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Abstract
During the past decade, the molecular mechanisms underlying the mammalian circadian clock
have been defined. A core set of circadian clock genes common to most cells throughout the body
code for proteins that feed back to regulate not only their own expression, but also that of clock
output genes and pathways throughout the genome. The circadian system represents a complex
multioscillatory temporal network in which an ensemble of coupled neurons comprising the
principal circadian pacemaker in the suprachiasmatic nucleus of the hypothalamus is entrained to
the daily light/dark cycle and subsequently transmits synchronizing signals to local circadian
oscillators in peripheral tissues. Only recently has the importance of this system to the regulation
of such fundamental biological processes as the cell cycle and metabolism become apparent. A
convergence of data from microarray studies, quantitative trait locus analysis, and mutagenesis
screens demonstrates the pervasiveness of circadian regulation in biological systems. The
importance of maintaining the internal temporal homeostasis conferred by the circadian system is
revealed by animal models in which mutations in genes coding for core components of the clock
result in disease, including cancer and disturbances to the sleep/wake cycle.
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INTRODUCTION
For circadian biologists, the past decade has been an extremely exciting and fast-paced
period. The basic molecular mechanisms of the biological clock have been defined not only
in vertebrate species, but also in Drosophila, plants, fungi, and even cyanobacteria (75).
Indeed, one of the major themes to emerge from the field is that circadian rhythms are
ubiquitous: they are represented in two of the three domains of life, Eukarya and Bacteria,
and there is circumstantial evidence to suggest that even among some members of the so-
called “extremeophile” domain, the Archaea, circadian rhythms may be found. Furthermore,
it can be argued that if, as the geological record suggests, non-heterocystous cyanobacteria
represent one of the most ancient cellular life forms on Earth, first appearing perhaps more
than 3.8 billion years ago, then the presence of circadian clocks in extant non-heterocystous
species (47) is indicative of a truly ancient biological timing system. What were the selective
pressures so pervasive since the origin of life on Earth to the present day that circadian clock
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systems could have arisen perhaps multiple times in different phylogenetic lineages via
convergent evolution? For the cyanobacteria, the answer seems straightforward: the
incompatible processes of oxygenic photosynthesis and nitrogen fixation must be separated
either temporally as is the case in many non-heterocystous species, or spatially as occurs in
the heterocystous species (22). For most organisms, the direct effects of ultraviolet radiation
and photooxidative damage are prime suspects and have given rise to what has been called
the “escape from UV” hypothesis where restriction of S phase (DNA synthesis) of the cell
cycle to night would have strong selective value (148, 166). Stated in a more general way,
regardless of the particular recurring environmental pressures, a timing system that can
create an internal biological day synchronized to the external world enables an organism to
predict and prepare for daily environmental fluctuations (148).

The investigation of the molecular genetic basis of circadian rhythms in higher eukaryotes
began with the pioneering forward genetic screens of Ronald Konopka and Seymour Benzer
which led to the discovery of the period (per) locus in Drosophila melanogaster (16, 108,
229). Through analysis of per circadian mutants, as well as mutations in additional
Drosophila clock genes identified subsequently, the demonstration that the underlying
generative molecular mechanism of the circadian clock consists of a set of core clock genes
and their protein products which together participate in positive and negative autoregulatory
feedback loops of transcription and translation, proved also to be generally true in other
organisms (67, 115, 182). Indeed, in Drosophila and mice, organisms which diverged from a
common ancestor some 600–700 million years ago, many of the genes comprising the
circadian clock are orthologous (227).

In the following review, we present a general overview of the mammalian circadian system
and highlight recent findings from several sources including microarray, mutagenesis, and
quantitative trait locus studies, all of which emphasize a growing theme emerging from
circadian research: the presence of complex, genome-wide levels of temporal organization.
For more comprehensive treatments of the molecular mechanisms and physiological aspects
of circadian rhythms in mammals, we refer the reader to several recent reviews (77, 162,
194).

OVERVIEW OF THE MAMMALIAN CIRCADIAN SYSTEM
In all circadian systems identified to date, regardless of phylogenetic origin, three major
components are present: 1) a light input pathway to a self-sustained master circadian
pacemaker, 2) the circadian pacemaker itself, and 3) and output pathways by which the
circadian pacemaker regulates overt rhythms in biochemistry, physiology, and behavior
throughout the organism (77, 194). In humans and other mammals, entrainment of the
circadian system by light relies on retinal photoreceptors including not only the rods and
cones, but also a recently-discovered distinct subset of intrinsically-photosensitive retinal
ganglion cells containing the novel photopigment, melanopsin (23, 165). Together, the rod-
cone system and melanopsin-containing ganglion cells account for all accessory visual
functions, including those related to photic entrainment of the circadian system (78, 145).
Photic information received by the retina is projected to the hypothalamus via the
retinohypothalamic tract (RHT). The retina, together with the RHT, represent the sole light
input pathway in mammals despite an erroneous report of extraretinal photoreception in
humans (33) which has since been convincingly refuted (54, 80, 119, 121, 218). Neural
projections from the RHT terminate in the bilaterally-paired suprachiasmatic nuclei of the
anterior hypothalamus, the location of the master circadian pacemaker in mammals (131,
186).
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Each suprachiasmatic nucleus (SCN) contains approximately 8–10,000 neurons (203), and
each SCN neuron is capable of independently generating self-sustained circadian rhythms
when dissociated from SCN tissue (81, 89, 120, 212) or when grown as immortalized cells
(53). Neurons within the intact SCN, however, are coupled to form an ensemble expressing
synchronized circadian rhythms of spontaneous electrical activity (155), calcium oscillations
(43, 92, 146, 204), humoral output (8, 40, 98, 109), metabolic activity (178), and gene
expression (161), with distinct spatial and temporal properties (44, 93, 123, 135, 173, 221,
225). Conclusive evidence that the SCN comprises the master circadian pacemaker came
from lesioning studies and from experiments showing that transplantation of SCN tissue
from donor animals harboring circadian clock gene mutations into SCN-lesioned wild-type
hosts conferred upon the host the mutant circadian phenotype (157, 188).

Light information entering the SCN is transduced into neural and humoral output signals
that influence various rhythms in the body including, for example, temperature and levels of
activity and hormone secretion (30). Of particular relevance is the ability of the SCN to
regulate the sleep-wake cycle via intrahypothalamic projections (3, 12). Signals from the
SCN also impinge upon the autonomic nervous system (202). In rodents, daily bouts of
locomotor activity are dependent on diffusible signals released by the SCN (184). One of
these output signals may be TGFα which is synthesized rhythmically by the SCN and which
acts to suppress locomotor activity (109). Another molecule implicated in SCN output and
which is also synthesized rhythmically by the SCN is prokineticin 2 (40). When injected into
the cerebral ventricles at night, prokineticin 2 inhibits locomotor activity.

