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The circadian system coordinates rhythms in physiology 
and behaviour to the 24- hour light–dark cycle (FiG. 1a). 
It is composed of a central pacemaker in the hypotha-
lamic suprachiasmatic nucleus (SCN) and peripheral 
oscillators present in virtually all organs and tissues, 
ranging from the heart to the liver and even skin cells1,2. 
Circadian rhythms in the SCN and peripheral oscillators 
are driven by cell- autonomous transcription–translation  
feedback loops, referred to as the molecular clock. Whereas  
the SCN is synchronized to the day–night cycle primar-
ily by light, peripheral oscillators are synchronized by 
both SCN signals and behaviours, such as eating. The 
interaction of circadian and homeostatic sleep regulatory 
processes is known to control the timing and duration of 
sleep and associated physiology (FiG. 1), but the biological 
and molecular basis of sleep need, regulation and func-
tion in humans is incompletely understood3–5. Disruption 
of circadian rhythms and sleep is associated with broad 
negative consequences for health, including cognitive, 
metabolic, cardiovascular and immunological functions, 
as well as mood6,7. However, the molecular mechanisms 
underlying the bidirectional relationships between sleep 
disorders or circadian disorders and comorbid condi-
tions remain elusive. Insights into fundamental molec-
ular processes and links to other disease systems have 
come almost entirely from studies in model organisms, 
reviewed recently for both circadian rhythm8 and sleep9. 
Given that circadian and sleep traits and disorders are 
moderately heritable8, human genetic discovery offers a 
complementary opportunity to advance our fundamental 
molecular understanding of relevant human biology and 
its clinical application in the diagnosis and treatment of 
circadian and sleep disorders and linked chronic diseases.

Despite the conflation of circadian rhythms and sleep 
in the perceptions of the general public, the circadian 
and sleep research fields have evolved mostly separately. 
Starting more than half a century ago, basic genetic dis-
coveries in circadian biology in Drosophila and mouse 
occurred rapidly using reverse and forward genetics, as 
recognized with the 2017 Nobel Prize in Physiology or 
Medicine. By contrast, genetic insights into sleep regula-
tion have emerged almost exclusively in the past decade 
(FiG. 2). Conversely, although the clinical importance of 
sleep disturbances has been well established for over a 
century, that of circadian disruptions (beyond impact 
on sleep) have gained wide recognition only recently, as 
indicated by the budding of ‘circadian clinics’ around 
the world.

Although the development of the instrumental 
two- process model of sleep by Alexander Borbely and 
colleagues in the early 1980s formalized the effect of the 
circadian system on sleep3 (FiG. 1b), only recently have 
both fields started to move closer together. Their con-
vergence is owing to the recognition that the effects of 
the circadian timing system and sleep interact on many 
more levels than previously thought. Examples of their 
interconnected nature include acute effects of slow wave 
sleep on neural activity in the SCN10; gating by sleep  
of the most potent environmental cue (that is, light) to 
the circadian system11; the effect of circadian timing on 
REM sleep12; variation in the clock gene PER3 on homeo-
static sleep regulation13; and the dramatic impact that 
sleep deprivation has on circadian rhythm organization14,  
to name a few.

Here, we focus on recent genetic discoveries pri-
marily using Mendelian family- based approaches and 
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large- scale genome- wide association studies (GWAS) 
of circadian and sleep phenotypes and disorders, using 
subjective and objective measurements, supplemented 
by emerging smaller- scale targeted mechanistic stud-
ies. We emphasize the power of the genetics of extreme 
phenotypes, family- based study designs and of unbiased 
genome- wide screens of rare and common variation in 

beginning to define the genetic architecture of sleep and 
circadian traits and the discovery of novel biological 
insights. Next, we discuss the relevance of findings from 
circadian and sleep genetics to human health. Finally, we 
describe critical gaps in our understanding and obstacles 
in the path to clinical translation and describe promising 
future research approaches and methods. Rather than  
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Fig. 1 | An overview of the circadian and sleep systems. a | Left: the simpli-

fied circadian cell- autonomous transcriptional–translational feedback loop 

mechanism is depicted together with key anatomic and physiologic features. 

The master circadian pacemaker, located in the suprachiasmatic nucleus 

(SCN, orange circle) of the hypothalamus, is entrained primarily by external 

cues from light. This SCN coordinates 24- hour rhythms in physiology and 

behaviour through neuronal and hormonal output signals that influence the 

activity of organs and tissues either directly (for example, the SCN modulat-

ing sympathetic tone to the liver or pineal gland, orange arrow) or indirectly 

by synchronizing peripheral clocks, such that the molecular clock (blue–red 

circular arrows) in those peripheral organs or tissues then influences their 

function through the expression of clock- controlled genes. Peripheral oscil-

lators, present in most organs and tissues, can also be synchronized by behav-

iours such as eating and physical activity. Right: neuroanatomy and 

sleep–wake circuitry. Many neurotransmitters switch our brains between 

sleep and wakefulness in a carefully regulated cycle. Key sleep and wake 

neurotransmitters and known sleep regulators in the brain are listed in the 

purple and red bubbles. In addition, sleep is regulated both by the circadian 

process (orange bubble) and the homeostatic process, the drive to sleep that 

accumulates based on time spent awake (blue bubble). b | The two- process 

model of sleep3. The timing and structure of sleep are determined by the 

interaction of a homeostatic (S) and a circadian (C) process. Process S medi-

ates the gradual rise of sleep pressure during wakefulness and its dissipation 

during sleep. Process C describes the circadian drive for wakefulness. Time 

courses for processes S and C are shown under aligned sleep–wake cycles, 

under sleep- deprived conditions and under misaligned sleep–wake cycles. 

The orange- shaded areas indicate being sleepy or alert at the wrong time. 

The grey- shaded areas represent sleep episodes except in the sleep- deprived 

condition, where it represents being awake at the habitual sleep time. ANS, 

autonomic nervous system; CBT, core body temperature.
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a comprehensive review, we provide a perspective on the 
fast- evolving field of circadian rhythm and sleep genetics 
and links to human disease and health.

Genetics of circadian and sleep physiology

Unravelling the genetic mechanisms underlying circa-
dian rhythm generation has laid the foundation for the 
development of strong experimental tools with which to 
interrogate the mechanisms and consequences of circa-
dian rhythms and their disruption. Distinct core clock 
genes have robust roles in determining circadian period15. 
By contrast, the number of genes that influence sleep–
wake regulation seems to be larger, with less defined 
function and smaller impact16–18.

The success of genetics in studying circadian biology 
is based on a number of advantages: key phenotypes that 
can be measured with high precision and stability, such 
as circadian period (cycle length) and phase (FiG. 3); ease 
of assessment in animal models, with activity record-
ings under constant dark conditions (in humans, period 
assessments especially require complex and demand-
ing circadian protocols); a mechanism not requiring 
complex neural network or organ functions, but being 
cell- autonomous, enabling single- cell experiments 
(although there is clearly additional complexity in the 
multi- oscillator system of the organism as a whole); and 
a consistent transcription–translation mechanism across 
phyla and evolution.

