ported in two families with genomic wiplication and in
three families with duplications.l1"13’19 These findings
suggest that overproduction of w-synuclein is one of
the most important factors in FPD. In general, un-
equal intrachromosomal crossovers that result from
misalignment of two homologous flanking sequences
may account for genomic multiplications as well as de-
letions. The SNCA multiplications mutations, triplica-
tions, and duplications found in five unrelated patients
probands with FPD are de novo within each kin-
dred !> Affected individuals within the Towa kin-
dred, with SNCA genomic triplication, have fulminant,
carly-onset disease with a phenotype ranging clinically
and pathologically from PD to diffuse LB disease
(DLBD).*® In contrast, SINCA duplication families
have later onset disease and a longer duration to death,
and neither cognitive decline nor dementia are
prominent. Therefore, overproduction of wild-type
a-synuclein (SNCA) may result in phenotypes of PD,
PD with dementia (PDD), and DLBD, suggesting that
regulation of a-synuclein protein levels is central to the
cause of these phenotypes. In summary, the phenotype
may be dependent on copy numbers of SNCA.

In this study, to gain further insight into the role of
this multiplication, we assessed a series of 113 PD pa-
tients with autosomal dominant mode of inheritance
and 200 sporadic PD patients for multiplication at this
locus.

Subjects and Methods

Patients

This study consisted of 113 patients with ADPD and 200
patients with sporadic PD. Diagnosis of PD was adopted by
the participating neurologists and the diagnosis was estab-
lished based on the United Kingdom Parkinson’s Disease So-
ciety Brain Bank criteria.”! The mean age at onset of the 56
male and 57 female index patients with ADPD was 66.0 =
9.5 (£SD), and that of the 81 male and 119 female patients
with sporadic PD was 64.7 = 10.0 (xSD). All patients were
of Japanese origin. The study was approved by the ethics
review committee of Juntendo University. Blood samples for
genetic analysis were collected after obtaining informed con-
sent from each partient and 17 unaffected relatives. None had
murations in parkin, PINKI, or DJ-1. We could not detect
heterozygous exon deletions of such recessive genes by quan-
titative analysis in the patients studied. In addition, none had
mutations in exon 41 in LRRK2.

Gene Dosage Analysis for SNCA

DNA was prepared using standard methods. The mutation
screening was performed as described previously.?? Semi-
quantirative multiplex polymerase chain reaction (PCR) of
genomic DNA samples was performed using a real-time PCR
method to detect the dosage of SNCA (ABI Prism 7700 se-
quence detector; Applied Biosystems, Foster Ciry, CA). As
the first step, we targeted exon 3 of SNCA to screen the gene

dosage of SNCA. B3-Globin gene was amplified as an endog-

enous reference. In addition, we used a DNA sample from
the Towa family (patients had wiplication of SNCA) as a pos-
itive control. The primer and TaqMan MGB probe se-
quences used in this study are described in Table 1. PCR was
conformed with PCR universal master mix using 25ng of
genomic DNA, 900nM primers, and 230nM probes (8-
globin is 50-200nM) in a total reaction volume of 50uL.
PCR cycling conditions were 95°C for 10 minutes, 95°C for
1S seconds, and 60°C for 1 minute (40 cycles). Values be-
tween 0.4 and 0.6 were considered as heterozygous deletion,
between 0.8 and 1.2 as normal, between 1.3 and 1.7 as het-
erozygous duplication, and greater than 1.8 as triplication.

In the second step, we performed semiquantitative analysis
on exons 1/2, 4, 6, and 7 for the patients found to carry
multiplication of this gene in the first step. All the sequences
of this gene are shown in Table 1.

Fluorescence In Sitn Hybridization Analysis

We used two-color standard fluorescence in situ hybridiza-
tion (FISH) and prophase FISH for metaphase and inter-
phase. FISH analyses were performed as described previ-
ously,” using a BAC located around the region of interest.
The location of each bacterial artificial chromosome (BAC)
was archived by the database of UCSC (huep://genome.
ucsc.edu) or NCBI (heepi//www.ncbi.nlm.nih.gov). Two
BAC contigs representing the region at 4q21-22. BAGs
RP11-17p8 and RP11-61407 were used as probes. BAC
RP11-17p8 locates at site of centromere of chromosome 4,
and BAC RP11-61407 locates at site of telomere of the same
chromosome. PR11-61407 contains SNCA, suggesting that
the signal of this clone shows the copy numbers of SNCA.
The distance between the two BAC clones was approxi-
mately 1.4Mb. Probes were labeled with biotin-16-dUTT or
digoxigenin-11-dUTP by nick-translation (Roche Diagnostics,
Tokyo, Japan). The copy number of the region was assessed
according to the hybridization patterns observed on both
metaphase and interphase chromosomes. We established Ep-
stein—Barr virus (EBV)—transformed lymphoblastoid cell line
as described previously.”®

