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Abstract

Short sleep duration has been linked to negative health effects, but is a complex phenotype with many contributing factors, including 

genetic. We evaluated 27 common single nucleotide polymorphisms (SNPs) in candidate genes previously reported to be associated with 

other sleep variables for association with self-reported habitual sleep duration in the UK Biobank in 111 975 individuals of European ancestry. 

Genetic variation in DAT1 (rs464049) was significantly associated with sleep duration after correction for multiple testing (p = 4.00 × 10−5), 

whereas SNPs correlated to a previously studied variable number tandem repeat (VNTR) in DAT1 were not significant in this population. 

We also replicated a previously reported association in DRD2. Independent replication of these associations and a second signal in DRD2 

(rs11214607) was observed in an additional 261 870 participants of European ancestry from the UK Biobank. Meta-analysis confirmed 

genome-wide significant association of DAT1 rs464049 (G, beta [standard error, SE] = −0.96 [0.18] minutes/allele, p = 5.71 × 10−10) and study-

wide significant association of DRD2 (rs17601612, C, beta [SE] = −0.66 [0.18] minutes/allele, p = 1.77 × 10−5; rs11214607, C, beta [SE] = 1.08 (0.24) 

minutes/allele, p = 1.39 × 10−6). Overall, SNPs in two dopamine-related genes were significantly associated with sleep duration, highlighting 

the important link of the dopamine system with adult sleep duration in humans.
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Statement of Significance

Short sleep duration is known to negatively affect human health. Inter-individual variation in sleep duration has a genetic component. 

Genetic variation in the dopamine transporter Dopamine Transporter 1 (Solute Carrier Family 6 Member 3) (DAT1 (SLC6A3)) has been shown 

to be associated with sleep irregularity in humans and with sleep duration in Drosophila. This study demonstrates a significant link between 

DAT1 polymorphisms and self-reported sleep duration in humans. Additionally, although variation in DRD2, a dopamine receptor, has been 

shown to be associated with sleep duration in humans in a moderately sized dataset and confirmed in this study, this result requires fur-

ther validation. This study’s results reinforce the role of dopamine in influencing sleep and arousal. These data serve as a basis for further 

studies on the functional mechanisms of dopamine in regulating sleep.
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Introduction

Chronic sleep deprivation, which is increasingly prevalent in the 

United States [1], has been linked to negative effects on memory, 

attention, and executive function and causes changes in brain 

architecture [2, 3]. Therefore the factors that influence short 

sleep are important to investigate.

Sleep duration is a complex behavioral phenotype influenced 

by numerous exogenous factors, such as work schedule, social 

demands, personality, and biological factors. Sleep duration is 

heritable, with heritability estimates of 15%–40% [4–6]. The goal of 

this study was to test if there is an association between common 

polymorphisms in candidate genes previously implicated in sleep 

systems and sleep duration in the UK Biobank. The outcomes of 

this study will inform future research on sleep and health.

In this study, a set of 27 common single nucleotide poly-

morphisms (SNPs; >20% minor allele frequency) from 20 can-

didate genes were surveyed for association with sleep duration. 

They were chosen from a broad range of sources in an attempt 

to cover the diversity of genes that may contribute to sleep. 

Common variants in CLOCK, Neuronal PAS Domain Protein 2 

(NPAS2), and Cryptochrome Circadian Regulator 1 (CRY1) were 

chosen because they are molecular components of the mam-

malian circadian clock [7]. Adenosine A1 receptor (ADORA1) and 

Adenosine A2a receptor (ADORA2a) were chosen because of 

their role in maintaining the homeostatic sleep drive, as they 

are adenosine receptors, and the activation of ADORA1 and 

ADORA2a leads to an increase in somnolence [8]. Brain derived 

neurotrophic factor (BDNF) is an important factor in determin-

ing neural development and genetic variation in BDNF has been 

previously linked to inter-individual differences in EEG patterns 

during sleep [9].

