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Chapter

A Molecular Link between the 
Circadian Clock, DNA Damage 
Responses, and Oncogene 
Activation
Yoshimi Okamoto-Uchida, Junko Izawa and Jun Hirayama

Abstract

Circadian clocks enhance the efficiency and survival of living things by 
 organizing their behavior and body functions. There has been a long history of 
research seeking a link between circadian clock and tumorigenesis. Studies of 
animal models and human tumor samples have revealed that the dysregulation  
of circadian clocks is an important endogenous factor causing mammalian cancer 
development. The core circadian clock regulators have been implicated in the 
control of both the cell cycle and DNA damage responses (DDR). Conversely, 
several intracellular signaling cascades that play important roles in regulation of the 
cell cycle and the DDR also contribute to circadian clock regulation. This review 
describes selected regulatory aspects of circadian clocks, providing evidence of a 
molecular link of the circadian clocks with cellular DDR.

Keywords: circadian clock, DNA damage response, DNA repair, oncogenes

1. Introduction

Circadian (derived from Latin “around the day”) clocks constitute ubiquitous 
processes that regulate various biochemical and physiological events occurring 
with a 24 h periodicity, even in the absence of external cues [1, 2]. Under natural 
conditions, clocks are entrained to a 24 h day by environmental time cues, most 
commonly light. Circadian clocks are established in cell-autonomous oscillators, 
referred to as cellular clocks, which are controlled by a transcription/translation-
based negative feedback loop [3, 4]. In humans, the circadian clock generates 
circadian rhythms in synthesis and release of hormones and cardiovascular 
activities such as heart rate, blood pressure, and vascular tone [5, 6]. Moreover, 
immune responses show temporal changes in antibody levels and total number of 
lymphocytes, which are related to circadian variations [7]. Therefore, dysfunction 
of the clock can cause a variety of diseases. In particular, it has been reported that 
the circadian clocks are associated with tumor suppression in vivo, indicative of the 
theoretical foundations for cancer chronotherapy [8, 9].

At the molecular level, the circadian clocks can be divided into three  conceptual 
components [10, 11]. The first is the pacemaker, dedicated to generating and 
sustaining circadian rhythms by receiving and integrating signals from external 
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time cues. The second component is the input which refers to the pathway through 
which these cues are perceived and act upon the central pacemaker. The third 
element applies to how the clock affects physiology, which is achieved through the 
output pathways. In vertebrates, the cellular clocks are comprised of the circadian 
locomotor output cycles kaput (CLOCK), neuronal PAS domain-containing protein 
2 (NPAS2), brain and muscle arnt-like protein-1 (BMAL), period (PER), and cryp-
tochrome (CRY) proteins (Figure 1A) [11]. CLOCK or NPAS2 heterodimerize with 
BMAL to form an active transcription complex that transactivates clock-controlled 
genes, including Cry and Per. Once the CRY and PER proteins have been translated, 
they are translocated to the nucleus, where they inhibit CLOCK(NPAS2):BMAL-
mediated transcription through a direct protein-protein interaction. Importantly, 

Figure 1. 
Molecular mechanisms establishing circadian clocks in vertebrates. (A) Model of the vertebrate cellular clocks. 
Two basic helix-loop-helix PAS domain-containing transcription factors CLOCK and BMAL constitute 
the positive elements. When these transcription factors heterodimerize, they bind to E-boxes to drive the 
transcription of the negative components of the clock, Per and Cry genes. The products of these clock genes then 
negatively regulate their own expression, setting up the rhythmic oscillations of gene expression that drive the 
circadian clocks. CLOCK:BMAL complex also regulates clock-controlled genes, whose products mediate the 
“output” function of the clocks. CK1 phosphorylates PER protein, which is required for ubiquitination of PER 
and its subsequent degradation. An essential prerequisite for the circadian feedback loop is a short half-life of 
clock proteins. Thus, CK1-mediated degradation of PER is critical for maintenance of circadian rhythmicity of 
cellular clock. (B) Schematic representation of the proteins that are acetylated by CLOCK protein.
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when active, the CLOCK (NPAS2):BMAL complex stimulates the transcription 
of many other clock-controlled genes. These genes in turn influence functions 
external to the oscillatory mechanism itself and mediate the “output” function of 
the clock. This accounts in part for the presence of circadian rhythms in a variety of 
 physiological processes.

The phenotypes of mice with targeted disruptions of the genes encoding cellular 
clock’s components have revealed direct links between the circadian clock and non-
circadian aspects of animal physiology [6, 9]. In particular, these findings argue in 
favor of a major role played by the circadian machinery in cellular genotoxic stress 
responses and reveal intriguing links between the DNA damage responses (DDR) 
pathways and the circadian clocks. In this review, we summarize the evidence and 
explore the implications of such a link.

2.  The relationship between transcriptional regulation of oncogenes and 
circadian clocks

The disruption of circadian clocks can have a profound effect on animal health 
and is linked to abnormal development and cancer [6, 9]. Expression of the 
 circadian clock genes has been reported to be dysregulated in human cancers [12]. 
The circadian transcriptional machinery, cellular clock, has been reported to  
control expression of tumor suppressors. Thus, the abnormal control of clock 
genes’ expression in cancer cells activates oncogenic signaling pathways by 
functional inhibition of tumor suppressors, such as ataxia telangiectasia mutated 
(ATM), p53, p21, and WEE1 [12].

