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Abstract

Circadian rhythms occur in most of the living organisms, and with a 24 hour periodicity govern a
number of physiological and metabolic functions. During the past few years, an important research
effort has uncovered new trails that intersect between circadian rhythms and metabolic pathways.
At a molecular level, the clock machinery is responsible for the establishment of a circadian
epigenome, and this can be modulated by metabolic cues. Indeed, metabolic control by the
circadian clock is manifest in the development of metabolic diseases when circadian rhythms are
impaired. Thus, pharmacological modulation of circadian rhythms promises new avenues for the
treatment of metabolic and sleep disorders.

Introduction

The 24-hour day-night cycles caused by the rotation of the Earth on its axis have
accompanied and influenced the evolution of all life forms. Consequently, almost all
organisms that we know so far, display some sort of adaptation to these daily light-dark
cycles, which is manifest in a wide variety of biological cycles with 24 hour period [1].
These are known as circadian rhythms.

Chronobiologists have studied circadian rhythms for decades and have uncovered networks
of interconnected biological processes that coordinate the cyclic nature of metabolism,
physiology and behavior. Circadian rhythms are manifested as sleep-wake cycles, circadian
hormone secretion, daily changes in body temperature and blood pressure, motor activity,
feeding-fasting cycles or different levels of alertness around the clock. In mammals, the core
of this network resides in the suprachiasmatic nucleus (SCN) of the hypothalamus in the
brain. This tiny region is composed of around 20,000 “pacemaker” neurons whose activity
oscillates in synchrony [2]. SCN neurons receive light information from retinal cells via the
retinohypothalamic tract [3]. Therefore, light entrainment can adjust the phase of the SCN
oscillator, ensuring a daily synchronization of the body’s circadian clock with geophysical
time [4]. This central pacemaker dictates the phase of other oscillators that reside in the rest
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of the brain and in most of the peripheral tissues, via endocrine or neuronal connections,
with light being the main zeitgeber (time giver) [4,5]. Strikingly, feeding-fasting cycles can
profoundly affect peripheral oscillators in tissues such as liver, pancreas, kidney or heart.
Thus, when the natural feeding-fasting cycles are shifted, i.e. by time restricted access to
food, the phase of the clocks in these tissues is reset and uncoupled from the central
pacemaker, and becomes entrained by food instead of light [6,7]. These evidences strongly
suggest a key role for metabolites in the clock function.

A highly dynamic circadian gene transcription program

The molecular clock operates in most cells and is based on interlocked transcriptional-
translational feedback loops, as revealed by genetics and molecular studies in Drosophila
and mammals [8-11]. The mammalian core clock proteins CLOCK (Circadian Locomotor
Output Cycles Kaput) and BMALL1 (Brain and Muscle ARNT-Like 1), are two basic helix-
loop-helix (b-HLH)-PAS transcription activators that dictate the expression of many clock
controlled genes (CCGs). These heterodimerize via their PAS domains and bind to E-boxes
in the promoters of CCGs. Among the genes regulated by CLOCK:BMAL1 are Period1-3
(Per) and Cryptochromel-2 (Cry) are transcribed. These encode the core clock proteins
PERs and CRYs, which heterodimerize and associates with other partners in the nucleus and
repress CLOCK-BMAL1-driven activation, thus a negative autoregulatory feedback loop is
generated [10].

Some of the CCGs whose circadian expression is driven by CLOCK:BMAL1 are
transcription factors, such as DBP (D-site Binding Protein), TEF (Thyrotroph Embryonic
Factor), HLF (Hepatic Leukemia Factor) and E4BP4 (E4 Promoter—Binding Protein 4),
RORa (Retinoic Acid-Related Orphan Receptor a), and REV-ERBa/p (Reverse
Erithroblastosis Virus a and /). DBP, TEF, HLH and E4BP4 bind to D-boxes in the genome
[12,13], whereas REV-ERBa/p and RORa bind to the Rev-Erb/ROR-binding element
(RRE) [14,15], and subsequently drive cyclic expression of downstream genes.

Other interconnected transcriptional feedback loops provide additional plsticity to the
circadian clock, and a very complex system of posttranslational modifications of clock
proteins intertwine[16] to generate daily oscillations of a portion of the transcriptome,
ranging from 3% to 30% depending on the tissue or cell line [17-20].

