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Abstract. The field of Parkinson’s disease pathogenesis
is rapidly evolving from the one of a monolithic and 
obscure entity into the one of a complex scenario with
several known molecular players. The ongoing systema-
tic exploration of the genome holds great promise for 
the identification of the genetic factors conferring sus-
ceptibility to the common non-Mendelian forms of this
disease. However, most of the progress of the last 5 years
has come from the successful mapping and cloning of
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genes responsible for rare Mendelian variants of Parkin-
son’s disease. These discoveries are providing tremend-
ous help in understanding the molecular mechanisms of 
this devastating disease. Here we review the genetics of
the monogenic forms of Parkinson’s disease. Moreover,
we focus on the mechanisms of disease caused by a-
synuclein and parkin mutations, and the implications of
this growing body of knowledge for understanding the
pathogenesis of the common forms of the disease.
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Introduction

The classical concept of Parkinson’s disease (PD), is ba-
sed on a clinical-pathological triad: the presence of par-
kinsonism (a combination of akinesia, resting tremor and
muscular rigidity), a good response to dopaminergic
therapy, and the presence of neuronal loss and gliosis in
specific brain areas (the substantia nigra pars compacta
and other areas), with formation of ubiquitin-positive
cytoplasmic inclusions called Lewy bodies (LBs) in the
surviving neurons [1, 2].
Most cases of PD present in sporadic form, a minority 
(~ 15%) are familial and only a few display typical Men-
delian patterns of inheritance (either autosomal dominant
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or recessive) (fig. 1). Today, we understand better the
genetic, pathological and clinical features of some Men-
delian forms which are responsible for a minority of PD
cases, usually of early onset. The majority of PD cases,
especially the sporadic, late-onset ones, are still idio-
pathic in nature. 
The classical definition of PD captures some common
clinical and pathological features, but none of the triad
components is specific for this disease [3, 4]. Parkin-
sonism can be the clinical correlate of lesions or dys-
functions at various levels in the basal ganglia, including
the substantia nigra and striatum, which can be caused by
neurodegeneration, inflammation, drugs, toxins, tumors
and vascular lesions. Response to l-dopa or synthetic dop-
amine agonists is characteristic, but again, non-specific
of PD, resulting from the loss of nigral dopaminergic neu-
rons of any kind, in the presence of spared post-synaptic



striatal dopamine receptors. Finally, LB pathology is ob-
served in many conditions, including Alzheimer’s disease
(AD), Lewy body dementia (DLB), progressive supra-
nuclear palsy, neurodegeneration with iron accumulation
type 1, and in a few brains of elderly individuals who died
without neurological disease.
The classical concept of PD therefore identifies the area
of overlap between two spectra: that of l-dopa-responsive
parkinsonian syndromes and that of LB-associated con-
ditions. In the absence of a biological marker, this con-
cept has persisted, also for its usefulness in the clinical
workup and treatment of patients. However, the lack of a
definition in terms of molecular mechanisms and the lack
of biomarkers have hampered research for cause(s) and
mechanism(s) of PD. 
The discovery of different Mendelian forms has chal-
lenged the monolithic concept of PD, initiating a process
of disease reclassification based on genetic and molec-
ular biology criteria (fig. 1, table 1). Some of these PD
forms of known etiology (such as PARK1/a-synuclein
and PARK3) are associated with LB pathology, but the
resulting clinical and pathological spectrum is broader
than that of classical PD, overlapping with DLB and tau-
related neurodegeneration [5, 6]. Other monogenic forms
(such as PARK2/parkin and PARK8) pose even deeper
challenges, as they might display differing pathology
with or without LBs in different cases [7, 8], yet they
might associate with a clinically typical PD phenotype.
The pathological spectrum associated with these known
Mendelian forms of PD therefore spans different, seem-
ingly disparate conditions of classical neuropathology.
The scenario might become even more complex as more
Mendelian forms are identified, and a similar revolution
in understanding and classification will likely invest 
a higher percentage of PD cases in the future, as the etio-
logical studies and the identification of biomarkers pro-
gress. 
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The different Mendelian forms of PD do not necessarily
fit into a common pathogenetic pathway. However, these
rare forms are promoting understanding of the patho-
genesis of the common forms of this devastating disease.
Extensive investigations on the first of such monogenic
forms (PARK1/a-synuclein and PARK2/parkin) are de-
lineating protein misfolding and a defective protein qual-
ity control system as central themes in these rare forms,
and in PD in general. For the more recently identified
forms, such as PARK7/DJ-1 and PARK6/PINK1, the pa-
thogenetic mechanisms and relationships to common PD
are less clear, and these forms might reveal involvement
of novel pathways. 
In the first section of this paper, the literature about loci
and genes for monogenic forms of PD is reviewed. In the
second section, the available data on the pathogenesis of
PD forms caused by mutations in PARK1/a-synuclein
and PARK2/parkin, and their implications for under-
standing the mechanisms underlying the common forms
of the disease are discussed. We have recently reviewed in
detail the PARK7/DJ-1-linked form and the genome-
wide screens performed in the common forms of PD [9,
10]. Therefore, these topics will be discussed only briefly.

Genetics of the Mendelian forms of PD

Genetics of the autosomal dominant forms of PD

PARK1/aa-synuclein
A first monogenic PD form was mapped to chromosome
4q21-q23 in a large Italian-American family known as
the ‘Contursi kindred’, with autosomal dominant PD and
LB pathology [11–13]. Soon after this locus (PARK1)
was identified, the etiological heterogeneity of PD became
evident, as linkage to this region was excluded in most
autosomal dominant families examined [14, 15]. 
One year later, a missense mutation, A53T, was identified
in the a-synuclein gene (SNCA), which co-segregated
with PD in the Contursi family and three smaller Greek
kindreds [16]. Haplotype analysis suggested a founder
effect for this mutation [17]. The A53T mutation has been
found in about 15 more families, all of Greek ancestry 
[5, 18–20], and a second mutation, A30P, was identified
in one German family [21]. However, mutational analysis
in a large series of sporadic and familial PD cases was 
negative, in keeping with results from linkage studies,
and delineating mutations in a-synuclein as a very rare
cause of PD [22–24]. Nevertheless, the discovery of 
a-synuclein mutations in PARK1 was a major break-
through. The protein encoded by this gene, a-synuclein,
was soon identified as one of the major components of
LBs in classical PD [25], DLB [26] and of the glial cyto-
plasmic inclusions in multiple system atrophy [27], a
group of neurodegenerative disorders now also termed

Figure 1. Inheritance patterns and genetic loci for PD. Linkage
analysis and positional cloning have recently led to the identifica-
tion of genes and loci for Mendelian and non-Mendelian forms of
PD. AR, autosomal recessive; AD, autosomal dominant.



alpha-synucleinopathies [28]. In recent years, several
transgenic models have been generated in rodents, flies
and worms expressing the human wild-type or mutant 
a-synuclein gene carrying the A53T or A30P mutation
[29–35]. These models show varying degrees of bio-
chemical, pathological and behavioural abnormalities
reminiscent of PD, and further support the contention that
derangements in the a-synuclein pathways are important
in the pathogenesis of PD. Although mutations in its 
gene are very rare, the a-synuclein protein therefore
plays a central role in PD.
Polymorphisms in the promoter and in a regulatory ele-
ment 10 kb upstream of the gene influence a-synuclein
expression in cell culture systems. Alleles conferring
increased expression levels could conceivably act as risk
factors for PD [36, 37]. However, most of the studies
published so far have found no association between these
polymorphisms and PD, while the finding of a-synuclein
haplotypes associated with PD awaits replication in in-
dependent datasets [38]. In comparison with classical PD,
the clinical phenotype associated with mutations in a-
synuclein is characterized by an earlier onset (on average

in the mid-forties), and reduced prevalence of tremor [5,
12, 19, 20]. Occurrence of cases with rapid progression,
dementia, myoclonus and severe autonomic dysfunction
indicates that PARK1 can present as a more widespread
neurodegeneration than classical PD [5, 12], as confir-
med by recent autopsy studies [39]. However, in Greek
patients carrying the A53T mutation, and in the German
family with the A30P mutation, the clinical picture ap-
pears similar to classical PD [19, 20, 40]. The phenotypic
spectrum associated with mutations in a-synuclein there-
fore appears broad, and a wide variability of onset ages is
observed in the same family [12, 18, 40], suggesting the
existence of genetic and/or non-genetic modifiers.
Five years after identification of the mutation in the
Contursi kindred, two reports have renewed interest into
PARK1. A third missense mutation (E46K) associated
with a phenotype ranging from PD to DLB was identified
in one Spanish kindred [41]. Moreover, a triplication of
the a-synuclein locus was found to cosegregate with PD in
an Iowan kindred previously linked (though not signifi-
cantly) to another region (PARK4, chromosome 4p15)
[42, 43]. The discovery of the a-synuclein locus tripli-
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Table 1. Current catalogue of genes and loci for PD

Locus Position Gene Inheritance pattern Pathology Clinical features

PARK1 4q21–q23 SNCA dominant, LB early onset, aggressive course,
(aa-synuclein) high penetrance tau pathology dementia, severe autonomic 

disturbances in some cases

PARK3 2p13 unknown dominant, LB late onset, classical PD,
incomplete penetrance b-amyloid dementia in some cases

tau pathology

PARK5 4p14 UCHL1 likely dominant unknown classical PD

PARK8 12p11–q13 unknown dominant, LB negative classical PD, dementia and
incomplete penetrance LB amyotrophy in some cases 

tau pathology

Pending 2q22–q23 NR4A2 likely dominant unknown classical PD
(NURR1)

PARK2 6q25–q27 parkin recessive mostly LB early onset slow progression
negative good, prolonged response to 
LB (1 case) l-dopa, dystonia at onset, sleep benefit
tau pathology

PARK6 1p36–p35 PINK1 recessive unknown early onset, slow progression

PARK7 1p36 DJ-1 recessive unknown early onset, slow progression

PARK9 1p36 unknown recessive unknown juvenile onset, multisystemic 
involvement, l-dopa response

PARK10 1p32 unknown non-Mendelian unknown classical PD (Icelandic population)

PARK11 2q36–q37 unknown non-Mendelian unknown classical PD (sib pairs study)

Pending Xq unknown non-Mendelian unknown classical PD (sib pairs study)

Parkinsonism might sometimes be the prominent clinical feature in other inherited neurodegenerative diseases, which are usually associated
with multisystemic neurological phenotypes such as spinocerebellar ataxia type 2, type 3, type 6, and X-linked dystonia parkinsonism (lu-
bag). The PARK4 locus (chromosome 4p15) is removed from this catalogue because a mutation at the PARK1 locus (whole SNCA locus tri-
plication) is associated with PD in the family which initially provided suggestive evidence for linkage to PARK4 [42].



cation, already found in a second family [44], extends 
the results of the studies in transgenic animal models, sho-
wing that overexpression of wild-type a-synuclein protein
is associated with human neurodegeneration. In the Iowan
kindred the phenotype is characterized by early-onset and
rapidly progressive parkinsonism, dementia, autonomic
dysfunction and body weight loss. The pathology shows
widespread LBs [45–47]. As in the Contursi kindred, also
in this family the clinical and pathological spectrum is the-
refore closer to DLB than to classical PD. 

PARK3
A second locus for autosomal dominant PD was mapped
to chromosome 2p13 in a genome-wide linkage search
using large kindreds of European ancestry [6]. The phe-
notypic spectrum is wide, encompassing typical PD of
late onset (average onset age of 59 years) and LB patho-
logy, but also cases with dementia in addition to parkin-
sonism, and presence of neurofibrillary tangles and senile
plaques in addition to LB pathology [48–50]. On the
basis of haplotype analysis, a low penetrance (40%) was
estimated for the mutation [6]. Linkage to the 2p13 region
has not been replicated in other large kindreds. Fine map-
ping studies refined the PARK3 critical region to 2.5 Mb,
but mutational screening of the genes contained in the 
region has been negative so far [51–53]. More recently, 
a genome-wide scan of affected sib-pairs analyzed the
onset age of PD as the phenotype of interest [54]. In this
study, suggestive evidence for linkage was detected to the
PARK3 region, confirming that an important genetic
determinant of PD risk and/or modifier of disease onset
age might reside in this region. A recent report has sug-
gested a role for the sepiapterin reductase gene, located
within the PARK3 region and implicated in dopamine
synthesis, in modifying the age at onset of PD [55].

PARK5/ubiquitin C-terminal hydrolase-L1 (UCHL1)
The UCHL1 gene encodes a protein which catalyses the
hydrolysis of ubiquityl-peptide conjugates in vitro [56].
However, the UCHL1 function in vivo seems rather to
stabilize the neuronal mono-ubiquitin levels by binding
mono-ubiquitin and preventing its degradation [57].
UCHL1 is abundant in neurons, and is present in LBs
[58]. Moreover, a mouse with a homozygous UCHL1
intragenic deletion develops neurodegeneration with ubi-
quitylated inclusions [59]. 
UCHL1 was therefore considered a candidate gene for PD,
but linkage to its region has so far not emerged in genome-
wide scans performed in PD. Direct sequencing of the
gene revealed a single missense mutation (I93M) 
in two German sibs with classical PD and family history,
suggesting autosomal dominant inheritance with incom-
plete penetrance [60]. Pathological studies have not been
reported in this family. Subsequent screening of this gene
has consistently been negative, suggesting that I93M is

either a rare cause of PD or a rare neutral polymorphism
[61–64]. Involvement of UCHL1 in the pathogenesis of
PD is also supported by the fact that a different polymor-
phism in this gene (S18Y) seems inversely associated with
PD [65–68], and that the UCHL1 protein displays ubi-
quitin ligase activity for a-synuclein in vitro [69]. Alt-
hough the genetic evidence is not entirely convincing, the
function of UCHL1 makes it likely that this protein is in-
volved in the pathogenesis of PD.

PARK8 
This locus was identified in a large pedigree named the
Sagamihara family from the region of origin in Japan [8].
Clinical features in affected individuals of the kindred 
resemble classical PD, with an average onset at 51 ± 6
years [70]. Yet nigral degeneration without LBs was found
at autopsy. In this family, a genome-wide scan yielded
significant evidence for linkage of PD to the centromeric
region of chromosome 12, and haplotype analysis sug-
gested incomplete penetrance of the mutation. Linkage to
the same region was found in a genome scan for AD, the
locus being termed AD5, but this was mostly supported
by the subset of families containing at least one affected
individual with LB pathology [71]. Very recently, linkage
to PARK8 was confirmed in two families of caucasian
ancestry with dominantly inherited neurodegeneration,
suggesting this to be an important locus and refining the
PARK8 critical region [72]. A wide clinical-pathological
spectrum is shown in these families, including typical PD
with LBs, DLB, tau pathology, nigral degeneration with-
out inclusions and atypical, ubiquitin-positive inclusions
[72]. Cloning the gene defective at the PARK8 locus
might provide insights for understanding the pathogene-
sis of PD and links between seemingly different neuro-
degenerative spectra.

The NR4A2 gene
The NR4A2 (NURR1) gene encodes a member of the
nuclear receptor superfamily of transcription factors [73]
which is important for the genesis of dopaminergic neu-
rons [74]. NR4A2 has been considered a candidate for PD,
but linkage to its chromosomal region has not been found
in genome scans, and the NR4A2 locus was excluded by
linkage and haplotype analysis in PD families with reces-
sive inheritance [75]. 
Evidence for association between an intronic polymor-
phism (IVS6+18 insG) and PD remains controversial
[76–78]. More recently, two heterozygous mutations
(–291Tdel and –245T Æ G) in the non-coding region
(exon 1) of NR4A2 were identified in 10 out of 107 pati-
ents with familial PD and classical onset [79]. The in-
heritance pattern appears autosomal dominant, and haplo-
type analysis suggests a founder effect for the –291Tdel
mutation in families of German ancestry. The associated
pathology is unknown. These mutations seem associated
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with dramatic decreases of expression of NR4A2 itself
and tyrosine hydroxylase, one of its target genes [79].
However, some of the reported functional findings, in
particular the fact that heterozygous mutations lead to
more than 50% reduction in NR4A2 messenger RNA
(mRNA) levels, are difficult to explain. Furthermore, the
evaluation of this gene in independent, large cohorts of
PD families has so far been negative, suggesting that
NR4A2 mutations, at least those localized in exon 1, are
very rare in PD [80–82].

