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Study Objectives: We aimed to test a combined approach to identify conserved genes regulating sleep and to explore the association between DNA

methylation and sleep length.

Methods: We identified candidate genes associated with shorter versus longer sleep duration in college students based on DNA methylation using lllumina
Infinium HumanMethylation450 BeadChip arrays. Orthologous genes in Caenorhabditis elegans were identified, and we examined whether their loss of

function affected C. elegans sleep. For genes whose perturbation affected C. elegans sleep, we subsequently undertook a small pilot study to re-examine DNA
methylation in an independent set of human participants with shorter versus longer sleep durations.

Results: Eighty-seven out of 485,577 CpG sites had significant differential methylation in young adults with shorter versus longer sleep duration, corresponding
to 52 candidate genes. We identified 34 C. elegans orthologs, including NPY/flp-18 and flp-21, which are known to affect sleep. Loss of five additional genes
alters developmentally timed C. elegans sleep (B4GALT6/bre-4, DOCK180/ced-5, GNB2L1/rack-1, PTPRN2/ida-1, ZFYVE28/Ist-2). For one of these genes,
ZFYVE28 (also known as hLst2), the pilot replication study again found decreased DNA methylation associated with shorter sleep duration at the same two CpG

sites in the first intron of ZFYVEZ2S.

Conclusions: Using an approach that combines human epigenetics and C. elegans sleep studies, we identified five genes that play previously unidentified
roles in C. elegans sleep. We suggest sleep duration in humans may be associated with differential DNA methylation at specific sites and that the conserved

genes identified here likely play roles in C. elegans sleep and in other species.
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Statement of Significance

sleep.

This study used an experimental approach that combined human sleep studies and epigenome-wide methylation analysis, with assessment of gene
function in @ model organism, Caenorhabditis elegans. We identified five conserved genes with previously unsuspected roles in sleep in C. elegans. An
ortholog of one of these genes showed consistent differential DNA methylation in human samples. This work suggests a possible association between
sleep duration in humans and DNA methylation at specific CpG sites in conserved genes. Due to the exploratory nature of the human study design,
additional research with more participants is required to confirm associations of these genes with sleep length in humans. Nevertheless, validation of this
approach and our identification of conserved genes regulating sleep in C. elegans is a critical step toward understanding the basic mechanisms underlying

INTRODUCTION

Sleep is universal and conserved. Many genes have been iden-
tified that are critical for sleep, sleep duration, and sleep timing
across species.'” Sleep in humans is also affected by societal
and environmental factors, such as occupation, socioeconomic
status, and lifestyle choices. Additionally, changes in light,
temperature, pathological conditions, sleep/wake history, or
stress affect sleep. Stress can lead to epigenetic changes with
long-lasting and profound impacts on behavior.*® Few studies,
however, have examined association between sleep patterns and
epigenetic modifications.

Epigenetic changes are modifications of DNA or protein
with impact on gene expression that do not involve alterations
in DNA sequence. Epigenetic modifications can suppress or
activate the transcription of individual genes or induce alterna-
tive splicing through mechanisms including DNA methylation,
histone modifications, and/or nuclear small RNA-associated
silencing. It has been suggested that epigenetic modifications,
especially DNA methylation, can persist through cell division
and may have prolonged effects.”® Epigenetic mechanisms
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impact disease etiology and phenotypic variation,!* including
cancer'! and depression.'>!* However, only a few studies have
examined epigenetic changes related to sleep outside of clinical
syndromes.

Epigenome-wide DNA methylation changes were found in
shift workers; methylation at more than 5000 CpG sites dif-
fered in whole blood samples of long-term night shift work-
ers compared to day workers.'* Manipulations in mice revealed
that short-term, acute sleep deprivation altered the epigenetic
landscape in the cerebral cortex.”* Combined, these studies
suggest that epigenetic modifications may arise after sleep pat-
tern changes or sleep restriction. One recent study showed that
monozygotic twins with differential diurnal preferences have
significantly different methylation patterns in DNA extracted
from their buccal cells; these could result from differential cir-
cadian rhythms or contribute to sleep—wake cycle regulation.'®
However, identification of specific genes whose methylation
directly impacts sleep has been virtually impossible due to the
large number of methylation changes observed and the diffi-
culty of large-scale sleep studies in vertebrate models. One
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exception is opposing “imprinted” DNA methylation status at
chromosome 15q11-13, which correlates with the contrasting
sleep defects seen in Angelman and Prader-Willi Syndrome
patients.!” It has been suggested that these sleep changes are
driven by altered methylation that consequently decreased
or increased expression of UBE3A4, SNORDI1164, and other
genes in the imprinted region.'®!” To circumvent challenges in
a context not related to disease, we adopted a new experimen-
tal strategy that combined DNA methylation analysis in col-
lege students with analysis of gene function in an invertebrate
animal model.

Caenorhabditis elegans 1is a free living nematode with
well-characterized behaviors, a compact nervous system, con-
served neurotransmitter systems, and powerful genetic tools.
Sleep has been studied in C. elegans for almost a decade.?*?!
C. elegans sleep shares most of the behavioral characteristics of
sleep in other species, that is, cessation of movement and feed-
ing, heightened arousal threshold, rapid reversibility, homeostatic
regulation, and regulated timing.>??> Deeply conserved genes and
pathways regulate C. elegans sleep. Virtually every Drosophila
gene previously implicated in sleep also regulates C. elegans
sleep.”® Genes affecting mammalian sleep, including epider-
mal growth factor (EGF) and NPY, also regulate C. elegans
sleep.2202425 Although developmentally timed sleep is regulated
by a conserved PERIOD ortholog in C. elegans, the timing is
not set by circadian rhythm but rather the pace of development.?

We hypothesized that differential methylation patterns in
sleep-related human genes might be associated with sleep
length differences in young adults, either contributing to dura-
tion of sleep or responding to altered sleep quantity. We identi-
fied differentially methylated genes in humans associated with
shorter or longer sleep duration during the first semester of col-
lege (Discovery Study). Then, we tested the functional role of
orthologous genes in C. elegans, examining the impact of gene
loss of function on developmentally timed sleep to identify
genes required for normal sleep (Animal Study). Finally, in a
small pilot study with an independent set of human participants,
we determined which of these conserved genes were consist-
ently hypermethylated or hypomethylated in shorter sleepers
(Confirmation Study) (Figure 1A).

