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Introduction
All life forms have evolved by adapting to the light-dark cycle
generated by the rotation of the earth on its axis. Most of them
developed an internal clock that controls their circadian (from the
latin ‘circa diem’, meaning about a day) rhythms. In mammals,
the internal clock exhibits significant plasticity that enables it to
contribute to body homeostasis, regulating a wide variety of
physiological and metabolic processes. Importantly, ample
epidemiological evidence shows that disruption of the circadian
rhythm in humans has a profound impact on many physiological
functions and is also related to several pathologies, including
insomnia, depression, cardiovascular disorders and cancer (Bunney
and Bunney, 2000; Sahar and Sassone-Corsi, 2009).

A major stride in understanding the molecular basis of circadian
rhythms was the identification (Konopka and Benzer, 1971) and
cloning of the first clock genes in Drosophila melanogaster
(Bargiello and Young, 1984; Reddy et al., 1984). Since these
discoveries were made, other crucial regulators have been identified.
In mammals, the core components of the clock molecular machinery
(Fig. 1) operate in almost all cells of the body through a complex
network of transcriptional–translational loops and modulate the
expression of specific target genes and their products, thus allowing
their expression to oscillate in a 24-hour rhythm. Recent studies
revealed that dynamic chromatin remodeling has a crucial role in
the circadian regulation of gene expression. Here we discuss the
close links between the core components of the circadian clock,
chromatin remodeling and cellular metabolism. In light of recent
findings, we focus on the dual role of the clock system in these
processes, in which it acts as both a sensor and a mediator of
changes in the intracellular metabolic state.

Circadian rhythms in mammals
The circadian clock is a highly conserved system that enables
organisms to adapt to common daily changes, such as the day-
night cycle and food availability. This system controls a wide
variety of physiological functions, including sleep-wake cycles,
body temperature, hormone secretion, locomotory activity and
feeding behaviour (Schibler and Sassone-Corsi, 2002).

In mammals, the anatomical structure in the brain that governs
circadian rhythms is a small area consisting of ~15,000 neurons
localized in the anterior hypothalamus, called the suprachiasmatic
nucleus (SCN) (Ralph et al., 1990; Welsh et al., 1995). This
‘central pacemaker’ receives signals from the environment and
coordinates the oscillating activity of peripheral clocks, which
are located in almost all tissues (Morse and Sassone-Corsi, 2002;
Schibler and Sassone-Corsi, 2002; Yamazaki et al., 2000; Yoo et
al., 2004). One important feature of the circadian clocks is that
they are self-sustained; circadian oscillations that are intrinsic to
each cell can occur autonomously without the need for an
environmental signal. However, because the period of these
oscillations is not exactly 24 hours, the endogenous clock needs
to be synchronized by external cues, a process called entrainment.
External cues (also known as zeitgebers) reset the system daily
and thereby prevent the endogenous clock from free-running out
of phase. The predominant external cue of the central clock is
light (Quintero et al., 2003). In mammals, specialized cells in the
retina detect the light signal that is then transmitted to the SCN
via the retino-hypothalamic tract (RHT) (Cermakian and Sassone-
Corsi, 2002; Freedman et al., 1999; Gooley et al., 2001). At the
level of SCN neurons, the light signal stimulates a cascade of
signaling pathways that lead to the activation of a transcriptional
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Summary
Circadian rhythms regulate a wide variety of physiological and metabolic processes. The clock machinery comprises complex
transcriptional–translational feedback loops that, through the action of specific transcription factors, modulate the expression of as
many as 10% of cellular transcripts. This marked change in gene expression necessarily implicates a global regulation of chromatin
remodeling. Indeed, various descriptive studies have indicated that histone modifications occur at promoters of clock-controlled genes
(CCGs) in a circadian manner. The finding that CLOCK, a transcription factor crucial for circadian function, has intrinsic histone acetyl
transferase (HAT) activity has paved the way to unraveling the molecular mechanisms that govern circadian chromatin remodeling. A
search for the histone deacetylase (HDAC) that counterbalances CLOCK activity revealed that SIRT1, a nicotinamide adenin
dinucleotide (NAD+)-dependent HDAC, functions in a circadian manner. Importantly, SIRT1 is a regulator of aging, inflammation and
metabolism. As many transcripts that oscillate in mammalian peripheral tissues encode proteins that have central roles in metabolic
processes, these findings establish a functional and molecular link between energy balance, chromatin remodeling and circadian
physiology. Here we review recent studies that support the existence of this link and discuss their implications for understanding
mammalian physiology and pathology.
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program that involves immediate early genes and clock-controlled
genes (CCGs) (Loros et al., 1989). These gene expression events
are associated with specific histone modifications that lead to
chromatin remodeling (Crosio et al., 2000). Peripheral tissues
also contain functional circadian oscillators that are self-sustained
at the single cell level, but they do not respond to light-dark
cycles and appear to require other physiological stimuli in order
to sustain their circadian rhythms.

Importantly, lesion of the SCN in rodents disrupts the circadian
periodicity in peripheral tissues and SCN transplantation into SCN-
ablated and thus arrhythmic animals restores this dysfunction
(Lehman et al., 1987; Ralph et al., 1990). Additional experiments,
in which the transplantation approach of fibroblasts was applied to
peripheral tissues demonstrates a hierarchical dominance of the
SCN over peripheral clocks (Pando et al., 2002). To date, however,
the means by which the SCN communicates with the other tissues
to sustain and synchronize their cycles is still not clear. Several
observations support the idea that communication might be exerted
by a combination of neuronal signals through the autonomic nervous
system and humoral factors, of which glucocorticoids and retinoic
acid are the most likely candidates (Antle and Silver, 2005; Green
et al., 2008). Furthermore, peripheral rhythms in mammals are
affected by other SCN-independent stimuli (Yoo et al., 2004).
Although light is the main stimulus that entrains the central
pacemaker, peripheral clocks themselves can be entrained by food
(Stokkan et al., 2001), probably through modifications of hormonal
secretion or metabolite availability. Conversely, restricted access to
food can reset the phase of peripheral oscillators with little, if any,
effects on the central pacemaker in the SCN (Damiola et al., 2000).

Another important environmental cue is temperature
(Roenneberg and Merrow, 2005). Temperature compensation is
one of the most prominent features of the circadian system as it
allows the integration of moderate variations in ambient temperature
that do not affect the period length of circadian oscillation.
Nevertheless, low-amplitude temperature cycles can synchronize
the circadian clocks in peripheral tissues in mammals independently
of the central clock (Brown et al., 2002).

The molecular clock machinery
The clock machinery is based on a group of complex
transcriptional–translational feedback loops (Fig. 1) (Glossop and
Hardin, 2002; Morse and Sassone-Corsi, 2002; Reppert and Weaver,
2002). In mammals, the proteins circadian locomotor output cycles
kaput (CLOCK) and brain and muscle ARNT-like protein 1
(BMAL1) form the positive branch of the feedback loop (Gekakis
et al., 1998; Vitaterna et al., 1994). These proteins are members of
the family of basic-helix-loop-helix (bHLH)-PAS transcription
factors that heterodimerize through their PER–ARNT–SIM (PAS)
domains and bind to DNA elements, the so-called E-boxes with the
nucleotide sequence CACGTG. E-boxes are among the most
frequent promoter elements in mammalian genomes and are present
in either one or multiple copies in the regulatory regions of CCGs.
Among the CLOCK–BMAL1 target genes are the period genes
(Per1, Per2 and Per3) and cryptochrome genes (Cry1 and Cry2).
PER and CRY proteins form a heterodimeric repressor complex
that translocates into the nucleus to inhibit CLOCK–BMAL1-
mediated activation of CCGs – that include Per and Cry genes
(Darlington et al., 1998; Griffin et al., 1999; Kume et al., 1999;
Sato et al., 2006). A cyclic proteolytic degradation of the repressor
complex has an essential role in the maintenance of the amplitude
of the circadian oscillation. Degradation occurs upon
phosphorylation of the PER proteins by casein kinase I (CKI)
and recruitment of the specialized F-box protein FBXL3 (Busino
et al., 2007; Godinho et al., 2007; Siepka et al., 2007). These
events are thought to allow the CLOCK–BMAL1 activator complex
to start a new transcriptional cycle within 24 hours (Eide et al.,
2005).

Gene expression profiles obtained from microarray studies have
revealed that 10–15% of all transcripts in different tissues display
circadian oscillation (Akhtar et al., 2002; Duffield et al., 2002;
Panda et al., 2002; Storch et al., 2002). Considering that the overlap
of circadian genes in various tissues is limited, the proportion of
genes that are expressed in a rhythmic manner is actually much
higher. Among these, many are genes directly regulated by
CLOCK–BMAL1 through E-boxes contained in their promoters,
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Fig. 1. Schematic representation of the transcriptional–translational
loops regulating circadian rhythms in mammals. The positive
regulators CLOCK–BMAL1 activate genes with E-box elements in their
promoters; these are commonly indicated as clock-controlled genes
(CCGs). Among the CCGs are also the genes encoding the CRY and PER
proteins that act as negative regulators of their own transcription. Most
CCGs encode essential regulators of hormonal and metabolic control;
here, vasopressin is shown as example. Additional loops of the circadian
machinery involve other transcription factors, whose expression is
primarily activated by CLOCK–BMAL1. These are DBP and REV-
ERB, which control the expression of genes with D-Box and RORE
elements in their promoters (Reppert and Weaver, 2002).
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such as vasopressin (Avp) or D site albumin promoter-binding
protein (Dbp) (Jin et al., 1999; Ripperger et al., 2000; Ripperger
and Schibler, 2006). Other genes encode transcription factors that,
in turn, regulate the cyclic expression of additional CCGs. This
mode of regulation occurs through binding of these transcription
factors to regulatory consensus sequences that differ from E-boxes,
such as D-boxes or receptor-related orphan receptor (ROR)
response elements (ROREs) (Ueda et al., 2005).

One aspect that has been poorly investigated thus far is the
tissue specificity of the clock machinery. As the panel of CCGs is
significantly different in the SCN compared with that in peripheral
tissues, and similarly also varies among different peripheral tissues,
it is expected that stringent rules of cell-type-specific transcriptional
control apply to the circadian system. A good example for such a
tissue-specific expression is neuronal PAS-domain protein 2
(NPAS2), a functional analogue of CLOCK that is mainly expressed
in the forebrain. NPAS2 heterodimerizes with BMAL1 and activates
transcription through E-boxes with an efficacy analogous to
CLOCK (Debruyne et al., 2006). However, the extent of overlap
among CLOCK–BMAL1 and NPAS2–BMAL1 target genes
remains unclear.

Additional transcriptional–translational regulatory loops
contribute to the function of the circadian clock. Specifically, the
transcription factors reverse erythroblastosis virus- (REV-ERB)
and retinoic acid receptor-related orphan receptor- (ROR) are
nuclear receptors that constitute an additional loop and therefore
have an essential role in driving rhythmic Bmal1 expression. These
two transcription factors bind to ROREs in the Bmal1 promoter
and either activate (in the case of ROR binding) or repress (by
binding to REV-ERB) Bmal1 transcription (Preitner et al., 2002;
Sato et al., 2004). Completion of this feedback loop occurs through
transcription of the gene encoding REV-ERB that is directly
activated by CLOCK–BMAL1 and through its expression with
robust rhythmicity.

