Multiple Regions of a-Synuclein Are
Associated with Parkinson’s Disease
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o-Synuclein is considered to play an important role in the pathogenesis of both the rare familial and the common
sporadic forms of Parkinson’s disease. Previous reports primarily have tested the association of a-synuclein promoter
polymorphisms with idiopathic Parkinson’s disease, but results are controversial. We first characterized the linkage
disequilibrium structure of the a-synuclein gene region with a dense set of 56 genetic markers and subsequently per-
formed two independent case—control association analyses using tagging markers. We could distinguish two large linkage
disequilibrium blocks spanning the a-synuclein gene. Several markers within the 3'-block around exons 5 and 6 showed
strong association with Parkinson’s disease (p = 0.00009). Effects of the associated variants might be mediated by
regulatory elements in this highly conserved region or by a frequency shift in a previously described splice variant lacking
exon 5. A direct association with promoter polymorphisms could not be replicated in our sample set. A second set of
markers in the 5'-block of the gene were also significantly associated with Parkinson’s disease, when young patients and
female subjects were analyzed separately. These findings indicate locus heterogeneity for the pathogenesis of Parkinson’s

disease in different genetic or physiological environments, related to sex and age.
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Three point mutations in the a-synuclein (SNCA) gene
have been identified so far as causative agents for fa-
milial Parkinson’s disease (PD) with early-onset and
autosomal dominant inheritance.'™ These mutations
presumably lead to an increased propensity of the
a-synuclein protein to aggregate, a process that is
thought to be a crucial step in the molecular pathogen-
esis of the disease.* a-Synuclein is a major component
of Lewy bodies, which are present in familial and in
sporadic PD.” However, point mutations of the
a-synuclein gene appear to be a rare cause of familial
PD and have been excluded in a large number of pa-
tients with sporadic and familial PD.*” The presence
of a-synuclein—containing aggregates in the absence of
coding SNCA mutations in sporadic PD suggests that
other a-synuclein modifications such as alternative
splicing, alterations in gene expression, or additional
interacting genes may contribute to sporadic PD.
Evidence for a role of expression levels of wild-type

a-synuclein in PD pathogenesis was brought forward
by the finding that a triplication of the a-synuclein
locus causes autosomal dominant parkinsonism in a
large Towan kindred (Spellman—Muenter and Waters—
Miller families).® This mutation leads to a doubling in
effective gene dosage resulting in a doubling of RNA
and protein levels of a-synuclein.®” In addition, sev-
eral haplotypes in the promotor region of the
a-synuclein gene, including the sequence repeat ele-
ment Repl, were shown to be associated with an in-
creased risk for sporadic PD, further supporting a pu-
tative role of expression levels of a-synuclein.”'*!!
Results of replication studies, however, have been con-
tradictory.' >’

To more thoroughly assess the role of a-synuclein in
sporadic PD, we determined the linkage disequilibrium
(LD) and haplotype structure of SNCA in a whole-
gene approach, as Neale and Sham'4 suggested previ-

ously. Here, we demonstrate a strong association of
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haplotypes within an LD block at the 3'-end of SNCA
with sporadic PD in two independent data sets. Addi-
tional associated loci appeared within subgroups of pa-
tients.

Subjects and Methods

Recruitment

PD patients were recruited by participating institutions in
Munich, Tiibingen, Bonn, and Rostock. Patients were exam-
ined by specialists in movement disorders, and diagnoses
were established according to the United Kingdom Parkin-
son’s Disease Society Brain Bank criteria.'” After obraining
informed consent, blood samples were drawn for DNA ex-
traction from 669 German sporadic PD patients. The me-
dian age at onset was 55.4 = 19.1 years. The PD patients
were from two independent recruitments referred to as Sam-
ple Sets I and II. The first set of 340 PD patients from clin-
ical centers in Munich and Tiibingen had a male:female ratio
of 1.38, and the second replicating set of 329 PD patients
mainly from clinical centers in Bonn and Rostock had a
male:female ratio of 1.47. A total of 680 healthy, age- and
sex-matched subjects from the KORA (Cooperative Research
in the Region of Augsburg) Survey 2000, which studied a
large population-based sample,'® were used as control sub-
jects for the first set, and 322 additional healthy, age- and
sex-matched subjects of KORA were used as control for the
second set of PD patients. The KORA group consists of
H. E. Wichmann (speaker), H. Lowel, C. Meisinger, T. Illig,
R. Holle, J. John, and their coworkers, who are responsible
for the design and conduct of the KORA studies.

