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Abstract

Circadian rhythms govern a remarkable variety of metabolic and physiological functions. Accumulating epidemiological

and genetic evidence indicates that the disruption of circadian rhythms might be directly linked to cancer. Intriguingly,

several molecular gears constituting the clock machinery have been found to establish functional interplays with regulators

of the cell cycle, and alterations in clock function could lead to aberrant cellular proliferation. In addition, connections

between the circadian clock and cellular metabolism have been identified that are regulated by chromatin remodelling.

This suggests that abnormal metabolism in cancer could also be a consequence of a disrupted circadian clock. Therefore,

a comprehensive understanding of the molecular links that connect the circadian clock to the cell cycle and metabolism

could provide therapeutic benefit against certain human neoplasias. 

Key words : Circadian Rhythm, Cancer, CLOCK, BMAL1, Cryptochrome

1. Introduction

The process of tumorigenesis is intimately linked to

the disruption of the balance that characterizes home-

ostasis[1]. Independent of the causal agents, it is now

accepted that the aberration of specialized metabolic

pathways may contribute to cell transformation. Cancer

cells predominantly use glycolysis rather than mito-

chondrial oxidative phosphorylation for energy produc-

tion, which is known as the Warburg effect[2]. Although

the molecular gears that intersect metabolic control and

the aberrant cellular proliferation that is characteristic of

tumour cells are not fully deciphered[3], several

intriguing hints indicate that the cellular machinery that

governs circadian physiology is likely to occupy a

strategic signalling position[4,5]. This idea is particularly

relevant as emerging evidence has revealed tight links

between the molecular clock and the regulation of

cellular metabolism[6].

The Earth’s rotation around its axis leads to day-

night cycles, which affects the physiology of most liv-

ing organisms. Circadian (from the Latin circa diem

meaning ‘about a day’) clocks are intrinsic, time-track-

ing systems that enable organisms to anticipate environ-

mental changes (such as food availability and predatory

pressure) and allow them to adapt their behaviour and

physiology to the appropriate time of day[7]. Rhythms

that occur with a periodicity of 24 hours are considered

circadian. Feeding behaviour, sleep-wake cycles, hor-

mone levels and body temperature are just a few exam-

ples of physiological circadian rhythms, with light being

the principal regulator or zeitgeber. The three integral

parts of circadian clocks are an input pathway that

includes detectors to receive environmental cues (or

zeitgebers) and transmit them to the central oscillator,

a central oscillator that keeps circadian time and gen-

erates rhythm, and output pathways through which the

rhythms are manifested by the control of various met-

abolic, physiological and behavioural processes. The

distinguishing characteristics of circadian clocks are that

they are entrainable (that is, circadian clocks can be syn-

chronized by external cues), self-sustained (oscillations

can persist even in the absence of environmental cues)

and temperature compensated (meaning that moderate

variations in ambient temperature do not affect the

period of circadian oscillation)[8].

A major consequence of a modern lifestyle is the dis-

ruption of circadian rhythms. This leads to several path-

ological conditions, including sleep disturbances and
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depression. Importantly, accumulating evidence shows

that the alteration of circadian rhythms might lead to

increased susceptibility to cancer in humans. Epidemi-

ological studies have revealed that the risk for breast

cancer is significantly higher in industrialized societies,

and that the risk increases as developing countries

become more westernized[9]. Moreover, a moderate

increase in the incidence of breast cancer is reported in

women who work night shifts, and the incidence is

higher among individuals who spend more hours per

week and years working at night[10,11]. Exposure to light

at night and the subsequent reduction in melatonin lev-

els has been postulated to be a causal factor for this

effect[9]. Importantly, although the correlation between

lower melatonin levels and higher incidence of breast

cancer was observed in one study[12], another group

failed to observe such a correlation[13]. However, from

a clinical point of view, cancer prognosis is poorer in

patients with an altered circadian rhythm than in

patients with a normal rhythm[14]. In addition, chrono-

therapy (drug administration based on the time of the

day) has been shown to improve the efficacy of some

chemotherapeutic agents[15,16], underscoring the impor-

tance of understanding circadian rhythmicity. In this

Review, we discuss the molecular mechanisms whereby

the circadian clock regulates the cell cycle, DNA dam-

age responses, ageing and metabolism. Aberrant circa-

dian rhythms could lead to defects in the regulation of

these processes, which might result in tumorigenesis

and tumour progression.

