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Analysis of Lrrk2 R1628P as
a Risk Factor for Parkinson’s
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Common genetic variants that increase the risk for Parkin-
son's disease may differentiate patient subgroups and influ-
ence furure individualized therapeuric strategies. Herein we
show evidence for lewcine-rich repeat kinase 2 (LRRK2)
c.4883G>C (R1628P) as a risk facror in ethnic Chinese
populations. A study of 1,986 individuals from 3 indepen-
dent centers in Taiwan and Singapore demonstrares rhar
Lrek2 RIG28P increases risk for Parkinson's disease (odds ra-
tio, 1.84; 95% confidence interval, 1,20-2.83; p = 0.006).
Haplotype analysis suggests an ancestral founder for carriers
approximately 2,500 years ago. These findings support the
importance of LRRK2 variants in sporadic Parkinson's dis-
case.

Ann Neurol 2008;64:88-96

The discovery of leucine-rich repear kinase 2 (LRRK2)
mutations in both familial and sporadic forms of Par-
kinson's disease (PD) has caused a paradigm shift in
the field. Six Lrrk2 substitutions have been proven to
play a role in P pathogenesis or suscepdibility, and are
distribured throughour the different protein domains,
suggesting thac each domain is critical for normal phys-
iological Lrrk2 function (Roc, C-terminal of ROC
[COR], michn-activatcd protein kinase kinase kinase,
and WD40)," However, the LRRK2 gene harbors nu-
merous other nonsynonymous variants (>70), and the
functional role of these variants, whether they are be-
nign single nucleotide polymorphisms (SNPs) patho-
genic mucations, or risk factors for discase, remains un-
resolved.

The recently identified genetic risk factor Lrrk2
G2385R is observed in approximately 5% of the
healthy Asian population, increasing to approximately
10% in populations with sporadic, late-onset PD.*>*
Lrrk2 G2385R is locared in the WD40 domain and is
hypothesized to impair Lrrk2 dimerization/scaffold for-
marion and to promore npnpl:osis."" Herein we pro-
vide evidence ro suppore Lrrk2 R1628P (rs33949390),
within the COR domain, as the second generic risk
factor for PD identified in che ethnic Chinese popula-

rion.

Subjects and Methods

Subjects

A toral of 1,079 ethnic Han Chinese parients (average age ar
onset, 62 years) from Taiwan and Singapore have been ex-
amined clinically and are being longitudinally observed by
neurologists ar 3 cenrers (R-M.W., Y-RW., CM.C,, and
E-K.T.) (Table 1). Of the 1,079 patients. 44 reported a
family history of disease (defined as | or more relarives with
parkinsonism within 3 meiosis of reladonship), 179 pre-
sented with carly-onscr PD (<50 years), and 900 patients
had typical late-onset PD (=50 years). All patiencs fulfilled
criteria for a clinical diagnosis of PD with ar least two of
three cardinal signs (tremor, rigidicy, and bradykinesia) and a
positive response to L-dopa therapy.” A roml of 907 ethni-
cally marched Han Chinese control subjects (average age, 57
years) withour evidence of neurological disorder were also re-
cruited from participating centers. Population strarification is
minimized because these study participants are all of Han
Chinese descent. In addition, 151 PD partients and 95 con-
trol subjects from the Japanese popularion, diagnosed ar Jun-
tendo Univessity (by M.F. or N.H.), were included in the
study. Research protocols were reviewed by the institutional
ethics board commirree of cach center, and ull subjects gave
informed consenr,

Genetic Analysis
LRRK2 c.4883G>C (RI628P; rs33949390) was genoryped
by restriction fragment length polymorphism (RFLP) or ABI
Taqman (Applied Biosystems, Foster City, CA) “by-design”
oligonucleotide probes and positives confirmed by direct
DNA sequencing of exon 34, as described previously.'”
Haplotype analysis was performed on 32 Lrrk2 R1628P
carriers with chromosome 12q12 polymorphic markers am-
plified by polymerase chain reaction using fluorescently la-
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Carrier G C Allele Allelic OR (95% CI)
Frequency J\:lﬂ]lt Frequency  p
n

6.6% 935 33(34%) 0025 2.15(1.08-4.29)
3.2% 671 11 (1.6%)

6.1% 69 21(3.0%) 0179 1.39(0.70-2.75)
4.4% 618 14 (2.29%)

5.2% AR7 13(2.6%) 0,163  2.20 (0.83-5.83)
3.0% 494 6(1.29%)

6.1% 2091 67 (3.19%) 0006  1.84(1.20-2.83)
34% 1783 31 (1L7%)

Displays the frequencies obscrved for the leucine-rich repear kinase 2 (LRRK2) c.4883G>C (R1628P; £533949390) variant in each of the

patients and an equal number of marched control subjects would be required to have 80% pawer 10 nhmm a statistically significant

Table 1. Allele and Genotype Frequencies of LRRK2 c.4883G>C (R1628P; rs33949390)
Series Affection  Genotype G G
Status GG GC(m  CC(n)
1L R-M. Patients 452 3 1
Wu (n = 484)
Conrrol 330 11 0
Subjects
(n = 341
ZY-R Patients 324 21 0
Wu (n = 345)
Control 302 14 0
Subjects
(n = 316)
3. E-K Patients 237 13 0
Tan (n = 250)
Contral 244 6 0
Subjects
(n = 2500
Overll Patients 1.013 65 1
(n = 1,079)
Conerol 876 3 0
Subjects
(n = 907)
three series. Series 1 and 2 are from Taiwan, an island of the cast coast of China, and
of the south coast of Malaysia. p values are calculated fmlh\’am Powe
in the ethnic Chinese population given a disease allele frequency in cases of 0.061 and odds mrio (OR) o
difference (p < 0.05).

Series 3 uses subjects from Singapore, an island
leulations suggest that for replication studies
e size of 614

1.84, a sam

beled primers (sequences are available on request). DNA
products were run on an ABI3730 and analyzed using
GeneMapper software (Applied Biosystems, Foster City, CA)
alongside standard controls (CEPH 1331-01 and -02). Phys-
ical map positions are given with reference to the March
2006 human reference sequence (National Center for Bio-
rechnology Informarion Build 36.1). Using marker allele fre-
quencies in the putative, muration-bearing ancestral haplo-
type in comparison with the noncarrier population, we
estimated the age of the Lirk2 R1628P variane. In bricf, un-
der the assumption of an ancestral haplorype, marker fre-
quencies were referenced as 0.99 in carriers and empirically
determined in noncarriers (n = 80). Linkage disequilibrium
index (8) berween each marker and muration was calcular-
ed.'* Average genetic distances and recombination fractions
(8) were estimated between each marker and LRRA2 using
the Marshfield recombinarion map. The age of the muration
in generations (g) was derived from the equation g = In
8/In(1 — 8) for each marker.'?

Results

The Lrrk2 R1628P varianc is approximately twice as
frequent in affected individuals as control subjects
(odds racio, 1.84; 95% confidence interval, 1.20-2.83;
2 = 0.006) (see Table 1). Independently che same
trend was observed in each ethnic Chinese series al-
though staristical significance was not reached in two
cohorts given their size and relatively low frequency of
the 1628P allele (see Table 1). Unaffected carriers in

Series 2 (Y.-R.W.) are approximately 10 years younger
than affected carriers (51 vs 61 years of age), which
may affect staristical significance. The Lrrk2 R1628P
variant was not observed in our 246 Japanese subjects.

One Lrrk2 R1628P carrier was sequenced for all ex-
ons and exon-intron boundaries of LRRKZ2 in our pre-
vious study.'” No other variant was observed that
could account for the associated risk. Even though all
Lrrk2 R1628P carriers also harbor Lrrk2 S1647T and
two additional synonymous changes (G1624G and
K1637K) in exon 34, their relatively high allele fre-
quency, global dispersion, and lack of significance in
previous PD association studies indicates they are un-
likely to influence discase risk.''" These data suppore
the hypothesis that the Lrek2 R1628P substitution is
the functional risk factor in carriers.