Genotyping
We genotyped single nucleotide polymorphisms (SNPs) cov-
ering a genomic region of 178kb, including the a-synuclein

gene spanning about 111kb and its flanking 3'- and 5'-
regions (Fig). A total of 64 SNPs with an average distance
between SNPs of ~2.5kb were identified using public data-
bases (see supplementary table available online for more in-
formation). All SNPs showed high genotyping quality and
Hardy—Weinberg equilibrium in the control subjects. Geno-
typing was performed using the matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF) mass spectrom-
etry method (Sequenom, San Diego, CA). The previously
described sequence repeat marker Repl was amplified ac-
cording to Farrer and colleagues.'® In a pilot study, a subset
of 170 case—control pairs of Sample Set I was genotyped for
all markers to define the fine-scale LD structure. Tagging
and previously identified markers were selected as described
later in this article. In a second step, the remaining patients
of Sample Set I and those of Sample Set II were genotyped
only for these selected SNPs.

Genotyping was performed in the Genome Analysis Cen-
ter of the GSF.

Statistical Analysis
We followed the D’ method of Gabriel and colleagues'” for
constructing LD blocks as implemented in the program
Haploview (J. Barrett, Whitehead Institute for Biomedical
Research, Cambridge, MA). Only SNPs with a minor allele
frequency greater than 0.1 were considered for the block def-
inition. An optimal set of tagging SNPs that distinguish 95%
of all chromosomes (most common haplotypes) within
blocks were identified with a nested algorithm implemented
in the program HaploBlockFinder.'®

Logistic regression was used to test single-marker associa-
tions based on subjects as units and assuming a dose effect of
alleles with the heterozygote effect being intermediate be-
tween the homozygote effects. The sequence repeat marker
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Fig. Linkage disequilibrium (LD) structure, physical gene map, and conservation of the SNCA region. Blocks are defined according
to Gabriel and colleagues'”: black cells = strong LD; gray cells = intermediate or ambiguous; white cells = evidence for historical
recombination. All 65 markers are shown. The gene structure of SNCA is shown (top), with vertical bars indicating exons. Most
conserved elements predicted by the PhastCons program (implemented at the University of California at Santa Cruz browser™) are
also shown (top). The prediction is based on the aligned sequences of human, chimpanzee, mouse, rat, dog, chicken, fugu, and ze-

brafish.
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Repl was treated as a two-allele system after pooling the rare
alleles. To correct for multiple testing, we evaluated the
table-wide significance for each data set by a randomization
procedure. The affected status of the individuals was per-
muted, and the single-marker association analyses were re-
peated 1,000 times. The table-wide 5% significance level is
the level at which 5% of the permuted data sets show at least
one smaller p value, regardless of at which marker.

Haplotype phase within the associated LD block was es-
timated by a Bayesian method, which accounts for the evo-
lutionary relation of estimated haplotypes, and is imple-
mented in software package PHASE." The association of
haplotypes with PD was inferred by the haplotype trend re-
gression method that Zaykin and colleagues®® proposed.
Again, individuals were units, and a dose effect of haplotypes
was assumed. The maximum likelihood estimates of the odds
ratios corresponded to haplotype or allele relative risks in a
multiplicative model; that is, the genotype relative risk of
one homozygote was the square of the genotype relative risk
of the heterozygote, if the other homozygote was taken as
reference.

Results

Based on 55 common SNPs, which showed a minor
allele frequency of more than 10% in a sample of 170
control subjects (pilot study of Sample Set I), two large
blocks and two marginal LD blocks could be defined
for the SNCA gene (sce Fig). Average spacing of SNP
markers was =3 kb. The largest block “C” comprises
the 5'-region and the first 4 exons, whereas the second
largest block “B” extends from intron 4 through exons
5 and 6 to the 3'-region of SNCA. We selected 14
haplotype tagging SNPs in addition to 5 SNPs that
were already significant in the pilot study (p < 0.01)
for further genotyping. During the study, 14 additional
SNPs and the repeat marker Repl from the promoter
and the 3’-region were genotyped in Sample Set I to
explore the boundaries of the two major blocks.