Multiplication (duplication) Region Using

Comparative Genomic Hybridization Array and

Gene Dosage Technigue

The triplication region in lowa family is between 1.61 and
2.04Mb and contains 17 annotated or putative genes. A re-
cently constructed high-density comparative genomic hybrid-
ization (CGH) array, designated MCG Whole Genome Array-
4500,%° which contains 4532 BAC/Pl-artificial chromosome
(PAC) clones covering the entire genome at intervals of ap-
proximately 0.7Mb, was used for CGH array analysis. This
array is suitable for detecring the size of the multiplication if
the size is greater than 0.7Mb. Hybridizations were performed
as described previously with minor modifications.”®*” In brief,
test and reference genomic DNAs from the patient’s lympho-
blastoid cells and normal lymphocytes, respectively, were la-
beled with Cy3- and Cy5-dCTP (Amersham Biosciences, To-
kyo), respectively, precipitated together with ethanol in the
presence of Cot-1 DNA, redissolved in a hybridization mix
(50% formamide, 10% dextran sulfate, 2 X standard saline

citrate [SSC], and 4% sodium dodecyl sulfate [SDS], pH 7.0),
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Table 1. Sequences of Primer and TagMan Probes Used in the This Study

Forward Primer

Reverse Primer

5’ -GTGAGCCAGGCCATCACTAAA~3 '

5/ -GGAGGCAGCGCTTTAACAAT-3’
5'~-AGCTCCTTCAGTAAATGCCTTCAG-3’
5'-CACTGTGCCTGGCCAAATT-3'

5/ -TTCTCAAGTTGGGAACCAARACTCT -3’
5/ -TGGTCTTAGCTGAAGGCCAGTT- 3’

5/ ~CGAATGGCCACTCCCAGTT-3'

5/ ~CCTTGCCCTTTGARAGTCCTT-3

5/ ~-CCACTCCCTCCTTGETTTTG-3'

5/ ~TCAGCTTGGACTCCTACCTCAGA -3’

5' - PGGAACTGAGCACTTGTACAGGAT-3'
5/ ~CACCTGCTCAGCGCTCTGAGA-3'

5' - CTTCTAGGGACGGACTAAGTETTCCT -3’
5' -CAGTCAAAGTGCGCCGATTCT-3'

5' -GCACTAAATGACTCCGATGCTGTACT-3'
5 ~TTAAATAACGCAGCTGCACTCTGT-3'
5/ -CCGTAAGTTCTCTTGTTGTCTTTGT-3’
5’ -TGGTGGAAGCTAATGCAAGGA-3'
5'-TCCCTGCAGTGCCTTCTGA-3'

B-globin — 5’ -TGGGCAACCCTAAGGTGAAG-3/
ABCG2 Exon 1 5'-GGAAGGTCCGGGTGACTCA-3'

— Exon 2 5'-GTGTCACAAGGAAACACCAATGG-3'
DFKZ Exon 7 5'~CTGGACCACTTACTGGCTCAAAGC -3
FAMI13A1 Exon 12 5’ -GAAGAGGACCTAACTCCCAGGAT-3'
LOC345278 Exon 8 5'-GTTCECTGEGCCAATCTCT-3'

SNCA Exon s1/2 5'-CCTTCAAGCCTTCTGCCTTTC-3'

— Exon 3 5 -TTCCAGTGTCGTCTAAAGAAATTCAT -3’
— Exon 4 5'-CAGCAATTTAAGCCTAGCTTGAGACT~3'
e Exon 6 5'-TATGCCTGTGGATCCTGACAAT-3'

— Exon 7 5'-TCTTTGCTCCCAGTTTCTTGAGA-3'
MMRNI1  Exon 1 5'-ATCAAACTCTCACATCCAC-3'

—_ Exon 5 5'-CAGGCAATGARACTGACTCTTCTG-3'
— Exon 6 5/ -GTTTCAATAGCAGCCCAGCAARA-3'
— Exon 8 5'-GCTTCATATACCCCAAGAACTGGAA-3'
KIAA1G680 Exon 1 5’ - TTAAATAACGCAGCTCGACTCTGT -3’
— Exon 2 5'-GGCCACAATGATTCTACCTCTCA-3'
— Exon 3 5/ - AGCTCAGGTAGCACAGGTAAACG-3’
— Exon 4 5'~CCATTTCGTGAAGGAAGATTTATAGAG -3
— MGB probe