Circadian Phenotypes: Wheel-running Locomotor Activity
In circadian biology, the term Zeitgeber (literally, “time giver” in German) is used to
describe any daily environmental cue to which the circadian system can synchronize or
entrain. In general, light is the most important Zeitgeber owing to the daily rotation of the
Earth, but other ~24-h recurring fluctuations also qualify as Zeitgebers including
temperature (18) and social cues (11). Under laboratory conditions, experimental animals
are housed such that it is possible to control artificially the daily period of light and dark.
Thus, we define Zeitgeber time (ZT) relative to the experimental light/dark (LD) cycle. In
an LD cycle of 12 hours light and 12 hours darkness (LD 12:12), by definition ZT0 = lights
on, and ZT12 = lights off. When animals are experimentally isolated from all external time
cues, as for example either in constant darkness (DD) or constant light (LL), it is possible to
measure the endogenous or “free-running” period of the circadian clock. For rodents, this is
most conveniently done by assaying the circadian period of the free-running locomotor
activity rhythm using running wheels connected to computerized data acquisition systems
(149, 192). Animals are first entrained to an LD cycle for a few weeks, after which they are
exposed to constant conditions (e.g., DD) for several additional weeks during which the
endogenous circadian period is measured by analyzing daily locomotor activity records
(Figure 1A). Each day of the free-running circadian rhythm measured in constant conditions
is divided into 24 hours of circadian time (CT). CT0 and CT12 are defined as the
endogenous phases which coincide with dawn and dusk, respectively, in the entrained steady
state established by the preceding LD 12:12 entrainment regimen. The first half of the cycle
(CT0–CT12) is termed subjective day, while the second half of the cycle (CT12–CT24) is
termed subjective night. In nocturnal rodents then, the period of locomotor activity in DD is
mainly restricted to the animal’s subjective night.

In the natural environment, an organism’s circadian system synchronizes the sleep-wake
cycle, behavior (e.g., periodic activity bouts), and internal biological processes to the
prevailing light/dark cycle by phase advancing or phase delaying these daily rhythms. For
example, nocturnal mammals that begin their daily activity bouts at the onset of darkness
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must advance or delay the phase of their activity depending on the season of the year,
becoming active slightly earlier each day during the short days of winter, and active slightly
later each day during the long days of summer. The resetting effects of light on the circadian
system can be studied in the laboratory by administering brief light pulses at specific
circadian times to animals maintained in DD conditions. Light pulses during the early
subjective night (CT13–15) cause maximum phase delays, light pulses delivered during the
late subjective night (CT18–20) produce maximum phase advances, and light pulses during
the subjective day elicit either small phase shifts or none at all. The differential
responsiveness to light stimuli, which is described as a phase response curve (Figure 1B),
is functionally conserved in all circadian systems and is the basis for both period and phase
control (entrainment) of circadian oscillators to rhythmic inputs (147).

THE MAMMALIAN CORE OSCILLATORY MECHANISM
Core circadian clock genes are defined as genes whose protein products are necessary
components for the generation and regulation of circadian rhythms; that is, proteins which
form the primary molecular circadian oscillatory mechanism within individual cells
throughout the organism. As mentioned earlier, a common feature among the circadian
systems of phylogenetically diverse organisms such as Neurospora, Drosophila, and
mammals, is the participation of core clock genes in interconnected positive and negative
autoregulatory feedback loops of transcription and translation (67, 115, 182). Indeed, in
some instances, the genes involved are evolutionarily conserved, particularly among the
metazoans (52). The daily rhythms generated by the circadian clock are thus genetically
based and arise from complex cycles of transcription, translation, protein-protein interaction,
phosphorylation, nuclear translocation, and protein degradation, all of which impose delays
at various times each day to the create a coordinated molecular cycle that approximates the
~24-h environmental light/dark period. Several core clock genes in mammals have now been
identified and characterized through studies of experimental animals harboring naturally-
occurring, chemically-induced, and targeted (knockout) mutations, and through various
comparative genomic approaches. The current list of mammalian core clock genes is shown
in Table 1, along with the function of each in either the positive or negative loops of the
molecular clock, and the approximate range of peak times of mRNA and protein expression
for each in the SCN and in peripheral tissues. Figure 2 presents a diagram of the mammalian
core circadian clock.

In mammals, two core clock genes, Clock and Bmal1 (Mop3), encode proteins that are
members of the basic helix-loop-helix (bHLH)-PAS (Period-Arnt-Single-minded)
transcription factor family (31, 64, 86, 103). While Clock mRNA and protein are
constitutively expressed in the SCN, Bmal1 transcript peaks in the middle of the circadian
night (128). Through their PAS protein-protein interaction domains, CLOCK and BMAL1
heterodimerize in the cytoplasm to form a complex that, following translocation to the
nucleus, activates transcription from target genes containing E-box cis-regulatory enhancer
sequences (64, 86). The CLOCK:BMAL1 cis element known as “M34”, is an imperfect
palindrome with a core E-box element and has the consensus sequence 5′-G/TGA/
GACACGTGACCC-3′ (86). Particularly important targets subject to CLOCK:BMAL1-
mediated activation are themselves bone fide core clock genes. These include the Period
genes (Per1, Per2, and Per3), paralogous members of the PAS protein family, and two
Cryptochrome genes (Cry1 and Cry2), members of the vitamin B2-based blue-light
photoreceptor/photolyase family (64, 86, 94, 111, 114), transcript levels from all of which
peak during the mid to late circadian day antiphase to the Bmal1 peak. After delays imposed
by transcription, translation, and posttranslational modification, the PERs, CRYs, and other
proteins form a heteromultimeric complex that translocates to the nucleus and directly
abrogates the transcriptional activity of the CLOCK:BMAL1 complex, thereby lowering Per
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and Cry RNA levels (70, 94, 111, 114). This inhibition appears mainly to be effected by the
CRY proteins, perhaps through repression of histone acetyl transferase (HAT) activity (59),
while one or more of the PER proteins may function in mediating nuclear translocation of
the complex (70, 111). Thus, it is the daily transcriptional activity of the CLOCK:BMAL1
heterodimer that forms the positive feedback loop of the mammalian molecular clock, and as
such, it is both extremely critical in establishing the rhythm and it represents an important
point for regulation by CRY-PER complexes. The cessation of CLOCK:BMAL1-mediated
transcription by the CRYs and associated proteins to directly inhibit their own transcription
establishes the negative feedback loop.