Additionally, dopamine-related genes were included (tyro-

sine hydroxylase [TH], catechol-O-methyltransferase [COMT], 

dopamine receptor D1 [DRD1], dopamine receptor D2 [DRD2], 

Vesicle Monoamine Transporter Type 2 [VMAT2], and DAT1), 

given that a subset of dopaminergic neurons in humans are 

integral in sleep/wake, and dopaminergic drugs affect wake-

fulness in a dose-dependent manner [10]. Genetic variation in 

the dopamine receptor DRD2 has strong associations with sleep 

duration [11]. Also, a recent study reported that variation in the 

dopamine transporter DAT1 is associated with reported daytime 

sleepiness in humans [12]. TH is involved in the synthesis of 

dopamine and COMT in its degradation, and variation in COMT 

has been linked to sleep irregularity as well as inter-individual 

differences in EEG patterns [9, 12]. However, these previous stud-

ies were performed in smaller datasets, and need further valid-

ation in independent samples.

In this study, the association between sleep duration and 

common genetic variation in candidate genes from pathways 

previously implicated in sleep was investigated in a large data-

set of 111 975 individuals. A follow-up study of DAT1 and DRD2 

variants was performed in an additional cohort of 261 840 indi-

viduals. We found an association between sleep duration and 

SNPs located in DAT1 and DRD2.

Methods

UK Biobank subject selection

In the United Kingdom, ~500 000 people between the ages of 

40–69 were recruited by UK Biobank researchers to provide 

phenotypic and genotypic data in order to create a large data-

base that will be a resource for health researchers [13]. Sample 

size in the interim genotype release UK Biobank dataset (UKB1), 

after excluding relatives, individuals of non-European genetic 

ancestry, and those individuals with no or poor genetic data or 

those who reported use of sleep medication or shift work, was 

111 975 subjects (Table 1) [14].

Recently, genotype data from the full UK Biobank popula-

tion (~500 000 individuals) has been released, and a follow-up 

genetic association study was also performed using an add-

itional 261 840 individuals of self-reported British white ancestry 

(termed here UKB2). This group excluded anyone who was part 

of the first study or related to those persons (pi-hat or proportion 

identity by descent, calculated as P(identity by descent [IBD] = 2) 

+ 0.5*P(IBD = 1)) > 0.125). Related people within this group were 

also removed. A pi-hat cutoff of 0.125 was chosen because this 

excludes third-degree or closer relatives from the study.

Sleep duration was self-reported and was assessed with the 

question: “About how many hours sleep do you get in every 24 

hours (including naps)?” with responses in 1-hour increments. 

The average length reported was 7.19 hours with a standard 

error of 1.08 hours (Table 1).

UK Biobank genetic association analysis

Linear regression analysis using an additive genetic model 

adjusting for age, sex, 10 principal components of ancestry, and 

genotyping array was used to test for association of SNPs with 

hours of sleep duration treated as a continuous outcome vari-

able. Analysis was done using the software PLINK [15]. Initial 

analysis was performed in the interim genetic data release 

for a population of 111 975 individuals of European ancestry 

(UKB1), and was repeated in the secondary group of 261 840 

unrelated subjects of European ancestry (UKB2) to confirm 

the findings. A  fixed-effects, inverse-variance meta-analysis 

was conducted with METAL using summary statistics of both 

association analyses to estimate the effect size and signifi-

cance of DRD2 and DAT1 variants in the total population [16]. 

For this study, we focused on 27 SNPs from candidate genes 

selected on the basis of a literature review (Supplementary 

Table S1). The 27 SNPs were abundant throughout all ethnic 

groups and were located in genes that represented a broad 

swathe of biological systems implicated in sleep or were loci 

identified in recent Genome-Wide Association Study (GWAS) 

sleep studies. To ensure that the variants were common in 

the population, we chose SNPs with a minor allele frequency 

of 20% or above. We used a Bonferroni correction to set the 

threshold for statistical significance (p  <  0.00185), since this 

would be the most rigorous cutoff considering that we tested 

27 SNPs.

Table 1. UK Biobank dataset statistics

Characteristic

UKB1  

N = 111 975

UKB2  

N = 261 840

Sex (M), N (%) 52 817 (47%) 136 939 (52%)