The Wingless-related integration site (Wnt) signaling pathways collectively 
play important roles in developmental, proliferative, and cell death processes 
[13]. Mutations in genes encoding the various components of Wnt pathways have 
been identified that contribute to various types of cancer including hepatocellular 
carcinoma, pancreatic tumors, ovarian cancer, and breast cancer. Importantly, 
there are several lines of evidence that suggest the existence of an interaction 
between circadian clocks and Wnt signaling pathways. Previous study have per-
formed microarray-based screening for circadian genes in several mouse tissues 
and have constructed a publicly accessible database, by which users can query for 
finding circadianly regulated genes or for the study of the temporal expression 
patterns of their genes of interest [14]. Interestingly, in this database, several Wnt 
signaling pathway genes, such as Axin2, Frizzled3 (Fzd3), and Disheveled (Dvl1), 
show a circadian pattern of expression, suggesting the possibility that circadian 
clocks control transcription of Wnt signaling pathway genes. The future study of 
the connecting routes that link the circadian transcriptional machinery to Wnt 
signaling pathway will reveal a molecular link between circadian clock deficiency 
and tumorigenesis.

3.  Possible roles of clock proteins in functional regulation of crucial 
components of DDR pathways

The activities associated with the physiological processes are organized in daily 
manner: during the daytime, the animal’s physiology is given over to the catabolic 
processes, whereas at night, it concentrates on the anabolic functions of growth, 
repair, and consolidation [5, 6]. Disrupt, the time-dependent regulation of physi-
ological functions in animals has profound effects on their health. In particular, 
many studies have provided evidence that disruption of the circadian clocks results 
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in tumorigenesis [8, 9]. Importantly, mice with mutations in the Bmal1 gene show 
premature aging phenotype [15]. In addition, human CLOCK has been suggested 
to be involved in metastasis of colorectal cancer [16]. These findings implicate the 
core circadian machinery in the regulation of DDR and the cell cycle. Indeed, the 
circadian regulators have been demonstrated to interact with crucial components 
of cellular stress response pathways including the ATM, the checkpoint kinase 2 
(Chk2) kinase [17], sirtuin1 (SIRT1) deacetylase [18], and nuclear receptors  
19, 20], whereas it has been reported that DNA damage can act as a resetting cue for 
the mammalian circadian clock [21].

Histone acetyltransferases (HATs) such as CBP/p300 are known to acetylate 
nonhistone targets and have also been recognized as tumor suppressors [22, 23]. 
Translocation, amplification, overexpression, or mutation of HAT genes are 
known to occur in several forms of cancer, and several key cell cycle  proteins 
(including p53 and c-MYC) are known targets of HATs. These observations sug-
gest that HATs can also affect cell proliferation and differentiation in multiple 
ways, in addition to chromatin remodeling. It was previously reported that a 
core circadian regulator, CLOCK, has intrinsic HAT activity [24] and further 
that it acetylates a nonhistone target, the heterodimeric CLOCK-binding part-
ner BMAL (Figure 1B) [25]. CLOCK also acetylates the glucocorticoid receptor 
and the argininosuccinate synthase, negatively regulating the transactivation 
capacity and the enzymatic activity, respectively [20, 26]. It is conceivable that 
CLOCK would directly interact with and regulate key DDR regulators, lead-
ing to the acetylation of these proteins and thereby modulating their activities 
(Figure 1B).

4. Roles of circadian clocks in regulation of cell cycle

Circadian clock proteins appear to play roles in cell cycle control, acting as 
tumor suppressors. They control the timing of cell proliferation by transcriptional 
control of key cell cycle genes such as Wee1, c-Myc, and cyclin-dependent kinase 
inhibitor 1d (20 kDa protein, p20) [27–29]. In mammals, PER proteins directly 
interact with ATM and Chk2 proteins, inducing cell growth inhibition, cell cycle 
arrest, and apoptosis [17]. In addition, it has been also reported that PER1 and PER2 
interact with the androgen receptor (AR) or estrogen receptor (ER), respectively, in 
that PER1 inhibits AR-dependent transcription and PER2 induces ER degradation 
[19, 30]. These findings support the idea that clock proteins act as key players in the 
cell cycle by interacting directly with and regulating the functions of the cell cycle 
regulators.

In zebrafish, the cell cycle is directly regulated by light [31, 32]. Light deter-
mines the timing of mitosis (M phase) and DNA synthesis (S phase), establishing 
a circadian rhythm for cell cycle progression. At the molecular level, cellular clocks 
establish the circadian expression of the cell cycle genes, zebrafish Wee1 and p20 
[29, 32]. The Wee-l kinase controls the timing of the G2/M transition by directly 
phosphorylating and inhibiting cell division cycle2 (Cdc2)/cyclin B, leading to the 
suppression of mitotic cell division. In contrast, p20 regulates the G1/S transition 
of the cell cycle. Thus, the circadian control of these cell cycle regulators could be 
a mechanism establishing the circadian rhythm of cell cycle. Both cell cycle and 
circadian clock are endogenous pacemakers, and these mechanisms coexist in most 
eukaryotic cells and share several conceptual characteristics. The abovementioned 
findings point to functional links between the cell cycle and circadian clock in 
 different organisms.
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5.  Posttranslational modifications contributing to both the circadian 
clock regulation and the cellular DDR

Posttranslational modifications of proteins regulate various biological pro-
cesses at molecular levels, including gene expression, chromatin remodeling, and 
protein stabilization. These molecular events have essential roles in appropriately 
regulating biological phenomena, including development and circadian clock, by 
maintaining cellular functions, such as proliferation and molecular clocks, respec-
tively. Posttranslational modifications, such as phosphorylation, sumoylation, and 
acetylation, control the transcriptional activity, subcellular localization, and stabil-
ity of circadian clock regulators in multiple ways [4, 33]. In particular, the defects in 
phosphorylating the circadian clock regulators have been implicated in human sleep 
disorders [34, 35]. It is also well established that posttranslational modifications are 
vital for the regulation of the cell cycle and DDR. SIRT1 and casein kinase2 (CK2), 
already identified as responsible factors for posttranslational modifications of clock 
proteins [18, 36–39], have also been implicated in posttranslational modifications of 
proteins such as p53, forkhead box class O (FoxO), and E-cadherin that are involved 
in cellular metabolism, the cell cycle, and DDR [40, 41]. These findings support the 
hypothesis that the circadian clocks may be linked to other cellular processes, such 
as cell cycle control and DDR, through shared posttranslational modifications.

