two or more individuals were identified. 
The rare and PD specific ROH variants
We hypothesize that a homozygous variant may explain disease in some of the 
EOPD patients. Such a pathogenic variant would be homozygous only in patients 
and not in controls. Therefore we searched for ROHs absent in controls and shared 
by a reasonable number of patients, which we classified as rare and PD specific 
ROHs.  We found 162 PD-specific ROH clusters shared by up to 8 patients. The 
absence of a ROH from the control cohort may suggest an association of a mutation 
within this region with the disease phenotype or alternatively may be due to its low 
frequency and the relatively small sample size. We compared the genomic location 
of the cluster’s consensus region with the location of genes in search for potential 
candidate genes. Several genes were found within these frequent ROHs regions, 
including several olfactory receptor genes and protein kinases.

The common ROH variants
Furthermore we identified 712 ROH clusters present in controls and PD patients, 
which we refer to as common ROHs. We performed a Fishers association test 
of 649 ROHs present in EOPD-DC patients and in 542 ROH clusters present in 
Walcheren patients. However, none of the ROH clusters tested reached significance 
levels of association with PD phenotype after correction for multiple testing (p value 
< 0.00008). 
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DISCUSSION
The rare and PD-specific CNVRs 
In search for a novel loci potentially linked with PD, we looked for CNVRs absent in 
controls. We found 56 CNVRs in the EOPD group and 31 in the Walcheren group. 
From these regions, a number of genes were highlighted as potential candidate 
genes, such as the CACNA1C, DUB-3, ORs and HLA-DR5. The HLA gene is 
particularly interesting because this region was recently identified in a genome-wide 
association study (GWAS) as being associated with LOPD and termed PARK18 
locus (Hamza et al. 2010). The two EOPD patients sharing this variant are not 
related as indicated by the low Pi-HAT value 0.0127.The HLA-associated variant in 
the GWAS was a non coding variant. In our study the CNVs within the CNVR #266 
are deletions and affect 3 HLA genes, partially deleting with HLA-DR1, and -DR5, 
and completely deleting the HLA-DR6 gene. This result requires validation by real-
time PCR.

The common CNVRs – association results
The CNV analysis resulted in the identification of two CNVRs that are significantly more 
frequent in PD patients than controls. The #299 affects the TRB gene, which is part 
of the immune system response and is expressed in central nervous system neurons 
(Syken and Shatz 2003) and the #183 affects the GSTT1 gene, which is involved in 
cellular detoxification (Hayes et al. 2005). The CNVs within the associated CNVR #299 
affected the entire TRB genes. The CNVs within the associated CNVR #183 affected 
the entire GSTT1 gene and were present both as deletion (the null genotype) and as 
duplication. In the Dutch population, the frequency of GSTT1 variants was significantly 
different between controls (13%) and patients (50%). Though, the frequency of the 
GSTT1 null genotype did not vary significantly between these groups (13 -22%), being 
roughly the same as reported in a large meta analysis in Caucasian control samples 
(18%) (White et al. 2007). Notably, the significant difference in frequency of GSTT1 
variants between cohorts was caused by the GSTT1 duplication which was present 
in 28% (17/60) of the patients whereas it was absent in controls (0/47). 
 The higher inbreeding within an isolate group of patients in comparison to the 
general population (Table 5) is likely to inflate the frequency of the pathogenic variant 
and consequently facilitate its detection and identification. We identified 162 CNVRs 
present both in controls and Walcheren patients. Comparison of frequencies between 
controls and patients resulted in a relatively 30 regions significantly more common in 
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patients than in controls, including CNVR #299 and CNVR #183. The identification of 
the CNVR # 183 as being significantly more frequent in Walcheren replicates the initial 
finding in the EOPD-DC and confirms a role for the GSTT1 duplication in the disease 
phenotype. We identified 88 genes located within the genomic regions corresponding 
to the 30 significant CNVRs. Besides the already mentioned GSTT1 gene, GSTT2 
and other genes belonging to the GST gene superfamily were identified. In addition a 
large proportion of the genes were involved in immune response or olfaction which is 
an interesting finding that warrants replication.
 Together our results suggest that in our study the presence of the GSTT1 
CNV confers a higher risk of PD and that this effect is conferred by the duplication 
rather than the deletion. To our knowledge the GSTT1 duplication has not been 
described in the literature whereas the GSTT1 deletion has already been associated 
with the risk of developing PD in few studies  (De Palma et al. 1998; Singh et al. 
2008; Stroombergen and Waring 1999) that however, was not confirmed in other 
studies (Bandmann et al. 1997; Menegon et al. 1998; Ahmadi et al. 2000; Rahbar 
et al. 2000; Kelada et al. 2003; Deng et al. 2004; Dick et al. 2007; Wahner et al. 
2007). In summary, association studies of GSTT1 CNV polymorphisms with PD 
have produced conflicting results. The fact that an apparently frequent variant was 
so far undetected may suggest that the assessment of the GST polymorphisms 
were previously done by PCR based techniques that do not allow gene dosage 
analysis. Genotyping without gene-dosage would result in misclassification of 
carriers of a duplication (++/+) or heterozygous deletion (+/-) as WT carriers (+/+). 
Our findings were replicated in the Walcheren cohort where the GSTT1 duplication 
is also significantly more common in patients (6/25) in comparison to controls. 
Moreover, another CNVR, #182, including other GST genes, such as GSTT2 is 
also significantly more common in Walcheren patients than in controls, though for 
this CNVR the disease associated variant was the deletion and not the duplication. 
Whereas the GST association with EOPD-DC was replicated in the Walcheren 
cohort, it was not entirely replicated in an independent experiment using the EOPD-
DC with the Ilumina platform. The apparent different results between the two 
independent experiments is not surprising considering that the two independent 
studies used different chips and significant different methods and algorithms to 
identify and categorize CNVs. Thus the validation of these results may be possible 
with real-time PCR analysis. There are commercially available assays to genotype 
GST polymorphisms, including the GSTT1 (e.g. TaqMan assay).

Chapter 4



83

GSTT1 function and the putative pathogenic mechanism of the duplication 
variant
GSTT1 is a member of the GST superfamily of proteins, which are important enzymes 
from the phase II of the xenobiotic metabolism pathway (Hayes et al. 2005). Since the 
GST pathway is involved in detoxification of foreign compounds, including pesticides 
(Di Ilio et al. 1995), and PD is more common among people who are exposed to  
pesticides (Dhillon et al. 2008), our results may suggest a functional role of GSTT1 
gene in protection against PD in polluted environments. In addition, the fact that not all 
people exposed to xenobiotics develop PD also suggest that some people may have 
a genetic susceptibility to PD mediated by polymorphisms in enzymes involved in the 
availability of those substances  (Benmoyal-Segal and Soreq 2006).
 The GSTT1 null genotype results in the lack of enzyme activity and 
subsequent decrease in elimination of the toxic intermediates (Pemble et al. 1994) 
whereas the functional consequence of the GSTT1 duplication was not investigated. 
Taking into account that the duplication of the GSTM1 gene results in an elevated 
total enzymatic activity (McLellan et al. 1997) we hypothesize that the duplication 
of the GSTT1 gene results in an increase of the enzymatic substrate turnover. An 
increased GSTT1 enzymatic activity would decrease significantly the levels of the 
antioxidant molecule glutathione (GSH) during the formation of GSH-S-conjugates 
(Salinas and Wong 1999). GSH is an important player in protecting substantia nigra 
(SN) dopaminergic cells against oxidative stress as it functions as a scavenger of 
toxic free radicals and detoxification of xenobiotics (Bharath et al. 2002). Oxidative 
damage via GSH depletion might accelerate the build-up of defective proteins 
leading to cell death of SN dopaminergic neurons by impairing the ubiquitin-
proteasome pathway of proteins degradation (Bharath et al. 2002).

Does Parkin explain PD in the siblings?
In a previous study, using the MLPA method, we have excluded the presence of 
CNVs in the 3 AR-EOP-associated genes (PARKIN, PINK1, and DJ-1). Our current 
CNV analysis confirmed that only PD siblings (PARKIN positive controls) carried a 
CNV affecting a known PD gene and none of the other patients or controls carried a 
CNV in any of these genes. Two of the three known PARKIN deletion carriers included 
in the study were detected with the genome-wide CNV detection method used. 
 PLINK haplotype analysis revealed that the three siblings share the both 
Parkin and PACRG alleles, suggesting that a second mutation could be present 
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within PARKIN outside the coding regions investigated in our previous study. Such a 
mutation together with the identified deletion of exon 3 may constitute a heterozygous 
compound mutation and explain the disease phenotype. The three siblings share a 
coding variant in exon 11 (D394N) in heterozygous state. Despite reports of D394N 
being frequent in patients and controls in (Klein et al. 2007), to my knowledge it has 
yet not been found in homozygous state. The D394N mutation is located at exon 
11 of the Parkin gene, which encodes the In between RING finger domain (IBR). 
This region, together with the RING2 domain, is important for the binding capacity 
of Parkin to the E2 conjugation enzyme (Zhang et al 2000) and therefore there is 
currently insufficient evidence to dismiss this variant as pathogenic. It is therefore 
possible that the D394N variant, together with the exon3 deletion constitutes a 
heterozygous compound mutation and may explain the disease phenotype in these 
three sibs.  Future studies should follow to test our hypothesis by verification of the 
pathogenicity of the D394N variant in a cellular model. Supporting our hypothesis 
is the fact that another common Parkin polymorphism, the R275W, which is also 
common in controls, is considered pathogenic if present in compound state with 
for e.g the exon 3 deletion. Alternatively, the second mutation of the siblings could 
be in another gene that participates in the same pathway of Parkin or the disease 
in these patients could be unrelated to Parkin and be due to an unrelated gene. To 
investigate this possibility we investigated whether there was any CNVR shared by 
the three sibs. Two CNVRs were shared by the three sibs. However, the frequency 
of the CNVR #208 was not significant between EOPD (28%) and controls (34%), 
and the frequency of CNVR #3 was significantly different between EOPD patients 
(33%) and controls (15%) (p value 0.043) but it did not pass Bonferoni correction. 
The region #3 contains SYF2, C1orf63, RHD, SDHDP6, TMEM50A, and RHCE 
genes. Given the segregation pattern of the disease in this family suggests a 
recessive form of PD, it can be expected to find a pathogenic variant with relatively 
high frequency in controls in heterozygous state and in patients in homozygous 
state. Unfortunately, in this study, we are limited to CNV frequencies and cannot 
reliably detect the number of gene copies i.e. we cannot determine if the CNV is 
heterozygous (1 mutant allele) or homozygous (two mutant alleles). We detected 
no variants, which are either PD specific or significantly more frequent in patients 
in comparison to controls. Therefore, the most likely explanation is that the disease 
is caused by a compound heterozygous mutation of an exon 3 deletion and the 
D394N substitution in Parkin.
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ROHs 
As expected, the PD samples with higher inbreeding coefficient have a significantly 
larger total ROH length than controls. Considering a recessive phenotype, we 
expect that the genomic region containing the affected gene is homozygous in 
patients only and not in controls. We identified 162 PD specific ROH clusters, 38 
being shared by at least two Walcheren patients and 63 shared by at least two 
EOPD patients. In addition there are 712 ROH clusters common and present in 
PD patients and controls, however none was significantly associated with the PD 
phenotype. 

CONCLUSION
In conclusion, this CNV study identified a duplicated functional GSTT1 gene to be 
associated with an increased risk of PD in the Dutch population. Although the result 
is highly significant, the data needs to be validated in a replication study using a 
larger and independent PD cohort and with another method to genotype the GST 
variants. More important is the finding of a PD specific CNV, observed in two EOPD 
patients, affecting the HLA-DRB5 gene, which was recently associated with late-
onset PD (Hamza et al. 2010).
 Our study demonstrated that investigation of the CNVs can reveal potentially 
interesting regions to explain the PD phenotype even when using rather small group 
of patients composed of 60 EOPDs or 25 patients from a isolated community in the 
Netherlands. Whereas association of ROHs seems to require much larger cohorts 
to have power of reaching significance levels.
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MATERIAL AND METHODS
Study participants
The (EOPD-DC)-patients used in this study are part of the PROPARK cohort 
(PArkinson’s disease-PROfiling PARKinson’s disease http://www.scopa-propark.
eu/). Recruitment procedure and assessment procedure was described elsewhere 
(Verbaan et al. 2008). The study was approved by the medical ethics committee 
of the Leiden University Medical Center and all patients gave written informed 
consent. For the current study, patients were selected according to the following 
selection criteria: 1) with AAO  ≤ 40 years old or 2) with two or more first- or second-
degree family members with history of PD suggestive of recessive phenotype and 
3) without mutations in the following PD-associated genes: PARKIN, DJ-1, PINK1, 
LRRK2 and SNCA genes (Macedo et al. 2009).  In total, 60 EOPD patients (33% 
female) with a mean AAO of 34.7 ± 5.6 years (range 18.1 to 51.7) were selected 
and assessed for CNVs. Two patients with AAO > 40 (43 and 51.7) were selected 
because the family pedigree suggested recessive phenotype. Seven (11%) and 
15 (25%) patients had a history of first- and second-degree relatives affected 
with PD, respectively. Additionally, 3 female siblings with EOPD were included in 
which a heterozygous deletion of exon 3 of the PARKIN gene was identified with 
the MLPA method (www.mlpa.com/) were also included in this study. Furthermore 
25 patients (40% female) originated from a genetic isolate from the Southwest of 
the Netherlands (Walcheren) with at least 6/8 grandparents originating from the 
island, were included in this study. Walcheren is a former island in the province 
of Zeeland in the Netherlands. Zeeland, located in the Southwest of the country, 
consists of a number of linked islands (hence its name, meaning “sea-land”), a 
circumstance that has tended to isolate it from the rest of the country. It is primarily 
an agricultural province. A total of 47 Dutch healthy blood donors (53% female) 
were used as controls.

The Affymetrix Genome-wide human SNP array
The single-chip Affymetrix SNP array 5.0 contains all 500,568 single nucleotide 
polymorphisms (SNPs) as well as 420,000 non-polymorphic probes. The array 
experiments were performed according to the manufacturer’s instructions. Briefly, 
total genomic DNA (250 ng) was digested with Nsp I and Sty I restriction enzymes 
and ligated to adaptors that recognize the cohesive 4 bp overhangs. All fragments 
that resulted from restriction enzyme digestion, regardless of size, were substrates 
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for adaptor ligation. A generic primer that recognizes the adaptor sequence was 
used to amplify adaptor-ligated DNA fragments. PCR conditions have been 
optimized to preferentially amplify fragments in the 200 to 1,100 bp size range. 
PCR amplification products for each restriction enzyme digest were combined 
and purified using magnetic beads. The amplified DNA was then fragmented, 
labeled with biotinylated dideoxy ATP using Terminal Deoxynucleotidyl Transferase 
and hybridized to the array. Hybridization was detected by incubation with 
streptavidin-phycoerythrin conjugates and biotinylated anti-streptavidin antibody, 
followed by scanning the array.

Genotyping
The Genome-Wide Human SNP Array 5.0 was used in conjunction with the 
Affymetrix® Genotyping Console 2.1 (www.affymetrix.com/). Genotyping Console 
implements two algorithms; the Dynamic Model algorithm (DM) generates a quality 
control (QC) call rate for each array by testing a set of 3,022 SNPs specifically 
chosen for evaluating data quality and the BRLMM-P algorithm (Bayesian Robust 
Linear Model with Mahalanobis distance classifier) uses data from multiple arrays to 
make genotype calls (Affymetrix 2006; Rabbee and Speed 2006). The QC call rate 
for an individual array was used to determine whether a sample should be repeated 
or used for downstream analysis. All the samples passed the required QC call rate 
of 86% (mean 94.8%) therefore they all passed quality control, and the minimum 
BRLMM-P call rate was, above 97 percent (mean 99.2%). Using the version 2.1 of 
the Affymetrix® Genotyping Console and Algorithm BRLMM-P, a total of 755,045 
autosomal markers can be genotyped, including 433,332 SNPs and 321,713 CN 
probes, offering a good physical coverage of the human genome with a mean 
interSNP and mean interMarker distance of, 6.6 Kb and 3.7 kb, respectively. In our 
dataset a total of 752,034 autosomal markers were genotyped, including 430,321 
SNPs and all CN probes. 

Identification of CNVs
The current Affymetrix software does not support analysis of the non-polymorphic 
probes from array 5.0 therefore we used the CNAM (Copy Number Analysis Module) 
algorithm (Golden Helix, Helix Tree, Progeny Software, LCC; www.goldenhelix.
com/) to identify CNVs based on both the SNP and CNV probes. We assumed that 
the control and case samples would not differ in the number of CNVs but on their 
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location, so we considered all samples as reference for normalization. The intensity 
data of each sample was normalized with the same 135-sample reference data set 
to be transformed into Log2 ratios (Log2R). Additionally, quantile normalization on 
the A and B probe intensities was performed. 
 Correction of the Log2R input data for stratification and batch effects 
was done for all autosomes with the principal component analysis method (PCA) 
(Price et al. 2006) using the HelixTree and CNAM software which derives from 
the “EIGENSTRAAT” program (Patterson et al. 2006). The number of principal 
components to use for PCA analysis, was determined by the number of components 
with eigenvalue ≥1. In our sample data set this number was 2 therefore, the autosomal 
Log2R were corrected for two components. Autosomes were segmented using the 
CNAM univariate algorithm which segmented each sample separately, finding the 
cut-off points of each segment for each sample and outputting the mean, for every 
sample, of every unique segment found across all samples. The segmentation was 
performed using a moving window of 10,000 consecutive markers and a maximum 
of 40-100 segments. As a no genotype call can be due to a deletion we chose not 
to exclude any marker from analysis. The lower the number of markers used to 
define a segment, the higher is the signal/noise ratio, the smaller is the mean CNV 
size and the higher is the number of identified CNVs however this will also increase 
the chance of finding false positives. A higher number of markers used to identify 
a CNV will decrease the false positive rate but increase the chance of missing real 
CNVs. We chose 20 markers as the minimum number of markers required to define 
a CNV segment because the CNV concordance rate between replicates was higher 
when a minimum of 20 markers was used in comparison to 10 markers. 

