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Abstract

The circadian clock choreographs fundamental biological rhythms. This system is comprised of
the master circadian pacemaker in the suprachiasmatic nucleus and associated pacemakersin other
tissues that coordinate complex physiological processes and behaviors, such as sleep, feeding, and
metabolism. The molecular circuitry that underlies these clocks and orchestrates circadian gene
expression has been the focus of intensive investigation, and it is becoming clear that epigenetic
factors are highly integrated into these networks. In this review, we draw attention to the
fundamental roles played by epigenetic mechanismsin transcriptional and post-transcriptional
regulation within the circadian clock system. We also highlight how alterationsin epigenetic
factors and mechanisms are being linked with sleep-wake disorders. These observations provide
important insights into the pathogenesis and potential treatment of these disorders and implicate
epigenetic deregulation in the significant but poorly understood interconnections now emerging
between circadian processes and neurodegeneration, metabolic diseases, cancer, and aging.
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Introduction

Epigeneticsisarevolutionary new discipline. It provides, for the very first time, a robust
framework for understanding how genomic programs are dynamically regulated and
executed in each cell and tissue in response to complex intrinsic and environmental cues.
The advent of epigeneticsis, therefore, leading to profound insightsin every field of
biological science and to the development of innovative diagnostic and therapeutic strategies
across al areas of medicine [1-6].

Thisreview outlines the emerging role of epigeneticsin sleep and chronobiology. We
discuss the principal epigenetic mechanisms; DNA cytosine methylation, histone protein
post-trandlational modifications and chromatin remodeling, non-coding RNA regulation, and
RNA editing (Table 1). We present data demonstrating that the expression and function of
associated epigenetic factors follow circadian patterns and are regulated by “core” members
of the clock machinery and their well documented transcriptional and translational feedback
loops. Furthermore, we describe how epigenetic mechanisms seem to be involved in
mediating these transcriptional and translational processes—and the more recently identified
post-transcriptional events—that comprise circadian clock circuitries in the suprachiasmatic
nucleus (SCN) of the hypothalamus and in other neural and non-neural sites [7-9]. We note
that epigenetic processes play critical roles in post-transcriptional mechanisms that have
emerging rolesin circadian clocks, such as transcriptional termination, alternative splicing,
polyadenylation and mRNA metabolism; however, future studies are necessary to uncover
more explicit mechanistic relationships.

We also highlight salient examples linking deregulation of epigenetic factors and
mechanisms to the pathophysiology of sleep-wake disorders and chronobiological
disturbances and to their comorbidities. These connections can either be causal, modulatory,
or more correlative, and they can be described by the following emerging paradigms: (1)
mutations in genes that encode factors involved in epigenetic pathways cause sleep-wake
disorders, directly, (2) polymorphisms in these genes influence the fidelity of sleep-wake
cycles and modify the susceptibility to sleep-wake disturbances, (3) epigenetic mechanisms
deregulate—and/or they are deregulated by—the circadian clock and are associated with
deep-wake disturbances, indirectly. Our understanding of the impact of this spectrum of
alterations in epigenetic factors and mechanisms on the risk, onset, and progression of sleep-
wake disorders and chronobiological disturbancesis still preliminary. Nevertheless, our
growing recognition of the overall importance of epigeneticsin the circadian clock, in
physiology generally, and in myriad disease states has major implications, including the
potential to help to define the molecular basis for the poorly understood rel ationships that
exist between circadian processes and neural developmental and neurodegenerative
disorders, metabolic diseases, cancer, and aging.

