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Restless legs syndrome (RLS) is a frequent neurological disorder
characterized by an imperative urge to move the legs during
night, unpleasant sensation in the lower limbs, disturbed sleep
and increased cardiovascular morbidity. In a genome-wide
association study we found highly significant associations
between RLS and intronic variants in the homeobox gene
MEIS1, the BTBD9 gene encoding a BTB(POZ) domain as well
as variants in a third locus containing the genes encoding
mitogen-activated protein kinase MAP2K5 and the transcription
factor LBXCOR1 on chromosomes 2p, 6p and 15q,
respectively. Two independent replications confirmed these
association signals. Each genetic variant was associated with a
more than 50% increase in risk for RLS, with the combined
allelic variants conferring more than half of the risk. MEIS1 has
been implicated in limb development, raising the possibility
that RLS has components of a developmental disorder.

Nightwalkers, as individuals with RLS call themselves, are forced to
move their legs during periods of rest especially in the evening and
night to relieve uncomfortable or painful sensations in the deep calf1.
This diurnal variation leads to impaired sleep onset, and the periodic
leg movements during sleep in the majority of patients contribute to
sleep disruption and a reduced quality of life as a major consequence2.
There are recognized secondary forms of RLS such as in iron
deficiency, pregnancy and end-stage renal disease and associated
morbidity such as increased cardiovascular risk2,3. RLS is one of
the most common neurological disorders, with an age-dependent

prevalence of up to 10% in the elderly in North America and Europe2.
Dopaminergic agents originally developed for Parkinson’s disease
have been used to treat RLS, with an unknown mode of action2.
Neurophysiological, pharmacological and neuroimaging studies
suggest that the characteristic symptoms originate in the central
nervous system, yet the underlying neurobiology remains obscure4.
A family history of RLS is present in more than 50% of affected
individuals, and similar figures have been reported for heritability
in twin studies5,6. Linkage analysis uncovered five loci based on
recessive (RLS1) or dominant inheritance (RLS2–RLS5), but so far
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no causally related sequence variants have been identified5–7. With
SNP arrays becoming a mature technology, we conducted a genome-
wide association study (GWAS), typing 500,568 SNPs in individuals
with RLS and in a large control cohort from the general population.

Genome-wide association
The study design involved an exploratory stage (stage 1) followed by
replication in two further case-control samples (stages 2a and 2b)
(Fig. 1). In stage 1, we performed a GWAS, typing cases and controls
on a single platform with the Affymetrix 500K Array Set. To enrich for
risk alleles and minimize phenotypic hetero-
geneity, we selected subjects with familial RLS
(n ¼ 401). Controls were selected randomly
from a population-based cohort (n ¼ 1,644,
from the KORA-S3/F3 survey, described pre-
viously)8. For statistical analysis, we selected
SNPs by including only high-quality geno-
types to reduce the number of false-positive
signals (Supplementary Table 1 online).
A total of 236,758 SNPs passed all quality
control filters (mean call rate ¼ 99.48%). The
effect of population stratification was negli-
gible (inflation factor l ¼ 1.09 via genomic
control)9 (Fig. 2). Eigenvalue-based analysis
showed only minimal population substruc-
ture (Fig. 2). An Armitage trend test un-
covered four SNPs with P values o 10–6

(Fig. 3 and Supplementary Table 2 online).
After correcting for multiple testing, we
identified a single SNP within MEIS1
that reached genome-wide significance
(rs2300478, Pcorrected o 0.0002).

Replication of genome-wide findings
For stage 2 replication, 13 SNPs passed our
inclusion criteria based on P value, location

within a linkage peak and visual inspection of clustering data. We
selected these and 15 neighboring SNPs for replication. They mapped
to six discernible regions. Of these 28 SNPs, 25 were successfully
genotyped in stage 2a and 24 in stage 2b (Supplementary Table 3
online). Individuals in 2a (n ¼ 903, familial or sporadic RLS) had
been recruited separately using the sampling design of stage 1. Control
subjects were selected from KORA-S4 (n ¼ 891).