A strong association of several markers in block B
with PD was found in Sample Set I, the smallest p
value being 0.00009 (Table 1). The trend (multiplica-
tive) model of association showed stronger association
signals than the recessive or dominant association mod-
els. The p values of six markers in LD block B and one
marker in LD block C showed table-wide significance
according to a randomization test. The associated re-
gion therefore extends from the large intron 4 of the
gene to the 3" noncoding region. The group of associ-
ated markers comprises common variants with a minor
allele frequency of 35 to 44% in the population. These
markers are highly intercorrelated, with 7 values of
0.70 to 0.99 among block B markers and 0.56 to 0.75
between the block C marker and the block B markers.
Based on these associations, estimates of the relative
risk are around 1.4 (95% confidence interval,
1.2-1.75).

The association analysis of SNCA markers with PD

was replicated in Sample Set II (see Table 1). Again, a
strong table-wide association was found in block B
with a risk allele frequency of 38% and a relative risk
of 1.4. The weaker p values are because of the smaller
sample size of the control subjects in this replication
set.

The analysis of common block B haplotypes did not
indicate stronger association signals than single SNPs.
Interestingly, two groups of evolutionarily related hap-
lotypes are obvious: haplotypes 1, 2, 3, and 4 (Group
I) and haplotypes 5 and 6 (Group II) (Table 2). Evo-
lutionary intermediate haplotypes are missing. Within
each haplotype group, odds ratios for PD risk follow
the same trend: In Group I, odds ratios are less than 1,
whereas in Group II, odds ratios are greater than 1.
The signal strength of single-marker associations is re-
established only when these haplotype groups are tested
as a whole for association with PD, indicating a com-
mon causal variant (see Table 2). We also analyzed 18
animals from different ape species: chimpanzee, gorilla,
and orangutan. All carried the same haplotype, which
differed from the risk haplotype 6 by only a single base
substitution.

The relative haplotype risk associated with the hap-
lotype groups is about 1.4, and it corresponds to a
population-attributable risk of about 29%. With two
alternative haplotype groups, however, it is not clear
whether a risk allele or the complementary protective
allele is causative. The population-attributable “protec-
tion” would be about 42%.

Subsequently, we analyzed our pooled Sample Sets 1
and II (or Sample Set I alone, if genotypes were not
available for Sample Set II) about a possible association
with a specific sex or age group (see Table 1). Control
subjects were subdivided accordingly to maintain age
and sex matching. Female and male subjects had sim-
ilar age distributions, and thus were directly compara-
ble. The region in LD block B (see earlier) showed
consistently strong association signals in both female
and male patients, as well as in both age groups (young
and old PD groups, subdivided at the median age of
57 years). Interestingly, additional significantly associ-
ated regions were found for female and young patients
in the intron 4 region of block C and 21.5kb 5'-
upstream of the SNCA gene (LD block D). The two
newly associated SNPs rs356188 and rs356186 in
block C were highly intercorrelated with each other
(# = 0.88) and with the two SNPs of block D (#* >
0.73) and show similar allele frequencies, but exhibit
low correlation with the significant markers of block B
(# < 0.03). This group of four additional markers
may represent a second alternative causal variant that is
most effective in female and early-onset PD patients.
The phenotypic state explained by the genotypic vari-
ation was about 1.7% for single (the most associated)
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Table 1. Genotypic Association Tests (Logistic Regression) and Allele Frequencies of Selected SNPs in the SNCA Region

Sample set [ Sample set 11
{340 cases, 680 controls) {329 cases, 322 controls}

Frequency of Frequency of

Sample set I (n;) + sample set 11, if available (nj.1;)

first allele first allele Females (n/=423, n=672) Males (n/=593, n.i=979) Age < 57 y (m=509, n;,u=698) Age 37y (n=508, mu=958)