DNA methylation

Description

DNA methylation isinvolved in mediating complex genomic programs, such as X
chromosome inactivation (XCI), genomic imprinting, DNA repair, and transcriptional
regulation as well asin the maintenance of genomic stability. This processis remarkably
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dynamic, not static aswasiinitially believed. At amolecular level, DNA methylation refers
to the covalent modification of cytosine residues by DNA methyltransferase (DNMT)
enzymes, which leadsto the formation of 5-methylcytosine (5mC) [1, 3]. Particular DNMT
enzymes, such as DNMT3A/B, are responsible for the de novo generation of 5mC. Other
enzymes, such as DNMT1, actively promote the maintenance of 5mC when this“mark” is
already present. A compound related to folate and homocysteine, S-adenosyl methionine,
serves as the methyl group donor for these methylation reactions. DNA hydroxymethylation
refersto the oxidation of 5mC residues, which is catalyzed by Ten-Eleven Translocation
enzymes and |eads to the formation of 5-hydroxymethylcytosine (5ShmC). The biological
functions of 5mC are relatively well studied, whereas those of 5hmC and the additional
oxidized derivatives, 5-formylcytosine and 5-carboxylcytosine, are still emerging. These
marks are distributed throughout the genome in gene regulatory regions, inter- and intra-
genic sequences, and repetitive elementsin complex patterns. Various proteins differentialy
bind to methylated cytosine residues and serve as “readers’ of methylation marks. These
factors include methyl-CpG-binding domain proteins, Kaiso and Kaiso-like proteins, and
SRA domain proteins. These readers recruit various combinations of accompanying proteins
with regulatory and other activities to methylated genomic loci, where they exert their
functions. Methylated DNA is also subject to active demethylation by Gadd45, DNA
excision repair, and cytidine deaminase enzymes, further highlighting the dynamic and
intricate nature of the DNA methylation process. Indeed, the expression of these sundry
enzymes and binding proteins and associated DNA methylation profiles are highly tissue-
and cell type-specific and even activity-dependent in the nervous system, where their
functions are now being uncovered. These include roles in mediating neural development
and aging, homeostasis, synaptic and neural network plasticity, and associated higher
cognitive and behavioral functions (e.g., learning and memory), as well as disease
pathogenesis[10, 11].

Emerging roles in the molecular mechanisms underlying sleep and chronobiology

Data from human subjects and model systems revealsthat DNA methylation is linked with
circadian processes. Levels of DNA methylation, and those of associated enzymes and
factors, exhibit rhythmic oscillations. For example, measuring plasma homocysteine and
global DNA methylation in whole blood from healthy human subjects demonstrates diurnal
variation, with homocysteine levels peaking in the evening and reaching a nadir overnight
and global DNA methylation levels displaying an inverse pattern [12]. Consistent with these
observations, an analysis of circadian gene expression across human brain regions found that
the 5-methyltetrahydrofol ate homocysteine methyltransferase gene exhibits one of the
highest and most consistent degrees of rhythmicity, phasing, and amplitude [13]. Parallel
studiesin mice reveal not only that the expression of DNA methylation enzymes, such as
Dnmt3b, (and associated levels of DNA methylation) exhibit circadian oscillations but also
suggest that these factors are explicitly regulated by the circadian clock [14]. Furthermore,
DNA methylation associated factors are subject to modulation by zeitgebers. For example,
methyl-CpG-binding domain protein 2 (MECP2) is phosphorylated in response to light
signaling in the master circadian pacemaker, the SCN [15]. Conversely, clock genes are
targets of, and thus regulated by, DNA methylation across a range of species and tissues. For
example, in Neurospora, amodel system used for studying circadian processes, DNA
methylation at the frequency gene locusisinvolved in setting the proper phase of the
circadian clock [16]. In mice, the period 1 (Perl) gene is demethylated within the SCN
during perinatal development, leading to Per1 up regulation [17]. Also, studying clock gene
methylation in stomach, kidney, striatum, and spleen in mice of differing ages reveals tissue-
and age-specific patterns that include a significant decrease in Per 1 methylation in the
stomach in older mice and a significant increased in cryptochrome 1 (Cryl), aryl
hydrocarbon receptor nuclear transl ocator-like 2 (Arntl2/Bmal 2), and neuronal PAS domain
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protein 2 (Npas2) in the spleen in older mice [18]. These observations suggest roles for
DNA methylation in both central and peripheral circadian clocks. In addition, clock genes
exhibit selective DNA methylation profilesin tissues derived from human subjects,
including differential patterns associated with a range of diseases. For example, examining
the methylation status of clock genes (Perl, Per2, Per3, Cryl, Cry2, Bmall, and Clock) in
autopsy specimens demonstrates variation between patients and across tissue typesin a
singleindividual [19]. Clock gene DNA methylation profiles are also selectively deregul ated
in many disease processes including, most prominently, cancer as well as obesity and
metabolic syndrome [20-24].

Clinical implications

Data from anima models links DNA methylation with circadian behaviors and sleep-wake
associated pathological states. For example, Mecp2 deficient mice display alterationsin
daily rhythms (i.e., core body temperature and mobility) and electroencephal ographic (EEG)
cortical deltawave measurements [25]. Moreover, neonatal rats that are exposed to
intermittent hypoxia exhibit DNA methylation changes associated with exaggerated
responses to hypoxia, irregular breathing with apneas, and autonomic dysfunction as adults
[26]. This neonatal programming can be mitigated by decitabine, a DNA methylation
inhibitor.