Drawing the circadian epigenome

The process of transcriptional regulation of clock gene expression requires the rhythmic
assembly and recruitment to chromatin of multiprotein complexes in a circadian time
dependent fashion. These events are accompanied by rhythmic changes in the epigenetic
landscape that is in very much part drawn by chromatin modifying enzymes (Figure 1)
[21,22]. The CLOCK:BMALL1 complex is recruited to chromatin in a circadian manner at
the level of E-boxes. The protein CLOCK itself has histone acetyl-transferase (HAT)
activity, with a preference for histone H3 K9 and K14 [23], possibly contributing to the
opening of the chromatin fiber and promoting rhythmic transcription of CCGs [24]. Other
HATSs are rhythmically recruited by the CLOCK:BMAL1 complex; amongst them the
CREB binding protein (CBP) and p300. While p300 appears to function as a coactivator that
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cooperates with CLOCK:BMAL1 by influencing the acetylation state of histones in a
circadian fashion [25,26¢¢], the role of CBP is not fully understood. CBP can transactivate
circadian gene transcription in a similar manner as p300, but it also interacts with PER2,
thus collaborating with the clock repressing loop [26+¢]. It would be interesting to determine
whether these acetyltransferases can target non histone proteins of the clock machinery and
influence their function. In this line, CLOCK was found to acetylate its own transcriptional
partner BMALL at the single K537 residue, an essential event for circadian rhythmicity[27].

The methyltransferase mixed lineage leukemia 1 (MLL1) rhythmically interacts with
CLOCK and specifically trimethylates histone H3K4 on circadian promoters, a mark that is
associated with transcriptional activation [28e¢]. Conversely, EZH2 has been described to
methylate H3K27 on circadian promoters, an event that has been associated to CRY
dependent inhibition of transcription [29]. The histone demethylases Jarid1A and JIMJD5
also participate in maintaining the circadian epigenome [30e, 31]. The elongation marks,
H3K36me3 and H3K79me2, also exhibit circadian modulation although they present a much
lower amplitude than for example H3K4me3 [26¢¢]. Thus, other methyltransferases may
have a role in the circadian system of gene expression.

Recent findings demonstrate a pivotal role for the histone deacetylase HDAC3 in
maintaining the epigenetic landscape of circadian genes in the mouse liver [32,33¢¢].
HDACS3 and its coactivator NCoR are rhythmically recruited to chromatin via the nuclear
receptor Rev-Erba, which is expressed in a circadian fashion [33ee]. This event sustains
circadian histone acetylation at genes regulating hepatic lipid metabolism, and its disruption
significantly impairs normal liver metabolism [33ee, 34]. These findings underscore the
relevance of the clock directed epigenetic landscape in maintaining tissue homeostasis via
coordinated regulation of a highly tuned program of gene expression.

Metabolic states influence the circadian epigenome

Chromatin plasticity relies on a variety of remodeling enzymes that use cellular metabolites
as a source to elicit phosphorylation, acetylation, methylation etc. reactions, leading to
specific histone post-translational modifications (PTMs, Figure 2) [35]. The dependence of
many enzymes on the coenzyme NAD™ for their activities places this metabolite as a central
connector between cellular metabolic state and the enzymatic reactions. There are two major
groups of chromatin regulatory enzymes that depend on NAD™ for their function; the histone
deacetylases (HDACs) class 11, also known as sirtuins, and the poly-ADP ribose
polymerases (PARPs). Of those, the sirtuin SIRT1 and PARP1 have been shown to
modulate the circadian machinery [36-38], and their dependence on NAD* places them as
molecular links that communicate the metabolic state of the cell to the clock machinery
(Figure 3).

The activity of PARP1 in the liver of the mice oscillates following the feeding-fasting cycles
[37]. PARP1 interacts with CLOCK and BMAL1, and catalyzes the circadian ADP-
rybosilation of CLOCK, reducing its binding to DNA and possibly altering circadian gene
transcription. Moreover, Parpl knockout mice present impaired ability to adapt to changes
in the timing of food intake and longer circadian period, suggesting that PARP1 may
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feedback into the clock [37]. Interestingly, PARP1 has a role in regulating chromatin
dynamics through modulation of the activity of the histone demethylase KDM5B [39]. An
appealing avenue to consider is that PARP1 may affect circadian gene expression and
metabolism through changes in chromatin modifications and transcription (Figure 3).

The deacetylase activity of SIRT1 has been shown to oscillate during the circadian cycle
[38]. SIRT1 binds to the CLOCK:BMALZ1 complex and is recruited to circadian genes,
where it can directly deacetylate histones, thus counteracting the HAT activity of CLOCK
[38]. Liver-specific genetic ablation of Sirtl in the mouse or pharmacological treatment with
SIRT1 inhibitors, such as nicotinamide or splitomicin, generates decreased amplitude in
circadian gene expression [36,38]. In this scenario, it is remarkable the finding that the
levels of NAD™ itself oscillate in a circadian fashion [40,41], an event that explains the
circadian enzymatic activity of SIRT1. Moreover, NAD™ synthesis is directly regulated by
the circadian clock machinery, via transcriptional control of the Nampt gene by
CLOCK:BMALL. The product of this gene is the enzyme nicotinamide phosphoribosyl-
transferase (NAMPT) that catalyzes a key rate limiting step in the NAD™* salvage pathway.
Indeed, pharmacologically or genetically inhibition of the NAMPT enzyme depletes the
levels of NAD™ in the cells and impairs SIRT1 activity, that is translated into higher levels
of acetylation of its targets H3K9/K14 at circadian gene promoters, as well as
hyperacetylation of BMAL1, and subsequently disruption of circadian gene expression [38].
Interestingly, mice in which the endogenous levels of NAD+ are disrupted by a genetic
mutation display disturbances in circadian behavior and metabolism[42].