In stage 2a, we found nominally significant evidence for association
in five regions, of which three withstood correction for multiple
testing (Fig. 4 and Supplementary Table 4 online). The first region
was on 2p, located in a 32-kb linkage disequilibrium (LD) block
containing exon 9 of MEIS1. Here, two of three SNPs showed
significant association (P o 10–11). MEIS1 is a member of a family
of highly conserved TALE homeobox genes. Heterodimers of MEIS1
with PBX and HOX proteins augment the affinity and specificity of
DNA binding by HOX proteins10. MEIS1 has been found to be
overexpressed in acute myeloid leukemia10, and studies in Xenopus
laevis have shown involvement in neural crest development11. In
addition, there are several potential links to RLS: during embryonic
development, MEIS1 is essential for proximo-distal limb formation12,
and children with restless legs syndrome are often described as having
growing pains13. MEIS1 is part of a Hox transcriptional regulatory
network that specifies spinal motor neuron pool identity and con-
nectivity14. Notably, spinal hyperexcitability is an established compo-
nent in the genesis of periodic leg movements found in individuals
with RLS15. Specific functions of MEIS1 in postembryonic tissues still
remain to be established. The protein is known to be expressed in the
adult mouse brain in cerebellar granule cells, the forebrain and,
notably, in dopaminergic neurons of the substantia nigra16.

The second region with significant association was on chromosome
6p, within a 113-kb LD block in intron 5 of the BTBD9 gene. All five
SNPs tested were significant, four of these with P values o10–5. Little
is known about BTBD9 other than that it belongs to the BTB(POZ)
proteins. BTB stands for broad complex, tramtrack and bric à brac,
genes that in Drosophila melanogaster are required for embryonic
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Figure 2 Extent of population stratification. The distribution of expected

(under the null hypothesis) versus observed w2 values (all P values obtained

in the analysis of sample 1, using Armitage trend test with age and sex as

covariates) before (blue) and after (red) correction by division with l.

Adherence to the diagonal indicates lack of inflation of the statistic. As can

be seen in the uncorrected plot, there is evidence for a systematic deviation

toward higher-than-expected values. After the correction, there is near-

perfect adherence to the diagonal for most of the values obtained, indicating

that the correction performed well.
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Figure 3 Genome-wide association study for RLS susceptibility loci. The analysis compared 393

successfully genotyped RLS cases with 1,602 population-based KORA controls. The x-axis represents

genomic position, and the y-axis shows –log10(P). Thirteen SNPs that passed inclusion criteria for the

replication study of stage 2 are highlighted in bold. Note that the P values of three SNPs on

chromosome 15 are very similar, and these SNPs appear as one single dot.

NATURE GENETICS VOLUME 39 [ NUMBER 8 [ AUGUST 2007 1 00 1

LET TERS
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s



development, cell fate determination in the eye, metamorphosis and
pattern formation in the limbs17,18. Functions of BTB(POZ) proteins
include transcription repression, cytoskeleton regulation, tetrameriza-
tion and gating of ion channels, as well as ubiquitin-
dependent protein degradation17. The modular nature of this protein
and the universal occurrence of the particular domains of BTBD9
make assignment of a specific function difficult at present.

The third region, defined by seven SNPs tested on 15q, showed
significant evidence for association, with P o 10–4. This region
contains a 48-kb LD block overlapping the 3¢ end of MAP2K5, a
member of the mitogen-activated protein kinase family, and the
adjacent LBXCOR1 gene. MAPK pathways are conserved from
yeast to human and are activated by a signaling cascade that mediates
the transduction of extracellular signals to cytoplasmic nuclear effec-
tors19. MAP2K5 is a specific upstream activator of ERK5, and this
pathway is activated by oxidative stress, hyperosmolarity and
growth factors. In addition, MAP2K5 and ERK5 are abundantly
expressed in heart and skeletal muscles, and the MAP2K5/ERK5
MAP kinase cascade is critical at early stages of muscle cell differentia-
tion19. The possible link between RLS risk alleles and known biological

