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We performed a three-stage genome-wide association study (GWAS) to identify common Parkinson’s disease
(PD) risk variants in the European population. The initial genome-wide scan was conducted in a French
sample of 1039 cases and 1984 controls, using almost 500 000 single nucleotide polymorphisms (SNPs).
Two SNPs at SNCA were found to be associated with PD at the genome-wide significance level (P < 3 3
1028). An additional set of promising and new association signals was identified and submitted for immediate
replication in two independent case–control studies of subjects of European descent. We first carried out an
in silico replication study using GWAS data from the WTCCC2 PD study sample (1705 cases, 5200 WTCCC
controls). Nominally replicated SNPs were further genotyped in a third sample of 1527 cases and 1864 con-
trols from France and Australia. We found converging evidence of association with PD on 12q24 (rs4964469,
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combined P 5 2.4 3 1027) and confirmed the association on 4p15/BST1 (rs4698412, combined P 5 1.8 3
1026), previously reported in Japanese data. The 12q24 locus includes RFX4, an isoform of which, named
RFX4_v3, encodes brain-specific transcription factors that regulate many genes involved in brain morpho-
genesis and intracellular calcium homeostasis.

INTRODUCTION

Parkinson’s disease (PD) is the second most common degen-
erative disease, affecting 1–2% of individuals older than 65
years. Clinical features of PD result primarily from the loss
of dopaminergic neurons in the substantia nigra. Although
the common form of PD is sporadic, six genes have been
identified, mainly by linkage analyses of Mendelian forms of
the disease. Two genes, SNCA (encoding a-synuclein) and
LRRK2, have an autosomal dominant inheritance and four
other genes, PARK2 (parkin), PARK6 (PINK1), PARK7
(DJ-I) and PARK13 (ATP13A2), have an autosomal recessive
inheritance (1). Frequently, mutations in these genes are found
in patients with early-onset PD, particularly those with autoso-
mal recessive inheritance. However, in most populations,
Mendelian forms of parkinsonism are rare when compared
with the most common form of PD, a frequent and complex
disorder probably explained by the interaction between
genetic and environmental factors.

The first two genome-wide association studies (GWASs) in
PD (2,3) provided evidence of association with several loci but
most often not at the genome-wide significant level, and most
initial association findings were not confirmed by subsequent
replication analyses (4). Two recent GWASs (5,6) reported
strong or genome-wide significant associations with one or
more of the known PD genes (i.e. SNCA, MAPT and/or
LRRK2). So far, only two ‘new’ loci have been identified,
1q32/PARK16 and 4p15/BST1, in the Japanese data (5). The
US/UK/German GWAS (6) replicated positive association
with variants at PARK16 but failed to replicate the association
at BST1.

To identify additional variants that affect PD risk in the
European population, we designed a three-stage GWAS of
PD in three case–control samples from France, the UK and
Australia (total of .13 300 subjects). A set of 50 top associ-
ation signals was identified in the scan sample (1039 cases
and 1984 controls from France) using the Illumina-610Quad
chip. Promising and new signals were followed-up for step-
wise replication in two further UK and French/Australian
case–control studies (.3200 cases and 7000 controls).

RESULTS

The genome-wide association results from logistic test cor-
rected for genomic inflation (GC) revealed two single nucleo-
tide polymorphisms (SNPs) with PGC , 1027, and a
substantial number of SNPs with strong (PGC , 1024) evi-
dence of association (Fig. 1 and Table 1). For practical
reasons, we focus our attention on the 50 best-associated
SNPs to prioritize for immediate in silico replication
(Table 1). Secondary logistic analyses, adjusted for the first
two principal componenets (PCs) led to similar rank order of

SNPs, albeit slightly weaker association signals (Table 1).
This suggests that the significant results, revealed by our
primary analyses, are not biased by residual population sub-
structure within our French scan sample. The 50
best-associated SNPs spanned 23 distinct genomic loci, and
were associated with PGC , 5.6 × 1025. Sixteen associations
were found within two well-known PD genes, i.e. SNCA
(4q22, 4 SNPs) and MAPT (17q12–q21, 11 SNPs), or
within BST1 (4p15, one SNP), a recently reported PD risk
locus established at the genome-wide significance level in a
Japanese population (5). The remaining 34 SNPs were
located in 20 distinct previously unreported putative PD loci.
The two genome-wide significant SNPs were located on
4q22/SNCA [rs356220, PGC ¼ 2.82 × 1028, OR ¼ 1.37;
95% CI (1.22–1.53) and rs2736990, PGC ¼ 2.88 × 1028,
OR ¼ 1.35 (1.22–1.50)]. The next most significant SNP was
on chromosome 12q21/LOC401725 [rs7954761, PGC ¼
2.09 × 1027, OR ¼ 1.34 (1.20–1.50)].