METHODS

Participants

First-year undergraduate students from Brown University were
enrolled in the study for the first 9 weeks of their first semes-
ter. Participants were asked to complete a daily diary online,
including bedtime and rising time, as well as sleep onset latency
and nighttime arousals. A new cohort of participants was added
every year for 3 years. All participants were 18 or 19 years old
at the time of the study. Mood symptoms were assessed with
the Center for Epidemiologic Studies Depression Scale (CES-
D) questionnaire? at the start of the study and during the ninth
week. Participants were considered for inclusion in this sleep/
methylation study if they provided blood samples and mood
assessments at both start and end of the longitudinal study
and they also completed more than 50% of daily diaries. In
the first year, 320 initially enrolled, 192 gave both blood sam-
ples and completed more than 50% of daily diaries, and of that
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number, 173 provided final assessments of behavior and mood.
Combined over 3 years of data collection, 796 individuals ini-
tially enrolled, of whom 503 provided two blood samples, more
than 50% of daily diaries, and the final assessments. Previous
comparisons of daily diary and actigraphy sleep reports suggest
that average diary-estimated total sleep estimates are larger than
actigraphy-estimated total sleep by roughly 1 hour, although
results using the two methods are well correlated, except in
insomnia patient populations.?®?°

Samples in the Discovery Study were drawn from the ini-
tial cohort of 173 participants, enrolled in year 1 (2012) and
were selected to maximize differences in daily total sleep time.
As mood has a strong association with DNA methylation and
sleep,'>*" for inclusion in the Discovery Study, we required a
low depressed mood score on the CES-D questionnaire?’ at the
beginning of the study and a moderate to high (>16) depressed
mood score on the CES-D questionnaire.”” DNA samples were
pooled for participants with short or long sleep. Eight partic-
ipants with longer (>7.8 hours; mean = 8.1 hours, standard
deviation (SD) = 0.2 hours; three males) and eight with shorter
(<6.8 hours; mean = 6.6 hours; SD = 0.3 hours; three males)
mean daily total sleep time across the semester were included in
this study for DNA methylation analysis (Figure 1B).

Participants for the Confirmation Study were selected to
match the difference in group mean daily total sleep times in
the Discovery Study. These participants were drawn from those
enrolled from year 1 to year 3 (2012-2014). Cognizant of the
impact of mood on sleep,'>*® a nonoverlapping set of partic-
ipants was selected with low (<8) initial and final depressed
mood scores on the CES-D questionnaire. Five female partici-
pants reporting longer (>7.7 hours; mean = 8.0 hours, SD = 0.3
hours) and five with shorter (<6.6 hours; mean = 6.3 hours;
SD = 0.2 hours) total sleep time across the semester (Figure 1B)
were selected for individual DNA methylation analysis below.
Other variables, including body mass index, smoking, or
reported alcohol use, were not controlled. Note that Figure 1B
combines participants from all years and illustrates the full
cohort of 503 participants.

Pooled and Individual Epigenome-Wide Methylation Analysis

Genomic DNA was isolated (DNEasy Blood and Tissue Kit,
Qiagen) from whole blood collected from participants at the end
of the study period. For the Discovery Study, epigenome-wide
methylation was determined from pooled samples of eight
shorter and eight longer sleepers (three males in each group).
DNA concentration for each participant was determined using
NanoDrop and an equal quantity of DNA from individuals in
the same group was pooled before bisulfite DNA conversion
(EZ DNA methylation kit, Zymo Research). DNA methyl-
ation level was determined for each group using the Infinium
HumanMethylation450 platform (Illumina, San Diego). A
methylation index was calculated for each CpG site, which is
a continuous variable between 0 and 1, representing the ratio of
the intensity of the methylated signal to the total intensity. Zero
corresponds to a completely unmethylated site, whereas one
corresponds to complete methylation. Illumina’s GenomeStudio
software was used to calculate the degree of differential meth-
ylation, by group, for each CpG site on the array. Specifically,
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Figure 1—Experimental design. (A) Flow chart of experiments and results in this study. At the time of blood draw, participants at the Discovery
Study had high CES-D scores (>16) and participants at the Confirmation Study had low CES-D scores (<8). The Animal Study examined sleep
in Caenorhabditis elegans using loss-of-function alleles or RNAi knockdown for orthologous genes. (B) Participants selected for Discovery
Study (filled square) and Confirmation Study (open circle) from the same cohort of 503 participants in the sleep study. Note that at the time
of Discovery Study, the cohort had only 173 participants. Refer to Supplemental Figure 1 for separate graphs of the available cohort for each
study. Participants for the Discovery Study (16 total, eight each group) and Confirmation Study (10 total, five each group) had comparable short
versus long average total sleep time. Short sleep: Discovery (mean = 6.6 hours; SD = 0.3 hours; three males) versus Confirmation (mean = 6.3
hours; SD = 0.2 hours). Long sleep: Discovery (mean = 8.1 hours, SD = 0.2 hours; 3 males) versus Confirmation (mean = 8.0 hours, SD = 0.3
hours). (C) Assessing C. elegans sleep. C. elegans developmentally timed sleep occurs during “lethargus” (gray segments) at the end of each
larval stage (L1, L2, L3, and L4). Sleep is scored as cessation of movement. Fractional sleep/quiescence is calculated as the rolling average
of time asleep over 10 minutes. Graph illustrates representative fractional quiescence during L4-to-adult sleep for a single wild type animal
at 22°C. Lethargus start time (T__ ) is defined as the time when fractional sleep/quiescence reaches 0.1 and stays above 0.1 for at least 20
minutes. Lethargus end time (T, ) is the time when fractional sleep/quiescence drops to 0.1 and stays below 0.1 for at least 20 minutes. Sleep
bouts (gray boxes) are interspersed with motion bouts (black lines). Each bout lasts from seconds to several minutes. T is beginning of
lethargus; T is end (see Methods for detailed definition). Lethargus duration is the difference between T__ and T_ . Total sleep is the sum
of time for all sleep bouts during lethargus. Bout duration is the average length of sleep bouts during lethargus.
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differential methylation analyses were conducted with an
Illumina Custom Methylation Model, which generates p-values
for differential methylation of each CpG site based on mean f3
values and variance across replicate probes. Individual CpG sites
were considered differentially methylated between the different
sleep groups at false discovery rate (FDR)-adjusted p <.05.

