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Abstract Circadian rhythms are patterns of behavior, physiology, and metabolism 
that occur within a period of approximately 24 h. These rhythms are generated 
endogenously, but synchronize to external cues, thus enabling organisms to ben-
eficially align physiological processes to the inherently dynamic, yet predictable, 
seasonal changes in the day–night cycle. The cell autonomous circadian oscillator 
temporally coordinates cellular processes, including metabolism, proliferation, cell 
signaling, organelle function, proteostasis, and DNA damage repair to sustain cellu-
lar homeostasis. It is hypothesized that the circadian oscillators evolved as a “flight 
from light” mechanism to minimize UV damage to single stranded DNA by restrict-
ing DNA replication to the nighttime. Support for this hypothesis is accumulating 
with the recent observation that the circadian rhythm and cell cycle are intimately 
coupled to each other, so that specific phases of cell cycle occur at a defined phase 
of the circadian oscillator at single-cell level [1]. Furthermore, chronic circadian 
disruption perturbs cellular homeostasis and predisposes to cancer. Conversely, 
numerous cancer cell lines display severe circadian alterations, which likely con-
tribute to aggressive proliferation of the tumor. Hence, it is becoming increasingly 
important to understand the relevance of circadian rhythm for optimizing fitness 
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under natural conditions and its utility and adaptability in the modern world so that 
the knowledge can be better leveraged for the prevention and treatment of cancer.
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Circadian rhythms evolved in a predictable environment of light:dark and the as-
sociated daily rhythm in access to food. Accordingly, at the organism level, there 
are mechanisms to entrain the circadian system to changes in light and food avail-
ability in different seasons. However, in the modern anthropogenic world, the use 
of electrical lighting and abundance of food availability throughout 24 h during the 
day:night cycle can cause repetitive perturbation of the circadian clock and increase 
susceptibility to cancer. In this chapter we will first introduce the circadian clock 
and its molecular mechanisms in mammals, followed by an overview of the epi-
demiological and experimental evidence linking circadian dysfunction to cancer, 
especially considering evidence obtained from animal models. Then, we will cover 
four broadly defined aspects of physiology that are regulated by the clock, and 
within which we find the mechanisms upon which the hallmarks of cancer arise: (1) 
cell cycle regulation and DNA damage response, (2) xenobiotic detoxification, (3) 
endocrine function, and (4) energy metabolism.

These discussions will lay the framework to understand how circadian disruption 
can increase cancer risk and shed light on novel lifestyle or pharmacological cancer 
treatments that can build on a better understanding of the circadian cancer link.

Mechanisms of the Clock

In mammals, the circadian system is based on a cell-autonomous and self-sustain-
ing molecular oscillator. At the molecular level the circadian oscillator is a genetic 
circuit composed of two interlocking transcription–translation feedback loops that 
revolve around the transcription factors CLOCK and BMAL1 (and their respective 
homologs NPAS2 and BMAL2). CLOCK and BMAL1 function as heterodimers 
that bind to E-box elements at promoter regions of their target genes. CLOCK-
BMAL1 drive the expression of the Cryptochrome ( Cry1 and Cry2), and Period 
( Per1, Per2) genes. In turn, CRYs and PERs form complexes that repress CLOCK-
BMAL1 activity, ultimately suppressing their own expression. Eventually, CRYs 
and PERs are degraded, relieving CLOCK-BMAL1 repression and beginning the 
cycle anew. Essentially, the interplay between CLOCK/NPAS2, BMAL1/2, CRYs 
and PERs gives rise to the self-sustained, near-24 h, alternating activation–repres-
sion cycles that are the proverbial ticking of the clock.
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In a second loop, CLOCK and BMAL1 activate the Rev-Erb- and Ror-class 
nuclear hormone receptors. REV-ERBs and RORs are, respectively, transcriptional 
repressors and activators that bind to ROR elements (ROREs) present in the Bmal1 
gene promoter, and whose interplay enforces rhythmic expression of Bmal1. Ad-
ditionally, REV-ERBs and RORs also act on fine-tuning the rhythmic expression of 
additional clock components. These rhythms are then propagated to off-clock genes 
generating large-scale transcription rhythms (up to 15 % of expressed genes in any 
given tissue), which eventually manifest as overt physiological rhythms.