The 50 top SNPs were tested for in silico replication in the
WTCCC2 PD study data (Table 1). For the sake of clarity, OR
values are reported as a function of the number of risk alleles
as identified in the stage-1 data. Associations for all 15 SNPs
in SNCA and MAPT genes were replicated at nominal
P-values , 4 × 1025. Association with the BST1 variant
was also replicated but at a weaker significance level (OR ¼
1.08, P ¼ 0.025). For all SNPs at SNCA, MAPT and BST1,
the results in the French scan and the UK replication
samples were highly congruent in terms of risk alleles and
allele frequencies. As expected, ORs estimated in our scan
study tend to be higher than those obtained in the replication-
stage data, especially for BST1. Of the remaining 20 loci,
association signals at three loci (four SNPs) were replicated
with nominal P , 5% and with the same direction of effect.
These SNPs were located on chromosomes 2q21.3
(rs621341, OR ¼ 1.08, P ¼ 0.028 and rs6723108, OR ¼
1.11, P ¼ 0.005), 12p13.3 (rs11064524, OR ¼ 1.08, P ¼
0.045) and 12q24 (rs4964469, OR ¼ 1.11, P ¼ 0.0045).
Differences in allele frequencies across the data from France
and UK were notable for the 2q21–q22 SNPs. Indeed, the
region encompasses the LCT (lactase) gene whose SNPs are
known to vary in frequency across Europe, and rs6723108
has been shown to have different allele frequencies in the
French and the UK–Irish populations (7).

We further followed-up the five replicated SNPs (from
three newly identified loci and from BST1) in the second
replication dataset (1527 cases and 1864 controls from
France and Australia) (Table 2). In stage 3, evidence of
association was assessed with the Mantel–Haenszel test to
control for the potential confounding owing to the different
geographical origins (France versus Australia). Evidence of
association was replicated for two SNPs located on 12q24
(rs4964469, OR ¼ 1.12, P ¼ 0.0175) and on 4p15/BST1
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(rs4698412, OR ¼ 1.10, P ¼ 0.029). Association signals from
joint analysis of the two replication datasets were improved
for the same two SNPs only: at 4p15/BST1 (stage 2 +
stage 3, P ¼ 0.0033) and at 12q24 (stage 2 + stage 3, P ¼
0.00036) loci. Notably, joint analysis of the three datasets
showed a consistently greater support for association for
the newly identified locus on chromosome 12q24 (P ¼
2.38 × 1027) than for 4p15/BST1 (P ¼ 1.79 × 1026).
Additional analyses showed that our initial association
signals were not confounded by age and they did not
appear to be driven either by the subgroup of cases having
an early age (,50) of onset of the disease or by those
having a positive family history of PD (results not shown).
The population-attributable risk (PAR) associated with
SNCA, MAPT, BST1 and the 12q24 locus estimated in
stage-1 data was 11, 20, 13 and 8%, respectively; in the com-
bined data, PAR was 7% and 4% for BST1 and 12q24,
respectively.

Finally, we also examined 18 SNPs from five loci, pre-
viously reported to be associated with PD at a genome-wide
significance level from two published GWASs of PD (5,6)
(Table 3). We added three SNPs (at SNCA and BST1) that
were found strongly associated in our stage-1 data. The table
also shows the results for a suggestive PD risk locus (GAK)
reported by the published GWAS of PD from familial cases
(8). As for the previously reported PD loci, two loci only
(SNCA and MAPT) have been identified with genome-wide
significance at the screen stage: SNCA in both the Japanese
and European populations and MAPT in the European popu-
lation only. The two new PD risk loci (BST1 and PARK16)
were identified in the Japanese population: association
signals were strong (P , 1026) in the discovery sample, and
exceeded P , 1028 in the combined data (5). As already
reported here, our GWAS provided genome-wide significance
for two SNCA variants and replicated positive associations for
variants at MAPT and BST1 loci. It is worth noting that allele
frequencies may differ markedly between the Japanese and the
European datasets, especially for SNPs at the SNCA and BST1

loci. Saliently, the directions of effects (i.e. risk allele) and
effect sizes at SNCA variants are rather congruent across the
European and Japanese datasets. For the remaining three PD
loci, evidence of association was nominal (PARK16, PGC ¼
0.03; LRKK2, PGC ¼ 0.04; GAK PGC ¼ 0.008) in the
France-GWAS data.

