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ABSTRACT 
Circadian rhythms are endogenous, self-sustained oscillations of multiple biological 

processes with approximately 24-hr rhythmicity. Circadian genes and their protein products 

constitute the molecular components of the circadian oscillator that form positive/negative 

feedback loops and generate circadian rhythms. The circadian regulation extends beyond 

clock genes to involve various clock-controlled genes (CCGs) that include various cell cycle 

genes. Aberrant expression of circadian clock genes could have important consequences on 

the transactivation of downstream targets that control the cell cycle and on the ability of cells 

to undergo apoptosis. This may lead to genomic instability and accelerated cellular 

proliferation potentially promoting carcinogenesis. The current study was carried out to gain 

further insights into the roles of circadian genes and their downstream targets (cell cycle 

genes) in chronic lymphocytic leukemia (CLL). We analyzed peripheral blood from 37 CLL 

patients and equal number of their age- and sex-matched healthy controls for the expression 

of the four circadian clock and three cell cycle genes. The expression levels of BMAL1, 

PER1, PER2,MYC, CYCLIN D1 and WEE1 were significantly impaired in CLL cases 

compared with those in healthy individuals (P < 0.001). BMAL1, PER1, PER2 and WEE1 

were found down regulated whereas MYC and CYCLIN D1 were found upregulated. This 

implies that the deregulated expression of circadian clock genes through their influence on 

downstream clock-controlled cell cycle genes can play a role in the manifestation of CLL. 

Moreover, when expression levels of abovementioned genes were compared between shift 

workers and non-shift workers within the CLL group, the expression levels were more 

aberrant in shiftworkers compared to non-shift workers. This indicates that circadian 

dysregulation in terms of shift work may also be a contributing factor in the etiology of CLL. 

In the current study, serum melatonin levels were also determined in 37 CLL cases and their 

healthy controls. Serum melatonin levels were found significantly low (P<0.05) in CLL 

subjects as compared to healthy controls. Furthermore, melatonin levels were found still 

lower in shift workers as compared to non-shift workers within CLL group. Our results 

suggest that down regulation of BMAL1, PER1 and PER2 is related to upregulation of 

Cyclin D1, MYC and down regulation of WEE1 in CLL. Thus, aberrant expression of clock 

genes can lead to abnormal expression of downstream cell-cycle genes and play a role in the 

manifestation of CLL. Moreover, low melatonin levels in CLL patients may play a part in 



xv 
 

deregulation of circadian clock gene expression and shiftwork serves as a further contributing 

factor to an already perturbed circadian clock genes’ expression and low melatonin levels in 

CLL. 
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INTRODUCTION 
Life is a rhythmic phenomenon and many, if not most, biological and physiological activities 

oscillate with time. The Earth’s rotation around its axis leads to day-night cycles. In humans, 

like other organisms, most physiological and behavioral functions are manifested 

rhythmically across days and nights. All healthy human beings exhibit common attribute of 

sleeping at night and waking up in the morning automatically. When a human being 

encounters a new day, the body prepares itself for the new tasks ahead and boosts heart rate, 

blood pressure and temperature. On the other hand, the same parameters turn down in the 

evening. Such daily occurring rhythms with a period of about 24 hours are termed as 

circadian (from the Latin “circa diem” meaning “about a day”) rhythms (Panda, et al., 

2002a). These rhythms are the outward manifestation of an internal timing system generated 

by a circadian clock that is synchronized by the day-night cycle (Reppert & Weaver, 2002). 
 

The circadian timing system proficiently coordinates the physiology of living organisms to 

match environmental or imposed 24-hour cycles (Hastings, et al., 2003). Circadian clocks are 

endogenous and self-sustained time-tracking systems that enable organisms to anticipate 

environmental changes, thereby adapting their behavior and physiology to the appropriate 

time of day (Panda, et al., 2002a; Morse & Sassone-Corsi, 2002). This also serves to 

synchronize multiple molecular, biochemical, physiological and behavioral processes. 

Circadian clock regulates a wide range of biological processes including body temperature, 

energy metabolism, sleep-wake cycles and hormone secretion (Lowrey & Takahashi, 2004; 

Kondratov, et al., 2007). The hormone melatonin (N-acetyl-5-methoxytryptamine), the most 

stable and reliable output and biomarker of the central circadian clock with an approximate 

24-hour oscillatory pattern, is synthesized at night (during darkness) and suppressed during 

daytime in response to light. Serum melatonin levels have been found to be high at night 

(80–120 pg/ml) and low during the day (2–20 pg/ml) (Reiter, 1991). Melatonin is an 

indolamine that is produced in a number of tissues (e.g., retina, gut); however, the pineal 

gland is its principal site of synthesis. 
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The Mammalian Clock System 

The mammalian clock system is hierarchical with a master oscillator that resides in the 

suprachiasmatic nucleus (SCN) of the hypothalamus and orchestrates multiple autonomous 

oscillators in peripheral organs (Fig. 1.1).  

 

 

 
 
Fig. 1.1: Hierarchical organization of the mammalian circadian clock. The suprachiasmatic nucleus (SCN), 
located in the anterior hypothalamus, receives light stimuli from the retina via the retinohypothalamic tract. The 
oscillation in SCN neurons is entrained by light stimulus and results in a humoral or neural output that is 
received and interpreted by numerous peripheral clocks. Peripheral clocks produce periodic transcriptional and 
posttranslational responses that ultimately produce behavioral, metabolic, and physiological output (Geyfman & 
Andersen, 2009). 
 
 
Damage to the SCN can render experimental animals arrhythmic and cause sleep disorders in 

patients. Moreover, intracerebral grafts of perinatal SCN can reinstate behavioral circadian 

rhythms of SCN-ablated rodents (Weaver, 1998). The SCN pacemaker consists of multiple, 

autonomous single cell circadian oscillators, which are synchronized to generate a 
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coordinated rhythmic output in intact animals (Welsh, et al., 1995; Liu, et al., 1997). In 

mammals, the circadian photoreception pathways are distinct from those of visual perception 

(Czeisler, et al., 1995; Freedman, et al., 1999; Lucas, et al., 1999). Light is perceived by a 

subset of melanopsin-expressing retinal ganglion cells, and the photic information is directly 

conveyed to the SCN clock through the retino-hypothalamic tract (Gooley, et al., 2001; 

Hattar, et al., 2002; Panda, et al., 2002b). This photic entrainment corrects the phase of the 

SCN oscillator every day to ensure synchronization of circadian with geophysical time. The 

phase of SCN rhythms can be shifted by exposure of the animal to a new light/dark schedule 

or to short light pulses during the subjective night (Cermakian & Sassone-Corsi, 2002). 

 

A major finding in the circadian rhythms field in recent years is that the SCN is not the only 

circadian clock in the organism. Indeed, most tissues including extra-SCN brain regions and 

peripheral organs bear circadian oscillators (Schibler, et al., 2003). Moreover, these extra-

SCN oscillators can function independently from the SCN (Yoo, et al., 2004). Peripheral 

mammalian cell types contain functional circadian oscillators (Geyfman & Andersen, 2009), 

but these may not respond to light-dark cycles and can be entrained by non-photic stimuli 

(Stokkan, et al., 2001). These circadian oscillators are sensitive to a variety of chemical cues 

or to temperature cycles (Balsalobre, et al., 2000; Brown, et al., 2002).The SCN synchronizes 

peripheral clocks in organs such as liver, heart, and kidney via indirect and direct routes (Fig. 

1.2) so that a coherent rhythm is orchestrated at the organismal level to ensure temporally 

coordinated physiology (Bartness, et al., 2001; Kalsbeek & Buijs, 2002; Buijs, et al., 1999). 

Indirect synchronization is achieved by controlling daily activity-rest cycles and, as a 

consequence, feeding time. Feeding (or starving) cycles are dominant zeitgebers for many, if 

not most, peripheral clocks. Food metabolites, such as glucose, and hormones related to 

feeding and starvation are probably the feeding-dependent entrainment cues. Activity cycles 

also influence body temperature rhythms, which in turn can participate in the phase 

entrainment of peripheral clocks. Direct entrainment may employ cyclically secreted 

hormones and perhaps neuronal signals conveyed to peripheral clocks via the peripheral 

nervous system. Body temperature rhythms, which are controlled in part by the SCN, may 

also contribute to the synchronization of peripheral clocks (Schibler & Sassone-Corsi, 2002). 

Activity rhythms can feed back on the SCN by modifying period length and phase. As shown 
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in the Fig.1.2, light can directly suppress activity in nocturnal rodents and thereby generate 

cyclic locomotor activity even in clockless animals, provided that these are kept in light/dark 

cycles. 

 

 
Fig. 1.2:Phase setting of central and peripheral circadian clocks in nocturnal rodents (Schibler &  
Sassone-Corsi, 2002).  
 

Molecular Mechanism of the Circadian Clock 
The clock mechanism in the SCN and the peripheral oscillators is known to be similar at the 

molecular level (Yagita, et al., 2001); however, the output pathways elicited can be different 

and more tissue specific. The molecular clockwork is composed of a network of 

transcriptional–translational feedback loops (Fig.1.3) that drive rhythmic, ~24-hour 

expression patterns of core clock components (Shearman, et al., 2000). 
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Fig 1.3: Schematic representation of the mammalian circadian clock mechanism. ROREs are retinoic acid-
related orphan nuclear receptor response elements present in Bmal1 promoter to which REV-ERBs and RORs 
compete to bind whereas E-boxes are regulatory enhancer sequences present in the promoter regions of the 
genes under consideration to which CLOCK-BMAL1 heterodimer binds. CK1ε and CK1δ isoforms 
phosphorylate PER, CRY and BMAL1 proteins, decreasing their stability and critically regulating the time of 
action of clock proteins.  
 

Core clock components are genes whose protein products are necessary for the generation 

and regulation of circadian rhythms within individual cells throughout the organism 

(Takahashi, 2004). The core clock components mainly include two gene families: Period and 

Cryptochrome. In mammals, the expression of three Period genes (Per1, Per2 and Per3) and 

two Cryptochrome genes (Cry1 and Cry2) is activated by a dimer of the proteins CLOCK 

(Circadian Locomotor Output Cycles Kaput) and BMAL1 (Brain-Muscle Arnt-Like protein 

1). CLOCK and BMAL1 are transcriptional factors that heterodimerize and induce the 

expression of Per and Cry genes by binding to their promoters at E-boxes (Shearman, et al., 

2000; Gekakis, et al., 1998; Ueda, et al., 2005). CLOCK also has an intrinsic histone 

acetyltransferase (HAT) activity; thereby it can induce chromatin remodeling and create a 

permissive state for activation of gene expression (Doi, et al., 2006). PER and CRY proteins 
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are synthesized in the cytoplasm and they associate before entering the nucleus. In the 

nucleus, CRYs repress the activity of CLOCK and BMAL1 and in this way, they negatively 

feedback on their own expression (Kume, et al., 1999; Sato, et al., 2006). However, the exact 

molecular mechanism of this repression is yet unclear. 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. 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 drastically 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 

repression (Hirayama, et al., 2007). Another crucial modulator of the circadian clock 

machinery identified recently is a histone deacetylase, namely sirtuin 1 (SIRT1, Silencing 

Information Regulator Two family number), which regulates circadian rhythms by 

counteracting the HAT activity of CLOCK (Nakahata, et al., 2008). SIRT1 is required for 

high-magnitude circadian transcription of several core clock genes, including Bmal1, Rorγ, 

Per2, and Cry1. SIRT1 binds CLOCK-BMAL1 in a circadian manner and promotes the 

deacetylation and degradation of PER2 (Asher, et al., 2008). 

 

CLOCK-BMAL1 heterodimers induce a second regulatory loop activating transcription of 

retinoic acid-related orphan nuclear receptors, Rev-erbα and Rorα(Guillaumond, et al., 2005). 

Both of these proteins are transcription factors that bind to the Bmal1 promoter at REV-

ERBα and RORα response elements. RORα activate transcription of Bmal1(Sato, et al., 

2004; Akashi & Takumi 2005), whereas REV-ERBα represses the transcription process 

(Preitner, et al., 2002;Triqueneaux, et al., 2004). Another core member of the mammalian 

circadian clock is neuronal PAS-domain protein 2 (NPAS2). NPAS2 is a paralogue of 

CLOCK, exhibiting similar activities but differing in tissue distribution. NPAS2 can 

heterodimerize with BMAL1, bind to E-box motifs and transcriptionally activate circadian 

genes (Reick, et al., 2001). 
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The feedback loops described above are responsible for varying levels of messenger 

ribonucleic acids (mRNAs) from the Per, Cry, Rev-erbα and Bmal1 genes across circadian 

phases. In the SCN, Per, Cry and Rev-erbα all exhibit a peak of abundance during the light 

phase, while Bmal1 has an opposite phase (i.e., peaks about 12 hour later). In most other 

brain regions and peripheral tissues, these rhythms are all delayed by several hours but 

generally keep a similar phase relationship amongst them. In some brain regions, PER 

oscillations are in phase with those seen in the SCN (Amir, et al., 2004; Lamont, et al., 2005). 

Considering that simple transcriptional feedback loops like those described above would 

normally lead to mRNA oscillations with a period much smaller than 24 hours, other 

mechanisms have been added onto this simple loop model to permit a slowing down and 

delay of its progression that create a coordinated molecular cycle approximating the 24 hours 

environmental period. These mechanisms act at different levels involving post-transcriptional 

processing of the mRNAs, translation, post-translational processing of the proteins and 

nuclear translocation (Harms, et al., 2004; Meyer, et al., 2006; Dunlap, 2006). Each of these 

can individually contribute to introduce the delay between the activation and repression of 

transcription that is required to keep the period at ~24 hours. 

 

The transcriptional circadian regulation extends beyond core clock components to include 

various clock-controlled genes (CCGs), i.e., genes that are under the direct or indirect 

transcriptional control of the clock transcription factors but are not themselves part of the 

clock. Regulation of clock-controlled genes is a mechanism by which the molecular 

clockwork controls physiological processes. The clock-controlled genes (CCG) constitute 

about 10% of the expressed genes in a given tissue (SCN or in peripheral tissues) to generate 

rhythmic outputs, and, apart from few exceptions, most of these clock-controlled genes are 

distinct in different tissues depending upon different physiological needs (Duffield, 2003). 

Clock-controlled genes may encode a variety of proteins including key regulators for cell 

cycle. 

Circadian clock and cell cycle 

Circadian clock and cell cycle are global regulatory systems found in almost all organisms. 

The circadian clock shares a number of conceptual and molecular similarities with the cell 

cycle (Hunt & Sassone-Corsi, 2007). Both are periodic for approximately 24 hours, and 
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elevated WEE1 in Cry mutant mice phosphorylates CDC2/CYCB1 complex at an increased 

rate even in nonstressed cells, slowing down the G2-M transition and the overall growth rate 

(Matsuo, et al., 2003).  

Transcription of c-Myc, which plays an important role in both cell proliferation and 

apoptosis, is found to be upregulated, and transcription of p53, which plays a critical role in 

the G1-S checkpoint, is downregulated in Per2 mutant mice (mPer2m/m). Also, there is a 

general cell cycle dysregulation as the circadian expression pattern of genes functioning in 

cell proliferation and tumour suppression, such as Cyclin D1, Cyclin A, Mdm-2 (murine 

double minute, a negative regulator of p53) and Gadd45α (growth arrest and DNA damage-

inducible protein α), is deregulated. Consequently, these animals have increased incidence of 

spontaneous and ionizing radiation-induced lymphomas and an increased rate of mortality 

after ionizing radiation (Fu, et al., 2002). Normally, the binding of CLOCK-BMAL1 to the 

E-boxes of c-Myc promoter inhibits the transcription of this gene. Upregulation of c-Myc 

transcription in Per2 mutant is ascribed to the reduced level of BMAL1 because PER2, in 

addition to its inhibitory effect on the CLOCK-BMAL1 complex, stimulates transcription of 

the Bmal1 gene (Shearman, et al., 2000; Hogenesch, et al., 2003). Oncogenic transformation 

mediated by c-Myc must overcome its proapoptotic activity (You, et al., 2002) in which 

modulation of p53-mediated apoptosis plays an important role (Pucci, et al., 2000; Evan & 

Vousden, 2001). Overexpression of c-Myc can induce genomic DNA damage and 

compromise p53 function, presumably through a reactive oxygen species (ROS)-mediated 

mechanism (Vafa, et al., 2002). Following γ radiation, MYC-overexpressing cells are less 

efficient in G1 arrest compared to normal cells (Sheen & Dickson, 2002; Vafa, et al., 2002), 

indicating that c-Mycoverexpression could drive cells to progress through cell cycle in the 

presence of genomic DNA damage. Following γ radiation, the loss of mPer2 function 

partially impairs p53-mediated apoptosis, leading to accumulation of damaged cells. 

However, the mutant mPer cells, expressing MYCat elevated levels, could still progress 

through cell cycle in the presence of genomic DNA damage, resulting in the high incidence 

of tumor development after γradiation.  

