
Parkinson disease (PD) is the second most common pro-
gressive neurodegenerative disorder, with a prevalence of
approximately 1% at the age of 65, increasing to 4–5% by
the age of 85 (1, 2). PD patients suffer from bradykine-
sia, tremor, cogwheel rigidity, and postural instability.
PD is due to the relatively selective loss of dopaminergic
neurons in the substantia nigra pars compacta, which
leads to a profound reduction in striatal dopamine (DA).
Lewy bodies and dystrophic neurites (Lewy neurites)
accompany the loss of dopaminergic neurons (3). Lewy
bodies are a pathologic hallmark of PD and classically
are round eosinophilic inclusions composed of a halo of
radiating fibrils and a less defined core. Both Lewy bod-
ies and Lewy neurites are comprised of cytoplasmic accu-
mulations of aggregated proteins (3). PD represents a
heterogeneous disorder with common clinical manifes-
tations and, for the most part, common neuropatho-
logic findings. The majority of cases of PD appear to be
sporadic in nature (4); however, there may be genetic risk
factors that increase the likelihood of developing PD,
much in the same way that the apoE4 allele increases the
risk of developing Alzheimer disease (AD) (5). Familial
PD with specific genetic defects may account for fewer
than 10% of all cases of PD (4); however, the identifica-
tion of these rare genes and their functions has provid-
ed tremendous insight into the pathogenesis of PD and
opened up new areas of investigation (6, 7).

Familial-linked PD genes
Three genes have been clearly linked to PD, and a
number of other genes or genetic linkages have been
identified that may cause PD (Table 1). The first “PD

gene” to be identified, PARK1, was the gene encoding
the presynaptic protein α-synuclein (8, 9). The sec-
ond PD gene, PARK2, is caused by mutations in the
gene for parkin (10), and it leads to autosomal reces-
sive juvenile parkinsonism (AR-JP). The third PD
gene, PARK7, results from mutations in DJ-1 (11).
Mutations in α-synuclein, parkin, and DJ-1 definitely
cause PD (see below). A mutation in the gene
(PARK5) encoding ubiquitin carboxy-terminal hydro-
lase L1 (UCH-L1) in two family members of a small
German kindred with autosomal dominant PD has
been described (9). Whether it represents a disease-
causing mutation is unclear, as linkage analysis was
not used to identify the mutation. Furthermore,
comprehensive analysis of several PD family kindreds
has not identified this mutation in any other family,
and no other potential pathogenic mutations of this
gene have been identified in humans (4). At this time,
it is not possible to prove its pathogenic role in PD.
However, recent functional studies suggest that it
may be causally related to PD (12).

A locus located on chromosome 2p13 (PARK3) has
been described in a subset of families with autosomal
dominant inheritance and typical Lewy body pathol-
ogy (13). The penetrance of the mutation on chromo-
some 2p13 was estimated to be 40% based on the
occurrence of the affected haplotype in clinically
asymptomatic members of the linked families.
PARK3-linked families also show signs of dementia,
and neuropathology revealed, in addition to neuronal
loss in the substantia nigra and typical brainstem
Lewy bodies, the presence of neurofibrillary tangles
and Alzheimer plaques (4). PARK4 is linked to the
short arm of chromosome 4 (4p15) (14). The PARK4
locus appears to segregate with both PD and postur-
al tremor with an autosomal dominant inheritance
pattern. Furthermore, affected family members with
PD have several atypical features, including early
weight loss, dysautonomia, and dementia (15). An
autosomal recessive locus on chromosome 1, PARK6,
has recently been described in a large Sicilian family
and is linked to chromosome 1 (1p35-p36) (16). Link-
age analysis in a consanguineous family from the
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southwest Netherlands revealed another locus
(PARK7) on chromosome 1p36, which is genetically
and clinically distinct from PARK6 (17). PARK8 is
linked to chromosome 12p11.2-q13.1 and is inherit-
ed in an autosomal dominant fashion with partial
penetrance (18). Neuropathologic examination of
four patients revealed nigral degeneration without
Lewy bodies (18). Kufor-Rakeb syndrome, an autoso-
mal recessive nigro-striatal-pallidal-pyramidal neu-
rodegenerative disorder, has been mapped to a 9-cM
region of chromosome 1p36 and designated PARK9
(19). A recent Icelandic study suggests that genetic
variability is a major contributor to PD in this popu-
lation (20), and the locus was recently localized to a
region on chromosome 1p32 and designated PARK10
(21). It is likely that there are other gene loci, as not all
familial PD has been linked to the current loci. The
identification of the genes for PARK1 (α-synuclein),
PARK2 (parkin), and PARK7 (DJ-1) has led to new
insights and direction in PD research and pathogen-
esis (see below). The identification of the other genes
will undoubtedly shed much additional light on the
molecular mechanisms of PD pathogenesis.

