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Humans sleep approximately a third of their lifetime. The observation that individuals with
either long or short sleep duration show associations with metabolic syndrome and
psychiatric disorders suggests that the length of sleep is adaptive. Although sleep duration
can be influenced by photoperiod (season) and phase of entrainment (chronotype), human
familial sleep disorders indicate that there is a strong genetic modulation of sleep. Therefore,
we conducted high-density genome-wide association studies for sleep duration in seven
European populations (N=4251). We identified an intronic variant (rs11046205; P=3.99 x 10~%)
in the ABCC9 gene that explains ~5% of the variation in sleep duration. An influence of season
and chronotype on sleep duration was solely observed in the replication sample (N=5949).
Meta-analysis of the associations found in a subgroup of the replication sample, chosen for
season of entry and chronotype, together with the discovery results showed genome-wide
significance. RNA interference knockdown experiments of the conserved ABCC9 homologue
in Drosophila neurons renders flies sleepless during the first 3 h of the night. ABCC9 encodes
an ATP-sensitive potassium channel subunit (SUR2), serving as a sensor of intracellular
energy metabolism.
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Introduction pressure, that is, previous length of wakefulness

_ ) ) (homoeostasis), as well as by the circadian clock
The fact that all hlgher animals sleep, preventing  and its phase of entrainment (chronotype)." Because
Fher_n from collgctmg resources ar}d reprodu.cmg, light is the most important zeitgeber (synchroniser)
indicates that this process is essential for survival.! for the circadian system, it is not surprising that
Sleep has three major characteristics—quality, timing  seasonal changes in photoperiod can also influence
and duration; the latter two are influenced by Sleep Sleep/wake behaviour.2*5 Abrupt Changes in Social
times, such as jetlag or daylight savings time transi-
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with genes involved in the regulation of these
phenotypes in model organisms,® suggesting common
pathways. The influence of season on neurobehavioral
disorders® may also be linked to gene—environment
interactions underlying sleep and circadian behav-
iour.® Too little or too much sleep is also associated
with health deficits, including high body mass index
(BMI), hypertension, cardiovascular diseases, type—2
diabetes and general mortality.” Insufficient sleep, as
a consequence of sleep deprivation, has also been
linked to sub-optimal learning and memory.?

Although sleep duration strongly depends on age
and gender, large inter-individual differences remain,
even when sleep duration is normalised for these
covariates,” and indicating the involvement of multi-
ple genes (twin studies indicate a 40% heritability)."°
A polygenic basis for sleep duration is also suggested
by quantitative trait locus studies in mice and
Drosophila.’"? In mice, sleep characteristics (both
timing and duration) are altered in clock gene knock-
outs (for example NPAS2, BMAL1 and CLOCK),
supporting the involvement of the circadian clock in
sleep regulation."® The association of a mutation in
hDEC?2 (a regulator of CLOCK and BMAL1) with sleep
duration in a family-based study was confirmed in
transgenic mice and Drosophila.** A small-scale
genome-wide scan'® identified a linkage peak in the
hPROK2 gene (controlled by the CLOCK-BMAL1
complex), and a common gene variant of hCLOCK
showed a significant association (P< 0.05) with sleep
duration in a candidate clock gene study.’

To identify novel genes associated with sleep
duration, we performed genome-wide association
studies (GWAS) for the average weekly sleep duration,
that is, across work and free days, in seven populations
(N=4251). Genotypes were imputed for x~2.5 Mio
autosomal single-nucleotide polymorphisms (SNPs)
from the HapMap2 CEU panel. The meta-analysis of
these discovery cohorts revealed a genome-wide
significant signal in the ABCC9 locus that encodes a
pore-forming subunit of an ATP-sensitive potassium
channel (Karp), known to be involved in energy
metabolism and in the aetiology of cardiomyo-
pathies.”® This signal was replicated when meta-
analysing the results of the discovery cohorts with
two additional cohorts: an in silico (GWAS data)
sample and a subgroup population of a large de-novo
(single genotyping) sample. The phenotype of the large
additional sample showed dependencies on season
and chronotype, which were used as criteria to select a
sub-population for replication analysis. We confirmed
the conserved role of ABCC9 by knocking down its
homologue in Drosophila, which shortened night time
but not daytime sleep duration.

Materials and methods

Study cohorts

Data from seven GWAS consisting of 4251 pheno-
typed and genotyped individuals (all of European
ancestry and informative for sleep duration) were
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meta-analysed in the discovery phase (Table 1).
A description of the participating cohorts is provided
in the Supplementary Material and Methods (Supple-
mentary Table 1). Informed consents were obtained
from all participants, and the respective local ethics
committees approved the study designs. The data of
the individual GWAS regarding sleep duration are
reported here for the first time. 5949 de novo (TagMan,
Applied Biosystems, Life Technologies GmbH, Darms-
tadt, Germany) and 536 in silico (OmniExpress 700K,
Mlumina 370CNV-quad, San Diego, CA, USA) geno-
typed subjects from EGCUT (Supplementary Table 1,
and Supplementary Figure 1 for study design), who
were not genotyped in the initial GWAS, were used for
the replication study.