These transcription–translation loops form the core of the molecular clock, but 
the mechanisms that underlie the complete circadian oscillator are far more com-
plex. For instance, the duration of the cycle needs to have a period of completion 
close to 24 h. One feature of this process is that the translation of circadian mRNAs 
does not follow immediately after transcription; instead, there is an approximate 
2–4 h delay between generation of the mRNA and protein synthesis. This delay is 
in part regulated via miRNA-dependent mechanisms, consistent with findings that 
DICER deficient cells exhibited a shortened circadian period length and had an 
associated acceleration on PER1 and PER2 translation [2]. In addition, the timing 
of individual steps and of the overall circadian cycle involves the extensive post-
translational regulation of oscillator components. All known oscillator components 
are subject to posttranslational modifications of which most extensively studied 
and thus the best understood is protein phosphorylation. For example, casein ki-
nase Iε (CKIε) phosphorylates the period proteins to regulate their degradation by 
the β-transducin repeat containing protein 1 (β-TrCP1)-SCF complex. In contrast, 
PER2 stability is enhanced by phosphorylation by casein kinase 2 (CK2). CRYs sta-
bility is similarly regulated by phosphorylation by the AMP-activated protein kinase 
(AMPK), an event that promotes CRY association with the F-box component of the 
SCF-FBXL3 ubiquitin ligase complex. In addition, phosphorylation also regulates 
subcellular localization of clock proteins, as well as their activity. For instance, 
CKIε phosphorylates PER1 and BMAL1, regulating the nuclear entry of the former 
and the transcriptional activity of the latter. Glycogen synthase kinase 3b (GSK3β) 
phosphorylates REV-ERBα, BMAL1 and CLOCK, PER2, and CRY2 with differ-
ing impacts on stability, activity, and subcellular localization [3–7]. Besides phos-
phorylation, clock components also undergo acetylation, O-GlcNacylation, ubiqui-
tylation, and sumoylation, which have a range of effects as those mentioned [8, 9].

A fundamental feature of genes that are circadianly expressed is that they exhibit 
robust rhythms in chromatin regulation, including epigenetic modifications. As 
such, chromatin regulators such as histone lysine deacetylases, methyltransferases, 
and demethylases are components of the transcriptional machinery. Altogether, the 
combined action of signaling pathways, chromatin regulators, and non-clock tran-
scription factors enable the fine-tuning of circadian rhythms and their entrainment 
by environmental cues.

In spite of their cell-autonomous nature, cellular-level oscillators are orchestrat-
ed in a tissue-specific manner in order to give rise to tissue- and organ-level physi-
ological rhythms. Interestingly, sustained tissue-level circadian rhythms are depen-
dent on the phase alignment of their individual cellular-level oscillators, yet their 
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synchronization (or entrainment) is not a tissue-autonomous property. Thus, the 
circadian system is a hierarchical network, composed of peripheral oscillators that 
are entrained by a master circadian pacemaker: the suprachiasmatic nucleus (SCN) 
of the hypothalamus [10–12]. The SCN is a neural structure composed of 20,000 
cells bilaterally situated above the optic chiasm that has the unique property of be-
ing able to impose coordinated self-sustaining circadian oscillations at the tissue 
level. In addition, the SCN is innervated by the retinohypothalamic tract through 
which it receives photic cues that enable it to set its circadian phase to match the 
local geographic time. The SCN then relays this information to peripheral oscilla-
tors via neural, humoral, and metabolic signals in order to maintain the appropriate 
phase relationships between the different organs and the time of day.

Cancer and the Clock

In 2007, the World Health Organization (WHO) and the International Agency for 
Research on Cancer (IARC) classified shift work as a possible carcinogen, a deci-
sion that was largely based on epidemiological data along with results from animal 
studies.

Chronodisruption, specifically night work and rotating shift work, is associated 
with increased incidence of certain cancers. Numerous studies have identified a link 
between shift work and breast cancer. A meta-analysis of 13 independent epidemio-
logical studies conducted between 1995 and 2005 estimated that the risk of breast 
cancer in shift workers (nurses and flight attendants) was up to 48 % higher than 
in control populations [13]. Interestingly, a nested case-controlled study of women 
serving in the Danish military found that chronotype had a significant impact on 
cancer incidence, with rates being higher in evening-type populations after con-
trolling for shift work [14]. Furthermore, the same study found that morning-type 
workers subjected to shift work were nearly twice more likely to develop breast 
cancer than the control group. Similarly, chronodisruption increases the incidences 
of endometrial (42 % in nonobese and 100 % in obese night-shift workers), colorec-
tal (35 %), and possibly prostate cancers [15–21]. Interestingly, blind subjects with 
total absence of photoreception, and thus less sensitive to circadian stress, have 
reduced cancer rates in comparison to those that retain at least some light sensitivity 
[21, 22]. Consistently, the survival of patients with cancer of the breast, colon, or 
lung, is associated with marked circadian rhythmicity [23].

