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Abstract

The day and night cycle influences the body function in health and disease through the modulation of the
biological clock in via the Suprachiasmatic Nucleus (SCN) which in turn acts as the master clock in aligning the
downstream clocks in the peripheral organs. The peripheral clocks can also be entrained independently by different
factors such as external nutritional, hormonal and chemical cues that in many cases come from ligand modulation of
nuclear receptors and kinase activators. Disruption of the molecular clock is associated with many diseases including
cancer, immune diseases and aging. In addition, administration of toxic drugs such as anti-cancer can disturb the
clock. These examples lead to changes in the sleep pattern of the patient and consequently can accelerate the
manifestation of disease. This review details the function of the molecular clock in health and disease and how
nuclear receptors and posttranslational modifications interact with the clock to regulate its function. In addition this

review describes how chronotherapy can be applied in the clinical setting to treat cancer patients.

Abbreviations: SCN: Suprachiasmatic Nucleus; CCGs: Clock-
controlled Genes: NR: Nuclear Receptor; CLOCK: Circadian
Locomotors Output Cycles Kaput (Clock); BMALL: Brain and Muscle
Aryl Hydrocarbon Receptor Nuclear Translocator like - Arntl
(BMAL); NPAR2: Neuronal PAS Domain Protein 2 (NPAS2); Perl,2
and 3: Period Homolog 1, 2 and 3 Genes; Cryl and 2: Cryptochrome
Genes; REV-ERBs: v-erbA Related Protein EAR-1-Related (EAR-1R);
RORs: Retinoid Orphan Receptors; EARs: V-erbA Related Proteins;
RARs: Retinoic Acid Receptors; RXRs: Retinoid X Receptors; PPARs:
Preroxisome Proliferator Activated Receptors; PGC-la: PPARy
coactivator-1a; ERs: Estrogen Receptors; GR o and f: Glucocorticoid
Receptor Alpha and Beta; HNF4a: Hepatocyte Nuclear Factor 4a; NF-
kB: Nuclear Factor-Kappa B; AP1: Activator Protein 1; CCN1/CYR61:
Cysteine-Rich, Angiogenic Inducer, 61; IFNs: Interferons; CK: Casein
kinase; PKC: Protein Kinase C; PKA: Protein Kinase A; MKK7: MAP
(Mitogen-Activated Protein) Kinase Kinase; MAP: Mitogen-activated
Protein; ERK: Extracellular Signal-Regulated Kinase; JNK: c-Jun
N-terminal Kinase; GSK-3p: Glycogen Synthase Kinase 3 Beta; cAMPK:
3’-5’-cyclic Adenosine Monophosphate-activated Protein Kinase;
CDK: Cyclin-dependent Kinase; TGF-f: Transforming Growth Factor
B; 5-FU: 5-flurouracil; PEPCK: Phosphoenolpyruvate Carboxylase;
SIRT1: Silent Mating Type Information Regulation 2 Homolog 1;
HDAC: Histone Deacetyltransferase; HAT: Histone Hcetyltransferase;
NAD*: Nicotinamide Adenine Dinucleotide; PARP1: Poly(ADP-
ribose) Polymerase 1; MDD: Major Depressive Disorder; BD: Bipolar
Disorder

Introduction

The regulation of the body rhythm is governed by the biological
clock and is commonly referred to as the circadian rhythm. Its role is
to maintain the adaptation of the body to the environmental changes
during the day and night through regulating the pathways governing
many physiological processes. The biological clock exists in most if
not in all organisms; from bacteria, plants to humans. It is an essential
component of the cells and organs. In the mammalian system, there are
two clocks; the central clock is located in the suprachiasmatic nucleus
(SCN) and can synchronize the secondary clocks found in the peripheral
organs and tissues through hormonal secretion such as melatonin and
cortisol level as well as modulating the body temperature [1].

The molecular clock is able to regulate a complex network of
genes and pathways that leads to their oscillation with a period of
circa 24 hours. Comprehensive studies were carried out to dissect the
circadian clock in cyanobacteria, neurospora, Arabidopsis, drosophila
and mammals and to understand its role in health and diseases. Gene
microarray studies determined that up to 10% of the transcript [2,3]
is governed by the circadian clock regulating metabolism, cell cycle,
development, nutrient update and many more pathways. Disruption of
the clock function can damage the organism [4].

At the anatomical level, complex neuronal networks in the anterior
hypothalamus compose the SCN central pacemaker involved in
producing synchronized outputs to regulate the clock in the brain and
in the peripheral clocks in the different tissues throughout the body.
These later clocks are self-sustained: circadian oscillations intrinsic to
each cell can occur autonomously, without any environmental signals.
To sustain the oscillation of the peripheral clocks at the approximate
periodicity of 24 h, synchronization is influenced by the external cues
that are known as zeitgebers. The synchronization process, called
entrainment, is an important aspect to reset the clock on the daily basis
and prevent it from running out of phase. Light is the most prevalent
external cue that can synchronize the central clock; it is detected by
the photoreceptor cells in the retina and the signal gets transmitted
via the retinohypothalamic tract (RHT) in the SCN [5]. This in turn
sets the cascade of signaling pathways to stimulate the neurons that
lead to the activation of a transcriptional program of clock-controlled
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genes (CCGs). In non-brain tissues like the liver, heart, kidney and
skin, the peripheral clocks are implicated in the regulation of local
transcriptional activity. These clocks are also entrained by external cues
mainly temperature and feeding schedules [6].

Across species, the molecular mechanism of the biological clock
is evolutionarily conserved and its role is essential for maintaining
an optimal activity and regulation of several processes at the cellular
level. As summarized in Figure 1, it governs the sleep-wake cycles,
memory consolidation, metabolism of nutrients, toxins and drugs,
bone formation, hormone regulation, immunity, cell growth and cycle.
Several pathways are known to be highly regulated by the clock such
as heart rate, blood pressure and body temperature [7-9]. Moreover,
many diseases and disorders are associated with malfunctions of the
circadian clock such as cancer, familial sleep disorders (FASPS), bipolar
disorder, sleep problems in the elderly, seasonal affective disorders
(SAD), diabetes and obesity [10-13].

Taking into consideration that the molecular clock acts directly on
the genome it is not surprising that the proteins of the clock work in
either competition and/or cooperation with many transcription factors.
In addition, the expression and activity of its components are in turn
regulated by other transcription factors. To add to the complexity, the
biological clock is influenced by one of the most dynamic liganded
transcription factors in the cells, the nuclear receptors as detailed in the
following section. Nuclear receptors are a small family of transcription
factors that transmit the signals of many nutrients and hormones into
cells and they have been the focus of many drug discovery programs
that have yielded some of the most widely used medicines in the market
as steroids and Vitamin A based drugs [14].