DISCUSSION

Our genome-wide association analyses in the French scan data
revealed two SNPs with genome-wide significance (PGC ,
1027), and a number of additional SNPs with suggestive evi-
dence (PGC , 1024). Here, we focused on the 50 top associ-
ated SNPs for immediate replication in two independent
case–control samples. We used a stepwise replication
design. To refine the set of most promising results, we first
conducted in silico replication for the 50 SNPs in the
WTCCC2 PD data (1705 cases and 5200 WTCCC controls).
Replicated SNPs were genotyped and tested in a third
dataset of 1527 cases and 1864 controls from France and Aus-
tralia. Our scan stage showed genome-wide significance of
association with PD for two SNPs at the 4q22/SNCA locus
(PGC , 2.88 × 1028). Indeed, out of the 50 top associated
SNPs, 15 are located in genomic regions of two known PD
genes (SCNCA, MAPT) and one is located on 4p15/BST1, a
risk locus recently reported with genome-wide significance
in Japanese samples. SNPs at SNCA and MAPT were all sig-
nificantly associated with PD in the UK-GWAS data (SNCA,
P , 8 × 1025; MAPT, P , 2.75 × 1026). Evidence of associ-
ation with 4p15/BST1 was also replicated in the UK sample
but at a lower (rs4698412, P ¼ 0.025) significance level.
Out of the remaining 34 SNPs, four SNPs (three loci)
showed significant (P , 0.05) and consistent evidence of
association in the UK data. A total of five SNPs (four loci:
2q21.3, 12p13.3, 12q24 and BST1) were followed-up for repli-
cation in the third case–control sample. Two of the four tested
regions were replicated: 4p15/BST1 (P ¼ 0.03) and 12q24

Figure 1. Manhattan plot of the genome-wide association results for 492 929 SNPs. Logistic analysis corrected for genomic inflation (GC results).
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(P ¼ 0.018). Of the four regions, only one (12p13.3) showed
no evidence of association from the combined analysis of
the two replication datasets. Overall, evidence of association
was consistently stronger with the region of the newly

identified PD risk locus than with BST1, in each replication
sample as well as in the combined (genome-wide and two
replication samples) data (12q24, P ¼ 2.38 × 1027; BST1,
P ¼ 1.79 × 1026).

Table 1. Top 50 SNPs in scan stage and in silico replication results

Chromosome (gene) Position (bp) SNP Stage-1: scan (France) data Stage-2: replication (UK) data
RAa RAFb OR PGC (two-tailed)c P2PCs (two-tailed)d RAF OR P (one-tailed)e

Known PD genes/previously published loci
4q22 (SNCA) 90858538 rs11931074 T 0.07 1.52 1.35E-05 9.04E-05 0.07 1.33 4.01E-05

90860363 rs356220 T 0.35 1.37 2.82E-08 6.26E-07 0.36 1.27 2.59E-09
90894261 rs3857059 G 0.07 1.54 1.00E-05 6.32E-05 0.07 1.33 3.95E-05
90897564 rs2736990 G 0.44 1.35 2.88E-08 1.32E-07 0.45 1.24 3.98E-08

17q12–21 (MAPT) 41074926 rs393152 A 0.75 1.32 2.68E-05 1.43E-04 0.76 1.31 2.20E-08
41279463 rs12185268 A 0.76 1.32 3.44E-05 1.62E-04 0.76 1.30 3.59E-08
41279910 rs12373139 G 0.76 1.33 1.81E-05 7.60E-05 0.76 1.30 2.77E-08
41281077 rs17690703 C 0.72 1.34 3.94E-06 6.61E-06 0.72 1.24 1.37E-06
41347100 rs17563986 A 0.75 1.34 1.30E-05 5.65E-05 0.76 1.31 2.58E-08
41412603 rs1981997 G 0.76 1.33 2.20E-05 8.81E-05 0.76 1.30 4.61E-08
41436901 rs8070723 A 0.75 1.33 2.19E-05 8.91E-05 0.76 1.30 2.61E-08
41544850 rs7225002 A 0.59 1.27 2.72E-05 4.08E-05 0.57 1.23 1.14E-07
41602941 rs2532274 A 0.75 1.33 2.21E-05 1.06E-04 0.75 1.28 2.92E-07
41605885 rs2532269 T 0.75 1.33 1.90E-05 8.58E-05 0.76 1.29 1.11E-07
41648797 rs2668692 G 0.76 1.33 1.97E-05 8.20E-05 0.76 1.29 1.22E-07

4p15 (BST1) 15346446 rs4698412 A 0.52 1.28 6.88E-06 1.96E-06 0.55 1.08 0.0247

Newly identified loci
1p36.22 11880226 rs12724129 T 0.34 1.26 4.35E-05 4.45E-05 0.40 0.99 f

1p36.11 26448619 rs10902724 A 0.05 1.55 5.13E-05 5.00E-04 0.07 0.96 f

2q14.3 126112282 rs1365783 G 0.42 1.26 4.33E-05 9.10E-05 0.46 0.94 f

2q21.3 135011650 rs621341 T 0.28 1.30 5.11E-06 4.37E-04 0.48 1.08 0.0277
135196450 rs6723108 G 0.31 1.25 6.85E-05 3.20E-03 0.51 1.11 0.0053
135318626 rs6729702 G 0.46 1.26 1.75E-05 6.02E-04 0.64 1.04 0.15
135339278 rs6430552 C 0.46 1.26 1.89E-05 6.95E-04 0.64 1.05 0.14
135367236 rs6714498 T 0.46 1.26 1.84E-05 6.20E-04 0.64 1.05 0.14