Phenotyping

Average weekly sleep duration (SD,,) was assessed
with the short version of the Munich ChronoType
Questionnaire,*? showing a normal distribution in all
investigated cohorts. The Munich ChronoType
Questionnaire asks a series of simple questions
regarding sleep times on workdays (mostly depending
on work times or timing of social activities), and on
free days (associated with the individual’s endogen-
ous circadian rhythm). To assess chronotype, the
mid-sleep phase on free days was corrected for the
sleep-duration deficit of workdays.'” Inclusion criter-
ia were: 1) no use of an alarm clock on free days; 2) no
shift-work during the last three months; and 3) no use
of sleep medication (benzodiazepines and other
pharmacological agents that influence sleep; see
Supplementary Table 2).

Genotyping and imputation

Genotyping was done on a variety of platforms.
Imputation of non-genotyped SNPs in the HapMap2
CEU v21a or v22 reference panels was carried out for
each study using MACH" or IMPUTE™ (Supplemen-
tary Table 3). The overall quality-control criteria
excluded individuals with low call rates, excess
heterozygosity and gender mismatch. Three ABCC9
SNPs were selected for replication (see Table 1). Linkage
disequilibrium (LD) extent was based on pair-wise r*
values from HapMap2 CEU. De novo genotyping
(N=5949; EGCUT) was performed using a TagMan
assay (Applied Biosystems; Supplementary Table 4).

Statistical analysis

Genotypes consisting of both directly typed and
imputed SNPs (as specified in Supplementary Table
3) were used for the individual GWAS. To avoid over-
inflation of test statistics due to population structure
or relatedness, we applied genomic controls for the
independent studies and meta-analysis (Supplemen-
tary Table 3; Supplementary Figure 2). Analyses were
performed using linear regression (under an additive
model), with sleep duration as the dependant vari-
able, SNP allele dosage as predictor and with age,
gender and BMI as covariates. A fixed-effects
meta-analysis was conducted using the inverse-
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variance-weighted method as implemented in ME-
TAL. All SNPs with low MAF (<0.01) and low
imputation quality (Rsq/proper_info <0.3) were
dropped from the meta-analysis. Genomic control
correction was applied to all cohorts before meta-
analysis. Corresponding to Bonferroni adjustment for
one million independent tests,”® we specified a
threshold of P<5x10°% for genome-wide signifi-
cance. To assess the number of independent loci
associated with SD,, at the P<10° (Table 1),
correlated SNPs were grouped using a LD-based
result clumping procedure (PLINK). Linear regression
(PLINK) for associations with SD,, was used to
analyse the de novo and in silico replication datasets,
with age, sex and BMI used as covariates. The de novo
replication dataset was analysed separately for sum-
mer (day-light savings time — DST period) and winter
(actual zone time), and the first or second half (early
and late half, respectively) of the chronotype dis-
tribution (normalised for age and sex — MSF,.*).
Season-comparisons in similar subgroups were con-
ducted at the phenotypic level in seven of the nine
investigated cohorts (for ERF and NESDA individual
entry dates of assessments were not available). We
used non-parametric statistics so as to not violate any
assumptions of normality in the subgroup analyses.
Analyses were performed with SPSS version 18
(SPSS, Inc. 2010, Chicago, IL, USA). The final meta-
analysis was conducted including all discovery phase
results, the in silico replication, and the early chron-
otype sub-population of the large replication dataset
sampled during the winter (Supplementary Figure 1).
To plot phenotype means per genotypes, we normal-
ised SD,, for age and sex, yielding the final quantitative
phenotype: SD,.. Algorithms for the normalisation
were based on the SD,, distribution of a large EGCUT-
phenotyped sample (N~ 12000).° The variance of the
phenotype explained by the leading meta-analysis SNP
genotypes was calculated based on SD,,..

Fly strains and behavioural assays

An elav-gal4 strain was crossed to two independent
RNA interference (RNAi) UAS-Sur lines (V104241 and
V6750), targeted against distinct portions of the dSur
gene, from the Vienna Drosophila RNAi Centre. The
knockdown was quantified and found to be ~90%,
although the sleep analysis was performed on 5-min
bins (Supplementary Methods). Control experiments
were performed with V10424 and V6750, elav-gal4 and
two additional strains, Canton-S (CS) and a natural
isolate HU.** Drosophila Activity Monitoring System
devices from Trikinetics (Waltham, MA, USA) were
used to collect locomotor activity and sleep data in
1-min bins. Two-day-old males (15-32 flies per
genotype) were acclimatised in 12:12h light/dark
cycles at 25°C for 2 days, and activity was recorded
under these conditions for further 2 days before release
into constant darkness and activity recording for
an additional 57 days. The data were analysed using
BeFly!, an in-house (Department of Genetics, Univer-
sity of Leicester) sleep/circadian statistical package.