This review describes the latest understanding of the central and
peripheral clock composition. As the biological clock governs the
transcription of almost of 10% of the genome directly, we will address
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PR: Peripheral clock; SCN: Suprachiasmatic nucleus

Figure 1: Role of the biological clock in regulating the physiological process across the body.
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in this review, the interlink between the molecular clock, a selected
number of nuclear receptors involved in common diseases and also
the posttranslational modifications that affect both. It gives the reader
a grasp on the versatility of biological clock regulation mechanisms
and demonstrates the multiple opportunities for medical intervention
when addressing diseases linked to the clock.

The Biology of the Molecular Clock

De Mairan, the French astronomer, was the first to report of the
clock in 1729. He observed that the movements of the leaves of Mimosa
pudica continue to open and close every 24 hours even in constant
darkness [15]. In the 70’s the molecular mechanism underlying the
clock was discovered in Drosophila followed by comprehensive
studies in 90’s that lead to the model of the clock mechanisms [16].
Our current understanding of the biological clock is clearer now that it
has been linked to many physiological networks and the future focus is
how to convert these molecular insights into patient benefit. It is now
well defined that the composition of the clock is not conserved across
kingdoms, but the consequences of its function is the same across
species. At the molecular level, in mammals the clock is composed on
two feedback loops: the Primary and Secondary loops are co-regulated
by other transcription factors such as nuclear receptors [17,18].

Primary feedback loop

In mammals, the cellular oscillator is similar in both SCN and
peripheral tissues, containing interlocking negative feedback loops.
As summarized in Figure 2, the primary feedback clock loop is
formed from the gene products of the transcription factors, circadian
locomotors output cycles kaput (Clock), brain and muscle aryl
hydrocarbon receptor nuclear translocator like — Arntl (BMAL) and or
Neuronal PAS domain protein 2 (NPAS2).

CLOCK, BMALI, and NPAS2 form hetermomeric complexes,
CLOCK/BMALI and NPAS2/BMALIL, which form the central node

in the network and the transcription initiator of the feedback loops.
NPAS2 is highly related in primary amino acid sequence to CLOCK.
CLOCK/BMALI1 and NPAS2/BMALLI drive expression of the Period 1
/ 2 and cryptochromel/2 genes. They bind to E-box cis-elements in the
promoter regions of target genes Period homolog 1, 2 and 3 genes (Per1,
Per2, and Per3), Cryptochrome genes (Cryl, Cry2). The encoded Per1/2
and Cryl/2 proteins in turn heterodimerise and repress CLOCK/
BMALI and NPAS2/BMALL activity to inhibit their own expression.
This latter negative Per/Cry feedback loop is commonly seen as the
primary generator of the circadian rhythm. Transcription of Pers and
Crys is initiated during the circadian day. Aided by posttranslational
modifications, Per and Cry proteins enter the nucleus, probably as a
multimeric complex (Per/Cry), and inhibit CLOCK/BMAL1-mediated
transcription after a certain delay. The Per or Cry complex is degraded
during the night, which releases its inhibitory action on CLOCK/
BMALLI and allows a new cycle of transcription to take place [18].

Secondary feedback loop

The molecular clock adapts its function in certain cell types with a
secondary feedback loop that involves other transcription factors and
posttranslational modification loops. As the molecular clock governs
at least 10% of the genome, it is more likely that these feedback loops
are the evolutionary adaptors of the clock for every specialized cell and
that each process has a distinct loop to differentiate its functions. The
best characterized loop to date, is the secondary loop orchestrated by
REV-ERBa and RORa nuclear receptors [19].

The REV-ERBs (REV-ERBa and REV-ERBp) were first identified
as orphan nuclear receptors based on homology searching of nuclear
receptor (NR) domain structure. They are expressed in adipose tissue,
skeletal muscle, the brain and liver. REV-ERB is very highly expressed
in parts of the brain (pineal and prefrontal cortex), thyroid, uterus and
pituitary, whereas REV-ERBa is expressed highly in immune cells such
as macrophages. REV-ERBs are transcriptional repressors because
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Figure 2: The Primary and Secondary Feedback loops of the molecular and implication of nuclear receptors in their regulation.
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they lack the activation-function 2 (AF-2) region, which is involved in
coactivator binding that allow them to bind co-repressor proteins such
as the nuclear receptor corepressor (NCoR) [20].

In contrast to REV-ERBs, ROR (Retinoid Orphan Receptor)
subfamily of nuclear receptors is transcription factors. The first
member of this subfamily to be discovered is RORa based on sequence
similarities to the retinoic acid receptors (RARs) and the RXRs. The
highly similar receptors, RORB and RORy, were identified soon
thereafter [21,22].

Each ROR gene generates multiple isoforms based on alternative
promoter usage with all of the isoforms varying only in the amino-
terminal region of the receptor. Tissue expression of RORa includes
the liver, skeletal muscle, skin, lungs, adipose tissue, kidney, thymus
and brain. The expression of RORp is limited to the CNS. The two
other isoforms of RORy are found in both humans and mice (y1 and
y2). RORY?2 is often regarded as RORyt and is found primarily in the
immune system. RORyI is most highly expressed in the liver, skeletal
muscle, adipose tissue and kidney [23].

Both the RORs and REV-ERBs bind to the same DNA response
elements termed Retinoid Orphan Receptor Binding Element (RORE).
They can both bind as a monomer to the RORE, an AGGTCA ‘half
site’ with a 5'AT-rich extension. They can also form homodimers and
while REV-ERBs function as transcriptional silencers, RORs function
as activators [24].

As mentioned and described in Figure 2, the RORa and REV-
ERBa form the core components of the secondary feedback loop of the
circadian clock and in this regard, they are the major regulators of the
cyclic expression of BMAL1 and CLOCK. More interestingly, REV-
ERBa transcription is activated by the BMAL1/CLOCK heterodimer
and transrepressed by Cry/Per, resulting in circadian oscillations
of REV-ERBa. In turn, REV-ERBa represses BMALI and CLOCK
transcription. REV-ERBP expression also oscillates in a circadian
fashion and can repress BMALLI transcription. RORa competes with
REV-ERBa for binding of their shared DNA binding elements, the
RORE, in the BMALI promoter leading to BMALI expression being
repressed by REV-ERBa and activated by RORa. The oscillating
expression of RORa and REV-ERBa in the SCN leads to the circadian
pattern of BMALI1 expression. This REV-ERBa/RORa feedback loop
interconnects the positive and negative limbs of the core circadian
clock.

NPAS2, like CLOCK, forms heterodimers with BMAL1 and
effectively functions in the regulation of mammalian circadian rhythms.
NPAS2, like BMALL, is a RORa and REV-ERBa target gene. NPAS2
promoter has an RORE and it has been demonstrated that both RORa
and REV-ERBa regulate the expression of NPAS2, thus suggesting a
mechanism by which RORa and REV-ERBa coordinately regulate the
positive limb of the circadian clock [25-28].