6.  Studies on light-dependent regulation of zebrafish circadian clock 
have revealed links of circadian clock with DNA repair and  
cellular DDR

To guarantee that an organism’s behavior remains tied to the rhythms of its 
environment, the circadian clocks must respond to environmental stimuli to be reset 
[2, 10]. The main cue for animals is light, which is provided by the day-night cycle. 
The mammalian route for circadian entrainment by light uses the retinohypothalamic 
tract, which connects directly to the central clock located in the suprachiasmatic 
nucleus of the brain [42]. This makes it difficult to analyze the light entrainment 
mechanisms of the circadian clocks, especially at cellular levels. Zebrafish peripheral 
cellular clocks display a striking feature as they are directly light responsive [43]. 
Notably, in the zebrafish-cultured cell lines, oscillations of clock gene expression can 
be entrained to new light-dark cycle, and expression of clock genes, such as zebraf-
ish Cryptochrome1a (zCry1a) and Period2 (zPer2), is transactivated by an acute light 
pulse [44–46]. These observations show that zebrafish cultured cells have the clock 
components required for a light-induced reset of circadian clock, therefore, providing 
a valuable tool for the study of general light-dependent regulation of cellular clocks.

Studies using zebrafish-cultured cells have contributed to identification of 
cellular signaling cascades involved in the light-dependent regulation of cellular 
clocks [47]. In several organisms, external stimuli are connected to a cell’s nucleus 
via MAPK signaling pathways, such as p38 and extracellular signal-regulated kinase 
(ERK) [48]. Light has been reported to activate these signaling cascades in zebrafish 
cells (Figure 2) [49]. By a pharmacological approach, it has also been reported that 
the light-induced ERK activation triggers expression of zPer2 and zCry1a genes, 
whereas the light-induced p38 activation suppresses it, highlighting a MAPK-
mediated cross-regulatory mechanism of the expression of circadian clock genes 
[49, 50]. Importantly, an increased understanding of the light-dependent cellular 
clock regulation in zebrafish has suggested intriguing associations of the circadian 
clock with DNA repair and cellular DDR as described below.
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7.  Shared regulatory pathway for circadian clock and DNA repair in 
zebrafish

Although solar light has several beneficial uses, including the regulation of 
circadian clocks, the UV component of solar light is harmful to living cells because 
it produces cytotoxic and mutagenic lesions in DNA called cyclobutane pyrimidine 
dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts [(6-4) photoprod-
ucts] (Figure 2) [51, 52]. Natural selective pressure has forced the development 
of a self-defense system mediated by photoreactivation. Photoreactivation is the 
light-dependent DNA repair mechanism mediated by DNA photolyases (PHRs), 
which bind to and repair the UV-induced DNA damage using visible light as an 
energy source [53]. Two classes of PHRs have been identified, one specific for CPDs 
and the other specific for (6-4) photoproducts. Importantly, both the induction 
of PHRs in response to light and subsequent light-dependent repair of DNA by 
PHRs are essential for a successful photoreactivation in zebrafish cells [42, 54, 55]. 
Notably, the expression of the zebrafish Phr repairing (6-4) photoproduct (z64Phr) 
is regulated by the same light-induced MAPK cascades as those controlling the 
expression of the clock genes zCry1a and zPer2 (Figure 2) [49]. The light-induced 
ERK activation triggers the expression of z64Phr, whereas the light-induced p38 
activation inhibits it. Thus, the light-dependent DNA repair and regulation of the 
circadian clock are governed by shared regulatory pathways. Both CRYs and PHRs 
belong to the DNA photolyase/cryptochrome protein family and have highly similar 
amino acid sequences [42, 55, 56]. Evolutionary studies have shown that the animal 
CRY proteins functionally diverged first from the CPD photolyase and then further 

Figure 2. 
A proposal model of light signaling pathways involved in shared control of the circadian clock and DNA repair 
in zebrafish. In a variety of organisms, light induces ROS production. In zebrafish cells, the light-induced 
ROS stimulate intracellular MAPK/ERK signaling pathway, which transduces photic signal to zCry1a 
expression. The light-induced zCRY1a interacts directly with the zCLOCK:zBMAL complex and modifies 
its transcriptional capacity. Notably, the zCLOCK:zBMAL complex regulates the transcription of a variety 
of genes involved in cellular stress responses and DDR. UV component of sunlight induces DNA damage. 
Light-induced ROS and activation of MAPK/ERK pathway also induce expression of a DNA repair enzyme, 
zPHR. The induced zPHR repairs UV-damaged DNA in a light-dependent manner.
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to generate 64PHR [57]. These facts, together with the observation that zCry1a and 
z64Phr share regulatory pathways, strongly indicate an evolutionary link between 
the circadian clock and DNA repair. Importantly, evolutionary links functionally 
coupling the circadian clock and DNA repair also have been reported in other 
organisms. For example, Neurospora PRD-4, an orthologue of mammalian Chk2, 
transduces stress signals into the core circadian clock machinery, contributing the 
regulation of circadian clock [58]. Additionally, in the diatom Phaeodactylum tricor-
nutum, Phaeodactylum tricornutum cryptochrome/photolyase family1 (PtCPF1), a 
novel cryptochrome/photolyase family member, not only repairs UV-induced DNA 
damage but also acts as a transcriptional repressor of the circadian clock [59].