Haplotype Analysis

Our haplotype results suggest that Lrrk2 R1628P car-
riers are related to a single common founder (Table 2).
We observed SNP alleles located in exon 34 adjacent
to LRRR2 c.4883G>C (R1628P; rs33949390), which
cosegregates with the mutation. Population strarifica-
tion does not appear to influence our association be-
cause these shared SNP alleles are present in boch af-
fected and unaffected carriers demonstrating a shared
genetic background. Data from adjacent microsacellite
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Table 2. Chromosome 12q12 Haplotype Analysis of LRRK2 c.4883G>C (R1628P; rs33949390) Carriers

Marker Pasition® A B c D E 3 G H I ] Shared

Name Alleles
D1252080 33305718 [B4/188 196/196 196/200 [184/196 184/188 192/196 [B88/196 |B8/1R8 |84/188 192/19%6
D1252194 38738008 249/253 249 249 2491253 249 249 249 249 249/257 2451249 249
sl 1175964 38,989,254 GG GG GA GG GG GG GG GG GG GA G
D1252516 38,989,339 252/254 254 254 2SS4 252/254  252/254  252/254 22254 2520254 254 254
rs1896252  39.000.026 TC cC cc TC TC TC TC TG T cC c
rsl427263 39,000,101 CA AA AA CA CA CA CA CA CA AA A
rs33949390 39,000,112 GC GC GC GC GC GC GC GG GC GC (5
rs1 1176013 39,000,140 GA GG GG GA GA GA GA GA GA GG G
rsl 1564148 39,000,168 TA AA TA TA TA TA TA TA TA TA A
rsLOB78405 39,028,521 GA AA GA GA GA GA GA GA GA GA A
11176143 39,028,630 GG GG GG GG GG GG GG GG GG GG G
D1252519  39.116.885 132/138 132 132 132 134/140 132/138 134/138 132/140 132/134 132140 132
01252521 39,128,754  323/351 3510367 351367  3S1/363 39375 323/351 327/379 3194351 363/379%  319/351 351
D1252522 39,132,267 281/297 297 2971299 297 2831297 281/297 2817297 28297 297 285/297 197
D1252517  39.282,898 188 |82/188 188/192 |BMIB8 188/190 |188/190 |BA/IRB 1BB/190 182/IRR |R8/201 |88
DI2S1301 42,348,809 116/120 100/116 100/116 1121124 112/116 100/120 104/120 104/116 1167116 1167120
We examined 32 cartiers for haplotype analysis on the surrounding chromasome 12q12 region with results indicarive of 2 common
ancestral founder in carriers.
*Microsatellite allele sizes were normalized using CEPH-contral DNA (1331-01 and 1331-02), and approximate positions are
{ ined from the National Center for Biotechnology Information (NCBI) March 2006 human genome assembly. The shared alleles
berween markers D1252194 and D1252517 indicate 2 minimum ancestral hztl'nryp: of approximately 500kb and are highlighted in the
last column. Allele 351 for marker D1252521 is found in 74% (n = 32) of Lerk2 R1628P carriers and is mre in noncarricrs (n = 80;
19%). Nonsharing was observed for markers D1252519 (n = 3; 9,3%) and D1252521 (n = §; 25%), However, given the distance from
the mutation of approximately 100Kb and the shared single nucleotide polymorphism (SN} dara, these are most likely duc 10
recombination events.

markers are in good agreement; allele 351 of
D1252521 is rare in the general population (n = 1/80;
1%) but frequent in Lrrk2 R1628P carriers (n = 23/
31; 74%), consistent with one ancescral haplotype.
However, for a number of carriers, historical recombi-
nation may have occurred between markers D1252519
and D1252522. Allele sharing between markers
D1252194 ro D1252517 indicates a2 minimum ances-
wal haplotype of approximarely 500kb.

[t is possible to generare an estimate of the age of the
mucational event using the allele frequencies of the
markers in Lrrk2 R1628P carriers and noncarriers, and
the excess of linkage disequilibrium. However, low
sample numbers and unphased haplotypes are two ca-
vears of this approach. It should also be noted thac this
calculation is under the assumption of a major ances-
tral haplotype, and that nonallele sharing is due to re-
combination and not independent founders. thus bias-
ing the estimate toward a more recent event. From our
calculations assuming each generation to approximare
30 years, LRRK2 c.4883G>C (R1628P; rs33949390)
occurred 89 generations ago (95% confidence interval,
85-92) or approximarely 2,500 years ago.

90 Anmals of Neurology Vol 64 No | July 2008

Discussion
Lerk2 R16G28P is the second major risk variant identi-
fied in the ethnic Chinese populations of Taiwan and
Singapore. The clinical phenotype of affected Lrrk2
R1628P carriers is typical late-onset (-dopa-responsive
PD. The average age at onset in our affected Lrrk2
R1628P carriers is 60 years. OF note, the average age in
our unaffected carriers is 5 years younger (55 years)
and suggests some may yet develop PD symptoms.
Lerk2 R1628P appears to be restricted to the ethnic
Chinese population. We did not observe the Lrrk2
R1628P in 246 Japanese subjects, and this absence is
supported by a LRRK2 sequencing project thar did not
observe the variane in 36 probands with familial PD of
Japanese descent (Dr Cyrus Zabetian, personal com-
munication). Our estimation of the mutation's age (ap-
proximately 2,500 years) coupled with population-
specific muration frequencies in Taiwan, Singapore,
and Japan provides evidence that the Lrrk2 R1628P
substitution occurred some 2,000 years later than
Lrrk2 G2385R. Given the global echnic Chinese Dias-
pora, it is likely both variants will be observed in com-
munities outside of the Asian continent. Of nore, the
dbSNP database does record one carrier of European
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Fig. The COR domain (C) exiends from amino acid 1511 1o 1878 and contains 16 reported nonsynonymous changes (pathogenic
variant Lrrk2 Y1699C is hightighted).! The Lrrk2 RI628P substitution (B) results in the replacement of an arginine with a cyclic
proline residue. Given the conservation (A) az this amine acid position across species, this substirution may disrupt an important
protein-protein interaction or the observed dimerization of the Lrrk2 protemn.

descent; this may be a rare independent event, but pre-
vious studies have failed to idencify any non-Asian car-
riers (n > 2,500), and it is equally likely chis individual
has some Asian genetic background.

To date, genome-wide association studies have not
found such risk factors in US PD patients. A question
remains whether multiple variants wich small effect
sizes contribute to complex disorders such as PD.
Lerk2 R1628P and G2385R in ethnic Chinese samples
provide support for this hypochesis. Although no sub-
jects wich Lrrk2 R1628P and G2385R were observed
in our study, no doubr carriers with digenic inheritance
will be idencified. and it will be interesting to assess
whether a potendial increased level of suscepribility ex-
ists in such individuals. However, it should be noted
that homozygous Lrrk2 G2019S carriers do not appear
to present with a more severe phenotype than hererozy-
gous carriers."’

Lrrk2 R1628P is located in the COR domain and is
evolutionarily conserved across species highlighting the
importance of the residue to protein function (Fig). In-
deed, the substitution of a highly basic polar arginine
(R) with a neutral nonpolar proline (P) is likely ro
cause a conformational change in Lrrk2 secondary
structure; proline is considered an a-helix breaker thar
introduces a B-hairpin turn. We postulate chis substi-
tution affects the dynamic interaction among the Roc,

COR. and mitogen-activated protein kinase kinase ki-
nase domains critical for activity, and may disrupe
Lerk2 dimerization.