The positive and negative feedback loops are connected by the product of yet another core
clock gene, Rev-erbα, which codes for an orphan nuclear receptor (65). Interestingly,
Reverbα, like the Per and Cry genes, is activated by CLOCK:BMAL1 heterodimers acting
through E-box enhancers in its promoter (154, 200). The REV-ERBα protein inhibits
transcription from the Bmal1 gene, and perhaps also from the Clock and Cry1 genes, by
binding retinoic acid-related orphan receptor response elements (ROREs) in their promoters
(4, 59, 73, 142, 154, 200). Hence, by participating in the transcriptional activation of Rev-
erbα, BMAL1 acts to attenuate its own transcription. Unlike CRY-PER complexes which
repress their own expression by acting directly on CLOCK:BMAL1 heterodimers, REV-
ERBα inhibits its own transcription in an indirect manner by repressing transcription of at
least one of its activators, Bmal1. Furthermore, as a target of CLOCK:BMAL1-mediated
activation, Rev-erbα transcription is also repressed by the inhibitory action of CRY-PER
complexes on CLOCK:BMAL1 (154, 228). Together these processes have the effect of
annulling REV-ERBα-mediated inhibition of Bmal1 expression such that BMAL1
accumulates at the proper time to heterodimerize with CLOCK, translocate to the nucleus,
and initiate a new round of transcription as CRY-PER levels decline. Indeed, appropriately
timed circadian nuclear accumulation of CLOCK:BMAL1 is mainly BMAL1-dependent
(107), and activation of Bmal1 transcription appears to be mPER2-dependent, perhaps via
coactivation or by nuclear shuttling of an activator (182). Taken together, these results help
to reconcile previous findings that mPER2 enhances (182), and the CLOCK:BMAL1
complex inhibits (228), Bmal1 transcription.

Several significant posttranslational modifications play a role in generating the 24-h rhythms
of RNA and protein levels just described. Phosphorylation of all of the core circadian
proteins at various times seems to contribute ultimately to their degradation, most likely
through ubiquitin-mediated proteasomal degradation pathways (5, 107, 114, 220). At least
one member of the casein kinase I family, casein kinase I epsilon (CKIε), functions in this
process. In vitro evidence suggests that casein kinase I delta (CKIε) may also participate in
the clock mechanism (5, 114). A role for CKIε in PER protein phosphorylation, nuclear
entry, and turnover has been clearly demonstrated (5, 32, 101, 114, 124, 207). In addition,
BMAL1 and the CRYs are substrates for CKIε in vitro, but apparently only after they form a
complex with CKIε and the PERs (58).

Mutations in Mammalian Core Clock Genes
Mutation of the mammalian core clock genes has been essential in elucidating the functional
role of each in the molecular clock mechanism. Whether from naturally-occurring or
chemically-induced lesions, or through gene targeting approaches, mutation of all core clock
genes has been achieved (Table 1). Indeed, compound mutants have also been bred in which
animals carry mutations in at least two of the core clock genes. In the early 1990s, our
laboratory initiated a forward genetics approach in mice very similar to that used with
success 20 years earlier in Drosophila by Seymour Benzer (108). Male mice exposed to the
chemical mutagen, N-ethyl-N-nitrosourea (ENU), were bred and the resulting progeny
screened for circadian mutations (208). We identified a single-gene, semidominant mutation,
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Clock, which lengthened circadian period both in heterozygous and homozygous mice, and
in constant conditions, led to a loss of circadian rhythmicity in homozygous Clock mutants.
The Clock gene was mapped to mouse chromosome 5 and was ultimately identified using a
combination of positional cloning and transgenic rescue of the mutant phenotype with wild-
type bacterial artificial chromosomes (BACs) (9, 103, 216). The Clock mutation is caused
by an A→T transversion in a splice donor site which causes exon skipping and disruption of
the transactivation domain of the resulting mutant bHLH-PAS CLOCK protein. Genetic
analysis of the Clock mutant allele over a deletion showed that Clock is an antimorph, a type
of dominant negative mutation (102). Several additional ENU circadian screens are
currently underway and will be discussed later.

Gene-targeting of the partner of Clock, Bmal1/Mop3, causes an immediate and complete
loss of circadian rhythmicity in constant darkness and is the only targeted allele to cause
such a profound effect (31). The central role of BMAL1 in the mammalian circadian
mechanism is underscored by the observed abolition of Per1 and Per2 rhythms in the SCN
of Bmal1 null animals, and the alteration of behavioral entrainment.

Targeted mutations have also been generated in all three of the mouse Per paralogs. Only
null mutants of the Per2 locus have substantial circadian phenotypes: the period length is
shortened by about 1.5 h and the majority of mice become arrhythmic in DD (231). Three
groups independently generated Per1 null mutations, and mutant progeny from these three
lines exhibit subtle and slightly different circadian phenotypes. Weaver and colleagues
generated Per1ldc mice which, in the homozygous condition, have slightly short free-running
periods in constant conditions, but experience a loss of rhythmicity following at least two
weeks in constant conditions (13). Lee and colleagues generated Per1Brdm1 mice which, as
homozygotes, exhibit persistent free-running periods that are approximately 1 h shorter than
wild-type animals, a result similar to that reported by Cermakian and coworkers (37).
Differences in targeting approaches and genetic background may also contribute to the
observed phenotypic disparities among the studies. Importantly, double mutants of Per1 and
Per2 have very strong circadian phenotypes: locomotor activity rhythms are completely
arrhythmic in DD (13, 230). Null mutations in the Per3 locus cause a slightly shortened
circadian period (181). Because the absence of PER3 protein had no effect on circadian
behavior either in Per1ldc/Per3 or Per2ldc/Per3 double mutant mice, Per3 is not an essential
component of the circadian core oscillatory mechanism; however, it may play a role in clock
output pathways (13, 181).

Targeted mutations in the two Cry genes result in opposite effects. Animals homozygous for
a Cry1 null mutation show a free-running period approximately 1 h shorter than wild-type
mice, while the Cry2 null mice express free-running periods that are about 1 h longer than
wild-type animals (196, 205, 209). Cry double knockout animals experience complete
behavioral arrythmicity upon transfer to constant conditions (196, 205, 209) and show
constant, noncycling expression of Per1 and Per2 in the SCN and in peripheral tissues (141).

Knockout of the Rev-erbα gene results in slightly shorter free-running behavioral rhythms
when mice are exposed to constant conditions (154). In addition, the distribution of period
lengths is scattered in Rev-erbα homozygous null mutant animals. There is also a drastic
reduction in the circadian rhythm of transcription of Clock and Bmal1 in Rev-erbα−/−

animals, such that CLOCK and BMAL1 protein levels are elevated at all times of day in
liver tissue of these animals. Although Cry1 does not cycle in mutant animals, CRY1 protein
still oscillates in mutants.