Evidence from human subjects also reveals key roles of DNA methylation in circadian
disorders. A range of mutations in the MECP2 gene is responsible for causing the vast
majority of cases of Rett syndrome, an X chromosome linked autism spectrum disorder
associated with 1 in 10,000 female births that is characterized by the presence of significant
sleep-wake disturbances and related patterns of breathing abnormalities [27]. Similarly, four
distinct mutations in the DNMT1 gene have been identified as causative for autosomal
dominant cerebellar ataxia, deafness and narcolepsy (ADCA-DN) in six different kindreds
[28, 29]. Theclinical spectrum of this disorder includes narcolepsy without cataplexy,
cerebellar ataxia, and sensorineural hearing loss as early features and, in later stages,

narcol epsy with cataplexy, peripheral neuropathy, and dementia. Patients typically present
with the full ADCA-DN syndrome at ages 30-50, though the initial manifestations of this
neurodegenerative disorder can be present decades earlier. Pathogenic DNMT1 mutations
occur specifically in exon 21—p.Va606Phe, p.Ala570Val, p.Gly605Ala, and p.Cys596Arg
—within its replication focus targeting sequence domain, which isimplicated in controlling
the subcellular localization, mediating interactions with molecular partners, and
competitively inhibiting the catalytic function of the enzyme [30]. However, the precise
roles of these mutations in the molecular pathogenesis of ADCA-DN remain unknown, as
yet.

DNA methylation can be modulated by sleep-wake behaviors. Studies correlating DNA
methylation levels measured in peripheral blood specimens derived from people with long
term exposure to shiftwork have demonstrated these types of effects. These include
significant alterations in methylation levels associated with (1) repetitive elements (i.e., Alu
and LINE-1), a surrogate for global DNA methylation; (2) imprinted gene loci (i.e., distal-
less homeobox 5, | GF2 antisense RNA, and tumor protein p73); (3) circadian gene loci; (4)
immune system- and inflammation-related geneloci (i.e., interferon-y and tumor necrosis
factor); and (5) miRNA geneloci (i.e., miR-219) [31-34]. These findings suggest that DNA
methylation changes are partly responsible for mediating the risk of developing of comorbid
diseases associated with shiftwork. In turn, they imply that these profiles can potentially be
used as clinically relevant markers of disruption in circadian processes and even as
therapeutic targets for cancers and metabolic disorders linked with aberrant DNA
methylation in clock genes [20-24].
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Further studies demonstrate that DNA methylation levels associated with clock genes as
well as other genes are deregulated in disorders that are associated with circadian
abnormalities and sleep disturbance phenotypes. For example, examining blood samples
derived from pediatric patients with obstructive sleep apnea (OSA) reveals that DNA
methylation associated with the forkhead box P3 (FOXP3) gene—a master regulator of
immune responses—correlates with levels of high sensitivity C reactive protein and the
myeloid-related protein 8/14 complex along with the apnea-hypopnea index, suggesting a
role for FOXP3 methylation in mediating the OSA inflammatory phenotype and related
endorgan comorbidities [35]. Similarly, orexin-A methylation and corresponding mRNA
expression levels are deregulated in patients with major depressive disorder (MDD),
implicating DNA methylation in mediating aberrant circadian rhythms and energy
homeostasis and other manifestations associated with MDD [36]. Moreover, patients with
Parkinson’ s disease exhibit DNA methylation changes associated with clock genes,
including decreased methylation of the NPAS2 gene [37]. Also, in patients with dementia,
DNA methylation profiles associated with nine circadian genes (i.e., PER1, PER2, PER3,
CRY1, CRY2, CLOCK, BMAL1, rho guanine nucleotide exchange factor 5, and casein kinase
le) are selective for the subtype of dementia (i.e., dementiawith Lewy bodies versus
Alzheimer’s disease) [38]