Interlink between Nuclear Receptors and Clock
Feedback Loops

Nuclear receptors (NRs) play an important role in modulating the
circadian clock and the circadian control of various metabolic processes.
NRs are composed of 49 family members and are transcription factors
with a highly precise mechanism of repressing, activating or indirectly
modulating the expression of various genes in the genome [29]. Binding
of ligand to NRs elicits a series of sequential conformational changes,
which lead to release of the co-repressor complex and recruitment

of co-activators. Consequently, the activated NR induces target gene
expression.

Based on their structures, the NR family is classified into three
groups: steroid hormone receptors that generally bind DNA as
homodimers and are activated with high-affinity by steroid hormones.
Members of this group include the receptor for glucocorticoids,
mineralocorticoid, estrogen, androgen and progesterone [14].
Members of second group function as heterodimers with retinoid x
receptors (RXRs) and include the receptors for retinoic acid (RARs),
fatty acids (PPARs), bile acids (farnesoid x receptor, FXR), oxysterols
(liver x receptor, LXR), xenobiotics (pregnane x receptor, PXR)
and constitutive androstane receptor (CAR). Members of the third
group are orphan NRs for which no endogenous ligands have yet
been identified, or which appear to lack a functional ligand-binding
domain based on structural analysis. Members of this group include
REV-ERBs, RORs, nerve growth factor-induced clone B, NR related 1,
neuron-derived orphan receptor 1, small heterodimer partner, liver-
related homologue 1 and hepatocyte nuclear factor 4o (HNF4«) [30].

Beside REV-ERBs and RORs other NRs are involved in the clock
photic resetting mechanism. Mice lacking EAR2, an orphan NR,
display an unstable circadian locomotor activity rhythm and abnormal
light resetting [31]. These mice lose Perl circadian expression and have
a dampening of Per2 circadian expression in the frontal cortex as well
as an altered resynchronization after a light-dark cycle phase shift.
Mice lacking the thyroid hormone receptor-p (NR1A2) are devoid
of mid-wavelength cones and consequently have an abnormal light
entrainment and phase-shifting response [32].

In addition, the estrogen receptor-f (ERP) and retinoid X receptors
(RXRs) are expressed in retinal ganglion cells. It would be important to
analyze more systematically the light-induced phase-shifting response
of null mutants of these receptors or ligand treated animals. In addition
to the NR role in the photonic synchronization, they are also involved
in non-photonic entrainment of the clock, especially the peripheral
clock. Below is a summary of the mechanism by which the major
nuclear receptors affect the clock with focus on retinoid, steroid and
fatty acid nuclear receptors. They represent the main transmitters of
nutrient external cues that influence the clock entrainment in health
and diseases.

Retinoic acid and retinoid X receptors and the clock

Retinoic acid and retinoid x receptors are receptors for vitamin A
and its derivatives that work to transmit metabolic signals to modulate
gene expression that in turn can influence the biological clock. The
Vitamin A effect on the clock has been shown to differ depending on
the tissues studied. In this regard, it has been shown that vitamin A
deficiency modifies CLOCK/BMALI and PER1 daily rhythmicity in
the animal’s hippocampus when animals are maintained fewer than
12h light: 12h dark condition. In the hippocampus, the expression
of retinoic acid nuclear receptors, (RARs) and retinoid X receptors
(RXRs) have been detected. The deficiency of nutritional vitamin A,
phase shifted BMALI and abolished Perl circadian expression at both
mRNA and protein levels. In addition, the analysis of the RAR and RXR
promoters identified E-boxes for BMAL1 binding as well as retinoid-
related orphan receptor responsive element sites, which display an
endogenously controlled circadian expression in the rat hippocampus.
The temporal expression of RARs and RXRs profiles were modified
when animals were fed with a vitamin-A-deficient diet [33]. However,
another study showed that the expression of clock genes, BMALI and
Per2 were not affected in vitamin A deficient mice which may suggest
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that the effect of vitamin A on the clock through its nuclear receptors
RARs and RXRs could be a tissue specific [34].

It has been shown also that RARa and RXRa interact directly with
CLOCK, an interaction that negatively regulates CLOCK/BMALI-
mediated transcriptional activation of clock gene expression in vascular
cells. In addition, retinoic acid can phase shift Per2 mRNA rhythmicity
in mice [35]. In summary, these are evidences that demonstrate
the involvement of RARs and RXRs in biological clock regulation.
However, more studies are needed to dissect the role of RARs and
RXRs in clock regulation in more details.

Glucorticoid receptors and the clock

The most powerful chemical synchronizer of the clock is the
glucocorticoid hormone that is secreted rhythmically with maximum
plasmalevels at the end of the sleep phase in mammals [36]. Interestingly
the resetting of the clock by light occurs only during the dark period in
mammals but glucocorticoids could phase shift peripheral clocks at any
time of the light-dark cycle [37].

Glucocorticoids are the natural ligand of the glucocorticoid
receptors, GRs. These receptors exist in two isoforms, GRa and GRf
that are generated through alternative splicing of exon 9 of the gene. In
the cells, there are GRa and f variants termed A through D generated
from at least 8 initiation sites and produce GRa and { proteins that
have different specificity and affinity to glucocoticoid-responsive
genes as well as differentially expressed in tissues and cells [38]. In
contrast to GRa, GRP does not bind ligand and it is widely expressed.
GRa modulates signal transduction cascades through protein-protein
interactions with others transcription factors such as NF-kB and API.
GRa influences the ability of NF-kB and AP1 to stimulate or inhibit the
transcription rates of their respective target genes [39,40].

The secretion of glucocorticoids is tightly regulated by the
circadian, negative feedback and stress-related activities of the HPA
axis that are integrated by higher brain centers [41]. In humans,
cortisol levels have a diurnal rhythm curve that reach their highest
peak in the early morning, with the purpose of helping adjust the
body’s activities to the regular periodicity of day/night changes.
Underlying mechanisms for the alteration of local glucocorticoid
actions, however, have not been well elucidated yet. However, it has
been found that the circadian rhythm transcription factor CLOCK
physically interacts and acetylates the GRa at a multiple lysine cluster
located in its hinge region, and represses GRa-induced transcriptional
activity of several glucocorticoid-responsive genes [41]. In addition to
the diurnal secretion of circulating glucocorticoids controlled by the
master CLOCK, peripheral CLOCK negatively regulates GRa-induced
transcriptional activity through acetylation of the GRa [42].

Moreover, it has been recently identified that glucocorticoids
induce the expression of Perl gene as an additional mechanism of
regulating the clock [42].

Estrogen receptors and the clock

The effect of estrogens, such as 17-p estradiol (E, is mediated by
estrogen receptors (ERa and ERP modify the pattern of expression of
specific target genes. This happens either directly through interaction
with cognate DNA sequences (estrogen-responsive elements, EREs) or
through protein/protein interaction with other transcription factors
[43]. Binding of ligand to ERa induces the ordered recruitment of
a series of coactivator complexes, leading to histone acetylation,
methylation, chromatin remodeling and recruitment of the basal
transcription machinery [44].