The naturally-occurring Syrian hamster tau mutation, serendipitously discovered more than
15 years ago, represents the first mammalian single-gene circadian mutation identified
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(158). Animals carrying this semidominant mutation express altered endogenous circadian
periods; ~22 h in heterozygotes and ~20 h in homozygotes. Unfortunately, it was not
immediately possible to elucidate the gene involved as there are few genetic resources in
hamster. The tau mutation, however, was particularly important in physiological
experiments demonstrating that the SCN harbors the master circadian pacemaker (157), that
a diffusible signal can drive circadian rhythms in the animal (184), and that SCN-
independent circadian oscillators exist in the mammalian retina (199). Our laboratory cloned
the mutation using a comparative genomics approach that we refer to as positional syntenic
cloning, and showed that the tau mutation results from a C→T transition in the gene
encoding hamster casein kinase I epsilon. The transition mutation causes an arginine to
cysteine amino acid substitution at one of three conserved residues forming a phosphate
binding site on the enzyme (124). As a result, the mutant CKIε enzyme exhibits decreased
maximal velocity and is deficient in its ability to phosphorylate the PER proteins. Among
the mammalian core clock genes, CKIε occupies the unique position as the only enzyme
identified thus far. As such, it represents a potential target for pharmacological intervention
in circadian rhythm disorders.

Time Now for Timeless?
Included in Table 1 is the gene Timeless, previously reported to be a mammalian ortholog of
Drosophila tim (105, 170, 195, 197, 232). In flies, TIM and PER heterodimerize, translocate
to the nucleus, and inhibit CLOCK:CYCLE-mediated transcription, much like the CRY-
PER complexes just described in mammals (7, 215). Also, tim RNA and protein levels
oscillate in DD in Drosophila, and light exposure degrades TIM. In the mammalian
circadian system the role of Tim, if any, has remained ambiguous. Conflicting reports exist
regarding cycling of Tim RNA in the SCN of mice, and studies reveal no oscillation or light-
responsiveness of TIM protein in the SCN (61, 76). Although TIM has been reported to
interact with PER1 in cell culture (195), it does not influence the cellular localization of the
PER proteins in immunofluorescence studies (111, 207). It does, however, interact with the
CRY proteins both in cell culture and in native SCN extracts (61, 111). Moreover, a
Drosophila gene named timeout has been discovered which has greater sequence similarity
to mammalian Tim, yet its function is not known (20, 69). These results, among others, have
led some to discount the role of TIM in the mammalian core oscillator. Complicating
analysis of mammalian Tim is the fact that targeted disruption of the gene results in early
embryonic lethality in the homozygous state, while heterozygotes are indistinguishable from
wild-type animals in circadian-relevant measures (69). This result, however, highlights the
unequivocal role of mammalian TIM in development (116, 219). An intriguing result in C.
elegans involving the timeout ortholog, tim-1, points to an important role for the TIM-1
protein in chromosome cohesion (38). Indeed, the authors suggest that Drosophila timeless
represents a duplication and specialization of the ancient timeout gene, which in C. elegans
and perhaps in other metazoans, retains its original function in sister chromosome cohesion.

In mammals, two transcripts exist for Tim; one encodes a large protein, while a shorter
transcript codes for only the last 475 residues of the large isoform (116). Using rat brain
slices Barnes and coworkers recently showed that full-length Tim antisense oligonucleotides
abolished the circadian rhythm of spontaneous neuronal firing, compared to control
oligonucleotides which had no effect (17). Antisera raised against the full-length and
truncated TIM isoforms revealed a robust oscillation in the SCN for the full-length isoform
only. The antisera also coimmunoprecipitated all three PER proteins from SCN cell line
extracts, indicating that TIM can interact with the PERs similar to what is observed in flies.
The authors suggest that the inability of others (61, 76) to discern TIM protein oscillations in
the SCN is accounted for by the abundance of the short TIM isoform, and that the full-length
mammalian TIM isoform is a functional homolog of Drosophila TIM and that it is part of
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the negative autoregulatory feedback loop where it may act in concert with PER2 (17).
Indeed, earlier work in cell culture showed that TIM can inhibit CLOCK:BMAL1-mediated
transcription (94, 170). Further studies should clarify the role of TIM in the mammalian
clock system.

CIRCADIAN CLOCKS IN PERIPHERAL TISSUES
As each of the genes comprising the core circadian clock was identified, it became clear that
their expression was not limited to the SCN. In neural tissues outside of the SCN, as well as
in tissues throughout the body, what circadian biologists refer to as “peripheral tissues”, core
circadian clock genes are expressed and most exhibit a circadian oscillation of expression.
Indeed, perhaps most striking was the demonstration that even in cultures of Rat-1
fibroblasts, a serum shock could elicit circadian gene expression lasting for at least three
cycles (15). The peripheral oscillators, however, differ from the SCN pacemaker in several
ways. First, the phase of the peripheral clock oscillation is delayed by 3–9 h relative to the
SCN (233). This suggests that the peripheral clocks receive synchronizing signals from the
pacemaker in the SCN, not an unreasonable inference given that mammalian peripheral
tissues, unlike those in Drosophila (150) and zebrafish (213), are not directly light
responsive. Second, ex vivo cultures of peripheral tissues from transgenic rats in which the
mouse Per1 promoter drives a luciferase reporter gene reveal circadian rhythms in
luminescence that damp out after 2–7 days (2, 224). Damping in peripheral oscillations has
also been reported after lesioning the SCN (6, 169). Recent work, however, using the Per2
locus shows that peripheral oscillators are not damped and can sustain circadian rhythms in
isolation for more than 20 cycles (226). By knocking luciferase into the C-terminal exon of
Per2, a PER2::LUCIFERASE (PER2::LUC) fusion protein was created to replace the
endogenous gene. Interestingly, the PER2::LUC fusion protein is completely functional and
rescues circadian rhythms in vivo. Because both transcriptional and post-transcriptional
regulation of Per2 are likely to be critical for normal circadian rhythms and because the
PER2::LUC reporter can faithfully reflect these levels of regulation, this circadian reporter
system appears to be superior to previous conventional Per1::luciferase transgenic constructs
(110, 217, 222, 224). In addition, to the persistence of circadian rhythms in peripheral
tissues, the PER2::LUC mice also reveal that the SCN are not essential for driving
peripheral oscillations, but rather appear to act as synchronizers of peripheral oscillators
(226).

While the core oscillator genes are expressed in most peripheral tissues, it is clear that
tissue-specific oscillator genes also play an important role in mediating peripheral circadian
rhythms. For example, in Clock homozygous mutants, Bmal1 RNA rhythms are absent in
the SCN, but persist at a low level in the periphery (139). The SCN versus peripheral
differences in clock function may in part be mediated by members of the bHLH-PAS family
other than CLOCK and BMAL1 that can dimerize to form active transcriptional complexes.
For example, in the forebrain the product of the Clock gene paralog, Npas2 (Mop4) (see
Table 1), heterodimerizes with BMAL1 to drive circadian expression of Per2 through E-
boxes in this gene’s promoter (159). A similar mechanism occurs in the vasculature where
BMAL1 associates with CLOCK and/or NPAS2 to form transcriptionally active complexes
(130). Bmal2 (Mop9) (Table 1), a paralog of Bmal1, may also associate with CLOCK and/or
other bHLH-PAS proteins to form circadian-relevant, tissue-specific transcriptional
activators in the periphery (87, 177). Thus, various members of the bHLH-PAS family may
be differentially expressed from one peripheral tissue to another and act through E-box
enhancers to allow local, tissue-specific circadian alterations in gene expression in response
to daily environmental fluctuations.
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MAMMALIAN CLOCK-CONTROLLED GENES
The above model of the molecular components of the mammalian circadian system also
provides an explanation for observations that RNA and protein of genes which are not part
of the core oscillatory mechanism, cycle with a period close to 24 h. Many of these genes,
which are often tissue-specific, harbor E-boxes, and are thus dependent on activation by
CLOCK:BMAL1 complexes. This highlights the direct role of core clock components in
controlling the expression of downstream genes. The expression of other genes may also be
controlled by the clock in a more indirect manner. For example, by directly regulating the
expression of a specific transcription factor, the clock indirectly regulates the expression of
that transcription factor’s target genes. Whether the control is direct or indirect, these
downstream genes are referred to as clock-controlled genes (CCGs), and they are often
important in regulating local processes within a specific tissue.

