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'-CACTGTGCCTCGCCAAATT -3’

5 - TTCTCAAGTTGGGAACCAAAACTCT~3'
5 -TGETCTTAGCTGAAGGCCAGTT-3'
5'-CGAATGGCCACTCCCAGTT-3’
5'-CCTTGEGCCTTTGARAGTCCTT -3’
5'-CCACTCCCTCCTTGETTTTG-3'
5'-TCAGCTTGGACTCCTACCTCAGA-3'
5'-TGGAACTGAGCACTTGTACAGGAT-3’
5'-CACCTGCTGAGGGTCTGAGA-3'

5’ -CTTCTAGCCGAGGAGTAAGTGTTCCT-3'
5'-CAGTCAAAGTGGGCCGATTCT-3’
5'-GCACTAAATGACTCGATGGTGTACT-3'
5'-TTAAATAACGCAGCTGGACTCTGT-3'
5'-CCGTAAGTTCTGTTCTTCTCTTTGT-3'
5'-TGGTGGAAGCTAATGGAAGGA-3’
5'-TCCCTGCAGTGCCTTCTGA-3'

B-globin  — 5'-TGGGCAACCCTAAGGTGAAG-3'
ABCG?2 Exon 1 5'-GGAAGGTCCCGGCETCGACTCA-3’

— Exon 2 5'~-GTGTCACAAGGAAACACCAATGG-3’
DFKZ Exon 7 5'-CTGGACCACTTACTGGTGAAAGC-3’
FAM13A1 Exon 12 5'-GAAGAGGACCTAACTCCCAGGAT~3’
LOC345278 Exon 8 5'-GTTGGCTGGECCAATCTCT-3'

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

— Exon 3 5/ ~TTCCAGTCTGGTGTAAAGAAATTCAT -3’
— Exon 4 5'-CAGCAATTTAAGGCTAGCTTGAGACT-3’
— Exon 6 5'-TATGCCTGTGGATCCTGACAAT-3'

— Exon 7 5'-TCTTTGCTCCCAGTTTCTTGAGA-3'
MMRN1  Exon 1 5’ ~ATCAAACTCTCACATCCAC-3’

— Exon 5 5’ ~CAGGCAATGAAACTGACTCTTCTG-3’
— Exon 6 5'-GTTTCAATAGCAGCCCAGCAAAA-3'
— Exon 8 5'-GCTTCATATACCCCAAGAACTGGAA~3'
KIAA1680 Exon 1 5'-TTAAATAACGCAGCTGGACTCTGT-3'
— Exon 2 5'~GGCCACAATGATTCTACCTCTCA-3'
— Exon 3 5'-AGCTCAGGTAGCACAGGTAAACG-3'
— Exon 4 5'-CCATTTCGTGAAGGAAGATTTATAGAG-3’
— MGB probe

B-globin — 5’ ~CTCATGGCAAGAAAGTGCTCGGTGC -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 -TGTCTTGAATTTCTTTTTGTAGGC-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'-CTTGCACCAAAACAAAC-3'

— Exon 8 5'-TCCAAGATACGGAATTCTA-3'
KIAA1680 Exon 1 5'-TCCCCTTCTCGGCTETTGE-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
incubated 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 between ABCG and
KIAA1680 of approximately 1.6 to 2.0 Mb. To identify the
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region of duplication spanning SINCA, we performed semi-
quantitative PCR on target genes including ABCG, DFKZ,
FAMI3A1, LOC345278, MMRN, and KIAA1680 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 muldiplication, we per-
formed haplotype analysis in patients with SNCA duplication
from unrelated families. We used four microsatellite marlers
including D452361, D452505E (located within SNCA),
D452380, D451647, and D45421.

Results

Gene Dosage Analysis for a-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 semiquantita-
tive real-time polymerase chain reaction in: (A) 200 patients with sporadic PD (the ratio ranged from 0.8 to 1.3, suggesting that

single SNCA copy exists in one allele, and (B) 113 patients with autosomal dominant heveditary Parkinson’s disease. Note the two
cases of duplication ratio (the ratio is 1.46 in one patient and 1.48 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 multiplied, we per-
formed the exon dosage analysis including exons 1/2,
4, 6, and 7. We confirmed duplication of this gene in
two patients. 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 rwo patients with SNCA du-
plication and five asymptomatic carriers 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 representation 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 RP11-17p8 for normal control sample (shown
in green and located 1.4Mb centromeric to SNCA, left panel) and RP11-6G1407, which included the SNCA shown in red on
chromosome region 4921-22 (right panel). These pictures show clearly disproportional 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-

