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Abstract Epigenetic control, which includes DNA methylation and histone

modifications, leads to chromatin remodeling and regulated gene expression.

Remodeling of chromatin constitutes a critical interface of transducing signals,

such as light or nutrient availability, and how these are interpreted by the cell to

generate permissive or silenced states for transcription. CLOCK-BMAL1-mediated

activation of clock-controlled genes (CCGs) is coupled to circadian changes in

histone modification at their promoters. Several chromatin modifiers, such as the

deacetylases SIRT1 and HDAC3 or methyltransferase MLL1, have been shown to

be recruited to the promoters of the CCGs in a circadian manner. Interestingly, the

central element of the core clock machinery, the transcription factor CLOCK, also

possesses histone acetyltransferase activity. Rhythmic expression of the CCGs is

abolished in the absence of these chromatin modifiers. Here we will discuss the

evidence demonstrating that chromatin remodeling is at the crossroads of circadian

rhythms and regulation of metabolism and cellular proliferation.
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1 Introduction

Circadian rhythms occur with a periodicity of about 24 h and regulate a wide array

of metabolic and physiologic functions. Accumulating epidemiological and genetic

evidence indicates that disruption of circadian rhythms can be directly linked to

many pathological conditions, including sleep disorders, depression, metabolic
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syndrome, and cancer. Intriguingly, a number of molecular gears constituting the

clock machinery have been found to establish functional interplays with regulators

of cellular metabolism and cell cycle.

The Earth’s rotation around its axis leads to day–night cycles, which affects the

physiology of most living organisms. Circadian (from the Latin circa diemmeaning

“about a day”) clocks are intrinsic, time-tracking systems that enable organisms to

anticipate environmental changes (such as food availability and predatory pressure)

and allow them to adapt their behavior and physiology to the appropriate time of

day (Schibler and Sassone-Corsi 2002). Feeding behavior, sleep–wake cycles,

hormonal levels, and body temperature are just a few examples of physiological

circadian rhythms, with light being the principal zeitgeber (“time giver”). Other

zeitgebers, such as feeding time and temperature, are discussed in accompanying

chapters in this book (Brown and Azzi 2013; Buhr and Takahashi 2013).

The three integral parts of circadian clocks are the following: an input pathway that

includes detectors to receive environmental cues (or zeitgebers) and transmits them to

the central oscillator; a central oscillator that keeps circadian time and generates

rhythm; and output pathways through which the rhythms are manifested via control

of various metabolic, physiological, and behavioral processes. Distinguishing

characteristics of circadian clocks include that they are entrainable (synchronizable

by external cues), self-sustained (oscillations can persist even in the absence of

zeitgebers), and temperature compensated (moderate variations in ambient tempera-

ture does not affect the period of circadian oscillation) (Merrow et al. 2005).

Circadian clocks are present in almost all of the tissues in mammals. The master

or “central” clock is located in the hypothalamic suprachiasmatic nucleus (SCN),

which contains 10–15,000 neurons (Slat et al. 2013). Peripheral clocks are present

in almost all other mammalian tissues such as liver, heart, lung, and kidney, where

they maintain circadian rhythms and regulate tissue-specific gene expression

(Brown and Azzi 2013). These peripheral clocks are synchronized by the central

clock to ensure temporally coordinated physiology. The synchronization

mechanisms implicate various humoral signals, including circulating entraining

factors such as glucocorticoids. The SCN clock can function autonomously, with-

out any external input, but can be set by environmental cues such as light. The

molecular machinery that regulates these circadian rhythms comprises of a set of

genes, known as “clock” genes, whose products interact to generate and maintain

rhythms (Buhr and Takahashi 2013).