8.  Cellular responses to photooxidative stress are the candidate 
evolutionary origin of circadian clocks

Cellular reactive oxygen species (ROS) were originally thought to solely act 
as toxic metabolites because they react with components of DNA, proteins, and 
lipids and exert oxidative stress. However, ROS are also ideally suited as signaling 
molecules because they are small and can easily diffuse to short distances within 
a cell [60]. In addition, mechanisms for ROS production and the rapid removal 
(such as via catalase) are present in almost all cell types [61]. Much evidence has 
accumulated indicating significant roles of ROS in circadian clock controls that have 
resulted in the functional coupling of the circadian clock and DDR. For example, 
in Drosophila, a genome-wide screen identified several redox molecules as essential 
for the light entrainment of the circadian clock [62]. Similarly, a study in mammals 
showed that changes in reduced NADPH and NADH levels altered the affinity of 
the NPAS2:BMAL1 complex for its target DNA in vitro [63]. Thus, redox state may 
be an important determinant of circadian oscillations in mammalian cells. Nuclear 
factor erythroid-derived 2-like 2 (NRF2) is one of the components involved in the 
major cellular antioxidant defense pathways [64]. It induces a transcriptional pro-
gram that maintains cellular redox balance and protects cells from oxidative insults. 
Importantly, it has been reported in mouse that cellular clock generates circadian 
rhythm in NRF2 level, which is essential in regulating the rhythmic expression of 
antioxidant genes involved in glutathione redox homeostasis in the lung [65].

In zebrafish, the transcriptional induction of zCry1a and zPer2 genes has been pro-
posed to be required for the light entrainment of cellular clocks [45, 66, 67]. The light-
dependent transcription of zCry1a and zPer2 is controlled through the production and 
removal of cellular ROS [66, 68]. The light-induced ROS stimulate the intracellular 
ERK signaling pathway and transduce photic signals to the transactivation of zCry1a 
and zPer2 (Figure 2). Importantly, light increases the intracellular catalase activity by 
increasing the expression of catalase, an event that occurs after the maximum expres-
sion of the zCry1a and zPer2 genes has been reached. This increased catalase activity 
diminishes the light-induced cellular ROS levels, resulting in decreased expression 
levels of zCry1a and zPer2 genes. These findings provide evidence that ROS induced 
by light are the second messenger coupling photoreception to the entrainment of the 
circadian clock in zebrafish and further indicate that cellular responses to photooxi-
dative stress would be the evolutionary origin of circadian clocks.

9.  The light entrainment of the circadian clock in zebrafish would reflect 
a cellular response to photooxidative stress

It is conceivable that the development of circadian clocks is one way to  segregate 
daytime from nighttime processes with light-dark cycles acting as selective forces 
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[69, 70]. In this scenario, increasing levels of oxygen-free radicals during the daytime 
may be a decisive factor in relegating the anabolic processes of mitosis, growth, and 
consolidation to the dark hours. Thus, it is reasonable that cellular signaling cascade 
mediated by ROS is utilized in the regulation of the circadian clocks and that com-
mon regulatory pathways mediate both cellular responses to photooxidative stress 
and the light-dependent regulation of the circadian clocks (Figure 2).

In addition to the photooxidative stress derived from sunlight, the UV com-
ponent of it is major source of harm to organisms [51, 52]. In zebrafish, the light 
induces expression of PHRs which repair UV-damaged DNA in a light-dependent 
manner (Figure 2) [49, 71]. Importantly, this light induction of DNA Phr expres-
sion appears to be mediated by photooxidative stress [68, 72]. These observa-
tions are consistent with the idea that photooxidative stress may be utilized as 
a signal to activate DNA repair enzymes that can protect the organism’s DNA 
from UV-induced damage. The fact that ROS, a well-known inducer of oxidative 
stress, can activate zCry1a transcription in zebrafish cells [66], together with the 
finding that zCry1a and DNA Phr are governed by shared light-induced signaling 
pathways [49], strongly suggests that, at least in zebrafish, the light entrainment 
of the circadian clock reflects a long-standing cellular response to photooxida-
tive stress (Figure 2). The zCRY1a protein interacts directly with the CLOCK 
(NPAS2):BMAL complexes and regulates its transcriptional capacity [67, 73]. The 
complexes regulate a variety of key genes involved in cellular stress responses, 
DNA repair, and cell cycle regulation [14, 74]. Thus, the circadian clock protein 
zCRY1a may be the key integrator of oxidative stress that controls the core circa-
dian machinery to regulate the transcription of genes responsible for DDR and 
cell cycle adjustments.

10. Conclusion

Many studies have identified a link between the circadian clock and tumori-
genesis [8, 12]. The core of the circadian clock mechanism is the cell-autonomous 
and self-sustained transcriptional machinery called the cellular clock. Importantly, 
the cellular clocks have been reported to regulate transcription of tumor suppres-
sors and cell cycle regulators [6, 12]. In addition, circadian proteins appear to play 
roles in cell cycle control, acting as tumor suppressors [9]. For example, it has been 
hypothesized that a core circadian regulator, CLOCK, directly interacts with key 
checkpoint proteins, leading to the acetylation of these proteins and thereby modu-
lating their activities. In support of this idea, Clock mutant mice have been reported 
to be tumor-prone [9].