 

Cyclin D1 (CCND1) is also a clock-controlled cell cycle gene. Overexpression of CCND1 

induces mammary tumorigenesis, in addition, increased levels of CCND1 in ERα (estrogen 
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receptor α)-positive breast cancer is associated with poor prognosis (Roy & Thompson, 

2006). However, additional studies are needed to know whether the rhythmic expression of 

CCND1 is deregulated in cancer. 

 

Recently, it has been reported that p21 (Waf1/Cip1),which does not possess an E-box 

element in its regulatory region, is controlled indirectly via CLOCK/BMAL1-mediated 

transcriptional regulation of the orphan nuclear receptor Rev-erb.The circadian expression of 

p21 is dramatically increased and no longer rhythmic in Bmal1 knockout mice.Upregulation 

of p21 in Bmal1-/- animals primarily results from the loss of Rev-erbα and Rev-erbβ 

expression possibly combined with the increased expression of RORγ (Gréchez-Cassiau, et 

al., 2008). In this context, the release of the REV-ERB-dependent inhibition of RORα4 

activity is also likely to play a role. Changes in additional unidentified positive and negative 

regulators of p21 expression may also play an additional role. Thus, in liver, the clock control 

of p21 high amplitude oscillation results from a RORα4- and RORγ-dependent activation, 

which is rhythmically repressed by REV-ERBα and REV-ERBβ. As p21 negatively regulates 

cell cycle progression by inhibiting the activity of CYCE/CDK2 complexes during G1 phase 

progression,p21overexpressing Bmal1-/- primaryhepatocytes exhibit a decreased proliferation 

rate (Gréchez-Cassiau, et al., 2008). 

 

Current Study 
The aberrant expression of circadian clock genes could have important consequences on the 

transactivation of downstream targets that control the cell cycle and on the ability of cells to 

undergo apoptosis thus potentially promoting carcinogenesis. Also, recent findings (as 

discussed earlier and also reviewed in Chapter 2) suggest that circadian genes may function 

as tumor suppressors at the systemic, cellular and molecular levels due to their involvement 

in cell proliferation, cell cycle control, DNA damage response and apoptosis. These studies 

provide limited but consistent support for the clock-cancer connection and suggest a role of 

circadian rhythms in the etiology of human cancers.  

Based on the reported involvement of the circadian clock in the development of several 

cancers, the current study has been undertaken to explore the possible roles of clock genes in 

the development of human Chronic Lymphocytic Leukemia (CLL) that accounts for 30% of 
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all leukemia and is the most common form of leukemia among older adults. Incidence rates 

in men are nearly twice as high as in women (Redaelli, et al., 2004). Data from the United 

States Surveillance, Epidemiology, and End Results (SEER) Registry estimate the United 

States incidence in the period from 2002-2006 to be 4.1 per 100,000 with a median age at 

diagnosis of 72 years (Horner, et al. 2009).  

 

In the current study, post-transcriptional expression of 4 circadian clock genes (Bmal1, 

Clock, Per1 and Per2) and 3 cell cycle genes (Myc, Cyclin D1 and Wee1) has been 

determined by quantitative (real-time) RTPCR in 37 CLL patients and equal number of age- 

and sex-matched healthy controls. Moreover, serum melatonin levels have also been 

determined and compared between the study and the control group based on the increasing 

evidence that the melatonin, which is the most reliable biomarker of central circadian clock, 

may play a role in human malignancy and low melatonin concentrations have been observed 

in some types of human malignant tumors (discussed in the section of literature review).  
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REVIEW OF LITERATURE 
The circadian clock orchestrates cellular functions over 24 hours, including cell divisions, a 

process that results from the cell cycle. The circadian clock and cell cycle interact at the level 

of genes, proteins, and biochemical signals. The physiological significance of circadian 

control of the cell cycle is to synchronize the metabolic and DNA replication cycles, which is 

necessary for maintaining the integrity of the genome. To perform this function in the most 

efficient way, circadian proteins have to be involved in the control of cell cycle checkpoints. 
 

 Clock Control of DNA Damage 

DNA damage initiates a cascade of intracellular events that may result in the blocking of the 

cell cycle progression at specific phases – checkpoint cell cycle arrest. DNA damage is 

recognized by sensor proteins; the signal is then transmitted to checkpoint kinases, which in 

turn activate or repress proteins important for transition from one stage of the cell cycle to 

another (G1/S or G2/M) or for progression through the S phase of the cycle. The way the 

circadian clock is involved in the checkpoint control has been extensively studied. In addition 

to CLOCK/BMAL1-mediated transcriptional control of important cell cycle regulators, more 

recent data revealed other points of intersection between the two regulatory systems that 

would be discussed later.  
 

A short hairpin RNA–based screening identified that BMAL1 is necessary for p53- 

dependent growth arrest. Consistently, cells in which BMAL1 was suppressed by specific 

short hairpin RNA were unable to undergo growth arrest on p53 activation induced by DNA 

damage (Mullenders, et al., 2009). In contrast to the in vivo mouse data, which link Bmal1-

dependent delay in G1 progression to up-regulation of p21(Gréchez-Cassiau, et al., 2008), 

radiation-induced growth arrest in Bmal1-deficient human cells correlated with the decrease 

in levels of p53 and p21(Mullenders, et al., 2009). These differences, which may reflect 

either interspecies variations in the regulation of expression of p21 between mice and 

humans or differences between the in vivo versus in vitro conditions remain to be 

investigated. 
 

Recent data have demonstrated that the link between the circadian clock and DNA damage 

response is mutual and that DNA damaging agents can affect circadian parameters. Thus, 
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exposure of Rat-1 cultured fibroblasts to ionizing radiation induces a shift in the phase (phase 

advance) of oscillation in expression of circadian genes. The fact that phase shifting was 

significantly impaired in fibroblasts isolated from patients with ataxia telangiectasia and 

Nijmegen breaking syndrome points toward the possible involvement of ATM/ATR-

mediated signaling. Notably, in addition to synchronized cultured cells, ionizing radiation 

can reset behavioral rhythms in mice, suggesting that this effect is universal both for the 

central oscillator in the suprachiasmatic nuclei and for peripheral clocks(Oklejewicz, et al., 

2008). 

 

In a complementary study, similar responses have been described in fibroblasts treated with 

either the radiomimetic drug methyl methane sulfonate or with exposure to UV light 

(Gamsby, et al., 2009) in which the only phase advances were induced by both DNA 

damaging treatments. However, unlike in the study by Oklejewicz et al. (2008), which 

reports no changes in clock proteins resulting from exposure to γ radiation, methyl methane 

sulfonate-, and UV-mediated responses have been mechanistically linked to degradation of 

the PER2 protein and subsequent upregulation of the Bmal1 promoter(Gamsby, et al., 2009).  

 

Clock Control of Apoptosis 

Recent work indicates that the core circadian clock participates in the extrinsic pathway of 

apoptosis by regulating the synthesis of tumor necrosis factor alpha (TNFα)(Hashiramoto, et 

al., 2010). Moreover, as TNFα is known to be involved in the inflammatory response, Cry1-/-

Cry2-/- mice that overexpress TNFα are uniquely sensitive to inflammatory stimuli and 

exhibit a rheumatoid arthritis-like syndrome caused by such stimuli (Keller, et al., 2009). 

With respect to clock-intrinsic apoptosis pathway, there appears to be a direct connection 

between the core clock and p53 as BMAL1 upregulates p53 expression (Mullenders, et al., 

2009) and CRY downregulates p53 expression (Ozturk, et al., 2009). It has been reported that 

mice of the p53-/- Cry1-/- Cry2-/- (p53KOCryDKO) genotype exhibit delayed onset of 

spontaneous cancer relative to p53−/− (p53KO) mice. When analyzed for their response to 

genotoxic stress, it has been found that p53KOCryDKO cells are more sensitive to UV-induced 

apoptosis than p53KO cells even though they are identical in terms of DNA repair and DNA 

damage checkpoint functions. Therefore, the reduced clonogenic survival of p53KOCryDKO 
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cells upon UV irradiation, relative to p53KO cells has been ascribed to enhanced p53-

independent apoptosis as a consequence of CRY mutation. It also suggests that the delayed 

onset of cancer and prolonged lifespan of mice of p53KOCryDKO genotype may have been 

caused by enhanced apoptosis of oncogenically transformed cells before giving rise to 

macroscopic tumors (Ozturk, et al., 2009).  

 

Recently, Lee and Sancar offer insight into the mechanism by which cryptochrome 

deficiency sensitizes cells lacking p53 to apoptosis. Remarkably, they demonstrate that 

Cryptochromes are involved in the regulation of the p53-related gene p73 also known as 

tumor protein 73 (TP73). Transcription of TAp73, a p73 isoform with strong structural and 

functional similarity to p53, is enhanced in Cry1/Cry2-deficient cells in response to DNA 

damage. Loss of Cry1/Cry2 relieves repression of Clock/Bmal1, thereby leading to Egr1 up-

regulation and recruitment to the TAp73 promoter. Activation of TAp73 after Cry1/Cry2 loss 

also requires the DNA damage-induced removal of the repressor C-EBPα from the TAp73 

promoter. Thus, TAp73 is both temporally regulated by the circadian clock and acutely 

regulated in response to DNA damage. This study demonstrates that p53KOCryDKO tumors 

exhibit increased apoptosis and slower tumor growth in vivo after treatment with oxaliplatin 

than p53KO tumors (Lee & Sancar, 2011a). However, UV and oxaliplatin activate the intrinsic 

apoptosis pathway (Hotchkiss, et al., 2009) that is commonly induced by DNA damaging 

agents, whereas the difference in tumor incidence between the two mouse lines was observed 

in the absence of any external genotoxic stress. Therefore, it indicates the possibility that the 

loss of CRY may amplify the extrinsic pathway for apoptosis to eliminate cells with potential 

to give rise to cancer. In their new article, Lee & Sancar (2011b) present evidence that the 

circadian clock and NF-κB signaling pathway intersect and that CRY mutation enhances 

extrinsic apoptosis by interfering with NF-κB–mediated activation of transcription of genes 

required for antiapoptosis upon cytokine stimulation. It has been shown that CRY mutation 

sensitizes p53 mutant and oncogenically transformed cells to tumor necrosis factor α 

(TNFα)-initiated apoptosis by interfacing with the NF-κB signaling pathway through the 

GSK3β kinase and alleviating prosurvival NF-κB signaling. These findings provide a 

mechanistic foundation for the delayed onset of tumorigenesis in clock-disrupted p53 mutant 

mice (Lee & Sancar, 2011b). 
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Role of Clock Genes in Tumor Suppression 

In animals, tumors grow with clear circadian organization, and Per1 and Per2 exert their 

tumor suppressor functions in a circadian time-dependent manner. Downregulation of Per1 

or Per2 increases tumor growth only at certain specific times of the day. Per1 and Per2 

differentially regulate tumor growth rhythm in vivo(Yang, et al., 2009a). In another recent 

study, mice lacking Per1 and Per2, Cry1 and Cry2, or one copy of Bmal1, all show increased 

spontaneous and radiation-induced tumor development. The neoplastic growth of Per-mutant 

somatic cells is not controlled cell-autonomously but is dependent upon extracellular 

mitogenic signals. Among the circadian output pathways, the rhythmic sympathetic signaling 

plays a key role in the central-peripheral timing mechanism that simultaneously activates the 

cell cycle clock via AP1 (activator protein 1)-controlled Myc induction and p53 via 

peripheral clock-controlled ATM activation. Jetlag promptly desynchronizes the central 

clock-SNS-peripheral clock axis, abolishes the peripheral clock-dependent ATM activation, 

and activates Myc oncogenic potential, leading to tumor development in the same organ 

systems in wild type and circadian gene-mutant mice. Thus, tumor suppression in vivo is a 

clock-controlled physiological function. The central circadian clock paces extracellular 

mitogenic signals that drive peripheral clock-controlled expression of key cell cycle and 

tumor suppressor genes to generate a circadian rhythm in cell proliferation. Frequent 

disruption of circadian rhythm is an important tumor-promoting factor (Lee, et al., 2010). 

 

PER1 seems to function as a tumor suppressor by regulating cell cycle genes and interacting 

with key DNA damage-activated checkpoint proteins. Per1 over-expression in cancer cells 

increases ionizing radiation- induced apoptosis, whereas inhibition of Per1 in similarly 

treated cells blunts apoptosis. Ionizing radiation leads to PER1 nuclear translocation, the 

induction of c-Myc expression and repression of p21 (Waf1/Cip1). Moreover, PER1 directly 

interacts with the DNA double-strand break-activated kinases ATM and CHK2. Thus, PER1 

can function as a tumour suppressor by activating multiple pathways, including the DNA 

damage response (Gery, et al., 2006). Another circadian protein, timeless (TIM) has been 

shown to interact with the cell cycle checkpoint proteins ATR, CHK1 and ATRIP (ATR-

interacting protein). This interaction is also stimulated by DNA damage, and TIM seems to 

function as a mediator between sensors and effectors of the DNA damage response (Unsal-
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Kacmaz, et al., 2005). 

 

PER2 protein has also been reported as tumor suppressor. Per2 mutant mice develop γ-

radiation-induced lymphomas at a higher rate than wild-type controls due to partial 

impairment of p53-mediated apoptosis. Moreover, crossing these mice with polyp formation-

prone adenomatosis polyposis coli (Apc)Min/+animals increases the frequency of formation of 

intestinal and colonic polyps in ApcMin/+Per2m/mmice compared to ApcMin/+mice. Following 

downregulation of Per2, Cyclin D that is a circadian regulated and β-catenin target gene, has 

been shown to increase in human colon cancer cell lines, as does cell proliferation. Thus, 

Per2 loss during intestinal tumorigenesis may, in part, act through upregulation of β-catenin, 

increasing intestinal β- catenin signaling and cell proliferation. Also, increase in small-

intestinal mucosa β-catenin in Per2m/m mice is associated with an increase in MYC protein, 

again a circadian regulated and ß-catenin target gene (Wood, et al., 2008). Furthermore, 

accelerated β-catenin expression is associated with PER2 protein instability and lower PER2 

levels as a result of increased β-TrCP protein levels because overexpression of wild type or 

mutant β-catenin protein decreases the stability of PER2 protein, and this PER2 instability is 

reversed when the induction of β-TrCP is prevented (Yang, et al., 2009b). It has also been 

reported that mPer2 may play an important role in tumor suppression by inducing apoptotic 

cell death. Overexpression of Per2 in the mouse Lewis lung carcinoma cell line (LLC) and 

mammary carcinoma cell line (EMT6) results in reduced cellular proliferation and rapid 

apoptosis, but not in non-tumorigenic NIH3T3 cells. This is attributable to enhanced 

proapoptotis signaling and attenuated anti-apoptosis processes as overexpressed mPER2 

downregulate the mRNA and protein levels of c-Myc, Bcl-XL and Bcl-2, and upregulate the 

expression of p53 and bax in mPer2-overexpressing LLC cells (Hua, et al., 2006). Similarly, 

the intratumoral expression of mPer2 in C57Bl/6J mice transplanted with Lewis lung 

carcinoma shows a significant antitumor effect (Hua, et al., 2007).  

 

In contrast to Per2 mutants, Cry double mutant (Cry1-/-Cry2-/-) mice are indistinguishable 

from the wild-type controls with respect to radiation-induced morbidity and mortality. 

Similarly, the Cry1-/-Cry2-/- mutant fibroblasts are indistinguishable from the wild-type 

controls with respect to their sensitivity to ionizing radiation and UV radiation, and ionizing 
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radiation-induced DNA damage checkpoint response (Auger & Sancar 2005). In another 

study, mice deficient in the core circadian gene Bmal1 show reduced lifespan and various 

symptoms of premature aging but none of the Bmal1-/- mice develop tumors in the course of 

their lifespan (Kondratov, et al., 2006). Similarly, Clock/Clock mutant mice do not display 

predisposition to tumor formation either during their normal lifespan or when exposed to a 

low dose of γ-radiation that is able to initiate and promote neoplastic progression (Antoch, et 

al., 2008). Instead, exposure of Clock-/- mice to ionizing radiation results in the development 

of pathological conditions similar to those of premature aging described for Bmal1-/- mice.  

 

Melatonin Mediated Regulation of Circadian Clock and Anti-cancer 
Effects 
 
The circadian synthesis and secretion of melatonin is modulated by master biological clock 

located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Berson, et al., 2002; 

Hastings, et al., 2003). The literature demonstrates a plethora of biological functions of this 

indolamine; its actions as a chronobiotic neurohormone allowing it to act as a messenger of 

light/dark entrainment, synchronizing peripheral clocks to the SCN, are probably the best 

described (Claustrat, et al., 2005). High nocturnal blood levels of melatonin are responsible 

for informing all the cells of the body that it is nighttime (Reiter, 1991). Changes in either 

day length or the timing/phasing of light exposure can compromise SCN activity and/or the 

pineal gland’s production of melatonin, a phenomenon referred to as circadian disruption. 

