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INTRODUCTION
Restless legs syndrome (RLS), also known as Willis-Ekbom 

disease, is a common neurological disorder that is characterized 
by an urge to move the legs, usually associated with unpleasant 
sensations within the legs and that is commonly associated with 
sleep disturbances and an impaired quality of life.1-3 However, 
the pathogenic mechanisms and genetic findings of RLS are not 
entirely understood.

RLS is associated with a positive family history in 45-65% 
of patients, and twin studies showed a high concordant rate in 
monozygotic twins, which suggests that genetic factors play an 
important role in the pathogenesis of RLS.4 To date, genome-wide 
linkage analyses have identified at least eight major susceptibility 
loci for RLS: RLS1 on chromosome 12q12-q21, RLS2 on 14q13-
21, RLS3 on 9p24-p22, RLS4 on 2q33, RLS5 on 20p13, RLS6 on 
19p13, RLS7 on 16p12.1, and RLS8 on 2p14.5-12 Recent genome-
wide association studies (GWAS) of RLS, which were performed 
in populations of primarily European ancestry, identified six 
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additional loci associated with RLS, which are represented 
by single nucleotide polymorphisms (SNPs) on chromosome 
2p14 (MEIS1 and an intergenic region 1.3 Mb downstream of 
MEIS1), 6p21.2 (BTBD9), 15q23 (MAP2K5/SKOR1), 9p24.1-
p23 (PTPRD), and 16q12.1 (TOX3/BC034767).12-15 Replication 
studies for European and US populations confirmed the associa-
tion of at least one SNP in MEIS1, BTBD9, MAP2K5/SKOR1, 
and PTPRD.16-18 However, none of the studies on RLS has yet led 
to the identification of disease-causing sequence variants and has 
never been conducted for Asian/Korean patients.

It is becoming increasingly evident that many common 
human diseases such as RLS cannot be attributed to a single 
gene. Instead, epistasis (gene-to-gene interaction) is believed 
to play an important role in the genetic architecture of many 
common human diseases,19-22 which is not yet evident in the 
pathogenesis of RLS.

The aims of the current study were to evaluate whether the 
associations of RLS with all loci determined in previous GWAS 
for European/American populations can be replicated in the 
Korean population and to elucidate whether epistasis plays a 
role in the pathogenesis of RLS.

METHODS

Study Population
This study was approved by local institutional review boards 

on human subject research and written consent was obtained 
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from the participants. The patients were recruited in the Center 
for Sleep Disorders at seven tertiary hospitals that cover five 
of the six largest cities in Korea. The diagnosis of all RLS 
cases was made according to diagnostic criteria of the Inter-
national RLS Study Group,2 and through face-to-face inter-
views and examinations by a neurologist to exclude conditions 
that may mimic RLS, using the validated Korean-language 
version of the Johns Hopkins telephone diagnostic question-
naire.23 Familial RLS was defined as at least one affected first-
degree relative. Secondary RLS cases due to uremia, dialysis, 
peripheral neuropathy, and pregnancy were excluded. A total 
of 320 patients were included [113 males, mean age (standard 
deviation, SD) 56.1 (12.7) y]. Positive family history was 
reported by 84 cases and in 76 the data were not available. 
Phenotype assessment for each patient was performed using a 
standardized Web-based form (http://ecrf.rls.co.kr; Figure S1 
in supplemental material) in which demographic information, 
past medical history, diagnostic criteria of RLS, and clinical 
(for presence of periodic limb movements in sleep [PLMS] and 
severity of RLS symptoms) and laboratory data (serum ferritin 
and iron level and total iron-binding capacity of blood) were 
taken into consideration. The demographic data and labora-
tory findings of successfully genotyped samples (n = 317) are 
summarized in Table 1.

A total of 320 sex-matched controls (113 males, mean age 
[SD] 55.7 [9.5] y), who were screened using the diagnostic 
criteria of the International RLS Study Group2 for the pres-
ence of RLS, were selected from the Korean National Human 
Resource Bank registry of the Centers for Genome Science 
National Institute of Health (http://biomi.cdc.go.kr/sale_info/
main.jsp).

SNP Selection
Of the seven SNPs in the four genomic regions whose 

association with RLS was successfully replicated by one or 
more GWAS with Caucasian RLS cases until the present 
time,14-18 six SNPs (rs2300478 in MEIS1, rs3923809, 
rs9296249 and rs9357271 in BTBD9, rs1026732 in MAP2K5/
SKOR1, and rs1975197 in PTPRD) were selected; another 
MAP2K5/SKOR1 variant, rs6494696, was excluded because 
it is located in the same linkage disequilibrium block as the 
SNP rs1026732.13 Although its association with RLS was not 
replicated in the follow-up GWAS,17 rs4626664 in PTPRD 

about which too little is known was included 
to extend the knowledge about its role in the 
pathogenesis of RLS.

