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3 different mutations in LRRK?2 exon 41. The G2019S
mutation was detected in 8 probands (1 Japanese, 3
Israelis, 1 Moroccan, and 3 Tunisians). Considering the
mode of inheritance, 2 (0.5%) of 417 sporadic PD pa-
tients had the G2019S with the age at onset of 41 and 42
years, respectively. Including all ethnic groups, 5 ADPD
families (2 Israelis and 3 Tunisians) had the G2019S (5
of 130 = 3.8%). Interestingly, 1 (1.3%) of 80 potential or
pseudo-ARPD families had the G2019S.

Considering each ethnic group, the frequency of PD
probands with the G2019S was as follows: 0.1% (1 of
763) in Asian people, 42% (3 of 72) in Caucasian
people, and 26.7% (4 of 15) in North African people. The
frequency of PD probands with the 12020T was 0.3% (2
of 763) in Asian people. In addition to the pathogenic
mutations, we found a novel single polymorphism
(6054C>T) that was synonymous (T2018T) in 2 Korean
families.

The parent and the parent’s sibling of Japanese Pa-
tients J1 and J2 with the I2020T were born in the
Sagamihara area, and the Japanese Patient K1 with the
12020T was also born near the Sagamihara area. The
haplotype with 5 microsatellite markers in this region
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LRRK?2 exon 41. A novel 6035T>C (I2012T) muta-
tion was found in Family A. The 6055G>A
(G2019S) mutation was found in Families B-I. The
6059T>C (12020T) mutation was found in Families
J and K. b: Pedigree structures of Families A-D and
G-K. Solid symbols denote affected members with
PD and “m” denotes members with mutation. To
provide confidentiality for participants, some unaf-
fected members and some affected members in
whom haplotype analysis was not performed are not
shown on the trees.

Family K
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was exactly the same as that of the Sagamihara fami-
ly.1112 In contrast, the haplotype of the other Japanese
Family B (Patients B1 and B2) with the G2019S was
quite different from that of the Caucasian families re-
ported previously (Fig. 2).10

Clinical Features

Most patients with LRRK2 mutations in exon 41
showed cardinal signs of idiopathic PD and good re-
sponses to levodopa (Table 1). Other clinical features
noted in some patients included dementia, hallucination,
delusion, and depression. Patients C1 and C2 with the
G2019S mutation developed visual hallucinations, para-
noidal thoughts, and dementia. Patient H1 with the
G2019S mutation developed hallucinations and delusion.
Patients B1 and C2 with the G2019S mutation also
suffered from depression. Patient J2 with the 12020T
mutation developed severe auditory and visual halluci-
nations and severe delusion. Psychoses were not induced
by medication (levodopa/dopamine agonists) and did not
relent when off medication. The doses of anti-PD drugs
for Patient J2 were selegiline 2.5 mg/day, cabergoline 3
mg/day, amantadine 150 mg/day, and talipexole 1.2 mg/
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FIG. 2. Haplotype analysis. a: The haplotype of Families C-I with the G2019S from around Europe was similar to the previously reported Caucasian
family.'® Genotypes shared are highlighted in boldface. The haplotype of Japanese Family B with the G2019S was different from that of Families
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haplotype with 5 microsatellite markers in this region spans 10.4 cM.

day. Patient B1 developed upward-gaze palsy. None of
the patients showed severe autonomic disturbances or
amyotrophy. The age at onset of the patients with these
three mutations varied widely from 37 to 73 years (av-
erage, 55.0 years). In addition to these patients, two
grown-up children (aged 36 and 38 years) with mutations
were asymptomatic (Family C, Fig. 1b). Pathological
studies could not be conducted in all patients with
LRRK2 mutations in this study.

Cardiac MIBG scintigraphy was performed in Patients
B1 and B2 with G2019S mutation and Patients J1, J2,
and K1 with 12020T mutation (Table 1). For Patient B1,
B2, and K1, the H/M ratio was normal. For Patient J1,
the H/M ratio was 1.56 in early image and 1.39 in
delayed image. For Patient J2, the H/M ratio was 1.45 in
early image and 1.30 in delayed image. The cutoff value
of delayed H/M ratio is 2.09 in Patients B1 and B2 and
1.45 in Patients J1, J2, and K1 (each cutoff value is
different because the MIBG scintigraphy was performed
in different hospitals). Patient J2 had no ischemic heart
disease, chronic heart failure, diabetes mellitus, or med-
ication history of antidepressants that may influence
MIBG uptake. Notably, Patient J2, who developed se-
vere psychosis, had a low H/M ratio in delayed MIBG
images.

DISCUSSION

The present study revealed that the LRRK2 G2019S
mutation spreads worldwide across different ethnic
groups with variable frequencies. Whereas the G2019S
mutation is quite rare in Asia, this mutation is more
frequent around Europe®!3.14 and especially in North
Africa. Demographically, it is possible that the distribu-
tion and frequencies of this mutation is associated with
human migration history. In a previous report, European

and North American patients with the G2019S shared a
common ancestral haplotype indicative of a single-
founder effect.' Indeed, our patients from around Eu-
rope and North Africa also had the same haplotype. On
the other hand, the haplotype of Japanese Family B was
quite different from that of Caucasian patients, suggest-
ing they do not share a common founder and they are of
independent origin. The possibility that Japanese patients
have a common haplotype on the very narrow region
could not be excluded. However, it is unlikely that the
Japanese G2019S mutation originated from a common
and extremely old founder, because the G2019S muta-
tion is rare in Asian people compared with North African
and Caucasian peoples.

PARKS was originally mapped from Japanese Sagami-
hara family showing late-onset ADPD.!! The coinci-
dence of haplotype in Japanese Family J, Family K, and
Sagamihara family indicates a single-founder effect. The
same mutation 12020T was found in a Caucasian patient
of European origin (personal communication, Dr.
Thomas Gasser),> suggesting this mutation also has a
worldwide distribution, although the haplotype is un-
known at present. Interestingly, G2019S and I2020T
mutations affect adjacent codons in the amino acid se-
quence. In addition to the two mutations, 120127 is also
located in the very narrow region within exon 41. This
narrow region could be a hot spot and mutations in exon
41 could be relatively frequent. Since LRRK?2 consists of
51 exons, it is important to decide which exon(s) of this
gene should be first screened for mutation analysis. In
this regard, worldwide screening of exon 41 prior to all
other exons is a reasonable strategy. Analysis of other
putatively pathogenic coding substitutions and exon 31 is
now also recommended.!s

Movement Disorders, Vol. 21, No. 8, 2006
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With regard to the mode of inheritance, our study
showed that not only patients with ADPD but also those
with potential ARPD and sporadic PD had LRRK2 mu-
tations. Moreover, we detected the mutations in late- and
early-onset PD. A shared LRRK2 G2019S haplotype in
the vast majority of carriers argues against de novo
occurrence.!® Based on the widely variable age at onset
and various modes of inheritance, the phenotype of PD
patients with LRRK2 mutations must be influenced by
stochastic, environmental, and other genetic factors.!¢

The clinical features of most patients with LRRK2
mutations resemble those of patients with typical idio-
pathic PD.!® Previously reported patients with LRRK?2
mutations, especially those with G2019S and 12020T,
showed no evidence of psychiatric or cognitive dysfunc-
tion apart from mild symptoms, despite the long disease
duration.™!1:12.16 However, some of our patients with the
LRRK2 mutations developed severe hallucination, mod-
erate dementia, delusion, and depression, even during the
early stages of the disease. Both Patients C1 and C2 with
(G2019S of the same family had psychosis and dementia.
On the other hand, although of the same family, Patient
J2 with 12020T showed psychosis and Patient J1 did not
show psychosis. Notably, only Patient J2 developed se-
vere psychosis and had low H/M ratio in delayed MIBG
images. In contrast, markedly low H/M ratio was not
noted in other patients without psychosis.

MIBG scintigraphy is a clinically useful diagnostic
method and has high sensitivity. MIBG uptake shows
remarkable decrease in Lewy body—positive PD patients
from the early stage, except for some of the patients with
stage 1. Indeed, in a previous study, a more severely
reduced H/M ratio was seen in dementia with Lewy
bodies compared with PD, and the strong negative cor-
relation between H/M ratio and Hoehn—Yahr stage in PD
was observed, suggesting that Lewy body pathology
itself may cause low MIBG uptake.!” Histopathological
studies showed a high incidence of Lewy bodies in the
sympathetic ganglia and visceral autonomic nervous sys-
tem!® and the presence of Lewy bodies and Lewy neu-
rites in the cardiac plexus in PD.!? These findings may
account for low cardiac uptake of MIBG in Lewy body
disease, reflecting actual cardiac sympathetic denerva-
tion, which precedes the neuronal loss in the sympathetic
ganglia.'®-2% In this regard, the reduced cardiac uptake of
MIBG in Patient J2 is compatible with Lewy body dis-
ease, and Patient J2 with severe psychosis may have
cardiac sympathetic denervation and spread of Lewy
bodies. On the other hand, Patients B1 and B2 with
G2019S and Patients J1 and K1 with 12020T may have
no Lewy bodies, similar to most patients of the Sagami-
hara family.!!2 The normal MIBG uptake in autosomal

recessive juvenile parkinsonism (AR-JP), which is
caused by the parkin gene,?'22 generally without Lewy
bodies, psychosis, and dementia,?? supports our findings
concerning MIBG scintigraphy and clinical features.

In the present study, the clinical features and cardiac
uptake of MIBG varied even in patients with the same
12020T mutation, and also in members of the same
family. Indeed, one PD patient with the 12020T mutation
from the Sagamihara family had Lewy bodies, although
most of the other family members were negative for
Lewy bodies (personal communication, Dr. Ogino).
Thus, variable pathologies such as positive and negative
Lewy body and variable clinical phenotypes were ob-
served in patients with LRRK2 mutations.