The effect of post-translational modifications
on circadian control
A variety of regulatory processes are superimposed on the canonical
transcriptional–translational loop that constitutes the core of the
circadian machinery. It has been shown that control of circadian
clock components operates not only at the post-transcriptional
level (Cermakian and Sassone-Corsi, 2000; So and Rosbash, 1997),
but also at the level of protein stability (Sahar et al., 2010) and
through intracellular localization (Takano et al., 2004; Vielhaber
et al., 2001). In particular, post-translational modifications (PTMs)
of clock proteins are important for ensuring the maintenance of
circadian rhythms, as they can modulate the activity and turnover
of major clock components (Gallego and Virshup, 2007). Various
PTMs have been described for most clock proteins, and many of
these occur in a time-specific manner. In this section, we do not
present an exhaustive survey of these modifications, but rather
discuss representative examples that have been linked to specific
circadian functions.

Phosphorylation
Phosphorylation of clock proteins has a prominent role in the
circadian system of different organisms. Many clock proteins
contain several putative phosphoacceptor sites for a number of
possible candidate kinases (Hirayama and Sassone-Corsi, 2005). A
paradigmatic example of the importance of this modification for
circadian function is the phosphorylation of PER proteins by CKI.

This kinase has been closely linked to circadian rhythms, as the
phenotype of the hamster tau mutant, which is characterized by
impaired circadian rhythmicity, is caused by a mutation in the
gene encoding CKI (Lowrey et al., 2000). CKI-mediated
phosphorylation of PER proteins targets them for ubiquitin-
mediated degradation, thereby controlling the duration of their
function (Eide et al., 2005; Gallego and Virshup, 2007). Further
evidence for the importance of CKI comes from Drosophila, in
which drastic disruptions in circadian rhythms are caused by
mutations in the fly ortholog of CKI, Doubletime (dbt) (Kloss et
al., 1998; Price et al., 1998).

CKI also phosphorylates and activates BMAL1 (Eide et al.,
2002). BMAL1 is a target for various kinases and displays a
remarkable profile of circadian phosphorylation in a range of
tissues and in serum-shocked synchronized fibroblasts. Glycogen
synthase kinase 3 (GSK3) has recently been shown to
phosphorylate mammalian BMAL1 and to control its stability and
activity (Sahar et al., 2010). Interestingly, the Drosophila ortholog
of GSK3, Shaggy (sgg), also phosphorylates the fly clock proteins
PERIOD and TIMELESS (Martinek et al., 2001). Moreover, a
high-throughput approach recently demonstrated that inhibition of
GSK3 expression and activity leads to a shortening of the circadian
period (Hirota et al., 2008). The involvement of GSK3 in circadian
physiology is of interest as this kinase has been implicated in the
molecular mechanism of lithium-based therapy of depression
(Doble and Woodgett, 2003), a syndrome in humans linked to
disruption of circadian rhythms (Bunney and Bunney, 2000;
Perreau-Lenz et al., 2007). Finally, in addition to BMAL1, GSK3
phosphorylates other clock proteins, including CRY2 (Harada et
al., 2005), PER2 (Iitaka et al., 2005), REV-ERB (Yin et al., 2006)
and CLOCK (Spengler et al., 2009), resulting in different effects
on the protein stability of each substrate.

BMAL1 is also targeted by other kinases, for example by
mitogen-activated protein kinases (MAPKs) (Sanada et al., 2002)
and CK2 (Tamaru et al., 2009). An important site of CK2
activity is the serine residue at position 90 (S90) in BMAL1, the
mutation of which leads to disruptions in circadian rhythmicity
(Tamaru et al., 2009). The ortholog of CK2 kinase in Drosophila
also exerts a crucial circadian function by phosphorylating PER
and regulating its nuclear entry (Akten et al., 2003; Lin et al.,
2002; Lin et al., 2005). Thus, most clock components are modified
by highly controlled phosphorylation events that are mediated by
a number of kinases. However, the interplay between these
regulatory kinases still needs to be deciphered (Fig. 2).

Sumoylation, acetylation and ubiquitylation
Among clock proteins, BMAL1 has been shown to undergo
extensive PTMs in addition to phosphorylation. BMAL1 is a
substrate for sumoylation (Cardone et al., 2005), ubiquitylation
(Kwon et al., 2006; Lee et al., 2008; Sahar et al., 2010) and
acetylation (Hirayama et al., 2007). The role of acetylation is
discussed further below.

Sumoylation and ubiquitylation are PTMs that directly influence
the intracellular pathways that control protein stability. Sumoylation
in particular is involved in various cellular processes, such as
transcriptional regulation, nuclear transport and protein stability.
BMAL1 is sumoylated by the small ubiquitin-like modifier 1
(SUMO-1) at a specific, conserved lysine residue at position 259
(K259) located in the PAS-domains linker. BMAL1 shows a
circadian pattern of sumoylation in mouse liver that closely follows
its activation. Sumoylation of BMAL1 is controlled by the circadian
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clock and requires CLOCK, the heterodimerization partner of
BMAL1. Ectopic expression of a SUMO-1-deficient form
of BMAL1 by using a viral vector demonstrated that sumoylation
has an important role in the rhythmic expression of BMAL1.
Sumoylation of BMAL1 is enhanced by ubiquitin conjugating
enzyme 9 (UBC9), an E2 ligase that activates the SUMO pathway.
These findings, and the reported BMAL1 ubiquitylation (Lee et
al., 2008; Sahar et al., 2010), stress the important role the
proteasome has in regulating clock proteins.

A chromatin remodeling clock
Because the fraction of mammalian transcripts that oscillates in a
circadian manner is remarkably high (Akhtar et al., 2002; Duffield
et al., 2002; Panda et al., 2002; Storch et al., 2002), it follows
that there must be an equally widespread program of dynamic
changes in chromatin remodeling that accompany and allow
for circadian gene expression. What could be defined as the
‘circadian epigenome’ probably involves cycles of chromatin
transitions that allow a highly dynamic chromatin structure with
the DNA to be locally and temporally permissive to transcription.

Epigenetic control can be exerted through a variety of
mechanisms, including DNA methylation, microRNA-mediated
metabolic pathways, histone variants and histone PTMs (Bernstein
and Allis, 2005; Berger, 2007; Borrelli et al., 2008; Cheung et al.,
2000a; Miranda and Jones, 2007; Strahl and Allis, 2000). The
presence of an ‘indexing epigenetic code’ suggests that the
coordinated and progressive combination of these processes allows
the epigenome to move from an ‘unlocked’ transcriptionally active
to a ‘locked’ silenced state, thereby determining the fate and
physiology of a given cell (Borrelli et al., 2008).

Histone PTMs are largely responsible for the plasticity of
chromatin remodeling (Cheung et al., 2000a). Histones can be
modified at multiple amino acid residues and at more than 30 sites
within their N-terminal tails. Many different PTMs (acetylation,
methylation, phosphorylation, sumoylation, ubiquitylation, ADP-
ribosylation and biotinylation) can occur, some involving
modification of the same residue but at different times. Therefore,
the number of possible PTM combinations is enormous, an
observation that inspired the concept of the ‘epigenetic code’,
suggesting that modifications can be coupled functionally and

occur interdependently in specific combinations (Strahl and Allis,
2000). For example, acetylation of lysine residue at positions 9
(K9) or 14 (K14) of histone H3 is known to be associated with an
open chromatin conformation that leads to active gene transcription
(Lee et al., 1993). Phosphorylation of H3 at the nearby serine
residue at position 10 (S10) appears to function as a priming event
that allows acetylation of K14 with a much higher efficacy (Cheung
et al., 2000b; Lo et al., 2000), probably owing to the physical
interaction of enzymes that are thought to elicit these combined
modifications (Merienne et al., 2001; Lo et al., 2000).

The first study that showed that chromatin remodeling is
involved in circadian gene expression demonstrated that a pulse of
light, when applied to mice during the subjective night, induces H3
phosphorylation at S10 in the SCN (Crosio et al., 2000). This is an
early response, occurring in parallel with other early events, such
as transcriptional induction of Fos and Per1 (Crosio et al., 2000).
Subsequently, several studies have indicated that histone
modifications at CCG promoters occur in a circadian manner
(Curtis et al., 2004; Doi et al., 2006; Etchegaray et al., 2003;
Naruse et al., 2004). For example, the rhythmic (rather than
constitutive) recruitment of CLOCK–BMAL1 to the Dbp promoter
is associated with the acetylated status of the H3 tail at that locus
(Ripperger and Schibler, 2006). In addition to phosphorylation and
acetylation, methylation is thought to contribute to regulating
circadian transcription. Whereas trimethylation of lysine residue at
position 4 of H3 (H3K4 trimethylation), a marker of open
chromatin, has been associated with H3K9 acetylation and therefore
activation of the Dbp promoter, H3K4 dimethylation at the same
promoter correlates with the repressive phase of its cycle (Ripperger
and Schibler, 2006). Interestingly, PER1-mediated transcriptional
repression is enhanced by its association with the methyltransferase
complex subunit WDR5 (Brown et al., 2005). Similarly, H3K27
methylation at Per promoters by the polycomb group protein EZH2
has been correlated with their repression of the rhythmic
transcription (Etchegaray et al., 2006). Although these descriptive
analyses did not identify the specific mechanism of circadian
chromatin remodeling, they provided a useful starting point for
further studies.

The finding that CLOCK has intrinsic histone acetyl transferase
(HAT) activity (Doi et al., 2006) revealed the long-sought molecular
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Fig. 2. Clock regulators undergo a large variety of
post-translational modifications. Phosphorylation is
common and elicited by a number of kinases activated by
various signaling pathways (Hirayama and Sassone-
Corsi, 2005). GSK3 has been shown to phosphorylate
most clock proteins, thereby controlling their stability and
subcellular localization. A direct link to protein
destabilization was demonstrated for the AMPK-mediated
phosphorylation of CRYs (Lamia et al., 2009). Other
post-translational modifications include acetylation of
BMAL1, a modification that is crucial for circadian
rhythmicity (Hirayama et al., 2007). Ubiquitylation and
sumoylation have also been described for a number of
clock regulators (Akashy et al., 2002; Cardone et al.,
2005; Gatfield and Schibler, 2007; Kwon et al., 2006; Lee
et al., 2008; Sahar et al., 2010; Yin et al., 2006).
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link between epigenetic control and the circadian clock. The initial
identification of several regions in CLOCK that are homologues to
those in the HAT activator of thyroid and retinoid receptors (ACTR)
(Chen et al., 1997) suggests that CLOCK is more than merely a
transcription factor and, indeed, reveals it to be a new type of
DNA-binding HAT (Doi et al., 2006). CLOCK is a bona fide HAT
with a preference for acetylating lysine residues in H3 and H4.
Importantly, CLOCK-mediated H3K14 acetylation at CCG
promoters follows a circadian rhythmicity (Doi et al., 2006;
Nakahata et al., 2008). Interestingly, studies of mouse embryonic
fibroblasts (MEFs) derived from homozygous Clock mutant (c/c)
mice demonstrate that the HAT activity of CLOCK is essential for
circadian gene expression (Doi et al., 2006).