2. Regulation of the Circadian Clock in 
Mammals

Circadian clocks are present in almost all mammalian

tissues. The master or central clock is located in the

hypothalamic suprachiasmatic nucleus (SCN), a small

brain region containing 10,000-15,000 neurons. The

SCN clock can function autonomously, without any

external input, but it can be reset by environmental cues

such as light. Clocks outside the SCN are referred to as

peripheral clocks and are thought to be synchronized by

the master clock to ensure temporally coordinated phys-

iology[6]. The synchronization mechanisms implicate

various humoral signals, including circulating entrain-

ing factors such as glucocorticoids[17]. Moreover,

peripheral clocks, such as the liver, can be synchronized

by the availability of metabolites or feeding time[18].

Peripheral clocks are present in almost all mammalian

tissues, such as the liver, heart, lungs and kidneys,

where they maintain circadian rhythms and modulate

transcription factors in a paracrine fashion to regulate

tissue-specific gene expression. For example, the liver

clock controls the expression of several metabolic

genes, Such as phosphoenolpyruvate carboxykinase 2

(PCK2; which encodes a gluconeogenic enzyme), the

activity of which is decreased in hepatic cancer[19].

2.1. The Negative Feedback Loop.

From a molecular standpoint, circadian rhythms are

regulated by transcriptional and post-translational feed-

back loops generated by a set of interplaying clock pro-

teins. The fundamental mechanism of the generation

and maintenance of rhythms is similar in the central and

the peripheral clocks; however, the output pathways

elicited can be different and more tissue specific. The

positive limb of the mammalian clock machinery is

comprised of CLOCK and bMAL1, which are tran-

scription factors that hetero dimerize through the PAS

domain and induce the expression of clock-controlled

genes by binding to their promoters at E-boxes. The

Cryptochrome (Cry1 and Cry2) and period (Per1, Per2

and Per3) families are clock-controlled genes and

encode proteins that negatively regulate the circadian

machinery. Per and Cry proteins are thought to translo-

cate into the nucleus and form a complex to inhibit

CLoCK–bMAL1-mediated transcription, thereby clos-

ing the negative feedback loop6. To start a new tran-

scription cycle, the CLoCK–bMAL1 complex needs to

be de-repressed through the proteolytic degradation of

Per and Cry. Although we have described the mamma-

lian circadian clocks, the generation and maintenance of

rhythms is conceptually conserved in other model

organisms such as Drosophila melanogaster, Neu-

rospora crassa and plants[20]. 

The CLoCK–bMAL1 complex activates the clock

output by inducing the expression of a large number of

genes. Genomic studies have shown that the molecular

output of the circadian clock is remarkable as up to 10%

of all cellular transcripts oscillate in a circadian man-

ner[21] — a large proportion of which seem to be

directly regulated by CLCK–bMAL1. Although it is

important to emphasize that many clock-controlled

genes encode proteins crucial in regulating cellular out-
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put and metabolic and physiological functions[22], some

of the output products can also feed back to the clock

machinery[23,24].

Resetting of the circadian clock through stimuli such

as light (in the SCN) or serum shock (in fibroblasts) is

associated with a rapid induction of Per1 and Per2

mRNA[25-27]. Although it is not clearly understood how

light or other entraining cues directly affect CLoCK–

bMAL1, the MAP kinases[28] (which are known to phos-

phorylate bMAL1[29] and CLoCK phosphorylation by

protein kinase C[30] have been implicated in this process.

The core clock machinery is more complex than a

single auto regulatory loop: several interconnected feed-

back loops operate in concert. Some are transcriptional

and post-translational, others involve the proteasome

and/or enzymatic metabolic loops[31,32]. For example,

Bmal1 is regulated by the orphan nuclear receptors

retinoic acidrelated orphan receptor-α (RoRα) and

REV-ERbá, both of which are controlled by the circa-

dian clock. Both of these proteins are transcription fac-

tors that bind to the Bmal1 promoter at REV-ERbα and

RoRá response elements. RoRá activates Bmal1 tran-

scription[33], whereas REV-ERbá inhibits it[34] other core

members of the mammalian circadian clock include

neuronal PAS-domain protein 2 (NPAS2) and the

enzymes casein kinase Iε (CKIε) and CKIδ. NPAS2 is

a paralogue of CLoCK, exhibiting similar activities but

differing in tissue distribution. CLoCK is ubiquitous but

NPAS2 is mainly expressed in the forebrain[35]. NPAS2

can heterodimerize with bMAL1, bind to E-box motifs

and transcriptionally activate circadian genes[35]. Recent

reports suggest that NPAS2 can functionally compen-

sate for CLoCK in the SCN[36] but not in the periph-

ery[37], supporting the notion that CLoCK has a

prominent role in metabolic tissues[38].