Histone post-translational modifications and chromatin remodeling

Description

Along with DNA methylation, histone protein post-translational modifications (PTMs) and
higher-order chromatin remodeling coordinate a broad range of genomic processes that
include XCI, genomic imprinting, transcriptional regulation, DNA replication and repair,
and the maintenance of genomic integrity. Chromatin is composed of histone proteins and
other factors responsible for packaging genomic DNA into a compact structure within the
cell nucleus[1, 3]. A nucleosome is the most basic element of chromatin, and it refersto
DNA that is folded around octamers of core histone proteins (i.e., H2A, H2B, H3, H4).
Nucleosomes are connected to each other by linker DNA and histones (i.e., H1), forming the
typica “beads-on-a-string” arrangement. These fibers are assembled into progressively
higher-order chromatin structures that can have varying degrees of condensation.
Euchromatic regions are those with loosely packaged and thus accessible DNA, whereas
heterochromatic regions have more densely packaged DNA. Importantly, these chromatin
states are dynamic and subject to modification at multiple levels, from histone protein PTMs
to nucleosome repositioning and remodeling of hierarchical structures. In turn, actively
occurring changes in chromatin states are responsible for controlling the accessibility and
interactions of DNA sequences with other factors in the nucleus. These can include other
DNA sequences, RNAs, DNA binding proteins, transcription factors, transcriptional co-
regulators, and additional nuclear machineries, such as those that mediate transcription and
DNA replication and repair. These functions are mediated by specialized epigenetic factors,
which act asreaders, "writers’, and “erasers’ of chromatin “codes’. Specificaly, histone-
modifying enzymes are responsible for catalyzing site-specific histone protein PTMs (e.g.,
lysine [K] acetylation and mono-, di- and tri-methylation; arginine methylation; and serine
phosphorylation). These complementary families of enzymes include histone
acetyltransferases and deacetylases (HATs and HDACs) and histone methyltransferases and
demethylases (HMTs and HDMs). Nucleosomes can be repositioned and remodeled by
ATP-dependent (e.g., SWI/SNF) enzymes. Often, complementary epigenetic writer and
eraser enzymes form macromolecular complexes with each other and with other factors such
as those that read, or recognize, particular chromatin states. These include, for example,
specific bromodomain, chromodomain and Tudor domain, plant homeodomain finger, and
malignant brain tumor domain proteins. Key examples of these types of chromatin
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remodeling complexes are the Polycomb, Trithorax, REST, and COREST complexes. The
expression of these reader, writer, and eraser proteins and associated profiles of epigenetic
marks are, like those linked to DNA methylation, highly tissue- and cell type-specific and
activity-dependent in the nervous system, where they also underpin nervous system
development, homeostasis, plasticity responses (e.g., learning and memory), and disease
pathogenesis.

Emerging roles in the molecular mechanisms underlying sleep and chronobiology

Chromatin states are intimately linked with the molecular machinery of the circadian clock.
In fact, one of the principal regulators of circadian gene expression, the CLOCK protein,
acts both as a transcription factor and also as an acetyltransferase that targets the core
histone proteins, H3 and H4, illustrating the high degree of integration that exists between
these systems [39]. Indeed, circadian clocks control the expression and deployment of
histone-modifying enzymes and corresponding levels of histone marks; and conversely,
histone-modifying enzymes play arolein regulating circadian gene expression and the core
clock genes. For example, H3 histone acetylation of the Per1, Per2 and Cryl genes exhibits
circadian rhythms that parallel those in present in transcribed mRNA [40]. The abundance
and genomic binding distribution of the HMT enzyme, mixed lineage leukemia 3 (MLL3),
and related genome-wide profiles of histone H3 lysine lysine 4 trimethylation (H3K4me3), a
mark of transcriptional activation, follow circadian patterns [41]. Correspondingly, catalytic
inactivation of MLL 3 leads to aloss of H3K4me3 at thousands of genomic loci, widespread
perturbations in circadian gene expression, and disruption of the oscillation of core clock
genes, including Bmal1, Cryl, Per2, and Rev-erba. Another HM T, mixed lineage leukemia
1 (MLL1), aso mediates circadian gene expression and H3K4me3 levels; and, the
mechanism of action of MLL1 includes forming a macromolecular complex with the
circadian regulators, CLOCK and BMAL1 [42]. In fact, there are many examples of
epigenetic factors interacting with core clock proteins and, thereby, participating in circadian
gene regulation. The lysine specific demethylase 5A (KDM5A/JARID1A) also formsa
complex with CLOCK and BMAL1, which resultsin transcriptional activation of the Period
genes and maintenance of circadian oscillations [43]. In addition, there is a spectrum of
other epigenetic factors that play key rolesin mediating circadian gene expression, including
those with HAT, HMT, and HDM histone-modifying and chromatin remodeling enzyme
activities[44]. Some of these factors have rolesin coupling the molecular clock machinery
with key processes, such as metabolism [7, 8]. For example, sirtuin 1 (SIRT1) actsasa
metabolic sensor and effector and oscillates in a circadian manner. SIRT1 is a deacetylase
that targets histone H3 and other proteins such as BMAL 1 and PER2; and, SIRT1 enzyme
activity requires nicotinamide adenine dinucleotide, a coenzyme linked to metabolic state
and regulated by the circadian clock [45-48].

