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metabolism, immunity, and neurodegeneration
(Tanaka et al., 2004). The ubiquitin system
consists of three enzymes, i.e., the ubiquitin
activating enzyme (E1), the ubiquitin con-
jugating enzyme (E2), and the ubiquitin-
protein ligase (E3). The E3 transfers ubiquitin
molecules to target proteins forming a poly-
ubiquitin chain which is recognized by
26S proteasome as the proteolytic signal.
Therefore, in the presence of mutated parkin
proteins, accumulation of parkin-substrate
proteins is expected to be the major cause of
nigral neuronal death. However, to date there
is no clear immunohistochemical evidence
to indicate accumulation of parkin-substrates
in PARK?2 patients, despite many parkin-
interacting proteins have been reported such
as CDCrel-1 (Zhang et al., 2000), glycosy-
lated alpha-synuclein (Shimura et al., 2001),
PAEL receptor (Imai et al., 2001), and syn-
philin-1 (Chung et al., 2001). We recently
reported that parkin-knock down SH-SYS5Y
cells showed increased formation of dopa-
mine/dopa-derived quinones and apoptotic
cell death (Machida et al., 2005); these qui-
nones appeared to be the mediator of cell
death. Thus parkin appears to have a potent
anti-oxidative property. As in the case of
sporadic PD, oxidative damage may be an im-
portant mechanism of nigral neuronal death
in PARK?2.

Other mechanism that has been postulated
is polyubiquitylation at the lysine-63 residue
of the ubiquitin molecules. Polyubiquitin
chains formed via the lysine-48 residue of
the ubiquitin molecule mainly become a mark-
er for proteolytic attack by the 26S protea-
some. On the other hand, lysine 63-linked
polyubiquitylation has many biological roles
other than proteolysis, such as endocytosis,
DNA repair, translation, IkB activation, DNA
silencing, virus budding, protein sorting, and
protein trafficking (Tanaka et al., 2004).
Parkin promotes not only polyubiquitylation
at lysine-48 but also at lysine-63. Recently,
Lim et al. (2005) reported that parkin en-
hanced lysine-63 mediated polyubiquitylation

of synphilin-1. Thus this is a novel aspect
of the functions of parkin protein, however,
exact molecular mechanism of nigral neuro-
degeneration in PARK2 is still open to
question.

PARK3

PARK3 is an autosomal dominant familial
PD linked to the short arm of chromosome
2 at 2pl3 (Gasser et al., 1998). The disease
gene has not been identified yet. Clinical fea-
tures are essentially similar to those of sporad-
ic late onset PD; the age of onset was 36 to
89. Interestingly, penetrance was 40% sug-
gesting that some apparently sporadic PD
patients may represent PARK3. Dementia
developed in two out of six original families
(Gasser et al., 1998). Autopsy findings from
those families showed nigral neurodegenera-
tion and neurofibirillary tangles in cortical
neurons.

Recently, Strauss et al. (2005) reported a
missense mutation (G399S) in HirA2/Omi,
which has been mapped to the same locus
(2p13), in 4 sporadic PD patients; cells over-
expressing S399 mutation was reported to be
more susceptible to stress-induced cell death
than wild type. But this mutation was nega-
tive in the original families of PARK3.

HtrA?2 is a serine protease that has exten-
sive homology to bacterial heat shock endo-
protease (Faccio et al., 2000). Interestingly
this is a mitochondrial protein localized in
the intermembrane space and is released from
mitochondria upon apoptotic stimuli initiat-
ing apoptosis cascade by activating caspase
3 (Suzuki et al., 2001). This is a proapoptotic
protein; nonetheless, its mutation in its PDZ
domain (carboxy-terminal side) was associat-
ed with familial PD. Further interestingly, a
mutation in the protease domain caused motor
neuron degeneration type 2 in mice (Jones
et al., 2003). Knockout mice were reported
to have shown striatal neuronal loss (Martins
et al., 2004). This gene appears to be an inter-
esting addition to the research on familial PD.
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PARK4

PARK4 is an autosomal dominant familial
PD caused by triplication of alpha-synuclein
(Singleton et al., 2003). This mutation was
found in the large kindred, which has been
designated as Spellman—Muenter—Waters—
Miller family or Iowanian family. Initial family
was reported by Spellman (1962) who reported
an autosomal dominant family with PD in the
United States. Then Muenter et al. (1998)
made extensive clinical studies on this family.
Another autosomal dominant family later re-
ported by Waters and Miller (1994) was found
to be another branch of the kindred reported
by Spellman and Muenter. Clinical features
consist of L-dopa responsive parkinsonism
and dementia, which are consistent with clin-
ical diagnosis of diffuse Lewy body disease.
In autopsied patients, many cortical Lewy
bodies were found in addition to nigral neuro-
degeneration with Lewy body formation.