The importance of the circadian oscillator to cancer is further supported by epi-
demiological analysis of circadian genetic variability in human populations, analy-
sis of clock gene expression in cancers in vivo and in cell models, and experimental 
data. In humans, several SNPs (SNP) that occur in circadian clock genes are as-
sociated with cancer incidence, progression, and survival. For example, in a study 
of Chinese men, individuals that harbored a SNP in Npas2 had a decreased risk of 
developing prostate cancer, whereas those with an SNP in Cry2 had nearly double 
the risk of those that did not [24]. Similarly, other circadian polymorphisms have 
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been linked to increased postmenopausal breast cancer risk ( Cry2), reduced risk of 
developing non-Hodgkins lymphoma ( Npas2), increased occurrence and develop-
ment of non-small cell lung cancer, and increased survival in colorectal and hepato-
cellular carcinoma ( Clock and Per3, respectively) [25–30].

In addition to these SNP associations, the expression of clock genes is dysreg-
ulated in tumors in vivo and in cancer cell culture models. Per2 and Cry1 gene 
expression is upregulated in gastric cancer, with Cry1 heightened expression cor-
relating with disease progression [31]. In ovarian cancer cell lines, the Bmal1 gene 
is silenced via DNA methylation [32], whereas it is down-regulated in chronic lym-
phocytic leukemia patients along with Per1 and Per2 [33]. Similarly, in colorectal 
carcinoma Cry1 and Clock are overexpressed with their levels being correlated with 
progression of the disease, and decreased survival, whereas lower expression of 
Bmal1, Cry2, Per1, and Per3 was reduced in tumor samples [34–36].

The data derived from genetic animal models is also consistent with human ob-
servations. Clock mutant mice, which harbor a mutant gene allele that gives rise 
to a defective CLOCK protein, have decreased proliferation and increased apop-
tosis rates in lymphocytes, although without increased susceptibility to low-dose 
γ-irradiation induced cancer [37]. Double genetic ablation of Cry1 and Cry2 delays 
tumorigenesis onset and increases the lifespan of p53 mutant mice [38]. Mice that 
are homozygote for the Per2 mutant allele ( Per2m/m) have a 100 % increase in [39] 
the number of intestinal and colonic polyps when occurring in a model of colorectal 
cancer (Apc (Min/ + ) mice) background [40]. Consistently, siRNA-mediated de-
creases in Per2 levels in colon cancer cell lines resulted in heightened β-catenin 
expression and increased proliferation, with similar effects observed with Per1 
[41]. Interestingly, mice that carry a transgenic Per2 allele that occurs in familial 
advanced sleep phase syndrome (FASPS) show increased cancer risk and incidence 
[42]. Furthermore, Bmal1, Per1, Per2, Cry1, or Cry2 genetic-null mice have predis-
position to both spontaneous and irradiated-induced cancer [43].

Finally, nongenetic chronodisruptive paradigms have found links between tumor 
formation and progression in mice models. Tumor growth was greater in mice with 
bilateral SCN lesions than in sham control cohorts [44]. Under a jet lag paradigm, 
in which mice with tumor xenografts were subject to repeated 8 h light shifts, the 
rate of tumor growth also increased, with a mitigation of the effect occurring when 
meal time was matched to the light shifts; food-derived cues are dominant periph-
eral entraining signals, which reinforce the phase relationship between the SCN and 
the periphery [45]. In addition, chronic jet lag promotes metastases [46]. Similarly, 
when circadian mutants or wild-type mice are subjected to jet lag, their cancer risk 
is greatly increased [43]. Finally, rats chronically exposed to light-at-night, a fun-
damental characteristic of shift work and night work, increased the incidence of 
spontaneous tumorigenesis [47].

So, what mechanistic link exists between circadian disruption and cancer? For 
cancer to arise, normal cells must acquire certain characteristics, or “hallmarks,” in 
order to become tumorigenic. Specifically, these hallmarks are (1) self-sustained 
proliferation, (2) evasion of growth suppressive mechanisms, (3) apoptosis resis-
tance, (4) induction of angiogenesis, (5) replicative immortality, (6) activation of 
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tissue invasion and metastasis, (7) immune system evasion, and (8) reprogramming 
of cellular energy metabolism. The mechanisms that underlie all these hallmarks 
are under circadian control: cell cycle regulation and DNA damage repair, endo-
crine function, inflammation and apoptosis, xenobiotic detoxification, modulation 
of immune function, and energy metabolism are under extensive circadian control 
[48–51]. Thus, by impairing circadian oscillator function, chronodisruptive agents 
lead to a wide-spread dysregulation of physiological processes that are conducive 
for cancer development and progression.