By contrast, sleep is a multidimensional phenotype. 
It can include, for example, sleep duration and timing, 
but also the spectral power of electroencephalograph 
(EEG) signals at particular frequency bands, rapid eye 
movement, muscle atonia, and complex EEG waveforms, 
such as spindles and K- complexes). Assessment of mul-
tiple physiological signals (such as brain activity, eye 
movements, muscle tone and, depending on the goals, 
other signals including respiratory signals and leg move-
ments) concurrently (for example, with polysomnography 
as the gold standard assessment of sleep) is required. 
Moreover, to observe sleep behaviours, the organism 
must have complex multicellular mechanisms, and 
sleep behaviours can reflect varying phenotypic defini-
tions depending on species and ontogeny (for example, 
the assessment of sleep by classic EEG is not possible in 
organisms that lack a central nervous system).

Phenotyping approaches

Circadian phenotypes and disorders are approxi-
mated by self- reporting using questionnaires and 
diaries, objectively approximated or estimated using 
wearable devices (for example, wrist accelerometers), 
melatonin or body temperature profiles in controlled 
conditions, blood- based omics biomarkers, such as 
monocyte transcriptome- based internal circadian tim-
ing predictions, and primary human cell culture, or 
through physician diagnosis and phenotypes derived 
from electronic health records. However, masking is an 
important concept in circadian assessments, where an 
environmental or behavioural factor acutely influences 
a biological measure intended to assess circadian control 
and thereby obscures or confounds this circadian meas-
ure and renders it invalid or imprecise. For example, 

light has a masking effect on the release of melatonin, 
resulting in acute suppression of melatonin concentra-
tions (for example, as assessed in blood, saliva or urine). 
As another example, the direct effects of sleep, eating and 
physical activity on body temperature obscure the ability 
to measure circadian phase based on this measure if these 
factors are not tightly controlled for. This concept applies 
to virtually all measures that can be used for circadian 
phase assessment, although the sensitivity of the meas-
ure to masking effects depends on the measure used. 
For example, although the rise of melatonin concen-
trations can be assessed relatively accurately merely by 
ensuring dim light conditions, most other measures are 
more severely masked by the sleep–wake, rest–activity,  
postural and/or fasting–eating cycles19,20.

Normal sleep patterns and sleep disorders are also 
assessed by self- reported questionnaires, sleep diaries, 
wearable devices such as accelerometers and mobile poly-
somnography, and the gold- standard polysomnography 
(see Supplementary Table 1 for the relative strengths and 
limitations of these assessment approaches).

For genetic studies, an important consideration is the 
trade- off between phenotypes derived from self- report, 
from objective measurements and from electronic 
health records, particularly in light of the rise of wear-
able devices, which allow real- time phenotyping that is 
increasingly scalable. There is still much to learn about 
the heterogeneity of phenotypes and the validity of 
cruder outcome measures or diagnostic codes relative 
to gold- standard phenotypes. Indeed, the comparison of 
the genetics of different measures of sleep and circadian 
rhythms can serve as an approach to determine whether 
comparable or diverse phenotypes are being measured21.

Circadian and sleep phenotypes

Circadian- related and sleep- associated factors such as 
chronotype (for example, morningness or eveningness), 
sleep timing, sleep duration and sleep quality are quan-
titative traits that vary among individuals in the general 
population. Twin and family studies suggest a substan-
tial genetic component, with heritability estimated at 
10–45% for self- reported behaviours and up to 96% for 
EEG- measured characteristics of sleep architecture22,23. 
Although molecular determinants have been poorly 
understood, both familial sequencing studies and 
large- scale GWAS have started to identify genetic loci 
for circadian and sleep behaviours as summarized below 
(FiG. 4a), although sample sizes in accelerometry GWAS 
still lag behind self- reported traits, leading to differences 
in statistical power. Moving forwards, scaling up studies 
with objectively measured sleep traits paired with genetic 
information will lead to increased biological insights.

Chronotype and sleep timing. Genetic studies in model 
organisms have established that circadian rhythms are 
generated by a cell- autonomous molecular clock mecha-
nism comprising transcriptional–translational feedback 
loops24,25. Chronotype, or diurnal preference for morn-
ing or evening behaviour, varies in the population as a 
quantitative trait and is in part driven by variation in 
environment sensing, circadian period or sleep homeo-
static processes26. Identification of clock gene mutations 
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in families with extremely advanced or delayed sleep 
timing demonstrated the cross- species conservation of 
the clock mechanism in influencing daily human behav-
iour. Furthermore, modelling these naturally occurring 
human mutations in mice led to mechanistic insights 
into clock regulation by phosphorylation and protein 
degradation mechanisms. This family- based gene dis-
covery approach has been successful in identifying and 
characterizing human clock gene mutations that con-
tribute to Mendelian circadian rhythm disorders that 
advance or delay circadian phase.

Candidate gene association studies for chronotype 
that focused on core clock genes identified common 
coding variants in PER327–29, suggesting a genetic basis 
for human chronotype. Recent large- scale GWAS using 
self- reported diurnal preference in the UK Biobank 
and 23andMe cohorts have found over 350 genetic 
loci surpassing genome- wide significance, comprising 
genes enriched in circadian rhythm, cyclic adenosine 
monophosphate (cAMP), glutamate and insulin signal-
ling pathways, and those expressed in the retina, hind-
brain, hypothalamus and pituitary gland30–33. Variants 
implicate regions at clock genes (PER1, PER2, PER3, 
CRY1 and ARNTL), retinal and hypothalamic genes 
that may reflect inputs to the clock or integration in the 
SCN (for example, VIP and missense single- nucleotide 
polymorphisms (SNPs) at RGS16 and PATJ) and those 
involved in sleep–wake processes, for example, a mis-
sense SNP in the orexin receptor gene HCRTR2 (also 
known as OXR2); however, specific molecular mecha-
nisms, cell types and tissue types linking genotype to 
phenotype remain to be experimentally elucidated.

Large- scale GWAS of timing of maximal or lowest 
activity and midpoint of sleep using measures from 
7- day accelerometry show a strong association of 
chronotype with objective estimates of sleep and activ-
ity timing but not objectively measured sleep duration 
or quality16. However, the absence of concurrent sleep 
diaries in current large- scale wrist accelerometry data-
sets limits precise measurement of sleep onset or offset. 
GWAS of relative circadian amplitude derived from daily 
rest–activity rhythms in the UK Biobank identified two 
associations at the NFASC and SLC25A17 gene regions, 
with genetic links to mood instability34.

A few studies have examined the mechanistic or 
physiologic effects of newly discovered genetic variants. 
Carriers of a PER2 missense variant that confers evening-
ness were found to have a longer circadian period, or 
circadian cycle length, as measured in highly controlled 
in- laboratory experiments35. Investigation of sleep–wake 
regulation in zebrafish and integration with human 
genetic evidence for sleep traits showed that EGFR sig-
nalling and its downstream pathways have a central and 
conserved role in regulating sleep36. A GWAS of cellular 
circadian rhythm function measured through circadian 
gene expression in cultured cord blood fibroblasts iden-
tified protein catabolism and the COP9 signalosome 

(which stabilizes the essential circadian protein BMAL1) 
as essential for human circadian variation37. These stud-
ies highlight interindividual differences in circadian 
timing are partially innate and point towards the core 
molecular clock as one mechanistic pathway.