Besides identifying genetic mutations that cause
PD, recent genomic screens have also identi-
fied genetic factors that may be important in its de-
velopment (20). In particular, linkage and mutation 
analysis indicates that the parkin gene, in addition to 
being a direct cause of PD, is influential in the de-
velopment of early-onset PD (22). Multiple genetic 
factors appear to be important in the development 
of idiopathic late-onset PD. Four single-nucleotide 

polymorphisms in the tau gene are significantly asso-
ciated with an increased risk of developing PD (23).
Thus, the association of PD with the haplotype of tau
and the evidence for linkage to that region of chro-
mosome 17q suggest that tau, or a gene in linkage
disequilibrium with tau, is a genetic risk factor for
PD. Three large case-series studies also established a
significant association between polymorphism of the
tau gene and PD (24–26). Frontotemporal dementia
with parkinsonism (FTDP) is caused, in part, by
mutations in tau (27). Chromosome 9q also seems to
be a region that incurs a genetic risk factor for PD
(23). Other suggestive linkages have been identified
on chromosomes 1, 3q, 5q, 8p, 10, and 16 (22, 28).
Genes influencing the age of onset of PD may be
linked to chromosome 1p and chromosomes 6 and
10 (29). Interestingly, the linkage on chromosome 10
also influences the age of onset of AD (29). Other
work has suggested that environmental factors also
play a role in the development of PD (30). It is likely
that genetic susceptibility coupled with environmen-
tal exposure contributes to the development and
manifestation of sporadic PD.

α-Synuclein mutations
Mutations in the α-synuclein gene are clearly a very
rare cause of PD (8). The first mutation identified
was an A53T mutation resulting from a G→A transi-
tion at position 209 (9). This mutation was original-
ly found in the Contursi kindred and was also iden-
tified in several Greek kindreds. Recent haplotype
analyses suggest that the Contursi kindred and the
Greek kindreds share a common ancestor (31).
Another mutation (A30P) resulting from a G→C
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Table 1
Loci and genes linked to familial PD

Locus Chromosomal Gene Mode of inheritance
location

PARK1 4q21.3 α-Synuclein Autosomal dominant
PARK2 6q25.2-27 Parkin Autosomal recessive
PARK3 2p13 Unknown Autosomal dominant
PARK4 4p15 Unknown Autosomal dominant
PARK5 4p14 UCH-L1 Autosomal dominant
PARK6 1p35-p36 Unknown Autosomal recessive
PARK7 1p36 DJ-1 Autosomal recessive
PARK8 12p11.2-q13.1 Unknown Autosomal dominant
PARK9 1p36 Unknown Autosomal recessive 

(Kufor-Rakeb syndrome)
PARK10 1p32 Unknown Late-onset susceptibility gene

Figure 1
Structure of α-synuclein and a model of α-synuclein aggregation and
toxicity. The modular structure of α-synuclein, illustrating the loca-
tion of familial-associated mutations and other key features of 
α-synuclein, including the imperfect (KTKEGV) repeats (R), is depict-
ed in the top panel. The bottom panel shows a model of α-synuclein
aggregation and toxicity and the proposed factors that enhance (+)
or inhibit (–) the formation of toxic aggregated forms of α-synuclein.
DA enhances the formation of the protofibrillar form of α-synuclein
and prevents it from aggregating into the fibrillar form (not shown).