Deregulation of the core clock factor, Per2, has been reported in
several human malignancies including breast cancer that is estradiol
dependent [45]. It has been suggested Per2 plays a role in normal
mammary cell differentiation [46]. Alternatively, Per2 has been
demonstrated to block the estrogen inducing steroid sensitive genes
mediated by ERa in breast cancer cell lines that include pS2, cyclin
D1 and CCNI1/CYR61. Inhibition of Per2 expression using the
siRNA enhanced the estradiol inducing the expression of these genes.
Moreover, the overexpression of Per2 inhibited the estradiol activated
ERE-driven reporter assay [47]. In another study, it has been shown that
the expression of the estrogen receptor a gene oscillates in a circadian
fashion in cultured human mammary epithelial cells. Whereas ERa
positive breast cancer cells do not display circadian oscillation of
ERa expression. The same study showed that the clock oscillation is
maintained in normal epithelial breast cells but not in the cancerous
cells, in both in ERa negative and positive cells [48]. The connection
between estrogen receptor and the clock involves its interaction with
the CLOCK protein in ligand dependent manner. In addition, the
sumoylation of CLOCK can be stimulated with estrogen treatment.
Sumoylation of CLOCK leads to increase the transcriptional activity
of CLOCK and activity of ERa as shown by increased transcription of
cyclin D1. Moreover, the sumoylation of CLOCK stimulated growth of
breast cancer cell lines and increased the proportion of S phase cells in
the cell cycle [49]. In another study, it has been shown that the clock
has a role in the production of steroid hormone including the estrogen
and progesterone [50].

The results of these studies uncovered new insights into the
connection between a major circadian protein and a major estrogen-
dependent transcription factor, providing the basis for further research
into the involvement of circadian proteins in breast cancer.

The peroxisome proliferator-activated receptors and the
clock

In addition to glucocorticoid that can synchronize the peripheral
clock, nutrition can also play the same role. The peripheral clocks can
be synchronized independently from SCN in nocturnal rodents by
feeding restriction [51]. Moreover, the expression of key genes involved
in important metabolic pathways display circadian rhythm expression
in liver and adipose tissue. Many nuclear receptors plays an important
role in the regulation of these pathways and energy metabolism
especially peroxisome proliferator-activated receptors (PPARs) which
also play an important role in entraining the clock.

The PPAR subfamily is composed of three members PPARa,
PPARP/S, and PPARYy that function in regulating the transcriptional
activities through heterodimirization with retinoid X receptor (RXR)
and bind to specific DNA sequence elements termed PPREs. They
are activated by wide variety of natural ligands such as unsaturated
FAs, saturated FAs, eicosanoids and a few endocannabinoids and
phospholipids. In addition, many PPAR synthetic ligands were
developed to treat dyslipidemia and diabetes such as fibrate and
thiazolidine-2, 4-diones or TZDs [52]. The PPARs are expressed
broadly in the body, in the brown adipose tissue, liver, heart, kidney,
and intestine, skin, gut, placenta, skeletal and heart muscles, adipose
tissue, brain and immune and inflammatory cells [53]. Modulation of
PPARs have emerged as an important mechanism to develop drugs
to treat metabolic syndrome that is associated with obesity that is
characterized by inflammation caused by macrophage infiltration and
activation in adipose tissue and liver [54]. PPARs affect inflammation
through direct and indirect mechanisms. For instance, PPARs
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upregulate the expression of IkB, which blocks the nuclear translocation
and activation of the proinflammatory transcription factor NF-kB. In
addition, it induces the expression of soluble interleukin-1 receptor
antagonist (IL-1Ra) to promote anti-inflammatory effects; it also
induces the expression of TGF-B or through other protein-protein
interactions [55-57].

As PPARs are in the centre of regulating the nutrient and energy/
metabolism, they represent one of the channels through which the
metabolic cues entertain the biological clock. This model serves as a
link between the clock genes and metabolism, and method through
which various metabolic parameters can affect clock genes. Due to
PPARS’ robust relationship with energy status and metabolism, any
alteration of PPARs can lead to abnormal function of the biological
clock system and expression of genes in metabolic pathways. Extensive
studies have been carried out to dissect the molecular mechanism
linking the PPARs and components of the biological clock. First
PPARa expression in rhythmic and is regulated by the CLOCK protein
and diurnal expression is abolished in the liver of CLOCK-mutant
mice [58,59].

It has been found that BMALI1 promoter has PPRE that can bind
PPARa in association with Per2 that plays a role of cofactor. Moreover,
PPARa seems to play the same role as REV-ERBa in regulating
expression of BMAL1. Moreover, CLOCK/BMALI heterodimers have
been shown to increase the transcriptional activity of genes whose
promoter contains PPAR response elements (PPREs). However, it
seems that PPARs do not affect the expression of clock component
proteins, BMAL1 and Per3, in the central clock but only in the
peripheral clock as was shown in PPARa-null mice [60].

A recent paper provides a novel link between PPARS/S and
REV-ERBa, in which the mir-122, a microRNA abundantly found
in hepatocytes that is upregulated by REV-ERBa can down-regulate
PPARp/S [61]. Knocking down of PPARy abolishes rhythmicity of
BMALIL, Cryl, Cry2, and Per2 in mice aorta. The PPARy-agonist
rosiglitazone induces BMALLI expression [61,62].

PPARy coactivator-1a (PGC-1a), as the name implies, is a known
coactivator of PPARs [63] and is well characterized as playing a part
in the biological clock. PCG-1a positively regulates the expression
of clock components, including CLOCK, BMAL1, and REV-ERBa.
On the BMALI1 promoter, PGC-1la binding is accompanied by an
increase in histone H3 acetylation and histone 3 lysine 4 trimethylation
(H3K4me3), two markers of transcriptional activation, while histone 3
lysine 9 dimethylation (H3K9me2), a marker that signifies transcription
silencing, decreased. Thus, PGC-1a serves as a potential factor which
couples circadian rhythm to energy status [64].

In summary circadian clock proteins control PPAR expression
by the following mechanisms: (a) activation of PPAR« transcription
by CLOCK/BMALLI heterodimer upon binding to the E-box in the
PPARa promoter and (b) downregulation of PPARS/§ by microRNA
stimulated by REV-ERBa (c) REV-ERBa is positively regulated by
PPARe; (d) BMALL is positively regulated by both PPARa and PPARy.
(e) Indirectly by competing for common cofactors like PGC-1a that
positively regulate the expression of clock genes [65].

Posttranslational Modifications that have Dual Affect
on the Nuclear Receptors and the Clock Components

Posttranslational modification of biological clock proteins and their
associates plays an important role in the modulation of clock function.
These modifications are mainly phosphorylation, acetylation and

methylation. The following section summarizes the most characterized
posttranslational modifications focusing on those modifications that
affect both the nuclear receptor and the clock as summarized in Table
1. The list will grow in the next few years as many researchers on
clock start focusing on this aspect especially those studying the role of
epigenetics in health and diseases.