Herein we presenc the first evidence to support
Lrrk2 R1628P as the second common generic risk fac-
tor for PD in the ethnic Chinese population. More-
over, we have reproduced the risk effect in a multi-
center approach with combined pooled analysis of
other ethnic Chinese series (see Table 1). This collab-
orative approach will be crucial in determining the
pathogenicity of other LRRK2 variants. Future thera-
peutic interventions will most likely be determined by
the genomic background of the individual; thus, idend-
fication of commen risk factors in PD (odds rado, =2)
will have a profound effect on diagnosis and treatment.
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findings: (1) confirmartion of high progranulin expression lev-
els in peripheral blood; (2) two subjects with reduced pro-
granulin levels and mutations in the PGR gene confirmed by
direct sequencing; and (3) grearer PGRN messenger RNA lev-
els in patients with clinical diagnosis of Alzheimer's disease.
This proof-of-principle report supports the use of gene quan-
rification as diagnostic screen for PGRN mutations and sug-
gests a potential role for progranulin in Alzhcimer's disease.
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Frontotemporal lobar degeneracion (FTLD) comprises a
group of demencias with related clinical and neuro-
pathological characteristics.' FTLD is the second most
common cause of presenile demenda after Alzheimer’s
disease (AD)"* and accounts for 5 to 10% of neurode-
generarive dementias in epidemiological samples and be-
tween 9 and 16% in autopsy series.” Clinical subtypes of
FTLD include (1) a behavioral variant with predomi-
nant frontotemporal involvement, (2) semantic demen-
tia, and (3) primary progressive aphasia. A family history
is present in about 40% of the FTLD patients, and four
genes have been discovered as generic causes. Mutations
in MAPT have been identified in more than 100 fami-
lies, and 2 other causative genes (VCP' and CHMP2B)
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Genomic Investigation of a-Synuclein
Multiplication and Parkinsonism

Owen A. Ross, PhD," Adam T, Braithwaite, BSc.' Lisa M. Skipper, PhD," Jennifer Kachergus, BSc, MBA.'
Mary M. Hulihan, MPH," Frank A. Middlkton, PhD,* Kenya Nishioka, MD,? Julia Fuchs, MD,*
Thomas Gasser, MD,* Demetrius M. Maraganore, MD,” Charles H. Adler, MD.® Lydie Larvor, PhD,”
Marie-Christine Charder-Harlin, MD,” Christer Nilsson, MD,® J. William Langston, MD,’

Kauina Gwinn, MD,'® Nobutaka Hactori, MD,? and Marthew J. Farrer, PhD!

Objective: Copy number variation is a common polymorphic phenomenon within the human genome. Although the majoriry
of these events are non-deleterious they can also be highly pathogenic. Hercin we characrerize five families with parkinsonism
that have been identified to harbor muldiplication of the chromosomal 4q21 locus containing the a-gmuclein gene (SNCA).
Methods: A methodological approach using fluorescent in situ hybridization and Affymerrix (Sanm Clara, CA) 250K SNP
microarrays was used to characterize the multiplication in each family and to identify the genes encoded within the region. The
telomeric and cenwromeric breakpoints of cach family were further narrowed using semiquantitative polymerase chain reaction
with microsatellire markers and then screened for transposable repeat el 5

Results: The severity of clinical presencation is correlated with SNCA dosage and does not appear to be overty affected by the
presence of other genes in the multiplicated region. With the exception of the Lister kindred, in each family the multiplicadion
event appears de novo. The type and position of Alu/LINE repears are also different ar cach breakpoine. Microsarellite analysis
demonstrates two genomic mechanisms are responsible for chromosome 4921 multiplications, including both SNCA duplication
and recombinarion.

Interpretation: SNCA dosage is responsible for parkinsonism, autonomic dysfunction, and dementia observed within each
family. We hypothesize dysregulated expression of wild-type a-synuclein results in parkinsonism and may explain the recent
association of common SNCA variants in sporadic Parkinson’s discase. SNCA genomic duplication results from incraallelic
(segmental duplication) or interallelic recombinadion with unequal crossing over, whereas borh mechanisms appear o be required
for genomic SNCA riplication,

Ann Neurol 2008;63:743-750

In 2003, Singleton and colleagues™ reported a eripli-
cation on one allele of the chromosomal locus (4q21)

The human genome displays a considerable level of in-
terindividual variability from simple single nucleocide

polymorphisms (SNPs) and short repeats to large-scale
deletions, mulciplications, and rearrangements. Recent
studies have demonstrated thar large gene copy number
variations occur frequendy in the general population
with no dererminable disadvantage to carriers. How-
ever, this phenomenon can also be pathogenic and re-
sult in severe disease phenotypes.'™

connining the a-gynuclan gene (SNCA) in affecred
members of a family with parkinsonism known as the
lowan kindred. Although a relatively rare event, several
families have since been described who carry muldipli-
carions of this region including both triplications and
duplicarions thar segregate with disease.”™" The sever-

ity of the clinical phenotype of SNCA duplicacion and
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wiplication families appears to be associated with gene
dosage and messenger RNA (mRNA)/protein expres-
sion levels in brain.® The SNCA duplication families
are generally reminiscent of rypical, late-onser Parkin-
son’s disease (PD),>™? whereas the two families (lowan
and Swedish-American) with monoallelic eriplication of
SNCA present with a severe form of early-onser parkin-
sonism with auronomic dysfunction and subsequent
dementia.**?

In the lowan kindred, the region triplicated is re-
ported to contain 17 gene transcripes (1.6-2.1Mb),
whereas in both French and Japanese patents, much
smaller genomic intervals are duplicated (approximarely
0.5Mb). 37?2 Although SNCA muldplicacion appears
necessary for parkinsonism, whether increased dosage
of adjacent genes contribures to the phenotype is un-
clear. The mechanism underlying chromosome 4q21
genomic mulriplicacion also has to be elucidaced. The
region appears to be evolutionarily fragile given the
spontaneous deletion of SNCA within an inbred strain
of C57BL/6] (OlaHsd) mice, albeit with no apparenc
deleterious effeces.'?'4

Herein we compare the phenotypes of SNCA muldi-
plication families and present data on the genomic
copy number, size, and breakpoints for each 421 mul-
dplication muration, using a combinaton of fluores-
cent in situ hybridizadon (FISH) and Affymerrix 250k
SNP microarrays (CHIPS). Within each interval/fam-
ily, we detail the genes with aberranc copy number and
expression. We characterize the transposable repeat el
ements at each breakpoint and provide a mechanistic
hypothesis for the genomic inseabilicy, rearrangement,
and muldplication of this locus.

Subjects and Methods

Frequency, Clinical Manifestations, and

Neuropathology

The frequency of SNCA mulriplicarion is low and appears o
be a relatively rare event.'® Worldwide, seven families have
been identified who harbor SNCA mulciplication: one eripli-
cadon (lowa-US),**'? five duplication kindreds (two
French, two Japanese, and one ltalian),*””"" and one kin-
dred with individuals with either duplication or triplicadion
mutations (Swedish-United Stares, now recognized as a
branch of the “Lister family complex”).*!! The clinical pre-
sentation and available pathological findings for five of these
families are summarized in the Table. During the prepara-
tion of this ardcle, Ahn and colleagues'® reporred the first
SNCA duplication patients in Korea. Intriguingly, of the
threc PD patients identified, only one is described with a
family history of parkinsonism. This familial SNCA duplica-
tion patient presented with symproms ar age 40 years and
initially had 2 good response to L-dopa therapy: however, the
disease course progressed rapidly with postural hypotension.
personality changes, and dementia by the age of 46 years.
The wo sporadic partients presented with typical PD with
ages ac onset of 50 and 65 years. These alternate clinical
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presencations demonstrate the phenorypic range of SNCA
multplicadon symproms.

The clinical phenorype in the SNCA rriplication families
is rapid, progressive parkinsonism with onset in the third and
fourth decades of life. Movement disorder (resting tremor.
bradykinesia, and rigidity) occurs early in the course with
autonomic dysfunction (including hyposmia and erthostaric
hypotension) and neuropsychological impairments (halluci-
natdons, anxiety, paranoia, and depression), with subsequent
cognitive decline and dementia. The neuropathology of
SNCA triplication patients is reminiscent of diffuse Lewy
body disease with numerous a-synuclein—positive Lewy bod-
ies, Lewy neurites, and glial cytoplasmic inclusions, with
neuronal cell loss in the smbstantia migra and locws cerulens.
Extensive neuronal loss is also observed in the hippocampus
CA2/3 region and is a feature of both missense and multi-
plication SNCA murations.*"

In contrast, most patients in SNCA duplication families
present with signs and symproms thac closely resemble idio-
pathic PD. Onser of mortor symproms is in the fifth w sixth
decades of life, neither cognitive decline nor dementia is
prominent, and generally discase progression is slow with a
sustained response to L-dopa therapy.*”” However, with
cach report, clinical variability within and among SNCA du-
plication familics becomes more extensive. For example, Jap-
anese A and B families are nored for reduced pencrrance
among carriers; patients may have a long durarion of disease,
may exhibit signs of cognitive decline and demenda, and
have either a mild or excellent response to 1-dopa therapy.”
In concrase, affecred carriers within Branch ] of the Swedish
Lister family inidally presenc with dy 1ia (orthostaric
hyporension and syncope) rather than moror problems but
quickly develop rapidly proﬁrﬂsiv: parkinsonism thac is
poorly responsive to t-dopa.'’ Neuropathological examina-
tion of SNCA duplicarion highlights a-synuclein pathology
reminiscent of diffusc Lewy body disease comparable with
thar observed in SNCA wiplication parients.'® It is evident
that disease onser in SVCA duplication carriers is several de-
cades later than in SNCA wiplication families."! Alchough
SNCA dosage appears responsible and sufficient for disease,
clinical variability may reflect the size of the duplicated seg-
ment and the abermac expression of the additional genes.”!!