Cancer chronotherapy relies on the asynchrony that exists in cell proliferation 
and drug sensitivities between normal and malignant cells [8, 12]. The administra-
tion of cancer therapy based on circadian timing has had encouraging results, but 
still lacks a strong mechanistic foundation. Thus, identification of detailed molecu-
lar links between the circadian clocks and tumorigenesis will provide the functional 
basis of cancer chronotherapy.

Acknowledgements

This work was supported in part by the Japan Society for the Promotion  
of Science (JSPS) Grant-in-Aid for Scientific Research [16K08521 and 18KT0068 
(J.H.)]. This work was also supported by grant from Komatsu University  
(J.I. and J.H.).



9

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

A Molecular Link between the Circadian Clock, DNA Damage Responses, and Oncogene…
DOI: http://dx.doi.org/10.5772/intechopen.81063

Author details

Yoshimi Okamoto-Uchida1, Junko Izawa2 and Jun Hirayama2*

1 Division of Medicinal Safety Science, National Institute of Health Sciences, 
Tokyo, Japan

2 Department of Clinical Engineering, Faculty of Health Sciences, Komatsu 
University, Ishikawa, Japan

*Address all correspondence to: jun.hirayama@komatsu-u.ac.jp



10

Oncogenes and Carcinogenesis

[1] Reppert SM, Weaver DR.  
Coordination of circadian timing in 
mammals. Nature. 2002;418(6901): 
935-941. PubMed PMID: 12198538

[2] Okamura H. Clock genes in cell 
clocks: Roles, actions, and mysteries. 
Journal of Biological Rhythms. 
2004;19(5):388-399. PubMed PMID: 
15534319

[3] Dunlap JC. Molecular bases for 
circadian clocks. Cell. 1999;96(2):271-
290. PubMed PMID: 9988221

[4] Hirayama J, Sassone-Corsi P.  
Structural and functional features 
of transcription factors controlling 
the circadian clock. Current Opinion 
in Genetics & Development. 
2005;15(5):548-556. PubMed PMID: 
16095901

[5] King DP, Takahashi JS. Molecular 
genetics of circadian rhythms 
in mammals. Annual Review of 
Neuroscience. 2000;23:713-742. 
PubMed PMID: 10845079

[6] Sahar S, Sassone-Corsi P. Metabolism 
and cancer: The circadian clock 
connection. Nature Reviews. Cancer. 
2009;9(12):886-896. Epub 2009/11/26. 
DOI: 10.1038/nrc2747. PubMed PMID: 
19935677

[7] Haus E, Smolensky MH. Biologic 
rhythms in the immune system. 
Chronobiology International. 
1999;16(5):581-622. PubMed PMID: 
10513884

[8] Fu L, Lee CC. The circadian clock: 
Pacemaker and tumour suppressor. 
Nature Reviews Cancer. 2003;3(5): 
350-361. PubMed PMID: 12724733

[9] Uchida Y, Hirayama J, Nishina H. A 
common origin: Signaling similarities 
in the regulation of the circadian 

clock and DNA damage responses. 
Biological & Pharmaceutical Bulletin. 
2010;33(4):535-544. PubMed PMID: 
20410582

[10] Pando MP, Sassone-Corsi P.  
Signaling to the mammalian circadian 
clocks: In pursuit of the primary 
mammalian circadian photoreceptor. 
Science’s STKE. 2001;2001(107):RE16. 
PubMed PMID: 11698692

[11] Takahashi JS. Transcriptional 
architecture of the mammalian 
circadian clock. Nature Reviews 
Genetics. 2017;18(3):164-179. DOI: 
10.1038/nrg.2016.150. Epub 2016/12/19. 
PubMed PMID: 27990019. PubMed 
Central PMCID: PMCPMC5501165

[12] Fu L, Kettner NM. The circadian 
clock in cancer development and 
therapy. Progress in Molecular Biology 
and Translational Science. 2013;119:221-
282. DOI: 10.1016/b978-0-12-396971-
2.00009-9. Epub 2013/08/01. PubMed 
PMID: 23899600. PubMed Central 
PMCID: PMCPMC4103166

[13] Steinhart Z, Angers S. Wnt signaling 
in development and tissue homeostasis. 
Development. 2018;145(11). pii: 
dev146589. DOI: 10.1242/dev.146589. Epub 
2018/06/10. PubMed PMID: 29884654

[14] Panda S, Antoch MP, Miller BH, 
Su AI, Schook AB, Straume M, et al. 
Coordinated transcription of key 
pathways in the mouse by the circadian 
clock. Cell. 2002;109(3):307-320. 
PubMed PMID: 12015981

[15] Kondratov RV, Kondratova AA, 
Gorbacheva VY, Vykhovanets OV, 
Antoch MP. Early aging and age-
related pathologies in mice deficient 
in BMAL1, the core component of the 
circadian clock. Genes & Development. 
2006;20(14):1868-1873. PubMed PMID: 
16847346

References



11

A Molecular Link between the Circadian Clock, DNA Damage Responses, and Oncogene…
DOI: http://dx.doi.org/10.5772/intechopen.81063

[16] Wang Y, Sun N, Lu C, Bei Y, Qian R, 
Hua L. Upregulation of circadian gene 
‘hClock’ contribution to metastasis of 
colorectal cancer. International Journal 
of Oncology. 2017;50(6):2191-2199. 
DOI: 10.3892/ijo.2017.3987. Epub 
2017/05/13. PubMed PMID: 28498393

[17] Gery S, Komatsu N, Baldjyan L, Yu 
A, Koo D, Koeffler HP. The circadian 
gene per1 plays an important role in 
cell growth and DNA damage control 
in human cancer cells. Molecular Cell. 
2006;22(3):375-382. PubMed PMID: 
16678109