This family was reported to be linked to
the short arm of chromosome 4 (Farrer et al.,
1999) but in fact the causative gene of this
family was found to be triplication of alpha-
synuclein (Singleton et al., 2003); the 1.5 Mb
region including introns on both sides of
alpha-synuclein was triplicated in a tandem
fashion. Therefore, PARK4 should be reclas-
sified as a form of PARKI.

PARKS

PARKS is an autosomal dominant familial PD
linked to the short arm of chromosome 4 at
4pl4-pl15.1. To date only one family is re-

ported (Leroy et al., 1998). Clinical features
are essentially similar to those of late onset
sporadic PD; the age of onset was 49 to 50.

Leroy et al. (1998) found I93M missense
mutation in the ubiquitin carboxyterminal
hydrolase-L1 gene (UCH-LI) (Fig. 4).
UCH-L1 is a neuron specific enzyme that
cleaves carboxyterminal peptide bond of
polyubiquitin chains; UCH-L1 is an ubiquitin
recycling enzyme. I93M-mutated UCH-L1
has half of the catalytic activity of the wild
enzyme (Leroy et al., 1998). The supply of
ubiquitin for proteins that have to be de-
stroyed by 26S proteasome may be reduced
with this mutation. Interestingly homozygous
deletion of exon 7 and 8 in mouse UCH-L1
causes gracile axonal dystrophy (gad) mouse;
this is an autosomal recessive condition char-
acterized by axonal degeneration and forma-
tion of spheroid bodies in motor and sensory
nerve terminals (Saigho et al., 1999).

PARKG6

PARKG® is an autosomal recessive young onset
familial PD caused by mutations of PINKI
(PTEN-induced kinase 1) (Valente et al.
(2001). Clinical features of PARK6 are essen-
tially similar to those of PARK?2; the age of
onset of the original family studied by Valente
et al. (2001) ranged from 32 to 48, somewhat
older than those of PARK?2. Reflecting this
later age of onset, dystonia and sleep benefit
which are common to young onset PARK2
are usually not seen in PARKG6 unless the
age of onset is young.

T |2 3 4 5 6 7 8 9
f 1 aa 223
SI18Y 193M l
Polymorphism PD Mutation

Gracile axonal dystrophy mouse

Fig. 4. Schematic presentation of exons of UCH-L! and its mutations. Only one mutation is known. 193M is

associated with autosomal dominant PD. Interestingly homozygous exonic deletion involving exon 7 and 8

induces gracile axonal dystrophy (gad) mouse. S18Y polymorphism is said to confer neuroprotection for sporadic
PD, but controversies exist
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Fig. 5. Schematic presentation of exons of PINK/ and its mutations summarized from the following literature,

i.e., Valente et al. (2004), Hatano et al. (2004), Heary et al. (2004), Rohe et al. (2004), and Li et al. (2005).

As PINK1 is a mitochondrial protein, it has a mitochondria-targeting sequence (exon 1). Two mutations in

this targeting sequence are also known. Many missense and nonsense mutations are reported. Recently, we

found an exonic deletion involving exon 6 to 8 indicated by the broken line. The solid line indicates the
catalytic domain

PINK1 has been mapped to the short arm
of chromosome 1 at 1p35-p36 (Valente et al.,
2004). To date, 17 missense mutations, 3 non-
sense mutations, one insertion, and one exon
deletion are known (Valente et al.,, 2004,
Hatano et al., 2004; Heary et al., 2004; Rohe
etal.,2004; Lietal.,2005) (Fig. 5). We recently
found a novel missense mutation (C388R) and
an exonic deletion from exon 6 to 8; the latter
was the first documented case with exonic de-
letion mutation in PARK6 (Li et al., 2005).
PARKG6 appears to be the second most com-
mon autosomal recessive PD after PARK?2.

