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Background: DNA methylation (DNAm) has been implicated in the biology of sleep. Yet, how DNAm patterns across
the genome relate to different sleep outcomes, and whether these associations overlap with mental health is currently
unknown. Here, we investigated associations of DNAm with sleep and mental health in a pediatric population.
Methods: This cross-sectional study included 465 10-year-old children (51.3% female) from the Generation R Study.
Genome-wide DNAm levels were measured using the Illumina 450K array (peripheral blood). Sleep problems were
assessed from self-report and mental health outcomes from maternal questionnaires. Wrist actigraphy was used in
188 11-year-old children to calculate sleep duration and midpoint sleep. Weighted gene co-expression network
analysis was used to identify highly comethylated DNAm ‘modules’, which were tested for associations with sleep and
mental health outcomes. Results: We identified 64 DNAmmodules, one of which associated with sleep duration after
covariate and multiple testing adjustment. This module included CpG sites spanning 9 genes on chromosome 17,
including MAPT – a key regulator of Tau proteins in the brain involved in neuronal function – as well as genes
previously implicated in sleep duration. Follow-up analyses suggested that DNAm variation in this region is under
considerable genetic control and shows strong blood–brain concordance. DNAm modules associated with sleep did
not overlap with those associated with mental health. Conclusions: We identified one DNAm region associated with
sleep duration, including genes previously reported by recent GWAS studies. Further research is warranted to
examine the functional role of this region and its longitudinal association with sleep. Keywords: DNA methylation;
sleep; psychopathology; accelerometer; epigenetics; epigenome.

Introduction
Sleep is increasingly recognized as an important
factor in child mental health. Sleep disturbances,
such as short sleep and shifted circadian rhythm,
often develop in late childhood and have been
implicated in mental health problems (Gregory &
Sadeh, 2016; Wolfson & Carskadon, 1998). While
poor sleep can exacerbate mental health difficulties
(Lovato & Gradisar, 2014; Owens, 2005), mental
health problems can also precede and worsen sleep
(Verhoeff et al., 2018). Thus, the association between
sleep and mental health is complex and likely
bidirectional (Gregory & Sadeh, 2016). The mecha-
nisms underlying this association, however, remain
unknown.

Complex traits, including sleep, result from the
interplay of genetic and environmental influences
(Romens, McDonald, Svaren, & Pollak, 2015). How
these factors jointly influence normative sleep, or the

development of sleep problems, is currently unclear.
Epigenetic processes such as DNA methylation
(DNAm) have been proposed as a mechanism of
interest (Massart et al., 2014; Morales-Lara, De-la-
Pena, & Murillo-Rodriguez, 2018). Differential
DNAm has been linked to a broad range of develop-
mental outcomes, including sleep, as well as mental
and physical health problems (Barker, Walton, &
Cecil, 2018; Breton et al., 2017). Most research on
this topic emerges from animal models (Gaine,
Chatterjee, & Abel, 2018), with only a handful of
studies examining DNAm and sleep in humans.
These have typically relied on small samples of
adults with dysregulated sleep (e.g. shift workers)
and utilized a candidate gene approach focusing
primarily on ‘clock’ genes: genes driving circadian
rhythms in metabolism, physiology, and behavior
(Cedernaes et al., 2015; Gaine et al., 2018; Lahtinen
et al., 2019; Wong et al., 2015). In contrast, we are
aware of only two epigenetic studies during develop-
ment, both of which examined adolescence. One
reported an association in 18- to 19 year-olds
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between sleep duration and DNAm of DOCK1, a gene
influenced by circadian rhythmicity (Huang et al.,
2017). The second found that higher DNAm in
metabolic genes PPARA and HSD11B2 was associ-
ated with shorter sleep, specifically in girls (Jansen
et al., 2019).

Despite these promising preliminary findings,
existing research has been limited in four key ways,
namely (a) the use of small samples of adults or older
adolescents; (b) a focus on a candidate gene
approach; (c) the lack of multimodal assessments
of sleep, making it unclear whether associations
between sleep and DNAm differ between self-report
and objective measures (e.g. actigraphy); and (d)
despite evidence showing that mental health is
related to DNAm alterations (Barker et al., 2018)
and sleep (Gregory & Sadeh, 2016), no study has
examined these factors jointly.