Genotyping
DNA was extracted using a standard 

protocol and purified using a kit procedure 
(Qiagen, Hilden, Germany). The real-time 
polymerase chain reaction (PCR) using high-
resolution melting (HRM) analysis was used 
in genotyping of the substitution of adenine 
for guanine or thymidine for cytosine, or vice 
versa, for which the accuracy of the HRM anal-
ysis was 100% according to duplicate direct 
sequencing analysis of, on average, 5% of the 
total genotype. HRM analysis was performed 

using Rotor-Gene 6000 (Corbett Life Science, Brisbane, 
Australia) according to the manufacturer’s protocol.

The HRM process consists of performing the PCR in the 
presence of the DNA binding dye, SYTO© 9 green (Invitrogen 
Corp., Carlsbad, CA, USA), monitoring the progressive changes 
in fluorescence caused by release of the dye from a DNA duplex 
as it is denatured with increasing temperature, collecting a 
HRM curve, and identifying the samples with melting curve 
aberrations indicative of the presence of a sequence variant. 
Fluorescence intensity as a function of temperature monitored 
by the LightScanner© instrument (Idaho Technology, Salt Lake 
City, UT, USA) can reveal small changes in the melting curve 
shape when analyzed with the LightScanner© software using 
the “Scanning” mode (Idaho Technology).

PCR was performed in 20-μL reactions containing 40 ng 
of template DNA, 1.5 mM MgCl2, 0.5 mM deoxyribonucleo-
tide triphosphate, 400 nM forward and reverse primers, 0.8x 
SYTO© 9 green, 0.5 U of AmpliTaq Polymerase Gold, and 
1×PCR buffer (Applied Biosystems, Foster City, USA). The 
thermal cycling conditions for PCR reactions were as follows: 
initial denaturation at 95.0°C for 2 min with 40 cycles at 95.0°C 
for 5 sec and annealing/extension at 58.0 to 63.0°C for 10 sec. 
HRM was carried out by fluorescence acquisition during a 
temperature increase from a minimum of 70.0°C to a maximum 
of 85.0°C with increments of 0.1°C and holding steps of 10 sec.

Statistical Analysis
Genotype frequencies at each locus were tested for Hardy-

Weinberg equilibrium (HWE). The threshold for the exclusion 
of SNP loci was P values of ≤ 0.05. The statistical evaluation of 
genotype data was performed with the Pearson chi-square using 
the IBM SPSS Statistics version 20 (SPSS Inc., Chicago, IL, 
USA). Fisher exact test was used if the expected cell frequen-
cies were lower than five. The strength of the association 
between the mutant allele of each SNP and RLS and the effect 
of a biallelic interaction on susceptibility to RLS was evaluated 
as an odds ratio (OR), according to the mode of inheritance of a 
causal allele obtained with HAPSTAT 3.0 (University of North 
Carolina, Chapel Hill, NC, USA) that allows haplotype analysis 
of multiple genes as well as single- and multi-SNP analysis with 
missing genotypes.24 Association tests were conducted in three 
different settings: (1) all combined cases (familial, sporadic, 
and not determined; n = 317 versus all controls (n = 318); (2) 

Table 1—Characteristics of Korean people with restless legs syndrome

Total
(n = 317)

Familial
(n = 82)

Sporadic
(n = 159) Pa

Male (%) 112 (35.3) 26 (31.7) 55 (34.6) 0.472
Age, mean (SD), y 56.4 (12.8) 53.1 (12.14) 56.3 (13.06) 0.059
RLS severity score, mean (SD) 23.02 (7.3) 22.61 (7.9) 23.81 (6.9) 0.269
Hemoglobin, mean (SD), mg/dL 13.40 (2.23) 13.22 (1.6) 13.6 (2.7) 0.15
Serum-iron, mean (SD), μg/dL 88.21 (35.7) 85.61 (35.6) 86.4 (32.5) 0.865
Serum-ferritin, mean (SD), μg/L 86.90 (95.6) 80.07 (73.8) 83.40 (86.3) 0.758
TIBC,mean(SD), μg/dL 308.16 (46.3) 304.28 (46.7) 312.97 (42.8) 0.184

aP value between familial and sporadic cases. RLS, restless legs syndrome; SD, standard 
deviation; TIBC, total iron-binding capacity.
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familial cases (n = 82) versus controls; and (3) sporadic cases 
(n = 159) versus controls. The difference in the mean values 
of continuous variables between familial and sporadic cases 
was tested by two-tailed Student t-test. Analysis of variance 
(ANOVA) was performed to test for the existence of differences 
in the mean values of continuous variables among three geno-
types of each SNP. The differences were considered significant 
for P values of ≤ 0.05.