The Circadian Clock, Cell Cycle Regulation and DNA 
Damage Response

The circadian clock and the cell cycle are now known to be extensively intercon-
nected at the molecular level. The first and most obvious link is that many key 
cell cycle regulators—including wee1, p21-Waf1, p20, cdc2, cyclin B1, cyclin D1, 
and c-Myc—are, in fact, clock-controlled genes (CCGs). Consistently, the circadian 
clocks from cyanobacteria to mammals are well-known to gate the different stages 
of the cell cycle, and thus impose temporal regulation to its progression. In mam-
mals, for instance, S-phase and mitotic index in the oral mucosa, corneal epithe-
lium, digestive tract and even bone marrow exhibit circadian fluctuations [52–56]. 
In a striking example of cell cycle gating by the clock, the timing of M-phase entry 
following partial hepatectomy is dictated by the time of day of the procedure [57].

Similarly, the circadian clock impinges on the DNA damage response. PER1 
physically associates with the cell cycle checkpoint proteins, ataxia telangiectasia 
mutated (ATM) and CHK2, sensitizes cells to apoptosis when overexpressed and, 
conversely, confers protection to irradiation-induced cell death [58]. In humans, 
the timeless protein (TIM), a putative oscillator component, interacts with CRY2 
and CHK1, possibly helping further the crosstalk between circadian and cell cycle 
regulatory mechanisms [59]. Further, BMAL1 is necessary for p53-mediated acti-
vation of p21CIP; BMAL1 shRNA knockdown decreased the induction of both p53 
and p21CIP in response to γ-irradiation, and rendered cells insensitive to p19ARF-
induced cell cycle arrest [60]. Intriguingly, CLOCK protein is localized to DNA 
damage sites following UV irradiation [61].

The Circadian Clock and Detoxification

Xenobiotics are environmentally derived molecules and compounds that are taken 
up by organisms as a result of the processes required for life. Many xenobiotics, 
as well as endobiotic metabolites, are toxicants that have deleterious effects on the 
genome and, thus, organisms have evolved mechanisms that enable their removal 
and/or neutralization. As with other physiological processes, xenobiotic detoxifica-
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tion metabolism is profoundly influenced by the circadian system. For example, 
the constitutive androstane receptor (CAR), retinoic X receptor (RXR), and small 
heterodimer partner (SHP) are nuclear hormone receptors that are involved in the 
activation of detoxification programs and whose expression pattern is robustly cir-
cadian. DBP, TEF, and HLF PAR-bZIP are transcription factors that are direct out-
puts of the circadian oscillator involved in regulating drug metabolism and detoxifi-
cation. In triple DBP;TEF;HLF genetic-null mice, CAR-targets and CAR itself are 
expressed at very low levels [62]. Two CAR targets that are downregulated in these 
mice are 5-aminolevulinic acid synthase 1 ( Alas1) gene, which is also regulated by 
NPAS2, and P450 oxidoreductase (POR). Both ALAS1 and POR are required for 
CYP activity; ALAS1 is the rate-limiting enzyme in the heme biosynthetic pathway, 
and POR is required for transfer of electrons to CYPs. This results in oscillations in 
CYP activity. In addition, the expression of some Cyp genes is controlled by DBP, 
including CYP3A4, CYP2A4, and CYP2A5, or directly by oscillator components 
(CYP2E1). In all, this results in circadian regulation of Phase I metabolism, which 
has maximum function during the night, which is when food consumption peaks. 
Phases II and III metabolism are also influenced by the clock. For example, Phase 
II processes are scheduled so that glutathione conjugation occurs at the beginning 
of the fasting period (daytime), followed by glucuronidation towards the end of the 
light phase, and sulfation occurring at the day-to-night period. The expression of 
several phase III metabolism transporters are also regulated by the circadian oscil-
lator, including organic cation transporter 1 (OCT1), organic anion transporters 1, 2, 
and 3 (OAT1–3), multidrug resistance protein 1 (MDR1), and others [49].

The Circadian Clock and the Endocrine System

Since the endocrine system enables communication and coordinated physiological 
functions across tissues and organs throughout the body, one might expect circadian 
influence over those processes that occur with regularity. Indeed, the circulating 
levels of many hormones and other endocrine factors oscillate strongly over the 
course of the day/night cycle in normal conditions and chronodisruption interferes 
with their synthesis, release and sometimes their effect within target cells. The dis-
ruption of circadian rhythms certainly means a disruption of endocrine systems, 
which, in turn, contributes to pathologies, including metabolic syndrome, obesity, 
type-2 diabetes, and cancer.