A conserved feature among many organisms is the regulation of the circadian

clock by a negative feedback loop (Sahar and Sassone-Corsi 2009). Positive

regulators induce the transcription of clock-controlled genes (CCGs), some of

which encode proteins that feedback on their own expression by repressing the

activity of positive regulators. CLOCK and BMAL1 are the positive regulators of

the mammalian clock machinery which regulate the expression of the negative

regulators: cryptochrome (CRY1 and CRY2) and period (PER1, PER2, PER3)
families. CLOCK and BMAL1 are transcription factors that heterodimerize through

the PAS domain and induce the expression of clock-controlled genes by binding to

their promoters at E-boxes [CACGTG]. Once a critical concentration of the PER
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and CRY proteins is accumulated, these proteins translocate into the nucleus and

form a complex to inhibit CLOCK-BMAL1-mediated transcription, thereby closing

the negative feedback loop. In order to start a new transcriptional cycle, the

CLOCK-BMAL1 complex needs to be derepressed through the proteolytic degra-

dation of PER and CRY. Core clock genes (such as Clock, Bmal1, Period,
Cryptochrome) are necessary for generation of circadian rhythms, whereas CCGs

(such as Nampt, Alas1) are regulated by the core clock genes.

Some CCGs are transcription factors, such as albumin D-box-binding protein

(DBP), RORα, and REV-ERBα, which can then regulate cyclic expression of other
genes. DBP binds to D-boxes [TTA(T/C)GTAA], whereas RORα and REV-ERBα
bind to the Rev-Erb/ROR-binding element, or RRE [(A/T)A(A/T)NT(A/G)

GGTCA]. Approximately 10 % of the transcriptome displays robust circadian

rhythmicity (Akhtar et al. 2002; Panda et al. 2002). Interestingly, most transcripts

that oscillate in one tissue do not oscillate in another (Akhtar et al. 2002; Miller

et al. 2007; Panda et al. 2002).

2 Epigenetics and the Circadian Clock

“Epigenetics” literally means “above genetics.” It is defined as the study of heritable

changes in gene expression that does not involve any change to the DNA sequence.

Such changes in gene expression can be brought about by a variety of mechanism

that involves a combination of posttranslational modifications of histones,

remodeling of chromatin, incorporation of histone variants, or methylation of

DNA on CpG islands. Histone acetylation is a mark for activation of transcription,

which is achieved by remodeling the chromatin to make it more accessible to the

transcription machinery (Jenuwein and Allis 2001). Histone methylation, on the

other hand, acts as a signal for recruitment of chromatin remodeling factors which

can either activate or repress transcription. DNAmethylation leads to compaction of

the chromatin and causes gene silencing. Many of these epigenetic events are crucial

in regulation of cellular metabolism and survival.

Genes encoding circadian clock proteins are regulated by epigenetic

mechanisms, such as histone phosphorylation, acetylation, and methylation,

which have been shown to follow circadian rhythm (Crosio et al. 2000; Etchegaray

et al. 2003; Masri and Sassone-Corsi 2010; Ripperger and Schibler 2006). The first

study demonstrating that chromatin remodeling is involved in circadian gene

expression reported that exposure to light causes rapid phosphorylation of histone

3 on serine 10 (H3-S10) in the SCN (Crosio et al. 2000). This phosphorylation

parallels induction of immediate early genes such as c-fos and Per1, thereby
indicating that light-mediated signaling can regulate circadian gene expression by

remodeling the chromatin (Crosio et al. 2000).

CLOCK-BMAL1-mediated activation of CCGs has been shown to be coupled to

circadian changes in histone acetylation at their promoters (Etchegaray et al. 2003).

The central element of the core clock machinery, the transcription factor CLOCK,
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also possesses intrinsic histone acetyltransferase (HAT) activity (Doi et al. 2006).

Since CLOCK binds to E-box regions of DNA, the HAT activity of CLOCK can

selectively remodel chromatin at the promoters of CCGs and is essential for

circadian gene expression (Fig. 1). The enzymatic activity of CLOCK also allows

it to acetylate nonhistone substrates such as its own binding partner, BMAL1

(Hirayama et al. 2007). CLOCK specifically acetylates BMAL1 at a conserved

residue, an event that facilitates CRY-dependent repression.