2.2. Post-translational Modifications

Post-translational modifications (such as phosphor-

ylation, acetylation, sumoylation and ubiquitylation)

that are induced by various intracellular signalling path-

ways have a crucial role in the maintenance of circadian

rhythms, for example Cry-mediated inhibition involves

reduced phosphorylation of CLoCK and bMAL1[39,40].

CKIδ, CKIε and the D. melanogaster homologue dou-

bletime (dbT) have important roles in the regulation of

circadian rhythms by phosphorylating Per proteins.

Phosphorylation of Per proteins by CKIε and CKIδ

leads to their ubiquitin-mediated degradation[41,42]. Con-

versely, Cry ubiquitylation, mediated by the SKP1-cul-

lin-F box (SCF) – FbXL3 ubiquitin ligase, regulates Cry

protein levels[43-45]. Sumoylation of bMAL1 regulates its

stability[46], whereas acetylation of bMAL1 enhances its

interaction with Cry[47]. These modifications have rhyth-

micity, and mutations that abolish these modification

sites impair the robustness of circadian rhythms[46,47]. 

2.3. Chromatin Remodelling

Another level of circadian machinery regulation is

achieved through chromatin remodelling. Circadian

promoters have oscillations in histone modifications,

such as acetylation[48] and methylation[49]. Importantly,

CLoCK also possesses Histone acetyltransferase (HAT)

activity, which is essential for circadian clock-controlled

gene expression[50]. As CLoCK binds to E-box regions

of DNA, the HAT activity of CLoCK could selectively

remodel chromatin at the promoters of clock-controlled

genes. The enzymatic activity of CLoCK also allows it

to acetylate non-histone substrates. For example,

CLoCK mediates acetylation of its own binding partner,

bMAL1, on Lys537[47]. This acetylation is essential for

circadian clock-controlled gene expression. Ectopic

expression of wild-type bMAL1, but not an acetylation-

resistant bMAL1 mutant (K537R), is able to rescue the

circadian expression of endogenous target genes in

mouse embryonic fibroblasts (MEFs) derived from

Bmal1–/– mice. The bMAL1-K537R mutant has dras-

tically reduced sensitivity to CRY1-mediated repression

compared with wild type bMAL1, indicating that the

acetylation of bMAL1 by CLoCK might be an essential

regulatory switch as it facilitates Cry-dependent repres-

sion[47]. 

Recently, the histone deacetylase sirtuin 1 (SIRT1)

was identified as a crucial modulator of the circadian

clock machinery[51,52]. The activity of SIRT1 from

mouse liver or synchronized fibroblasts has robust cir-

cadian rhythm. Moreover, SIRT1 regulates circadian

rhythms by counteracting the HAT activity of

CLoCK51. Histone H3 Lys9 and Lys14 at circadian

promoters and bMAL1 are specific targets of SIRT1,

which are hyperacetylated in Sirt1–/– MEFs. The

CLoCK–bMAL1 complex interacts with SIRT1 and

recruits it to the circadian promoters. Importantly, cir-

cadian gene expression and bMAL1 acetylation are

compromised in liver-specific SIRT1- mutant mice
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(which lack exon 4, which encodes the catalytic domain

of SIRT1)[51]. 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[51]. Moreover, the prominent

role of SIRT1 in longevity provides an interesting link

between the circadian clock and ageing.