B-globin —_ 5'-CTCATGGCAAGARAGTGCTCGETGC -3
ABCG2 Exon 1 5'-CCCAACATTTACATCCTT-3'

— Exon 2 5'~CCGCGACAGCTTCCAA-3'

DFKZ Exon 7 5'~ACCATGCAAAAGAAAT-3'

FAM13A1 Exon 12 5'~AAGCAACACACTCCCC-3"

LOC345278 Exon 8 5’'~CAGAAGCTGACTCTCA -3’

SNCA Exons 1/2 5'~ACCCTCGTGAGCGGA-3'

— Exon 3 5'~AGCCATGGATGTATTC-3'

— Exon 4 5/ - TGTCTTGAATTTETTTTTCTAGGC -3’
—_ Exon 6 5’ - AGGCTTATGAAATGCC-3'

— Exon 7 5’ ~-TGCTGACAGATGTTC-3'

MMRN1  Exon 1 5' - ACTTGACCACTCCTTCTGCTTTCT-3'
— Exon 5 5'~CACAGTCAAAGAAATATTG-3'

— Exon 6 5'-CTTGCACCAARAACAAAC-3'

- Exon 8 5’ ~TCCAAGATACGGAATTCTA-3’
KIAA1680 Exon 1 5'~-TCCCCTTCTCGGCTGTTG-3'

— Exon 2 5'-ATGTCCCTCAATTCTG-3'

— Exon 3 5'~AGGAGCATATTCCG-3'

—_ Exon 4 5’~AGACTGCGATCCTC -3’

and denatured at 75°C for 8 minutes. After 40-minute prein-
cubation at 42°C, the mixture was applied to array slides and
incubarted at 50°C for 10 minutes, 46°C for 10 minutes, and
43°C for 60 hours in a hybridization machine, GeneTAC
(Harvard Bioscience, Holliston, MA). After hybridization, the
slides were washed once in a solution of 50% formamide, 2 X
SSC (pH 7.0) for 10 minutes at 50°C and 1 X SSC for 10
minutes at 42°C, respectively, and then scanned with a Gene-
Pix 4000B (Axon Instruments, Foster City, CA). The acquired
images were analyzed with GenePix Pro 4.1 imaging software
(Axon Instruments). Fluorescence ratios were normalized so
that the mean of the middle third of log, ratios across the
array was zero. The average values for each clone were within
the thresholds of 0.2 and —0.2 (log2ratio), and the mean * 2
SD values of all clones were within the range of 0.4 and —0.4
(log2ratio). The thresholds for copy number gain and loss
were set at log2 ratios of 0.4 and —0.4, respectively.

We picked up the locus region berween ABCG and
KIAA1680 of approximately 1.6 to 2.0 Mb. To identify the
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region of duplication spanning SNCA, we performed semi-
quantitative PCR on target genes including ABCG, DFKZ,
FAM13A1, LOC345278, MMRN, and KIAAI1680 using the
same methods. The sequences of all primer and probe sets
are shown in Table 1.

Haplotype Analysis

To determine whether the same haplotype was shared be-
tween our probands with SNCA multiplication, we per-
formed haplotype analysis in patients with SNCA duplication
from unrelated families. We used four microsatellite markers
including 452361, D452505E (located within SNCA),
D452380, D4S1647, and D4S421.

Results

Gene Dosage Analysis for o-Synuclein
Using semiquantitative PCR to detect gene dosage, we

did not find patients harboring SNCA multiplication
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Fig 1. The ratio of a-synuclein exon 3, used as a target gene, to B-globin, used as a reference gene, as determined by semiguantita-
tive veal-time polymerase chain reaction in: (A) 200 patients with sporadic PD (the ratio vanged from 0.8 to 1.3, suggesting that

single SNCA copy exists in one allele, and (B) 113 patients with autosomal dominant hereditary Parkinson’s disease. Note the two
cases of duplication ratio (the ratio is 1.46 in one patient and 148 in the other), and the single lowa family triplication case with

a ratio of 2.07.

among 200 sporadic cases (Fig 1A) but detected two
index patients (A-13 and B-1) with potential SNCA
duplications among 113 autosomal dominant pedigrees
using exon 3 of SNCA (Fig 1B). To confirm the entire
region of the a-synuclein gene was multplied, we per-
formed the exon dosage analysis including exons 1/2,
4, 6, and 7. We confirmed duplication of this gene in
two patents. Thus, we were able to confirm that two

families (Families A and B) were ADPD with SNCA
duplication. In Family A, two patients with duplication
had typical PD whereas five carriers were asymptomatic
(Fig 2A). In Family B, one patient had duplication of
the SNCA gene; two members were carriers (see Fig
2B).

