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Molecular biology of the circadian clock in the rodent heart

Abstract

Circadian rhythms are physiological and behavioural patterns with a period of approximately
24 hours that allow almost all organisms to anticipate predictable changes in their
environment. In mammals, these rhythms are co-ordinated by a hypothalamic pacemaker, the
suprachiasmatic nuclei (SCN) that is synchronised to solar time by retinal signals. Rhythms
are generated at the cellular level by interlocking auto-regulatory
transcriptional/post-translational feedback loops known as the circadian clock. The same
mechanism exists in all mammalian cells investigated, including components of the
cardiovascular system (CVS). Signals from the clock are translated into physiological
rhythms via the regulation of clock-controlled genes (CCGs) and recent observations suggest
that over 10% of the transcriptome is rhythmically expressed. Disruption of the clock is
associated with chronic illness such as cardiovascular disease, cancer and diabetes and in the
human CVS circadian rhythms in cardiac function and the occurrence of pathological events
have been observed. The molecular targets of the clock in the heart are however largely
unconfirmed.

The aim of this thesis was to identify CCGs in the mouse heart and investigate their regulation
by the clock using in vivo and in vitro approaches. SCN-dependent temporal expression and
up-regulation by clock factors suggests for the first time that Bnp is a cardiac CCG and, with
the putative CCGs Anp and Ms1, implicates the cardiac clock in regulating hypertrophy, and
cardio-protection. Treatment of SCN-ablated mice with dexamethasone re-established
circadian expression of Bnp and altered expression of most genes investigated, implicating
glucocorticoids in synchronisation of the cardiac clock and target processes. Cardiac
circadian expression of Pai-/ was confirmed and direct transcriptional regulation by the clock
was demonstrated. A novel E-box-containing distal region in the Pai-/ promoter was
identified which may be sufficient to generate cycling in dexamethasone-synchronised cells.
E-box dependent activation of this distal region and the proximal promoter by clock and
hypoxic factors suggests the E-box provides the molecular interface between circadian and
stress pathways and that Pai-1 is a key integrator of the circadian clockwork and diverse
physiological processes in the CVS.

Together these and previous findings suggest the cardiac clock can control complex
co-ordination of gene cascades and integrate diverse processes with adaptation to the temporal
environment, providing a molecular explanation for the diurnal variation in cardiovascular
events and suggesting new therapeutic targets.
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1. Introduction

1.1. Circadian rhythms

The Earth’s rotation around its axis generates environmental cycles, most conspicuously changes
between light and darkness. The effects of this 24-hour cycle on diverse organisms have long been
noted and studied. The earliest documentation of rhythms in physiology dates back to the 4th century
B.C. when a ship’s captain, Androsthenes of Thasus, observed and recorded daily movements of the
leaves of the tamarind tree (Refinetti, 2005). Around the same time the great physician Hippocrates
also noted daily rhythms in the recurrence of fever. It wasn’t until 1729 that these rhythms were
attributed to an endogenous mechanism when French astronomer Jean-Jacques d’Ortous de Marian
placed Mimosa pudica plants in constant darkness and noted that the leaves of these plants continued
to open during the day and close at night despite the absence of sunlight. His conclusion that these
rhythms were an innate property of the plant gave rise to the study of circadian rhythms. The term
“circadian”, coined by Franz Halberg, comes from the Latin circa, “around”, and dies, “day”, meaning
literally “about a day” and circadian rhythms are defined as those that persist in constant conditions
(e.g. constant darkness) and have a period of approximately 24 hours. Maintenance in constant
conditions eliminates ‘apparent’ rhythms that are just a response to external rhythmic cues and
demonstrates the endogenous generation of a rhythm. The defining properties of circadian rhythms

are shown in Figure 1.1.



Figure 1.1. Defining properties of circadian rhythms in diverse organisms. Circadian rhythms
within an organism, tissue or cell are those which show peak-to-peak intervals, or period, of
approximately 24 hours. Rhythms can be entrained to the 24-hour light-dark (LD) cycle but truly
circadian rhythms are maintained in the absence of environmental signals (free-running conditions)
such as constant darkness. The timings of peaks and troughs in these rhythms can vary from one to
another, known as the phase, as can the magnitude between peak and trough, or amplitude (from

Bell-Pedersen (2005).