3. Clock Mutants and Cancer Association

Several studies using human subjects lend additional

support to the epidemiological data that link defects in

circadian rhythms to increased susceptibility for devel-

oping cancer and poor prognosis. For example, the

expression of all three Per genes is deregulated in breast

cancer cells[53]. Per1 expression is downregulated in

most patients, possibly owing to methylation of its pro-

moter. In addition, mutations in NPaS2 have been asso-

ciated with an increased risk of breast cancer and non-

Hodgkin’s lymphoma[54]. Importantly, several studies

using mouse models have established convincing links

between some clock genes and tumorigenesis. Specifi-

cally, Per1 and Per2 seem to function as tumour sup-

pressors in mice[55,56]. Targeted ablation of Per2 leads to

the development of malignant lymphomas[56], whereas

its ectopic expression in cancer cell lines results in

growth inhibition, cell cycle arrest, apoptosis and loss

of clonogenic ability[57]. Interestingly, Per2 mRNA lev-

els are downregulated in several human lymphoma cell

lines and in tumour cells from patients with acute mye-

loid leukaemia[57]. overexpression of PER1 can also

suppress the growth of human cancer cell lines55. Fur-

thermore, Per1 mRNA levels are downregulated in

non-small cell lung cancer tissues compared with

matched normal tissues[55]. In addition, knockdown of

CKIε induces the growth inhibition of cancer cells, and

CKIε expression is increased in various human cancers,

such as leukaemia and prostate cancer[58]. These results

consistently point to a direct link between the dysfunc-

tion of key circadian regulators and cancer[4].

A matter of debate is whether circadian rhythmicity

Per se or only certain core clock genes are involved in

cell cycle regulation. So far, only two core clock genes,

Per1 and Per2, have been shown to function as tumour

suppressors in mice. It should be stressed that individual

mutation of either Per1 or Per2 in the mouse has a mild

effect on circadian behaviour[59-62]. Fu et al.[56] showed

that Per2-mutant mice carrying a deletion in the PAS-

b domain have a higher incidence of spontaneous sali-

vary gland hyperplasia than wild-type mice. Moreover,

Per2-mutant mice are more sensitive to γ-irradiation,

with significantly higher rates of malignant lymphoma

formation after irradiation. Following irradiation, thy-

mocytes from Per2-mutant mice have reduced accumu-

lation of p53, and thus have reduced apoptosis.

Furthermore, the reported γ-irradiationinduced increase

in circadian gene transcription is attenuated in Per2-

mutant mice[56].

An interesting link between the circadian clock and

breast cancer was established in a study demonstrating

that PER2 can bind to and destabilize oestrogen recep-

tor-α (ERα)[63], a key transcription factor that promotes

the growth of mammary epithelial cells, deregulation of

which has been shown to cause breast cancer [64]. Con-

sequently, Per2 overexpression leads to reduced ERá

levels and transcriptional activity. Interestingly, all three

mammalian Per proteins are structurally similar, with

large regions of homology, but with striking differences

in specific domains[65]. It is possible that specialized

protein interactions with these domains could lead to the

different regulatory pathways through which PER1 and

PER2 exert their tumour suppressor function. This

might constitute a system of redundancy so that the two

proteins can compensate for each other not only in cir-

cadian function but also in tumour suppression activity.

As PER1 and PER2 have been shown to heterodimer-

ize[66], it is important to explore whether the concerted

contribution of both proteins can elicit increased tumour

suppression. Appropriate experiments to address this

point by using the Per1–/–Per2–/– double-knockout

mice have not yet been conducted.

It is important to note that the mutation of one or

more core clock genes is itself not necessarily sufficient

to elicit increased tumour incidence. In addition, there

is no apparent correlation between the disruption of cir-

cadian behaviour and increased tumorigenesis in mouse

models. Indeed, Cry1–/–Cry2–/– mice67 or lock/Clock-

mutant mice (which lack exon 19 of Clock)[68], the cir-

cadian rhythms of which are highly compromised, o not

show a predisposition to cancer on irradiation. Moreo-

ver, MEFs derived from Clock/Clockmutant mice have

lower levels of DNA synthesis and cell proliferation

than wild-type MEFs[69]. Somewhat unexpectedly, abla-
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tion in the mouse of both Cry genes n a Trp53–/– back-

ground delays the onset of cancer[70]. These observations

suggest that other regulatory features intrinsic to clock

regulators and independent of their circadian function

could participate in carcinogenesis. 

Is the disruption of circadian rhythms linked to car-

cinogenesis?