ABCC9 and sleep duration
KV Allebrandt et a/

Results

After genomic control analyses, no population strati-
fication was observed in any of the cohorts (inflation
factors A, in the independent GWAS: 0.99-1.03; for
the overall genome-wide meta-analysis A: 0.99), as
shown on the quantile-quantile plots (Supple-
mentary Figure 2). The meta-analysing analysis of
the discovery-phase GWAS generated a single gen-
ome-wide  significant association with SD,,
(P=3.68 x 10°%; Table 1, Figure 1a, and Supplemen-
tary Figures 3 and 5), corresponding to a SNP
(rs11046205) within the ABCC9 gene (ATP-binding
cassette, sub-family C, member 9). The largest effect
was observed in a cohort with typed (not imputed)
genotypes (NESDA). To correct for potential imputa-
tion bias (poorly imputed genotypes due to different
genotyping platforms;** see Supplementary Table 3
and Supplementary Figure 4 for details), we geno-
typed rs11046205 on an individual basis in three of
the discovery cohorts (which had initially only
imputed data for this SNP; Table 1; Supplementary
Table 4). This produced comparable meta-analysis
results (P=3.99 x 10~%; Supplementary Table 4). As
the leading SNP (rs11046205) only showed weak LD
(r*<0.4; Supplementary Figure 5) with the second-
best hit (rs11046211) in this locus, we tested the
independence of their effects on the GWAS results, by
conditional-association analysis, in the three cohorts
that produced the largest effects (NESDA, EGCUT and
ERF) and found that the rs11046211 effect disap-
peared when adjusted for rs11046205. Seven addi-
tional intronic variants in perfect LD (r’=1;
Supplementary Figures 5 and 6) with rs11046211
ranked among the top 100 association signals
(P=9.90 x 10 °-1.5 x 10°; Supplementary Table 5).
A summary of the best ranking loci based on P values
and number of correlated SNPs (Materials and
methods) is listed in Table 1 (see Figure 2 for
functional descriptions and Supplementary Figure 7
for forest plots); there were only 10 other known
genes (with no established relationship to sleep)
among the top 100 association signals (Supplemen-
tary Table 5).

CSNK1A1, recently characterized as a clock reg-
ulator kinase (CK1a),>® showed the best associations
(P<0.001) among 19 clock genes (Supplementary
Figure 8, and Supplementary Table 6). Our results
also indicate that: (i) common variants having a small
contribution for sleep duration—such as CLOCK gene
variants® (earlier associations could not be followed
up because of low-quality imputation in the region;
Supplementary Figure 8), may have a significant
effect only in combination with other variants, and
(ii) rare variants with large effects, for example:
DEC2,"* will not explain the variation of sleep
duration in general populations, which should be
rather modulated by frequent variants from several
loci. We selected thereafter three of the ABCC9 SNPs
for replication, the leading SNP on the meta-analysis,
the second best SNP within the same locus, and a
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Figure 1 Contribution and direction of the effects from each discovery-phase study. (a) Forest plots for rs11046205.
Contributing effects (beta at 95% CI) are represented by squares, with confidence intervals indicated by horizontal lines.
(b) Averaged weekly sleep duration (normalised for age and sex; SD,,.) per genotype category, for each independent discovery
and replication cohorts and for the pooled average sleep duration across all cohorts. SD,,. means per genotypes only reflect
partially the effect direction, as these are not adjusted for body mass index (BMI), which was a covariate in the association
analyses. Error bars indicate standard errors of the means. *Discovery cohorts that were de novo genotyped.

perfect proxy of it for technical replication (Table 1),
but found no significant association with SD,, in the
replication sample.

Because non-replication does not conclusively
discredit discovery-phase results, we hypothesised
that other influences on sleep duration and sleep
timing could be responsible for the non-replication.
Given that many studies in various different organ-
isms, including humans, show the influence of
season on circadian entrainment****® and sleep
behaviour,”*”*® we examined possible interactions
between season and chronotype with the genetic
associations detected at the ABCC9 locus. Limitations
due to small sample sizes influenced the power to
directly examine these interactions in the discovery
cohorts. We, nevertheless, were able to analyse the
effect of these on SD,,. for both the discovery and
replication cohorts (see Materials and methods) and
found significant seasonal and phase of entrainment
influences solely in the large replication cohort
(EGCUT); with significantly shorter sleep in summer
than in winter (Mann—Whitney U-test P=0.01; Sup-
plementary Table 7), as well as in the early vs the late
half of the chronotype distribution, both in summer
and in winter (Mann—Whitney U-test P<0.001). A
season-specific difference in SD,,. between the early
and late chronotypes distribution was observed for
two other cohorts (KORCULA and MICROS; Supple-
mentary Table 7) contributing with the smallest
effects (beta coefficients; see Table 1) in the discovery
phase meta-analysis, but no seasonal differences were
found for those contributing with larger effects
(KORA, EGCUT and ORCADES).

There were significant differences in SD,,. between
the smaller EGCUT discovery sample and the large
EGCUT replication sample (t-test P<0.0001), which
could be due to environmental influences or different
strength of correlation of phenotypes across samples.
Indeed, season and chronotype influences on sleep

Molecular Psychiatry

duration (SD,,) were reflected in the genetic associa-
tions, for all three de novo-genotyped SNPs of the
large EGCUT sample. In the dataset collected during
winter (defined as the period without DST), their
effect directions were consistent with the meta-
analysis results, whereas in the dataset collected
during summer (during DST) these were opposite in
relation to the meta-analysis (Supplementary Table 8).
Similarly, when analysing early and late chronotypes
of the winter replication sample separately (Materials
and methods and Supplementary Figure 1), the early
half of the distribution replicated the effect directions
of the three ABCC9 SNPs found in the discovery
phase, whereas these were opposite for late chrono-
types (Supplementary Table 8). As we observed that
sleep duration is influenced by season and chrono-
type, and potentially by the confounding factor of
sleep deprivation due to DST, we considered only the
early (chronotype) half of the winter collection as a
valid replication sample (Supplementary Figure 1).
Although the replication signal based on this popula-
tion subgroup was still not significant (P> 0.05), meta-
analysing its results with the discovery and the in silico
replication results (Supplementary Figure 1),
validated the association of the discovery phase
leading SNP with average sleep duration (Beta=0.12,
P=7.9x107% Supplementary Table 9).