Block Odds ratio of first Qdds ratio of first 0dds ratio of first Odds ratio of first
SNP ID Allelcs Region ID  p-value Cases Controls p-value  Cases Controls p-value  aliele (95% CI) p-value  allele (95% CI) p-value  allele (95% C1) p-value  allele (95% CI)
33857047 T/G 3'- region 0.70329 084 085 0.5667  0.90 (0.62-1.30) 0.8868  0.98 (0.70-1.36) 0.5421 0.90 (0.64-1.27) 0.9682 1.01(0.71-1.44)
rs356229 AIG 3'- region 000593 061 0.67 0.0005  0.58 (0.43-0.79) 0.5479  0.93(0.72-1.19) 04990  0.91(0.70-1.19) 0.0012  0.63(0.47-0.83)
153857048 T/C 3-region A 0.54033 089 0.89 0.8282  0.95(0.60-1.51) 05696 0.89(0.60-1.33) 09104 1.03(0.66-1.61) 04009 0.84(0.56-1.27)
183857049 A/T  3-region A 000625 0.97 098 00298 0.32(0.11-0.90) 0079 0.51(0.24-1.07) 00097 0.34(0.15-0.78) 03124 0.61(0.24-1.56)
153906628 TIC 3'-region A 0.72880 0.11 0.12 0.8921 1.03 (0.66-1.60) 0.5898  0.90 (0.60-1.34) 0.6159 1.12(0.72-1.75) 04076 0.85(0.57-1.26)
1s356180 /T 3'-region B 0.07220 0.66 0.70 0.0034  0.63(0.47-0.86) 09574 1.01 (0.78-1.30) 0.8982 098 (0.75-1.28) 00143 0.70 (0.52-0.93)
13356169 C/A 3-region B 0.04636 037 032 0.0063 151 (1.12-2.04) 07238 1.05(0.81-1.35) 05692 1.08 (0.83-1.40) 00238 1.39(1.04-1.84)
152572323 A/G 3'-region B 002333 034 029 0.0035 1.60(1.17-2.19) 0.6285 1.07 (0.82-1.40) 0.9205 1.01 {0.77-1.34) 0.0015 1.63 (1.20-2.20)
rs356219 G/A 3'-region B 6.00009 044 035 0.00467 0.46 0.38 0.0001 1.56 (1.25-1.96) 0.0008 1.37 (1.14-1.64) 0.0002 1.52(1.22-1.89) 0.0007 1.39(1.15-1.67)
rs356220 T/IC 3'-region B 000025 ©0.44 035 0.00485 0.46 0.38 0.0004 1.52(1.20-1.89) 6.0007 1.39(1.15-1.67) 0.0006 1.47(1.18-1.82) 0.0005 1.41 (1.16-1.69)
rs356165 G/A 3UTR B 3.00015 044 035 0.00555 046 0.38 0.0006 1.49 (1.19-1.87) 0.0004 1.40(1.16-1.68) 0.0006 1.46(1.18-1.82) 0.0006 1.40(1.15-1.69)
rs356204 A/G Intron4 B 0.00039 052 044 0.0019 1.58(1.18-2.12) 0.0338 1.31(1.02-1.69) 0.0022 1.52(1.16-1.98) 0.0524 1.30(1.00-1.70)
rs3822086 T/IC Intron4 B 0.00249 €10 006 0.01697 0.11 0.07 0.0215 1.61 (1.08-2.44) 0.0014 1.72(1.23-2.38) 0.0005  2.00(1.33-2.94) 0.0292 1.47 (1.04-2.08)
15356203 GiA Intrond4 B 0.00026 0.44 035 0.00548 046 0.38 0.0008 1.47(1.18-1.85) 0.0004 1.39(1.16-1.69) 0.0006 1.47 (1.18-1.82) 0.0007 1.39(1.15-1.67)
13356168 /T intron4 B 0.00031 0.53 044 0.17933 052 048 0.0031 1.39(1.12-1.75) 0.0111 1.27 (1.05-1.54) 0.001% 1.41 (1.14-1.75) 00133 1.27 (1.05-1.52)
3356199 CIT Intrond4 C 0.24657 031 028 0.73808 031 030 0.0492 1.27 (1.00-1.62) 0.9096 1.01 (0.83-1.23) 0.1718 1.17 (0.93-1.47) 0.6619 1.05 (0.85-1.29)