Age, years, Mean (SD) 57.69 (7.90) 56.71 (8.14)

Sleep duration, hours, Mean (SD) 7.19 (1.08) 7.14 (1.09)

Descriptive statistics on sleep and demography in the two subsets of the UK 

Biobank sample used in the current study.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsy193#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsy193#supplementary-data
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Results

DAT1 gene region association testing

A significant association (rs464049, G, effect allele frequency 

[EAF]  =  0.430, beta [standard error, SE]  =  −1.20 [0.30] minutes, 

p  =  1.72  ×  10−5; rs460000, T, EAF  =  0.204, p  =  5.44  ×  10−4) was 

found between sleep duration and two correlated SNPs found 

in the 5′ region of DAT1—rs464049 and rs460000 (r2  =  0.44 in 

the 1000 Genomes Project, the European population [CEU] [17], 

Table  2, Figure  1). The remaining SNPs were not significantly 

associated with sleep duration (Supplementary Table  S1). We 

replicated this association in an additional 261 840 subjects 

from the UK Biobank (rs464049, G, beta [SE] = −0.84 [0.18] min-

utes, p  =  4.24  ×  10−7) [18]. We then performed a meta-analysis 

(rs464049, G, beta [SE]  =  −0.96 [0.18] minutes, p  =  5.71  ×  10−10) 

(Tables 2 and 3). This result meets the genome-wide association 

threshold of significance (5 × 10−8), decreasing the likelihood of 

our having observed a false positive association [19].

Previously, a variable number tandem repeat (VNTR) poly-

morphism in the 3′ region of DAT1 has been associated with 

daytime sleepiness but not with sleep duration [12]. Previous lit-

erature confirms that rs464049, located in the 5′ region of DAT1 

is independent of the VNTR (r2 = 0.16) [20]. Consistently, there 

was no association with a SNP correlated to the previously stud-

ied VNTR (proxy SNP rs11133767, r2 = 0.75, p = 0.168).

Replication of DRD2 association

This study also focused on replicating two previously reported 

independent association signals for sleep in DRD2, represented 

by rs17601612 and rs11214607 [11]. There is a suggestive as-

sociation between rs17601612 and sleep duration in our ini-

tial sample (rs17601612, C, EAF = 0.383, beta [SE] = −0.90 (0.30) 

minutes, p  =  1.23  ×  10−3) (Table  2, Figure  1) in the same direc-

tion as previously reported (rs17601612, C, beta (SE)  =  −3.07 

(0.63) minutes, p  =  9.75  ×  10−7) [11]. Analysis in the remaining 

UK Biobank subset showed a significant association with the 

other DRD2 variant (rs11214607, G, beta [SE] = 1.08 [0.24] minutes, 

p = 1.73 × 10−5), again with a direction of effect concordant with 

the published Cade et al. study (rs11214607, G, beta [SE] = 4.04 

[0.90] minutes, p = 7.76 × 10−6) [11].

Meta-analysis in UK Biobank confirms the significant as-

sociation between variation in both SNPs and sleep duration 

(rs17601612, C, beta [SE] = −0.66 [0.18] minutes, p = 1.77 × 10−5; 

rs11214607, G, beta [SE]  =  1.08 [0.24] minutes, p  =  1.39  ×  10−6) 

(Tables 2 and 3).

The associations in DAT1 and DRD2 did not substantially 

change in magnitude of effect or in significance in sensitivity 

analyses of healthy participants free of chronic disease or psy-

chiatric conditions (Supplementary Table  2). Although genetic 

variation in both DAT1 and DRD2 was significantly associated 

with sleep duration, there was no significant pair-wise epistatic 

interaction between the associated SNPs in DAT1 and DRD2  

(p > 0.114).

