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Abstract

Despite an established link between sleep deprivation and epigenetic processes in humans, it remains unclear to
what extent sleep deprivation modulates DNA methylation. We performed a within-subject randomized blinded
study with 16 healthy subjects to examine the effect of one night of total sleep deprivation (TSD) on the
genome-wide methylation profile in blood compared with that in normal sleep. Genome-wide differences in
methylation between both conditions were assessed by applying a paired regression model that corrected for
monocyte subpopulations. In addition, the correlations between the methylation of genes detected to be
modulated by TSD and gene expression were examined in a separate, publicly available cohort of 10 healthy
male donors (E-GEOD-49065). Sleep deprivation significantly affected the DNA methylation profile both
independently and in dependency of shifts in monocyte composition. Our study detected differential meth-
ylation of 269 probes. Notably, one CpG site was located 69 bp upstream of /NG5, which has been shown
to be differentially expressed after sleep deprivation. Gene set enrichment analysis detected the Notch
and Wnt signaling pathways to be enriched among the differentially methylated genes. These results pro-
vide evidence that total acute sleep deprivation alters the methylation profile in healthy human subjects. This
is, to our knowledge, the first study that systematically investigated the impact of total acute sleep depri-
vation on genome-wide DNA methylation profiles in blood and related the epigenomic findings to the
expression data.

Introduction

THE ARCHITECTURE OF SLEEP IN HUMANS is divided into
two major types, nonrapid eye movement and rapid eye
movement sleep. These two types of sleep have been asso-
ciated with specific brain functions as well as physiological
functions, such as eye movements or muscle tone. Further-
more, sleep has a strong impact on the endocrine system,
influencing the levels of, for example, the thyroid hormone,
growth hormones, and melatonin. It is, therefore, not sur-
prising that sleep disturbances have been linked to a multi-
tude of disorders, including both cognitive and metabolic
impairments (Qureshi and Mehler, 2014).

Partial or total sleep deprivation (TSD) has been shown to
affect cellular and metabolic functions such as neutrophil
maturation (Christoffersson et al., 2014), the production of
cytokines (Irwin et al., 2006), and neuron-specific enolase

and calcium binding protein B levels, which can be indicative
of an impaired functionality of the blood—brain barrier or
neuronal damage (Benedict et al., 2014). Recently, a genome-
wide transcriptomics study has revealed that 75% of the tran-
scripts tested had their transcription phase aligned with the
plasma levels of melatonin, a reliable marker of circadian
rhythmicity (Moller-Levet et al., 2013). The authors of that
study have compared the expression profiles of subjects under
sleep restriction (6-h sleep opportunity per night) and expres-
sion profiles of subjects under normal sleep conditions (10-h
sleep opportunity per night).

DNA methylation patterns can be inherited or changed
depending on environmental influences on the human or-
ganism. At the same time, it is been shown that DNA
methylation patterns within the first 2000 bp upstream or
downstream of the transcription start site (TSS) have the
highest impact on gene expression (Wagner et al., 2014). It
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can, therefore, be hypothesized that DNA methylation of
CpG dinucleotides may play a significant role in the regula-
tion of the observed expressional changes.

Some of the genes governing the sleep—wake cycle, for
example, the genes connected to CLOCK/BMALI, are, in
part, regulated by DNA methylation (Doi et al., 2006). The
importance of DNA methylation in this context is highlighted
by the fact that sleep deprivation increases the expression of
DNA methyltransferases and members of the methionine
transferase complex (Massart et al., 2014) in mice.

Although Cedernaes et al. (2015) have recently studied the
effect of sleep deprivation on DNA methylation of core clock
genes (BMALI, CLOCK, CRY1, PER1), no study has yet
addressed the question of to what extent do genome-wide
methylation changes occur as a result of disrupting the sleep—
wake cycle in humans. In this study, we aimed to investigate
the impact of 24h TSD on the genome-wide methylation
profile of whole blood in human subjects using a randomized,
single-blinded, and crossover trial design. The participants,
not the observers, were blinded until the evening of the in-
tervention and the participants were also unaware that they
were in a crossover trial.