The mode of inheritance can be additive, dominant, or reces-
sive. Under the additive model, two copies of a causal allele 
have twice the effect on the trait as compared to a single copy. 
Under the dominant model, having one or two copies has the 
same effect. Under the recessive model, having only two copies 
of the causal allele will affect the trait. Bonferroni correction for 
multiple testing of seven markers and 21 possible binary inter-
actions among the seven markers was used and the corrected 
P values of ≤ 0.007 and ≤ 0.0024 were considered statistically 
significant, respectively.

RESULTS
All SNPs tested were in HWE in both RLS cases and 

controls. Three hundred seventeen samples from RLS cases 
and 318 controls were successfully genotyped. There was no 
significant difference between familial (n = 82) and sporadic 
RLS cases (n = 159) in genotype distribution for all SNPs tested 
(supplemental material, Table S1), in the severity of RLS symp-
toms and in the mean value of serum iron, ferritin, and total 
iron-binding capacity (TIBC) (Table 1). Because the presence 
of PLMS could not be determined in more than half of the RLS 
cases (53.9%), the variable was excluded from analysis.

In the sample set of the combined cases versus controls, 
a significant association was found in genotype distribu-
tion of rs3923809 and rs9296249 in BTBD9 (P < 0.0001 and 
P = 0.001, respectively). The OR for rs3923809 was 1.88 (95% 
confidence interval [CI], 1.39-2.56; P < 0.0001) in the domi-
nant model and 1.61 (95% CI, 1.28-2.02; P < 0.0001) in the 
additive model of inheritance and the OR for rs9296249 was 
1.73 (95% CI, 1.23-2.44; P = 0.002) in the dominant model and 

1.44 (95% CI, 1.16-1.80; P = 0.001) in the additive model of 
inheritance, when considering the minor allele of each SNP as 
a causal allele (the data for the recessive model can be found 
in Table 2). In the sample set of sporadic cases versus controls, 
the two SNPs were also associated with RLS (P < 0.0001 for 
rs3923809 and P = 0.007 for rs9296249) in both additive and 
dominant models of inheritance (data not shown). These statis-
tical significances remained after using Bonferroni correction 
for multiple comparisons (supplemental material, Table S1, and 
Table 2).

Although it seemed that rs4626664 in PTPRD in the sample 
set of both the combined cases versus controls and familial cases 
versus controls and rs3923809 and rs9296249 in BTBD9 in 
the sample sets of familial cases versus controls were associ-
ated with RLS, the statistical value for these associations were 
not significant after using Bonferroni correction for multiple 
comparisons (supplemental material, Table S1, and Table 2).

The OR for the interaction between rs3923809 in BTBD9 and 
rs4626664 in PTPRD was 2.05 (95% CI, 1.46-2.88; P < 0.0001) 
in the additive model, 1.80 (95% CI, 1.246-2.62; P = 0.002) in 
the dominant model, and 2.47 (95% CI, 1.35-4.55; P = 0.004) 
in the recessive model. The OR for the interaction between 
rs9296249 in BTBD9 and rs4626664 was 1.80 (95% CI, 1.31-
2.48; P = 0.0003) in the additive model and 1.68 (95% CI, 1.18-
2.48; P = 0.004) in the dominant model. After using Bonferroni 
correction for multiple testing of 21 possible binary interactions 
among seven markers tested in the current study, the interac-
tions between rs3923809 and rs4626664 in the recessive model 
and between rs9296249 and rs4626664 in the dominant model 
were no longer statistically significant (Table 3). Although such 
a significant association with RLS was also found in the interac-
tion between rs9296249 and rs3923809, the OR for the interac-
tion was not higher than that for each of the SNPs; the OR was 
1.41 (95% CI, 1.11-1.79; P = 0.0001) in the additive model and 
1.81 (95% CI, 1.33-2.47; P = 0.0002) in the dominant model 
(Tables 2 and 3). No other biallelic interaction among BTBD9, 
MEIS1 and MAP2K5/LBXCOR1 variants was found to be asso-
ciated with RLS (data not shown).