It seems that individual core circadian clock proteins

(such as PER1 and PER2) might have acquired multiple

roles and so controls both circadian rhythms and the cell

cycle. Also, the consequence of circadian disruption for

cancer predisposition might be dependent on how the

rhythm is disrupted. Indeed, the molecular mechanism

whereby the circadian clock influences cancer develop-

ment and progression could be explained by its regula-

tion of the cell cycle, DNA damage responses and

cellular metabolism. 

4. Cell Cycle Regulation

The circadian clock shares several conceptual and

molecular similarities with the cell cycle[71], both consist

of interlocked auto-regulatory loops, and they both rely

on sequential phases of transcription, translation, post-

translational odification and degradation. For some cells,

the cell cycle itself seems to be synchronized with cir-

cadian time as the various phases of the cell cycle follow

a circadian programme[72,73]. This link is further illus-

trated by the fact that clock-controlled genes include

those that have an essential role in cell cycle control. The

circadian regulation of genes encoding key cell cycle

regulators, such as Wee1 (G2/M transition)[5], myC (G0/

G1 transition)[56] and cyclin d1 (CCND1; G1/S transi-

tion)[56], has been demonstrated in mammals, and light

induces the expression of Wee1 in zebrafish74. Wee1 is

a kinase that phosphorylates and inactivates the cell divi-

sion cycle 2 (CdC2)–cyclin b1 complex to control the

G2/M transition. Wee1 has robust CLoCK– bMAL1-

dependent circadian oscillations in the mouse liver[5].

Furthermore, partial hepatectomy-induced liver regen-

eration is impaired in Cry1–/–Cry2–/– arrhythmic mice,

which also show deregulated expression of Wee1[5].

These studies demonstrate that Wee1 is a key molecular

link between the circadian cycle and the cell cycle. 

CCND1 is another circadian clock-regulated gene

that has been implicated in tumorigenesis, especially in

breast cancer. Overexpression of CCND1 induces mam-

mary tumorigenesis, and high levels of CCNd1 in ERα-

positive breast cancer correlates with poor prognosis[75].

It would be interesting to determine whether the oscil-

latory expression of CCND1 is compromised in cancer.

Other genes that regulate cell proliferation, such as

growth arrest and DNA damage-inducible protein α

(GaDD45a) and mDm2, also have a circadian pattern of

expression, which is abolished in Per2-mutant mice56.

Importantly, myC is a clock-regulated gene, the circa-

dian expression of which is completely abolished in

Per2-mutant mice56. Intriguingly, the activators NPAS2

and bMAL1 have been shown to repress myC expres-

sion[56], suggesting an as yet undeciphered pathway of

transcriptional control. A microarray analysis of mouse

liver and skeletal muscle identified several cell cycle

and proliferation regulators, such as cyclin-dependent

kinase inhibitor 1A (CDKN1a), which encodes p21,

platelet-derived growth factor receptor (PDGFr), vas-

cular endothelial growth factor (VeGF) and KIT ligand

(KITlG), that displayed circadian oscillations in expres-

sion[69].

Although these connections between the circadian

clock and regulators of the cell cycle have been

observed, it is important to note that other evidence

shows that the link between the circadian clock and cell

proliferation is not absolute. For example, several

mouse models with defects in the circadian clock

(such as Cry1–/–Cry2–/– mice[67] or Clock/Clock-

mutant mice[68]) do not show growth defects during

embryogenesis or increased incidences of cancer.

Therefore, we propose that the circadian control of cell

proliferation is more opportunistic, depending on the

physiological state of a cell, and should thereby be

considered a fine-tuning mechanism. One example of

the above concept is illustrated by the impairment in the

partial hepatectomy-induced liver regeneration in Cry1–

/–Cry2–/– mice[5], in which a functional circadian clock

might prove advantageous in adverse conditions.

Nevertheless, various studies suggest that at least some

of the key cell cycle genes are under circadian

regulation. It is therefore possible that alterations in

circadian rhythms might lead to cancer through the

deregulated expression of these cell cycle genes.

5. DNA Damage Responses

Damage to DNA, by either intracellular agents (such
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as metabolic by-products) or external agents (such as

ionizing radiation), can cause cancer. However, cells

have evolved several mechanisms to repair damaged

DNA. Recent results suggest that one such repair mech-

anism, nucleotide excision repair, displays circadian

oscillation in mouse brain, possibly through oscillations

in the expression of the DNA damage recognition pro-

tein for this pathway, Xeroderma pigmentosum A

(XPA)[76]. XPA levels also oscillate in mouse liver[76],

suggesting that circadian nucleotide excision repair

might be operating in peripheral tissues.