For the Confirmation Study, individual samples were assayed
for epigenome-wide DNA methylation using the same Infinium
HumanMethylation450 platform (Illumina). Methylation betas
were preprocessed and normalized using the R package minfi®!
and the function preprocess Funnorm to perform functional
normalization. We removed loci with detection p-value > .05,
sex chromosomes, loci with single nucleotide polymorphism
(SNP) in probe, and cross-reactive and polymorphic probes.*?

Ortholog Identification

C. elegans orthologs of human genes were identified using
BLASTP (http://blast.ncbi.nlm.nih.gov). The best reciprocal
hits between the two species were retained as orthologous gene
pairs. In the case of YESI, src-2 is the best C. elegans ortholog.
We have previously tested src-2 mutant animals, and they had
normal sleep (Supplemental Table 2). Therefore, we instead
tested src-1, which is the other ortholog of YES]/.

Strain Information

Caenorhabditis elegans strains were cultured on standard nema-
tode growth media (NGM) seeded with OP50 bacteria and grown
at 25°C. However, strains VC3013 and VC226 were grown at
15°C, as they become sterile at 25°C. The standard C. elegans
wild-type strain, N2, was used as a control for mutant animals.
RNA interference (RNAI) feeding was performed using the neu-
ronal RNAI sensitive strain HA2581 uls 72 [pCFJ90(myo-2p. :m-
Cherry) + unc-119p::sid-1 + mec-18p::mec-18::GFP], which
was backcrossed to N2 from TU3595 sid-1(pk3321) him-
5(el1490) V; lin-15B(n744) X; uls72.3 All other strains are
listed in Supplemental Table 2. All strains were confirmed by
genotyping (Supplemental Table 4) except for HY485,* for
which the molecular lesion is not curated.

Selected loss-of-function mutations were either large deletions
removing exonic regions or nucleotide substitutions disrupting
splicing or creating early stop codons. If appropriate loss-of-function
alleles were not available or homozygous lethal, we used long dou-
ble-stranded RNAI in a neuronal RNAi-sensitive background*® to
knockdown mRNA transcripts for each gene in C. elegans neurons.
RNAI in C. elegans is a well-established and widely used method to
knockdown gene expression® and using long double-stranded RNA
increases effective targeting of the mRNA transcripts.

Before RNAI studies, TU3595 was backcrossed into the N2
wild-type strain five times, which eliminated the sid-1(pk3321)
loss-of-function allele present in the original strain and resulted
in strain HA2581. We find that animals with the sid-1(pk3321)
have abnormal behavior in some assays. After backcross, we
confirmed eviction of sid-1(pk3321) based on loss of the corre-
sponding Apo I restriction fragment length polymorphism.

Caenorhabditis elegans Sleep Analysis

The C. elegans sleep assay was adapted from previous studies
and relies on cessation of locomotion to detect sleep.’® Briefly,
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overnight OP50 E. coli culture, treated with kanamycin, was
resuspended in liquid NGM and applied to a 10-chamber
microfluidic artificial dirt chip. Mid-L4 stage animals were
loaded into each chamber and covered with a coverslip. To
avoid evaporation of liquid, molten 2% agar was used to seal
the coverslip with the chip. Images were recorded every 10 sec-
onds for 12 hours. Sleep data were extracted with a MatLab
image subtraction script, and a Python script was used to cal-
culate lethargus duration, total sleep, and average bout duration
(deposited to GitHub, https://github.com/Huiyan-Huang). The
onset of lethargus (T ) was defined as the point at which the
fraction of sleep/quiescence (over 10 minutes) stayed above 0.1
for at least 20 minutes. The end of lethargus (T, ) was defined
as the point at which the fraction of sleep/quiescence stayed
below 0.1 for at least 20 minutes. Lethargus duration is the time
between the onset and end of lethargus. Total sleep is the sum
of all sleep bouts during lethargus. Average bout duration is the
average bout length during lethargus (Figure 1C). At least two
trials were incorporated into each determination; at least 10 ani-
mals were assayed for each strain along with at least 10 wild-
type control animals run simultaneously.

RNAi Constructs and Culturing Conditions

RNAi clones of ced-5, Y54E5A.6, sel-8, ocri-1, oxa-1,
C18B12.4, acl-3, maco-1, and cct-6 were from the Ahringer
library.’” The RNAI clones of gly-5 and R11A48.2 were from the
Vidal library (GE Dharmacon).*® RNAI clones for src-1, bre-
4 and nonoverlapping cct-6 (N-terminal) were made by PCR,
amplifying 493 bp (with primers CGCGCCGCGGCCGCGCA
GAGAAGCCCAAATAATGAAGC and CGCGCCGCTAGCA
ACTC ACCCGGATACGGAAC), 1178 bp (with primers CGC
GCCGCGGCCGCCG ATCTTCGGCGGAATCAGTG and CG
CGCCGCTAGCAAAC AAATGACAACCCGGCAAG), and
749 bp (with primers CGCGCCGCGGCCGCCC AGTGCCTG
AACCCGAAAG and CGCGCCGCTAGCTCT GGTTCCTCT
CCATCACGAC) sequences from each gene, followed by
insertion between Notl and Nhel sites of pL4440 (gift from
Andrew Fire [Addgene plasmid # 1654]). The Ahringer cct-6
RNAI construct and the cct-6 (N-terminal) RNAI construct had
no overlapping sequences. All RNAIi bacterial cultures were
grown overnight and concentrated 10-fold before seeded onto
plates (NGM agar with 1 mM IPTG and 100 pg/ml ampicil-
lin). All RNAI studies use animals overexpressing the SID-1
double-stranded RNA channel in neurons to increase sensi-
tivity to RNAI in neurons. RNAI effects are predominantly in
neurons but may impact other tissues as well. Animals were
raised on RNAI plates for at least two generations before sleep
assessment. Since RNAI in C. elegans is achieved with long
double-stranded RNA, which corresponds to at least several
hundred base pairs of coding sequence, experimental confirma-
tion of knockdown is rarely performed.