Histone methylation is also important for circadian gene expression. Mixed

lineage leukemia 1 (MLL1), a methyltransferase that methylates histone H3 at lysine

4 (H3K4), associates with CLOCK and is recruited to promoters of CCGs in a

circadian manner (Fig. 1) (Katada and Sassone-Corsi 2010). H3K4 methylation at

these promoters also displays rhythmicity (Katada and Sassone-Corsi 2010). H3K4

methylation has been intimately linked to transcriptional activation. Lysine residues

can be mono-, di-, or trimethylated at the ε-amino group, with each state correlating

with a distinct functional effect. Dimethylated H3K4 (H3K4me2) occurs at both

inactive and active euchromatic genes, whereas H3K4me3 is present prominently at

actively transcribed genes and is widely accepted as a unique epigenetic mark that

defines an active chromatin state in most eukaryotes. It is thereby noteworthy that

MLL1 is specifically involved in trimethylation (Katada and Sassone-Corsi 2010).

Notably, H3K4 methylation has often been shown to be associated with specific H3

Lys9 (H3K9) and Lys14 (H3K14) and H4 Lys16 (H4K16) acetylation, and these are

all “marks” associated with active gene expression (Ruthenburg et al. 2007).

2.1 Role of SIRT1 in Regulation of Circadian Rhythms

The finding of a circadian HAT opened the search for a counterbalancing histone

deacetylase (HDAC). Recently, SIRT1 was identified to be a modulator of the

circadian clock machinery (Asher et al. 2008; Nakahata et al. 2008). SIRT1 belongs

Fig. 1 Epigenetic regulation of gene expression by circadian clock CLOCK can acetylate histones

to induce gene expression. CLOCK interacts with MLL1 (a histone methyltransferase) and SIRT1

(a deacetylase). These epigenetic regulators can modify the chromatin according the environmen-

tal stimuli, such as nutrient availability. Furthermore, REV-ERBα, a clock-controlled gene, can

cause recruitment of HDAC3 and deacetylate histones. Circadian regulation of either the expres-

sion or the activity of these epigenetic regulators determines whether the gene gets turned “ON”

(green arrows) or “OFF” (red arrows)
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to the family of sirtuins, which constitutes the so-called class III of HDACs. These

are HDACs whose enzymatic activity is NAD+ dependent and that has been directly

linked to the control of metabolism and aging (Bishop and Guarente 2007). SIRT1

plays crucial roles in metabolism by (a) deacetylating several proteins that partici-

pate in metabolic pathways and (b) regulating gene expression by histone

deacetylation. Since the NAD+/NADH ratio is a direct measure of the energy status

of a cell, the NAD+ dependence of SIRT1 directly links cellular energy metabolism

and deacetylation of target proteins (Imai et al. 2000). Recently, two independent

studies identified SIRT1 to be a critical modulator of the circadian clock machinery

(Asher et al. 2008; Nakahata et al. 2008). While Asher et al. observed oscillations in

SIRT1 protein levels (Asher et al. 2008), Nakahata et al. demonstrated that SIRT1

activity, and not its protein levels, oscillates in a circadian manner (Nakahata et al.

2008). Circadian oscillations in NAD+ levels were later shown to drive SIRT1

rhythmic activity (Nakahata et al. 2009). SIRT1 modulates circadian rhythms by

deacetylating histones (histone H3 Lys9 and Lys14 at promoters of rhythmic genes)

and nonhistone proteins (BMAL1 and PER2). The CLOCK-BMAL1 complex

interacts with SIRT1 and recruits it to the promoters of rhythmic genes (Fig. 1).

Importantly, circadian gene expression and BMAL1 acetylation are compromised

in liver-specific SIRT1 mutant mice (Nakahata et al. 2008). While BMAL1 acety-

lation acts as a signal for CRY recruitment (Hirayama et al. 2007), PER2 acetyla-

tion enhances its stability (Asher et al. 2008). These findings led to the concept that

SIRT1 operates as a rheostat of the circadian machinery, modulating the amplitude

and “tightness” of CLOCK-mediated acetylation and consequent transcription

cycles in metabolic tissues (Nakahata et al. 2008).