To address these gaps, we examined the relation-
ship between genome-wide DNAm, sleep, and mental
health in a general population sample of 10-year-old
children – an important period for the development
of sleep and mental health problems alike. The aims
of our study were twofold: first, to characterize cross-
sectional associations of DNAm with reported (i.e.
dyssomnia symptoms) and actigraphy-assessed (i.e.
sleep duration and midpoint) sleep using both a
genome-wide approach and an targeted approach
focusing on well-characterized clock genes to max-
imize comparability with existing studies; and sec-
ond, to investigate whether sleep-associated DNAm
patterns are also associated with common mental
health problems. Findings were tested for consis-
tency in a small independent sample.

Methods
Participants

This cross-sectional study included 10-year-old children of
European ancestry (51.3% female) from the Generation R
Study, a prospective population-based cohort from fetal life
onward. Pregnant women (expected delivery date April 2002–
January 2006) living in Rotterdam, the Netherlands, were
invited to participate (Kooijman et al., 2016). The current
analyses are based on children who had DNAm data and
subjectively assessed sleep (n = 410). Of these, 188 also had
actigraphy data. Written informed consent was obtained for all
participants. The Medical Ethical Committee of the Erasmus
MC, University Medical Center Rotterdam approved the study.

Measures

DNA Methylation. Five-hundred nanograms of DNA were
extracted from peripheral blood at age 10 and underwent
bisulfite conversion with the EZ-96 DNA Methylation kit
(Shallow) (Zymo Research Corporation, Irvine, CA). Samples
were plated onto 96-well plates in no specific order. DNAm was
analyzed with the Illumina Infinium Human Methylation 450K
BeadChip (Illumina Inc., San Diego, CA). Quality control of
samples was performed using standardized criteria using the
CPACOR workflow (Lehne et al., 2015). Probes with a detection
p value above background ≥ 1E-16 were set to missing per

array. Arrays with observed technical problems including
failed bisulfite conversion, hybridization, or extension, and
arrays with a mismatch between child sex and sex determined
by the chr X and Y probe intensities were removed. Nonauto-
somal probes were excluded. Additionally, only arrays with a
call rate >95% per sample were processed further. Methylation
beta values outside a range of the 25th percentile minus
3*interquartile range to the 75th percentile plus 3*interquar-
tile range were set to missing. The final dataset contained 425
samples, analyzing 458,563 CpG sites. For our targeted
approach, we examined DNAm levels of CpG sites that were
annotated to well-characterized clock-related genes (939 CpG
sites across 39 genes (van den Berg et al., 2017, Table S1). For
each CpG site, beta values represent the ratio of methylated
signal divided by the sum of the methylated and unmethylated
signals plus 100.

Child-reported dyssomnia symptoms. At age
10 years, children completed six questions of the Sleep
Disturbance Scale for Children (Bruni et al., 1996) about
perceived sleep, for example, ‘Do you find it difficult to fall
asleep?’; ‘If you wake up at night, do you find it difficult to fall
asleep again?’; ‘Do you feel rested when you wake in the
morning?’ (previously described in Koopman-Verhoeff et al.,
2019). The questions were rephrased for our pediatric popu-
lation. Responses were scored on a three-point Likert scale
(‘No’, ‘Sometimes’, or ‘Yes’; a = .64). Items were summed;
higher scores indicate greater sleep problems.

Actigraphy-estimated sleep. Sleep patterns were esti-
mated with wrist tri-axial actigraphy (GENEActiv) on the
nondominant wrist for five consecutive school nights in 188
children at age 11 (i.e. after DNA sampling) (Koopman-
Verhoeff et al., 2018; Koopman-Verhoeff et al., 2019). The
Geneactiv accelerometers were set a frequency of 50 Hz. The
binary files were processed with the R-package GGIR (van
Hees et al., 2014). Accompanying sleep diaries were collected
and used to guide actigraphy analyses. Sleep duration was
estimated as the total time scored sleep between falling
asleep and final waking. Sleep midpoint was estimated as
the halfway point between sleep onset and final waking.
Sleep duration and midpoint were averaged across the week,
excluding weekends to best approximate typical school-day
sleep patterns and to minimize the influence of atypical
weekend events.