Melatonin

Melatonin is a pineal hormone with synthesis and secretion occurring during the 
night regardless of whether activity occurs during the day as in diurnal organisms 
or the night: melatonin can thus be considered the chemical signal through which 
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physiology recognizes darkness [63]. Light exposure inhibits the production of mel-
atonin according to its intensity, wavelength, and duration. Accordingly, reduced 
production is observed following shift work or other light-at-night environments. 
Additionally, production declines with age along with various other outputs of the 
circadian system. The pineal gland receives direct innervation from the SCN and, 
in terms of both synthesis and release, melatonin is under direct regulation of the 
clock. In a positive feedback loop, melatonin also signals to the SCN, resynchro-
nizing clock gene expression and thereby fortifying rhythmicity. It is also one of 
the most important signals serving to synchronize peripheral clocks, regulating the 
phase and period of the transcription/translation cycle of peripheral clock genes. 
This action supports the segregation of daytime appropriate physiology from that 
of the night; however, its effects in their entirety extend beyond circadian rhythms 
with important consequences for overall metabolic function and health. Acting on 
adipocytes, for instance, melatonin inhibits lipogenesis and increases the produc-
tion of the satiety hormone, leptin [64]; an effect that is potentiated with rhythmic-
ity of melatonin exposure, as would occur endogenously. Additionally, melatonin 
functions synergistically with insulin, being important for its proper synthesis and 
secretion as well as improving insulin sensitivity in target cells. Consequently, pine-
alectomized animals demonstrate glucose intolerance and insulin resistance which 
can be reverted by melatonin replacement therapy [65].

Melatonin is known to have powerful oncostatic and oncoprotective effects. It 
can prevent and reverse tumorigenesis in murine models. Furthermore, circulating 
melatonin levels are inversely correlated with tumor growth rates in cancer patients, 
and positively associated with survival [66]. Interestingly, blind subjects with total 
absence of photoreception have reduced cancer rates in comparison to those that 
retain at least some light sensitivity, possibly due to a decreased susceptibility to 
alterations in melatonin secretion [22, 67].

Melatonin is thought to influence cancer occurrence and progression both direct-
ly and indirectly. Several receptor-dependent and -independent actions of melatonin 
within tumors oppose various hallmarks of cancer: reducing proliferation, boost-
ing antioxidant defenses, regulating cellular metabolism, and blocking invasion and 
metastasis. Alternatively, melatonin’s impact on the circadian system stimulates 
robust oscillations and coordinates physiology across the body, supporting healthy 
circadian and metabolic states which in turn are protective.

Glucocorticoids

Glucocorticoids (GCs) are steroid hormones derived from the adrenal gland which 
function in a wide array of physiological processes, including inflammation, glu-
cose homeostasis, and cell proliferation [68]. Their anti-inflammatory effects are 
exploited pharmaceutically to combat pain, allergies, arthritis as well as lymphomas 
and leukemia. They impinge on various other physiological processes as well, with 
the outcome depending on the target cell type—even positively or negatively affect-
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ing cell proliferation, for instance. Glucocorticoids exhibit strong daily oscillations 
in plasma concentrations. The SCN drives these fluctuations via the hypothalamic-
pituitary-adrenal axis and their rhythmic presence participates in the entrainment of 
peripheral clocks [69–71]. In jet-lag conditions, both the synthesis and release of 
GCs are disturbed, which, in turn, contribute to desynchrony of peripheral clocks as 
well as disrupting various other physiological processes that GCs normally regulate 
[72, 73].

The role of glucocorticoids in cancer varies. The outcome of GC signaling is 
tissue-specific and likewise the effect of GC signaling in cancerous cells depends 
on the type; pro-apoptotic in certain cancers, but pro-survival and promoting resis-
tance to cell death in others [68, 74]. In obesity, GCs also have pleiotropic effects 
but generally promote fat deposition.

Insulin/Insulin-Like Growth Factor

Insulin is produced in the pancreas and regulates energy metabolism throughout 
the body; its cousin, insulin-like growth factor (IGF) is secreted from the liver and 
promotes cell proliferation [75]. Although serving some distinct functions, these 
proteins are very similar in structure and share many components of their signaling 
pathways. High levels of insulin are observed in the blood of obese and diabetic 
patients, and insulin/IGF signaling has been implicated in the risk, incidence, and 
tumorigenic responses of various human cancers in such individuals [76, 77]. In-
triguingly, in human breast cancer patients, a disruption to IGF-1 rhythmicity has 
been observed whereas other rhythms remain intact; it is possible that the timing of 
release may be as important as the overall levels [78].