functions of the MAP2K5-ERK5 pathway is of particular interest,
as this pathway is important in neuroprotection of dopaminergic
neurons20. LBXCOR1 is annotated as being downstream of MAP2K5
and acting as a transcriptional corepressor of LBX1. This homeobox
gene is critical in the development of sensory pathways in the
dorsal horn of the spinal cord that relay pain and touch21. Three
SNPs within the PTPRD gene in the chromosome 9 linkage region
(RLS3) and one SNP on chromosome 16 in the A2BP1 gene were
nominally significant.

In stage 2b, we genotyped the same SNPs in affected individuals
(n ¼ 255) and controls (n ¼ 287) from a French-Canadian popula-
tion. Here, we found nominally significant evidence for association
in four regions (two SNPs on chromosome 2p, five SNPs on 6p,
seven SNPs on 15q and one SNP on 16p, Supplementary Table 5
online). The same three regions as in stages 1 and 2a remained
significant after correction for multiple testing. Odds ratios (ORs)
and risk alleles were very similar to those for stage 2a. Table 1 shows
those nine SNPs in the three loci confirmed in all three sample
sets and in joint analysis withstanding genome-wide correction for
multiple testing.
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Figure 4 Pairwise linkage disequilibrium diagrams for three

RLS-associated loci. (a) MEIS1. (b) BTBD9. (c) Region of MAP2K5 and
LBXCOR1. The P values based on the stage 1 Affymetrix data clearly

delineate the regions of interest within a single LD block in the limits of

the transcribed genomic unit for MEIS1 and three joint LD blocks in

BTBD9. For the region of MAP2K5 and LBXCOR1, the region of

interest is limited to a single LD block beginning in the transcribed unit

of MAP2K5 and ending in the transcribed unit of LBXCOR1. Pairwise

LD, measured as D¢, was calculated from the stage 1 control data set

using the methods of Gabriel as implemented in Haploview. Shading

represents the magnitude and significance of pairwise LD, with a white-

to-red gradient reflecting lower to higher LD values. Stage 1 Affymetrix

SNPs are indicated by red squares, replication SNPs (Stage 2a) by

black circles and fine mapping SNPs (Stage 2a) by blue triangles. x-axis

shows genomic position, and y-axis shows –log10(P). Transcriptional

units are indicated by black arrows, with exons depicted as black bars.
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Fine mapping, haplotype and risk analysis
We genotyped tagging SNPs and all known coding and splice-site
SNPs for fine mapping in the stage 2a samples. This confirmed the
candidate regions defined by the explorative phase of the study
(Fig. 4). Haplotype analysis for MEIS1 delineated a haplotype block
(rs3890755 to rs12469063). A haplotype completely described by
allele A (rs6710341) and allele G (rs12469063) was more strongly
associated than each single SNP in this block (P ¼ 5.87 � 10–20, OR ¼
2.75 [95% confidence interval, 2.23–3.41]). This haplotype was
also maximally associated in the Canadian sample (P ¼ 8.51 � 10–7,
OR ¼ 2.36 [1.40–3.97], Fig. 5). For BTBD9 and the MAP2K5
and LBXCOR1 region haplotype analysis confirmed the results of
single-SNP analysis.

In exploratory analysis, we compared the ORs obtained under the
allele dosage model to those obtained under the unrestricted model.
For MEIS1 and BTBD9, we did not find any significant difference
between the models tested (MEIS1: P ¼ 0.714; BTBD9: P ¼ 0.913),
but the allele dosage model was more parsimonious. For the MAP2K5
and LBXCOR1 region, the allele dosage model was significantly less
likely than the unrestricted model (P ¼ 0.006). Estimates pointed to a
recessive model. This model was significantly better than the allele
dosage model (P ¼ 0.009) and not worse than the unrestricted model
(P ¼ 0.395). There was no difference in effect estimates between
samples (Supplementary Table 6 online).