Genetic Analysis: Fluorescent In Sitw Hybridization

and CHIPS

FISH was performed on Epstein-Barr virus—immorcalized
lymphocytes from one affected member of each family, as
described previously, with SNCA PAC 27M07 (146 kb;
AF163864) labeled using fluorescein isothiocyanate, and
SNCA promoter and intron four fragments (13 and 21kb)
labeled with rhodamine.® Samples were considered dupli-
caced/eriplicated if they had 3/4 FISH probe signals in
greater than 20% of interphase cells scored, from 100 inter-
phase nuclei examined. To exclude the possibility of an ar-
tifact of Epstein-Barr virus immormalization, we performed
semiquancitative polymerase chain reaction on genomic
DNA extracted from blood and confirmed a mulriplication
of the region of chromosome 4 containing SNCA in all fam-
ilies. Affymetrix 250k SNP microarrays (CHIPS) genotyping
and SNP dosage analysis was then performed on 250ng roral
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Kindred lowan Lister-US Lister-Swedish French
SNCA Muldplicaton  Triplication  Triplication Duplicarion Duplicadon
Number of patients 12 3 5 5
with clinical data
Average age at onser 34 (20-48) (31 ro carly 40s) 59 (40-71) 48 (35-65)
(yr)
Rigidicy Yes Severe, Yes Yes
generalized
Bradykinesia Yes Yes Yes Mild o severe
Rest tremor Some Yes Some subjects: mild Some subjects:
subjects: to intermittent none to
none to pronounced
pronounced
Postural tremor Yes, not Yes No 35
segregating
with
triplication
Postural instability Yes, with falls Mild o Pronounced, with  3/5
moderate falls
Myoclonus Late NA Lare, in distal NA
upper extremities
Response to L-dopa Yes Dramatic effect  Slight Yes
inirially
Orthostatic hypotension Yes, some Moderate o Early, symptomatic, No
subjects, severe, early in  required drug
sometimes illness, wrearment
requiring partially
drug requiring drug
rearment treatment
Other dysauronomia Erectile, Urinary Moderate urinary No
cardiac, and  incontinence incontinence,
gastrointestinal late in illness dysphagia
dysfunctions
Demenria/cognitive Memory loss, Early, severe Not prominent Not
dysfuncrion visuosparial (late) prominent
d;.'sﬁmction.
decline of
executive
funcrions:
may present
with these
fearures
(LBD
phenorype)
or may
late in
course (PD
phenotype)
Paranoia, anxiery Nor Early, Yes NA
prominent  pronounced
Depression Yes, may History of Yes 25
precede depression
rkinsonism berween age
E adecade 13 and 19,
or more suicidal larer
in illness

Table. Clinical and Neuropathological Characteristics of the SNCA4 Multiplication Families

Japanese A Japanese B

Duplication Duplication

3 1
43 (3877 47
Yes Yes
Yes Yes
No Mo
Mo MNo
2/3 Yes
NA NA
None to Slighe
good
No No
No No
No Yes
NA NA
Yes NA
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Table. Continued
Kindred lowan Lister-US Lister-Swedish French  Japanese A Japanese B
Hallucinarions Partial: some Pronounced, Visual. olfactory  No No Yes
have visual, and auditory
prominent audirory and
visual when  olfactory
phenotype
is LBD
Other remarks Weighe loss  NA Rapidly progressive NA Psychosis in NA
may be disease 1 of 2
seen;
rapidly
progressive
Neuropathology Neuronal loss Neuronal loss in NA NA NA Neuronal loss
in SN and SN and LC in SN, LC,
LC, (few LBs), and HC
extensive, NBM, CTX (CA 2/3);
pleomorphic  (widespread Lewy
arypical  LBs), and HC neurites in
LBs, GCIs,  (CA2/3) the CA2;
neuritic only a few
dystrophy, LBs in SN
neuronal and LC
loss in HC
(CA 2/3)
NA = mda:aamhblc.l.BD-lzwybnd di PD = Parkinson's di = body; SN = substantia nigra; LC = locus
ceruleus; GCI = glial gytoplasmic inclusion; HC = hippocampus; NBM = nucleus bﬂn.hu:sz;nm CTX = t:\:u'(e:‘_Bul

genomic DNA samplcs for the probands of each Eami]y as
described previously.!' Copy number was estimaced using
dChipSNP software with GTYPE expored genotype clls
and signal incensities (.cel files).'”?' This algorithm uses a
rigorous “within and berween array” normalization method
to compurte estimates of the normal signal values for geno-
type calls observed with a ser of arrays. Deviarions from the
normal signal values scen for any particular genorype in the
ser of abnormal DNA samples were compared with values
observed for a set of 10 samples with normal 2N copy num-
bers throughour chromosome 4. Copy number changes in
the probands and families were then inferred by median
smoothing with a Hidden Markov Model applied. In our
study, we present results based on a sliding window approach
to average the inferred copy numbers across a continuous
250kb strecch centered on each SNP, and for simplicity, only
4 single proband is shown for each nuclear family.

The cenromeric and telomeric ends of the breakpoints
were confirmed and further refined using polymorphic mic-
rosatellice markers. Internal control peak height of heterozy-
gous individuals were calculated and compared among pa-
dent samples, diploid, SNCA duplication, and rriplicacion
samples to give copy numbers. These analyses confirmed the
Affymertrix 250K SNP microarmay results showing a different
length of the muldplicated region in cach family (see Sup-
plementary Table 1).

Results

In each proband, all three SNCA FISH probes gave
resules that were consistent with Affymetrix dosage and
microsatellite genotype analyses. Affymetrix CHIP dos-

age data were obuined from between 62 and 363
SNPs, within the chromosome 4q21 region of muld-
plicadion in each family. [llustradive resules are shown
for both SNCA duplication and triplication cell lines
(FISH) and the proband of cach family (CHIPS) (Fig
1). The longest region (4.93-4.97Mb) is present in the
French duplicadon family (also reported as FPD-131)
and encompasses 31 transcripts, including genes asso-
clated with epileptic encephalopathy (MAPKI0), type
Il dentinogenesis imperfecca (DMPI and SPPI), and
polycystic kidney disease Il (PKD2) (heep://www.
ncbi.nlm.nih.gov) (Fig 2). Five transcripts including
SNCA are expressed at high levels in the brain (mi-
croarray expression data retrieved from UCSC Web
site: hepi//genome.ucsc.edu/). In concrase, the shorrest
region (0.4Mb) was observed in the Japanese B family
with duplication of only SNCA and the 5’ region of
the MMRNT1 gene.

Microsarellite genotype analysis demonstrated SNCA
genomic duplicacion resules from intraallelic (segmental
duplicarion) or interallelic recombination with unequal
crossing over, whercas both mechanisms are required
for genomic SVCA wiplication (Fig 3). The reason for
genomic instability and chromosome 4q21 reATange-
ment remains unclear. Thus, VISTA software*® was
used for comparison of the DNA sequences, short and
long interspersed repears (SINE/LINE) ac the centro-

meric and telomeric ends of the muldplicated region in
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each family. It is reported that Alu repeats constitute
approximately 10% of the human genome,”** and
mabile elements make up more than 45% of the hu-
man genome.*® Although our analysis identified a
number of transposable repeat elements with more
than 70% conservation, the proportion of sequence oc-
cupied by SINE or LINE repeacs in the breakpoine re-
gions was nor greater than observed within flanking se-
quence. Rather than one specific repear, there was a
variety of Alu subtypes at the 5" and 3’ ends of the
SNCA mulriplication regions (see Supplementary Table
2). Nevertheless, the presence of these genetically mo-
bile elements can lead to genomic inscability, unequal
recombination, and rearrangements thar resule in copy
number variations including multiplication or dele-

don .2.3.1“

Discussion

Multiplication of the SNCA locus is now reported to
account for a greater number of families with autoso-
mal dominanc parkinsonism than the known patho-
genic a-synuclein missense substtutions (A30P, E46K,
and AS3T).*® However, this is srill 2 small number of
familial patients, given that approximately 10 to 15%
of patients with PD report a family history of disease.