During the 20th century many observations of endogenous circadian rhythms in a variety of species
followed, such as temperature and activity in mammals, leaf movement and stomatal opening in
plants, asexual spore production in the fungus Neurospora crassa and photosynthesis and nitrogen
fixation in the cyanobacterium Synechococcus (Merrow et al., 2005; Refinetti, 2005). It thus became
apparent that nearly all organisms (with the exception of certain prokaryotes) have evolved specific
mechanisms to adapt to their thythmic environments, with environmental cues (called zeitgebers),
such as light and temperature, acting as synchronisers. The array of organisms in which circadian
rhythms have been studied are shown in Figure 1.2. Much interest was placed on elucidating the
underlying mechanisms and a genetic basis to circadian timing, which was first demonstrated in 1971
when Ronald Konopka and Seymour Benzer mapped mutations in three lines of Drosophila
melanogaster with aberrant circadian behaviour to the same gene, named period (Konopka and
Benzer, 1971). The Drosophila period gene later became the first clock gene to be cloned (Bargiello
et al., 1984; Reddy et al., 1984; Zehring et al., 1984), followed by frequency in Neurospora (Feldman
and Hoyle, 1973; McClung ef al., 1989). In 1990 Michael Rosbash and his team demonstrated that
levels of period mRNA, and the resulting PERIOD protein, displayed a 24-hour cycle in wild-type

Drosophila (Hardin et al., 1990). Around the same time further mutagenesis screening led to the



identification of a second clock gene in Drosophila with similar properties to period, named timeless
(Sehgal et al., 1994), and the two protein products of these genes were later found to bind one another
and be at the centre of a feedback loop that took 24 hours to complete (Zeng et al., 1996) (see section
1.2.2). This forward genetics approach of isolating circadian mutants and identifying the causative
gene led to the identification of additional clock genes in Drosophila including the genes cycle (Rutila

et al., 1998) and doubletime (Price et al., 1998).

The first mammalian clock gene, named Clock, was identified in the mouse by Joseph Takahashi’s
group, also using a forward genetics approach (Vitaterna et al., 1994). The same group characterised
the Clock locus further using two genetic approaches available in the mouse and published the work in
two back-to-back papers in Cell in 1997. In one study these authors used positional cloning and
subsequent sequencing to show that the mouse Clock gene encodes a protein containing a PAS
(Period-Arnt-Singleminded) dimerisation domain, similar to that found in Drosophila PERIOD, and a
basic-helix-loop-helix (b HLH) DNA-binding domain (King ef al., 1997). The second study
demonstrated in vivo complementation, i.e. rescue of an abnormal circadian phenotype, with bacterial
artificial chromosomes (BAC) containing the Clock gene (Antoch et al., 1997). These techniques
together with the investigation of Clock transcript expression and evolutionary conservation of the
gene demonstrated that Clock is an integral part of the mammalian circadian pacemaker system. The
first human clock gene, period2 was discovered in 2001 in people with familial advanced sleep phase
syndrome (FASPS) (Toh et al., 2001). In the last 10 years a host of additional clock genes have been
identified through mutagenesis screening and molecular genetic screens in model organisms such as
humans, rodents, fish, frogs, insects, plants and cyanobacteria (e.g. Young and Kay (2001);
Bell-Pedersen ef al., (2005). Many of these genes are conserved between species but even where
sequence or function differs, these genes form the basis of transcriptional-translational feedback
negative loops that are able to generate molecular circadian rhythms in all examined organisms (see
section 1.2.2) (Dunlap, 1999). As the availability of genetic and biochemical tools increases the
mechanisms of clock function, and how molecular rhythms are converted into physiological rhythms
can be further investigated, alongside the biological significance of these important conserved
mechanisms that confer the advantage of environmental anticipation and adaptation to most

organisms.



Figure 1.2. Phylogenetic tree demonstrating the existence of circadian rhythms across all phyla.
Line lengths correspond to evolutionary distance. Circadian rhythms have been described for
phylogenetic groups shown in blue and genetic characterisation or the clock mechanism has

progressed significantly for groups shown in red (as of 1999). From Dunlap, (1999).

1.2. The circadian clock

1.2.1 The suprachiasmatic nuclei as a master clock

Daily physiological rhythms are co-ordinated by a ‘master’ pacemaker, the suprachiasmatic nuclei
(SCN), located in the anterior hypothalamus (Klein DC, 1991). The SCN are composed of around
10,000 GABAergic neurons subdivided into a ventral ‘core’ region that receives direct signals from
the retina and brain stem, and a dorsal ‘shell’ region, which appears to govern output from the SCN
pacemaker, driving behavioural and physiological rhythms (Hastings et al., 2007). It is the detection
of photic input by the retina and signalling to the SCN via a direct neural projection (the
retinohypothalamic tract) that synchronises the central clock to a 24-hour cycle (Moore, 1997). Even
in the absence of external stimuli however, the SCN maintain rhythmicity demonstrating the
robustness of this central clock: in vitro isolated SCN neurons sustain circadian cycles of electrical

firing (Liu and Reppert, 2000), cytosolic Ca>" concentrations (Ikeda ef al., 2003) and gene expression