Materials and Methods
Subjects

Sixteen healthy white Caucasian male volunteers (age:
23.31+3.4) participated in the study. All subjects reported
normal sleeping behavior and sleep—wake rhythm before the
experiment. Reports of smoking, use of medication, or a his-
tory of endocrine or psychiatric disorders resulted in an ex-
clusion from the study. Study participants underwent both a
physical examination and a routine laboratory value exami-
nation by the Department of Clinical Chemistry and Pharma-
cology (Uppsala, Sweden). This included measurements of
C-reactive protein concentrations (normal value <6 mg/mL)
and white cell blood counts (normal value 5.2 £0.7) to ex-
clude any ongoing acute illness before study start. Written
informed consent was obtained from all participants and
the study was approved by the regional ethical committee in
Uppsala, Sweden. The study has been registered at Clin-
icalTrials.gov (accession number NCT01730742).
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Study design and procedure

The samples used in this study have been collected in the
frame of the previously completed works (Benedict et al.,
2014; Christoffersson et al., 2014). Each participant com-
pleted two study sessions, which included a phase of total
acute sleep deprivation and a phase of normal sleep, in a
randomized blinded crossover design.

Each session was composed of an initial 28.5 h long baseline
period under which the included subjects were eating, sleeping,
and performing light exercises under standardized conditions
(Fig. 1). The exercises consisted of two 30-min walks during
the day and were implemented to simulate normal conditions.
Water was provided ad libitum throughout the study. Subjects
arrived fasting in the evening at 20:00 in the study center to the
habituation phase and spent one night sleeping under laboratory
conditions. Participants were single blinded to the condition
(i.e., they did not know whether they will have the possibility to
sleep for 8 h or not) until 4 h before the sleep intervention. Blood
glucose, CRP, and monocyte subpopulations were monitored
every 12 h throughout the session, at 06:30 and 18:30. This was
primarily done to ensure compliance to the study restrictions
on food and elevated inflammatory status. The samples used for
microarray analysis were those taken at 06:30 on the morning
after the intervention.

The determination of blood parameters was performed by
the Department of Clinical Chemistry and Pharmacology at
Uppsala University Hospital. Blood cell counts were de-
termined by standard histology, where the different cell
types are stained and smeared on a slide before they are
counted. Sleep quality and length were assessed by poly-
somnography (Embla A10; Flaga, hf, Reykjavik, Iceland)
that consisted of electroencephalography, electrooculog-
raphy, and electromyography. Wakefulness was monitored
by a handler. On the morning after the intervention, pe-
ripheral blood was collected in EDTA tubes and immedi-
ately frozen by means of a 50:50 mixture of ethanol and
dry ice.

DNA extraction and methylation profiling

Genomic DNA was extracted using robot-assisted phenol/
chloroform extraction at the Latvian Biomedical Research and
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Study design overview: Schematic overview of the study design investigating TSD-induced changes in the epi-

genome. Subjects participated in two study sessions comprising two nights, that is, the habituation night and the condition
night. Meals and the amount of exercise were controlled to assure energy homeostasis for each individual. Depending on the
study arm, patients underwent either TSD or had a normal period of sleep (control arm) during the second night. The sampling
times were 06:30 on both mornings as indicated by a darker shade of gray in the picture. TSD, total sleep deprivation.
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Study Centre in Riga (BMC), Latvia. The Latvian BMC pro-
vides core facilities for molecular and cell biology research for
Latvian universities as well as international collaborators.
Bisulfite conversion of DNA and hybridization to the [llumina
450K methylation BeadChip (Illumina, San Diego, CA, USA)
were performed at the Science for Life Laboratory (SciLife-
Lab, Uppsala, Sweden), a scientific center run in collaboration
with four Swedish universities, that is, the Karolinska In-
stitutet, KTH Royal Institute of Technology, Stockholm Uni-
versity, and Uppsala University. Bisulfite conversion converts
unmethylated cytosines to uracil at a high conversion rate
(>99%). However, it does not differentiate between CpG
methylation and other DNA-based epigenetic marks such as
non-CpG methylation or 5" hydroxymethylation.