Synphilin-1 and susceptibility to PD 
Synphilin-1 was identified in a yeast two-hybrid screen 
as an interactor of a-synuclein [83]. Its function remains
unknown, but, like a-synuclein, synphilin-1 is enriched
in presynaptic terminals [84]. Synphilin-1 is encoded by
the SNCAIP gene [85]. Immunoreactivity for synphilin-1
is present in LBs and in glial cytoplasmic inclusions,
suggesting that deposition of synphilin-1 is a feature 
of synucleinopathies [86, 87]. Overexpression of synphi-
lin-1 alone or in combination with parkin or a-synuclein
yields ubiquitin-positive, cytoplasmic inclusions, suggest-
ing a role for synphilin-1 in promoting protein aggrega-
tion [83, 88]. 
Suggestive evidence for linkage to the chromosomal 
region containing the SNCAIP gene (5q23) has been de-
tected in different genome screens of late-onset PD [89–
91], making SNCAIP a candidate susceptibility gene for
classical PD. Earlier mutation screenings of the SNCAIP
gene in PD were negative, but recently, a single hetero-
zygous missense mutation (R621C) was identified in two
sporadic patients with late-onset PD [92]. Further work 
is needed to clarify whether genetic variation in SNCAIP
influences susceptibility to PD.

Further dominant loci
It is likely that other autosomal dominant forms of PD
will be identified in the future, as most of the previous
loci have been excluded in additional pedigrees [93–95].
We have recently obtained suggestive evidence for link-
age to chromosome 19 in a Cuban family segregating
clinically typical PD of late onset [96]. The pathology of
this form remains unexplored. 

Genetics of the autosomal recessive forms of PD 

PARK2/parkin
An autosomal recessive form of juvenile parkinsonism
(AR-JP) was first described in Japanese families [97–99],
and a genetic locus (PARK2) was mapped to chromo-
some 6q25-q27 [100]. Subsequent studies confirmed this
linkage in families from several ethnic groups, delinea-
ting PARK2 as an important locus [101, 102]. The defec-
tive gene was identified by positional cloning, and termed

parkin [103]. The gene extends over more than 1 Mb and
contains 12 exons, which are expressed ubiquitously in
the brain and many extra-cerebral tissues. Splice variants
have been described for the human and mouse parkin
genes [103, 104]. More than 70 mutations in the parkin
gene have been identified so far in different populations
(reviewed in [105]). In addition to point mutations, large
genomic rearrangements (leading to exon deletions and
multiplications) have frequently been detected, in both
homozygous and heterozygous state, indicating the im-
portance of gene-dosage techniques for sensitive screen-
ing of parkin [106–108]. Haplotype analyses suggest the
occurrence of a founder effect for some of the recurrent
point mutations [109, 110]; on the contrary, the exon re-
arrangements seem to have arisen from independent
mutational events [109]. 
Large and comprehensive studies indicate that mutations
in this gene are found in ~50% of the familial PD cases
compatible with recessive inheritance and onset before
age of 45 years, and in ~15–20% of the sporadic cases
with onset before 45 [106, 108, 111]. Most of the sporadic
PD cases with parkin mutations have a very early onset
(before age of 30), whereas mutations in this gene are rare
among the sporadic cases of later onset [106, 111]. All of
these studies were hospital based, and the frequency of
parkin mutations might be lower in population-based
series of PD cases [112]. Nevertheless, a parkin mutation
is a major cause of early-onset PD, which in turn repre-
sents 5–10% of all PD cases [113]. 
A few studies suggest that parkinsonism due to a parkin
mutation might sometimes be dominantly inherited [114–
116]. However, the possibility of pseudo-dominant in-
heritance must be considered as an alternative explana-
tion of the disease in multigeneration families. Examples
of pseudo-dominant inheritance of parkin-related disease
have been shown in Japanese and Italian families [117–
120], suggesting that parkin gene mutations might be
frequent in some populations. 
Involvement of the parkin gene in late-onset PD has been
explored to a lesser extent, as patients with early onset
and/or recessive inheritance were pre-selected in most of
the mutational screens performed so far [106, 111, 121].
However, a recent study of PD sib pairs supporting link-
age to the PARK2 locus found parkin mutations in 11%
of the pairs with onset after age 50 [108]. In another
study, parkin mutations were found in 28% of the reces-
sive families with onset between 46 and 55 years [122].
Taken together, these data implicate the parkin gene in a
substantial fraction of late-onset families.
The parkin gene promoter has been characterized [123,
124], and single-nucleotide polymorphisms (SNPs) have
been identified [125, 126]. One of these variants (–258
T/G) is located in the core promoter region and the ‘G’
allele is associated with decreased gene expression in 
cell culture assays [125]. Moreover, the frequency of 
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the G allele was increased among patients with classical,
late-onset PD with borderline significance, suggesting
that this variant can be a risk factor for the common form
of PD [125].
Several other polymorphisms have been identified in the
parkin gene, including missense changes [127–129]. The
allelic frequencies show here wide variations between
ethnic groups, with the Ser167Asn and Val380Leu poly-
morphisms being most frequent among Orientals and
Caucasians, respectively [128, 129]. Other variants are
virtually population specific, such as the Arg366Trp in 
Orientals and the Asp394Asn in Caucasians [128, 129].
The results of allelic association studies of these poly-
morphisms in classical PD remain rather conflicting, and
none of the analyzed variants seems to have strong effects
on the risk of classical PD [130, 131]. 
A different gene named pacrg (parkin co-regulated gene)
lies in close proximity to parkin, but on the opposite DNA
strand, and it shares with parkin a bi-directional promoter
[132]. This gene, also termed glup (gene located up-
stream of parkin) is expressed in many tissues, including
the brain. The encoded ~30 kDa protein has an unknown
function, but it forms a complex with molecular chapero-
nes and might promote the formation of intracellular in-
clusions [133]. Immunoreactivity for the PACRG protein
has also been found in LBs [133]. Mutation screenings of
the pacrg/glup gene in PD have so far not been published.

Do single heterozygous parkin mutations cause PD?
In several early-onset PD cases a single heterozygous
parkin mutation is found, even after gene dosage analysis
or sequencing of the promoter region. Moreover, the age
of PD onset is later in these patients than in those with
mutations identified in both parkin alleles [112, 121, 122,
134]. This raises the questions whether single heterozyg-
ous parkin mutations are sometimes sufficient to cause
early-onset PD. Mechanisms to explain the disease in
these cases might involve haploinsufficiency, dominant-
negative or dominant gain-of-function mechanisms. Po-
sitron emission tomography (PET) studies showing that
heterozygous carriers of parkin mutations have mild
nigrostriatal dysfunctions also suggest that these muta-
tions might be harmful, at least at the subclinical level
[135, 136].
However, mutations found in the single heterozygous
state were also found in the homozygous state, or in com-
pound heterozygosity with a second mutation in other,
unrelated early-onset cases [134]. Moreover, the absence
of symptoms in the vast majority of heterozygous relatives
of patients with parkin-related disease who carry two
mutations [122] strongly suggests that most parkin muta-
tions are recessive, but in some cases the second mutation
escapes detection by current methods. Mutations in the
large introns, large inversions or large deletions in the
promoter can also be envisaged, and the possibility that

the second mutation is present in a different gene encod-
ing a protein involved in the same pathway cannot be
excluded. Screening the DJ-1 gene in a few cases carry-
ing single heterozygous parkin mutations failed to iden-
tify any mutations [137, 138]. Instead, the –258 T/G poly-
morphism in the parkin promoter was much overrepre-
sented in cases with single mutations, and it might also 
be pathogenic [122, 125]. 
Recent studies show that a few parkin mutations, inclu-
ding R275W (associated with LB pathology in one PD
case), induce the formation of aggresome-like inclusions
when overexpressed in cell cultures [139, 140]. This sug-
gests that some parkin mutants are misfolded and rapidly
degraded, thereby inducing a loss of function. However,
the fact that the parkinR275W mutant retains ubiquitin-
ligase activity in vitro [88] suggests that the pathogenic
mechanism of R275W and few other parkin mutations is
not the loss of function, but the gain of a toxic function,
mediated by the misfolding of the mutant protein [140].
These observations also support the argument that few
parkin mutations might be dominant and cause disease in
heterozygous state. 
A distinct question is whether single heterozygous parkin
mutations might increase the risk of late-onset PD, as
suggested recently [108, 141]. A note of caution is war-
ranted here, as gene-dosage analysis was not performed
in one study, which has probably missed many hetero-
zygous exon rearrangements [141]. On the other hand,
some of the heterozygous variants identified might also
represent rare harmless polymorphisms [108]. More gen-
etic and functional studies are thus required to clarify 
the role of single heterozygous parkin mutations in both
early- and late-onset PD.

Pathology studies
Only a few brains from patients with parkin mutations
have been examined so far [7, 98, 115, 142–146]. The
commonly observed pathological features were neuronal
loss and gliosis in the substantia nigra pars compacta 
and locus coeruleus. In single cases, neurodegeneration
was more widespread, including the substantia nigra 
pars reticulata [142, 146], and the spinocerebellar system
[144]. LBs were absent in all but one case, who was a
compound heterozygous carrier of a deletion within
exon 3 and the missense mutation R275W [115]. The par-
kinR275W mutant protein has residual ubiquitin-ligase ac-
tivity [88], and it might thus be pathogenic by a different
mechanism (see previous paragraph) [140].
Tau-positive inclusions were found in neurons and astro-
cytes in some parkin brains [7, 142, 144], and recently 
a distinct tauopathy, progressive supranuclear palsy, was
reported in a carrier of a single heterozygous parkin
mutation [145]. Whether these represent coincidental
findings or whether tau pathology is in the spectrum of
parkin disease remains unclear. 
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Neuroimaging studies
Several studies with fluorodopa and PET in parkin di-
sease have been based on a small number of cases, and
one report on a larger series was published recently [147].
These studies confirm the presence of presynaptic dopa-
minergic dysfunction, as in common PD. Moreover, PET
abnormalities in parkin patients display some degree of
left-right asymmetry, perhaps less pronounced than in
classical PD, and a clear rostro-caudal gradient (the
putamen being more severely affected than caudate), as 
in classical PD [147]. Mild abnormalities were observed
in asymptomatic heterozygous carriers, suggesting the
presence of subclinical disease [135, 136]. PET studies
also confirmed that the progression in parkin patients 
was slower than in classical PD [136]. Results using the
raclopride tracer suggest that the postsynaptic dopamine
receptors might also be abnormal in parkin patients
[135]. 

Clinical features
The clinical phenotype associated with parkin mutations
is characterized by early-onset parkinsonism, good and
prolonged response to levodopa and a benign, slow course.
The average onset age was in the early thirties in Euro-
pean patients, but late-onset cases have been described up
to 70 years of age [122]. Motor fluctuations and levodopa-
induced dyskinesias are present, whereas marked cogni-
tive or vegetative disturbances seem rare. The age of
disease onset is the most important predictor of parkin
mutations in that the earlier the onset, the more frequent
the mutations [106, 111, 122]. There are no specific clini-
cal features that identify patients with parkin gene muta-
tions from other early-onset forms [106, 111, 122]. How-
ever, symmetrical onset, dystonia at onset and hyperre-
flexia, slower progression of the disease and a tendency
towards a greater response to levodopa might be more
frequent among patients with parkin mutations [122].
The phenotypic spectrum overlaps with classical PD for
late-onset cases [122], and with dopa-responsive dystonia
for early-onset cases [148]. Rare atypical presentations
have also been described, and a wide variability in onset
age and phenotype is observed even within the same
families [110, 116, 122, 144, 149], suggesting the exis-
tence of genetic and/or non-genetic modifiers.

The importance of parkin in the clinical practice
Mutations in the parkin gene represent a frequent cause
of early-onset PD, and they must therefore be considered
in the diagnostic workup. Mutation screening of parkin is
difficult, and it should always include gene copy analysis
in addition to genomic sequencing. The genetic counsel-
ling of patients with parkin mutations and their relatives
is difficult because of the current uncertainties about the
role of single heterozygous mutations, and the broad
phenotypic spectrum associated, including a very large

intra-familial variance. Genotype-phenotype correlations
for parkin disease are poorly understood because the
spectrum of mutations is wide and probably incomplete,
and it is often difficult to establish whether and how a
given mutation has a biological effect. 

PARK7/DJ-1
We detected linkage of early-onset parkinsonism to chro-
mosome 1p36 (the PARK7 locus) by genome-wide homo-
zygosity mapping in a large Dutch family with autosomal
recessive PD originating from a genetically isolated pop-
ulation [150], and later confirmed this linkage in a second
Italian family [151]. By positional cloning within the re-
fined PARK7 critical region, we identified mutations in
the DJ-1 gene in these two families [152]. Subsequent
mutational screenings in a large series of patients with
early-onset PD identified further mutations, but they have
suggested DJ-1 mutations to be a rare cause of the di-
sease, being implicated in about 1–2% of the early onset
cases [138, 153, 154]. However, it is still early to accu-
rately estimate the frequency of DJ-1 involvement in PD,
and to delineate its mutational and phenotypic spectrum.
An extensive review on the genetics and the molecular
biology of PARK7/DJ-1 was recently published [9]. The
most significant findings from the recent studies include
resolution of the crystal structure of the human DJ-1 pro-
tein and the discovery that it exists as homo-dimer
[155–157]; and the discovery that the L166P mutation 
found in the Italian PARK7 family confers instability to
the DJ-1 protein, leading to very low steady-state levels
in cells [158–160]. Together with the complete absence 
of protein in the patients of the Dutch PARK7 family, 
this indicates that the loss of function of DJ-1 leads to
neurodegeneration. The function of DJ-1 remains largely
unknown, but genetic and biochemical studies suggest 
a role as an antioxidant and/or a molecular chaperone 
(reviewed in [9]). These putative functions would make
DJ-1 a candidate player in the current pathogenetic scena-
rios of classical PD as well. However, known DJ-1 inter-
actions with cytosolic RNA-binding protein complexes
and nuclear transcriptional cofactors might also reveal
the involvement of novel mechanisms in the survival of
dopaminergic neurons, and in the pathogenesis of neuro-
nal cell death in PD [9].
The pathology of PARK7 remains unknown, and LBs
from classical PD stained negative for DJ-1; however, 
DJ-1 immunoreactivity co-localizes with pathological tau
inclusions in different neurodegenerative disorders known
as tauopathies [161], and with the a-synuclein-positive
glial inclusions in multiple system atrophy [162], sug-
gesting further links between seemingly different diseases
and suggesting a role of DJ-1 in their pathogenesis. Elu-
cidating the role of DJ-1 might therefore lead to a better
understanding of the pathogenesis of Parkinson’s disease
and other common neurodegenerative disorders. 
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PARK6/PINK1 
A genome-wide scan and homozygosity mapping in a
large consanguineous kindred from Sicily with early-
onset PD (range: 32–48 years) yielded significant linkage
to the 1p36-p35 region [163]. This linkage was subse-
quently confirmed in an independent dataset of European
families [164]. The pathology of the PARK6-linked form 
remains unknown. A PET study showed a pattern similar
to parkin-related disease, including evidence for sub-
clinical dopaminergic dysfunction in heterozygous car-
riers [165]. The clinical features in PARK6-linked fami-
lies are those of early-onset PD, but dystonia at onset has
not been observed [166].
Very recently, a truncating (W437Stop) and a missense
(G309D) mutation have been identified in the PINK1
gene in the original PARK6-linked family and two addi-
tional smaller kindreds [167]. The loss of function of the
PINK1 protein therefore causes this Mendelian form of
PD. PINK1 is ubiquitously expressed, and it encodes a
581-amino acid protein which possesses a protein kinase
domain and is targeted to mitochondria (fig. 2) [167]. 
The localization of the PINK1 protein to mitochondria
links a primary defect of these organelles to the pathoge-
nesis of parkinsonism, with possible important implica-
tions for further understanding the role of mitochondria
in the pathogenesis of common forms of PD. Future studies
will reveal the frequency of involvement of this gene in
PD and the associated phenotypic spectrum.