CNV call and experimental reproducibility
A total of 139 samples were processed: 88 PD patients (60 EOPD-DC, 25 PD-
isolate, and 3 siblings), 47 controls, and 4 replicates. To test the reproducibility of the 
arrays in time we run 4 sample replicates and analyzed the genotypes and CNVs. 
The replicates consisted of one DNA sample assayed 4 times in two different days. 
The CNV segments had to be discretized into an approximate copy number call 
(deletion, neutral, duplication) based on thresholds that signify a transition between 
copy number states. Different threshold values were applied, the CNVs obtained 
were grouped into CNVRs and these were compared between the quadruplicated 
samples. The thresholds chosen that had the best sensitivity/ concordance ratio; 
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Log2R = - 0.3219 (R=0.80) and Log2R =0.3785 (R=1.3), for cutoff of deletions 
and duplications, respectively. These settings resulted in an average of 66% and 
80% concordance rates for deletions and duplications, respectively between the 
4 replicates. After chromosome segmentation and discretization of the segments 
into CNVs, the number of CNVs, mean CNV length, and total CNV length were 
calculated. The total CNV length was calculated by summing the length of each 
individual CNV per participant. These metrics were used for comparing the CNVs 
among the different groups of participants in this study. 

CNV clustering into CNVRs
Eighty percent of the identified non-redundant CNVs (1,883 CNVs) were observed 
in a single sample out of the 135 samples analyzed. The method and settings used 
do not exclude the possible occurrence of false positives. CNVs called in only a 
single individual (singleton CNVs) are more likely to be false positives compared with 
CNVs identified in several individuals. Considering that a significant number of CNVs 
presented a similar genomic location and under the assumption that neighboring 
CNVs, overlapping by ≥ 70% of their size, represent the same CNV, we clustered 
the CNVs into CNV Regions (CNVRs). Two CNVs represented the same CNVR 
when they overlapped with each other by at least 70% of their size. The CNVR 
boundaries were defined by the most extreme CNV start and end positions found in 
the group. The 2,359 non-redundant CNVs corresponded to 1,205 non redundant 
regions, with 886 regions observed in a single individual and 339 were variant in 
multiple individuals. The clustering of CNVs resulted in the exclusion of 866 (37%) 
single-occurence CNVs and in the selection of 339 CNVRs.

The database of genomic variants
The CNVs reported so far have been catalogued in the database of genomic variants 
(DGV, http://projects.tcag.ca/variation/), which at the time of writing contains 8,104 
CNV loci (August 2009 release, hg18.v8). We created a script to compare the 
genomic location of the CNVs and CNVRs identified in our study with the CNV loci 
reported in DGV. 

The gene database
The human reference sequence gene list with respective genomic location was 
downloaded from NCBI website ftp://ftp.ncbi.nlm.nih.gov/refseq/H_sapiens/
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RefSeqGene/. According to this database, the autosomal genome contains 
approximately 31,000 genes with 38 kb mean length and 9 kb median length, 
spread over 1,180 Mb, which represents ~40% of the autosomal genome size.

Identification of ROHs
We used the PLINK v1.06 toolkit to identify runs of homozygosity (http://pngu.mgh.
harvard.edu/~purcell/plink/). The primary criteria for inclusion of a genomic region 
into a homozygous run are the region must be at least 1 Mb in length and contain 
at least 50 adjacent SNPs (per Mb) with homozygous genotype calls. This robust 
size and SNP density threshold for inclusion into ROH allows for the algorithmic 
exclusion of copy number variants, centromeric regions and SNP-poor regions. 
This requirement of at least 50 SNPs per Mb is similar to the requirements used 
by Gibson et al (Gibson et al. 2006). A sliding window of 50 SNPs was used to 
identify these runs, and included no more than 2 SNPs with missing genotypes 
and 1 possible heterozygous genotype. These analyses were limited to the 22 
autosomal chromosomes. After identification of ROHs, the number of ROHs, mean 
ROH length, and total ROH length were calculated. The total ROH length was 
calculated by summing the length of each individual ROH per participant. These 
metrics were used for comparing the rates of homozygosity among the different 
groups of participants in this study. 
 Identification of ROHs was performed on genotype data for 430,321 autosomal 
SNPs using PLINK software. Autozygosity was measured in the form of runs of 
extended tracts of homozygosity (ROHs) and analyzed genome-wide. A total of 4,548 
long autosomal runs of homozygous (ROH ≥1Mb) were detected, ranging in size from 
1 to 16 Mb and containing from 52 to 2,784 consequent homozygous SNPs (average 
1.3 Mb and 169 SNPs). The ROHs were compared and clustered into 890 ROH regions 
shared by two or more individuals. The consensus regions of these clusters were 
defined as the loci shared by all overlapping segments of ROH in a particular genomic 
region. The largest consensus region defined was 3068 Kb and contained 821 SNPs. 
The average consensus region defined was 393 Kb and contained 53 SNPs.  

Statistical analyses
Data are presented as means and standard deviations for continuous variables and 
as frequencies and percentages for categorical variables. We tested the hypotheses 
of increased summary measures of CNVs and ROHs (Number, total and average 
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lengths) being associated with PD using simple two-tailed T –tests to compare means 
between cases and controls. Comparisons between groups were performed on 
transformed data, in order to achieve normal distribution. Additionally, we tested the 
hypotheses of certain CNVRs being associated with EOPD using the Fishers exact 
test to compare the frequency of these regions between cases and controls. The 
significance thresholds were corrected for multiple testing considering a significant 
p value as 0.05 divided by the number of tests; for CNVR associating with PD the 
significant p value was set at 0.000235, which is approximately 0.05/213. All the 
statistical analyses were performed using SPSS statistical package (version 15.0).
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ABSTRACT
Loss-of-function mutations in the DJ-1 gene (PARK7 locus), are linked to PD. We 
searched for proteins interacting with DJ-1 by YTH screening in a human brain 
cDNA library. The screening resulted in the recovery of one novel DJ-1 interactor 
CHD3, and four previously identified interactors DJ-1, DJBP, PIASxα, and Ubc9. We 
showed that the capacity of DJ-1 to interact with these proteins was altered by the 
M26I and L166P pathogenic mutations. Both mutations impeded DJ-1 interaction 
with DJBP and additionally, the DJ-1M26I mutant protein lost the interaction capacity 
with CHD3, and the DJ-1L166P lost the capacity to form dimers with DJ-1WT.

Using the UbFC fluorescence complementation assay we confirmed protein-
protein interactions of DJ-1 with the E2 SUMO conjugation enzyme Ubc9, and with 
SUMO-1, and visualized the resulting protein conjugates in living cells by confocal 
microscopy. The DJ-1WT/Ubc9 protein conjugates were homogenously distributed 
in the cytoplasm, and the DJ-1WT/SUMO-1WT conjugates were cytoplasmic with a 
speckled distribution in the nucleus. Interestingly, the sumoylation-deficient DJ-1K130R 
mutant protein interacted with SUMO-1WT, and the conjugation-deficient SUMO-
1DelGG mutant protein interacted with DJ-1WT. These results indicate of a non-covalent 
interaction between DJ-1 and SUMO-1 and suggest that DJ-1 sumoylation results 
in DJ-1 translocation to Promyelocytic leukemia protein-Nuclear bodies (PML-NBs). 
Future studies should solve the functional consequence of DJ-1 localization at the 
PML-NBs, and investigate role of DJ-1 non-covalent interaction with SUMO-1 in 
the neurodegeneration process of PD. In addition we found a novel DJ-1 interactor, 
CHD3, which may underlie the mechanism by which DJ-1 regulates transcription of 
genes, namely those involved in apoptosis. Therefore a follow up study on this novel 
interaction may reveal important insights into the anti-apoptosis function of DJ-1.

SUMO-1 MODIFIED DJ-1 IS TRANSLOCATED TO 
THE PML NUCLEAR BODIES
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INTRODUCTION
Loss-of-function mutations in the DJ-1 gene (PARK7 locus), are associated with 
autosomal recessive early onset Parkinsonism (AR-EOP) (Bonifati et al. 2003), 
although the disease-causing mechanism remains to be fully resolved. Structural 
(Honbou et al. 2003; Huai et al. 2003; Lee et al. 2003; Tao and Tong 2003; Wilson 
et al. 2003) and molecular data (Macedo et al. 2003; Miller et al. 2003; Baulac et 
al. 2004; Blackinton et al. 2005) demonstrated that the DJ-1WT protein forms a 
homodimer. The DJ-1L166P mutant protein (Bonifati et al. 2003), is highly unstable 
(Macedo et al. 2003), fails to dimerize, is selectively polyubiquitinated and rapidly 
degraded in part by the ubiquitin-proteasome system (Miller et al. 2003; Olzmann et 
al. 2004). The DJ-1M26I homozygous mutation (Abou-Sleiman et al. 2003) increases 
protein aggregation, alters the secondary structure (Hulleman et al. 2007) though 
retaining the ability to dimerize (Blackinton et al. 2005), and decreases protein 
stability though not as dramatically as DJ1L166P (Blackinton et al. 2005; Xu et al. 
2005). 

The identification of binding partners of DJ-1 and their biochemical roles 
suggested a possible function of DJ-1 regulation of oxidative stress (Taira et 
al. 2004), apoptosis (Junn et al. 2005; Fan et al. 2008), protein aggregation 
(Shendelman et al. 2004), sumoylation  (Zhong and Xu 2008), and transcription 
(Takahashi et al. 2001; Niki et al. 2003; Zhong et al. 2006; Tillman et al. 2007; 
Vasseur et al. 2009). DJ-1 interaction with Ubc9 and PIASxα sumoylation enzymes 
may support DJ-1’s sumoylation or DJ-1’s capacity in regulation of sumoylation of 
other proteins (Shinbo et al. 2006; Zhong et al. 2006; Fan et al. 2008; Zhong and 
Xu 2008). Sumoylation, is a reversible protein modification that involves the covalent 
attachment of a small ubiquitin-related modifier peptide (SUMO) to lysine residues 
of the target proteins. This process involves an energy-consuming reaction cascade 
that requires the consecutive action of up to three enzymes: the E1 activating 
enzyme (the heterodimer SAE1/SAE2), the E2 conjugating enzyme (Ubc9), and one 
of the several SUMO E3 ligases (Wilkinson and Henley 2010). The E3 SUMO ligases 
(e.g. protein inhibitor of activated STAT (PIAS) proteins) appear not to be essential, 
but may facilitate the modification. PIASxα and PIASg stimulate the modification of 
DJ-1WT by SUMO-1 in vivo in a dose-dependent manner (Shinbo, Niki et al. 2006). 
Proper SUMO-1 conjugation to DJ-1 is essential to DJ-1 exert its antiapoptotic 
activity (Shinbo et al. 2006; Fan et al. 2008), although the mechanism regulating 
this post-translational modification is not fully understood. In addition, proteins have 
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been shown to bind SUMO or SUMO chains non-covalently via a SUMO-interacting 
motif (SIM) (Kerscher 2007). The apparent involvement of DJ-1 in different cellular 
processes makes it difficult to identify which of these might be affected in PD. In an 
attempt to identify the brain’s biochemical pathway(s) in which DJ-1 is involved, we 
searched for proteins expressed in a human brain cDNA library that interact with 
DJ-1 using a YTH screen. In this study, we focused on the interaction of DJ-1 with 
the sumoylating enzyme Ubc9 and SUMO-1 protein, and investigated the effect of 
the L166P and M26I mutations on the established DJ-1-protein interactions. 

RESULTS 
Screen of proteins interacting with DJ-1 protein
To identify proteins associated with DJ-1, we used human full-length DJ-1 as bait to 
screen a human brain cDNA library using the YTH selection assay. Protein-protein 
interaction induces expression of reporter genes HIS3, ADE and LacZ. We con-
firmed the specificity of the system by transforming yeast either with bait or prey 
plasmids alone and verifying the absence of any activity of the HIS3 or LacZ reporter 
genes (data not shown). In addition, yeast co-transformed with the DJ-1 bait plas-
mid and the empty prey plasmid also did not activate HIS3 (Figure 1, -His, 4+5). 
Furthermore, cells carrying both the DJ-1 bait and a pre-selected positive control 
prey plasmid (DJ-1 or PIASxα, which are well characterized YTH DJ-1 interactors 
(Miller et al. 2003)) did show activity of the reporter genes (Figure 1, -His, 4+6 and 
4+7) and thus were used as positive controls. In contrast, the independent positive 
control pair Tomosin and Syntaxin-1 grew on –His medium (Figure 1, -His, 3+ 8).
From approximately 6.7 x106 yeast transformants screened, 3013 clones 
grew on –His medium stringency plates, and 162 clones grew on –Ade 
high stringency plates (Figure 2). Of these162 clones, 130 (80%) plasmids 
were successfully isolated, sequenced and identified (Figure 2). Among the 130 
identified clones, 30 were not in frame with GAL4-AD and were therefore excluded 
as false positives (Figure 2), and 50 clones, representing 5 different cDNAs, were 
able to induce expression of the HIS3 reporter gene independently of the pres-
ence of DJ-1 bait (Figure 3). We isolated and identified 49 DJ-1 interacting-clones, 
representing 5 different cDNAs (Figure 2), four of which encoded already previously 
described DJ-1 protein interactors, DJ-1, DJBP, PIASxα and Ubc9, whereas the 
fifth cDNA encoded a novel DJ-1-binding-partner, CHD3 (Table 1). Four DJ-1 YTH 
clones represented the full-length DJ-1 transcript. The finding of DJ-1 demonstrates 
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+His -His

that it can interact with itself, consistent with reports that DJ-1WT forms a homodi-
mer (Macedo et al. 2003; Miller et al. 2003; Tao and Tong 2003). Three YTH clones 
represented an identical cDNA encoding the C-terminus of the DJ-1 binding protein 
(DJBP) (amino acids 370-570) within the previously described DJ-1 interacting 
region in the DJBP C-terminus (amino acids 390-570) (Niki et al. 2003), allowing 
us to further narrow the region of interaction. Forty YTH clones were in the correct 
reading frame at 11 different positions in the 5’-untranslated region of Ubc9. Ubc9 
is the E2 SUMO-1 conjugating enzyme, a human homolog of the yeast ubiquitin 
conjugating enzyme Ubc9. This protein had already been found in independent 
YTH screens as interactor of DJ-1 (Junn et al. 2005; Shinbo et al. 2005). A novel 
DJ-1 interacting protein was represented by a single YTH clone that encoded 302 
amino acids from the C-terminal region of the human Chromodomain helicase 
DNA binding protein 3 (CHD3) (Woodage et al. 1997). This protein is involved in 
histone deacetylation, chromatin remodelling and transcription repression (Xue 
et al. 1998; Denslow and Wade 2007). The binding of DJ-1 to CHD3 may reveal 
another potential DJ-1’s mechanism in regulation of gene transcription yet not 
reported (Discussion page 137).

Figure 1. The YTH positive controls. Bait pBD constructs: empty (1), Lamin C (2), Tomosin (3), and DJ-

1wt (4); Prey pACT2 constructs: empty (5), DJ-1wt (6), PIASxα (7), and Syntaxin-1 (8). Yeast co-transformed 

with bait and prey constructs, were plated on +His medium (A) to confirm the presence of both plasmids, 

and on –His (B) to test for bait/prey protein interaction. The cell growth on +His, demonstrates that all cells 

were successfully transformed with bait and prey plasmids. The cell growth on –His, suggests protein 

interaction between: Lamin C and PIASxα (2+7), Tomosin and DJ-1 (3+6), Tomosin and PIASxα (3+7), 

and confirms interaction between our positive controls protein pairs, Tomosin and Syntaxin-1 (3+8), DJ-1 

and DJ-1 (4+6), DJ-1 and PIASxα (4+7). 
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Figure 2. YTH experimental scheme. Schematic representation of the YTH screening method and the 

established and newly identified DJ-1 interacting proteins on the right.
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A) +His
Empty bait

DJ-1 WT
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B) -His
Empty bait

DJ-1 WT

Figure 3. Autoactivation test on potential DJ-1-interacting clones. Yeast co-transformed with 

the empty or DJ-1WT bait plasmids and the cDNA library prey clones DJ-1WT (1), RanBP9 (2), RNF2 (3), 

CHD3 (4), TDG (5), FLJ90502 (6), FBXO3 (7), DJBP (8), PIASxα (9), COPS5 (10), and Ubc9 (11) plated 

on +His (A) to confirm successful tranformation and on –His (B) to test protein interaction. Growth of cells 

transformed with the empty bait plasmid and clones 2, 3, 5, 7, or 10 on –His, indicated auto-activation 

activity and false positives. Interaction of DJ-1WT with clone 6 was not confirmed and thus classified 

as false positive. The lack of cell growth of empty-bait- and growth of DJ-1wt –containing cells on –His 

confirmed the interaction of DJ-1WT with DJ-1 (1), CHD3 (4), DJBP (8), PIASxα (9), and Ubc9 (11).
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We then investigated the effect of two DJ-1 pathogenic mutations (M26I and 
L166P) on the interaction between DJ-1 and the protein partners identified in our 
YTH screen; DJ-1WT, PIASxα,DJBP, Ubc9 and CHD3. As expected DJ-1WT bound to 
all 5 proteins. The capacity of DJ-1 to interact with these proteins was altered by the 
M26I and L166P mutations. Both mutations impeded DJ-1 interaction with DJBP 
protein and additionally, the DJ-1M26I mutant protein lost interaction with CHD3 and 
the DJ-1L166P with DJ-1WT (Figure 4). None of the DJ-1 mutants lost interaction with 
Ubc9 or PIASxα sumoylation proteins.

DJ-1 interacts with Ubc9 in the cytoplasm
Ubc9 was the most common clone (40/49) found in our screen, and it has been 
found in independent YTH screens (Junn, Taniguchi et al. 2005; Shinbo, Taira et 
al. 2005) making it unlikely to be a false positive. Because the interaction of DJ-1 
with Ubc9 had not yet established in mammalian cells we decided to follow up 
on this interaction. To detect whether DJ-1 and Ubc9 interact in mammalian cells 
we used coimmunoprecipitation (coIP). We successfully performed a coIP of DJ-1 
and the Ubc9 protein in HeLa cells overexpressing V5-tagged DJ-1 and FLAG-
tagged Ubc9 by using anti-V5 antibody (Figure 5). Given that coIP provided only 
a weak signal intensity of DJ-1 on the immunoblot, we opted for the use of an 
alternative method to confirm the DJ-1 /Ubc9 protein interaction. For this we used 
the UbFC assay, which was developed for the visualization of specific sumoylated 
proteins in living cells (Fang and Kerppola 2004). Both interacting proteins were 
each tagged with one of the two complementary fragments of a fluorescent Protein, 
which complement each other in the formation of a functional Yellow fluorescent 
protein (YFP) upon interaction of the protein binding partners (Hu and Kerppola 
2003). In our experiment DJ-1 was fused to the YFP’s N-terminal fragment (YN), 
whereas the interacting protein partners SUMO-1 or Ubc9 were fused to the Cyan 
Fluorescent Protein’s (CFP) C-terminal fragment (CC) (Figure 6). The UbFC assay 
enables the subcellular localization of protein interactions by confocal microscopy. 
Human embryonic kidney HEK293T cells were transiently transfected with both 
expression vectors encoding the above mentioned fusion proteins and examined by 
confocal microscopy, which confirmed DJ-1 interaction with Ubc9 and showed that 
the DJ-1/Ubc9 protein complexes are cytoplasmic (Figure 7A). The specificity of this 
interaction was supported by the results with cells transfected with either YN-Ubc9 
or DJ-1-CC alone, or co-transfected with a YN-empty vector, which together with 
DJ-1-CC did not produce fluorescence (data not shown). 
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Table 1. Summary of YTH screening results. The table indicates the name and number of DNA clones 

identified in our YTH screen using DJ-1 WT as bait. The screening identified 11 different genes as putative 

DJ-1 interactors, Validation tests excluded 6 genes as false positives (5 that presented autoactivation 

activity and 1 for which interaction was not confirmed) resulting in 5 potential DJ-1 interactors (4 known 

and 1 novel).