Caenorhabditis elegans Transheterozygotes Sleep Assays

Transheterozygous animals were generated by crossing males
to functional females carrying another mutant allele for the
same gene. Functional females were generated by raising her-
maphrodites on 10x concentrated overnight cultures of bacteria
expressing fem-3 dsRNA (from Vidal library), which prevents
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sperm development. Males were generated by incubating L4
animals in 10% ethanol for 30 minutes and maintained by
crossing to siblings. fem-3 dsRNA-treated adult females for
crosses were selected based on presence of stacked oocytes and
an empty uterus. Before setting up crosses, females were left
on the plate for at least 4 hours to confirm no embryos were
laid. First generation transheterozygous animals were tested for
sleep as described above. Animals from at least two independ-
ent crosses were tested.

Statistical Analysis

For the Animal Study, animals carrying C. elegans alleles or
RNAi-treated animals were tested in at least four different
microfluidic chips. Each chip was loaded with animals from at
least two different strains, one being the appropriate control.
Control animals for each strain were tested on the same day;
these are not confined to control animals on the same chips,
as there was no significant difference in control animals from
different chips on the same day. At least two independent trials
were examined for each allele/RNAI treatment. Welch’s #-test
was used to calculate the p values, which were corrected using
FDR to obtain ¢ values. Significance was set at p < .05 and
¢ <0.10. For the transheterozygous animal analysis, at least two
independent trials were examined. Welch’s 7-test was used to
calculate the p value. Significance was set at p < .05.

For the Discovery Study, Illumina’s GenomeStudio software
was used to calculate the degree of differential methylation, by
group, for each CpG site on the array. FDR-adjusted p-values
(g-values) were calculated in order to adjust for multiple com-
parisons. Significance was set at ¢ < 0.05.

For each gene confirmed in C. elegans Animal Study, cor-
responding CpG sites from the Discovery study were re-ex-
amined in the pilot Confirmation Study. Hypermethylation or
hypomethylation was compared between short and long sleep-
ers using one-tailed Student #-test for the Confirmation Study.

Data Availability

Genome-wide methylation data for the pooled human study are
available in the NCBI Gene Expression Omnibus (GEO), under
accession number GSE80559 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE80559).

RESULTS

Differentially Methylated CpG Sites in Short Sleepers Versus
Long Sleepers: Discovery Study

To look for associations between sleep length and differential
methylation in specific genes, we undertook a naturalistic study
in college students. DNA samples were pooled for participants
with short or long sleep, considering previous successes with
pooling in estimating the sample mean.***° Eight participants
with longer (>7.8 hours; mean = 8.1 hours, SD = 0.2 hours;
three males) and eight with shorter (<6.8 hours; mean = 6.6
hours; SD = 0.3 hours; three males) mean daily total sleep time
across the semester were included in this study (Figure 1B and
Supplemental Figure 1). Equal quantities of DNA from indi-
viduals were pooled into each group, and DNA methylation
was assessed using Illumina Infinium HumanMethylation450
BeadChip arrays.
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Methylation status was examined at 485577 CpG sites. Each
site was assigned a beta value (f3), ranging from 0 to 1, which
corresponds to fractional methylation. Comparing shorter sleep-
ers with longer sleepers, we identified 87 sites with statistically
significant differential methylation (Table 1 and Supplemental
Table 1). In the shorter sleep pool, 59 sites were hypermeth-
ylated (increased methylation level) and 28 hypomethylated
(reduced methylation level) relative to the longer sleep pool.
Differentially methylated CpG sites corresponded to 52 unique
candidate genes (Table 1). These include several human leu-
kocyte antigen (HLA)-related genes and NPY, a neuropeptide
with diverse impacts on behavior across species, including
sleep.?+#>4142 Increased methylation at CpG sites may lead to
mRNA transcription repression, activation, or alternative splic-
ing. Therefore, we do not draw conclusions here regarding the
impact of methylation status on transcription or gene function
but suggest that methylation in these genes may be a response
to sleep length or contribute to sleep differences in these young
adults. Consequently, we expect that a subset of these 52 candi-
date genes encode proteins whose function impacts sleep.

A Subset of Differentially Methylated Genes May Play Conserved
Roles in Sleep: Animal Study

Assessing functional roles in sleep for these 52 candidate genes
would be challenging in mammals. Therefore, we took advan-
tage of reagents and tools available in the nematode C. elegans
and the clear conservation of mechanisms underlying sleep. For
each human gene, we identified the closest C. elegans ortholog
based on protein similarity in reciprocal BLAST similarity
searches. Thirty-four out of the 52 candidate genes identified in
the human study had clear C. elegans orthologs (Supplemental
Table 2). NPY has already been extensively studied and is
involved in sleep regulation in multiple species, including
C. elegans ***>%

C. elegans and vertebrates share conserved transcriptional
regulatory pathways, intron/exon splicing mechanisms, and
translational control pathways. For example, regulation of tran-
scription by histone methylation and acetylation also occurs in
C. elegans via conserved pathways. But C. elegans and mam-
malian DNA methylation are not exactly the same. C. elegans
DNA is methylated only at adenines,*® whereas mammalian
DNA is predominantly methylated at cytosines.*** Therefore,
we do not assume that orthologous C. elegans genes are dif-
ferentially methylated when sleep length changes. Instead,
we use C. elegans only to probe the roles of these conserved
genes in sleep and do not intend to draw any functional con-
sequences of differential methylation in human or response
to sleep restriction, which are complex processes that require
future investigation. We tested 33 genes by measuring sleep
in nematodes carrying loss-of-function mutations in the cor-
responding C. elegans genes or RNAi by feeding in a neu-
ronal RNAi-sensitized strain. Twenty-seven genes were tested
with loss-of-function mutants, and six genes were tested using
RNAI knockdown (Supplemental Table 2).