PARK9
This locus was mapped to the 1p36 region by genome-
wide linkage analysis in a single consanguineous family
from Jordan [168]. Five siblings were affected with a
multisystemic neurodegenerative disease (Kufor-Rakeb
syndrome) clinically quite far from PD, and more closely
resembling pallido-pyramidal degenerations, with juve-
nile onset (below age 20), akinetic-rigid parkinsonism
(no tremor), pyramidal tract dysfunction, supranuclear
gaze paresis and cognitive deterioration. The parkinson-
ism was levodopa responsive, but the progression was
rapid, and neuroimaging showed progressive brain atrophy
starting from the pallidum and pyramids [169]. The
pathology of this form remains unexplored.

Genome-wide screens in the common forms of PD
Four genome-wide scans in a large series of small fami-
lies, each containing at least one pair of relatives affected
with classical PD, have been completed; others are in pro-
gress [89–91, 170]. The most important result of these
studies has been the detection of a significant linkage 
to three novel regions, on chromosomes 1p32 (PARK10),
2q36-q37 (PARK11) and on the X chromosome [91, 171,
172]. These regions might therefore harbour susceptibi-
lity genes for classical late-onset PD. The same region on

1p32 was significantly linked to onset age of PD in ano-
ther study [173]. In addition to these significant findings,
a series of chromosomal regions with interesting or sug-
gestive positive LOD scores has been generated. Though
none of these regions achieved statistical significance,
the analysis of a larger dataset might identify further
genuine linkages. The results of genomic screens in clas-
sical PD were recently reviewed [10].

Pathogenesis of Parkinson’s disease –
the contribution of aa-synuclein and parkin

The contribution of aa-synuclein
The first monogenic form of PD (PARK1) led to a land-
mark discovery: a-synuclein is a key player in the patho-
genesis of both autosomal dominant PD and idiopathic
PD. While missense variants (A53T, A30P, E46K) [16,
21, 41] and overexpression of this protein [42, 44] are 
a rare cause of autosomal dominant PD, wild-type a-
synuclein is one of the major components of the LBs 
in all forms of PD and other synucleinopathies [174]. 
In the last 3 years, several transgenic animal models 
have been generated that overexpress wild-type or mutant
human a-synuclein. These models display varying de-
grees of biochemical, pathological and clinical abnor-
malities reminiscent of PD, and further support the con-
tention that a-synuclein is primarily implicated in the 
pathogenesis of PD in general [175].
a-Synuclein is a 140-amino acid protein which has been
highly conserved in evolution; it is abundant in neurons
and enriched in the presynaptic compartment [176]. Al-
though its exact function remains unknown, involvement
in synaptic plasticity and in regulation of size and turn-
over of synaptic vesicles has been suggested. Mice in
which the a-synuclein gene has been knocked out 
possess a normal number of dopaminergic neurons and
synapses but show mild reduction in striatal dopamine 
levels and abnormalities in amphetamine-induced res-
ponses, suggesting a role for a-synuclein in the reg-
ulation of the dopaminergic neurotransmission [177]. 
a-Synuclein knockout mice do not develop PD-like
pathology, in keeping with the role of this protein in PD
being due to a gain of function rather than a loss of 
function. However, the possibility that loss of the normal
function of a-synuclein might contribute to disease pro-
gression cannot be excluded [178]. 
The a-synuclein protein contains a N-terminal amphi-
pathic region; a central region, which includes the amy-
loidogenic peptide NAC (non-ab component of Alzhei-
mer’s disease amyloid); and a C-terminal acidic region
(fig. 2). Six imperfect repeats of 11 amino acids, contain-
ing the KTKEGV consensus motif, are present within the
first 95 amino acids. These repeats confer a variation 
in hydrophobicity which is typical of the amphipathic 
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a-helix of the lipid-binding domain in apolipoproteins 
[176, 179]. And indeed, a-synuclein shows homology
with fatty acid binding proteins, but also with the 14-3-3
family of molecular chaperones, and it displays inhibi-
tory activity on phospholipases. a-Synuclein is natively
unfolded, and its secondary structure is critically de-
pendent on the interaction with lipid membranes, which
markedly increase the a-helix content [180].
Biochemical studies have shown that a-synuclein dis-
plays a concentration-dependent property to form oligo-
meric species (also called protofibrils) and amyloid b-
sheet fibrils in vitro [181, 182]. Oligomers are believed to
represent the precursors of higher-order aggregates in
vivo, which are assembled in the filamentous structures
seen in LBs and Lewy neurites (fig. 3). Evidence sug-
gests that in different neurodegenerative diseases, the 
oligomers are the neurotoxic molecules [183–187]. In
support of this view, increased oligomerization, not fibril-
lization, is the shared property of the first two PD-linked
a-synuclein missense mutations [188, 189]. The effect of
the third, recently identified mutation (E46K) remains to
be investigated in this regard. However, studies in trans-

genic animals suggest that the fibrillar form of a-synuclein
is the primary toxic moiety [33, 34].
Several biophysical and biochemical studies investigated
a-synuclein aggregation, but only recently has the oligo-
merization process been specifically addressed, and the
factors involved are just beginning to be characterized. It
is possible that small amounts of a-synuclein oligomers
are normally formed in the neuron as well, and evidence
for the existence of oligomers in normal conditions has
indeed been obtained recently [190]. 
Factors enhancing a-synuclein fibrillization in vitro in-
clude heavy metals and pesticides (implicated in PD on
the basis of epidemiological studies), oxidative stress 
and heparin, but how these factors relate to the formation
of oligomers is unknown. On the other hand, it is known
that molecular crowding, interaction with calcium, pos-
sibly via calmodulin, interaction with lipid membranes
and polyunsaturated fatty acids promote and/or enhance
oligomerization, whereas saturated fatty acids decrease
the oligomerization [190]. 
Furthermore, studies in cell culture and animal models
have shown that mitochondrial inhibitors such as rotenone
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Figure 2. PD-associated genes and their products. Comparison of the genomic size of four genes, which are firmly implicated in
Mendelian forms of PD, and primary structure of the encoded proteins. The DJ-1 protein forms homodimers in solution.



and paraquat [191–193], oxidative [194, 195] and nitra-
tive [196] conditions, and proteasomal inhibition [197]
are all associated with increased a-synuclein fibrillization
with formation of intracellular aggregates. 
Post-translational modifications of a-synuclein, including
transglutaminase-mediated cross-linking [198], phos-
phorylation [199], nitration [200] and mono- and diubi-
quitylation [201] likely contribute to the formation and/or
stabilization of aggregates. On the other hand, magne-
sium [202], b-synuclein and g-synuclein[203, 204] appear
to inhibit the fibrillization of a-synuclein.
Intrinsic biophysical properties of a-synuclein probably
confer a high neurotoxic potential to this protein, in
analogy with proteins that are pivotal in other neuro-
degenerative diseases, such as tau and b-amyloid for AD,
or PrP for prion disease. Recent evidence suggests that
interactions between tau and a-synuclein can synergis-
tically promote the polymerization of both proteins [205],
in keeping with the co-localization of a-synuclein and tau
epitopes in LBs [206, 207], and the overlapping tau and
a-synuclein pathology in different PD monogenic forms,
including PARK1 and PARK8 [39, 72].
Regulation of a-synuclein neuronal levels is likely sub-
ject to tight control, and a major hypothesis is that the
primary abnormality in PD is abnormally increased 
a-synuclein expression. The factors controlling expres-
sion of a-synuclein in human neurons remain largely
unexplored, and this appears a very promising area for
future studies. 
Studies of the human a-synuclein promoter in cell systems
suggest that high- and low-expression alleles exist [37],
but so far clear evidence of overrepresentation of the
high-expression alleles in PD is lacking. Increased ex-
pression of a-synuclein and decreased expression of b-
synuclein have been reported in brains from patients with
diffuse LB disease, suggesting that an imbalance between
the expression of the different synucleins might be patho-
genic [208]. However, another study did not find changes
in a-synuclein expression in PD brain [209]. 
Another possibility is that in PD there is a primary
decrease in the clearance of a-synuclein and/or its 
oligomers. Direct interaction between a-synuclein and a
proteasomal subunit has been reported [210, 211]. How-
ever, whether a-synuclein is physiologically degraded by
the proteasome or by different systems remains contro-
versial, with evidence in favour [212, 213], including 
ubiquitin-independent proteasomal processing [214], and
evidence against it [213, 215]. Other studies suggest that
calpain (a cysteine protease) [216], neurosin/kallikrein-6
(a serine protease) [217] and the lysosomes [196, 213] 
are also involved in cleavage and degradation of a-
synuclein. Intriguingly, in an embryonic hippocampal
cell line, overexpression of parkin stimulated the calpain-
mediated degradation of a-synuclein and protected 
from a synuclein-induced citotoxicity, suggesting that 

a-synuclein and parkin are functionally linked through 
non-proteasomal proteolytic pathways [218]. Whether 
a-synuclein (or a modified form) is a parkin substrate 
in vivo in the human brain remains controversial.
Elucidating the physiological pathways of a-synuclein
degradation is another very important area of current in-
vestigation.

How is aa-synuclein neurotoxic? 
Apart from the question of how abnormal oligomeriza-
tion or fibrillization of a-synuclein is determined in PD,
another central problem is how monomeric, oligomeric,
or fibrillar a-synuclein exerts its toxicity. This remains
unclear, but several possibilities have been suggested, 
including direct inhibition of the proteasome system
[211, 219, 220], impairment of mitochondrial function
[221] and derangement in cellular trafficking [222]. As a
further mechanism, it has been proposed that a-synuclein
oligomers form pore-like structures similar to bacterial
toxins, which are able to damage synaptic vesicles [223].
In the case of the dopaminergic neuron, the release of 
dopamine in the presynaptic cytosol would lead to oxida-
tive stress (fig. 3). 
Any kind of selective interaction between a-synuclein
and dopamine has the potential to explain the relative
selectivity of the PD neurodegenerative process for the
dopaminergic neurons. In this regard, it is interesting that
in a neuronal culture system, the toxicity of a-synuclein
requires endogenous dopamine production, as it is abol-
ished by tyrosine hydroxylase inhibition and seems me-
diated by reactive oxygen species [224].
Other studies suggest that a-synuclein interacts with and
enhances the activity of the dopamine transporter [225],
and it inhibits the monoamine vesicular transporter [226].
Together with direct damage to vesicles by pore-like
oligomers, these effects would converge to the common
endpoint of increasing the cytosolic levels of free dopa-
mine, leading to oxidative stress. Moreover, the oxidative
metabolite dopamine quinone can form adducts with 
the same a-synuclein, and these adducts inhibit the con-
version of a-synuclein oligomers to higher aggregates,
further reinforcing the oligomer-mediated toxicity (fig. 3)
[227]. 
The links between a-synuclein and dopaminergic neu-
rons are also highlighted by evidence that a-synuclein
overexpression might enhance the toxicity of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine [MPTP] [228], whereas
a-synuclein knockout mice are resistant to the toxicity of
MPTP [229, 230], a selective dopaminergic neurotoxin,
which inhibits mitochondrial complex I but also leads to
dopamine redistribution from vesicles to cytosol and do-
pamine-mediated oxidative stress [231]. 
Several studies in cell culture systems have linked the
overexpression of wild-type and especially mutant a-
synuclein to mitochondrial dysfunction [221], oxidative
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stress [221, 232–234], susceptibility to dopamine-media-
ted toxicity [235, 236], proteasomal inhibition [220, 234]
and apoptosis [220, 234]. It is of interest that in other cell
systems, a-synuclein exerted protection against oxidative
stress [237] and anti-apoptotic properties [238], and pro-
tected mice from paraquat-induced neurodegeneration
[239]. These findings illustrate the complexity of the a-
synuclein pathways and the possible confounding effects
of the different cell types, levels of expressions, and 
experimental paradigms. 
The observation that systemic administration of the mit-
ochondrial complex I inhibitor rotenone, a substance not
selectively uptaken by dopamine neurons, causes selec-
tive dopamine neuronal loss with LB-like inclusions in
rodents [193], is compatible with the argument that dopa-

mine neurons are particularly vulnerable to systemic
complex I dysfunction and that mitochondrial defects
might be a primary event in common PD. The recent dis-
covery of mutations in PINK1, a mitochondrial putative
protein kinase, in PARK6, strengthens the argument of
mitochondrial defects as primary event [167]. The lack of
complex I impairment in cells of patients with PD caused
by a-synuclein mutations also suggests that the a-synuc-
lein cascade might be downstream of the mitochondrial
defects in common PD [240].
However, many reciprocal influences are known between
mitochondrial dysfunction, oxidative stress, protein mis-
folding and oligomerization, proteasome inhibition and
activation of unfolded protein response, leading to many
possible vicious cycles and ultimately to neuronal cell 
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Figure 3. Model of the molecular pathogenesis of PD. The Mendelian forms of PD are unraveling the role of key proteins, such as 
a-synuclein and parkin, which also play important roles in the pathogenesis of the common forms of the disease. a-Synuclein misfolding
and aggregation are central in the pathogenesis of PD. a-Synuclein oligomers and/or fibrils are suspected to be neurotoxic through a
cascade of self-perpetuating mechanisms, which include mitochondrial and proteasomal inhibition, vesicle damage and oxidative stress,
ultimately leading to cell death. In rare families, the cascade is activated by mutations in the a-synuclein gene, but the primary cause of 
a-synuclein misfolding and aggregation in the common form of PD remains unknown. A primary role for mitochondrial defects is
supported by the discovery that mutations in PINK1, a mitochondrial protein kinase, cause PARK6. In response to oxidative stress and/or
protein misfolding, the systems of antioxidants and molecular chaperones (which might include DJ-1) attempt to repair the damaged
proteins. The proteins which cannot be efficiently repaired are tagged for degradation though the ubiquitin-proteasome system and other
non-proteasomal pathways. If these systems are also insufficient, the excess of misfolded proteins is sequestered in an insoluble, inert 
form (aggresomes). Parkin might promote the degradation of a-synuclein and other misfolded proteins through proteasomal and non-
proteasomal pathways, and it might also be involved in the formation of aggresomes. 



death. All of these mechanisms have been implicated in
the pathogenesis of common PD, but it is difficult to 
disentangle the primary and secondary events (fig. 3). 

The role of the LBs and the molecular chaperones 
in PD
The role of the LBs is controversial, as they might be 
neurotoxic, inert or protective for the neuron. Inclusions
could be detrimental by sequestering molecular chapero-
nes, proteasomal subunits and other important molecules.
However, a growing body of evidence suggests that in-
clusions function to eliminate toxic soluble species by se-
questering them in insoluble form. This mechanism could
compensate in situations where the protein quality con-
trol system (chaperones, proteasome and other systems)
is insufficient or overloaded (fig. 3). This view is strongly
supported by the fact that LBs resemble the so-called 
aggresomes [241], which are believed to be part of the
cell repertoire of responses to protein misfolding and ag-
gregation [242]. LBs display many similarities to aggre-
somes, including the morphology, presence of chapero-
nes, proteasomal subunits, and other aggresomal markers
such as g-tubulin and pericentrin [241, 243]. 
Molecular chaperones assist the proper folding of nascent
polypeptides, refolding of damaged proteins and deliver-
ing of proteins for proteasomal degradation (fig. 3) [244].
Studies in transgenic animals and cell models of neuro-
degeneration show that manipulation of the chaperone
and of the ubiquitin systems markedly influences patho-
genesis. In rodent and fly models of different neuro-
degenerative diseases (including a-synuclein), the over-
expression of chaperones reduces, whereas interference
with chaperones aggravates neurotoxicity [175, 245].
These effects are not accompanied by visible modifica-
tion of aggregates. On the contrary, interference with ubi-
quitylation enhances pathogenesis but also markedly 
reduces the formation of aggregates [246]. Taken as a
whole, these studies support the contention that inclusions
are not primarily pathogenic, and they might actually be
protective. 

The contribution of parkin
The discovery of parkin mutations in PARK2 provided a
second landmark contribution to the understanding of
PD, highlighting the role of the ubiquitin-proteasome
system in the pathogenesis of both parkin-linked and
classical PD.