In the previously reported German—Canadian family
and western Nebraska family, the phenotypes of PARKS-
linked parkinsonism with signs of dementia, diffuse
Lewy body disease (DLBD), progressive supranuclear
palsy (PSP), and motor neuron degeneration showed
pathological features of synucleinopathies and tauopa-
thies.?*-27 In the present study, one patient with G2019S
showed upward-gaze palsy like PSP, although down-
ward-gaze palsy was not seen. Interestingly, some of the
patients with LRRK2 R1441C mutation had Lewy bod-
ies, while patients with Y1699C mutation in the Ger-
man-Canadian family and most patients with 12020T of
the Sagamihara family had no Lewy bodies.>24-27 Thus,
clarification of the function of LRRK2 product and its
interaction with other proteins is important for our un-
derstanding of the pathogenesis of dopaminergic neuro-
nal death with or without Lewy bodies.

The domain structure of LRRK2 includes five con-
served major functional domains, including leucine-rich
repeat (LRR), a Roc (Ras in complex proteins) domain,
a COR domain (C-terminal of Roc), a tyrosine kinase
catalytic domain (TyrKc), and a WD40 domain.> The
12012T, G2019S, and 12020T mutations are located in
the kinase domain. The G2019S and 12020T mutations
may be involved in the alteration of kinase activities of
the LRRK?2 product.?8 Furthermore, this protein may be
potentially associated with phosphorylation of both al-
pha-synuclein and tau.*>2° Indeed, concurrent pathology
of alpha-synuclein and tau accumulation within the same
aggregates was reported previously.?® Therefore, the ki-
nase activity of the LRRK2 product could be a key event
in the accumulation and aggregation of these unfolded
proteins within the degenerating neurons*3 and could be
an upstream event.

In our study, we showed that PD caused by LRRK?2
mutations 1s common and widespread, showing variable
pathology and variable clinical phenotypes, including
psychosis and dementia. Our study could have major

Movement Disorders, Vol. 21, No. 8, 2006
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implications on the clinical understanding of phenotype—
genotype correlations and could help in genetic counsel-
ing for PD. Insights into the pathogenesis of the disease
may lead to new treatment of PD and neurodegenerative
disorders.
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Recessive Parkinson’s Disease

Shin-ichiro Kubo, MD, PhD,' Nobutaka Hattori, MD, PhD,"?* and Yoshikuni Mizuno, MD'*?

'Department of Neurology, Juntendo University School of Medicine, Tokyo, Japan
*Research Institute for Diseases of Old Age, Juntendo University School of Medicine, Tokyo, Japan

Abstract: Parkinson’s disease (PD) is a progressive neurode-
generative disease caused by loss of dopaminergic neurons in
the substantia nigra pars compacta. Although the etiology of
PD remains unclear, it is now clear that genetic factors con-
tribute to the pathogenesis of the disease. Recently, several
causative genes have been identified in monogenic forms of
PD. Accumulating evidence indicates that their gene products
play important roles in mitochondrial function, oxidative stress
response, and the ubiquitin—proteasome system, which are also

implicated in sporadic PD, suggesting that these gene products
share a common pathway to nigral degeneration in both famil-
ial and sporadic PD. Here, we review recent advances in
knowledge about genes associated with recessive PD, including
parkin, PINK1, and DJ-1. © 2006 Movement Disorder Society

Key words: parkin; PINKI; DJ-1; recessive Parkinson’s
disease; mitochondria; oxidative stress; ubiquitin—proteasome
system

Parkinson’s disease (PD) is the second most common
neurodegenerative disease after Alzheimer’s disease, af-
fecting ~0.3% of the general population and 3% of
people over the age of 65.! The discovery of levodopa, a
precursor of dopamine, has dramatically improved the
functional prognosis of PD. Levodopa, however, is a
symptomatic drug and long-term treatment with levo-
dopa is associated with adverse effects, such as motor
fluctuations (wearing-off and on—off phenomenon) and
dyskinesias. New therapies are therefore required to im-
prove the long-term prognosis. To develop a new remedy
for PD, it will be essential to elucidate the pathogenic
mechanisms underlying the degeneration of dopaminer-
gic neurons.

Mitochondrial dysfunction and oxidative stress are
critical components of most current theories of nigral
degeneration in PD.>> However, the mechanisms re-
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sponsible for the cell death are largely unknown. Re-
cently, there has been increasing evidence that genetic
factors play an important role in PD. Although most PD
is sporadic, a small proportion of cases shows a Mende-
lian inheritance. The identification of responsible genes
for rare familial forms of PD has provided vital clues to
understanding the molecular pathogenesis of the more
common sporadic forms of this disease.

To date, at least nine distinct genetic loci have been
recognized to be linked to PD (PARK1-3, 5-8, 10, and
11).6-14 Recently, the family that was originally mapped
to PARK4 has been mapped to PARKI1.1> PARK9 has
been found not to be a genetic locus for PD because of
the atypical associated phenotypes such as spasticity
resulting from corticospinal tract degeneration, a su-
pranuclear upward-gaze paresis, and the development of
dementia in all affected subjects.!® Among the PD-
associated loci, mutations have been identified in five
genes (a-synuclein,'” parkin,'® PINKI1,'® DJ-12° and
LRRK?2?:22) that definitely cause familial forms of PD.
UCH-LI is another gene that may cause PARKS. So far,
only one mutation in the UCH-LI gene that is potentially
linked to PD was identified in a small German family.®
Among these genes, mutations in parkin (PARK2),
PINK]I (PARKS®), and DJ-1 (PARK?7) are associated with
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TABLE 1. Mutations linked to recessive PD

PARK?2 PARKG6 PARK7
Locus 6q25-27 1p35-36 1p36
Gene Parkin PINK] DJ-1
Inheritance AR AR AR
Number of mutations > 95 > 17 >9

Type of mutations
nonsense, missense

Lewy body (—) except for two cases

Exonic deletion and duplication, insertion,

Insertion, deletion,

nonsense, missense
9 ?

Exonic deletion, missense

autosomal recessive PD, in which loss of function of a
single gene product can lead to the degeneration of
dopaminergic neurons and the clinical manifestations of
parkinsonism (Table 1). This suggests that these gene
products are essential for the survival of nigral neurons.
Therefore, identification of the physiological functions of
these proteins is expected to lead to elucidation of the
pathogenic mechanisms underlying the disease. Here, we
review the clinical findings in recessive forms of PD and
the molecular biology of parkin, PINKI, and DJ-1.

PARKIN (PARK2)

Clinical manifestations of parkin-associated PD were
originally characterized by parkinsonism associated with
early onset before the age of 40, wearing-off phenome-
non, and slow disease progression.?> More recent studies
have suggested a broader phenotypic spectrum of parkin-
associated PD that includes later age at onset and tremor-
dominant manifestations without foot dystonia, hyperre-
flexia, diurnal fluctuations, sleep benefit, and early
susceptibility to levodopa-induced dyskinesias.?4-2¢
Many parkin-associated PD patients, therefore, appear to
be clinically indistinguishable from sporadic PD. Re-
markably, a wide variation of age at onset has been
reported, even within single families with mutations in
the parkin gene,?® suggesting that additional factors,
either genetic or environmental, contribute to the pheno-
type. However, Lohmann and colleagues?” have reported
that parkin-associated PD patients tend to have earlier
and more symmetrical onset, slow progression of the
disease, and greater response to levodopa despite low
doses compared with those with early-onset PD without
parkin mutations. Clinical features including atypical
phenotypes are summarized in Table 2.>7-3! At present,
there appears to be no genotype—phenotype correlation.
Histopathological characteristics of parkin-associated
PD are neuronal loss and gliosis limited to the substantia
nigra and locus coeruleus. Although the entire knowl-
edge on the pathology is based on limited cases, Lewy
bodies, which are cytoplasmic proteinaceous inclusion
bodies that are considered the hallmark of PD, are ab-
sent?8:29.32-37 except in two reported cases with com-
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pound heterozygous mutations.?33° Atypical pathologi-
cal findings have been reported in parkin-associated PD,
such as tau pathology in the cerebral cortex and brain-
stem nuclei,??-32 degeneration of the spinocerebellar sys-
tem,?® and a-synuclein—positive inclusions in the neuro-
pils of the pedunclopontine nucleus.?® Presence of
a-synuclein—positive inclusions including Lewy bodies,
although detected in only a small number of patients,
suggests a possible relationship between parkin-associ-
ated PD and idiopathic PD.

The gene responsible for parkin-associated PD, par-
kin,'$ contains 12 exons spanning over 1.4 megabases
and encodes a 465 amino acid (aa) protein with moderate
homology to ubiquitin at the amino terminus (ubiquitin-
like domain, Ubl) and two RING finger motifs at the
carboxy terminus. Various parkin mutations have been
reported worldwide, including exonic deletions, exonic
duplications, insertions, and many different point muta-
tions,26:30.31.40 Mutations in the parkin gene are a rela-
tively frequent cause of early-onset PD, especially in
cases with a positive family history and an autosomal
recessive mode of transmission. To date, more than 95
different mutations in approximately 400 patients have
been reported worldwide.*! Frequency of the mutations
in early-onset PD has been estimated at 40% to 50% in

TABLE 2. Clinical features of parkin-associated PD

Age of onset usually < 40 years
Typical presenting phenotype: young-onset PD
Normal cognition
Frequent foot dystonia
Early instability, freezing, festination, or retropulsion in some cases
Dramatic response to levodopa, and dose-sensitive motor and
psychiatric complications of medication
Excellent response to anticholinergics in some cases
Usually benign and slow disease course
Atypical presenting phenotypes include:
Later onset, mimicking idiopathic PD
Psychosis, panic attacks, depression, hypersexuality, obsessive—
compulsive behavior
Exercise-induced dystonia
Atremulous bilateral akinetic rigid syndrome
Focal dystonia (writer’s cramp, cervical)
Autonomic or peripheral neuropathy
Cerebellar and pyramidal tract dysfunction
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familial cases?-%2 and at 10% to 20% in idiopathic
cases.?6:303142 Tt is noted that a considerable number of
patients carry a single heterozygous mutations. Clinical
features of the carriers of heterozygous parkin mutations
are more similar to those of idiopathic PD, including a
significantly later age at onset and more asymmetric
disease presentation, than those of carriers of two muta-
tions.2742-44 Since parkin-associated PD is considered to
be an autosomal recessively transmitted disease, the role
of mutations in single heterozygous state is difficult to
interpret. There are two possibilities: one is haploinsuf-
ficiency, the other dominant negative effect. In addition,
a possible explanation is that still unknown factors such
as mutations located elsewhere in the genome*s and
environmental factors act in combination to cause the
disease. On the other hand, in a North American study of
more than 300 PD patients unselected for age at onset or
family history, the frequency of parkin mutations re-
ported as pathogenic in homozygous or compound het-
erozygous individuals is essentially the same in PD pa-
tients (3.8%) and controls (3.1%).4¢ Thus, whether single
heterozygous mutations in parkin are associated with PD
remains to be elucidated.