(Liu et al., 2007) and circadian gene expression rhythms persist in organotypical SCN slices for many
weeks (Maywood et al., 2007). Output signals from the SCN are relayed by neural projections to
either endocrine neurons, autonomic neurons of the paraventricular nucleus of the hypothalamus
(PVN), other hypothalamic structures or areas outside the hypothalamus (Buijs and Kalsbeek, 2001)
(Figure 1.3). Through these pathways the SCN can control endocrine cycles and metabolic pathways
by either controlling the sleep-wake cycle, and thus nocturnal secretions of hormones such as prolactin
and growth hormones, or by directly driving rhythmic hormone secretion independently of sleep, such
as melatonin secretion from the pineal gland and cortisol secretion from the adrenal gland (Hastings et
al., 2007). The network of connections with the SCN also enables integration of signals from the
periphery, allowing zeitgebers such as feeding cues to modify the central clock (Buijs and Kalsbeek,
2001) (Figure 1.3). A schematic summary of the central role of the SCN in circadian rhythm

generation can be seen in Figure 1.4.
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Figure 1.3. Pathways by which the SCN and peripheral clocks might communicate. The
hypothalamus (green) is the chief target of both the SCN and the central nervous system. Information
from the SCN is translated mainly by the paraventricular nucleus (PVN) into hormonal and autonomic
signals (via the dorsal motor nucleus of the vagus (DMV), intermedolateral columns (IML) and
pituitary gland) and these parasympathetic and sympathetic signals reach peripheral organs.
Sympathetic sensory information from the periphery signals back to the SCN via layers [ and V or the
dorsal horn, nucleus of the solitary tract (NTS) and parabrachial nucleus (PBN), and vagal sensory
information directly via the NTS and PBN. These connections provide the hypothalamus with
information to integrate light-dark signals from the visual system and metabolic signals from

peripheral organs. Figure from Buijs and Kalsbeek (2001).



Figure 1.4. A summary of the co-ordinating role of the SCN. The SCN receives light signals from
the retina through the retinohypothalamic tract (RHT) and transduces these signals into neural and
hormonal outputs via other brain areas and hormone-secreting organs (see text). Circadian rhythms
result from the effects of these outputs on the central nervous system (CNS) and direct effects on
peripheral tissues. For example, the rhythmic secretion of melatonin from the pineal gland is
controlled by signals from the SCN and regulates the sleep-wake cycle. Melatonin also feeds back to
inhibit night-time SCN activity through the melatonin receptors expressed in the SCN. Figure from
Bell-Pedersen et al., (2005).

1.2.2  Circadian transcriptional feedback loops

The SCN neurons can maintain a thythm because they each possess a set of genes involved in positive
and negative feedback loops that drive rhythms in the RNA and protein levels of key clock
components (Reppert and Weaver, 2001). Two transcription factors of the basic helix-loop-helix
(bHLH)-PAS (Period-Arnt-Singleminded) domain family, Circadian Locomotor Output Cycles Kaput
(CLOCK) and Brain and Muscle ARNT-Like protein 1 (BMAL1/ARNTL/MOP3) drive the system.
CLOCK:BMALI heterodimers activate transcription by binding to E-box enhancer elements and are
highly selective for those containing the canonical nucleotide sequence CACGTG. Particularly, these
CLOCK:BMALI heterodimers activate the rthythmic transcription of the Period genes (Peri-Per3)
and Cryptochrome genes (Cryl and Cry2) (Figure 1.5). The resultant proteins peak approximately
four hours after the mRNA and oligomerise and translocate back into the nucleus where they
accumulate and interact with CLOCK:BMALT1 and repress their own transcription (along with other
E-box containing genes). The importance of BMALI in this loop can be seen by the severe disruption

of behavioural and molecular rhythms in Bmall “ knockout mice (Bunger ef al., 2000). PER1 and



PER2, and CRY1 and CRY2 on the other hand appear to compensate for each other to some degree as
mutation of both Per or Cry genes is required to cause arrhythmicity. The individual mutants do
display some changes in rthythm period however so the PERs and CRY's cannot completely
compensate for each other (Ko and Takahashi, 2006).