2q22 136611978 rs4954564 A 0.52 1.27 1.21E-05 4.07E-04 0.74 1.03 0.27
136722668 rs6430612 T 0.41 1.27 1.35E-05 1.89E-03 0.65 1.03 0.23
136730076 rs10221893 T 0.41 1.27 1.31E-05 1.88E-03 0.65 1.03 0.22

2q35 216463846 rs6741233 C 0.87 1.51 9.34E-06 4.46E-04 0.93 1.01 0.46
4p16 11054284 rs368039 A 0.11 1.41 1.52E-05 2.11E-05 0.13 0.86 f

5p15.2 10016889 rs1428954 G 0.53 1.27 1.65E-05 3.73E-04 0.57 1.04 0.18
10026935 rs10072891 G 0.53 1.27 2.02E-05 6.68E-04 0.57 1.04 0.16
10037418 rs38065 A 0.65 1.29 1.50E-05 2.19E-04 0.69 1.02 0.33

5q12.1 60896208 rs1423326 T 0.60 1.27 2.10E-05 6.54E-04 0.65 1.02 0.36
5q22.2 112814742 rs26990 C 0.13 1.41 6.67E-06 8.67E-06 0.19 0.94 f

6q12 70963882 rs9360414 T 0.38 1.25 5.34E-05 4.00E-05 0.38 1.05 0.13
10p14 6933911 rs10905042 C 0.06 1.53 3.08E-05 3.82E-04 0.07 1.02 0.42
11p12 36589978 rs12419750 A 0.89 1.47 4.96E-05 1.65E-05 0.90 0.97 f

36600652 rs1391542 A 0.89 1.47 5.44E-05 1.89E-05 0.90 0.98 f

36613848 rs7128419 A 0.89 1.47 4.91E-05 1.71E-05 0.90 0.98 f

36618299 rs12271660 A 0.90 1.50 5.64E-05 4.56E-05 0.92 0.96 f

36684837 rs12294719 T 0.79 1.44 5.42E-07 6.72E-07 0.81 1.00 0.48
36687460 rs1533588 A 0.79 1.41 1.79E-06 3.78E-06 0.82 0.97 f

11q13.5 75709727 rs12295401 T 0.06 1.53 4.40E-05 5.16E-05 0.06 1.04 0.29
12p13.3 760163 rs11064524 G 0.20 1.32 2.80E-05 1.21E-04 0.24 1.08 0.0447
12q21.31 82691472 rs7954761 A 0.60 1.34 2.09E-07 2.59E-07 0.61 0.99 f

12q24 105474117 rs4964469 A 0.33 1.27 2.73E-05 1.30E-04 0.37 1.11 0.0045
105513235 rs1035767 T 0.11 1.42 1.50E-05 2.15E-05 0.11 0.98 f

13q34 113253980 rs2259599 G 0.83 1.39 3.74E-05 5.61E-03 0.88 0.96 f

17p13.2 4376339 rs9899558 G 0.73 1.34 5.04E-06 3.82E-04 0.77 0.98 f

22q11.23 22917303 rs9608247 A 0.16 1.33 2.99E-05 9.67E-05 0.17 0.95 f

aRisk allele in stage-1 data.
bRisk allele frequency in controls.
cLogistic tests corrected for genomic inflation.
dLogistic tests including 2PCs as covariates.
eP-values shown when the direction of effect in stage-1 and stage-2 data are consistent.
fOne-tailed P . 0.5.
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The evidence of association (PGC , 1.35 × 1025, Tables 1
and 3) that we detected with several SNPs in the 3′ block of
linkage disequilibrium (LD) of the SNCA locus (Fig. 2A),
including the two SNPs reaching genome-wide significance
in our scan sample, is highly consistent with previous PD
GWAS studies (5,6).

MAPT is located in a large block of LD on chromosome
17q12–q22, which contains several additional genes
(Fig. 2B). Previous studies (9,10) have identified a large
haplotypic block associated with PD, with H1 and H2
being the at-risk and the protective haplotype, respectively.
Our two most associated SNPs in the 17q12–q22 region are
located within this haplotypic block: rs17690703 (PGC ¼
3.9 × 1026) and rs17563986 (PGC ¼ 1.3 × 1025), the latter
being at MAPT. In addition, H2 is tagged by the minor
alleles of four of our genotyped SNPs: rs12185268/G,
rs12373139/A, rs1981997/A and rs8070723/G. In our scan
data, we found the same H1/H2 association signals, with
all minor alleles of these four SNPs being significantly
associated (PGC , 3.44 × 1025) with a decreased risk of
PD (Table 1).