Before hybridization to the chip, DNA was whole genome
amplified, enzymatically fragmented, precipitated, and re-
suspended. After hybridization to the array overnight at 48°C,
C to T base exchanges were detected by single-base primer
extension. The 16 pairs of samples were distributed across
three 12-sample physical chips. We used duplicate samples
for two subjects, resulting in four pairs of technical replicates.
The samples are placed on the chips in pairs so that samples
from the same individual are next to each other. This strategy
is based on the results by Buhule et al. Figure 1, sample 2. The
two technical replicate pairs were placed on chips 2 and 3
(Buhule et al., 2014). This strategy minimizes chip batch
effects and allows for more robust analysis.

Reading and preprocessing of lllumina 450K data

The R package (Team, 2012) methylumi (Gentleman et al.,
2004) was used to read the intensity data files and to produce
beta values. Beta values range from 0 to 1 depending on the
degree of methylation at a specific locus. Since the density
distribution of these values suffers from severe hetero-
scedasticity, thereby making them unsuitable for downstream
analysis, the beta values were transformed to M values, which
are statistically more robust (Du et al., 2010).

All sample mean normalization (R function ““asmn’’) was
chosen instead of the first sample normalization used in the
software package GenomeStudio® (Yousefi et al., 2013)
because of improvements in replicate comparability. This
step was performed to equalize the overall intensity across all
subjects. In addition, the original annotation supplied by II-
lumina was used together with extended annotation (Price
et al., 2013) to exclude probes meeting any of the following
criteria: at least one single nucleotide polymorphism (SNP)
in probe region, matched multiple genomic regions, or tar-
geted sex chromosomes. Probes with a detection p value >1073
were excluded as well. This filtering step resulted in 317 366
eligible probes (65% of probes on the array) to be used in
downstream analyses.

To further ensure the detection of methylation shifts with a
relevant impact on expression levels, the analysis was re-
stricted to probes located within a region 2000 bps upstream
and downstream from the TSS. This cut-off value was in-
troduced by Wagner et al., who showed that variation in
methylation and expression is most closely related to this area
(Wagner et al., 2014). The final number of probes used in the
analysis amounted to 167,490.

Probes were subsequently subjected to quantile normali-
zation followed by beta mixture quantile normalization
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(Teschendorff et al., 2013). This normalization step was then
applied to minimize the bias caused by the two different types
of probes (type 1 and type 2) and to reduce batch effects.
Hierarchical clustering and multidimensional scaling were
used to determine whether there were any outliers, which
resulted in the exclusion of one subject and, thus, emerging at
a final number of 30 samples in 15 pairs.

Statistical analysis

The statistical analysis comprises two steps. Initially, a
paired analysis was performed on all probes to identify dif-
ferentially methylated CpG sites depending on sleep depri-
vation. In this analysis, the ratio of neutrophils to leukocytes
was used as a covariate (see [Eq. 1]). Applying this equation
allows us to estimate the influence of TSD and neutrophil/
leukocyte (N/L) ratio separately by taking their respective
coefficients into consideration.

[Neutrophil]
[Leukocytes]
[Eq.1]

Mvalue = Intercept + a * Condition + b *

Equation 1: The statistical model used in step I of the
analysis. The model is applied in a paired design where
t-statistics and magnitude of change are calculated based on
15 pairs of differences.

The R library Limma (Smyth, 2005) was used for the ap-
plication of the model followed by parameter adjustment
with the treat command. To account for technical variability,
the Limma-specific function, duplicate correlation, was used
with the four technical replicate pairs as input variables.
The ratio of observed and expected probes for different p
value thresholds was used to determine the optimal p value
threshold for our data (step I, see Fig. 2a). The number of
expected false positives was calculated as the number of
probes being tested multiplied by the p value threshold. In
step II, a #-test was performed for all probes that passed
analysis step I to determine whether the observed change in
methylation was higher than the median change in technical
replicates. In this step, correction for multiple testing was
done using the Benjamini—-Hochberg method. Finally, prox-
imal probes annotated to the same gene were subjected to
uncorrected pair-wise #-tests to determine whether multiple
probes within the same gene were significantly differentially
methylated. For this test, a p value <0.05 was considered
significant.