GENE  
SYMBOL

GENE  
NAME

DNA ACESSION 
NUMBER

Nº OF CLONES INTERACTION  
REMARKS

UBE2I/ 
hUbc9

Ubiquitin conjugating 
enzyme E2I, UBC9 
homolog, yeast

NM_003345 40 Known

PARK7/DJ-1 Parkinson disease 7 NM_007262 4 Known

DJBP/ EFCAB6 DJ-1 binding protein, 
EF-htand calcium 
binding domain 6

AB073862 3 Known

PIAS2/PIASxα 
PIASxβ

Protein inhibitor of 
activated STAT,2

BC111060 1 Known

CHD3/Mi-2a Chromodomain 
helicase DNA binding 
protein 3

NM_001005273 1 Novel

RanBP9 RAN binding protein 
9

NM_005493 42 False,  
autoactivation

COPS5 COP9 constitutive 
photomorphogenic 
homolog subunit 5

NM_006837 3 False,  
autoactivation

TDG Thymine-DNA 
glycosylase

BC037557 2 False,  
autoactivation

FBXO3 F-Box protein 3 AB209039 2 False,  
autoactivation

RNF2 Ring finger protein 2 BC012583 1 False,  
autoactivation

FLJ90502 Hypothetical protein AK074983 1 False,  
no interaction
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A) +HisA) +His
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1 4
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1 4
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2 5

1 4

3 6

2 5

1 4

3 6

2 5
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Figure 4. The mutation effect on DJ-1 interaction with the YTH clones

The effect of M26I and L166P pathogenic mutations on DJ-1 protein interaction with the five potential 

DJ-1 interactors identified with YTH system. Yeast cells co-transformed with the empty bait, DJ-1wt, DJ-

1M26I, or DJ-1L166P bait plasmids and empty prey (1) or cDNA library prey clones DJ-1WT (2), PIASxα 

(3), DJBP (4), Ubc9 (5), or CHD3 (6), plated on +His to confirm that both plasmids were present and –His 

to confirm protein interaction. DJ-1WT was bound to all of the 5 proteins (clones 2-6). DJ-1M26I bound to 

3 proteins (clones 2, 3 and 5). DJ-1L166P bound to 2 proteins (clones 3 and 6).

B) -His
Empty bait DJ-1 WT

DJ-1 M26i DJ-1 LI66P

1 4

3 6

2 5

1 4

3 6

2 5

1 4

3 6

2 5

1 4

3 6

2 5
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DJ-1 conjugation to SUMO-1 results in partial DJ-1 translocation into PML 
nuclear bodies
DJ-1 is present in the cell nucleus even though it does not contain a nuclear localization 
signal (NLS) motif. Because sumoylation of DJ-1 is essential for its anti-apoptotic 
activity, we hypothesized that SUMO-1 modification could be responsible for DJ-1’s 
nuclear localization. We investigated the intracellular localization of SUMO-1 modified 
DJ-1 using the UbFC system. The HEK293T cells were transiently co-transfected 
with DJ-1-CC and YN-SUMO-1, and were analyzed by confocal microscopy. 
Interestingly, the DJ-1/SUMO-1 protein complexes were evenly distributed in the 
cytoplasm but had a speckled distribution in the nucleus (Figure 7B). Hence, it 
seems that interaction of DJ-1 with SUMO-1 results in partial DJ-1 translocation 

Figure 5. DJ-1wt interacts with Ubc9. Confirmation of DJ-1 and Ubc9 interaction by co-

immunoprecipitation in transiently co-transfected HeLa cells. HeLa cells were co-transfected with DJ-

1WT/V5 and FLAG-Ubc9 or FLAG-empty constructs. Two percent of the cell extracts were immunoblotted 

with the anti-FLAG antibody (lanes 1-2) and anti-V5 antibody (lanes 3-4), and the rest of the samples 

were immunoprecipitated with the anti-FLAG antibody followed by immunoblotting with the anti-V5 

antibody (lanes 5-7). The arrow shows the FLAG/Ubc9 protein in the total protein cell lysate and the 

arrow head points at the DJ-1WT/V5 protein that was successfully co-IP with the FLAG/Ubc9 protein by 

FLAG antibody. IgL, Immunoglobulin light chain IP, Immunoprecipitation; WB, Western blotting.
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into specific subnuclear structures. A fraction of the subnuclear compartments 
containing the DJ-1/SUMO-1 complexes were identified as Promyelocytic leukemia 
protein Nuclear bodies (PML NBs) (Figure 8) by performing the UbFC experiments 
in combination with immunostaining with 5E10, a specific monoclonal antibody 
recognizing the PML protein (Stuurman et al. 1992). 

DJ-1 interacts covalently and non-covalently with SUMO-1
Sumoylation involves the covalent binding of a SUMO peptide to a lysine residue 
of the target protein. Of the 16 lysine residues present in human DJ-1, the lysine 
at position 130 (K130) is the only lysine conserved up to drosophila (Shinbo et al. 
2006). Moreover et al 2006 demonstrated by IP of DJ-1 in H1299 cells, that K130 is 
the only lysine residue that when substituted with arginine (DJ-1K130R) abrogated 
DJ-1 sumoylation, indicating that the K130 is the major SUMO-1 acceptor lysine 
and indispensable for DJ-1 sumoylation (Shinbo et al. 2006). 

With the UbFC system, the DJ-1K130R -CC mutant was able to interact with 
YN-SUMO-1WT (Figure 7C), suggesting that the K130 residue is not necessary for the 
interaction of DJ-1WT with SUMO-1WT. Assuming that DJ-1 has no alternative SUMO-
1 acceptor sites (Shinbo et al. 2006), the observed interaction of DJ-1K130R-CC 

Figure 6. Schematic representation of the UbFc assay. Full-length human “A” (SUMO-1 or Ubc9) 

is fused to the N-terminal fragment (amino acid residues 1-172) of enhanced yellow fluorescent protein 

(YN) and the full-length DJ-1WT is fused to the C-terminal fragment (a.a. 155-238) of enhanced cyan 

fluorescent protein (CC). When DJ-1 interacts with protein A, the N-and C-terminal fluorescent fragments 

complement each other producing a functional yellow fluorescent protein (YFP) with light emission that 

allows for the visualization of the “A”/DJ-1 protein conjugates in single cells by confocal microscopy.
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with YN-SUMO-1WT suggested the existence of a non-covalent interaction via a not-
yet identified SIM motif. Interestingly, the sumoylation-deficient DJ-1K130R bound 
with SUMO-1 lost the nuclear localization, suggesting that sumoylation of DJ-1 is 
essential for its localization at the PML-NBs

The C-terminal di-glycine motif of SUMO is required for proper cleavage, 
activation, and subsequent covalent conjugation of SUMO proteins to lysine 
residues in target proteins. We generated a C-terminally truncated SUMO-1 referred 
to as SUMO-1DelGG, which lacks 6 amino acids including this di-glycine motif 
to be used as a sumoylation-negative control. The YN-SUMO-1DelGG showed 
only a small decrease in the capacity to interact with DJ-1WT-CC in comparison 
to its WT counterpart (Figure 7D). The interaction between DJ-1WT-CC and YN-
SUMO-1DelGG cannot be accounted by fortuitous interaction of the YFP and 
CFP fluorescent fragments independent of interaction between DJ-1 and SUMO 
proteins because the DJ-1WT-CC with YN did not produce fluorescence (data not 
shown). This result may suggest that besides the SUMOylation of DJ-1 via lysine 
130, in HEK293T cells, DJ-1 can also interact non-covalently with SUMO-1 in a 
C-terminus independent mode, via a not yet identified SUMO-interacting motif 
(SIM). Interestingly, in the presence of SUMO-1DelGG mutant, DJ-1WT, like the DJ-
1K130R, lost the nuclear localization suggesting that the nuclear co-localization of 
DJ-1 and PML NBs is dependent on proper SUMO-1 modification.

DISCUSSION
The rationale of this study was to identify DJ-1 protein interacting partners from 
which to infer the molecular and cellular pathway(s) DJ-1 is involved in, and hence, 
contribute to the further characterization of DJ-1 function. An YTH screening was 
performed using human DJ-1 as bait to identify proteins expressed in a human brain 
cDNA library that associate with DJ-1WT. The screening was carried out successfully 
and resulted in the discovery of a novel DJ-1 interactor, CHD3, and the confirmation 
of four previously identified interactors, DJ-1, DJBP, PIASxα and Ubc9. 

DJ-1 interacts with Ubc9 and with SUMO-1
The identification of protein-protein interactions by YTH needs confirmation in 
mammalian cells. A common method employed is coIP of the proteins with specific 
antibodies followed by western blotting. We succeeded in the coIP of DJ-1 with 
Ubc9 using an antibody against DJ-1 but failed to do the reverse coIP. One possible 
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Figure 7. Visualization of protein interactions using the UbFc analysis. Fluorescence images 

of HEK293 cells expressing A) YN-Ubc9 and DJ-1WT-CC, B) YN-SUMO-1WT and DJ-1WT-CC, C) YN-

SUMO-1WT and DJ-1K130R-CC, D) YN-SUMO-1DelGG and DJ-1WT-CC. The fluorescent images show where 

the protein interaction takes place at the intracellular level. The interaction of DJ-1WT with Ubc9 occur 

only in the cytoplasm (A) whereas the interaction with SUMO-1WT takes place in the cytoplasm but also 

in the cell nucleus with a punctate distribution (B). The speckled distribution in the nucleus characteristics 

of the DJ-1WT and SUMO-1 WT interaction is lost when either of the proteins is mutated: DJ-1K130R (C) or 

SUMODelGG (D). Because these mutants are known to be unable to be involved in sumoylation the results 

suggest that the nuclear fraction corresponds to sumoylated DJ-1 (covalent conjugation) via the K130 

residue while the cytoplasmic fraction corresponds to non-covalent interaction between DJ-1 and SUMO 

via a yet unidentified sumo-interacting motif (SIM).

DJ-1’s sumoylation



132

A B

C D

10 mm

10 mm 10 mm

10 mm

Figure 8 Visualization of protein interactions using the UbFc analysis. Fluorescence images of 

HEK293 cells expressing YN-SUMO-1WT and DJ-1WT-CC A) YFP light emitted by the DJ-1/SUMO-1 

protein conjugates (in green), B) immunostaining of PML NBs with the 5E10 anti-PML antibody (in red), 

C) Nuclear staining with TOPRO-3 (in blue), D) A and B merged images (in yellow) showed colocalization 

of DJ-1 /SUMO conjugates and the ProMyelocytic Leukemia protein (PML) (arrows).  The image D shows 

two cells and each of them has one DJ-1 containing nuclear body (NB) that colocalized with PML NB 

(arrows).
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explanation is that because sumoylation is a highly dynamic protein modification 
process, the interaction may be transient (Johnson 2004), and therefore beyond the 
detection limit of our coIP assay. Or alternatively, since UV irradiation induces DJ-1’s 
sumoylation, the interaction of DJ-1 with Ubc9 may be dependent on the presence 
of a stress signal.  Therefore, we used the UbFC assay to detect and confirm the 
protein interactions because it can be used with minimal levels of the interacting 
proteins in the cell (Fang and Kerppola 2004). With this system we were the first 
group to confirm DJ-1 interaction with Ubc9 in mammalian cells. In addition, the 
assay allowed for the visualization of the intracellular localization of the DJ-1/Ubc9 
and DJ-1/SUMO-1 protein conjugates in a human cell line at the single cell level. 
Our results suggested that DJ-1 interaction with Ubc9 occurs at the cytoplasm 
possibly to mediate SUMO-1 conjugation to DJ-1.

DJ-1 may be non-covalently linked to SUMO-1
It was previously demonstrated by coIP in mammalian cells that DJ-1’s lysine 130 
(K130) is essential for DJ-1 modification by SUMO-1 (Shinbo et al. 2006). We 
showed that the DJ-1 isoform proposed as sumoylation-deficient (DJ-1K130R) 
can interact with SUMO-1WT, and that the sumoylation-deficient SUMO-1 isoform 
(SUMO-1DelGG) can interact with DJ-1WT. Together our findings suggested that 
not only SUMO-1WT can be conjugated to K130 amino acid residue of DJ-1WT as it 
can interact non-covalently at a not-yet-identified SIM motif. 

DJ-1’s nuclear translocation is sumoylation dependent
We showed that DJ-1WT interaction with SUMO-1WT results in a partial translocation 
of DJ-1 protein into specific sub-nuclear compartments. A fraction of these were 
identified as PML-NBs. In contrast, we showed that the interaction of SUMO-1WT with 
DJ-1K130R did not drive nuclear translocation of DJ-1, suggesting that DJ-1’s nuclear 
translocation is sumoylation dependent. Our data may suggest a functional relation 
between sumoylated DJ-1 and the PML-NBs. Alternatively, DJ-1’s localization at 
these sub-nuclear structures might be an artifact driven by the ectopic expression 
of DJ-1-CC and YN-SUMO-1 proteins. To exclude this possibility, identification of 
the DJ-1’s SIM site is required to generate a DJ-1 mutant that can be used as a 
negative control of the non-covalent interaction between DJ-1 and SUMO. The DJ-
1SIM mutant and SUMODelGG proteins should be unable to interact covalently and non-
covalently therefore cells expressing them, should show no fluorescence and could 
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therefore support our hypothesis of an existing non-covalent interaction between 
these two proteins. The SIMs identified so far generally comprise a hydrophobic core 
surrounded by acidic flanking residues (Wilkinson and Henley 2010). Human DJ-1 
contains a region of four hydrophobic residues located at amino acid position 69-
72 that are conserved up to drosophila. Because these residues are deeply hidden 
within DJ-1’s protein structure, this means that the protein would need to have its 
conformation changed in such a way that this site would become exposed and 
available to interact with SUMO-1. Thus, whereas in DJ-1WT this sequence is unlikely 
to be the site of non-covalent binding of SUMO, in the mutant DJ-1L166P, it may be 
accessible because the protein is unfolded. This DJ-1 motif may be implicated in the 
improper sumoylation of DJ-1L166P protein observed by Shinbo et al (2006). Future 
studies exploring the possibility of this DJ-1 region to interact with SUMO-1 might 
provide new insights into the pathogenic mechanism underlying disease.

Is DJ-1’s translocation to PML-NBs, ROS-dependent?
Ultraviolet (UV) irradiation is known to induce DNA damage and increase Reactive 
oxygen species (ROS) production. The isoelectric point (pi) of the DJ-1 protein 
shifts to more acidic in response to stress induced by ROS (ref). DJ-1’s change 
in pi is associated with the oxidation of cysteine C106, a residue that may act 
as a oxidative stress-sensor (Canet-Aviles et al. 2004). DJ-1’s neuroprotective 
neuronal activity against cell death is dependent on its capacity of being oxidized 
and sumoylated. Shinbo et al 2006 demonstrated that UV irradiation-induced 
stress resulted in increased DJ-1 expression, oxidation, sumoylation, and 
complete DJ-1 translocation from the cytoplasm to the nucleus. UV irradiation 
increase the number of PML NBs (Dellaire and Bazett-Jones 2004). It would be 
of interest to repeat our UbFC experiments in cells exposed to UV irradiation to 
test whether the colocalization of sumoylated DJ-1 and PML-NBs is modulated by 
stress. A shift from partial to complete colocalization upon stress might indicate a 
functional role of the PML-NBs in DJ-1 normal function and in DJ-1 pathogenesis. 

Is DJ-1’s function, dependent on its localization at the PML-NBs?
The growing number of proteins localized at and interacting with PML-NBs, have 
implicated these structures in virtually every nuclear function possible including 
transcription, apoptosis and cellular stress response (Bernardi and Pandolfi 2007). 
As DJ-1 is a multifunctional protein, already implicated in all the above mentioned 
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biological processes, it is not possible to infer a specific DJ-1 function from its 
localization in these NBs. We can speculate that DJ-1 through interactions with 
SUMO-1 is recruited to the PML protein network, which offers conditions for DJ-1 
to interact with chromatin and several other proteins, including the components of 
the sumoylation machinery, such as Daxx, and CHD3. Therefore, the translocation 
of DJ-1 into the PML-NBs may serve several functions, including inhibition of 
sumoylation of other proteins, promotion of its own sumoylation, control of apoptosis 
by means of interaction with Daxx, regulation of gene transcription mediated by 
interaction with PIASxα, DJBP or CHD3. Interestingly Junn et al 2005 showed 
that DJ-1WT, but not DJ-1L166P, interacts with Daxx, sequestering it in the nucleus 
and preventing cell death (Junn, Taniguchi et al. 2005). Considering our data and 
knowing that Daxx interacts with PML protein at the PML-NBs (Li, Leo et al. 2000) 
it is likely that the physical interaction of DJ-1 with Daxx may occur at these nuclear 
structures. Thus, it is of interest to study where the DJ-1 – Daxx interaction takes 
place and whether this binding is dependent on proper sumoylation of DJ-1.