PINK1 is a mitochondrial matrix protein
and has a protein kinase activity, however, its
exact functions are not known. PINK1 stands
for PTEN-induced kinase 1. PTEN stands for
protein tyrosine phosphatase with homology
to tensin: PTEN is a tumor suppressor gene
on chromosome 10 mutated in many human
tumors (Steck et al., 1997).

PARKY7

PARKY7 is an autosomal recessive familial PD
caused by mutations of DJ-1 (Bonifati et al.,
2003). Clinical features are essentially simi-

lar to those of PARK2 including the age of
onset, which is younger than that of PARKS6.
Affected patients show L-dopa-responsive
parkinsonism of varying severity and drug-
induced motor fluctuation and dyskinesia.
Interestingly, three out of four patients in
the original family showed psychiatric distur-
bances (anxiety attacks) (Dekker et al., 2003).
Atypical clinical features include short statue
and brachydactyly, which were found in
Dutch kindred (Dekker et al., 2004).

DJ-1 has been mapped to the short arm of
chromosome 1 at 1p36 and was identified as
a novel oncogene that transformed mouse
NIH3T3 cells in cooperation with activated
Ras (Nagakubo et al., 1997). To date, 6 mis-
sense mutations, 1 intronic mutation, 1 small
deletion, and 2 exonic deletions (exon 1 to 5
and exon 5 to 7) are known (Bonifati et al.,
2003; Abou-Sleiman et al., 2003; Hague et al.,
2003; Hering et al., 2004) (Fig. 6). DJ-1 muta-
tions are rare compared with parkin and
PINKI mutations. We could not find DJ-1 mu-
tations among Japanese PD families studied.

DJ-1 is a potent anti-oxidative protein and
this character depends on its 106-cysteine
residue (Taira et al., 2004). DJ-1 is a cytoplas-
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Fig. 6. Schematic presentation of exons of DJ-I and its mutations summarized from the literature, i.e., Bonifati
et al. (2003), Abou-Sleiman et al. (2003), Hague et al. (2003), and Hering et al. (2004). Exon 1 and 2 are spliced
out in the mature protein. Broken lines indicate exonic deletions

mic protein (Bonifati et al., 2003); however,
oxidized DJ-1 is relocated to mitochondria
(Canet-Aviles et al., 2004). DJ-1 undergoes
dimmer formation to become active (Honbou
et al., 2003; Tao and Tong, 2003). One of the
PD-inducing missense mutations, L166P, in-
terferes with dimmer formation (Wilson et al.,
2003) and is degraded more rapidly than
wild DJ-1 by ubiquitin-proteasome-system
(Macedo et al., 2003; Miller et al., 2003) or
by autoproteolysis (Gorner et al., 2004). This
mutant DJ-1 is also mislocalized to mito-
chondria. Further interestingly, parkin inter-
acts with mutated DJ-1 (L166P) but not with
wild one (Moore et al., 2005), suggesting that
parkin might be acting as a quality control
protein for DJ-1. Thus molecular mechanism
of nigral neuronal death in PARK?7 appears to
be at least in part related to dysfunction of
anti-oxidative property of DJ-1.

PARKS

PARKS is an autosomal dominant PD caused
by mutations of LRRK2/dardarin. Clinical
features were first described in large Japanese
kindred (Nukada et al., 1978). They reported
36 patients in 5 generations. The age of onset
ranged from 38 to 68 (mean = 53). Later the
mean age of onset was reported as 51 46 as
the number of affected members increased
(Funayama et al., 2002). Initial symptom was
either gait disturbance or rest tremor. All of
them showed L-dopa-responsive parkinsonism.
Motor fluctuations and psychiatric side effects

from L-dopa treatment can be seen. Clinical
features are essentially similar to those of late
onset sporadic PD except for slightly younger
age of onset. Post-mortem examination in
four patients from the original family showed
pure nigral degeneration without Lewy body
formation (Funayama et al., 2002). But later
on another patient who came to autopsy from
the same family showed nigral degeneration
with Lewy bodies (Personal communication
with Dr. K. Hasegawa).