In the combined German samples, lower limits of the sequential
attributable fraction (SAFs)22,23 were estimated at 0.092, 0.303 and
0.079 for MEIS1, BTBD9 and the MAP2K5 and LBXCOR1 region
respectively. Corresponding upper limits (equal to the population
attributable risk fraction (ARF)) were 0.227, 0.492 and 0.201. In the
Canadian sample, the lower limits of the SAFs were 0.075, 0.316 and
0.090, respectively, and we estimated the upper limits at 0.226, 0.550
and 0.258, respectively. We could not identify any statistical interaction

between these loci, either in the individual samples or in the combined
German or combined German-Canadian samples. Overall, although
the single ARF and SAF estimates may be slightly overestimated, they
clearly indicate that the three loci account for a large part of the
phenotype in the populations studied. We estimated the ARF jointly
attributable to the three loci at 68.6% in the German population and
74.2% for the Canadian population.

A comparison of familial versus sporadic cases in the combined
stage 1 and 2a data set demonstrated virtually indistinguishable ORs

Table 1 Confirmed association results

dbSNP ID Chr Genome position Gene MAF (cases) Risk allele MAF (controls)

rs2300478 2p 66634957 MEIS1 0.367 (G) G 0.241 (G)

rs9296249 6p 38473819 BTBD9 0.162 (C) T 0.235 (C)

rs9357271 6p 38473851 BTBD9 0.165 (C) T 0.238 (C)

rs12593813 15q 65823906 MAP2K5 0.258 (A) G 0.330 (A)

rs11635424 15q 65824632 MAP2K5 0.257 (A) G 0.330 (A)

rs4489954 15q 65859129 MAP2K5 0.239 (T) G 0.311 (T)

rs3784709 15q 65859329 MAP2K5 0.251 (T) C 0.321 (T)

rs1026732 15q 65882139 MAP2K5 0.252 (A) G 0.327 (A)

rs6494696 15q 65890260 [MAP2K5/LBXCOR1] 0.253 (C) G 0.326 (C)

dbSNP ID OR (95% c.i.) Stage 1 Pnom Stage 2a Pnom Stage 2b Pnom Stage 1+2a+2b Pnom Stage 1+2a+2b Pcorrected
a

rs2300478 1.74 (1.57–1.92) 4.89E–10 5.93E–12 2.19E–03 3.41E–28 8.08E–23

rs9296249 1.67 (1.49–1.89) 2.19E–06 1.61E–06 4.14E–03 3.99E–18 9.44E–13

rs9357271 1.66 (1.48–1.87) 5.48E–06 1.85E–06 2.48E–03 6.31E–18 1.50E–12

rs12593813 1.50 (1.36–1.66) 1.85E–06 4.95E–05 1.57E–02 1.06E–15 2.51E–10

rs11635424 1.51 (1.37–1.67) 1.77E–06 2.54E–05 6.60E–03 3.65E–16 8.64E–11

rs4489954 1.51 (1.36–1.67) 2.44E–06 2.60E–05 1.66E–02 2.68E–15 6.35E–10

rs3784709 1.52 (1.37–1.68) 3.56E–06 7.46E–05 1.79E–03 4.06E–16 9.61E–11

rs1026732 1.53 (1.39–1.70) 4.67E–07 2.78E–05 5.22E–03 6.09E–17 1.44E–11

rs6494696 1.52 (1.38–1.69) 1.79E–06 5.20E–05 5.22E–03 2.00E–16 4.74E–11

SNPs with significant association that were successfully genotyped in all three case-control samples, located in three different genomic regions. Genome positions refer to the human
March 2006 (hg18) assembly. [MAP2K5/LBXCOR1] denotes an intergenic position of the SNP. MAF, minor allele frequency; OR, odds ratio; c.i., confidence interval; Pnom ¼ nominal
P value. MAF refers to stage 2a data only; OR was calculated using combined data from all stages. P values for stage 1, 2a and combined analysis were calculated using logistic
regression implementing an Armitage trend test and taking sex and age as covariates into account. P values in stage 1 and 2a resulting from this regression were further corrected for
population stratification by dividing the resulting w2 by the inflation factor l. aPcorrected ¼ P value corrected for multiple testing using Bonferroni’s method, correcting for 236,758 SNPs.
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Figure 5 Haplotype structure for MEIS1. A haplotype consisting of six SNPs