An example of a gene shown to be under direct transcriptional control by the
CLOCK:BMAL1 heterodimer is vasopressin (AVP). The CLOCK:BMAL1 heterodimer
activates rhythmic AVP expression in the SCN via an E-box in the gene’s promoter (94). In
Clock mutant mice, discussed later, the amplitude of AVP transcript is severely reduced.
Another CCG directly controlled by CLOCK:BMAL1 is the PAR-leucine zipper
transcription factor, albumin D-element binding protein (DBP). DBP is also rhythmic in the
SCN, yet unlike AVP, its expression is controlled through E-boxes located in intronic
sequences (163, 223). Interestingly, DBP appears to influence the clock system, perhaps
indirectly through its role as a transcription factor, as DBP-deficient mice express shortened
free-running periods of locomotor activity (122).

Upon discovery of the role of REV-ERBα in the core clock mechanism, it became clear that
this protein too, may act to mediate expression of downstream genes via its ability to bind to
and repress transcription from genes harboring RORE sequences. Indeed, Ueda and
colleagues used microarrays to identify ten transcripts cycling in the SCN and which harbor
RORE response elements (200). Among these cycling transcripts are Bmal1, and that for
E4bp4 which codes for a basic leucine zipper transcription factor closely related to DBP. As
discussed in the next section, the global analysis of gene expression offers a means by which
to identify additional CCGs and the biochemical pathways they influence.

GENOME-WIDE APPROACHES REVEAL CIRCADIAN ORGANIZATION
And “Array” We Go…

As just described, much is known regarding how the mammalian core clock genes and their
protein products interact to form the autoregulatory positive and negative feedback loops
that comprise the circadian oscillatory mechanism at the cellular level. In addition, the list of
clock-controlled genes continues to grow, owing in large part to studies utilizing high-
density oligonucleotide arrays (HDAs), commonly referred to as microarrays, to assay for
circadian expression profiles among thousands of genes simultaneously at different time
points (45, 50, 171). Furthermore, via microarray studies, circadian patterns of gene
expression can be compared among different tissues in the same animal to elucidate clock
control of tissue-specific processes. This global approach to circadian expression analysis
has been used with success not only in mammals (6, 51, 71, 82, 91, 104, 140, 144, 187,
200), but also in other circadian experimental models including Drosophila (36, 42, 117,
129, 201), Neurospora (138), and Arabidopsis (74, 174). As a result, microarray analyses
offer the potential to make cross-species comparisons to identify among organisms, genes
and biological pathways in common upon which the circadian system exerts regulation.
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Using Affymetrix GeneChip HDA arrays which assay approximately one third of the mouse
genome (6000 genes and an additional 6000 expressed sequence tags), two studies recently
compared the circadian expression of genes in the SCN and liver of mice (144, 200). Panda
and coworkers identified 337 genes showing circadian expression in the SCN compared to
101 cycling genes found by Ueda and coworkers. These cycling transcripts represented
about 8–10% of the transcriptome detectable in the SCN. A similar proportion of cycling
transcripts were found in the liver by at least four different groups (6, 144, 187, 200). When
comparing the sets of cycling transcripts between the SCN and the liver, only about 10% are
in common. This was also seen in other pairwise comparisons of different tissues (187).
Interestingly, more than half of the remaining 90% of the tissue-specific cycling transcripts
were expressed in both tissues; however, cycling was seen in only one of the tissues. Thus,
circadian control of transcription appears to be tissue-specific rather than locus-specific. In
the SCN, Panda and colleagues found that the largest categories of cycling transcripts were
involved in protein synthesis (ribosomal proteins, translational components), protein folding,
proteosome-mediated degradation, and several components of vesicle trafficking. In
addition, there was a striking circadian regulation of mitochondrial transcripts involved in
Complexes I, II, III, and IV (oxidative phosphorylation). In the liver, a large number of
fundamental metabolic pathways were under circadian control including glycolysis,
gluconeogenesis, fatty acid metabolism, and cholesterol metabolism. Importantly, transcripts
encoding rate-limiting enzymes in most of these pathways were under circadian regulation
suggesting that the circadian clock can exert its influence directly on metabolism (168).

Thus, several important themes emerge regarding circadian control of gene expression. First,
these results add to a growing list of genes under circadian control in various mammalian
tissues. The circadian expression of some of these genes is mediated directly by
CLOCK:BMAL1, while others are regulated indirectly by the clock via the circadian
expression of relevant transcription factors. Second, tissue-specific circadian control of gene
expression is pervasive and reflects tissue- rather than locus-specific circadian regulation.
Third, within each tissue, clock-controlled genes associated with particular pathways (e.g.,
glucose metabolism in the liver) often exhibit phase coordination, presumably such that
genes coding for proteins regulating that pathway are coexpressed. Finally, approximately
8–10% of all transcripts expressed in any tissue are regulated by the circadian clock,
including key rate-limiting enzymes, such that throughout the organism the clock impinges
upon perhaps every major pathway.

Complex Trait Analysis of Circadian Rhythms
Although single-gene mutations can profoundly affect the mammalian circadian system, it is
a complex system that is polygenic. As such, genes other than those identified as core clock
genes influence circadian behavior in mammals, although the individual effect of such loci
may be small, contributing perhaps 10% or less to differences in circadian behavior from
animal to animal. In addition, alleles at two or more loci may interact to modify or alter
circadian behavior sometimes in an epistastic manner. Such genes define quantitative trait
loci (QTL); that is, loci segregating alleles that detectably, yet minimally affect the overall
phenotype of a trait that is under complex genetic control (48). In contrast to phenotypes
controlled by single genes, so-called Mendelian traits, identifying genes underlying QTLs is
fraught with difficultly. Despite the many complex traits analyzed in mice via genome-wide
linkage studies, only about eight genes have been identified at the molecular level following
intense analysis of regions containing QTLs (66). The prospects for greater success in the
near future, however, are heightened with the completion of the human and mouse genome
sequencing projects (113, 206, 211), the development of dense genetic maps in mouse based
on rapidly-typed single-nucleotide polymorphisms (SNPs) (118), and the availability of
powerful analytical algorithms for complex trait analysis (34, 41, 49, 134, 180). In addition,
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a collection of well-established mouse inbred strains provides a starting point for QTL
studies, as any two animals from a single inbred strain are genetically identical. Hence, two
inbred strains divergent for a particular trait of interest can be used to localize QTLs
associated with that trait to particular chromosome regions.