World travelers and individuals with sleep disorders have relied on melatonin to help reset 

the body’s internal clock. During the past several decades, considerable effort has been 

invested to identify the different actions of melatonin, especially in relation to cancer. Work 

on the anticancer effects of melatonin span in vivo and in vitro studies, demonstrating both 

the direct and indirect action of melatonin on cancer cells and defining its chemo-preventive 

and therapeutic actions (Hill, et al., 2011). 

 

Studies of human breast cancer cells have revealed that melatonin exerts its anticancer effects 

even at physiological concentrations. Several possible mechanisms are involved in the 

anticancer effects of melatonin, including suppressing the metabolism of tumor cells and 

inducing tumor suppressor genes (Blask, et al., 2005; Mediavilla, et al., 1999). The 
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antiproliferative effects of melatonin on human breast cancer cells in vitro have been 

documented in several studies (Martinez-Campa, et al., 2009; Cucina, et al., 2009) and have 

also been shown in other tumor types, including liver cancer, prostate cancer, and ovarian 

cancer (Leja-Szpak, et al., 2010; Um, et al., 2010; Futagami, et al., 2001; Martin-Renedo, et 

al., 2008).  

 

It has been reported that melatonin concentrations are significantly lower in cervical cancer 

patients in comparison with healthy individuals. Taking into consideration stage of the 

cervical cancer significantly lower melatonin secretion has been found in all subgroups of 

patients in comparison with that of tumor-free control group (Karasek, et al., 2005).  

Circulating melatonin level can be considered as a biomarker of circadian disruption and has 

been associated with nightshift work and exposure to light-at-night in both laboratory-based 

and field studies (Mirick &Davis, 2007). 

 

It has been shown that melatonin can repress RORα1 transcriptional activation. Elevated 

expression of RORα1 enhances BMAL1 transcription and expression in MCF-10A human 

breast epithelial and MCF-7 breast cancer cells. Melatonin administration can blunt 

transcriptional activity and subsequently block RORα1 induction of BMAL1 expression 

(Dai, et al., 2001; Xiang, et al., 2009). Interestingly, only one other study by Kim et al. has 

examined melatonin regulation of RORα transcriptional activity; they found that 

pharmacologic concentrations of melatonin could repress RORα transactivation in human 

vascular endothelial cells (Kim, et al., 2008). 

 

SIRT1 has been linked with both the molecular circadian clock and cancer. SIRT1 is a 

NAD+- dependent class III histone deacetylase (HDAC) that impacts a broad spectrum of 

cellular processes, including gene silencing, DNA repair, apoptosis, cellular metabolism, 

cellular senescence, and aging (Liu, et al., 2009). SIRT1 has been reported to bind directly to 

the CLOCK/BMAL1 heterodimer, promoting deacetylation and degradation of PER2. SIRT1 

also suppresses the transcription or activity of a number of genes including p53, FOXOA1 & 

3, and PGC-1. This association involves suppression of DNA-repair enzymes including p53, 

BRCA1 and 2, and Ku70. Thus, SIRT1 may be a focal point through which the circadian 
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clock may influence cancer development. Given that melatonin can regulate the expression 

of BMAL1 via modulation of RORα transcriptional activity and that SIRT1 is associated 

with BMAL1, it has been inquired whether melatonin is able to modulate the expression of 

SIRT1 in human breast cancer cells. SIRT1 is expressed at high levels in MCF-7 and MDA-

MB-231 human breast cancer cell lines. Following transfection of an MT1-receptor 

expression construct into MCF-7 cells, treatment with melatonin (1–10 nM) dramatically 

suppresses SIRT1 expression in these cells (Hill, et al., 2009). 

 

Frequent Changes in Lifestyle and Clock-Cancer Connection 

The clock-cancer connection has been investigated in studies of pilots, flight attendants, and 

shift workers who are more likely to have disrupted circadian cycles due to abnormal work 

hours. Incidence of breast cancer increases significantly in women working nightshifts, being 

higher among individuals who spend more years and hours per week working at night 

(Schernhammer, et al., 2001). Exposure to light-at-night, including disturbance of the 

circadian rhythm, possibly mediated via the melatonin synthesis and clock genes, has been 

suggested as a contributing cause of breast cancer. Since working nightshifts is prevalent and 

increasing in modern societies, this exposure may be of public health concern, and contribute 

to the ongoing elevation in breast cancer risk (Hansen, 2006; Stevens, 2006; Davis & Mirick 

2006). Keith et al. (2001) propose that circadian rhythms could be more important than 

family history in determining breast cancer risk.  

A slightly more detailed assessment of night work has been made in another very recent 

case–control study, carried out in the framework of the German GENICA study where both 

shift and night work were not associated with breast cancer(Pesch, et al., 2010). In 2007, the 

International Agency on Research on Cancer (IARC) classified “shift work that involves 

circadian disruption” as “probably carcinogenic to humans” (Group 2A). This classification 

rests on the “limited evidence in humans for the carcinogenicity of shift work that involves 

night work”, and “sufficient evidence in experimental animals for the carcinogenicity of light 

during the daily dark period (biological night)” (Straif, et al., 2007). 

 

Another study revealed that women working more than 20 years of rotating night shifts have 

a significantly increased risk of endometrial cancer. In stratified analyses, obese women 
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working rotating night shifts had doubled their baseline risk of endometrial cancer compared 

with obese women who did no night work, whereas no significant increase was seen among 

non-obese women (Viswanathan, et al., 2007). Observations from a cohort study of Air 

Canada pilots showed a significantly increased incidence rate of prostate cancer when 

compared with the respective Canadian population rates (Band, et al., 1996). A similar cohort 

of Nordic pilots demonstrated that the relative risk of prostate cancer increases as the number 

of flight hours in long distance aircraft increases (Pukkala, et al., 2003). A significant 

association between rotating-shift work and prostate cancer incidence among Japanese male 

workers has also been found (Kubo, et al., 2006). In the study by Conlon et al. having 

worked full-time rotating shift-work was also associated with a modestly increased risk of 

prostate cancer (Conlon, et al., 2007). Incidence rate of acute myeloid leukemia (AML) has 

been found significantly increased in a cohort of Air Canada pilots in comparison to 

respective Canadian population rates (Band, et al., 1996). Based on the Finnish Cancer 

Registry and 1970 census file, Lahti et al. found non-Hodgkin’s lymphoma to be rather 

modestly associated with nighttime work among men with high exposure (Lahti, et al., 

2008). It has also been found that working a rotating nightshift at least three nights per month 

for 15 or more years may increase the risk of colorectal cancer in women (Schernhammer, et 

al., 2003). Colon cancer patients who have maintained a regular pattern of rest and activity 

rhythms have shown a fivefold higher survival time than those who have chaotic circadian 

rhythms (Mormont, et al., 2000). Recently, Costa et al. (2010)has pointed out that 

epidemiological studies published so far, although dealing with large cohorts and controlling 

for several personal confounders, have defined the exposure to shift and/or night work rather 

loosely and consequently do not allow for the proper assessment of the risk connected with 

circadian disruption. 

 

Deregulated Expression of Clock Genes in Cancer 

Several reports have revealed that clock genes are deregulated in various cancers. In 

comparison with nearby non-cancerous cells, more than 95% of breast cancer cells reveal 

disturbances in the expression of the three Per genes attributable to methylation of the Per 

gene promoters (Chen, et al., 2005). Moreover, a structural variation of the Per3 gene has 

been identified as a potential biomarker for breast cancer in pre-menopausal women (Zhu, et 
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al., 2005). Significantly decreased expression of Per1 has been observed between sporadic 

breast tumors and normal samples, as well as a further significant decrease between familial 

and sporadic breast tumors for both Per1 and Per2 suggesting a role for both in normal breast 

function (Winter, et al., 2007). It has been demonstrated recently that Per2 is endogenously 

expressed in human breast epithelial cell lines but is not expressed or is expressed at 

significantly reduced level in human breast cancer cell lines. Expression of Per2 in these 

breast cancer cells results in inhibition of cell growth and induction of apoptosis 

demonstrating the tumor suppressive nature of PER2. Moreover, PER2 activity is found 

significantly enhanced in the presence of its normal clock partner CRY2. Furthermore, Per2 

expression in cancer cell lines is associated with a significant decrease in the expression of 

Cyclin D1and an up-regulation of p53 (Xiang, et al., 2008). Recently, it has been reported 

that expression levels of Per1, Per2, Cry2, Clock, and CKIε in ovarian cancers are 

significantly lower than those in normal ovaries. On the contrary, Cry1 expression has been 

found highest followed by Per3 and Bmal1(Tokunaga, et al., 2008). Similarly, significantly 

decreased expression levels of Per1 as compared to paired non-tumour tissues, have been 

reported in endometrial carcinoma (EC). The decreased Per1 expression in EC is partly due 

to inactivation of the Per1 gene by DNA methylation of the promoter and partly due to other 

factors. This downregulation of the Per1 gene disrupts the circadian rhythm, which might 

favor the survival of endometrial cancer cells (Yeh, et al., 2005). In another study, the 

promoter methylation in the Per1, Per2, or Cry1 circadian genes has been detected in about 

one-third of EC and one-fifth of non- cancerous endometrial tissues of 35 paired specimens 

indicating possible disruption of the circadian clock in the development of EC (Shih, et 

al.,2006). Serum-shocked synchronized prostate cancer cells have been found to display 

disrupted circadian rhythms compared with the normal prostate tissue. Per1 is downregulated 

in human prostate cancer samples compared to normal prostates. Moreover, over-expression 

of Per1 in prostate cancer cells has resulted in significant growth inhibition and apoptosis 

(Cao et al., 2001).  

 

CCAAT/enhancer-binding proteins (C/EBPs) are a family of transcription factors that 

regulate cell growth and differentiation in numerous cell types. The results from a recent 

study suggest that Per2 is a downstream C/EBPα-target gene involved in acute myeloid 
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leukemia (AML). Its disruption might be involved in initiation and/or progression of AML, 

as significantly reduced expression of Per2 has been noted in lymphoma cell lines as well as 

in AML patient samples (Gery, et al., 2005). The expression of Per1, Per2, Per3, Cry1, 

Cry2, and Bmal1 is significantly impaired in both chronic phase and blast crisis of chronic 

myeloid leukemia (CML) samples compared with those in normal samples. Although no 

mutations have been detected within the coding region of Per3, the CpG islands in its 

promoter are methylated in all the CML samples. Likewise, the CpG islands of Per2 are also 

methylated in 40% of cases (Yang, et al., 2006). A recent study indicates a possible 

association of the disrupted daily patterns of circadian clock gene expression with the 

pathogenesis of CML. This study shows that in peripheral blood total leukocytes of healthy 

individuals, the daily pattern of Per1, Per2, Per3, Cry1, Cry2, and CKIε expression level 

peaked at 0800 h, and Bmal1 peaked at 2000 h. Daily pattern expression of these 7 genes was 

disrupted in newly diagnosed pre–imatinib mesylate–treated and blast crisis–phase patients 

with CML. Partial daily pattern gene expression recoveries were observed in patients with 

CML with complete cytogenetic response and major molecular response. The expression of 

Clock and TIM did not show a time-dependent variation among the healthy and patients with 

CML (Yang, et al., 2011). Recently, Cryptochrome1 has been found to be a valuable 

predictor of disease progression in early-stage chronic lymphocytic leukemia (CLL) 

(Lewintre, et al., 2008). More recently, it has been reported that CRY1: PER2 expression 

ratio is independent prognostic marker in chronic lymphocytic leukemia (Eisele, et al., 2009). 

There is also a case report showing that a patient with primary cerebral B-cell non-Hodgkin’s 

lymphoma (NHL) has lost circadian control of sleep (Spathis, et al., 2003). Moreover, 

genetic association and functional analyses suggest that the circadian gene Cry2 might play 

an important role in NHL development (Hoffman, et al., 2009). Several circadian related 

genes have been found to be under-expressed in pancreatic cancer indicating that pancreatic 

tumors have altered circadian rhythms (Pogue-Geile, et al., 2006). Recently, Per1 has been 

identified as a candidate tumor suppressor, epigenetically silenced in nonsmall-cell lung 

cancer (NSCLC). Per1 expression has been found to be low in a large panel of NSCLC 

patient samples and in NSCLC cell lines compared to normal lung tissue. The down-

regulation of Per1 expression is associated with hypermethylation of the Per1 promoter. 

Moreover, the study reveals that aberrant acetylation of Per1 promoter is also a potential 
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mechanism for silencing Per1 in cancer (Gery, et al., 2007). More recently, Bmal1 is found 

transcriptionally silenced by promoter CpG island hypermethylation in hematologic 

malignancies, such as diffuse large B-cell lymphoma and acute lymphocytic and myeloid 

leukemias. It has been shown that Bmal1 epigenetic inactivation impairs the characteristic 

circadian clock expression pattern of certain genes including c-Myc, in association with a loss 

of Bmal1 occupancy in their respective promoters. Furthermore, the DNA hypermethylation-

associated loss of BMAL1 also prevents the recruitment of its natural partner, the CLOCK 

protein, to their common targets, further enhancing the perturbed circadian rhythm of the 

malignant cells (Taniguchi, et al., 2009). 
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MATERIALS & METHODS 
Samples and patients 
This study was conducted after obtaining permission from ethical review committee of 

University of Health Sciences. The patients were recruited from the oncology departments of 

the local tertiary care hospitals. Informed consents were obtained from 37 diagnosed CLL 

patients and equal number of age- and sex- matched healthy individuals/controls for 

participation in the study. Peripheral blood (PB) samples (5 ml) for subsequent RNA 

isolation were collected in an anticoagulant-treated vacutainer tube (Ref #367856, BD, 

Franklin Lakes, NJ, USA) while blood samples (3 ml) for subsequent serum isolation were 

collected in a redtop vacutainer tube (Ref #367812, BD). In order to rule out the bias of time, 

collection of all PB samples was carried out between 9:00 AM and 11:00 AM. All of the PB 

samples were processed within 1 hour of collection.  
 

RNA Isolation 
Total RNA was extracted by using FavorPrepTM Total RNA Purification Mini Kit (Cat. No. 

FABRK 100, Favorgen Biotech Corp., Taiwan). First of all, 300µl human whole blood was 

added to an RNase free micro-centrifuge tube of 2.0 ml capacity. After this, 5 volumes (1500 

µl) of RL Buffer (RBC lysis buffer) were added to 1 volume (300 µl) of the blood sample. 

The blood sample and RL Buffer were mixed well by inversion and incubated at room 

temperature for 5 min. The tube was vortexed briefly 2 times duringincubation. After 5 min 

of incubation, the tube was centrifuged for 1 min at 4,500 rpm to form a cell pellet and 

thesupernatant was discarded completely.Then, 600µl of RL buffer was added and briefly 

vortexed to resuspend the cell pellet. The tube was centrifuged for 1 min at 4,500 rpm to 

form a cell pellet again and the supernatant was discarded completely. In a separate RNase-

free tube, 10µl of β-mercaptoethanol (β-ME) was added in 1 ml of FARB buffer. From this, 

350 µl FARB buffer (cell lysis buffer) was added to the cell pellet and vortexedvigorously. 

The tube was incubated at room temperature for 3 min. After 3 min incubation at room 

temperature, the sample mixture was transferred to filter column set and centrifuged at 

fullspeed (14,000 rpm or 10,000 x g) for 2 min. Then, the clarified supernatant was 

transferred from the collection tube to a newmicrocentrifuge tube avoiding any debris and 

pellet and the volume of theclear lysate was adjusted. After this, equal volume of 70% 
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ethanol was added to the clear lysate and mixed well byvortexing. Then, the ethanol added 

sample (including any precipitate) was transferred to FARBmini column set and centrifuged 

at full speed (14,000 rpm or 10,000 x g) for1 min and the flow-through was discarded. After 

this, 250 µl of Wash Buffer 1 was added to wash FARB Mini Column and centrifuged at full 

speed (14,000 rpm or 10,000 x g) for 1 min and then the flow-through was discarded. 

 

100µl RNase-free DNase1 solution (Cat.No.EN0521, Fermentas, St. Leon-Rot/ Germany) in 

a concentration of 0.5U/µl was added to the membrane center of FARB mini column to 

eliminate genomic DNA contamination. Then, the Column was placed on the benchtop for 

15 min. After DNase 1 treatment, 250µl of wash buffer 1 was added to wash FARB mini 

column and centrifuged at full speed (14,000 rpm or 10,000 x g) for 1 min and the flow-

through was discarded. Then, FARB mini column was washed twice with 700 µl of wash 

buffer 2 (140 ml RNase-free 100% ethanol was added to wash buffer 2 when first opened) by 

centrifuge at full speed (14,000 rpm or 10,000 x g) for 1 min and then the flow-through was 

discarded. After this, FARB mini column was centrifuged at full speed (14,000 rpm or 

10,000 x g) for an additional 3 min to dry the column in order to avoid the residual liquid to 

inhibit subsequentenzymatic reaction. Then, FARB mini column was placed to elution tube 

and 50 µl of RNase-free Water was added to the membrane center of FARB mini column and 

FARB Mini Column was kept standing for 1 min to make sure that RNase-free water 

absorbedcompletely. Elution tube was centrifuged subsequently at full speed (14,000 rpm or 

10,000 x g) for 2 min to elute RNA. The RNA was stored at -80ºC. The procedure is 

summarized in Fig.3.1. 
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Fig 3.1: Brief summary of RNA Isolation protocol in the form of diagrammatic representation. 