Circadian oscillation of SIRT1 activity suggested that cellular NAD+ levels may

also oscillate. Circadian clock controls the expression of nicotinamide phosphor-

ibosyltransferase (NAMPT), a key rate-limiting enzyme in the salvage pathway of

NAD+ biosynthesis (Nakahata et al. 2009; Ramsey et al. 2009). The rhythmicity in

the expression of this enzyme drives the oscillation in NAD+ levels (Nakahata et al.

2009; Ramsey et al. 2009). CLOCK, BMAL1, and SIRT1 are recruited to the Nampt
promoter in a circadian time-dependent manner (Fig. 2). The oscillatory expression

of Nampt is abolished in Clock/Clock mice, which results in drastically reduced

levels of NAD+ in MEFs derived from these mice (Nakahata et al. 2009). These

results make a compelling case for the existence of an enzymatic/transcriptional

feedback loop, wherein SIRT1 regulates the levels of its own cofactor. Interestingly,

mice deficient of NAD+ hydrolase CD38 displayed altered rhythmicity of NAD+.

Very high levels of NAD+ in tissues such as the brain and liver have been reported in

the CD38-null mice (Aksoy et al. 2006). The high, chronic levels of NAD+ result in

several anomalies in circadian behavior and metabolism (Sahar et al. 2011). CD38-

null mice display a shortened period length of locomotor activity and alteration in the

rest–activity rhythm (Sahar et al. 2011).

SIRT1 also deacetylates and thereby regulates several proteins involved in the

regulation of metabolism and cell proliferation (Fig. 2). For example, SIRT1

regulates gluconeogenesis by deacetylating and activating PPARγ-coactivator
α (PGC1α) and Forkhead box O1 (FOXO1) (Schwer and Verdin 2008). FOXO1
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directly regulates expression of several gluconeogenic genes (Frescas et al. 2005),

whereas PGC1α coactivates glucocorticoid receptors and hepatic nuclear factor

4-alpha (HNF-4α) to induce the expression of gluconeogenic genes (Yoon et al.

2001). SIRT1 also regulates cholesterol metabolism by deacetylating, and thus

activating, Liver X receptor (LXR) (Li et al. 2007) (Fig. 2). LXR regulates

cholesterol metabolism by inducing the expression of the ATP-binding cassette

transporter A1 (Abca1), which mediates cholesterol efflux from peripheral tissues

to the blood. Furthermore, it seems evident that SIRT1 may promote or prevent

cancer depending on the specific function of its substrate. By deacetylating and

thereby inactivating β-catenin, SIRT1 may lead to reduced cell proliferation

(Firestein et al. 2008). SIRT1 deacetylates p53 and thus inhibits its activity (Vaziri

et al. 2001), resulting in reduced apoptosis after genotoxic stress (Fig. 2). Since

SIRT1 activity is regulated in a circadian manner, it would be interesting to

determine if the acetylation of other SIRT1 targets oscillates in a circadian manner.

Fig. 2 SIRT1: a circadian regulator The circadian clock controls the expression of nicotinamide

phosphoribosyltransferase (Nampt), the rate-limiting enzyme in mammalian NAD+ biosynthesis

from nicotinamide. NAMPT catalyzes the transfer of a phosphoribosyl residue from 5-phospho-

ribosyl-1-pyrophosphate (PRPP) to nicotinamide to produce nicotinamidemononucleotide (NMN),

which is then converted to NAD+ by nicotinamide mononucleotide adenylyltransferases (there are

three Nmnat genes). Oscillation in NAMPT results in circadian variations in NAD+ levels, which

determines the activity of SIRT1. Thus, SIRT1 determines the oscillatory levels of its own

coenzyme, NAD+. SIRT1 can also deacetylate and regulate proteins involved in metabolism and

cell proliferation
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2.2 The Complexity of the Circadian Epigenome

Accumulating evidence shows that a variety of chromatin remodelers contribute to

various aspects of the circadian epigenome (Masri and Sassone-Corsi 2010). In

addition, the circadian machinery appears to occupy a pivotal position in linking

metabolism to epigenetics (Katada et al. 2012). Histone deacetylase 3 (HDAC3) is a

deacetylase that has recently been shown to modulate histone acetylation of circa-

dian genes, particularly those that are responsible for lipid metabolism. The regu-

latory function of REV-ERBα is controlled by the nuclear receptor corepressor 1

(NCoR1), a corepressor that recruits HDAC3 to mediate transcriptional repression

of target genes, such as Bmal1. When the NCoR1-HDAC3 association is geneti-

cally disrupted in mice, circadian and metabolic defects develop (Alenghat et al.