The gene product, parkin, is localized to the Golgi
complex in addition to the cytoplasm in human brain,
although parkin has no transmembrane domain.#’ In cul-
tured cells and rat brain, parkin also associates with
synaptic vesicles as a peripheral membrane protein.+8
Recently, parkin was implicated in the ubiquitin—protea-
some system (UPS) as an E3 ubiquitin ligase, and mu-
tations in the parkin gene is reported to result in loss of
ligase function.?® The UPS is involved in two tasks. One
is the accurate timely regulation of the level of short-
lived proteins that plays a role in processes such as cell
cycle regulation, signal transduction, and metabolism.
The other task is protein quality control. Polyubiquitina-
tion of the target proteins for degradation by proteasomes
is catalyzed by three enzymes, E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme), and E3
ubiquitin ligase. Parkin has been shown to catalyze the
proteasomal degradation of target proteins by interacting
with E2 and target proteins through its RING do-
main**-5! and by binding the RpnlO subunit of 26S
proteasomes through its Ubl domain.52 Parkin is also
reported to exhibit E3 activity by interacting with com-
ponents of SCF complexes (Skpl-Cullin—F-box pro-
tein).>* In addition, parkin forms a complex with Hsp70
and CHIP, resulting in enhancement of its E3 enzymatic
activity.>* Since parkin-associated PD is recessively in-
herited, that is, loss of function of parkin leads to devel-
opment of parkin-associated PD, substrates for parkin
(for its E3 function) would be expected to accumulate in

the brain. Substrates identified to date include cell divi-
sion control-related protein 1 (CDCrel-1),3° parkin-asso-
ciated endothelin receptor—like receptor (Pael-R),5! the
O-glycosylated form of a-synuclein (aSp22),55 synphi-
lin-1,%¢ synaptotagmin X1,57 SEPT5_v/CDCrel-2,58 cy-
clin E,>* the p38 subunit of the aminoacyl-tRNA syn-
thetase complex,>® and o/B-tubulin.®® In addition to the
substrates, several interactive molecules have been re-
ported.®! One may postulate that the substrates that es-
cape from ubiquitination by parkin for degradation by
the proteasome accumulate in parkin-associated PD
brains, leading to nigral degeneration. In fact, three of the
substrates (CDCrel-1,3% Pael-R,3! aSp2255) have been
reported to accumulate in parkin-associated PD brains.
However, an important caveat is that most substrates
have been identified by in vitro experiments and remain
to be validated.®? On the other hand, parkin has recently
been shown to catalyze lysine63 (K63)-linked ubiquiti-
nation, which is not recognized by the proteasome.53-64
Assembly of polyubiquitination occurs through the se-
quential formation of an isopeptide bond between the
carboxy-terminal glycine residue and specific lysine res-
idues in ubiquitin. Substrates tagged with the polyubig-
uitin chain linked via K29 or K48 are recognized and
degraded by the proteasome.®® In contrast, K63-linked
ubiquitination is involved in diverse cellular processes
such as endocytosis®-%? and protein sorting and traffick-
ing.79-72 Although the relevance of K63-linked ubiquiti-
nation by parkin in the pathogenesis of parkin-associated
PD remains unclear, this insight might facilitate elucida-
tion of the pathogenesis.

With regard to loss of function of parkin as a mecha-
nism underlying parkin-associated PD, parkin-knockout
animal models should help to elucidate the mechanisms
of the disease (Table 3). Although three lines of parkin-
knockout mice have been reported,”>75 none of these
develops a PD-like phenotype or PD pathology. Two
exon 3—disrupted knockouts show subtle motor and cog-
nitive deficits, inhibition of amphetamine-induced dopa-
mine release and glutamate neurotransmission, and ab-
normal dopamine metabolism, but no loss of substantia
nigra or locus coeruleus catecholaminergic neurons.
Meanwhile, an exon 7-disrupted knockout exhibits loss
of noradrenergic locus coeruleus neurons. Interestingly,
none of the previously reported substrates for parkin in
the UPS accumulated in the knockout brains,’*75 sug-
gesting that parkin might function as an E3 for K63-
linked ubiquitination. Proteomic analysis of ventral mid-
brain from the exon 3-disrupted mice revealed
decreased abundance of a number of proteins involved in
mitochondrial function or oxidative stress.”® Consistent
with reduction of these proteins, the mice exhibited de-
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TABLE 3. Animal models of parkin and DIJ-1 PD

Knockout models

Phenotypes

Pathology

Parkin
Exon 3-knockout mice”

Exon 3-knockout mice™
Exon 3-knockout mice’s

Drosophila null
mutants?’
Drosophila null
mutantss

DJ-1
Exon 2-knockout
mice!??

Promoter-exons 1-5—

knockout mice!??
Exons 3-5 with modified

first coding exon!?

Subtle motor and cognitive deficits, inhibition of amphetamine-induced
dopamine release, inhibition of glutamate neurotransmission,
increased dopamine level

Subtle behavioral deficits, increased extracellular dopamine
concentration, reduced synaptic excitability

Reduced norepinephrine-dependent startle response

Reduced life span, locomotor defects, male sterility

Low mass, reduced life span, locomotor defects, sterility

Hypoactivity in the open field, reduced evoked dopamine overflow due
to increased reuptake, less sensitivity to the inhibitory effects of D2
autoreceptor stimulation

Age-dependent and task-dependent motoric behavioral deficits,
increased dopamine reuptake rates, elevated tissue dopamine content

Depression in amphetamine-induced locomotor activity, increased
striatal denervation and dopaminergic neuron loss induced by MPTP

Normal brain morphology

Normal brain morphology

Loss of catecholaminergic

neurons in the locus coeruleus

Muscle fiber degeneration,
mitochondrial pathology

Muscle fiber degeneration,
mitochondrial defects

Normal brain morphology

Normal brain morphology

Normal brain morphology

creased respiratory capacity of striatal mitochondria, re-
duced serum antioxidant capacity, and increased protein
and lipid peroxidation. A recent study in Drosophila with
an inactivated orthologue of human parkin also sug-
gested mitochondrial dysfunction.”” The parkin-null mu-
tants exhibited reduced longevity, locomotor defects, and
sterility.”7-7® Mitochondrial pathology has been the ear-
liest manifestation of muscular degeneration and defec-
tive spermatogenesis in the parkin mutants. These obser-
vations suggest a new role for parkin in the regulation of
normal mitochondrial function. Parkin overexpression in
cultured cells protects against mitochondria-dependent
apoptosis and parkin associates with the outer mitochon-
drial membrane.”® Furthermore, parkin has been shown
to have cytoprotective effects against diverse cellular
insults, including dopamine-mediated toxicity,° kainate-
induced excitotoxicity,>® overexpression of Pael-R3! or
the p38 subunit,” and toxicity induced by proteasomal
inhibition or overexpression of mutant «-synuclein.’!
Recently, antisense knockdown of parkin was reported to
cause apoptotic cell death of human dopaminergic cells
associated with caspase activation, accompanied by ac-
cumulation of oxidative dopamine metabolites due to
auto-oxidation of DOPA and dopamine.®? These results
suggest that parkin may function as a multipurpose neu-
roprotectant.®? Interestingly, parkin has been shown re-
cently to be S-nitrosylated in vitro, as well as in brains of
patients with idiopathic PD.3+85 Chung and colleagues®*
reported that S-nitrosylation of parkin impaired its E3
activity and its protective function. On the other hand,
Yao and colleagues®> showed that S-nitrosylation in-
creased, rather than decreased, the E3 activity of parkin.
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Several technical differences may explain the discrep-
ancy between them.36 These findings may thus provide a
molecular link between parkin-associated PD and spo-
radic PD.

PINKI (PARKG®)

Although a small number of studies have been pub-
lished, the clinical manifestations of PINKI-associated
PD are characterized by parkinsonism associated with
good response to levodopa, frequent occurrence of levo-
dopa-induced dyskinesias, and infrequent occurrence of
dystonia, very similar to idiopathic PD. The only distinc-
tive features are an earlier age of onset (18 to 51 years)
and slower disease progression.!%87-95 Hyperreflexia and
sleep benefit are not common. Some patients, however,
exhibit foot dystonia at onset and sleep benefit, thereby
resembling parkin-associated PD.88:892.94 Pgychiatric
symptoms such as hallucination, depression, and anxiety
are reported in some patients.8%8992.94 Dementia is de-
scribed in one Israeli patient.888% Autopsy data are not
available.