Only muldplication of a-synuclestn (SNCA) appears
necessary for parkinsonism because Japanese kindred B
has only full-length SNCA and the 5" end of mulei-
merinl (MMRN1). Deficiency of MMRNI, a specific
platelet factor V/Va binding protein, is associated with
an inherited bleeding disorder, factor V Quebec, al-
though haploinsufficiency does not appear to be asso-
ciated with any phenocype.”” MMRNT is increased in
copy number in all other SNCA multiplicacion kin-
dreds. It may be noteworthy that y-sgynuclein (SNCG)
and multimerin 2 (MMRN2) lic in the same orienta-
tion to each other on human chromosome 10 (murine
chromosome 14), suggesting thac these paralogs arose
because of an evolutionary duplicadon event
y-Synuclein, also known as breast cancer-specific pro-
tein 1, is increased in cancer and may play a role in
disease.”? Given the inswbility of the SNCA-
MMRNI region, SNCG-MMRN2 multiplications/dele-
tons may yet be idencified.

Limited expression and functional daca are available
on other genes within regions of chromosome 4q21
mulciplicacion. Nevertheless, only SNCA dosage ap-
pears to specifically contribute to the variability in clin-
ical observations among families. Genetic and genca-
logical studies recently identified a Swedish family with
SNCA duplication and a US family of Swedish descent
with a SNCA wiplication as branches of the “Lister
kindred.”**2%3! Within the familics examined, this
was the only example of copy number changes from
one generation to another. Earlier onser, faster progres-
sion, and more fulminanc disease are associated with
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increasing SNCA copy number, suggestive of “genetic
anticipation,” a clinical phenomenon usually confined
o sgmil simple repeats such as in spinocerebellar atax-
jas 32

It is remarkable that both segmental ineraallelic du-
plication and interallelic recombination with unequal
crossing over appear to be responsible for SVCA mul-
ciplications. Microsatellite genotyping clearly demon-
strates both mechanisms operate; duplication does not
necessarily precede unequal crossing over and the op-
posite may occur. Although our study idendfied a
number of large repear elements at cither ends of the
multiplicated regions, no single repeat was consistently
idenrified ar the breakpoints of all multiplications (see
Supplementary Table 2). Thus, a variety of anspos-
able repeat elements including Alu and LINE repeats
may promote inscability causing irregular gene duplica-
tion and recombination events. Cloning che exact mul-
tiplication breakpoints across repear clements may yet
be insightful. Rovelet-Lecrux and colleagues™ have re-
ported similar multiplication events on chromosome
21 thac involve the amyloid precursor protein gene and
result in Alzheimer's disease. The regions duplicated in
five of these families ranged from 0.58 to 6.37Mb and
differed in their haplotypic structure, suggesting these
muldiplication events are also independent.

Ahn and colleagues'® recenty reported two sporadic
patients with SNCA duplication suggestive of age-related
penctrance, as observed for other mutations causing par-
kinsonism. The frequency and direct relevance of SNCA
multiplication to most PD patients remains to be deter-
mined. The hypothesis thar a-synuclein overexpression
contributes to disease susceptibility predares the discov-
ery of SNCA mulciplications. A number of classic asso-
ciation studies have examined the Rep] microsacellite
(D453481) in cthe SNCA promoter, a region implicated
in transcript expression by in vim luciferase assays.™ ™’
Combined, pooled analysis by the Genetic Epidemiol-
ogy of Parkinson's Disease Consortium observed a sig-
nificant association with increasing Repl allele size,
259<261<263 base pairs.*® Online mera-analysis of all
published studies also highlight a SNP (rs356165) in the
3’ unuanslated mRNA (www.pdgene.org). In contrast,
genome-wide SNP association studies of PD have not
highlighted common variants in SNCA, sugguting their
power to identfy susceptibility genes is limited. ™" A
reanalysis of genome-wide dara highlighted copy num-
ber varianes in PARKIN.*' The idendification of het-
erozygous carriers and one homozygous early-onset pa-
tient demonstrates the method can  derecr  boch
multiplications and deletions.

In vive findings with respect o SNCA mRNA ex-
pression are inconsistent.”” We find a decrease in
SNCA transcript levels in specific brain regions such as
the surviving neurons of the substantia nigra, as well as
the puramen and frontal cortex in subjects with PD
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Fig 3. The allele sizes and dosage for the chromosome 4 markers D4S3474, D453479, and D453476 are shown for each family.

These data demonsirate an inmaallelic, scgmenzal duplicasion in the French and .

A families. However, i llelic recombi-

nation occurred initially in Japanese B and the in Lister kindred duplication, indicated by the presence of three different alleles at
marker D453479 (163, 167, and 169) (3). A further segmental duplication is apparent in the Lister kindred branch with SNCA
triplication (b). It is not possible to ascertain the sequence of evens for the SNCA sriplication in the lowa kindred, but the pres-

ence of three allele sizes ar all markers d. ates @ recombi

(unpublished dara) ¥ Changes in mRNA expression in
end-stage disease may compensate for the accumulation
of a-synuclein protein, but mRNA and protein expres-
sion levels have yet to be correlated within the same
samples. Whether alternately spliced SNCA mRNA,
predicted to lead to smaller isoforms (a-synuclein 98,
112, and 126), may also contribute to disease has yet
to be derermined.

The discovery of SNCA mulriplication demonstrates
aberrant a-synuclein expression is sufficient for parkin-
sonism and highlights a direct, dose response with age
of onsct, progression, and symptom severicy. Whether
SNCA mulcdiplication is a distinct entity or a more ag-
gressive form of typical PD, both are part of a spec-
crum of Lewy body disorders. The challenge is now to
functionally translate genetic insights focused on SNCA
into patient therapy.
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ation (O.A.R.), Mords K. Udall Parkinson’s Disease Rescarch Cen-
ter of Excellence (National Institure of Neurmlogical Disorders and
Stroke P50 #NS40256), the NIH (Narional Institute of Aging, P01
#AG17216), German National Genome Newwork (NGFN;
01GS0116), PHRC 2005/1914 the Universite de Lille 2 and Insti
ut Mational de la Sante et de la Recherche Medicale, and the
Draper Family Foundation. DNA and cell line sumples and pheno-
rypic data on the wiplicion subjecis are available via the National
Insti of Neurological Disorders and Stroke Repository (hup://
cee.conell.org/ninds; c.ualogu: number ND00139), as are other af-
fected and unaffecred individual subject samples. The repository is

event must have occurred.

supported by the NIH (National of Neurol

and Stroke contract #N01.NS-2.2349).

We acknowledpe the Swedish Parkinson Foundation. We thank all
those who have contributed to our research, including Drs A. Brice
and §. Lesage for helpful discussion.

gical Disorde

References

1. Simon-Sanchez ), Scholz §, Fung HC, et al. Genome-wide
SNP assay reveals structunal g ic varaton, ded ho-
mazygosity and cell-line ind jons in | individ-
uals. Hum Mol Gener 2007;16:1-14.

2. Redon R, Ishikawa §, Fitch KR, et al. Global variation in copy
number in the human genome. Nature 2006;444:444-454.

3. Wnns KK, Delecuw RJ, Dosanjh NS, et al. A comprehensive

nf L'I‘.I?y b \-ﬂununs Iﬂ Ilﬂ hllnw P
nnm: Am | Hum Genetr 2007;80:91-104.

4, Singleton AB, Farrer M, Johnson J, et al. alpha-Synuclein locus
riplicution causes Parkinson's discase. Science 2003;302:841.

5. Chantier-Harlin MC, Kachergus J, Roumier C, et al. Alpha-
synuclein locus duplication as a cause of familial Parkinsan's
disease. Lancer 2004;364:1167-1169.

6. Farrer M, Kachergus ], Forno L, et al. Comparison of kindreds
with parkinsonism and alpha-synuclein genomic mulriplica-
tions. Ann Neurol 2004;55:174-179.

7. Ibancz P, Bonnet AM, Debarges B, et al. Causal relation be-
wween alpha-synuclein gene duplication and familial Parkinson's
discase. Lancet 2004;364:1169-1171.