A functional interplay between the nuclear proteins PARP1 and SIRT1 has been recently
established [43—45], where NAD™ availability links their activity ratios. Remarkably,
PARP1 depletion enhances SIRT1 activity, but not SIRT2 or SIRT3 which are located in the
cytoplasm and the mitochondria respectively [43¢]. This finding supports the idea of an
independent regulation of the metabolites availability in different subcellular locations.
Further investigations are necessary to determine to which extent the clock controls the
availability of cell metabolites in different subcellular compartments [35].

Oscillations in the redox state can sustain circadian rhythms

At the cellular level metabolic state can be manifest as redox state, described by the
homeostasis of reactive free radicals, such as NAD* and FAD, from reduction-oxidation
reactions in metabolism [46]. The redox state is reflected in the balance of several
metabolites, for example lactate and pyruvate, or beta-hydroxybutyrate and acetoacetate,
whose interconversion depends on these ratios. An abnormal redox state can induce a
variety of deleterious situations, such as hypoxia, shock, and sepsis. It is known that the
circadian components CLOCK and NPAS2 can directly sense the redox state of the cell,
thus modulating their DNA-binding activities to E-boxes [47]. Strikingly, recent advances
underscore the importance of the redox state in maintaining circadian oscillatory rhythms in
a transcription independent manner. For example, studies carried out in mammalian red
blood cells, which lack nucleus and thus do not perform transcription, show that they do
present circadian rhythms in their redox state [48e¢]. These are accompanied by a circadian
redox rhythm in the proteins peroxiredoxins, a family of antioxidant proteins that control
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peroxide levels in the cell [48+¢]. Remarkably these proteins are highly conserved, and their
circadian redox rhythm exists from prokaryotes to mammals [49]. However, redox rhythms
on peroxiredoxins are also under the control of the molecular clock in mammalian nucleated
cells, indicating that clock-controlled transcriptional loops intersect with the metabolic
processes. To which extent the clock determines the redox state in mammalian cells is still
not fully understood.

Circadian oscillation in the redox state is self-sustained in the mouse SCN, and this is
required for the molecular clock function [50e¢]. Moreover, the redox oscillation affects the
excitability of the SCN neurons via a non-transcriptional mechanism that involves the
modulation of potassium channels [50+¢]. However, these oscillatory events depend on a
functional molecular clock, since they are impaired on Bmall—/— mice. Importantly, recent
studies in Drosophila support the idea that changes in the electrical activity of the
pacemaker neurons in the brain can indeed affect the circadian program of gene expression
[51]. Taken together, these findings provide new insights into how energy metabolism can
exert control over circadian physiology. Further experiments are necessary to how circadian
transcriptional networks intersect with the cellular metabolic states.

Transcriptional networks and circadian metabolism. A key to understand
diseases?

Accumulating evidence illustrates the circadian transcriptome for a number of cell lines and
tissues, building up a powerful set of data that demonstrates the rhythmic transcription of a
variety of metabolic genes in liver, adipose tissue, muscle, heart, pituitary gland or brain. A
striking observation that arises from these studies is that many key rate-limiting enzymes of
metabolic pathways are under circadian control [18,52]. This observation places the clock
machinery in a strategic position within the regulation of metabolic processes. Moreover,
disruption of the clock leads to a wide variety of metabolic disorders, including obesity and
diabetes, both in mouse and human [53+-56]. Conversely, the deleterious effects over
metabolic homeostasis of high fat diet-induced obesity in mice can be substantially
improved by keeping a restricted time of feeding schedule, in which food is available only
during a particular time of the day [57+,58]. Consequently, it is important to decipher the
circuits between circadian and metabolic processes to further expand our understanding into
the development of many metabolic diseases [59].

Recent studies in our laboratory reveal the interconnected network of the circadian
transcriptome with the metabolome in the mouse liver [60e¢]. The diurnal oscillation of
metabolic genes directly impinges on metabolite production, giving rise to a diurnal
metabolome that is essential for liver function and general homeostasis. One example,
relates to the circadian rhythmicity of the urea cycle, which eliminates ammonia to urea. The
importance of this circadian regulation is apparent since failure to faithfully coordinate
excretion of amino acids into urea can lead to severe pathophysiological consequences [61].
Importantly, this study presents the integration of the liver metabolome and transcriptome
with other existing databases in a computational platform named “CircadiOmics” (http://
circadiomics.igb.uci.edu/). This provides a system-wide picture and allows researchers to
analyze circadian metabolism with a broader perspective [62].
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A human circadian metabolome has also been described in blood plasma and saliva [63,64
¢], revealing that a number of metabolites are under circadian control. Interestingly, these
studies open the door for using the metabolic molecular timetables as a diagnostic tool [64].
By using the levels of particular metabolites as molecular markers, the body time can be
determined. Thus this study provides a powerful tool for detection of circadian rhythm
disorders and for the development of personalized chronotherapy.