The gene responsible for PINKI-associated PD,
PINKI (PTEN-induced kinase 1), was previously cloned
by two groups examining gene regulation by the tumor
suppressor PTEN®® and differential gene expression in
mouse cell lines that vary in their metastatic potential.®”
The frequency of PINKI mutations (homozygous or
compound heterozygous) has been estimated at 3.3%
among Italian sporadic early-onset PD.?*%¢ Hatano and
colleagues®®8? have reported that 6 (~15%) of 39 early-
onset autosomal recessive families, mostly Asian, had
homozygous or compound heterozygous PINK] muta-
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tions. Interestingly, despite autosomal recessive trans-
mission, 5% of the sporadic early-onset PD have single
heterozygous PINKI mutations.?>94 Although only small
number of reports are available so far,87:89-91.93 the clin-
ical features between the homozygous and heterozygous
patients are generally similar, but onset age is about 10
years earlier in the former than in the latter. The role of
single heterozygous PINKI mutations in PD remains to
be clarified. PINK/ contains eight exons spanning 18
kilobases (kb) and encodes a 581 aa protein with a 34 aa
mitochondria targeting signal and a highly conserved
protein kinase domain (residues 156 to 509) similar to
serine/threonine kinases of the Ca®*/calmodulin fami-
ly.'? Most mutations have been reported to cluster in or
around the putative kinase domain,!*87-95 suggesting
that the loss of PINK1 kinase activity may cause the
disease. The kinase substrates for PINKI1 have not yet
been identified. In cultured cells, transfected PINK1 is
localized in the mitochondria and exerts a protective
effect against stress induced by proteasome inhibitors,
which is abrogated by the mutations,!® although how
PINK1 protects the cells and whether PINK1 kinase
activity plays a role in protection is not clear. Interest-
ingly, PINKI, particularly the N-terminally processed
mature form, has been shown to exist in the cytosol as
well as in mitochondria.®® Recently, two mutations found
in patients, G309D and L347P, were associated with
reduced kinase activity.?® The 1.347P mutation markedly
decreases the stability of PINKI and consequently re-
duces its kinase activity, whereas G309D has much more
modest effects on these parameters in vitro. The rele-
vance of PINK1 kinase activity for the pathogenesis of
PINK]-associated PD thus awaits further clarification.

DJj-1 (PARK7)

The clinical features of DJ-I-associated PD, which
cannot be fully appreciated as yet because only a few
studies have been published, are similar to parkin-asso-
ciated PD and PINKI-associated PD, namely, parkinson-
ism associated with an early age of onset (17 to 42
years), good response to levodopa, slow progression, and
levodopa-induced dyskinesias.!!99-103 Behavioral and
psychic disturbances at onset or early stages in the dis-
ease course and focal dystonias, including blepharo-
spasm, have been reported.''*® Brain single positron
emission computed tomography with dopamine trans-
porter tracer showed severe abnormalities consistent
with presynaptic dysfunction of nigrostriatal dopaminer-
gic systems.!! The gene responsible for DJ-7-associated
PD, DJ-1, contains eight exons spanning over 24 kb and
encodes a 189 aa protein that belongs to the Thil/Pfpl
family.?® A number of pathogenic mutations have been

identified in the DJ-1 gene, including exonic deletions,
truncations, and homozygous and heterozygous missense
mutations.?%-190-105 However, the frequency of the muta-
tions appears to be low.95192 It has been reported that
only 2% of early-onset PD have DJ-1 mutations.102 DJ-1
is ubiquitously expressed, including in brain, where both
neurons and glia are immunopositive for the pro-
tein.'06-197 Interestingly, DJ-1 is not an essential compo-
nent of Lewy bodies, but localized in glial cytoplasmic
inclusions in multiple-system atrophy, and in neuronal
tau inclusions of tauopathies such as Pick’s disease,
corticobasal degeneration, progressive supranuclear
palsy, and Alzheimer’s disease.!06.108.109 Tn addition,
DJ-1 levels are markedly increased in the detergent-
insoluble fraction of brains of patients with sporadic
PD.10 These findings suggest that DJ-1 might have
diverse functions. Indeed, DJ-1 appears to be implicated
in multiple processes, including chaperone activity,!!!
protease activity,'®” and the oxidative stress re-
sponse.!!2-115 The crystal structure of human DJ-1 has
been resolved and shows that DJ-1 exists in solution as
a homodimer, and the mutation found in patients disrupts
the dimerization.!'6-119 Although the biological function
of DJ-1 remains elusive, there is growing evidence that
DJ-1 functions as an antioxidant protein and/or as a
redox sensor of oxidative stress. DJ-1 has been shown to
demonstrate an acidic shift in isoelectric point in cultured
cells under oxidative stress owing mainly to oxidative
modification of cysteine residues within the mole-
cule.12-115 DJ-1 eliminates hydrogen peroxide in vitro
by oxidizing itself.!!3 Moreover, overexpression of DJ-1
protects against oxidative injury, whereas knockdown of
DJ-1 by short interfering RNA enhances the susceptibil-
ity to oxidative stress.'!3120 DJ-1 also protects against
oxidative stress through its cysteine-sulfinic acid—
driven mitochondrial localization.'?! Interestingly, DJ-1
interacts with parkin under conditions of oxidative
stress,! 10 suggesting that these proteins may cooperate in
a common neuroprotective pathway. Indeed, DJ-1 exhib-
its a protective effect against the toxicity induced by
overexpression of Pael-R, a substrate for parkin, in ad-
dition to endoplasmic reticulum stress and proteasomal
inhibition.'?® These results also suggest that DJ-1 func-
tions as a molecular chaperone or protease for refolding
or degradation of misfolded or aggregated proteins in-
duced by endoplasmic reticulum stress and proteasomal
inhibition. Very recently, three reports describe DJ-1
knockout mice generated by targeted disruption of exon
2,122 the first five exons and part of the promoter,!2? or
exons 3-5 with modified first coding exon.'?* Although
none of these models demonstrate alteration in gross
brain morphology or dopamine neuron loss, two lines of
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knockouts!?123 exhibit abnormalities in striatal dopami-
nergic function with motor deficits. Interestingly, these
two lines of mice show increased dopamine reuptake,
suggesting that DJ-1 plays an essential role in normal
dopaminergic physiology. The other knockout!24 shows
increased striatal denervation and dopaminergic neuron
loss induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine (MPTP), suggesting protective effect of DJ-1
against dopaminergic insults.

CONCLUSIONS

Based on clinical features, differentiating these three
forms of recessively inherited PD, sometimes even from
idiopathic PD, appears to be difficult, as similar neuronal
groups, notably dopaminergic neurons, are predomi-
nantly affected. Genetic analysis is therefore essential for
an accurate diagnosis. Genetic testing has become com-
mercially available for these genes (MRC-Holland, Am-
sterdam, The Netherlands). The kit seems to have the
advantage of a relatively low running costs, dealing with
large numbers of samples, and low investment for set-
ting. A point to note is that the kit is not suitable to detect
new mutations. The clinical and pathological similarities
suggest that common molecular pathways may contrib-
ute to the pathogenic mechanisms of both recessive and
sporadic PD. Mitochondrial dysfunction and oxidative
stress are thought to play a prominent role in the patho-
genesis of sporadic PD.2-5 Furthermore, impairment of
the UPS with protein mishandling has recently been
suggested to be a major pathway leading to neurodegen-
eration in sporadic PD.124125 Although the mechanisms
of these abnormal events in the neurons of sporadic PD
are still unknown, recent advances in recessive PD have
implicated parkin, PINK1, and DJ-1 in mitochondrial
function, oxidative stress, and the UPS, as described
above. This growing evidence suggests that loss of func-
tion of parkin, PINK1, and/or DJ-1 might contribute to
the pathogenesis of sporadic PD. Further studies of re-
cessive PD and associated gene products will help elu-
cidate the molecular relationships between recessive and
sporadic PD and hopefully lead to development of new
strategies for nigral protection.

REFERENCES

L. Lang AE, Lozano AM. Parkinson’s disease: first of two parts.
N Engl ] Med 1998:339:1044-1053.

2. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden
CD. Mitochondrial complex 1 deficiency in Parkinson’s disease.
J Neurochem 1990;54:823-827.

3. Hattori N, Tanaka M, Ozawa T, Mizuno Y. Immunohistochemi-
cal studies on complexes I, II, IIl, and IV of mitochondria in
Parkinson’s disease. Ann Neurol 1991;30:563-571.

Movement Disorders, Vol. 21, No. 7, 2006

4.

9.

1.

~
o

24.

25.

26.

Ben-Shachar D, Riederer P, Youdim MB. Iron-melanin interac-
tion and lipid peroxidation: implications for Parkinson’s disease.
J Neurochem 1991;57:1609-1614.

. Jenner P. Oxidative stress in Parkinson’s disease. Ann Neurol

2003;53(Suppl. 3):526-836.

. Polymeropoulos MH, Higgins JJ, Golbe LI, et al. Mapping of a

gene for Parkinson’s disease to chromosome 4q21—g23. Science
1996;274:1197-1199.

. Matsumine H, Saito M, Shimoda-Matsubayashi S, et al. Local-

ization of a gene for an autosomal recessive form of juvenile
Parkinsonism to chromosome 6q25.2-27. Am J Hum Genet 1997;
60:588-596.

. Gasser T, Muller-Myhsok B, Wszolek ZK, et al. A susceptibility

locus for Parkinson’s disease maps to chromosome 2pl3. Nat
Genet 1998;18:262-265.

Leroy E, Boyer R, Auburger G, et al. The ubiquitin pathway in
Parkinson’s disease. Nature 1998;395:45]1-452.

. Valente EM, Bentivoglio AR, Dixon PH. et al. Localization of a

novel locus for autosomal recessive early-onset parkinsonism,
PARK®6, on human chromosome 1p35-p36. Am J Hum Genet
2001;68:895-900.

van Duijn CM, Dekker MC, Bonifati V, et al. Park7, a novel locus
for autosomal recessive early-onset parkinsonism, on chromo-
some 1p36. Am J Hum Genet 2001;69:629~634.

. Funayama M, Hasegawa K, Kowa H, Saito M, Tsuji S, Obata F.

A new locus for Parkinson’s disease (PARKS8) maps to chromo-
some 12pl11.2-g13.1. Ann Neurol 2002;51:296-301.

. Hicks AA, Petursson H, Jonsson T, et al. A susceptibility gene for

late-onset idiopathic Parkinson’s disease. Ann Neurol 2002;52:
549-555.

. Pankratz N, Nichols WC, Uniacke SK, et al. Significant linkage

of Parkinson disease to chromosome 2q36-37. Am J Hum Genet
2003:72:1053-1057.

. Singleton AB, Farrer M, Johnson J, et al. Alpha-synuclein locus

triplication causes Parkinson’s disease. Science 2003;302:841.