Child psychopathology. The Child Behavior Checklist
6–18 (CBCL/6–18) was assessed using maternal reports at age
10 to derive broadband Internalizing and Externalizing prob-
lem-scales (Achenbach & Rescorla, 2001). The CBCL/6–18 is
widely used internationally and has been found to be gener-
alizable across 23 societies, including the Netherlands (Iva-
nova et al., 2010). Mothers rated various emotional and
behavioral problems of the child in the previous six months
on a three-point scale (0 = not true, 1 = somewhat true,
2 = very true).

Covariates

Sex of the child was obtained from medical records and
maternal characteristics by questionnaires. Maternal educa-
tion was defined by the highest attained educational level and
classified into two categories (higher vocational education and
university: yes or no). Correction for sample plate and cell type
proportions was also applied. We used the Houseman method
(Houseman et al., 2012) to estimate relative proportions of six
white blood cell subtypes (CD4 + T-lymphocytes, CD8 + T-
lymphocytes, NK (natural killer) cells, B-lymphocytes, mono-
cytes, and granulocytes), based on a standard reference
population (Reinius et al., 2012).
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Statistical analysis

We had nearly complete cases, with four participants missing
data on maternal education (defined as highest educational
level). These participants were excluded from the analysis.
Statistical analyses were performed in R (R Core Team, 2014),
following three steps:

Step 1. Associations between DNA methylation
and sleep. We applied weighted gene co-expression net-
work analysis (WGCNA, Langfelder & Horvath, 2008) – a
system-level data reduction approach – to reduce the dimen-
sionality of the data and identify clusters (so-called ‘modules’)
of highly comethylated DNAm sites across genome. As such,
rather than focusing on individual sites or genes, WGCNA
enables utilization of correlation patterns between sites to
identify wider DNAm networks, which may also be functionally
related (Bot�ıa et al., 2017). Block-wise network construction
was run using default settings (power threshold of 6; minimal
module size of 30 sites; merge cut height of 0.25). Each derived
module was colored by size automatically and summarized by
a ‘module eigengene’ (ME) value, the first principal component
of the given module. We numbered the derived modules by
significance with outcome for simplicity. CpG sites that do not
comethylate were assigned to an ‘unclassified’ module.
WGCNA analyses were performed twice: first based on the
entire genome-wide data (i.e. hypothesis free; n = 458,563
sites) and second based on the subset of clock genes (i.e.
targeted approach, n = 939 CpG sites).

Next, we tested bivariate correlations between the comethy-
lated modules and the three sleep outcomes (i.e. child-reported
dyssomnia symptoms, actigraphy-estimated sleep duration,
and midpoint sleep). We selected modules that were associated
with sleep outcomes after Bonferroni correction for multiple
testing (0.05/n modules*3 sleep measures) (Chuang et al.,
2017). These modules were further examined using linear
regression models controlling for batch, cell types, child sex
and age, and maternal education.

Modules that were significantly associated with sleep were
examined further using publicly available resources to char-
acterize (a) their genomic location; (b) potential genetic influ-
ences, by checking whether the CpG sites included in the
modules are known to be polymorphic (i.e. overlapping with
single nucleotide polymorphisms [SNPs]; Chen et al., 2013),
linked to methylation quantitative trait loci (mQTLs; i.e. SNPs
that associate with DNAm levels, either in cis or in trans;
http://www.mqtldb.org/; GCTA set; Gaunt et al., 2016) or
heritable, based on twin data (i.e. explained by additive genetic
influences as opposed to shared and nonshared environmental
influences; Hannon et al., 2018); and (c) blood–brain concor-
dance, based on postmortem data from 122 individuals with
DNAm from whole blood and four brain regions (the prefrontal
cortex, entorhinal cortex, superior temporal gyrus, and cere-
bellum (https://epigenetics.essex.ac.uk/bloodbrain/; Han-
non, Lunnon, Schalkwyk, & Mill, 2015).