Similar to other HATs (Glozak et al., 2005), CLOCK also elicits
the acetylation of non-histone substrates, such as of its
heterodimerization partner BMAL1, which is acetylated at a single,
highly conserved lysine residue (K537) (Hirayama et al., 2007).
This event is crucial for the circadian transcriptional program.
Indeed, ectopic expression of wild-type BMAL1, but not of a non-
acetylatable BMAL1-K537R mutant, can rescue circadian
expression in MEFs that have been derived from Bmal1-null mice.
Furthermore, BMAL1 acetylation increases the affinity of CLOCK–
BMAL1 for the repressor CRY, an association that is crucial for
the negative feedback loop of the clock (Hirayama et al., 2007).
Whether BMAL1 acetylation is regulated or whether it influences
other PTMs of BMAL1 has not been explored yet. Finally, recent
reports show that CLOCK can acetylate non-histone proteins other
than BMAL1; for example, the glucocorticoid receptor is a target
of CLOCK and its acetylation appears to regulate its function
(Nader et al., 2009).

These data strongly support the notion that CLOCK is involved
in the acetylation of other non-histone targets and, more specifically,
of proteins that have key roles in regulating various cellular events
– from the cell cycle to metabolic pathways (Fig. 3).

Sirtuins: linking metabolism to epigenetics
A significant feature of all histone PTMs is that they use cellular
metabolites as a source for the modifications (Borrelli et al., 2008).
Thus, enzymes that mediate chromatin-remodeling events might
sense specific metabolic states of individual cells, thereby intimately
linking intracellular signaling with histone modifications (Cheung
et al., 2000a). With this in mind, it would be important to identify
the specific remodeling enzymes that have a crucial role in these
processes and to confirm the possibility that chromatin has a central
role in adaptation to metabolic fluctuations.

Cells modify their biochemical activities according to transient
environmental stimuli, such as food intake and energy
expenditure. This occurs through modulating the expression of
various metabolic targets – mainly rate-limiting enzymes in
central biochemical pathways. By changing the chromatin
conformation and the accessibility of transcription factors to
genomic regions that encode these central enzymes, cells can
adjust enzyme levels according to specific energetic conditions
(Feil, 2006). We focus our discussion on histone acetylation, the
levels of which are controlled by the concerted enzymatic activity
of HATs and histone deacetylases (HDACs) (Strahl and Allis,
2000). As discussed above, previous studies have shown that
clock components associate with different HATs and HDACs
(Curtis et al., 2004; Etchegaray et al., 2003), providing hints for
the mechanisms by which they might exert their temporally
regulated function as transcription factors.

Interestingly, it has been found that epigenetic abnormalities are
associated with various pathological conditions, including aging,
cancer and atherosclerosis (Feinberg, 2007). How these alterations
result in metabolic disorders remains largely unclear. However,
accumulating evidence of the effect of caloric restriction on
regulating gene expression, chromatin structure and genome
stability is providing important information in this respect (Heydari
et al., 2007; Vaquero and Reinberg, 2009). Caloric restriction is
considered the most consistent non-pharmacological intervention
that increases lifespan (Canto and Auwerx, 2009) and alters gene
expression at the level of chromatin. Accumulating evidence
suggests that a specific class of HDACs, the sirtuins, mediates the
caloric restriction response on the chromatin level in organisms
ranging from yeast to mammals (Haigis and Guarente, 2006; Longo
and Kennedy, 2006). SIRT1 is the mammalian ortholog of yeast
Sir2 (silencing information regulator), a mediator of transcriptional
silencing at repeat DNA sequences in yeast genomes, such as
mating-type loci, telomeres and ribosomal DNA (rDNA)
(Brachmann et al., 1995). SIRT1 is the best-characterized member
of the sirtuin family, which includes seven members that are
broadly conserved between species. All sirtuins possess ADP-
ribosyltransferase and deacetylase activities, which constitutes the
class III of HDACs (Tanny et al., 1999; Imai et al., 2000). Both
enzymatic activites of sirtuins require NAD+ as cofactor. SIRT1
converts NAD+ into nicotinamide to either remove the acetyl group
from its substrate or to attach a molecule of ADP-ribose to the
acetylated residue. Because of its dependency on the ratio between
NAD+ and NADH (Lin et al., 2004), SIRT1 is considered a sensor
of metabolic changes that enables cells to survive in conditions of
reduced nutrient availability. Indeed, SIRT1-knockout mice display
defective metabolism and partial unresponsiveness to caloric
restriction (Boily et al., 2008; Chen et al., 2005), whereas SIRT1
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Fig. 3. CLOCK is a HAT. The core circadian regulator CLOCK was
identified to have intrinsic HAT activity (Doi et al., 2006) and to acetylate also
non-histone proteins, in particular its own dimerization partner BMAL1
(Hirayama et al., 2007). It is tempting to speculate that, similarly to other
HATs (Glozak et al., 2005), CLOCK also acetylates other cellular proteins,
thereby establishing functional connections to a variety of metabolic pathways
as shown here. A substantial proportion of nuclear receptors has been shown to
be expressed in a circadian manner (Yang et al., 2006), suggesting that nuclear
receptors are regulated by CLOCK-mediated acetylation. Likewise, a number
of cell-cycle regulators could be targeted by CLOCK, as some of them are
known to be acetylated, for example, p53 (Gu and Roeder, 1997). Also, as
CLOCK is in a nuclear complex (see Fig. 4) and thus could associate with
other nuclear regulators, it is possible that CLOCK also modifies chromatin
remodelers. Finally, the conceptual link between the clock and the sleep-wake
cycle could indicate a molecular connection between sleep-related peptides
and signaling to CLOCK.
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overexpression protects mice from high-fat-diet-induced metabolic
disease and induces a phenotype similar to that observed in calorie-
restricted mice (Bordone et al., 2007; Banks et al., 2008; Pfluger
et al., 2008).

SIRT1 is thought to exert its functions mainly, but not
exclusively, at the level of chromatin. The preferential targets of
SIRT1 activity are H3K9 and H4K16 (Vaquero et al., 2004). At
these sites, SIRT1-mediated deacetylation promotes the formation
of facultative heterochromatin and thereby induces gene silencing.
In this respect, another sirtuin of interest is SIRT6, which is the
only other sirtuin family member that is localized in the nucleus
and associates with chromatin (Michishita et al., 2008). Recent
data indicate that SIRT6 is directly involved in controlling glucose
metabolism (Zhong et al., 2010).

Importantly, SIRT1 also targets several non-histone substrates,
including proteins with prominent roles in cell-cycle regulation,
such as p53 and NF-B, in DNA repair, for example nibrin (NBS1)
and Ku70, and in the metabolism of glucose and lipids, such as the
fork head transcripton factors FOXOs, the peroxisome proliferator-
activated receptor (PPAR), the PPAR coactivator 1 (PGC-1)
and liver X receptor (LXR) (Li et al., 2007; Luo et al., 2001; Motta
et al., 2004; Picard et al., 2004; Rodgers et al., 2005; Vaziri et al.,
2001; Yeung et al., 2004). Therefore, as described further below,
SIRT1 is a central physiological and molecular link that connects
chromatin remodeling to circadian and metabolic processes.

How the circadian system senses metabolism
Before food consumption, most organisms display a series of
physiological and behavioral changes that enable them to
‘anticipate’ timed meals. Many of these effects, including increased
body temperature, food anticipatory activity and a rise in duodenal
secretion, are controlled in a circadian manner (Stephan, 2002). As
mentioned above, circadian rhythms are directly dictated by food
availability, which is a powerful external cue that entrains peripheral
clocks. It has been reported that, in nocturnal animals, limiting
food availability to a brief time during the light phase – referred to
as restricted feeding – completely inverts the phase of the
expression of genes that encode clock components and CCGs in
the liver without affecting the SCN clock function (Damiola et al.,
2000; Stokkan et al., 2001). Remarkably, restricted feeding also
affects peripheral rhythms in arrhythmic Clock-mutant mice and in
mice that have specific lesions of the SCN when they are exposed
to either light-dark cycles or to constant darkness (Hara et al.,
2001; Stephan, 2002; Stokkan et al., 2001). These observations
suggest that food availability affects not only peripheral clock
functions directly, but also through a brain region that is involved
in regulating the feeding-mediated circadian behavior. Some
evidence indicates that the dorsomedial nuclei have a significant
role in this response (Gooley et al., 2006; Mieda et al., 2006);
however, the exact location of this food-entrainable oscillator is
still under debate (Davidson, 2006).

In contrast to the response to restricted feeding, which only
impinges on peripheral clocks, both the SCN and peripheral
oscillators exhibit resetting of circadian rhythms during caloric
restriction (Challet et al., 1998; Mendoza et al., 2005; Resuehr and
Olcese, 2005), indicating that stimuli that are associated with the
nutritional value of a meal and with the amount of calories can
affect the central circadian oscillator. In support of this hypothesis,
it has been shown that a high-fat diet leads to changes in the
circadian period in mice (Kohsaka et al., 2007). Furthermore, a
number of food components – such as glucose, ethanol, adenosine

and caffeine, thiamine and retinoic acid – can entrain or phase-shift
circadian rhythms (Froy, 2007). Finally, several stimuli, including
insulin, glucose, the glucocorticoid hormone analogue
dexamethasone, forskolin and phorbol ester, can trigger circadian
expression in vitro by activating specific signaling cascades
(Balsalobre et al., 2000; Hirota et al., 2002). Thus, the convergence
of distinct signaling pathways that are activated after feeding is
likely to influence the clock machinery, probably in a tissue-
specific manner.

Nuclear receptors constitute a class of regulators that occupy a
prominent position to function at the interface between circadian
control and metabolism. These transcription factors coordinate
gene expression in response to hormonal and environmental signals
through direct binding to specific hormone-responsive DNA
elements and by recruiting several co-regulatory proteins and
chromatin-remodeling complexes (Sonoda et al., 2008; Trotter and
Archer, 2007). Nuclear receptors have a vital role in various
biological processes, including development and metabolic
homeostasis, by acting as sensors of fat-soluble hormones and
dietary lipids. The activity of many nuclear receptors is modulated
by a crucial switch that involves binding to specific signaling
molecules for their activation – including secreted molecules, such
as steroid and thyroid hormones, vitamin D and retinoic acid.
Some nuclear receptors are referred to as orphan receptors because
their endogenous ligands are unknown.

About half of the known nuclear receptors display cyclic
expression in metabolically active tissues, including liver, adipose
tissue and skeletal muscle (Yang et al., 2006), a finding that
underscores the close link between these regulators and the
circadian clock. For example, the orphan receptor REV-ERB
that, as mentioned above, has an important role in the maintenance
of circadian rhythm (Akashi and Takumi, 2005; Preitner et al.,
2002), also regulates adipogenesis and its expression increases
during the differentiation of pre-adipocytes into mature adipocytes
(Fontaine et al., 2003). Moreover, REV-ERB regulates triglyceride
mobilization by controlling the circulating levels of triglyceride-
rich lipoproteins and also appears to have an important role in
regulating vascular inflammatory processes (Migita et al., 2004).
Notably, REV-ERB transcription is rhythmic and is regulated by
the clock machinery, exhibiting a diurnal peak of maximal
expression. REV-ERB-deficient mice are not arrythmic, but they
have a shorter period length and increased Clock and Bmal1
expression levels (Preitner et al., 2002).