The function of the parkin protein
The parkin gene encodes a 465-amino acid protein with
an N-terminal domain homologous to ubiquitin (Ub-L),
and two RING finger domains separated by an in-be-
tween-RING (IBR) domain in the C-terminal part (fig. 2)
[103, 247]. The parkin protein is widely expressed in

neurons and glial cells, and it has been localized at many
levels, including the cytosol, endoplasmic reticulum,
Golgi complex, synaptic vesicles, postsynaptic densities,
nuclear matrix, and the outer mitochondrial membrane.
The Ub-L domain of parkin adopts the ubiquitin fold
[248, 249] and shares a motif with proteins interacting
with the proteasome [250]. Recent evidence indeed sug-
gests that parkin binds proteasomal subunits, such as
Rpt6 [251] and Rpn10 [249], linking this structure to the
ubiquitylation machinery. 
Parkin possesses ubiquitin-ligase activity [252–254]. 
Covalent attachment of the ubiquitin (Ub) polypeptide
(ubiquitylation) tags proteins for proteasomal degradation,
and this is a fundamental mechanism for the protein qua-
lity control system [255]. Parkin interacts through its
RING-IBR-RING domains with different Ub-conjugating
enzymes, including the cytosolic UbcH7 and UbcH8
[252– 254], and with the endoplasmic reticulum-associat-
ed UBC6 and UBC7 [256]. Parkin also ubiquitylates itself
and promotes its own proteasomal degradation [254, 257].
Much work has explored the physiological and patho-
logical role of parkin, assuming a link to the ubiquitin-
proteasome system. However, ubiquitin conjugation is a
signalling system which regulates a broad range of cel-
lular processes, including gene transcription, endocytosis
and protein sorting [255, 258]. Parkin might also be linked
to neurodegeneration via a different ubiquitin-mediated
pathway. 
Parkin knockout mice have recently been generated [259,
260]. These mice are viable and fertile; they develop and
maintain a normal number and morphology of dopamin-
ergic neurons, normal brain morphology and normal 
general behaviour. However, they show some biochemi-
cal, electrophysiological and behavioural abnormalities,
which indicates subclinical dysfunction in the dopamin-
ergic nigrostriatal pathways [259, 260]. These findings
suggest that parkin plays a role in the regulation of dopa-
minergic neurotransmission. However, the parkin knock-
out mice failed to reproduce the parkinsonian syndrome
and the loss of dopaminergic neurons, the main patholo-
gical features of PD and of parkin disease in humans, sug-
gesting that the role of parkin might differ among species,
and indicating that this role is not essential for the devel-
opment and survival of dopaminergic neurons in mice
[259, 260]. In keeping with this view, species-specific
differences in the biochemical properties of parkin be-
tween rodents and humans, and variation of the biochem-
ical profile of human (but not murine) parkin with age
have recently been reported [261]. 

Parkin has many putative interactors
PARK2 is in most cases a classical recessive disease, sug-
gesting that the loss of parkin function is pathogenic.
Moreover, several disease-causing missense mutations in
parkin abolish Ub-ligase activity [88, 252, 254]. To the
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extent that loss of this function is the culprit in parkin
disease, accumulation of non-ubiquitylated substrates is
important in the pathogenesis. The identification of 
parkin substrates is therefore of interest.
Yeast two-hybrid screens and other approaches have 
provided several putative candidates (fig. 4), including
CDCrel-1, a synaptic vesicle-associated protein [254]
and its close homolog CDCrel-2; [262], synaptotagmin
XI, implicated in regulation of synaptic vesicle traffick-
ing [263]; the putative G-protein-coupled transmembrane
PAEL-receptor (parkin-associated endothelin receptor-
like receptor) [256]; synphilin-1, an a-synuclein-inter-
acting protein [88]; aSp22, a brain-specific glycosylated
isoform of a-synuclein [264]; calcium/calmodulin-depen-
dent serine protein kinase (CASK), a postsynaptic protein
[265]; cyclin-E, a protein linked to cell cycle regula-
tion and neuronal apoptosis [266]; p38, a component of 
the transfer RNA (tRNA)-aminoacyl synthetase complex
[267]; and a- and b-tubulins [268]. These putative inter-
actors suggest the involvement of different pathways in
the pathogenesis of parkin disease, including synaptic
derangement, endoplasmic reticulum stress and the un-
folded protein response, and induction of apoptosis 
(fig. 4). However, whether the accumulation of one or
several of these putative substrates is neurotoxic remains
unclear. The interaction between parkin and the chape-
rone Hsp70 [251, 269] could mediate the interaction with
a variety of misfolded proteins, explaining the apparent
broad substrate specificity of parkin (fig. 4). Accumula-
tion of parkin putative substrates in the brain of patients
with parkin disease is so far limited to single reports [256,
264, 266], and this has not been observed in parkin
knockout mice [260].
The reported interactions between parkin and a-synuc-
lein, either direct via native a-synuclein [218], the aSp22
isoform [264], or indirect via synphilin-1 [88], would link
parkin to a-synuclein, another central protein in the pa-
thogenesis of PD. These interactions might underlie the
deposition of ubiquitylated a-synuclein in LBs [88, 264].
Other studies showed that parkin overexpression protects
from a-synuclein-induced neurotoxicity in cell cultures
[218, 270], and from a-synuclein-induced neurodegene-
ration in Drosophila [271], also suggesting that parkin is
implicated in the pathogenesis of PD in general. 
The absence of LBs in most patients with parkin disease
is compatible with the idea that the Ub-ligase activity of
parkin is important for the formation of these inclusions.
The report of LBs in a PD patient carrying compound 
heterozygous parkin mutations is in agreement with this
view [115], as one of these mutants (R275W) retains E3
activity [88]. However, a different explanation is that the
pathogenesis of the parkin disease differs from that of
classical PD with LB pathology. The recent finding that
parkin is recruited in aggresomes in cell cultures in re-
sponse to proteasomal and other cell stresses is com-

patible with an active role of parkin in the formation of
aggresomes and of LBs [243, 272, 273].

Parkin, mitochondria and apoptosis
A link between parkin, mitochondria and apoptosis is
suggested by the Drosophila parkin knockout model
[274]. These flies show reduced longevity, male sterility,
locomotor defects and mild, age-related structural chan-
ges in the dorsomedial cluster of dopaminergic brain
neurons [274]. The male sterility is due to mitochondrial
defects in spermatogenesis, and the locomotor defects are
caused by a mitochondrial myopathy leading to apoptotic
cell death [274]. This model failed to reproduce dopa-
minergic neuronal loss typical of human parkin disease.
However, its findings are important in the light of mito-
chondrial defects observed in classical PD [275]. Re-
cently, parkin has also been linked to protection from mit-
ochondria-dependent cell death in a cell culture model
[276]. Oxidative stress and nitric oxide production have
been observed after overexpression of disease-linked
parkin mutations in cell cultures [277]. A recent prote-
omic study of brain from parkin knockout mice revealed
abnormalities in the levels of several mitochondrial pro-
teins and evidence of oxidative damage [278], strongly
suggesting that mitochondrial defects and oxidative
damage are central in the pathogenesis of parkin-linked
disease.
The parkin ubiquitin-ligase activity could protect cells in
several ways, including tagging the unfolded substrates
for proteasomal degradation, promoting formation of 
aggresome-like inclusions and perhaps by signalling in
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Figure 4. Interactions of the parkin protein. The interaction be-
tween parkin and the chaperone Hsp70 might mediate some of 
the other interactions of parkin. Parkin also directly interacts with
the proteasome, linking this structure with the ubiquitylation ma-
chinery. The accumulation of non-ubiquitylated parkin substrates
might cause neurodegeneration in parkin disease. The current
scenario suggests that derangement of the synaptic function, 
protein misfolding, mitochondrial dysfunction and activation of
apoptotic pathways play a role in the pathogenesis of this Mende-
lian PD form.



other ubiquitin-mediated pathways related to cell death.
Whatever the initial mechanism is, the final endpoint 
in parkin disease shows evidence of mitochondrial der-
angement, oxidative stress and apoptosis [274, 276–
278], suggesting further links to the pathogenesis of
classical PD. 

Conclusion

Molecular genetics has provided tremendous contribu-
tions to our understanding of the pathogenesis of PD.
Most of this progress has come from analysis of rare 
inherited forms of the disease, and identification of the
genes involved in other forms holds the promise of yield-
ing further significant steps forward. Yet we are just 
beginning to disentangle the complexity of the common
forms of the disease, and the genome-wide linkage
screens have recently produced the first significant re-
sults. Perhaps the next few years will also see the shift
from the current ‘anatomical’ screening of the genome to
a more functional analysis exploring quantitative changes
in gene and protein expression. Profiling the tran-
scriptome and the proteome in human tissue, animal and
cell-based models might provide functional signatures of
the disease process, allowing recognition of pathways and
development of integrative views.

Acknowledgements. We thank the Michael J. Fox Foundation, the
Parkinson Disease Foundation and the National Parkinson Founda-
tion (USA) for their financial support, and Tom de Vries Lentsch
for artwork.

1 Lang A. E. and Lozano A. M. (1998) Parkinson’s disease.
First of two parts. N. Engl. J. Med. 339: 1044–1053

2 Gelb D. J., Oliver E. and Gilman S. (1999) Diagnostic criteria
for Parkinson disease. Arch. Neurol. 56: 33–39

3 Rajput A. H., Rozdilsky B. and Rajput A. (1991) Accuracy of
clinical diagnosis in parkinsonism – a prospective study. Can.
J. Neurol. Sci. 18: 275–278

4 Hughes A. J., Daniel S. E., Kilford L. and Lees A. J. (1992)
Accuracy of clinical diagnosis of idiopathic Parkinson’s 
disease: a clinico-pathological study of 100 cases. J. Neurol.
Neurosurg. Psychiatry 55: 181–184

5 Spira P. J., Sharpe D. M., Halliday G., Cavanagh J. and
Nicholson G. A. (2001) Clinical and pathological features of
a Parkinsonian syndrome in a family with an Ala53Thr alpha-
synuclein mutation. Ann. Neurol. 49: 313–319

6 Gasser T., Muller-Myhsok B., Wszolek Z. K., Oehlmann R.,
Calne D. B., Bonifati V. et al. (1998) A susceptibility locus 
for Parkinson’s disease maps to chromosome 2p13. Nat. 
Genet. 18: 262–265

7 Mori H., Kondo T., Yokochi M., Matsumine H., Nakagawa-
Hattori Y., Miyake T. et al. (1998) Pathologic and biochemical
studies of juvenile parkinsonism linked to chromosome 6q.
Neurology. 51: 890–892

8 Funayama M., Hasegawa K., Kowa H., Saito M., Tsuji S. and
Obata F. (2002) A new locus for Parkinson’s disease (PARK8)
maps to chromosome 12p11.2–q13.1. Ann. Neurol. 51: 296–301

9 Bonifati V., Oostra B. A. and Heutink P. (2004) Linking DJ-1
to neurodegeneration offers novel insights for understanding 
the pathogenesis of Parkinson’s disease. J. Mol. Med. 82:
163–174

10 Bonifati V. and Heutink P. (2004) Chromosome 1 and other
hotspots for Parkinson’s disease genes. In: Molecular Mecha-
nisms of Parkinson’s disease, Kahle P. and Haass C. (eds), 
Eurekah.com, (available at PubMed Book Shelf)

11 Golbe L. I., Di Iorio G., Bonavita V., Miller D. C. and Duvoi-
sin R. C. (1990) A large kindred with autosomal dominant
Parkinson’s disease. Ann. Neurol. 27: 276–282

12 Golbe L. I., Di Iorio G., Sanges G., Lazzarini A. M., La Sala
S., Bonavita V. et al. (1996) Clinical genetic analysis of 
Parkinson’s disease in the Contursi kindred. Ann. Neurol. 40:
767–775

13 Polymeropoulos M. H., Higgins J. J., Golbe L. I., Johnson W.
G., Ide S. E., Di Iorio G. et al. (1996) Mapping of a gene for
Parkinson’s disease to chromosome 4q21-q23. Science 274:
1197–1199

14 Scott W. K., Staijich J. M., Yamaoka L. H., Speer M. C., Vance
J. M., Roses A. D. et al. (1997) Genetic complexity and Par-
kinson’s disease. Science 277: 387–388

15 Gasser T., Muller-Myhsok B., Wszolek Z. K., Durr A., Vaug-
han J. R., Bonifati V. et al. (1997) Genetic complexity and Par-
kinson’s disease. Science 277: 388–389

16 Polymeropoulos M. H., Lavedan C., Leroy E., Ide S. E., 
Dehejia A., Dutra A. et al. (1997) Mutation in the alpha-
synuclein gene identified in families with Parkinson’s di-
sease. Science 276: 2045–2047

17 Athanassiadou A., Voutsinas G., Psiouri L., Leroy E., Poly-
meropoulos M. H., Ilias A. et al. (1999) Genetic analysis of
families with Parkinson disease that carry the Ala53Thr 
mutation in the gene encoding alpha-synuclein. Am. J. Hum.
Genet. 65: 555–558

18 Markopoulou K., Wszolek Z. K., Pfeiffer R. F. and Chase B.
A. (1999) Reduced expression of the G209A alpha-synuclein 
allele in familial Parkinsonism. Ann. Neurol. 46: 374–381

19 Papapetropoulos S., Paschalis C., Athanassiadou A., Papadi-
mitriou A., Ellul J., Polymeropoulos M. H. et al. (2001)
Clinical phenotype in patients with alpha-synuclein Parkin-
son’s disease living in Greece in comparison with patients
with sporadic Parkinson’s disease. J. Neurol. Neurosurg. Psy-
chiatry 70: 662–665

20 Bostantjopoulou S., Katsarou Z., Papadimitriou A., Veletza
V., Hatzigeorgiou G. and Lees A. (2001) Clinical features of
parkinsonian patients with the alpha-synuclein (G209A) mu-
tation. Mov. Disord. 16: 1007–1013

21 Kruger R., Kuhn W., Muller T., Woitalla D., Graeber M., 
Kosel S. et al. (1998) Ala30Pro mutation in the gene encoding
alpha-synuclein in Parkinson’s disease. Nat. Genet. 18: 106–
108

22 Vaughan J., Durr A., Tassin J., Bereznai B., Gasser T., Boni-
fati V. et al. (1998) The alpha-synuclein Ala53Thr mutation is
not a common cause of familial Parkinson’s disease: a study
of 230 European cases. Ann. Neurol. 44: 270–273

23 Vaughan J. R., Farrer M. J., Wszolek Z. K., Gasser T., Durr A.,
Agid Y. et al. (1998) Sequencing of the alpha-synuclein 
gene in a large series of cases of familial Parkinson’s disease
fails to reveal any further mutations. Hum. Mol. Genet. 7:
751–753

24 Chan P., Jiang X., Forno L. S., Di Monte D. A., Tanner C. M.
and Langston J. W. (1998) Absence of mutations in the coding 
region of the alpha-synuclein gene in pathologically proven
Parkinson’s disease. Neurology 50: 1136–1137

25 Spillantini M. G., Schmidt M. L., Lee V. M., Trojanowski J.
Q., Jakes R. and Goedert M. (1997) Alpha-synuclein in Lewy 
bodies. Nature 388: 839–840

26 Spillantini M. G., Crowther R. A., Jakes R., Hasegawa M. and
Goedert M. (1998) alpha-Synuclein in filamentous inclusions

1742 V. Bonifati, B. A. Oostra and P. Heutink Pathogenesis of Parkinson’s disease



of Lewy bodies from Parkinson’s disease and dementia with
lewy bodies. Proc. Natl. Acad. Sci. USA 95: 6469–6473

27 Wakabayashi K., Yoshimoto M., Tsuji S. and Takahashi H. 
(1998) Alpha-synuclein immunoreactivity in glial cytoplas-
mic inclusions in multiple system atrophy. Neurosci. Lett.
249: 180– 182

28 Spillantini M. G. and Goedert M. (2000) The alpha-synuclein-
opathies: Parkinson’s disease, dementia with Lewy bodies
and multiple system atrophy. Ann. N. Y. Acad. Sci. 920: 16–27

29 Feany M. B. and Bender W. W. (2000) A Drosophila model of
Parkinson’s disease. Nature 404: 394–398

30 Masliah E., Rockenstein E., Veinbergs I., Mallory M., Hashi-
moto M., Takeda A. et al. (2000) Dopaminergic loss and in-
clusion body formation in alpha-synuclein mice: implications
for neurodegenerative disorders. Science. 287: 1265–1269

31 van der Putten H., Wiederhold K. H., Probst A., Barbieri S.,
Mistl C., Danner S. et al. (2000) Neuropathology in mice 
expressing human alpha-synuclein. J. Neurosci. 20: 6021–
6029

32 Kahle P. J., Neumann M., Ozmen L., Muller V., Jacobsen H.,
Schindzielorz A. et al. (2000) Subcellular localization of 
wild-type and Parkinson’s disease-associated mutant alpha-
synuclein in human and transgenic mouse brain. J Neurosci
20: 6365–6373