Phosporylation modification has been shown to play an important
role in the clock function and its entrainment [66]. For example CK1
phosphorylates Perl, Per2, BMALI1 and Cry. The phosphorylation
of Perl and 2 by CKI-3 targets them for proteosomal degradation.
Moreover, the link between the CKIq activity and the clock is clinically
demonstrated in the familial advanced sleep phase syndrome (FASPS)
patients. In one group of these patients CKIq is mutated in which a
threonine is replaced by alanine and has a reduced activity; in a second
group the patients have mutated Per2 that has a reduced affinity to
CK1. In both cases the affected individuals exhibit a phase shift in
sleep-wake cycles and body temperature rhythms that are advanced by
about 4 hours compared to average population [67,68].

Casein kinase 2 also phosphorylates the Per2 and BMALI and leads
to their either stabilization or destabilization depending on cell type.
On the other hand, the inhibition or downregulation of CK2 activity
lead to lengthened circadian period [69]. Another kinase that has been
shown to phosphorylate the BMALI, reduce its ubiquitylation, and
increase its stability is PKCy [70].

As described in Table 1, CK2 is able to phosphorylate PPARy1
at S16/S21 and estrogen receptor alpha at serine 282 and 559. The
phosphorylation of PPARYy lead to increase its transcriptional activity
while it decreases the activity of ERa .The effect of PKC and PKA on
nuclear receptors is diverse, while the PKA phosphorylate PPARa,
ERa and RARa and RARy and decrease their transcriptional activity,
the phosphoralation of ERa at S46/47 increase the estradiol receptor
activation. PKC also phosphorylate the PPARa at T129, S179 and S230
and RARa at §77/S157 and RORa, but these phosphorylation lead to
decrease of their transcriptional activities.

The stress kinase MKK7 is a regulator of the circadian clock in
mammalian cells. Genetic inactivation of MKK?7 resulted in an extended
period of oscillation in circadian gene expression in cells. Moreover
exogenous expression of an MKK7-JNK fusion protein that functions
as a constitutively active form of JNK induced phosphorylation of
Per2. In addition JNK interacted with Per2 at both the exogenous and
endogenous levels, and MKK7-mediated JNK activation increased
the half-life of Per2 protein by inhibiting its ubiquitination. Notably,
the Per2 protein stabilization induced by MKK7-JNK fusion protein
reduced the degradation of Per2 induced by casein kinase 1¢ [71].

As summarized in Table 1 nuclear receptors are mostly
phosphorylated by MAPKSs that affect their transcriptional activity.
MAPK, p38, ERK, JNK phosphorylate PPARa, ERB, ERa, PPARYy,
GRa, RARy, RORa, RXRa and PPARP at different sites. In most
cases, these phosphorylations increase the receptor ligand dependent
activation except for the phosphorylation of GRa at S211, $226 by
p38 and phosphorylation of PPARy by MAPK at S112 and by ERK/
JNK at S84 as well as phosphorylation of RXR by JNK at different sites
that lead to decrease of their transcriptional activities. It remains to be
determined the precise mechanism by which these phosphorylations
on nuclear receptors affect the biological clock.

The phosphorylation of Per2 by GSK-3 is important for its nuclear
transclocation [72]. GSK-3p also phosphorylates Cry2 that lead to its
proteosomal degradation [73]. The inhibition of GSK-3f by lithium
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Kinase ;ae:ie’:f; Nuclear Targeted Residue Effect Reference
PPARa T129, S179,S230 Activation [80]

PKC ERa S46/47 Activation [81]
RARa S77, 157 Inhibition [82]
RORa ? Inhibition [83]
PPARa N-terminal Activation [84]

PKA ERa S305, S236 Inhibition [85, 86]
RARa S369 Inhibition [87]
RARy S360 Inhibition [88]

CK-ll PPARy1 S16, S21 Activation [89]

CK2 ERa S$282, S559 Inhibition [81]

GSK3B ERa S$102,S104, S106, S118 Activation [90]
REV-ERBa S55, S59 Activation [91]
PPARa S6, S21, S12 Mix effect depends on cell type [92]

038 ERB S106, S124 Activation [93]
GR S211 or S226 Inhibition [94]
RARYy S66-S68 Activation [95]
PPARy S112 Inhibition [96]

MAPK L
ERa S118, S167 Activation [97]

RAS/MAPK ERa T311 Activation [87]

CDKs, MAPK, CKII GR S113. 8141, S203, S211, S226 Activation [98]
PPARa S12, S21 Activation [99]

ERK PPARy1 S84 Inhibition [100]
RORa T128 Activation [101]

INK RXRa S22, S61, S75, S87 Inhibition [102]
RXRa S265 Inhibition [103]

AMPK PPARa/PPPARR thought activating p38/MAPK and ERK Mix Effect depends on cell type [104-106]
GRa S211 through activating p38 Inhibition [107]

32‘;;;:;::"5"0"3' NR Modification Effect Reference

Multiple enzymes Most NR Acetylation Activation [108]
ERa deacetylase Inhibition [109,110]

SIRT1 PPARy deacetylase Inhibition [110]
RAR Deacetylase Inhibition [111]

HDACs Most NR deacetylation Mix effect [108]

Table 1: Summary of major Posttranslational modifications that modulate nuclear receptors and have consequent effects on the function of biological clocks.

leads to period lengthening while using chemical compounds led to
period shortening depend on the species and cell used, however both
studies demonstrated the involvement of GSK-3p in clock regulation
[66].

As GSK3p also phosphorylates the estrogen receptor a and REV-
ERBa and to the contrary to Cry, this phostphorylation lead to protect
the receptors from proteosomal degradation which ultimately lead to
prolonging the transcriptional activity of these receptors (Table 1).

The cAMP signaling pathway is an internal component of the clock
network. It is involved in transmitting the external signaling to the core
oscillator to trigger rapid adaptive responses. AMPK has been shown
to directly phosphorylate cryptochromes, Cryl and Cry2 proteins and
leads to their degradation [74]. In addition, cAMP can phosphorylate
the CKIz at serine 389 and increase its enzymatic activity, which
indirectly leads to Per2 destabilization [75]. In vivo it has been
shown that activation of cAMPK by AICAR (5-aminoimidazole-4-
carboxyamide ribonucleoside) or metformin caused a shift in clock
phase.

The cAMPK affect on clock proteins makes the biological clock
sensitive to nutrition and metabolism. Beside phosphorylation,

acetylation and sumolation, activities of certain proteins are also
sensitive to nutritional signals.

In this regard, SIRT1 (silent mating type information regulation 2
homolog 1) with deactylase activity and another key metabolic sensor,
has been reported to counteract the histone acetyltransferase (HAT)
activity of CLOCK protein [76,77].