PER1 also seems to function as a tumour suppressor

by regulating cell cycle genes and interacting with key

DNA damage-activated checkpoint proteins[55]. Per1

overexpression in cancer cells increases ionizing radia-

tion-induced apoptosis, whereas its knockdown has pro-

tective effects. Ionizing radiation leads to PER1 nuclear

translocation and the induction of myC expression.

Interestingly, PER1 interacts with the DNA double-

strand break-activated kinases ataxia telangiectasia

mutated (ATM) and CHK2[55]. Therefore, PER1 can

function as a tumour suppressor by activating multiple

pathways, including the DNA damage response.

Another circadian protein, timeless (TIM), which is

necessary for the robustness of rhythmicity[77], has been

shown to interact with the checkpoint proteins ataxia

telangiectasia and Rad3-related (ATR) and CHK1[78].

Interestingly, this interaction is stimulated by DNA

damage, and TIM seems to function as a mediator

between sensors and effectors of the DNA damage

response. These observations indicate that core clock

proteins can interact with checkpoint proteins and could

thereby modulate the DNA damage response to increase

DNA repair and so protect against tumorigenesis. 

Although it is not yet clear whether these interactions

are present only at a certain time of the day, the circa-

dian expression of the clock proteins suggests that this

is the case. This conclusion has further connotations, as

conversely the treatment of cultured cells with DNA

damage-inducing agents affects rhythmicity by resetting

the clock[79,80]. An additional important twist was

revealed by experiments in N. crassa, a filamentous

ungus, the circadian clock of which has been exten-

sively studied. The N. crassa clock gene Period 4

(Prd4), an orthologue of mammalian CHK2[81], phos-

phorylates the clock protein frequency (FRQ), an event

that has a crucial role in resetting the clock in N. crassa.

Importantly, DNA damage resets the clock in a PRd4-

dependent manner. Similarly, DNA damage can cause

phase advances in the circadian rhythms in a dose- and

time-dependent manner in mammals[79,80]. These stud-

ies, therefore, emphasize the fact that DNA damage can

also modulate circadian rhythms, and could in fact func-

tion as a zeitgeber. From an evolutionary point of view,

this could be a mechanism that has evolved so that cells

could avoid DNA replication during times of high ultra-

violet light exposure or during periods of intense metab-

olism when DNA damaging by-products are abundant.

Such gating of cell division is remarkably evident in the

budding yeast Saccharomyces cerevisiae. This organism

has ultradian metabolic cycles that are temporally sep-

arated from the cell division cycle[82,83]. Cell division

takes place exclusively during the reductive phase of the

metabolic cycle to prevent DNA damage from oxidative

stress. It is conceivable that uncoupling of this delicate

balance could induce DNA damage, predisposing cells

to tumorigenesis.

6. Metabolism

Cancer cells have a wide array of metabolic abnor-

malities. Accumulating evidence has revealed an inti-

mate relationship between circadian rhythms and

metabolism[84]. Although the circadian clock regulates

multiple metabolic pathways, metabolite availability

and feeding behaviour can in turn regulate the circadian

clock[18]. Several genes (the protein products of which

have crucial roles in metabolic processes) exhibit a cir-

cadian expression pattern; these include glucose-6-

phosphatase and PCK2 (gluconeogenesis), pyruvate

kinase (glycolysis), glucokinase (glycogen synthesis),

glucose transporter2 (glucose transport) and HMG-CoA

reductase (cholesterol metabolism). Forced misalign-

ment of behavioural and circadian cycles in human sub-

jects was recently shown to cause a decrease in leptin

and an increase in glucose and insulin levels[85]. More-

over, metabolic defects are observed in animals lacking

core clock genes such as Clock and Bmal1 or clock-con-

trolled genes such as Nocturnin (a deadenylase that is

highly expressed at night and which specifically

removes poly(A) tails from mRNAs)[86]. Clock/Clock-

mutant mice become hyperphagic and obese and

develop classic signs of metabolic syndrome, such as

hyperglycaemia, dyslipidemia and hepatic steatosis[38].
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Further demonstrating a close association between the

circadian clock and metabolism, the expression of sev-

eral nuclear receptors, including peroxisome prolifera-

tor- activated receptor (PPAR) family members

(PPARα, PPARγ and PPARδ) and oestrogen-related

receptor (ESRR) family members (ESRRα, ESRRβ and

ESRRγ), is rhythmic in a tissue-specific manner[87].

