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Summary
A modest body of research exists in the area of human sleep genetics, which suggests that
specific sleep phenotypes are, like many other complex traits, somewhat heritable. Until 2007
research into sleep genetics relied solely on twin studies, but in the last 13 years with the
advent of huge biobanks and very large-scale genome-wide association studies, the field of
molecular sleep genetics has seen important advances. To date, the majority have focused on

of

self-reported sleep duration, but in recent years genome-wide association studies of

ro

objectively-measured sleep have emerged. These genetic studies have discovered multiple

-p

common genetic variants and as such, have provided insight into potential biological
pathways, causal relationships between sleep duration and important disease outcomes using

re

Mendelian randomisation. They have also shown that the heritability of these traits may not

lP

be as high as previously estimated. This article is the first to provide a detailed review of

na

these recent advances in the genetic epidemiology of sleep duration. Studies were identified

ur

using both the GWAS Catalog and PubMed for completeness. Focus is on the genome-wide

Jo

association studies published to date, including whether and how they have elucidated
important biology and advanced knowledge in the area of sleep and health.
Keywords: sleep duration, GWAS, heritability, Mendelian randomisation, genome-wide
association study, objective sleep duration, self-reported sleep duration.
Acknowledgements: VG is funded by a grant from Diabetes UK and the British Heart
Foundation (15/0005250). The funders had no role in the review. The author declares that
there are no conflicts of interest.

2

Abbreviations
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EMR – Electronic Medical Records
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OSA – Obstructive sleep apnoea
PAX8 – paired box thyroid-specific transcription factor
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Introduction
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VRK2 – Vaccinia Related Kinase 2
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Currently, a modest body of research exists in the area of human sleep genetics, which has

Jo

shown that specific sleep phenotypes (duration, timing, quality) are somewhat heritable [1].
Twin studies have, for the most part, estimated that genetic factors account for between 30%
to 65% of the variance in the duration, quality and patterns of sleep [2–5]. However, at least
two adult twin studies found no evidence that sleep duration is heritable[6,7]. A recent metaanalysis of all sleep duration twin studies found marked heterogeneity across studies, which
is likely to have contributed to the two above-mentioned studies’ discrepant findings, in
comparison to other twin studies[8]. The disparities in findings may be attributed to
differences in sample characteristics (e.g. sample size, age or sex distribution); environmental
factors pertaining to specific populations (e.g. cultural factors or differences in employment);
and/or divergent methodological approaches (e.g. how sleep duration is measured, as some
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studies might ask a single question about average sleep duration, whilst other studies
calculate sleep duration from the time participants fall asleep and wake up, and some studies
use a validated sleep instrument, which includes a question on duration)[8]. Notwithstanding
the invaluable contribution that twin studies have made to the sleep genetics, due to some of
these inconsistencies in results, novel and distinct approaches were required to further our
understanding of sleep genetics. As such, the last 10 to 15 years have seen enormous
advances in the field of Genetic Epidemiology and much of this is owed to the advent of

of

genome-wide association studies (GWAS), including whether and how novel sleep duration

-p

ro

genetic variants overlap with other important sleep phenotypes (Figure 1).

A GWAS is a hypothesis-free study in which the associations between millions of single

re

nucleotide polymorphisms (SNPS – a type of common genetic variant present in at least 1%

lP

of the population) and a given phenotype (for example, sleep duration) are analysed using

na

statistical analysis (usually linear/logistic regression, depending on whether the phenotype is

ur

continuous or categorical). The aim of a GWAS is to understand whether there are common

Jo

causal genetic variants (SNPs) that contribute to common diseases and as such, this is based
on the ‘common disease-common variant’ hypothesis [9]. GWAS have a stricter alpha level
imposed on them than the majority of other studies and associations are deemed ‘significant’
at the genome-wide level if they are <5x10-8 and in some cases now an even more strict
threshold of <5x10-9 is used, as sample sizes have become huge (such is the era of the megaGWAS) with the advent of biobanks and huge consortia.
Multiple GWAS of sleep duration have now been published and data from these studies
suggest that the heritability of distinct sleep phenotypes may not be as high as that observed
in twin studies. At this point, it is important to explain the differences between SNP-based
heritability and heritability estimates from twin studies. The twin study is a classical
quantitative genetic approach that aims to unravel and quantify the contributions of genetic,
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shared environmental (i.e. shared completely by twins and that contribute to them being
similar, such as family socioeconomic status) and non-shared environmental factors (i.e.
those that are unique to each twin and contribute to differences between them). Heritability in
twin studies is usually estimated by comparing the resemblance between monozygotic (MZ,
who share 100% of their genetic data and dizygotic (DZ, who share 50% of their genetic
data) twins[10]. The twin method compares the similarity of MZ and DZ twins, who tend to
grow up in very similar environments[11]. Similarity is assessed statistically with a

of

correlation coefficient and if the correlation for MZ pairs is greater than that of DZ pairs, it is

ro

likely that individual differences in the phenotype of interest (e.g. sleep duration in this case)