Fortunately for the circadian researcher, inbred strains of mice exhibit well-defined strain-
specific differences in circadian behavior (55, 151, 179). For example, the free-running
period of locomotor activity in the BALB/c strain is short (< 23 h), in the C57BL/6 strain it
is about 24 h, and in the CS strain, it exceeds 24 h (1, 179). Given these differences, several
groups have used inbred strains to identify potential QTLs underlying circadian behavior in
mice. Typically, these studies begin by producing an F2 intercross using two parental inbred
strains disparate for a particular circadian trait (e.g., free-running period of locomotor
activity); alternatively, recombinant inbred strains can be used (164). While F1 animals tend
to be heterozygous for all markers and QTL, each animal from the F2 generation is
genetically unique and, when sufficient numbers of F2 animals are phenotyped for a trait,
results reveal continuous variation for that trait. Chromosomal regions are defined for QTLs
influencing the trait by testing for association of the trait and markers spaced at specific
intervals throughout the genome. In most circumstances, the resulting genome-wide scan
identifies chromosomal intervals that are between 10–30 centimorgans (cM) in length for
each QTL, which corresponds to 10–30 megabases of DNA or about 100–300 genes per
interval (66). Indeed, although the number of genes mapping to a QTL interval is daunting,
genome-wide significance thresholds have been established to evaluate QTL results such
that false positive and false negative results are minimized (66, 112).

The first attempts to identify circadian rhythm QTLs in mice relied on recombinant inbred
(RI) strains phenotyped for the free-running period of locomotor activity (83–85, 127).
Unfortunately, the results of these studies did not achieve the currently accepted significance
thresholds (112). Recent work by Ebihara and coworkers led to the identification of several
circadian QTLs influencing the free-running period of locomotor activity, phase angle of
entrainment, and circadian activity level (189, 190). Using recombinant inbred strains
derived from SM/J and A/J inbred strains, the genome-wide suggestive level was surpassed
for two QTL associated with free-running period (chromosomes 7 and 18), one for phase
angle of entrainment (chromosome 7), and two for circadian activity (chromosomes 1 and
17) (189). When the free-running period of locomotor activity was tested in two F2
intercrosses (C57BL/6J x CS and CS x MSM), the genome-wide significance level was
surpassed for a QTL on the distal region of chromosome 19, and three suggestive QTLs
were mapped to chromosomes 12 and 19 (190). None of the QTLs identified in these studies
map to regions containing known core clock genes.

Our laboratory recently completed a comprehensive screen for circadian-related QTLs. We
evaluated 196 (C57BL/6J X BALB/cJ)F2 hybrid mice for five circadian traits: free-running
circadian period, phase angle of entrainment, amplitude of circadian rhythm, circadian
activity level, and dissociation of rhythmicity (183). We chose the C57BL/6J and BALB/cJ
strains owing to the previously reported differences in their circadian periods and stability of
free-running activity rhythms (152). We performed a genome-wide scan of the F2 population
using markers spaced at intervals of approximately 20 cM throughout the genome. After
calculating the probability of linkage of each marker to differences in the five circadian
traits studied, those loci attaining suggestive levels of significance (LOD ≥ 2.8) were
evaluated further with multiple flanking markers within a 30 cM interval to test for stronger
linkage. With the combined data we performed genome-wide single marker and pairwise
scans and applied a nonparametric resampling method based on permutation testing (41).
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We identified a total of 14 loci that affected the five circadian traits studied; three for free-
running period, five for phase angle of entrainment, two for amplitude, two for activity
level, and two for dissociation. Five of the loci exhibited significant main effects on three
traits: phase, period, and amplitude. More than half of the 14 QTLs (9 total), however, were
identified primarily or solely from strong interactions between specific allelic combinations
at different loci. We compared the map positions of each of the 14 QTLs to chromosomal
locations of the nine core clock genes. Only one core clock gene, CKIε, maps to within 10
cM of one of the QTLs on chromosome 15. Thus, the majority of allelic variants
contributing to interstrain differences in circadian phenotypes appear to arise from loci other
than those involved in the core circadian mechanism. Perhaps subtle variations that shape
quantitative features of circadian phenotypes operate predominantly in secondary interacting
genetic pathways of the system.

Forward Genetic Screens
In contrast to reverse genetics (gene to phenotype) in which the effects of deliberate
mutations in cloned genes are analyzed, forward genetic (phenotype to gene) methods begin
not with a specific gene, but rather with a phenotype (193). Pioneering work by early
geneticists used the forward genetic approach with great success. With respect to behavior, it
was Seymour Benzer who first championed the use of random mutagenesis to screen for
novel behavior phenotypes (21). Saturating the genome with mutations through this method
offers an attractive means to identify novel genes involved in various biological pathways,
as long as appropriate phenotypic screens can be devised to detect them. The search for
chemicals that mutagenize mice with high efficiency led ultimately to the discovery of N-
ethyl-N-nitrosourea (ENU) as the most potent mutagen in mice (167). ENU is particularly
attractive as a mutagen for several reasons. First, as just stated, it is extremely efficient:
under appropriate conditions, it can induce 1 mutation per gene per every 700 gametes in
male mice. If the mouse genome contains 25–40,000 genes, then with a specific locus
mutation frequency of approximately 1 in 1000, a single mouse treated with ENU should
have between 25 and 40 different mutagenized genes, each potentially producing a recessive
phenotype (14). Second, ENU is an alkylating agent that primarily induces point mutations
as opposed to large chromosomal rearrangements, deletions, or inversions typically
produced by other mutagens such as X rays or chlorambucil. Empirical results show that
approximately 64% of ENU-induced mutations are missense, 10% are nonsense, and 26%
are splicing error mutations (97). Finally, because the highest mutation rates with ENU are
achieved in pre-meiotic spermatogonial stem cells of male mice, a single mutagenized male
mouse can be bred to multiple female animals such that subsequent generations can be
produced rapidly (14). For these reasons, ENU has become the mutagen of choice for large-
scale phenotype-driven screens.