15356188 A/G fntron4 C 0.15609 083 081 0.01784 084 0.79 ©.0001 1.82 (1.35-2.50) 0.8056 1.03 (0.81-1.32) 0.0009 1.64(1.22-2.22) 0.5795 1.08 (0.84-1.37}
18356187 AG Inrond C 021542 031 028 0.60062 032 030 0.0357  1.30(1.02-1.65) 0.7735  1.03(0.84-1.26) 0.1385  1.19(0.95-1.49) 05171 1.07(0.87-1.32)
1$356186 T Intren4  C 0.50907 0.84 083 009613 086 083 0.0009 1.69(1.23-2.33) 0.7602  0.96(0.75-1.23) 0.0352 1.39(1.02-1.89) 0.6812 1.05(0.82-1.35)
152737033 AIG Intron4 C 021774 070 072 0.0061 0.64 (0.46-0.88) 0.5039 1.10(0.83-1.45) 0.4683 090 (0.08-1.19) 02970 0.85(0.63-1.15)
152737029 GIA Intron4  C 0.00158 046 039 009994 046 042 0.0010 1.45(1.16-1.82) 0.0392 1.22(1.01-1.47) 0.0001 1.56 (1.23-1.92) 0.1361 1.15(0.95-1.39)
152583959 GIC Intren4  C 0.25544 03¢ 027 0.81992  0.31 0.31 0.0337 1.30(1.02-1.67) 0.9361 0.99 (0.81-1.22) 0.2305 1.15(0.91-1.46) 0.5369 1.07 (0.87-1.32)
153775444 CIr Intron4 008041 097 098 0.15877 0.99 0.98 0.7813  0.89(0.39-2.01) 0.8802  0.95(0.48-1.87) 04422 0.74(0.35-1.59) 0.7459 1.13 (0.55-2.33)
r$2619369 GIA Intrond C 0.04650  0.04 0.02 00100 3.67 (1.33-10.14) 0.5427 1.24(0.62-2.49) 0.3018 1.50 (0.70-3.24) 0.0879  2.04(0.91-4.58)
rs1812923 C/A Intron4  C 057114 0356 035 0.09606 0.52 0.57 0.4854 092 (0.74-1.15) 07176 0.97(0.80-1.17) 0.5271 0.93 (0.75-1.16) 0.7958  0.98 (0.81-1.18)
IVS4+66A->G G/A Intron4 C 0.99687 047 047 0.5906 1.08 (0.81-1.44) 0.6295  0.94 (0.74-1.20) 04813 0.91(0.70-1.18) 0.4566 1.11 (0.85-1.45)
32301135 C/G promotor C 0.64281 047 048 09624 0.99(0.75-1.32) 05557 0.93(0.73-1.18) 0.2460  0.86 (0.66-1.11) 0.5978 1.07 (0.83-1.40)
52619364 AG 5'-region C (.23243 070 0.73 0.0095  0.65(0.47-0.90) 0.5342 1.09(0.82-1.43) 03144 0.86{0.65-1.14) 0.5127  0.90(0.66-1.22)
52583987 Cr/A 5'-region C 016770 029 027 0.0060 1.56 (1.13-2.14) 05977 0.93(0.71-1.22) 0.2629 1.17 (0.89-1.54) 04234 1.13 (0.83-1.54)
1s2583988 C/T 5'-region C 0.33576 .70 0.73 0.0077  0.65(0.47-0.89) 0.3082 1.15(0.87-1.52) 03110 0.86(0.65-1.14) 0.7468  0.95(0.70-1.28)
Repl
{rare  alleles 261 bp /
pooled) rare §'-region C 031812 067 0.69 0.2613 1.19(0.87-1.62) 0.0265  0.74(0.57-0.96) 0.2143  0.83(0.63-1.10) 0.8102  0.96(0.73-1.27)
151372525 A/G S-region C 091544 051 051 0.5885  0.92(0.69-1.23) 0.5365  1.08(0.84-1.38) 04587 1.10(0.84-1.43) 0.5424  0.92(0.70-1.19)
52737026 T 3%-region D 0.12206 081 078 0.14492 0.81 0.78 0.0007 1.64 (1.22-2.19) 0.8612 1.02 (0.81-1.28) 0.0017 1.57 (1.18-2.08) 0.8695 £.02 (0.81-1.28)
52736994 T 5'-region D 0.11149 (.82 0.79 0.16522 083 080 0.6002 1.75(1.29-2.36) 0.8859 1.02 (0.81-1.28) 0.0009 1.63(1.21-2.19) 0.8439 1.02 (0.82-1.28)