-p

has some genetic basis[10]. On the other hand, SNP-based heritability refers to estimation of

re

the variance explained in a phenotype (e.g. sleep duration) by all SNPs included in a GWAS

lP

in unrelated individuals[12]. Two of the most common methods are genomic relatedness

na

matrix (GRM) restricted maximum likelihood (GREML)[12], which uses individual-level
data and linkage disequilibrium score regression (LDSC) which exploits summary-level data

ur

GWAS data[12]. The former implements GREML using software such as genome-wide
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complex trait analysis (GCTA) and includes all available SNPs using a mixed model
approach[10]. Fixed effects are usually factors such as age and sex and the total genetic
effects for individual chromosomes or the whole genome constitute a random effect[10]. The
latter involves regressions of GWAS summary statistics (i.e. from millions of SNPs) and
assesses the extent to which each individual SNP tags other variants locally (also known as
its ‘LD score’)[13]. The slope of the LDSC regression is then rescaled to provide heritability
estimates explained by all of the SNPs incorporated into the estimation of the LD scores[13].
Importantly, though, some of the discrepancies between heritability estimates, known as the
‘missing heritability’[14], from twin vs. SNP-based approaches may relate to method-specific
issues. For example, SNP-based methods are unable to: include gene-environment
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correlations (while the twin design is able to), capture a large amount of common genetic
variants of small effect and variants that are rare but have large effect sizes[8]. However, it
has also been proposed that twin studies may have overestimated heritability due to violations
of the ‘equal environments assumption’ (that environmental factors are shared to an equal
extent by MZ and DZ twins)[15], gene-gene interactions and/or gene-environment
interactions[16].

of

This review is the first to bring together all of these findings from GWAS of sleep duration in

ro

one article, as it is both timely and important that sleep health professionals and researchers
are up-to-date with these genetic findings. The GWAS Catalog database

-p

(https://www.ebi.ac.uk/gwas/home) was searched for published GWA studies up until 31st

re

May, 2020, where the term ‘sleep duration’ was entered into the search box. For

lP

completeness, a further search was conducted in PubMed, using the following terms:

na

("GWAS"[Title/Abstract] OR "genome wide association"[Title/Abstract]) AND "sleep

ur

duration"[Title/Abstract]. Where possible, PRISMA guidelines were adhered to.
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GWA studies of sleep duration: 2007 to 2020
The search described above in the GWAS Catalog yielded 33, while the search in PubMed
provided 39, articles for screening. The PubMed search yielded more results because it also
included some other study designs, such as Mendelian randomisation studies. After
screening, a total of 13 studies (nine for self-reported and four for objective sleep duration)
were retained for review (Table 1).
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Table 1. GWA studies included in the review
Author, [reference], (year)

N

Number of novel
genetic loci

Number of most strongly
replicated genetic loci

749

1 suggestive SNP

N/Aa

Allebrandt et al.[18] (2013)

4,251

1

0

Byrne et al.[1] (2013)

2,323

7 suggestive SNPs

0

Ollila et al.[19] (2014)

1,941

0

0

Gottlieb et al.[20] (2014)

47,180

7

0

Scheinfeldt et al. [21] (2015)

3,414

0

0

Jones et al.[22] (2016)

127,573

3

Lane et al.[23] (2017)

112,586

Dashti et al.[24] (2019)

of

Gottlieb et al.[17] (2007)

lP

Self-reported sleep duration GWA studies

ro
-p

re

na
384,317

5

1 SNP replicated from
Jones et al. (2016)b

78

2 SNPs replicated from
Jones et al. (2016) (1 in
PAX8 and 1 in VRK2)

53

1 SNP in the SLC6A3
gene

ur

Jansen et al.[25](2019)

446,118

1 SNP near 2 SNPs
discovered by Gottlieb et
al. (2014) in the PAX8
gene

Jo

Objective sleep duration GWA studies

Spada et al.[26] (2016)

941

200 suggestive
SNPs

0

Doherty et al.[27] (2018)

91,105

8

1 SNP in PAX8

Dashti et al.[24] (2019)