33 Lee M. K., Stirling W., Xu Y., Xu X., Qui D., Mandir A. S. et al.
(2002) Human alpha-synuclein-harboring familial Parkinson’s
disease-linked Ala-53–Thr mutation causes neurodegenera-
tive disease with alpha-synuclein aggregation in transgenic
mice. Proc. Natl. Acad. Sci. USA 99: 8968–8973

34 Giasson B. I., Duda J. E., Quinn S. M., Zhang B., Trojanowski
J. Q. and Lee V. M. (2002) Neuronal alpha-synucleinopathy
with severe movement disorder in mice expressing A53T hu-
man alpha-synuclein. Neuron. 34: 521–533

35 Lakso M., Vartiainen S., Moilanen A. M., Sirvio J., Thomas J.
H., Nass R. et al. (2003) Dopaminergic neuronal loss and 
motor deficits in Caenorhabditis elegans overexpressing 
human alpha-synuclein. J. Neurochem. 86: 165–172

36 Touchman J. W., Dehejia A., Chiba-Falek O., Cabin D. E.,
Schwartz J. R., Orrison B. M. et al. (2001) Human and mouse
alpha-synuclein genes: comparative genomic sequence analy-
sis and identification of a novel gene regulatory element. 
Genome. Res. 11: 78–86

37 Chiba-Falek O. and Nussbaum R. L. (2001) Effect of allelic 
variation at the NACP-Rep1 repeat upstream of the alpha-
synuclein gene (SNCA) on transcription in a cell culture
luciferase reporter system. Hum Mol Genet 10: 3101–3109

38 Farrer M., Maraganore D. M., Lockhart P., Singleton A., 
Lesnick T. G., de Andrade M. et al. (2001) alpha-Synuclein
gene haplotypes are associated with Parkinson’s disease. Hum.
Mol. Genet. 10: 1847–1851

39 Duda J. E., Giasson B. I., Mabon M. E., Miller D. C., Golbe
L. I., Lee V. M. et al. (2002) Concurrence of alpha-synuclein
and tau brain pathology in the Contursi kindred. Acta. Neuro-
pathol. (Berl) 104: 7–11

40 Kruger R., Kuhn W., Leenders K. L., Sprengelmeyer R., Mul-
ler T., Woitalla D. et al. (2001) Familial parkinsonism with
synuclein pathology: clinical and PET studies of A30P muta-
tion carriers. Neurology 56: 1355–1362

41 Zarranz J. J., Alegre J., Gomez-Esteban J. C., Lezcano E., Ros
R., Ampuero I. et al. (2004) The new mutation, E46K, of
alpha-synuclein causes parkinson and Lewy body dementia.
Ann. Neurol. 55: 164–173

42 Singleton A. B., Farrer M., Johnson J., Singleton A., Hague S.,
Kachergus J. et al. (2003) alpha-Synuclein locus triplication
causes Parkinson’s disease. Science 302: 841

43 Farrer M., Gwinn-Hardy K., Muenter M., DeVrieze F. W.,
Crook R., Perez-Tur J. et al. (1999) A chromosome 4p haplo-
type segregating with Parkinson’s disease and postural tre-
mor. Hum. Mol. Genet. 8: 81–85

44 Farrer M., Kachergus J., Forno L-, Lincoln S-, Wang D. S.,
Hulihan M. et al. (2004) Comparison of kindreds with par-
kinsonism and alpha-synuclein genomic multiplications. Ann.
Neurol. 55: 174–179

45 Waters C. H. and Miller C. A. (1994) Autosomal dominant
Lewy body parkinsonism in a four-generation family. Ann.
Neurol. 35: 59–64

46 Muenter M. D., Forno L. S., Hornykiewicz O., Kish S. 
J., Maraganore D. M., Caselli R. J. et al. (1998) Hereditary
form of parkinsonism – dementia. Ann. Neurol. 43: 768–
781

47 Gwinn-Hardy K., Mehta N. D., Farrer M., Maraganore D.,
Muenter M., Yen S. H. et al. (2000) Distinctive neuropatho-
logy revealed by alpha-synuclein antibodies in hereditary
parkinsonism and dementia linked to chromosome 4p. Acta.
Neuropathol. (Berl) 99: 663–672

48 Wszolek Z. K., Cordes M., Calne D. B., Munter M. D., Cor-
des I. and Pfeifer R. F. (1993) [Hereditary Parkinson disease:
report of 3 families with dominant autosomal inheritance].
Nervenarzt 64: 331–335

49 Denson M. A., Wszolek Z. K., Pfeiffer R. F., Wszolek E. K.,
Paschall T. M. and McComb R. D. (1997) Familial parkinso-
nism, dementia and Lewy body disease: study of family G.
Ann. Neurol. 42: 638–643

50 Wszolek Z. K., Gwinn-Hardy K., Wszolek E. K., Muenter M.
D., Pfeiffer R. F., Rodnitzky R. L. et al. (2002) Neuro-
pathology of two members of a German-American kindred
(Family C) with late onset parkinsonism. Acta. Neuropathol.
103: 344– 350

51 West A. B., Zimprich A., Lockhart P. J., Farrer M., Singleton
A., Holtom B. et al. (2001) Refinement of the PARK3 locus
on chromosome 2p13 and the analysis of 14 candidate genes.
Eur. J. Hum. Genet. 9: 659–666

52 Zink M., Grim L., Wszolek Z. K. and Gasser T. (2001) Auto-
somal-dominant Parkinson’s disease linked to 2p13 is not
caused by mutations in transforming growth factor alpha
(TGF alpha). J. Neural. Transm. 108: 1029–1034

53 Lockhart P. J., Holtom B., Lincoln S., Hussey J., Zimprich A.,
Gasser T. et al. (2002) The human sideroflexin 5 (SFXN5)
gene: sequence, expression analysis and exclusion as a can-
didate for PARK3. Gene. 285: 229–237

54 DeStefano A. L., Lew M. F., Golbe L. I., Mark M. H., Lazza-
rini A. M., Guttman M. et al. (2002) PARK3 influences age at
onset in Parkinson disease: a genome scan in the GenePD
study. Am. J. Hum. Genet. 70: 1089–1095

55 Karamohamed S., DeStefano A. L., Wilk J. B., Shoemaker 
C. M., Golbe L. I., Mark M. H. et al. (2003) A haplotype 
at the PARK3 locus influences onset age for Parkinson’s 
disease: the GenePD study. Neurology 61: 1557–1561

56 Wilkinson K. D., Lee K. M., Deshpande S., Duerksen-Hughes
P., Boss J. M. and Pohl J. (1989) The neuron-specific protein
PGP 9.5 is a ubiquitin carboxyl-terminal hydrolase. Science
246: 670–673

57 Osaka H., Wang Y. L., Takada K., Takizawa S., Setsuie R., Li
H. et al. (2003) Ubiquitin carboxy-terminal hydrolase L1
binds to and stabilizes monoubiquitin in neuron. Hum. Mol.
Genet. 12: 1945–1958

58 Lowe J., McDermott H., Landon M., Mayer R. J. and Wilkin-
son K. D. (1990) Ubiquitin carboxyl-terminal hydrolase (PGP
9.5) is selectively present in ubiquitinated inclusion bodies
characteristic of human neurodegenerative diseases. J. Pathol.
161: 153–160

59 Saigoh K., Wang Y. L., Suh J. G., Yamanishi T., Sakai Y.,
Kiyosawa H. et al. (1999) Intragenic deletion in the gene 
encoding ubiquitin carboxy-terminal hydrolase in gad mice.
Nat. Genet. 23: 47–51

60 Leroy E., Boyer R., Auburger G., Leube B., Ulm G., Mezey
E. et al. (1998) The ubiquitin pathway in Parkinson’s disease.
Nature 395: 451–452

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1743



61 Lincoln S., Vaughan J., Wood N., Baker M., Adamson J.,
Gwinn-Hardy K. et al. (1999) Low frequency of pathogenic
mutations in the ubiquitin carboxy-terminal hydrolase gene in
familial Parkinson’s disease. Neuroreport 10: 427–429

62 Harhangi B. S., Farrer M. J., Lincoln S., Bonifati V., Meco G.,
De Michele G. et al. (1999) The Ile93Met mutation in the ubi-
quitin carboxy-terminal-hydrolase-L1 gene is not observed 
in European cases with familial Parkinson’s disease. Neuro-
sci. Lett. 270: 1–4

63 Zhang J., Hattori N., Giladi N. and Mizuno Y. (2000) Failure
to find mutations in ubiquitin carboxy-terminal hydrolase 
L1 gene in familial Parkinson’s disease. Parkinsonism Relat. 
Disord. 6: 199–200

64 Hoenicka J., Vidal L., Morales B., Ampuero I., Jimenez-
Jimenez F. J., Berciano J. et al. (2002) Molecular findings in
familial Parkinson disease in Spain. Arch. Neurol. 59: 966–
970

65 Maraganore D. M., Farrer M. J., Hardy J. A., Lincoln S. J.,
McDonnell S. K. and Rocca W. A. (1999) Case-control study
of the ubiquitin carboxy-terminal hydrolase L1 gene in Par-
kinson’s disease. Neurology 53: 1858–1860

66 Wintermeyer P., Kruger R., Kuhn W., Muller T., Woitalla D.,
Berg D. et al. (2000) Mutation analysis and association stu-
dies of the UCHL1 gene in German Parkinson’s disease 
patients. Neuroreport 11: 2079–2082

67 Zhang J., Hattori N., Leroy E., Morris H. R., Kubo S., Ko-
bayashi T. et al. (2000) Association between a polymorphism
of ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) gene
and sporadic Parkinson’s disease. Parkinsonism Relat. Dis-
ord. 6: 195–197

68 Momose Y., Murata M., Kobayashi K., Tachikawa M., Naka-
bayashi Y., Kanazawa I. et al. (2002) Association studies of
multiple candidate genes for Parkinson’s disease using single
nucleotide polymorphisms. Ann. Neurol. 51: 133–136

69 Liu Y., Fallon L., Lashuel H. A., Liu Z. and Lansbury P. T. Jr
(2002) The UCH-L1 gene encodes two opposing enzymatic
activities that affect alpha-synuclein degradation and Parkin-
son’s disease susceptibility. Cell 111: 209–218

70 Hasegawa K. and Kowa H. (1997) Autosomal dominant fami-
lial Parkinson disease: older onset of age, and good response
to levodopa therapy. Eur. Neurol. 38: 39–43

71 Scott W. K., Grubber J. M., Conneally P. M., Small G. W.,
Hulette C. M., Rosenberg C. K. et al. (2000) Fine mapping 
of the chromosome 12 late-onset Alzheimer disease locus:
potential genetic and phenotypic heterogeneity. Am. J. Hum.
Genet. 66: 922–932

72 Zimprich A., Muller-Myhsok B., Farrer M., Leitner P.,
Sharma M., Hulihan M. et al. (2004) The PARK8 locus in
autosomal dominant parkinsonism: confirmation of linkage
and further delineation of the disease-containing interval. Am.
J. Hum. Genet. 74: 11–19

73 Saucedo-Cardenas O. Kardon R. Ediger T. R., Lydon J. P. and
Conneely O. M. (1997) Cloning and structural organization of
the gene encoding the murine nuclear receptor transcription
factor, NURR1. Gene. 187: 135–139

74 Zetterstrom R. H., Solomin L., Jansson L., Hoffer B. J., Olson
L. and Perlmann T. (1997) Dopamine neuron agenesis in
Nurr1-deficient mice. Science 276: 248–250

75 Rawal N., Periquet M., Durr A., de Michele G., Bonifati V.,
Teive H. A. et al. (2002) Exclusion of the Nurr1 gene in auto-
somal recessive Parkinson’s disease. J. Neurol. 249: 1127–
1129

76 Xu P. Y., Liang R., Jankovic J., Hunter C., Zeng Y. X., 
Ashizawa T et al. (2002) Association of homozygous 7048-
G7049 variant in the intron six of Nurr1 gene with Parkin-
son’s disease. Neurology 58: 881–884

77 Zheng K., Heydari B. and Simon D. K. (2003) A common
NURR1 polymorphism associated with Parkinson disease
and diffuse Lewy body disease. Arch. Neurol. 60: 722–725

78 Tan E. K., Chung H., Zhao Y., Shen H., Chandran V. R., Tan
C. et al. (2003) Genetic analysis of Nurr1 haplotypes in 
Parkinson’s disease. Neurosci. Lett. 347: 139–142

79 Le W. D., Xu P., Jankovic J., Jiang H., Appel S. H., Smith R.
G. et al. (2003) Mutations in NR4A2 associated with familial
Parkinson disease. Nat. Genet. 33: 85–89

80 Zimprich A., Asmus F., Leitner P., Castro M., Bereznai B.,
Homann N et al. (2003) Point mutations in exon 1 of the
NR4A2 gene are not a major cause of familial Parkinson’s 
disease. Neurogenetics 4: 219–220

81 Wellenbrock C., Hedrich K., Schafer N., Kasten M., Jacobs
H., Schwinger E. et al. (2003) NR4A2 mutations are rare
among European patients with familial Parkinson’s disease.
Ann. Neurol. 54: 415

82 Nichols W. C., Uniacke S. K., Pankratz N., Reed T., Simon 
D. K., Halter C. et al. (2004) Evaluation of the role of Nurr1
in a large sample of familial Parkinson’s disease. Mov. 
Disord., in press. Published Online: 16 Mar 2004. DOI:
10.1002/mds.20097

83 Engelender S., Kaminsky Z., Guo X., Sharp A. H., Amaravi
R. K., Kleiderlein J. J. et al. (1999) Synphilin-1 associates
with alpha-synuclein and promotes the formation of cytosolic
inclusions. Nat. Genet. 22: 110–114

84 Ribeiro C. S., Carneiro K., Ross C. A., Menezes J. R. and En-
gelender S. (2002) Synphilin-1 is developmentally localized
to synaptic terminals, and its association with synaptic ve-
sicles is modulated by alpha-synuclein. J Biol Chem 277:
23927– 23933

85 Engelender S., Wanner T., Kleiderlein J. J., Wakabayashi K.,
Tsuji S., Takahashi H. et al. (2000) Organization of the human
synphilin-1 gene, a candidate for Parkinson’s disease. Mamm.
Genome. 11: 763–766

86 Wakabayashi K., Engelender S., Tanaka Y., Yoshimoto M.,
Mori F., Tsuji S. et al. (2002) Immunocytochemical localiza-
tion of synphilin-1, an alpha-synuclein-associated protein, in
neurodegenerative disorders. Acta. Neuropathol. (Berl) 103:
209–214

87 Murray I. J., Medford M. A., Guan H. P., Rueter S. M., Troja-
nowski J. Q. and Lee V. M. (2003) Synphilin in normal human
brains and in synucleinopathies: studies with new antibodies.
Acta. Neuropathol. (Berl) 105: 177–184

88 Chung K. K., Zhang Y., Lim K. L., Tanaka Y., Huang H., 
Gao J. et al. (2001) Parkin ubiquitinates the alpha-synuclein-
interacting protein, synphilin-1: implications for Lewy-body
formation in Parkinson disease. Nat. Med. 7: 1144–1150

89 Scott W. K., Nance M. A., Watts R. L., Hubble J. P., Koller 
W. C., Lyons K. et al. (2001) Complete genomic screen in 
Parkinson disease: evidence for multiple genes. JAMA 286:
2239– 2244

90 Pankratz N., Nichols W. C., Uniacke S. K., Halter C., Rudolph
A., Shults C. et al. (2002) Genome screen to identify suscep-
tibility genes for Parkinson disease in a sample without par-
kin mutations. Am. J. Hum. Genet. 71: 124–135

91 Hicks A. A., Petursson H., Jonsson T., Stefansson H., Jo-
hannsdottir H. S., Sainz J. et al. (2002) A susceptibility gene
for late-onset idiopathic Parkinson’s disease. Ann. Neurol. 52:
549–555

92 Marx F. P., Holzmann C., Strauss K. M., Li L., Eberhardt O.,
Gerhardt E. et al. (2003) Identification and functional cha-
racterization of a novel R621C mutation in the synphilin-1
gene in Parkinson’s disease. Hum. Mol. Genet. 12: 1223–
1231