transition at position 88 was identified in a small
German kindred (32). Furthermore, genetic variabil-
ity in the α-synuclein gene is a risk factor for the devel-
opment of PD (33). Affected individuals with α-synu-
clein mutations have typical idiopathic PD, including
levodopa responsiveness and Lewy bodies, although
the age of onset is somewhat lower and progression
appears to be more rapid (31). α-Synuclein is a
140–amino acid protein that contains repetitive
imperfect repeats of KTKEGV in the amino-terminal
half, a hydrophobic region, and an acidic carboxy-ter-
minal region (34) (Figure 1). In humans, there are at
least three different synuclein family members, des-
ignated α-, β-, and γ-synuclein, and they are expressed
from three different genes (34). Synucleins are abun-
dant brain proteins whose physiologic functions are
poorly understood. α-Synuclein has been shown to
bind to a number of proteins as well as lipid
membranes. The physiologic significance of these
interactions are not known. Whether these inter-
actions contribute to disease pathogenesis is not
clear, as disease-causing mutations in α-synucle-
in, for the most part, do not have dramatic effects
on these interactions (35). It has been suggested
that α-synuclein may play some role in the mod-
ulation of synaptic vesicle turnover and synaptic
plasticity (34). α-Synuclein knockout mice are
viable and fertile and exhibit normal brain struc-
ture and a normal complement of dopaminergic
cell bodies, fibers, and synapses. Thus, a loss of
function in α-synuclein is unlikely to cause PD,
and mutations in α-synuclein that cause PD are
likely to be gain-of-function mutations (36). 
α-Synuclein knockout mice have increased DA
release following paired stimuli and an attenua-
tion of DA-dependent locomotor responses to
amphetamine, which suggest that α-synuclein
may be an essential presynaptic, activity-depend-
ent negative regulator of dopaminergic neu-
rotransmission (36). α-Synuclein appears to be
the primary component of the Lewy body (35). 
It has the ability to polymerize into approxi-
mately 10-nm fibrils in vitro, and bundles of
these fibrils are the major component of Lewy
bodies and Lewy neurites (35).

Overexpression of human wild-type α-synucle-
in in mice using the PDGF promoter yielded mice
with selective decrements in DA nerve terminals
in the striatum, with a concomitant reduction in
tyrosine hydroxylase catalytic activity (37). A vari-
ety of transgenic mice overexpressing wild-type or
mutant forms of α-synuclein have been described
with varying degrees of pathology and α-synucle-
in abnormalities. None of the mammalian trans-
genic models fully recapitulate PD, but they have
proved useful for studying synucleinopathy-
induced neurodegeneration (38–44). α-Synucle-
in–dependent neurodegeneration is associated
with abnormal accumulation of detergent-insol-
uble α-synuclein, and abnormal proteolytic pro-
cessing of α-synuclein and the A53T α-synuclein

mutant appears to cause significantly greater in vivo
toxicity as compared with the other α-synuclein vari-
ants (7, 40). β-Synuclein, the nonamyloidogenic
homologue of α-synuclein, is an inhibitor of aggrega-
tion of α-synuclein and rescues the motor deficits,
neurodegenerative alterations, and neuronal α-synu-
clein accumulations seen in human PDGF-promoter
α-synuclein transgenic mice (45). Thus, β-synuclein
might be a neutral negative regulator of α-synuclein
aggregation, and the antiamyloidogenic property of
β-synuclein might provide a novel strategy for the
treatment of neurodegenerative disorders. In addition
to the mammalian models, Drosophila models have
been developed (46). When normal and mutant forms
of α-synuclein are overexpressed in Drosophila, the
flies develop an adult-onset (midlife) progressive 
loss of DA neurons and filamentous interneuronal 
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Figure 2
Structure of parkin and a model of parkin-mediated ubiquitination and
its substrates. In the top panel, the modular architecture of parkin is
depicted, and the locations of the reported familial-associated disease-
causing missense mutations are indicated. Disease-causing deletions,
insertions, and frameshifts are not depicted (see text for details). The bot-
tom panel shows a model of parkin-mediated ubiquitination and Lewy
body formation. Parkin may play key roles in both ubiquitination and
Lewy body formation in conjunction with the E1 ubiquitin-activating
enzyme and the E2s UbcH7, UbcH8, UBC6, and UBC7. Nonglycosylated
α-synuclein accumulates in Lewy bodies through mechanisms that are not
clear, but it may inhibit (–) proteasomal function. Ub, ubiquitin.



inclusions that contain α-synuclein. Overexpression
of heat-shock protein HSP70 rescues the motoric and
neuropathologic features of transgenic flies express-
ing normal and mutant forms of α-synuclein (47).
Chaperones may play a role in PD, as Lewy bodies in
human postmortem tissue immunostain for chaper-
ones (47). The transgenic mouse and Drosophila
models are persuasive in implicating α-synuclein in
the pathogenesis of PD (6).