85,499

N/A

78 self-reported sleep
duration SNPs replicated,
with strongest signal in
PAX8

Jones et al.[28] (2019)

85,670

10

1 SNP in PAX8

Note. afirst GWA study to be published; bthis was very likely to be due to substantial sample
overlap, as the effect size was almost identical to that of Jones’ (2016) study.
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GWAS of self-reported sleep duration
GWAS have described SNPs that are associated with distinct measures of sleep, however
they remain largely un-replicated and the effect sizes of the identified SNPs are very small
(for example, the largest reported effect size to date is 4 minutes). However, the variant
reported to have the largest effect size to date accounted for approximately 5% of the
variation in sleep duration [18], yet this has not been replicated in subsequent studies. A more
recent and much larger GWAS of sleep duration found that the maximum variance explained

ro

of

by a single variant was 0.07% [20].

-p

The first GWAS of sleep duration was published in 2007. Seven hundred and forty nine
participants were genotyped for 100,000 SNPs, and the analyses examined associations

re

between these SNPs and self-reported usual sleep duration [17]. Only one intergenic SNP on

lP

chromosome 13 (rs6599077) was associated with sleep duration at p=1.4x10-7. This means

na

that no SNPs were associated with sleep duration at genome-wide significance, but this SNP

self-reported sleep duration alone had one SNP (rs11046205) reach genome-wide

Jo

on

ur

was significant at a genome-wide suggestive level of significance. The GWAS to first report

significance [18], which is an intronic variant in the adenosine triphosphate-binding cassette,
sub-family C, member 9 (ABCC9) gene. This gene is involved in encoding a potassium
channel (KATP), which contributes to energy metabolism; it has also been associated with
Cantú syndrome and dilated cardiomyopathy [29,30]. However, neither of these conditions
are related to sleep. Another GWAS performed on 2,323 Australian individuals found no
genome-wide significant SNPs for self-reported sleep duration, sleep time, latency, quality or
depth [1]. Seven SNPs, however, were suggestive of associations and these seven variants are
located on different chromosomes and nearby or within distinct genes.
In 2014 two GWA studies of sleep duration were published. The first used Finnish
population-based data from 1941 adults who self-reported their sleep duration [19]. This
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study yielded no genome-wide significant SNPs. The next GWAS was carried out in 47,180
individuals of European ancestry from the Cohorts for Heart and Aging Research and
Genomic Epidemiology (CHARGE), and found seven loci associated with self-reported sleep
duration, 4 of which are on chromosome 2 and 3 on chromosome 6[20]. A further 11 loci
were suggestive of associations with sleep duration but did not reach the genome-wide
significant threshold. The strongest is an intergenic variant, located on chromosome 2 near
the paired box thyroid-specific transcription factor (PAX8). PAX8 encodes a nuclear protein,

of

which is involved in the expression of thyroid-specific genes, as well as thyroid follicular cell

ro

development [31], whereas the Cobalamin Synthase W Domain-Containing Protein 2 gene

-p

(CBWD2) is highly expressed in the brain, but remains poorly characterised [20]. This

re

association was found to be in the same direction in an African-American sample, although it

lP

was not genome-wide significant (p=9.3*10-4). The authors did not however, assess SNP-

na

based heritability in this study. Shortly after, in 2015, a GWA study in 3,414 individuals from
the Coriell Personalized Medicine Collaborative (CPMC) emerged, but they did not identify

ur

any signals that were genome-wide significant [21]. This GWAS was very small in sample

Jo

size, used slightly unconventional analytical approaches (i.e. adjusted for multiple covariates
that are not usually included in GWA studies, included multiple ancestry groups but did not
use wholly appropriate modelling techniques such as linear mixed modelling), which may
have also contributed to their results.
In 2016 the first sleep GWAS that exploited the UK Biobank data was published. It included
127,573 UK Biobank participants (interim UKB genetic data release), from which three
genome-wide significant variants associated with self-reported sleep duration emerged [22].
SNP-based heritability was estimated to be 7% in this study.
The main distinctions between this study, by Jones et al. [22] and that of Gottlieb and
colleagues [20]were the following: the sample size was almost three times greater; SNP
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heritability was estimated and, rather than combining several studies in a meta-analysis they
were able to use a single, very large sample. Only three novel loci were found to be
associated with self-reported sleep duration: rs62158211, rs17190618 and rs1380703 on
chromosome 2. The effect alleles for each of these two SNPs were associated with a 2-minute
decrease in sleep duration, whilst the effect allele for rs1380703 was associated with a 1.5minute increase in sleep duration. rs62158211 is an intron in the PAX8 gene and is in high
LD with two variants previously reported by Gottlieb and colleagues [20]. Thus, Jones et al.