Step 2: Testing the overlap of associations with
mental health. Bivariate correlations between the
comethylated modules, sleep, and mental health measures
were examined to establish whether associations of DNAm and
sleep are colocalized on the genome with associations of DNAm
and internalizing and externalizing problems.

Step 3.Generalizability in independent sample. Asso-
ciations identified in Steps 1 and 2 were estimated in an
independent sample of 63 older adolescents (14.5 � 0.3 years,
54% girls) of the Generation R Study to judge generalizability of
results, with information on DNAm available at 10 years and
actigraphy-assessed sleep at 14 years (i.e. prospective associ-
ation). The children in this sample were recruited for a second

actigraphy study at a later age than the first study described
above due to logistic reasons (no repeated measurements).

Results
Characteristics of the study sample are presented in
Table 1. For correlations across sleep and mental
health variables, see Table S2. The average midpoint
sleep was 2:49 (SD = 35 min), and the mean sleep
duration was 7:36 (SD = 40 min).

Are DNAm patterns associated with sleep outcomes
in children?

Genome-wide analyses. We identified 64
comethylated modules, containing between 30 and
65,804 CpG sites (Table S3). The majority of sites
were unclassified (n = 261,374), suggesting they did
not correlate strongly enough to form modules. Two
modules correlated with sleep after Bonferroni cor-
rection for multiple testing (0.05/64 modules * 3
outcomes = 0.00026042) – both of which associated
with sleep duration (module1 r = �.18, p = .00006,
module2 r = �.18, p = .0001) (Table 2), but not with
sleep midpoint or dyssomnia symptoms. Only the
association between module1 and sleep duration
remained significant in a regression model adjusting
for covariates (ß = �.22, 95 CI%: �0.37 to �0.07,
p = .004). As a sensitivity analysis, we replaced the
missing values (n = 4) on maternal highest educa-
tional level attained, yielding highly consistent
results. Additionally, as time of blood sampling
corrected for the time of habitual awakening could
be of influence, we re-ran analyses adjusting for
these variables and found that results remained
highly consistent (ß = �.19, 95 CI%: �0.34 to �0.05,

Table 1 Sample characteristics

Demographics

Reported
dyssomnia
symptoms
(N = 410)

Actigraphic
sleep

(N = 188)

Sex, female, % 234 (50.3%) 93 (49.5%)
Age (years) 9.8 � 0.3 11.7 � 0.1
Maternal education, %
Low and Intermediate 152 (32.7%) 64 (34.0%)
High 308 (66.2%) 121 (64.4%)

Dyssomnia symptoms,
self-reported (score;
range)

10.80 (8.00–18.00) 10.86 (6.00–
17.00)

Sleep duration,
actigraphy (hr:min)

– 7:35 � 0:44

Midpoint sleep,
actigraphy, time (hr:
min)

– 02:48 � 0:35

Internalizing problems,
mother-reported, mean
(SD)

4.16 (4.38) 4.03 (4.28)

Externalizing problems,
mother-reported, mean
(SD)

3.41 (4.25) 3.16 (3.82)
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p = .008). Lastly, as cell proportions are estimated,
rather than derived from actual cell counts, we re-
ran analyses without cell type correction to test
stability of associations and found that results were
highly consistent (ß = �.22, 95 CI%: �0.36 to �0.07,
p = .004).

Targeted circadian clock CpG site analyses. The
targeted WGCNA approach containing exclusively
clock-related genes identified five modules (ranging
from 19–300 CpG sites over 10–39 genes), each
including CpG sites spanning multiple genes, as
opposed to clustering by gene. The majority of the
CpG sites were unclassified (n = 540). No modules
were associated with sleep outcomes after multiple
testing correction.

Functional characterization of module1. Annota-
tion to genes and genomic region: Module1 con-
tained 32 sites spanning 9 genes (Table S4). The
largest number of sites (n = 6) were annotated to the
Microtubule-Associated Protein Tau (MAPT) gene.
The CpGs of module1 were highly correlated with
each other (Figure 1), as well as with sleep duration,
and were all located in the chromosome 17q21.31
region, chr17:43502999-62843696, with the excep-
tion of one CpG site on chromosome 5.