The BST1 gene has previously been associated with PD in a
Japanese GWAS at a genome-wide significance level (5).
Strong evidence of association for rs4698412 was found in
the Japanese scan (P ¼ 5.3 × 1025, OR ¼ 1.25) and in the
combined (scan + replication) data (P ¼ 1.8 × 1028, OR ¼
1.24) (5). A much weaker signal was obtained in the US/
UK/German data, in both the scan (P ¼ 0.09, OR ¼ 1.07)
and the combined (P ¼ 0.03, OR ¼ 1.06) data (6). Here, we
report strong evidence of association of PD with BST1 (com-
bined P ¼ 1.79 × 1026, OR ¼ 1.14). The most associated
SNP (rs4698412) maps to a 15 kb LD-block (Fig. 2C) and is
in high LD (r2 ¼ 0.74/0.79) with the next top two BST1 var-
iants (Table 3). Despite the variation in the allele frequency of
the risk allele between the Japanese (RAF ¼ 0.33) and the
European (RAF ¼ 0.52–0.56) samples (Tables 2 and 3), we
found marked homogeneity in the direction of effects across
the groups, but effect sizes seemed to be lower in European
than in Japanese samples. BST1 has been proposed to play a
role in generating cyclic ADP-ribose that serves as a second
messenger for Ca2+ mobilization in endoplasmic reticulum
and thus Ca homeostasis-related BST1 could be a cause of
selective vulnerability of dopaminergic neurons in PD (11).

Our most associated SNP, on 12q24 (combined P ¼ 2.38 ×
1027, OR ¼ 1.16), is 26 kb centromeric of RFX4 (Regulatory
factor X4) (Fig. 2D). Two other close genes, POLR3B (Poly-
merase RNA III polypeptide B) and RIC8B (Resistance to
inhibitors of cholinesterase 8 homolog B), are 200 kb centro-
meric and telomeric of the 12q24 SNP, respectively. The
RFX proteins belong to the winged-helix subfamily of
helix–turn–helix transcription factors. The RFX4_v3 tran-
script variant is the only RFX4 isoform that is significantly
expressed in the fetal and adult brain, and its expression is
restricted to the brain. In addition, it has a role in the transcrip-
tion of many genes involved in brain morphogenesis, such as
the signaling components in the wnt, bone morphogenetic
protein (BMP) and retinoic acid (RA) pathways. In particular,
cx3cl1, a CX3C-type chemokine gene, which is highly
expressed in brain in response to injury or infection and regu-
lates intracellular calcium concentration, was downregulatedT
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Table 3. Association results of previously reported PD loci

Japanese samples European samples

Scan phase Combined

(scan + replication)

Scan phase Combined

(scan + replication)

France-GWAS

SNP bp GWAS Risk all RAF OR Pa OR P GWAS Risk all RAF OR P OR P Risk all RAF OR PGC

(A) Genome-wide significant loci

4q22 (SNCA)

rs11931074 90858538 S1 T 0.58 1.50 6.2E-13 1.37 7.4E-17 S2 T 0.07 1.49 4.8E-08 1.46 1.6E-14 T 0.07 1.52 1.3E-05

rs356220 90860363 NA NA T 0.35 1.37 2.82E-08

rs3857059 90894261 S1 G 0.59 1.49 1.2E-12 1.36 5.7E-16 S2 G 0.07 1.49 3.6E-08 1.48 3.7E-15 G 0.07 1.54 1.0E-05

rs2736990 90897564 NA S2 C 0.46 1.27 5.7E-09 1.23 2.2E-16 G 0.44 1.35 2.9E-08

vrs6532194 90999925 S1 T 0.6 1.44 7.0E-11 1.32 4.2E-13 NA T 0.09 1.22 0.028

17q12-q22 (MAPT)

rs393152 41074926 NA S2 A 0.78 1.32 1.4E-07 1.30 2.0E-16 A 0.75 1.32 2.7E-05

rs17563986 41347100 NA S2 T 0.78 1.30 3.4E-07 1.28 1.7E-14 A 0.75 1.34 1.3E-05

rs199533 42184098 NA S2 C 0.80 1.33 5.1E-08 1.28 1.1E-14 G 0.78 1.28 3.0E-04

4p15 (BST1)

rs3213710 15326419 NA NA A 0.50 1.24 7.7E-05

rs4698412 15346446 S1 A 0.33 1.25 5.3E-05 1.24 1.8E-08 S2 A 0.56 1.07 0.09 1.06 0.03 A 0.52 1.28 6.9E-06

rs4538475 15347035 S1 A 0.36 1.25 4.1E-05 1.24 3.9E-09 NA A 0.83 1.15 0.07

rs12646913 15348374 NA S2 A 0.92 1.18 0.04 1.09 0.03 A 0.91 1.19 0.08

rs4698120 15352430 NA NA C 0.53 1.24 7.4E-05

1q32 (PARK16)

rs16856139 203905087 S1 C 0.86 1.50 2.6E-06 1.46 1.0E-07 NA T 0.06 1.10 -

rs947211 204019288 S1 G 0.52 1.23 1.2E-04 1.3 1.5E-12 NA G 0.78 1.10 0.14

rs823156 204031263 S1 A 0.83 1.40 1.2E-05 1.37 3.6E-09 S2 T 0.82 1.12 4.3E-03 1.12 7.6E-04 A 0.81 1.17 0.03

rs708730 204044403 S1 A 0.82 1.37 2.6E-05 1.33 2.4E-08 NA A 0.82 1.12 0.13

12q12 (LRRK2)