93 Racette B. A., Rundle M., Wang J. C., Goate A., Saccone N.
L., Farrer M. et al. (2002) A multi-incident, Old-Order Amish
family with PD. Neurology 58: 568–574

94 Nicholl D. J., Vaughan J. R., Khan N. L., Ho S. L., Aldous D.
E., Lincoln S. et al. (2002) Two large British kindreds 
with familial Parkinson’s disease: a clinico-pathological and
genetic study. Brain 125: 44–57

1744 V. Bonifati, B. A. Oostra and P. Heutink Pathogenesis of Parkinson’s disease



95 Grimes D. A., Grimes J. D., Racacho L., Scoggan K. A., Han
F., Schwarz B. A. et al. (2002) Large French-Canadian family
with Lewy body parkinsonism: exclusion of known loci. Mov.
Disord. 17: 1205–1212

96 Bertoli Avella A. M., Giroud Benitez J. L., Bonifati V., 
Alvarez Gonzalez E., Heredero Baute L., van Duijn C. M. 
et al. (2003) Suggestive linkage to chromosome 19 in a 
large Cuban family with late-onset Parkinson’s disease. Mov.
Disord. 18: 1240–1249

97 Yamamura Y., Sobue I., Ando K., Iida M., Yanagi T. (1973)
Paralysis agitans of early onset with marked diurnal fluctua-
tion of symptoms. Neurology 23: 239–244

98 Takahashi H., Ohama E., Suzuki S., Horikawa Y., Ishikawa A.,
Morita T. et al. (1994) Familial juvenile parkinsonism: clini-
cal and pathologic study in a family. Neurology 44: 437– 441

99 Ishikawa A., Tsuji S. (1996) Clinical analysis of 17 patients in
12 Japanese families with autosomal-recessive type juvenile
parkinsonism. Neurology 47: 160–166

100 Matsumine H., Saito M., Shimoda-Matsubayashi S., Tanaka
H., Ishikawa A., Nakagawa-Hattori Y. et al. (1997) Localiza-
tion of a gene for an autosomal recessive form of juvenile 
Parkinsonism to chromosome 6q25.2-27. Am. J. Hum. Genet.
60: 588–596

101 Tassin J., Durr A., de Broucker T., Abbas N., Bonifati V., De
Michele G. et al. (1998) Chromosome 6–linked autosomal 
recessive early-onset Parkinsonism: linkage in European and
Algerian families, extension of the clinical spectrum, and 
evidence of a small homozygous deletion in one family. Am.
J. Hum. Genet. 63: 88–94

102 Jones A. C., Yamamura Y., Almasy L., Bohlega S., Elibol B.,
Hubble J. et al. (1998) Autosomal recessive juvenile parkin-
sonism maps to 6q25.2–q27 in four ethnic groups: detailed
genetic mapping of the linked region. Am. J. Hum. Genet. 63:
80–87

103 Kitada T., Asakawa S., Hattori N., Matsumine H., Yamamura
Y., Minoshima S. et al. (1998) Mutations in the parkin gene
cause autosomal recessive juvenile parkinsonism. Nature
392: 605–608

104 Kitada T., Asakawa S., Minoshima S., Mizuno Y. and Shimizu
N. (2000) Molecular cloning, gene expression and identifica-
tion of a splicing variant of the mouse parkin gene. Mamm.
Genome. 11: 417–421

105 Mata I. F., Lockhart P. J. and Farrer M. J. (2004) Parkin gene-
tics: one model for Parkinson’s disease. Hum. Mol. Genet. 13:
R127–133. 

106 Lucking C. B., Durr A., Bonifati V., Vaughan J., De Michele
G., Gasser T. et al. (2000) Association between early-onset
Parkinson’s disease and mutations in the parkin gene. N. Engl.
J. Med. 342: 1560–1567

107 Hedrich K., Kann M., Lanthaler A. J., Dalski A., Eskelson C.,
Landt O. et al. (2001) The importance of gene dosage studies:
mutational analysis of the parkin gene in early-onset parkin-
sonism. Hum. Mol. Genet. 10: 1649–1656

108 Foroud T., Uniacke S. K., Liu L., Pankratz N., Rudolph A.,
Halter C. et al. (2003) Heterozygosity for a mutation in the
parkin gene leads to later onset Parkinson disease. Neurology
60: 796–801

109 Periquet M., Lucking C., Vaughan J., Bonifati V., Durr A., 
De Michele G et al. (2001) Origin of the mutations in the 
parkin gene in Europe: exon rearrangements are independent
recurrent events, whereas point mutations may result from 
founder effects. Am. J. Hum. Genet. 68: 617–626

110 Lincoln S., Wiley J., Lynch T., Langston J. W., Chen R., Lang
A. et al. (2003) Parkin-proven disease: common founders but
divergent phenotypes. Neurology 60: 1605–1610

111 Periquet M., Latouche M., Lohmann E., Rawal N., De Mi-
chele G., Ricard S. et al. (2003) Parkin mutations are frequent
in patients with isolated early-onset parkinsonism. Brain 126:
1271–1278

112 Kann M., Jacobs H., Mohrmann K., Schumacher K., Hedrich
K., Garrels J. et al. (2002) Role of parkin mutations in 111
community-based patients with early-onset parkinsonism.
Ann. Neurol. 51: 621–625

113 Golbe L. I. (1991) Young-onset Parkinson’s disease: a clinical
review. Neurology 41: 168–173

114 Klein C., Pramstaller P. P., Kis B., Page C. C., Kann M, Leung
J. et al. (2000) Parkin deletions in a family with adult-onset,
tremor-dominant parkinsonism: expanding the phenotype.
Ann. Neurol. 48: 65–71

115 Farrer M., Chan P., Chen R., Tan L., Lincoln S., Hernandez D.
et al. (2001) Lewy bodies and parkinsonism in families with
parkin mutations. Ann. Neurol. 50: 293–300

116 Khan N. L., Graham E., Critchley P., Schrag A. E., Wood N.
W., Lees A. J. et al. (2003) Parkin disease: a phenotypic study
of a large case series. Brain 126: 1279–1292

117 Maruyama M., Ikeuchi T., Saito M., Ishikawa A., Yuasa T.,
Tanaka H. et al. (2000) Novel mutations, pseudo-dominant 
inheritance and possible familial affects in patients with 
autosomal recessive juvenile parkinsonism. Ann. Neurol. 48:
245–250

118 Lucking C. B., Bonifati V., Periquet M., Vanacore N., Brice A.
and Meco G. (2001) Pseudo-dominant inheritance and exon 2
triplication in a family with parkin gene mutations. Neuro-
logy 57: 924–927

119 Bonifati V., Lucking C. B., Fabrizio E., Periquet M., Meco G.
and Brice A. (2001) Three parkin gene mutations in a sibship 
with autosomal recessive early onset parkinsonism. J. Neurol.
Neurosurg. Psychiatry 71: 531–534

120 Kobayashi T., Matsumine H., Zhang J., Imamichi Y., Mizuno
Y. and Hattori N. (2003) Pseudo-autosomal dominant inheri-
tance of PARK2: two families with parkin gene mutations. J.
Neurol. Sci. 207: 11–17

121 Hedrich K., Marder K., Harris J., Kann M., Lynch T., Meija-
Santana H. et al. (2002) Evaluation of 50 probands with early-
onset Parkinson’s disease for Parkin mutations. Neurology
58: 1239–1246

122 Lohmann E., Periquet M., Bonifati V., Wood NW., De Michele
G., Bonnet A. M. et al. (2003) How much phenotypic varia-
tion can be attributed to parkin genotype? Ann. Neurol. 54:
176–185

123 Asakawa S., Tsunematsu K., Takayanagi A., Sasaki T., 
Shimizu A., Shintani A. et al. (2001) The genomic structure
and promoter region of the human parkin gene. Biochem. 
Biophys. Res. Commun. 286: 863–868

124 West A., Farrer M., Petrucelli L., Cookson M., Lockhart P.
and Hardy J. (2001) Identification and characterization of the 
human parkin gene promoter. J. Neurochem. 78: 1146–1152

125 West A. B., Maraganore D., Crook J., Lesnick T., Lockhart P.
J., Wilkes K. M. et al. (2002) Functional association of the
parkin gene promoter with idiopathic Parkinson’s disease.
Hum. Mol. Genet. 11: 2787–2792

126 Mata I. F., Alvarez V., Garcia-Moreira V., Guisasola L. M., 
Ribacoba R., Salvador C. et al. (2002) Single-nucleotide 
polymorphisms in the promoter region of the PARKIN gene
and Parkinson’s disease. Neurosci. Lett. 329: 149–152

127 Hattori N., Kitada T., Matsumine H., Asakawa S., Yamamura
Y., Yoshino H. et al. (1998) Molecular genetic analysis of a
novel Parkin gene in Japanese families with autosomal re-
cessive juvenile parkinsonism: evidence for variable homo-
zygous deletions in the Parkin gene in affected individuals.
Ann. Neurol. 44: 935–941

128 Abbas N., Lucking CB., Ricard S., Durr A., Bonifati V., De
Michele G. et al. (1999) A wide variety of mutations in the
parkin gene are responsible for autosomal recessive parkin-
sonism in Europe. Hum. Mol. Genet. 8: 567–574

129 Wang M., Hattori N., Matsumine H., Kobayashi T., Yoshino
H., Morioka A. et al. (1999) Polymorphism in the parkin gene
in sporadic Parkinson’s disease. Ann. Neurol. 45: 655–658

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1745



130 Oliveira S. A., Scott W. K., Nance M. A., Watts R. L., Hubble
J. P., Koller W. C. et al. (2003) Association study of Parkin
gene polymorphisms with idiopathic Parkinson disease. Arch.
Neurol. 60: 975–980

131 Lucking C. B., Chesneau V., Lohmann E., Verpillat .P, Dulac
C., Bonnet A. M. et al. (2003) Coding polymorphisms in 
the parkin gene and susceptibility to Parkinson disease. Arch.
Neurol. 60: 1253–1256

132 West A. B., Lockhart P. J., O’Farell C. and Farrer M. J. (2003)
Identification of a novel gene linked to parkin via a bi-direc-
tional promoter. J. Mol. Biol. 326: 11–19

133 Imai Y., Soda M., Murakami T., Shoji M., Abe K. and Taka-
hashi R. (2003) A product of the human gene adjacent to par-
kin is a component of Lewy bodies and suppresses Pael re-
ceptor-induced cell death. J. Biol. Chem. 278: 51901–51910. 

134 West A., Periquet M., Lincoln S., Lucking C. B., Nicholl D.,
Bonifati V. et al. (2002) Complex relationship between Parkin
mutations and Parkinson disease. Am. J. Med. Genet. 114:
584–591

135 Hilker R., Klein C., Ghaemi M., Kis B., Strotmann T., Ozelius
L. J. et al. (2001) Positron emission tomographic analysis of
the nigrostriatal dopaminergic system in familial parkinso-
nism associated with mutations in the parkin gene. Ann. Neu-
rol. 49: 367–376

136 Khan N. L., Brooks D. J., Pavese N., Sweeney M. G., Wood N.
W., Lees A. J. et al. (2002) Progression of nigrostriatal dys-
function in a parkin kindred: an [18F]dopa PET and clinical
study. Brain 125: 2248–2256

137 Healy D. G., Abou-Sleiman P. M., Valente E. M., Gilks W. P.,
Bhatia K., Quinn N. et al. (2004) DJ-1 mutations in Parkin-
son’s disease. J. Neurol. Neurosurg. Psychiatry 75: 144–145

138 Hedrich K., Djarmati A., Schafer N., Hering R., Wellenbrock
C., Weiss P. H. et al. (2004) DJ-1 (PARK7) mutations are less
frequent than Parkin (PARK2) mutations in early-onset Par-
kinson disease. Neurology 62: 389–394

139 Gu W. J., Corti O., Araujo F., Hampe C., Jacquier S., Lucking
C. B. et al. (2003) The C289G and C418R missense mutations
cause rapid sequestration of human Parkin into insoluble 
aggregates. Neurobiol. Dis. 14: 357–364

140 Cookson M. R., Lockhart P. J., McLendon C., O’Farrell C.,
Schlossmacher M., Farrer M. J. (2003) RING finger 1 muta-
tions in Parkin produce altered localization of the protein.
Hum. Mol. Genet. 12: 2957–2965

141 Oliveira S. A., Scott W. K., Martin E. R., Nance M. A., Watts
R. L., Hubble J. P. et al. (2003) Parkin mutations and suscep-
tibility alleles in late-onset Parkinson’s disease. Ann. Neurol.
53: 624–629

142 Hayashi S., Wakabayashi K., Ishikawa A., Nagai H., Saito M.,
Maruyama M. et al. (2000) An autopsy case of autosomal-
recessive juvenile parkinsonism with a homozygous exon 4
deletion in the parkin gene. Mov. Disord. 15: 884–888

143 Yamamura Y., Hattori N., Matsumine H., Kuzuhara S. and 
Mizuno Y. (2000) Autosomal recessive early-onset parkin-
sonism with diurnal fluctuation: clinicopathologic characte-
ristics and molecular genetic identification. Brain. Dev. 22:
S87–91

144 van de Warrenburg B. P., Lammens M., Lucking C. B., Denefle
P., Wesseling P., Booij J. et al. (2001) Clinical and pathologic
abnormalities in a family with parkinsonism and parkin gene
mutations. Neurology 56: 555–557

145 Morales B., Martinez A., Gonzalo I., Vidal L., Ros R., Gomez-
Tortosa E. et al. (2002) Steele-Richardson-Olszewski syndro-
me in a patient with a single C212Y mutation in the parkin
protein. Mov. Disord. 17: 1374–1380

146 Gouider-Khouja N., Larnaout A., Amouri R., Sfar S., Belal S.,
Ben Hamida C. et al. (2003) Autosomal recessive parkinso-
nism linked to parkin gene in a Tunisian family. Clinical, 
genetic and pathological study. Parkinsonism. Relat. Disord.
9: 247–251

147 Thobois S., Ribeiro M. J., Lohmann E., Durr A., Pollak P.,
Rascol O et al. (2003) Young-onset Parkinson disease with
and without parkin gene mutations: a fluorodopa F 18 po-
sitron emission tomography study. Arch. Neurol. 60: 713–
718

148 Tassin J., Durr A., Bonnet A. M., Gil R., Vidailhet M.,
Lucking C. B. et al. (2000) Levodopa-responsive dystonia.
GTP cyclohydrolase I or parkin mutations? Brain 123: 1112–
1121

149 Tan L. C., Tanner C. M., Chen R., Chan P., Farrer M., Hardy
J. et al. (2003) Marked variation in clinical presentation and
age of onset in a family with a heterozygous parkin mutation.
Mov. Disord. 18: 758–763

150 van Duijn C. M., Dekker M. C., Bonifati V., Galjaard R. J.,
Houwing-Duistermaat J. J., Snijders P. J. et al. (2001) Park7,
a novel locus for autosomal recessive early-onset parkin-
sonism, on chromosome 1p36. Am. J. Hum. Genet. 69: 629–
634

151 Bonifati V., Breedveld G. J., Squitieri F., Vanacore N., Brus-
tenghi P., Harhangi B. S. et al. (2002) Localization of auto-
somal recessive early-onset parkinsonism to chromosome 1p36
(PARK7) in an independent dataset. Ann. Neurol. 51: 253–
256

152 Bonifati V., Rizzu P., van Baren M. J., Schaap O., Breedveld
G. J., Krieger E. et al. (2003) Mutations in the DJ-1 gene 
associated with autosomal recessive early-onset parkinso-
nism. Science 299: 256–259

153 Abou-Sleiman P. M., Healy D. G., Quinn N., Lees A. J. and
Wood N. W. (2003) The role of pathogenic DJ-1 mutations in
Parkinson’s disease. Ann. Neurol. 54: 283–286

154 Hague S., Rogaeva E., Hernandez D., Gulick C., Singleton A.,
Hanson M. et al. (2003) Early-onset Parkinson’s disease caused
by a compound heterozygous DJ-1 mutation. Ann. Neurol.
54: 271–274

155 Honbou K., Suzuki N. N., Horiuchi M., Niki T., Taira T., Ariga
H. et al. (2003) The crystal structure of DJ-1, a protein rela-
ted to male fertility and Parkinson’s disease. J. Biol. Chem.
278: 31380–31384