The peroxisome proliferator-activated receptors (PPARs) also
constitute a link between metabolism and circadian control. PPAR
regulates lipid metabolism and binds to the Bmal1 promoter to
modulate its expression. Moreover, its own expression is regulated
by CLOCK–BMAL1 through E-boxes present in its promoter
region (Canaple et al., 2006; Oishi et al., 2005). Consequently,
genes that are induced or inhibited by PPARs are also rhythmically
expressed. PGC1 is an inducible transcriptional coactivator of the
genes encoding PPARs, and is involved in integrating metabolic
and clock signals. It has a prominent role in regulating oxidative
phosphorylation by controlling mitochondrial biogenesis. PGC-1
expression oscillates in a circadian manner and contributes to
Bmal1 transcription through the co-activation of the ROR family
of orphan nuclear receptors. Accordingly, PGC-1-null-mice show
defects in circadian expression of clock and metabolic genes (Liu
et al., 2007). Finally, PER2 has been shown to physically interact
with several nuclear receptors (Schmutz et al., 2010) and to directly
regulate PPAR function (Grimaldi et al., 2010). These findings
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indicate that several physiologically relevant connections between
nuclear receptors and clock functions exist that remain to be
uncovered.

Linking the circadian clock to metabolic
disorders
Metabolic tissues have the remarkable property of being able to
respond to oscillatory changes in circulating levels of glucose,
fatty acids, triglycerides and several hormones (Eckel-Mahan and
Sassone-Corsi, 2009). Many proteins that are expressed
rhythmically in mammalian peripheral tissues have central roles in
different metabolic processes. Examples include key rate-limiting
enzymes involved in the metabolism of cholesterol [such as
cholesterol 7 hydroxylase (CYP7A1)] and lipids (such as acetyl-
CoA carboxylase, malate dehydrogenase and fatty acid synthase),
glucose [such as phosphoenolpyruvate carboxykinase (PEPCK),
glycogen phosphorylase and glycogen synthase], amino acid
regulation (such as serine dehydratase) and detoxification pathways
(such as cytrochrome P450 enzymes) (Froy, 2007; Kohsaka and
Bass, 2007). It is intuitive that altering the cyclic pattern of clock
control would result in aberrant levels of crucial metabolic enzymes,
possibly leading to metabolic disorders. The regulation of CYP7A1,
the rate-limiting enzyme in the synthesis of bile acid from
cholesterol, represents a good example. The Cyp7a1 gene is
activated by the nuclear receptor liver X receptor (LXR) when
plasma cholesterol levels are high and by the transcription factor
sterol response element binding protein (SREBP) when they are
low. The cyclic expression of Cyp7a1 is mainly controlled by
REV-ERB, which drives the cyclic activation of both SREBP and
LXR (Brewer et al., 2005; Le Martelot et al., 2009).

The serum levels of many hormones oscillate over a 24-hour
period. For example, the concentrations of insulin (La Fleur, 2003)
and glucagon (Ruiter et al., 2003) both display a daily rhythm that
drives the oscillation of glucose plasma levels, which peaks at the
beginning of the activity period. Whereas insulin secretion seems
to be indirectly regulated by SCN-mediated control of feeding
activity, glucagon and glucose levels oscillate independently of
food intake. Hormones secreted from the adrenal glands, such as
corticosterone and adrenaline, also show circadian patterns of
expression (De Boer and Van der Gugten, 1987). Interestingly,
glucocorticoids are likely to be candidates as mediators of the
SCN-mediated control of peripheral clocks (Le Minh et al., 2001;
Reddy et al., 2007). Glucocorticoid secretion, which peaks just
before the onset of the activity period, is governed by the
hypothalamus–pituitary gland–adrenal axis that is, in turn, regulated
by the SCN. The function of glucocorticoids is largely exerted
through binding to the glucocorticoid receptor and its subsequent
interactions with glucocorticoid response elements (GREs) in the
genome. A recent report suggested that many clock genes are
direct GR target genes, by virtue of the presence of a GRE in their
sequence (So et al., 2009). Glucocorticoids have also been found
to modulate circadian resetting mediated by restricted feeding
through inhibiting the uncoupling of central and peripheral clocks
(Le Minh et al., 2001). Intriguingly, the glucocorticoid receptor has
been recently found to be a target of CLOCK-mediated acetylation
(Nader et al., 2009). Finally, other hormones that are important in
regulating food intake and fat mass – such as adiponectin, leptin
and ghrelin – are also known to oscillate (Ando et al., 2005;
Bodosi et al., 2004).

On the basis of the findings discussed above, it is expected that
disrupting the circadian clocks results in aberrant metabolic

functions. Indeed, mice that lack the expression of circadian clock
genes or express variant clock proteins, have abnormal metabolic
phenotypes. For example, homozygous Clock mutant mice are
hyperphagic and obese, and develop a phenotype that resembles
metabolic syndrome, including features such as hyperlipidemia,
hyperglycemia and hepatic steatosis (Turek et al., 2005). Bmal1-
deficient mice have impaired insulin responsiveness, altered
gluconeogenesis and suppressed diurnal variations in glucose and
triglyceride levels (Marcheva et al., 2010; Rudic et al., 2004).
Interestingly, fluctuation in body weight is associated with the
length of the light phase (Bray and Young, 2007). Clinical and
epidemiological studies in humans have shown a link between the
lack of adequate sleep and metabolic disorders, and have identified
sleep deprivation as an independent risk factor for obesity and
hypertension (Gangwisch et al., 2005). These studies associate
circadian disruption with cardiovascular and metabolic
complications (Laposky et al., 2008). Furthermore, night-shift
workers show higher triglyceride levels, lower HDL cholesterol
levels and are more likely to be obese compared with day workers,
with their body mass index directly proportional to the duration of
night-shift-work (Duez and Staels, 2008).

SIRT1: a circadian enzymatic rheostat
The close relationship between metabolic control and circadian
rhythm is, for the most part, based on the transcriptional regulation
of a large number of CCGs by the clock machinery. When SIRT1
was identified in the search for a HDAC that counterbalanced the
HAT function of CLOCK in controlling the circadian remodeling
of chromatin at CCGs promoters, a molecular link was established
(Asher et al., 2008; Nakahata et al., 2008). The enzymatic function
of SIRT1 requires NAD+ as a coenzyme (Imai et al., 2000; Vaziri
et al., 2001), which suggests that cellular energy levels are
intimately connected to the circadian cycle.

The levels of SIRT1 expression do not change significantly
throughout the circadian cycle (Nakahata et al., 2008; Nakahata et
al., 2009; Ramsey et al., 2009), similar to the almost constant
levels of CLOCK expression in most mammalian tissues (Lee et
al., 2001; Ripperger and Schibler, 2006; Yagita et al., 2001;
Yamamoto et al., 2004). Given that CLOCK and SIRT1 physically
interact, and that their association does not seem to undergo major
daily changes (at least in the liver), it is therefore particularly
interesting that SIRT1 activity is regulated in a circadian manner
(Nakahata et al., 2008). This indicates that the CLOCK–SIRT1
complex most probably determines changes in the acetylation of
its targets based, at least in part, on the oscillation of SIRT1
activity.

SIRT1 associates with CLOCK–BMAL1 within a chromatin
complex that is recruited to CCG promoters in a circadian manner
(Fig. 4). SIRT1 appears to modulate circadian gene expression by
repressing transcription through its HDAC activity in a time-
dependent manner, presumably by enhancing localized chromatin
condensation. In fact, in Sirt1-null MEFs, the level of acetylated
H3 Lys9 and Lys14 residues at CCGs promoters is increased in a
constitutive and non-oscillating manner (Nakahata et al., 2008).
Pharmacological and genetic approaches have demonstrated that
lack of SIRT1 leads to a significant increase in the amplitude of
transcription of circadian genes, both in cultured cells and in livers
from entrained mice (Nakahata et al., 2008).

Importantly, the deacetylase activity of SIRT1 also targets non-
histone circadian regulators. At least two clock regulators, BMAL1
and PER2, have been shown to be SIRT1 targets (Asher et al.,
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2008; Nakahata et al., 2008). For both proteins, loss of SIRT1
results in a significant increase in acetylation levels. Mutations in
BMAL1, whose CLOCK-mediated acetylation is crucial for
circadian function (Hirayama et al., 2007) lead to a premature-
aging phenotype in mice – which is of interest given that SIRT1,
which directly deacetylates BMAL1, was shown to protect against
age-related diseases in mouse models for neurological disorders
(Kondratov et al., 2006; Kim et al., 2007). These findings suggest
that SIRT1 functions as a modulator of the circadian machinery.
We like to think that SIRT1 acts as a ‘rheostat’ within the clock
system by controlling the balance of acetylation and chromatin
remodeling by the circadian clock. Indeed, as its enzymatic activity
is directly dependent on the redox state of the cell, SIRT1 might
constitute a direct connection between metabolic activity, chromatin
modifications and clock machinery (Fig. 4). Finally, as SIRT1
deacetylates clock proteins in a circadian manner, it can be assumed
that it acts on other targets in the same way, but this remains an
open question at the moment.

NAD+ – a circadian metabolite
Given that SIRT1 utilizes NAD+ as a coenzyme, this metabolite
might have a direct role in circadian rhythm. As a coenzyme of
oxidoreductases, the major function of NAD+ in cell metabolism
is to transfer electrons in redox reactions. Whereas NADP+ is
mainly used as a reducing agent in anabolic reactions, high NAD+

levels favors oxidative reactions, by which nutrients are degraded
to release energy in the form of ATP that can be directly used by
the cell. As the cycling of NAD+ in redox reactions does not
change its overall levels, its consumption is mainly the result of
other reactions, mostly post-translational modifications performed
by NAD+-dependent deacetylases (sirtuins) and mono- or poly-
ribosyltransferases (Berger et al., 2004). As mentioned above,
SIRT1 activity is regulated by the NAD+:NADH ratio present in
the cells (Lin et al., 2004). NAD+ availability is essential for SIRT1
to catalyze a reaction by which NAD+ is converted into
nicotinamide and O-acetyl-ADP-ribose, and which removes an
acetyl group from the substrate. Thus, SIRT1 has a central role in
the molecular pathway that controls the intracellular levels of
NAD+, the NAD+-salvage pathway, which is conserved from yeast
to mammalian cells. Here, the enzyme nicotinamide (NAM)
phospho-ribosyltransferase (NAMPT) occupies a central position
as it catalyses the rate-limiting step (Revollo et al., 2004) (Fig. 5).
Remarkably, the expression of the Nampt gene is circadian as its
promoter contains E-boxes to which CLOCK, BMAL1 and SIRT1
are recruited in a circadian manner. This clock-controlled regulation
leads to the circadian oscillation of NAMPT enzymatic activity
and, ultimately, that of NAD+ (Nakahata et al., 2009; Ramsey et
al., 2009). This control system is a unique example in which the
transcriptional feedback loop of the circadian clock is connected to
an enzymatic cycle, the NAD+-salvage pathway. SIRT1 occupies a
central position as it participates in both loops (Fig. 5). Another
interesting finding that arises from these studies is that SIRT1 is
directly responsible for the oscillatory levels of its own coenzyme.