Table 2. Results of the association study in the initial UK Biobank sample (UKB1), the UKB2 sample, and a meta-analysis of the two studies

Gene SNP CHR:BP EFF/ALT

UKB1 (N ~ 110 000) UKB2 (N ~ 255 000) META

Beta (SE)  

in minutes P-value

Beta (SE)  

in minutes P-value

Beta (SE)  

in minutes P-value

DAT1 rs40184 5:1,395,077 T/C 0.12 (0.30) 0.603 0.24 (0.18) 0.137 0.24 (0.18) 0.126

rs11133767 5:1,401,580 T/C 0.36 (0.30) 0.239 0.48 (0.18) 0.015 0.42 (0.18) 7.30 × 10−3

rs464049 5:1,423,905 G/A −1.20 (0.30) 1.72 × 10−5 −0.84 (0.18) 4.24 × 10−7 −0.96 (0.18) 5.71 × 10−10

rs460000 5:1,432,825 T/G −1.20 (0.36) 5.44 × 10−4 −0.72 (0.24) 1.59 × 10−3 −0.84 (0.18) 5.77 × 10−6

DRD2 rs11214607 11:113,312,139 G/T 0.84 (0.36) 0.025 1.08 (0.24) 1.73 × 10−5 1.02 (0.18) 1.39 × 10−6

rs17601612 11:113,317,745 C/G −0.90 (0.30) 1.23 × 10−3 −0.54 (0.18) 2.56 × 10−3 −0.66 (0.18) 1.77 × 10−5

CHR = chromosome; BP = base pair position in hg19; EFF = effect allele; ALT = alternate allele. Linear regression analysis in PLINK in the primary population of 111 975 

and the secondary population of 261 870 people, and a meta-analysis of both the initial and follow-up studies done in METAL. Beta and standard error are in minutes.

Figure 1. Locus Zoom Plots for DAT1 and DRD2. (A) Regional association plot for 

rs464049 in DAT1, based on data presented in “Genome-wide association ana-

lysis identifies novel loci chronotype in 100 420 individuals from the UK Biobank” 

[14]. The x-axis is the physical position of the SNP on the chromosome, while 

the y-axis is the negative log of the p-value for the association between sleep 

duration and SNP. Rs464049 and highly correlated SNPs on the 5′ end of the gene 

are highly associated with sleep duration (p = 4.00 × 10−5). (B) Regional associ-

ation plot for DRD2. The association is significant after Bonferroni correction 

(p = 1.41 × 10−3).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsy193#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsy193#supplementary-data
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Discussion

We identified a genome-wide significant association (below the 

genome-wide statistical threshold of significance p  =  5  ×  10−8) 

[19] between genetic variation in DAT1 and sleep duration [20]. 

Another dopamine-related gene has been linked to sleep dur-

ation before, namely DRD2, and variants in this gene were also 

found to be significantly associated with sleep duration in this 

study in the same direction, replicating the previous association.

Each variant confers a small effect on sleep duration, with 

approximately 1-minute change in sleep duration per allele, and 

this is consistent with sleep duration being a complex behav-

ioral trait with small genetic contributions from multiple genes 

and a strong environmental, behavioral and social component. 

In agreement, the first well-replicated genome-wide signifi-

cant association (at Paired Box Gene 8 [PAX8]) influenced sleep 

duration by 3.1 minutes per allele in the discovery sample [4]. 

Regardless of effect size, variants identified from GWAS point 

to new or suspected biological candidates that influence inter-

individual trait variability, because they suggest that modulation 

of the genes at association peaks can modulate the phenotype. 

Therefore, biological follow-up of genetic associations can pro-

vide novel insights into molecular processes underlying sleep 

regulation, valuable both for enhancing scientific knowledge of 

sleep and for informing new therapeutic approaches. Variants 

of small effect size are not individually useful for prediction of 

sleep patterns in people, but polygenic risk profiles are begin-

ning to be useful in predicting individual risk for some disease 

traits and guiding therapy [21].