Do DJ-1’s mutations alter its sumoylation?
The functional consequence of sumoylation is diverse and depends on the target, 
it can inhibit transcription, affect the localization of proteins, inhibit or activate 
enzymes, and target proteins for, or prevent, degradation (Geiss-Friedlander and 
Melchior 2007; Heun 2007; Martin et al. 2007). The underlying mechanism for these 
diverse effects is the regulation of protein interactions of the modified target (Hay 
2005; Geiss-Friedlander and Melchior 2007). We tested by YTH whether the M26I 
and L166P pathogenic mutations affected the DJ-1 interaction with the E2 (Ubc9) 
or E3 (PIASxα) SUMOylation enzymes. Both DJ-1 mutants interact with Ubc9 and 
PIASxα suggesting their retained capacity to interact can be modified by SUMO-
1. In agreement, in vitro and in vivo experiments demonstrated that the L166P 
mutant can be sumoylated (Shinbo et al. 2006). In addition, Shinbo et al 2006 
showed that DJ-1WT is conjugated to one SUMO-1 molecule whereas DJ-1L166P is 
conjugated to more than one SUMO-1, and these investigators therefore suggested 
that inappropriate levels of SUMOylation may contribute to the pathogenicity of this 
mutant DJ-1 (Shinbo et al. 2006). Studies about sumoylation of the M26I mutant 
protein were not reported so far.
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Consequences of DJ-1 binding to Ubc9 and PIASxα 
The finding that two components of the sumoylation system, the E2 (Ubc9) and the 
E3 (PIASxα) SUMO enzymes interacting with DJ-1 is consistent with previous YTH 
screens (Junn et al. 2005; Shinbo et al. 2005) and either support direct sumoylation 
of DJ-1 (Takahashi-Niki et al. 2004; Shinbo et al. 2005; Shinbo et al. 2006) or its 
involvement in suppressing sumoylation of other proteins (Zhong et al. 2006; Fan 
et al. 2008; Zhong and Xu 2008) DJ-1 was found to inhibit sumoylation of some 
proteins. Particularly relevant in PD pathology is the capacity of DJ-1 to inhibit the 
SUMOylation of polypyrimidine tract-binding protein-associated splicing factor 
(PSF), which is associated with an increased transcription of tyrosine hydroxylase 
(TH), the rate-limiting enzyme of dopamine synthesis (Zhong et al. 2006). Moreover, 
Zhong et al (2006) showed that the pathogenic DJ-1 mutants (M26I, D149A, and 
L166P) are unable to suppress PSF sumoylation, and therefore they suggested 
a functional link between the regulation of sumoylation of PSF by DJ-1 and PD 
pathogenesis. In addition DJ-1 regulates sumoylation of the tumor suppressor p53 
(Shinbo et al. 2005; Zhong and Xu 2008). Nevertheless, the exact mechanism by 
which DJ-1 modulates SUMO-1 modification of other proteins is not clear. One 
possible mechanism is that DJ-1 interaction with key components of the sumoylation 
machinery may block their access to SUMO substrates and inhibit their sumoylation.

Is the non-covalent interaction between DJ-1 and SUMO-1 implicated in PD 
pathogenesis?
Our preliminary results suggested a DJ-1 non-covalent linkage with SUMO-
1. The possible implication of this DJ-1 interaction (the non-covalent interaction 
with SUMO-1) in disease pathogenesis should be investigated by repeating the 
experiments in the presence of DJ-1 pathogenic mutations and/or stress inducing 
conditions known to trigger DJ-1’s neuroprotective function such as UV irradiation. 
Evidence for a causal-effect relationship between DJ-1 interaction with SUMO-
1 and PD may drive future studies in identifying modifiers of this interaction with 
potential therapeutic value. 

Consequences of DJ-1 binding to PIASxα and DJBP 
The finding of PIASxα, DJBP proteins in this screen together with the inability of 
the pathogenic mutants to interact with DJBP (our YTH data), may support the 
functional link between the regulation of gene transcription and PD pathogenesis 
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of DJ-1 cases. PIASxα and DJBP function as negative regulators of the androgen 
receptor (AR) either by preventing AR’s DNA-binding activity (Takahashi et al. 2001) 
or by recruiting the co-repressor HDAC (Niki et al. 2003), respectively. DJ-1 has 
been reported as a positive regulator of the androgen receptor (AR) by interacting 
and sequestering PIASxα (Takahashi et al. 2001) and DJBP (Niki et al. 2003). 
Nevertheless, PIASxα and DJBP were reported as being mainly expressed in 
the testis, our results indicate that they might also interact with DJ-1 in the brain. 
Considering that the AR may mediate cellular protection from oxidative stress-
induced cell death (Ahlbom et al. 2001), future studies should explore whether DJ-1 
neuroprotection could be in part attributed to DJ-1’s capacity to modulate the AR’s 
activity in the brain. 

CHD3, the novel DJ-1 interactor
Finally, we found CHD3 (also termed Mi-2α), a component of the Mi-2/nucleosome 
remodeling and deacetylase complex (NuRD), which participates in gene silencing 
(Xue et al. 1998). Humans contain two highly homologous Mi-2 proteins: Mi-2α/
CHD-3 and Mi-2β/CHD-4 that represent the catalytic ATP hydrolyzing subunits 
in the complex and are implicated in ageing (Zhang 2010). Interestingly, a group 
of components of the Mi-2/NuRD complex, including CHD4 but not CHD3, were 
identified as DJ-1-binding partners (Opsahl et al. 2010). DJ-1 /NuRD complex 
interaction was proposed to regulate both p53 and HIF-1α transcriptional activities 
and explain DJ-1’s ability to protect cells from cell death (Opsahl et al. 2010). More 
importantly, we showed that DJ-1’s interaction with CHD3 is specifically abrogated 
by the M26I mutation but not by the DJ-1L166P thus suggesting that loss of DJ-1/
CHD3 interaction may result in PD. Follow-up experiments are needed to confirm 
a possible direct interaction between DJ-1 and CHD3 and to identify whose gene 
has its transcription regulated by DJ-1/CHD3 interaction. Future studies may 
evaluate the effect of other DJ-1 mutations and stress conditions in this potential 
PD pathogenic mechanism. 

SUMO-1 modification and PD pathogenesis
The improper sumoylation of DJ-1L166P protein, results in increased protein 
insolubility (Shinbo et al. 2006) may underlie PD pathogenesis. Notably, DJ-1 is 
not the only PD-associated protein which sumo-1 modification is implicated in 
the pathogenesis of PD. Parkin, another protein in which mutations were linked 
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to AR-EOP (Tan and Skipper 2007), non-covalently interacts with SUMO-1 both 
in vitro and in vivo  resulting in an increase in the nuclear transport of parkin as 
well as its self-ubiquitination (Um and Chung 2006) suggesting that the intracellular 
localization of parkin and its E3 ubiquitin ligase activity may be modulated through 
the SUMO-1 association. Another protein associated with both familial and sporadic 
PD is α-synuclein.  α-synuclein has been shown to be sumoylated by SUMO-1 
(Dorval and Fraser 2006), but neither the existence of SUMO modified α-synuclein 
in neurons nor the functional consequence for this post-translational modification 
has yet been reported. It would be interesting to explore whether sumoylation 
of α-synuclein increases α-synuclein aggregation, and hence is involved in the 
pathogenic mechanism underlying sporadic PD. Mounting evidence indicates that 
protein sumoylation is implicated in the pathogenesis of PD and of other disorders 
(Dorval and Fraser 2007; Sarge and Park-Sarge 2009; Wilkinson et al. 2010) 
although the mechanisms by which aberrant sumoylation leads to disease are not 
clearly understood. Future studies are warranted in identification of modulators of 
SUMO modification of disease-associated proteins that could represent potential 
therapeutic approaches for treating PD and other diseases. 

CONCLUSION
We searched for proteins expressed in human brain interacting with DJ-1 by YTH 
screening. The screening resulted in the finding of one novel DJ-1 interactor CHD3, 
and confirmed four previously identified interactors DJ-1, DJBP, PIASxα and Ubc9. 
We confirmed DJ-1 interaction with Ubc9 in mammalian cells with coIP and UbFC 
assays. We proposed that DJ-1 may both covalently and non-covalently to SUMO-
1. While the covalent interaction i.e. sumoylation of DJ-1 is already described, the 
non- covalent interaction is a potential novel interaction. Future studies to identify 
DJ-1’s SIM motif are crucial for the confirmation of the non-covalent interaction of 
DJ-1 with SUMO-1 and may enable studying the effect of this interaction on DJ-1 
normal function. 
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MATERIAL & METHODS

Yeast strain
In the present screening we used a GAL4 based YTH system, the MATCHMAKER 
GAL4 Two-Hybrid System 3 (Clontech), which features the Saccharomyces 
cerevisiae yeast strain AH109 (MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, 
gal4D, gal80D, LYS2::GAL1UAS-GAL1TATA-HIS3, MEL1::GAL2UAS-GAL2TATA-ADE2, 
URA3::MEL1UAS-MEL1TATA-lacZ), and uses three reporters- HIS3, ADE2, and MEL1/ 
lacZ-under the control of distinct GAL4-responsive upstream activating sequences 
(UASs) and promoter elements-GAL1,GAL2, and MEL1, respectively. 

Yeast expression library
We used the MATCHMAKER expression library for GAL4 activating domain hybrid 
proteins in the pACT2 vector containing oligo(dT)15-primed cDNAs generated 
from normal adult brain mRNA (Clontech cat # HL4004AH). The library contained 
3.5 x 106 independent clones with average cDNA size of 2 Kb (ranging from 0.5 
to 4.2 Kb). Library titering and amplification was performed as indicated by the 
manufacturer.

Yeast Plasmids
Bait constructs. To generate a bait construct with DJ-1, the human DJ-1 
full-length coding sequence was amplified by PCR with the proofreading 
Pfu DNA polymerase (Stratagene) and using primers containing EcoRI 
and SalI restriction sites (5’- GAATTCATGGCTTCCAAAAGAGCT-3’ and 
5’-GTCGACCTAGTCTTTAAGAACAAG-3’) for amplification. The PCR product 
was cloned downstream of the GAL4 DNA-binding domain (DNA-BD) of the pBD-
GAL4 Cam vector (Stratagene) to encode a hybrid protein of DJ-1 fused in frame 
with amino acids 1-148 of the GAL4 DNA-BD. 
Positive control prey constructs
DJ-1 and PIASxα proteins were used as positive controls representative of 
a strong and a weak DJ-1-interactor, respectively. An independent positive 
control consisted of Tomosin as bait and Syntaxin-1 as prey (plasmids 
encoding these proteins were kindly provided by Dr. Linda Jacobsen). To 
generate a prey construct with DJ-1, we used primers containing EcoRI 
and XhoI restriction sites (5’- GAATTCAAATGGCTTCCAAAAGA-3’ and 
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5’-CTCGAGCTAGTCTTTAAGAACAAG-3’). DJ-1 was cloned downstream 
of the GAL4 activating domain (AD) of pACT2 vector (Clontech) to encode a 
hybrid protein of DJ-1 fused in frame with amino acids 768-881 of the GAL4-
AD. The DJ-1-binding region of PIASxα (amino acids 433-572) cDNA was 
amplified from human adult brain cDNA (GenePool cDNA, Cat no. D8030-
01, Invitrogen, Carlsbad, CA, USA) with primers containing the EcoRI and 
XhoI restriction sites (5’- GAATTCAAGCTATGAAAGTATCCAGC-3’ and 
5’-CTCGAGTCACTGTTGCACAGTATC-3’). Following an identical procedure as 
described above for DJ-1, PIASxα was cloned in frame with GAL4-AD in pACT2 
vector. Fidelity of all constructs was verified by DNA sequencing. 

Yeast selection media
Yeast Nitrogen Base (DIFCO) /SD (synthetic dropout) medium containing 2% glucose 
and the following lacking amino acids according to selection was used: tryptophan 
(SD-Trp) for selection of yeast transformed with pBD bait plasmid, tryptophan and 
leucine (+His or SD-Leu/-Trp) for selection of co-transformed cells with pBD bait and 
pACT prey/library plasmid, tryptophan, leucine, and histidine (-His or SD-His/Leu/-
Trp) for selection of medium strength interacting proteins, and tryptophan, leucine, 
histidine, and adenine (-Ade or SD-Ade/-His/Leu/-Trp) for selection of strong protein 
interactions.

Auto-activation test
Yeast cells were co-transformed with the empty pBD plasmid and the isolated prey 
pACT library plasmid isolated from the potential DJ-1 interactor clones and plated 
in –His selective medium. The yeast growth in this selection medium indicated 
autoactivation of the His reporter gene and the presence of a false positives. 

Library transformation and screening
The screening was performed following the manufacturer’s protocol. In brief, the 
budding yeast cells Sacccharomyces cerevisiae of the reporter strain AH109 were 
sequentially transformed with the DJ-1 bait plasmid and the human brain expression 
library by the lithium acetate/single-stranded carrier DNA/polyethylene glycol (LiAc/
ss-DNA/PEG) protocol http://home.cc.umanitoba.ca/~gietz/2HS.html after (Gietz 
and Woods 2002). Yeast transformants (52.5 ml) were plated onto 105 plates of 
140 cm2 with –His selective medium and incubated at 30Cº until no more new 
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colonies appeared (day 9). The clones grown on – His medium were transferred by 
replica plating onto the more stringent –Ade medium and incubated at 30 Cº for up 
to 21 days. Colonies growing on the –Ade replica plates were numbered in order 
of appearance, picked and transferred to fresh plates, grown, and analyzed for 
β-galactosidase activity by the colony-lift filter assay according to the manufacturer 
instructions (PT3024-1, Clontech Laboratories, Inc.). We screened a total of 6.7 x 
106 transformants, a number that corresponds to approximately 1.9 x the number 
of independent clones of the library thereby ensuring a good coverage of all cDNAs. 

Calculation of the number of screened clones 
Transformation efficiency (cfu/µg) = (number of colonies x total suspension volume)/
(volume plated x dilution factor x amount of DNA library used = (192.5* cfu x 52,500 
µl) / (150*µl x 0.01 x 60 µg) = 112,292 cfu/µg DNA. * average number of colonies 
grown in 2 plates with SD-Leu/-Trp media. The number of clones screened = 
transformation efficiency x amount of DNA library = 112,292 cfu /µg x 60 µg = 
6,737,500 cfu.

Isolation of pACT2 cDNA (prey) and re-testing of YTH interaction
From the total of 162 positive clones, 146 cDNA inserts were amplified by 
yeast-colony-PCR using the primers 5’-TATCTATTCGATGATGAAGAT-3’ and 
5’-GAAGGCAAAACGATGTATAA-3’ directed to the flanking region of the cloning 
site of pACT2 vector. 130 PCR products were successfully sequenced and the 
cDNA clones were identified. One representative clone of each of the 11 identified 
genes (table 1) was selected for further confirmation of the identified interaction. 
Subsequently, the pACT2-cDNA constructs containing the 11 putative DJ-1 
interaction partners were recovered from the yeast cells, as recommended by the 
supplier (PT3024-1, Clontech Laboratories, Inc.), transformed into chemically-
competent E. coli TOP10F’, grown under selection medium and re-isolated. The 
11 purified constructs were then reintroduced into the AH109 yeast along with 
the original pBD-DJ-1 bait construct and plated on -His medium to confirm the 
interaction (Figure 3B). Additionally, the positive clones were also tested against the 
empty pBD plasmid (Figure 3A) and plated on -His medium to test the specificity of 
interactions and exclude false positives. 
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UbFC plasmid construction
The YN-SUMO-1 plasmid encodes the full-length human SUMO-1 fused to the 
N-terminal fragment (a.a. 1-172) of enhanced yellow fluorescent protein (the YN 
fragment). The Jun-CC plasmid encodes the N-terminal fragment (a.a. 2-319) of rat 
c-Jun fused to the C-terminal fragment (a.a. 155-238) of enhanced cyan fluorescent 
protein (the CC fragment). The YN-SUMO-1 and Jun-CC plasmids were constructed 
and kindly provided by Dr. Tom K. Kerppola (Hu, Chinenov et al. 2002; Fang and Kerppola 
2004). The DJ-1-CC plasmid was generated by amplification of the human full-length 
DJ-1 gene (NM_007262) using primers containing HindIII and BamHI restriction 
sites (5’-TTTAAGCTTGCCACCATGGCTTCCAAAAGAGCTCTGGT-3’ and 
5’-TTTGGATCCGTCTTTAAGAACAAGTGGAGCCTTCACTT-3’) and subcloning 
into Jun-CC plasmid resulting in the removal of c-Jun and incorporation of DJ-1 in 
frame with the CC fragment at the 5’end. The YN-Ubc9 plasmid was generated by 
amplification of the human full-length Ubc9 gene (NM_003345) with primers containing 
XbaI and ApaI restriction sites (‘5’-AAAAATCTAGAATGTCGGGGATCGCCCT-3’ 
and 5’- AAAAAGGGCCCTTATGAGGGCGCAAACT -3’) and subcloning into the 
YN-SUMO-1 mammalian expression plasmid resulting in the removal of SUMO-1 
and incorporation of Ubc9 in frame with the YN fragment at the 3’end. Fidelity of 
the sequences corresponding to the genes cloned and the fused fluorescent protein 
part were verified by direct sequencing and processed on an Applied Biosystems 
3730 automated DNA sequencer and analyzed using SeqScape software version 
2.1 (Applied Biosystems).

Cell culture and transfection
Human Embrionic Kidney HEK-293T and HeLa cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco) supplemented with 10 % (v/v) fetal bovine 
serum (FBS), 100 units/ml penicillin,100 mg/ml streptomycin (all reagents supplied 
by Invitrogen) and maintained in a humidified 37 ºC incubator under 5 % CO2. For 
the UbFC assay, the day before transfection, cells were plated at a density of 0.5 x 
105 cells per well in 6-well plates containing glass coverslips. Transient transfections 
were carried out by calcium phosphate precipitation of the DNA (Graham and 
van der Eb 1973) using a total of 2.5 µg DNA. 48 hours after transfection, cells 
were gassed under 5 % CO2 and kept at a 30 ºC in incubator chamber (Billups-
Rothenberg) from 16-24 hours to allow maturation of the fluorophore. For the IP 
assay, the day before transfection HeLa cells were seeded at a density of 2.4 x 
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106 cells on 10 cm-diameter dishes. Cells were transiently co-transfected with 
an expression plasmid containing V5-tagged DJ-1WT and FLAG-tagged Ubc9 (24 
µg in total) using Lipofectamine 2000 reagent (24 µl) (Invitrogen) according to the 
manufacturer’s protocol.

Co-immunoprecipitation
HeLa cells were co-transfected with V5-tagged DJ-1 and FLAG-tagged Ubc9 
constructs. Forty-eight hours after transfection, cells were rinsed two times in cold 
phosphate-buffered saline (PBS) containing 20 mM methyl maleimide (NEM) and 
1x protease inhibitors (COMPLETE tablets, Roche), collected and lysed in buffer, 
containing 50 mM Tris-HCl pH7.5, 150 mM NaCl, 5 mM EDTA, 1 x Protease 
inhibitors, 200 µM iodo- acetamide (IAA), 10 mM NEM and 10 % glycerol. Cell 
homogenates were prepared by incubation on ice for 10 min and sonication (4 
x 10 sec). Two and half percent of the cell extracts were immunoblotted with the 
anti-FLAG M2 monoclonal mouse antibody (1:1000) (Sigma F3165), another 2.5% 
were immunoblotted with anti-V5 antibody (1:5000) and the rest of the samples (~1 
mg) were immunoprecipitated with anti-FLAG M2 affinity gel (Sigma A2220) for 2 ½ 
hours at 4 ˚C. Bound proteins were detected with anti-V5 antibody (1:5000).