The core molecular loop is augmented and stabilised by ancillary loops (Figure 1.5), the most
prominent involving two orphan nuclear receptor proteins, REV-ERBa (NR1D1) and RORa (retinoic
acid receptor-related orphan receptor a). CLOCK:BMALTI activates the rhythmic transcription of
these genes in phase with the Per and Cry genes and the resulting products antagonistically regulate
the Bmall promoter by repression (REV-ERBa) or activation (RORa) via two REV-ERB/ROR
response elements (RORE) (Preitner et al., 2002; Sato ef al., 2004¢; Triquencaux et al., 2004; Akashi
and Takumi, 2005; Guillaumond ef al., 2005). This antagonistic effect where activation by RORa is
coupled to lack of repression when REV-ERBa levels are low maintains a robust circadian rhythm of

Bmall expression and provides a link between the positive and negative limbs of the clock.

Additional factors that are regulated by the core clock loop and may feedback into the system are the
antagonistic transcription factors DBP and E4BP4 and the bHLH factors DEC1
(Stral3/Sharp2/BHLHB?2) and DEC2 (Sharp1/BHLHB3). DBP (D-element binding protein) and
E4BP4 (adenovirus E4 promoter ATF site binding protein 4), are basic leucine zipper transcription
factors that are rthythmically expressed in anti-phase at the mRNA and protein level and activate or
repress the same D-box element respectively (Mueller et al., 1990; Mitsui et al., 2001). Dbp mutant
mice have shortened activity cycles (Lopez-Molina et al., 1997) and DBP can activate the mouse Perl
promoter (Yamaguchi et al., 2000) so may influence the core feedback loop. Peri-3 and Rora
promoters contain D-boxes (Ueda et al., 2005) and the antagonistic effect of DBP and E4BP4 on these
promoters may help maintain the robust and high-amplitude periodicity of the clock. Dbp has a robust
circadian expression rhythm in the SCN and peripheral tissues (Lopez-Molina et al., 1997) and, like
DECI and 2, is likely to play a more important role in transducing circadian regulation to genes that
may not possess proximal E-boxes. DBP has been shown to regulates the rhythmic expression of key

enzymes in the liver (Lavery et al., 1999) but no DBP targets have yet been identified in the heart.

DECI1 (Differentially Expressed in Chondrocytes 1) and DEC2 can inhibit CLOCK:BMAL1-induced
activation through competitive E-box-binding and can bind BMALI directly (Honma et al., 2002;
Sato et al., 2004a), although this interaction is not required for repression (Li et al., 2004). The
evidence that DECI1 plays a role in strengthening and fine-tuning the core feedback loop is supported
by recent findings that Decl over-expression or depletion can delay or advance the phase of
E-box-containing clock genes respectively (Nakashima et al., 2008). Interestingly Per2 and Cryl
expression was unaffected as these genes do not contain canonical E-boxes (and are instead believed

to be activated via non-canonical E-box elements, see Chapter 6 (section 6.1), demonstrating that the



targets of DECI1 are limited to canonical E-box-containing genes. Although DEC1 and DEC2 may
play a role in stabilising the core feedback loop their primary role is likely to be as transducers of
clock output as a number of genes are regulated by DEC1 and Dec/” knock-out mice retain normal
circadian function in the liver (Grechez-Cassiau et al., 2004). Decl is up-regulated by multiple stimuli
such as retinoic acid (Boudjelal et al., 1997), transforming growth factor-f (Shen et al., 2001) and
hypoxia (Miyazaki et al., 2002), and may therefore add a circadian aspect to gene regulation by these

stimuli.

Figure 1.5. The molecular feedback loops of the mammalian circadian system. Schematic
representation of the feedback loops that make up the molecular clock. The core loop (blue lines)
consists of a positive limb driven by CLOCK and BMALI1 dependent activation of the Per and Cry
genes, via E-boxes in their promoters, and a negative limb where PER and CRY proteins translocate
back into the nucleus and inhibit their own expression, and activation of other E-box-containing genes.
This core loop is stabilised by an ancillary loop involving the antagonistic factors REV-ERBa and
RORa (red lines), which are rhythmically expressed through CLOCK/BMAL1 and PER/CRY
complex interaction with their E-boxes. REV-ERBa and RORa in turn regulate the rhythmic
expression of Bmall through binding to the RRE sequence. A second loop that is regulated by the
core loop and feeds back into the system involves DBP and E4BP4 (green lines). Dbp and E4bp4 are
also regulated by CLOCK/BMALI and REV-ERBa and RORa and can go on to regulated the Per
genes and Rev-erbo. via binding to the D-box sequence. These loops give rise to different expression
phases of clock genes and maintain robustness. The rhythmically expressed clock factors proceed to
regulate the rhythmic expression of genes that carry E-box, D-box or RRE sequences. These primary
clock-controlled genes (CCGs) will in turn regulated the rhythmic expression of secondary CCGs,
ultimately orchestrating a circadian transcriptome that gives rise to physiological thythms. Figure

from Hastings et al., (2007).