ENU projects have employed one of two approaches to identify mutants: dominant screens
or recessive screens. Of the two, dominant screens are relatively straightforward and have
been used with success by several groups. With this method male mice are first mutagenized
with ENU and then bred to several females to produce an F1 (technically G1) generation.
The G1 offspring are then screened for phenotypes of interest. Those mice exhibiting
aberrant phenotypes are then test bred to confirm transmission of the mutation.
Subsequently, heterozygous mutants can be backcrossed to the mutagenized father or
intercrossed with each other to produce homozygous mutants. In two published large-scale
dominant screens, approximately 2% of all F1 mice exhibited a heritable phenotypic trait
(90, 137). Recessive screens, unfortunately, are more time consuming and expensive
compared to dominant screens. This approach is necessary, however, because dominant
mutations may not be recoverable for all genes. Similar to the dominant screen, the recessive
screen begins by mating mutagenized male mice to several females to produce a G1
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generation. The cross is then expanded by mating G1 mice to wild-type animals to produce a
G2 generation. Female G2 animals are then backcrossed to G1 males. If the G2 animal
carries a mutation, then approximately one quarter of the backcross progeny will be
homozygous for that mutation (14). Currently, several large-scale recessive screens are
underway (100).

With respect to circadian biology, ENU mutagenesis screens provide another means by
which to isolate genes involved in the biological timing system. Our discovery of the Clock
mutation through a dominant ENU screen for mice exhibiting abnormal circadian locomotor
activity rhythms, described earlier, provided proof-of-principle for this approach (208). A
second clock-relevant gene has also been identified through a dominant ENU screen (99,
136). Kapfhamer and colleagues reported the discovery of a semidominant mutation called
earlybird (Ebd) that shortens the circadian period of locomotor activity in mice and maps to
chromosome 8 (99). Of five candidate genes analyzed for ENU-induced mutations, only
Rab3a, a gene encoding a GTP-binding protein involved in synaptic transmission, harbored
a point mutation in the coding region resulting in the substitution of a glycine residue for
aspartic acid at a conserved motif common to all GTP-binding proteins. The mutation causes
reduced levels of Rab3a protein and also alters sleep homeostasis in affected animals. The
authors propose that Rab3a-mediated synaptic transmission is involved in these behaviors.

It is expected that the centers currently initiating recessive screens will have even more
success in isolating circadian-relevant genes. Indeed, at least three groups, including our
own at the Center for Functional Genomics at Northwestern University (http://
genome.northwestern.edu), are screening for circadian phenotypes. Another group at the
Medical Research Council in the United Kingdom (http://www.mgu.har.mrc.ac.uk) reports
the identification of 68 abnormal circadian phenotypes, of which about 14 show robust
inheritance and are being analyzed further (100). The Genomics Institute of the Novartis
Research Foundation (http://www.gnf.org) is also undertaking a recessive screen for
circadian phenotypes. Given the existence of circadian regulation at essentially every level
of biological organization, large-scale mutagenesis screens should yield a wide array
interesting new mutations.

EMERGING RELATIONSHIPS BETWEEN THE CIRCADIAN SYSTEM AND
CELL CYCLE CONTROL

Within most cells, regardless of phylogenetic origin, there exist two endogenous cyclic
systems. One, the circadian clock and the major subject of this review, acts to provide the
cell with information that it can use to anticipate daily environmental changes. The second
devoted to the control of cell division, mediates the entry into and exit from, the cell cycle.
Among many unicellular organisms such as cyanobacteria (106), Chlamydomonas (68),
Euglena (35), and Gonyaulax (88), evidence exists that the circadian clock controls cell
division (132). In higher eukaryotes, however, a similar link between the two cellular clocks
has not been widely reported, although there are some examples in the literature. Diurnal
cycles of cell division have been observed in mammalian tongue and oral epithelia (24, 63,
153), gastrointestinal cells (24, 29, 125), epidermis (28), liver (79), bone marrow (185), and
cornea (176). The molecular mechanisms by which the circadian clock may exert control
over division in these various cell types have not been elucidated. It is clear, however, that in
mammals the circadian clock is not dependent upon the cell cycle clock, for although adult
neurons in the SCN do not divide, they nevertheless exhibit robust circadian rhythms of
gene expression. Moreover, when cell division in cultured rat fibroblasts is blocked,
rhythmic gene expression continues (15).
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Recent work by Matsuo and colleagues provides evidence for a molecular link through
which the circadian clock can control cell division in mouse hepatocytes (126). Under
normal circumstances most liver cells in mammals do not actively divide, yet following
partial removal of the liver (hepatectomy), this organ exhibits a remarkable capacity to
regenerate (60). In addition, during regeneration hepatocytes enter the mitotic cycle
synchronously. Following partial hepatectomy in mice, Matsuo and colleagues studied the
hepatocyte cell division cycle and observed that cells entered the G2 phase around the same
time each day regardless of the time of hepatectomy (ZT0 or ZT8). Such strictly regulated
control over the G2/M transition suggests that the circadian clock gates entry into this phase
of the cell cycle. After examining several cell cycle genes for circadian expression profiles,
a strong candidate was identified that contributes specifically to control of the G2/M
transition: wee1. The transcript for this gene exhibits a robust circadian oscillation in the
liver and codes for WEE1 kinase which inactivates the CDC2-cyclin B1 complex through
phosphorylation of CDC2 on a conserved tyrosine residue. It is the CDC2-cyclin B1
complex that directly regulates the G2/M transition, thus cells can proceed to this phase only
when WEE1 kinase levels are low, during which time phosphatase CDC25 removes the
inhibitory phosphate group, thereby activating the complex. Interestingly, the promoter of
the wee1 gene contains three E-boxes and in transfection experiments, wee1 is activated by
CLOCK:BMAL1 and repressed by CRY proteins. These results have been confirmed in
Clock mutant mice in which wee1 levels are constitutively low. Conversely, in Cry1/Cry2
double mutant mice (205), WEE1 kinase levels are constitutively elevated resulting in
sustained inactivation of the CDC2-cyclin B1 complex and hindered cell division cycles in
regenerating liver (126). The eventual completion of liver regeneration in Cry1/Cry2-
deficient mice and the lack of reported cell division defects in mice harboring mutations in
other core clock genes suggest that circadian control of cell division is modulatory rather
than absolute.