2008). These mice demonstrate a shorter period, increased energy expenditure and

are resistant to diet-induced obesity (Alenghat et al. 2008). HDAC3 recruitment to

the genome was recently shown to be rhythmic in liver (high during the day and low

at night) (Feng et al. 2011). At these HDAC3 binding sites, REV-ERBα and NCoR1

recruitment were in phase with HDAC3 recruitment, whereas histone acetylation

and RNA polymerase II recruitment were anti-phasic. Depletion of either HDAC3

or REV-ERBα was shown to cause fatty liver phenotype, such as increased hepatic

lipid and triglyceride content (Feng et al. 2011).

HDAC1was also shown to form a complex with SIN3A (a protein that modulates

transcription by interacting with transcription repressors) and PER2, and it is known

to be recruited to Per1 promoter. HDAC1 can then deacetylate the histones and

repress transcription of Per1. Depletion of SIN3A from synchronized fibroblasts

caused a shortening of circadian period length (Duong et al. 2011).

Although the identity of a circadian histone demethylase is currently unknown,

JARID1a, a histone demethylase, has been recently shown to regulate circadian

gene expression (DiTacchio et al. 2011). Surprisingly, the histone demethylase

activity of this enzyme is not required for its regulation of circadian rhythms.

Altogether, these findings underscore the importance of epigenetic mechanisms

in circadian regulation and reveal the molecular pathways by which such essential

control is achieved.

3 Circadian Disruption and Disease: Cancer and Metabolic

Disorders

Circadian control of physiology and behavior is required for a healthy life. Disrup-

tion of circadian rhythms has been considered as a causative factor for development

of several diseases. As discussed below, mutation in circadian clock proteins that

either have histone-modifying ability (such as CLOCK) or associate with histone

modifiers (such as BMAL1, PER2, and REV-ERBα) has been linked to cancer and

metabolic syndrome (Sahar and Sassone-Corsi 2012).
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3.1 Mutations in the Clock Machinery and Cancer Association

A number of epidemiological studies have linked defects in circadian rhythms to

increased susceptibility to develop cancer and poor prognosis. This evidence is

supported by gene expression studies. For example, the expression of all three Per
genes is deregulated in breast cancer cells (Chen et al. 2005). PER1 expression is

downregulated in most patients, possibly due to methylation of its promoter.

Mutations in NPAS2 have been associated with increased risk for breast cancer

and non-Hodgkin’s lymphoma (Hoffman et al. 2008). More importantly, a number

of studies using mouse models have established convincing links between some

clock genes and tumorigenesis. Specifically, Per1 and Per2 appear to act as tumor

suppressors in mice (Fu et al. 2002; Gery et al. 2006). Targeted ablation of Per2
leads to the development of malignant lymphomas (Fu et al. 2002), whereas its

ectopic expression in cancer cell lines results in growth inhibition, cell cycle arrest,

apoptosis, and loss of clonogenic ability (Gery et al. 2005). Interestingly, Per2
mRNA levels are downregulated in several human lymphoma cell lines and acute

myeloid leukemia patients (Gery et al. 2005). Overexpression of Per1 can also

suppress growth of human cancer cell lines (Gery et al. 2006). Furthermore, PER1
mRNA levels are also downregulated in non-small cell lung cancer tissues com-

pared to matched normal tissues (Gery et al. 2006). In addition, knockdown of

CK1ε induces growth inhibition of cancer cells, and CK1ε expression is increased

in various human cancers, such as leukemia and prostate cancer (Yang and

Stockwell 2008). These results consistently point toward a direct link between the

dysfunction of key circadian regulators and cancer (Sahar and Sassone-Corsi 2007).