(of which rs6710341 and rs12469063 fully tagged the risk haplotype) is

associated with RLS with odds ratios of 2.75 and 2.36 in the stage 2a and

2b samples, respectively. Haplotype frequencies for all haplotypes occurring

with these six SNPs are based on cases and controls jointly and are given

for cases and controls separately for the risk haplotype. For the Canadian

sample, the frequencies are given in brackets and are based on the two

tagging SNPs.
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for the regions on 6p and 15q. For the region on 2p, the risk was
higher in familial (rs2300478: OR ¼ 1.82 [1.55–2.14]) than in
sporadic cases (OR ¼ 1.59 [1.34–1.90]). However, confidence intervals
were overlapping with no significant difference in allele distributions
(P ¼ 0.22, Supplementary Table 7 online). The familial relative risk
figures estimated by the risk to siblings ls were 1.13 for MEIS1, 1.02
for BTBD9 and 1.03 for MAP2K5/LBXCOR1 in the German data set,
with almost identical estimates in the Canadian data.

The increasing medical attention to RLS in recent years is matched
by our ignorance about its underlying molecular basis. The genetic
heterogeneity of RLS has made linkage studies notoriously difficult
and favors association approaches. In agreement with power calcula-
tions, an initial genome-wide screen for common variants in 400 cases
and 1,600 controls enabled us to detect risk alleles with odds ratios
41.5. Sample size in the replicate was twice as high as in the initial
GWAS and provided unequivocal evidence for the signals. The effects
were strong enough that a second replication in a small independent
sample from Canada also yielded significant signals for all three
regions. A particular feature of our study design is the use of a control
group from the general population. This provided us with very
accurate estimates of the genotype frequencies and it avoided any
bias to which a disease-negative population is prone.

The identification of significant signals in genes that have not been
considered candidates from previous biological knowledge is a recur-
ring theme in GWASs24. The current knowledge about MEIS1,
BTBD9, MAP2K5 and LBXCOR1 opens new avenues of RLS research,
and the involvement of developmental genes challenges us to rethink
our basic concept of this widespread disease.

A major proportion of the risk for RLS is explained by variants in
the loci identified. We could not derive any different contributions
from any of these loci to familial versus sporadic RLS. The associated
variants all convey very low familial relative risk (ls o 1.15 in all
cases). The lack of positive results within the known linkage regions
does not argue against the validity of the linkage results. The
nominally significant signals detected in the RLS3 linkage region
might indicate an allelic series of variants conferring weak and strong
effects within the same gene.

This study is not exhaustive in identifying genetic factors contribut-
ing to RLS, and further investigations will provide a better picture of
what constitutes the genetic architecture of the complex phenotype of
restless legs syndrome. Future studies should investigate endopheno-
types or secondary RLS cases, which might show alternative signal
patterns. An interesting question is also whether the loci identified
have a role in other dopaminergic disorders such as Parkinson’s disease
or in other associated disorders such as attention deficit hyperactivity
disorder or sleep disorders. Further experimental advances might
include features such as higher sample numbers in the exploratory
stage, higher SNP density, modification of clustering algorithms25,
inclusion of lower frequency polymorphisms, investigation of
copy number changes and use of lower statistical thresholds using
a priori information.

METHODS
Study population and phenotype assessment. Cases of stages 1 and 2a were of

European descent and were diagnosed according to standard criteria2 in a

personal interview. Familial RLS was defined by at least one affected first-degree

relative. We excluded subjects with secondary RLS due to uremia, dialysis and

iron deficiency.