. Hampshire DJ, Roberts E, Crow Y, et al. Kufor~Rakeb syndrome,

pallido-pyramidal degeneration with supranuclear upgaze paresis
and dementia, maps to 1p36. ] Med Genet 2001;38:680-682.

. Polymeropoulos MH, Lavedan C, Leroy E, et al. Mutation in the

alpha-synuclein gene identified in families with Parkinson’s dis-
ease. Science 1997;276:2045-2047.

. Kitada T, Asakawa S, Hattori N, et al. Mutations in the parkin

gene cause autosomal recessive juvenile parkinsonism. Nature
1998;392:605-608.

. Valente EM, Abou-Sleiman PM, Caputo V, et al. Hereditary

early-onset Parkinson’s disease caused by mutations in PINKI.
Science 2004:304:1158-1160.

. Bonifati V, Rizzu P, van Baren MJ, et al. Mutations in the DJ-1

gene associated with autosomal recessive early-onset parkinson-
ism. Science 2003;299:256-259.

. Paisan-Ruiz C, Jain S, Evans EW, et al. Cloning of the gene

containing mutations that cause PARKS-linked Parkinson’s dis-
ease. Neuron 2004;44:595-600.

. Zimprich A, Biskup S, Leitner P, et al. Mutations in LRRK2

cause autosomal-dominant parkinsonism with pleomorphic pa-
thology. Neuron 2004;44:601-607.

23. Yamamura Y, Sobue I, Ando K, Iida M, Yanagi T. Paralysis

agitans of early onset with marked diurnal fluctuation of symp-
toms. Neurology 1973;23:239-244.

Abbas N, Lucking CB, Ricard S, et al. A wide variety of muta-
tions in the parkin gene are responsible for autosomal recessive
parkinsonism in Europe: French Parkinson’s Disease Genetics
Study Group and the European Consortium on Genetic Suscep-
tibility in Parkinson’s Disease. Hum Mol Genet 1999;8:567-574.
Klein C, Pramstaller PP, Kis B, et al. Parkin deletions in a family
with adult-onset, tremor-dominant parkinsonism: expanding the
phenotype. Ann Neurol 2000:48:65-71.

Lucking CB, Durr A, Bonifati V, et al. Association between
early-onset Parkinson’s disease and mutations in the parkin gene:



27.

28.

RECESSIVE PARKINSON’S DISEASE

French Parkinson’s Disease Genetics Study Group. N Engl ] Med
2000;342:1560-1567.

Lohmann E, Periquet M, Bonifati V, et al. How much phenotypic
variation can be attributed to parkin genotype? Ann Neurol 2003;
54:176-185.

van de Warrenburg BP, Lammens M, Lucking CB, et al. Clinical
and pathologic abnormalities in a family with parkinsonism and
parkin gene mutations. Neurology 2001:56:555-557.

29. Morales B, Martinez A, Gonzalo I, et al. Steele-Richardson—

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

41.

Olszewski syndrome in a patient with a single C212Y mutation in
the parkin protein. Mov Disord 2002;17:1374~1380.

Khan NL, Graham E, Critchley P, et al. Parkin disease: a pheno-
typic study of a large case series. Brain 2003;126:1279-1292.
Periquet M, Latouche M, Lohmann E, et al. Parkin mutations are
frequent in patients with isolated early-onset parkinsonism. Brain
2003;126:1271-1278.

Mori H, Kondo T, Yokochi M, et al. Pathologic and biochemical
studies of juvenile parkinsonism linked to chromosome 6q. Neu-
rology 1998;51:890-892.

Takahashi H, Ohama E, Suzuki S, et al. Familial juvenile parkin-
sonism: clinical and pathologic study in a family. Neurology
1994;44:437-441.

Hayashi S, Wakabayashi K, Ishikawa A, et al. An autopsy case of
autosomal-recessive juvenile parkinsonism with a homozygous
exon 4 deletion in the parkin gene. Mov Disord 2000;15:884 —
888.

Gouider-Khouja N, Larnaout A, Amouri R, et al. Autosomal
recessive parkinsonism linked to parkin gene in a Tunisian fam-
ily: clinical, genetic and pathological study. Parkinsonism Relat
Disord 2003;9:247-251.

Sasaki S, Shirata A, Yamane K, Iwata M. Parkin-positive auto-
somal recessive juvenile Parkinsonism with alpha-synuclein—pos-
itive inclusions. Neurology 2004:63:678-682.

Mori H, Hattori N, Mizuno Y. Genotype—phenotype correlation:
familial Parkinson disease. Neuropathology 2003;23:90-94.
Farrer M, Chan P, Chen R, et al. Lewy bodies and parkinsonism
in families with parkin mutations. Ann Neurol 2001;50:293-300.
Pramstaller PP, Schlossmacher MG, Jacques TS, et al. Lewy body
Parkinson’s disease in a large pedigree with 77 Parkin mutation
carriers. Ann Neurol 2005;58:411-422.

Hattori N, Kitada T, Matsumine H, et al. Molecular genetic
analysis of a novel Parkin gene in Japanese families with auto-
somal recessive juvenile parkinsonism: evidence for variable
homozygous deletions in the Parkin gene in affected individuals.
Ann Neurol 1998;44:935-941.

Hedrich K, Eskelson C, Wilmot B, et al. Distribution, type, and
origin of Parkin mutations: review and case studies. Mov Disord
2004;19:1146-1157.

Hedrich K, Marder K, Harris J, et al. Evaluation of 50 probands
with early-onset Parkinson’s disease for Parkin mutations. Neu-
rology 2002;58:1239-1246.

Kann M, Jacobs H, Mohrmann K, et al. Role of parkin mutations
in 111 community-based patients with early-onset parkinsonism.
Ann Neurol 2002;51:621-625.

Foroud T, Uniacke SK, Liu L, et al. Heterozygosity for a mutation
in the parkin gene leads to later onset Parkinson disease. Neurol-
ogy 2003:60:796~801.

Pankratz N, Nichols WC, Uniacke SK, et al. Genome-wide link-
age analysis and evidence of gene-by-gene interactions in a
sample of 362 multiplex Parkinson disease families. Hum Mol
Genet 2003;12:2599-2608.

Lincoln SJ, Maraganore DM, Lesnick TG, et al. Parkin variants in
North American Parkinson’s disease: cases and controls. Mov
Disord 2003;18:1306-1311.

Shimura H, Hattori N, Kubo S, et al. Immunohistochemical and
subcellular localization of Parkin protein: absence of protein in
autosomal recessive juvenile parkinsonism patients. Ann Neurol
1999;45:668-672.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

61.

63.

64.

65.

66.

67.

68.

69.

891

Kubo S, Kitami T, Noda S, et al. Parkin is associated with cellular
vesicles. J Neurochem 2001;78:42--54.

Shimura H, Hattori N, Kubo S, et al. Familial Parkinson disease
gene product, parkin, is a ubiquitin-protein ligase. Nat Genet
2000;25:302--305.

Zhang Y, Gao J, Chung KK, Huang H, Dawson VL, Dawson TM.
Parkin functions as an E2-dependent ubiquitin-protein ligase and
promotes the degradation of the synaptic vesicle-associated pro-
tein, CDCrel-1. Proc Natl Acad Sci U S A 2000;97:13354~
13359.

Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y, Takahashi R. An
unfolded putative transmembrane polypeptide, which can lead to
endoplasmic reticulum stress, is a substrate of Parkin. Cell 2001;
105:891-902.

. Sakata E, Yamaguchi Y, Kurimoto E, et al. Parkin binds the

Rpnl0 subunit of 26S proteasomes through its ubiquitin-like
domain. EMBO Rep 2003;4:301-306.

Staropoli JF, McDermott C, Martinat C, Schulman B, Demireva
E, Abeliovich A. Parkin is a component of an SCF-like ubiquitin
ligase complex and protects postmitotic neurons from kainate
excitotoxicity. Neuron 2003;37:735-749.

Imai Y, Soda M, Hatakeyama S, et al. CHIP is associated with
Parkin, a gene responsible for familial Parkinson’s disease, and
enhances its ubiquitin ligase activity. Mol Cell 2002;10:55-67.
Shimura H, Schlossmacher MG, Hattori N, et al. Ubiquitination
of a new form of alpha-synuclein by parkin from human brain:
implications for Parkinson’s disease. Science 2001;293:263-269.
Chung KK, Zhang Y, Lim KL, et al. Parkin ubiquitinates the
alpha-synuclein-interacting protein, synphilin-1: implications for
Lewy-body formation in Parkinson disease. Nat Med 2001;7:
1144-1150.

Huynh DP, Scoles DR, Nguyen D, Pulst SM. The autosomal
recessive juvenile Parkinson disease gene product, parkin, inter-
acts with and ubiquitinates synaptotagmin XI. Hum Mol Genet
2003;12:2587-2597.

Choi P, Snyder H, Petrucelli L, et al. SEPT5_v2 is a parkin-
binding protein. Brain Res Mol Brain Res 2003;117:179-189.
Corti O, Hampe C, Koutnikova H, et al. The p38 subunit of the
aminoacyl-tRNA synthetase complex is a Parkin substrate: link-
ing protein biosynthesis and neurodegeneration. Hum Mol Genet
2003;12:1427-1437.

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

Hattori N, Mizuno Y. Pathogenetic mechanisms of parkin in
Parkinson’s disease. Lancet 2004:;364:722-724.

2. Mata IF, Lockhart PJ, Farrer MJ. Parkin genetics: one model for

Parkinson’s disease. Hum Mol Genet 2004;13:127-133.
Doss-Pepe EW. Chen L, Madura K. Alpha-synuclein and parkin
contribute to the assembly of ubiquitin lysine63-linked multiu-
biquitin chains. J Biol Chem 2005;280:16619-16624.

Lim KL, Chew KC, Tan JM, et al. Parkin mediates nonclassical,
proteasomal-independent ubiquitination of synphilin-1: implica-
tions for Lewy body formation. J Neurosci 2005;25:2002-2009.
Hershko A, Ciechanover A. The ubiquitin system for protein
degradation. Annu Rev Biochem 1992:61:761-807.