FISH analysis also confirmed the SNCA duplication
in the two index patients (Fig 3A, B). Figure 3 shows
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Fig 2. Results of screening for SNCA multiplications for exons 1 to 7 in Family A (A). We detected two patients with SNCA du-
plication and five asymptomatic carviers in this family (a penetrance ratio of 33.3%) and (B) Family B. We detected three patients
with SNCA duplication in four family members.
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Fig 3. (A) Schematic represeniation of fluorescence in situ hybridization assay of metaphase chromosomes from Epstein—Barr virus
(EBV)—transformed lymphocytes derived from Patients A-13 and B-1. We used BACs RP11-1 7p8 for normal control sample (shown
in green and located 1.4Mb centromeric to SNCA, left panel) and RP11-61407, which included the SNCA shown in red on
chromosame region 4q21-22 (right panel). These pictures shotw clearly dispropartional segregations compared with the normal con-

trol. (B) Standard one-color FISH of the interphase, using BACs RP11-61407. Note the two disproportional signals.

the representative results of FISH analysis of interphase detected tight apposition of the metaphase chromatids
and metaphase chromosomes from EBV-transformed compared with signals of BAC RP11-17P8 located
lymphocytes derived from Patients A-13 and B-1. We 1.4Mb centromeric to SNCA. The intensity of the sig-
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Fig 4. Identification of the region of SNCA duplication between ABCG to KIAA1680 by wsing real-time semiquantitative poly-
merase chain reaction method. The different duplication region appears on MMRN1 Exon 8. *Duplication case as reported in

Tbanez et al’?

nal suggests SNCA duplication in these two patients.
When considered together with the results of gene dos-
age analysis, we were able to confirm SNCA duplica-
tion. We did not observe two separate signals between
BACs RP11-17P8 and PR11-61407, suggesting that
the size of the duplication region is less than 1.4Mb.
CGH array analysis showed that the specific elevation
ratio could not be detected because the SNCA region
could not be directly included in BAC probes used in
MCG Whole Genome Array-4500. However, this
BAC-based array contains BACs RP11-49M7 and
RP11-17p8 that are close to 5" or 3 sites of SNCA,
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respectively. Alternatively, this finding indicares that
the SNCA duplication region is less than 0.7Mb based
on information archived by the database of UCSC
(htep://genome.ucsc.edu) and NCBI (htep://www.ncbi.
nlm.nih.gov). Although MCG Whole Genome Array-
4500 covers the entire genome, no specific multiplica-
tion or deletions existed in other regions apart from
4q21-22. Identfication of the SNCA duplication re-
gion was carefully assessed by gene dosage analysis for
flanking genes around SNCA (Fig 4). The length of
SNCA duplication of Patient A-13 spanned all of
SNCA and part of MMRNI such as exons 1 to 6. In



L

Lreg) foien
I

At AfQ ]

O

'EERN B8 s=¢

Nel=

B-2 B-3 B4

Fig 5. (A) Pedigrees of Patient A-1 with Parkinson’s disease (PD) showing four generations. Black boxes represent affected patients.
Symbols with numbers represent family members who were examined clinically by neurologists and from whom blood samples were
collected. In 17 members, two patients were affected and five members (A-1, A-8, A-10, A-14, A-17) were carriers. Among seven
carviers with SNCA. duplication, the ages of all carriers except for A-17 werve beyond the mean age at onset of patients with SNCA
duplication. Thus, the penetrance raiio was 33.3% (two patienisisic asymptomatic carriers). (B) Pedigree of Patient B-1 with PD
showing three generations. Symbols are as for Figure 6A. In four members, one patient was affected, and two members were carvi-

érs.

contrast, the duplication region of Patient B-1 spanned
all of SNCA and MMRNI. In addition, the regions of
both patients did not span LZOC345278 and in Patient
B-1, no duplication of XIAA1680 was observed. Thus,
the length of the duplication of Patient A-13 was
shorter than that of Patent B-1, suggesting that the
different lengths of the duplications differ by approxi-
mately 100 to 200kb. Furthermore, these two families
have different allele sizes in microsatellite markers, sug-
gesting that SNCA duplication is also de novo (data
not shown). Clinical data, including the results of neu-
roimaging such as magnetic resonance imaging (MRI)
and single-photon emission computed tomography

(SPECT) and [***]] meta-iodobenzylguanidine (MIBG)

myocardial scintigraphy, are described below.