An interesting link between circadian clock and breast cancer was established in

a study demonstrating that PER2 can bind to and destabilize estrogen receptor α
(ERα) (Gery et al. 2007), a key transcription factor that promotes growth of

mammary epithelial cells and whose dysregulated activity is known to cause breast

cancer (Green and Carroll 2007). Consequently, Per2 overexpression leads to

reduced ERα protein levels and transcriptional activity.

It is important to note that mutation of one or more core clock genes is itself not

necessarily sufficient to elicit enhanced tumor incidence. In addition, there is no

apparent correlation between the disruption of circadian behavior and increased

tumorigenesis in mouse models of circadian rhythms. Indeed, Cry1�/�Cry2�/�

mice (Gauger and Sancar 2005) or Clock/Clock mutant mice (Antoch et al. 2008),

whose circadian rhythms are highly compromised, do not show a predisposition to

cancer upon irradiation. Moreover, MEFs derived from Clock/Clock mutant mice

display reduced DNA synthesis and cell proliferation compared to wild-type MEFs

(Miller et al. 2007). Somewhat unexpectedly, ablation in the mouse of both Cry
genes in a p53�/� background delays the onset of cancer (Ozturk et al. 2009). These

notions may suggest that other regulatory features intrinsic to clock regulators,

independent of their circadian function, could participate in carcinogenesis. It

seems that individual core circadian clock proteins (such as PER1, PER2) might

have acquired multiple roles and hence can control both rhythms and cell cycle.
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Also, the consequence of circadian disruption on cancer predisposition might be

dependent on how the rhythm is disrupted.

The molecular mechanism of how circadian clock influences cancer develop-

ment and progression could be explained by its regulation of cell cycle, DNA

damage response, and cellular metabolism (Hunt and Sassone-Corsi 2007; Antoch

and Kondratov 2013). Circadian regulation of genes encoding key cell cycle

regulators, such as Wee1 (G2/M transition) (Matsuo et al. 2003), c-myc (G0/G1

transition) (Fu et al. 2002), and Cyclin D1 (G1/S transition) (Fu et al. 2002), has

been demonstrated in mammals, and light induces the expression of Wee1 in zebra

fish (Hirayama et al. 2005). WEE1 is a kinase that phosphorylates and inactivates

the CDC2/cyclin B1 complex to control G2/M transition during mitosis. Wee1
displays robust CLOCK-BMAL1 dependent circadian oscillations in the mouse

liver (Matsuo et al. 2003). Furthermore, partial hepatectomy-induced liver regener-

ation is impaired in Cry-deficient arrhythmic mice, which also show deregulated

expression of Wee1 (Matsuo et al. 2003). These studies indicate that WEE1 may

function as a key molecular link between circadian and cell cycles.

Damage to cellular DNA, either by intracellular agents (such as metabolic by-

products) or external agents (such as ionizing radiations), can cause cancer. How-

ever, cells have evolved several mechanisms to repair the damaged DNA. Recent

results suggest that one such repair mechanism, the nucleotide excision repair

pathway, displays circadian oscillation in mouse brain, possibly through oscillation

in the expression of the DNA damage-recognition protein xeroderma pigmentosum

A (XPA) (Kang et al. 2009). XPA levels also oscillate in mouse liver (Kang et al.

2009), suggesting that the circadian nucleotide excision repair might also be

operating in peripheral tissues. Confirming this notion, a recent study found that

XPA protein levels and the rate of excision repair oscillate in a circadian manner in

mouse skin (Gaddameedhi et al. 2011). Consequently, mice are more susceptible to

skin cancer when exposed to ultraviolet radiation in the morning when the rate of

DNA repair is lower (Gaddameedhi et al. 2011).