Changes in NAD+ levels are most likely to have also other
effects in addition to those on SIRT1. The DNA-binding activity
of CLOCK (and its homologue NPAS2) itself appears to be
regulated by cellular redox state. It has been reported that motorial
activity or food availability directly and rapidly affects the CLOCK–
BMAL1- (and NPAS2–BMAL1)-driven transcription, which is
increased in the presence of high NADH and NADPH levels
(Rutter et al., 2001). Moreover, the activity of other NAD+-

consuming enzymes might be crucially affected by oscillatory
levels of NAD+. In this context, one class of NAD+-dependent
enzymes, the poly-ADP-ribose polymerases (PARPs) – which are
markedly activated in response to stimuli that induce a DNA-
damage response (Schreiber et al., 2006) – is of special interest
because of the possible connections between circadian metabolism,
aging and cancer. PARP-1 binds to DNA single-strand breaks in
order to exert its main function of surveying genome integrity. It
is also involved in other important cellular events, including
apoptosis, cell-cycle regulation and modulation of gene expression.
Intriguingly, a functional interplay between SIRT1 and PARP1 has
been established (Kolthur-Seetharam et al., 2006).

Finally, other sensors of redox state in the cell might have a role
in the circadian system. The activity of AMP-activated protein
kinase (AMPK) oscillates in a circadian manner; AMPK
phosphorylates CRY1, leading to its destabilization and to de-
repression of circadian transcription (Lamia et al., 2009). AMPK
is activated through phosphorylation by other kinases under
conditions of increased intracellular AMP:ATP ratio. This typically
occurs during metabolic stresses that interfere with cellular energy
homeostasis by either inhibiting ATP production (low blood
glucose, hypoxia) or by accelerating its consumption (muscle
contraction). AMPK activation switches on catabolic pathways
that produce ATP by enhancing oxidative metabolism and
mitochondrial biogenesis, whereas anabolic and ATP-consuming
processes – including cell growth and proliferation – are switched
off. Recent studies have shown that the metabolic actions of SIRT1
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and AMPK often converge. Indeed, several functional connections
exist between the two pathways, for example SIRT1 acts upstream
of AMPK signaling by regulating the activity of its kinase LKB1
through deacetylation. Conversely, AMPK itself enhances SIRT1
activity by increasing cellular NAD+ levels (Canto et al., 2009).

Conclusions
How extensive is the interplay between cellular metabolism and
circadian cycles? It is currently difficult to fully address this
question, but accumulating evidence shows there is a mutual
relationship – the clock controls some crucial metabolic pathways
and metabolism feeds back to the clock machinery (Eckel-Mahan
and Sassone-Corsi, 2009). In this sense, the classic scheme of the
circadian pacemaker in peripheral clocks could be conceptually
modified to include the potential role of metabolic outputs, such as
NAD+, in feeding back to the pacemaker and acting as adjusting
signals (Fig. 6). How complex and varied this ‘adjusting’ activity
is it is not yet understood, but we predict that it could be more
extensive than currently known. One additional level of complexity
is tissue specificity. It is highly probable that different sets of
metabolites oscillate with varied amplitude or period in different
tissues. Here, it would be highly informative to compare the
scenario of the circadian regulation in different peripheral tissues
with the clock function in the SCN.

Further circadian metabolomic studies should at the very least
provide a more complete picture of which metabolites oscillate
and when. However, a crucial challenge will be to identify and
decipher the specific molecular pathways that determine each
particular oscillation. We anticipate that these studies will provide
valuable leads to develop successful therapeutic intervention of
metabolic disorders.
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step in the NAD+ salvage pathway is controlled by SIRT1, which also
contributes to the regulation of the Nampt promoter by associating with
CLOCK–BMAL1 in the CLOCK chromatin complex (see Fig. 4). Thus, the
feedback transcriptional loop of circadian regulation is closely linked to an
enzymatic feedback loop. Through this regulation, SIRT1 controls the cellular
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Fig. 6. Model of the circadian clock (pacemaker) and its most important
input signal, light. Light signaling directly influences neurons in the central
clock in the hypothalamic SCN, thereby modulating the self-sustained clock
circadian regulation. The outputs of the circadian system include a large array
of physiological, metabolic and neuronal functions. Disruption of clock
function can cause dramatic pathophysiological effects, including
neurodegeneration and cancer. Some metabolites appear to feed back to the
central pacemaker and function as adjusting signals. An example for this is
NAD+, which is used by SIRT1 as coenzyme (Nakahata et al., 2009).

Jo
ur

na
l o

f C
el

l S
ci

en
ce

Jo
ur

na
l o

f C
el

l S
ci

en
ce



Brachmann, C. B., Sherman, J. M., Devine, S. E., Cameron, E. E., Pillus, L. and
Boeke, J. D. (1995). The SIR2 gene family, conserved from bacteria to humans,
functions in silencing, cell cycle progression, and chromosome stability. Genes Dev. 9,
2888-2902.

Bray, M. S. and Young, M. E. (2007). Circadian rhythms in the development of obesity:
potential role for the circadian clock within the adipocyte. Obes. Rev. 8, 169-181.

Brewer, M., Lange, D., Baler, R. and Anzulovich, A. (2005). SREBP-1 as a transcriptional
integrator of circadian and nutritional cues in the liver. J. Biol. Rhythms 20, 195-205.

Brown, S. A., Zumbrunn, G., Fleury-Olela, F., Preitner, N. and Schibler, U. (2002).
Rhythms of mammalian body temperature can sustain peripheral circadian clocks. Curr.
Biol. 12, 1574-1583.

Brown, S. A., Ripperger, J., Kadener, S., Fleury-Olela, F., Vilbois, F., Rosbash, M. and
Schibler, U. (2005). PERIOD1-associated proteins modulate the negative limb of the
mammalian circadian oscillator. Science 308, 693-696.

Bunney, W. E. and Bunney, B. G. (2000). Molecular clock genes in man and lower
animals: possible implications for circadian abnormalities in depression.
Neuropsychopharmacology 22, 335-345.

Busino, L., Bassermann, F., Maiolica, A., Lee, C., Nolan, P. M., Godinho, S. I.,
Draetta, G. F. and Pagano, M. (2007). SCFFbxl3 controls the oscillation of the
circadian clock by directing the degradation of cryptochrome proteins. Science 316,
900-904.

Canaple, L., Rambaud, J., Dkhissi-Benyahya, O., Rayet, B., Tan, N. S., Michalik, L.,
Delaunay, F., Wahli, W. and Laudet, V. (2006). Reciprocal regulation of brain and
muscle Arnt-like protein 1 and peroxisome proliferator-activated receptor alpha defines
a novel positive feedback loop in the rodent liver circadian clock. Mol. Endocrinol. 20,
1715-1727.

Canto, C. and Auwerx, J. (2009). Caloric restriction, SIRT1 and longevity. Trends
Endocrinol. Metab. 20, 325-331.

Canto, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C.,
Elliott, P. J., Puigserver, P. and Auwerx, J. (2009). AMPK regulates energy expenditure
by modulating NAD+ metabolism and SIRT1 activity. Nature 458, 1056-1060.

Cardone, L., Hirayama, J., Giordano, F., Tamaru, T., Palvimo, J. J. and Sassone-
Corsi, P. (2005). Circadian clock control by SUMOylation of BMAL1. Science 309,
1390-1394.

Cermakian, N. and Sassone-Corsi, P. (2000). Multilevel regulation of the circadian
clock. Nat. Rev. Mol. Cell Biol. 1, 59-67.

Cermakian, N. and Sassone-Corsi, P. (2002). Environmental stimulus perception and
control of circadian clocks. Curr. Opin. Neurobiol. 12, 359-365.

Challet, E., Solberg, L. C. and Turek, F. W. (1998). Entrainment in calorie-restricted
mice: conflicting zeitgebers and free-running conditions. Am. J. Physiol. 274, R1751-
R1761.

Chen, D., Steele, A. D., Lindquist, S. and Guarente, L. (2005). Increase in activity
during calorie restriction requires Sirt1. Science 310, 1641.

Chen, H., Lin, R. J., Schiltz, R. L., Chakravarti, D., Nash, A., Nagy, L., Privalsky, M.
L., Nakatani, Y. and Evans, R. M. (1997). Nuclear receptor coactivator ACTR is a
novel histone acetyltransferase and forms a multimeric activation complex with P/CAF
and CBP/p300. Cell 90, 569-580.

Cheung, P., Allis, C. D. and Sassone-Corsi, P. (2000a). Signaling to chromatin through
histone modifications. Cell 103, 263-271.

Cheung, P., Tanner, K. G., Cheung, W. L., Sassone-Corsi, P., Denu, J. M. and Allis,
C. D. (2000b). Synergistic coupling of histone H3 phosphorylation and acetylation in
response to epidermal growth factor stimulation. Mol. Cell 5, 905-915.

Crosio, C., Cermakian, N., Allis, C. D. and Sassone-Corsi, P. (2000). Light induces
chromatin modification in cells of the mammalian circadian clock. Nat. Neurosci. 3,
1241-1247.

Curtis, A. M., Seo, S. B., Westgate, E. J., Rudic, R. D., Smyth, E. M., Chakravarti,
D., FitzGerald, G. A. and McNamara, P. (2004). Histone acetyltransferase-dependent
chromatin remodeling and the vascular clock. J. Biol. Chem. 279, 7091-7097.

Damiola, F., Le Minh, N., Preitner, N., Kornmann, B., Fleury-Olela, F. and Schibler,
U. (2000). Restricted feeding uncouples circadian oscillators in peripheral tissues from
the central pacemaker in the suprachiasmatic nucleus. Genes Dev. 14, 2950-2961.

Darlington, T. K., Wager-Smith, K., Ceriani, M. F., Staknis, D., Gekakis, N., Steeves,
T. D., Weitz, C. J., Takahashi, J. S. and Kay, S. A. (1998). Closing the circadian loop:
CLOCK-induced transcription of its own inhibitors per and tim. Science 280, 1599-
1603.

Davidson, A. J. (2006). Search for the feeding-entrainable circadian oscillator: a complex
proposition. Am. J. Physiol. Regul. Integr. Comp. Physiol. 290, R1524-R1526.

De Boer, S. F. and Van der Gugten, J. (1987). Daily variations in plasma noradrenaline,
adrenaline and corticosterone concentrations in rats. Physiol. Behav. 40, 323-328.

Debruyne, J. P., Noton, E., Lambert, C. M., Maywood, E. S., Weaver, D. R. and
Reppert, S. M. (2006). A clock shock: mouse CLOCK is not required for circadian
oscillator function. Neuron 50, 465-477.

Doble, B. W. and Woodgett, J. R. (2003). GSK-3: tricks of the trade for a multi-tasking
kinase. J. Cell Sci. 116, 1175-1186.

Doi, M., Hirayama, J. and Sassone-Corsi, P. (2006). Circadian regulator CLOCK is a
histone acetyltransferase. Cell 125, 497-508.

Duez, H. and Staels, B. (2008). Rev-erb alpha gives a time cue to metabolism. FEBS Lett.
582, 19-25.

Duffield, G. E., Best, J. D., Meurers, B. H., Bittner, A., Loros, J. J. and Dunlap, J. C.
(2002). Circadian programs of transcriptional activation, signaling, and protein turnover
revealed by microarray analysis of mammalian cells. Curr. Biol. 12, 551-557.