Sleep duration and sleep quality

The first human genetic studies of sleep duration tar-
geted monogenic conditions such as rare familial natu-
ral short sleep (FNSS), where affected family members 
regularly exhibit unusually short sleep with no appar-
ent adverse consequences. Linkage and candidate gene 
sequencing highlighted a rare missense mutation in 
DEC2, a regulator of both the molecular clock38 and of 
orexin signalling39. Subsequently, other DEC2 missense 
mutations were found to be associated with short sleep 
and enhanced resistance to sleep deprivation, confirm-
ing an important role for this gene in human sleep39,40. 
Exome sequencing in families with natural short sleep 
with Mendelian inheritance identified mutations in 
GRM1 (REF.41), ADRB1 (REF.42) and NPSR (REF.43) that led to 
increased neuronal activity and shorter sleep when mod-
elled in mice. These studies suggest that increased global 
or local brain cellular excitability may be a mechanism 
for natural short sleep. This experimental follow- up has 
been critical to establish functional significance44–46. 
These studies have been complemented by recent GWAS 
of self- reported habitual sleep duration17,31,47,48, daytime 
sleepiness49 and frequency of daytime napping50 in 
adults. The strongest and most reproducible association 
for sleep duration has been at the PAX8 locus — PAX8 
encodes a transcription factor involved in development, 
particularly of the kidney and thyroid gland — with 
an effect size estimated at 2.44 minutes per allele for 
self- reported sleep duration17,47 and 3.24 minutes per 
allele estimated by objective 7- day activity monitoring16. 
Genes at self- reported sleep duration loci are enriched 
in neuronal pathways including striatum and subpallium 
development, mechanosensory response, dopamine 
binding, synaptic neurotransmission and plasticity17.

GWAS of self- reported daytime sleepiness and nap-
ping, reflecting deficits in sleep quality and quantity, 
arousal pathways or natural preferences, have identified 
42 and 123 loci, respectively49,50. As daytime sleepiness 
and frequent napping may result from insufficient 
sleep, underlying sleep disorders or genetic variation in  
sleep/wake or circadian regulatory processes, a 
cross- trait mapping and clustering approach may prove 
particularly helpful in defining distinct contributing 
biological mechanisms, as for other complex traits51. 
Indeed, clustering of genetic loci that lead to daytime 
sleepiness based on their association with other subjec-
tive and objective sleep measures identified two distinct 
daytime sleepiness genetic mechanisms that reflect 
either a higher propensity for sleep (longer and more 
consolidated sleep) or higher sleep fragmentation49. 
GWAS of objective sleep quality measures, such as sleep 
efficiency and number of sleep episodes from actigraphy, 
found enrichment for serotonin- processing genes16. 
Overall, the genetic architectures of sleep timing traits 
and chronotype differ substantially from that of sleep 
quality and quantity traits, as evidenced by low genetic 
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correlation (rg) at the genome- wide level (for example, 
rg = –0.06 between morningness and sleep duration). 
However, several genetic variants are associated with 
multiple sleep timing, duration and quality phenotypes, 
suggesting a fundamental role in sleep regulation with 
multiple phenotypic effects. For example, a missense var-
iant in orexin receptor 2 (HCRTR2), a gene implicated 
in REM sleep regulation and narcolepsy and a known 
drug target for insomnia, increases daytime sleepiness 
and associates with higher napping frequency, earlier 
sleep timing and morningness chronotype50.

In sum, GWAS in adults have implicated many 
genomic regions of association with very small individ-
ual effects, suggesting that circadian and sleep behav-
iours in adults reflect multiple underlying processes and 
are highly polygenic, with individual common genetic 
variants conferring small effects, as has been observed 
for other complex traits and diseases52. These findings 
in humans are also consistent with the polygenicity 
of sleep phenotypes and behaviours in mice53 and in 
flies54,55. Given that circadian rhythms and sleep behav-
iour change dramatically throughout the lifespan56,57, 
genetic studies in children and adolescents, at puberty 
and menopause, and in the elderly are needed. The larg-
est genetic study of sleep duration in children suggests 
that there is little genetic overlap with adult sleep dura-
tion, but no robust genetic findings have been reported58. 
By contrast, a polygenic score of 351 morningness pref-
erence loci from adults predicted morningness and ear-
lier sleep timing in adolescents59. More genetic studies of 
common and rare variation in children and adults from 
more diverse populations are needed, and leveraging 
well phenotyped families and individuals with extreme 
phenotypes will continue to be a powerful strategy in 
uncovering the biological basis of sleep and circadian 
rhythm phenotypes.

Circadian and sleep disorders

Circadian and sleep disorders can affect the quality, tim-
ing and amount of sleep and lead to daytime impairment. 
Circadian rhythm and sleep disorders can be categorized 
into dyssomnias and parasomnias60,61, with dyssomnias 
characterized by trouble falling or staying asleep, often 
associated with excessive daytime sleepiness (also known 
as hypersomnolence), and parasomnias characterized by 
abnormal activities during sleep (TABLE 1). Genetic dis-
coveries for circadian and sleep disorders so far illustrate 
their complex genetic architecture and integral nature.

Circadian rhythm sleep–wake disorders

Extreme circadian rhythm disorders, collectively called 
circadian rhythm sleep–wake phase disorders (SWPDs), 
include disorders with biological and environmentally 
driven atypical circadian rhythms, including irregular 
circadian rhythms, non-24- hour sleep–wake rhythm 
disorder (non- entrained), which is most often associated 
with blindness, greatly advanced sleep timing (advanced 
SWPD), and greatly delayed sleep timing (delayed SWPD)5.  
Of these, advanced SWPD, as defined by International 
Classification of Sleep Disorders (ICSD) criteria is preva-
lent in up to 0.21% of the population62 and delayed SWPD 
is reported in about 3%5,63,64, with circadian and non- 
circadian subtypes65. Mendelian forms of advanced 
SWPD and delayed SWPD have been identified, and 
linkage or sequencing studies have implicated rare vari-
ants in the genes PER2, PER3, CRY1, CRY2, CSNK1D and 
TIMELESS, confirming the involvement of mole cular 
clock genes previously identified in model organism 
studies27,28,66–71. Variants have been functionally linked to 
physiological changes in circadian rhythm cycle length 
(period) or entrainment to light, as well as molecular 
changes in phosphorylation in mice, demonstrating the 
power of human gene discovery followed by functional 
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a symptom of sleep problems 

and/or disorders.

Entrainment
The synchronization of a  

(here, circadian) rhythm to an 

environmental, behavioural,  

or other circadian cycle, such 

as the light/dark cycle, eating/

fasting or temperature cycles.
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Fig. 3 | Measurable approximates of circadian rhythm 

and sleep physiologic phenotypes. Properties of circa-

dian rhythms include phase, amplitude and period (top 

panel), whereas sleep phenotypes include sleep latency, 

duration and quality, sleep stage duration, intensity and 

depth, as well as temporal and spatial organization of com-

plex sleep brain waves, and associated physiologic and 

behavioural changes (some aspects shown in bottom 

panel). Phenotypes affected by both systems are high-

lighted in the middle panel. Sleep progresses through the 

individual stages of sleep during the night in 4–6 cycles 

lasting 70–120 minutes each. Cycles consist of three stages 

of non- REM sleep (NREM, N1–N3) and the rapid eye move-

ment (REM) sleep stage. N1 involves the transition from 

wakefulness to sleep with brain waves beginning to slow. 