The pooled SD,. data from the homozygous
carriers of the effect allele A (less frequent allele;
Table 1; discovery SD,,.=8.13h) in the discovery
sample differed by 24 min (16 min in the replication
phase) in relation to carriers of the reference (com-
mon) allele G (discovery SD,,.=7.49h), a reduction of
~5% (~3% in the replication phase; Figure 1b).

To investigate the functional relevance of SUR2 (the
protein encoded by ABCCY9 in humans) for sleep
duration, we knocked down the expression of its
Drosophila homologue (dSur) in the flies’ nervous
system (both central and peripheral). Unlike humans,
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Figure 2 Regional plots of the SNPs listed in Table 1 (500 kb up and downstream of the associated SNP; —log,, P values on
the y axis and the SNP genomic position on the x axis). Estimated recombination rates are plotted at the base of the graphic
(blue line). In each panel, the index SNP (underlined when more SNPs in the same region) is denoted with a purple
diamond. SNPs are coloured to reflect LD with the index SNP (pairwise r* values from HapMap CEU). Description of SNP
locus per panel: (a) The nearest gene (LYPLA1) is associated with waist-hip ratio,”* adiposity and fat distribution.®*
(b) CHRND encodes the delta subunit of the nicotinic acetylcholine receptors of muscle, which mediates the opening of an
ion-conducting channel across the plasma membrane. (¢) KCNAB1 encodes a $-subunit of a K* voltage-gated channel that
interacts with the pore-forming o-subunits encoded by Shaker. The channel is activated by changes in electrical potential
differences, allowing a rapid and co-ordinated neuronal depolarisation. (d) No gene in the associated region. (e) ABCCY,
encoding a Kp-sensitive channel subunit, had the best association signal in our meta-analysis. Protein structure suggests a
role as the drug-binding channel-modulating subunit of the extrapancreatic K* ATP channels. It is involved with the
development of human cardiopathies and diabetes'® and is connected to several disease and metabolic processes pathways
(Figure 4). (f) The nearest gene (PKP2) encodes a protein (plakophilin 2) necessary for desmosomes formation, structures
which provide strength to the myocardium and signalling between neighbouring cells. (g) The nearest gene (ANKRD10)
appears to produce several proteins, mostly in brain, lung and eye, with no sequence overlap. (h) RNF157 is a RING finger
protein of the ubiquitin conjugating system. Plots were generated with LocusZoom and gene annotations with the NCBI
genome browser. SNP, single nucleotide polymorphism; LD, Linkage disequilibrium.

flies are active predominantly around dawn and dusk  day-sleep (Figure 3). This was true for both elav-
and show two large sleep episodes during the day and  gal4 > UAS-Sur RNAi genotypes compared with their
during the night. Knockdown of dSur dramatically =~ parental control strains as well as in comparison to
reduced night-sleep, particularly during the first half = two, unrelated wild-type lines, the laboratory Canton-
of the dark period, but had little effect on the flies’ S and a recent isolate from Holland, HU*' (Figure 3,
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Figure 3 Pan-neuronal knockdown of dSur in Drosophila decreases night sleep duration. elav-gal4 was crossed to each of
two independent UAS-Sur RNAI lines (V104241 and V6750). Plots of circadian immobility (> daily mean, in 5-min bins) of
experimental and control males in 12:12h light/dark cycles over 2 days. Experimental flies show reduced sleep (defined as
5min of immobility) in the first half of the night (see arrows V104241(Sur)/elav and V6750(SUR)/elav, F,,,=29.7,
P=2.43x10", and F,4,=32.1, P=5.01 x 10~ ", respectively), compared with corresponding controls for the dark phase;
grey background and dashed threshold line), whereas rest duration in the light period was similar among cases and controls.
Sleep bouts in experimental flies were not significantly shorter in length nor more numerous than for control flies.

and Supplementary Figure 9a and b). These differ-
ences in sleep duration were not due to changes in the
circadian clock, as the period of the free-running
locomotor activity rhythm in constant darkness
(~24h) was indistinguishable between knockdown
flies and all controls (Supplementary Figure 10 and
Supplementary Methods). Furthermore, no systema-
tic differences in activity levels were found between
experimental genotypes and controls (Supplementary
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Figure 11a). Thus, the major effect of knocking down
the ABCC9 homologue in flies is shortening night-
time sleep due to a delay of its onset by 3h (Figure 3
and Supplementary Figure 11b).

Discussion

The genome-wide significant signal of the discovery
meta-analysis (rs11046205) maps to intron 27 of



ABCC9, proximal to exon 27. ABCCY9 encodes
one of the 17 trans-membrane domains of the
pore-forming subunit of an adenosine triphosphate
(ATP)-sensitive potassium (Karp) channel (SURZ2,
sulfonylurea receptor). In the replication phase, the
effect direction of the associations of ABCC9 SNPs
with sleep duration was shown to be dependant on
season and phase of entrainment, which interfered
with the SD,,. distribution in this cohort. Photoperiod
influences the circadian metabolism?*2° (that is, clock
genes expression) and the modulation of sleep
timing,>***° indirectly influencing sleep duration.*
Beyond photoperiod and phase of entrainment inter-
actions, the average sleep duration is altered during
the DST period.* DST advances the social clock (that
is, work simply starts an hour earlier), increasing the
discrepancy between social and the circadian timing,
a phenomenon called social jetlag."” Social jetlag and
the resulting sleep deprivation are obviously more
pronounced in late than in early types, and late types
have greater difficulties in adjusting to the DST
changes than early types.* These socio-biological
influences on sleep duration are reflected in our
results. Early chronotypes, collected for the replica-
tion during the winter months, showed the same
effect directions for all three ABCC9 SNPs as found in
the discovery populations. Collections during DST in
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summer and late types, irrespective of season, were
however inconsistent in their effect direction.