How derangements in α-synuclein lead to neuronal
dysfunction and death is not known. However, aggre-
gation and fibrillation are thought to play a central
role (35), perhaps leading to a dysfunction in protein
handling by inhibiting the proteasome (48) (Figure
1). It is not clear how mutations in α-synuclein cause
selective degeneration of dopaminergic neurons,
since α-synuclein is a ubiquitously expressed protein.
However, oxidative ligation of DA to α-synuclein
leads to the accumulation of the α-synuclein
protofibril, which may be the toxic α-synuclein moi-
ety (49). Although α-synuclein can form adducts with
other catecholamines related to DA, it has been sug-
gested that adduct formation provides an explana-
tion for the dopaminergic selectivity of α-synucle-
in–associated neurotoxicity in PD (49). α-Synuclein
toxicity in human dopaminergic neurons requires
endogenous DA production and is mediated by reac-
tive oxygen species. It does not seem to involve DA
adduct formation but, instead, is mediated by 54- to
83-kDa soluble protein complexes that contain 
α-synuclein and 14-3-3 protein (50).

Parkin mutations
Linkage analysis of 13 families with AR-JP mapped
the localization of the AR-JP gene to chromosome
6q25.2-27 (51). The identification of the AR-JP gene
was facilitated by the discovery of a microdeletion in
a family with AR-JP. The gene causing AR-JP was des-
ignated parkin and encodes a protein of 465 amino
acids, with moderate similarity to ubiquitin at its
amino-terminus and a RING-finger motif at the car-
boxy-terminus (10) (Figure 2). In the patient with a
microdeletion, exons 3–7 were deleted, and four other
AR-JP patients from three unrelated families also had
a deletion affecting exon 4 (10). Since the initial dis-
covery of the parkin gene, many groups have identified
mutations in parkin, including exonic deletions, inser-
tions, and several missense mutations (52) (Figure 2).
So far, most of the point mutations reside in the
RING-IBR-RING domains of parkin, suggesting that
this region is key to parkin function. Mutations in
parkin appear to be a major cause of autosomal reces-
sive PD (53). Indeed, parkin mutations are now con-
sidered to be one of the major causes of familial PD.

The modular architecture of parkin led to insight
into its function, as several other proteins had simi-
lar modular structures (54). In particular, a few pro-
teins with RING-finger motifs were shown to be
involved in E2-dependent ubiquitination (55). Pro-
teins are targeted for degradation in the 20S protea-
some by covalent attachment of ubiquitin (56). The

26S proteasome recognizes multiubiquitin chains
that are formed by linkage through the lysine residue
at position 48 in the ubiquitin protein. Polyubiquiti-
nation occurs by the cooperation of several sequen-
tially acting enzymes. The ubiquitin-activating
enzyme E1 activates the ubiquitin in an ATP-depend-
ent manner; then ubiquitin is transferred to a ubi-
quitin-conjugating enzyme, E2. A final step requires
an E3 ubiquitin-protein ligase, which facilitates the
transfer of ubiquitin to the target protein. Substrate
specificity of the ubiquitin system is largely conferred
by the E3 ubiquitin-protein ligase. Parkin was shown
to be an E2-dependent E3 ubiquitin-protein ligase
(55, 57, 58). It appears to use both UbcH7 and UbcH8
as its E2s, and it also utilizes the ER-associated E2s
UBC6 and UBC7 (56). Familial-associated mutations
in parkin impair the binding to either UbcH7 or
UbcH8 and are defective in E3 ubiquitin-protein lig-
ase activity, which suggests that disruption of the E3
ubiquitin-protein ligase activity of parkin is probably
the cause of autosomal recessive PD. Since the loss of
the E3 ligase activity of parkin may cause autosomal
recessive PD, it is of great importance to identify the
protein substrates of parkin. It is conceivable that
dysfunction of the proteasomal processing of one or
more of these proteins leads to dopaminergic dys-
function. Several potential substrates for parkin have
recently been identified. The first substrate identified
was the synaptic vesicle–associated protein CDCrel-1
(55). CDCrel-1 belongs to a family of septin GTPases,
and it has been suggested that it regulates synaptic
vesicle release in the nervous system (59). Whether
CDCrel-1 is involved in the release of DA is not yet
known, but it is possible that mutations in parkin
affect CDCrel-1 modulation of DA release, which ulti-
mately contributes to the parkinsonian state.