Table 2—Association of all tested single nucleotide polymorphisms with restless legs syndrome in a Korean population

Gene refSNP Allele
Frequency Additive model Dominant model Recessive model

Control Case OR 95% CI P OR 95% CI P OR 95% CI P
BTBD9 rs9296249 C 0.524 0.432 1 – – 1 – – 1 – –

T 0.476 0.568 1.44 1.16-1.80 0.001a 1.73 1.23-2.44 0.002a 1.26 0.93-1.70 0.135 
BTBD9 rs9357271 C 0.841 0.822 1 – – 1 – – 1 

T 0.159 0.178 1.15 0.86-1.54 0.355 1.28 0.93-1.77 0.132 0.62 0.27-1.46 0.277 
BTBD9 rs3923809 A 0.645 0.530 1 – – 1 – – 1 – –

G 0.355 0.470 1.61 1.28-2.02 0.0000a 1.88 1.39-2.56 0.0000a 1.32 0.94-1.84 0.109 
PTPRD rs4626664 G 0.645 0.590 1 – – 1 – – 1 – –

A 0.355 0.410 1.26 1.01-1.58 0.045 1.27 0.95-1.69 0.113 1.25 0.88-1.78 0.220 
PTPRD rs1975197 C 0.629 0.636 1 – – 1 – – 1 – –

T 0.371 0.364 0.97 0.77-1.22 0.804 0.80 0.60-1.07 0.133 1.33 0.93-1.91 0.119 
MEIS1 rs2300478 T 0.750 0.756 1 – – 1 – – 1 – –

G 0.250 0.245 0.97 0.75-1.25 0.820 1.04 0.77-1.39 0.807 0.78 0.45-1.35 0.378 
MAP2K5/LBXCOR1 rs1026732 A 0.742 0.729 1 – – 1 – – 1 – –

G 0.258 0.271 1.07 0.83-1.38 0.587 1.13 0.84-1.51 0.419 0.93 0.57-1.52 0.769 

aThe statistical significances remained after using Bonferroni correction. CI, confidence interval; OR, odds ratio; RLS, restless legs syndrome.
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There was no significant association between genotypes of 
all tested SNPs and the mean value of serum iron, ferritin, and 
TIBC (data not shown).

DISCUSSION
The association of RLS with BTBD9 variants, rs3923809 and 

rs9296249, was significantly replicated in the Korean popula-
tion. Furthermore, a PTPRD variant, rs4626664, seemed to 
increase the risk of RLS through an interaction with BTBD9 vari-
ants. To the best of our knowledge, this is the first report where 
the association of RLS with BTBD9 variants was successfully 
replicated in Korean populations and showed that an epistasis 
can increase the risk of RLS.

In a large-scale high-density GWAS conducted in German 
and Canadian populations, strong associations of RLS with vari-
ants in BTBD9, MEIS1 and MAP2K5/LBXCOR1 were found,13 
which were significantly replicated for other European and US 
populations in subsequent studies.16-18 In the current study, a 
significant association was replicated only with BTBD9 variants 
and not with MEIS1 and MAP2K5/LBXCOR1 variants. These 
findings suggest that BTBD9 plays a consistent role in RLS in 
the Korean population and that we may need further studies 
with different sample sets of Korean populations to determine 
the exact role of MEIS1 and MAP2K5/LBXCOR1 in RLS.

It has been known that RLS is a dopamine-based disorder 
related to iron deficiency.25 Indeed, altered peripheral iron 
homeostasis, such as iron deficiency anemia and pregnancy, can 
produce RLS and iron concentrations are lowered in the cere-
brospinal fluid and substantia nigra in patients with RLS.26-29 
Although little is known about the function of BTBD9 other 
than it belongs to the BTB(POZ) domain-containing protein, 
there is some supporting evidence that BTBD9 plays a role in 
regulating iron homeostasis. Serum ferritin levels decreased 
by 13% per at-risk variant of BTBD9 rs3923809 in a GWAS 
in Icelandic and US populations15 and homozygosity for the 
at-risk variant of BTBD9 rs9296249 was associated with lower 
serum ferritin levels in Danish female blood donors.30 This is 

consistent with the suspected involvement of iron deficiency 
in the pathogenesis of RLS. However, an increase in serum 
iron levels was observed in the homozygous Btbd9 mutant 
mice,31 which poses a challenge to the iron deficiency hypoth-
esis. Furthermore, in a recent larger-scale association study in 
a Caucasian population in which the authors asked whether 
known iron-related genes are candidates for association with 
RLS, and vice versa, whether known RLS-associated loci influ-
ence iron parameters in serum, none of the candidate SNPs at 
the iron-related gene loci were confirmed as significant and 
SNPs at the known RLS loci did not significantly affect serum 
iron parameters.32 This finding is consistent with results from 
the current study in which none of the known RLS loci tested 
including BTBD9 were associated with an altered iron homeo-
stasis in this Korean population. Although it has been known 
that racial differences can affect serum iron parameters or risk 
of RLS,33 further study is needed to elucidate the exact role iron 
or BTBD9 plays in the etiology of RLS.