The influences of photoperiod and chronotype on
sleep duration depend on latitude; the further people
live from the equator, the later their chronotype
(Allebrandt and Roenneberg unpublished). The large
differences between winter and summer photoperiods
in Estonia (7:50 vs 16:40h), the origin of the EGCUT
samples (from latitude 57° to 59°N), is a likely
explanation for the seasonal influence on sleep
duration, an effect that will be detectable only in
large samples.* These geo-sociobiological interactions
have implications for association studies investigat-
ing the circadian/sleep phenotypes: (i) different
strength of correlation of phenotypes across
populations or population subgroups; and/or (ii)
population-specific effects generated under differen-
tial gene—environment interactions.®® Therefore,
GWAS scanning only for main effects on sleep dura-
tion, or on neurobehavioral disorders influenced by
season and chronotype, could miss important genetic
variants specific to subgroups of the population.*

In an attempt to corroborate our findings, we
combined our genetic association strategy in humans
with a functional analysis in Drosophila. Drosophila
has a single invertebrate ATP-binding SUR protein
(dSur), which is homologous to SUR2.**7** Other

_w

Figure 4 ABCC9 genetic interaction network (generated with SNPs 3D). Oval nodes represent genes associated with
diseases, and rectangular nodes represent other genes. Genes in red have deleterious SNPs, or deleterious common SNPs
(MAF >1%; in italic). The length and colour of the edges represent the strength of the link between pairs of genes. Red edges
link genes sharing the same abstracts. Short edges link genes sharing a large number of biological keywords. The diseases or
metabolic process that these genes (dashed areas) are involved with are highlighted in the white rectangles. MAF =minor

allele frequency.
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potassium-channel regulatory proteins, encoded by
Shaker, Hyperkinetic and Sleepless, have been shown
to influence sleep duration in Drosophila.***” Our
study supports the role of Hyperkinetic in modulating
sleep duration, as its human homologue, KCNAB1, is
the second best signal in the discovery meta-analysis
of our association study. Additionally, K* channel
activity is enhanced when nAChR is blocked in the
rat hypothalamus®® (relationship indicated in the
ABCC9 interaction network, Figure 4), and one of
the nAChR genes (CHRND expressed in muscle
tissue) was the third best ranking gene in our meta-
analysis (Figure 2). This is the first large-scale
genome-wide association study showing a potential
role of several K* channel regulatory proteins in
modulating sleep duration in humans, strengthened
by supporting evidence from Drosophila.

In vertebrates, ABCC9 is expressed in various
tissues (in mammals mostly in heart, skeletal muscle,
ovary, brain, tongue and pancreatic islets) and has
various splice isoforms, indicating its functional
diversity and genetic complexity.*>?%* It is genomi-
cally located within a cluster of genes (ARNTLZ2,
ABCC9, KCNJ8 and LDHB), on chromosome 12, that
has corresponding paralogues on chromosome 11
(ABCC8, ARNTL, KCNJj11 and LDHA) indicating an
ancient duplication. All eight genes maintain their
relative chromosomal order (synteny) from zebrafish
to humans.*” ABCC8 encodes SUR1, expressed in
pancreatic B cells, and shares 70% identity with
SUR2,** whereas KCNJ8 and KCNJ11, encode the two
subtypes of Kurp channel pore-forming subunits
(Kir6.1 and Kiz6.2, respectively) that pair with SUR2
and SUR1 subunits to form the channel.’® SUR2A/
Kir6.2 pores regulate action potential duration in the
heart, whereas SUR2B / Kz6.1 pores regulate action
potential duration and vasodilatation in vascular
smooth muscle, depending on the state of intracel-
lular ATP and glucose metabolism in voluntary
striated muscle.’® The functional relationships of
these channel subunits suggest a higher order regula-
tion that may have driven the preservation of their
synteny in the vertebrate lineage.

In the brain, Karp channel action potentials mediate
the state of cortical arousal modulated by neurons
involved in slow-wave oscillations (during deep sleep),
via a Kgb.2 subunit.** High glucose levels induce a
significant decrease in the Kiz6.2 mRNA level, rever-
sible by lower glucose concentration.** Activation of
hypothalamic Kx6.2/SUR1 channels restrains hepatic
gluconeogenesis (generation of glucose), whereas
inhibition of Kzx6.2/SUR-2B channels in the ventrome-
dial hypothalamus are indicated to amplify the counter
regulatory responses to acute hypoglycemia,*” providing
a link between the CNS, liver metabolism and the
development of diabetic hyperglycaemia.