N2 involves the further slowing of heart rate and breathing 

together with a drop in body temperature. N2 is marked  

by brief bursts of brain activity including spindles and  

K- complexes. N3 is deep sleep marked by the slowest brain 

waves. Awakening is difficult during N3. Top part of figure 

(circadian phenotypes) reprinted with permission from 

REF.185, OUP. Bottom part of figure (sleep phenotypes) 

adapted from REF.186, CC BY 4.0 (https://creativecommons.

org/licenses/by/4.0/).
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and mechanistic studies in animal models. However, 
so far only a limited number of families with circa-
dian disorders have been studied72. In designing future 
family- based studies, it is important to report a new gene 
to be confidently implicated only when variants in the  
same gene appear in multiple unrelated affected individ-
uals (two or more families), and also to report statistical 
evidence for segregation72. Furthermore, implicated vari-
ants may not be fully penetrant, and for circadian variants, 
effects may be masked by environmental factors, so 
recall- by- genotype studies with deeper phenotyping in 
controlled conditions may also be important to reveal 
relevant human biology. Notably, some circadian forms 
of advanced SWPD and delayed SWPD likely represent 
extremes at the end of the chronotype distribution; for 
example, rare variants (minor allele frequency = 0.4%) in 
PER3 contribute both to diurnal preference and associ-
ate with clinically defined advanced SWPD and delayed 
SWPD28,33,73.

Narcolepsy

Narcolepsy is a rare teen- onset dyssomnia that affects 
the sleep–wake cycle, characterized by an intense urge 
to sleep at unusual times, vivid hallucinations at night 
and REM sleep dysregulation. Narcolepsy can also occur 
with cataplexy, a physical collapse upon strong emo-
tional stimulus (type 1) or without cataplexy (type 2) 
and affects approximately 1 in 2,000 people74. Although 
narcolepsy is mostly sporadic, there is familial enrich-
ment, with a 20–40- fold increased risk compared to the 
general population75,76. Through human genetic studies 
of narcoleptic cases came the ground- breaking first evi-
dence that narcolepsy is an autoimmune disorder, with 
a striking enrichment of a specific HLA antigen sero-
type in cases77. These studies were complemented by 
canine genetic studies of narcolepsy mapping the genetic 
defect to the orexin receptor type 2 gene (HCRTR2)78,  
pinpointing the orexin/hypocretin system as specif-
ically affected by this autoimmune disorder. An auto-
immune reaction to orexin and molecular mimicry to 
influenza in narcolepsy type 1 results in selective loss 
of neurons in the lateral hypothalamus that produce 
orexin79. GWAS and rare variant exome sequencing 
studies have identified 8 regions of the genome and  
3 genes associated with narcolepsy type 1, in addition 
to 9 HLA serotypes, with most loci and genes sup-
porting the inflammation and autoimmune hypothe-
ses75,80–83. Nearly all patients with narcolepsy type 1 carry 
HLA- DQB1*0602 on at least one chromosome, but this 
allele is also relatively common, demonstrating that it 
is not sufficient for disease development84,85; however, 
HLA- DQB1*0602 serotype testing may be advantageous 
in diagnosis of narcolepsy86. The interplay between 
genetics and environment has been demonstrated, as 
infections and other environmental triggers interact 
with a susceptible immune background82. Studying nar-
colepsy has led to an understanding of the critical part 
the orexin system plays in sleep and wakefulness and the 
autoimmune underpinnings of narcolepsy (reviewed in 
REFS.75,87). The genetics of narcolepsy provides a success-
ful example of how to advance from genetics to biological  
mechanisms and towards the clinic (TABLE 2).

Restless legs syndrome

Restless legs syndrome (RLS) is a dyssomnia and a neuro-
logical disorder affecting 5–15% of the adult population, 
characterized by an urge to move the legs that worsens 
at night, disrupts sleep and is improved by walking or 
stretching88. There is a strong genetic component to RLS, 
with 60% of cases having affected relatives, with familial 
RLS onset typically prior to age 45 years. Brain regional 
iron deficiency has been implicated in RLS pathophysi-
ology by post- mortem, neuroimaging and cerebrospinal 
fluid studies, and dopamine dysfunction is implicated 
because of the clinical efficacy of dopamine agonists89,90. 
Genetic factors identified to date explain about 12% of 
the observed disease variance; through GWAS91, there 
are now 19 loci associated with RLS, with another six 
implicated through a transcriptome- wide association 
study92. The findings of these genetic studies, reviewed 
recently93, and functional follow- up studies in zebrafish 
and mice94,95 implicate neural development pathways in 
the pathophysiology of RLS and further underscore the 
importance of iron metabolism and homeostasis and 
dopamine dysfunction in RLS. Lead signals implicate 
the genes MEIS1, involved in neurogenesis and neuronal 
specification; BTBD9, important in metamorphosis and 
limb pattern formation in Drosophila and linked to both 
periodic limb movements in sleep and iron deficiency96; 
and SKOR1, a regulator of cell fate of spinal cord dor-
sal horn interneurons that relay pain and touch, and 
a repressor of genes enriched in neurodevelopmental 
processes97. These observations link to previous neuro-
physiological studies that have described changes in 
sensorimotor networks and increased excitability in cor-
tical neurons, particularly in the motor cortex, and that  
identified opioid receptors in the pathogenesis of RLS88.

Sleep- disordered breathing

Sleep- disordered breathing encompasses a spectrum of 
disorders that includes central sleep apnea, sleep- related 
hypoventilation and obstructive sleep apnea (OSA), 
the latter characterized by recurrent episodes of upper 
airway obstruction (apneas and hypopneas). OSA, the 
most prevalent of these disorders, is found in more than 
15% of adults, with higher prevalence associated with 
older age, male sex and Asian or Hispanic ancestries. 
Obstructed breathing causes intermittent hypoxae-
mia, sleep fragmentation and sympathetic nervous 
system surges, increasing the risk of a wide variety of 
chronic health problems. Genetic studies have exam-
ined OSA using multiple indices: self- reported snoring 
(a hallmark symptom), International Classification of 
Diseases, Ninth and Tenth Revisions (ICD) codes for 
OSA diagnosis from electronic health records, and 
quantitative measures from overnight sleep studies, 
including the Apnea Hypopnea Index (AHI), respira-
tory event length and oxygen saturation levels and 
patterns. Heritability for the AHI is estimated to vary 
from 6% to 30%, while respiratory event length herit-
ability is as high as 60%98. Obesity is associated with a 
two- to sixfold increased prevalence of OSA, and OSA 
and obesity have a high genetic correlation (rg = 0.72). 
Adjustment of OSA genetic associations for obesity gen-
erally has decreased the magnitude of signals in obesity 

Sleep–wake cycle
The daily pattern of alternating 

wakefulness and sleep with a 

periodicity typically approxi-

mating the 24-hour day–night 

cycle.
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pathways, although signals have often become stronger 
in pathways associated with respiratory, inflammatory 
and neurological disorders. Recent large- scale studies 
within biobanks of snoring99 or ICD- coded OSA100 
have identified genetic associations for individuals 

with European ancestries, with smaller multi- ancestry 
cohort studies leveraging admixture101 (for example, 
identifying FECH) or linkage102,103 signals to improve 
power, including rare variant associations (for exam-
ple, CAV1 and DLC1). The latter studies have directed 

Sleep quantity
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Sleep quality
(accelerometer)
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Circadian rhythm strength
(accelerometer)
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Sleep quality
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Sleep timing
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research of OSA to pathways that modulate inflamma-
tion, iron and steroid metabolism, lung function and 
hypoxia responses, which are all in the early stages102,103. 
Genetic associations of sleep apnea are heterogeneous, 
with some ancestry- specific104, some stage- specific (for 
example, REM versus non- REM sleep)105 and some 
sex- specific (for example, RAI1 in men)106, indicating 
the value of employing trans- ancestry, stage- specific and 
sex- stratified analysis approaches for complex pheno-
types such as OSA as well as other sleep and circadian 
traits107.