It is likely that the association signals at DAT1 and DRD2 

reflect inter-individual differences in dopamine signaling that 

influence sleep duration. However, further genetic and experi-

mental studies will be necessary to find the causal variant and 

causal genes at both associated regions of the genome. DAT1 has 

been linked to shorter sleep in Drosophila, as flies with a muta-

tion in their orthologue of DAT1, called DAT, were found to have 

fragmented and short sleep, as well as a lack of sleep rebound 

after sleep restriction [22]. The neurological dopaminergic 

pathway that controls wakefulness has been charted out in 

Drosophila, but considering the complexity of the human brain, 

it is not surprising that similar discoveries have not yet been 

made in humans [23]. While it is obvious that dopamine plays 

a role in wakefulness, the specific mechanisms of its neuro-

logical function in regard to sleep are not entirely clear. The 

bulk of the previous research done on DAT1 genetic variation 

in human populations focused on a series of 40-bp repeats in 

its 3′ untranslated region. It was thought that having nine or 10 

repeats could influence the expression of this transporter and a 

variety of phenotypic traits have been assessed for association 

with this region of repeats, including sleep architecture [24]. 

The results of studies that focus on this repeating sequence are 

often contradictory. Interestingly, the SNPs most associated with 

sleep duration are located at the 5′ end of the gene, and are not 

close to the repeating region in the 3′ untranslated region (UTR). 

When an SNP in linkage disequilibrium with the 3′ VNTR was 

tested for association with sleep duration, there was no signifi-

cant association. In this study, the data suggests that although 

genetic variation in DAT1 is associated with sleep duration, the 

cause of this association is unlikely to be the string of repeats 

in the gene, whatever their impact on its expression [25–27]. 

Further studies that directly investigate the 3′ VNTR of DAT1 are 

required to confirm or deny whether this polymorphism modu-

lates subjective sleep duration.

Furthermore, two independent SNPs in DRD2 have been 

previously found to be associated with sleep duration and 

this study adds support to those findings. The effect sizes re-

ported previously are in the same direction as the effect sizes 

reported in this study [11]. Dopaminergic neurons are involved 

in the wake/sleep switch, which is the neurological mechanism 

that enforces the binary state of wake and sleep and mediates 

switching between the two states [10]. Thus, genetic variation in 

transporter genes that work to transport dopamine out of the 

synapse, like DAT1, or in dopamine receptors, like DRD2, could 

be affecting this wake/sleep switch, leading to a tendency for 

longer or shorter sleep.

Table 3. Sleep duration statistics by genotype

Gene SNP CHR:BP EFF/ALT Genotype N Mean (hour) SD (hour) SE

DAT1 rs40184 5:1,395,077 T/C CC 92 805 7.141 1.094 0.004

CT 143 725 7.153 1.100 0.003

TT 55 937 7.136 1.093 0.005

rs11133767 5:1,401,580 T/C CC 136 382 7.146 1.089 0.003

CT 119 615 7.154 1.094 0.003

TT 26 944 7.146 1.099 0.007

rs464049 5:1,423,905 G/A AA 88 573 7.168 1.085 0.004

AG 141 373 7.150 1.092 0.003

GG 58 995 7.111 1.115 0.005

rs460000 5:1,432,825 T/G GG 177 244 7.161 1.088 0.003

GT 98 297 7.131 1.101 0.004

TT 15 435 7.084 1.134 0.009

DRD2 rs11214607 11:113,312,139 G/T TT 113 558 7.137 1.111 0.003

GT 127 995 7.152 1.090 0.003

GG 39 063 7.149 1.073 0.005

rs17601612 11:113,317,745 C/G GG 204 092 7.139 1.098 0.002

CG 74 031 7.162 1.093 0.004

CC 7113 7.180 1.104 0.013

CHR = chromosome; BP = base pair position in hg19; EFF = effect allele; ALT = alternate allele. The mean, SD, and SE of self-reported sleep duration in individuals in 

the UK Biobank, divided by genotype in SNPs in DAT1 and DRD2.
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This study has important strengths. First, the large sample 

size of the UK Biobank allows high statistical power to detect 

a genetic association. Second, based on genome-wide geno-

typing, the population of European genetic ancestry could be 

carefully defined to exclude population outliers and we could 

adequately control for population stratification. Third, habitual 

sleep duration was assessed using the same question across the 

large sample, limiting differences in the quality of phenotyping 

across individuals.