rs11564162 38729159 NA S2 T 0.81 1.28 4.0E-05 1.15 9.5E-05 G 0.17 1.11 -

rs2708453 38764919 S1 T 0.08 1.41 7.5E-05 1.38 9.7E-08 NA T 0.16 1.16 0.04

rs2896905 38779683 NA S2 C 0.60 1.22 5.0E-06 1.07 7.8E-03 G 0.64 1.02 0.75

rs1491923 38877384 NA S2 C 0.31 1.20 2.2E-04 1.14 1.6E-05 G 0.31 1.10 0.09

(B) Suggestive loci

4p16 (GAK)

rs1564282 842 313 NA S3 T 0.09 1.7 6.0E-06 T 0.09 1.27 0.008

rs11248060 954 359 NA S3 T 0.10 1.69 3.4E-06 T 0.11 1.18 0.05

S1: Table 1 from Satake et al., Nat. Genet., 2009; Japanese data – scan phase (1078 PD/2521 controls). S2: Table 2 from Simon-Sanchez et al., Nat. Genet., 2009; US/GE/UK data – scan phase (1745 PD/
4047 controls). S3: Table 2 from Pankratz et al., Hum. Genet., 2009; US (PROGENI + GenePD) data – (857 familial PD cases/867 controls).
aGenome-wide significant values (,1027) are italicized.
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in RFX4_v3-null mice (12). This allows speculation that
RFX4 and BST1 are functionally linked and indirectly
involved in the regulation of intracellular Ca2+ concentrations,
which plays an important role in various cellular functions and
cell death. Finally, polymorphisms in RFX4 have been shown
to be risk factors for the bipolar disorder, manic-depressive
illness (13). A recent study showed that a substantial pro-
portion (10–15%) of top GWAS hits, so far identified, are
e-quantitative trait loci (eQTLs), i.e. associated with gene
expression levels (14). We have initiated eQTL analysis
using an existing brain expression database (15), but so far
failed to identify any association of the PD-associated

rs4964469 SNP with the expression of known genes contained
within the 12q24 region.

In conclusion, we have conducted a large GWAS of PD
in three case–control samples from France, the UK and
Australia. The GWAS stage has 75% and 33% power to
detect the loci of the effect sizes observed in stage-1 data
for the 12q24 variant (OR ¼ 1.27) at a significance of
P , 5 × 1025 and P , 1027, respectively. In the scan-step,
we detected genome-wide significance of association with
PD for two SNPs on 4q22, and strong evidence of associ-
ation with 17q12–q22 SNPs. The two regions encompass
previously reported loci: SNCA and MAPT, respectively.

Figure 2. Regional association plots and LD structure for the four PD risk loci (A) 4q22/SNCA, (B) 17q12–q22/MAPT, (C) 4p15/BST1 and (D) 12q24/RFX4.
The –log10 P-values (logistic regression tests corrected for genomic inflation) in the GWAS stage. In each panel, the blue horizontal line indicates a P-value of
5 × 1025. Pairwise linkage disequilibrium (D′) values are displayed and the SNPs with the strongest association signals are circled. SNPs are color-coded for LD
relationships (r2) to the best (colored in black) SNP: red, 0.8 ≤ r2 , 1; green, 0.6 ≤ r2 , 0.8; gray, 0.4 ≤ r2 , 0.6; blue, 0 ≤ r2 , 0.4. Positions are NCBI build
36 coordinates. Intron and exon structures of genes are taken from the UCSC Genome Browser.
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In addition, we confirmed, for the first time in subjects of
European ancestry, the association of PD with 4p15/BST1,
recently identified in Japanese samples. Finally, we ident-
ified a new locus on 12q24, potentially associated with
PD. Further replication studies conducted in large case–
control samples are warranted to evaluate the contribution
of this locus to PD risk.

MATERIALS AND METHODS

Sample ascertainment and diagnostic criteria

The main characteristics of the three case–control samples are
shown in Table 4.

Stage-1 subjects. The total number of cases and controls from
France included in stage 1 was 1070 and 2023 controls,
respectively.

† PD subjects: Patients were recruited through the French
network for the study of Parkinson’s disease Genetics

(PDG) that comprises 15 university hospitals across
France. Definite and probable PD was defined according
to standard criteria. Definite PD required at least two of
three cardinal signs (akinesia and/or rigidity and/or
tremor) and absence of exclusion criteria (ophthalmople-
gia, pyramidal or cerebellar signs, early dementia,
urinary incontinence or postural instability and prior
exposure to neuroleptic drugs), and a positive and sus-
tained response to levodopa therapy. Probable PD required
at least two of the five following criteria: the parkinsonian
triad, a good response to levodopa therapy and asymmetri-
cal onset. Most (.80%) of the PD cases fulfilled the cri-
teria for definite PD. Patients were selected in an effort
to enrich for individuals who may have greater genetic pre-
disposition to PD, through selection of cases with a posi-
tive family history of PD (Table 4). Cases were of
European origin, mostly French (n ¼ 930). Subjects diag-
nosed genetically with known PARK mutations (SNCA,
LRRK2, parkin and PINK1) were excluded.