C. elegans developmentally timed sleep was examined dur-
ing the transition to adulthood. This developmental period at
the end of the last larval stage is called L4/A (L4 larval stage
to adult) lethargus. During lethargus, animals stop feeding and
sleep in short bouts characterized by cessation of locomotion
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Table 1—Genes With Differential Methylation at CpG Sites in Low Sleep Participants.

Gene name Hypermethylated Hypomethylated Gene name Hypermethylated Hypomethylated

AGPAT4 2 — HLA-DRB1 4 5

ANO10 1 — HLS-DRB5 5 —

ARHGAP22 1 — HLA-DRB6 3 —

ATP10B — 1 LOC285830 — 1

B4GALT6 1 — LRWD1 1 —

C170rf97 1 — MAGI2 — 1

C210rf56 1 — MAML2 1 —

CASS4 1 — NOS1AP 1 —

CBX4 1 — NPY — 1

DiP2C 1 — NR2C2 1 —

DOCK1 1 — OCRL 1 —

DUS2L,;DDX28 1 — OXA1L — 1

ETV3 1 — PTPRN2 — 1

FAIM3 — 1 RNF103 1 —

FAM102A — 1 SDHA;CCDC127 — 1

FAM59B 1 — SDHAP3 — 3

GALNT9 1 — SNORA15,CCT6A 1 —

GGA1 1 — TAZ 1 —

GNB2L1;SNORD95 1 — TMEM57 — 1

GPKOW 1 — XRCC2 1 —

GPR83 — 1 YES1 — 1

GYPC 1 — YPEL2 1 —

HLA-C — 1 ZDHHC14 1 —

HLA-DQA1 3 — ZFYVE28 — 2
Pooled DNA samples from eight short-sleep participants and eight long-sleep participants were assayed for genome-wide DNA methylation. Differentially
methylated CpG sites with q (FDR-adjusted p) < .05 are considered significant. The total number of CpG loci within each human gene that are significantly
hypermethylated or hypomethylated in short sleepers is listed. Genes with Caenorhabditis elegans orthologs are listed in bold font.

and altered posture.?'“® These sleep bouts are interspersed with
motion bouts.” We measured lethargus duration (normally
lasting ~2.6 hours), total sleep (sum of all sleep bouts, usu-
ally 50-60 minutes), and average sleep bout duration (usually
20-30 seconds) (Figure 1C). C. elegans sleep was considered
defective when at least two of the three metrics were signifi-
cantly different from control animals examined simultaneously.
Twelve mutant strains corresponding to 12 C. elegans genes
had significant sleep defects (Supplemental Table 2), based on
testing one loss-of-function allele or the impact of an RNAi
knockdown.

Realizing that mutant C. elegans strains might carry uniden-
tified background mutations in other genes, we obtained addi-
tional alleles or used RNAi knockdown for these 12 genes to
confirm that gene disruption altered sleep. Five genes failed to
alter sleep in this rescreening: gly-5/GALNTY, ocrl-1/OCRL,
cct-6/CCT6A, maco-1/TMEM57, and src-1/YESI, presuma-
bly due to differences in background mutations or insufficient
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knockdown by an independent RNAi. We do not rule out a role
for these genes in sleep, but further analysis would be required
to assess their roles.

Genes whose loss of function consistently perturbed sleep
were bre-4, ced-5, sym-3, rack-1, gkow-1, ida-1, and Ist-2
(Table 2A). We did not observe any locomotion defects or overt
vulval development defects in mutant animals; sleep bouts
outside of lethargus were also not observed. We found that the
impact of decreased C. elegans gene function on sleep was con-
sistent for alleles of sym-3, rack-1, ida-1, and Ist-2. For the other
genes impacting sleep, that is, bre-4, ced-5, and gkow-1, differ-
ent alleles or RNAI caused reduced or increased sleep, which
initially seemed discordant. However, loss-of-function alleles
are not equal in their impact on gene function. Different alleles
of the same gene can cause complete loss of protein function,
loss of specific transcripts, or partial loss of function; these can
result in very different behavioral outcomes. Also, background
mutations in other genes can affect sleep. Additionally, for
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Table 2—Caenorhabditis elegans Genes Whose Perturbation Resulted in Sleep Defects.

A
H. sapiens gene C. elegans orthologs Alleles or RNAI Lethargus duration Total sleep Bout duration
B4GALT6 bre-4 0k3167 -88% -96% -53%

yel3

ye27

RNAi
DOCK1 ced-5 n1812

n2002

tm1949

RNAi
FAM102A sym-3 mn618

tm6929
GNB2L1 rack-1 0k3676

tm2262
GPKOW gkow-1 gk451237

RNAi
NPY fip-18, fip-21 Choi et al.?*; Nagy et al.®
PTPRN2 ida-1 0k409

tm334
ZFYVE28 Ist-2 gk721802

gk839738
B
Transheterozygotes genotype Lethargus duration Total sleep Bout duration
bre-4(ok3167)/bre-4(ye13) 2% -31% -21%
ced-5(n1812)/ced-5(tm1949) -19% -38% -26%
sym-3(tm6929)/sym-3(mn618) 40% 18% -3%
rack-1(ok3676)/rack-1(tm2262) 0%
ida-1(0kd09)/da-1(tm334) -25%
Ist-2(gk721802)/Ist-2(gk839738) -5%