 

Assessment of RNA Quality  
Denaturing agarose RNA electrophoresis was performed to assess the overall quality of total 

RNA. After electrophoresis of total RNA samples in the presence of ethidium bromide, the 

28S and 18S human rRNA was clearly visible under UV illumination. The intensity of the 

28S RNA was approximately twice the intensity of the 18S RNA. Smearing was not visible 

around either band that confirmed the integrity of the RNA samples.  

 

Assessment of RNA Quantity 

Total RNA was estimated using Nanodrop ND2000 (Thermo Scientific, USA). 
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Reverse Transcription or cDNA Synthesis 
First strand cDNA was synthesizedby using RevertAidTM First Strand cDNA SynthesisKit 

(Cat.No.K1622, Fermentas, Germany) in a final volume of 20µl. All components of the kit 

were mixed and briefly centrifuged after thawing and then were kept on ice. The following 

reagents were added into a sterile, nuclease-free tube on ice. in the indicated order: 

 

Sr. No. Component of cDNA  Reaction Volume 

1.  
 

Template RNA (2 µg) 
 

2 µl 

2.  Oligo (dT)18 primer 
 1 µl 

3.  DEPC-treated water 
 to 12 µl 

                                              Total Volume 12 µl 
 

In case of GC-rich RNA template or for the removal of RNA containing secondary 

structures, the abovementioned reaction mixture was gently mixed, centrifuged briefly and 

incubated at 65°C for 5 min. Then the reaction mixture was chilled on ice, spun down and the 

vial was placed back on ice. The following components were added to the vial containing 

abovementioned mixture in the indicated order: 

 

4. 5X reaction buffer  
 

4 µl 

5. RiboLock™ RNase Inhibitor (20 u/µl) 
 

1 µl 

6. 10 mM dNTP mix 
 

2 µl 

7. RevertAid™ M-MuLV Reverse Transcriptase (200 u/µl) 
 

1 µl 

Total Volume 20 µl 
 
The tube containing reaction volume of 20 µl was gently mixed, centrifuged and incubated 

for 60 min at 42°C. The reaction was terminated by heating at 70°C for 5 min. No template 

control (NTC) that contains all components except template RNA and RT-minus control 

reaction that includes all components for RT-PCR except for the reverse transcriptase 

enzyme were always performed to assess for reagent contamination and DNA contamination 



Chapter 3           Materials & Methods  

28 

of the RNA sample respectively. Also, to evaluate the suitability of isolated RNA for RTPCR 

application, a control RTPCR was performed using template RNA and the control GAPDH 

primers provided in the kit. The GAPDH-specific control PCR primers generate a 496 bp 

RTPCR product. 

 

Optimization by Conventional PCR 
The first strand cDNA synthesized was used directly for amplification by PCR (polymerase 

chain reaction). The cDNA sequences of the four circadian clock genes namely BMAL1 

(GenBank accession no. NM_001178), Clock (GenBank accession no. NM_004898), Per1 

(NM_002616), Per2 (GenBank accession no. NM_022817); three cell cycle genes namely 

Myc (GenBank accession no. NM_002467), Cyclin D1 (GenBank accession no. 

NM_053056), Wee1 (GenBank accession no. NM_003390); and GAPDH (GenBank 

accession no. NM_002046)were determined. The expression level of each gene was 

calculated by quantitative polymerase chain reaction (QPCR). Prior shifting to QPCR, the 

reaction conditions were optimized by conventional PCR by using specific forward and 

reverse primers. For subsequent QPCR, TaqMan probes along-with abovementioned specific 

primer pairs were utilized. These specific primers and probes were designed by using the free 

online SciTools of Integrated DNA Technologies 

(http://eu.idtdna.com/Scitools/Applications/RealTimePCR/). The relevant information 

regarding the designed primers and probes are summarized in Table 3.1. 

 

The designed primers and probes (labeled with appropriate fluorescent dyes) were obtained 

from Gene LinkTM (Hawthorne, NY, USA). The reporter dye 6-FAM was on 5’-end and 

quencher dye BHQ1 was on 3’-end of each specific probe. The 3’-end of each specific probe 

was blocked to prevent its extension during PCR.  

 

The stock solution of each lyophilized primer/probe was prepared with low TE buffer in a 

molarity of 100 µM and the working solution of each primer/probe was prepared with 

nuclease-free water in a molarity of 5 µM. 
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Table 3.1: Oligonucleotide primers and probes for real-time quantitative reverse transcription–polymerase chain reaction 
analysis of the genes under consideration.  

 
 

Pimer Sequence 
 

Length 
 

Location %GC Strand Tm (oC) Junction Amplicon 
Size (bp) 

 
F-GAPDH 

 
5’-CATCTTCCAGGAGCGAGA-T3’ 

 
19 

 
327-345 

 
52.6 

 
+ 

 
60.4 

 
Exon 4-5 

 
136 

P-GAPDH 5’-CTGCAAATGAGCCCCAGCCTT-3’ 21 441-421 57.1 - 67.0 Exon 5-6 
R-GAPDH 5’-GATGACCCTTTTGGCTCC-3’ 18 462-445 55.6 - 59.5 Exon 6 
F-PER1 5’-GCAGCCTCGGTTTTCTGA-3’ 18 3694-3711 55.6 + 61.6 Exon 22 139 
P-PER1 5’-TGTGATGGCCTGTGTGGACTGT-3’ 22 3781-3802 54.5 + 67.5 Exon 22-23 
R-PER1 5’-AGGGTGACCAGGATCTTG-3’ 18 3832-3815 55.6 - 59.9 Exon 23 
F-PER2 5’-CTGAAGAGGAAATGCGAGT-3’ 19 2044-2062 47.4 + 59.1 Exon 16 140 
P-PER2 5’-CCACACGCTGGAGAGGCAGA-3’ 20 2125-2144 65.0 + 67.4 Exon 16-17 
R-PER2 5’-GTACCTACTCCCGTGCG-3’ 17 2183-2167 64.7 - 60.2 Exon 17 
F-CLK 5’-CAGTCTCAAGGAAGCATTGG-3’ 20 1583-1602 50.0 + 60.2 Exon 16 139 
P-CLK 5’-TCAGACCCTTCCTCAACACCAACC-3’ 24 1674-1697 54.2 + 67.3 Exon 16-17 
R-CLK 5’AGTGCTCGTATCCGTCG3’ 17 1721-1705 58.8 - 60.0 Exon 17 
F-BMAL1 5’-GGAATATGTTTCTCGGCACG-3’ 20 1419-1438 50.0 + 60.5 Exon 13 137 
P-BMAL1 5’-CAAAATAGCTGTTGCCCTCTGGTCT-3’ 25 1488-1464 48.0 - 66.3 Exon 13-14 
R-BMAL1 5’-GTCCTATGTCATCTTGGTGAA-3’ 21 1555-1535 42.9 - 59.2 Exon 14 
F-CYCD1 5’-CGGTGTCCTACTTCAAATGTG-3’ 21 331-351 47.6 + 60.4 Exon 1 140 
P-CYCD1 5’- TTCCTCGCAGACCTCCAGCAT -3’ 21 419-399 57.1 - 67.0 Exon 1-2 
R-CYCD1 5’- GCGGTCCAGGTAGTTCAT -3’ 17 470-453 55.6 - 60.5 Exon 2 
F-WEE1 5’- GTGTGAAGAGGCTGGATG -3’ 18 2088-2105 55.6 + 59.1 Exon 4 136 

 P-WEE1 5’-CTGTTGATGAGCAGAACGCTTTGAGAG-3’ 27 2151-2177 48.1 + 66.8 Exon 4-5 
R-WEE1 5’-CCTCGACGGAGTCCTC-3’ 16 1243-1258 68.8 + 59.1 Exon 2 140 
P-MYC 5’-ATCTTCTTGTTCCTCCTCAGAGTCGC-3’ 26 1343-1318 50.0 + 66.9 Exon 2-3 
R-MYC 
 

5’-CTGCCTCTTTTCCACAGAA-3’ 19 1382-1364 47.4 - 59.3 Exon 3 
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The conventional PCR was performed in a final reaction volume of 25µl by using 2X PCR 

Master Mix (Cat.No.K0172, Fermentas). All components were thawed on ice, gently 

vortexed and briefly centrifuged. The following components were added in a thin walled 

PCR tube on ice: 

Components of Conventional Polymerase Chain Reaction 

Sr. No. Component of PCR Volume  Final Concentration. 

1.  PCR Master Mix 12.5 µl 1X 

2.  Forward Primer 1.5 µl 0.3 µM 

3.  Reverse Primer 1.5 µl 0.3µM 

4.  Template cDNA 2 µl 50 ng 

5.  Water, nuclease-free to 25 µl - 

 

The PCR tubes were then gently vortexed and briefly centrifuged to collect all drops to the 

bottom of the tube. The samples were placed in a thermocycler (Bio-Rad, USA) and the 

following two-step PCR program was started: 

 

Thermal Cycler Conditions for Two-step Cycling Protocol 

Sr. No Condition Temperature Time No. of Cycles 

1.  Initial Denaturation 95oC 10 min 1 

2.  Denaturation 95oC 15 sec 
40 cycles 

3.  Annealing & Extention 60oC 60 sec 

 

No template control (NTC) and reverse transcriptase negative (RT-) control were always 

performed to check reagent and DNA contamination. A positive control RTPCR was also 

performed every time using template RNA and GAPDH primers provided in the kit to check 

the fidelity of the RTPCR reaction.  

 

Gel Electrophoresis 

8µl of each RT-PCR product was mixed with 6X loading dye (Cat. No. R0611, Fermentas) 

according to manufacturer’s specification and then was subjected to agarose (2%) gel 

electrophoresis by using TAE (Tris acetate EDTA) buffer at 160V for 1 hour. After that the 
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RT-PCR product for each gene was visualized under UV in the gel documentation system 

and photographs were taken. 

 

Real-time RT-PCR 
The relative expression of each target gene was determined by using Maxima Probe qPCR 

Master Mix (Cat. No. K0232, Fermentas). Expression of human housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also evaluated for normalizing 

RNA expression in real-time reverse transcription-polymerase chain reaction (RT-PCR) of 

target genes including four circadian and three cell cycle genes.  

 

All solutions were gently vortexed and briefly centrifuged after thawing. A reaction mix was 

prepared by adding the following components to an eppendorf tube at room temperature: 

 

Components of Quantitative (Real-time) Polymerase Chain Reaction 

Sr. No. Component of PCR Volume Final Concentration.

1.  Maxima™ Probe/ROX qPCR Master Mix 12.5 µl 1X 

2.  Forward Primer 1.5 µl  0.3 µM 

3.  Reverse Primer 1.5µl  0.3 µM 

4.  Probe 1 µl  0.2 µM 

5.  Template cDNA 2 µl 50ng 

6.  Water, nuclease-free to 25 µl - 

 

 

For two-step RT-qPCR, the volume of the cDNA added from the RT reaction did not exceed 

10% of the final PCR volume. The reactions were gently mixed without creating bubbles (did 

not vortex) as bubbles could interfere with fluorescence detection. The tubes were 

centrifuged briefly if needed. The thermal cycler was programmed as mentioned below; the 

samples were placed in the iQTM5 Multi-color Real-Time PCR Detection System (Bio-Rad, 

USA) and the program was started. 
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Thermal Cycler Conditions for Two-step Real Time PCR: 

Sr. No Step Temperature Time No. Of Cycles 

1.  Initial Denaturation 95oC 10 min 1 

2.  Denaturation 95oC 15 sec 
40 cycles 

3.  Annealing & Extention 60oC  60 sec

 

Expression of endogenous control gene was also examined by real-time RT-PCR as the 

internal control for normalization of target gene expression. The amount of each target gene 

was normalized to the endogenous reference GAPDH to obtain the normalized target gene 

expression (∆CT) value for each sample. The ∆CT of CLL cases was first related to the ∆CT 

of healthy individuals to obtain the relative threshold cycle (∆∆CT) and then the relative 

expression levels (2–∆∆CT) were calculated.  

 

All reactions were run in triplicates. To determine the interassay precision, three replicates of 

cDNA of each sample were run on three separate days. Intra-assay (within-run) precision was 

determined by calculating mean, standard deviation (SD) and coefficient of variance (CV) of 

the CT values for each sample and for each set of primers and probe on each day. 

 

Melatonin Assay 

Melatonin concentrations in the serum samples of CLL patients and their age- and sex-

matched controls were determined by ELISA on an automated EIA analyzer (Bio-Rad 

Laboratories, Hercules, CA, USA). For this purpose, Human Melatonin ELISA Kit (Cat. No. 

CSB-E08132h, Cusabio Biotech Co., Ltd., China) was utilized. The standard curve 

concentrations used for the ELISA were 6.25pg/ml, 12.5pg/ml, 25pg/ml, 50pg/ml, 100pg/ml, 

200pg/ml and 400pg/ml. 

 

100 µl of Blank, Standard and Sample were added per well of microtiter plate. The plate was 

covered with adhesive strip and incubated for 2 hours at 37oC. The liquid of each well was 

removed but the wells were not washed. 100 µl of Biotin-antibody working solution was 

added to each well and incubated for 1 hour at 37oC. Each well was aspirated and washed by 

repeating the process three times for a total of three washes. For wash, each well was filled 
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with wash buffer (200 µl) and kept on standing for 2 minutes, and then the liquid was 

removed by flicking the plate over a sink. The remaining drops were removed by patting the 

plate on a paper towel. It was made sure that at each step liquid was removed completely to 

ensure good performance. Then, 100 µl of HRP-avidin working solution was added to each 

well. The microtiter plate was covered with a new adhesive strip and incubated for 1 hour at 

37oC. Each well was aspirated and washed five times as previously done. Then, 90 µl of 

TMB Substrate was added to each well and incubated for 10-30 minutes at 37oC by keeping 

the plate away from drafts and other temperature fluctuations in the dark. 50 µl of stop 

solution was added to each well when the wells containing the highest concentration of 

standards develop obvious color. Optical density of each well was determined within 30 

minutes, using microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) set to 450 nm. 

 

Statistical Analysis 
Relative gene expression levels were calculated by using Livak method (2–∆∆CT method) 

(Livak &Schmittgen, 2001). Student’s t-test was applied to make comparisons between the 

study and the control groups. P-values ≤0.05 were regarded as being significantly different. 

The graphical output was generated by using GraphPad Prism version 5.00 for Windows, 

GraphPad Software, La Jolla California USA, www.graphpad.com. Cluster analysis was 

performed by using GenEx Professional software, MultiD Analyses AB, SE-411 03 

Göteborg, Sweden, www.multid.se. 
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RESULTS 
The current study involved 37 CLL patients and equal number of their age- and sex-matched 

controls. Among CLL patients, 27 (73%) were males and 10 (27%) were females (Fig.4.1). 

The age of CLL patients ranged from 45 to 85 years. The mean age of total 37 patients was 

62.81±10.84 (mean ±SD). Moreover, average age of male patients was 62.18± 11.69 and that 

of female patients was 64.50± 8.40. 

 

 
Fig. 4.1:The pi-chart showing the percentage of male versus female CLL patients. 

 

RTPCR Products of Study Genes with appropriate Controls: 
After isolation of RNA from blood samples, cDNA was synthesized which then served as a 

template for RTPCR reactions of the genes involved in the current study. RTPCR showed 

expression of GAPDH (reference gene), four circadian clock genes namely Bmal1, Clk, Per1 

and Per2 and three cell cycles genes namely Wee1, CycD1 and Myc along with appropriate 

positive and negative controls (Fig. 4.2). Absence of RTPCR product in the lanes labeled as 

NTC (no template control) and RT–ve (reverse transcriptase negative control); and 

appearance of band in the lane labeled as PC (positive control, provided with the cDNA 

synthesis kit), confirmed the optimization and fidelity of the RTPCR reaction for subsequent 

real-time quantitative assay. 
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Determination of circadian clock and cell cycle gene expression level by 
real-time quantitative RTPCR 
 

The expression of four circadian clock genes and three clock-controlled cell cycle were 

determined in 37 CLL patients and in equal number of their age- and sex- matched healthy 

controls by using real time quantitative RTPCR. The results showed that the expression 

levels of three circadian clock genes and three cell cycle genes were significantly impaired in 

CLL patients as compared to their age- and sex-matched healthy controls (Table 4.1). The 

circadian clock genes namely hBmal1 (P<0.0001), hPer1 (P<0.0001), hPer2 (P<0.0001) 

were found significantly down regulated in CLL patients as compared to their healthy 

controls. The expression of clock gene was found upregulated in CLL group as compared to 

healthy controls but it was statistically insignificant. On the other hand, clock-controlled cell 

cycles genes namely hMyc (P<0.0001), hCyclin D1 (P<0.0001) were found significantly 

upregulated whereas hWee1 (P<0.0001) was downregulated in CLL patients as compared to 

healthy individuals.  