Figure 2. Continued

622 Human Molecular Genetics, 2011, Vol. 20, No. 3

 by guest on M
ay 5, 2014

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


† 3C neurologically normal controls: The French Three-
City (3C) cohort is a population-based, prospective
(4-year follow-up) study of the relationship between vas-
cular factors and dementia, carried out in three French
cities: Bordeaux (Southwest France), Dijon (central
eastern France) and Montpellier (Southeast France)
(16). Participants (.9000) are non-institutionalized sub-
jects, over 65 years of age, randomly selected from the
electoral rolls of each city. Patients with Alzheimer’s
disease or other types of dementia, and individuals for
whom information on their dementia status during the
4-year follow-up was missing were further excluded.
Here, we used a sample of 2023 neurologically normal
subjects matched on gender with PD cases, randomly
selected from all the participants.

Stage-2 subjects. In silico replication sample: we exchanged
genome-wide association data with the WTCCC2 PD study

group (Spencer et al., submitted). This case–control study
consisted of 1705 PD cases and 5200 controls from the 1958
Birth Cohort and from the OK Blood Services Controls (17).

Stage-3 subjects. De novo genotyping was conducted in two
independent case–control datasets from France (872 PD,
1440 controls) and Australia (655 PD, 424 controls). The sub-
jects from France were combined from three French studies:
TERRE (207 cases, 468 controls), PARTAGE (313 cases,
593 controls) and an extension of PDG (352 cases, 378 con-
trols). The extension PDG study includes patients who were
not available at the time of the stage-1 genotyping execution
and neurologically normal spouses of PDG patients. In
cases, the mean age at examination and the mean age of
onset of PD is 59 (30–86) and 50 (20–84) years, respectively.
The mean age of controls is 60 (31–85) years. In PARTAGE,
patients and controls were identified among affiliates of the
Mutualité Sociale Agricole (MSA) from five French districts.
Parkinsonism was defined as the presence of at least two car-
dinal signs (rest tremor, bradykinesia, rigidity, impaired

Figure 2. Continued
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postural reflexes); PD was defined as the presence of parkin-
sonism after exclusion of other causes of parkinsonism. Con-
trols were randomly selected from all MSA affiliates in the
same districts and matched for sex and age (+2 years).
DNA was collected from saliva (Oragene kit). Cases and con-
trols have a mean age of 67 (37–79) years, and the mean age
of onset of disease is 63 (35–75) years. TERRE is based on a
similar protocol (18), but DNA was collected from blood; the
mean age in cases and controls is 73 (46–82) years, and the
mean age of onset is 66 (39–80) years in cases.

Australian study: Subjects with PD were recruited from
one private and two public movement disorder clinics in
Brisbane. Controls were electoral roll volunteers and
patient spouses, excluding the subjects demonstrating signs
of parkinsonism (19). The mean age is 72 (34–105) and
74 (33–107) years in controls and cases, respectively; the
mean age of onset is 59 (23–96) years in cases. Only

Caucasian subjects were included in stage 3; in the Austra-
lian study, analyses were restricted to participants who
reported having four European grandparents (.85%
British). There was no overlap between the subjects used
in the replication datasets and those included in the
stage-1 data. Written informed consent was obtained for
all participating subjects and research protocols were
approved by local ethics committees.

Genotyping

Stage-1 genotyping. DNA samples of PDG cases and 3C con-
trols were transferred to the French Centre National de Géno-
typage. First-stage samples that passed DNA quality control
(QC) (1064 PD cases and 2023 controls) were genotyped
with Illumina Human610-Quad BeadChip and subjected to
standard QC procedures.

Figure 2. Continued
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Stage-2 genotyping. This WTCCC2 PD study sample was
genotyped by the Welcome Trust Case–Control Consortium
using the Illumina 650Y genotyping array (Spencer et al.,
submitted).

Stage-3 genotyping. Genotyping in the extended PDG sample
was carried out in the UMR/S 975 laboratory, using
predesigned TaqMan probes (C_537709_10/ rs621341;
C_29330880_10/ rs6723108; C_12096605_10/ rs11064524;
C_2775670_10/ rs4964469; C_1216796_10/ rs4698412) on
an ABI 7500 Real-Time PCR system Applied Biosystems,
Foster City, CA, USA), according to the manufacturer’s
instructions. Data were then analyzed using the 7500 software
v.2.0.1. The TERRE/PARTAGE and Australian samples were
genotyped using the Sequenom MassARRAY platform, with
the iPLEX protocol (Genoscreen, France). The basic protocol
involves a multiplex primer extension followed by matrix-
assisted laser desorption ionization-time of flight mass spec-
troscopy detection. In order to avoid any genotyping bias,
cases and controls were randomly mixed when genotyping
and, laboratory personnel were blinded to case–control status.