Targeted analysis and methylation—
expression correlation

Genes reported to be dependent on time awake by Moller-
Levet et al. (2013) were chosen for a targeted analysis. Probes
closest to the TSS of genes, matching 1 of the 122 genes
reported by Moller-Levet et al., were investigated in the same
manner as described for the genome-wide analysis. We also
investigated the correlation between methylation and ex-
pression by Pearson’s correlation analysis in a separate
cohort of methylation and expression data in peripheral blood
mononuclear cells (PBMCs) from 10 healthy Caucasian
male blood donors, aged 30-66 years (E-GEOD-49065)
(Steegenga et al., 2014).
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FIG. 2. Observed and expected number of hits for TSD and the N/L ratio as well as their CpG density distribution: Ratios
between observed and expected changes in methylation with dependence on TSD at different p value thresholds (a). The
upper line is determined by the number of significant b coefficients from [Eq. 1] and the lower line depends on the number
of significant a coefficients. The log (p value) threshold for entry in analysis step II (testing whether an observed meth-
ylation change is larger than the median change observed for technical replicates) was defined as 2.5. A total of 652 probes
for TSD (coefficient a) and 891 for the N/L ratio (coefficient b) passed this threshold. Distribution of the probes among
different CpG density classes (b). HC probes are defined as having a CG base content more than 55%, Obs/Exp CpG ratio
more than 0.75, and being longer than 500 bps. The corresponding criteria for IC probes are 50%, 0.48, and 200,
respectively, whereas those probes that did not fit either criteria were labeled as LC. ICshore probes are those that are
located at the end of an IC-Island (Price, et al., 2013). The left circle diagram represents the distribution of the 652 probes
associated with sleep deprivation and the middle diagram shows the N/L ratio-associated probes. The right diagram displays
the background distribution of all investigated probes. Chi-squared distribution tests determined that TSD-related probes
(probes with significant a coefficients) were more likely to be HC probes. N/L ratio-related probes (probes with significant b
coefficients) were more likely to be LC probes. HC, high-density CpG; IC, intermediate-density CpG; ICshore, shore region
of intermediate-density islands; LC, low-density CpG; N/L, neutrophil/leukocyte.

Enrichment, physical interaction networks,
and comethylation analysis

Enrichment analyses were performed using Consensus-
Path (Kamburov et al., 2011). This analysis included those
genes that were associated with one or more probes showing
significant changes in methylation depending on TSD. The
ConsensusPath performs a hyper geometric test for the detec-
tion of overrepresented pathways in sources such as KEGG,
OMIM, GeneOntology, or Wikipathways. The analysis was
performed using default settings. A g value <0.05 was con-
sidered significant. A similar hyper geometric test was per-
formed in R for enrichment of different CpG density probes
among probes linked to TSD and the N/L ratio. The CpG
density was divided into four classes according to Price et al.
(2013): high-density CpG (HC), intermediate-density CpG (IC),
low-density CpG (LC), and shore region of intermediate-density
islands (ICshore). The physical interaction network between
genes close to significant probes was examined using Gene-
MANIA (Mostafavi et al., 2008). Settings were chosen in such

a way that they allowed the detection of physical interactions
and excluded intermediate nodes. Analysis of comethylation
networks was performed on the probes judged most likely to be
associated with differential expression in response to TSD.

Results
Genome-wide analysis

Figure 2a depicts the ratios between observed and ex-
pected number of significant probes correlated with TSD and
N/L ratio as obtained in analysis step I. On the basis of these
observations, probes with p values <107 (corresponding to
aratio maximum of 1.22) were carried forward to subsequent
analyses (step II). This corresponds to a peak in the ratio
between observed and expected number of probes (Fig. 2a)
and maximizes the number of calculated true positives that
were carried forward. We discovered 269 probes that were
differentially methylated in sleep versus sleep deprivation
while taking the median change in technical replicates into
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account (Supplementary Table S1). Many of these CpG sites
were group-wise associated with the same gene, and 119
genes (44%) displayed more than one significantly changed
probe (Supplementary Table S1). The raw data used in this
publication have been uploaded to ArrayExpress and have the
accession number E-MTAB-4664