of

2016 [22] were the first to replicate an association in the same region as previously reported.

ro

rs17190618 and rs1380703 are both intronic variants within the Vaccinia Related Kinase 2

-p

(VRK2) gene. GWAS have found this gene to be associated with schizophrenia [32] and

re

epilepsy [33] [33] although not these specific sleep duration variants. The authors also used

lP

Mendelian randomisation (MR – a genetic epidemiology method commonly employed to try

na

to understand causality) [34] to assess causal associations between body mass index (BMI),
type-2 diabetes mellitus and sleep duration. They found no evidence of causal relationships

ur

with sleep duration, using 69 BMI and 55 diabetes variants, respectively. Bidirectional MR

Jo

analyses were not deemed appropriate here, as only three SNPs associated with sleep
duration emerged from this GWAS, which would likely pose a problem of weak instruments
[35] for an MR study of sleep duration on BMI and diabetes.
In early 2017 a GWA study whose focus was not sleep duration (instead the focus was sleep
disturbance phenotypes) identified five SNPs, one of which was the replicated PAX8 signal
with qualitatively identical magnitude (2.34 minutes) to that of Jones and colleagues [23].
The authors estimated SNP heritability in their UKB subsample (N=112,586) at 10.3% and
whilst this was marginally larger than Jones et al.’s estimate, it was comparable enough to
suggest that some differences in phenotyping, exclusion criteria and analytical approach may
explain this.
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More recently, Dashti et al. [24] published the most comprehensive GWAS in 446,118 UKB
participants of white European ancestry and found 78 independent variants associated with
self-reported sleep duration, two of which were replicated from Jones et al. 2016 (one in
VRK2 and one in PAX8). The authors observed that the largest effect was 2.44 minutes per
allele for the PAX8 locus, whereas average effects were approximately one minute per allele.
The 76 novel loci were identified across all autosomes, except 13, 21 and 22. Of these 76
loci, some particularly intriguing signals are in the dopaminergic (DRD2, SLC6A3)

of

signalling pathway, orexin receptor (HCRTR2) and GABA (GABRR1) signalling system.

ro

Importantly, only a handful of the GWAS signals replicated in the CHARGE study

-p

(n=47,180), but none of these were below the conventional GWAS p-value threshold, while

re

of the 78 loci, estimates for 55 had consistent signs. None of the sleep duration loci replicated

lP

in the paediatric EArly Genetics and Lifecourse Epidemiology (EAGLE) consortium

na

(n=10,554), even at a 5% alpha threshold.

ur

GWAS signals at four loci also overlapped with GWAS signals for other phenotypes.
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Specifically, the shorter sleep (<7 hours) allele was related to higher BMI, greater risk of
Crohn’s disease, febrile seizures and generalised epilepsy, cardiometabolic risk, but lower
risk of interstitial lung disease. Of these phenotypes, genetic overlap with BMI has been
explored in greater detail, but there appears to be only weak evidence for shared genetic
aetiology, with a best-fit BMI polygenic risk score (PRS) explaining only 0.02% of the
variance in sleep duration in a sample of 142,209 adults [36]. The authors also performed
genetic correlation analyses that revealed shared pathways between sleep duration and
psychiatric, anthropometric, cognitive and psychiatric phenotypes, while MR analyses
showed bidirectional causal associations between sleep duration and schizophrenia, but not
with diabetes or BMI. Estimated genome-wide SNP-based heritability in this study was 9.8%,
making it only 2.8% higher than Jones’ et al.’s estimate of 7%. The variance in sleep duration
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explained by their 78 genome-wide significant SNPs was 0.69%, which is low, considering
that for example, 97 BMI SNPs from a 2015 GWAS explain 3% of the variance in BMI [37].
This low variance explained in sleep duration points towards dozens of common genetic
variants of particularly small effect size and the potential notion that sleep duration may not
be as much due to common genetic variation as has previously been assumed.
Concurrently with the above study, Jansen and colleagues published a GWAS focused on

of

insomnia using data from 1,331,010 individuals from 23andMe and UKB[25]. Alongside

ro

other sleep phenotypes (e.g. getting up, napping, snoring, daytime dozing, morningness) the