8. Lockham PJ, l\ach:q;m_] Lincaln S, et al Mulnplu.:uun of the
alpha-synuclein gene is nor a ¢ discase mech in
Lewy body disease. | Mol Neuarosci 2004;24:337-342.

9, Nishioka K, Hayashi §, Farrer M), et al. Clinicl heterogeneiry
of alpha-synuclein gene duplicarion in Parkinson's disease. Ann
Neurol 2006;59:298-309.

Ross et al: SNCA and Parkinsonism 749




20,

21,

26,

27.

. Gajovic §, Mi

. Specht CG, Schoep

. Johnson ], Hague SM, Hanson M, et al. SNCA multiplication

is not & common cause of Parkinson discase or dementia with
Lewy bodies. Neurology 2004:63:554—556

- Fuchs |, Nilsson C, Kachergus ), e1 al. Phenorypic variation in

a large Swedish pedigree due to SNCA duplication and wipli-
cation, Neurology 2007;68:916-922.

. Muemer MD, Fomo LS, Homykiewics O, et al. Hereditary form

of parkinsonism—dementia. Ann Neurol 1998:43:768-781.

ic D, A sc L, et al. Unexg d rescue
of alpha-synuclein and ‘multimerin]  delesion in CS7BLS
6)OlaHsd mice by berm-adducin knockour. Transgenic Res
2006;15:255-259.

R Deletion of mulrimerin-1 in alpha-
synuclei ient mice. G ics 2004;83:1176-1178.
Hope AD, Myhre R, Kachergus ), er al. Alpha-synuclein mis-
sense and multiplication mutations in autosomal dominant Par-
kinson's discase. Neurosci Len 2004;367:97-100,

10

. Ahn TB, Kim SY, Kim ]Y, et al. {alphaj-Synaclein gene dupli-

cation is presemt in sporadic Parkinson disease. Neurology
2008;70:43-49.

- Spira PJ, Sharpe DM, Hallidsy G, et al. Clinical and pathological

of a P

4 in a family with an Ala53The
uclein mutation. -‘\M Mewral 2001;49:313-319.

alpha-syn .
. Obi T, Nishioka K, Rass OA, et al. Clinicapathologic study of

a SNCA gene duplicuion patient with Packinson disease and
dementia. Neurology 2008,;70:238-241.

Janne PA, Li C, Zhao X, er al. High-cesolition single-
nucleotide polymorphism armay and dusiering analysis of loss af
heterozygosity in human lung cancer cell lines. Oncogene 2004;
23:2716-2726

Licberfarb ME, Lin M, Lechpammer M, er al. Genome-wide
loss of heterozygosiry analysis from laser caprure microdissected
prostate cancer using single nucleotide polymorphic allele
(SNP) arrays and a novel bioinfc ics plaform dChipSNP.
Cancer Res 2003;63:4781-4785.

Lin M, Wei 1], Sellers WR, e al. dChipSNP; significance
curve and clustering of SNP-array-based loss-of-heicrazygosity
damt. Bioinformanics 2004;20:1235-1240.

. Frazer KA, Pachter L, Poliakov A, er al. VISTA: computational

tools for comparative genomics. Nucleic Acids Res 2004;32:
W273-W279.

. Batzer MA, Deininger PL. Alu repeats and human genomic di-

vetsity. Nat Rev Genet 2002;3:370-379,

. Price AL, Eskin E, Pevzner PA Whull:-gruom{ analysis of Alu

repear el reveals © !
Res 2004;14:2245-2252.

y history. G

. Bailey JA, Liu G, Eichler EE. An Alu transposition model for

the origin and expansion of human segmental duplications.
Am ] Hum Gener 2003;73:823-834.

Farrer MJ. Genetics of Parkinson discase: paradigm shifts and
future prospects, Nat Rev Genet 2006:7:306-318.

Hayward CP, Klmd GE. kane WH et al. An autosomal dam-
inant, qualicarive tated with muli

dil a2 b T8 ] |“ 1 Eﬂa‘ v. ' e 4

28.

30.

3.

32.

33,

34.

35,

37.

38,

40.

41,

42,

43.

. Tamura G. Alterations of twumar

Liu H, Liu W, Wu Y, et al. Loss of epigenetic ..nm.ml of
synuclein-gamma gene as 3 molecul Ji of in
a wide range of human cancers. Cancer Res 200565
T635-7643.

lated

[ and

genes in the development and pmgfmsion of gastric cancer,
World | Gaswwoenterol 2006;12:192-198,
Gosal D, Ross OA, Toft M. Packinson's discase: the genetics of
a hererogeneous disorder. Eur | Newrol 2006;13:616-627
H. Paralysis agi dinicl and pgeneric study. Acrs
Psychistr Newrol Scand Suppl 1949;54:1-195.
Manto MU. The wide spearum of spinocerebellar ataxias
(SCAs). Cerebellum 2005;4:2-6.
Rovelet-Lecrux A, Hanneguin D, Raux G, et al. APP locus du-
plication causes autosomal dominant early-onser Alzheimer dis-
ease with cerebral amyloid angiopathy. MNar Genet 2006;38:
24-26.
Chiba-Falek O, Nussbaum RL. Effect of allelic variation at the
NACP-Repl repeat upstream of the alpha-synuclein gene
(SNCA) on transcription in a cell culture luciferase reporrer sys-
tem. Hum Mol Gener 2001;10:3101-310%.
Kruger R, Vieira-Saecker AM, Kuhn W, et al. Increased sus-

pribility to dic Parkinson's disease by u certain combined

4 ¥

s

alpha-synucleinfapolipop E genotype. Ann Neurol 1999;
45:611-617.
. Tan EK, Tan C, Shen H, er al. Alpha synudein promoter and

sisk of Parkinson's discase: microsatellite and allelic size variabil-
ity. Neurosci Lent 2003;336:70-72.

Farrer M, Maraganore DM, Lockhart P, et al. alpha-Synadein
gene haplotypes are associuted with Parkinson's diseace. Hum
Mol Genet 2001;10:1847-1851.

Mamganore DM, de Andrade M, Elbaz A, et al. Collaborative
unalysis of alpha-synuclein genc promoter variability und Par-
kinson disease. Jama 2006;296:661-670.

. Fung HC, Scholz S, Matarin M, et al. Genome-wide genotyp-

ing in Parkinson's disease and neurologically normal controls:

first stage analysis and public release of dara. Lancer Neurol

2006:5:911-916.

Manganore DM, de Andrade M, Lesnick TG, et al. High-

resolution whole-genome assodation study of Parkinson disease.

Am ] Hum Gener 2005,77:685-693.

Simon-Sanchez |, Scholz S, Del Mar Matarin M, et al.

Genomewide SNP assay reveals mutations underlying Parkin-

son disease. Hum Mumr 2008;29:315-322

Doachsel JC, Lincoln 5, Gonzaler |, et al. The ups and downs

of alpha-synuclein mRNA expression. Mov Disord 200722

293-295,

Zhang Y, James M, Mtd,dktw FA, Davis RL. Transcriptional
lysis of multiple brain regions in Parld 's disease sup-

pons the involvement of specific protein processing, encrgy me-

boll and signaling pathways, and suggests novel disease

von Wlll:brand factor, and fibri gen and an cpineph s
gregation defect. Blood 1996,87:4967-4978.

f g

750 Annals of Neurology Vol 63 No 6 June 2008

mechanisms, Am ] M-c:] Genet B Neuropsychiatr Gener 2005,
137:5-16.