In contrast, orexin neurons, which innervate the
arousal system in the brain helping to promote and
sustain wakefulness,** express Kix6.1/SUR1 chan-
nels.*” Unlike the hunger-induced arousal mechanism
(that is, under glucose deprivation), Karp channels
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mediate hyperpolarization of orexin neurons, thereby
promoting sleep and exerting a neuro-protective
mechanism during severe energy depletion.*® In this
sense, non-functional K,rp channels in these neurons
could prolong wakefulness during energy depletion,
as indicated by patch clamping of rat brain slices
treated with Karp blockers in the absence of glucose.*®
This supports an important role of Ksp channels in
balancing adaptive response to stress and the meta-
bolic resources to ensure survival.** Additionally,
K,rp channels are indicated to mediate the action of
leptin on the regulation of food intake and body
weight.”®

In conclusion, our study shows that variants in the
SUR2 gene (ABCCY) associate with epidemiological
variation in human sleep duration, which is also
influenced by inter-individual differences in seasonal
adaptation and chronotype. The knockdown of its
(single) homologue in flies shortens sleep duration,
demonstrating this locus is relevant for the modula-
tion of sleep across species. SUR2 is involved in
energy metabolism and in the aetiology of cardio-
myopathies (Figure 4),"® which is closely related to
endophenotypes (BMI and hypertension) that by
themselves correlate with sleep duration.” The rele-
vance of this locus for sleep duration regulation has
therefore implications for dissecting the relationships
between sleep, BMI, hypertension and disease.”

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

Our work was supported by the FP6 programme
EUCLOCK (TR, KVA, MM, MT, TM, RVDMA, CPK
and AM), the Dutch Science Foundation (the
NWO)(MM, CvD and NA), The Hersenstichting
Nederland (MM and CvD), the Rosalind Franklin
Fellowships of the University of Groningen (MM),
targeted Financing from the Estonian Government,
the European Union through the European Regional
Development Fund in the frame of Centre of Excell-
ence in Genomics, FP7 Projects ECOGENE, and
ENGAGE (AM, TE and MT-L), the Ministry of Health
and Department of Educational Assistance of Italy,
University and Research of the Autonomous Province
of Bolzano and the South Tyrolean Sparkasse
Foundation (AAH, SAM, PPP), the Geestkracht
Programme of the Dutch Scientific Organization
(ZON-MW) and matching funds from participating
universities and mental health care organizations (BP,
JvM and NV), the Genetic Association Information
Network (GAIN) of the Foundation for the US
National Institutes of Health (BP), the EUROSPAN
through the European Commission FP6 STRP grant
(HC), the Chief Scientist Office of the Scottish
Government (JFW), the Royal Society (JFW), the UK
Medical Research Council (CH), Republic of Croatia
Ministry of Science, Education and Sports (IR),



Erasmus MC, the Centre for Medical Systems Biology
(CMSB1 and CMSB2), the Netherlands Genomics
Initiative (NGI) (CvD and NA), the German Federal
Ministry of Education and Research (BMBF) in the
context of the German National Genome Research
Network (NGFN-2 and NGFN-plus), the Helmholtz
Center Munich - German Research Center for Envir-
onmental Health - the German Federal Ministry of
Education and Research and by the State of Bavaria,
the Munich Center of Health Sciences (MC Health) as
part of LMUinnovativ (H-EW) and ALBAN (RA).

URLs: MACH, http://www.sph.umich.edu/csg/abeca-
sis/MaCH; LocusZoom, http://csg.sph.umich.edu/
locuszoom/; SNPs 3D, http://www.snps3d.org/; SCAN,
http://www.scandb.org; METAL, http://www.sph.
umich.edu/csg/abecasis/metal/index.html;  PLINK,
http://pngu.mgh.harvard.edu/~purcell/plink/index.
shtml.

References

[y

Cirelli C, Tononi G. Is sleep essential? PLoS Biol 2008; 6: e216.

2 Roenneberg T, Kumar CJ, Merrow M. The human circadian clock

entrains to sun time. Curr Biol 2007; 17: R44-R45.

Danilenko KV, Wirz-Justice A, Krauchi K, Weber JM, Terman M.

The human circadian pacemaker can see by the dawn’s early light.

J Biol Rhythms 2000; 15: 437—446.

4 Kantermann T, Juda M, Merrow M, Roenneberg T. The human
circadian clock’s seasonal adjustment is disrupted by daylight
saving time. Curr Biol 2007; 17: 1996—2000.

5 Ciarleglio CM, Axley JC, Strauss BR, Gamble KL, McMahon DG.
Perinatal photoperiod imprints the circadian clock. Nat Neurosci
2011; 14: 25-27.

6 Wulff K, Gatti S, Wettstein JG, Foster RG. Sleep and circadian

rhythm disruption in psychiatric and neurodegenerative disease.

Nat Rev Neurosci 2010; 11: 589-599.

Cappuccio FP, D’Elia L, Strazzullo P, Miller MA. Sleep duration

and all-cause mortality: a systematic review and meta-analysis of

prospective studies. Sleep 33; 585-592.

8 Stickgold R, Hobson JA, Fosse R, Fosse M. Sleep, learning,
and dreams: off-line memory reprocessing. Science 2001; 294:
1052-1057.

9 Allebrandt KV, Teder-Laving M, Akyol M, Pichler I, Muller-
Myhsok B, Pramstaller P et al. CLOCK gene variants associate with
sleep duration in two independent populations. Biol Psychiatry
2010; 67: 1040-1047.

10 Partinen M, Kaprio J, Koskenvuo M, Putkonen P, Langinvainio H.
Genetic and environmental determination of human sleep. Sleep
1983; 6: 179-185.