Clinical implications

Data from model systems links chromatin regulation with circadian behaviors and sleep-
wake associated pathological states. For example, loss of elongator complex protein 3, a
HAT enzyme, in Drosophila during neural development leads to sleep loss and a
hyperactive phenotype in adult flies that is associated with an increase in synaptic bouton
number and in axonal length and branching [49]. Similarly, loss of HAT activity of Tip60
also disrupts sleep-wake cycle regulation in Drosophila by influencing the small
ventrolateral circadian pacemaker neurons [50].

In addition, data from human subjects reveals key roles for chromatin regulatory factorsin
circadian behaviors and disorders. For example, a genome wide association study performed
as apart of the Sleep Heart Health Study with participants drawn from the Framingham
Offspring Study found a significant association between sleepiness (defined as Epworth
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Sleepiness Scale score) and a single nucleotide polymorphism (rs2218488) in the eyes
absent homolog 1 (EYAL) gene, which acts as a histone phosphatase [51]. Further,
haploinsufficiency of the histone-lysine N-methyltransferase gene, and deletions of
chromosome 9g34.3 in which this gene is embedded, causes Kleefstra syndrome [52, 53].
The clinical spectrum of Kleefstra syndrome encompasses frequent nocturnal awakenings,
parasomnias, and excessive daytime sleepiness [54]. Similarly, haploinsufficiency of the
HDACA4 gene causes the chromosome 2437 deletion syndrome, also known as
brachydactyly-mental retardation syndrome, which is associated with cognitive and
behavioral abnormalities including sleep disturbances such as multiple arousal s throughout
the night in childhood, and prolonged bouts of uninterrupted sleep (~18 hrs) with absence of
REM sleep in adulthood [55, 56]. These patients exhibit reduced expression of retinoic acid
induced 1 (RAI1), which regulates the CLOCK gene and circadian rhythms and is linked to
Smith-Magenis syndrome, implying that HDAC4 modulates RAI1 [57]. Also, arange of
transcriptional and epigenetic factors including the cohesin-loading protein, nipped-B
homolog; the core cohesin components, structural maintenance of chromosomes 1A and 3;
and the histone-modifying enzyme, HDACS are implicated in causing Cornelia de Lange
syndrome [58]. The clinical features of this disorder include sleep disordered breathing,
insomnia, and sleepiness [59, 60].

Non-coding RNA regulation

Description

The human genome encodes not only proteins but also a vast and increasing number of non-
coding RNAs (ncRNAs) [1-3]. ncRNAs are found in cell type- and developmenta stage-
specific and activity-dependent profiles and underlie nervous system devel opment and
function [2]. Indeed, ncRNA expression is highest in the brain, highlighting the importance
of these factorsin neural processes. These ncRNASs are generaly classified by their
structural features and by their regulatory and functional activities. One of the best-
characterized classesis referred to as microRNAs (miRNAS). miRNA molecules are ~20-23
nuclectides (nt) in length, they bind to regulatory regionsin mRNA transcripts through
sequence-selective interactions, and they are involved in post-transcriptional regulation of
these mRNAs. The microprocessor complex and DICERL ribonuclease are responsible for
miRNA biogenesis. miRNA function is mediated by Argonaute family RNA binding
proteins and formation of the RNA-induced silencing complex (RISC). This process,
referred to as RNA interference (RNAI), represents an extraordinarily powerful paradigm
for regulating large networks. A single miRNA can target hundreds of different mMRNAs that
contain a complementary binding sequence, and conversely, an individual mMRNA can
harbor binding motifs for several different miRNAs. Other classes of so-called “short”
ncRNAs include, endogenous short-interfering RNAs, PIWI-interacting RNAS, and small
nucleolar RNASs (snoRNAS) that are each associated with their own unique biogenesis and
effector pathways. For example, snoRNAs serve as guides for RNA modifying enzymes that
are responsible for pseudouridinylation and methylation of rRNAS and alternative splicing
of particular mMRNAS. In contrast to these short classes of ncRNAS, long ncRNAS (InNcRNAS)
are defined as transcripts that are greater than 200 nt in length and they can be much larger
(i.e., hundreds of kilobases). Indeed, IncRNASs are quite diverse in terms of their sizes,
genomic contexts from which they are transcribed, how they are regulated, secondary and
tertiary structures that they adopt, post-transcriptional life cycles, molecular interacting
partners, mechanisms of action, and overall functional repertoires. IncRNASs can be derived
from genomic loci encompassing protein-coding genesin configurations that are sense or
antisense (e.g., natural antisense transcripts, overlap partially or completely, and share
regulatory regions). These genomic contexts are important in determining INcRNA activity,
with IncRNAs often regulating the histone modifications, transcription, post-transcriptional
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processing, stability, transport, and functioning of the corresponding protein-coding gene.
Furthermore, IncRNAs are also implicated in mediating genome-wide histone modifications
and chromatin remodeling, nuclear subdomain formation, transcriptional regulation, post-
transcriptional RNA processing, nuclear-cytoplasmic shuttling, translational control at the
synapse, and can serve as “hosts’ for short ncRNAS, such as snoRNAS, released by cleavage
of theIncRNA [61].