Targeted analysis and methylation—expression correlation

One of the 269 CpG sites tested to be differentially methylated
in sleep deprivation is located in a HC region 69 bp upstream
of the gene ING5. In line with our findings, the expression of
this gene correlated with time awake, as in the study by Moller-
Levet et al., (2013). Apart from ING5, the authors also reported
121 other transcripts to be affected by time awake. This cor-
responded to 640 CpG sites in our data set. Four of these CpG
sites showed a significant sleep-dependent difference in
methylation in our study (INGS, USP46, CIT, and FGFRIOP?2,
Fig. 4). Methylation—expression correlation analyses were also
performed in a separate cohort (E-GEOD-49065), consisting of
10 healthy Caucasian male blood donors, aged 30, 31, 34, 35,
43,52, 62, 64, 65, and 66 years. In addition, for the 237 CpG
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sites listed in Supplementary Table S1 (88%), both methylation
and expression data were available. We detected significant
correlations between methylation and expression for 26 CpG
sites (labeled with an “*”” in Supplementary Table S1).

Enrichment, physical interaction networks,
and comethylation analysis

Enrichment analysis revealed two pathways to be affected
by methylation changes, that is, the Notch (represented by the
genes NOTCH4, RINGI, HESI, CCNDI, and MAMLI, ¢q
value <0.05) and the Wnt (CCNDI, FZDS8, FRATI, FZD6,
and WNT4, g value <0.05, source: Wikipathways (Pico et al.,
2008)) signaling pathway. Interestingly, two of these genes
displayed significant methylation—expression correlations
(FZD6 and FRATI). The 269 CpG sites differentially meth-
ylated with dependence on TSD were mainly located in HC
regions (Fig. 2b). Interestingly, the opposite was observed for
the N/L ratio correlated probes. Both TSD and the N/L ratio-
linked probes displayed a different distribution of CpG island
density as compared with the background probes (p value
<0.05, chi-squared test, Fig. 2b).

NOTCH signalling

| WNT signalling

B HSPA4 correlation cluster

W ING5 gene

-1 -0.8 -06 -0.4

FIG. 3. Methylation—methylation correlation of promoter probes: A correlation plot of methylation values in 100 pro-
moter probes associated with TSD. Correlation coefficients were calculated between each pair of probes and were then
ordered by hierarchical clustering. This way, the probes with the closest correlation profiles are next to each other in the
figure. The correlations range from —1 (negative correlation) to 1 (positive correlation). The genes corresponding to the
enriched pathways Notch (green) and Wnt (orange) are highlighted together with the gene INGS (black) and the HSPA4

correlation cluster ( purple).
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Using GeneMANIA, we scrutinized to which extent
physical interactions might occur between proteins encoded
by genes that are affected by methylation changes. The in-
teraction analysis highlighted the heat shock 7 kDa protein 4
(coding gene HSPA4), which physically interacts with eight
other proteins encoded by genes listed in Supplementary
Table S1 (CULS, ZAP70, HESI, DNAJC3, RCORI,
YWHAZ, CSNK2AI, and MED6). Two of these genes
(DNAJC3 and MEDG6) were significantly correlated with
expression (Supplementary Table S1). Although Wagner et.al.
(2014) showed that relevant correlations between methylation
and expression occur, especially in regions adjacent to the
TSS, other authors assume that the relevant connections be-
tween methylation and expression observed for CpG sites are
located within promoter regions of genes (Fouse et al., 2008).
Based on the latter assumption and on our observation that
probes related to TSD were primarily located in HC islands, the
100 HC sites within the first 2000 bp upstream of TSS were
selected for a methylation—methylation correlation analysis to
further investigate comethylation patterns likely to be associ-
ated with differential expression in TSD.

As shown in Figure 3, three of these CpG sites were located
in the promoters of Notch-associated genes (RINGI,
MAMLI, and HES1). Interestingly, the methylation of CpG
sites located in the promoter of Notch genes correlated, to a
relevant extent, inversely with the methylation of
downstream-located CpG sites (NOTCH4 and CCNDI)
(mean R=-0.38, SD=0.06 across all comparisons). Al-
though not significant, the two Wnt pathway-associated
promoter CpG sites (located next to each other in the corre-
lation plot, Fig. 3) tended to correlate with probes within
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promoters of CCNDI, WNT4, and FZD6 (p values <0.1 for
all comparisons).