-p

authors also performed a GWAS of sleep duration in 384,317 UKB participants only, which
yielded 53 genome-wide significant loci. Of these SNPs, 14 overlapped with insomnia, with a

re

genetic correlation of -0.47, compared to fewer overlapping loci with the remaining sleep

lP

phenotypes. This was not surprising, given that fragmented rapid eye movement (REM) sleep

na

is common in insomnia and relates to the fact that individuals suffering from this condition

ur

are likely to underestimate their sleep duration. Moreover, of the 53 sleep duration SNPs the

Jo

locus that most strongly overlapped with Dashti et al’s findings was an intron on
chromosome 5 in the SLC6A3 gene, which had a similar effect size (Dashti: 0.9 vs. Jansen:
1.2 minutes’ difference in sleep duration) in both studies.
GWAS of objective sleep duration
The first GWAS of objectively-measured sleep duration emerged in 2016 in 941 adults from
the German LIFE study, who wore an actigraph for seven days [26]. It appears that the
authors reported over 200 signals for objective sleep duration, but none were below the
genome-wide significance threshold of p<5x10-8. These variants have not been replicated.
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In 2018, Doherty and colleagues published a large-scale GWAS of objectively-measured
sleep duration in 91,105 UKB participants [27]. They identified eight variants (at a threshold
of p<5x10-9) associated with 7-day wrist-worn accelerometer-measured sleep duration
explaining 0.39% of the variance in the phenotype, and of which two were novel. A
previously-validated machine-learning model was used to distinguish sleep from other
activity states (sedentary/walking/moderate intensity), as it was found to be valid for use in
UKB participants [38]. The PAX8 signal from previous GWAS was replicated of the two

of

novel SNPs one is near the MAPKAP1 gene and was associated with longer duration of sleep

ro

and the other is near the Activator of transcription and developmental regulator (AUTS2)

-p

gene and is associated with shorter sleep. MAPKAP1 encodes the target of rapamycin

re

complex 2 subunit MAPKAP1 protein. In previous GWA studies, variants other than the one

lP

found here have been associated with a wide range of traits, including some that have been

na

robustly related to sleep duration, such as haemodynamic phenotypes, resting heart rate,
height and general cognitive ability. The activator of transcription and developmental

ur

regulator (AUTS2) is a protein coding gene, for which other variants, besides the sleep

Jo

duration locus have been associated with some phenotypes relevant to sleep duration,
including reaction time, mathematical ability, educational attainment, alcohol consumption,
chronotype, BMI, haemodynamic measures, smoking behaviour, caffeine consumption and
type-2 diabetes. The authors also observed genetic correlations between sleep duration and
both anthropometric and cognitive phenotypes, specifically that increases in sleep duration
were associated with lower fluid intelligence scores and poorer health status. They also
performed MR analyses in 278,374 UKB participants who did not form part of the discovery
sample, but these showed no evidence of causal relationships between sleep duration and a
breadth of common traits/diseases, which is much in line with the work of Jones et al., 2016
[22] and Dashti et al., 2019 [24], reported earlier.
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The study by Dashti and colleagues [24] reviewed earlier also performed GWAS analyses in
85,499 UKB participants who had accelerometry data, suggestive of substantial overlap with
the objective sleep duration GWAS described above. However, the authors used an R
package to infer accelerometer wear time. Sleep duration episodes were defined within the
sleep-period time window (SPT-window) as periods of at least five minutes with no change
greater than 5º related to the z-axis of the device. The authors then summed sleep duration
across all sleep episodes to obtain a sleep duration phenotype. The 78 self-reported sleep

of

duration SNPs were tested for associations with objective sleep duration in this UKB

ro

subsample and the most promising finding was that the PAX8 lead variant was associated

-p

with 2.7 minutes longer objective, as compared to 2.4 minutes with self-reported sleep

re

duration. This was particularly reassuring, as this PAX8 variant is the most consistently-

lP

reported sleep duration GWAS signal. Moreover, the 78-SNP PRS was associated with

na

longer objective duration of sleep.

ur

One other GWAS of objective sleep duration published in 2019 in 85,670 UKB respondents