Genetic influences: Six of the CpGs included in
module1 were previously identified as polymorphic
(three of which in MAPT), and twelve (37.5%) were
found to be associated with mQTLs on chromosome
17, with a total of 71 associations (between 4 and 10
associations per CpG). The CpG site located on
chromosome 5 (cg07870213) associated with both
mQTLs on chromosome 5 in cis and chromosome 17
in trans, all of which were located in the module1
region (chr17:41993881-44852612). Finally, 10 of
the 32 CpG sites in module1 had twin heritability
estimates available, all of which showed moderate to
strong genetic influences (r = .34–1.00).

Blood–brain concordance: For all but one of the
CpG sites in module1, DNAm levels in blood corre-
lated significantly with DNAm levels in at least one
brain region. The three MAPT CpG sites that asso-
ciated most strongly with sleep duration showed
high blood–brain correlations (Figure S1). Of these,
cg24801230 (one of the sites found to be

polymorphic) showed an almost perfect correlation
(r = .99) between blood and brain, with DNAm levels
across tissues clustering into three alleles (Fig-
ure S1).

Are DNAm-sleep associations overlapping with child
psychiatric symptoms?

No modules were associated with internalizing and
externalizing problems after correction for multiple
testing. Generally, we found weak associations
between the DNAm modules and internalizing
(strongest association: r = .15, p = .001) and exter-
nalizing problems (strongest association: r = .14,
p = .002). Associated modules did not overlap with
those identified for sleep duration (Figure S2).

Are results consistent in an independent sample?

The association between module1 and sleep dura-
tion was tested in an independent sample of older
children, in order to test for consistency across
developmental stage. Results from a regression
analysis, controlling for covariates, yielded a highly
comparable effect size (Discovery: ß = �.22, 95 CI%:
�0.37 to �0.07, p = .004; Generalization sample:
ß = �.23, 95 CI%: �0.50 to 0.04, p = .09), although
the association was not statistically significant,
likely due to the larger confidence intervals resulting
from the use of a smaller sample (1/3 of discovery
sample).

Discussion
The current study utilized a network-based
approach to investigate associations between gen-
ome-wide DNA methylation, sleep, and mental
health in a pediatric population. We highlight here
two key findings. First, we found that DNAm pat-
terns associated with sleep duration, but not with
other sleep parameters. Specifically, our hypothesis-
free analyses identified one DNAm module associ-
ated with actigraphy-assessed sleep duration. This
module (a) contained 32 sites annotated to multiple
genes previously linked to sleep duration in
GWASes, including MAPT; (b) showed strong evi-
dence of genetic influences based on molecular and
twin data; and (c) showed cross-tissue concordance
between blood and brain. In contrast, hypothesis-

Table 2 Associations between DNAm modules and actigraphy-derived sleep duration in children (N = 188)

Module

A. Correlations of the WGCNA modules with sleep
duration B. Standardized regression coefficients

r p value N cpgs N genes b CI p value

Module1 �.18 .00006 32 9 �.22 �.37 to �.07 .004
Module2 �.18 .0001 5845 3462 �.14 �.54 to 36 .07

© 2020 The Authors. Journal of Child Psychology and Psychiatry published by John Wiley & Sons Ltd on behalf of Association for
Child and Adolescent Mental Health.

1064 Maria Elisabeth Koopman-Verhoeff et al. J Child Psychol Psychiatr 2020; 61(10): 1061–1069



driven analyses did not reveal associations between
DNAm in clock genes and sleep parameters. Second,
we found that DNAm patterns were only weakly
associated with mental health outcomes. These
associations did not overlap with those identified
for sleep outcomes, suggesting comethylation mod-
ules associated with sleep and mental health are
largely independent.

Self-reported and actigraphic sleep assess distinct
sleep domains (Gregory & Sadeh, 2016; Meltzer
et al., 2012), as reflected in the weak correlations
between these metrics found in the present study. Of
note, self-reported measures capture sleep percep-
tion and reports may be biased by subject charac-
teristics. Interestingly, we found here that DNAm
associated with actigraphic sleep duration but not
with self-reported dyssomnia. This could be due to
the fact that actigraphic sleep shows greater vari-
ability in the general population and has less mea-
surement error (Sadeh, 2011). Furthermore, we did
not find associations between DNAm and actigraphic
determined midpoint sleep. Nights assessed in our

sample have been constrained by school schedules,
limiting variability in midpoint. Since circadian
preference changes during adolescence (Crowley,
Wolfson, Tarokh, & Carskadon, 2018), future
research should study the longitudinal association
between DNAm, and sleep and circadian rhythm
across this age period.