Gel electrophoresis and immunoblotting
Proteins present in total lysates and protein fractions were dissolved in 2 x non-
reducing sample buffer (125 mM tris-HCl pH 6.8, 4% SDS, 20 % glycerol, 0.004 
% bromophenol blue), resolved by 12 % SDS–polyacrylamide gel electrophoresis 
(PAGE), and transferred onto a 0.45 µM nitrocellulose membrane (www.schleicher-
schuell.com ). Residual protein-binding sites were blocked by incubation of the 
membrane in blocking buffer (PBS supplemented with 3 % (w/v) dry milk and 0.05 
% Tween 20) for 1 h at room temperature (RT). Immunodetections were performed 
using the appropriate primary antibodies diluted in blocking buffer for 1 h at RT. 
Following washing, the membranes were incubated with the appropriate secondary 
antibodies conjugated with horseradish peroxidase and the reaction products were 
visualized by using the enhanced chemiluminescence detection reagents (ECL kit, 
Amersham Biosciences) according to the manufacturer’s instructions.
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Immunofluorescence Microscopy
After the incubation step at 30 ºC fluorophore maturation, the HEK293 cells grown on 
glass coverslips were rinsed with PBS and fixed with 4 % paraformaldehyde in PBS 
for 15 min at RT. PML was detected by using the mouse monoclonal 5E10 (1:10) 
(kind gift from Dr. Roel van Driel) or the mouse monoclonal Sc-966 (1:50) (Santa 
Cruz) antibodies and Alexa 568-conjugated anti-mouse IgG secondary antibody 
(1:500). All primary and secondary antibodies were diluted in PBS with 0.1% Triton 
X-100. For fluorescent counterstaining of nuclei (DNA content), cells were incubated 
with TOPRO-3 (Invitrogen) (1:1000 in PBS) for 15min at RT. Cells were rinsed and 
mounted on a glass slide with ~10µl prolong Gold anti fade mounting medium 
(Invitrogen). Slides were curated overnight (ON) at RT and the day after sealed 
with nail polish and kept at -20 ºC until analysed. Confocal images were captured 
using a Zeiss laser-scanning microscope using a 63× Plan-Apochromat 1.4 NA oil-
immersion lens (total amplification, 630x) and analysed with the program LSM 510 
META (version 3.2 SP 2). The protein interaction derived yellow fluorescence (UbFC 
assay) was excited at 488nm with Argon laser. The red fluorescence was excited at 
543 nm with a HeNe laser and TOPRO3 was excited at 633 nm with a HeNe laser. 
We used filter band-pass 505-530 nm for YFP detection, band-pass 560-615 nm 
for RFP and long-pass 650nm for TOPRO3 to exclude cross-talk between channels. 
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INTRODUCTION
Parkinson’s disease (PD) is one of the most common chronic neurodegenerative 
disorders, with a prevalence of 1-2 % in the population aged over 65 years (de 
Rijk et al. 2000). Clinically, the disease is characterized by the classic triad of motor 
symptoms; bradykinesia, muscular rigidity, and resting tremor, and by a variety of 
non-motor symptoms spanning several organ systems (Jain 2011). Pathologically, 
PD is characterized by the severe loss of dopaminergic neurons (DN) in the 
substantia nigra pars compacta and the presence of proteinaceous α-synuclein 
inclusions called Lewy bodies (LBs) (Dickson et al. 2009; Forno 1996). Although 
currently dopamine replacement strategies can alleviate the motor symptoms, there 
is still a need to overcome the treatment associated side-effects and limited action 
on non-motor symptoms. Moreover, treatments that provide neuroprotection and/
or disease-modifying effects remain an urgent unmet clinical need (Meissner et al. 
2011). Thus, PD has a chronic and progressive course with growing disability and 
dependency that leads to an increasing number of patients who need expensive 
medical care (Winter et al. 2010). Therefore interventions to slow or prevent the 
disease progression are an important aim of current research into PD. Success 
in that endeavor depends on a clear understanding of etiology and pathogenesis 
of PD. Genetics has contributed by the discovery of major genes associated with 
the inherited forms of PD, which aided the understanding of parts the molecular 
pathology of the disease (reviewed in chapter 2-Introduction). Mutation identification 
also immediately benefited patients. Some patients have spent many years in search 
for a diagnosis and inexpensive genetic test can now bring that long journey to an 
end thus patients have usually a positive attitude towards receiving genetic testing 
and counselling (Falcone et al. 2011). Obviously, PD research goes beyond the 
ability to diagnose. The discovery of a causative disease gene is expected to lead 
from pathophysiological understanding of the disease processes, towards targeted 
treatments. Therefore, in my thesis I aimed at evaluating the genetic contribution in 
PD, with focus on the early-onset PD (EOPD) cases.

GENERAL DISCUSSION
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FAMILIAL FORMS OF PARKINSONISM VERSUS SPORADIC 
PARKINSON’S DISEASE
Sporadic PD is the most common form of disease, and more rarely PD runs in 
families. We evaluated the phenotypic characteristics, including motor and non-
motor symptoms, in mutations carriers. Clinically, familial PD manifests with variable 
motor and non-motor symptoms, usually indistinguishable from sporadic PD. The 
group of patients with two mutations has however a lower mean age at onset 
(AAO), and fewer patients with motor and psychiatric complications (Macedo et al. 
2009) (chapter3). The pathology of sporadic PD (Spillantini et al. 1997), as well as 
of PD familial cases with SNCA mutations (Seidel et al. 2010), are characterized by 
the presence of α-synuclein immunopositive LBs. Nevertheless, most of the familial 
forms do not present LB pathology, and are therefore referred to as Parkinsonism. 
LRRK2 cases present with a variable pathology even between carriers of the same 
mutation. E.g. one patient carrier of the G2019S mutation had no LBs (Gaig et 
al. 2007), whereas several other affected G2019S carriers, presented typical LB 
pathology (Dauer and Ho 2010). PARKIN cases, have no LB pathology (Hayashi et 
al. 2000; Mori et al. 1998; Takahashi et al. 1994). An exceptional PARKIN case with 
LB pathology is a compound heterozygote of two different mutations within exon 3, 
Ex3Del40bp and R275W (Farrer et al. 2001). Recently, the first neuropathological 
report of a PINK1 proven disease case, who had two heterozygous compound 
mutations, showed LB pathology (Samaranch et al. 2010). The lack of pathological 
data from DJ-1 cases impedes the confirmation of LB pathology.. The absence of 
LB-like inclusions from the fly and mouse DJ-1 knockout models (Hisahara and 
Shimohama 2010), might suggest that patients with the large genomic deletion 
which abrogates DJ-1 expression (the DJ-1 natural KO) have no LB pathology. 
However, caution should be taken before drawing any conclusion because among 
the several knockout and transgenic models of PD generated, few succeeded in 
reproducing LB pathology (Feany and Bender 2000). DJ-1 is unlikely to be an essential 
component of the LBs as shown by the faint immunoreactivity in occasional LBs 
from idiopathic PD brain samples (Bandopadhyay et al. 2004). The generation of a 
DJ-1L166P transgenic mouse would be a valuable tool to study DJ-1’s brain pathology.  
Are LBs a universal hallmark of PD? Should the absence of LB pathology continue 
to be an exclusion factor of PD diagnosis? The scarce histopathological data from 
mutation-proven PD cases leaves this question open. Active family information 
on the value of post-mortem neuropathology and molecular studies is generally 
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emphasised (Dickson et al. 2009). An effort should be made towards getting 
more mutant carriers, particularly of the rare DJ-1 and PINK1 familial forms, to be 
autopsied. LBs may occur as a protective response to the increased amount of 
aberrant misfolded proteins and/or insufficient activity of the proteasome pathway. 
Supporting the protective role of LBs is the fact that absence of LBs in, for instance, 
PARKIN-related cases result in a more severe and earlier onset of the disease. Animal 
models will be needed to identify the key regulatory elements of LB formation and 
understanding their biological function. This goal is dependent on the development 
of animal models that can faithfully reproduce the main clinical and pathological 
features of PD. One such model was generated by overexpression of wild-type 
(WT) or mutant human α-synuclein in Drosophila which shows an age-dependent 
loss of dorsomedial DA neurons, and accumulation of α-synuclein-positive LB-like 
filamentous inclusions, and compromised locomotor activity (Feany and Bender 
2000). A confirmation of the essential role of PARKIN in LB formation and of the 
protective role of LBs against proteolytic stress, would implicate a revision of the 
pathological definition of PD in order to accept LB-negative PD cases.

ASSESSMENT OF THE GENETIC CONTRIBUTION TO EOPD 
Mutation prevalence estimates in EOPD – limitations in the current studies
The prevalence of mutations in the PD-associated genes was analysed intensively, 
with major differences in outcomes depending upon population ethnicities and 
completeness of mutation detection methods.
First, some groups included patients from different geographical origins, which may 
constitute a problem when there are ethnic differences in the distribution of mutations. 
For example, the prevalence of mutations in the PARKIN gene in EOPD patients is 
17% in an Irish cohort (Wiley et al. 2004), 9% in a German cohort (Kann et al. 2002), 
and only 1.3% in a Serbian cohort (Djarmati et al. 2004) suggesting a dependency 
on the ethnic origin of the patients. Similarly, the frequency of the G2019S mutation 
in the LRRK2 gene in sporadic PD patients varies greatly among ethnic groups and 
geographic origins. It is present at <0.1% in East Asia, 0 – 4% in European countries 
and up to 10% and 39% in patients with Ashkenazi Jew and North African Arab 
ancestry, respectively (Healy et al. 2008). Thus the reported prevalence of G2019S is 
highly population specific and generalizations about its global prevalence should be 
avoided (Papapetropoulos et al. 2008). Therefore, the grouping of PD patients from 
different geographical regions has most certainly affected the estimated prevalence 
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of mutations in these genes. The studies that included multi-ethnic PD samples have 
frequently one population representing the majority of cases and several isolated 
cases of different nationalities  (Ibanez et al. 2006; Lucking et al. 2000; Periquet et 
al. 2003). Thus, in these studies the small number of patients per country precludes 
an estimate per geographical region, and contributions from different ethnicities are 
not enumerated separately. An international LRRK2 Consortium was established to 
analyse the worldwide prevalence of G2019S LRRK2 mutation in 19,376 patients 
across 24 populations (Healy et al. 2008). This large pooled report provided useful 
data on the distribution and overall prevalence of this mutation at worldwide level. 
More of such large pooled analyses of other mutations in this, and in other genes 
are needed to assess the overall contribution of mutations in PD across the world.  
Secondly, almost all studies recruited their patients from clinic-specialty centers, which 
may lead to preferential referral bias of cases with a positive family history, and will 
skew the mutation detection rate upwards. A less selective sampling is a “Community-
derived-testing”, as done for the PARKIN gene in a German EOPD cohort (Kann et al. 
2002) and for the G2019S mutation in an English cohort (Williams-Gray et al. 2006).  
For reasons of efficiency and technical limitations, many early studies  limited 
mutation detection to the PARKIN, and/or PINK1 and/or DJ-1 genes in patients with 
family history, parental consanguinity, and earlier AAO (Bertoli-Avella et al. 2005; 
Ibanez et al. 2003; Ibanez et al. 2006; Lucking et al. 2000). Since, cohorts with these 
characteristics have an increased prevalence of mutations (Lucking et al. 2000), 
this patient selection criterion is likely to inflate the observed mutation frequency.  
Finally, the mutation screening studies without exon dosage analysis might have 
missed heterozygous copy number variants, which may lead to underestimation 
of mutation frequency of the studied genes. The high frequency of deletions 
and duplications of one or more exons in the PARKIN gene underlined the need 
of quantitative mutational screening in patients with parkinsonism (Hedrich et al. 
2001; Lucking et al. 2000). Therefore, for the PARKIN gene, most reported studies 
include dosage sensitive testing. However, for the DJ-1 gene, even though the first 
mutation identified was a large deletion (Bonifati et al. 2003), and the PINK1 gene, 
few mutational screens have included gene-dosage analysis analysis (Djarmati et al. 
2004; Hedrich et al. 2004). In our studies, we addressed some of these problems 
in a mutation screening of 5 PD-associated genes, in a large EOPD Dutch cohort 
(EOPD-DC) including 187 patients from the Netherlands. 
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The importance of evaluation of copy number variants (CNVs)
Conventional PCR methods can detect large homozygous deletions (Cazeneuve et 
al. 2009; Li et al. 2005). Heterozygous deletions or multiplications require quantitative 
PCR-derived (qtPCR) methods, as used in the whole-PINK1 gene deletion 
detection (Marongiu et al. 2007). Exon-dosage by qt-PCR is not routinely done in 
mutational genetic screenings because because of its costs in time and expense. A 
new method named Multiplex Ligation-dependent Probe Amplification (MLPA®) is 
suitable for low cost high-throughput technique (MRC-Holland; www.mlpa.com). It 
allows the simultaneous detection of abnormal copy numbers of up to 50 different 
genomic DNA sequences. We used it for exon dosage alterations of the PARKIN, 
PINK1, DJ-1 and SNCA genes (chapter 3). More recently, new human Genechip 
arrays, such as Affymetrix SNP 5.0, SNP 6.0 and Illumina 6 arrays include, besides 
the polymorphic probes traditionally used for genotyping, non-polymorphic probes 
for CNV detection at the genome-wide level. We used the Affymetrix SNP 5.0 array 
to determine the CNV contribution in EOPD (chapter 4). We suggest that techniques 
for large-scale detection of CNVs in selected areas of a genome (MLPA assay) or in 
the whole genome (e.g. microarrays) should be currently used in mutation screens 
as they will certainly improve mutation detection and help to explain the disease in 
a large proportion of cases.

Mutation prevalence estimates in EOPD –Dutch cohort (EOPD-DC)
The aim was to establish the prevalence and nature of mutations in patients selected 
solely based on the AAO (AAO ≤ 50 years), and irrespective of family history that might 
allow a less biased and restrictive ascertainment. This was the first study in a large EOPD 
cohort for mutations in 5 PD-associated genes, and the first of its kind in a Dutch cohort.  
 A familial aggregation study suggested that genetic contributions to 
PD are equally important in early- and late-onset PD but involve different genes 
and modes of inheritance (Marder et al. 2003). The mutations in PARKIN, 
PINK1, DJ-1, and SNCA are implicated in Early Onset (EO) PD while mutations 
in LRRK2 are associated with early- and late-onset PD. Thus we focused 
our study on EOPD patients, with otherwise typical PD, on the assumption 
that such mutations in these genes would be most prevalent in this group.  
 The genes Parkin, PINK1, and DJ-1 were analysed by sequencing the entire 
coding region (including exon-intron boundaries) and exon dosage analysis using the 
MLPA assay. The LRRK2 gene, with its 51 exons, was screened for the 6 most frequently 
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affected exons (numbers 19, 31, 35, 38, 41, and 48). The SNCA gene was tested for the 
most common mutation (A30P) and for exon dosage alterations with the MLPA assay.  
 In the LRRK2 gene we detected a single patient with a missense heterozygous 
mutation (T2356I) (Chapter 3), that was previously described as pathogenic (Khan et 
al. 2005). This mutation explained the disease phenotype in this patient. The most 
common LRRK2 missense mutation in Caucasians (G2019S) was not observed in 
the EOPD-Dutch cohort  (EOPD-DC) (n=187) (Macedo et al. 2009), nor in the late-
onset PD (LOPD) cohort (n=108) (Verbaan et al. 2008), suggesting that in the Dutch 
population this mutation is a rare cause of PD. Similarly, the prevalence of this G2019S 
mutation in a large German PD cohort (n=1,049) was also low (0.5%) (Moller et al. 
2008). However, before a low LRRK2 prevalence is accepted, full exome sequencing 
of the LRRK2 cause gene is indicated in the Dutch EOPD/LOPD cohorts because 
only 6 of the 51 LRRK2 exons were sequenced. Recent sequencing of 123 LRRK2 
variants distributed across 44 exons in about 8,600 PD patients indicates quite clearly 
a distribution of mutations in the “other” 45 exons of the genes, which shows the 
unacceptable risk of testing only 6 exons (Ross et al. 2011). In the SNCA gene the 
A30P pathogenic mutation was not found in the 187 EOPD patients (Macedo et al. 
2009; chapter 3). Mutation screening of the entire SNCA gene in a large cohort of 
1,921 idiopathic PD patients demonstrated only one A53T missense mutation (Berg 
et al. 2005). Even when if we only tested for the common mutation, there is a low 
chance that we missed frequent mutations in this gene. Nevertheless, accurate 
risk assessment would require full sequencing of SNCA, including promoter region, 
which contains a mixed nucleotide Repeat 1, identified in association studies as a 
risk factor for PD (Xiromerisiou et al. 2010). Deletions or multiplications of any exon 
of the SNCA gene were absent in the EOPD-DC (Macedo et al. 2009), and equally  
in a large group of 426 sporadic PD patients (Johnson et al. 2004). In conclusion, 
duplications of the SNCA gene are relatively common (1.5 - 1.8%) in familial cases 
with typical ADPD (Ibanez et al. 2004; Ibanez et al. 2009; Nishioka et al. 2006), and 
triplications are also common (4.5%) in families with atypical Parkinsonism (Ibanez 
et al. 2009). However, SNCA multiplications are rare in unrelated and apparently 
sporadic PD patients (Ahn et al. 2008; Johnson et al. 2004; Macedo et al. 2009). 
 The PARKIN, DJ-1 and PINK1 genes, showed mutations in 6%, 2%, and 
1% of the EOPD-DC cases, respectively. PARKIN’S mutation prevalence (6%) 
was lower than the estimated 31% from a multi-ethnic EOPD cohort (Lucking et 
al. 2000). Similarly, PINK1‘s mutation (1%) were less prevalent than in a sporadic 