Family A

We collected DNA samples from 17 members of this
family, including three affected and 14 unaffected
members (Fig 3A). Among the three affected members,
one patient (A-2) had no SNCA duplication. In addi-
tion, the age at onset of parkinsonism was 74 years.
Moreover, L-dopa responsiveness was not excellent. Al-
though MRI examination was not available, we consid-
ered that the cause of PD in this patient was not du-
plication but rather vascular parkinsonism based on
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neurological findings. The mean age at onset of the
discase was 43 yecars. The parents of A-16 and A-17
were close relatives. Five asymptomatic carriers were
recognized by genomic analysis. No parkinsonism was
observed in these asymptomatic carriers based on clin-
ical neurological examination by two expert neurolo-
gists (ICN. and N.H.). The youngest age at onset was
38 years including the deceased patient (50 years old at
onset). Thus, age 43 years was the cutoff age in this
family. Considering this point, the penctrance ratio

was 33.3% (2/6).

Patient A-13

The age of onset was 48 years. The initial symprom in
Patient A-13 was rigidity and bradykinesia. She re-
sponded well to 1-dopa. Six years after commencement
of treatment with 1-dopa, she developed drug-induced
dyskinesia, which subsequently showed marked resolu-
tion. No tremor at rest has yet been noted. During the
day, clinical assessment indicated Hohen and Yahr
stage III. No dementia has developed yet and she has
no symptoms related to autonomic nervous system dys-
function. Brain MRI study showed no abnormal mass
or ischemic changes (Fig 6A) and 121 IMP SPECT
study showed no evidence of hypoperfusion. However,
the H/M ratio of MIBG myocardial scintigraphy was
less than that of the normal control (A-13; early: 1.4,
late: 1.24; see Fig 6D, E).

Patient A-15

The age at onset was 38 years. This patient was the
cousin of Patient A-13. The initial symptom was gait
disturbance with frequent falls. Tremor and autonomic
nervous dysfunction were not secen. He was diagnosed
with depression during the course of the disease, but
neither dementia nor cognitive deterioration was prom-
inent. The clinical course of this patient was similar to
that of Patient A-13. Although this patient responded
to L-dopa, he showed excellent response to anticholin-
ergic agents such as trihexyphenidyl hydrochloride
rather than L-dopa. In addition, the patient developed
psychosis at 43 years of age.

Family B

DNA samples were collected from four members of
Family B (see Fig 5B). Among the two generations, the
number of affected member was four including three
deceased members, and the unaffected members were
three including two carriers with SINCA duplication.
The age of asymptomatic carriers (B-2, B-3, and B-4)
was younger than 35 years at the time of collection of
DNA samples. Thus, it is difficult to speculate whether
these carriers will develop PD in the future.
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Patient B-1

The age at onset was 47 years. In the carly stage, he
responded to L-dopa; however, at 58 years of age, the
disease was evaluated as stage III. Moreover, the gait
disturbance and bradykinesia worsened and he suffered
from cognitive dysfunction a few years later. Since 61
years of age, he has found it difficult to communicate
with others and started gradually to develop abnormal
behavior. Mini-Mental State Examination score was
17/30 at 61 years of age. At 62 years, his gait distur-
bance and hallucination worsened. At 64 years, he
spent most of the day on the bed and required trache-
ostomy because of repeated episodes of aspiration
pneumonia. Brain MRI showed moderate dilation of
Sylvian fissure and atrophic changes in the temporal
lobe on both sides. There was no evidence of ischemic
changes or abnormal mass (see Fig 6B). A 99m-Te-
ECD SPECT study showed hypoperfusion predomi-
nantly on both frontotemporal lobes (see Fig 6C). The
H/M ratio of MIBG myocardial scintigraphy was re-
duced (B-1; early: 1.40, late: 1.24).

Subject B-4
Subject B-4 was mentally retarded and had autism and
generalized seizure. Since 1 year of age, he could not
speak and was diagnosed with mental retardation by a
pediatrician. At 12 years of age, he started to speak a
few words and was sometimes observed to have sudden
outburst of rage. At 15 years, he developed generalized
seizure. EEG showed spiking waves predominantly lo-
calized to the right frontal lobe. Brain computed to-
mography scan showed no abnormal densities or other
signs. No parkinsonism has been noted so far.

Table 2 summarizes the clinical features of these
cases, including the results of neuroimaging and MIBG
scintigraphy.

Discussion
Several recent studies suggest SINCA multiplications are
a rare cause of PD, PDD, and DLBD.**%*®%? I this
study, we detected SNCA duplication in PD patients
from 2 of 113 unrelated Japanese families with auto-
somal dominant parkinsonism. Thus, the incidence of
SNCA multplication may be more frequent than pre-
viously estimated. To our knowledge, the Iowa family
and a single family of Swedish-American descent have
been reported previously to have SNCA triplica-
tion.'"'” In addition, two French families and one
Italian family with SNCA duplication have been re-
ported.'>'> Taken together with this study, a total of
seven families with SINCA multiplication, including tri-
ple and double SNCA copics, have been reported
worldwide.