Most epigenetic research on sleep in humans has
focused on sleep deprivation (Gaine et al., 2018). In
this study, we show that DNAm patterns associate
with typical variation in sleep in 10-year-old chil-
dren. Specifically, one DNAm module was found to
associate with actigraphic sleep duration. This asso-
ciation was generalizable to a smaller, independent
sample of Generation R participants at age 14 years.
The lack of significance could be due to low power in
this smaller sample. The fact that we found a
generally comparable effect size supports the robust-
ness of our findings.

The sleep-associated module contained 32 CpG
sites spanning a large region on chromosome 17.
Based on accessible databases, we found that

Figure 1 Intercorrelations between CpG sites in module1 [Colour figure can be viewed at wileyonlinelibrary.com]
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several of the sites in the module were located
directly on SNPs, and over a third were linked to
known mQTLs. Intriguingly, the one CpG site in this
module on chromosome 5 was associated with
multiple mQTLs located within the chromosome 17
region, supporting a genetically driven link in DNAm
patterns between these two chromosomal regions.
Genetic influences were further corroborated by twin
data showing moderate-to-high heritability esti-
mates for DNAm sites in this module. Together,
these findings suggest that underlying genetic vari-
ation might largely account for observed associa-
tions between DNAm in this region and sleep
duration. This is in line with existing literature
indicating that variation in DNAm is best explained
by genetic influences and gene–environment inter-
actions, as opposed to environmental main effects
(Czamara et al., 2019; Teh et al., 2014). Finally,
DNAm variability in the identified module showed
high blood–brain concordance, highlighting that the
signals currently found in blood might be useful
proxies for DNAm status in the brain. Future studies
will need to test concordance with other brain areas
implicated in sleep duration, for example, the
hypothalamus, and establish whether the degree of
correspondence differs across specific cell types in
the brain.

Of the nine genes annotated to our module, several
stood out for their role in brain-related processes
and previous links to sleep outcomes based on
GWAS data. Specifically, a single nucleotide poly-
morphism (SNP) in MAPT was recently identified as a
top GWAS hit for self-reported sleep duration (Dashti
et al., 2019) and SNPs in MAPK81P1P2 and KANSL1-

AS1 were identified as top hits in a GWAS on
accelerometer-based sleep duration (Doherty et al.,
2018). Additionally, a study based on UK Biobank
and 23andMe data indicated that variants in ARH-

GAP27, LRRC37A, CRHR1, MAPT, and KANSL1

associated with various self-reported sleep traits,
including sleep duration (Jansen et al., 2019). These
findings further support genetic influences on DNAm
and sleep duration in this region.

The most strongly associated probe in module1
was annotated to the MAPT antisense RNA 1, a
nonprotein coding RNA gene identified as epigenetic
regulator of MAPT expression (Coupland et al.,
2016), while six sites were annotated to the MAPT

gene itself. MAPT encodes the Tau protein, which is
important for neuronal stabilization. Its aberrant
aggregation has been frequently linked to Alzhei-
mer’s disease and other neurodegenerative diseases
(Wang & Mandelkow, 2015) as well as neurodevel-
opmental disorders (Rankovic & Zweckstetter,
2019). A recent study suggested the involvement of
Tau proteins and sleep in the pathogenesis of
neurodegenerative diseases, though this process is
not yet fully understood (Cantero et al., 2010;
Musiek & Holtzman, 2016). Another gene annotated
to module1 was CRHR1 (corticotropin-releasing

hormone receptor 1), a pivotal player in hypothala-
mic–pituitary–adrenal axis functioning (Wasserman,
Wasserman, & Sokolowski, 2010) as well as sleep
(Romanowski et al., 2010). Our study adds to this
growing body of evidence by showing for the first
time that, in childhood, epigenetic variation in MAPT

and surrounding regions are associated with sleep
duration.