The amplitude, phase and period of the core circadian feedback loop may be further stabilised by
adenosine 3’,5’-monophosphate (cAMP) signalling in the SCN, which is itself regulated by the clock,
representing a feed-forward mechanism (O'Neill et al., 2008). The clock is also regulated by
post-transcriptional and post-translational mechanisms that significantly contribute to the precision
and stability of the feedback loop (Reppert and Weaver, 2002; Harms et al., 2004; Dardente and
Cermakian, 2007). Phosphorylation may be an important regulatory mechanism as CLOCK, BMALI,
PERI and PER2 undergo temporal changes in phosphorylation in vivo. Two of the kinases involved
in phosphorylating PER1-3, CRY 1-2 and BMAL1 have been identified as Casein Kinase I & (CKI9)
and CKle (Akashi et al., 2002; Eide et al., 2002; Eide et al., 2005). Phosphorylation of the PER
proteins by CKId/e promotes their degradation via the ubiquitin proteasome pathway and regulates
their translocation to the nucleus (Vielhaber et al., 2000; Akashi et al., 2002; Takano et al., 2004).
PER2 and CRY?2 are also phosphorylated by glycogen synthase kinase-3 (GSK-3) (Harada et al.,
2005; litaka et al., 2005), which again promotes nuclear entry/nuclear retention of PER2 and CRY2
and degradation of CRY2 (Harada et al., 2005). CRY1, CRY2 and BMALI can also be
phosphorylated by mitogen-activated protein kinase (Sanada et al., 2002; Sanada et al., 2004). The
importance of phosphorylation status in transactivational ability or nuclear localisation is implied by
the observation that transcriptional activation by mCLOCK and mBMAL1 occurs when they are least
abundant in the nucleus (Lee ef al., 2001). Mutations in CK/d and CK/e also alter the circadian period
in mammals (Lowrey et al., 2000; Gallego et al., 2006) and have been implicated in familial advanced
sleep phase syndrome (FASPS) in humans (Toh et al., 2001; Xu et al., 2005), further demonstrating

the importance of phosphorylation in maintaining 24-hour rhythms.

Further modifications of the core clock proteins are also likely to regulate the feedback loops as
BMAL1 undergoes rhythmic SUMOylation — the covalent linking of a small ubiquitin-related modifier
protein (SUMO) to lysine residues (Cardone ef al., 2005). This modification may regulate the nuclear
localisation and degradation of BMAL1 via the ubiquitin proteasome pathway (Lee et al., 2008).

The importance of chromatin remodelling in circadian regulation is also becoming increasingly
apparent, particularly following the discovery that CLOCK is a histone acetyltransferase (HAT) (Doi
et al., 2006) and that Perl, Per2, Cryl and Dbp promoters are acetylated at histone H3 when being
actively transcribed (Etchegaray et al., 2003; Curtis et al., 2004; Naruse et al., 2004). BMALI and
PER?2 proteins are also rhythmically acetylated (Hirayama et al., 2007; Asher et al., 2008). The HAT
activity of CLOCK may be counteracted by the histone deacetylase (HDAC), SIRT1 (Asher et al.,
2008; Nakahata et al., 2008a). SIRT1 is dependent on the energy stored in nicotinamide adenine
dinucleotide (NAD") to catalyse the removal of the acetyl group from histones and may present a link
between the core clock loop and cellular metabolism. The current understanding of circadian rhythms

in histone acetylation and deacetylation is summarised in Figure 1.6.



Figure 1.6. Circadian rhythms in histone acetylation and deacetylation. During activation of
CCGs CLOCK:BMALTL heterodimers are associated with the E-box element and CLOCK mediates
acetylation of the tails of histones H3 and H4 (Doi et al., 2006). BMAL1 also becomes acetylated,
which may stabilise it (Nakahata et al., 2008a) and aid recruitment of PER2 (Hirayama et al., 2007)
(which also becomes acetylated) and CRY'1, ending the activation phase. NAD-+-dependent
deacetylation by SIRT1 of histones, BMAL1 and PER2 facilitates the re-establishment of a repressive
chromatin state. Figure from Belden and Dunlap, (2008).