PTPRD is the fourth genome-wide significant locus for 
RLS. Schormair et al.14 reported that two independent SNPs 
in PTPRD (rs4626664 and rs1975197) were significantly asso-
ciated with RLS in European and Canadian populations. The 
association with rs1975197 was also significantly replicated 
in both family-based and population-based association studies 
in an American Caucasian population.17 The current study 
showed no significant association for either rs4626664 or 
rs1975197 in the Korean population; however, there was a 
significant interaction with risk alleles in BTBD9; an increase 
in OR especially for the interaction between at-risk alleles 
of BTBD9 rs3923809 and PTPRD rs4626664 was observed 
compared to single SNP analysis. Epistasis is believed to play 
an important role in the genetic architecture of many common 
human diseases,19-22 but no evidence of epistasis in RLS has 
been reported prior to this study.14 The role of an epistasis in 
the pathogenesis of RLS may account for the fact that none of 
the studies on RLS has yet led to the identification of disease-
causing sequence variants.

Table 3—Effect of biallelic interaction in BTBD9 and PTPRD variants on susceptibility to restless legs syndrome

Haplotype Frequency Additive model Dominant model Recessive model
rs3923809 rs4626664 Control Case OR 95% CI P OR 95% CI P OR 95% CI P

A G 0.4221 0.3382 1 – – 1 – – 1 – –
G A 0.1328 0.2183 2.05 1.46-2.88 0.0000a 1.80 1.24-2.62 0.002a 2.47 1.35-4.55 0.004 
G G 0.2226 0.2517 1.41 1.00-1.99 0.051 1.09 0.70-1.70 0.709 1.31 0.78-2.19 0.311 
A A 0.2226 0.1918 1.08 0.74-1.55 0.700 0.90 0.57-1.44 0.671 0.56 0.27-1.16 0.117 

rs9296249 rs4626664 Control Case OR 95% CI P OR 95% CI P OR 95% CI P
C G 0.343 0.2705 1 – – 1 – – 1 – –
T A 0.1748 0.2484 1.80 1.31-2.48 0.0003a 1.68 1.18-2.38 0.004 1.69 0.97-2.94 0.061 
T G 0.3017 0.3194 1.34 0.96-1.88 0.084 1.06 0.69-1.64 0.789 1.11 0.72-1.73 0.629 
C A 0.1806 0.1617 1.14 0.75-1.73 0.554 0.97 0.58-1.61 0.894 0.46 0.18-1.18 0.104 

rs3923809 rs9296249 Control Case OR 95% CI P OR 95% CI P OR 95% CI P
A C 0.509 0.407 1 – – 1 – – 1 – –
G T 0.341 0.445 1.41 1.11-1.79 0.0001a 1.81 1.33-2.47 0.0002a 1.30 0.92-1.84 0.135 
G C 0.135 0.123 1.14 0.80-1.62 0.463 1.07 0.74-1.53 0.721 0.72 0.26-2.04 0.542 
A T 0.014 0.025 2.23 0.92-5.45 0.076 2.09 0.86-5.09 0.106 0.0002 9.6E-190-2.7E+181 0.968 

aThe statistical significances remained after using Bonferroni correction. CI, confidence interval; OR, odds ratio; RLS, restless legs syndrome.
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There are several limitations to this study. First, the sample 
sets recruited in the current study was relatively small in size, 
which makes statistical power not strong enough to detect asso-
ciation or interaction for risk alleles, especially those with a 
modest effect. Indeed, significant genotypic and allelic associa-
tions for PTPRD rs4626664 in various sample sets lost their 
statistical power after using Bonferroni correction for multiple 
testing, which may reflect lack of power due to the smaller 
sample size. To minimize the effect of the smaller sample 
size, cases and controls were matched for age and sex in the 
current study. Second, the association of the at-risk alleles in 
the RLS loci with PLMS could not be estimated in this study 
because PLMS were not objectively documented. A larger-
scale GWAS in Icelandic and US populations showed an asso-
ciation of BTBD9 with PLMS but not with RLS.15 Because 
most RLS cases are accompanied by PLMS, further study is 
needed to clarify whether the RLS loci are associated with RLS 
or PLMS or both. Third, more studies in different sample sets 
are needed to replicate the evidence for epistasis in RLS proved 
in the current study.