Jo

found 11 common variants associated with sleep duration, 10 of which were novel [28]. The
replication sample consisted of 5819 individuals with no loci reaching genome-wide
significance, but the vast majority of signals were directionally concordant with that of the
discovery sample. SNP heritability was estimated to be 19%, whilst the largest genome-wide
heritability estimate for self-reported sleep is 9.8%, as reported earlier. This may reflect
differences in measurement accuracy, where self-reported sleep duration is more likely to be
the culprit, especially given that the genetic correlation the authors observed between selfreported and objective sleep duration was at best, modest (rg=0.43). However, whilst we
should be critical of self-report measures in general and sleep duration is no exception, a) the
most robust self-reported sleep duration signal (in PAX8) was also associated with
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accelerometer-measured sleep duration and b) mean self-reported and objective sleep
durations were 7.2h and 7.3h in UKB, respectively, both of which represent healthy durations
for adults [39]. As 10 novel loci emerged as associated with sleep duration but these were
largely not replicated due to the small validation sample available, focus here is on what the
authors identified as the potential lead causal variant, rather than the entire list of SNPs and
genes that have not yet been replicated. rs17400325, a missense variant (p.Tyr727Cys) in
the phosphodiesterase 11A (PDE11A) gene, that is highly expressed in the hippocampus was

of

identified via fine-mapping as the lead causal variant. GWA studies have identified this SNP

ro

as associated with myopia, height, smoking initiation and educational attainment, while other

-p

variants in PDE11A have been linked to heart rate and haemodynamic traits. Mendelian

re

randomisation analyses revealed no causal associations between accelerometer-measured

lP

sleep duration and any relevant traits identified in the genetic correlation analyses, which

na

may be due to the limited number of genetic instruments and the fact that there were only 11
of them, which is not likely to make for a strong instrument in MR. In the opposite direction,

ur

MR identified a causal relationship between higher waist-hip-ratio and educational

Jo

attainment, and shorter objective sleep duration.
Verdict on GWAS of sleep duration: what have these GWA studies taught us and why
are they important (or not)?
What pathways, if any, have these GWA studies identified as biologically plausible?
In terms of how the above studies contributed to our understanding of the biology of sleep,
the PAX8 gene (for which SNPs associated with sleep duration were identified and replicated
in the GWASs by both the CHARGE and the UKB studies) encodes a protein which is
involved in the expression of thyroid-related genes. PAX8 is associated with hypothyroidism
and patients that do not receive treatment for this disease are more likely to have obstructive
sleep apnoea (OSA) episodes [40]. Mutations in the PAX8 gene, amongst others, may result
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in the thyroid stimulating hormone receptor (TSHR) gene being only partially activated.
Whilst this is important, as the prevalence of hypothyroidism is approximately 2% (UK) [41],
it is worth noting that the PAX8 gene is not highly expressed in the hypothalamus, for
example, which is responsible for the regulation of sleep in the brain.
Variants in the VRK2 gene have (aside from duration of sleep) previously been associated
with schizophrenia, a psychiatric illness which is known to have consequences for patients’

of

sleep [42]. Evidence suggests that sleep disturbances may contribute to the onset of psychosis

ro

in young people [43]. However, similarly to the PAX8 gene pathways, this may not be as

-p

informative in terms of average sleep duration in the population, as these pathways relate to

re

specific diseases, such as schizophrenia and hypothyroidism.

lP

VRK2 and PAX8 are the only genes with variants that have been, what can now be referred
to as robustly replicated, given that they emerged as ‘hits’ in a handful of large-scale GWA

na

studies over the last six years and showed consistency both in terms of estimate size and

ur

direction. The remainder of the variants identified by these recent GWA studies still need to
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be replicated, possibly in even larger studies than UKB. Sleep duration changes as a function
of age [44] and extreme sleep durations (short/long) are somewhat more prevalent than in
previous generations [45]. Therefore, it is important to try to disentangle potential agespecific effects of these sleep duration SNPs and whether the magnitude of the association
between for example, a sleep duration genetic risk score may differ by age stratum or
whether distinct trajectories of the PRSsleepduration and sleep duration relationship are observed.
Evidence from the Health and Retirement Study (HRS) suggests that this may at least be true
for BMI, as it was observed that the associations between PRSBMI and BMI differed by birth
cohort, such that the magnitude of the relationship was larger among participants born after
1943, as compared to those born before 1924 [46]. The authors explained their findings by
stating that perhaps BMI SNPs associate distinctly with actual BMI because of effect
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modification due to the obesogenic environment that younger cohorts have been exposed to.
While BMI and sleep duration are divergent phenotypes, they are both complex traits that
have changed over time and are subject to life course alterations and thus, a similar study
with sleep duration would be of interest.
How have these GWA studies contributed to knowledge in the area of sleep and health?
As mentioned earlier in this review, robustly replicated common genetic variants for complex

of

traits do not simply end with publication of a GWA study, irrespective of how large it may

ro

be. Crucially, the advent of very large-scale GWA studies, alongside the now common