Quality control of France GWAS scan data

Various stringent QC filters were applied to remove poorly
performing SNPs and samples using tools implemented in
PLINK version 1.7 (20).

SNP QC: Markers were removed if they had a
genotype-missing rate .0.03 or a minor allele frequency
(MAF) , 0.05 or a Hardy–Weinberg P ≤ 1025. This SNP
QC step led to the removal of 74 660 autosomal SNPs.
Thus, subsequent analyses were based on 492 929 SNPs.

Individual QC: Samples were removed based on standard
exclusion criteria: call rate of ,96% (22 subjects), inconsis-
tencies between reported gender and genotype-determined
gender (11 subjects) and genetic relatedness
(identity-by-descent estimate .0.14; 6 subjects). Applying
these QC filters led to the removal of 39 subjects (14 cases,
25 controls).

Population stratification and principal component analy-
sis: To detect individuals of non-European ancestry, we

thinned the SNPs to reduce LD to a set of 55 193 SNPs. To
this end, we removed SNPs from the extensive regions of
LD (CHR2, CHR5, CHR6, CHR8, CHR11) (21), and excluded
SNPs if any pair within a 1000-SNP window had r2. 0.2. Our
stage-1 genotype data were then merged with genotypes at the
same SNPs from 381 unrelated European (CEU), Yoruban
(YRI) and Asian (CHB and JPT) samples from the HapMap
project. Principal component analysis was applied using
EIGENSTRAT (22). The two PCs clearly separated the
HapMap data into three distinct clusters according to ancestry,
and most of our stage-1 samples were clustered with the
HapMap European samples (Fig. 3). Thirty-two samples
appeared to be ethnic outliers (including one subject clearly
sharing African ancestry) from the European cluster and
were excluded from further analysis. The final post-QC scan
sample comprised 1039 PD cases and 1984 controls.

Statistical analysis

Association analysis of the genotype data was conducted with
PLINK (20).

Stage-1 association analyses. Logistic regression was used to
study the allelic association between each SNP and PD assum-
ing an additive genetic model. Our analysis was based on
492 929 SNPs, and on a conservative genome-wide signifi-
cance threshold of 0.05/492 929 ¼ 1027. The distribution of
the association results was found to be marginally inflated
(median x2 ¼ 0.521); genomic inflation factor l ¼ 1.14
(l1000 ¼ 1.10). Logistic regression analysis adjusted for the
two first PCs of the EIGENSTRAT analysis revealed a
genomic inflation of 1.03 (median x2 ¼ 0.472). As for our
primary analyses, we applied the genomic inflation correction
method (23); the median of the GC-corrected x2 value was
0.447.

Sensitivity analyses: Two further analyses were conducted
to assist in the interpretation of results of the identified GWAS
SNPs. We performed age-adjusted regression analysis and
conducted subgroup analyses of two subtypes of cases
against all controls. Cases with a disease onset before 50
years (n ¼ 428) were classified as ‘early AOO’, and cases

Table 4. Samples used (post-QC) in this study

Stage-1 Stage-2 Stage-3 Total
Scan Replication Replication

Center French UK French–Australian
Genotyping platform Illumina 610-Quad Illumina 650Y Illumina GoldenGate

Cases 1039 1705 1527 4271
Sex ratio: M/F 1.42 1.37 1.42
Age: mean+SD (n)a 57.5+16.6 (1003) NA 69.0+12.7 (1365)
AOO: mean+SD (n)a 48.9+12.8 (970) 65.2+11.3 (1109) 61.3+12.4 (1351)
FH+ (%) 47 0 17
Controls 1984 5200 1864 9048
Sex ratio (M/F) 1.33 1.02 1.05
Age: mean+SD (n)a 73.7+5.4 (1984) 51 68.1+10.0
Total 3023 6905 3391 13 319

aNumber of subjects for which age/age of onset of disease is known.

Human Molecular Genetics, 2011, Vol. 20, No. 3 625

 by guest on M
ay 5, 2014

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/


having at least one first-degree relative with PD (n ¼ 452)
were classified as ‘FH+’.

Stage-2 in silico association analyses. Statistical data (ORs,
effective sample sizes and nominal P-values for each of the
50 top SNPs) in the UK sample were obtained from the
WTCC2 PD study group that used similar analytical
methods (Spencer et al., submitted).

Stage-3 association analyses. For the de novo replication
stage, we computed association statistics with the Mantel–
Haenszel test to control for the potential confounding owing
to the geographical center (France versus Australia) for the
five SNPs replicated at stage-2. Using raw genotypes from
all the study samples, we computed similar stratified (France
versus Australia versus UK) association statistics in the com-
bined (stage-2 + stage-3 and stage-1 + stage-2 + stage-3)
data.

The PAR associated with the detected variants was esti-
mated with the following formula: PAR ¼ p (OR-1)/
[p(OR-1) +1], where p is the frequency of the risk allele in
controls, and OR is the odds ratio associated with the risk
allele.
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