Insomnia

Insomnia is characterized by chronic difficulties in 
falling asleep and/or maintaining sleep with associated 
daytime impairment. Insomnia disorder, defined as 
significant insomnia at least three nights a week for at 
least three months, is seen in approximately 10% of the 
population and is linked to adverse long- term health 
outcomes108, whereas occasional insomnia symptoms 
are seen in approximately 30% of the population. Early 
studies of insomnia heritability have come mainly from 
twin studies (heritability of 22% to 59% in adults, 14% 
to 71% in children), with a longitudinal twin study 
demonstrating stability over time and differential her-
itability by sex (around 59% in women and around 
38% in men109. Candidate gene studies and early small 
GWAS (n <10,000) paved the way for large- scale studies 
of insomnia genetics by combining validated question-
naires of insomnia symptoms and actigraphy- measured 
phenotypes with genetic data110–113. Large- scale GWAS 
based on questionnaires assessing insomnia symp-
toms, self- report of physician diagnosis and use of 
sleep prescription aids (n >100,000) have identified 
many loci (554 risk loci as of the most recent GWAS 
preprint; 202 published loci from meta- analysis of 
23andMe and UK Biobank) implicating axons, stria-
tum, medium spiny neurons and the hypothalamus in 
insomnia pathophysiology114–117. These studies estimate 
SNP- based heritability to be about 8% and suggest a 
highly polygenic architecture, but few specific genes 
have been implicated so far118. Insomnia GWAS iden-
tified associations with RLS loci, with follow- up analy-
ses pointing towards undiagnosed RLS cases reporting 
insomnia symptoms115,117. Importantly, the genetic 

associations with insomnia are robust even when 
considering several possible confounders, such as caf-
feine consumption, socioeconomic status and existing 
comorbidities. Polygenic risk scores for insomnia asso-
ciate with physician- diagnosed or ICD-10 diagnosed 
insomnia disorder in smaller cohorts115, but large- scale 
GWAS of physician- diagnosed insomnia disorder 
are still lacking. Comprehensive reviews of insomnia 
genetics119 and sleep disorders in children have recently 
been reported120.

Lessons learned from disorders

GWAS studies of circadian and sleep phenotypes high-
light important lessons. The first is the challenge of het-
erogeneity and misclassification. For example, GWAS of 
insomnia symptoms revealed associations with validated 
genetic variants for RLS121, and further analyses demon-
strated that this association is most probably owing to 
the inclusion of individuals with RLS reporting insom-
nia symptoms115,117,121. Insomnia, particularly occasional 
insomnia, is probably not a singular condition but a 
cluster of symptoms with a range of underlying causes. 
Future genetic studies need to dissect this heterogeneity. 
Another lesson is in the importance of phenotype defi-
nitions, as phenotype definitions range from symptoms, 
and subjective and objective sleep quality, to clinical dis-
order diagnosis. The scalability of questionnaire- based 
phenotypes and ICD codes has enabled increased 
sample size and genetic power to detect associations, 
but clinical specificity will be necessary to understand 
molecular specificity and expand the utility of genetic 
findings for prediction and prevention. For example, in 
the latest meta- analysis of insomnia genetics122, despite 
a sample size increase, the newly discovered genetic loci 
explain less of the variation than a prior study116, per-
haps owing to poorer phenotyping and characteristics 
of the additional individuals sampled (r2 = 2.0% in the 
largest study of 2.3 million versus r2 = 2.6% in the 2019 
study of 1.3 million). Therefore, there is a need for both 
standardized and easy- to- use phenotypic instruments. 
Phenotypic instruments assessed at scale will advance 
gene discovery from large- scale cohorts, and precise, 
detailed phenotyping in smaller, well designed cohorts 
will enable gene characterization. Nonetheless, data 
from currently available studies, for example, for sleep 
apnea, emphasize that analysis of even simple pheno-
types (from medical records) can identify promising 
signals and genetic correlations with other disorders, 
whereas more detailed analysis (from polysomnog-
raphy) can elucidate potential mechanisms related to 
disease severity (oxygen desaturation), subtype (state 
specificity), sexual dimorphism and ancestry- driven 
variants. Lastly, more studies with rigorous unbiased 
genetic approaches are necessary to capture the full 
spectrum of genetic mutations. An increase in exome 
and genome sequencing of rare disorder cases and fam-
ilies together with population outlier extremes is nec-
essary. Genetic studies must also push towards more 
robust trans- ancestry genetic approaches combined 
with high- throughput downstream functional assays to 
advance biology and pinpoint new therapeutic targets 
for circadian and sleep disorders.

Fig. 4 | Sleep and circadian rhythms link to health using genetics. a | Number of genetic 

loci identified for circadian and sleep phenotypes in the general population shows 

domain- specific overlap primarily for measures of sleep timing (summarized from published 

genome- wide association studies (GWAS) discussed in the main text16–18,33,34,49,87,91,101,106,116). 

b | Evidence of genetic links between sleep/circadian traits/disease and neuropsychiatric 

and metabolic traits showing a heatmap of genetic correlations between insomnia 

symptoms GWAS and sleep, neuropsychiatric and metabolic trait GWAS. Positive 

genetic correlation is shown in red and negative genetic correlation is shown in blue. 

Significant correlations are shown with an asterisk116. c | Utilizing GWAS results to probe 

the causal relationship between diurnal preference (chronotype) and major depression, 

using Mendelian randomization (MR) to demonstrate a protective association of earlier 

diurnal preference with lower odds of depressive symptoms134. d | Sleep duration interacts 

with genetic risk of myocardial infarction (MI) to affect the risk of incident MI187. Bars 

represent 95% confidence intervals (CIs). GxE, gene- by- environment interaction;  

OR, odds ratio; RLS, restless legs syndrome. Part b reprinted from REF.116, Springer 

Nature Limited. Part c adapted from REF.134, CC BY 4.0 (https://creativecommons.org/

licenses/by/4.0/). Part d adapted with permission from REF.187, Elsevier.
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Genetic insights for therapy

Within both the field of circadian rhythms and sleep, 
there is plenty of need for new therapeutics and for per-
sonalization. Particularly in sleep therapeutics, phar-
macological treatments are often aimed at symptoms 
rather than underlying causes. Human genetic studies of 
circadian rhythms and sleep open the door to potential 
novel targets for drug development, as well as tailoring 
of current therapeutics123. Genetic studies also have the 
unique ability to identify drug targets in causal pathways.

In narcolepsy type 1, active drug development is 
shifting to mechanism- based therapeutics, including 
targeting the immune and orexin systems124. Current 
narcolepsy type 1 treatment consists primarily of 
psychostimulants for excessive daytime sleepiness  
and sodium oxybate or antidepressants for cataplexy and  
REM sleep deregulation. Under development are ago-
nists acting at the orexin-2 receptor and orexin replace-
ment therapy via implanted intrathecal catheter or 
intranasal administration. Furthermore, given that the 
genetic background of over 98% of all patients with nar-
colepsy type 1 (versus 25% of controls) carry the HLA 
class II HLA- DQB1*0602 allele, immune- based therapies 
are being investigated for the treatment of those at risk 
of developing narcolepsy and preventing the destruc-
tion of orexin neurons, with an active search for reliable 
biomarkers. In addition to pharmacological treatments, 
genetic revelation of the mechanisms of narcolepsy 
type 1 have led to both immune- targeted diagnosis 
methods and stem cell replacement therapy for orexin 
neurons125 (TABLE 2). Therefore, it is critical to continue 
genetic investigations of the underlying mechanisms 
of circadian and sleep disorders to enable new targeted 
therapeutics, diagnostics and preventative interventions.