Controls of stage 1 and 2a were of European descent and from the KORA S3/

F3 and S4 surveys, representative of the general population. KORA procedures

have been described8. For stage 1, we included 1,644 subjects from S3/F3, ages

35–84 years, and for stage 2a, 891 age- and sex-matched subjects from S4. In 2a,

102 affected individuals were outside the age range of KORA and were matched

to the next age group.

Affected individuals and controls of stage 2b were of French-Canadian

ancestry. Affected individuals (n ¼ 255) were diagnosed according to standard

criteria2, and polysomnography was performed in 156 subjects; of those,

82.1% (n ¼ 128) showed significant periodic leg movements during sleep.

Controls were recruited from the general population (n ¼ 287). Secondary

cases were excluded.

Studies were performed according to the declaration of Helsinki and

approved by institutional review boards in Germany, Austria, and Canada.

Written informed consent was obtained from participants. For demographic

data of successfully genotyped samples, see Supplementary Table 8 online.

Genome-wide assays, SNP genotyping and quality control. Stage 1 genotyp-

ing was performed using the Affymetrix 500K Array Set. Genotypes were

determined using the BRLMM algorithm with cases and controls undergoing a

joint cluster analysis. From 500,568 SNPs, a total of 236,758 were selected for

subsequent analyses based on stringent quality control criteria. Exclusion

criteria were call rate o98% (n ¼ 146,297), minor allele frequency (MAF)

o10% (n ¼ 151,583), deviations from HWE (P o 0.00001, n ¼ 22,536) and

low number of heterozygotes (o10, n ¼ 33,122). 14,069 SNPs were mono-

morphic. For a detailed breakdown, see Supplementary Table 1.

For the 13 SNPs passing the inclusion criteria for genotyping in stages 2,

visual inspection of clustering was performed using the Affymetrix SNP

Signaling Tool 1.0.0.12. All clusters passed this test. To validate the stage 1

experiment, we genotyped 15 SNPs in 400 samples on another platform

(Sequenom MassArray system) with a genotype discordance rate of 0.2%.

Stage 2 and fine-scale mapping were performed using MALDI-TOF mass

spectrometry on a Sequenom system (Autoflex HT and SpectroTYPER RT 3.4

analysis software). Assays were designed using AssayDesign 3.1.2.2 with iPLEX

Gold chemistry default parameters. Supplementary Table 9 online lists

oligonucleotide sequences of replication and fine mapping.

SNP quality control criteria leading to exclusion were call rate o97%, MAF

o10% and Po 0.001 for deviations from HWE in controls. This resulted in an

exclusion of one SNP (rs2110974) in stage 2a, two SNPs (rs2110974,

rs7881785) in stage 2b and 51 SNPs in fine mapping. All coding SNPs were

monomorphic. A total of 28 affected individuals and 55 controls in stage 2a and

44 affected individuals and 46 controls in stage 2b were excluded owing to low

call rate (o90%) of all SNPs within a single DNA sample.

SNP selection for stage 2. We used the following inclusion criteria: (i) P o
10–6 in stage 1 analysis (four SNPs); (ii) P r 10–5 with two neighboring SNPs

(± 100 kb) with P r 10–3 (eight SNPs); (iii) P r 10–4 for SNPs within

described linkage peaks (one SNP in RLS3). For these 13 SNPs, we chose 15

additional neighboring SNPs based on LD structure for genotyping in the

replication samples 2a and 2b (Supplementary Table 3).

SNP selection for fine mapping. SNPs in the coding regions and 10 kb of

flanking sequences were selected using the Tagger algorithm (r2 ¼ 0.8)

implemented in HAPLOVIEW 3.3.2 (ref. 26). In addition, all coding-region

SNPs and splice-site SNPs were included. This led to 41 SNPs on chromosome

2p (38 tagging, 1 synonymous and 2 nonsynonymous), 77 SNPs on chromo-

some 6p (tagging only) and 46 SNPs on chromosome 15q (37 tagging,

1 synonymous, 4 nonsynonymous, 2 splice site, 2 frameshift coding). In total,

164 SNPs were selected, of which 163 were converted into genotyping assays,

and 103 with a MAF 410% were analyzed.