Eckel-Mahan, K. and Sassone-Corsi, P. (2009). Metabolism control by the circadian
clock and vice versa. Nat. Struct. Mol. Biol. 16, 462-467.

Eide, E. J., Vielhaber, E. L., Hinz, W. A. and Virshup, D. M. (2002). The circadian
regulatory proteins BMAL1 and cryptochromes are substrates of casein kinase Iepsilon.
J. Biol. Chem. 277, 17248-17254.

Eide, E. J., Woolf, M. F., Kang, H., Woolf, P., Hurst, W., Camacho, F., Vielhaber, E.
L., Giovanni, A. and Virshup, D. M. (2005). Control of mammalian circadian rhythm
by CKIepsilon-regulated proteasome-mediated PER2 degradation. Mol. Cell. Biol. 25,
2795-2807.

Etchegaray, J. P., Lee, C., Wade, P. A. and Reppert, S. M. (2003). Rhythmic histone
acetylation underlies transcription in the mammalian circadian clock. Nature 421, 177-
182.

Etchegaray, J. P., Yang, X., DeBruyne, J. P., Peters, A. H., Weaver, D. R., Jenuwein,
T. and Reppert, S. M. (2006). The polycomb group protein EZH2 is required for
mammalian circadian clock function. J. Biol. Chem. 281, 21209-21215.

Feil, R. (2006). Environmental and nutritional effects on the epigenetic regulation of
genes. Mutat. Res. 600, 46-57.

Feinberg, A. P. (2007). Phenotypic plasticity and the epigenetics of human disease. Nature
447, 433-440.

Fontaine, C., Dubois, G., Duguay, Y., Helledie, T., Vu-Dac, N., Gervois, P., Soncin, F.,
Mandrup, S., Fruchart, J. C., Fruchart-Najib, J. et al. (2003). The orphan nuclear
receptor Rev-Erbalpha is a peroxisome proliferator-activated receptor (PPAR) gamma
target gene and promotes PPARgamma-induced adipocyte differentiation. J. Biol. Chem.
278, 37672-37680.

Freedman, M. S., Lucas, R. J., Soni, B., von Schantz, M., Munoz, M., David-Gray, Z.
and Foster, R. (1999). Regulation of mammalian circadian behavior by non-rod, non-
cone, ocular photoreceptors. Science 284, 502-504.

Froy, O. (2007). The relationship between nutrition and circadian rhythms in mammals.
Front. Neuroendocrinol. 28, 61-71.

Gallego, M. and Virshup, D. M. (2007). Post-translational modifications regulate the
ticking of the circadian clock. Nat. Rev. Mol. Cell Biol. 8, 139-148.

Gatfield, D. and Schibler, U. (2007). Physiology. Proteasomes keep the circadian clock
ticking. Science 316, 1135-1136.

Gangwisch, J. E., Malaspina, D., Boden-Albala, B. and Heymsfield, S. B. (2005).
Inadequate sleep as a risk factor for obesity: analyses of the NHANES I. Sleep 28,
1289-1296.

Gekakis, N., Staknis, D., Nguyen, H. B., Davis, F. C., Wilsbacher, L. D., King, D. P.,
Takahashi, J. S. and Weitz, C. J. (1998). Role of the CLOCK protein in the mammalian
circadian mechanism. Science 280, 1564-1569.

Glossop, N. R. and Hardin, P. E. (2002). Central and peripheral circadian oscillator
mechanisms in flies and mammals. J. Cell Sci. 115, 3369-3377.

Glozak, M. A., Sengupta, N., Zhang, X. and Seto, E. (2005). Acetylation and
deacetylation of non-histone proteins. Gene 363, 15-23.

Godinho, S. I., Maywood, E. S., Shaw, L., Tucci, V., Barnard, A. R., Busino, L.,
Pagano, M., Kendall, R., Quwailid, M. M., Romero, M. R. et al. (2007). The after-
hours mutant reveals a role for Fbxl3 in determining mammalian circadian period.
Science 316, 897-900.

Gooley, J. J., Lu, J., Chou, T. C., Scammell, T. E. and Saper, C. B. (2001). Melanopsin
in cells of origin of the retinohypothalamic tract. Nat. Neurosci. 4, 1165.

Gooley, J. J., Schomer, A. and Saper, C. B. (2006). The dorsomedial hypothalamic
nucleus is critical for the expression of food-entrainable circadian rhythms. Nat.
Neurosci. 9, 398-407.

Green, C. B., Takahashi, J. S. and Bass, J. (2008). The meter of metabolism. Cell 134,
728-742.

Griffin, E. A., Jr, Staknis, D. and Weitz, C. J. (1999). Light-independent role of CRY1
and CRY2 in the mammalian circadian clock. Science 286, 768-771.

Grimaldi, B., Bellet, M. M., Katada, S., Astarita, G., Hirayama, J., Amin, R. H.,
Granneman, J. G., Piomelli, D., Leff, T. and Sassone-Corsi, P. (2010). PER2 controls
lipid metabolism by direct regulation of PPAR. Cell Metab. (In press).

Gu, W. and Roeder, R. G. (1997). Activation of p53 sequence-specific DNA binding by
acetylation of the p53 C-terminal domain. Cell 90, 595-606.

Haigis, M. C. and Guarente, L. P. (2006). Mammalian sirtuins-emerging roles in
physiology, aging, and calorie restriction. Genes Dev. 20, 2913-2921.

Hara, R., Wan, K., Wakamatsu, H., Aida, R., Moriya, T., Akiyama, M. and Shibata,
S. (2001). Restricted feeding entrains liver clock without participation of the
suprachiasmatic nucleus. Genes Cells 6, 269-278.

Harada, Y., Sakai, M., Kurabayashi, N., Hirota, T. and Fukada, Y. (2005). Ser-557-
phosphorylated mCRY2 is degraded upon synergistic phosphorylation by glycogen
synthase kinase-3 beta. J. Biol. Chem. 280, 31714-31721.

Heydari, A. R., Unnikrishnan, A., Lucente, L. V. and Richardson, A. (2007). Caloric
restriction and genomic stability. Nucleic Acids Res. 35, 7485-7496.

Hirayama, J. and Sassone-Corsi, P. (2005). Structural and functional features of
transcription factors controlling the circadian clock. Curr. Opin. Genet. Dev. 15, 548-
556.

Hirayama, J., Sahar, S., Grimaldi, B., Tamaru, T., Takamatsu, K., Nakahata, Y. and
Sassone-Corsi, P. (2007). CLOCK-mediated acetylation of BMAL1 controls circadian
function. Nature 450, 1086-1090.

Hirota, T., Okano, T., Kokame, K., Shirotani-Ikejima, H., Miyata, T. and Fukada, Y.
(2002). Glucose down-regulates Per1 and Per2 mRNA levels and induces circadian
gene expression in cultured Rat-1 fibroblasts. J. Biol. Chem. 277, 44244-44251.

Hirota, T., Lewis, W. G., Liu, A. C., Lee, J. W., Schultz, P. G. and Kay, S. A. (2008).
A chemical biology approach reveals period shortening of the mammalian circadian
clock by specific inhibition of GSK-3beta. Proc. Natl. Acad. Sci. USA 105, 20746-
20751.

Iitaka, C., Miyazaki, K., Akaike, T. and Ishida, N. (2005). A role for glycogen synthase
kinase-3beta in the mammalian circadian clock. J. Biol. Chem. 280, 29397-29402.

3846 Journal of Cell Science 123 (22)

Jo
ur

na
l o

f C
el

l S
ci

en
ce

Jo
ur

na
l o

f C
el

l S
ci

en
ce



Imai, S., Armstrong, C. M., Kaeberlein, M. and Guarente, L. (2000). Transcriptional
silencing and longevity protein Sir2 is an NAD-dependent histone deacetylase. Nature
403, 795-800.

Jin, X., Shearman, L. P., Weaver, D. R., Zylka, M. J., de Vries, G. J. and Reppert, S.
M. (1999). A molecular mechanism regulating rhythmic output from the suprachiasmatic
circadian clock. Cell 96, 57-68.

Kim, D., Nguyen, M. D., Dobbin, M. M., Fischer, A., Sananbenesi, F., Rodgers, J. T.,
Delalle, I., Baur, J. A., Sui, G., Armour, S. M. et al. (2007). SIRT1 deacetylase
protects against neurodegeneration in models for Alzheimer’s disease and amyotrophic
lateral sclerosis. EMBO J. 26, 3169-3179.

Kloss, B., Price, J. L., Saez, L., Blau, J., Rothenfluh, A., Wesley, C. S. and Young, M.
W. (1998). The Drosophila clock gene double-time encodes a protein closely related to
human casein kinase Iepsilon. Cell 94, 97-107.

Kohsaka, A. and Bass, J. (2007). A sense of time: how molecular clocks organize
metabolism. Trends Endocrinol. Metab. 18, 4-11.

Kohsaka, A., Laposky, A. D., Ramsey, K. M., Estrada, C., Joshu, C., Kobayashi, Y.,
Turek, F. W. and Bass, J. (2007). High-fat diet disrupts behavioral and molecular
circadian rhythms in mice. Cell Metab. 6, 414-421.

Kolthur-Seetharam, U., Dantzer, F., McBurney, M. W., de Murcia, G. and Sassone-
Corsi, P. (2006). Control of AIF-mediated cell death by the functional interplay of
SIRT1 and PARP-1 in response to DNA damage. Cell Cycle 5, 873-877.

Kondratov, R. V., Kondratova, A. A., Gorbacheva, V. Y., Vykhovanets, O. V. and
Antoch, M. P. (2006). Early aging and age-related pathologies in mice deficient in
BMAL1, the core component of the circadian clock. Genes Dev. 20, 1868-1873.

Konopka, R. J. and Benzer, S. (1971). Clock mutants of Drosophila melanogaster. Proc.
Natl. Acad. Sci. USA 68, 2112-2116.

Kume, K., Zylka, M. J., Sriram, S., Shearman, L. P., Weaver, D. R., Jin, X., Maywood,
E. S., Hastings, M. H. and Reppert, S. M. (1999). mCRY1 and mCRY2 are essential
components of the negative limb of the circadian clock feedback loop. Cell 98, 193-
205.

Kwon, I., Lee, J., Chang, S. H., Jung, N. C., Lee, B. J., Son, G. H., Kim, K. and Lee,
K. H. (2006). BMAL1 shuttling controls transactivation and degradation of the
CLOCK/BMAL1 heterodimer. Mol. Cell. Biol. 26, 7318-7330.

La Fleur, S. E. (2003). Daily rhythms in glucose metabolism: suprachiasmatic nucleus
output to peripheral tissue. J. Neuroendocrinol. 15, 315-322.

Lamia, K. A., Sachdeva, U. M., DiTacchio, L., Williams, E. C., Alvarez, J. G., Egan,
D. F., Vasquez, D. S., Juguilon, H., Panda, S., Shaw, R. J. et al. (2009). AMPK
regulates the circadian clock by cryptochrome phosphorylation and degradation. Science
326, 437-440.