For all patients with SNCA duplication reported
here, including patients of Family A, the phenotype
was indistinguishable from idiopathic PD and no other



Fig 6. (A) Brain magnetic resonance imaging (MRI) T'1 wedge study of Patient A-13. No abnormal masses or ischemic changes
were evident. (B) Brain MRI T1 wedge study of Patient B-1. Note the dilation of Sylvian fissure and atrophic changes in both
temporal lobes. (C) "PILIMP SPECT study of Pasient B-1. Note the hypoperfusion of both frontatemporal lobes and medial-
occipital lobes. (D, E) [123[]metd—1'odo&enz_y/guaﬂidine (MIBG) myocardial scintigraphy (D; early, E: late) of Patient A-13. The
HIM ratio was reduced in this patient.



Table 2. Clinical Features of Four Affected Patients in Two Unvelated Pedigrees

A Family B Family
Feature A-13 A-15 A-2 B-1
Age (yr) 57 43 77 65
Age at onset {yr) 48 38 74 47
Disease duration {(yr) 10 6 4 19
Initial symptom Rigidity Rigidity Bradykinesia Bradykinesia
Bradykinesia + +++ ++ +++
Rjgidity +++ + 4 ++ +++
Resting tremor - - - -~
Postural instability - + -+ -
UPDRS 10/108 32/108 27/108 -
MMSE 30/30 30/30 17/30 17/30
L-Dopa response + -+ + — +
SNCA duplication + + - +

UPDRS = Unified Parkinson’s disease rating scale; MMSE = Mini-Mental Starus Examination.

clinical features such as dementia were present, in con-
trast with families with SNCA tiplication. Notably,
dementia was observed in one patient of Family B.
Therefore, it is important to screen PDD or DLB for
SNCA multplications. However, the age of onset of
PD in the patient with dementia was older than that of
lowa patients (36.0 £ 10.5 years) and the patient of
Swedish-American family (31 years)."® Moreover, the
age at onset of Japanese patients was similar to those of
other families with SNCA duplication (48.4 = 15.0
years). In addition, the asymptomatic carrier, B-2, had
epilepsy, which has been reported in one French PD
pat.ient.13 In addition, autism was observed in the same
patient, although no clear parkinsonism was evident.
Patient B-1 had dementia, in contrast with previously
reported cases with SINCA duplication, although the
duration of the disease was longer (18 years) compared
with reported cases of SNCA duplication. In addition,
dementia only appeared after 14 years of diagnosis of
parkinsonism. Therefore, SNCA duplication may be a
risk factor for development of dementia.

Within each kindred the SNCA muldplication is a
de novo murtation. The 4q21 genomic duplication in
Patient B-1 included all of SNCA and MMRNI,
whereas the duplicated region in Patient A-13 con-
tained all of SNCA but only part of MMRNI. The
SNCA triplication in the lowa family also contains
MMRNI, suggesting that overexpression of MMRN1
plays a role in cognitive deficit.

However, northern blotting analysis indicates a pau-
city of expression for MMRNI in neurons.”® It there-
fore is unlikely that the effects of MMNRI are related
to the development of dementia. MMRNI more likely
plays a role in hemostasis and if vasogenic factors, in-
cluding platelets and endothelial cells, are involved in
dementia, MMRNI overexpression may still contribute
to the dementia phenotype.

Previous studies reported the association of cardiac
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denervation and parkinsonism caused by SNCA gene
triplication.31 Low H/M ratios by [ MIBG myocar-
dial scintigraphy were reported in patients with spo-
radic PD.***? In contrast, the H/M ratio was not de-
creased in patients with parkin mutations who lacked
LBs in the autopsied brains.** In this regard, this find-
ing is similar in patients with SNCA multiplication.

This study showed that the disease penetrance of
Family A was 33.3%. The current ages of the asymp-
tomatic carriers in this family are beyond the mean age
at onset of patients. Thus, the difference may be
caused by the SNCA expression levels between patients
and asymptomatic carriers. Considering the multiple
copies of SINCA, the expression level could be impor-
tant. Indeed, double expression level of this protein
compared with the normal brain was identified in Iowa
family with SNCA triplication.'® In addition, several
haplotypes in the promoter region of SNCA including
the sequence repeat element Repl were shown to asso-
ciate with increased risk for sporadic PD.**¢ How-
ever, whether the promoter alleles are risk factors for
the development of PD is currently controversial.