Haglund K, Sigismund S, Polo S, Szymkiewicz I, Di Fiore PP,
Dikic I. Multiple monoubiquitination of RTKs is sufficient for
their endocytosis and degradation. Nat Cell Biol 2003;5:461—
466.

Nakatsu F, Sakuma M, Matsuo Y, et al. A di-leucine signal in the
ubiquitin moiety: possible involvement in ubiquitination-medi-
ated endocytosis. J Biol Chem 2000;275:26213-26219.

Roth AF, Davis NG. Ubiquitination of the PEST-like endocytosis
signal of the yeast a-factor receptor. J Biol Chem 2000;275:8143—
8153.

Shih SC, Sloper-Mould KE, Hicke L. Monoubiquitin carries a
novel internalization signal that is appended to activated recep-
tors. EMBO J 2000;19:187-198.

Movement Disorders, Vol. 21, No. 7, 2006



892

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

8L.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

S. KUBO ET AL.

Hicke L. Ubiquitin-dependent internalization and down-regula-
tion of plasma membrane proteins. FASEB J 1997;11:1215~
1226.

Hicke L. Protein reguiation by monoubiquitin. Nat Rev Mol Cell
Biol 2001:2:195-201.

Katzmann DJ, Odorizzi G, Emr SD. Receptor downregulation
and multivesicular-body sorting. Nat Rev Mol Cell Biol 2002;3:
893-905.

Itier JM, Ibanez P, Mena MA, et al. Parkin gene inactivation
alters behaviour and dopamine neurotransmission in the mouse.
Hum Mol Genet 2003;12:2277-2291.

Goldberg MS, Fleming SM, Palacino JJ, et al. Parkin-deficient
mice exhibit nigrostriatal deficits but not loss of dopaminergic
neurons. J Biol Chem 2003;278:43628 -43635.

Von Coelin R, Thomas B, Savitt JM, et al. Loss of locus coer-
uleus neurons and reduced startle in parkin null mice. Proc Natl
Acad Sci U S A 2004;101:10744-10749.

Palacino JJ, Sagi D, Goldberg MS, et al. Mitochondrial dysfunc-
tion and oxidative damage in parkin-deficient mice. J Biol Chem
2004;279:18614-18622.

Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB,
Pallanck LJ. Mitochondrial pathology and apoptotic muscle de-
generation in Drosophila parkin mutants. Proc Natl Acad Sci
U S A 2003;100:4078 -4083.

Pesah Y, Pham T, Burgess H, et al. Drosophila parkin mutants
have decreased mass and cell size and increased sensitivity to
oxygen radical stress. Development 2004;131:2183-2194.
Darios F, Corti O, Lucking CB, et al. Parkin prevents mitochon-
drial swelling and cytochrome c release in mitochondria-depen-
dent cell death. Hum Mol Genet 2003;12:517-526.

Jiang H, Ren Y, Zhao J, Feng J. Parkin protects human dopami-
nergic neuroblastoma cells against dopamine-induced apoptosis.
Hum Mol Genet 2004:13:1745-1754.

Petrucelli L, O’Farrell C, Lockhart PJ, et al. Parkin protects
against the toxicity associated with mutant alpha-synuclein: pro-
teasome dysfunction selectively affects catecholaminergic neu-
rons. Neuron 2002;36:1007-1019.

Machida Y, Chiba T, Takayanagi A, et al. Common anti-apop-
totic roles of parkin and alpha-synuclein in human dopaminergic
cells. Biochem Biophys Res Commun 2005;332:233-240.
Feany MB, Pallanck LJ. Parkin: a multipurpose neuroprotective
agent? Neuron 2003;38:13-16

Chung KK, Thomas B, Li X, et al. S-nitrosylation of parkin
regulates ubiquitination and compromises parkin’s protective
function. Science 2004;304:1328-1331.

Yao D, Gu Z, Nakamura T, et al. Nitrosative stress linked to
sporadic Parkinson’s disease: S-nitrosylation of parkin regulates
its E3 ubiquitin ligase activity. Proc Natl Acad Sci U S A
2004;101:10810-10814.

Lipton SA, Nakamura T, Yao D, Shi ZQ, Uehara T, Gu Z.
Comment on “S-nitrosylation of parkin regulates ubiquitination
and compromises parkin’s protective function.” Science 2005;
308:1870.

Bentivoglio AR, Cortelli P, Valente EM, et al. Phenotypic char-
acterisation of autosomal recessive PARK6-linked parkinsonism
in three unrelated Italian families. Mov Disord 2001;16:999 -
1006.

Hatano Y, Sato K, Elibol B, et al. PARK6-linked autosomal
recessive early-onset parkinsonism in Asian populations. Neurol-
ogy 2004:63:1482-1485.

Hatano Y, Li Y, Sato K, et al. Novel PINK1 mutations in
early-onset parkinsonism. Ann Neurol 2004;56:424 -427.

Healy DG, Abou-Sleiman PM, Gibson JM, et al. PINKI
(PARKG6) associated Parkinson disease in Ireland. Neurology
2004:63:1486-1488.

Rogaeva E, Johnson J, Lang AE, et al. Analysis of the PINK1
gene in a large cohort of cases with Parkinson disease. Arch
Neurol 2004;61:1898-1904.

Movement Disorders, Vol. 21, No. 7, 2006

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Rohe CF, Montagna P, Breedveld G, Cortelli P, Oostra BA,
Bonifati V. Homozygous PINK1 C-terminus mutation causing
early-onset parkinsonism. Ann Neurol 2004;56:427—431.
Valente EM, Salvi S, Ialongo T, et al. PINKI mutations are
associated with sporadic early-onset parkinsonism. Ann Neurol
2004;56:336-341.

Bonifati V, Rohe CF, Breedveld GJ, et al. Early-onset parkinson-
ism associated with PINK1 mutations: frequency, genotypes, and
phenotypes. Neurology 2005;65:87-95.

Klein C, Djarmati A, Hedrich K, et al. PINK1, Parkin, and DJ-1
mutations in Italian patients with early-onset parkinsonism. Eur J
Hum Genet 2005;13:1086-1093.

Unoki M, Nakamura Y. Growth-suppressive effects of BPOZ and
EGR2, two genes involved in the PTEN signaling pathway.
Oncogene 2001;20:4457-4465.

Nakajima A, Kataoka K, Hong M, Sakaguchi M, Huh NH.
BRPK, a novel protein kinase showing increased expression in
mouse cancer cell lines with higher metastatic potential. Cancer
Lett 2003:201:195-201.

Beilina A, Van Der Brug M, Ahmad R, et al. Mutations in
PTEN-induced putative kinase 1 associated with recessive par-
kinsonism have differential effects on protein stability. Proc Natl
Acad Sci U S A 2005;102:5703-5708.

Bonifati V, Breedveld GJ, Squitieri F, et al. Localization of
autosomal recessive early-onset parkinsonism to chromosome
Ip36 (PARK?7) in an independent dataset. Ann Neurol 2002;51:
253-256.

Hague S, Rogaeva E, Hernandez D, et al. Early-onset Parkinson’s
disease caused by a compound heterozygous DJ-1 mutation. Ann
Neurol 2003;54:271-274.

Abou-Sleiman PM, Healy DG, Quinn N, Lees AJ, Wood NW.
The role of pathogenic DJ-1 mutations in Parkinson’s disease.
Ann Neurol 2003;54:283-286.

Hedrich K, Djarmati A, Schafer N, et al. DJ-1 (PARK7) muta-
tions are less frequent than Parkin (PARK2) mutations in early-
onset Parkinson disease. Neurology 2004:62:389-394.

Hering R, Strauss KM, Tao X, et al. Novel homozygous p.E64D
mutation in DJ1 in early onset Parkinson disease (PARK?7). Hum
Mutat 2004;24:321-329.

Clark LN, Afridi S, Mejia-Santana H, et al. Analysis of an
early-onset Parkinson’s disease cohort for DJ-1 mutations. Mov
Disord 2004;19:796-800.

Djarmati A, Hedrich K, Svetel M, et al. Detection of Parkin
(PARK?2) and DJ1 (PARK7) mutations in early-onset Parkinson
disease: Parkin mutation frequency depends on ethnic origin of
patients. Hum Mutat 2004;23:525.

Bandopadhyay R, Kingsbury AE, Cookson MR, et al. The ex-
pression of DJ-1 (PARK7) in normal human CNS and idiopathic
Parkinson’s disease. Brain 2004;127:420-430.

Olzmann JA, Brown K, Wilkinson KD, et al. Familial Parkin-
son’s disease-assocjated L166P mutation disrupts DJ-1 protein
folding and function. J Biol Chem 2004;279:8506—8515.
Neumann M, Muller V, Gorner K, Kretzschmar HA, Haass C,
Kahle PJ. Pathological properties of the Parkinson’s disease—
associated protein DJ-1 in alpha-synucleinopathies and tauopa-
thies: relevance for multiple system atrophy and Pick’s disease.
Acta Neuropathol (Berl) 2004;107:489-496.

Rizzu P, Hinkle DA, Zhukareva V, et al. DJ-1 colocalizes with
tau inclusions: a link between parkinsonism and dementia. Ann
Neurol 2004;55:113-118.

Moore DJ, Zhang L, Troncoso J, et al. Association of DJ-1 and
parkin mediated by pathogenic DJ-1 mutations and oxidative
stress. Hum Mol Genet 2005;14:71-84.

Lee SJ, Kim SJ, Kim IK, et al. Crystal structures of human DJ-1
and Escherichia coli Hsp31, which share an evolutionarily con-
served domain. J Biol Chem 2003;278:44552-44559.

. Kinumi T, Kimata J, Taira T, Ariga H, Niki E. Cysteine-106 of

DJ-1 is the most sensitive cysteine residue to hydrogen peroxide-



113.

114.

115.

116.

117.

118.

119.