 

Bmal1 is the main circadian gene that directly activates the transcription of its down stream 

targets Per1 and Per2. Thus, downregulation of Bmal1 would lead to the downregulation of 

Per1 and Per2. Similarly, Bmal1 activates the expression of Wee1 that is a cell cycle gene 

and in case of downregulated expression of Bmal1; Wee1 expression would also be lowered. 

Moreover, Bmal1 directly inhibit the transcription of Myc gene (also a cell cycle gene) and 

downregulation of Bmal1 would lead to the upregulation of Myc gene. Furthermore, Myc 

enhances the transcription of Cyclin D1 gene, which is in turn a cell cycle gene. Thus, 

upregulated expression of Myc would lead to the upregulated expression of Cyclin D1.The 

abovementioned results are indicative of a molecular link between circadian clock genes and 

manifestation of cancer. 
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Table 4.1. The expression levels of the four circadian clock genes and three cell cycle genes 
as determined by real-time quantitative reverse trasncription–polymerase chain reaction. 
 

Gene    Healthy individuals  CLL 
 

n    37    37 
BMAL1  

∆CT (BMAL1-GAPDH)  -1.91± 0.40   1.52± 0.28* 
Relative expression   1    0.31 

CLOCK  
∆CT (CLOCK-GAPDH)  4.44± 0.34   3.62± 0.28 
Relative expression   1     2.55 

PER1  
∆CT (PER1-GAPDH)   3.11± 0.29   5.96± 0.30* 
Relative expression   1     0.38 

PER2 
∆CT (PER2-GAPDH)   2.38± 0.35   6.38± 0.27* 
Relative expression   1     0.31 

MYC  
∆CT (MYC-GAPDH)   5.32± 0.27   2.23± 0.19* 
Relative expression   1    12.20 

CyclinD1 
∆CT (Cyclin D1-GAPDH)  7.62± 0.28   3.22± 0.33* 
Relative expression   1     26.37 

WEE1  
∆CT (WEE1-GAPDH)  4.13± 0.30   6.60± 0.18* 
Relative expression   1     0.50 

*P < 0.0001 compared with normal. Results are the mean ± SE. The level of target gene was normalized to the 
endogenous reference glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to obtain the normalized circadian 
gene expression (∆CT) value for each sample. The ∆CTof chronic lymphocytic leukemia cases was first related 
to the ∆CTof healthy individuals to obtain the relative threshold cycle (∆∆CT) and then the relative expression 
levels (2–∆∆CT) were calculated. 
 

The gene expression information in terms of ∆CT is represented in the form of dot plot graph 

(Fig. 4.3A) and scatter plot graph (Fig. 4.3B).  
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higher expression level. 
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Fold regulation of gene expression 
Fold Regulation of study genes including 4 circadian clock genes and 3 clock-controlled cell 

cycle genes was calculated by taking 2-∆∆CT for values greater than 1 and -1/ 2-∆∆CT for values 

less than 1 (Table 4.2 and Fig. 4.4). Bmal1 gene is 3.18-fold downregulated, Per1 is 2.62-fold 

downregulated and Per2 is 3.27 downregulated, Myc is 12.20-fold upregulated, Cyclin D1 is 

26.37-fold upregulated and wee1 is 1.99 downregulated in CLL patients as compared to their 

healthy controls. Clock gene was found insignificantly upregulated in CLL patients as 

compared to healthy population 

 

Table 4.2. Fold Regulation of study genes.  

Target Genes Fold Regulation 

 

Bmal1 

 

-3.18* 

Clock 2.55 

Per1 -2.62* 

Per2 -3.27* 

Myc 12.20* 

Cyclin D1 26.37* 

Wee1 -1.99* 

GAPDH (Reference Gene) 1 

 

Negative sign (-) with values of fold regulation indicates downregulation.          * 

indicates significant fold change.          
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Fig. 4.4:The bar plot graph represents the average fold regulation values of all study genes 
in a population of 37 CLL pateints versus 37 age- and sex-matched healthy controls. The 
X-axis represents the gene and the Y-axis represents the fold regulation of gene expression 
as calculated by taking 2-∆∆CT for values greater than 1 and -1/ 2-∆∆CT for values less than 1.  
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Cluster Analysis of Gene Expression 
In order to find out the correlation among the genes, a hierarchical cluster analysis was 

performed (Fig. 4.5). The cluster image map was constructed using RTPCR based 

normalized relative gene expression data of 7 genes in 37 CLL samples compared to their 

healthy controls. GenEx Professional software was used to make the heat map cluster plot. In 

the heat map cluster, each row represents a gene while samples are represented in columns. 

The color of each cell shows the expression of particular gene in particular sample. The red 

color indicates high gene expression and green indicates low gene expression as shown by 

the scale present on left side of the cluster plot. In this cluster plot, genes are connected 

iteratively as genes with similar expression patterns were grouped together and connected by 

a series of branches, called dendrogram (or clustering tree). The dendrogram on the left side 

has divided the genes in three groups. Cyclin D1 and Myc are clusterd together and both are 

upregulated in CLL patients, which is also obvious by their color in heat map. Per1, per2 and 

Bmal1 are clustered together and all these three genes are down regulated in CLL patients in 

relation to their healthy controls. Similarly, Wee1 and Clock are also clustered together and 

these genes also show a link with hPER1, hPER2, and hBMAL1 because Wee1 is also down 

regulated in CLL patients like hPER1, hPER2, and hBMAL1. Myc and cyclin D1 also show 

link with Wee1, as all three are cell cycle genes.  Likewise, Myc and Cyclin D1 are also 

grouped with three circadian genes Bmal1, per1 and per2 because Myc and Cyclin D1 are 

clock-controlled cell cycle genes. Similarly, Bmal1, Per1 and Per2 also show link with 

Wee1, as it is also a clock-controlled cell cycle gene. 
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Expression of Genes in Shift Workers Versus Non-Shift Workers 
Among a total population of CLL patients, 29.73% were found to be shift-workers. When the 

expression of circadian clock and cell cycle genes in terms of fold- regulation was compared 

between shift workers and non-shift workers, more degrees of aberrant expression 

(upregulation or downregulation) were found in shift workers as compared to non-shift 

workers within the CLL group. Bmal1, Per1 and Per2 show greater fold downregulation in 

shiftworkers as compared to non-shift workers within the CLL group. Similarly, Myc and 

Cyclin D1 show greater fold upregulation in shiftworkers as compared to non-shift workers 

(Fig. 4.6). 
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Fig. 4.6:The bar plot graph shows a comparison of the average fold regulation values of 
study genes in shift workers versus non-shift workers within CLL population. The X-axis 
represents the gene and the Y-axis represents the fold regulation of gene expression as 
calculated by taking 2-∆∆CT for values greater than 1 and -1/ 2-∆∆CT for values less than 1.  
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Melatonin Assay 

ELISA was performed to determine the melatonin concentrations in the serum samples of 

CLL patients and their age- and sex-matched healthy controls. The concentrations of 

melatonin (pg/ml) in the serum samples of CLL patients were found significantly lower 

(101.57 ±3.65, Mean ±SEM) as compared to their age- and sex-matched healthy controls 

(141.14 ±7.77, Mean ±SEM) as shown in Fig. 4.7.  Furthermore, serum melatonin 

concentrations were also found significantly lower (86.89 ±5.60, Mean ±SEM) in shift 

workers as compared to non-shift workers (107.78 ±4.11, Mean ±SEM) within the CLL 

study group (Fig. 4.8). 
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Fig.4.7: The bar plot graph shows a comparison of melatonin concentrations in the 
serum samples of CLL patients versus their age- and sex-matched healthy controls. 
Melatonin concentrations in CLL patients were found significantly lower as compared 
to healthy controls (P ≤ 0.05). 
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Fig.4.8: The bar plot graph shows a comparison of melatonin concentrations in 
the serum samples of shift workers versus non-shift workers within the CLL 
group. Melatonin concentrations in shift workers were found significantly lower 
as compared to non- shift workers within the CLL group (P ≤ 0.05). 
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DISCUSSION 
A growing body of evidence gradually leads to the conception that virtually all aspects of the 

biochemical, physiological, and behavioral functions of the animal are linked to circadian 

regulation. Moreover, proper synchronization of various processes through the activity of 

circadian components is important for the well being of many organisms, including humans. 

Since many genes involved in cell cycle are under the control of circadian clock, maintaining 

the circadian rhythms can be a critical control point for cancer development. The current 

study was aimed to investigate the expression of circadian genes and its effect on the 

expression of clock-controlled cell cycle genes in CLL as limited studies have been done to 

investigate this molecular link in CLL. 

 

This study involved 37 CLL and equal number of age- and sex-matched healthy controls. 

The male dominance among the study population was noted, as male to female ratio among 

CLL patients was found approximately 2.7:1. Moreover, CLL patients included in the current 

study mostly constituted elderly population with median age of 60 years. Furthermore, the 

age ranged from 45 to 85 years with the mean age of 62.81±10.84 (mean ±SD). The above-

said observations are in line with the previous reports. Sgambati et al. reported that the CLL 

disorder is more common in men with a male to female ratio of approximately 2:1 (Sgambati, 

et al., 2001). The incidence rates among men and women in the United States are 

approximately 6.75 and 3.65 cases per 100,000 population per year, respectively (Yamamoto 

& Goodman, 2008). CLL is considered to be mainly a disease of the elderly, with a median 

age at diagnosis of 70 years (Smith, et al., 2011). Its incidence increases exponentially after 

the age of 50. Thus, as people continue to live longer and the “baby boomer” population 

ages, the overall prevalence of CLL will continue to rise (Altekruse, et al., 2010). 

 

In the present study, expression levels of the four circadian clock genes and three clock-

controlled cell cycle genes were analyzed. It was found that three circadian clock genes 

(hBmal1, hPer1 and hPer2) and one cell cycle gene (hWee1) was expressed at lower levels 

whereas two cell cycle genes (hMyc and hCyclin D1) were expressed at higher levels in CLL 

patients as compared to their age- and sex-matched healthy controls.  
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According to the most well characterized positive feedback loop, the transcription of Per1 

and Per2 genes is directly activated by BMAL1/CLOCK heterodimers (Takahashi, et al., 

2008). That is why, in our study, down regulation of Bmal1 is accompanied with down 

regulation of Per1 and Per2 in CLL patients as compared to healthy controls. There are 

number of other studies which also report down regulation of Bmal1 along with down 

regulation of period genes in other cancers. For instance, expression of circadian hPER1, 

hPER2, and hBMAL1 was found down regulated in CML (Yang, et al., 2006) and head and 

neck squamous cell carcinoma (Hsu, et al., 2012). Recent studies revealed that the loss and 

deregulation of Per genes is common in cancer. Diminished expression levels of Per1 and 

Per2 mRNA have been reported in human colorectal cancer (Mostafaie, et al., 2009; 

Krugluger, et al., 2007). Mutation of these 2 core clock genes has also been identified in 

breast and colorectal cancers (Sjoblom, et al., 2006). On the other hand, over-expression of 

Per1 or Per2 inhibits cancer cell growth in culture as well as in animals (Gery, et al., 2006; 

Hu, et al., 2006; Hua, et al., 2007; Gery, et al., 2005;Gery, et al., 2007). All this information 

indicates tumor suppressive nature of Per1 and Per2 (Yang, et al., 2009a; Lee, et al., 2010).   

 

Myc, Cyclin D1 and Wee1 are clock-controlled cell cycle genes. In the current study, Myc 

and Cylin D1 are found upregulated whereas Wee1 is found down regulated. C-Myc is 

involved in induction of G0 to G1 phase transition of the cell. It is an oncogene that functions 

both in the stimulation of cell proliferation and in apoptosis. C-myc elicits its oncogenic 

activity by causing immortalization, and to a lesser extent the transformation of cells, in 

addition to several other mechanisms (Liao, et al., 2007). Virtually, all types of human cancer 

manifest high frequencies of amplification of the c-myc gene or overexpression of its protein 

product (Dang, et al., 1999; Dang, et al., 2006). Cyclin D1 is another oncogene that drives 

cell cycle progression (G1-S phase transition); it acts as a growth factor sensor to integrate 

extracellular signals with the cell cycle machinery, though it may also promote apoptosis 

(Liao, et al., 2007). Misregulation of Cyclin D1 gene expression and increased proliferation 

are hallmarks of a number of proliferative diseases, including cancer. Cyclin D1 is 

overexpressed in many types of human cancer, with gene amplification in some cases (Fu, et 

al., 2004). The WEE1 is a cell cycle kinase that controls the timing of G2–M transition. It is 

activated by ongoing DNA replication or by the presence of DNA damage and inactivates 
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Cdc2/cyclin B through phosphorylation resulting in the delay of mitosis or arrest of the cell 

cycle at the G2-M interface (Nyberg, et al., 2002; Sancar, et al., 2004).  In case of Wee1 

inhibition, cells would not undergo cell cycle arrest and mitosis would continue. Reduced 

expression of Wee1 has been reported in a number of cancers including colon carcinoma 

(Backert, et al., 1999) and non-small-cell lung cancer (NSCLC) (Yoshida, et al., 2004). Wee1 

and C-Myc are directly regulated by the BMAL1:CLOCK heterodimer via the E-box 

elements at their promoters (Matsuo, et al., 2003; Fu, et al., 2002). Normally, the binding of 

BMAL1:CLOCK to the E-boxes of c-Myc promoter inhibits the transcription of this gene and 

the binding of BMAL1:CLOCK to the E-boxes of Wee1 promoter stimulates the transcription 

of this gene. Thus, reduced level of BMAL1 may lead to upregulation of c-Myc transcription 

and downregulation of Wee1 transcription that seems to be the case in the current study. A 

study by Fu et al.(2003) has indicated that Cyclin D1 is under circadian control in vivo. 

Cyclin D1 can be directly reduced (Mateyak, et al., 1999; Perez-Roger, et al., 1999) 

orindirectly induced by c-Myc (Marhin, et al., 1996; Philipp, et al., 1994). Cyclin D1 

expression was reported to be arrhythmic and significantly elevated at most times in Per1−/−; 

Per2m/m bones, and cyclin D1 protein was more abundant in Per1−/−; Per2m/m than in wild-type 

(wt) osteoblasts. In DNA-cotransfection experiments, BMAL1 and CLOCK did not affect 

cyclin D1 promoter activity. In EMSA (electrophoretic mobility shift assays), no binding of 

osteoblast nuclear extracts was observed to the cyclin D1 promoter E box. In contrast, 

BMAL1/ CLOCK inhibited the promoter activity of c-Myc, a critical regulator of cyclin D1. 

Wild-type but not Bmal1−/− osteoblast nuclear extracts could bind to the proximal E- box 

present in c-myc P1 promoter. Consistent with these observations, c-myc expression was 

elevated in Per1−/−; Per2m/m bones at most time points studied and in Per1−/−; Per2m/m 

osteoblasts. Thus, one mechanism whereby clock genes inhibit osteoblast proliferation is the 

downregulation of c-Myc expression, although other mechanisms may exist (Fu, et al., 

2005).  In a recent study, down-regulation of Bmal1 gene expression accelerated cell 

proliferation in vitro and promoted tumour growth in mice. Suppressing Bmal1 expression in 

murine colon cancer cells (C26) and fibroblast cells (L929) decreased apoptosis. Loss of 

Bmal1 reduced the expression of per1, per2, per3, wee1 and p53. The expression of p21 and 

c-Myc was also upregulated in certain cell lines (IEC- intestinal epithelial cells). However, 
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Bmal1 deficiency increased the protein levels of cdc2, cyclin B1, cyclin D1 and cyclin E 

(Zeng, et al., 2010). 

 

Taniguchi et al. (2009) showed that BMAL1 epigenetic inactivation contributes to the 

development of hematologic malignancies such as diffuse large B-cell lymphoma and acute 

lymphocytic and myeloid leukemias by disrupting the cellular circadian clock. BMAL1 

epigenetic inactivation impairs the characteristic circadian clock expression pattern of genes 

such as C-MYC with a loss of BMAL1 occupancy in their respective promoters. 

Furthermore, the DNA hypermethylation–associated loss of BMAL1 also prevents the 

recruitment of its natural partner, the CLOCK protein, to their common targets. However, in 

the current study it is not known whether the downregulation of Bmal1 in CLL was the result 

of any epigenetic phenomena. Another study showed that hypermethylation in the CLOCK 

promoter was found to reduce breast cancer risk, and these findings were corroborated by 

publicly available tissue array data, which showed lower levels of CLOCK expression in 

healthy controls relative to normal or tumor tissue from breast cancer patients. In our study, 

clock expression was also found higher in CLL patients as compared to healthy controls but 

it was statistically insignificant (P>0.05). Further investigations in a bigger study population 

may help to get the more lucid picture about the expression of Clock gene in cancer.  