Laposky, A. D., Bass, J., Kohsaka, A. and Turek, F. W. (2008). Sleep and circadian
rhythms: key components in the regulation of energy metabolism. FEBS Lett. 582, 142-
151.

Le Martelot, G., Claudel, T., Gatfield, D., Schaad, O., Kornmann, B., Sasso, G. L.,
Moschetta, A. and Schibler, U. (2009). REV-ERBalpha participates in circadian
SREBP signaling and bile acid homeostasis. PLoS Biol. 7, e1000181.

Le Minh, N., Damiola, F., Tronche, F., Schutz, G. and Schibler, U. (2001). Glucocorticoid
hormones inhibit food-induced phase-shifting of peripheral circadian oscillators. EMBO
J. 20, 7128-7136.

Lee, C., Etchegaray, J. P., Cagampang, F. R., Loudon, A. S. and Reppert, S. M.
(2001). Posttranslational mechanisms regulate the mammalian circadian clock. Cell
107, 855-867.

Lee, D. Y., Hayes, J. J., Pruss, D. and Wolffe, A. P. (1993). A positive role for histone
acetylation in transcription factor access to nucleosomal DNA. Cell 72, 73-84.

Lee, J., Lee, Y., Lee, M. J., Park, E., Kang, S. H., Chung, C. H., Lee, K. H. and Kim,
K. (2008). Dual modification of BMAL1 by SUMO2/3 and ubiquitin promotes circadian
activation of the CLOCK/BMAL1 complex. Mol. Cell. Biol. 28, 6056-6065.

Lehman, M. N., Silver, R., Gladstone, W. R., Kahn, R. M., Gibson, M. and Bittman,
E. L. (1987). Circadian rhythmicity restored by neural transplant. Immunocytochemical
characterization of the graft and its integration with the host brain. J. Neurosci. 7, 1626-
1638.

Li, X., Zhang, S., Blander, G., Tse, J. G., Krieger, M. and Guarente, L. (2007). SIRT1
deacetylates and positively regulates the nuclear receptor LXR. Mol. Cell 28, 91-106.

Lin, J. M., Kilman, V. L., Keegan, K., Paddock, B., Emery-Le M., Rosbash, M. and
Allada, R. (2002). A role for casein kinase 2alpha in the Drosophila circadian clock.
Nature 420, 816-820.

Lin, J. M., Schroeder, A. and Allada, R. (2005). In vivo circadian function of casein
kinase 2 phosphorylation sites in Drosophila PERIOD. J. Neurosci. 25, 11175-11183.

Lin, S. J., Ford, E., Haigis, M., Liszt, G. and Guarente, L. (2004). Calorie restriction
extends yeast life span by lowering the level of NADH. Genes Dev. 18, 12-16.

Liu, C., Li, S., Liu, T., Borjigin, J. and Lin, J. D. (2007). Transcriptional coactivator
PGC-1alpha integrates the mammalian clock and energy metabolism. Nature 447, 477-
481.

Lo, W. S., Trievel, R. C., Rojas, J. R., Duggan, L., Hsu, J. Y., Allis, C. D., Marmorstein,
R. and Berger, S. L. (2000). Phosphorylation of serine 10 in histone H3 is functionally
linked in vitro and in vivo to Gcn5-mediated acetylation at lysine 14. Mol. Cell 5, 917-
926.

Longo, V. D. and Kennedy, B. K. (2006). Sirtuins in aging and age-related disease. Cell
126, 257-268.

Loros, J. J., Denome, S. A. and Dunlap, J. C. (1989). Molecular cloning of genes under
control of the circadian clock in Neurospora. Science 243, 385-388.

Lowrey, P. L., Shimomura, K., Antoch, M. P., Yamazaki, S., Zemenides, P. D., Ralph,
M. R., Menaker, M. and Takahashi, J. S. (2000). Positional syntenic cloning and
functional characterization of the mammalian circadian mutation tau. Science 288, 483-
492.

Luo, J., Nikolaev, A. Y., Imai, S., Chen, D., Su, F., Shiloh, A., Guarente, L. and Gu,
W. (2001). Negative control of p53 by Sir2alpha promotes cell survival under stress.
Cell 107, 137-148.

Marcheva, B., Ramsey, K. M., Buhr, E. D., Kobayashi, Y., Su, H., Ko, C. H., Ivanova,
G., Omura, C., Mo, S., Vitaterna, M. H. et al. (2010). Disruption of the clock
components CLOCK and BMAL1 leads to hypoinsulinaemia and diabetes. Nature 466,
627-631.

Martinek, S., Inonog, S., Manoukian, A. S. and Young, M. W. (2001). A role for the
segment polarity gene shaggy/GSK-3 in the Drosophila circadian clock. Cell 105, 769-
779.

Mendoza, J., Graff, C., Dardente, H., Pevet, P. and Challet, E. (2005). Feeding cues
alter clock gene oscillations and photic responses in the suprachiasmatic nuclei of mice
exposed to a light/dark cycle. J. Neurosci. 25, 1514-1522.

Merienne, K., Pannetier, S., Harel-Bellan, A. and Sassone-Corsi, P. (2001). Mitogen-
regulated RSK2-CBP interaction controls their kinase and acetylase activities. Mol.
Cell. Biol. 21, 7089-7096.

Michishita, E., McCord, R. A., Berber, E., Kioi, M., Padilla-Nash, H., Damian, M.,
Cheung, P., Kusumoto, R., Kawahara, T. L., Barrett, J. C. et al. (2008). SIRT6 is a
histone H3 lysine 9 deacetylase that modulates telomeric chromatin. Nature 452, 492-
496.

Mieda, M., Williams, S. C., Richardson, J. A., Tanaka, K. and Yanagisawa, M. (2006).
The dorsomedial hypothalamic nucleus as a putative food-entrainable circadian
pacemaker. Proc. Natl. Acad. Sci. USA 103, 12150-12155.

Migita, H., Morser, J. and Kawai, K. (2004). Rev-erbalpha upregulates NF-kappaB-
responsive genes in vascular smooth muscle cells. FEBS Lett. 561, 69-74.

Miranda, T. B. and Jones, P. A. (2007). DNA methylation: the nuts and bolts of
repression. J. Cell Physiol. 213, 384-390.

Morse, D. and Sassone-Corsi, P. (2002). Time after time: inputs to and outputs from the
mammalian circadian oscillators. Trends Neurosci. 25, 632-637.

Motta, M. C., Divecha, N., Lemieux, M., Kamel, C., Chen, D., Gu, W., Bultsma, Y.,
McBurney, M. and Guarente, L. (2004). Mammalian SIRT1 represses forkhead
transcription factors. Cell 116, 551-563.

Nader, N., Chrousos, G. P. and Kino, T. (2009). Circadian rhythm transcription factor
CLOCK regulates the transcriptional activity of the glucocorticoid receptor by acetylating
its hinge region lysine cluster: potential physiological implications. FASEB J. 23, 1572-
1583.

Nakahata, Y., Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., Guarente,
L. P. and Sassone-Corsi, P. (2008). The NAD+-dependent deacetylase SIRT1 modulates
CLOCK-mediated chromatin remodeling and circadian control. Cell 134, 329-340.

Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M. and Sassone-Corsi, P. (2009).
Circadian control of the NAD+ salvage pathway by CLOCK-SIRT1. Science 324, 654-
657.

Naruse, Y., Oh-hashi, K., Iijima, N., Naruse, M., Yoshioka, H. and Tanaka, M. (2004).
Circadian and light-induced transcription of clock gene Per1 depends on histone
acetylation and deacetylation. Mol. Cell. Biol. 24, 6278-6287.

Oishi, K., Shirai, H. and Ishida, N. (2005). CLOCK is involved in the circadian
transactivation of peroxisome-proliferator-activated receptor alpha (PPARalpha) in mice.
Biochem. J. 386, 575-581.

Panda, S., Hogenesch, J. B. and Kay, S. A. (2002). Circadian rhythms from flies to
human. Nature 417, 329-335.

Pando, M. P., Morse, D., Cermakian, N. and Sassone-Corsi, P. (2002). Phenotypic
rescue of a peripheral clock genetic defect via SCN hierarchical dominance. Cell 110,
107-117.

Perreau-Lenz, S., Zghoul, T. and Spanagel, R. (2007). Clock genes running amok.
Clock genes and their role in drug addiction and depression. EMBO Rep. 8 Spec No,
S20-S23.

Pfluger, P. T., Herranz, D., Velasco-Miguel, S., Serrano, M. and Tschop, M. H. (2008).
Sirt1 protects against high-fat diet-induced metabolic damage. Proc. Natl. Acad. Sci.
USA 105, 9793-9798.

Picard, F., Kurtev, M., Chung, N., Topark-Ngarm, A., Senawong, T., Machado De
Oliveira, R., Leid, M., McBurney, M. W. and Guarente, L. (2004). Sirt1 promotes
fat mobilization in white adipocytes by repressing PPAR-gamma. Nature 429, 771-776.

Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, U. and
Schibler, U. (2002). The orphan nuclear receptor REV-ERBalpha controls circadian
transcription within the positive limb of the mammalian circadian oscillator. Cell 110,
251-260.

Price, J. L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B. and Young, M. W. (1998).
double-time is a novel Drosophila clock gene that regulates PERIOD protein
accumulation. Cell 94, 83-95.

Quintero, J. E., Kuhlman, S. J. and McMahon, D. G. (2003). The biological clock
nucleus: a multiphasic oscillator network regulated by light. J. Neurosci. 23, 8070-
8076.

Ralph, M. R., Foster, R. G., Davis, F. C. and Menaker, M. (1990). Transplanted
suprachiasmatic nucleus determines circadian period. Science 247, 975-978.

Ramsey, K. M., Yoshino, J., Brace, C. S., Abrassart, D., Kobayashi, Y., Marcheva, B.,
Hong, H. K., Chong, J. L., Buhr, E. D., Lee, C. et al. (2009). Circadian clock
feedback cycle through NAMPT-mediated NAD+ biosynthesis. Science 324, 651-654.

Reddy, A. B., Maywood, E. S., Karp, N. A., King, V. M., Inoue, Y., Gonzalez, F. J.,
Lilley, K. S., Kyriacou, C. P. and Hastings, M. H. (2007). Glucocorticoid signaling
synchronizes the liver circadian transcriptome. Hepatology 45, 1478-1488.

Reddy, P., Zehring, W. A., Wheeler, D. A., Pirrotta, V., Hadfield, C., Hall, J. C. and
Rosbash, M. (1984). Molecular analysis of the period locus in Drosophila melanogaster
and identification of a transcript involved in biological rhythms. Cell 38, 701-710.

3847Metabolism and circadian clock

Jo
ur

na
l o

f C
el

l S
ci

en
ce

Jo
ur

na
l o

f C
el

l S
ci

en
ce



Reppert, S. M. and Weaver, D. R. (2002). Coordination of circadian timing in mammals.
Nature 418, 935-941.

Resuehr, D. and Olcese, J. (2005). Caloric restriction and melatonin substitution: effects
on murine circadian parameters. Brain Res. 1048, 146-152.

Revollo, J. R., Grimm, A. A. and Imai, S. (2004). The NAD biosynthesis pathway
mediated by nicotinamide phosphoribosyltransferase regulates Sir2 activity in
mammalian cells. J. Biol. Chem. 279, 50754-50763.