Movement Disorders
Vol. 23, No. 16, 2008, pp. 2344-2348
© 2008 Movement Disorder Society

Mutation Analyses in Amyotrophic Lateral Sclerosis/
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Abstract: To clarify the genetic background of amyotrophic
lateral  sclerosis  (ALS)/parkinsonism—dementia complex
(PDC) of the Kii peninsula, Japan (Kii ALS/PDC), we per-
formed extended mutation analyses of three patients with
pathologically diagnosed Kii ALS/PDC. Direct sequencing
analyses were performed in 19 genes. including ALS/fronto-
temporal lobar degeneration (FTLD)-related genes (SOD2,
SOD3, ALS2/alsin, SMNI, PGRN, ANG, VEGF, VCP, VAFB,
DCTNI, CHMP2B, and TARDBP or TDP<43), tavopathy-
related gene (GSK3P), and parkinsonism-related genes (alpha-
synuclein, LRRK2, parkin, DJ-1, PINK1, and ATP13A2). Gene
dosage analyses were conducted in screening of MAPT, alpha-
synuclein, TDP-43 (or TARDBP), GSK3P, and parkin. We
found no mutation in the 19 genes. We found a homozygous

nonsynonymous SNP (ALS2/alsin V368M) shared by all the
three patients. Gene dosage was normal in MAPT, alpha-synu-
clein, TDP43, GSK3B. and parkin. The present findings, to-
gether with a previous negative study on MAPT and SODJ
mutation, further elucidated the lack of causative mutations in
all cxons, exon—intron boundaries, or some rearrangements of
the reported major causative or susceplible genes related to
ALS, FTLD, parkinsonism, synucleinopathy, TDP-43 protein-
opathy, and tauopathy. However, the familial aggregation and
lack of any environment factors suggest that Kii ALS/PDC is
caused by other yet unidentified genetic factors. @ 2008
Movement Disorder Society

Key words: Kii ALS/PDC; amyotrophic lateral sclerosis;
parkinsonism; dementia; genetics

The Western Pacific amyotrophic lateral sclerosis
(ALS)/parkinsonism-dementia complex (PDC) is a
progressive and fatal neurodegenerative disorder with
high incidence among the indigenous people of three
areas on the Pacific volcanic belt; Chamorros on Guam
and Mariana Islands, Papuans in the coastal plain of
West New Guinea, and Japanese in the Kii peninsula
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of Japan.' Clinically, ALS and PDC occur in isolation
or in combination. Neuropathologically, ALS and PDC
on Guam and Kii are characterized by abundant neuro-
fibrillary tangles (NFTs) throughout the entire central
nervous system, most markedly in the brainstem and
temporal lobe, together with selective involvement of
the upper and lower motor neurons.”® Most, but not
all, investigators consider ALS and PDC to be different
manifestations of a single disease entity (ALS/PDC)."*

In the 1980s, the disappearance of high incidence of
ALS and marked decline in PDC were reported in
Guam possibly related to changes in the environment
and westernization of the lifestyle of Chamorros.®
Although various environment factors, such as con-
sumption of cycad and fruit baws, and deficiency of
various minerals, have been suspected in Chamorros of
Guam,®™® none has been experimentally verified so far.
With regard to genetic factors, although Tau (MAPT)’
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FIG. 1. Family trees (Family A and Family B) of patients with ALS/PDC from the Kii penminsula. Squares, men; circles, women; solid symbals,

patients with amyotrophic lateral

(ALS/PDC); open symbols, healthy individuals; gray symbols,

unknown (precise information was not avail'a‘éle]: f(slash mark), dm’.‘a,-nse‘:i.r The sexes are concealed (diamond symbols) to safeguard the confiden-

tiality of the family members.

might be a modifier gene that increases the risk for
Guam ALS, Guam PDC, and Guam neurodegenerative
disorders in the presence of other unidentified gene(s)
or by regulating Tau expression,'™'! no causative
mutation in Tau was detected in both Guam and Kii
ALS/PDC with abundant NFTs pathology.* In addition,
a previous genome-wide association study could not
identify a single gene locus for Guam PDC, suggesting
a geographic disease isolate with a complex genetic,
genetic/environmental, or purely environmental etiol-
ogy."”” On the other hand, other studies proposed a
mixture of other factors in the pathogenesis of ALS/
PDC on Guam, including prolonged exposure to an
environment severely deficient in Ca®* and Mg** con-
current with a susceptibility genotype of TRPM7
T14821 allele,”® as well as neurotoxicity associated
with B-methylamino-L-alanine in the cycads.®

In contrast to Guam ALS/PDC, high average annual
incidence rates (417.9/100,000 in 1995-1998, unpub-
lished data) of ALS/PDC in Hohara area of Kii con-
tinuing even afier dramatic changes in foods and drink-
ing water, and the much higher aggregation in the
same family with a family history of approximately
80% in patients with Kii (40% in Guam ALS/PDC)
strongly suggest major contribution of genetic fac-
tors.'""*!% And no customs of eating cycad or fruit

bats exist in Japanese people living in Kii. Thus, fur-
ther genetic analyses for Kii ALS/PDC might help dis-
close the pathogenesis of ALS/PDC.*'® Backed with
this background, we performed mutation analysis of
genes related to ALS, frontotemporal lobar degenera-
tion (FTLD), tauopathy, and parkinsonism, and gene
dosage analyses of MAPT, alpha-synuclein, TDP-43
(or TARDBP), GSK3B, and parkin in three Kii patients
with neuropathologically verified ALS/PDC.

METHODS

Patients

The study was approved by the Ethics Review Com-
mittees of Mie and Juntendo Universities. We analyzed
DNA samples of three patients with Kii ALS/PDC
from two families in the Kii peninsula. Consanguinity
was seen in Family A but not in Family B (Fig. 1).
The clinical diagnoses were based on features of typi-
cal ALS and PDC occurring singularly or in combina-
tion as shown in Table 1. The clinical diagnosis was
verified as ALS/PDC in each patient at postmortem ex-
amination. All patients showed cardinal neuropatholog-
ical findings of ALS/PDC including abundant NFTs
associated with loss of nerve cells in the cerebral cor-

Movement Disorders, Vol, 23, No, 16, 2008
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TABLE 1. Clinical features of three patients (A-1, A-2,
and B-1) with ALSIPDC of the Kii peninsula

A-l A2 B-1
Suspected mode of inheritance AD AD AD?
Age at onset (yr) 70 52 70
Duration of the illness (yr) 7 8 6
Sex M F F
Clinical presentation ALS with PDC PDC

Dementia with ALS
Dementia + + +
Psychosis = = =
Resting tremor = . +
Bradykinesia - + +
Rigidity - + +
Gait disturbance + + +
Asymmetric sign at onset - + +
Clinical response to NA + -
levodopa
Hoehn-Yahr stage 0 45 3
(best on stage)

Hyperreflexia - + +
Babinski's sign - + +
Bulbar palsy + + +
Respiratory failure + - -
Amyotrophy + + -
Fasciculation + + -
Sensory disturbance = = -
Orthostatic hypotension = = =
Incontinence = + +
Urinary urgency = - =

ALS/PDC, amyotrophic lateral sclerosis/parkinsonism-d
complex; AD, autosomal dominant; F, fzmn.le M, male; . not
available; +, present; —, absent.

tex and brainstem, loss of anterior horn cells of the
spinal cord, together with degeneration of pyramidal
tract, and loss of Betz cells in the motor cortex. NFTs
with neuronal loss were prominent in the medial tem-
poral lobe without senile plaques.*'”'® Blood samples
for genetic analysis and clinical information were col-
lected after obtaining informed consent from the partic-
ipants.

Genetic Analysis
Genomic DNA samples were isolated from periph-

eral blood using standard protocols. They were ampli-.

fied by polymerase chain reaction (PCR) for each exon
and sequenced for all exons and splice junctions of 19
genes (SOD2,'® SOD3® ALS2falsin®* SMNI1?*
PGRN** ANG* VEGF® vCcPr® VAPR®
DCTN1*® CHMP2B»' TDP-43* GSK3B,” alpha-syn-
uclein® LRRK2,® parkin® DJ-1}" PINKI,** and
ATPI3A2*°) using BigDye Terminator vl.1 Cycle
Sequencing kit and 310 and 3130 Genetic Analyzer
(Applied Biosystems, Foster City, CA). Gene dosage
analyses of exons 1, 9, 10, 13 of MAPT, exon 3 of

Mavement Disarders, Vol. 23, No. 16, 2008

alpha-synuclein, exon 3 of TDP-43, exon 5 of GSK3p,
and all exons of parkin were performed by real-time
PCR using TagMan probes and ABI PRISM 7700
Sequence Detector (Applied Biosystems). We used B-
actin or B-globin as an intemnal standard for each real-
time PCR. We used the primers and probes prepared
by "Custom TagMan Genomic Assays” (Applied Bio-
systems). Sequences of the primers and probes, and
conditions of PCR, sequencing, and real-time PCR are
available upon request to the corresponding author or
the first author.