The Western Nebraska family (Family D)
reported by Wszolek et al. (1995), which
inluded 18 patients in 5 generations, turned
out to be PARKS. The age of onset was 48 to
78 (mean 63). Neuropathological features of
this family are very interesting in that among
the four patients who came to autopsy, one
patient showed brain stem type Lewy body
pathology; the second patient showed diffuse
Lewy body disease pathology; the third pa-
tient showed nigral neuronal loss and gliosis
with neurofibrillary tangles in the remaining
nigral neurons without Lewy body formation;
the fourth patient showed marked neuronal
loss and gliosis in the nigra and locus coer-
uleus without any inclusions or tau-positive
accumulations (Wszolek et al., 2004). Four
different pathological findings in the same
family would indicate the difficulty of defin-
ing a disease entity by neuronal inclusions.
Family A reported by Denson and Wszolek
(1995) was also turned out to be PARKS.

PARKS has been mapped to the centro-
meric region of chromosome 12 (Funayama
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Fig. 7. Schematic presentation of LRRK? and its mutations summarized from the literature, i.e., Zimprich et al.
(2004), Paisan-Ruiz et al. (2004), and Kachergus et al. (2005). LRRK2 protein belongs to ROCO protein family,
which is characterized by the presence of ROC domain and COR domain. Many of the ROCO proteins also have
LRR, MAPKKK, and WD domains. See the text for the explanations of these domains. To date 6 missense
mutations have been reported in the homology region. Exon 41 appears to be a mutational hot spot

et al., 2002). The causative gene was identi-
fied as LRRK2/dardarin (Zimprich et al.,
2004; Paisan-Ruiz et al.,, 2004). LRRK2
stands for leucine-rich repeat kinase 2 and
dardar means tremor in the Bask language
where families of PARKS are found. LRRK?2
1s a huge gene encompassing 144 kb and the
open reading frame consists of 1449 base
pairs in 51 exons. LRRK2 protein consists
of 2527 amino acids and it is ubiquitously
expressed in the cytoplasm of many organs.
To date 6 missense mutations have been re-
ported (Zimpricht et al., 2004; Paisan-Ruiz
et al., 2004; Nichols et al., 2005) (Fig. 7).
LRRK2 protein belongs to the ROCO
protein family. ROCO proteins are a group
of proteins which has ROC and COR domain
(Bosgraaf and Haastert, 2003). ROC stands
for Ras in complex proteins belonging to the
Ras/GTPase superfamily, and COR stands for
carboxy terminal of ROC. In addition, many
ROCO proteins have a LRR (leucine-rich
repeat) domain, which has 3 to 16 leucine-
rich repeats, a MAPKKK (mitogen-induced
protein kinase kinase kinase) domain, and a
WD domain, which is rich in tryptophan and
aspartate repeats. The function of LRRK2
is still unknown but as it has protein kinase
domain, it is likely that its role is phosphor-
ylation of proteins that are important for
the survival of nigral neurons. It is interest-
ing to note that alpha-synuclein aggregates

in PD are highly phosphorylated in Ser-129
(Fujiwara et al., 2002); therefore, it is an
interesting question whether or not LRRK?2
is in some way related to phosphorylation of
alpha-synuclein.

PARK9

PARKDY is an autosomal recessive familial PD
linked to the short arm of chromosome 1 at
1p36 (Hampshire et al., 2001). The causative
gene has not been identified. Clinical features
consist of L-dopa-responsive parkinsonism,
supranuclear gaze palsy, pyramidal sign,
and dementia, called Kufor-Rakeb syndrome.
The age of onset is 10 to 20. Neuropatholog-
ically not only the substantia nigra but also
the pyramidal tract, putamen, and the pallidum
show neurodegeneration. PARK9 appears to
be a form of multiple system atrophy.

PARK10

The PARKI1O0 is linked to the short arm of
chromosome 1 at 1p32. This locus was found
by genome wide scanning on familial as well
as sporadic cases of PD in Iceland (Hicks
et al.,, 2002); they studied 117 PD patients
and 168 of their unaffected relatives within
51 families using 781 microsatellite markers.
The mean age of onset was 65.8. They showed
linkage to chromosome 1p32 with a lod score
of 4.9. The disease gene has not been identi-
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fied yet. As expected from the source of the
clinical subjects, clinical features are essen-
tially similar to those of sporadic PD.