Finding new therapeutic targets that can modulate circadian physiology is highly relevant
for the treatment of metabolic disorders. This has been proved evident by recent advances in
the drug discovery field. Targeting REV-ERB with a synthetic agonist can alter the time of
day in mice [65<¢]. Moreover, this compound can improve lipid homeostasis in diet-induced
obese mice [65<]. Indeed, stabilization of CRY protein by interaction with a novel molecule
named KL0O01 can modulate glucose homeostasis [66¢¢]. Taken together, these results
indicate that therapies based on molecules that target clock components can be very useful
in the treatment of sleep disorders as well as metabolic diseases.

Conclusions

The epigenetic mechanisms that underlie clock-controlled gene expression are on the way of
being elucidated. The availability of high throughput techniques has allowed researchers to
uncover the circadian epigenome in a wide variety of systems and conditions, improving our
understanding in the molecular clock function. Indeed, these many outcomes have
highlighted the importance of metabolic homeostasis in the maintenance of the circadian
epigenome. We are in turn beginning to understand the molecular links between circadian
physiology and metabolic pathways, and it can be anticipated that more exciting discoveries
will follow soon. The discovery of NAD™ as a master metabolite that connects cellular
metabolism to the circadian epigenome underscores the relevance of deciphering how
metabolite levels can be sensed by the clock machinery and sets the basis for the search of
other metabolites that can present similar functions. In this line, further investigations are
necessary to elucidate to which extent NAD* levels direct circadian gene expression and
vice-versa. In turn, as we begin to understand the molecular links between circadian
physiology and metabolic pathways, the relevance of this crosstalk for maintaining
metabolic homeostasis and preventing metabolic disorders is apparent. Systems biology
approaches are becoming essential for our understanding of these complex networks and
will provide with powerful tools for novel pharmacological strategies towards the treatment
of metabolic pathologies.
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Figure 1. Chromatin remodeling in the circadian clock
The epigenetic mechanisms that underlie clock controlled gene transcription are on the way

to be uncovered. Chromatin modifying enzymes act in synchrony for the fine tuning
necessary to achieve clock-controlled gene expression. Transcriptional activators coordinate
rhythmic hyperacetylation and H3K4 trimethylation at circadian gene promoters that
promote transcription. Conversely, repressors remove acetylation marks and promote a
closed state of the chromatin fiber at the clock controlled gene promoters that inhibit
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transcription. Thus, activator and repressor enzymes act in a very precise synchrony that
coordinates the circadian transcription of about 10% — 15% of all transcripts.
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Figure 2. Clock-regulated metabolite availability can be “sensed” by chromatin remodeling
enzymes and effect circadian gene expression

Clock-controlled program of gene expression dictates the circadian oscillation of a portion
of the transcriptome. A number of these genes encode enzymes and proteins that exert
control on metabolic pathways and metabolite availability. Some of these metabolites, such
as NAD™, ATP, Acetyl-CoA or maybe glucose, could be used as cofactors by chromatin
remodeling enzymes that modify histone tails leading to phosphorylation (P), acetylation
(Ac) or methylation (Me). These epigenetic modifications are associated with changes in
gene transcription and other chromatin functions. Thus, metabolite availability could affect
the activity of chromatin modifiers and may constitute a regulatory mechanism for gene
expression [35].
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Figure 3. Clock-controlled NAD™ levels regulate enzymatic activity of SIRT1 and PARP1
Intracellular levels of NAD™ oscillate in a circadian manner, and this oscillation is driven by

the molecular clock. CLOCK:BMAL1 complexes rhythmically bind to E-boxes at the
Nampt gene promoter, directing its circadian transcription. The resulting NAMPT protein is
a key rate-limiting enzyme in the NAD™ salvage pathway, which dictates the circadian
biosynthesis of NAD*. This metabolite feeds back into the clock by serving as a cofactor for
SIRT1 and PARP1 enzymes, whose enzymatic activity is circadian. SIRT1 and PARP1
directly target CLOCK:BMAL1 complexes to change their transactivational activity. A
molecular interplay between SIRT1 and PARP1 exists, and depends on NAD+ levels. By
this mechanism, NAD" intersects in between a transcriptional and an enzymatic feedback
loop to regulate energy homeostasis.
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