11 Winrow CJ, Williams DL, Kasarskis A, Millstein J, Laposky AD,
Yang HS et al. Uncovering the genetic landscape for multiple
sleep-wake traits. PLoS One 2009; 4: e5161.

12 Seugnet L, Suzuki Y, Thimgan M, Donlea ], Gimbel SI, Gottschalk
L et al. Identifying sleep regulatory genes using a Drosophila
model of insomnia. | Neurosci 2009; 29: 7148-7157.

13 Franken P, Dijk DJ. Circadian clock genes and sleep homeostasis.
Eur ] Neurosci 2009; 29: 1820-1829.

14 He Y, Jones CR, Fujiki N, Xu Y, Guo B, Holder Jr JL et al. The
transcriptional repressor DEC2 regulates sleep length in mammals.
Science 2009; 325: 866—870.

15 Gottlieb DJ, O’Connor GT, Wilk JB. Genome-wide association
of sleep and circadian phenotypes. BMC Med Genet 2007;
8(Suppl 1): S9.

16 Akrouh A, Halcomb SE, Nichols CG, Sala-Rabanal M. Molecular

biology of K(ATP) channels and implications for health and

disease. IUBMB Life 2009; 61: 971-978.

w

~N

ABCC9 and sleep duration
KV Allebrandt et a/

17 Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K,
Gordijn M et al. Epidemiology of the human circadian clock. Sleep
Med Rev 2007; 11: 429-438.

18 Li M, Boehnke M, Abecasis GR. Efficient study designs for test of
genetic association using sibship data and unrelated cases and
controls. Am J Hum Genet 2006; 78: 778-792.

19 Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new
multipoint method for genome-wide association studies via
imputation of genotypes. Nat Genet 2007; 39: 906—913.

20 Johnson RC, Nelson GW, Troyer JL, Lautenberger JA, Kessing BD,
Winkler CA et al. Accounting for multiple comparisons
in a genome-wide association study (GWAS). BMC Genomics
2010; 11: 724.

21 Tauber E, Zordan M, Sandrelli F, Pegoraro M, Osterwalder N,
Breda C et al. Natural selection favors a newly derived timeless
allele in Drosophila melanogaster. Science 2007; 316: 1895—1898.

22 Lin P, Hartz SM, Zhang Z, Saccone SF, Wang J, Tischfield JA et al.
A new statistic to evaluate imputation reliability. PLoS ONE 2010;
5: €9697.

23 Hirota T, Lee JW, Lewis WG, Zhang EE, Breton G, Liu X et al. High-
throughput chemical screen identifies a novel potent modulator of
cellular circadian rhythms and reveals CKlalpha as a clock
regulatory kinase. PLoS Biol 2010; 8: e1000559.

24 Meijer JH, Michel S, Vanderleest HT, Rohling JH. Daily and
seasonal adaptation of the circadian clock requires plasticity of the
SCN neuronal network. Eur | Neurosci 2010; 32: 2143-2151.

25 Emens JS, Yuhas K, Rough J, Kochar N, Peters D, Lewy AJ. Phase
angle of entrainment in morning- and evening-types under
naturalistic conditions. Chronobiol Int 2009; 26: 474—493.

26 Boulos Z, Macchi MM. Season- and latitude-dependent effects of
simulated twilights on circadian entrainment. J Biol Rhythms
2005; 20: 132-144.

27 Refinetti R. Daily activity patterns of a nocturnal and a diurnal
rodent in a seminatural environment. Physiol Behav 2004; 82:
285-294.

28 Lehnkering H, Siegmund R. Influence of chronotype, season, and
sex of subject on sleep behavior of young adults. Chronobiol Int
2007; 24: 875—-888.

29 Wright Jr KP, Gronfier C, Duffy JF, Czeisler CA. Intrinsic period
and light intensity determine the phase relationship between
melatonin and sleep in humans. J Biol Rhythms 2005; 20: 168—177.

30 Lewy AJ, Lefler BJ, Emens JS, Bauer VK. The circadian basis of
winter depression. Proc Natl Acad Sci U S A 2006; 103: 7414—7419.

31 Hunter D. Gene-environment interactions in human diseases. Nat
Rev Genet 2005; 6: 287—-298.

32 loannidis JP. Non-replication and inconsistency in the genome-
wide association setting. Hum Hered 2007; 64: 203—213.

33 Akasaka T, Klinedinst S, Ocorr K, Bustamante EL, Kim SK,
Bodmer R. The ATP-sensitive potassium (KATP) channel-encoded
dSUR gene is required for Drosophila heart function and
is regulated by tinman. Proc Natl Acad Sci U S A 2006; 103:
11999-12004.

34 Nasonkin I, Alikasifoglu A, Ambrose C, Cahill P, Cheng M, Sarniak
A et al. A novel sulfonylurea receptor family member expressed in
the embryonic Drosophila dorsal vessel and tracheal system. J Biol
Chem 1999; 274: 29420-29425.

35 Inagaki N, Gonoi T, Clement JP, Wang CZ, Aguilar-Bryan L, Bryan ]
et al. A family of sulfonylurea receptors determines the pharma-
cological properties of ATP-sensitive K+ channels. Neuron 1996;
16: 1011-1017.