 

The abovementioned data show interactions among circadian clock genes and also between 

circadian clock and clock-controlled cell cycle genes. Cluster analysis in the current study 

has also grouped genes with similar expression pattern in the same cluster and is indicative of 

interaction between them. Clustering is the process of grouping data objects into a set of 

disjoint classes, called clusters, so that objects within a class have high similarity to each 

other, while objects in separate classes are more dissimilar.Clustering techniques have 

proven to be helpful to understand gene function, gene regulation, cellular processes, and 

subtypes of cells. Genes with similar expression patterns (co-expressed genes) can be 

clustered together with similar cellular functions. This approach may further understanding 

of the functions of many genes for which information has not been previously available 

(Tavazoie, et al., 1999; Eisen, et al., 1998). Furthermore, co-expressed genes in the same 

cluster are likely to be involved in the same cellular processes, and a strong correlation of 
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expression patterns between those genes indicates co-regulation. Searching for common 

DNA sequences at the promoter regions of genes within the same cluster allows regulatory 

motifs specific to each gene cluster to be identified and cis-regulatory elements to be 

proposed (Tavazoie, et al., 1999; Brazma & Vilo, 2000]. The inference of regulation through 

the clustering of gene expression data also gives rise to hypotheses regarding the mechanism 

of the transcriptional regulatory network (D’haeseleer, et al., 1998). In the current study, 

cluster analysis group Cyclin D1 and Myc together. Both of these genes are clock-controlled 

cell-cycle genes and are elevated in CLL patients. Similarly, Bmal1, Per1 and Per2 are 

grouped together. These three genes are circadian clock genes and are downregulated in CLL 

patients. Moreover, these three genes are part of core regulatory loop of circadian clock. 

These three genes, in turn, are related with clock and Wee1. Bmal1:Clock heterodimer 

regulate the expression of Wee1 that is a cell cycle gene. Cyclin D1 and Myc are also related 

to Bmal1, Per1 and Per2 and also to Clock and Wee1 as Cyclin D1, Myc and Wee1 are cell 

cycle genes that are regulated by Bmal1:Clock heterodimer. 

 

In current study, among 37 CLL patients, 29.73% were shift-workers. Shift-work has been 

reported as a risk factor for cancer in many studies(Straif, et al., 2007). Women working 

more than 20 years of rotating night shifts were found to have a significantly increased risk 

of endometrial cancer (Viswanathan, et al., 2007). A significant association between rotating-

shift work and prostate cancer incidence among Japanese male workers has also been 

reported (Kubo, et al., 2006). Full-time rotating shift-work was also associated with a 

modestly increased risk of prostate cancer(Conlon, et al., 2007). Non-Hodgkin’s lymphoma 

was found to be modestly associated with nighttime work among men with high exposure 

(Lahti, et al., 2008). It has also been found that working a rotating nightshift at least three 

nights per month for 15 or more years may increase the risk of colorectal cancer in women 

(Schernhammer, et al., 2003). When the expression levels of study genes were compared 

between shift-workers and non-shiftworkers, the expression of most of the genes was found 

to be more aberrant in shift-workers. Bmal1, Per1 and per2 were more downregulated 

whereas Myc and Cyclin D1 were more upregulated in shift-workers as compared to non-

shiftworkers within the CLL group. These results also indicate that a link may exist between 
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shift work and CLL but further investigations are required to ascertain that shift-work is a 

contributing factor in the manifestation of CLL.  

 

Circulating melatonin level can be considered as a biomarker of circadian disruption and has 

been associated with nightshift work and exposure to light-at-night in both laboratory-based 

and field studies (Mirick &Davis, 2008). When serum melatonin concentrations were 

compared between CLL patients and healthy controls, significantly low melatonin levels 

were found in CLL patients. Moreover, melatonin levels were found still lower in shift-

workers as compared to non-shift workers within the CLL group. There is credible evidence 

that a low level of melatonin is associated with an increased risk of prostate (Bartsch, et al., 

1992) and breast cancer (Schernhammer, et al., 2009). This indicates that low melatonin 

levels may play a part in the expression of CLL and further experiments may be designed to 

confirm this indication.  
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CONCLUSION 
The current study indicates a molecular link between deregulated circadian clock and chronic 

lymphocytic leukemia. The study suggests that deregulated expression of circadian clock 

genes may lead to the manifestation of chronic lymphocytic leukemia by influencing their 

downstream targets that includes cell cycle genes. This study was actuallyconducted at the 

post-transcriptional level of the genes’ expression. Further studies may be carried out at the 

post-translational level to provide more evidence that can further strengthen the 

abovementioned molecular link. 

 

The study also indicate that low melatonin levels somehow may play a part in the 

manifestation of CLL as considerably low levels of melatonin were found in CLL patients as 

compared to healthy controls.The study also point toward shiftwork as a further contributing 

factor to already perturbed expression of clock genes and low melatonin levels in CLL 

patients as a part of CLL population was composed of shiftworkers and these shiftworkers 

showed more deregulated expression of the study genes and lower melatonin levels as 

compared to non-shiftworkers. However, elucidation of the mechanisms behind such notion 

in case of CLL demands further investigation. 
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APPENDICES 
Appendix -1 
 
PATIENT CONSENT FORM 
PROJECT: Expression of Circadian Clock & Cell cycle Genes in Chronic Lymphocytic Leukemia 
 
PRINCIPAL INVESTIGATOR: Sobia Rana 
 
INSTITUTION: University of Health Sciences, Khayaban-e-Jamia Punjab, Lahore 
INTRODUCTION: 
 
Purpose of the study is to know whether altered expression of clock genes may have a role in the etiology of 
Chronic Lymphocytic Leukemia (CLL).  
PROCEDURES: 
 
In this study we would draw blood volume of 5 ml by aseptic technique.  
POSSIBLE RISKS: 
 
There is no risk involved in this study except mild transient pain during blood sampling and your valuable time.  
FINANCIAL BENEFIT OR COMPENSATION: 
 
There is no financial benefit or compensation for your participation in this research. 
RIGHT OF REFUSAL TO PARTICIPATE AND WITHDRAWAL: 
 
Your participation in the study is completely voluntary and you may choose to stop participating at any time.   
CONFIDENTIALITY: 
 
The information provided by you will remain confidential. Nobody except principal investigator will have an 
access to it. However, the data may be published in journal and elsewhere without giving your name or 
disclosing your identity. 
AVAILABLE SOURCES OF INFORMATION: 
 
If you have further questions, you may contact Principal Investigator, Sobia Rana, Department of Physiology & 
Cell Biology at University of Health Sciences on following phone number 03434060491.  
 
AUTHORIZATION 
I have read and understand this consent form, and I volunteer to participate in this research study. I am not 
waiving any of my legal rights by signing this form.  My signature below indicates my consent. 
 
 
Name       Date:                                   
Participant  
 
 
Signature/Thumb Impression   Date:                                   
Participant  
 
 
Signature      Date:                                   
Principal Investigator  
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Appendix-2 
 

DATA FORM 
 
 
ID: ____________________ GROUP : ______________ DATE: ____________________ 
 
NAME: ___________________________________________  GENDER:  
 
FATHER/HUSBAND NAME: __________________________________________________________ 
 
AGE (YEARS): ____________ OCCUPATION: __________________________________________ 
 
CONTACT ADDRESS: _________________________________________________________________ 
 
____________________________________________________________________________________ 
 
TELEPHONE:   LANDLINE: ___________________  CELL: _____________________ 
 
CIVIL STATUS: __________________________ MARRIED SINCE (YEARS): _________________ 
 
EDUCATION (YEARS): ___________________ SOCIAL CLASS: ___________________________ 
 
STAGE/GRADE OF CLL: ______________________________________________________________ 
 
 
IS SUBJECT A SHIFT WORKER?   
 
 
 

TIME OF SLEEP BEFORE ONSET OF DISEASE: ___________________________________________ 
 

TIME OF SLEEP AFTER ONSET OF DISEASE: ____________________________________________ 
 

 

TIME OF WAKING BEFORE ONSET OF DISEASE: _________________________________________ 
 

TIME OF WAKING AFTER ONSET OF DISEASE: __________________________________________ 
 

DRUG ADDICTION: 

 
 

ANY OTHER DISEASE IN ADDITION TO CLL: ___________________________________________  
 
 
 
 

∆CT: ________________  ∆∆CT: ______________   2–∆∆CT: ________ 
 

M F

Y N

Y N



 

56 

REFERENCES 
Akashi, M. and Takumi, T. (2005) The orphan nuclear receptor RORα regulates circadian 
transcription of the mammalian core-clock Bmal1. Nat Struc MolBiol12, 441–448. 

Altekruse,S.F., Krapcho, M., Neyman, N., Aminou, R., Waldron, W., Ruhl, J., Howlader, N., 
Tatalovich, Z., Cho, H., Mariotto, A., Eisner, M.P., Lewis, D.R., Cronin, K., Chen, H.S., 
Feuer, E.J., Stinchcomb, D.G. and Edwards, B.K. (eds.). (2010) SEER Cancer Statistics 
Review, 1975-2007. National Cancer Institute, Bethesda, MD, USA,. 

Amir, S., Lamont,E.W., Robinson, B. and Stewart, J.(2004) A circadian rhythm in the 
expression of PERIOD2 protein reveals a novel SCN-controlled oscillator in the oval nucleus 
of the bed nucleus of the stria terminalis. J Neurosci24, 781–790. 

Antoch,M.P., Gorbacheva, V.Y., Vykhovanets, O., Toshkov, I.A., Kondratov, R.V., 
Kondratova, A.A., Lee C. and Nikitin, A.Y. (2008) Disruption of the circadian clock due to 
the Clock mutation has discrete effects on aging and carcinogenesis. Cell Cycle7, 1197-1204. 

Asher, G.,Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., Mostoslavsky, R., 
Alt, F.W. andSchibler, U. (2008) SIRT1 regulates circadian clock gene expression through 
PER2 deacetylation. Cell134, 317–328. 

Auger, M.A. and Sancar, A. (2005) Cryptochrome, Circadian Cycle, Cell Cycle Checkpoints, 
and Cancer. Cancer Res65, 6828-6834. 

Backert, S., Gelos, M., Kobalz, U.,Hanski, M.L.,Böhm, C., Mann, B., Lövin, N., Gratchev, 
A., Mansmann, U., Moyer, M.P., Riecken, E.O. andHanski, C. (1999) Differential gene 
expression in colon carcinoma cells and tissues detected with a cDNA array. Int J Cancer82, 
868–874. 

Balsalobre A, Marcacci L, Schibler U: Multiple signalling pathways elicit circadian gene 
expression in cultured rat-1 fibroblasts. Curr. Biol 2000, 10:1291–1294. 

Band,P.R., Le, N.D., Fang, R., Deschamps, M., Coldman, A.J., Gallagher, R.P. and Moody, 
J. (1996) Cohort study of Air Canada pilots: mortality, cancer incidence, and leukemia risk. 
Am J Epidemiol143, 13-43. 

Bartness TJ, Song CK, Dernas GE: SCN efferents to peripheral tissues: implications for 
biological rhythms. J. Biol. Rhythms 200116:196–204. 

Bartsch, C.,Bartsch, H., Schmidt, A., Ilg, S., Bichler, K.H., Flüchter, S.H. (1992) Melatonin 
and 6-sulfatoxymelatonin circadian rhythms in serum and urine of primary prostate cancer 
patients: evidence for reduced pineal activity and relevance of urinary determinations. Clin 
Chim Acta209, 153-167. 



 

57 

Berson,D.M., Dunn, F.A. and Takao, M. (2002) Phototransduction by retinal ganglion cells 
that set the circadian clock. Science295, 1070–1073. 

Blask,D.E., Dauchy, R.T. and Sauer, L.A. (2005) Putting cancer to sleep at night: the 
neuroendocrine/circadian melatonin signal. Endocrine; 27:179–188. 

Brazma, A. and Vilo, J. (2000) Minireview: Gene expression data analysis. Federation of 
European Biochemical societies480, 17–24. 

Brown, S., Zumbrunn, G., Fleury-Olela, F., Preitner, N. and Schibler U (2002) Rhythms of 
mammalian body temperature can sustain peripheral circadian clocks.Curr. Biol12, 1574–
1583. 

Buijs,R.M., Wortel, J., Van Heerikhuize, J.J., Feenstra, M.G.P., Ter Horst, G.J., Romijn, H.J. 
and Kalsbeek, A.(1999) Anatomical and functional demonstration of a multisynaptic 
suprachiasmatic nucleus adrenal (cortex) pathway.Eur. J. Neurosci11, 1535–1544. 

Cao, Q., Gery, S., Dashti, A., Yin, D., Zhou, Y., Gu, J., Koeffler, H.P. (2001) A Role for the 
Clock Gene Per1 in Prostate Cancer. Cancer Res, 69, 7619-7625. 

Cermakian, N. and Sassone-Corsi, P. (2002) Environmental stimulus perception and control 
of circadian clocks.Curr Opin Neurobiol12, 359–365. 

Chen,S.T., Choo, K.B., Hou, M.F., Yeh, K.T., Kuo, S.J. and Chang, J.G. (2005) Deregulated 
expression of the PER1, PER2 and PER3 genes in breast cancers. Carcinogenesis26, 1241-
1246. 

Claustrat, B., Brun, J. and Chazot G. (2005) The basic physiology and pathophysiology of 
melatonin.Sleep Med Rev9,11–24. 

Conlon, M., Lightfoot, N. and Kreiger, N. (2007) Rotating shift work and risk of prostate 
cancer.Epidemiology18:182–183. 

Costa, G.,Haus, E. andStevens, R. (2010) Shift work and cancer - considerations on rationale, 
mechanisms, and epidemiology. Scand J Work Environ Health36, 163-179. 

Cucina, A., Proietti, S., DÕanselmi, F.,Coluccia, P.,Dinicola, S., Frati, L., Bizzarri, M. 
(2009) Evidence for a biphasic apoptotic pathway induced by melatonin in MCF-7 breast 
cancer cells. J Pineal Res46,172–180. 

Czeisler, C.A.,Shanahan, T.L., Klerman, E.B., Martens, H., Brotman, D.J., Emens, J.S., 
Klein, T.andRizzo, J.F. (1995) Suppression of melatonin secretion in some blind patients by 
exposure to bright light. N Engl JMed 332, 6–11. 



 

58 

D’haeseleer, P., Wen, X., Fuhrman, S. and Somogyi, R. (1998) Mining the Gene Expression 
Matrix: Inferring Gene Relationships From Large Scale Gene Expression Data. Information 
Processing in Cells and Tissues  203–212. 

Dai, J., Ram,P.T., Yuan, L., Spriggs, L.L. andHill S.M. (2001) Transcriptional repression of 
ROR alpha activity in human breast cancer cells by melatonin. Mol Cell Endocrinol176, 
111–20. 

Dang,C.V., O'Donnell, K.A., Zeller, K.I., Nguyen, T., Osthus, R.C. and Li, F. (2006) The c-
Myc target gene network. Semin Cancer Biol16, 253–64. 

Dang,C.V., Resar, L.M., Emison, E., Kim, S., Li, Q., Prescott, J.E., Wonsey, D. and Zeller, 
K. (1999) Function of the c-Myc oncogenic transcription factor. Exp Cell Res253, 63-77. 

Davis, S., and Mirick, D.K. (2006) Circadian disruption, shift work and the risk of cancer: a 
summary of the evidence and studies in Seattle. Cancer Causes Control17, 539-545. 

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

Duffield, G.E. (2003) DNA microarray analyses of circadian timing: the genomic basis of 
biological time. J Neuroendocrinol 15, 991–1002. 

Dunlap, J.C. (2006)Running a clock requires quality time together. Science311, 184–186. 

Eisele, L., Prinz, R., Klein-Hitpass, L., Nückel, H., Lowinski, K., Thomale, J., Moeller,L.C., 
Dührsen, U. and Dürig, J. (2009) Combined PER2 and CRY1 expression predicts outcome in 
chronic lymphocytic leukemia. Eur J Haematol83, 320-327. 

Eisen, M.B., Spellman, P.T., Brown, P.O. and Botstein, D. (1998) Cluster analysis and 
display of genome-wide expression patterns. Proc. Natl. Acad. Sci. USA, 95, 14863–14868. 

Evan, G.I. (2001) Vousden, K.H. (2001) Proliferation, cell cycle and apoptosis in 
cancer.Nature411, 342–348. 

Freedman MS, Lucas RJ, Soni B, von Schantz M, Munoz M, David-Gray ZK, and Foster 
RG:Regulation of mammalian circadian behavior by non-rod, non-cone, ocular 
photoreceptors. Science 1999,284:502–504. 