Chapter 7



155

EOPD cohort (7%) (Valente et al. 2004) or in familial cases (4-15%) (Ibanez et al. 
2006; Ishihara-Paul et al. 2008). DJ-1’s mutation prevalence (2%) among EOPD-
DC cases is equal to studies that also used exon-dosage for this gene (Djarmati 
et al. 2004; Hedrich et al. 2004) and higher than the studies that did not (1%) 
(Abou-Sleiman et al. 2003; Clark et al. 2004; Hague et al. 2003). As stated earlier, 
comparability between studies is very limited. Remarkably, the Italian and Dutch 
data on recessively inherited PARKIN, PINK1, and DJ-1 types showed similar 8, 
respectively 9% prevalence,  using AAO for patient inclusion and screening with 
sequencing of coding exons and gene dosage analysis (Klein et al. 2005; Macedo et 
al. 2009) Apparently, for these three genes the prevalence of mutations is not so much 
dictated by the geographical differences but more by the methodology of the study.  
One caveat worth mentioning regarding the current study is the fact that it is not a 
population-based study, but rather derived from patients seen and followed-up at 
the clinic, who agreed to participate in this research project. As a group of patients 
are referred from primary to secondary or tertiary care centers, the concentration of 
patients with unusual features and severe cases may increase. In addition, the patients 
with affected relatives might be more likely to donate blood samples for research. 
Thus, our patient sample is likely to have been affected by patient referral and selection 
biases. So if anything, these forms of bias should tend towards finding more cases 
with affected relatives and consequent increase in the proportion of cases with a 
genetic component. In fact, 27% of the EOPD-DC patients had positive family history 
of Parkinsonism (including 12% first- and 15% second-degree affected relatives), a 
proportion which is considerably higher than the estimate of 10% reported in the 
general European population (Elbaz et al. 1999), supporting the existence of a referral 
bias in our study. In addition, a considerable high proportion (41%) of the mutation 
carriers detected in the EOPD-DC, have a positive family history of Parkinsonism. 
In a community-based study, such as a door-to-door survey, the number of familial 
cases is likely to be lower, and thus the mutation frequency would probably be lower 
than what we observed. In conclusion, published mutation screening studies, mainly 
because of the use of different patient recruitment criteria and screening methods, 
are bound to report different mutation frequencies. Caution has to be taken whenever 
extrapolating mutation frequency results found in other cohorts, which are ascertained 
with different and very restrictive selection criteria and from a different geographical 
origin. Creation and application of genetic screening guidelines would significantly 
improve data quality and allow for easier comparison between studies. 
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Heterozygous mutations- Evidence and theories of pathogenicity
Familial studies demonstrated that parkinsonism linked to PARKIN, PINK1, or DJ-1 
is recessively inherited thus, one mutation is currently not sufficient to explain the 
disease. However, screening of patient cohorts showed that most of the mutation 
carriers (62-67%), had a single mutation in PARKIN, PINK1 or DJ-1 identified (Djarmati 
et al. 2004; Lucking et al. 2000; Macedo et al. 2009; Valente et al. 2004). The higher 
frequency of these heterozygous mutations among patients in comparison to controls 
may support their biological relevance in the disease pathogenesis, however, this 
remains a matter of debate and investigation (Klein et al. 2007). Deciphering the role 
of heterozygosity in parkinsonism is important for the development of guidelines for 
genetic testing, for the counselling of mutation carriers, and for the understanding 
of late-onset Parkinson’s disease. Several possible explanations, which I describe 
below, have been suggested for the apparent pathogenicity of some heterozygous 
mutations in PARKIN, PINK1, and DJ-1 genes.Is 
Haploinsufficiency. Humans have two copies of most genes in their genome, except 
for one copy for those on X chromosome in males and none of the Y chromosome 
in females. This redundancy provides a back-up for most of the genes in case one 
copy is lost through mutation. In some instances, one functional copy of the gene 
is insufficient to sustain normal function, a situation referred to as haploinsufficiency 
(Huang et al. 2010). Haploinsufficiency for PARKIN, and PINK1 was first suggested 
by positron emission tomography (PET) studies of asymptomatic carriers of a single 
mutation in PARKIN or PINK1 who demonstrated a mild but statistically significant 
decrease of mean 18F-fluorodopa (FDOPA) uptake in the striatum compared to 
control subjects (Hilker et al. 2001; Khan et al. 2002). This is sometimes interpreted 
as a preclinical disease process explained from haploinsufficiency. Further evidence 
supporting PARKIN’S haploinsufficiency came from mutation screens of PARKIN that 
showed an association of heterozygous mutations, with a later mean AAO (Oliveira et 
al. 2003). In addition, in a cellular model, four PINK1 mutations were demonstrated 
to be pathogenic in heterozygous state in the presence of oxidative stress (OS) (Tan 
et al. 2009).
Incidental carriers. The heterozygous carriers of PARKIN or PINK1 mutations with 
decreased FDOPA levels may alternatively be incidental carriers of mutations in these 
genes, with the true cause of disease being a mutation in a yet unknown gene. 
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Missing variant. When a potential mutation in the second allele of a pair, of which 
the first allele has an established mutation, cannot be identified because of technical 
complexity, one uses the term “missing variant”. Even with recent technology, this 
situation still often applies (Macedo et al. 2009; chapter 3). It implies that some of 
the identified heterozygotes are in fact heterozygotes with a second, undetectable 
mutation, such as in its promoter, unknown regulatory regions, or introns. Supporting 
this, is the occurrence of a deletion affecting the promoter of Parkin, as a cause 
of PD (Lesage et al. 2007). Alternatively, the genetic cause could consist of an 
undetected inversion of the whole gene. 
Genetic epistasis. Heterozygous mutations in different genes from related 
pathways may have an additive effect in disease predisposition, a situation referred 
to as genetic epistasis. Evidence of genetic epistasis in PD was first generated 
from studies in Drosophila that have demonstrated that PARKIN and PINK1 act 
in a common genetic pathway, with PINK1 positively regulating PARKIN (Clark et 
al. 2006; Park et al. 2006). Moreover, Parkin, PINK1 and DJ-1 constitute together 
an E3 ubiquitin ligase complex, where these three proteins are physically and 
functionally linked (Xiong et al. 2009). The discovery of PD patients with mutations 
in both LRRK2 and PARKIN (Dachsel et al. 2006), or in both PINK1 and DJ-1 
genes (Tang et al. 2006), may suggest a role for the genetic interplay of these 
genes in the disease etiology (Klein and Lohmann-Hedrich 2007). However, digenic 
inheritance, of commonly mutated genes such as LRRK2 and Parkin, is likely to 
occur by chance. Furthermore, the clinical phenotype of the double-mutant does 
not support a synergistic effect of LRRK2 and PARKIN (Dachsel et al. 2006). On the 
other hand, digenic inheritance of highy conserved genes such as PINK1 and DJ-1 
might be functionally related since that DJ-1 and PINK1 are physically associate and 
collaborate to protect cells against stress via complex formation (Tang et al. 2006). 
In conclusion, l more double and polygenic mutant cases need to be evaluated and 
included in long-term follow-up studies to understand their impact on the phenotype 
and segregation.
Gene-environment interaction. Some mutations become clinically expressed only 
upon a specific environmental trigger pushing the mutation carrier past a threshold 
of disease and lead to a later AAO (Oliveira et al. 2003). This view is consistent with 
Tan’s observation of the requirement of OS to trigger the pathogenicity of some PINK1 
heterozygous mutations (Tan et al. 2009). According to this theory, the identification 
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of PINK1 heterozygous mutations in control subjects, apparently unaffected by PD, 
could be explained by the absence of PD risk factors and consequent insufficient 
susceptibility to cellular stress and become manifest as clinical PD. 

Heterozygous mutations- dissecting their possible pathogenic effects
By definition, a mutation associated with recessively inherited phenotype must be 

present in both alleles to cause disease. Thus, homozygote carriers of a pathogenic 
variant should be affected, whereas heterozygote carriers can be detected in 
unaffected individuals. So far there is no strong evidence for the pathogenicity of 
heterozygous mutations in these “recessive” genes. However a large number of PD 
patients carry a single heterozygous mutation. A higher frequency of heterozygote 
carriers in patients in comparison to controls is not expected and may suggest a 
pathogenic role of the mutation in heterozygous state. Assessment of heterozygote 
frequency by mutation screenings of these genes should provide evidence in 
favour or against the pathogenicity of heterozygous variants. A higher frequency 
of PARKIN heterozygotes was observed among PD patients in comparison to 
controls, suggesting that a single mutation may be sufficient to predispose to PD. 
However, some relatively common screening methodological errors may have 
compromised the mutation frequency estimates in these studies as suggested by 
Kay et al 2007. A reliable estimate in the population requires the use of identical 
screening methods in patients and controls. However, controls are usually 
not analysed as thoroughly as patients, as they are used mostly to confirm the 
findings observed in patients i.e. are only screened for the mutations. This may 
result in an underestimation of the heterozygotes in controls. In fact, analyze of 
PARKIN sequence in patients and controls subjects using identical comprehensive 
methodology, revealed that rare variants are found in patients and controls with 
similar frequencies (Kay et al. 2007; Lincoln et al. 2003). This finding argues against 
heterozygosity being associated with PD and supports the classical recessive mode 
of inheritance. Another possible source of error is that only rarely control individuals 
are observed by a neurologist or movement disorder specialist. This ascertainment 
of controls may result in a number of undiagnosed patients being improperly used 
as controls, and overestimation of heterozygotes in controls. Additionally, the 
controls that carry a mutation are not usually followed-up (unless they have affected 
family members under research), to verify that disease does not manifest later in 
life. These methodological errors in case-control studies may explain the differences 
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observed at estimating the frequency of PARKIN heterozygotes. More of such well-
designed case-control studies are needed to determine conclusively the frequency 
of heterozygous mutations in PARKIN, PINK1 and DJ-1 genes in the population. 
 Dissecting the possible pathogenic effects of heterozygous mutations is a 
challenging task. Despite the growing evidence supporting a potential pathogenic role 
for some heterozygous mutations in “recessive genes”, currently there is insufficient 
data to verify this hypothesis conclusively. Considering that age is the main risk factor 
of PD, heterozygous mutation carriers should be reassessed later in life to accurately 
establish their disease status, a situation termed as long-term clinical follow-up 
evaluation. A movement disorder specialist or neurologist should be part of the clinical 
evaluation to assure a reliable diagnostic assessment of the disease. These clinical 
studies should also include PET imaging to enable detection of preclinical phenotype. 
Brain pathological data should be also analysed whenever autopsy is available.  
 Moreover, reliable model systems are needed to unravel the mechanistic 
action of single heterozygous mutations. Tan et al., 2009 introduced a simple 
and straightforward cellular model system that brings us closer to scrutinizing the 
functional effects of heterozygous mutations in “recessive” genes (Scholz 2009). 
Stable human DN neuronal cells coexpressing equivalent doses of WT and mutant 
PINK1 proteins were generated to simulate the clinical heterozygote patients (Tan 
et al. 2009). Four of the five tested PINK1 mutations proved to exert pro-apoptotic 
effects in a dosage-dependent manner in the presence of OS (Tan et al. 2009). Future 
studies should test whether similar pathogenic mechanism(s) could be involved 
in mutations of PARKIN and DJ-1 genes. Several studies, including ours, have 
investigated a possible correlation of the number of mutated alleles in PARKIN, PINK1 
and DJ-1 genes with disease severity and AAO. However, the results differ between 
studies and are not conclusive. Since mutations in these genes are associated with 
EOPD, most studies have explored the effect of heterozygous mutations in early 
onset cases. Though, we may expect that a heterozygous mutation variant would 
need more years to be clinically expressed and could therefore be associated with 
the late onset form of disease. A correlation of the number of mutated alleles in 
the PARKIN gene with AAO in LOPD (Oliveira et al. 2003). In my opinion, more 
studies, and performed in larger cohorts should evaluate the effect of heterozygous 
mutations in LOPD. 
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The importance of identifying gene variants
Our study led to the discovery of seven novel mutations. Three in PARKIN, three in 
DJ-1 and one in PINK1 (Macedo et al. 2009). Based on the location of the identified 
mutations, we proposed an adverse effect on the protein function(s) (chapter 3 
page 40). Identification of missense pathogenic mutations may give important clues 
about the importance of that particular amino acid residue for the protein’s normal 
function. The study of mutant forms of proteins may shed light on the pathogenic 
mechanism that caused the disease in patients carrying the mutation. The DJ-1 
mutations L166P, M26I, and P158Del confirmed a pathogenic phenotype in terms 
of both conformational changes and reduced stability of the protein. Therefore, it is 
not possible to discriminate which of the two effects of the mutation is responsible for 
the disease phenotype. I hypothesize that the primary result of the mutation impacts 
on the protein structure that in turn leads to increased protein degradation. A clear 
understanding of the mode of action of these mutations depends on the finding of a 
DJ-1 pathogenic mutation that affects either the protein structure or stability. To my 
knowledge such mutation is not yet identified and thus it is important to continue 
screening the entire DJ-1 gene in the search for novel and more informative mutations. 
 In this study, we identified three novel mutations in the DJ-1 gene. The 
effect of the DJ-1 homozygous deletion was recently characterized by another group 
(Ramsey and Giasson 2010). The other two mutations in DJ-1 gene occurred in the 
heterozygous state and their effect was not yet investigated. The large heterozygous 
duplication involving exons 1-5 might result in aberrant RNA splicing and consequently 
a non-functional protein. The heterozygous missense mutation that results in the 
substitution of a hydrophobic alanine by a polar hydrophilic threonine (A179T), is 
located in the C-terminal H helix that mediates DJ-1 dimerization (Tao and Tong 
2003) and may affect the protein structure. DJ-1 cases carrying these heterozygous 
mutations had a later AAO (in their late forties) than the AAO of the patient carrying 
the P158Del or other DJ-1 homozygous mutations (in their thirties) (Abou-Sleiman 
et al. 2003; Bonifati et al. 2003; Macedo et al. 2009). This observation may suggest 
that these two heterozygous mutations in the DJ-1 gene may have a pathogenic role 
with a threshold effect for the development of parkinsonism. Further investigation of 
the A179T mutation with a system such as the one developed by Tan et al., (Tan et 
al. 2009), is necessary to verify the possible pathogenic role of the mutation. Not 
all heterozygous mutations found in DJ-1, PARKIN or PINK1 genes of PD patients 
are pathogenic. A pathogenic effect of the mutation will very much depend on its 
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location, whether it affects a key residue for the protein structure, and/or function. 
In my opinion, some heterozygous mutations are a risk factor for a subset of PD 
patients, in whom genetic, epigenetic, and/or environmental factors work together to 
express the phenotype. Characterization of these mutants and their potential role in 
heterozygosity would be extremely valuable to clarify the overall picture of the possible 
mechanisms underlying this debilitating and common disorder. 

Identification of new EOPD-associated loci by analyze of copy number 
variants (CNVs) and runs of homozygosity (ROHs) 
Mutations in the PARKIN, DJ-1, PINK1 genes were first identified in families 
with early onset and with a recessive mode of inheritance. The relatively low 
overall mutation frequency observed in these genes (4% considering only the 
homozygous or compound heterozygous carriers) (chapter 3), suggests that 
other mutations in yet unidentified genes for EOPD remain to be discovered 
in the EOPD-DC. CNVs were the most observed mutation type, appearing 
in 47% (8/17) of the mutation carriers and in 64% (7/11) of PARKIN patients 
(chapter 3). Following on the conclusion that CNVs, have a major contribution 
in the genetics of PD, we have hypothesized that CNVs in yet undiscovered 
genes might be responsible for the phenotype of the unexplained patients.  
 The high density SNP array data can now be used for the discovery 
and mapping of CNVs and their association with clinical phenotypes (Hardy and 
Singleton 2009).
We attempted to identify novel loci associated with PD within a set of unexplained 
patients from our Dutch EOPD-DC cohort. While linkage studies were not 
possible because parental DNA was not available from this cohort, we searched 
for new candidate loci for EOPD by using a whole-genome high-density SNP 
array (SNP 5.0 Affymetrix) in combination with the analysis of CNVs and of 
ROHs. Given that familial aggregation studies suggest a autosomal recessive 
inheritance in the early onset cases but not in the late onset (Marder et al. 2003), 
we applied our analysis to the younger unexplained cases, i.e., cases in which 
we didn’t find mutations in the so far known PD genes and with AAO before 
the age of 40. According to our knowledge, this was the first time that CNV 
and ROH data were combined to identify loci potentially associated with PD.  
 We did the CNV analyse separately for the different groups of patients: 
EOPD-DC, Walcheren, and Sibs. In addition, we analysed CNVs in two sets, the 
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rare and PD specific CNVs and the common CNVRs, with which we performed an 
association test. 

The rare and PD-specific CNVs
In the EOPD-DC group of patients we found a set of rare CNV regions (CNVRs) 
specific of PD patients. Few of these CNVRs overlapped with genes, which function 
is potentially associated with PD phenotype. Of particular interest is the CNVR #266, 
located at chromosome 6, which overlaps with genes from HLA locus, including 
the HLA-DRB5 gene, which was recently associated with late-onset PD (Hamza 
et al. 2010). CNVR#57 affects the L-type voltage dependent calcium channel 
alpha 1C subunit (CACNA1C) gene, which has been considered necessary for 
pacemaking and responsible for the specific phenotype of dopaminergic neurons 
from substantia nigra. CNVR #313 located at chromosome 8 and including the 
DUB-3 gene, which encodes an active deubiquitinating enzyme, which expression 
may increase cell death (Burrows et al. 2004). DUB-3 participates in the ubiquitin 
proteasome system (UPS), a system which was proposed to be involved in PD 
pathogenesis (Cook and Petrucelli 2009). In addition, CNVRs # 1 and 81, located 
at chromosome 1 and 14, which overlap with olfactory receptor (OR) genes, may 
be involved in the PD etiology because olfactory dysfunction is common among 
PD patients and appears prior to the motor symptoms (Kranick and Duda 2008).  
Similarly, we identified rare and PD specific CNVR within the Walcheren patient 
group.  Of particular interest, both because of their function and because were 
also present in the EOPD group, were the regions #57 and #313, affecting the 
CACNA1C and DUB-3 genes, respectively. 