Recently, Mueller and colleagues reported that single
nucleotide polymorphisms located within the 3'side of
exons 5 and 6, but not promoter polymorphism, cor-
related significantly with PD.* However, the func-
tional association between PD and the associated re-
gion of SNCA remains unclear. In our study, the
presence of asymptomatic carriers indicated that not
only SNCA dosage but also another genetic variability
in SNCA may be a risk factor for the development of
PD.
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Abstract: We screened LRRK2 mutations in exon 41 in 904 founder effect in Japanese patients. Clinically, patients with
parkin-negative Parkinson’s disease (PD) patients (868 pro- LRRK?2 mutations had typical idiopathic PD. Notably, several
bands) from 18 countries across 5 continents. We found three patients developed dementia and psychosis, and one with
heterozygous missense (novel 12012T, G2019S, and 12020T) 12020T had low cardiac 123I-metaiodobenzylguanidine (MIBG)
mutations in LRRK2 exon 41. We identified 11 (1.3%) among heart/mediastinum ratio, although the ratio was not low in other

868 PD probands, including 2 sporadic cases and 8 (6.2%) of patients with 12020T or G2019S. Clinical phenotypes including

130 autosomal dominant PD families. The LRRKZ mutations in psychosis, dementia, and MIBG ratios are also heterogeneous,

exon 41 exhibited relatively common and worldwide distribu- similar to neuropathology, in PD associated with LRRK2
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Parkinson’s disease (PD) is the second most common
neurodegenerative disorder with a prevalence of 3% in
individuals older than 65 years.! Although the majority
of PD cases are sporadic, it is now clear that genetic
factors contribute to the pathogenesis of PD. Indeed,
alpha-synuclein,? UCH-L1,?> and LRRK2%> have been
reported as causative genes of autosomal dominant PD
(ADPD); and parkin,® DJ-1,7 and PINKI® as causative
genes of autosomal recessive PD (ARPD). Recently,
LRRK2? was identified as the causative gene for
PARKS,%> and a common single LRRK2 mutation in
exon 41 (G2019S) has been found in mainly Caucasian
patients with familial PD.° In the present study, we
performed direct sequencing of LRRK2 exon 41 in a
large number of patients with familial and sporadic PD
of different ethnic origins. We also analyzed the haplo-
type to determine whether a single haplotype was asso-
ciated with LRRK?2 mutations. In addition, we investi-
gated the clinicogenetic features, including cardiac '23]-
metaiodobenzylguanidine (MIBG) scintigraphy, of
patients with LRRK2 mutations.

PATIENTS AND METHODS

All blood samples and clinical information were ob-
tained by the neurologists working in the respective
countries after obtaining informed consent from their
patients. The study was approved by the ethics review
committee of Juntendo University. Diagnosis of PD was
made by the participating neurologists based on the pres-
ence of Parkinsonism, good response to anti-PD treat-
ment, and radiological findings. In all countries, the
clinical evaluation was based on the Unified Parkinson’s
Disease Rating Scale. Controls were evaluated by neu-
rologists to ensure none of them had PD. For control
subjects, the mean age of the Japanese was 56.1 years
(range, 23-98) and that of the Taiwanese was 34.4 years
(range, 21-86). DNA was prepared using standard meth-
ods. The mutation screening was performed as described
previously.®10 Dideoxy cycle sequencing was performed
with Big Dye Terminater Chemistry (Applied Biosys-
tems, Foster City, CA). This was followed by exon
sequencing on ABI377 and 310 automated DNA se-
quence analyzers (Applied Biosystems). None of the
participants had parkin mutations (including exonic de-
letions and multiplications), as confirmed by polymerase
chain reaction (PCR), direct sequencing, and quantitative
assays based on real-time PCR with Tag-Man probes
(Applied Biosystems) of ail exons.

Direct sequencing of LRRK2 exon 41 was performed
in 904 PD patients (male, 413; female, 437; not reported,
54; age, 7-100 years; mean, 47.5 years), including 868
probands from 18 countries (Japan, Korea, Taiwan,

China, Philippines, Australia, Israel, Tunisia, Morocco,
Turkey, Greece, Poland, Bulgaria, Yugoslavia, United
Kingdom, United States, Canada, and Brazil). Asian
probands (Japanese, Koreans, Taiwanese, and Chinese)
formed the majority (763/868; 87.9%). The remainder
included 72 Caucasian probands (Israelis, Australians,
Turkish, Greek, Polish, Bulgarians, Yugoslavs, British,
Americans, and Canadians) and 15 North African pro-
bands (Tunisians and Moroccans). The other 18 pro-
bands were Filipinos (n = 3), Brazilians (n = 1), or
could not be specified (n = 14). In this study, families
with more than two affected members or two members
with a mutation at least in two generations were classi-
fied as ADPD, and families with at least two affected
siblings in only one generation as (potential or pseudo-)
ARPD. Among 904 PD patients, we considered 130
families as ADPD, 80 families as ARPD, and 417 pa-
tients as sporadic PD.