In conclusion, our results suggest that the role of BTBD9 in 
the pathogenesis of RLS would be more universal across popu-
lations than previously expected and more efforts should be 
focused on the role of epistasis in the genetic architecture of 
RLS. Our results need to be replicated in a larger cohort of 
Korean descent and other large cohorts of different descent and 
confirmed via functional studies, but this first report of epis-
tasis in RLS genetics opens possible new approaches to under-
standing the pathogenesis of RLS.

DISCLOSURE STATEMENT
This was not an industry supported study. This research 

was supported by the Basic Science Research Program 
through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Education, Science and Technology 
(2011-0009691). The authors have indicated no financial 
conflicts of interest.

REFERENCES
1. Ekbom K, Ulfberg J. Restless legs syndrome. J Intern Med2009;266:419-31.
2. Allen RP, Picchietti D, Hening WA, et al. Restless legs syndrome: 

diagnostic criteria, special considerations, and epidemiology. A report 
from the restless legs syndrome diagnosis and epidemiology workshop at 
the National Institutes of Health. Sleep Med 2003;4:101-19.

3. Abetz L, Allen R, Follet A, et al. Evaluating the quality of life of patients 
with restless legs syndrome. Clin Ther 2004;26:925-35.

4. Chahine LM, Chemali ZN. Restless legs syndrome: a review. CNS Spectr 
2006;11:511-20.

5. Desautels A, Turecki G, Montplaisir J, Sequeira A, Verner A, Rouleau GA. 
Identification of a major susceptibility locus for restless legs syndrome on 
chromosome 12q. Am J Hum Genet 2001;69:1266-70.

6. Bonati MT, Ferini-Strambi L, Aridon P, Oldani A, Zucconi M, Casari G. 
Autosomal dominant restless legs syndrome maps on chromosome 14q. 
Brain 2003;126:1485-92.

7. Chen S, Ondo WG, Rao S, Li L, Chen Q, Wang Q. Genomewide linkage 
scan identifies a novel susceptibility locus for restless legs syndrome on 
chromosome 9p. Am J Hum Genet 2004;74:876-85.

8. Levchenko A, Provost S, Montplaisir JY, et al. A novel autosomal 
dominant restless legs syndrome locus maps to chromosome 20p13. 
Neurology 2006;67:900-1.

9. Pichler I, Marroni F, Volpato CB, et al. Linkage analysis identifies a novel 
locus for restless legs syndrome on chromosome 2q in a South Tyrolean 
population isolate. Am J Hum Genet 2006;79:716-23.

10. Kemlink D, Plazzi G, Vetrugno R, et al. Suggestive evidence for linkage 
for restless legs syndrome on chromosome 19p13. Neurogenetics 
2008;9:75-82.

11. Levchenko A, Montplaisir JY, Asselin G, et al. Autosomal-dominant 
locus for restless legs syndrome in French-Canadians on chromosome 
16p12.1. Mov Disord 2009;24:40-50.

12. Winkelmann J, Czamara D, Schormair B, et al. Genome-wide association 
study identifies novel restless legs syndrome susceptibility loci on 
2p14 and 16q12.1. PLoS Genet 2011;7:e1002171.

13. Winkelmann J, Schormair B, Lichtner P, et al. Genome-wide association 
study of restless legs syndrome identifies common variants in three 
genomic regions. Nat Genet 2007;39:1000-6.

14. Schormair B, Kemlink D, Roeske D, et al. PTPRD (protein tyrosine 
phosphatase receptor type delta) is associated with restless legs syndrome. 
Nat Genet 2008;40:946-8.

15. Stefansson H, Rye DB, Hicks A, et al. A genetic risk factor for periodic 
limb movements in sleep. N Engl J Med 2007;357:639-47.

16. Kemlink D, Polo O, Frauscher B, et al. Replication of restless legs 
syndrome loci in three European populations. J Med Genet 2009;46:315-8.

17. Yang Q, Li L, Yang R, et al. Family-based and population-based 
association studies validate PTPRD as a risk factor for restless legs 
syndrome. Mov Disord 2011;26:516-9.

18. Yang Q, Li L, Chen Q, Foldvary-Schaefer N, Ondo WG, Wang QK. 
Association studies of variants in MEIS1, BTBD9, and MAP2K5/
SKOR1 with restless legs syndrome in a US population. Sleep Med 
2011;12:800-4.