[18] Nakahata Y, Kaluzova M, Grimaldi 
B, Sahar S, Hirayama J, Chen D, et al. 
The NAD+-dependent deacetylase 
SIRT1 modulates CLOCK-mediated 
chromatin remodeling and circadian 
control. Cell. 2008;134(2):329-340. 
PubMed PMID: 18662547

[19] Gery S, Virk RK, Chumakov K, 
Yu A, Koeffler HP. The clock gene 
Per2 links the circadian system to 
the estrogen receptor. Oncogene. 
2007;26(57):7916-7920. PubMed PMID: 
17599055

[20] Nader N, Chrousos GP, Kino T.  
Circadian rhythm transcription factor 
CLOCK regulates the transcriptional 
activity of the glucocorticoid receptor 
by acetylating its hinge region lysine 
cluster: Potential physiological 
implications. The FASEB Journal. 
2009;23(5):1572-1583. PubMed PMID: 
19141540

[21] Oklejewicz M, Destici E, Tamanini 
F, Hut RA, Janssens R, van der Horst 
GT. Phase resetting of the mammalian 
circadian clock by DNA damage. 
Current Biology. 2008;18(4):286-291. 
PubMed PMID: 18291650

[22] Ducasse M, Brown MA. Epigenetic 
aberrations and cancer. Molecular 
Cancer. 2006;5:60. DOI: 10.1186/1476-
4598-5-60. Epub 2006/11/10. PubMed 

PMID: 17092350. PubMed Central 
PMCID: PMCPMC1636665

[23] Di Cerbo V, Schneider R. Cancers 
with wrong HATs: The impact of 
acetylation. Briefings in Functional 
Genomics. 2013;12(3):231-243. DOI: 
10.1093/bfgp/els065. Epub 2013/01/18. 
PubMed PMID: 23325510

[24] Doi M, Hirayama J, Sassone-
Corsi P. Circadian regulator CLOCK 
is a histone acetyltransferase. Cell. 
2006;125(3):497-508. PubMed PMID: 
16678094

[25] Hirayama J, Sahar S, Grimaldi B, 
Tamaru T, Takamatsu K, Nakahata Y, 
et al. CLOCK-mediated acetylation of 
BMAL1 controls circadian function. 
Nature. 2007;450(7172):1086-1090. 
PubMed PMID: 18075593

[26] Lin R, Mo Y, Zha H, Qu Z, Xie P, 
Zhu ZJ, et al. CLOCK acetylates ASS1 to 
drive circadian rhythm of ureagenesis. 
Molecular Cell. 2017;68(1):198-209.e6. 
DOI: 10.1016/j.molcel.2017.09.008. Epub 
2017/10/07. PubMed PMID: 28985504

[27] Matsuo T, Yamaguchi S, Mitsui S, 
Emi A, Shimoda F, Okamura H. Control 
mechanism of the circadian clock for 
timing of cell division in vivo. Science. 
2003;302(5643):255-259. PubMed 
PMID: 12934012

[28] Fu L, Pelicano H, Liu J, Huang P, 
Lee C. The circadian gene Period2 plays 
an important role in tumor suppression 
and DNA damage response in vivo. 
Cell. 2002;111(1):41-50. PubMed PMID: 
12372299

[29] Laranjeiro R, Tamai TK, Peyric E,  
Krusche P, Ott S, Whitmore D. Cyclin-
dependent kinase inhibitor p20 
controls circadian cell-cycle timing. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2013;110(17):6835-6840. 
DOI: 10.1073/pnas.1217912110. 



Oncogenes and Carcinogenesis

12

Epub 2013/04/10. PubMed PMID: 
23569261. PubMed Central PMCID: 
PMCPMC3637774

[30] Cao Q, Gery S, Dashti A, Yin D, 
Zhou Y, Gu J, et al. A role for the clock 
gene per1 in prostate cancer. Cancer 
Research. 2009;69(19):7619-7625. 
PubMed PMID: 19752089

[31] Dekens MP, Santoriello C, 
Vallone D, Grassi G, Whitmore D, 
Foulkes NS. Light regulates the cell 
cycle in zebrafish. Current Biology. 
2003;13(23):2051-2057. PubMed PMID: 
14653994

[32] Idda ML, Kage E, Lopez-Olmeda 
JF, Mracek P, Foulkes NS, Vallone 
D. Circadian timing of injury-induced 
cell proliferation in zebrafish. 
PLoS One. 2012;7(3):e34203. DOI: 
10.1371/journal.pone.0034203. 
Epub 2012/04/06. PubMed PMID: 
22479565. PubMed Central PMCID: 
PMCPMC3315524

[33] Gallego M, Virshup DM. Post-
translational modifications regulate 
the ticking of the circadian clock. 
Nature Reviews Molecular Cell Biology. 
2007;8(2):139-148. PubMed PMID: 
17245414

[34] Toh KL, Jones CR, He Y, Eide EJ,  
Hinz WA, Virshup DM, et al. 
An hPer2 phosphorylation site 
mutation in familial advanced 
sleep phase syndrome. Science. 
2001;291(5506):1040-1043. PubMed 
PMID: 11232563

[35] Xu Y, Padiath QS, Shapiro RE, 
Jones CR, Wu SC, Saigoh N, et al. 
Functional consequences of a CKIdelta 
mutation causing familial advanced 
sleep phase syndrome. Nature. 
2005;434(7033):640-644. PubMed 
PMID: 15800623

[36] Asher G, Gatfield D, Stratmann M, 
Reinke H, Dibner C, Kreppel F, et al. 
SIRT1 regulates circadian clock gene 

expression through PER2 deacetylation. 
Cell. 2008;134(2):317-328. PubMed 
PMID: 18662546