The common CNVs- association results
The association analysis of the 213 CNVRs present in both EOPD-DC cases and 
controls identified two CNVRs significantly associated with the PD phenotype 
after correction for multiple testing (p value < 2.3E-04). The CNVR #299 was 
associated with phenotype with P value 5.3E-05 and OR = 7.4. The region is 
located at chromosome 7 and contains part of the T cell receptor beta (TCRB) 
gene cluster. The TCR is a molecule found on the surface of T lymphocythes that 
is responsible for antigen recognition. The CNVR #183 association P value was 
6.6E-05 and OR = 6.8. It is located at chromosome 22 and contains the glutathione 
S-transferase theta-1 (GSTT1) gene. The CNVs within the associated CNVR #183 
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encompass the entire GSTT1 gene and were present either as deletion (the null 
genotype) or as duplication. Notably the positive association of the CNVR was 
an effect of the duplication of GSTT1 rather than the deletion of the same gene. 
Interestingly, we found additional CNVs affecting other GST genes and specific 
of PD patients. The association of GSTT1 duplication with PD was not replicated 
in a independent CNV analyse using a different chip. The association of GSTT1 
is particularly interesting because GST polymorphisms have been suggested as 
potential risk factors for PD (De Palma et al. 1998; Perez-Pastene et al. 2007). 
However, other studies failed to replicate this association. A plausible explanation 
for the conflicting results, that became evident with our results, may be the use 
of genotype assessment techniques incapable of detecting gene multiplications. 
Our findings suggest the need to reassess the GSTT1 genotype using gene 
dosage assays in the available PD cohorts, and repeat the association studies. 
 Similarly we performed an association analysis with the 162 common 
variants identified in the Walcheren group.  As many as thirty CNVRs were 
significantly associated with the PD phenotype after Bonferoni correction for 
multiple testing (p value < 3.1E-04), including the two CNVRs associated with PD 
in EOPD-DC patients: #183 (P value = 2.5E-07; OR =3.2) and #299 (P value = 
1.1E-07; OR =4.0). The majority of significant CNVRs affected genes involved in the 
regulation of the immune response or olfaction. Recently a new association with the 
HLA region and LOPD was detected (Hamza et al. 2010) implicating the immune 
system in PD pathogenesis. Also diminished olfaction is for long recognized as 
an early symptom of most of PD patients (Kranick and Duda 2008). In addition 
to the CNVR#183, the identification of another CNVR #182 affecting genes 
from the GST superfamily, significantly associated with PD (P value = 5.1E-05), 
may further support the involvement of these genes in the development of PD.  
 The GSTT1 is a member of the GST superfamily of proteins, which are 
important enzymes involved in detoxification of xenobiotic compounds (Hayes 
et al. 2005). The importance of our finding in the knowledge of the PD etiology 
is dependent on the understanding of the pathophysiological mechanism that is 
associated with the duplication of GSTT1 gene. Further studies are needed to first, 
replicate the association and second, to investigate the effect of the associated 
variant on the enzymatic activity. In addition, it would be interesting to investigate 
the possible gene-environment interaction of GSTT1 genotype with xenobiotic 
exposure. This information could be indirectly obtained from specific occupational 
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or recreational activity that includes the exposure to a toxic compound. The EOPD-
DC genotyped patients belong to a larger longitudinal PD cohort (The PROPARK 
project, www.scopa-propark.eu), from which demographic and lifestyle data was 
collected.

Identification of the rare rund of homozygosity (ROHs)
Another approach for identification of recessive loci associated with complex 
diseases is based on doing association studies with ROHs; some ROHs have been 
significantly associated with schizophrenia (Lencz et al. 2007) and Alzheimer’s 
disease (Nalls et al. 2009). We identified, compared and clustererd the ROHs larger 
than 1Mb in length in our group of 88 patients, including 60 patients from the 
EOPD-DC and 25 patients from the Walcheren isolate and 47 controls. From the 
total of 890 ROH clusters with consensus shared by two or more individuals that 
were identified, 162 were PD-specifc and 712 were common and present in both 
cases and controls.None of the common ROH clusters tested reached significance 
levels of association with PD phenotype after correction for multiple testing.  
In conclusion, our study demonstrated that investigation of the CNVs can reveal 
potentially interesting regions to explain the PD phenotype even when using rather 
small group of patients whereas association studies of ROHs seems to require 
much larger cohorts to have the power to reaching the significance level.

STUDIES ON DJ-1 TO UNDERSTAND THE ASSOCIATED PD 
PATHOGENESIS
Investigation of the effect of the DJ-1 pathogenic mutations
The finding of novel PD-associated mutations increases in itself our knowledge 
on the genetic contribution to disease. Though in order to understand the PD 
pathogenesis and eventually enable the future development of treatment strategies it 
is essential to characterize the biological consequences of the identified pathogenic 
mutations. The discovery of mutations in PARK7, a PD-associated locus, launched 
a long and intensive search to unravel the function of the protein encoded by DJ-1 
gene and to understand its link with the disease mechanism. In fact, the research 
of chapter 5 was motivated by the finding of two homozygous mutations in the 
DJ-1 gene associated with autosomal recessive EOPD (Bonifati et al. 2003). The 
first is a deletion that removes the gene promoter and the exons 1 to 5 of DJ-1 
(DJ-1Delex1-5), and the second a point mutation that results in the substitution 
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of a highly conserved leucine by a proline at position 166 of the DJ-1 protein  
(DJ-1L166P). A “loss of function” mechanism is proposed to explain the pathogenicity 
of both of these DJ-1 mutations. Whereas the pathogenicity of the deletion is readily 
understandable, because it impedes protein expression, the molecular mechanism 
underlying the DJ-1L166P missense mutation needed to be clarified. Identification of 
the effect of a mutation may provide us with specific information on the function 
of the altered residue for normal and abnormal protein function. The detrimental 
effects of missense mutations may occur at all levels of protein structure and 
function. We investigated the effect of the DJ-1L166P mutation at different molecular 
levels namely protein structure, protein intracellular localization, protein aggregation, 
protein stability and protein interactions. I will briefly summarize the results that we 
obtained and compare them with similar studies done by other groups.

DJ-1’s protein structure 
The three-dimensional (3D) structure of a protein can often provide a crucial insight 
into the mode of action of the WT protein and enable one to predict the structural 
consequences of a missense mutation such as the DJ-1L166P. However, at the time 
we started our research project, the 3D structure of DJ-1 protein was undetermined. 
Alignments of the DJ-1 protein and protein members of the same family (ThiJ/PfpI) 
enabled the building of a DJ-1 molecular model, later largely confirmed by 3D structures, 
that predicted that DJ-1 forms dimers, and that the L166P mutation abrogates the 
structure assembly (Bonifati et al. 2003). This hypothesis was investigated in chapter 
5 by fractionation of cytoplasmic lysates of mammalian cell lines. The elution profile 
of endogenous DJ-1WT corresponded to a molecular weight consistent with DJ-1WT 
being a homodimer (Macedo et al. 2003; chapter 5), a result later confirmed by several 
groups with the crystal structure of DJ-1 (Honbou et al. 2003; Huai et al. 2003; Tao and 
Tong 2003; Wilson et al. 2003). In contrast, the elution profile of endogenous DJ-1L166P 
was not showing that of a dimeric structure, but instead suggested that the protein was 
either unfolded or that it formed high-molecular-weight (HMW) complexes (Macedo et 
al. 2003; chapter 5). Efforts at producing crystals of the L166P mutant protein have so 
far been unsuccessful, however, light-scattering experiments showed that it might exist 
in solution as monomer (Tao and Tong 2003). Thermal denaturation studies support 
the notion that the mutant protein represents an unfolded DJ-1 conformation (Olzmann 
et al. 2004), and immunofluorescence experiments showed protein aggregation 
supporting our HMW complex theory (Olzmann et al. 2007; Zucchelli et al. 2010). 
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DJ-1’s intracellular localization
DJ-1WT shows diffuse cytoplasmic and nuclear immunoreactivity in various 
mammalian cell lines (Bonifati et al. 2003; Hod et al. 1999; Nagakubo et al. 
1997; Taira et al. 2001; Takahashi et al. 2001). The DJ-1L166P mutant protein, has 
a similar uniform nuclear staining, whereas the cytoplasmic staining co-localizes 
with mitochondria (Bonifati et al. 2003) in 50% of the transfected COS-1 and 
PC12 cells (Macedo et al. 2003; chapter 5). Considering that not only the L166P 
mutant but also the WT protein localizes in the mitochondria (Zhang et al. 2005), 
and that polyubiquitination stimulates DJ-1L166P insolubility (Olzmann et al. 2007; 
Zucchelli et al. 2010), the apparent “preferential” mitochondrial localization of  
DJ-1L166P mutant protein likely reflects both the rapid degradation of the misfolded 
and polyubiquitinated protein by the proteasome in the cytoplasm as well as the 
presence of atypical polyubiquitinated protein in HMW insoluble nuclear aggregates 
in the mitochondria. Polyubiquitinated proteins, otherwise subjected to proteasomal 
degradation, preferentially accumulate in the mitochondria during proteolytic stress. 
Polyubiquitination of K-48 and K-63 are key determinants of mitochondria-mediated 
cell death during proteasomal dysfunction (Sun et al. 2009). These findings yield 
novel insights into a crosstalk between the UPS and mitochondria in dopaminergic 
neuronal cell death (Sun et al. 2009). Both of these pathways have been proposed 
to explain PD pathogenesis associated, with DJ-1 mutations and also PINK1 and 
PARKIN mutations. 

DJ-1’s aggregation
DJ-1 co-localizes in a subset of TAU aggregates in the brains of several tauopathies 
including Pick’s disease and Alzheimer’s disease (Rizzu et al. 2004) but the failure 
of co-immunoprecipitation (IP) of DJ-1 with TAU (Macedo et al. 2003; chapter 5) 
suggests an indirect link between the two proteins. Endogenous DJ-1WT interacts 
with α-synuclein and is part of a large molecular complex (> 2000 kDa) in human 
brain tissue (Meulener et al. 2005b). Conversely, the failure in IP to detect DJ-1WT 
with α-synucleinWT and the different elution profiles of these two proteins suggest 
an indirect interaction between the two proteins (Macedo et al. 2003; chapter 5). 
Supporting our findings, a proteomics technique called stable isotope labelling by 
amino acids in cell culture (SILAC) applied to dopaminergic MES cells exposed to 
rotenone, demonstrated that DJ-1 and α-synuclein do not interact directly but via 
docking proteins, five of these proteins were identified and validated (Jin et al. 2007). 
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Evidence shows that the L166P mutation promotes the protein aggregation. parkin-
mediated K63-linked polyubiquitination, targets DJ-1L166P to perinuclear aggregates 
(Olzmann et al. 2007), evidence possibly linking two PD genes in a common 
pathogenic mechanism. In addition, the atypical polyubiquitination of DJ-1L166P  
(involving residues K6, K27, K29, and K33), mediated by another E3 ubiquitin ligase 
TRAF6, also promotes the accumulation of mutant DJ-1 into insoluble protein 
aggregates (Zucchelli et al. 2010). Both parkin and TRAF6 polyubiquitination of DJ-1 
is specific to the L166P mutant form of the protein, suggesting a role of aggregation in 
the pathogenic mechanism. The selective clearance of the misfolded and aggregated 
DJ-1L166P protein is mediated by the aggresome-autophagy pathway (Olzmann and 
Chin 2008). Moreover, the DJ-1WT protein was purified as a regulatory subunit of a 
HMW protein complex of about 400kDa that contained RNA-binding activity (RBS) 
(Hod et al. 1999). The work of van der Brug et al. 2008, provides further evidence 
for a link of DJ-1 with RNA. In cells and in mouse brain, DJ-1WT, but not DJ-1 
mutants, associates with specific RNA targets (van der Brug et al. 2008). Also, in 
human brain, under non-denaturing conditions, DJ-1WT is present in a HMW protein 
complex of approximately 250-700kDa containing parkin and α-synuclein (Baulac et 
al. 2004; Meulener et al. 2005b). These findings may implicate that DJ-1, parkin and 
α-synuclein are acting together in a pathogenic pathway of sporadic PD. 

DJ-1’s stability
The dramatic reduction of the protein expression level of DJ-1L166P in comparison to 
the WT form is due to a strong reduction in protein stability as showed by pulse-chase 
experiments and by protein synthesis inhibition with cyclohexamide (Macedo et al. 
2003; chapter 5). The reduced half-life of this mutant protein results from its rapid 
degradation by the ubiquitin-proteasome system (UPS) (Miller et al. 2003; Olzmann 
et al. 2004). The reduced stability of DJ-1L166P mutant might jeopardize the protein’s 
neuroprotective activity and might therefore result in cell-death. It is difficult to tell 
whether the loss-of-function proposed for the L166P mutation is explained by the 
strong reduction in the steady-state level of DJ-1 or by the altered protein structure 
that renders the protein misfolded. It could be that both effects of the mutation 
contribute to its pathogenicity because there is interplay for both effects, i.e., a 
protein that is misfolded, becomes ubiquitinated to be target for rapid degradation 
by the proteasome. In addition, another effect of the altered protein structure that 
may possibly contribute to pathogenesis is the higher propensity for this protein 
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to aggregate. As mentioned earlier, identification of novel DJ-1 mutations with an 
effect on either protein stability or structure is required to distinguish and identify the 
mechanism underlying the disease. Comparison between carriers of different DJ-1 
mutations might enable us to determine whether the pathophysiological mechanism 
is identical or different between DJ-1 cases.

DJ-1’s protein interactions
Since the identification of DJ-1, efforts to isolate proteins that interact with it have 
used a variety of methods, such as yeast two-hybrid screening, protein pull-down 
assays, and co-immunoprecipitation assays. These studies suggested a possible 
involvement of DJ-1 in processes as different as oncogenesis (Nagakubo et al. 
1997), fertility (Wagenfeld et al. 1998), mRNA stability (Hod et al. 1999), regulation 
of gene transcription (Niki et al. 2003; Shinbo et al. 2005; Takahashi et al. 2001; 
Xu et al. 2005), response to cell stress (Canet-Aviles et al. 2004), and sumoylation 
(Zhong et al. 2006). A single mechanism of action for the DJ-1WT involving its 
association with specific RNA targets, was proposed by van der Brug et al 2008 
to explain for the pleiotropic effects of DJ-1 in the different systems (van der Brug 
et al. 2008). The apparent involvement of the DJ-1 protein in so many distinct 
processes makes it difficult to identify which of these pathways is affected in PD.  
In order to elucidate whether DJ-1 pathogenic mechanism of the L166P involves 
a deficient protein interaction, we investigated the capacity of the DJ-1 mutant 
protein to interact to its known interactor, PIASxα (protein inhibitor of activated STAT) 
(Takahashi et al. 2001). The apparent dramatic changes in protein structure of L166P 
mutant, do not affect the interaction of DJ-1 with PIASxα (chapter 5). In addition, 
we showed that both DJ-1WT and DJ-1L166P were able to interact with a truncated 
form of PIASxα (PIASxαDel347-418), which lacks the putative zinc binding structure 
containing the necessary residues for its interaction with the E2 SUMO-1 conjugase 
(Kotaja et al. 2002). The interaction of DJ-1 with this mutant PIAS may suggest that the 
interaction in independent of PIAS E3 SUMO ligase activity. Though DJ-1 sumoylation 
is promoted by PIASxα the binding of these two proteins may be primarily required 
for regulation of the transcription activity of the androgen receptor (AR) as described 
by Takahashi et al., 2001. The capacity of the L166P mutant to interact with PIASxα 
suggests that the regulation of androgen receptor (AR) is unaltered and is not related 
to PD pathogenesis, at least in patients with this mutation.
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Identification of the DJ-1 protein-binding partners 
To understand the physiological functions of novel proteins, one approach is to 
identify well-characterized proteins that interact with the protein of interest and to 
use the known physiological roles of those proteins to deduce the cellular functions 
of the novel protein. The rationale of the study described in chapter 6 was to identify 
DJ-1 protein interacting partners from which we could infer in which molecular 
pathway(s) DJ-1 is involved, and hence, contribute to the characterization of DJ-1 
function. A yeast two-hybrid (YTH) screening was performed using human DJ-1 
as bait to identify proteins expressed in human brain that associate with DJ-1WT. 
The screening was carried out successfully and resulted in the recovery of one 
novel DJ-1 interactor, CHD3 (chromohelicase domain protein 3), and four previously 
identified interactors, DJ-1, DJBP, PIASxα and Ubc9 (Chapter 6). 

DJBP and PIASxα
The finding of DJBP together with PIASxα in our YTH (Chapter 6) may indicate 
DJ-1’s capacity to regulate transcription of the androgen receptor (AR). The E3 
SUMO ligase PIASxα and the DJBP function as negative regulators of the AR either 
by preventing its DNA-binding activity (Takahashi et al. 2001) or by recruiting the 
co-repressor histone deacetylase complex (HDAC) (Niki et al. 2003). DJ-1 has 
been reported as a positive regulator of the AR by interacting and sequestering 
PIASxα (Takahashi et al. 2001) and DJBP (Niki et al. 2003). PIASxα and DJBP were 
reported as being mainly expressed in the testis, however, our results indicate that 
they may also interact with DJ-1 in the brain. Moreover, because it was shown that 
testosterone protects cells from OS-induced cell death via a mechanism mediated 
by AR (Ahlbom et al. 2001) it would be interesting to explore whether DJ-1 can 
similarly modulate the AR function in the brain. Our results together with the fact that 
androgens have numerous beneficial actions in the brain, for instance, in protecting 
the brain from age-related neurodegenerative diseases (Pike et al. 2008), raise 
the possibility of using the androgen cell signaling pathways as drug targets for 
neuroprotection against the cell loss observed in PD and other neurodegenerative 
disorders. Our results may suggest that the AR may be a good drug target 
candidate against neuron cell loss in the brain of sporadic PD patients. Additionally, 
evidence of the DJ-1K130R mutant incapacity to regulate the AR transcriptional activity 
suggests that SUMO-1 modification at lysine 130 is necessary for the full regulatory 
activity of normal DJ-1 (Takahashi et al. 2001), suggesting that the inhibition of 
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DJ-1 sumoylation by K130R mutation would result in PD. Introduction of the K130R 
mutation of DJ-1 into an animal model would be required to test if such an artificial 
mutation could recapitulate disease. A positive result would implicate sumoylation 
defects in PD pathogenesis. 

CHD3 The YTH screening revealed a potential new DJ-1 binding partner, the 
chromohelicase domain protein 3 (CHD3) (also termed Mi-2α), a component of the 
Mi-2/nucleosome remodeling and deacetylase complex (NuRD) which participates 
in gene silencing (Xue et al. 1998). Humans contain two highly homologous Mi-2 
proteins: Mi-2α/CHD-3 and Mi-2β/CHD-4 that represent the catalytic ATP hydrolyzing 
subunits in the complex (Zhang 2010). Interestingly, CHD4 was identified as DJ-1-
binding partner and DJ-1 /NuRD complex interaction was proposed to regulate p53 
transcriptional activity and explain DJ-1’s ability to protect cells from p53-dependent 
cell death (Opsahl et al. 2010). More importantly, we showed that the M26I but not 
the L166P mutation, impaired DJ-1’s interaction with CHD3. Follow-up experiments 
are needed to confirm this novel interaction and validate this potential PD pathogenic 
mechanism. 