Similarly to SIRT1 which is a Class III HDAC and requires the
coenzyme NAD* (nicotinamide adenine dinucleotide), Poly(ADP-
ribose) polymerase 1 (PARP1), a second NAD*-dependent protein
was recently shown to act as both a nutrient sensor and a modulator
of clock function [78]. In the liver, PARPI activity was found to be
daytime dependent and probably driven by feeding rhythms rather
than the local circadian clock since its cyclic activity persists in the
absence of a functional liver clock. Further supporting this idea, the
time of peak PARP1 activity was shifted in response to altering the time
of food availability. Interestingly, PARPI interacts with CLOCK and
BMALL, and was shown to ribosylate CLOCK in a rhythmic pattern
[79]. PARP1”" mice have altered circadian rhythms of locomotor
activity and liver gene expression, clearly establishing a link between
PARPI and clock function.

Additionally the clock regulates the level of NAD in the cells, since
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the Nampt promoter (nicotinamide phosphoribosyl transferase), the
rate-limiting enzyme in NAD biosynthesis is regulated by BMALLI.
BMALI directly activates the Nampt promoter. Since SIRT1 is involved
in BMALI and Clock deacytelation, this leads to another circadian
feedback loop, an interaction between SIRT1 and Nampt that leads to
the regulation of the SIRT1 cofactor, NAD through the inhibition of
BMAL1/CLOCK complex activity [71].

The modification of histones through acetylation, deacetylation
and phosphorylation is crucial for genome expression and regulation.
In this respect, the CLOCK protein possesses an intrinsic histone
acetyltransferase (HAT) activity that is essential for the activity of
the molecular clock. CLOCK HAT activity acetylates the histone H3
in position lys14, which results in stimulation of gene expression of
target genes. In addition, CLOCK acetylates its own partner BMALI.
For this action, the CLOCK: BMALI complex is assisted by the histone
methytransferase MLL1 which directs the cyclic trimethylation of
Histone 3/Lys4 of target promoters for subsequent acetylation [5].

The strong association of nuclear receptors to nutrition mobilization
and regulation in the body make them susceptible to postranslational
modification by these pathways as well. In fact, AMPK directly
phosphorylates PPARa, PPAR B and indirectly GRa as summarized
in Table 1. In addition, SIRT1 has been shown to deacetylate estrogen
alpha, PPARy and RAR while GRa can be deacylated by HDAC2.
Most of these modifications lead to the decrease of nuclear receptor
activation; however the acetylation of ER alpha by P/CAF leads to its
ligand sensitization (Table 1).

The Interlink between the Clock, Nuclear Receptors and
Cancer

The majority of biochemical, behavioral and physiological processes
are regulated rhythmically on daily cycles by endogenous ‘clocks’.
Regulation of the circadian clock is important for an organism’s
physiological function and behavior since it relies on it to anticipate
and adapt to predictable daily changes such as day/night and activity/
rest cycles, metabolism, hormone secretion, insulin sensitivity, blood
pressure and feeding time. The disruption of the circadian rhythms
causes many diseases including sleep and mood disorders, diabetes,
obesity and cancer [4].

It is well documented that sleep and activity rhythms are altered
in cancer patients and these changes become more pronounced
when anticancer drugs are administered at their most toxic time.
This can accelerate cancer growth and shorten survival in the clinic.
The interaction between the clock and cancer is further complicated
by gender, clock genes mutations and drug type used. Many
epidemiologic studies demonstrate a link between circadian disruption
and cancer, shift work being an interesting example. The male shift
workers have a significantly higher risk of prostate cancer [112]. Two
important studies have involved around 120,000 nurses. One study
was conducted with nurses younger than 55 years, and has found that
extending the period of rotating night work was associated with a 36%
risk of breast cancer, 35% colorectal cancer, 43% endometrial cancer
independently from other known risk factors [113]. The second study
involved female nurses younger than 42 years and established that the
risk of breast cancer increased by 79% [114]. Based on these studies,
the World Health Organization International Agency of Research on
Cancer concluded that shift-work that leads to circadian disruption is
probably carcinogenic for human [115].

The molecular mechanism linking the perturbation of the clock

and tumor growth and survival is not very well understood. In mice
deficient for Per2, the animals showed an increased risk of tumor
development following exposure to ionizing radiation. The expression
rates of Perl and Per2 are lower in glioma cells when compared with
non-malignant cells [116]. Over expression of Period in human cancer,
cell lines increased their sensitivity to DNA damage and apoptosis; in
contrast, down regulation of Period was associated with protection
against ionizing radiation induced apoptosis [117,118]. In murine
breast cancer models, the anti-apoptotic gene Bcl2 displayed a robust
circadian oscillation in normal tissues, this rhythmicity was absent in
the tumor itself [119].

Many studies have linked molecular clock components and the
cell cycle machinery. A network of cyclin-dependent kinases (CDKs)
governs the mammalian cell cycle. A different cyclin/Cdk complex
controls each phase of the cell cycle: cyclin D/CDK4-6 and cyclin E/
CDK2 control G1 phase and the G1/S transition, respectively; cyclin
A/CDK2 allows progression into the S phase and DNA replication,
while cyclin B/CDK1 involved in G2/M transition. Several lines of
evidence at the cellular, whole organ and animal model levels showed
that the cell cycle is gated by the biological clock at different points
[120]. Firstly, the expression of Kinase Weel, which inhibits the kinase
CDKI1 and blocks the G2/M transition, is directly regulated by BMAL.
In addition, c-Myc, which promotes G1 cyclin synthesis, is inhibited by
BMALIlwhile p21 and cyclin E is inhibited by REV-ERBa [121].

In addition to the cell cycle, several components of DNA damage
and repair mechanisms are under circadian rhythm such as nucleotide
excision repair; Tip60, a histone acetylase of chromatin, with DNA
damage response and repair competency is regulated by the CLOCK/
BMALI [122].

These studies have directly linked the molecular clock to the cell
cycle, chromatin remodeling and DNA repair, which can be disturbed
in cancer. They also provide evidence that perturbation of the clock can
be a major risk for cancer initiation and growth.

There is a second aspect to how malfunction of the clock can
increase the risk of cancer, which is through the ability of the clock to
regulate stem cells. In this regard, it is interesting to note that stem cells
niches are composed of two populations based on the clock phases. Half
of the population is at night phase and second half is at the day phase
[123]. The two niches secrete either TGF-B or Wnt, which have the
opposite effect on cell division and differentiation, a mechanism that
would guarantee a proper maintenance of stem cells in its pluripotent
state. Once the stem cells are committed for differentiation, the balance
gets shifted toward the TGF-p pathway. This raises the question of how
many other similar mechanisms are governed by the biological clock
that is yet to be discovered. Many proteins and pathways that regulate
the differentiation and status of stem cells also play an essential role
in the function of the biological clock. For example, nuclear receptors
such as those for glucocorticoids, estrogen and others that affect
the clock also play an important role in adult and cancer stem cells
fate. The involvement of histone acetylation and deacytelation in the
regulation of stem cell differentiation is another aspect of its link to the
clock. SIRT1 for example, can deacytelate the Per2 protein and disrupt
the clock oscillation [124], and plays an important role in regulation
of developmental genes during differentiation of stem cells. Sirtl is
involved in the development of various cancers such as prostate, breast
and colorectal and chemotherapeutic drug resistance of cancer cells
[125,126].