Ripperger, J. A. and Schibler, U. (2006). Rhythmic CLOCK-BMAL1 binding to multiple
E-box motifs drives circadian Dbp transcription and chromatin transitions. Nat. Genet.
38, 369-374.

Ripperger, J. A., Shearman, L. P., Reppert, S. M. and Schibler, U. (2000). CLOCK, an
essential pacemaker component, controls expression of the circadian transcription factor
DBP. Genes Dev. 14, 679-689.

Rodgers, J. T., Lerin, C., Haas, W., Gygi, S. P., Spiegelman, B. M. and Puigserver, P.
(2005). Nutrient control of glucose homeostasis through a complex of PGC-1alpha and
SIRT1. Nature 434, 113-118.

Roenneberg, T. and Merrow, M. (2005). Circadian clocks-the fall and rise of physiology.
Nat. Rev. Mol. Cell Biol. 6, 965-971.

Rudic, R. D., McNamara, P., Curtis, A. M., Boston, R. C., Panda, S., Hogenesch, J.
B. and Fitzgerald, G. A. (2004). BMAL1 and CLOCK, two essential components of
the circadian clock, are involved in glucose homeostasis. PLoS Biol. 2, e377.

Ruiter, M., La Fleur, S. E., van Heijningen, C., van der Vliet, J., Kalsbeek, A. and
Buijs, R. M. (2003). The daily rhythm in plasma glucagon concentrations in the rat is
modulated by the biological clock and by feeding behavior. Diabetes 52, 1709-1715.

Rutter, J., Reick, M., Wu, L. C. and McKnight, S. L. (2001). Regulation of clock and
NPAS2 DNA binding by the redox state of NAD cofactors. Science 293, 510-514.

Sahar, S. and Sassone-Corsi, P. (2009). Metabolism and cancer: the circadian clock
connection. Nat. Rev. Cancer 9, 886-896.

Sahar, S., Zocchi, L., Kinoshita, C., Borrelli, E. and Sassone-Corsi, P. (2010). Regulation
of BMAL1 protein stability and circadian function by GSK3beta-mediated
phosphorylation. PLoS ONE 5, e8561.

Sanada, K., Okano, T. and Fukada, Y. (2002). Mitogen-activated protein kinase
phosphorylates and negatively regulates basic helix-loop-helix-PAS transcription factor
BMAL1. J. Biol. Chem. 277, 267-271.

Sato, T. K., Panda, S., Miraglia, L. J., Reyes, T. M., Rudic, R. D., McNamara, P.,
Naik, K. A., FitzGerald, G. A., Kay, S. A. and Hogenesch, J. B. (2004). A functional
genomics strategy reveals Rora as a component of the mammalian circadian clock.
Neuron 43, 527-537.

Sato, T. K., Yamada, R. G., Ukai, H., Baggs, J. E., Miraglia, L. J., Kobayashi, T. J.,
Welsh, D. K., Kay, S. A., Ueda, H. R. and Hogenesch, J. B. (2006). Feedback
repression is required for mammalian circadian clock function. Nat. Genet. 38, 312-319.

Schibler, U. and Sassone-Corsi, P. (2002). A web of circadian pacemakers. Cell 111, 919-
922.

Schmutz, I., Ripperger, J. A., Baeriswyl-Aebischer, S. and Albrecht, U. (2010). The
mammalian clock component PERIOD2 coordinates circadian output by interaction
with nuclear receptors. Genes Dev. 24, 345-357.

Schreiber, V., Dantzer, F., Ame, J. C. and de Murcia, G. (2006). Poly(ADP-ribose):
novel functions for an old molecule. Nat. Rev. Mol. Cell Biol. 7, 517-528.

Siepka, S. M., Yoo, S. H., Park, J., Song, W., Kumar, V., Hu, Y., Lee, C. and Takahashi,
J. S. (2007). Circadian mutant Overtime reveals F-box protein FBXL3 regulation of
cryptochrome and period gene expression. Cell 129, 1011-1023.

So, A. Y., Bernal, T. U., Pillsbury, M. L., Yamamoto, K. R. and Feldman, B. J. (2009).
Glucocorticoid regulation of the circadian clock modulates glucose homeostasis. Proc.
Natl. Acad. Sci. USA 106, 17582-17587.

So, W. V. and Rosbash, M. (1997). Post-transcriptional regulation contributes to Drosophila
clock gene mRNA cycling. EMBO J. 16, 7146-7155.

Sonoda, J., Pei, L. and Evans, R. M. (2008). Nuclear receptors: decoding metabolic
disease. FEBS Lett. 582, 2-9.

Spengler, M. L., Kuropatwinski, K. K., Schumer, M. and Antoch, M. P. (2009). A
serine cluster mediates BMAL1-dependent CLOCK phosphorylation and degradation.
Cell Cycle 8, 4138-4146.

Stephan, F. K. (2002). The “other” circadian system: food as a Zeitgeber. J. Biol. Rhythms
17, 284-292.

Stokkan, K. A., Yamazaki, S., Tei, H., Sakaki, Y. and Menaker, M. (2001). Entrainment
of the circadian clock in the liver by feeding. Science 291, 490-493.

Storch, K. F., Lipan, O., Leykin, I., Viswanathan, N., Davis, F. C., Wong, W. H. and
Weitz, C. J. (2002). Extensive and divergent circadian gene expression in liver and
heart. Nature 417, 78-83.

Strahl, B. D. and Allis, C. D. (2000). The language of covalent histone modifications.
Nature 403, 41-45.

Takano, A., Isojima, Y. and Nagai, K. (2004). Identification of mPer1 phosphorylation
sites responsible for the nuclear entry. J. Biol. Chem. 279, 32578-32585.

Tamaru, T., Hirayama, J., Isojima, Y., Nagai, K., Norioka, S., Takamatsu, K. and
Sassone-Corsi, P. (2009). CK2alpha phosphorylates BMAL1 to regulate the mammalian
clock. Nat. Struct. Mol. Biol. 16, 446-448.

Tanny, J. C., Dowd, G. J., Huang, J., Hilz, H. and Moazed, D. (1999). An enzymatic
activity in the yeast Sir2 protein that is essential for gene silencing. Cell 99, 735-745.

Trotter, K. W. and Archer, T. K. (2007). Nuclear receptors and chromatin remodeling
machinery. Mol. Cell. Endocrinol. 265-266, 162-167.

Turek, F. W., Joshu, C., Kohsaka, A., Lin, E., Ivanova, G., McDearmon, E., Laposky,
A., Losee-Olson, S., Easton, A., Jensen, D. R. et al. (2005). Obesity and metabolic
syndrome in circadian Clock mutant mice. Science 308, 1043-1045.

Ueda, H. R., Hayashi, S., Chen, W., Sano, M., Machida, M., Shigeyoshi, Y., Iino, M.
and Hashimoto, S. (2005). System-level identification of transcriptional circuits
underlying mammalian circadian clocks. Nat. Genet. 37, 187-192.

Vaquero, A. and Reinberg, D. (2009). Calorie restriction and the exercise of chromatin.
Genes Dev. 23, 1849-1869.

Vaquero, A., Scher, M., Lee, D., Erdjument-Bromage, H., Tempst, P. and Reinberg,
D. (2004). Human SirT1 interacts with histone H1 and promotes formation of facultative
heterochromatin. Mol. Cell 16, 93-105.

Vaziri, H., Dessain, S. K., Ng Eaton, E., Imai, S. I., Frye, R. A., Pandita, T. K.,
Guarente, L. and Weinberg, R. A. (2001). hSIR2(SIRT1) functions as an NAD-
dependent p53 deacetylase. Cell 107, 149-159.

Vielhaber, E. L., Duricka, D., Ullman, K. S. and Virshup, D. M. (2001). Nuclear export
of mammalian PERIOD proteins. J. Biol. Chem. 276, 45921-45927.

Vitaterna, M. H., King, D. P., Chang, A. M., Kornhauser, J. M., Lowrey, P. L.,
McDonald, J. D., Dove, W. F., Pinto, L. H., Turek, F. W. and Takahashi, J. S.
(1994). Mutagenesis and mapping of a mouse gene, Clock, essential for circadian
behavior. Science 264, 719-725.

Welsh, D. K., Logothetis, D. E., Meister, M. and Reppert, S. M. (1995). Individual
neurons dissociated from rat suprachiasmatic nucleus express independently phased
circadian firing rhythms. Neuron 14, 697-706.

Yagita, K., Tamanini, F., van Der Horst, G. T. and Okamura, H. (2001). Molecular
mechanisms of the biological clock in cultured fibroblasts. Science 292, 278-281.

Yamamoto, T., Nakahata, Y., Soma, H., Akashi, M., Mamine, T. and Takumi, T.
(2004). Transcriptional oscillation of canonical clock genes in mouse peripheral tissues.
BMC Mol. Biol. 5, 18.

Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda, M., Block, G. D.,
Sakaki, Y., Menaker, M. and Tei, H. (2000). Resetting central and peripheral circadian
oscillators in transgenic rats. Science 288, 682-685.

Yang, X., Downes, M., Yu, R. T., Bookout, A. L., He, W., Straume, M., Mangelsdorf,
D. J. and Evans, R. M. (2006). Nuclear receptor expression links the circadian clock
to metabolism. Cell 126, 801-810.

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye, R. A. and
Mayo, M. W. (2004). Modulation of NF-kappaB-dependent transcription and cell
survival by the SIRT1 deacetylase. EMBO J. 23, 2369-2380.

Yin, L., Wang, J., Klein, P. S. and Lazar, M. A. (2006). Nuclear receptor Rev-erbalpha
is a critical lithium-sensitive component of the circadian clock. Science 311, 1002-1005.

Yoo, S. H., Yamazaki, S., Lowrey, P. L., Shimomura, K., Ko, C. H., Buhr, E. D.,
Siepka, S. M., Hong, H. K., Oh, W. J., Yoo, O. J. et al. (2004).
PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent
circadian oscillations in mouse peripheral tissues. Proc. Natl. Acad. Sci. USA 101,
5339-5346.

Zhong, L., D’Urso, A., Toiber, D., Sebastian, C., Henry, R. E., Vadysirisack, D. D.,
Guimaraes, A., Marinelli, B., Wikstrom, J. D., Nir, T. et al. (2010). The histone
deacetylase Sirt6 regulates glucose homeostasis via Hif1alpha. Cell 140, 280-293.

3848 Journal of Cell Science 123 (22)

Jo
ur

na
l o

f C
el

l S
ci

en
ce

Jo
ur

na
l o

f C
el

l S
ci

en
ce


	Summary
	Key words: Chromatin, Epigenetics, Metabolism
	Introduction
	Circadian rhythms in mammals
	The molecular clock machinery
	Fig. 1.
	The effect of post-translational modifications on circadian control
	Phosphorylation
	Sumoylation, acetylation and ubiquitylation

	A chromatin remodeling clock
	Fig. 2.
	Sirtuins: linking metabolism to epigenetics
	Fig. 3.
	How the circadian system senses metabolism
	Linking the circadian clock to metabolic disorders
	SIRT1: a circadian enzymatic rheostat
	NAD+ - a circadian metabolite
	Fig. 4.
	Conclusions
	Fig. 5.
	References
	Fig. 6.