Synphilin-1 is also a substrate for parkin-targeted
ubiquitination (60). The function of synphilin-1 is
unknown, but it was identified and cloned as an 
α-synuclein–interacting protein (61). It is also a
synaptic vesicle–enriched protein, and it is present in
Lewy bodies (61, 62). Coexpression of synphilin-1
with α-synuclein in cultured cells results in the for-
mation of Lewy body–like aggregates containing
both proteins; and in the presence of parkin, a sig-
nificant percentage of these aggregates become ubiq-
uitinated (60). The observation that patients with
mutations in parkin do not have Lewy bodies has led
to the speculation that pathogenic mechanisms
caused by mutations in parkin are different from
those that occur in sporadic PD and in PD due to
mutations in α-synuclein (54). On the other hand,
the interactions of synphilin-1 with both parkin and
α-synuclein suggest a common link between the dif-
ferent causes of PD and connect the pathogenesis of
PD caused by mutations in parkin with that of PD
caused by alterations in α-synuclein. Parkin may be
intimately involved in the ubiquitination of Lewy
body–associated proteins, such as synphilin-1. Fur-
thermore, the sequestration of parkin in inclusions
may contribute to its loss of function. In the absence

148 The Journal of Clinical Investigation | January 2003 | Volume 111 | Number 2



of parkin, Lewy body–associated proteins would not
be ubiquitinated and the formation of Lewy bodies
would be impaired (54, 56). Consistent with this
notion is the observation that familial-associated
mutations of parkin fail to ubiquitinate synphilin-1.
Recently, a patient with an R275W mutation in one
allele of parkin and a 40-bp exon 3 deletion in the
other allele revealed the presence of Lewy body
pathology in regions typically affected in PD (63).
Interestingly, the R275W parkin mutation reduces
the catalytic activity of parkin, but it still has sub-
stantial enzyme activity (60). Thus, this mutation
appears to be the exception that proves the rule and
indicates that parkin is required for the formation of
Lewy pathology. Lewy pathology may contribute, in
part, to neuronal cell death by the sequestration of
the function of parkin, which serves to degrade spe-
cific proteins (56). Using immunological methods in
the normal human brain, Shimura et al. identified an
O-glycosylated isoform of α-synuclein (αSp22) that
contains complex monosaccharide chains (64).
Familial-associated parkin mutants failed to bind
αSp22, and, in an in vitro ubiquitination assay,
αSpp22 was ubiquitinated by normal, but not by
mutant, parkin. Whether or not αSp22 is present in
the brain is controversial, since most laboratories
have not been able to detect it and this type of com-
plex glycosylation is highly unusual for a cytoplasmic
protein (7). Nonglycosylated α-synuclein, the major
species in the brain, does not appear to be a parkin
substrate in vitro or in the brain, as parkin fails to
interact with nonglycosylated α-synuclein and fails
to ubiquitinate nonglycosylated α-synuclein (60, 64).

A more general role for parkin in the ubiquitin pro-
teasomal-degradation pathway is suggested by the
recent observations that parkin is upregulated by
unfolded-protein stress. Parkin has been found to
suppress unfolded protein-stress induced toxicity
(58). Parkin may function in the unfolded-protein
response, as it is localized to the microsomal fraction
as well as to the cytosol and Golgi fractions (52). The
unfolded-protein response regulates multiple ER and
secretory pathway genes, and it is conceivable that
mutations or deletions of the parkin gene could result
in the accumulation of misfolded substrate proteins
in the ER, leading to DA cell death in AR-JP. Recently,
an unfolded putative G protein–coupled transmem-
brane receptor, the parkin-associated endothelial-like
receptor (Pael-R), was found to be a parkin substrate
(65). When overexpressed, Pael-R tends to become
unfolded and insoluble and causes unfolded pro-
tein–induced cell death. Parkin ubiquitinates Pael-R,
and coexpression of parkin results in protection
against Pael-R–induced cell toxicity. Pael-R accumu-
lates in the brains of AR-JP patients and thus may be
an important parkin substrate. In the brain, Pael-R is
expressed predominantly in oligodendrocytes, but it
is also expressed at exceptionally high levels in neu-
rons containing tyrosine hydroxylase. Thus, Pael-R is
an attractive parkin substrate whose accumulation
may account for the loss of DA neurons in AR-JP.