36 Wu MN, Joiner WJ, Dean T, Yue Z, Smith CJ, Chen D et al.
SLEEPLESS, a Ly-6/neurotoxin family member, regulates the levels,
localization and activity of Shaker. Nat Neurosci 2010; 13: 69-75.

37 Bushey D, Huber R, Tononi G, Cirelli C. Drosophila hyperkinetic
mutants have reduced sleep and impaired memory. | Neurosci
2007; 27: 5384—-5393.

38 Yang JJ, Wang YT, Cheng PC, Kuo YJ, Huang RC. Cholinergic
modulation of neuronal excitability in the rat suprachiasmatic
nucleus. | Neurophysiol 2010; 103: 1397—1409.

39 Shi NQ, Ye B, Makielski JC. Function and distribution of the SUR
isoforms and splice variants. ] Mol Cell Cardiol 2005; 39: 51-60.

40 Aguilar-Bryan L, Clement JPt, Gonzalez G, Kunjilwar K, Babenko
A, Bryan J. Toward understanding the assembly and structure of
KATP channels. Physiol Rev 1998; 78: 227—-245.

131

Molecular Psychiatry


http://www.sph.umich.edu/csg/abecasis/MaCH
http://www.sph.umich.edu/csg/abecasis/MaCH
http://csg.sph.umich.edu/locuszoom/
http://csg.sph.umich.edu/locuszoom/
http://www.snps3d.org/
http://www.scandb.org
http://www.sph.umich.edu/csg/abecasis/metal/index.html
http://www.sph.umich.edu/csg/abecasis/metal/index.html
http://pngu.mgh.harvard.edu/~purcell/plink/index.shtml
http://pngu.mgh.harvard.edu/~purcell/plink/index.shtml

ABCC9 and sleep duration
KV Allebrandt et a/

41

42

43

44

45

46

Catchen JM, Conery JS, Postlethwait JH. Automated identification
of conserved synteny after whole-genome duplication. Genome
Res 2009; 19: 1497-1505.

Chutkow WA, Pu J, Wheeler MT, Wada T, Makielski JC, Burant CF
et al. Episodic coronary artery vasospasm and hypertension
develop in the absence of Sur2 K(ATP) channels. J Clin Invest
2002; 110: 203-208.

Cunningham MO, Pervouchine DD, Racca C, Kopell NJ, Davies
CH, Jones RS et al. Neuronal metabolism governs cortical network
response state. Proc Natl Acad Sci U S A 2006; 103: 5597-5601.
Moritz W, Leech CA, Ferrer J, Habener JF. Regulated expression of
adenosine triphosphate-sensitive potassium channel subunits in
pancreatic beta-cells. Endocrinology 2001; 142: 129-138.
McCrimmon R], Evans ML, Fan X, McNay EC, Chan O,
Ding Y et al. Activation of ATP-sensitive K+ channels in the
ventromedial hypothalamus amplifies counterregulatory hormone
responses to hypoglycemia in normal and recurrently hypo-
glycemic rats. Diabetes 2005; 54: 3169-3174.

Scammell TE, Saper CB. Orexins: looking forward to sleep, back at
addiction. Nat Med 2007; 13: 126-128.

47

48

49

50

51

52

Lee K, Dixon AK, Richardson PJ, Pinnock RD. Glucose-receptive
neurones in the rat ventromedial hypothalamus express KATP
channels composed of Kir6.1 and SUR1 subunits. J Physiol 1999;
515(Pt 2): 439-452.

Parsons MP, Hirasawa M. ATP-sensitive potassium channel-
mediated lactate effect on orexin neurons: implications for brain
energetics during arousal. | Neurosci 2010; 30: 8061-8070.
Zingman L. Stress without distress: homeostatic role for K(ATP)
channels. Mol Psychiatry 2003; 8: 253—254.

Spanswick D, Smith MA, Groppi VE, Logan SD, Ashford ML.
Leptin inhibits hypothalamic neurons by activation of ATP-
sensitive potassium channels. Nature 1997; 390: 521-525.

Heid IM, Jackson AU, Randall JC, Winkler TW, Qi L, Steinthors-
dottir V et al. Meta-analysis identifies 13 new loci associated with
waist-hip ratio and reveals sexual dimorphism in the genetic basis
of fat distribution. Nat Genet 2010; 42: 949-960.

Lindgren CM, Heid IM, Randall JC, Lamina C, Steinthorsdottir V,
Qi L et al. Genome-wide association scan meta-analysis identifies
three Loci influencing adiposity and fat distribution. PLoS Genet
2009; 5: e1000508.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Molecular Psychiatry


http://www.nature.com/mp

	A KATP channel gene effect on sleep duration: from genome-wide association studies to function in Drosophila
	Introduction
	Materials and methods
	Study cohorts
	Phenotyping
	Genotyping and imputation
	Statistical analysis

	Table 1 Meta-analysis top cluster-index SNPs (Plt10-5) for associations across all investigated autosomal chromosomes
	Fly strains and behavioural assays

	Results
	Figure 1 Contribution and direction of the effects from each discovery-phase study.
	Figure 2 Regional plots of the SNPs listed in Table 1 (500thinspkb up and downstream of the associated SNP; -log10 P values on the y axis and the SNP genomic position on the x axis).
	Discussion
	Figure 3 Pan-neuronal knockdown of dSur in Drosophila decreases night sleep duration.
	Figure 4 ABCC9 genetic interaction network (generated with SNPs 3D).
	Conflict of interest
	Acknowledgments
	References