While post-translational mechanisms affecting the clock are increasingly coming to light,
post-transcriptional mechanisms are also likely to play a role and the balance between mRNA
synthesis and degradation appears to be important in the generation of circadian rhythms (Shu and
Hong-Hui, 2004). In particular, inhibition of gene expression by microRNAs (miRNAs) may
fine-tune the period of the clock and be involved in light-induced phase-resetting (O'Neill and
Hastings, 2007). This has been proposed following the discovery of two brain-specific miRNAs,
miR-132 and miR-219, that are rhythmically expressed in the SCN, one of which is also induced by
light (Cheng ef al., 2007). These miRNAs augmented Perl transactivation in vitro and have a number
of predicted targets that may regulate the circadian expression of novel target genes as well as the core

clock.

1.3. Intrinsic clocks in peripheral organs

As well as being expressed in the SCN, clock genes exhibit robust cyclic expression in many
peripheral tissues (Reppert and Weaver, 2001; Balsalobre, 2002). This was initially thought to be
passively driven by signals from the SCN (e.g. behavioural and endocrine rhythms) but the
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demonstration of persistent circadian expression of clock genes in cultured mammalian fibroblasts
following a serum shock established the existence of an intracellular clock mechanism (Balsalobre et
al., 1998). The existence of intrinsic clocks in peripheral tissues in vivo was demonstrated by
real-time monitoring of cultured tissues (liver, lung, kidney, skeletal muscle and extra-SCN brain
regions) from bioluminescent reporter animals [the Perl promoter:luciferase rat (Yamazaki et al.,
2000) and mouse (Wilsbacher et al., 2002) and PER2::LUCIFERASE fusion protein mouse (Yoo et
al., 2004)]. In such experiments the bioluminescence rhythms in peripheral tissue cultures dampen
over time, whereas rhythms from SCN cultures are sustained indefinitely, implying that the peripheral
clockwork is less robust (Hastings et al., 2007). However, single cell imaging of fibroblasts in culture
has shown that the apparent loss in bioluminescence results from cells drifting out of phase with one
another, although maintaining high-amplitude rhythms (Nagoshi et al., 2004; Welsh et al., 2004).
SCN neurons on the other hand are able to communicate with one another and maintain synchrony
(see section 1.2.1), leading to the view that the SCN clock is the master synchroniser of peripheral
oscillators. In peripheral tissues clock genes expression rhythms tend to peak 4-8 hours later than in

the SCN (Hastings et al., 2003), which reflects this relationship.

In addition to the distinct phase distribution of CCG expression in peripheral oscillators, experiments
with PER2::LUCIFERASE transgenic mice also showed tissue specific differences in phase and
period of bioluminescence (Yoo et al., 2004). This may be due to the utilisation of different clock
genes, such as the Bmall paralogue Bmal2. Like BMAL1, BMAL2 (ARNTL2/MOPY/CLIF) can bind
to CLOCK and form transcriptionally active heterodimers (Hogenesch et al., 2000; Maemura et al.,
2000). The two factors are likely to play different roles in clock regulation as their expression patterns
differ. Bmall appears to be more abundantly and ubiquitously expressed throughout the body, with
high levels in the human and murine brain, skeletal muscle and heart (Ikeda and Nomura, 1997; Yu et
al., 1999) as well as in the human liver and kidney and most tissues to some extent (Maemura et al.,
2000). The expression profile of Bmal? is less defined but appears to be less abundant and more
specific with highest levels being detected in murine and human brain and placenta (Hogenesch et al.,
2000; Maemura et al., 2000) and varying levels in other human tissues, such as the heart, lungs,
kidneys, liver, skeletal muscle and endothelial cells (Maemura et al., 2000; Schoenhard et al., 2002).
Whether Bmal2 expression cycles is unclear but it has been observed that activation of an
E-box-containing reporter by BMAL2:CLOCK was almost four times higher than BMAL1:CLOCK
(Hogenesch et al., 2000; Chong et al., 2006), suggesting that BMAL1 and BMAL?2 fulfil separate

temporal-spatial roles in circadian regulation.

Peripheral clocks may be further regulated by tissue-specific expression of clock-regulated genes such

as Decl and Dec2. Decl appears to be expressed in most tissues whereas Dec?2 expression is most
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abundant in the rodent central nervous system and skeletal muscle, also detectable in the heart and

lung tissue, but absent in the liver and kidney (Rossner ef al., 1997; Fujimoto et al., 2001).