C. elegans orthologs were identified for human genes from the discovery study (see Supplemental Table 2 and Supplemental Table 3 for the full analysis).
Percent change for lethargus duration, total sleep, and sleep bout duration was calculated for each strain comparing to corresponding control animals
assayed on same days. Dark gray highlight: significantly increased. Light gray highlight: significantly decreased. (A) Genes with majority of alleles and
RNAI affecting sleep are shown here. Welch’s t-test was used to calculate the p values, which were FDR corrected to obtain the g values (see full analysis
in Supplemental Table 2). Significance: p < .05 and g < 0.10. n > 10 animals for each strain. (B) Transheterozygous animals were examined for genes with
at least two independent viable alleles. To generate transheterozygous animals, females homozygous for indicated allele listed on the left were crossed to
males homozygous for allele listed on the right. However, rack-1(tm2262) males were balanced using hT2 for this cross. Welch’s t-test was used to calculate
the p values. (Full Analysis in Supplemental Table 3.) Note that the single heterozygote phenotypes were not reported here. Since dominance is extremely
rare, our analysis rests on the assumption that the mutants were not dominant. Significance: p < .05. n > 10 animals for each strain. For some genes in
Panel A, sleep changes were discordant for different mutant alleles or RNAi knockdown. See text for discussion. Note that ced-5(n1812) is an early non-
sense allele creating a stop codon at E28, whereas the ced-5(tm1949) deletion does not interrupt the protein until after G151. And, the nonsense mutation
in ced-5(n2002) is farther downstream, at R962. For gkow-1, the allele gk451237 disrupts a splice acceptor site for the last exon and presumably has a
more drastic impact on GKOW-1 protein function than RNAi knockdown. For bre-4, the molecular lesion for bre-4(ye27) is unknown. However, bre-4(ye13)
should yield a truncated protein that is at least 30 amino acids shorter than bre-4(0k3167), which does not correlate with respective sleep changes. We
speculate that allele-specific protein interactions or strain-specific background mutations may contribute to the dramatically decreased sleep seen only in

bre-4(ok3167).
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some genes or alleles, sleep defects may induce homeostatic
responses, which can complicate analysis. For example, differ-
ent levels of C. elegans Notch activity lead to very different
sleep defects. When both OSM-7 and OSM-11 Notch co-li-
gands are lost, for example, C. elegans exhibit reduced total
sleep with decreased arousal thresholds; however, losing only
one of these ligands causes increased sleep due to compen-
satory homeostatic sleep mechanisms.*® Therefore, a detailed
analysis for each gene will be required for definitive description
of their role in sleep.

To rule out the possible contributions of background muta-
tions to C. elegans sleep changes in animals carrying these
alleles, we generated transheterozygous animals for genes
if two viable alleles were available. We tested transheterozy-
gous animals for bre-4, ced-5, sym-3, rack-1, ida-1, and Ist-2.
Only sym-3 heterozygous animals failed to recapitulate sleep
defects seen in homozygous mutant animals (Table 2B and
Supplemental Table 3), transheterozygous animals showed
sleep defects for the five other genes tested. Using transhete-
rozygous animals was not possible for gkow-1 as only one via-
ble mutant allele is available; we do not rule out a possible role
in sleep for this gene. We note that the heterozygote animals
were not examined here. Our analysis rests on the knowledge
that dominance is extremely rare, and the correlative assump-
tion that sleep defects reported here were likely not caused by
dominant mutations.

A

B4AGALT6

O

PTPRN2

)

in two studies

7
Creplicated {

Endocytosis
DOCK1/ced-5 Guanine nucleotide exchange factor; 77-79
functions in engulfment and endocytosis
ZFYVE28/st-2 FYVE domain protein; regulates 70

endocytosis along with Trim3

Seven-WD repeat-containing protein; has 63, 64, 66,
diverse roles including endocytosis; 80-84
regulates CLOCK-BMAL 1 with PKCa

Neuropeptide signaling

GNB2L1/rack-1

PTPRN2/ida-1 Dense core vesicle protein; impacts 65, 68, 85-87
circadian activity
NPY/fip-18 & fip-21  Neuropeptide; has conserved roles in 24,25, 41, 42
stress, sleep, feeding and other behaviors
Glycosylation
B4GALTé6/bre-4 B-1,4-galactosyltransferase 88

Figure 2—Differentially methylated genes implicated in sleep: pro-
tein function and biological roles.
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Based on previously published work with C. elegans, NPY
orthologs flp-18 and flp-212**3%2 are required for normal L4/A
lethargus sleep. Here, we identify roles in sleep for five addi-
tional genes, which had not been characterized previously in
C. clegans sleep: bre-4, ced-5, rack-1, ida-1, and Ist-2 (See
Figure 2 for protein functions). Since many conserved genes
regulate sleep across species, we suggest that these newly iden-
tified genes may affect sleep in other species, including humans.

As human orthologs of these genes were differentially meth-
ylated in young adults with short versus long sleep duration
in the Discovery Study (Table 1 and Supplemental Table 1), it
is possible that epigenetic modification of CpG sites in these
human genes might contributes to sleep duration differences or
that these genes are involved in homeostatic response to insuf-
ficient sleep.

Independent Verification of Differential Methylation in a Different
Set of Participants: Confirmation Study

We looked for independent verification of DNA methylation
changes in human participants for the five genes with roles in
C. elegans sleep described above, as well as for NPY. These
genes correspond to seven differentially methylated CpG sites.
The Discovery Study examined methylation and sleep differ-
ences in young adults with moderate to high depressed CES-D
scores. For replication of hypermethylation or hypomethylation
changes at these CpG sites, we undertook a pilot confirma-
tion study and selected an independent set of short and long
sleepers (independent individuals from a larger cohort that
included the initial study) with similar sleep differences and
initial mood scores. Five female participants reporting longer
(>7.7 hours; mean = 8.0 hours, SD = 0.3 hours) and five females
with shorter (<6.6 hours; mean = 6.3 hours; SD = 0.2 hours)
total sleep time across the semester (Figure 1B) were examined
for individual DNA methylation using the Illumina Infinium
HumanMethylation450 BeadChip arrays. The six genes impact-
ing C. elegans sleep corresponded to seven CpG sites identified
in the pooled analysis in the Discovery Study; we determined if
they were similarly hypermethylated or hypomethylated in the
Confirmation Study. Two CpG sites replicated (p < .05, one-
tailed Student #-test), despite the difference in CES-D mood
scores between the two studies (Table 3). Moreover, the two
replicating CpG sites reside in the same gene: ZFYVE?2S, also
known as ALst2 (see Supplemental Figure 1 for amino acid
sequence alignment between human and C. elegans proteins).
We note that if significance was examined using a two-tailed
test, assuming no previous knowledge from the Discovery
Study, then only one CpG site in ZFYVE2S8 reached signifi-
cance (p = .05). None of the differences in methylation were
statistically significant after FDR correction, when all 87 CpG
sites were examined, likely due to the small sample size in this
pilot study.