However, our study also has several limitations that need to 

be addressed in future studies. One limitation in this study is 

that the sleep duration responses were collected in hour incre-

ments—so someone could not answer that they typically slept 

6.5 hours a night, only that they slept 6 or 7 hours on the average 

night. In a smaller study, such a drastic rounding of the pheno-

typic data could severely affect the statistical outcome. However, 

in this large population, the amount that the sleep duration is 

rounded is about equal to the standard deviation of the popula-

tion (the standard deviation is 1.09 hours). A.R. Tricker defines 

the rounding variable r as ϖ/σ, where ϖ is the interval between 

rounded extremes, in this case, 1 hour, and σ is the population 

standard deviation—in this case, 1.09 hours [28]. Thus, r is 0.92, 

a little less than 1. Tricker discovered that when r is under 1, 

the power of t-tests and chi-square tests in populations of 10 

individuals is not significantly decreased. It can be extrapolated 

that in a population of about 450 000 individuals that the same 

would hold true. Still, considering the effect size of the signifi-

cant SNPs is around a minute, the rounding of the sleep dur-

ation data should be noted. Despite this limitation, a previously 

reported genetic association with PAX8 was replicated by Lane 

et al. using the UKB1 sample and validates the phenotype and 

analytic approach used here [4, 29].

Another limitation with this study is the reliance on self-

reported sleep duration. In a 2008 study, researchers found that 

subjective sleep duration is moderately correlated to objective 

sleep duration (r = 0.47), and that people who sleep less tend to 

overestimate their own sleep [30]. Thus, although variation in 

these genes is associated with subjective sleep duration, that 

does not necessarily mean that we have found a connection to 

objective sleep duration—we could be seeing association with 

an altered perception of sleep, for example. Depression, chronic 

pain, and insomnia symptoms are often comorbid, and dopa-

mine systems have been implicated in these conditions as well 

[31]. It is possible that variation in dopaminergic genes could 

be associated with conditions that influence the perceptions of 

sleep. It will not be possible to know if this is the case until these 

results are compared to analyses done in a group with objective 

sleep measures, however we note that the associations in DAT1 

and DRD2 did not substantially change in magnitude of effect 

or in significance in sensitivity analyses of healthy participants 

free of chronic disease or psychiatric conditions, suggesting 

that for the most part, these variants are in fact modulating 

sleep duration, and not disease processes that secondarily 

influence sleep.

Moving forward, it will be fruitful to investigate DAT1 and 

DRD2 variation in datasets with objective sleep duration, as 

well as datasets that contain more physiological data and data 

collected in controlled environments to attempt to understand 

how DRD2 and DAT1 influence sleep duration. These data were 

obtained from people in an uncontrolled environment with 

many additional factors, like work, social demands, and light 

availability that could have affected their sleep duration and 

our study cannot assess how environmental context alters the 

impact of these genetic variants on sleep duration. Variation in 

DAT1 and DRD2 could be associated with an intrinsic need for 

less sleep, or it could be modulating the effects of sleep depriv-

ation. A study focusing on DRD2 and the 3′ VNTR of DAT1 sug-

gests that variation in these regions is associated with differing 

functional consequences of sleep deprivation [32]. Thus, more 

detailed and rigorously controlled datasets will be necessary to 

separate the variables that could have contributed to the associ-

ation between DAT1 and DRD2 and sleep duration. Additionally, 

since the region of the DAT1 gene that is associated with sleep 

duration is in a less studied part of the gene, more detailed func-

tional studies on the 5′ end of DAT1 and its relation to sleep and 

sleep duration would assist in determining how these dopamin-

ergic genes are involved in modulating sleep duration. Overall, 

the significant association between DAT1 and DRD2 genetic vari-

ation and sleep duration demonstrates that variation in dopa-

mine-related genes is significantly associated with self-selected 

sleep in humans.

Supplementary Material

Supplementary material is available at SLEEP online.
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