Emerging roles in the molecular mechanisms underlying sleep and chronobiology

Different classes of short and long ncRNAs are intimately linked with the molecular
machinery of the circadian clock. Particular ncRNASs are expressed in oscillating patterns
that are modulated by circadian clocks, sleep-wake behaviors, and zeitgebers, such aslight
and feeding; and conversely, ncRNAs regulate core clock genes, circadian rhythms, and
sleep-wake cycles.

An increasing number of studies performed utilizing central and peripheral tissues derived
from model systems reveal rhythmic profiles of miRNA expression [62—71]. For example,
four miRNAs, miR-171, miR-398, miR-168 and miR-167 display diurnal expression with
increased levels during the light and decreased levelsin the dark, in Arabidopsis [64]. Two
mMiRNAS, miR-263a and miR-263b, exhibit robust daily changes with peak expression at
night in adult wild-type Drosophila head regions, and these oscillations are absent in flies
with clock gene mutations that are arrhythmic [65]. Six miRNAs from the Drosophila
miR-959-964 genomic cluster are expressed in a circadian manner in the adult head fat body,
are responsive to food intake, and are implicated in modulating innate immunity,
metabolism, and feeding behavior [66]. Connections between miRNASs and sleep-wake
behaviors and zeitgebers are highlighted by data showing that sleep deprivation modul ates
mMiRNA expression in therat brain and aso that certain miRNAs—miR-138, let-7h, and
miR-125a-5p—are differentially expressed in the transitions between light and dark in the
cortex, hippocampus, and hypothalamus [67, 68]. A number of studies are beginning to
reveal how miRNAs are embedded within the circadian clock and involved in modulating
rhythmic behaviors and sleep-wake cycles. For example, miRNAs expressed in fly circadian
tissues target core clock genes (i.e., clock, vrille, and clockworkorange) and are associated
with RISC; and modulating one of these miRNAS, bantam, increases the circadian period by
3 hours (h) [72]. In mammals, the period gene family is regulated by the miR-192/194
cluster of miRNAs, which reduce the length of the circadian period when overexpressed
[73]. The Bmall gene is aso targeted by miRNAS, such as miR-494. Intriguingly, this
miRNA is contained within microvesicles secreted by cellsin the brain and other organ
systems into the peripheral circulation, suggesting that circulating miRNAs have rolesin
signaling between central and peripheral clocks[74]. Further, miR-219 and miR-132 are
expressed in acircadian pattern in adult mouse SCN, and they serve as targets of the
CLOCK/BMAL 1 complex and of cCAMP responsive element binding protein 1, respectively
[69]. miR-219 modulates the length of the circadian period, whereas miR-132 affects the
ability of light to reset, or entrain, the clock [75]. Moreover, miRNA biogenesis and effector
pathways play important roles in regulating circadian processes. For example, in
Drosophila, the gawky protein (i.e.,, GW182 homologue) isinvolved in trandational
repression, deadenylation, and decay of miRNA targets, and it also modulates pigment-
dispersing factor neuropeptide signaling, which is responsible for the synchronization of
circadian neurons and mediates responses of the circadian neural network to light [76]. In
mice, down regulation of Drosha, Dicer, or Argonaute 2 leads to arelease in miR-185-
mediated control of the rhythmicity of Cryl mRNA translation [77]. Similarly, Dicer-
deficient mice exhibit circadian rhythms with a period that is shortened by 2 h, and this
effect is caused by loss of three miRNAs (miR-24, miR-29a, and miR-30a) that regul ate the
Per1 and Per2 mRNAs[78].
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In addition, IncRNAs are also implicated in circadian processes. For example, profiling
circadian and diurnal transcription in Drosophila brain revealed that approximately 10% of
rhythmically expressed genes represent ncRNAS, primarily IncRNASs that serve as snoRNA
host genes [79]. Analyzing rat pineal gland demonstrated that IncRNAs exhibit circadian
patterns of expression, and further, that these are reversible with light administration,
maintained in darkness but abrogated by disrupting SCN-pineal pathways, and mediated by
norepinephrine and associated CAMP signaling, like corresponding circadian expression
profiles for protein-coding genes [80]. Measuring nascent RNA levelsin mouse liver
uncovered that IncRNAs are similarly transcribed in a circadian manner [81].