Analysis of genetic effects. To test and correct for possible population

stratification, we performed an EIGENSOFT27,28 analysis. We used a

random sample of 16,000 SNPs passing the quality criteria for the stage 1

sample and allowed for ten rounds of outlier removal. In the first six rounds,

a total of 50 outliers (8 cases and 42 controls) were removed, with none

removed in the remaining rounds. To assess stratification, we compared

the expected distribution of P values for association versus the expected

w2 distribution with one degree of freedom29. We compared the empirically

observed mean of the lower 90% of the distribution of the statistics

observed and divided it by its expectation9. This led to an inflation factor (l)

of 1.09 (Fig. 2).
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We performed logistic regression analysis coding the number of minor alleles

as the dependent variables, thus implementing Armitage’s trend test, including

age and sex as covariates and allowing for interactions between age, sex and the

number of alleles. Odds ratios and confidence interval limits were obtained

through logistic regression analysis. The w2 values resulting from these analyses

(stage 1, 2a and fine mapping) were divided by l, assuming similar conditions

for both German samples.

Haplotype analysis was performed using HAPLOVIEW 3.3.2 (refs. 26,29),

with the fraction of strong LD informative comparisons set at 0.9, and using

UNPHASED 3.0.8, which allows the incorporation of age and sex as

covariates30. Haplotype blocks were delineated using the method of Gabriel

implemented in HAPLOVIEW26. ORs were obtained using logistic regression

with age and sex as covariates in the stage 2 samples. w2 and P values in 2a were

l corrected. Differences between familial and sporadic cases were tested using

Fisher’s exact test. Familial attributable risks were calculated using the power

calculator described in ref. 22.

Multiple testing. Using WG-PERMER, a program for rapid permutation of

genome-wide data, preliminary analysis showed that P values after Westfall-

Young and Bonferroni correction, with the number of tests set at the number of

SNPs tested (n ¼ 236,758), were in good agreement. This may reflect stringent

criteria for SNPs to enter the analysis, resulting in low average r2 values between

SNPs. To maintain comparability across results, we show Bonferroni-corrected

P values for stage 1 and the combined analysis. For stages 2a and 2b, we give

Westfall-Young–corrected P values based on 10,000 permutations, as only a few

candidate regions were tested with high LD between them, and thus Bonferroni

would be conservative.

Power analysis. Power analysis for the combined German sample was per-

formed using the Genetic Power Calculator (http://pngu.mgh.harvard.edu/

~purcell/gpc/). The power of any SNP tested with MAF Z 0.2 and OR Z

1.5 (or 1/1.5 or lower) was beyond 90%. The P value used was the P value

required for a significant result after Bonferroni correction (P¼ 0.05/236,758 ¼
2.112 � 10–7).

Testing the mode of inheritance. OR values and likelihoods were obtained

using logistic regression analysis with age, sex and samples as covariates in the

combined stage 1, 2a and 2b samples. Significance testing between models was

done using the likelihood ratio test.

Attributable risk fraction. To quantify the contribution of these loci to RLS,

we estimated the population attributable risk fraction (ARF)22 and the

sequential attributable fraction (SAF)23. We used the allele dosage model

for MEIS1 and BTBD9 and the recessive model for MAP2K5 and LBXCOR1

and calculated upper and lower limits of SAFs23. For each locus, we used

the SNP with the lowest P value, aware of the fact that this may lead to

slight overestimation of the ARF. The ARF for the three loci combined was

calculated by allowing for the possibility of simultaneous exposure to several of

the risk genotypes.

Requests for materials: janew@mpipsykl.mpg.de or meitinger@gsf.de.

Note: Supplementary information is available on the Nature Genetics website.
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