RESULTS

Genetic Studies

Direct sequencing of all exons and splice junctions
of the 19 genes (SOD2, SOD3, ALS2/alsin, SMNI,
PGRN, ANG, VEGF, VCP, VAPB, DCINI, CHMP2B,
TDP-43, GSK3B, alpha-synuclein, LRRK2, parkin, DJ-
1, PINKI, and ATP13A2) revealed no mutations that
were shared by all three patients. A homozygous non-
synonymous SNP (ALS2/alsin V368M: rs3219156) was
detected in all three patients. This SNP showed a high
allele frequency in the dbSNP database of normal
Asian population (http://www.ncbi.nlm.nih.gov/SNP/)
and all our 100 controls of healthy Japanese population
had homozygous V368M. Gene dosage was normal in
exons 1, 9, 10, 13 of MAPT, exon 3 of alpha-synu-
clein, exon 3 of TDP-43, exon 5 of GSK3p, and all
exons of parkin.

DISCUSSION

In families with Kii ALS/PDC, many affected mem-
bers in more than two generations have been described,
with age at onset of 57-63 (mean 60.0) years for Kii
ALS and 53-74 (mean 66.5) years for Kii PDC.'
Anticipation has not been observed. Some unaffected
siblings of parents with ALS/PDC were identified.* No
marked gender differences in prevalence have been
seen, These patterns suggest autosomal dominant inher-
itance with low penetrance rather than autosomal re-
cessive one. Considering this genetic background and
the clinicopathological features, previous studies on
MAPT and SOD! mutations as well as APOE polymor-
phism of Alzheimer's disease (AD), CYP2D6B of Par-
kinson’s disease (PD) and polymorphic dinucleotide
repeats in MAPT intron of progressive supranuclear
palsy were reported to be negative.'* In this study, for
further clarification of genetic factors, we extended
candidate gene analyses for variants in coding regions
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and exon-intron boundaries and gene dosages of neu-
rodegenerative discase-rclated genes.

We selected 19 genes (SOD2, SOD3, ALS2/alsin,
SMNI, PGRN, ANG, VEGF, VCP, VAPB, DCTNI,
CHMP2B, TDP-43, GSK3B, alpha-synuclein, LRRK2,
parkin, DJ-1, PINKI, and ATPI3A2) as candidate
genes for Kii ALS/PDC in this study. Among these
ALS-, FTLD-, tauopathy-, and synucleinopathy-related
genes, some of the genes might be linked in a common
pathway leading to neurodegeneration. With regard to
gene—gene and protein—protein interactions, there are
many interactions between GSK3B and key compo-
nents related to neuropathology of AD such as tau.
GSK3p phosphorylates tau in the fly model and could
modulate t-induced neurodegeneration or at least wide-
spread NFT formation.*® Moreover, phosphorylation of
human tau following overexpression of the Drosophila
GSK3 homolog Shaggy resulted in the formation of
neurofibrillary pathology, including paired helical fila-
ments.*” In addition, LRRK2 was reported to link tau-
opathy and synucleinopathy.®®

We also analyzed gene dosage abnormalities in
exons 1, 9, 10, 13 of MAPT, exon 3 of alpha-synu-
clein, exon 3 of TDP-43, exon 5 of GSK3B, and all
exons of parkin. Recently, further evidence for causa-
tive rearrangements has been presented in synucleinop-
athy and tauopathy. Indeed, multiplications of alpha-
synuclein have been reported in PD/diffuse Lewy body
disease with gene dosage effect. On the other hand,
mouse models that expressed the shortest isoform of tau
in a wild-type background acquired age-dependent pa-
thology that was similar to FTDP-17 and Guam ALS/
PDC: presence of insoluble, hyperphosphorylated tau and
argyrophilic intraneuronal inclusions formed by tau im-
munoreactive filaments.*" These were the first transgenic
mice to recapitulate key features of human tauopathies
associated with motor weakness observed in ALS/PDC.*!

In this study, we showed the absence of causative
mutation in all the major 19 related genes examined
by direct sequencing and no gene dosage abnormalities
in exons 1, 9, 10, 13 of MAPT, exon 3 of alpha-synu-

clein, exon 3 of TDP-43, exon 5 of GSK3B, and all.

exons of parkin. To clarify the regulatory system for
abundant tau deposits, approaches to promoters or
intronic regions, other genetic factors that could not be
detected by direct sequencing, gene rearrangements,
epigenetics, or gene-gene interaction, might also be
needed. A recent study reported the deposition of
TDP-43 in the Guam PDC* and Kii ALS/PDC
(unpublished data by Kuzuhara et al.). Deposition of
TDP-43 in addition to tau might be a major feature in
ALS/PDC. More recently, mutations of TDP-43 were

identified to cause familial non-SODJ ALS and spo-
radic ALS.*> Thus, further studies are needed to iden-
tify the roles of TDP-43, phosphorylated TDP-43, tau,
and phosphorylated tau in ALS/PDC. Although we
could not detect multiplication of MAPT, GSK3B, and
TDP-43, overexpression of tau or other genes remains
an important issue.

In this study, a homozygous nonsynonymous SNP
(ALS2/alsin V368M: rs3219156) shared in all three
patients is not likely to be a harmful polymorphism
because of the high allele frequency in dbSNP data-
base of normal Asian population and in our controls of
healthy Japanese population. However, because the
phenotype of ALS and PDC is heterogeneous even in
the same family, some common genetic factors such as
SNPs that are sensitive to certain agents in the early
stages of life might be also underlying mechanisms
solely or in combination. On the other hand, because
rare diseases such as ALS/PDC might be caused by
certain rare variants, further association studies includ-
ing healthy controls in the Kii peninsula would be
needed then. Furthermore, although the ethnic back-
ground is different, it is intriguing to investigate
whether some shared SNPs among patients with the
western Pacific ALS/PDC exist or not. Thus, these
issues should be investigated thoroughly in western
Pacific ALS/PDC.

To date, the etiology of ALS/PDC of the Kii penin-
sula and Guam remains unclear, and we could not
identify any causative mutations of the known genes
related to ALS/FTLD, parkinsonism and dementia in
our Kii ALS/PDC patients. However, aggregation of
the disease in some families and absence of any con-
firmed environment factors suggest the involvement of
other genetic factors in the pathogenesis of ALS/PDC.
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Abstract Parkinson’s disease (PD) is a neurodegenerative
disorder of unknown etiology with probable involvement of
genetic-environmental factors. The majority of PD cases
(approximately 90-95%) are sporadic, while familial cases
account for approximately 5-10% of PD. In a recent report, a
heterozygous LRRK2 P755L mutation within LRRK2 exon
19 was found in 2% of Chinese sporadic PD patients and in
0% of normal controls or Caucasians, suggesting that the
mutation is disease-associated with ethnic specificity. To
further evaluate the role of LRRK2 P755L variant in sporadic
PD, we performed direct sequencing of LRRK2 exon 19 in
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501 Japanese sporadic PD patients (male 249, female 252,
aged 28-92 years, mean 65.0 years) and 583 controls of the
Japanese general population as an extended association
study. In this group, we found six patients (6/501 = 1.2%)
and eight controls of the general population (8/583 = 1.6%)
with a heterozygous P755L variant (P = 0.80, ¥* = 0.064).
No other variants were found in exon 19. Together with
previous reports, our extended case-controlled study of large
sample size suggests that LRRK2 P755L is a non-disease-
associated polymorphism in PD patients.

Keywords Parkinson’s disease - Genetics - PARKS -
Leucine-rich repeat kinase 2 (LRRK2) - Polymorphism -
Association study - Japanese - Ethnic background

Introduction

Parkinson's disease (PD, OMIM #168600) is the second
most common neurodegenerative disorder next to Alzhei-
mer’s disease. The clinical features are characterized by
levodopa-responsive parkinsonism, such as rigidity, resting
tremor, bradykinesia, and postural instability. Although the
cause of PD remains unclear, genetic-environmental
interaction is suggested for the development of the disease.
One of the autosomal-dominant forms of PD, PARKS, was
originally mapped from a Japanese Sagamihara family
(Funayama et al. 2002) and LRRK2? (PARKS; leucine-rich
repeat kinase 2, OMIM *609007) was identified as the
causative gene for PARKS-linked PD (Paisdn-Ruiz et al.
2004; Zimprich et al. 2004). Among LRRK2 mutations, the
most common LRRK2 G2019S mutation in North Africans
and Ashkenazi Jews has shown ethnic differences among
Caucasian, Japanese, and Chinese (Nichols et al. 2005;
Gilks et al. 2005; Lesage et al. 2006; Tomiyama et al.