Fu, L., Pelicano, H., Liu, J., Huang, P. and Lee, C. (2002) The circadian gene Period2 plays 
an important role in tumor suppression and DNA damage response in vivo. Cell111,41-50. 

Fu, L.,Patel, M.S., Bradley, A., Wagner, E.F.andKarsenty, G. (2005) The molecular clock 



 

59 

mediates leptin-regulated bone formation. Cell. 122, 803-815. 

Fu, M., Wang, C., Li, Z., Sakamaki, T. and Pestell, R.G. (2004) 
Minireview:CyclinD1:normal and abnormal functions. Endocrinology145, 5439-5447. 

Futagami, M., Sato, S., Sakamoto, T.(2001) Yokoyama, Y. andSaito Y.Effects of melatonin 
on the proliferation and cis-diamminedichloroplatinum (CDDP) sensitivity of cultured 
human ovarian cancer cells.Gynecol Oncol82, 544–549. 

Gamsby,J.J., Loros, J.J. and Dunlap, J.C. (2009) A phylogenetically conserved DNA damage 
response resets the circadian clock. J Biol Rhythms24, 193–202. 

Gekakis, N., Staknis, D., Nguyen,H.B., Davis, F.C., Wilsbacher, L.D., King, D.P., 
Takahashi, J.S. and Weitz, C.J. (1998) Role of the CLOCK protein in the mammalian 
circadian mechanism. Science280,1564–1569. 

Gery, S., Gombart,A.F., Yi, W.S., Koeffler, C., Hofmann, W.K. and Koeffler, H.P. (2005) 
Transcription profiling of C/EBP targets identifies Per2 as a gene implicated in myeloid 
leukemia. Blood106, 2827-2836. 

Gery, S., Komatsu, N., Baldjyan, L., Yu, A., Koo, D. and Koeffler, H.P. (2006) The circadian 
gene per1 plays an important role in cell growth and DNA damage control in human cancer 
cells. Mol Cell22, 375–382. 

Gery, S., Komatsu, N., Kawamata, N., Miller,C.W., Desmond, J., Virk, R.K., Marchevsky, 
A., McKenna, R., Taguchi, H. and Koeffler, H.P. (2007) Epigenetic silencing of the 
candidate tumor suppressor gene Per1 in non-small cell lung cancer. Clin Cancer Res13, 
1399-1404. 

Gery, S., Virk,R.K., Chumakov, K., Yu, A., Koeffler, H.P. (2007) The clock gene Per2 links 
the circadian system to the estrogen receptor. Oncogene26, 7916-7920. 

Geyfman, M. andAndersen, B. (2009) How the skin can tell time. J Invest Dermatol129, 
1063-1066. 

Gooley,J.J., Lu, J., Chou, T.C., Scammell, T.E. and Saper, C.B. (2001) Melanopsin in cells 
of origin of the retinohypothalamic tract. NatureNeurosci4:1165. 

Gréchez-Cassiau, A., Rayet, B., Guillaumond, F., Teboul, M. and Delaunay, F. (2008) The 
circadian clock component BMAL1 is a critical regulator of p21WAF1/CIP1expression and 
hepatocyte proliferation. J Biol Chem283, 4535–4542. 



 

60 

Guillaumond, F., Dardente, H., Giguere, V. and Cermakian, N. (2005) Differential control of 
Bmal1 circadian transcription by REV-ERB and ROR nuclear receptors. J. Biol. Rhythms20, 
391–403. 

Hansen, J. (2006) Risk of breast cancer after night- and shift work: current evidence and 
ongoing studies in Denmark. Cancer Causes Control17, 531-537. 

Harms, E., Kivimae, S., Young,M.W., Saez, L. (2004) Posttranscriptional and 
posttranslational regulation of clock genes. J Biol Rhythms19, 361–373. 

Hashiramoto, A., Yamane, T., Tsumiyama, K., Yoshida, K., Komai, K., Yamada, H., 
Yamazaki, F., Doi, M., Okamura, H. and Shiozawa, S. (2010) Mammalian Clock Gene 
Cryptochrome Regulates Arthritis via Proinflammatory Cytokine TNF-{alpha}. J 
Immunol184,1560–1565. 

Hastings, M., Reddy, A.B. and Maywood, E.S. (2003)A clockwork web: circadian timing in 
brain and periphery, in health and disease. Nat Rev Neurosci4, 649–661. 

Hastings,M.H., Reddy, A.B. and Maywood, E.S. (2003) A clockwork web: circadian timing 
in brain and periphery, in health and disease. Nat Rev Neurosci4, 649–661. 

Hattar, S., Liao,H.W., Takao, M., Berson, D.M. and Yau KW. (2002) Melanopsin-containing 
retinal ganglion cells: architecture, projections, and intrinsic photosensitivity. Science295, 
1065–1070. 

Hill, S.M.,Blask, D.E., Xiang, S., Yuan, L., Mao, L., Dauchy, R.T., Dauchy, E.M., Frasch, 
T., Duplesis, T. (2011) Melatonin and associated signaling pathways that control normal 
breast epithelium and breast cancer. J Mammary Gland Biol Neoplasia 16, 235-245. 

Hill,S.M., Frasch, T., Xiang, S., Yuan, L., Duplessis, T. andMao, L.(2009) Molecular 
mechanisms of melatonin anticancer effects.Integr Cancer Res8, 337–346. 

Hirayama, J.,Sahar, S., Grimaldi, B., Tamaru, T., Takamatsu, K., Nakahata, Y. andSassone-
Corsi, P. (2007)CLOCK-mediated acetylation of BMAL1 controls circadian function. 
Nature450, 1086–1090. 

Hoffman,A.E., Zheng, T., Stevens, R.G., Ba, Y., Zhang, Y., Leaderer, D., Yi, C., Holford, 
T.R. and Zhu, Y.(2009) Clock-Cancer Connection in Non-Hodgkin’s Lymphoma: A Genetic 
Association Study and Pathway Analysis of the Circadian Gene Cryptochrome 2. Cancer 
Res, 69:3605-3613. 

Hogenesch,J.B., Panda, S., Kay, S. and Takahashi, J.S. (2003) Circadian transcriptional 
output in the SCN and liver of the mouse. Novartis Found Symp253, 171–180. 



 

61 

Horner,M.J., Ries, L.A.G., Krapcho, M., Neyman, N., Aminou, R., Howlader, N., Altekruse, 
S.F., Feuer, E.J., Huang, L., Mariotto, A., Miller, B.A., Lewis, D.R., Eisner, M.P., 
Stinchcomb, D.G. and Edwards, B.K. (2009)SEER Cancer Statistics Review, 1975–2006. 
National Cancer Institute; Bethesda, MD. 

Hotchkiss,R.S., Strasser, A., McDunn, J.E. and Swanson, P.E. (2009). N Engl J Med 
361,1570–1583. 

Hsu, C.M.,Lin, S.F., Lu, C.T, Lin, P.M.andYang, M.Y. (2012) Altered expression of 
circadian clock genes in head and neck squamous cell carcinoma. Tumour Biol 33, 149-155. 

Hua, H., Wang, Y., Wan, C., Liu, Y., Zhu, B., Wang, X., Wang, Z. and Ding, J.M. (2007) 
Inhibition of tumorigenesis by intratumoral delivery of the circadian gene mPer2 in C57BL/6 
mice.Cancer Gene Ther14, 815-818. 

Hua, H., Wang, Y., Wan, C., Liu, Y., Zhu, B., Yang, C., Wang, X., Wang, Z., Cornelissen,  
G. and Halberg, F. (2006) Circadian gene mPer2 overexpression induces cancer cell 
apoptosis. Cancer Sci97, 589-596. 

Hunt, T and Sassone-Corsi, P. (2007)Riding tandem: Circadian clocks and the cell cycle. 
Cell129, 461-464. 

Kalsbeek, A. and Buijs, R.M. (2002) Output pathways of the mammalian suprachiasmatic 
nucleus: coding circadian time by transmitter selection and specific targeting. Cell 
TissueRes309, 109–118. 

Karasek, M.,Kowalski, A.J., Suzin, J., Zylinska, K. andSwietoslawski, J.(2005) Serum 
melatonin circadian profiles in women suffering from cervical cancer.J Pineal Res39, 73-76. 

Keith,L.G., Oleszczuk, J.J. and Laguens, M. (2001) Circadian rhythm chaos: a new breast 
cancer marker. Int J Fertil Womens Med 46, 238-247. 

Keller, M., Mazuch, J., Abraham, U., Eom,G.D., Herzog, E.D., Volk, H.D., Kramer, A. and 
Maier, B. (2009) A circadian clock in macrophages controls inflammatory immune 
responses. Proc Natl Acad Sci USA106, 21407–21412. 

Kim, E.J.,Yoo, Y.G., Yang, W.K., Lim, Y.S., Na, T.Y., Lee, I.K. andLee M, O.(2008) 
Transcriptiohnal activation of Hif1 by RORα and its role in hypoxia signaling.Arterioscler 
Thromb Vasc Biol28,1796–1802. 

Kondratov,R.V., Gorbacheva, V.Y. and Antoch, M.P. (2007) The role of mammalian 
circadian proteins in normal physiology and genotoxic stress responses. Curr Top Dev 
Biol78:173–216. 



 

62 

Kondratov,R.V., Kondratova, A.A., Gorbacheva, V.Y., Vykhovanets, O.V., Antoch, M.P. 
(2006) Early aging and age-related pathologies in mice deficient in BMAL1, the core 
component of the circadian clock. Genes Dev20, 1868-1873. 

Krugluger, W., Brandstaetter, A., Kallay, E., Schueller, J.,Krexner, E., Kriwanek, S., Bonner, 
E. andCross, H.S. (2007) Regulation of genes of the circadian clock in human colon cancer: 
reduced period-1 and dihydropyrimidine dehydrogenase transcrip- tion correlates in high-
grade tumors. Cancer Res67, 7917-7922. 

Kubo, T., Ozasa, K., Mikami, K., Wakai, K., Fujino, Y., Watanabe, Y., Miki, T., Nakao, M., 
Hayashi, K., Suzuki, K., Mori, M., Washio, M., Sakauchi, F., Ito, Y., Yoshimura, T. and 
Tamakoshi, A (2006) Prospective Cohort Study of the Risk of Prostate Cancer among 
Rotating-Shift Workers: Findings from the Japan Collaborative Cohort Study. Am J 
Epidemiol164, 549-555. 

Kume, K., Zylka,M.J., Sriram, S., Shearman, L.P., Weaver, D.R., Jin, X., Maywood, E.S., 
Hastings, M.H. and Reppert, S.M. (1999) mCRY1 and mCRY2 are essential components of 
the negative limb of the circadian clock feedback loop. Cell98, 193–205. 

Lahti,T.A., Partonen, T., Kyyrönen, P., Tauppinen, T. and Pukkala, E. (2008) Night-time 
work predisposes to non-Hodgkin lymphoma. Int J Cancer123, 2148–2151. 

Lamont,E.W., Robinson, B., Stewart, J. and Amir, S. (2005) The central and basolateral 
nuclei of the amygdala exhibit opposite diurnal rhythms of expression of the clock protein 
Period2. Proc Natl Acad Sci USA102, 4180–4184. 

Lee, J.H. and Sancar, A. (2011a) Circadian clock disruption improves the efficacy of chemo- 
therapy through p73-mediated apoptosis. Proc Natl Acad Sci USA108, 10668–10672. 

Lee, J.H. and Sancar, A. (2011b) Regulation of apoptosis by the circadian clock through NF-
kappaB signaling. Proc Natl Acad Sci USA108, 12036-12041. 

Lee, S.,Donehower, L.A., Herron, A.J., Moore, D.D. andFu, L. (2010) Disrupting circadian 
homeostasis of sympathetic signaling promotes tumor development in mice. PLoS One5, 
e10995. 

Leja-Szpak, A., Jaworek, J., Pierzchalski, P. and Reiter, R.J. (2010) Melatonin induces pro-
apoptotic signaling pathway in human pancreatic carcinoma cells (PANC-1). J Pineal Res49, 
248–255. 

Lewintre,E.J., Martín, C.R., Ballesteros, C.G., Montaner, D., Rivera, R.f., Mayans, J.R. and 
García-Conde. J. (2008) Cryptochrome-1 expression: a new prognostic marker in B-cell 
chronic lymphocytic leukemia. Haematologica| 94, 280-284. 



 

63 

Liao, D.J.,Thakur, A., Wu, J., Biliran, H.andSarkar, F.H.(2007) Perspectives on c-Myc, 
Cyclin D1, and their interaction in cancer formation, progression, and response to 
chemotherapy.Crit Rev Oncog 13, 93-158. 

Liu, C., Weaver,D.R., Strogatz, S.H. and Reppert, S.M. (1997)Cellular construction of a 
circadian clock: period determination in the suprachiasmatic nuclei. Cell91, 855–860. 

Liu, T., Liu, P.Y. and Marshall, G.M. (2009) The critical role of the class III histone 
deacetylase SIRT1 in cancer.Cancer Res69,1702–1705. 

Livak, K.J. and Schmittgen, T.D. (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods25, 402-408. 

Lowrey, P.L. and Takahashi, J.S. (2004) Mammalian circadian biology: elucidating genome-
wide levels of temporal organization. Annu Rev Genomics Hum Genet5, 407–441. 

Lucas,R.J., Freedman, M.S., Munoz, M., Garcia-Fernandez, J.M. and Foster, R.G. (1999) 
Regulation of the mammalian pineal by non-rod, non-cone, ocular photoreceptors. 
Science284,505–507. 

Marhin,W.W., Hei, Y.J., Chen, S., Jiang, Z., Gallie, B.L., Phillips, R.A. and Penn, L.Z. 
(1996) Loss of Rb and Myc activation co-operate to suppress cyclin D1 and contribute to 
transformation. Oncogene12, 43-52. 

Martinez-Campa, C., Gonzalez, A., Mediavilla, M.D.,Alonso-González, C., Alvarez-García, 
V., Sánchez-Barceló, E.J., Cos, S. (2009) Melatonin inhibits aromatase promoter expression 
by regulating cyclooxygenases expression and activity in breast cancer cells. Br J 
Cancer101, 1613–1619. 

Martin-Renedo, J., Mauriz,J.L., Jorquera, F.Ruiz-Andrés, O., González, P., González-
Gallego, J. (2008) Melatonin induces cell cycle arrest and apoptosis in hepatocarcinoma 
HepG2 cell line. J Pineal Res45, 532–540. 

Mateyak,M.K., Obaya, A.J. and Sedivy, J.M. (1999) c-Myc regulates cyclin D-Cdk4 and -
Cdk6 activity but affects cell cycle progression at multiple independent points. Mol Cell 
Biol19, 4672– 4683. 

Matsuo, T., Yamaguchi, S., Mitsui, S., Emi, A., Shimoda, F. and Okamura, H. (2003) 
Control mechanism of the circadian clock for timing of cell division in vivo.Science302, 
255–259. 

Mediavilla,M.D., Cos, S. and Sanchez-Barcelo, E.J. (1999) Melatonin increases p53 and 
p21WAF1 expression in MCF-7 human breast cancer cells in vitro. Life Sci65, 415–420. 



 

64 

Meyer, P., Saez, L. and Young, M.W. (2006) PER-TIM interactions in living Drosophila 
cells: an interval timer for the circadian clock. Science, 31, 226–229. 

Mirick, D.K. andDavis, S.(2008) Melatonin as a biomarker of circadian 
dysregulation.Cancer Epidemiol Biomarkers Prev17, 3306-3313. 

Mormont,M.C., Waterhouse, J., Bleuzen, P., Giacchetti, S., Jami, A., Bogdan, A., Lellouch, 
J., Misset, J.L., Touitou, Y. and Levi, F. (2000) Marked 24-h rest/activity rhythms are 
associated with better quality of life, better response, and longer survival in patients with 
metastatic colorectal cancer and good performance status. Clin Cancer Res 6, 3038-3045. 

Morse, D. and Sassone-Corsi, P. (2002) Time after time: inputs to and outputs from the 
mammalian circadian oscillators. Trends Neurosci25, 632–637. 

Mostafaie, N., Kallay, E., Sauerzapf, E., Bonner, E.,Kriwanek, S., Cross, H.S., Huber, K.R. 
andKrugluger, W. (2009) Correlated downregulation of estrogen receptor beta and the 
circadian clock gene Per1 in human colorectal cancer.Mol Carcinog48, 642-647. 

Mullenders, J., Fabius,A.W., Madiredjo, M., Bernards, R. and Beijersbergen, R.L. (2009) A 
large scale shRNA barcode screen identifies the circadian clock component ARNTL as 
putative regulator of the p53 tumor suppressor pathway. PloS One4, e4798. 

Nakahata, Y.,Kaluzova, M., Grimaldi, B., Sahar, S., Hirayama, J., Chen, D., Guarente, L.P. 
andSassone-Corsi, P. (2008)The NAD+-dependent deacetylase SIRT1 modulates CLOCK-
mediated chromatin remodeling and circadian control. Cell134, 329–340. 