19. Pharoah PD, Dunning AM, Ponder BA, Easton DF. Association studies 
for finding cancer-susceptibility genetic variants. Nat Rev Cancer 
2004;4:850-60.

20. Thornton-Wells TA, Moore JH, Haines JL. Genetics, statistics and human 
disease: analytical retooling for complexity. Trends Genet 2004;20:640-7.

21. Cordell HJ. Epistasis: what it means, what it doesn’t mean, and statistical 
methods to detect it in humans. Hum Mol Genet 2002;11:2463-8.

22. Moore JH. The ubiquitous nature of epistasis in determining susceptibility 
to common human diseases. Hum Hered 2003;56:73-82.

23. Cho YW, Lee MY, Yun CH, Shin WC, Hong SB, Kim JH. The reliability 
and validity of the Korean version of paradigm of questions for 
epidemiology studies of restless legs syndrome and the Johns Hopkins 
telephone diagnostic interview form for the restless legs syndrome. J 
Korean Neurol Assoc 2007;25:494-9.

24. Lin DY, Hu Y, Huang BE. Simple and efficient analysis of disease 
association with missing genotype data. Am J Hum Genet 2008;82:444-52.

25. Barrière G, Cazalets JR, Bioulac B, Tison F, Ghorayeb I. The restless legs 
syndrome. Prog Neurobiol 2005;77:139-65.

26. Kavanagh D, Siddiqui S, Geddes CC. Restless legs syndrome in patients 
on dialysis. Am J Kidney Dis 2004;43:763-71.

27. Manconi M, Govoni V, De Vito A, et al. Pregnancy as a risk factor for 
restless legs syndrome. Sleep Med 2004;5:305-8.

28. Earley CJ, B Barker P, Horská A, Allen RP. MRI-determined regional 
brain iron concentrations in early- and late-onset restless legs syndrome. 
Sleep Med 2006;7:458-61.

29. Connor JR, Boyer PJ, Menzies SL, et al. Neuropathological examination 
suggests impaired brain iron acquisition in restless legs syndrome. 
Neurology 2003;61:304-9.

30. Sørensen E, Grau K, Berg T, et al. A genetic risk factor for low serum 
ferritin levels in Danish blood donors. Transfusion 2012;52:2585-9.

31. DeAndrade MP, Johnson RL Jr, Unger EL, et al. Motor restlessness, sleep 
disturbances, thermal sensory alterations and elevated serum iron levels 
in Btbd9 mutant mice. Hum Mol Genet 2012;21:3984-92.

32. Oexle K, Schormair B, Ried JS, et al. Dilution of candidates: the case 
of iron-related genes in restless legs syndrome. Eur J Human Genet 
2013;21:410-4.

33. Kutner NG, Zhang R, Huang Y, Bliwise DL. Racial differences in restless 
legs symptoms and serum ferritin in an incident dialysis patient cohort. Int 
Urol Nephrol 2012;44:1825-31.



SLEEP, Vol. 36, No. 12, 2013 1791A BTBD9 and PTPRD Interaction in RLS—Kim et al

SUPPLEMENTAL MATERIAL

Figure S1—Questionnaire for restless legs syndrome.

Questionnaire for Restless Legs Syndrome 
 

1. Consent form and Demographic information 

1) Consent form for genetic study;       Yes      No (If Yes, Date: YYYY.MM.DD) 

2) Gender;      Male       Female 

3) Birth date (age); YYYY.MM.DD (      Years old)  

4) Past medical history; 

 Hypertenson               Yes      No   

 Diabetes mellitus            Yes     No 

 Uremia (CRF)               Yes      No 

 Iron deficiency Anemia       Yes      No 

 Other diseases              Yes     No (If Yes,                  ) 

 
2. Diagnostic criteria of RLS (Allen et al, 2003 Sleep Med) 

     1) An urge to move the legs, usually accompanied or caused by uncomfortable and unpleasant  

sensations in the legs (Sometimes the urge to move is present without the uncomfortable 

sensations and sometimes the arms or other body parts are involved in addition to the legs)  

     2) The urge to move or unpleasant sensations begin or worsen during periods of rest or 

inactivity such as lying or sitting 

     3) The urge to move or unpleasant sensations are partially or totally relieved by movement, 

such as walking or stretching, at least as long as the activity continues 

     4) The urge to move or unpleasant sensations are worse in the evening or night than during 

the day or only occur in the evening or night (When symptoms are very severe, the 

worsening at night may not be noticeable but must have been previously present) 

 
2-1. Inclusion criteria 

1) All subjects should be 18 years old or older and otherwise healthy 

2) All subjects must meet the diagnostic criteria outlined above for the diagnosis of RLS with 

a face to face interview with examination by RLS experts 

  

Figure S1 continues on the following page
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Figure S1 (continued )—Questionnaire for restless legs syndrome.