Genetic links to other complex diseases

Over the years, many epidemiologic and experimental 
studies have linked circadian and sleep traits and disor-
ders with facets of human health and disease, including 
cardiometabolic and psychiatric disorders4,6,8, but it is 
unclear to what degree sleep and circadian disorders 
are markers, consequences and/or causal in disease 

pathology. Human genetics could play an important 
part in resolving the directionality of associations126. 
This work is crucial in demonstrating the central role 
of circadian rhythms and sleep in human health and 
arguing for the inclusion of circadian and sleep health 
as a central component of preventative and diagnos-
tic healthcare. Recent circadian and sleep GWAS have 
enabled both studies of genetic relationships to health 
and disease and causal interrogation of those genetic 
connections (FiGS. 4,5).

Shared genetic architecture

Examination of patterns of genetic correlations, or 
shared genetic influences are beginning to provide 
insights into relationships between circadian or sleep 
and cardio- metabolic and psychiatric traits90,98,127 
(FiGS. 4a,5). For example, genetic correlations between 
insomnia and psychiatric disorders such as anxiety and 
depression are higher (rg = 0.45–0.59) than between 
insomnia and most other sleep traits, suggesting that the 
aetiology of insomnia shares biological processes more 
with psychiatric disorders than with sleep–wake regu-
latory processes115,116,128. Furthermore, genetic sharing 
with different sleep phenotypes differs between disor-
ders, suggesting that diseases may be distinguishable by 
distinct patterns of sleep disruption.

Genetic evidence for causality

Mendelian randomization is a genetic method that uti-
lizes human genetic variants associated with a risk factor 
as natural experiments to test whether the risk factor may 
reflect a cause of the disease, thus reducing influences 
from confounders and reverse causality that are limita-
tions of other epidemiologic approaches in humans129,130 
(FiGS. 4b,5). For example, in the field of lipid and cho-
lesterol biology, Mendelian randomization helped to 
eliminate high- density lipoprotein cholesterol from the 
causal pathway for heart attack, enabling the redirection 
of drug targets131. For circadian rhythms, prior obser-
vational prospective epidemiologic studies have linked 
chronotype with depression132,133, reporting effects 
in both directions: early depression associated with 
increasing eveningness preference in youth, and chrono-
type associated with incident depression in youth and 
adult women. Mendelian randomization results from 
several studies confirm a causal effect of the ‘lifelong 
intervention’ of genetic variation for morning chrono-
type as protective for psychiatric disorders, especially 
major depressive disorder31–33,134,135. A recent randomized 
control trial that targeted sleep timing, meal timing, 
light exposure, caffeine intake, napping behaviour and 
exercise behaviour provided evidence for the feasibility 
of interventions to produce clinically relevant shifts in 
circadian rhythms136. In recent studies of insomnia and  
short sleep, a causal link to coronary artery disease 
and myocardial infarction was demonstrated114–117, fur-
ther supporting numerous observational studies linking 
insomnia with cardiac outcomes137,138. This connection 
has emphasized the need for randomized control trials 
of treatment of sleep disruption as a preventive therapy 
for heart disease and advocacy to reduce the health dis-
parities around sleep disruption. Taken together, these 

Table 1 | Known primary sleep disorders

Sleep disorder Definition and examples

Insomnias Self- reported difficulty falling or staying asleep, poor sleep quality

Parasomnias Disruptive sleep- related disorders, which includes non- REM 
sleep- related parasomnias, such as sleep terrors, and 
REM- related parasomnias, such as nightmare disorder  
and REM sleep behaviour disorder

Central disorders of 
hypersomnolence

Disorders of daytime sleepiness despite normal night- time 
sleep and aligned circadian rhythm, such as narcolepsy types 1 
and 2, and idiopathic hypersomnia

Circadian rhythm 
sleep–wake 
disorders

Sleep disruptions owing to misalignment between 
environment and/or circadian system and sleep–wake cycle, 
such as jet lag/shift work disorder, advanced or delayed  
sleep–wake phase disorder, and non-24- hour rhythm disorder

Sleep- related 
movement disorders

Restless leg syndrome

Sleep- related 
breathing disorders

Central sleep apnea, obstructive sleep apnea

www.nature.com/nrg

R E V I E W S



0123456789();: 

two examples make a strong case for the use of human 
genetics to understand the causal pathways of circadian 
rhythms and sleep in health and disease. Mouse mod-
els with naturally occurring or knockout mutations in 
clock genes have been found to have metabolic disorders 
such as obesity and type 2 diabetes mellitus, infertility, 
increased tumour development in response to stress, 
premature ageing, impaired cognition, memory or 
mood phenotypes (reviewed in REF.15), suggesting that 
clock genes have key roles in disease. How these causal 
links translate to humans remains an important ques-
tion to answer. Genetic studies also support bidirectional 
causal links between sleep disorders and disease, such as 
insomnia and depression, consistent with models sug-
gesting that sleep disturbances contribute to a spiraling 
exacerbation of disease139.

Sleep disorder markers of degeneration

Genetic studies suggest that some sleep disorders may 
be early markers of progressive neurodegenerative dis-
ease pathology. REM behaviour disorder (RBD) is a rare 

parasomnia, affecting 0.3–1.1% of adults, in which peo-
ple act out their dreams and lack atonia during REM 
sleep, which may reflect a prodromal neurodegenerative 
synucleinopathy140. Indeed, more than 90% of patients 
with RBD progress to Parkinson disease or other demen-
tias within 15 years of diagnosis. Overall, genetic char-
acterization suggests that RBD- associated Parkinson 
disease is a subtype of Parkinson disease, with contribu-
tions from some Parkinson disease- predisposing alleles, 
for example, in GBA, but not from others, for example, 
in LRRK2 (REF.141). Deeper understanding of the genetic 
architecture of RBD, and discovery of genetic modifiers 
of rate of progression from RBD to neurodegenerative 
disease, will have clinical value for precision diagnosis, 
management and treatment. Although circadian and 
sleep dysfunction is present in patients with Parkinson 
disease, the underlying genetic mechanisms and links 
to RBD remain unknown142. In addition, recent stud-
ies suggest genetic liability for Alzheimer disease may 
predict short sleep, lending support to investigation of 
sleep oscillations as an early marker143,144. Similarly, fatal 

Table 2 | From genetics to therapy for an example sleep disorder and future directions in genetics of sleep 
and circadian disorders

Level Narcolepsy Future directions

Gene Canine narcolepsy gene HCRTR2 identified

Genome- wide association study identifies HLA and 
other immune- related genes

Common and rare variant discovery

In silico and experimental analyses to identify 
causal variants and effector genes

Multi- ancestry analyses

Leveraging biobanks and electronic health records

Homozygous loss- of- function mutation carriers

Tissue and 
pathway

Autoimmune mechanism based on molecular 
mimicry

Loss of orexin neurons in hypothalamus

T cell- mediated killing of orexin neurons

Epigenetics

Spatiotemporal transcriptomics

Integrative multi- omics

In vitro cell models

Timing of cellular function

Circuits Orexin neurons integrate sleep–wake, circadian, 
motivation and visceral signals to promote arousal, 
lower REM sleep, increase reward and learning, 
locomotion and sympathetic tone