PPARγ co-activator 1α (PPARGC1α) has a circadian

expression pattern in metabolic tissues, and mice lack-

ing Ppargc1a have defects in locomotor activity, body

temperature regulation and metabolic rate[88]. Another

example of direct regulation of cellular metabolism by

functional CLoCK is observed in the case of liver glu-

cokinase, an enzyme that regulates glycogen synthesis

in the liver, the mRNA levels of which oscillate in nor-

mal liver but not in Clock/Clock-mutant liver[89].

Although we are still lacking a satisfactory molecular

understanding of how clock proteins modulate metab-

olism, emerging evidence implicates chromatin remod-

elling as a key control mechanism, suggesting that some

clock regulators may be at the crossroad between epi-

genetics and metabolism[51,90]. Perturbations in the

expression or activities of these regulators (such as

CLoCK and SIRT1) could contribute to cancer by caus-

ing higher proliferation and defects in metabolic path-

ways, for example in the modulation of glycolytic and

gluconeogenic enzymes.

6.1. SIRT1 and Cancer

SIRT1 has crucial roles in metabolism and survival

by deacetylating several proteins and regulating gene

expression through histone deacetylation. A fascinating

hallmark of SIRT1 is that its enzymatic activity is

NAD+-dependent[91]. As 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 the deacetylation of target proteins.

SIRT1 has been reported to both promote and suppress

tumour growth[92], briefly, SIRT1 deacetylates p53 and

so inhibits its activity[93], resulting in reduced apoptosis

after genotoxic stress. SIRT1 also interacts with hyper-

methylated in cancer 1 (HIC1)[94], a tumour suppressor

that is epigenetically silenced in an age-dependent man-

ner. SIRT1 is upregulated in tumours that lack HIC1,

and prevents apoptosis by deacetylating p53. SIRT1 can

also promote cancer cell survival by deacetylating the

DNA repair protein Ku70. deacetylation of Ku70 blocks

mitochondrial translocation of BAX and prevents apop-

tosis, thereby promoting tumour progression[95]. Con-

versely, SIRT1 can also function as a tumour

suppressor. Deficiency of SIRT1 in mice impairs the

DNA damage response, which leads to genomic insta-

bility[96]. Moreover, induction of double-strand breaks

causes SIRT1 to relocalize from repetitive DNA

sequences and gene promoters to the site of DNA dam-

age to facilitate repair[97]. Furthermore, ectopic induc-

tion of SIRT1 suppresses intestinal tumorigenesis and

colon cancer growth in vivo[98], by deacetylating and

thereby inactivating β-catenin, SIRT1 can lead to

reduced cell proliferation. It seems evident that SIRT1

can promote or prevent cancer depending on the spe-

cific function of its substrate. SIRT1 also deacetylates,

and thereby regulates, several metabolic proteins. It

deacetylates PPARGC1α and forkhead box o1 (FoXo1)

to increase gluconeogenesis[99]. In addition, SIRT1 inter-

acts with SMRT, thus inhibiting the transcription of

PPARγ target genes. It thereby promotes fat mobiliza-

tion from white adipocytes [100]. SIRT1 also deacetylates

and activates liver X receptor (LXR), which leads to

regulation of cholesterol metabolism by transactivating

the ATP-binding cassette transporter A1 (aBCa1) pro-

moter[101]. AbCA1 regulates cholesterol efflux from

peripheral tissues to form high-density lipoprotein

(HdL), which is cleared by the liver. Further studies are

needed to ascertain whether the metabolic defects

observed in various cancers could be attributed to alter-

ations in SIRT1 function. The NAD+ connection. Genes

encoding circadian clock proteins are regulated by epi-

genetic mechanisms, such as histone phosphorylation,

acetylation and methylation, which have been shown to

follow a circadian rhythm[48,49,102]. All histone post-

translational modifications are directly coupled to cel-

lular metabolism, as these modifications use varying

levels of metabolites[103]. Circadian oscillation of SIRT1

activity suggested that cellular NAD+ levels can also

oscillate. Using mass spectrometry–liquid chromatogra-

phy, our laboratory has demonstrated that NAD+ levels

do indeed oscillate in serum-entrained MEFs23.