Insulin release is responsive to nutrient availability in the blood; however, it is 
also under circadian control [79, 80]. Many components of the insulin/IGF signal-
ing pathway are regulated in a circadian manner at the level of transcription, and 
blood levels of both oscillate over 24 h even in the absence of food [81]. Con-
versely, insulin stimulates circadian gene expression [82]. Additionally, mice fed a 
high-fat diet (HFD) become obese and hyperinsulinemic and have disrupted feeding 
rhythms and free-running period length [83].

The Circadian Clock and Energy Metabolism

The rise in obesity and excess body weight rates constitute one of the greatest mod-
ern global health challenges. In the USA alone, ~60 % of the population is consid-
ered overweight, with half of those considered clinically obese, 8–11 % suffering 
from type2 diabetes, and a quarter exhibiting metabolic syndrome. Interestingly, 
this obesity epidemic has been paralleled by the rise of the 24-h society, which is 
characterized by the proliferation of, and chronic exposure to, light pollution, and 
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altered activity profiles inherent to modern economies (e.g., rotating shift work, jet 
lag). Indeed, epidemiological studies have consistently linked circadian dysfunc-
tion to metabolic syndrome, weight gain, obesity, and type-2 diabetes [84]. A recent 
study of more than 113,000 women living in the UK found a strong association 
between increasing levels of light exposure at night with weight gain and obesi-
ty [85]. Similarly, rotating shift work, sleep deprivation, and sleep disruption are 
positively associated with type-2 diabetes and impairment in glucose metabolism 
[86–88]. Consistently, human volunteers subjected to circadian misalignment that 
mimic shift work and jet lag had marked increases in blood glucose and insulin 
levels, increased arterial pressure, decreased leptin levels, and sleep quality [89, 
90], whereas disrupted or insufficient sleep increases the risk of developing T2D 
[91, 92]. Intriguingly, human circadian genetic variability has been found to impact 
metabolic function. For example, a number of SNPs that occur in human circadian 
genes are correlated with propensity for obesity and type-2 diabetes (Clock and 
Bmal1), heightened fasting (NPAS2 and PER2) or otherwise correlated with (CRY2 
gene variants) blood glucose levels [93–95].

Importantly, experimental data firmly corroborate human population-based stud-
ies, and have helped establish the circadian oscillator as a key regulator of energy 
homeostasis, from the animal as a whole to the cellular level. For example, whole-
body Bmal1 knockout mice present with a number of metabolic phenotypes, includ-
ing hypoinsulinemia, higher body fat mass content, and fasting hypoglycemia, with 
the latter also occurring in liver-specific Bmal1 knockouts [96, 97]. In addition, in 
both Bmal1 knockouts and Clock mutant mice, circadian rhythms in insulin sensi-
tivity and glucose tolerance are eliminated, and gluconeogenesis is impaired [96, 
98]. Clock mutant mice, which harbor a dysfunctional allele, are also predisposed 
to weight gain under both regular and high-fat dietary paradigms and exhibit dys-
lipidemia, hyperglycemia, and hypoinsulinemia [99]. Cryptochrome-deficient mice 
exhibit abnormal glucose metabolism. Cry double-null mice ( Cry1‒/‒;Cry2‒/‒) show 
heightened postprandial blood glucose levels, are glucose intolerant, and are sensi-
tized to HFD-induced weight gain and hyperinsulinemia [100]. Cry1‒/‒ or Cry2‒/‒ 
animals also show glucose intolerance, yet Cry1 but not Cry2 knockouts are pro-
tected against HFD-induced obesity [101]. Similarly, Per2 mutant mice have lower 
body fat content and total body weight, and show aberrations in blood glucose 
regulation, with fasting hypoglycemia, impaired gluconeogenesis and increased 
insulin sensitivity despite being hyperinsulinemic [102]. Rev-erbα‒/‒ animals have 
increased white adipose tissue, elevated blood glucose, decreased blood lipid lev-
els, and abnormal bile acid levels [103, 104]. More recently, mice with a Per1 gene 
mutation paralogous to that occurring in humans affected with FASPS were found 
to be predisposed to HFD-induced obesity [105].