Imaging and brain function

Multi- oscillator network

Animal models

Organoid models

Physiology Loss of orexin causes instability of sleep–wake state

Key role of orexin in flipflop switch

During wakefulness, orexin stimulates 
wake- promoting areas, solidifying wakefulness

During sleep, sleep- promoting areas inhibit orexin 
as well as wake- promoting areas, solidifying sleep

Objective, scalable measures

Recall- by- genotype human mechanistic trials

Sleep deprivation and circadian misalignment 
effects

Disorder Narcolepsy

Poor wake maintenance

Sleep fragmentation

Effects on metabolism and feeding

Effects on reward behaviour

Triggered by environment

Population- specific polygenic risk scores

Subtyping of disease based on genetic signatures

Gene- by- environment effects

Therapy Symptoms- based

Orexin receptor agonists in development

Preventive immune- based therapies in development

Stem cell replacement therapy for hypocretin neurons

New therapies based on causal mechanisms

Behavioural interventions

Precision chronotherapy
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familial insomnia is a progressive neurodegenerative dis-
ease caused by dominant mutations in the prion protein 
PRNP that presents with sleep disturbances and insom-
nia (which progressively worsen as toxic prion proteins 
accumulate in the brain)145.

Circadian and sleep behaviour as a modifier

Circadian and sleep disruption are known modifia-
ble risk factors for many common, complex diseases. 
Given their increasing prevalence in modern society, 
an important question is whether circadian and sleep 
behaviours modify the genetic risk of other diseases 
(FiGS. 4c,5). While highly relevant, studies focusing on 
circadian or sleep behaviour as modifiers of genetic risk 
of disease are just emerging. A twin study, as a classical 
method of disentangling the contributions of genetic 
and environmental factors for a trait of interest, first 
found that shorter sleep duration increased genetic 
influences on body mass index (BMI)146. Recent stud-
ies in the CHARGE consortium have successfully used 
genome- wide gene–sleep duration interaction testing to 
identify novel loci for blood pressure147 and lipid traits148. 
However, heterogeneity between different study cohorts, 
in both measurements of lifestyle or environmental and 
genetic variables, and cultural heterogeneity, can intro-
duce more variability compared with a similarly sized 
single- cohort study. Thus, the recent development in 
large- scale prospective cohorts with rich information on 
lifestyle and environments has provided a unique oppor-
tunity to circumvent the aforementioned limitations. 
Indeed, recent studies utilizing UK Biobank data have 
identified that poor sleep characteristics (for example, 
short sleep duration, daytime nap/sleepiness, insomnia 
and snoring) increase the genetic risk of obesity- related 
measures149,150 and the risks of coronary heart disease 
and stroke151.

As an emerging field of investigation, there are 
still many gaps. For example, most gene–circadian/
sleep behaviour studies were performed in adults with 
European ancestries. It is important to learn whether 
population groups of different ancestries or paedi-
atric populations share the same interactions. The 
multi- ancestry sleep- by- SNP interaction study148 and 
another study in Chinese children and adolescents152 
are beginning to address this gap.

In addition, almost all previous studies used lifestyle 
questionnaires to obtain circadian or sleep behaviour, 
which are prone to recall bias and limited to a few easily 
attainable phenotypes (Supplementary Table 1). As more 
cohorts are starting to implement accelerometer- based 
movement monitors or wearables that measure sleep-
ing EEG and/or heart rate, objectively assessing sleep 
behaviour may provide more accurate estimates of 
time taken to fall asleep, regularity and fragmentation 
of sleep, depth of sleep as well as rest–activity rhythms. 
Moreover, further longitudinal studies are needed that 
address the limited ‘life course’ assessment of lifestyles 
and behaviours or ‘exposomes’ over time and capitalize 
on the opportunity to use low burdensome data from 
wearables and ‘nearables’, as well as public databases 
on pollution. The All of Us cohort is a large initiative 
aimed at collecting comprehensive environmental and 
genetics data, with sleep data potentially available via 
wearables (for example, Fitbit). Importantly, as growing 
evidence has shown that meal timing can be a critical 
diurnal behaviour to affect metabolic health153,154 (Box 1), 
future studies should consider including its assessment 
for gene–behaviour analyses.

c  Causal relationship via Mendelian randomization

Sleep or circadian
trait or disorder

Sleep or circadian
trait or disorder

Other traits
or disorders

Shared causal
factors

Genetic factors

b  Non-causal genetic correlation

a  GxE interaction

Genetic factors

Sleep or circadian
trait or disorder

Confounding
variables

Other traits
or disorders

1  Causal
       assumption

Genetic factors

Other traits
or disorders

2  Causal
       assumption

Environment
(e.g. light, stressor,
activity levels)

Genetic factors

3  Causal
      assumption

Fig. 5 | Potential sources of sleep and circadian genetic 

relationships to environmental factors and other traits 

and disorders. a | Gene by environment (GxE) interactions of 

sleep and circadian traits and disorders where sleep and cir-

cadian rhythms can act both as outcomes and environmental 

modifiers of disease. b | Similar to part a with shared causal 

factors (pleiotropy). Non- causal relationships between sleep/

circadian traits or disorders and other traits or disorders can 

occur when genetic factors are independently associated 

with both outcomes. c | Graphical representation of a causal 

genetic relationship between sleep/circadian traits and dis-

orders with downstream traits/disorders interrogated by 

Mendelian randomization analysis. For causality testing 

using Mendelian randomization, the three causal assump-

tions highlighted must be satisfied: (1) genetic factors  

(for example, associated SNPs) are strongly and clearly linked 

to sleep/circadian traits/disorders (‘the exposure’); (2) the 

genetic factors are not linked to any confounders; and  

(3) the genetic factors should be linked to the outcomes 

through the sleep/circadian traits/disorders only. Black arrows 

indicate causal links and red- dashed lines indicate potential 

violations of Mendelian randomization assumptions.

Nearables
Devices worn not on but near 

to the body, with a variety of 

sensors that can measure and 

record signals, such as snoring 

sounds, body movement or 

heart rate, as physiological 

proxies to estimate (for 

example) sleep duration, 

timing and/or quality.
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Conclusions and future perspectives

The fields of circadian rhythms and sleep are poised 
to make significant advances in human biology and 
improve human health (TABLE 2). Notably, gene discovery 
at a large scale has become possible primarily through 
large biobanks with coarse questionnaire- based and 
wrist- activity monitor phenotyping and limited demo-
graphic composition, and few follow- up mechanistic 
studies are available. Thus, systems- level insights are 
yet to be gained for most sleep and circadian traits and 
disorders.

To enable further genetic insights, new methods 
of scalable phenotyping will need to be balanced with 
measurement specificity. New apps and devices for 
scalable dynamic monitoring of circadian and sleep 
behaviour are emerging that take advantage of changes 
in accelerometry, temperature, oxygen saturation, heart 
rate variability and brain electrical activity during sleep 
as well as molecular phenotyping to capture internal 
body timing or circadian phase. Integration of these 
technologies paired together with biobanks and biore-
positories of genetic information including whole- exome 
and whole- genome sequencing will enable novel gene 
discovery. Increasingly large biobanks with circadian 

rhythm and sleep measures are necessary to understand 
the phenotypic consequences of rare loss- of- function 
mutations. Although genetic studies using physiologi-
cally defined phenotypes have been limited by sample 
size, and studies utilizing codes based on electronic 
health records or questionnaires have been limited by 
phenotypes that do not characterize disease severity or 
subtypes of disease (for example, REM- predominant 
OSA) and have misclassification bias, there is further 
opportunity to triangulate these approaches to leverage 
the power of the large, simple phenotype study with 
smaller, deep- phenotyping studies to identify variants 
that drive susceptibility for specific circadian and sleep 
disorder subtypes, and potentially uncover novel disease 
mechanisms. In parallel, it will continue to be important 
to integrate insights from lessons learned from genetic 
efforts in other diseases and electronic health-care 
settings to catalyse large- scale genomic analyses and 
translation into a clinical setting for sleep and circadian 
rhythm traits and disorders155.