Discussion

We show in the present report that total acute sleep dep-
rivation induces significant changes in the genome-wide
methylation profile in blood, which is partly independent of
the N/L ratio. This is, to our knowledge, the first study that
systematically investigated the impact of TSD on the
genome-wide DNA methylation profile in blood and related
the epigenetic findings to expression data. We detected 269
genes and 184 associated CpG sites that changed in meth-
ylation because of TSD.

One of the detected CpG sites found in a differentially
methylated state belongs to the gene ING5, which has been
previously shown to be differentially expressed as a result of
longer time awake. INGS5 is a tumor repressor gene and the
encoded protein together with TIP60 is able to acetylate p53
at K120 in the DNA binding domain (Liu et al., 2013). ING5
displays a pattern of decreased methylation in our study and
was shown to decrease expression the longer the subject
stayed awake (Moller-Levet et al., 2013), pointing to the
possibility of a positive correlation between methylation and
expression. Our calculations in the independent cohort con-
firmed this hypothesis with detection of a positive correlation
coefficient of 0.28. Disruption of ING5 function has also been
linked to several types of cancers, particularly gastric cancers
(Xing et al., 2011; Zheng et al., 2011). Thus, our results lend
further support to the observation that disturbed sleep is
connected to elevated cancer risk (Lehrer et al., 2013).
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Sleep TSD

FIG. 4. Targeted analysis of genes known to be deferentially expressed in sleep deprivation: Targeted analysis of TSD-
dependent methylation changes in genes reported to be differentially expressed in TSD by Moller- Levet et al. (E-GEOD-

48113). Shown are ladder plots of the four probes that passed both steps I (paired r-test p value <107

) and II analyses

(methylation change larger than the median change in technical replicates after Benjamini—Hochberg correction). With the
exception of the probe associated with ING3, all CpG sites were located downstream of the respective transcription start site
(USP46/cg25019777 99 bp, CIT/cg06887167 416 bp, and FGFR10P2/cg17643699 180 bp).
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A targeted analysis revealed three additional genes (CIT,
USP46, and FGFRI10OP2) showing both differential methyl-
ation in TSD and time awake-dependent changes in expres-
sion in humans. All three genes were transcriptionally
repressed, and methylation data indicated increased methyl-
ation in CIT and decreased methylation in USP56 and
FGFRIOP2 (Fig. 4). In animal experiments, USP46 has been
shown to be responsible for the induction symptoms of de-
pression, as measured by the tail mobility in a CS mouse
strain (Cryan and Mombereau, 2004). SNP analyses in a
Japanese population confirmed USP46 as a gene linked to
major depressive disorder in humans (Fukuo et al., 2011).
These observations allow the hypothesis that TSD has the
ability to induce a shift in USP46 gene expression through the
induction of methylation changes, which may be at least
partly responsible for a higher susceptibility to depressive
symptoms as shown, especially for longer periods of sleep
deprivation in humans (Banks and Dinges, 2007; Pizzagalli
et al., 2001).

We detected two specific signaling pathways to be epige-
netically affected by TSD, that is, the Notch and Wnt sig-
naling pathways. Notch signaling has been associated with
embryonic development and cell fate (Artavanis-Tsakonas
et al., 1999), and disruptions in the signaling pathway pos-
sibly lead to various cancers. With disruptions in the cell fate
determining mechanisms possibly leading to various cancers.
The Wnt pathway plays a role in cancerogenesis as well.
Stem cell cancer growth can be stopped by inhibiting key
features of Notch and Wnt signaling (Takebe et al., 2011).
Both pathways are also involved in stress response. Thus, it
cannot be entirely discriminated whether the methylation
changes observed in these pathways are a result of a stress re-
sponse induced by one night TSD or a direct consequence of TSD.