The circadian oscillation of hematopoietic stem cell-derived
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erythroid, myeloid, and lymphoid populations were demonstrated
as well as those of circulating endothelial progenitor cells [127].
Svetvold and Laerum demonstrated that the circadian oscillation of
hematopoietic lineages was age dependent such that the clock displayed
a good rhythmicity in young mice but its amplitude and peak declined
with age [128]. A similar profile has been reported in peripheral blood
leukocytes [129]. Consistent with these observations, circulating
levels of hematopoietic growth factors such as Granulocyte-Colony
Stimulating Factor, Granulocyte-Monocyte Colony Stimulating
Factor, Tumor Necrosis Factor, and Interleukins 2, 6, and 10 were also
observed to display circadian oscillations [130-133]. In addition it has
been suggested that the expression of stromal derived factor 1 (SDF1
or CXC12) is regulated by a signal from the suprachiasmatic nucleus
[134,135], thus it is likely that the expression profile of multiple growth
factors, receptors, and related metabolic enzymes will exhibit circadian
characteristics.

The circadian rhythmicity controlling the cell cycle and apoptotic
pathways in hematopoietic cells and the disruption of the biological
clock has been implicated in hematopoietic neoplasm [136]. Per2
deficient mice are known to have a 10-fold increase of incidence of
lymphomas when exposed to radiation. Moreover the cell cycle genes
such cyclin D1 and A, ¢-Myc, Mdm2 and Gadd45a are deregulated
in Per2 mutant mice [137]. In addition, the forced expression of Perl
and Per2 in breast and prostate cancer cells inhibits their proliferation
in culture, and inhibition of Perl and Per2 by siRNA accelerates
their proliferation [138]. The CLOCK and BMALI1 knock-out mice
showed altered cell cycle dynamics and premature aging. In addition,

they show tandem calcifications due possibly to abnormalities in the
differentiation and function of the tandem stem cells [139,140].

Chronotherapy for Cancer Patients

The discovery of the link between cancer and the clock, led many
clinicans to consider chronotherapy, in which the anti-cancer drug
is administrated at the optimal time and dose. If the chemotherapy
is based on the fact the more the toxicity, the better outcome, in
contrast chronotherapy showed that the lower the toxicity during
treatment, the better outcome [141]. In many studies, the timing of
cancer drug administration is rarely stipulated in the study protocols.
Therefore, the time of dosing varies among patients and clinics and
in most cases the drug is given during the day [142]. Taking into
consideration that the drug targets and the pathways involved in
cancer, and the drug metabolism and catabolism varies between day
and night, chronotheraphy may provide an attractive approach to
optimize treatment. As summarized in Figure 3, chemotherapy is based
mainly upon the expectation that the clock controls the metabolism
rate of drugs, apoptosis, angiogenesis and DNA repair mechanisms
that are important elements in determining the pharmacokinetics and
pharmacodynamics of a cytotoxic/cytostatic drug. Interferons (IFNs)
are multifunctional cytokines that have antitumor activity, and their
receptor shows a diurnal rhythm of expression in implanted tumor
cells, showing the importance of considering optimal dosing times for
IFN-b [143].

The toxicity of 40 anticancer drugs from different classes is affected
by circadian timing in mice and rats. Interestingly the chronodosing of
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Figure 3: Factors demonstrating chronotherapy as an appropriate means to achieve optimum therapy in multiple diseases.
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anticancer drugs improved their tolerability up to five fold and efficacy
up to two fold irrespective of their route of administration: orally,
intravenous, intraperitoneal and intra-arterial. Furthermore, multiple
Phase I, II and III trials of chronotherapeutic delivery in almost
2000 cases showed significant differences in efficacy and toxicity.
Chronotherapy is facilitated by the fact the body clock can be measured
with many biomarkers such as melatonin, cortizol, catacholomines,
core temperature and rest-activity that remain stable even during most
chemotherapy regimens. Several of these biomarkers are ameanable to
measurement by external sensors [144].

The most detailed studies to demonstrate the usefulness of
chronotherapy compared to standard treatment are for 5-flurouracil
(5-FU), which is used against many types of solid tumors. This pro-
drug is activated in the cell and then inhibits thymidylate synthase
to disturb DNA synthesis and repair, RNA processing which in turn
disrupts cell metabolism and viability [145]. It has been determined
that dosing 5-FU at very specific times of the circadian cycle is more
efficient in killing tumor cells in patients as well as reducing its toxic
affect. 5-FU is recommended to be given at 4h00 which leads to a lower
rate of subsequent hospital admissions due to severe adverse reactions,
and lowers the proportion of patients withdrawing due to toxicity
[146]. The activity of the dehydropyrimidine dehydrogenase in human
mononuclear cells increases by 40% around midnight. This enzyme
catabolizes 5-FUand improves tolerability. In contrast the tolerability
of cisplatin is better between 16h00 and 20h00 and Oxaliplatin is given
at 16h00 (Figure 4) [144].

In colorectal cancer chronomodulated infusion of 5-FU,
leucovorin and Oxaliplatin for 4 days achieves similar survival when
compared with conventional 2 day delivery of the same drugs and
acceptable tolerability, with fewer incidences of diarrhea with 4 d
delivery and neutopenia with 2 d delivery. Combination of cetuximab,
a chimeric monoclonal antibody directed against the extracellular
domain of epidermal growth factor, with circadian chronomodulated
chemotherapy can be used effectively in initially resistant residual
metastatic colorectal cancer [147].

The administration of cyclin dependent kinase inhibitors to tumor
bearing animals has been shown to enhance the rhythmicity of clock
genes in the tumors themselves. This has been associated with improved
outcomes as shown by >50% reduction in the extent of tumor growth
[148]. Oncologists have begun to incorporate the emerging concepts
of chronotherapy into their strategies for dosage administration [149].
These findings merit continued evaluation and research to better define
the underlying mechanisms of circadian biology in cancer and cell
proliferation.

The appropriate timing of conventionally formulated tablets and
capsules and the use of special drug delivery systems to synchronize
drug concentrations to rhythm in disease activity can accomplish
Chronotherapy. In this regard chronotherapy can be administrated in
non-hospitalized patients using special electronic pumps (Melodie) or
an elastomeric pump with programmed electronic control of infusion
flow rate (CIP). These pumps allow chronodelivery for up to four drugs
over several days in outpatients [150].