RECESSIVE PARKINSON’S DISEASE

mediated oxidation in vivo in human umbilical vein endothelial
cells. Biochem Biophys Res Commun 2004;317:722-728.

Taira T, Saito Y, Niki T, Iguchi-Ariga SM, Takahashi K, Ariga H.
DIJ-1 has a role in antioxidative stress to prevent cell death.
EMBO Rep 2004;5:213-218.

Mitsumoto A, Nakagawa Y. DJ-1 is an indicator for endogenous
reactive oxygen species elicited by endotoxin. Free Radic Res
2001;35:885-893.

Mitsumoto A, Nakagawa Y, Takeuchi A, Okawa K, Iwamatsu A,
Takanezawa Y. Oxidized forms of peroxiredoxins and DJ-1 on
two-dimensional gels increased in response to sublethal levels of
paraquat. Free Radic Res 2001,35:301-310.

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

Honbou K, Suzuki NN, Horiuchi M, et al. The crystal structure of
DI-1, a protein related to male fertility and Parkinson’s disease.
J Biol Chem 2003;278:31380~-31384.

Wilson MA, Collins JL, Hod Y, Ringe D, Petsko GA. The 1.1-A
resolution crystal structure of DJ-1, the protein mutated in auto-
somal recessive early onset Parkinson’s disease. Proc Natl Acad
Sci U S A 2003;100:9256-9261.

Huai Q, Sun Y, Wang H, et al. Crystal structure of DJ-1/RS and
implication on familial Parkinson’s disease. FEBS Lett 2003;549:
171-175.

120.

121.

122.

123.

124.

125.

126.

893

Yokota T, Sugawara K, Ito K, Takahashi R, Ariga H, Mizusawa
H. Down regulation of DJ-1 enhances cell death by oxidative
stress, ER stress, and proteasome inhibition. Biochem Biophys
Res Commun 2003;312:1342~1348.

Canet-Aviles RM, Wilson MA, Miller DW, et al. The Parkinson’s
disease protein DJ-1 is neuroprotective due to cysteine-sulfinic
acid-driven mitochondrial localization. Proc Natl Acad Sci U S A
2004;101:9103-9108.

Goldberg MS, Pisani A, Haburcak M, et al. Nigrostriatal dopa-
minergic deficits and hypokinesia caused by inactivation of the
familial Parkinsonism-linked gene DJ-1. Neuron 2005;45:489—
496.

Chen L, Cagniard B, Mathews T, et al. Age-dependent motor
deficits and dopaminergic dysfunction in DJ-1 null mice. J Biol
Chem 2005;280:21418-21426.

Kim RH, Smith PD, Aleyasin H, et al. Hypersensitivity of DJ-
I~deficient mice to l-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) and oxidative stress. Proc Natl Acad Sci U S A
2005;102:5215-5220.

McNaught KS, Belizaire R, Jenner P, Olanow CW, Isacson O.
Selective loss of 20S proteasome alpha-subunits in the substantia
nigra pars compacta in Parkinson’s disease. Neurosci Lett 2002;
326:155-158.

McNaught KS, Belizaire R, Isacson O, Jenner P, Olanow CW.
Altered proteasomal function in sporadic Parkinson’s disease.
Exp Neurol 2003;179:38-46.

Movement Disorders, Vol. 21, No. 7, 2006



Available online at www.sciencedirect.com

“e-¢ ScienceDirect Neuroscience
Letters

Neuroscience Letters 406 (2006) 43-48

www.elsevier.com/locate/neulet

Nuclear localization of the 20S proteasome subunit in Parkinson’s disease

Atsuko Nakamura, Toshiaki Kitami, Hideo Mori, Yoshikuni Mizuno, Nobutaka Hattori *

Department of Neurology, Juntendo University School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan
Received 10 March 2006; received in revised form 10 May 2006; accepted 3 July 2006




Available online at www.sciencedirect.com
— s
@ @é ° °
°s“ ScienceDirect

Neuroscience Letters 406 (2006) 43~48

Neuroscience
Letfters

www.elsevier.com/locate/neulet

Nuclear localization of the 20S proteasome subunit in Parkinson’s disease

Atsuko Nakamura, Toshiaki Kitami, Hideo Mori, Yoshikuni Mizuno, Nobutaka Hattori *

Department of Neurology, Juntendo University School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421, Japan
Received 10 March 2006; received in revised form 10 May 2006; accepted 3 July 2006

Abstract

Considering the involvement of ubiquitin—proteasome system (UPS) in Parkinson’s disease (PD), the aim of the present study was to determine
the distribution of proteasomes in PD brains. Immunohistochemical studies showed localization of 208 proteasome in the nuclei of neurons of the
putamen and substantia nigra of PD. In contrast, no nuclear staining was observed in the same areas of brains of controls. Our results suggest that
nuclear localization of 20S proteasome seems to be associated with the pathogenesis of PD.

© 2006 Elsevier Ireland Ltd. All rights reserved.
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Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized clinically by tremor, rigidity, bradykinesia and postural
instability. Pathologically, PD is characterized by selective loss
of neurons in the substantia nigra (SN) pars compacta, and
the presence of eosinophilic inclusions, known as Lewy bodies
(LBs) [12]. How and why LBs are formed in PD patients is not
yet clear. However, LB components have been well investigated.

Our understanding of the PD disease process has expanded
tremendously over the past few years through the discovery of
gene products for monogenic familial PD although most of the
patients with PD are idiopathic. Especially, the discovery of a-
synuclein provided excellent information on the mechanisms of
LB formation [12]. In addition, parkin and UCH-L1 are directly
linked to the ubiquitin~proteasome pathway (UPP) as a compo-
nent of this system [6]. Thus, the UPP seems to play an important
role in the pathogenesis of PD.

With regard to the mechanisms of LB formation, identifi-
cation of several components of the inclusion bodies provides
valuable information. In this context, ubiquitin itself is a key pro-
tein that has been considered as a suitable marker for LBs [22].
Apart from ubiquitin, gene products, such as a-synuclein and
UCH-L1 have been reported to be components of LB [7,21]. Fur-
thermore, additional component, such as symphillin-1 has been
identified also [24]. Therefore, there is growing evidence that
UPP could be involved not only in the pathogenesis of the disease

* Corresponding author. Tel.: +81 3 5684 0476; fax: +81 3 3813 7400.
E-mail address: nhattori@med.juntendo.ac.jp (N. Hattori).
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but also LB formation. Indeed, previous studies demonstrated
that proteasome inhibitors increase the frequency of ubiquitin-
positive intracellular inclusions like LBs [23].

The 20S proteasome, a multicatalytic proteinase, combines
with 19S regulator complex to form the 26S proteasome, which
is responsible for ubiquitin~ATP-proteolysis [14,20]. Numer-
ous studies have recently emphasized the biological importance
of the UPP, which is capable of catalyzing rapidly, timely, and
unidirectionally a multitude of biological reactions including
cell-cycle progression, DNA repair, cell death, signal transduc-
tion, transcription, metabolism, and immunity [5,16,25]. Several
studies of proteasome activities in the SN of PD have been
reported so far, though it is controversial whether the activities
of the 20S proteasome decrease in PD. Proteasomes are present
in the nucleus and in the cytoplasm of various types of cells [18].
In fact, immunoelectron microscopic studies of the rat central
nervous system revealed that proteasomes are present not only
in the cytoplasm but also in the nucleus in neurons, dendritic
and axonic processes [11].

The aim of the present study was to characterize the distribu-
tion of 20S proteasome in PD patients. For this purpose, we ana-
lyzed immunohistochemically the postmortem brains of patients
with idiopathic PD using antibody of proteasome subunit.

We performed immunohistochemical studies using samples
from the putamen obtained from four patients with PD and four
control subjects and from the SN obtained from three patients
with PD and two control subjects. The clinical profiles of the
patients are summarized in Table 1. We obtained informed
consents from the families of all patients and control subjects.
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Table 1

Clinical summary of participating subjects

Case Diagnosis Age (years) Sex Duration (years) Postmortem delay (h) Cause of death Sample
1 PD 51 M 11 3.5 Pneumonia P1,N1
2 PD 77 M 7 6.5 Pneumonia P2, N2
3 PD 65 F 4.5 2 Asthma P3
4 PD 85 F 6 2 Pneumonia P4
5 PD 72 F 5 <24 Lung hemorrhage N3
6 PD 69 M 22 9 Malignant syndrome P (Fr)
7 Control 62 M - 11 AML P1,N1
8 Control 66 F - 1 Ovarian cancer P2
9 Control 38 M - 10 Malignant lymphoma P3

10 Control 41 M - 25 CRF P4

11 Control 65 F - 1.5 Pachymeningitis N2

12 Control 99 M - <24 Pneumonia Pons

13 Control 47 F - 2 Gastric cancer P (Fr)

AML: acute myelocytic leukemia, CRF: chronic renal failure, F: female, Fr: fresh frozen brain, M: male, N: substantia nigra, P: putamen, PD: Parkinson’s disease.

The pathological diagnosis was confirmed in all patients and
age-matched control subjects in the Department of Neurology,
Juntendo University School of Medicine. The study protocol
was approved by the Human Ethics Review Committee of
Juntendo University School of Medicine.

A mouse monoclonal antibody to 20S proteasome subunit
a6 (PW8100) was purchased from Affinity Research Products
(Mamhead Castle, UK). The specificity of this antibody has
been confirmed previously [4]. Schmidt et al [19] examined
immunohistochemistry using this antibody to pontine samples
obtained from control subjects and SCA3 patients. They showed
strong staining in the majority of nuclei of pontine neurons
in control subjects. We obtained the same results using anti-
body to a6 (PW8100) subunit of the 20S proteasome. We also
used another mouse monoclonal antibody to the 20S protea-
some subunit a6 for SN samples, which was kindly provided
by Professor Keiji Tanaka, Department of Molecular Oncology,
The Tokyo Metropolitan Institute of Medical Science. This anti-
body was used for Western blot using putamen sample of Case
No. 6. The putamen sample was placed into ice-cold homog-
enization buffer (0.32 M sucrose and 4 mM 4-(2-hydeoxyethl)-
1-piperazineethanesulgonic acid (HEPES)-NaOH, pH 7.4) and
homogenized using a Potter~Elvehjem homogenizer in the pres-
ence of a mixture of protease inhibitors (Complete Mini EDTA-
free, Roche Diagnostics, Penzberg, Germany). After centrifuga-
tion at 600 x g, the supernatant was used for analysis. Sample
was separated by 10% sodium dodecyl sulfate—polyacrylamide
gel electrophoresis. Transferred protein was probed with the anti
a6 antibody and visualized using a chemiluminescence reagent.