Ubc9 We focused on the investigation of the interaction of DJ-1 with Ubc9, which 
is the E2 SUMO conjugation enzyme. With the Ubiquitin-mediated fluorescence 
complementation (UbFc) assay (Fang and Kerppola 2004), we confirmed the 
interaction of DJ-1 with Ubc9 in co-transfected HEK293T and showed that 
the DJ-1/Ubc9 protein complexes are cytoplasmic. In addition, also using the 
UbFc system we showed that the DJ-1/SUMO-1 protein complexes were evenly 
distributed in the cytoplasm but with a speckled distribution in the nucleus. A 
fraction of these DJ-1/SUMO-1 complexes containing structures were identified 
as being  promyelocytic leukemia protein nuclear bodies (PMLNBs), suggesting a 
functional relation of these nuclear structures with either sumoylated DJ-1, or with 
DJ-1 bound to SUMO-1. DJ-1 has 16 lysine residues and the most conserved lysine 
residue, the K130, is proposed as being the SUMO-1 acceptor lysine indispensible 
for Sumoylation (Shinbo et al. 2006). With the UbFc system, we showed that 
the DJ-1K130R mutant, which was demonstrated to be incapable of sumoylation 
(Shinbo et al. 2006), was able to interact with SUMO-1WT (Chapter 6), therefore 
suggesting that the K130 residue is not essential for the interaction between the 
two proteins. This result may be explained by the existence of a non-covalent 
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interaction between DJ-1 and SUMO-1 via a not yet identified SUMO-interacting 
motif (SIM). In addition, the interaction of DJ-1WT with a C-terminally truncated 
form of SUMO-1 (SUMO-1DelGG) (Chapter6) suggested that DJ-1WT can interact 
non-covalently with SUMO-1 in a C-terminus independent way at a possible SIM.  
 Furthermore, our results from the UbFc experiments demonstrated the 
importance and utility of literally visualizing protein interactions, in particular in the case 
of interaction with SUMO proteins, which are known for their capacity of influencing 
protein localization. Other groups have previously investigated DJ-1 and SUMO-1 
interaction, though to my knowledge, we were the first to visualize the localization 
of such protein “complexes”. Our analysis revealed a potential consequence of the 
interaction of DJ-1 with SUMO-1, which is DJ-1 protein translocation into specific 
nuclear structures upon interaction with SUMO-1 protein. Is this interaction covalent 
(i.e sumoylation) or non-covalent? The results suggested the occurrence of both 
types of interaction. Follow up experiments with specific mutants (results chapter 6) 
should be done to distinguish these two types of interaction and answer which of 
the two, if any, is involved in PD pathogenesis. Thus, our work has provided clues 
on DJ-1 sumoylation in normal physiology. Further research is needed to understand 
whether DJ-1 modification by SUMO-1 is involved in PD pathophysiology. Several 
critical issues need to be investigated. (1) Is DJ-1 interaction with SUMO-1 and 
consequent translocation into the subnuclear structures regulated by stress? Identical 
UbFc experiments performed under stress conditions that are known to trigger DJ-1 
cytoprotective function would be informative. (2) Do mutations in DJ-1 affect the 
interaction with SUMO-1 protein? An abnormal protein interaction of DJ-1L166P and 
DJ-1 P158del with SUMO-1 would suggest the involvement of sumoylation or DJ-1 
and SUMO-1 interaction in the disease pathogenesis. (3) Identification of the SUMO-
1 non-covalent binding site in DJ-1 by using a series of DJ-1 deletion mutants.  
One limitation of the UbFc approach is the time required for fluorophore maturation, 
which prevents real-time detection of rapid changes in interactions (Kerppola 2006). 
Whereas the fluorescence resonance energy transfer (FRET) system, FRET is also 
based on the emission of fluorescent light upon protein interaction enables, in 
principle, instantaneous monitoring of protein interactions. (Pietraszewska-Bogiel 
and Gadella 2011). FRET and UbFC analysis are fundamentally different approaches 
and have complementary advantages and disadvantages (Kerppola 2006). I would 
use FRET to test the capacity of a specific drug compound (e.g. rotenone and 
paraquat) to interfere with the DJ-1 /SUMO-1 protein interaction.
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THE MAIN MOLECULAR PATHWAYS AFFECTED IN PD
The etiological factors in PD are usually summarised in several genetic and non-
genetic categories, with recently increasing interest for gene-gene and gene-
environmental interactions (for reviews: Edwards and Myers 2007; Hardy et al. 2009; 
Lesage and Brice 2009; Urdinguio et al. 2009). The familial cases of PD paved the 
way for the discovery of over 18 genetic markers following Mendelian inheritance 
patterns named PARK 1-18 (Table 1). Findings in post-mortem PD brains and 
biochemical studies of the products of the PD-associated genes provided strong 
evidence to support a role for proteolytic stress, OS, and mitochondrial dysfunction 
in the pathogenesis of familiar PD (Greenamyre and Hastings 2004). In sporadic PD, 
these forms of cellular stress may be induced by non-genetic factors, probably in 
interaction with susceptibility genes (de Lau and Breteler 2006). The three pathogenic 
mechanisms proposed are not mutually exclusive. Most probably, all these pathways 
may, if affected, induce the PD phenotype. Below I will briefly summarise the main 
evidence in favour of these three apparently interlinked pathological theories.

Proteolytic stress Several PD-associated genes of familial origin seemed to be 
directly or indirectly linked in the cellular protein quality control. SNCA, UCH-L1, 
and Parkin, have been extensively characterized and were shown to encode key 
proteins associated with the ubiquitin-proteasome system (UPS) leading to protein 
degradation. Specific mutations in these genes may result in the failure of the UPS 
to degrade malfunctioning proteins and may lead to aberrant protein aggregation. 
The aberrant aggregation of the familial PD associated-A30P α-synuclein mutant 
induces cell death. DJ-1 is a redox-dependent chaperone that inhibits α-synuclein 
aggregation and DJ-1 inactivation may thus promote α-synuclein aggregation and 
the related toxicity (Batelli et al. 2008; Shendelman et al. 2004). Parkin, PINK1, and 
DJ-1 proteins associate with each other to form a ubiquitin E3 ligase complex, 
that promotes ubiquitination and degradation of un-/misfolded PARKIN substrates, 
including Parkin itself and synphilin-1 (Xiong et al. 2009). PD-pathogenic mutations 
of either PARKIN, PINK1 or DJ-1 impair E3 ligase activity of the complex, resulting 
decreased degradation and increased accumulation of aberrantly expressed Parkin 
substrates (Xiong et al. 2009). Co-expression of parkin, α-synuclein, and synphilin-1 
result in the formation of LB-like ubiquitin-positive cytosolic inclusions (Chung et 
al. 2001). The available data suggests that the same key-players responsible for 
familial PD are involved in the pathogenic mechanism of sporadic PD. The presence 
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of LBs in brains of the affected patients supports the UPS failure and aberrant 
protein aggregation theory. Despite not being clear whether the LBs in PD brains 
are neurotoxic or neuroprotective, it is certain that they result from an increase in α 
-synuclein protein aggregates, which are not cleared by the proteasome and thus 
are indicative of protein mishandling.

Oxidative stress Genetic and biochemical studies have demonstrated a complex 
association between various enzymes related to reactive oxygen species (ROS) 
metabolism and PD. OS has been put forward as an explanation for PD because of 
the pathological evidence of elevated levels of ferrous iron (Fe2+) and a decreased 
level of glutathione in substantia nigra of PD patients in comparison to non-affected 
controls. DN are vulnerable to OS due to their high dopamine content, and may 
spontaneously form intracellular ROS (Zhang et al. 2000). The association of mutations 
in the antioxidant DJ-1 protein with EOPD supported the OS participation in the 
degeneration observed in this disorder (Bonifati et al. 2003). Inactivation of PARKIN 
or DJ-1 in mouse and PINK1 in drosophila results in mitochondrial dysfunction and 
increased sensitivity to OS (Clark et al. 2006; Goldberg et al. 2003; Park et al. 
2006). Failure of the UPS and accumulation of ROS mutually enhance each other, 
so that a positive feedback cycle leading to accelerated neurodegeneration may 
ensue (McNaught et al. 2001).

Mitochondrial dysfunction In the common sporadic disease, α-synuclein and 
degenerating mitochondria are major components of LBs (Roy and Wolman 
1969). Mitochondrial complex I deficiency is found in the substantia nigra and in 
platelets. The localization of α-synuclein, dardarin, PINK1, and DJ-1 proteins in the 
mitochondria, and the role of PINK1 and parkin in the balance of mitochondrial fission 
and fusion processes, has provided evidence for the involvement of mitochondria 
dysfunction in PD pathogenesis (Dodson and Guo 2007). Import and accumulation 
of WT α-synuclein in the mitochondria reduces mitochondrial complex I function 
and increases production of ROS in DN in PD brain (Devi et al. 2008). These 
defects occurred at an earlier time point in DN expressing the PD-associated-
A53T α-synuclein mutant as compared with WT α-synuclein (Devi et al. 2008). 
Even modest mitochondria dysfunction with ageing, can have major consequences 
and lead to disease, because a complex interplay occurs between mitochondria 
and other cellular machinery that affects cell survival by regulation of p53 activity, 
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intracellular ROS concentration, and DNA damage (Sahin and Depinho 2010). 
In conclusion, the variety of these interacting pathogenetic mechanisms reflects 
the ongoing status of research in PD. An array of molecular and clinical studies 
helped in finding relevant links between the network of genes and proteins involved 
in both familial and sporadic PD. At present, both the nature and order of events 
that lead to dopaminergic cell death in PD are incompletely understood and still 
being investigated.

FUTURE PERSPECTIVES
Potential of DJ-1 in future therapy approaches
In conclusion, the experiments we have done to characterize DJ-1 function in terms 
of stability, structure and protein interactions provided important insights into the 
pathogenic mechanism of DJ-1L166P mutant and consequently gave insights into the 
crucial protein features that are essential for DJ-1 normal function. DJ-1 has proven 
to be an important protein with multiple functions related to cytoprotection against 
several types of cellular stress. Its absence or dysfunction results in increased cellular 
stress and apoptosis whereas it’s overexpression protects cells against several 
types of stress including OS, and stress induced by protein aggregation. Following 
on this, we may say that DJ-1 presents itself as a potential target for gene-therapy 
of Parkinson’s disease. Future studies should investigate the possibility in different 
PD cellular and animal models. Even more exciting is the possibility of a wider 
application of DJ-1 gene therapy to a wider range of disease with similar etiology, 
the parkinsonian syndromes or even some of the α-synucleinopathies.

The potential of DJ-1 as future biomarker of PD and other parkinsonism 
disorders
PD remains difficult to diagnose clinically due to its overlapping symptoms with 
other diseases. Currently there is no laboratory test for PD diagnosis. Furthermore 
the identification of PD biomarkers would be extremely valuable as management 
of PD increasingly focuses on early diagnosis and intervention as well as potential 
disease-modifying therapies. Another potential value for DJ-1 besides therapeutic 
approaches might be its application as a biomarker for PD diagnosis and/or disease 
severity/progression. Some studies have already investigated DJ-1’s potential as 
a biomarker of sporadic PD. The total levels of DJ-1 protein were measured in 
cerebrospinal (CBS) fluid, blood serum or red blood cells (RBC) of PD patients and 
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compared to controls to investigate whether the DJ-1 levels in these samples could 
be correlated with the disease status and/or disease severity (Waragai et al. 2010). 
The reported results are inconsistent and contradictory. As others have pointed out, 
several factors can account  for the conflicting results  including variation in degree 
of hemolysis and consequent contamination of RBC and platelet content into serum 
during the sample preparation procedure (Shi et al. 2010). Actually, analysis of DJ-1 
plasma levels after controlling for extent of hemolysis, platelet contamination, age-
dependence, and using a highly sensitive and quantitative method (Luminex assay) 
could not distinguish PD patients from controls (Shi et al. 2010). The use of DJ-1 as 
biomarker may depend on testing specific protein isoforms, related to PD diagnosis 
or progression and which are regarded as a response to endogenous cellular stress 
and neuroprotection. DJ-1 mitochondrial localization and cytoprotective function is 
dependent on its capacity to be oxidized (mainly at the C106 residue) (Canet-Aviles 
et al. 2004; Kinumi et al. 2004; Meulener et al. 2005a). Antibodies that specifically 
recognize the C106-oxidized form of DJ-1 are already available (Ooe et al. 2006; 
Saito et al. 2009). The levels of oxidized DJ-1 in plasma levels were increased and 
correlated with severity in unmedicated PD patients in comparison to medicated 
PD patients and controls (Saito et al. 2009). These results indicate that DJ-1 has 
potential to be used as biomarker for PD diagnosis and disease progression at early 
stages of the disease i.e when patients are not medicated. The use of a PD biomarker 
at early stages of disease has obvious applications such as early diagnosis and 
early intervention with drugs to slow or halt disease progression. A biomarker at a 
later stage of disease might also be very useful particularly in testing the potential of 
disease –altering therapies. A biomarker for more advance stages of PD should be 
explored by measuring the levels of oxidized DJ-1 in CBS fluid. Furthermore, DJ-1 
function is primarily dependent on its capacity to form homodimers. Because of 
the evidence obtained with α-synuclein studies that showed a large advantage of 
evaluating the α-synuclein oligomerization state in plasma instead of simply measuring 
the protein total levels (El-Agnaf et al. 2006), we may extrapolate this to DJ-1 protein 
and consider to investigate the potential of DJ-1 as biomarker by measuring the 
aggregation status of DJ-1 as indicator of disease severity and progression. More 
recently, it was shown that the DJ-1 fragment derived by its cleavage by caspase-6 
totally accounts for the DJ-1 mediated protective function (Giaime et al. 2010). Thus, 
a method that would specifically measure the functional and “mature” form of DJ-1 
may confer higher sensitivity and specificity of DJ-1 as disease biomarker. 
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Future studies to uncover the remaining genetic contribution to EOPD
GWAS are suited for identification of common variants, usually with small effect size, 
underlying common diseases (Chi 2009). The main challenge to identify common 
variants associated with a disease, is their Odd Ratio (OR) of only about 1.2 and 1.5, 
which requires large enough studies to achieve unequivocal statistical significance 
(Bodmer and Bonilla 2008). Such large cohorts are easily and currently obtained with 
international multi center consortia. Most of the risk factors for sporadic PD have 
already been identified has demonstrated by several recent GWAS and meta-analysis 
which confirmed that most significant risk were associated with common variants in 
SNCA, MAPT, and LRRK2 gene regions (Do et al. 2011; Edwards et al. 2010; Elbaz 
et al. 2011; Hamza et al. 2010; Nalls et al. 2011; Saad et al. 2011; Satake et al. 
2009; Simon-Sanchez et al. 2009; Simon-Sanchez et al. 2011; Spencer et al. 2011). 
 The steady growing number of identified mutated genes in familial PD 
suggests that more genes are yet to be found. We should therefore continue the 
search of rare variants associated with both EO- and LOPD. GWAS are unlikely to 
work for familial cases as they have strong risk factors (otherwise they would not 
segregate with disease in the family) and these tend to be rare. Identification of these 
rare variants requires genotyping of many more variants; whole-genome sequencing 
(WGS) can provide data on all six billion nucleotides in an individual’s DNA. Although 
WGS is still too expensive and laborious to be performed in large sample data 
sets required to achieve significant association levels. Moreover, the high number 
of rare, heterogeneous mutations in humans challenges the identification of the rare 
variant associated with the disease phenotype. In addition, because only a small 
fraction of the entire genome encodes proteins, the associated genomic region is 
often non-coding. The limited knowledge regarding the function of variants in such 
areas would make the interpretation of the biological significance of the identified 
risk variant difficult. Thus, for these reasons, the identification of the molecular 
basis of a genetic disease by means WGS has remained elusive. Recently, two 
studies succeeded in the identification of the causal mutations in patients with 
neurological diseases using the WGS approach (Bainbridge et al. 2011; Lupski et 
al. 2010). A cheaper and more rapid alternative to GWS, that would be feasible in 
large number of samples, would be whole-exome sequencing (WES). WES consists 
of full sequencing of the entire set of exons in the genome, called the “exome”.  
 In the past, gene finding for recessive diseases by classical linkage mapping 
approaches is often done in large families segregating the disease as monogenic 
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trait and often with high degree of consanguinity. However, such families are difficult 
to find as patients with autosomal recessive disease often appear as the first patient 
in a family with parents being unaffected carriers. Moreover, for the vast majority of 
cases, parkinsonism runs in families without a clearcut Mendelian pattern. Thus gene 
finding might be more feasible in series of small families from genetically isolated 
populations (Bonifati et al. 2003). At present, the data retrieved with WES is so much 
more detailed that small families (not necessarily from genetic isolates) of only two 
affected relatives are sufficient for a gene finding study (Johnson et al. 2010; Maxmen 
2011). A novel gene responsible for ALS (Amyotrophic lateral sclerosis) was recently 
identified with this approach WES has even succeeded in the identification of rare 
variants in patients with a rare and undiagnosed phenotype, bringing genomic to 
the clinic (Maxmen 2011). In conclusion, association studies performed with whole 
exome sequencing data provide viable mean with great potential at finding novel 
and rare risk variants in both EOPD and LOPD, and assessing the remaining genetic 
contribution to PD. In fact the PD-consortium is already doing this for 800 EOPD 
cases, including 260 Dutch EOPD (personal communication).

From genes to molecular pathway studies – a cellular based model
The development of a therapeutic strategy to slow or halt the disease progression 
is the most important goal in PD’s research field. Understanding the complex 
etiology and pathogenesis of PD is likely to facilitate the development of effective 
therapies. The current pathways and disease pathogenesis identified from the 
genetic causes of PD offer optimism in the sense that they appear to converge 
and interconnect rather than diverge (Schapira 2010). However, the functional 
relationships of these genes and how their respective disease associated mutations 
cause selective neuronal loss and LB formation is largely unknown. Problems 
include the limited knowledge of the affected molecular pathways, i.e although 
some key players are well characterized, not all their substrates or regulatory 
factors are identified. An understanding of the complex molecular pathways (OS 
response, cellular respiratory chains in mitochondria, ubiquitin proteasome system) 
affected in PD is essential for the development of substances that can successfully 
interfere in the neurodegenerative process. Moreover, there is limited applicability 
of the current models to test drugs with suitable end points (Schapira 2010).  
 Evidence from the many altered aspects of DJ-1 mutant proteins, including 
changes in protein stability, structure, and intracellular localization indicate a 
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requirement for a “multifactorial” assay to evaluate the potential therapeutic value 
of a specific gene-therapy or a chemical-compound therapy. A high throuput- high-
content (HT-HC) cellular-based model, such as the one described by Jain et al 
2010, would be a way to start the evaluation of drug effects on a certain associated 
pathway (Jain and Heutink 2010). This method would provide a huge amount of 
quantitative data at different aspects of the protein that could be analyzed statistically.  
 While a cure for Parkinson’s disease may not be available in the near future, 
the combined efforts of academia, industry and non-profit organizations like the 
The Michael J. Fox Foundation to study the PD-associated genes will allow a better 
understanding of PD and the development of further treatment options.
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