Haplotype analysis was performed as described previ-
ously.'%!! Genotyping of patients with LRRK?2 mutations
was performed using the microsatellite markers
(D1282514, D1282515, D12S2516, D12S2518,
D1282519, D128S2520, D12S2521, D1282522, and
D1252523) and the single nucleotide polymorphisms
(rs1427263, rs11176013, and rs11564148).1° Alleles
were sized by GENESCAN (Applied Biosystems).

Cardiac MIBG scintigraphy was performed with an
intravenous injection of 111 MBq of '23I-MIBG (Daiichi
Radioisotope Laboratories, Tokyo, Japan). Early images
were obtained 15 minutes and delayed images were
obtained 3 to 4 hours after injection. Whole cardiac
MIBG uptake was measured on a planar image as the
heart/mediastinum (H/M) activity ratio.

RESULTS

Genetic Studies

We found two heterozygous missense mutations
(6059T>C, I12020T, and 6055G>A, G2019S), which
had been reported previously,>?12-14 and one novel het-
erozygous missense mutation (6035T>C; 12012T; Fig.
1). The novel 12012T mutation is also highly conserved
across various species, similar to the other previously
reported mutation sites of 12020T and G2019S.5.12-14 We
did not find any of these mutations in 200 chromosomes
from normal Taiwanese and 200 chromosomes from
normal Japanese populations. We found 3 Japanese pa-
tients (two probands) with the 12020T. Patient Al with
the novel 12012T mutation was of Taiwanese origin.

Including all ethnic groups, we found 11 (1.3%) of
868 PD probands and 8 (6.2%) of 130 ADPD families (1
Taiwanese, 2 Japanese, 2 Israelis, and 3 Tunisians) with

Movement Disorders, Vol. 21, No. 8, 2006
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LRRK2 exon 41. A novel 6035T>C (12012T) 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.
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(I2020T, Japan)
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3 different mutations in LRRK2 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, 4.2% (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 12020T 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

Movement Disorders, Vol. 21, No. 8, 2006

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
C-I and the previously reported Caucasian family.!® The size of these markers are corrected using CEPH 1331-01 and -02 as controls. b: The haplotype
of Families J and K with the I12020T was similar to that of the Japanese Sagamihara family. Shared genotypes are highlighted in boldface. The

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
LRRK?2 mutations in this study.

Cardiac MIBG scintigraphy was performed in Patients
Bl 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®!314 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 peopies.

PARKS8 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 12020T
mutations affect adjacent codons in the amino acid se-
quence. In addition to the two mutations, 12012T 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.!5

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.>!!-12.16 However, some of our patients with the
LRRK?2 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 ratic 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 I. 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.!?20 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.!!-'? The normal MIBG uptake in autosomal

recessive juvenile parkinsonism (AR-JP), which is
caused by the parkin gene,?:?2 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.2*-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 LRRK?2 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.?® Furthermore, this protein may be
potentially associated with phosphorylation of both al-
pha-synuclein and tau.*%2° Indeed, concurrent pathology
of alpha-synuclein and tan 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®5 and could be
an upstream event.

In our study, we showed that PD caused by LRRK2
mutations is 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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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-I; 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.?-5 However, the mechanisms re-

*Correspondence to: Dr. Nobutaka Hattori, Department of Neurol-
ogy, Juntendo University School of Medicine, 2-1-1 Hongo, Bunkyo-
ku, Tokyo 113-8421, Japan. E-mail: nhattori @med.juntendo.ac.jp

Received 21 July 2005; Revised 3 October 2005; Accepted 3 Octo-
ber 2005

Published online 13 April 2006 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/mds.20841

885

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 (PARKI1-3, 5-8, 10, and
11).6-14 Recently, the family that was originally mapped
to PARK4 has been mapped to PARK1.!> 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,'® PINKI,'® DJ-1,° and
LRRK?221.22) that definitely cause familial forms of PD.
UCH-LI is another gene that may cause PARKS. So far,
only one mutation in the UCH-L! gene that is potentially
linked to PD was identified in a small German family.®
Among these genes, mutations in parkin (PARK2),
PINKI (PARKS6), and DJ-1 (PARKT7) are associated with
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TABLE 1. Mutations linked to recessive PD

PARK2 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.24-2¢
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 2.27-3! 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.83° Atypical pathologi-
cal findings have been reported in parkin-associated PD,
such as tau pathology in the cerebral cortex and brain-
stem nuclei, 2932 degeneration of the spinocerebellar sys-
tem,2® 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)
Aatonomic or peripheral neuropathy
Cerebellar and pyramidal tract dysfunction