-p

practice of making summary statistics publicly available to the scientific community, has
facilitated hundreds and hundreds of Mendelian randomisation studies. Whilst it would be

re

wrong to try to persuade readers that MR is a panacea for causality, to deny that MR has

lP

allowed us to understand that associations which we have studied for decades using purely

na

observational epidemiological designs are in fact causal, or that they are not in fact, causal, is

ur

perhaps equally wrong. Similarly, whilst the UK Biobank poses its own set of problems for

Jo

researchers, particularly given its low response rate and now somewhat accepted selection
bias issues, it would be unfair to deny its immense value in the advancement of
multidisciplinary ageing science.
In the context of sleep duration, until a large and comprehensive GWAS was published in
mid-2019 [24] we were largely incapacitated when considering how we might design and
execute an MR study to understand whether sleep duration causally relates to a particular
outcome of interest. This landmark study enabled the flurry of MR studies that emerged
following its publication. The first of these was an MR study in a cohort of Chinese
adolescents and they observed no unconfounded effect of sleep duration on diabetes, fasting
glucose or glycated haemoglobin [47]. Since then, several other MR studies that attempt to
assess the causal effect of sleep duration on important outcomes have emerged, including
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sleep duration and: risk of breast cancer in women [48], myocardial infarction [49],
glycaemic traits [50], cardiovascular disease and lipid profiles [51], haemoglobin and
haematocrit [52], adiposity [53] and cognitive function and dementia [54]. The MR study of
sleep duration and cognitive function/dementia was also the first to employ non-linear MR
methods to try to understand the causal nature of the U-shaped association between sleep
duration and these phenotypes.

of

Another recent study employed a neat design in which they investigated the relationship

ro

between sleep duration and disease prevalence, using the Partners Biobank which links

-p

electronic medical records (EMR) with genetic data [55]. They firstly examined the
association between the 78-SNP PRS and self-reported sleep duration, followed by analyses

re

of the PRS and 22 prevalent psychiatric, respiratory, cardiovascular, neurological,

lP

autoimmune and metabolic diseases, as well as breast cancer. The authors used these initial

na

analyses as a type of screening, taking forward observed PRS-disease relationships into two-

ur

sample MR analyses. Thus, this study made valuable use of the novel sleep duration GWAS

Jo

findings by demonstrating how we might integrate data on sleep, genomics and clinical
endpoints using EMR.

It is however, also important to note that due to their inherent design (based on ‘common
disease, common variant’ hypothesis) GWA studies are unable to provide any insight into
monogenic sleep disorders. Sleep disorders that are likely to be monogenic (i.e. likely the
result of a single gene mutation) and directly relate to duration of sleep are: Fatal Familial
Insomnia (FFI), Advanced sleep-phase syndrome, Primary chronic insomnia and Narcolepsy
with Cataplexy[56]. FFI (caused by a mutation in the Prion protein gene) appears to be the
most serious of these disorders, as it is characterised by a clinical inability to sleep,
dysautonomia and motor disturbances, which can rapidly lead to death[56]. However, whilst
individuals with Advanced sleep-phase syndrome (linked to a mutation in the Period 2 gene)
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do sleep, they sleep outside of normal bedtime hours; those with Primary chronic insomnia
have a mutation in the Gamma-aminobutyric acid receptor subunit beta-3 (GABRB3) gene
and suffer from chronic sleeplessness; and individuals who have Narcolepsy with Cataplexy
(caused by a mutation in the Prepro-hyprocretin gene) experience excessive daytime
sleepiness, cataplexy (strong emotions can trigger sudden loss of muscle tone), sleep

of

paralysis, sleep onset rapid-eye movement (REM) and hypnagogic hallucinations[56].

ro

Future directions and conclusions

-p

In the last decade, GWAS has led to the discovery and characterisation of numerous common

re

variants associated with both self-reported and objective sleep duration. The advent of large

lP

biobanks that possess a wealth of measurements, including deoxyribonucleic acid (DNA)
have aided these discoveries enormously. The genetics of sleep duration is in a completely

na

different place from where it was pre-2007 (the first sleep duration GWAS), as before this we

ur

relied largely on quantitative genetic studies (e.g. twin studies) and candidate gene studies