2-2. Exclusion criteria 

1) RLS secondary to other medical disorders as determined by history and physical/  

neurological examination. Such disorders include uremia, iron deficiency anemia, dialysis 

and peripheral neuropathy - RLS subjects with iron deficiency per se as a possible cause of 

RLS are not excluded 

2) Person with a definite sensory deficit in the extremities 

3) Other sleep disorders. 

4) Pregnant women 

 
3. Clinical data 

1) RLS severity rating scale (IRLSSG rating scale, 2003, Sleep Med) – score 

2) Familial RLS 

     (Positive family history was defined as at least one first degree family member being affected by RLS)  

3) Sporadic RLS  

     (Sporadic RLS was defined by no affected first-degree relative) 

   4) PLMS (5 or more per hour of sleep) 

 

4. Laboratory findings 

 Hemoglobin                  .      g/dL 

 S-ferritin                     .      ng.ml 

 S-iron                       .      ug/dL  

 TIBC                        .      ug/dL 

 Fasting blood glucose          .      mg/dL 

 Blood urea nitrogen           .      mg/dL  

 Creatinine                   .      mg/dL 

 AST GOT)                    .      U/L 

 ALT(GPT)                    .      U/L 

 

5. Polysomnographic findings 

     1) Date (YYYY.MM.DD)  

     2) RLS behavior     Yes     No 

     3) PLM Index       Yes (       /hr)      No 
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Table S1—Genotype distribution of all tested single nucleotide polymorphisms by case-control status

Gene refSNP Genotype
Control
(n = 318)

Case
(n = 317)

P value
(Control:Case)

Familial 
(n = 82)

P value
(Control:Familial)

Sporadic
(n = 159)

P value
(Control:Sporadic)

P value
(Familial:Sporadic)

BTBD9 rs9296249 CC 91 (28.6) 53 (16.7) 12 (14.6) 25 (15.7)
CT 151 (47.5) 168 (53.0) 0.001a 44 (53.7) 0.03 85 (53.5) 0.007a 0.982
TT 76 (23.9) 96 (30.3) 26 (31.7) 49 (30.8)

BTBD9 rs9357271 CC 222 (69.8) 210 (66.2) 52 (63.4) 105 (66)
CT 91 (28.6) 101 (31.9) 0.623 27 (32.9) 0.272 52 (32.7) 0.69 0.483
TT 5 (1.6) 6 (1.9) 3 (3.7) 2 (1.3)

BTBD9 rs3923809 AA 48 (15.1) 63 (19.9) 17 (20.7) 32 (20.1)
GA 130 (40.9) 172 (54.3) 0.0000a 44 (53.7) 0.01 87 (54.7) 0.0000a 0.987
GG 140 (44.0) 82 (25.9) 21 (25.6) 40 (25.2)

PTPRD rs4626664 AA 36 (11.3) 53 (16.7) 19 (23.2) 23 (14.5)
GA 154 (48.4) 154 (48.6) 0.104 36 (43.9) 0.02 77 (48.4) 0.585 0.24
GG 128 (40.3) 110 (34.7) 27 (32.9) 59 (37.1)

PTPRD rs1975197 CC 139 (43.7) 137 (43.2) 33 (40.2) 70 (44.0)
CT 122 (38.4) 129 (40.7) 0.764 33 (40.2) 0.858 63 (39.6) 0.909 0.78
TT 57 (17.9) 51 (16.1) 16 (19.5) 26 (16.4)

MEIS1 rs2300478 GG 16 (5.0) 16 (5.0) 5 (6.1) 8 (5.0)
GT 127 (39.9) 123 (38.8) 0.972 28 (34.1) 0.624 67 (42.1) 0.92 0.482
TT 175 (55.0) 178 (56.2) 49 (59.8) 84 (52.8)

MAP2K5/LBXCOR1 rs1026732 AA 173 (54.4) 166 (52.4) 40 (48.8) 81 (50.9)
AG 126 (39.6) 130 (41.0) 0.864 33 (40.2) 0.262 69 (43.4) 0.729 0.329
GG 19 (6.0) 21 (6.6) 9 (11.0) 9 (5.7)

aThese statistical significances remained after using Bonferroni correction. Values in parentheses denote a percentage of the total.