156 Tao X. and Tong L. (2003) Crystal structure of human DJ-1,
a protein associated with early-onset Parkinson’s disease. J.
Biol. Chem. 278: 31372–31379

157 Wilson M. A., Collins J. L., Hod Y., Ringe D. and Petsko G.
A. (2003) The 1.1–A resolution crystal structure of DJ-1, the
protein mutated in autosomal recessive early onset Parkin-
son’s disease. Proc. Natl. Acad. Sci. USA 100: 9256–9261

158 Macedo M. G., Anar B., Bronner I. F., Cannella M., Squitieri
F., Bonifati V. et al. (2003) The DJ-1L166P mutant protein 
associated with early onset Parkinson’s disease is unstable
and forms higher-order protein complexes. Hum. Mol. Genet.
12: 2807–2816

159 Miller D. W., Ahmad R., Hague S., Baptista M. J., Canet-
Aviles R., McLendon C. et al. (2003) L166P mutant DJ-1,
causative for recessive Parkinson’s disease, is degraded through
the ubiquitin-proteasome system. J. Biol. Chem. 278: 36588–
36595

160 Moore D. J., Zhang L., Dawson T. M. and Dawson V. L. (2003) 
A missense mutation (L166P) in DJ-1, linked to familial Par-
kinson’s disease, confers reduced protein stability and impairs
homo-oligomerization. J. Neurochem. 87: 1558–1567

161 Rizzu P., Hinkle D. A., Zhucareva V., Bonifati V., Severijnen
L.-A., Martinez D. et al. (2004) DJ-1 colocalizes with tau 
inclusions: a link between parkinsonism and dementia. Ann.
Neurol. 55: 113–118

162 Neumann M., Muller V., Gorner K., Kretzschmar H. A.,
Haass C. and Kahle P. J. (2004) Pathological properties of 
the Parkinson’s disease-associated protein DJ-1 in alpha-
synucleinopathies and tauopathies: relevance for multiple sy-
stem atrophy and Pick’s disease. Acta. Neuropathol. 107:
489–496

1746 V. Bonifati, B. A. Oostra and P. Heutink Pathogenesis of Parkinson’s disease



163 Valente E. M., Bentivoglio A. R., Dixon P. H., Ferraris A., 
Ialongo T., Frontali M. et al. (2001) Localization of a novel 
locus for autosomal recessive early-onset parkinsonism,
PARK6, on human chromosome 1p35–p36. Am. J. Hum. 
Genet. 68: 895–900

164 Valente E. M., Brancati F., Ferraris A., Graham E. A., Davis
M. B., Breteler M. M. et al. (2002) PARK6–linked parkinso-
nism occurs in several European families. Ann Neurol 51:
14–18

165 Khan N. L., Valente E. M., Bentivoglio A. R., Wood N. W., 
Albanese A., Brooks D. J. et al. (2002) Clinical and subclini-
cal dopaminergic dysfunction in PARK6–linked parkinsonism:
an 18F-dopa PET study. Ann. Neurol. 52: 849–853

166 Bentivoglio A. R., Cortelli P., Valente E. M., Ialongo T.,
Ferraris A., Elia A. et al. (2001) Phenotypic characterisation
of autosomal recessive PARK6–linked parkinsonism in three
unrelated Italian families. Mov. Disord. 16: 999–1006

167 Valente E. M., Abou-Sleiman P. M., Caputo V., Muqit M. M.,
Harvey K., Gispert S. et al. (2004) Hereditary early-onset 
Parkinson’s disease caused by mutations in PINK1. Science.
Published online 15 April 2004; 10.1126/science.1096284

168 Hampshire D. J., Roberts E., Crow Y., Bond J., Mubaidin A.,
Wriekat A. L. et al. (2001) Kufor-Rakeb syndrome, pallido-
pyramidal degeneration with supranuclear upgaze paresis and
dementia, maps to 1p36. J. Med. Genet. 38: 680–682

169. Najim al-Din A. S., Wriekat A., Mubaidin A., Dasouki M. and
Hiari M. (1994) Pallido-pyramidal degeneration, supranuc-
lear upgaze paresis and dementia: Kufor-Rakeb syndrome.
Acta. Neurol. Scand. 89: 347–352

170 DeStefano A. L., Golbe L. I., Mark M. H., Lazzarini A. M.,
Maher N. E., Saint-Hilaire M. et al. (2001) Genome-wide
scan for Parkinson’s disease: the GenePD Study. Neurology
57: 1124–1126

171 Pankratz N., Nichols W. C., Uniacke S. K., Halter C., Rudolph
A., Shults C. et al. (2003) Significant linkage of Parkinson 
disease to chromosome 2q36-37. Am. J. Hum. Genet. 72:
1053–1057

172 Pankratz N., Nichols W. C., Uniacke S. K., Halter C., Murrell
J., Rudolph A. et al. (2003) Genome-wide linkage analysis
and evidence of gene-by-gene interactions in a sample of 
362 multiplex Parkinson disease families. Hum. Mol. Genet.
12: 2599–2608

173 Li Y. J., Scott W. K., Hedges D. J., Zhang F., Gaskell P. C.,
Nance M. A. et al. (2002) Age at onset in two common neuro-
degenerative diseases is genetically controlled. Am. J. Hum.
Genet. 70: 985–993

174 Goedert M. (2001) Alpha-synuclein and neurodegenerative
diseases. Nat. Rev. Neurosci. 2: 492–501

175 Zoghbi H. Y. and Botas J. (2002) Mouse and fly models of
neurodegeneration. Trends. Genet. 18: 463–471

176 Clayton D. F. and George J. M. (1998) The synucleins: a family
of proteins involved in synaptic function, plasticity, neuro-
degeneration and disease. Trends. Neurosci. 21: 249–254

177 Abeliovich A., Schmitz Y., Farinas I., Choi-Lundberg D., Ho
W. H., Castillo P. E. et al. (2000) Mice lacking alpha-
synuclein display functional deficits in the nigrostriatal dopa-
mine system. Neuron. 25: 239–252

178 Kobayashi H., Kruger R., Markopoulou K., Wszolek Z.,
Chase B., Taka H. et al. (2003) Haploinsufficiency at the 
alpha-synuclein gene underlies phenotypic severity in fami-
lial Parkinson’s disease. Brain. 126: 32–42

179 George J. M., Jin H., Woods W. S. and Clayton D. F. (1995)
Characterization of a novel protein regulated during the criti-
cal period for song learning in the zebra finch. Neuron. 15:
361–372

180 Davidson W. S., Jonas A., Clayton D. F. and George J. M.
(1998) Stabilization of alpha-synuclein secondary structure
upon binding to synthetic membranes. J. Biol. Chem. 273:
9443– 9449

181 Conway K. A., Harper J. D. and Lansbury P. T. Jr (2000) Fi-
brils formed in vitro from alpha-synuclein and two mutant
forms linked to Parkinson’s disease are typical amyloid. Bio-
chemistry 39: 2552–2563

182 Serpell L. C., Berriman J., Jakes R., Goedert M. and Crowther 
R. A. (2000) Fiber diffraction of synthetic alpha-synuclein 
filaments shows amyloid-like cross-beta conformation. Proc.
Natl. Acad. Sci. USA 97: 4897–4902

183 Bucciantini M., Giannoni E., Chiti F., Baroni F., Formigli L.,
Zurdo J. et al. (2002) Inherent toxicity of aggregates implies
a common mechanism for protein misfolding diseases. Nature
416: 507–511

184 Lambert M. P., Barlow A. K., Chromy B. A., Edwards C.,
Freed R., Liosatos M. et al. (1998) Diffusible, nonfibrillar
ligands derived from Abeta1–42 are potent central nervous
system neurotoxins. Proc. Natl. Acad. Sci. USA 95: 6448–
6453

185 Sousa M. M., Cardoso I., Fernandes R., Guimaraes A. and 
Saraiva M. J. (2001) Deposition of transthyretin in early 
stages of familial amyloidotic polyneuropathy: evidence for
toxicity of nonfibrillar aggregates. Am. J. Pathol. 159: 1993–
2000

186 Muchowski P. J. Ning K., D’Souza-Schorey C., Fields S.
(2002) Requirement of an intact microtubule cytoskeleton 
for aggregation and inclusion body formation by a mutant
huntingtin fragment. Proc. Natl. Acad. Sci. USA 99: 727–732

187 Walsh D. M., Klyubin I., Fadeeva J. V., Cullen W. K., Anwyl
R., Wolfe M. S. et al. (2002) Naturally secreted oligomers of
amyloid beta protein potently inhibit hippocampal long-term
potentiation in vivo. Nature 416: 535–539

188 Conway K. A., Lee S. J., Rochet J. C., Ding T. T., Williamson
R. E. and Lansbury P. T. Jr (2000) Acceleration of oligome-
rization, not fibrillization, is a shared property of both alpha-
synuclein mutations linked to early-onset Parkinson’s disease:
implications for pathogenesis and therapy. Proc. Natl. Acad.
Sci. USA 97: 571–576

189 Krishnan S., Chi E. Y., Wood S. J., Kendrick B. S., Li C., Gar-
zon-Rodriguez W. et al. (2003) Oxidative dimer formation is
the critical rate-limiting step for Parkinson’s disease alpha-
synuclein fibrillogenesis. Biochemistry. 42: 829–837

190 Sharon R., Bar-Joseph I., Frosch M. P., Walsh D. M., Hamil-
ton J. A. and Selkoe D. J. (2003) The formation of highly 
soluble oligomers of alpha-synuclein is regulated by fatty
acids and enhanced in Parkinson’s disease. Neuron. 37: 583–
595

191 Lee H. J., Shin S. Y., Choi C., Lee Y. H. and Lee S. J. (2002)
Formation and removal of alpha-synuclein aggregates in cells 
exposed to mitochondrial inhibitors. J. Biol. Chem. 277: 5411–
5417

192 Manning-Bog A. B., McCormack A. L., Li J., Uversky V. N.,
Fink A. L. and Di Monte D. A. (2002) The herbicide paraquat
causes up-regulation and aggregation of alpha-synuclein in
mice: paraquat and alpha-synuclein. J. Biol. Chem. 277: 1641–
1644

193 Betarbet R., Sherer T. B., MacKenzie G., Garcia-Osuna M.,
Panov A. V. and Greenamyre J. T. (2000) Chronic systemic
pesticide exposure reproduces features of Parkinson’s di-
sease. Nat. Neurosci. 3: 1301–1306

194 Ostrerova-Golts N., Petrucelli L., Hardy J., Lee J. M., Farer
M. and Wolozin B. (2000) The A53T alpha-synuclein muta-
tion increases iron-dependent aggregation and toxicity. J.
Neurosci. 20: 6048–6054

195 Yamin G., Glaser C. B., Uversky V. N. and Fink A. L. (2003) 
Certain metals trigger fibrillation of methionine-oxidized 
alpha-synuclein. J. Biol. Chem. 278: 27630–27635

196 Paxinou E., Chen Q., Weisse M., Giasson B. I., Norris E. H.,
Rueter S. M. et al. (2001) Induction of alpha-synuclein aggre-
gation by intracellular nitrative insult. J. Neurosci. 21: 8053–
8061

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1747



197 Rideout H. J., Larsen K. E., Sulzer D. and Stefanis L. (2001)
Proteasomal inhibition leads to formation of ubiquitin/alpha-
synuclein-immunoreactive inclusions in PC12 cells. J. Neuro-
chem. 78: 899–908

198 Junn E., Ronchetti R. D., Quezado M. M., Kim S. Y., Moura-
dian M. M. (2003) Tissue transglutaminase-induced aggrega-
tion of alpha-synuclein: implications for Lewy body forma-
tion in Parkinson’s disease and dementia with Lewy bodies.
Proc. Natl. Acad. Sci. USA 100: 2047–2052

199 Fujiwara H., Hasegawa M., Dohmae N., Kawashima A., Mas-
liah E., Goldberg M. S. et al. (2002) alpha-Synuclein is phos-
phorylated in synucleinopathy lesions. Nat Cell Biol 4: 160–
164

200 Giasson B. I., Duda J. E., Murray I. V., Chen Q., Souza J. M.,
Hurtig H. I. et al. (2000) Oxidative damage linked to neuro-
degeneration by selective alpha-synuclein nitration in synuc-
leinopathy lesions. Science 290: 985–989

201 Hasegawa M., Fujiwara H., Nonaka T., Wakabayashi K.,
Takahashi H., Lee V. M. et al. (2002) Phosphorylated alpha-
synuclein is ubiquitinated in alpha-synucleinopathy lesions. 
J. Biol. Chem. 277: 49071–49076

202 Golts N., Snyder H., Frasier M., Theisler C., Choi P. and Wo-
lozin B. (2002) Magnesium inhibits spontaneous and iron-in-
duced aggregation of alpha-synuclein. J. Biol. Chem. 277:
16116– 16123

203 Uversky V. N., Li J., Souillac P., Millett I. S., Doniach S., Jakes
R. et al. (2002) Biophysical properties of the synucleins and
their propensities to fibrillate: inhibition of alpha-synuclein
assembly by beta- and gamma-synucleins. J. Biol. Chem. 277:
11970–11978

204 Hashimoto M., Rockenstein E., Mante M., Mallory M. and
Masliah E (2001) beta-Synuclein inhibits alpha-synuclein ag-
gregation: a possible role as an anti-parkinsonian factor. Neu-
ron 32: 213–223

205 Giasson B. I., Forman M. S., Higuchi M., Golbe L. I., Graves
C. L., Kotzbauer P. T. et al. (2003) Initiation and synergistic
fibrillization of tau and alpha-synuclein. Science 300: 636–
640

206 Arima K., Hirai S., Sunohara N., Aoto K., Izumiyama Y.,
Ueda K. et al. (1999) Cellular co-localization of phosphory-
lated tau- and NACP/alpha-synuclein-epitopes in lewy bodies
in sporadic Parkinson’s disease and in dementia with Lewy
bodies. Brain. Res. 843: 53–61

207 Ishizawa T., Mattila P., Davies P., Wang D. and Dickson D. W.
(2003) Colocalization of tau and alpha-synuclein epitopes 
in Lewy bodies. J. Neuropathol. Exp. Neurol. 62: 389–
397

208 Rockenstein E., Hansen L. A., Mallory M., Trojanowski J. Q.,
Galasko D. and Masliah E. (2001) Altered expression of the
synuclein family mRNA in Lewy body and Alzheimer’s 
disease. Brain. Res. 914: 48–56

209 Wirdefeldt K., Bogdanovic N., Westerberg L., Payami H.,
Schalling M. and Murdoch G. (2001) Expression of alpha-
synuclein in the human brain: relation to Lewy body disease.
Brain. Res. Mol. Brain. Res. 92: 58–65

210 Ghee M. and Fournier A., Mallet J. (2000) Rat alpha-
synuclein interacts with Tat binding protein 1, a component of
the 26S proteasomal complex. J. Neurochem. 75: 2221–2224

211 Snyder H., Mensah K., Theisler C., Lee J., Matouschek A. and
Wolozin B. (2003) Aggregated and monomeric alpha-synuc-
lein bind to the S6’ proteasomal protein and inhibit proteaso-
mal function. J. Biol. Chem. 278: 11753–11759

212 Bennett M. C., Bishop J. F., Leng Y., Chock P. B., Chase T. N.
and Mouradian M. M. (1999) Degradation of alpha-synuclein
by proteasome. J. Biol. Chem. 274: 33855–33858

213 Webb J. L., Ravikumar B., Atkins J., Skepper J. N. and Ru-
binsztein D. C. (2003) Alpha-synuclein is degraded by both 
autophagy and the proteasome. J. Biol. Chem. 278: 25009–
25013

214 Tofaris G. K., Layfield R., Spillantini M. G. (2001) alpha-
synuclein metabolism and aggregation is linked to ubiquitin-
independent degradation by the proteasome. FEBS Lett. 509:
22–26

215 Ancolio K., Alves da Costa C., Ueda K. and Checler F. (2000) 
Alpha-synuclein and the Parkinson’s disease-related mutant
Ala53Thr-alpha-synuclein do not undergo proteasomal de-
gradation in HEK293 and neuronal cells. Neurosci. Lett. 285:
79–82

216 Mishizen-Eberz A. J., Guttmann R. P., Giasson B. I., Day G. A.,
Hodara R., Ischiropoulos H. et al. (2003) Distinct cleavage
patterns of normal and pathologic forms of alpha-synuclein
by calpain I in vitro. J. Neurochem. 86: 836–847

217 Iwata A., Maruyama M., Akagi T., Hashikawa T., Kanazawa
I., Tsuji S. et al. (2003) Alpha-synuclein degradation by serine
protease neurosin: implication for pathogenesis of synuclein-
opathies. Hum. Mol. Genet. 12: 2625–2635. 