Clinical implications

Datafrom model systems links both miRNAs and IncRNAs with sleep-wake behaviors and
associated pathological states. For example, administering amiR-132 mimetic into rat brain
modul ates a range of sleep-related parameters, including the duration of non-rapid-eye-
movement sleep (NREMS) and rapid eye movement sleep during the light phase, and EEG
slow-wave activity during NREMS, measures of the integrity of sleep [82]. Similarly,
specific inhibitors of miR-138 and let-7b reduce the amount of sleep and associated NREM S
EEG delta power [68]. In terms of INCRNAS, mutationsin the yar INcRNA gene disrupt
deep homeostasisin Drosophila by decreasing the length of night time bouts of sleep and
also due to an inhibition of daytime sleep that occurs as a response to sleep deprivation [83].

In humans, in addition to causing disease directly, variation in genes encoding miRNASs can
modify the risk of developing sleep disturbances. For example, patients with MDD
harboring the T alele of the rs76481776 polymorphism in the miR-182 gene are susceptible
to chronobiological subphenotypes (i.e., late insomnia) [84]. This miR-182 gene
polymorphism is associated with increased expression of miR-182 and repression of its
targets—adenylate cyclase 6, CLOCK, and delta sleep-inducing peptide—which have roles
in mediating circadian rhythms and sleep. In terms of IncRNAS, Prader-Willi syndrome,
which is associated with feeding and sleep and other circadian disturbances, is caused by
abnormalities on the paternal chromosome 15q11-g13 region. This locus encodes an
IncRNA, 116HG, which is asnoRNA host gene, implying that it plays rolesin post-
transcriptional RNA modifications. It also acts as a subnuclear scaffold that is particularly
activein neurons during sleep and seems to be involved in regulating metabolic and core
circadian genes—Clock, Cryl, and Per2—suggesting it also has roles in mediating diurnal
energy expenditurein the brain [85].

RNA editing

RNA editing refers to a process for post-transcriptional RNA modification that resultsin
altering nucleotides within RNA molecules, from adenosine-to-inosine or cytidine-to-uridine
[3]. These forms of editing are catalyzed by the adenosine deaminase that act on RNA
(ADAR) family of enzymes and the activation-induced deaminase/apolipoprotein B editing
catalytic subunit (A1D/APOBEC) family of enzymes, respectively. ADAR enzyme targets
include MRNASs, particularly those involved in synaptic transmission, as well as ncRNAS.
RNA editing influencesits targets by altering the amino acid coding capacity of mRNAS,
patterns of alternative splicing, regulatory sequences, subcellular localization and transport,
and assorted interactions. AID/APOBECs have similar functions, and they can also act on
DNA molecules—referred to as DNA editing—and are involved in genomic processes such
as DNA demethylation. Both of these editing events occur prominently in the brain and are
regulated in complex spatiotemporal patterns during development, adult life, and aging and
in response to stress and environmental stimuli. Intriguingly, there is a bidirectional
connection between circadian rhythms and RNA editing. A transcriptomic analysisin
Drosophila brain found significant deregulation in profiles of RNA editing, including site-
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specific hyper-and hypoediting, in period-null mutants [79]. In addition, Drosophila with
decreased levels of Adar expression (< 80%) exhibit changes in circadian motor patterns
[86].