Furthermore, the Wnt signaling pathway has been dem-
onstrated to have implications in the pathogenesis of bipolar
disorder, which is partly characterized by sleep disturbances.
Interestingly, changes in the functionality of both Notch and
Whnt signaling have been linked to changes in the secretion of
cortisol. In addition to these findings, glucocorticoids have
been demonstrated to mediate hematopoietic stem and pro-
genitor cell function through Notchl signaling (Kollet et al.,
2013) and to suppress the canonical Wnt signaling pathways
in cultured human osteoblasts (Ohnaka et al., 2005). Thus,
our findings support the hypothesis of an epigenetic link
between sleep deprivation and depression through modula-
tions of the Wnt and Notch signaling pathways.

We predicted that the heat shock protein 4 (HSPA4) has a
high potential to physically interact with other genes as given
in Supplementary Table S1. We furthermore showed that
HSPA4 is part of a methylation—methylation correlation
cluster together with six other genes (MYOS5A, BC040577
GALNT7, KREMENI, MICAL3, CECR6, and GPR155). Heat
shock proteins respond to various external stressors, one of
which is sleep deprivation (Ackermann et al., 2013). The de-
methylation of the promoter region of HSPA4 observed in this
study could be a compensatory response to promote sleep in
our subjects (Ekimova, 2013). The casein kinases CSNK2A1,
which has been shown to be connected to the WNT signaling
pathway (Gao and Wang, 2006), and CSNK1G2, which in-
duces proteasomal degradation of the period circadian clock 1
protein (PER1) (Lee et al., 2009), are predicted to physically
interact with HSPA4. On the basis of our observations, we
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speculate that induced demethylation and subsequent over-
expression of CSNK2A1 may lead to a functional impairment
of PER1 function by means of degradation.

Because TSD is able to induce significant shifts in the N/L
ratio, we performed our investigations by taking the N/L ratio
into account since especially long-term effects of sleep
deprivation on white blood cell subpopulations have been
described (Lasselin et al., 2014). The results of this and other
studies indicate a bidirectional association between sleep, the
immune system, and inflammatory markers (Christoffersson
et al., 2014). Based on the obtained results, we hypothesize
that changes in the N/L ratio are reflected in shifts in the
methylation profile that are disproportionately located in LC
regions. Interestingly and in contrast to that, the N/L ratio-
independent methylation changes were primarily located in
HC regions. This observation suggests that HC probes are
less sensitive to shifts in white blood cell composition, thus,
reflecting induced changes in DNA methylation of likely
functional relevance in a better way. In summary, this study
demonstrates that TSD is able to induce significant changes
in the genome-wide methylation profile with potential con-
sequences for the functionality of regulatory pathways in-
volved in Notch and Wnt signaling, ING5 and HSPA4
regulation, and that TSD-induced shifts in monocyte sub-
population are most prominent in LC islands.

Study limitations

Our study was performed on whole blood samples. It
cannot be excluded that changes in the methylation pattern is
reflective of the tissue used. Recent studies, though, show that
the DNA methylation profile shows a strong overlap between
the blood and brain (Horvath et al., 2012), which made it
reasonable to perform our studies on whole blood. At this
point, it is uncertain to which extent the reported changes are
reversible or if they persist. The potential for long-term
conclusions from this article is limited. A majority of the
differentially methylated sites were correlated with the N/L
ratio (Fig. 2a), indicating an effect of sleep deprivation on
immune processes. However, by measuring and adjusting for
the N/L ratio allowed us to identify DNA methylation
changes that were independent of this effect.

It would be of value that future studies focus on studying
methylation changes in different tissue types. The methylation
data were compared with expression data of subjects of
comparable age (mean=27.5, SD=4.3), but there were de-
mographic differences. Moller-Levet et al. included women
(12 of 26) and individuals with a different ethnical background
compared with those in our study (7 of 26 were nonwhite).
Moreover, Moller-Levet et al. studied the effect of time awake
as opposed to acute sleep deprivation, which partly impedes
the direct comparability of the study outcomes.

The homogeneous composition of the subject group used in
this study has both strengths and limitations. Although it re-
duces the influence of TSD-unrelated variance, it limits the
extent to which the data can be extrapolated. Gender, ethnicity,
age, and obesity are just some of the factors that are known to
influence both DNA methylation and sleep patterns.
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