In mammals peripheral clocks are unable to detect light and are reliant on signals from the SCN to
entrain them to external day-night rhythms and each other. The role of the SCN as a phase
co-ordinator is evident in SCN-ablated mice where Per2 expression rhythms in peripheral tissues
become progressively desynchronised (Sakamoto ef al., 1998; Yoo et al., 2004). However, how the
SCN signals to the peripheral clocks is not fully understood and a combination of neural and hormonal
mechanisms is believed to be involved (see section 1.2.1). In particular, the importance of hormonal
mechanisms was demonstrated in an experiment where encapsulated intact SCN (with neuronal
contacts eliminated) transplanted into SCN-ablated hamsters were able to rescue circadian rhythms via
humoral signals (Silver et al., 1996). Circadian gene expression has also been observed in circulating
mononuclear leukocytes, confirming that peripheral clocks must be synchronised by hormonal
mechanisms (Oishi ef al., 1998). A slower hormonal mechanism also explains the time-lag in clock

gene expression between the SCN and peripheral clocks (Hastings et al., 2003).

The identity of the humoral synchronising factors involved is not currently known but several
observations suggest that glucocorticoid signalling is important. In particular, the glucocorticoid
analogue dexamethasone (DEX) can induce circadian gene expression in rat-1 fibroblasts and
phase-shifted expression in liver, kidney and heart, without affecting SCN neurones, which lack the
glucocorticoid receptor (Balsalobre ef al., 2000a). Some other tissues were unaffected, adding a
degree of tissue-specific control. Glucocorticoids are themselves secreted rhythmically by the adrenal
gland (Nelson, 1972) and appear to be able to counteract other resetting signals, such as feeding,
possibly preventing inappropriate uncoupling of organ clocks (Le Minh et al., 2001). Rev-erba
expression is inhibited by glucocorticoids (Torra et al., 2000) representing a possible mechanism
whereby glucocorticoids can signal to the core clock mechanism. In fact, treatment of SCN-ablated
mice with DEX activated approximately 60% of all cycling genes in the liver, including genes that do

not contain the glucocorticoid response element (GRE) (Reddy et al., 2007).

Glucocorticoids are likely to be important but cannot be the only hormones involved in synchronising
peripheral clocks since disruption of the glucocorticoid receptor in mice did not affect circadian gene
expression in the periphery (Balsalobre et al., 2000a). Other compounds have been shown to activate
the expression of some circadian genes, including forskolin, adenylate cyclase agonists (which
increase cCAMP production), the phorbol ester TPA (12-o-tetradecanoylphorbol 13-acetate), growth
factors (that activate protein kinase C and MAP kinases), calcimycin (which increases the
intracytoplasmic Ca®" concentration), and retinoic acid, which is also a critical regulator of cardiac
growth (Olson and Schneider, 2003). Nuclear hormones may also have a role in entrainment since the

retinoid X receptor alpha (RXRa) and retinoic acid receptor alpha (RARa), have been shown to
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negatively regulate CLOCK:BMAL1 and MOP4:BMAL 1-mediated clock gene activation in the
vasculature in a hormone-dependent manner (MOP4/NPAS?2 is a paralogue of CLOCK that also binds
to BMAL1) (McNamara ef al., 2001). Retinoic acid phase-delayed Per2 oscillations, whereas DEX
phased-advanced Per?2 in the vasculature, suggesting that glucocorticoids and retinoids may have

opposing effects and use different mechanisms to reset peripheral clocks.

External signals can also entrain some peripheral clocks independently of the SCN. For example,
using a restricted feeding pattern, Stokkan and colleagues (2001) reported a shift of the liver clock by
10 hours within 2 days, whereas the SCN rhythm remained phase-locked to the light-dark cycle.

Some resetting also occurred in the lung clock but at a slower rate, implying that resetting is
autonomous among peripheral tissue. However, feeding is not essential for phase resetting in the
mouse heart clock (Sakamoto et al., 2004). There are likely to be different types of signals by which
feeding can reset peripheral clocks, such as food metabolites, food-induced metabolites, and hormones
whose secretion is controlled by feeding (Schibler ef al., 2003). Recent work has shown that the redox
state of two electron carriers, nicotinamide adenine dinucleotide (NAD) and phosphorylated NAD
(NADP) influences the DNA-binding activity of CLOCK:BMAL1 and MOP4:BMAL1 heterodimers
(Rutter et al., 2001). Since the NAD/NADH and NADP/NADPH ratios are affected by cellular
metabolism, metabolic changes caused by feeding may reset peripheral clocks. Feeding can also alter
core body temperature patterns, as can the SCN and locomotor activity in rodents, and these small

temperature changes can also phase shift peripheral clocks (Schibler ez al., 2003).