The epigenetic patterns associated with sleep in
this study did not overlap with those associated with
mental health. This may be due to several reasons.
First, although the link between sleep and mental
health is well-established (Gregory & Sadeh, 2016),
it is possible that such associations may not be
epigenetically mediated. Second, associations
between sleep and mental health tend to be stronger
for self-report than objective measures (Gregory &
Sadeh, 2012). As such, there might be different
underlying biological correlates driving the associa-
tions between mental health and reported sleep and
actigraphic derived sleep. For example, cortisol
levels, associated with anxiety and depression, have
been linked to self-reported sleep quality but not to
actigraphy-derived sleep quantity (Bassett, Lupis,
Gianferante, Rohleder, & Wolf, 2015). Third, our
population-based cohort may have lacked psychi-
atric severity to detect shared associations. Future
studies are needed to clarify the mechanisms under-
lying associations between sleep and mental health.

Limitations and future directions

This study has several limitations. First, from our
cross-sectional data, we are unable to determine the
direction of effect for the association between DNAm
and sleep regulation, and we cannot exclude that the
observed association may result from a common
influence (e.g. environmental or genetic modulation).
In the future, the use of longitudinal data on DNAm
and sleep, the application of advanced causal infer-
ence methods (e.g. two-step Mendelian randomiza-
tion), and integration with genetic data will mark
important steps for furthering our understanding of
DNAm-sleep associations. Second, the sample was
based on participants of European ancestry. Studies
including other ethnicities are necessary to investi-
gate the generalizability of our findings. Third, our
independent sample was smaller, limiting statistical
power. Fourth, our measure of midpoint sleep,
derived from actigraphy, is constrained by school
schedules. Studying free nights may better describe
underlying circadian processes. Fifth, while we
assume that focusing on modules as opposed to
single sites may help us to identify broader, func-
tionally meaningful DNAm networks associated with
sleep, (a) this does not preclude that there may be
important sleep-associated single CpG sites, which
might have been missed by using this approach; and
(b) integration with gene expression data will be
necessary to establish the extent to which the
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identified module may play a regulatory role, which
we could not do in our study. In addition to the clock
genes tested in the current study, it would be
interesting to examine associations with CpG sites
annotated to genes that have been previously impli-
cated in other sleep parameters, such as sleep
duration or chronotype (e.g. by GWAS studies).
Sixth, the blood–brain concordance tool we used is
based on an elderly population. As such, it is unclear
to what extent the identified pattern of concordance
extends to the pediatric population, for which there
are currently no available tools. Finally, it is unclear
whether identified DNAm patterns are functionally
relevant. The use of experimental models could
inform the biological consequences of these associ-
ations. Additionally, it is important to see in future
studies whether DNAm levels at these sites change
across development. If there is no change in DNAm
levels over time, this could indicate that a regulatory
process is acting from birth, whereas an epigenetic
mark that changes throughout life might indicate
that it may be responsive to environmental stimuli.

Conclusion
In summary, the preliminary results of the current
study show promising sleep-associated DNAm pat-
terns in the pediatric population. Specifically, we
identified an association between sleep duration and
DNAm in the 17q21.31 region, spanning multiple
genes previously linked to sleep by GWAS studies,
including MAPT. These epigenetic patterns did not
overlap with those associated with self-reported
sleep problems, midpoint sleep, or mental health.
Future studies are needed to replicate our findings
and establish causality. Overall, our findings offer
novel insights into epigenetic patterns associated
with typical variation in sleep duration in children.
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Key points

� Our study is the first to examine the association of genome-wide DNA methylation with sleep and mental
health outcomes in the general pediatric population.

� This study utilized multimethod assessments of child sleep, including reported and actigraphy-assessed sleep
outcomes.

� We found an association between sleep duration and DNAm in the 17q21.31 region, including genes
previously linked to sleep within GWAS studies, such as the MAPT gene.

� Epigenetic patterns associated with sleep duration were not associated with mental health outcomes.
� Consistent findings were observed in a smaller, independent sample of children from Generation R.
� Overall, our study offers important new insights into the relationship between DNAm, sleep, and mental

health in the pediatric population.
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