DJ-1 mutations
In genetically isolated communities in the Nether-
lands, Bonifati and colleagues, using an RT-PCR
strategy, identified a deletion in exons 1AB to 5 of the
DJ-1 gene that showed complete cosegregation with
PD and the disease allele in a Dutch family (11). In
addition, a T→C transition at position 497 from the
open reading frame start in the cDNA of DJ-1 result-
ing in the substitution of a highly conserved leucine
at position 166 of the DJ-1 protein by a proline was
identified that shows complete cosegregation with
the disease allele in an Italian family (11). In the
Dutch family the DJ-1 protein is absent, and in the
Italian family DJ-1 appears to be functionally inac-
tive. Thus, mutations in the DJ-1 gene definitely
cause PD, probably through a loss of function. It is
difficult at this juncture to fully appreciate how
mutations in the DJ-1 gene cause PD, as its function
is largely unknown (11). However, DJ-1 was identified
as a hydroperoxide-responsive protein that becomes
more acidic following oxidative stress, suggesting
that it may function as an antioxidant protein (66).
Furthermore, DJ-1 is sumoylated through binding to
the SUMO-1 ligase PIAS, suggesting that it might be
involved in the regulation of transcription (67).
Other putative functions of DJ-1 have been raised
(11), but how a loss of function of DJ-1 leads to loss
of DA neurons in PD awaits further study.

Summary
Ultimately it would be of great interest to link all the
multiple genes and the sporadic causes of PD into a
common pathogenic biochemical pathway — much
in the same way that, in AD, the metabolism of the
amyloid precursor protein has been shown to be cen-
tral to the degenerative process. Derangements in
protein handling seem to be central in the pathogen-
esis of PD. Aggregation, fibrillation, and proteasom-
al dysfunction seem central to the pathogenesis of 
α-synuclein–induced injury. Mutations in parkin
lead to dysfunction in the proteasomal-degradation
pathway. It will be of interest to determine whether
parkin is involved in the ubiquitination and elimina-
tion of proteins whose proteasomal degradation is
impaired by derangements in α-synuclein. The major
nonglycosylated form of α-synuclein is linked to
parkin through their mutual interactions with syn-
philin-1, and the minor glycosylated α-synuclein
species may be directly linked to parkin, providing
further evidence for a common biochemical pathway.
How the unfolded-protein stress response fits into a
common pathway is not clear. Oxidative stress seems
to play a prominent role in sporadic PD, and oxida-
tive stress leads to synuclein aggregation and/or 
proteasomal dysfunction. Recent data suggest that 
there may be selective derangements in the protea-
somal system in the substantia nigra of sporadic 
PD patients (68). Thus, protein mishandling may be 
central to the pathogenesis of PD. Another possible 
common pathogenic mechanism is the disruption 
of synaptic function, as α-synuclein, synphilin-1,
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CDCrel-1, and parkin are synaptically enriched pro-
teins, but this awaits further clarification and inves-
tigation. How DJ-1 fits into a common pathogenic
pathway is not clear, but its potential role in oxida-
tive stress would fit with the “oxidative stress”
hypothesis. The fact the DJ-1 is sumoylated, a ubiq-
uitin-like protein modification, suggests that it
might be a target of parkin, tying it into the ubiqui-
tin/proteasomal pathway. Only the future can tell
whether DJ-1 and the other yet-to-be-identified PD
genes will fit into one of these pathways or whether
they will reveal new pathways. Surprises are undoubt-
edly in store as the identification of these genes leads
to a better understanding of the pathogenesis of PD.
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