Nishioka et al: a-Synuclein in AD-FPD 303



£3 Normal control

Target gene / Boglobin ratio,

i1 Triplication £ A-13 {1 B-1

— B
n b A

H

e
R

Triplication case
from lowa family
1.61-2.04 Mb

B-1
within 394Kb

A-13
within 220Kb

Duplication case
from France and lealy
Approximatly

204-206KD*

Fig 4. Identification of the region of SNCA duplication between ABCG to KIAA1680 by using real-time semiquantitative poly-
merase chain reaction method. The different duplication region appears on MMRNI1 Exon 8. *Duplication case as reported in

Thanez 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 indicates that
the SNCA duplication region is less than 0.7Mb based
on information archived by the database of UCSC
(http://genome.ucsc.edu) and NCBI (http://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. Identification 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



B O

O O O

B-2 B-3 B-4

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 were beyond the mean age ar onset of patients with SNCA
duplication. Thus, the penetrance ratio was 33.3% (two patients/six asymptomatic carriers). (B) Pedigree of Patient B-1 with PD
showing three generations. Symbols are as for Figure GA. In four members, one patient was affected, and two members were carri-

ers.

contrast, the duplication region of Patient B-1 spanned
all of SNCA and MMRNI. In addition, the regions of
both patients did not span LOC345278 and in Patient
B-1, no duplication of KIAA1680 was observed. Thus,
the length of the duplication of Patient A-13 was
shorter than that of Patient 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 [**’1] 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 5A). 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, 1-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

Nishioka et al: a-Synuclein in AD-FPD 305



neurological findings. The mean age at onset of the
disease was 43 years. 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 (KLN. 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 penetrance ratio
was 33.3% (2/6).

Patient A-13

The age of onset was 48 years. The initial symptom in
Patient A-13 was rigiditcy and bradykinesia. She re-
sponded well to L-dopa. Six years after commencement
of treatment with L-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 '*’I-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 seen. 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 1-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 SNCA 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 early 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-Tc-
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 SNCA multiplicacions are
a rare cause of PD, PDD, and DLBD.?*?*2% 1n 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 multiplication may be more frequent than pre-
viously estimated. To our knowledge, the lowa 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.lz'13 Taken together with this study, a total of
seven families with SNCA multiplication, including tri-
ple and double SNCA copies, 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) T1 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) B[ IMP SPECT study of Patient B-1. Note the hypoperfusion of both frontotemporal lobes and medial-
occipital lobes. (D, E) [* meta-iodobenzylguanidine (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 Unrelated 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 + +++ ++ +++
Rigidity o+ 4+ ++ 4+
Resting tremor = - - -
Postural instability - + + -
UPDRS 10/108 32/108 271108 -
MMSE 30/30 30/30 17/30 17130
L-Dopa response +++ + - +
SNCA duplication + + - +

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

clinical features such as dementia were present, in con-
trast with families with SNCA triplication. Notably,
dementia was observed in onec patient of Family B.
Therefore, it is important to screen PDD or DLB for
SNCA multiplications. However, the age of onset of
PD in the patient with dementia was older than that of
Towa 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
patient.”” 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 SNCA 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 multiplication is a
de novo mutation. The 4921 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 MMRNI1
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.”’ Low H/M ratios by ['**I]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 SNCA, 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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Synuclein is phosphorylated in synucleinopathy lesions.
Abstract

Pathogenesis of Parkinson’s disease : a common pathway between o-synuclein and parkin and
the mechanism of Lewy bodies formation

Nobutaka Hattori, M.D., Yutaka Machida, M.D. and Kazuyuki Noda, M.D.
Department of Neurology, Juntendo University School of Medicine

Parkin, a product of Park2 gene, is an important player in the pathogenic process of Parkinson's disease
(PD). Despite numerous studies including search for the substrate of parkin, the mechanism by which loss-of-
function of parkin induces selective dopaminergic neuronal death remains unclear. Here we show that antisense
knockdown of parkin causes apoptotic cell death of human dopaminergic SH-SY5Y cells associated with caspase
activation and accompanied by accumulation of oxidative dopamine (DA) metabolites due to auto-oxidation of
DOPA and DA. Forced expression of a-synuclein (a-SN), another familial PD gene product, prevented accumula-
tion of oxidative DOPA/DA metabolites and cell death caused by parkin loss. Our findings indicate that both
parkin and o-SN share a common pathway in DA metabolism whose abnormality leads to accumulation of oxida-
tive DA metabolites and subsequent cell death.

In addition, we identified a phosphorylated form of IkBo. (pIkBo), an inhibitor of the NF-kB signaling path-
way, and the components of the SCF*™", ubiquitin ligase of pIkBa, are novel protein components in LBs. Subse-
quently, we showed those proteins are included in the ubiquitin-LB-like inclusions generated by treatment of a
proteasome inhibitor. Furthermore, the generation of the inclusions are independent on cell death due to impair-
ment of the proteasome.

(Clin Neurol, 45 : 905—907, 2005)
Key words : parkin, c-synuclein, dopa - dopamin quinone, phosphorylation, IkappB