Role of Circadian Clock in Other Diseases

Circadian clock and metabolic diseases

It is well documented that disruption of the clock leads to
perturbation of glucosehomeostasisinmammalsand variousclock genes
are associated with susceptibility to type 2 diabetes [151]. Moreover, the
energy balance in the body is regulated by the hypothalamus and it is
suggested that the clock in the hypothalamus neural network plays an
important role in this function [152]. In the liver, which is the main site
of metabolic action, at least 10% of its transcripts are rhythmic, allowing
opposite reaction such as glycolysis/gluconeogenesis, lipogenesis/fatty
acid oxidation to take place. For example the rate-limiting enzymes of
glycolysis and gluconeogenesis oscillate and peak in the early morning
and early evening respectively. Knock-out of BMALI, Cryl and Cry2
gene in the liver alters this oscillation [153]. The expression of the key
liver enzyme phosphoenolpyruvate carboxylase (PEPCK) is at the cross
roads of many clock regulators: its rhythmic expression is influenced
by glucocorticoid, glucagon and is under the control of Crys as well as
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REV-ERBa/ROR pair and PGC1-a [154]. Recent studies showed that
shift work desynchronizes the body clock from environmental rhythms
in part by perturbing the diurnal rhythm of PEPCK activity, causing
impaired gluconeogenesis [155]. Moreover, the disruption of lipid
metabolism in the liver leads to obesity and diabetes; in this regard,
the role of PPARs is well documented to be essential for this function.
The BMALI1 knock out fibroblast cannot differentiate into adipocyte
and BMAL knock-out mice have an increased respiratory quotient and
reduced fat storage [156]. Moreover, the dysfunction of the pancreas
clock affects insulin secretion and glucose homeostasis.

As mentioned earlier, food and metabolites can synchronize the
peripheral clock independently of the central clock. For example clock
rhythms in the liver can entrain to a food restriction regime within
two days even though SCN activity remains locked to light-dark cues
throughout [157]. This implies that central and peripheral clock can be
de-synchronized as result of lifestyles that oppose the natural circadian
rhythms, a conclusion that has been demonstrated by a study in which
human subjects were placed on 28 hours daily routine for 10 days [158].
In this study the body temperature of the volunteers remained at a 24
hour cycle while other biomarker such as leptin and insulin adhered to
28 hours based cycles. The perturbation leads to suppression of leptin,
increase in glucose and hypertension exactly as has been observed in
patients with chronic sleep deprivation.

Shift work represents chronic misalignment and it leads to resetting
of the internal rhythm against environmental cycles. It is associated
with obesity and metabolic disease. In this regard, it has been shown
that limiting food access to the dark phase can effectively rescue the
clock and metabolic dysfunction caused by shift work [159].

Inflammation and the clock

There is a strong link between circadian rhythm and inflammation
pathways and diseases. For example patients with rheumatoid arthritis
report daily variation in the severity of symptoms [160]. They experience
greater joint pain, stiffness and functional disability in the morning
[161]. At the molecular level, many studies have shown that the clock
regulates the expression of multiple cytokines including IL6 [162]. The
expression of the key pro-inflammatory cytokines IFN-g and IL-1B are
reduced after LPS challenge in Per2 knock-out mice [163]. In addition,
the down regulation of BMAL by siRNA in macrophages reduces the
cytokine expression and NF-«B pathway activity [163]. It also has been
demonstrated that the expression of IL6 is under the control on REV-
ERBa in human macrophages. This study demonstrated that REV-
ERBa as the key link between the clock and immune function [164].

Asthma patient who experience nocturnal symptoms, have
nighttime exacerbations partially driven by an increase in bronchial
responsiveness. Inhaled glucocorticoids are used to inhibit asthma
inflammation and B2-andrenoceptor agonists are used to block airway
obstruction in the respiratory tract in asthma patients [165]. The ability
of glucocorticoid and B-adrenorceptor agonists to regulate the clock
through modulating the expression of Perl and also the transcription
factors and kinases involved in clock regulation such as MAPK and
CREB may also be important [166]. The chronodosing of asthma drugs
is now widely practiced and in this regard, specific delivery systems
have been developed to deliver chronotherapeutics. For example,
Ciclesonide, a novel glucocorticoid that is hydrolyzed by esterases
to form the active metabolite in the patient is administrated once
daily at night. The generated metabolite desibobutyryl-ciclesonide
exhibits 100-fold greater affinity to the glucocorticoid receptor. In
addition, prednisone and methylprednisolone are more effective when

administrated at 15h00 compared to other times of the day or night.
However, more work is needed to dissect the molecular mechanisms
by which the clock affects asthma as well as how the drugs themselves
affect the clock and verse-versa [167].

Mood disorders and the clock

Important neurological diseases such as major depressive disorder
(MDD), bipolar disorder (BD) and sleep deprivation are highly linked
to circadian clock perturbation in the SCN [168]. These diseases are
characterized by depressed mood, perturbation of goal directed activity,
sleep deprivation, loss of cognition ability and appetite. In MDD the
clock has been reported to be phase delayed, the level of the delay is
associated with the severity of the depression [169]. Another study
found that the clock has lower amplitude in depressed patients [170]
and similar studies would be instructive in BD patients. The RORa
mutation has been associated with depression in genetic studies [171].
Per2 deficient mice show reduced monoamine oxidase A, increased
dopamine in the brain and also reduced depression and anxiety-like
behaviors, similarly RORa knock-out mice have reduced depression
and anxiety-like behaviors [172,173]. Many drugs used to treat mood
disorders affect the clock such as the antidepressant fluoxetine, which
advances SCN phase. Others shorten the circadian period and lithium
delays phase and increases Per2 amplitude. At the molecular level,
lithium inhibits GSK3 B, which phosphorylates the BMALI, Per2 and
REV-ERBa clock proteins [174].

Sleep disorder is associated with clock malfunction of the clock and
this includes sleep apnea and familial advanced sleep phase syndrome
(FASPS) disorders. The former is more evident during the night, and
the FASPS is caused by mutations in Per2 and associated kinases, CKI
3/Q[175].

Concluding Remarks

Correct function of the biological clock is crucial to insure that the
body’s physiological pathways are synchronised and work in phase. It
regulates the cell cycle, immune system, and stem cell differentiation
and growth pathways. The desynchronization of the central and
peripheral clock cause many 21 century disorders, including obesity,
diabetes, cancer and aging.

The functionality of the biological clock is highly regulated by
complex transcription factors and posttranslational modifications,
and therefore any dysfunction of these networks will have profound
consequences on downstream biology and consequently cause severe
health problems. As many novel and next generation drugs target
transcriptional regulation such as nuclear receptors modulators,
kinases inhibitors and epigenetic regulating enzymes, careful
consideration should be given to the time and duration of activation
of these pathways, and hence designing a proper treatment protocol
based on clock biology. In this regard, chronotherapy has been proven
to be effective in many diseases such as Asthma, rheumatoid arthritis
and cancer. As summarized in Figure 4, chronotherapy takes into
consideration the timing of target expression, disease manifestation
and the activation of the enzymatic machinery involved in drug
metabolism. Figure 4 summarizes the timing of the manifestation of
several common diseases.

Chronotherapy provides an alternative approach for drug
discovery and development as well as potentially repositioning those
compounds that are metabolically cleared very fast even though may
be very potent inhibitors or modulators of their targets. As the clock
regulates over 10% of the genome, with the high demand to develop
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more effective and safer drugs, chronotherapy may be one of the most
effective approaches to achieve this aim and become commonplace in
clinical practice in the future.
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