P-values in bold indicate significance (at the 5% significance level) after adjustment for multiple testing within a sample set. The adjusted significance threshold for sample set I'is p =

0.0022, and for sample set II » = 0.0078.

SNPs and increased to 2.7% if two SNPs (one of each
associated region) were combined.

Discussion

We have characterized the LD structure and associa-
tion patterns with PD in a 178kb region on chromo-
some 4q21.3 containing the SNCA gene. We found
that the SNCA gene and its flanking regions can be
described by 2 large LD blocks of 50 (block B) and
93kb (block C). Although only about one third of the
44 common SNPs in the SINCA region genotyped by
the current HapMap project 21 correspond to our SNP
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set, which makes a direct comparison difficult, the
block structure indicated by the HapMap data is in
line with our results. Several common SNPs within LD
block B ranging from within intron 4 to about 10kb
into the 3'-region of SNCA were strongly associated
with PD in two independent data sets. It may be of
interest that one tagging marker defined on the Hap-
Map data by a standard procedure would have indi-
cated the association signal, because of complete LD
(7 = 1) with two of the associated loci. Although the
LD blocks B and C are not completely independent, as
indicated by the appearance of association signals in



Table 2. Haplotype Associaton Analysis on All Common Haplotypes (Frequency > 1%) and Evolutionary Related Haplotype Groups in LD Block B

Frequency in  Frequency in  Individual Individual
Haplotype ID  Haplotype Cases Controls p-value Qdds ratio (95% CI) Pooled haplotypes p-value Odds ratio (95% CI)
Sample set I
1 TAGACAGCAT 0.006 0.015 0.0760 0.37(0.12 - 1.10) 142+3+4 0.0004 0.72 (0.60-0.86)
2 CAGACAGCAT 0.474 0.543 0.0031 0.75(0.62 - 0.91)
3 CCGACAACAC 0.025 0.029 0.5490 0.83 (0.46 — 1.50)
4 CAGACAACAC 0.056 0.055 0.9317 1.01 (0.68 - 1.52)
5 TCAGTGACGC 0.329 0.280 0.0245 1.25(1.03 - 1.52) 5+6 0.0002 1.42(1.18-1.71)
6 CAGGTGATGC 0.092 0.055 0.0024 1.72(1.21 -2.43)
Sample set II
1+2 ~--ACA-CAT 0.478 0.518 0.1437 0.84 (0.68-1.05) 1+2+3+4 0.0047 0.73 (0.58-0.91)
3+4 ---ACA-CAC 0.060 0.097 0.0120 0.57 (0.37-0.88)
5 ---GTG-CGC 0.343 0.307 0.1700 1.17 (0.93-1.48) 5+6 0.0084 1.35(1.08-1.68)
6 ---GTG-TGC 0.106 0.070 0.0230 1.58 (1.06-2.34)

P-values in bold are significant after Bonferroni correction.

both blocks, the accumulation of significant markers in
the 3'-block suggests that the major causal variant in
our population is located in the 3'-end rather than in
the 5'-end of SNCA. Further evidence for the func-
tional significance of the 3'-region comes from cross-
species conservation patterns. A high number of
strongly conserved elements are distributed across
block B (see Fig). A detailed analysis of a-synuclein
human and mouse genomic sequences showed a high
conservation of protein-coding regions, the 3'-
untranslated regions (up to 80.4% identical), and short
regions (<60bp) within intron 4 with an average cross-
species identity of at least 75%.%> In contrast, the 5'-
untranslated regions and 5'-upstream regions except
for the promoter are not highly conserved between hu-
man and mouse.”* These observations suggest biologi-
cally relevant regulatory functions within the LD block
B.

The strongest associations with PD were found for
common SNPs and haplotype groups, which were
pooled according to their evolutionary relations. Be-
cause of the high allele frequencies of the significantly
associated markers, the causal variant can be hypothe-
sized to be old. The ancestral haplotype, on which the
causal mutation appeared, existed long enough to di-
versify and produce related haplotypes observed in
these haplotype groups. A balancing mechanism of se-
lection could account for the stable existence of the
two haplotype groups. By comparison, we found that
the ape haplotypes of block B are more similar to the
risk-associated than to the protective haplotype group.
The risk haplotypes therefore can be suspected to be
ancestral to the protective variants.