The next challenge is the synthesis of discoveries 
into biological mechanisms and insights that ena-
ble clinical translation. To turn the recent wave of 
GWAS into advances in human biology, large- scale 
functional follow- up studies will need to be con-
ducted in tandem with deep dives into cell- type- and 
developmental- stage- specific effects. The challenge of 
understanding the effect of genetic variants on biolog-
ical function is common to all fields of human genet-
ics, and insights and resources generated in other fields 
will prove useful in deriving insights into biological 
mechanisms for sleep and circadian rhythm human 
genetics156. Cellular models of large- scale gene pertur-
bation with cell- autonomous readouts of clock gene 
cycling or sleep- related neuronal activity are also likely 
to be powerful resources in understanding gene func-
tion. Although in vitro functional studies are harder for 
systemic processes such as sleep, studies that evaluate 
function at a large scale, such as sequence- based omics 
analyses may help towards biological interpretation at 
scale. Importantly, genotype- targeted physiologic studies 
that interrogate how genetic variants for sleep and sleep 
disorders influence EEG measures, or for circadian traits 
influence circadian physiology are expected to provide 
important insights into biological mechanisms.

Given the number of loci that influence circadian and 
sleep disorders, a systematic, integrative approach that 
takes advantage of external biological resources and infor-
mation on functional and tissue- specific enrichments 
across risk loci may serve as a complementary approach 
to prioritize causal genes and identify underlying causal 
biological processes. As the number of signals for a sleep 
disorder increases, large- scale functional genomic analy-
ses can uncover biological clues into the molecular and 
cellular processes that play a core part in pathogenesis, 
and the spatial and temporal context of their disruption. 
Enrichment of GWAS signals in regulatory elements 
active in specific tissue types, or in elements regulated 
by the molecular clock, suggest that, as more disease loci 
are found, the biology will converge to specific molecular, 
cellular and systemic processes. This level of global analy-
ses is only beginning for sleep genetic studies, but GWAS 

Box 1 | Food timing and MTNR1B diabetes risk allele- mediated glucose 

intolerance

Genetic links between sleep, circadian and metabolic factors have been well estab-

lished in mice and flies188. Genetic evidence for this link in humans has included the dis-

covery of variants in the clock gene CRY2 and melatonin receptor MTNR1B in glucose 

regulation and type 2 diabetes mellitus risk189 (FiG. 2), association at the body mass 

index (BMI)- associated FTO/IRX3/IRX5 and PATJ loci with natural variation in sleep traits 

(reviewed in REF.190), and genetic links between daytime napping and obesity traits50. 

Here, we focus on one example: MTNR1B.

GWAS for glycaemic traits identified variants in the melatonin receptor 2 gene 

(MTNR1B) associated with an increased risk of type 2 diabetes mellitus182. Among these 

variants, the MTNR1B rs10830963 SNP confers the strongest effects on disposition 

index (the product of both insulin secretion and insulin sensitivity), fasting glucose 

level191,192 and first- phase insulin secretion193. Importantly, the significant associations 

between the MTNR1B rs10830963 SNP and glycaemic traits were reported in multieth-

nic populations. The risk allele of this locus is common across ethnic groups (allele fre-

quency of 7.1% in the African/African American (‘afr’ in gnomAD) population, 20.7%  

in the American Admixed/Latino (‘amr’ in gnomAD) population, 28.9% in people of non- 

Finnish European (‘nfe’ in gnomAD) ancestries, and 43% in East Asians (‘eas’ in gnomAD)194), 

indicating broad relevance. The mechanism underlying this association remains an 

active area of investigation. The prevailing hypothesis is based on the inhibitory effect 

of melatonin signalling on insulin release from the pancreatic islets192,195. A key finding 

came from functional studies in which upregulation of MTNR1B mRNA expression  

was found in the islets from the carriers of the common rs10830963 variant (the risk 

G- allele)196,197, with the risk allele increasing FOXA2- bound enhancer activity in  

islet- and liver- derived cells and allele- specific differences in NEUROD1 binding  

in islet- derived cells. Indeed, a small placebo- controlled trial observed that exogenous 

melatonin worsens glucose tolerance, particularly in MTNR1B common risk allele carri-

ers as opposed to non- carriers198. Such an effect also applies to endogenous physiologi-

cal melatonin: in a randomized crossover study, the MTNR1B risk allele, but not the 

non- risk allele, impaired glucose tolerance in response to late night versus early dinners 

(that is, in the presence of elevated endogenous melatonin concentrations)199,200. 

Interestingly, carriers of the rs10830963 risk allele show extended melatonin secretion 

in the morning201, which suggests that eating too early may also impair postprandial glu-

cose tolerance in risk- allele carriers. These data reflect the potential interaction effects 

of certain behaviours (for example, late- night dinner, early breakfast) and the MTNR1B 

common variant, highlighting the importance of personalized recommendations in vul-

nerable populations. Rare variants in MTNR1B have also been reported to be associated 

with diabetes risk and glucose control202; however, replication studies are needed.
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has revealed novel biology for other complex traits, for 
example uncovering the role of the complement pathway 
in age- related macular degeneration and autophagy in 
inflammatory bowel disease.

Convergence of loci and pathways implicated by 
both rare Mendelian disorders and common variant 
associations can provide further insight into pheno-
typic consequences of dose- dependent perturbation 
of a key circadian or sleep gene. For example, rare, 
highly penetrant alleles in PER3 contribute to extremes 
of chronotype (advanced or delayed sleep phase syn-
dromes), and common alleles in PER3 contribute to 
chronotype and sleep timing in the general population33. 
Comprehensive exome sequencing of PER3 variation 
in large biobanks suggests that a continuous spectrum 
of morningness alleles exists across frequencies and 
effect sizes, with the potential to illuminate genotype– 
phenotype relationships157. Extrapolating from this 
example to other circadian and sleep genes, this allelic 
spectrum can inform on the direction of effect (that is, 
whether gain or loss of gene function leads to the pheno-
type), and genotype- driven analysis can show whether 

an allele has variable penetrance in the population. One 
immediate goal of the field should be to test current 
polygenic scores, with special sensitivity to their appli-
cability across diverse- ancestry groups, for predictive 
utility to integrate genetic risk of circadian and sleep 
disruption into the clinical framework for severe compli-
cations such as anesthaesia- induced delirium or suicide 
risk in individuals with depression.

The genetics of circadian biology has benefited 
from strong effects of a limited set of clock genes, its 
cell- autonomous basis and high precision of phenotypes, 
whereas challenges in genetics of sleep physiology and 
disorders include heterogeneous mechanisms, systemic 
manifestation and complex phenotypes. Genetic dis-
coveries are expected to reveal novel biology and con-
nections to disease that may offer promising avenues 
for precision medicine. Thus, genetics and genomics 
will remain powerful approaches to enhance biologi-
cal understanding of circadian and sleep disorders and 
linked diseases in humans.
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