Both methylation sites for ZFYVE2S are located in the first
intron; they lie within 0.5 kb of each other (Supplemental
Figure 2). In the simplest scenario, decreased methylation
increases mRNA transcription and gene function. However,
we note that different methylation can affect splicing or impact
selection of N-terminal exons. ZFYVE28 CpG sites identified
here might influence selection of ZFYVE28 exon la versus 1b,
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Table 3—Independent Replication of Hyper- or Hypo-Methylation at Selected CpG Sites.

Gene CpGID Confirmation Study Discovery
Study
Short sleep mean 8 Long sleep mean 8 AB p Jilt)
ZFYVE28 cg11834635 0.21 0.60 -0.39 .025* -0.54
ZFYVE28 €g20213329 0.18 0.51 -0.33 .035* -0.43
NPY €g21097881 0.05 0.03 0.02 205 -0.30
GNB2L1 €g22306009 0.06 0.06 0.01 216 0.29
PTPRN2 cg13523718 0.06 0.05 0.01 332 -0.24
DOCK1 €g06406458 0.83 0.89 -0.05 .360 0.23
B4GALT6 cg11986743 0.64 0.62 0.03 440 0.30

In the Confirmation Study, CpG sites corresponding to genes with confirmed sleep defects in Caenorhabditis elegans were re-examined for replication of
predicted hypermethylation or hypomethylation in an independent group of participants with low CES-D scores (five female short-sleep participants and five
female long-sleep participants). 8 Values for individual participants were determined using genome-wide DNA methylation analysis and compared between
groups only at selected loci using one-tailed Student t-test. *p < .05. None of the differences in methylation were statistically significant after FDR correction
when all 87 CpG sites were examined, presumably due to the small sample size in this small pilot study.

which encode proteins with different N-terminal amino acid
sequences. Nonetheless, these ZFYVE2S8 CpG sites were rela-
tively hypomethylated in short-sleep participants, which might
drive increased mRNA expression. The prediction from this
simple model would be that C. elegans Ist-2 loss-of-function
alleles would decrease gene function and would increase sleep.
Indeed, loss of /st-2 consistently led to increased C. elegans
sleep for both alleles, which agrees with this simple model
(Figure 3).

DISCUSSION

Here, by combining human epigenetic and C. elegans sleep
studies, we identified six genes that likely play conserved
roles in sleep regulation: B4GALT6/bre-4, DOCKI180/ced-5,
GNB2LI1/rack-1, PTPRN2/ida-1, ZFYVE28/Ist-2, as well as
NPY/flp-18 and flp-21. Also, despite our small sample size, we
detected differential DNA methylation at specific genes that
may be associated with specific sleep differences in nonclini-
cal human populations. Eighty-seven loci corresponding to 52
unique candidate genes were differentially methylated in short-
versus long-sleeping young adults. Moreover, hypomethyla-
tion in short sleepers at two CpG sites was confirmed within
ZFYVE2S in an independent set of human participants, albeit
with a small sample size. It is premature to predict the clinical
utility of this work, because identification of these CpG sites
could lead to development of biomarkers for sleep disorders or
sleep disruption, or could eventually lead to the development of
therapeutic strategies.

In the Discovery Study, we pooled DNA samples for analy-
sis from carefully phenotyped mixed gender participants with
large differences in average sleep length and low initial CES-D
scores indicating nondepressed mood. Final CES-D scores
were high in these participants. To re-examine CpG site meth-
ylation changes for genes that play roles in C. elegans sleep, we
undertook a Confirmation Study. A different set of participants
were selected with large differences in average total daily sleep
length and low initial CES-D scores. We also required female
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gender and low final CES-D scores, which may provide a more
stringent test of the association between methylation and sleep
in this group. Both human studies found changes in ZFYVE28
CpG site methylation. We attribute the successful identification
of CpG sites/genes reported here to our approach of examining
DNA methylation.

Power/sample size is a critical parameter for genetic linkage
studies. Genome-wide association study and/or SNP analyses
usually require large numbers of participants to reach signifi-
cance at a given genetic locus, especially in behavioral studies.
Here, we took a different approach. Genome-wide DNA meth-
ylation was measured at CpG sites in participants with large
differences in sleep quantity, who were selected from a much
larger total participant pool. We note that (1) we do not rely on
linkage to specific loci or association with rare SNPs, which
would require very large participant pools; (2) DNA methyla-
tion at specific CpG sites may be a reaction to inadequate sleep;
therefore; we hypothesize that, for some CpG sites, DNA meth-
ylation occurs in most participants—in proportion to the amount
of sleep lost; (3) here we selected for participants who had large
differences in sleep quantity (~1.5 hours), which maximizes
methylation changes. With the current sample size, however, we
expect to find only specific CpG sites with large differences in
methylation, correlated with large differences in average sleep
quantity. CpG sites with small differences in methylation will
require larger studies. Also, since we only examined freshman
year undergraduate students and did not follow participants after
the study ended, we cannot provide any assessment of phenotype
stability for either their sleep length or DNA methylation.

Mood and sleep may interact at multiple levels. Here, differ-
entially methylated genes were first identified in participants
with high final depressed mood scores. Then, nondepressed
participants with low final mood scores were used for inde-
pendent confirmation of methylation status associations with
differences in mean daily total sleep time. If methylation at spe-
cific CpG sites was specifically associated with short sleep only
in depressed participants, methylation at these sites might not

Finding Conserved Genes Regulating Sleep—Huang et al.
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Figure 3—I/st-2 loss increases Caenorhabditis elegans sleep. Lethargus duration (A), total sleep (B), and bout duration (C) of mutant animals
and the corresponding transheterozygotes compared with control animals. ***p < .001; *p < .05. Each point represents an individual animal.
Mean and SEM indicated. See Supplemental Tables 2 and 3 for all determinations. (D) Comparison of molecular changes and sleep defects
in human participants and C. elegans loss-of-function animals. n.d.: not determined.

be expected to replicate in the second study. Conversely, CpG
sites with differential methylation in both depressed and non-
depressed participants are likely associated with sleep quantity,
irrespective of mood.