Aggregation of a-synuclein is thought to be a major
mechanism for the pathogenesis of PD.* It is conceiv-

able that more than one locus within SNCA could in-
fluence aggregation behavior, and it has been pointed
out that heterogeneity in the set of causal loci may fur-
ther complicate association studies of complex traits."*
A specific causal set could depend on the interacting
genetic and physiological environment, which may be
influenced by sex or age. Indeed, we found an addi-
tional association signal specific for female and young
subjects. This signal was assigned to a fragmented, but
intercorrelated, region. The signal extends from within
intron 4 (block C) to the intergenic region between
SNCA and the MMRN gene, which codes for
multimerin-1, a protein involved in homeostasis. The
allelic frequency spectrum of this group of markers
with a minor allele frequency of about 20% is different
from the marker group with minor allele frequencies of
about 40% (main association region), indicating a dif-
ferent age for these two putative causal variants.
Previous association studies have focused on poly-
morphisms (sequence repeat Repl and several SNPs) of
the promoter region of SNCA as possible risk factors
for PD.” Gene expression differences in vitro caused by
the repeat polymorphism (Repl), as well as by SNPs in
the promoter region, have been described.'>** How-
ever, reports of the significance of the promoter region
for PD are still conflicting. Both positive”!!'!2%2>
and negative association results'>'>**%” have been
published. We also analyzed the three markers
(rs2583988, Repl, and rs1372525) in the 15.3kb pro-
moter region, which Pals and colleagues11 indicated
previously as the most promising region for association,
but we could not corroborate the direct significance of
this region for the development of PD in our popula-
tion. This agrees with the results of Holzmann and col-
leagues,'? who also investigated a German sample. No-
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tably, most reports of a positive promoter association
in SNCA were based on multivariate or haplotype anal-
yses and found equally strong association signals in in-
tron 4 polymorphisms or haplotypes.”'® This overall
pattern fits well with our results of an associated frag-
mented region from intron 4 (block C) to the 5'-
region of block D in a subgroup of patients. The in-
termediate promoter marker Repl is correlated (+* =
0.52) with the block D markers in our population.
The neighboring marker rs2583988, however, shows
some correlation with our main associated SNPs in
block B (#* = 0.51). The complex correlation structure
at the 5'-end of block C and the combination of dif-
ferent association signals in haplotype analyses could
explain the stronger haplotype association results com-
pared with single-marker results in most studies. It may
also be that the fine-scale correlation structure in this
region differs among German, Caucasian, Chinese or
Belgian subjects who Farrer and colleagues,'® Tan and
colleagues,” or Pals and colleagues,'" respectively, in-
vestigated. We have determined that LD patterns
across eight European population samples indicate vari-
ability of the boundary strength in blocks B and C.*®
In Italian populations, the intron 4 boundary of block
B is shifted by about 10kb to the 5'-end of the SNCA
gene, and the LD block C is subdivided into two parts,
diminishing the correlation between the two associated
marker groups of intron 4 (block C) and block D. As-
sociation studies in these Southern European popula-
tions thus may be well suited to allocate our frag-
mented association signal either to intron 4 or the 5'-
region of SNCA. Another potential source for
differences in results of association studies is a variable
sample composition. We have shown here that differ-
ing age or sex structures between samples can be re-
sponsible for different outcomes.

The functional relation between the Parkinson phe-
notype and the detected associated regions of SNCA
remain unclear. Potential mediatory factors might be
enhancer or silencer elements, posttranscriptionally reg-
ulated RNA stability, or elements affecting alternative
splicing. A splice variant (NACP112) lacking exon 5,
which is located within the strongly associated region
of LD block B, has been described.?’ Sequence variants
in the surrounding of the splice sites could determine
the relative expression of the splice variants.>® A causal
variant also could be located in the 3'-untranslated re-
gions. Two SNPs in this region were previously found
to alter the expression of the SNCA gene in rats.”" Fur-
ther experiments will help to elucidate any potential
impact of the risk-associated haplotype on alternative
splicing, aggregation behavior, and expression level of
a-synuclein. Identifying the functional relevance of ge-
netic risk factors can provide powerful tools for an
early intervention into the pathogenesis of PD.
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