[37] Maier B, Wendt S, Vanselow JT, 
Wallach T, Reischl S, Oehmke S, et al. 
A large-scale functional RNAi screen 
reveals a role for CK2 in the mammalian 
circadian clock. Genes & Development. 
2009;23(6):708-718. PubMed PMID: 
19299560

[38] Tamaru T, Hirayama J, Isojima Y,  
Nagai K, Norioka S, Takamatsu K, et al. 
CK2alpha phosphorylates BMAL1 to 
regulate the mammalian clock. Nature 
Structural & Molecular Biology. 
2009;16(4):446-448. PubMed PMID: 
19330005

[39] Tsuchiya Y, Akashi M, Matsuda M,  
Goto K, Miyata Y, Node K, et al. 
Involvement of the protein kinase 
CK2 in the regulation of mammalian 
circadian rhythms. Science Signaling. 
2009;2(73):ra26. PubMed PMID: 
19491384

[40] Gorospe M, de Cabo R. AsSIRTing 
the DNA damage response. Trends in 
Cell Biology. 2008;18(2):77-83. PubMed 
PMID: 18215521

[41] Meggio F, Pinna LA. One-
thousand-and-one substrates of protein 
kinase CK2? The FASEB Journal. 
2003;17(3):349-368. PubMed PMID: 
12631575

[42] Sancar A. Cryptochrome: The 
second photoactive pigment in the eye 
and its role in circadian photoreception. 
Annual Review of Biochemistry. 
2000;69:31-67. PubMed PMID: 
10966452

[43] Whitmore D, Foulkes NS, 
Strahle U, Sassone-Corsi P. Zebrafish 
clock rhythmic expression reveals 
independent peripheral circadian 
oscillators. Nature Neuroscience. 
1998;1(8):701-707. PubMed PMID: 
10196586



13

A Molecular Link between the Circadian Clock, DNA Damage Responses, and Oncogene…
DOI: http://dx.doi.org/10.5772/intechopen.81063

[44] Whitmore D, Foulkes NS, 
Sassone-Corsi P. Light acts directly on 
organs and cells in culture to set the 
vertebrate circadian clock. Nature. 
2000;404(6773):87-91. PubMed PMID: 
10716448

[45] Pando MP, Pinchak AB, Cermakian 
N, Sassone-Corsi P. A cell-based 
system that recapitulates the dynamic 
light-dependent regulation of the 
vertebrate clock. Proceedings of 
the National Academy of Sciences 
of the United States of America. 
2001;98(18):10178-10183. PubMed 
PMID: 11517315

[46] Hirayama J, Cardone L, Doi M, 
Sassone-Corsi P. Common pathways in 
circadian and cell cycle clocks: Light-
dependent activation of Fos/AP-1 in 
zebrafish controls CRY-1a and WEE-1. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2005;102(29):10194-10199. 
PubMed PMID: 16000406

[47] Okamoto-Uchida Y, Hirayama J. The 
zebrafish as an attractive animal model 
for the study of circadian clocks. In: Hayes 
N, editor. Circadian Clock: Regulations, 
Genetic and External Factors. New York, 
United States of America: Nova Science 
Publishers; 2018. pp. 103-127

[48] Huang C, Jacobson K, Schaller 
MD. MAP kinases and cell migration. 
Journal of Cell Science. 2004;117(Pt 20): 
4619-4628. DOI: 10.1242/jcs.01481. 
Epub 2004/09/17. PubMed PMID: 
15371522

[49] Hirayama J, Miyamura N, Uchida 
Y, Asaoka Y, Honda R, Sawanobori K, 
et al. Common light signaling pathways 
controlling DNA repair and circadian 
clock entrainment in zebrafish. Cell 
Cycle. 2009;8(17):2794-2801. PubMed 
PMID: 19652538

[50] Cermakian N, Pando MP, 
Thompson CL, Pinchak AB, Selby CP,  
Gutierrez L, et al. Light induction 

of a vertebrate clock gene involves 
signaling through blue-light receptors 
and MAP kinases. Current Biology. 
2002;12(10):844-848. PubMed PMID: 
12015122

[51] Brash DE. UV mutagenic 
photoproducts in Escherichia coli and 
human cells: A molecular genetics 
perspective on human skin cancer. 
Photochemistry and Photobiology. 
1988;48(1):59-66. PubMed PMID: 
3064116

[52] Mitchell DL, Nairn RS. The 
biology of the (6-4) photoproduct. 
Photochemistry and Photobiology. 
1989;49(6):805-819. PubMed PMID: 
2672059

[53] Kelner A. Photoreactivation of 
ultraviolet-irradiated Escherichia 
coli, with special reference to the 
dose-reduction principle and to 
ultraviolet-induced mutation. Journal 
of Bacteriology. 1949;58(4):511-522. 
PubMed PMID: 18148831

[54] Todo T, Takemori H, Ryo H, Ihara 
M, Matsunaga T, Nikaido O, et al. A 
new photoreactivating enzyme that 
specifically repairs ultraviolet light-
induced (6-4) photoproducts. Nature. 
1993;361(6410):371-374. PubMed 
PMID: 8426655

[55] Todo T. Functional diversity 
of the DNA photolyase/blue light 
receptor family. Mutation Research. 
1999;434(2):89-97. PubMed PMID: 
10422537

[56] Todo T, Ryo H, Yamamoto K, Toh 
H, Inui T, Ayaki H, et al. Similarity 
among the Drosophila (6-4) photolyase, 
a human photolyase homolog, and 
the DNA photolyase-blue-light 
photoreceptor family. Science. 
1996;272(5258):109-112. PubMed 
PMID: 8600518