PARK11

PARKI1! is an autosomal dominant familial
PD linked to the long arm of chromosome 2
at 2q36 to q37 (Pankratz et al., 2003). The
causative gene has not been identified yet.
Clinical features are essentially similar to those
of sporadic PD with the mean age of onset at
58. Neuropathological findings are not known.

Other forms of familial PD

There are many families in which linkage
analysis failed to show linkage to any one of
the known loci that are associated with famil-
ial forms of PD. Such reports are increasing
every year. According to our hands, we have
analyzed 347 families for known PD-causing
genes including non-Japanese families with
either autosomal dominant or recessive in-
heritance. We found 116 families with parkin
mutations, 8 families with PINK] mutations,
no DJ-1 mutation, 10 families with LRRK?2
mutations, and 2 families with alpha-synuclein
duplication. Overall mutation rate was 136
positive families out of 347 (39.2%). In an-
other word, approximately 60% of familial
patients with PD did not have known muta-
tions. Mutual relationship among the familial
PD causing proteins is an interesting and
important subject to study. Identifying new
genes for familial PD would give us impor-
tant information on this topic. Such informa-
tion would also give us important clues to
investigate pathogenesis of sporadic PD.
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CDCrel—1 Exocytosis Zhang Y, etal. (2000)
CDCrel-2 Exocytosis Choi P, et al. (2003)
Pael-receptor ER stress Imai Y, etal. (2001)
O—gly. a—synuclein Lewy body Shimura H, et al. (2001)
Synphilin—1 Lewy body Chung KK, etal. (2001)
Cyclin E Apoptosis Staropoli J, et al. (2003)
a /b Tubulin Microtubules RenY, etal. (2003)
Synaptotabmin Xl Fusion or Docking Huynh DP, et al. (2003)
p38 subunit of aminoacy! Protein biosynthesis Corti O, et al. (2003)
—tRNA synthase
Poly—Q protein Poly—Q disease Tsai Y, etal. (2003)
Single—minded (SIM2) Transcription factor Okui M, et al. (2005)
Misfolded DAT Dopamine transporter Jiang H, et al. (2004)
RanBP2 E3 SUMO ligase Won Um J, et al. (2006)
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2, BETRWESINZER parkin THZEINTWSE Z L3 HE X
NTw5b, 2D Z7NV—7TiX, parkin /X3 V¥ VKO EE
ENZ Db o TwAZ EEI|FH L TVAEY, /2, PRI Vo FIZ
L BB LD parkin OBEARNHFILEND I L 2HEL TV 5.
AL A b L A2 & S parkin OAREALENIE, SPD DOREEIZD
parkin OBEER+5I2EZONE. T/, TOFNRIVF VED
FEEIE SNCA THIfl s s Z e 2 RWZLTw5, Parkin O & —
VIHEHEICE LTy v R VBT 5 14-3- 35712 & 0 iEE25HIH
NTWBEZEERELTWBEY, 20 14-3-37d SNCA &#EE
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VMo T b,

ZRIZEALTIE, ARPD OFFH5H I D parkin EnFERIZLS
TEPHMESNTED, RDEEOFBVIA TTHS., EERME LT
i, AETIEI Ay AEEB XU microdeletion 25%\W—7, FAS
ECIHIZE ALV REERTH D, BRERE LTIE, #BERR -
F VU ZAALNE Yamamura 52 &) e S WA R RRE R O
E2T, DBERL EEBLRABOBRELH L. BIRTERMEK
BAEDOMBIZE-> &2 ) LD, CEKWiZHS RING FA AL Vi
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YT ED ARPD OFRZE MG & L7#ESHFNTICE D 1p35-36
WZEABEDRE S, PINKI (PTEN Induced Putative Kinase 1) &
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BWTH, "NTUEEGRTOERHESIN TS, PINKI #ETF
X581 DT IS RY), OO 34 OF I JEBEEICI FaVF
DTNOBTY 7T VEREL, BEOKESEHINET 2Y T 73
J—DE) Y/ PLAZUFF—E AL UBEEDE. TOFRXAL v
WERPEPLTWS, ThETRKXI PV FYT7PNOREB LU
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