Nyberg,K.A., Michelson, R.J., Putnam, C.W. and Weinert, T.A. (2002) Toward maintaining 
the genome: DNA damage and replication checkpoints. Annu Rev Genet36, 617–656. 

Oishi, K.,Miyazaki, K., Kadota, K., Kikuno, R., Nagase, T., Atsumi, G., Ohkura, N., Azama, 
T., Mesaki, M., Yukimasa, S., Kobayashi, H., Iitaka, C., Umehara, T., Horikoshi, M., Kudo, 
T., Shimizu, Y., Yano, M., Monden, M., Machida, K., Matsuda, J., Horie, S., Todo, T. 
andIshida, N. (2003) Genome-wide expression analysis of mouse liver reveals CLOCK-
regulated circadian output genes. J Biol Chem278, 41519–41527. 

Oklejewicz, M., Destici, E., Tamanini, F., Hut, R.A., Janssens, R. and van der Horst, G.T. 
(2008) Phase resetting of the mammalian circadian clock by DNA damage. Curr Biol18, 286 
–291. 

Ozturk, N., Lee,J.H., Gaddameedhi, S. and Sancar, A. (2009) Loss of cryptochrome reduces 
cancer risk in p53 mutant mice. Proc Natl Acad Sci USA, 106, 2841–2846. 



 

65 

Panda, S., Hogenesh, J.B. and Kay, S.A. (2002) Circadian rhythms from flies to humans. 
Nature417, 330–335. 

Panda, S., Sato, T.K.,Castrucci, A.M., Rollag, M.D., DeGrip, W.J., Hogenesch, J.B. 
andProvencio, I. (2002b) Melanopsin (Opn4) requirement for normal light-induced circadian 
phase shifting.Science298, 2213–2216. 

Perez-Roger, I., Kim,S.H., Griffiths, B., Sewing, A. and Land, H. (1999) Cyclins D1 and D2 
mediate myc-induced proliferation via sequestration of p27(Kip1) and p21(Cip1). EMBO 
J18, 5310-5320. 

Pesch, B., Harth, V., Rabstein, S., Baisch, C., Schiffermann, M., Pallapies, D., Bonberg, 
N.,Heinze, E., Spickenheuer, A., Justenhoven, C., Brauch, H., Hamann. U, Ko, Y.,Straif, K. 
andBrüning, T. (2010) Night work and breast cancer – results from the German GENICA 
study. Scand J Work Environ Health36, 134-141. 

Philipp, A., Schneider, A.,Vasrik, I., Finke, K., Xiong, Y., Beach, D., Alitalo, K. and Eilers, 
M. (1994) Repression of cyclin D1: a novel function of MYC. Mol Cell Biol14, 4032-4043. 

Pogue-Geile,K.L., Lyons-Weiler, J. and Whitcomb, D.C. (2006) Molecular overlap of fly 
circadian rhythms and human pancreatic cancer. Cancer Lett243, 55-57. 

Preitner, N., Damiola, F., Lopez-Molina, L., Zakany, J., Duboule, D., Albrecht, U. and 
Schibler, U. (2002) The orphan nuclear receptor REV-ERBα controls circadian transcription 
within the positive limb of the mammalian circadian oscillator. Cell110,251–260. 

Pucci, B., Kasten, M. and Giordano, A. (2000) Cell cycle and apoptosis.Neoplasia2, 291–
299. 

Pukkala, E., Aspholm, R., Auvinen, A., Eliasch, H., Gundestrup, M., Haldorsen, T., 
Hammar, N., Hrafnkelsson, J., Kyyrönen, P., Linnersjö, A., Rafnsson, V., Storm, H. and 
Tveten, U. (2003) Cancer incidence among 10,211 airline pilots: a Nordic study. Aviat Space 
Environ Med74, 699-706. 

Redaelli, A., Laskin,B.L., Stephens, J.M., Botteman, M.F. andPashos, C.L.(2004) The 
clinical and epidemiological burden of chronic lymphocytic leukemia.Eur J Cancer Care13, 
279-87. 

Reick, M.,Garcia, J.A., Dudley, C. andMcKnight, S.L. (2001) NPAS2: an analog of clock 
operative in the mammalian forebrain. Science293, 506–509. 

Reiter, R.J. (1991) Pineal melatonin: cell biology of its synthesis and of its physiological 
interactions. Endocr Rev12,151–180. 



 

66 

Reiter,. RJ. (1991) Melatonin: the chemical expression of darkness. Mol Cell Endocrinol79, 
153–158. 

Reppert, S.M. and Weaver D.R. (2002) Coordination of circadian timing in mammals. 
Nature418, 935–941. 

Roy, P.G. and Thompson, A.M. (v) Cyclin D1 and breast cancer.Breast15,718–727. 

Sancar, A., Lindsey-Boltz,L.A., Unsal-Kacmaz, K. and Linn, S. (2004) Molecular 
mechanisms of mammalian DNA repair and the DNA damage checkpoints. Annu Rev 
Biochem 73,39–85. 

Sato,T.K., Panda, S., Miraglia, L.J., Reyes, T.M., Rudic, R.D., McNamara, P., Naik, K.A., 
FitzGerald, G.A., Kay, S.A. and Hogenesch, J.B. (2004) A functional genomics strategy 
reveals Rorα as a component of the mammalian circadian clock. Neuron43, 527–537. 

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

Schernhammer, E.S. andHankinson, S.E.(2009) Urinary melatonin levels and 
postmenopausal breast cancer risk in the Nurses' Health Study cohort.Cancer Epidemiol 
Biomarkers Prev.18, 74-79. 

Schernhammer,E.S., Laden, F., Speizer, F.E., Willett, W.C., Hunter, D.J., Kawachi, I., Fuchs, 
C.S. and Colditz, G.A. (2003) Night-Shift Work and Risk of Colorectal Cancer in the 
Nurses’ Health Study. J Natl Cancer Inst95, 825-828. 

Schernhammer,E.S., Laden, F., Speizer, F.E., Willett, WC., Hunter, D.J., Kawachi, I. and 
Colditz, G.A. (2001) Rotating night shifts and risk of breast cancer in women participating in 
the nurses’ health study. J Natl Cancer Inst93, 1563-1568. 

Schibler, U. and Sassone-Corsi, P. (2002) A web of circadian pacemakers.Cell111, 919-922. 

Schibler, U., Ripperger, J. and Brown, S.A.(2003) Peripheral circadian oscillators in 
mammals: time and food. J Biol Rhythms18, 250–260. 

Sgambati, M.T., Linet, M.S. and Devesa, S.S. (2001) Chronic Lymphocytic Leukemia: 
Epidemiological, Familial, and Genetic Aspests. In: Chronic Lymphoid Leukemias (ed. by 
Cheson, B. D.), pp. 33–62. Marcel Dekker, New York. 



 

67 

Shearman,L.P., Sriram, S., Weaver, D.R., Maywood, E.S., Chaves, I., Zheng, B., Kume, K., 
Lee, C.C., van der Horst, G.T., Hastings, M.H. and Reppert, S.M.(2000) Interacting 
molecular loops in the mammalian circadian clock. Science288, 1013–1019. 

Sheen, J.H. and Dickson, R.B. (2002) Overexpression of c-Myc alters G1-S arrest following 
ionizing radiation. Mol Cell Biol22, 1819–1833. 

Shih,M.C., Yeh, K.T., Tang, K.P., Chen, J.C. and Chang, J.G. (2006) Promoter methylation 
in circadian genes of endometrial cancers. Mol Carcinog45, 732-740. 

Sjöblom, T.,Jones, S., Wood, L.D., Parsons, D.W., Lin, J., Barber, T.D., Mandelker, D., 
Leary, R.J., Ptak, J., Silliman, N., Szabo, S., Buckhaults, P., Farrell, C., Meeh, P., 
Markowitz, S.D., Willis, J., Dawson, D., Willson, J.K., Gazdar, A.F., Hartigan, J., Wu, 
L.,Liu, C., Parmigiani, G., Park, B.H., Bachman, K.E., Papadopoulos, N., Vogelstein, B., 
Kinzler, K.W. andVelculescu, V.E.(2006) The consensus coding sequences of human breast 
and colorectal cancers.Science314, 268-274. 

Smith, A., Howell, D., Patmore, R., Jack, A. andRoman, E.(2011) Incidence of 
haematological malignancy by sub-type: a report from the Haematological Malignancy 
Research Network. Br J Cancer105, 1684. 

Spathis, A., Morrish, E., Booth, S., Smith, I.E. and Shneerson, J.M. (2003) Selective 
circadian rhythm disturbance in cerebral lymphoma.Sleep Med4, 583-586. 

Stevens R.G. (2006) Artificial lighting in the industrialized world: Circadian disruption and 
breast cancer. Cancer Causes Control17, 501-507. 

Stokkan,K.A., Yamazaki, S., Tei, H., Sakaki, Y. and Menaker, M.(2001) Entrainment of the 
circadian clock in the liver by feeding. Science291, 490–493. 

Straif, K., Baan, R., Grosse, Y., Secretan,B.E., Ghissassi, F.E. and Bouvard, V. (2007) 
Carcinogenicity of shift-work, painting, and fire-fighting. Lancet Oncol. 20078,1065–1066. 

Takahashi, J.S. (2000) Finding new clock components: past and future. J Biol Rhythms 19, 
339–347. 

Takahashi,J.S., Hong, H.K., Ko, C.H., McDearmon, E.L. (2008) The genetics of mammalian 
circadian order and disorder: Implications for physiology and disease. Nat Rev Genet9, 764–
775. 

Taniguchi, H., Fernández,A.F., Setién, F., Ropero, S., Ballestar, E., Villanueva, A., 
Yamamoto, H., Imai, K., Shinomura, Y. and Esteller, M. (2009) Epigenetic inactivation of 
the circadian clock gene BMAL1 in hematologic malignancies. Cancer Res69, 8447-8454. 



 

68 

Tavazoie, S., Hughes, D., Campbell, M.J., Cho, R.J. and Church, G.M. (1999) Systematic 
determination of genetic network architecture. Nature Genet,  22, 281–285. 

Tokunaga, H., Takebayashi, Y., Utsunomiya, H., Akahira, J., Higashimoto, M., Mashiko, M., 
Ito, K., Niikura, H., Takenoshita, S. and Yaegashi, N. (2008) Clinicopathological 
significance of circadian rhythm-related gene expression levels in patients with epithelial 
ovarian cancer. Acta Obstetricia et Gynecologica87, 1060-1070. 

Triqueneaux, G., Thenot, S., Kakizawa, T., Antoch,M.P., Safi, R., Takahashi, J.S., Delaunay, 
F. and Laudet, V. (2004) The orphan receptor Rev-erbα gene is a target of the circadian clock 
pacemaker. J. Mol. Endocrinol33, 585–608. 

Ueda,H.R., Hayashi, S., Chen, W., Sano, M., Machida, M., Shigeyoshi, Y., Iino, M. and 
Hashimoto, S. (2005) System-level identification of transcriptional circuits underlying 
mammalian circadian clocks. Nat. Genet37, 167–192. 

Um, H.J. and Kwon, T.K. (2010) Protective effect of melatonin on oxalipl- atin-induced 
apoptosis through sustained Mcl-1 expression and anti-oxidant action in renal carcinoma 
Caki cells. J Pineal Res49, 283–290. 

Unsal-Kacmaz, K., Mullen,T.E., Kaufmann, W.K. and Sancar, A. (2005) Coupling of human 
circadian and cell cycles by the timeless protein. Mol Cell Biol25, 3109 –3116. 

Vafa, O.,Wade, M., Kern, S., Beeche, M., Pandita, T.K., Hampton, G.M. andWahl, G.M. 
(2002)c-Myc can induce DNA damage, increase reactive oxygen species, and mitigate p53 
function: a mechanism for oncogene-induced genetic instability Mol. Cell9,1031–1044. 

Viswanathan,A.N., Hankinson, S.E. and Schernhammer, E.S. (2007) Night Shift Work and 
the Risk of Endometrial Cancer. Cancer Res67,10618-10622. 

Weaver, D.R. (1998) The suprachiasmatic nucleus: a 25-year retrospective. J Biol 
Rhythms13, 100–112. 

Welsh,D.K., Logothetis, D.E., Meister, M., Reppert, S.M. (1995)Individual neurons 
dissociated from rat suprachiasmatic nucleus express independently phased circadian firing 
rhythms. Neuron14, 697–706. 

Winter,S.L., Bosnoyan-Collins, L., Pinnaduwage, D. and Andrulis, I.L. (2007) Expression of 
the Circadian Clock Genes Per1 and Per2 in Sporadic and Familial Breast Tumors. 
Neoplasia9, 797-800. 

Wood,P.A., Yang, X., Taber, A., Oh, E.Y., Ansell, C., Ayers, S.E., Al-Assaad, Z., Carnevale, 
K., Berger, F.G., Pena, M.M. and Hrushesky, W.J. (2008) Period 2 mutation accelerates 
ApcMin/+ tumorigenesis. Mol Cancer Res6,1786-1793. 



 

69 

Xiang, S., Coffelt,S.B., Mao, L., Yuan, L., Cheng, Q. and Hill, S.M. (2008) Period-2: a 
tumor suppressor gene in breast cancer. Journal of Circadian Rhythms, 6, 4. 

Xiang, S., Mao, L., Yuan, L. and Hill S.M. (2009) Effect of melatonin on the clock genes in 
breast epithelial and breast cancer cells. 100th Annual Mtg. American Association for Cancer 
Research, Denver, CO. 

Yagita, K., Tamanini, F., van Der Horst,G.T., Okamura, H. (2001) Molecular mechanisms of 
the biological clock in cultured fibroblasts. Science292, 278–281. 

Yamamoto, J.F. and Goodman, M.T. (2008) Patterns of leukemia incidence in the United 
States by subtype and demographic characteristics, 1997-2002. Cancer CausesControl19, 
379. 

Yang, M.Y.,Yang, W.C., Lin, P.M., Hsu, J.F., Hsiao, H.H., Liu, Y.C., Tsai, H.J., Chang, C.S. 
andLin, S.F. (2011) Altered expression of circadian clock genes in human chronic myeloid 
leukemia.J Biol Rhythms 26, 136-148. 

Yang, X., Wood,P.A., Ansell, C.M., Ohmori, M., Oh, E.Y., Xiong, Y., Berger, F.G., Pena, 
M.M. and Hrushesky, W.J. (2009b) Beta-catenin induces beta-TrCP-mediated PER2 
degradation altering circadian clock gene expression in intestinal mucosa of ApcMin/+ mice. 
J Biochem145, 289-297. 

Yang, X.,Wood, P.A., Ansell, C. andHrushesky, W.J.(2009a) Circadian time-dependent 
tumor suppressor function of period genes.Integr Cancer Ther8, 309-316. 

Yang,M.Y., Chang, J.G., Lin, P.M. Tang, K.P., Chen, Y.H., Lin, H.Y., Liu, T.C., Hsiao, 
H.H., Liu, Y.C. and Lin, S.F. (2006) Downregulation of circadian clock genes in chronic 
myeloid leukemia: Alternative methylation pattern of hPER3. Cancer Sci97, 1298-1307. 

Yeh,K.T., Yang, M.Y., Liu, T.C., Chen, J.C., Chan, W.L., Lin, S.F. and Chang, J.G. (2005) 
Abnormal expression of period I (PERI) in endometrial carcinoma. J Pathol206, 111-120. 

Yoo, S.H.,Yamazaki, S., Lowrey, P.L., Shimomura, K., Ko, C.H., Buhr, E.D., Siepka, S.M., 
Hong, H.K., Oh, W.J., Yoo, O.J., Menaker, M. andTakahashi, J.S. (2004) 
PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent 
circadian oscillations in mouse peripheral tissues. Proc Natl Acad Sci USA101, 5339–5346. 

Yoshida, T.,Tanaka, S., Mogi, A., Shitara, Y.andKuwano, H.(2004) The clinical significance 
of Cyclin B1 and Wee1 expression in non-small-cell lung cancer.Ann Oncol15, 252-256. 

You, Z.,Saims, D., Chen, S., Zhang, Z., Guttridge, D.C., Guan, K.L., MacDougald, O.A., 
Brown, A.M., Evan, G., Kitajewski, J. andWang, C.Y. (2002) Wnt signaling promotes 
oncogenic transformation by inhibiting c-Myc-induced apoptosis. J Cell Biol157, 429–440. 



 

70 

Zeng, Z.L.,Wu, M.W., Sun, J., Sun, Y.L., Cai, Y.C., Huang, Y.J.andXian, L.J. (2010) Effects 
of the biological clock gene Bmal1 on tumour growth and anti-cancer drug activity.J 
Biochem148, 319-326. 

Zhu, Y., Brown,H.N., Zhang, Y., Stevens, R.G. and Zheng, T. (2005) Period3 structural 
variation: a circadian biomarker associated with breast cancer in young women. Cancer 
Epidemiol Biomarkers Prev14, 268-270. 

 