Another study showed that NAD+ levels display bimo-

dal oscillation in mouse liver[24]. The circadian clock

controls the expression of nicotinamide phosphoribosyl-

transferase (NAMPT), a key rate-limiting enzyme in the

salvage pathway of NAD+ biosynthesis[23,24]. CLoCK,

bMAL1 and SIRT1 are recruited to the NamPT pro-
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moter in a circadian clock-dependent manner. The oscil-

latory expression of NamPT is abolished in Clock/

Clock-mutant mice, which results in drastically reduced

levels of NAD+ in MEFs derived from these mice[23].

These results make a compelling case for the existence

of an enzymatic and transcriptional feedback loop, in

which SIRT1 regulates the levels of its own cofactor.

Interestingly, another class of NAD+-dependent enzymes,

poly(ADP-ribose) polymerases (PARPs) have been

shown to functionally interact with SIRT1[104]. PARP1,

the best characterized of the family, is activated by

DNA damage and has a role in DNA repair[105].

Increased activity of PARP1 as a result of DNA damage

or PARP1 overexpression depletes the intracellular pool

of NAD+, leading to reduced SIRT1 activity and cell

death[106]. Owing to their role in DNA repair, PARP

inhibitors have become attractive drugs against DNA

damage response-defective tumours, such as bRCA1- or

bRCA2-mutant cancers[107]. It will be interesting to test

whether the resetting of the circadian clock by DNA

damage could be a consequence of PARP1-mediated

inhibition of SIRT1. Given the direct control of SIRT1

deacetylase activity by NAD+, circadian regulation of

NAD+ levels seems to be a crucial regulatory mecha-

nism controlling circadian rhythms, metabolism and cell

growth. Interestingly, altered NAMPT levels have been

implicated in metabolic disorders and cancer[108], and

FK866 (a highly specific NAMPT inhibitor that abol-

ishes NAD+ circadian oscillations and SIRT1 cyclic

activity[23]) is reported to induce apoptosis in human

cancer cells[109]. These results suggest that a direct

molecular coupling exists between the circadian clock,

energy metabolism and cell survival. Further investiga-

tion is needed to uncover the precise function of circa-

dian control of SIRT1 activity in the regulation of

metabolism and tumorigenesis. 

7. Conclusion

Circadian control of physiology and behaviour is

required for a healthy life. In this Review we have dis-

cussed the current literature that supports the idea that

cell growth, survival, DNA damage responses and

energy metabolism are under circadian control. Circa-

dian clock-mediated transcriptional and post-transla-

tional regulations fine-tune the events leading to tissue

homeostasis. Core clock proteins have evolved to carry

out multiple tasks and so can regulate diverse facets of

physiology. The acetyltransferase activity of CLoCK,

and the counterbalancing deacetylase activity of SIRT1,

seem to regulate and integrate the circadian clock and

metabolism. Although direct evidence of defects in a

clock-mediated metabolic pathway leading to cancer is

still missing, circadian control of NAD+ levels might

prove to be the missing link. Loss of a functional cir-

cadian clock might increase NAD+ levels in cancer

cells in which NAD+ is used at a higher rate for glyc-

olysis. Moreover, it is also conceivable that CLoCK can

influence cellular proliferation and metabolism by

acetylating, and so regulating, several non-histone pro-

teins (such as nuclear receptors, cell cycle proteins and

checkpoint proteins). SIRT1, which exists in a complex

with CLoCK, has both pro-cancer and anticancer

effects. This poses a challenge, but also provides oppor-

tunities for cancer treatment. Depending n the acetyla-

tion status of the SIRT1 substrate in affected cancer

tissues, small molecule activators or repressors of

SIRT1 could be used as therapeutics. Further studies are

needed to identify how the oscillatory nature of SIRT1

activity, NDd+ availability and potentially CLoCK

activity are modulated in cancer. These could not only

further our knowledge of cancer growth and metabo-

lism, but also open new avenues for chronotherapy.
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