Immunohistochemical experiments were conducted as
described previously [2]. Formalin-fixed paraffin-embedded
sections (6 um thick) were deparaffinized with xylene
and hydrated in ethanol. The deparaffinized sections were
microwaved in phosphate buffer (Antigen Retrival Citra, Bio-
Genex, San Roman, CA) at high power for 3 min and low power
for S5min for antigen retrieval. Endogenous peroxidases were
quenched by incubation with 3% hydrogen peroxide for 5 min.
After blocking the slides with 10% normal goat serum in phos-
phate buffered saline (PBS) for 20 min at room temperature, the
sections were treated overnight at 4 °C with primary antibody.

After the treatment, the sections were incubated with biotiny-
lated anti-mouse IgG from goat (Dako Corporation, Carpinteria,
CA,; diluted 1:200) as the second antibody. After incubation with
streptavidin conjugated to horseradish peroxidase (HRP) (Dako;
1:200), we treated the sections with biotinyl tyramide and hydro-
gen peroxide. Sections were then incubated with streptavidin
conjugated to HRP and visualized by 3',3’-diaminobenidine
(DAB).

Double immunofluorescence was performed using putamen
sections of 2 PD brain (Case No. 1, 2) with anti-a6 subunit of
proteasome (PW8100) and anti-Oct-1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) antibodies. The anti-Oct-1 antibody was
used as a marker for cell nuclei. These sections were treated with
Alexa fluor goat anti-rabbit IgG (Molecular Probe, Eugene, OR;
diluted 1:300) and Alexa fluor goat anti-mouse IgG (Molecular
Probes, Eugene, OR; diluted 1:300). The signal was exam-
ined under Zeiss LSM 510 laser scanning confocal microscope
(Zeiss, Oberkochen, Germany).

For semiquantitative analysis, microscopic photographs of
the whole SN and lesions of putamen nuclei were prepared.
Two independent observers blinded to the clinical information
counted the number of anti-a6-positive neurons in the SN and
putamen. Differences between groups were examined for statis-
tical significance using one-way ANOVA. A P value less than
0.05 was considered significant.

Fresh frozen putamen-containing brain sections of PD (Case
No. 6) and control subject (Case No. 13) were obtained for West-
ern blot analysis. The samples were placed into ice-cold homog-
enization buffer (0.32 M sucrose and 4 mM HEPES-NaOH, pH
7.4) and homogenized using a Potter~Elvehjem homogenizer
in the presence of a mixture of protease inhibitors (Complete
Mini EDTA-free, Roche Diagnostics). After centrifugation at
600 x g, the pellet was collected and used for analysis.

Samples were separated by 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The separated
proteins were transferred onto a polyvinylidene difluoride
(PVDF) microporous membrane (Bio-Rad, Hercules, CA)
using a transfer buffer (40mM CAPS, 30mM TRIS, and
15% methanol). The transferred membrane was blocked
with 5% skim milk and incubated overnight with primary
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Fig. 1. Immunohistochemical staining of the striatum in a Parkinson’s disease (PD) brain (A, B) and control brain (C, D) using antibodies to the a6 subunit of
the 20S proteasome (PW8100) (A-D). Note the prominent nuclear staining for 20S proteasome in PD and the very weak or negative staining in the control. In
addition, nuclear staining of 20S proteasome was observed in substantia nigra of PD (E) and control (F) in sections stained with antibody to the a6 subunit of the 20S
proteasome (provided kindly by Professor Keiji Tanaka). Arrow indicates the body of a nigral neuron. In contrast, no staining for this subunit was observed in the
control (F). Arrow indicates the body of a nigral neuron. The dark-brownish color products represent neuromelanines. (G) Staining using antibody to the a6 subunit
of the 208 proteasome (PW8100) in pontine section of a control subject. (H) A single band of about 30 kDa, which is equivalent to the expected molecular weight
of a6 subunit (from Professor Tanaka), was detected in PD.
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antibodies at 4 °C. The primary antibodies were a6 proteasome
subunit (PW8100) and B-tubulin as an internal marker (Santa
Cruz Biotechnology). After incubation with HRP-conjugated
secondary antibodies, the reaction was visualized using a
chemiluminescence reagent.

In putamen sections of all PD brains, most nuclei of neurons
showed strong staining by «6 subunit of the 20S proteasome
antibody (Fig. 1A and B). In contrast, proteasome immunoreac-
tivity was rarely observed in the nuclei of putamen neurons of
the control brains (Fig. 1C and D).

Similar resuits were obtained when using the a6 subunit of the
20S proteasome antibody in the SN in PD and controls (Fig. 1E
and F). Most nuclei of neurons showed strong staining in all three
PD samples of SN. No immunoreactivity was noted in other
regions of SN, locus coeruleus, dorsal vagal nucleus, or nucleus
basalis of Mynert. Similar results (see Schmidt et al. [19]) were
obtained when using the a6 subunit of the 20S proteasome anti-
body (PW8100) in pontine sections of control subjects (Fig. 1G).
Anti-a6 subunit of the 20S proteasome antibody demonstrated
a single band of about 30 kDa corresponding to the o6 subunit
of 208 proteasome in the PD brain (Fig. 1H).

To confirm the localization of a6 subunit of the 20S protea-
some in the nuclei of neurons, we performed double immunoflu-
orescence staining with anti-o6 subunit of the 20S proteasome

and Oct-1 antibodies using putamen of two PD patients. The
results confirmed the localization of 6 subunit in the nuclei in
PD brain (Fig. 2A—-C). Semiquantitative analysis showed that the
proportions of a6-positive neurons to all neurons of the SN and
putamen were higher in PD that in control subjects. Repeated
paired analyses with Boniferroni’s correction showed significant
differences between PD and control subjects (P <0.05, Fig. 3A
and B). Furthermore, Western blot analysis using insoluble frac-
tions of the brain demonstrated a higher protein level of a6
subunit in PD patient compared with the control (Fig. 3C).

In the present study, we demonstrated the distribution of pro-
teasomal subunits in idiopathic PD by immunohistochemistry.
In PD brains, most nuclei of putamen neurons showed strong
staining when we used antibodies against the subunits of 20S
proteasome. A similar immunchistochemical distribution was
observed in the SN, although only few neurons were noted in
this area of PD patients. We also performed immunohistochemi-
cal studies using other subunits of 20S proteasome, suchas a2, 3,
4,5,7,B1, 3,5 in four patients with PD (age: 69 & 8.6 years, dis-
ease duration: 11.03 +4.9 years, postmortem delay 6.5+5.5h,
mean &£ S.D.) and four control subjects (age: 62 & 14.8 years,
postmortem delay 4.0 +3.0h, mean £ S.D.). Immunostaining
for all the subunits was also observed in the nuclei, similar to
the pattern seen for the a6 subunit (data not shown). In contrast,

Fig. 2. Localization of a6 subunit in the nuclei of PD neurons. Double immunofluorescence staining of putamen neurons of PD with antibody for a6 subunit of the
208 proteasome, PW8100 (green in A) and Oct-1 (red in B) together with the merged image (C). Note the colocalization of a6 subunit of the 20S proteasome (green

in A) and Oct-1 (red in B) in PD neurons.
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Fig. 3. Semiquantitative analysis of a6 proteasome and protein. The percentages of a6 proteasome-positive neurons in SN (A) and putamen (B) were significantly
higher in SN and putamen of PD than the control (data are mean £ S.E.M., P <0.05, one way ANOVA and Bonferroni’s correction). (C) Immunoblotting of a6
proteasome (PW8100) in soluble fractions of putamen of PD patient and control subject. Note the higher a6 proteasome protein level in PD than control. B-tubulin

is used as internal marker.

immunostaining of the frontal cortices of three patients with
PD (age: 69 £ 15 years, disease duration: 10 £ 3.9 years, post-
mortem delay 3.0 = 0.5 h, mean =+ S.D.) using the same antibody
(PW8100), was negative for the a6 subunit (data not shown).
These findings suggest that the specific nuclear localization of
o6 in nigrostriatal pathway may play a role in the pathogenesis
of PD or the disease process.

Several studies demonstrated altered distribution of protea-
some subunits during different phases of the cell cycle [1,15],
in stress conditions (e.g., glucose starvation and hypoxia) [13],
and apoptosis [8,17]. Immunoelectron studies of cells arrested in
mitosis showed the presence of proteasomes around the chromo-
somes [15], while others showed the association of proteasome
with the spindle poles in metaphase [1]. Changes in proteasome
distribution have also been observed in cells during apoptosis.
For example, proteasomes have been detected in the apoptotic
blebs in ovarian granulose cells {17] and lung cancer cell line [8].

Translocation of the proteasomes into the nucleus has also been
reported [13]. Ogiso et al. [13] showed increased proteasomal
distribution in the nuclei of glucose-starved cells and hypoxic
cancer cells. Based on the above studies, our results could reflect
certain stress conditions in PD that result in altered distribution
of proteasome in the neuronal cell nuclei.

In this regard, McNaught et al. [9] used immunohistochem-
istry and Western blotting to describe selective reduction of
o-subunits in dopaminergic neurons. Their finding is in sharp
contrast to the result of the present study in SN. The reason for
the different results in the two studies is not clear at present.
However, it may be due to the different methods used in the
analysis including the antibodies.

Regarding the activities of 20S proteasome, there are con-
troversies about whether or not the activities are decreased in
PD. McNaught et al. [10] reported moderately reduced pepti-
dase activity of the proteasome in idiopathic PD. However, it is