1.4. The circadian transcriptome

1.4.1 Clock controlled genes

Dbp, Rev-erbo. and other E-box-containing genes are primary clock-controlled genes (CCQG), genes
that are directly regulated by the core clock transcription factors resulting in rthythmic expression.
Many primary CCGs, such as these, are also transcription factors or other signalling molecules that
can rhythmically control the expression and/or function of other factors, which can then go on to
influence others in a ‘circadian cascade’. An example of such a primary CCG is HNF-4a in the liver,
which regulates many metabolic pathways and a large proportion of the liver transcriptome and is also
strongly rhythmically expressed (Reddy et al., 2007). The primary CCGs are likely to exhibit the most
robust circadian rhythms, being under direct control from the core clock, whereas the further
downstream CCGs will probably be under the influence of more factors and pathways and may have
altered expression rthythms under different conditions (Figure 1.7). Certain rhythmic stimuli could
however augment expression rhythms, depending on the phase of stimuli and gene expression. Such a
regulatory cascade enables the transduction of co-ordination signals from the SCN into local

intracellular rhythms influencing a variety of processes, via the core clock mechanism in peripheral
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tissues. It also allows the possibility of input from other signals and pathways, increasing adaptability

of the system.
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Figure 1.7. An example of circadian rhythm transduction through a hierarchy of CCGs.
Binding of the clock factors CLOCK (C) and BMALI1 (B) to E-box element-containing gene
promoters (grey) initiates the rhythmic expression of primary clock controlled genes (CCG; yellow).
If the rhythmically expressed products of the primary CCGs are transcription factors (yellow oval),
protein modifiers (e.g. kinases) or influence gene expression or protein function in other ways the
initial circadian expression rhythm can be passed on to secondary and tertiary CCGs, etc. This
hierarchy results in the transduction of rhythmic expression and/or function to non-E-box-containing
genes (red, purple) and their products. Each stage of the hierarchy can potentially be regulated by
additional circadian and non-circadian post-transcriptional and post-translational mechanisms (thin
aqua arrows) and be influenced by an array of signalling pathways and stimuli (thick aqua arrow),

possibly resulting in altered output expression or physiological rhythms.

1.4.2  Diverse roles of tissue-specific CCGs

Recent microarray studies have identified genes that are rhythmically expressed in numerous rodent
tissues (SCN, liver, heart, kidney, skeletal muscle and adipose tissue) (Akhtar et al., 2002; Panda et
al., 2002; Storch et al., 2002; Oishi et al., 2003; Ptitsyn et al., 2006; Zvonic et al., 2006; McCarthy et
al., 2007; Miller et al., 2007) and immortalised fibroblasts (Grundschober et al., 2001; Duffield et al.,
2002). Between 2 and 10% of the genes that where probed in the earlier microarrays exhibited cycling
patterns, although due to the sensitivity of the microarrays and instability of circadian transcripts this
number was likely an underestimate and recent analyses suggest that over 20% of the transcriptome

(Ptitsyn et al., 2006) and proteome (Reddy ef al., 2006) is clock-regulated. Circadian transcriptome
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profiles may be tissue-specific as shown by the study of the heart and liver where only 37 transcripts,
approximately 10% of the total cycling transcripts, were common to the two tissues, the majority of
these being part of the core transcriptional loops (Storch et al., 2002) (Figure 1.8). However, even
though the genes differ, some are involved in regulating similar pathways in the heart and liver and the
different profiles may reflect response to different synchronising factors. The newly identified CCGs
belonged to a broad spectrum of functional groups, demonstrating that the clock influences a variety of
cellular processes. In serum stimulated rat-1 fibroblasts the identified CCGs are predominantly
associated with transcriptional control, intracellular signalling, protein turnover, cell movement and
cell cycle/apoptosis, or were heat shock proteins, chaperones and enzymes (Duffield, 2003). In the
liver a number CCGs are involved in metabolism and biosynthesis. Many of these gene products are
rate-limiting enzymes thus whole biochemical pathways may be under circadian control, further

demonstrating the importance of the clock.
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Figure 1.8. A Venn diagram of gene expression in two different tissues. Approximately 80% of
genes expressed in tissue 1 (red) are also expressed in tissue 2 (green), shown by the yellow overlap.
At least 10% of the genes in tissue 1 or tissue 2 are likely to be clock-controlled genes (CCGs; darker
colours) but most of these appear to be tissue specific with only a 10% overlap of CCGs, based on data
from microarray studies of the liver (Panda et al., 2002) and heart (Storch et al., 2002). Figure from
Morse and Sassone-Corsi (2002).

The microarray studies have also shown that the CCG transcripts accumulate at many different times
throughout the 24 hour cycle (Akhtar et al., 2002; Duffield et al., 2002; Panda et al.,