Perspectives

The evidence we have highlighted provides valuable insight into the emerging roles played
by DNA methylation, histone PTMs and chromatin remodeling, ncRNAs, and RNA editing
in sleep and chronobiology. These epigenetic mechanisms are clearly regulated by the
circadian clock. In addition, they are also involved in orchestrating oscillatory gene
expression, circadian rhythms and sleep-wake behaviors, and the function of the circadian
clock, itself. Therefore, not surprisingly, epigenetic deregulation is responsible for the
emergence of circadian rhythm and sleep-wake disorders, and measuring epigenetic profiles
represents anovel approach for identifying genomic loci and assessing pathophysiological
processes linked to these chronobiological disorders. Further studies focusing on the broader
spectrum of epigenetic regulatory mechanisms that are now being recognized and associated
higher-order epigenetic processes, such as genomic imprinting, will likely reveal even more
critical functions within the clock machinery, analogous to those of histone-modifying
enzymes and chromatin remodeling factors, which are relatively well known. Indeed,
transcriptional regulation and kinetics (e.g., transcription termination) and post-
transcriptional processes (e.g., alternative splicing, polyadenylation, and mRNA
metabolism) are emerging as critical nodes in the molecular mechanisms underlying the
circadian system [9]; and, epigenetic factors are, by definition, central playersin these
mechanisms. For example, avery intriguing study recently revealed that methylation of the
N© position of adenosine (mPA) is amajor post-transcriptional mMRNA modification that
targets many core clock gene transcripts and, further, that silencing the mbA methylase
(methyltransferase like 3) in mouse liver leads to deregulation of these genes and to
circadian period elongation [87]. Notably, because epigenetic mechanisms are responsible
for coordinating the cell- and tissue-specific deployment of genomic programs, they are
likely therefore to underpin specific features of pacemakersresiding in the SCN, in other
brain regions, and in other tissues. Moreover, extracellular epigenetic signaling seemsto be
involved in mediating communication between central and peripheral circadian clocks.
Systems level analyses are necessary to better define the relationships between the whole
organism circadian system, associated physiological processes, and related comorbidities
[88]. Therapidly evolving field of epigenetics provides arobust framework for doing so
across central and peripheral tissues and also promises to identify pharmacological and other
treatment strategies that are novel and based on integrative molecular mechanisms.

We regret that space constraints have prevented the citation of many relevant and important
references.
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The principal epigenetic mechanisms and examples of their emerging rolesin chronobiological disorders.

Epigenetic
mechanism

Description

Disorder

Abnormality

DNA methylation

Covalent modifications of cytosine residuesin DNA
molecules that are responsible for mediating
complex genomic programs, such as X chromosome
inactivation, genomic imprinting, DNA repair, and
transcriptional regulation as well as the maintenance
of genomic stability.

Autosomal dominant
cerebellar ataxia, deafness
and narcolepsy (ADCA-DN)

DNA methyltransferase 1
gene mutations

Rett syndrome

Methyl-CpG-binding domain
protein gene 2 mutations

Dementiawith Lewy bodies

Aberrant DNA methylation
profiles at circadian gene loci

Shiftwork

Aberrant DNA methylation
profiles at repetitive
elements, imprinted gene
loci, circadian gene loci,
immune system- and
inflammation-related gene
loci, and microRNA loci

Pediatric obstructive sleep
apnea

Aberrant DNA methylation
profiles at forkhead box P3

Parkinson’s Disease

Aberrant DNA methylation
profiles at circadian gene loci
(e.g., NPAS2 gene)

Major depressive disorder

Aberrant DNA methylation
profiles at orexin-A

Histone post-
trandational
modifications and
chromatin
remodeling

Hierarchical modifications of histone proteins,
nucleosomes, and related factors that package DNA
molecules within the cell and also control the
accessibility of DNA to other molecules, including
RNASs, DNA binding proteins, transcriptional co-
regulators, transcription factors, and additional
nuclear machineries, such as those involved in
transcription and DNA replication and repair.

Chromosome 2g37 deletion
syndrome
(Brachydactylymental
retardation syndrome)

Clinical symptoms are caused
by deletion of histone
deacetylase 4

Corneliade Lange syndrome

Cohesin-loading protein,
nipped-B homolog; the core
cohesin components,
structural maintenance of
chromosomes 1A and 3; and
histone deacetylase 8
mutations

Kleefstra syndrome

Euchromatic histone-lysine
N-methyltransferase 1
hapl oinsufficiency

Non-coding RNA
(ncRNA) regulation

RNA molecules that regulate histone modifications
and chromatin remodeling and transcription, post-
transcriptional processing, stability, transport, and
functioning of other factors via sequence-specific
and conformational interactions.

Major depressive disorder

T alele of thers76481776
single nucleotide
polymorphismin pre-
miR-182, is associated with
chronobiological
subphenotypes (i.e.,
insomnia)

Prader-Willi syndromes

Caused by defects on
chromosome 15q11-13,
which encodes the long non-
coding RNA, 116HG
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