[57] Cashmore AR, Jarillo JA, Wu YJ, Liu 
D. Cryptochromes: Blue light receptors 



Oncogenes and Carcinogenesis

14

for plants and animals. Science. 
1999;284(5415):760-765. PubMed 
PMID: 10221900

[58] Pregueiro AM, Liu Q, Baker CL, 
Dunlap JC, Loros JJ. The Neurospora 
checkpoint kinase 2: A regulatory link 
between the circadian and cell cycles. 
Science. 2006;313(5787):644-649. 
PubMed PMID: 16809488

[59] Coesel S, Mangogna M, Ishikawa 
T, Heijde M, Rogato A, Finazzi G, et al. 
Diatom PtCPF1 is a new cryptochrome/
photolyase family member with 
DNA repair and transcription 
regulation activity. EMBO Reports. 
2009;10(6):655-661. PubMed PMID: 
19424294

[60] Neill SJ, Desikan R, Clarke A, Hurst 
RD, Hancock JT. Hydrogen peroxide and 
nitric oxide as signalling molecules in 
plants. Journal of Experimental Botany. 
2002;53(372):1237-1247. PubMed PMID: 
11997372

[61] Hancock JT, Desikan R, Neill 
SJ. Role of reactive oxygen species in 
cell signalling pathways. Biochemical 
Society Transactions. 2001;29(Pt 
2):345-350. PubMed PMID: 11356180

[62] Sathyanarayanan S, Zheng X, 
Kumar S, Chen CH, Chen D, Hay B, 
et al. Identification of novel genes 
involved in light-dependent CRY 
degradation through a genome-wide 
RNAi screen. Genes & Development. 
2008;22(11):1522-1533. PubMed PMID: 
18519643

[63] Rutter J, Reick M, Wu LC, McKnight 
SL. Regulation of clock and NPAS2 
DNA binding by the redox state of NAD 
cofactors. Science. 2001;293(5529):510-
514. PubMed PMID: 11441146

[64] Kang KW, Lee SJ, Kim SG.  
Molecular mechanism of nrf2 activation 
by oxidative stress. Antioxidants & 
Redox Signaling. 2005;7(11-12): 
1664-1673. DOI: 10.1089/

ars.2005.7.1664. Epub 2005/12/17. 
PubMed PMID: 16356128

[65] Pekovic-Vaughan V, Gibbs J, 
Yoshitane H, Yang N, Pathiranage 
D, Guo B, et al. The circadian clock 
regulates rhythmic activation of 
the NRF2/glutathione-mediated 
antioxidant defense pathway to 
modulate pulmonary fibrosis. Genes 
& Development. 2014;28(6):548-
560. DOI: 10.1101/gad.237081.113. 
Epub 2014/03/19. PubMed PMID: 
24637114. PubMed Central PMCID: 
PMCPMC3967045

[66] Hirayama J, Cho S, Sassone-Corsi 
P. Circadian control by the reduction/
oxidation pathway: Catalase represses 
light-dependent clock gene expression 
in the zebrafish. Proceedings of 
the National Academy of Sciences 
of the United States of America. 
2007;104(40):15747-15752. PubMed 
PMID: 17898172

[67] Tamai TK, Young LC, Whitmore 
D. Light signaling to the zebrafish 
circadian clock by Cryptochrome 1a. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 2007;104(37):14712-14717. 
PubMed PMID: 17785416

[68] Osaki T, Uchida Y, Hirayama J, 
Nishina H. Diphenyleneiodonium 
chloride, an inhibitor of reduced 
nicotinamide adenine dinucleotide 
phosphate oxidase, suppresses 
light-dependent induction of clock 
and DNA repair genes in zebrafish. 
Biological & Pharmaceutical Bulletin. 
2011;34(8):1343-1347. PubMed PMID: 
21804230

[69] Tauber E, Last KS, Olive PJ, 
Kyriacou CP. Clock gene evolution 
and functional divergence. Journal of 
Biological Rhythms. 2004;19(5): 
445-458. PubMed PMID: 15534324

[70] Chen Z, McKnight SL. A conserved 
DNA damage response pathway 



15

A Molecular Link between the Circadian Clock, DNA Damage Responses, and Oncogene…
DOI: http://dx.doi.org/10.5772/intechopen.81063

responsible for coupling the cell division 
cycle to the circadian and metabolic 
cycles. Cell Cycle. 2007;6(23):2906-
2912. PubMed PMID: 18000400

[71] Tamai TK, Vardhanabhuti V, Foulkes 
NS, Whitmore D. Early embryonic 
light detection improves survival. 
Current Biology. 2004;14(3):R104-R105. 
PubMed PMID: 14986634

[72] Mitani H, Shima A. Induction 
of cyclobutane pyrimidine dimer 
photolyase in cultured fish cells by 
fluorescent light and oxygen stress. 
Photochemistry and Photobiology. 
1995;61(4):373-377. PubMed PMID: 
7740081

[73] Hirayama J, Nakamura H, Ishikawa 
T, Kobayashi Y, Todo T. Functional and 
structural analyses of cryptochrome. 
Vertebrate CRY regions responsible for 
interaction with the CLOCK:BMAL1 
heterodimer and its nuclear localization. 
The Journal of Biological Chemistry. 
2003;278(37):35620-35628. PubMed 
PMID: 12832412

[74] Gavriouchkina D, Fischer S, 
Ivacevic T, Stolte J, Benes V, Dekens 
MP. Thyrotroph embryonic factor 
regulates light-induced transcription 
of repair genes in zebrafish embryonic 
cells. PLoS One. 2010;5(9):e12542. 
PubMed PMID: 20830285