Genomic analyses of tissues such as liver, white and brown adipose tissues, and 
skeletal muscle have been instrumental in furthering our understanding of how the 
clock regulates metabolism and why its dysfunction contributes to pathological 
states. In liver, a key organ in the regulation of systemic energy homeostasis whose 
function is extensively influenced by the circadian oscillator, many of the direct 
targets of the hepatic oscillator are essential components of genomic programs and 
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pathways that regulate energy homeostasis. Indeed, circadian clock components 
(BMAL1, NPAS2, PER1, PER2, CRY, CRY2, NR1D1, and NR1D2) are enriched at 
the promoters of key regulators of glucose ( G6pc, Pck1, Pcx, Pdk1), lipid, and cho-
lesterol homeostasis ( Acaca, Hmgcr, Scap, Insig2, Cyp7a1) [106, 107]. Addition-
ally, the circadian oscillator influences metabolism indirectly by imposing strong 
rhythms in the levels of non-clock transcription factors. Notably, out of the 41 
hepatic-expressed NHRs, 20 are rhythmically expressed, including the non-clock 
NHR components PPARα,δ,γ, thyroid hormone receptor, and ERRs (Estrogen-re-
lated receptors) [108, 109]. Likewise, the genes that code for the sterol homeostasis 
regulators SREBP1 and SREBP2– Srebf1 and Srebf2– are expressed with a circa-
dian pattern that, respectively, peaks at the beginning and end of the dark period 
[110, 111].

White adipose tissue (WAT) is a widely distributed, complex tissue that is a 
major site of fat storage and de novo fatty acid synthesis. As with liver, the circa-
dian clock involvement in WAT physiology is extensive, affecting both adult tissue 
function and adipogenesis. In adult WAT, a major role of the circadian clock is to 
regulate the balance between lipolysis and lipogenesis needed to store energy for 
use under fasting conditions, yet prevent dyslipidemia and excess fat accumulation. 
For example, BMAL1 drives the activation of the lipogenic genes Elovl6, Scd1, 
Atgl, and Hsl through direct binding to the promoter regions [112, 113]. During 
adipogenesis, Bmal1 gene expression is enhanced [114]. Consistently, Bmal1‒/‒
mice exhibit reduced adiposity and low levels of long-chain polyunsaturated fatty 
acids. Like BMAL!, REV-ERBα is highly expressed during adipocyte differentia-
tion, although its exact role is this process is not clear; as cell-based experiments 
show REV-ERBα is required for adipocyte differentiation yet Rev-Erb knockout 
mice show no adipose tissue defects. WAT is also the source of endocrine factors 
known as adipokines, including adiponectin, leptin, and resistin, all of which are 
released into the bloodstream in a circadian pattern. In mammals, brown adipose 
tissue (BAT) is a major site of thermogenesis and a key organ in the regulation of 
body temperature. In BAT, thermogenesis is achieved via dissipation of the mito-
chondrial proton gradient through uncoupling protein 1 (UCP1), whose expression 
has been found to be regulated by Rev-Erbα and Per2 [115, 116]. In skeletal muscle, 
the circadian clock imposes rhythmicity on the expression of 215 genes, includ-
ing genes involved in triglyceride hydrolysis ( Ces3, Pnpla3), fatty acid oxidation 
( Pgc1b, Myod1, Ucp3), and synthesis of fatty acids and cholesterol ( Pank1, Dbt, 
Dgat2, Acat2, Idh1, S3–12) [117].

The clock can also fine-tune its control of energy homeostasis through non-
transcriptional mechanisms. For instance, cryptochrome proteins can prevent tran-
scription of gluconeogenic genes by preventing activation of the cAMP response 
element-binding protein (CREB) by glucagon-activated Gsa, as well as by direct 
repression of the glucocorticoid receptor [118, 119]. Similarly, PER2 can impact 
glucose metabolism through physical association and modulation of PPARα, REV-
ERBα, and possibly HNF4α, and thus regulate their activity [120]. Finally, the clock 
can influence energy homeostasis through the production of metabolites that acti-
vate energetic regulators. The gene for the key enzyme involved in the production 
of nicotinamide adenine dinucleotide (NAD + ), NAD phosphoribosyltransferase 
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( Nampt), harbors E-boxes in its promoter region that are bound by CLOCK, and are 
expressed in a circadian fashion [121, 122]. In turn, hepatic NAD + levels oscillate, 
and this coincides with the activity of SIRT1, an NAD + -dependent histone deacet-
ylase (HDAC) that is one of the central regulators of energy homeostasis [123, 124].

Timing and Quality of Caloric Intake and the Clock

Perhaps the most obvious mechanism by which the circadian oscillator regulates 
energy metabolism is by orchestrating feeding behavior. Yet, until recently, the role 
played by the timing of food intake in the maintenance of energy metabolism ho-
meostasis had not been appreciated. The initial cues came from the observation that 
mice fed a high-fat diet during their inactive period gained more weight than their 
control counterparts in spite of similar caloric intake and activity levels [125]. This 
observation was then followed by studies conducted by us and others in which mice 
were protected from HFD-induced obesity and diabetes by manipulating the feed-
ing time [126, 127]. Specifically, mice in which access to food was limited (tempo-
rally restricted feeding; tRF) exclusively during nighttime (active period in mice) 
did not show the weight gain and metabolic dysfunction characteristic of HFD-fed 
mice with ad libitum food access, even though the ad libitum and TRF paradigms 
were isocaloric [126].