Whole blood was used here for methylation studies due to
ease of collection. We remain agnostic as to the site of gene
activity; the tissues where methylation changes might impact
sleep are unknown. A subset of genes involved in sleep or
response to sleep length will likely act in peripheral tissues.*%
We can directly identify DNA methylation within cells found in
blood. But, other genes may be required in neurons and DNA

SLEER Vol. XX, No. X, 2017

10

methylation changes elsewhere may be pertinent. Without
postmortem samples, we cannot examine DNA methylation
in human cortical tissues. For a significant fraction of genes,
however, similar DNA methylation/epigenetic changes were
found in both peripheral and neuronal tissues associated with
Parkinson’s disease.’® Examples also include the neuropeptide
brain-derived neurotrophic factor, which has been implicated
in schizophrenia.’!~> These systemic DNA methylation changes
might be driven by stress response, coordinated by the hypotha-
lamic-pituitary-adrenal (HPA) axis. There has been speculation
that in utero or early-life stress might lead to adult insomnia,
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via modulation of HPA-axis activity and consequent DNA
methylation.’>> Finally, we do not exclude the possibility that
differential DNA methylation changes observed were inherited
from previous generation(s). The results presented here warrant
future studies examining the DNA methylation landscapes of
individual participants with a larger cohort and additional stud-
ies of epigenetic changes associated with sleep. This should
accelerate identification of genes involved in sleep, reveal bio-
markers for sleep disturbance, and yield insight into pathways
critical for sleep regulation.

In this study, we started with association between differen-
tially methylated genes and sleep length in an exploratory study
of human participants and identified conserved genes that regu-
late sleep in C. elegans. If these corresponding human genes are
involved in sleep, then epigenetic modifications and presumed
expression changes in these genes might (1) drive different sleep
length or (2) respond to sleep differences. Explicitly, in the first
case, differential methylation in sleep-related genes between the
two study groups may drive different sleep length. In the second
case, sleep length may drive methylation changes in genes that
respond to the differences in sleep. For example, sleep might
drive differential methylation in genes that play roles in immune
response. This is difficult to test in C. elegans, as they lack an
active immune system and rely on innate immunity. We detected
methylation differences at human CpG sites in many HLA4 genes.
At least one of these genes has concordant methylation between
blood and brain (ie, HLA-DQAI).>® SNPs in the HLA-DR and
HLA-DQ region have been associated with differences in nar-
colepsy and/or human longevity, presumably by regulating
immune response.>* Our results are consistent with previous
work delineating the intricate relationship between sleep length,
immune function, and longevity.®! However, from our cross-sec-
tional study design and the small number of participants sam-
pled, it is difficult to determine causal relationship between
observed methylation changes and sleep patterns.

In this study, we identified 52 differentially methylated human
genes, examined 33 orthologous genes for roles in C. elegans
sleep, and confirmed five genes. This corresponds to a 15% suc-
cess rate, which is not unprecedented. A previous Drosophila
study examined 136 P-element insertion lines, presumably
affecting 136 genes, and found 21 insertions affect sleep time,*
yielding the same 15% success rate. Therefore, we do not sug-
gest that the cross-species approach presented here enriches for
genes involved in sleep. We do suggest that human genes identi-
fied here be considered as candidate genes in future DNA meth-
ylation studies and that higher priority be assigned to genes
whose invertebrate orthologs play important roles in sleep.

Caenorhabditis elegans functional studies presented here
identified previously unknown roles for five genes that impact
sleep in this model organism. These likely play conserved roles
in sleep across the animal kingdom. A surprising convergence
arose in the pathways associated with these five genes, together
with NPY (Figure 2). Two of these genes play conserved roles
in neuropeptide signaling (NPY, PTPRN?2). Three are involved
in endocytic pathways (DOCKI, GNB2LI1, ZFYVE2S). Studies
in mammals suggest that perturbation of GNB2L1 and PTPRN2
alters circadian rhythm.*% In Drosophila, the GNB2L1 ort-
holog has also been shown to affect circadian behavior,* and
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the expression level of the DOCKI is influenced by the cir-
cadian clock.” As for sleep, NPY neuropeptides affect sleep
latency, arousal, and homeostatic response to mild sleep pertur-
bations.?***? The release of neuropeptides is heavily regulated
and requires PTPRN2/IDA-1, which may have a role in EGF-
induced sleep in C. elegans.®*® A P-element transposon per-
turbing the Drosophila ortholog of B4AGALT6 may alter sleep,
although the impact of gene perturbation was not confirmed.®
To our knowledge, the other three genes identified here have not
been previously implicated in sleep.

ZFYVEZ2S is consistently hypomethylated in short sleepers in
two independent studies reported here. ZFYVE28/hLst2 has been
shown to regulate endocytosis. In HeLa cells, de-ubiquitinated
hLst2 helps internalize activated EGF receptors, diverting them
for degradation.” The C. elegans ortholog, Ist-2, is a direct tran-
scriptional target of Notch signaling and acts as a negative regu-
lator of the epidermal growth factor receptor-mitogen-activated
protein kinase pathway.”! Both Notch3*”> and EGF?*">™ sign-
aling play important roles regulating sleep in multiple species
and [st-2/hLst2 may be a pertinent target. Future studies will be
required to determine if Is¢-2/hLst2 loss affects sleep by regulat-
ing EGF receptor levels. It is unknown whether decreased sleep
alters ZF'YVE28 expression, but our examination of GEO expres-
sion databases suggests that mouse ZFYVE2S transcript levels
may be sensitive to sleep quantity. ZFYVE2S8 transcripts appear
to rise during sleep, but forced sleep deprivation may eliminate
this increase” (Supplemental Figure 3). None of these large-scale
transcriptomic results were verified here, but they would be con-
sistent with a role for ZFYVE28/Ist-2 in sleep or response to less
sleep. Intriguingly, a recent epigenomics study in human reveals
the enrichment of genes in the Notch signaling pathway to be
differentially methylated after total acute sleep deprivation.”

In conclusion, using a cross-species approach, we identified
five C. elegans genes, which had not been previously impli-
cated in sleep. These genes likely affect sleep in other species
as well. It is possible that epigenetic modifications in ortholo-
gous human genes may be associated with sleep length differ-
ences in humans; additional studies will be required to test this.
With the results presented here, we suggest that epigenetic reg-
ulation of specific genes may contribute to differences in sleep.
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