218 Kim S. J., Sung J. Y., Um J. W., Hattori N., Mizuno Y., Tanaka
K. et al. (2003) Parkin cleaves intracellular alpha-synuclein
inclusions via the activation of calpain. J. Biol. Chem. 278:
41890–41899. 

219 Bence N. F., Sampat R. M., Kopito R. R. (2001) Impairment
of the ubiquitin-proteasome system by protein aggregation.
Science 292: 1552–1555

220 Tanaka Y., Engelender S., Igarashi S., Rao R. K., Wanner T.,
Tanzi R. E. et al. (2001) Inducible expression of mutant alpha-
synuclein decreases proteasome activity and increases sen-
sitivity to mitochondria-dependent apoptosis. Hum. Mol. 
Genet. 10: 919–926

221 Hsu L. J., Sagara Y., Arroyo A., Rockenstein E., Sisk A., 
Mallory M. et al. (2000) alpha-synuclein promotes mitochon-
drial deficit and oxidative stress. Am. J. Pathol. 157: 401–410

222 Gosavi N., Lee H. J., Lee J. S., Patel S. and Lee S. J. (2002)
Golgi fragmentation occurs in the cells with prefibrillar al-
pha-synuclein aggregates and precedes the formation of fi-
brillar inclusion. J. Biol. Chem. 277: 48984–48992

223 Volles M. J., Lee S. J., Rochet J. C., Shtilerman M. D., Ding T.
T., Kessler J. C. et al. (2001) Vesicle permeabilization by proto-
fibrillar alpha-synuclein: implications for the pathogenesis and
treatment of Parkinson’s disease. Biochemistry 40: 7812–7819

224 Xu J., Kao S. Y., Lee F. J., Song W., Jin L. W. and Yankner B.
A. (2002) Dopamine-dependent neurotoxicity of alpha-
synuclein: a mechanism for selective neurodegeneration in
Parkinson disease. Nat. Med. 8: 600–606

225 Lee F. J., Liu F., Pristupa Z. B., Niznik H. B. (2001) Direct
binding and functional coupling of alpha-synuclein to the 
dopamine transporters accelerate dopamine-induced apopto-
sis. FASEB J. 15: 916–926

226 Lotharius J., Barg S., Wiekop P., Lundberg C., Raymon H. K.
and Brundin P. (2002) Effect of mutant alpha-synuclein on
dopamine homeostasis in a new human mesencephalic cell
line. J. Biol. Chem. 277: 38884–38894

227 Conway K. A., Rochet J. C., Bieganski R. M. and Lansbury P.
T. Jr (2001) Kinetic stabilization of the alpha-synuclein proto-
fibril by a dopamine-alpha-synuclein adduct. Science 294:
1346–1349

228 Richfield E. K., Thiruchelvam M. J., Cory-Slechta D. A., 
Wuertzer C., Gainetdinov R. R., Caron M. G. et al. (2002) 
Behavioral and neurochemical effects of wild-type and muta-
ted human alpha-synuclein in transgenic mice. Exp. Neurol.
175: 35–48

229 Dauer W., Kholodilov N., Vila M., Trillat A. C., Goodchild R.,
Larsen K. E. et al. (2002) Resistance of alpha -synuclein null
mice to the parkinsonian neurotoxin MPTP. Proc. Natl. Acad.
Sci. USA 99: 14524–14529

230 Schluter O. M., Fornai F., Alessandri M. G., Takamori S., Gep-
pert M., Jahn R. et al. (2003) Role of alpha-synuclein in 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced parkinson-
ism in mice. Neuroscience 118: 985–1002

1748 V. Bonifati, B. A. Oostra and P. Heutink Pathogenesis of Parkinson’s disease



231 Lotharius J. and O’Malley K. L. (2000) The parkinsonism-in-
ducing drug 1-methyl-4-phenylpyridinium triggers intracellu-
lar dopamine oxidation. A novel mechanism of toxicity. J.
Biol. Chem. 275: 38581–38588

232 Ko L., Mehta N. D., Farrer M., Easson C., Hussey J., Yen S. et al.
(2000) Sensitization of neuronal cells to oxidative stress with
mutated human alpha-synuclein. J. Neurochem. 75: 2546–2554

233 Kanda S., Bishop J. F., Eglitis M. A., Yang Y. and Mouradian M.
M. (2000) Enhanced vulnerability to oxidative stress by al-
pha-synuclein mutations and C-terminal truncation. Neuros-
cience 97: 279–284

234 Lee M., Hyun D., Halliwell B. and Jenner P. (2001) Effect of
the overexpression of wild-type or mutant alpha-synuclein on
cell susceptibility to insult. J. Neurochem. 76: 998–1009

235 Junn E. and Mouradian M. M. (2002) Human alpha-synuclein
over-expression increases intracellular reactive oxygen species
levels and susceptibility to dopamine. Neurosci. Lett. 320:
146–150

236 Tabrizi S. J., Orth M., Wilkinson J. M., Taanman J. W., War-
ner T. T., Cooper J. M. et al. (2000) Expression of mutant 
alpha-synuclein causes increased susceptibility to dopamine
toxicity. Hum. Mol. Genet. 9: 2683–2689

237 Hashimoto M., Hsu L. J., Rockenstein E., Takenouchi T.,
Mallory M. and Masliah E. (2002) alpha-Synuclein protects
against oxidative stress via inactivation of the c-Jun N-termi-
nal kinase stress-signaling pathway in neuronal cells. J. Biol.
Chem. 277: 11465–11472

238 Alves Da Costa C., Paitel E., Vincent B. and Checler F. (2002) 
Alpha-synuclein lowers p53-dependent apoptotic response 
of neuronal cells. Abolishment by 6-hydroxydopamine and
implication for Parkinson’s disease. J. Biol. Chem. 277:
50980–50984

239 Manning-Bog A. B., McCormack A. L., Purisai M. G., Bolin
L. M. and Di Monte D. A. (2003) Alpha-synuclein overex-
pression protects against paraquat-induced neurodegenera-
tion. J. Neurosci. 23: 3095–3099

240 Swerdlow R. H., Parks J. K., Cassarino D. S., Binder D. R.,
Bennett J. P. Jr, Di Iorio G. et al. (2001) Biochemical analysis
of cybrids expressing mitochondrial DNA from Contursi kin-
dred Parkinson’s subjects. Exp Neurol 169: 479–485

241 McNaught K. S., Shashidharan P., Perl D. P., Jenner P. and Ola-
now C. W. (2002) Aggresome-related biogenesis of Lewy bo-
dies. Eur. J. Neurosci. 16: 2136–2148

242 Kopito R. R. (2000) Aggresomes, inclusion bodies and pro-
tein aggregation. Trends. Cell. Biol. 10: 524–530

243 Junn E., Lee S. S., Suhr U. T. and Mouradian M. M. (2002)
Parkin accumulation in aggresomes due to proteasome im-
pairment. J. Biol. Chem. 277: 47870–47877

244 Fink A. L. (1999) Chaperone-mediated protein folding. Phy-
siol. Rev. 79: 425–449

245 Auluck P. K., Chan H. Y., Trojanowski J. Q., Lee V. M. and Bo-
nini N. M. (2002) Chaperone suppression of alpha-synuclein
toxicity in a Drosophila model for Parkinson’s disease.
Science 295: 865–868

246 Cummings C. J., Reinstein E., Sun Y., Antalffy B., Jiang Y.,
Ciechanover A. et al. (1999) Mutation of the E6–AP ubiquitin
ligase reduces nuclear inclusion frequency while accelerating
polyglutamine-induced pathology in SCA1 mice. Neuron.
24: 879–892

247 Morett E. and Bork P. (1999) A novel transactivation domain
in parkin. Trends. Biochem. Sci. 24: 229–231

248 Tashiro M., Okubo S., Shimotakahara S., Hatanaka H., Ya-
suda H., Kainosho M. et al. (2003) NMR structure of ubi-
quitin-like domain in parkin: gene product of familial Par-
kinson’s disease. J. Biomol. NMR. 25: 153–156

249 Sakata E., Yamaguchi Y., Kurimoto E., Kikuchi J., Yokoyama
S., Yamada S. et al. (2003) Parkin binds the Rpn10 subunit of
26S proteasomes through its ubiquitin-like domain. EMBO
Rep. 4: 301–306

250 Upadhya S. C. and Hegde A. N. (2003) A potential protea-
some-interacting motif within the ubiquitin-like domain of
parkin and other proteins. Trends. Biochem. Sci. 28: 280–283

251 Tsai Y. C., Fishman P. S., Thakor N. V. and Oyler G. A. (2003)
Parkin facilitates the elimination of expanded polyglutamine
proteins and leads to preservation of proteasome function. J.
Biol. Chem. 278: 22044–22055

252 Shimura H., Hattori N., Kubo S., Mizuno Y., Asakawa S.,
Minoshima S. et al. (2000) Familial Parkinson disease gene
product, parkin, is a ubiquitin-protein ligase. Nat. Genet. 25:
302–305

253 Imai Y., Soda M., Takahashi R. (2000) Parkin suppresses 
unfolded protein stress-induced cell death through its E3 ubi-
quitin-protein ligase activity. J. Biol. Chem. 275: 35661–
35664

254 Zhang Y., Gao J., Chung K. K., Huang H., Dawson V. L. and 
Dawson T. M. (2000) Parkin functions as an E2–dependent
ubiquitin-protein ligase and promotes the degradation of 
the synaptic vesicle-associated protein, CDCrel-1. Proc. Natl.
Acad. Sci. USA 97: 13354–13359

255 Glickman M. H. and Ciechanover A. (2002) The ubiquitin-
proteasome proteolytic pathway: destruction for the sake of
construction. Physiol. Rev. 82: 373–428

256 Imai Y., Soda M., Inoue H., Hattori N., Mizuno Y. and Taka-
hashi R. (2001) An unfolded putative transmembrane poly-
peptide, which can lead to endoplasmic reticulum stress, is a
substrate of Parkin. Cell 105: 891–902

257 Choi P., Ostrerova-Golts N., Sparkman D., Cochran E., Lee J.
M. and Wolozin B. (2000) Parkin is metabolized by the ubi-
quitin/proteosome system. Neuroreport. 11: 2635–2638

258 Conaway R. C., Brower C. S. and Conaway J. W. (2002)
Emerging roles of ubiquitin in transcription regulation.
Science 296: 1254–1258

259 Itier J. M., Ibanez P., Mena M. A., Abbas N., Cohen-Salmon
C., Bohme G. A. et al. (2003) Parkin gene inactivation alters
behaviour and dopamine neurotransmission in the mouse.
Hum. Mol. Genet 12: 2277–2291

260 Goldberg M. S., Fleming S. M., Palacino J. J., Cepeda C.,
Lam H. A., Bhatnagar A. et al. (2003) Parkin-deficient mice
exhibit nigrostriatal deficits but not loss of dopaminergic 
neurons. J. Biol. Chem. 278: 43628–43635

261 Pawlyk A. C., Giasson B. I., Sampathu D. M., Perez F. A., Lim
K. L., Dawson V. L. et al. (2003) Novel monoclonal antibodies
demonstrate biochemical variation of brain parkin with age.
J. Biol. Chem. 278: 48120–48128

262 Choi P., Snyder H., Petrucelli L., Theisler C., Chong M.,
Zhang Y. et al. (2003) SEPT5_v2 is a parkin-binding protein.
Brain. Res. Mol. Brain. Res. 117: 179–189

263 Huynh D. P., Scoles D. R., Nguyen D. and Pulst S. M. (2003)
The autosomal recessive juvenile Parkinson disease gene pro-
duct, parkin, interacts with and ubiquitinates synaptotagmin
XI. Hum. Mol. Genet. 12: 2587–2597

264 Shimura H., Schlossmacher M. G., Hattori N., Frosch M. P.,
Trockenbacher A., Schneider R. et al. (2001) Ubiquitination
of a new form of alpha-synuclein by parkin from human brain:
implications for Parkinson’s disease. Science 293: 263–269

265 Fallon L., Moreau F., Croft B. G., Labib N., Gu W. J. and Fon 
E. A. (2002) Parkin and CASK/LIN-2 associate via a PDZ-
mediated interaction and are co-localized in lipid rafts and
postsynaptic densities in brain. J. Biol. Chem. 277: 486–491

266 Staropoli J. F., McDermott C., Martinat C., Schulman B., 
Demireva E. and Abeliovich A. (2003) Parkin is a component
of an SCF-like ubiquitin ligase complex and protects postmit-
otic neurons from kainate excitotoxicity. Neuron. 37: 735–749

267 Corti O., Hampe C., Koutnikova H., Darios F., Jacquier S.,
Prigent A. et al. (2003) The p38 subunit of the aminoacyl-
tRNA synthetase complex is a Parkin substrate: linking pro-
tein biosynthesis and neurodegeneration. Hum. Mol. Genet.
12: 1427–1437

CMLS, Cell. Mol. Life Sci. Vol. 61, 2004 Review Article 1749



268 Ren Y., Zhao J. and Feng J. (2003) Parkin binds to alpha/beta 
tubulin and increases their ubiquitination and degradation. 
J. Neurosci. 23: 3316–3324

269 Imai Y., Soda M., Hatakeyama S., Akagi T., Hashikawa T., 
Nakayama K. I. et al. (2002) CHIP is associated with Parkin,
a gene responsible for familial Parkinson’s disease, and enhan-
ces its ubiquitin ligase activity. Mol. Cell. 10: 55–67

270 Petrucelli L., O’Farrell C., Lockhart P. J., Baptista M., Kehoe
K., Vink L. et al. (2002) Parkin protects against the toxicity
associated with mutant alpha-synuclein: proteasome dysfunc-
tion selectively affects catecholaminergic neurons. Neuron.
36: 1007–1019

271 Yang Y., Nishimura I., Imai Y., Takahashi R. and Lu B. (2003)
Parkin suppresses dopaminergic neuron-selective neurotoxi-
city induced by Pael-R in Drosophila. Neuron. 37: 911–
924

272 Muqit M. M., Davidson S. M., Payne Smith M. D., MacCormac
L. P., Kahns S., Jensen P. H. et al. (2004) Parkin is recruited
into aggresomes in a stress-specific manner: over-expression
of parkin reduces aggresome formation but can be dissocia-
ted from parkin’s effect on neuronal survival. Hum. Mol. 
Genet. 13: 117–135

273 Ardley H. C., Scott G. B., Rose S. A., Tan N. G., Markham A.
F. and Robinson P. A. (2003) Inhibition of proteasomal ac-
tivity causes inclusion formation in neuronal and non-neuro-
nal cells overexpressing Parkin. Mol. Biol. Cell. 14: 4541–
4556

274 Greene J. C., Whitworth A. J., Kuo I., Andrews L. A., Feany
M. B. and Pallanck L. J. (2003) Mitochondrial pathology and
apoptotic muscle degeneration in Drosophila parkin mutants.
Proc. Natl. Acad. Sci. USA 100: 4078–4083

275 Jenner P. (2003) Oxidative stress in Parkinson’s disease. Ann.
Neurol. 53: S26–S36

276 Darios F., Corti O., Lucking C. B., Hampe C., Muriel M. P.,
Abbas N. et al. (2003) Parkin prevents mitochondrial swelling
and cytochrome c release in mitochondria-dependent cell 
death. Hum. Mol. Genet. 12: 517–526

277 Hyun D. H., Lee M., Hattori N., Kubo S., Mizuno Y., Halli-
well B. et al. (2002) Effect of wild-type or mutant Parkin on
oxidative damage, nitric oxide, antioxidant defenses and the
proteasome. J. Biol. Chem. 277: 28572–28577

278 Palacino J. J., Sagi D., Goldberg M. S., Krauss S., Motz C.,
Klose J. et al. (2004) Mitochondrial dysfunction and oxida-
tive damage in Parkin-deficient mice. J. Biol. Chem. 279:
18614–18622

1750 V. Bonifati, B. A. Oostra and P. Heutink Pathogenesis of Parkinson’s disease