Jo

were tasked with trying to understand the molecular basis of this incredibly complex
phenotype. Downstream analyses assisted by these GWAS discoveries in this area now
include various papers on causality (e.g. using methods such as MR) between sleep duration
and important health outcomes, as well as other intriguing designs that integrate polygenic
risk scoring, observational analyses, EMRs and MR analyses.
However, there are still open questions and certainly important limitations to discuss here.
Firstly, the associations between sleep duration and some health outcomes may be non-linear
and thus, it is important that when investigating causality this is also considered, as linear
relationships, or lack thereof could be masking a different shape of association. This has only
been done in one MR study to date, which examined causality between sleep duration and
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cognitive function/dementia [54]. Secondly, in the context of both GWA and MR studies
more ethnically diverse groups should be studied in larger numbers (some of the previous
GWAS reported earlier have attempted replication in other ethnic groups, but the samples
have mostly been too small). Whilst for example, the sleep duration SNP estimates, minor
allele frequencies and heritability may well be similar across other ethnic groups, this is
important to test empirically with well-powered studies. An example of this is a 2019 study
in which neither the PAX8 nor the VRK2 loci replicated in a Japanese sample of 31,230

of

adults [57]. Thirdly, previous GWA studies’ efforts to replicate the sleep duration signals in

ro

for example, the EAGLE cohorts have proved unsuccessful. Thus, we must be sure that these

-p

SNPs are also relevant to children and adolescents, as for some complex traits heritability

re

may differ by age [58]. This is also important because some of the MR studies published to

lP

date have been in paediatric/adolescent cohorts [47,52,53] and have used the sleep duration

na

SNPs discovered and replicated in adults. Fourthly, the divergence between SNP heritability
estimates for objective (19%) vs. self-reported sleep duration (9.8%) raise questions and this

ur

is important to consider, given that the majority of cohort studies still only collect self-

Jo

reported data, for obvious reasons. Of course, earlier it was noted that the genetic correlation
for these two measures was only modest (rg=0.43) and an objective measurement will usually
trump a subjective report, yet this requires further investigation. For example,
polysomnography (PSG) could be used to help disentangle this, but a particularly large
sample is needed, which remains difficult to obtain due to practicalities and costs. Fifthly, as
detailed above, MR studies using the sleep duration SNPs as instrumental variables have
emerged over the last year or so. Whilst MR has proved to be a powerful tool for contributing
to our understanding of causal relationships, as with any other aetiological epidemiology
findings, triangulation is crucial here [59]. Sixthly, the field of sleep genetics could benefit
from a move towards next generation sequencing (NGS) in the form of whole- exome and
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genome sequencing (WES and WGS) studies[60]. In contrast to GWAS, WES studies are
used to detect both rare and common genetic variants and focus on protein coding sequences
[61]. A recent WES study, for example, found that a rare variant in the β1 adrenergic receptor
(ADRB1) gene was associated with needing fewer hours of sleep (~6 hours) and heightened
wakefulness[62]. WGS studies, however, have broader coverage of variants, as the name
suggests, but are still expensive and challenges remain when it comes to sequencing

of

particularly complicated areas of the genome[61].

ro

In conclusion, GWAS and large biobanks have aided fundamental advances in the area of

-p

sleep (duration) genetics and have permitted long-awaited important downstream studies on

re

sleep duration and health. Nevertheless, there are still important questions to be answered in

lP

the realm of sleep (duration) genetics and biology.

na

Practice points

1. This review provided a detailed account of GWA studies of sleep duration

ur

published between 2007 and 2020.

Jo

2. The advent of large-scale cohorts and biobanks permitted crucial advances in the
area of sleep duration genetics.
3. These genetic association studies have provided important biological insights
into both objective and subjective sleep duration.
4. These studies have also enabled, via designs such as Mendelian randomisation,
the investigation of causal relationships between sleep duration and important
health outcomes.
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Research agenda
1. When using designs such as Mendelian randomisation (MR) to try to ascertain
causality between sleep duration and important outcomes, future studies ought to
not only perform linear analyses, but also focus on non-linear modelling, as Ushaped associations are common between sleep duration and multiple health
outcomes.
2. For both GWA and MR studies in this area, focus should be shifted towards
non-European ancestry samples and across diverse age-groups (e.g. children and

of

adolescents), as these efforts, to date, have been lacking and largely

ro

underpowered.

3. Future research needs to conduct more in-depth investigations into why

-p

molecular (SNP-based) heritability estimates are doubled for objective vs. self-

re

reported sleep duration.

lP

4. Future studies should also consider how whole- genome and exome sequencing
could support important advances in the field of sleep genetics.

na

5. MR is not a panacea for causality and as with any other study type, robust
replication is required for these findings, exploiting triangulation methods

Jo

ur

detailed in the literature.
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Figure 1. Overlap between sleep duration SNPs and other sleep phenotypes

Note. Information about overlapping SNPs and sleep phenotypes taken from the Sleep
Disorder Knowledge Portal: http://sleepdisordergenetics.org/home/portalHome and the
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