Finally, circadian clock proteins, such as PER1 and Timeless (TIM), interact

with key checkpoint proteins (Gery et al. 2006; Unsal-Kacmaz et al. 2005). It is

conceivable that uncoupling of this delicate balance could induce DNA damage,

predisposing cells to tumorigenesis.

3.2 Cancer Chronotherapy

Chronotherapy refers to the administration of drugs at a certain time of the day when

its efficacy is the highest and the side effects are the lowest (see also Ortiz-Tudela

et al. 2013). An example of successful chronotherapy is the use of the cholesterol-

lowering drugs statins. Statins inhibit HMG-CoA reductase, the rate-limiting

enzyme in cholesterol biosynthesis. The expression of HMG-CoA reductase

displays circadian rhythmicity, being highest at night. Hence, statins are most

effective when administered before bedtime. Chronotherapy has also shown promise
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in treating cancer. It is widely accepted that cells enter various phases of cell cycle in

a circadian manner. Fast-growing or advanced tumors become asynchronous with

the host cells and display ultradian (less than 24 h) rhythms (Lis et al. 2003). In an

elegant experiment, Klevecz et al. demonstrated that the proliferation of tumor and

non-tumor cells from ovarian cancer patients significantly differed in their peak S

phase (Klevecz et al. 1987). Similar observations in other types of cancer [such as

non-Hodgkin’s lymphoma (Smaaland et al. 1993)] suggest that there is a possible

window of time when a cytotoxic drug would kill the tumor cells more effectively

than the noncancerous host cells. More than 30 anticancer drugs have been found to

vary in toxicity and efficacy by more than 50 % as a function of time of administra-

tion in various experimental models (Levi et al. 2007). In clinical studies several

anticancer drugs, such as 5-fluorouracil (5-FU) and platinum complex analogs that

are specifically toxic to replicating cells, have been shown to bemore efficacious and

less toxic when administered at a specific circadian time (Levi et al. 2007). For

example, chronotherapy using doxorubicin and cisplatin showed significant

improvement in survival rate of patients with ovarian cancer when doxorubicin

was administered in the morning followed by cisplatin 12 h later (Kobayashi et al.

2002). Further studies are needed to identify the molecular mechanisms responsible

for the beneficial effects of circadian administration of anticancer drugs. Another

report demonstrated that sensitivity to cyclophosphamide, an anticancer drug, varies

greatly in wild-type mice depending upon the time of administration (Gorbacheva

et al. 2005). However, Clock/Clock mutant mice and Bmal1�/� mice are more

sensitive and did not display variation in sensitivity at different times, indicating

dependency on clock components, whereasCry1�/�Cry2�/�mice aremore resistant

to cyclophosphamide. These results suggest that activities of the core clock

components have direct manifestation in response to genotoxic stress induced by

anticancer drugs.

3.3 Circadian Disruption and Metabolic Disorders

Shift work, and accompanying light exposure at night, has been implicated in the

development of metabolic syndrome and cardiovascular diseases (De Bacquer et al.

2009; Karlsson et al. 2001; Marcheva et al. 2013). A recent study showed that mice

exposed to light at night gained more weight, had reduced glucose tolerance, and

ate more during the light phase. Interestingly, when food was restricted to the dark

phase, weight gain was prevented (Fonken et al. 2010). In another study, mice fed a

high-fat diet only during the light phase gained more weight when compared to

mice that ate the same high-fat diet but only during the dark phase, an observation

that highlights the importance in the timing of food intake (Arble et al. 2009). These

results raise an interesting question: Could adjusting our food intake exclusively

during the active phase (daytime for humans) be an effective way of weight

control? Since humans have evolved for thousands of years without artificial

light, our internal clock still functions the best when natural light is the only source
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of light, so it is conceivable that restricting food intake to daytime may help control

weight gain.

Not just the timing but the quality of the diet might also affect the clock. Mice

fed a high-fat diet had altered circadian rhythms and displayed a lengthening of the

period of locomotor activity (Kohsaka et al. 2007). Interestingly, these mice also

consumed a higher-than-normal percentage of food during the light phase. More-

over, the expression of core clock genes and the clock-controlled genes (CCGs) was

altered in the mice that were fed a high-fat diet (Kohsaka et al. 2007). These studies

have clearly established that metabolism can also control peripheral clocks.