Interestingly, the obesoprotective effects of TRF appear to be due to enhance-
ment in circadian oscillator function. Indeed, tRF restored the amplitude in expres-
sion of circadian clock components as well as in a number of clock targets and 
other rhythmic genes. Such improvement is reflective of the intricate relationship 
between food-derived input and the local circadian oscillator. Under normal con-
ditions, 2997 genes are rhythmically expressed in the livers of wild-type mice, of 
which only 368 maintain rhythmicity in the absence of food intake [128]. On the 
other hand, the imposition of a temporally restricted feeding paradigm in cry dou-
ble-knockout mice, which have a functional circadian clock, restores rhythmicity 
of 617 genes, whereas such a paradigm in WT mice increases the number of genes 
with circadian oscillations to 4960.

However, the relationship between metabolism and the circadian clock is bi-
directional. As mentioned previously, energy metabolism regulators and signaling 
pathways impinge on the clock and vice versa. As such, dietary conditions affect the 
function of the oscillator. Consistently, dietary quality affects the circadian clock. 
For instance, an HFD and altered behavioral rhythms, including preference for food 
intake during daytime hours, dampened rhythms in behavior and in the oscillations 
of circadian clock component gene expression [83]; a high-carbohydrate, high-pro-
tein diet phase advances the phase of clock component abundance rhythms and in-
creases the overall levels of BMAL1 and CRY1 [129]; and a high-salt diet similarly 
results in phase advances of clock component levels [130].

In recent years, the role that metabolic dysfunction plays in tumorigenesis and 
cancer progression has received increasing attention [131, 132]. Most notably, the 



131 Relevance of Circadian Rhythm in Cancer

Warburg effect, where cancer cells reprogram their metabolism as to favor gly-
colysis-derived energy production over mitochondrial respiration, irrespective of 
oxygen availability, has been intensively studied [133]. Although first postulated 
by Otto Warburg in 1924 as a possible cause of cancer, the Warburg effect is now 
considered an acquired trait that enables cancer cells to survive in the otherwise 
proliferation-limiting hypoxic environment that arises as solid tumors grow. Hy-
poxia leads to the activation of hypoxia-inducible factors (HIF), amongst whose 
functions are included the promotion of angiogenesis and, importantly, the increase 
of glycolysis to compensate for loss of oxygen-dependent mitochondrial respira-
tion [134]. Not surprisingly, HIFs are dysregulated in cancer. Interestingly, HIF 
proteins, like CLOCK, BMAL1, and PERs, are bHLH-PAS transcription factors; 
HIFs, CLOCK, and BMAL1 can physically associate to form transcriptionally ac-
tive complexes (HIF) [135, 136]. In addition, key glycolytic regulators and glucose 
transporters are dysregulated in cancer, including hexokinase, phosphofructo kinase 
1 and 2, and GLUT transporters, all of which are expressed in a circadian pattern in 
several tissues [137–139].

Conclusions

In all, chronodisruption, metabolic dysfunction, and cancer are so intricately linked 
that it may be futile to establish a cause–effect relationship between them. Instead, 
the simplest view that emerges is one where the different processes that underlie 
these pathologies exist in a dynamic equilibrium and that disrupting any one of 
them triggers a pathological chain reaction that predisposes organisms to the others. 
Consider the following scenario: gating of the cell cycle by the circadian clock so 
that DNA replication and mitosis occurs during the fasting period when food intake 
and associated metabolically and environmentally derived toxins are at a minimum 
[140]. Circadian disruption arising from obesity could lead to a temporal spreading 
of cell division, so that more individual cells are replicating under conditions where 
genomic insults are more abundant. Simultaneously, this circadian disorganization 
may result in blunted rhythms and overall lower levels and activities of proteins 
involved in detoxification mechanisms, exacerbating the increased mutation risk. 
Conversely, certain cancers, such as insulinomas, trigger metabolic changes that 
affect circadian and non-circadian mechanisms, again highlighting the extensive 
interrelatedness of these pathological states. Finally, environmental chronodisrup-
tion, such as chronic jet lag or rotating shift work, results in a generalized circadian 
disorganization that results in hormonal imbalances, including suppression of mela-
tonin, glucose, and lipid metabolic dysregulation, and impaired gating of the cell 
cycle. As metabolism becomes more perturbed, the circadian oscillator is further 
disrupted, leading to the aforementioned conditions, thus facilitating oncogenesis.
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