If the circadian machinery is critical for metabolic homeostasis, deletion or

mutation of individual core clock components or of CCGs should lead to metabolic

disorders. This is indeed the case as illustrated by examples discussed below.

3.3.1 CLOCK and BMAL1

Loss of function of CLOCK and BMAL1, the central transcription factors that

regulate circadian rhythms, leads to several metabolic anomalies. Clock/Clock
mutant mice, which are arrhythmic when placed in constant darkness, become

hyperphagic and obese and develop classical signs of “metabolic syndrome” such

as hyperglycemia, dyslipidemia, and hepatic steatosis (fatty liver) (Turek et al.

2005). In addition, the mRNA levels of the neuropeptides orexin and ghrelin—both

involved in the neuroendocrine regulation of food intake (Adamantidis and de

Lecea 2009; Saper et al. 2002)—are also reduced in these mice. Furthermore,

renal sodium reabsorption is compromised and arterial blood pressure is reduced

in the Clock�/� mice (Zuber et al. 2009). Loss of BMAL1, which renders mice

completely arrhythmic (Bunger et al. 2000), also leads to disruption of oscillations

in glucose and triglyceride levels (Rudic et al. 2004). To address the question of

whether the metabolic defects are due to a loss of rhythmicity in the SCN or in the

peripheral clocks, mice with tissue-specific deletion of Bmal1 in the liver or

pancreas have been generated. Even though these mice show normal locomotor

activity, they display disturbances in the maintenance of blood glucose levels. In

liver-specific Bmal1 KO mice, the circadian expression of key metabolic genes,

such as glucose transporter 2 (Glut2), is abolished. This results in mice being

hypoglycemic during the fasting phase of the feeding cycle (Lamia et al. 2008).

Further illustrating the importance of peripheral circadian clocks, deletion of

BMAL1 in the pancreas leads to diabetes (Marcheva et al. 2010; Sadacca et al.

2011). These mice display elevated blood glucose levels, impaired glucose toler-

ance, and decreased insulin secretion (for a review see Marcheva et al. 2013).

3.3.2 REV-ERBα

REV-ERBα was originally identified as a nuclear receptor that regulates lipid

metabolism and adipogenesis (Fontaine et al. 2003). Thus, the role of Rev-Erbα
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in controlling Bmal1 expression—a function that provides robustness to circadian

oscillations (Preitner et al. 2002)—established a critical link between the molecular

machinery that regulates circadian oscillations and metabolism. Although Rev-
Erbα �/� mice are not arrhythmic, the rhythmicity in their locomotor activity is

altered (a shorter period length under constant light or constant dark conditions)

(Preitner et al. 2002).

REV-ERBα appears to act downstream of PPARγ, a key regulator of fat metab-

olism and adipocyte differentiation (Fontaine et al. 2003). Genes involved in lipid

metabolism in the liver also appear to be major targets of REV-ERBα. Depletion of
REV-ERBα was shown to cause fatty liver phenotype, such as increased hepatic

lipid and triglyceride content (Feng et al. 2011).

4 Conclusion

The importance of epigenetic control is becoming clear in the regulation of circa-

dian rhythms. Current data suggests that many epigenetic regulators themselves are

regulated in a circadian manner, at least in some tissues. The challenge ahead is to

understand whether these epigenetic events follow a rhythmic pattern in tissues that

are involved in diverse physiologies, such as process of learning and memory (e.g.,

hippocampus, cortex, and amygdala) and metabolism (e.g., liver, adipose tissue,

kidney). As more data accumulates describing specific mechanistic roles of clock

genes in regulating cellular proliferation and metabolic pathways, new therapeutic

targets are emerging. As the pharma industry is converging on epigenetic regulators

as promising targets for therapy, it is conceivable that drugs that modulate the clock

function may result effective in specific strategies against certain types of cancer

and metabolic disorders.
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