Another recent report linking the circadian system to cell proliferation reveals an important
role for Per2 in tumor suppression and DNA damage responses. Fu and colleagues show that
compared to wild-type controls, homozygous Per2 mutant mice (231) are more prone to
salivary gland hyperplasia, and spontaneous lymphomas (62). The Per2 mutant animals also
develop tumors more rapidly than wild-type mice in response to γ radiation, at least partially
owing to decreased apoptosis in damaged cells. In normal mice, γ radiation elicits
upregulation of several of the core clock genes including Clock, Bmal1, Per1, Per2, and
Cry1. In homozygous Per2 mutants, however, expression of these genes was not
significantly altered following radiation exposure. Particularly interesting is the finding that
expression of the protooncogene c-myc, which codes for a bHLH-containing transcription
factor that binds to E-box enhancers in target genes (25), is rhythmic in wild-type liver, but
in Per2 mutants c-myc expression is shifted and its transcript levels are elevated. Because c-
myc contains E-box sequences in its promoter (19), Fu and colleagues reasoned that it might
be a direct target for control by the circadian clock. Indeed, in cell culture experiments
NPAS2:BMAL1 heterodimers suppress c-myc expression, presumably by binding to E-
boxes. This repression is relieved by CRY1. Furthermore, Cyclin D1 and Gadd45α, both of
which participate in cell proliferation and are themselves targets of c-myc activation,
oscillate in wild-type mice, but exhibit altered rhythms in Per2 mutants. Taken together,
these results suggest that PER2 normally acts to suppress c-myc, albeit indirectly, via its
stimulatory effect on Bmal1 transcription described as earlier. In Per2 mutants, the
decreased levels of BMAL1 prevent formation of NPAS2:BMAL1 or CLOCK:BMAL1
heterodimers which, in turn, leads to derepression of c-myc. Overexpression of c-myc
subsequently causes DNA damage and tumor formation owing to loss of cell cycle control
(62).
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The mechanisms by which the circadian system can control cell division in mammals are
slowly being resolved. It should be mentioned here that circumstantial evidence for a
circadian role in human cancer has been reported. Women who work night shifts for several
years exhibit an increased risk of breast cancer (72, 175). The emerging field of
chronotherapy (133), in which treatments for cancer and other diseases are administered at
times of the day most likely to yield the greatest efficacy, will rely on further understanding
the links between the circadian clock and the cell cycle clock.

HUMAN CIRCADIAN RHYTHMS AND DISORDERS
In many ways, sleep and the need for it remains an enigma, yet even subtle alterations in the
sleep-wake cycle can affect human health (143, 156, 191). It is known that the timing of
sleep and wakefulness is mediated by two interconnected processes: a homeostatic
regulatory process (also called process S) that increases during waking and decreases during
sleep, and a circadian clock-dependent mechanism (26, 27, 46, 57). Four intrinsic sleep
disorders are associated with circadian system function: advanced sleep phase syndrome,
delayed sleep phase syndrome, non-24-hour sleep-wake syndrome, and irregular sleep-wake
pattern (210). Given the recent discovery of the underlying molecular clock mechanism, the
search is on for mutations in mammalian core clock genes that may give rise to circadian
sleep disorders (214). To date, the greatest progress has been made in understanding how
mutations or polymorphisms in the Per genes may influence human sleep.

Advanced Sleep Phase Syndrome
Advanced sleep phase syndrome (ASPS) is a rare disorder in which affected individuals
sleep (~19:00 h) and wake (~04:00 h) earlier than desired (210). Recently, a familial form of
ASPS has been identified in which patients from three families have a very short circadian
period with a 4-h advance of the daily sleep-wake cycle (96). Transmission of the trait is
consistent with an autosomal dominant mode of inheritance. This familial form of ASPS
was recently associated with a missense mutation that replaces a serine for a glycine in the
human Per2 gene at a site normally phosphorylated by CKIε (198). Toh and coworkers
confirmed that, as expected, the mutant form of PER2 is hypophosphorylated. As mentioned
earlier, mutations in mouse Per2 produce a short circadian phenotype reminiscent of ASPS
(231). In addition, the hamster tau mutation, a missense mutation in CKIε, also shortens the
endogenous circadian period and results in behavior that resembles ASPS (124). Thus,
mutations that alter the phosphorylation state of PER2 can disrupt sleep-wake patterns by
altering the circadian timing of sleep. Another study also identified a family in which ASPS
segregates with an autosomal dominant mode of inheritance (160), yet affected family
members possess no mutations in any of the three Per genes (39). Similarly, results from two
Japanese familial ASPS pedigrees found no linkage between affected individuals and Per2
(172). These latter two studies support the idea of genetic heterogeneity of familial ASPS in
humans.

Delayed Sleep Phase Syndrome
Delayed sleep phase syndrome (DSPS) results in a phenotype opposite that of ASPS:
individuals sleep (03:00 – 06:00 h) and wake (10:00 – 14:00 h) later than desired (210).
DSPS represents the most common circadian sleep disorder and is more frequently reported
among young adults. One human study of 48 DSPS patients reported an amino acid
polymorphism in PER3 that occurred with a higher frequency in the DSPS patients
compared to control individuals (56). The polymorphism occurs in a region near a putative
CKIε phosphorylation site. Interestingly, another study reports the association of the same
Per3 polymorphism with self-reported diurnal preference in a different group of patients
(95). Finally, a recent study identified a length polymorphism in Per3 that is associated both
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with extreme diurnal preference and DSPS (10). The length polymorphism (4 or 5 repeating
units) occurs in a region of human PER3 containing several putative CKIε phosphorylation
sites. The longer allele was associated with morningness while the shorter allele was
associated with eveningness. Moreover, the shorter allele was strongly associated with
DSPS subjects, 75% of whom were homozygous for the shorter allele.

CONCLUSION
As the most important environmental time cue, the daily cycle of light and dark has been
such a dominant selective force that organisms from all major phyla have evolved circadian
timing mechanisms with which to perceive light and synchronize their biochemistry,
physiology and behavior to fluctuations in this cycle. In mammals, the circadian system
exists as a complex multioscillatory network composed of a central pacemaker located in a
specialized retinorecipient region of the hypothalamus termed the suprachiasmatic nucleus
(SCN). Tightly-coupled cells of the SCN expressing self-sustained circadian oscillations
entrain to the light/dark cycle and subsequently transduce photic information into neural and
humoral signals that are then imparted to circadian oscillators in tissues throughout the
body. Local oscillators in peripheral tissues share with cells of the SCN a common set of
core circadian clock genes. The products of these clock genes feed back to repress their own
expression and act to influence transcription of downstream tissue-specific output genes and
pathways. In this way, each tissue responds appropriately, based on local conditions, to
photic information relayed by the SCN. Recent results reveal the complex and polygenic
properties of the mammalian circadian system. Surprisingly, the circadian clock impinges
upon biological pathways critical to cell survival, metabolism, and growth.
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Figure 1.
(A) A representative wheel-running locomotor activity record from a wild-type mouse. The
record is double-plotted so that 48 h are shown for each horizontal trace. Dark regions
represent locomotor activity. For the first seven days the animal was housed in an LD 12:12
cycle, denoted by the bar above the record. The animal was transferred to DD conditions on
day 8, as indicated by the horizontal line to the right of the record. After approximately 3
weeks of DD exposure, a light pulse was administered (arrow). A phase shift (delay) in
locomotor activity is observed following the light pulse.
(B) A phase response curve (PRC) to light. Rodents were first housed in DD conditions for
several weeks. Light pulses were then administered to animals at different circadian times,
every two hours, for one complete cycle. Phase advances and delays are plotted above and
below the horizontal line, respectively. Light pulses cause phase delays during the early
subjective night (CT 13–15) and phase advances during the late subjective night (CT 18–
20).
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Figure 2.
A diagram of the mammalian core circadian clock as described in the text. Abbreviations:
PER (P), CRY (Cr), BMAL1 (B), CLOCK (C), CKIε (CKI), REV-ERBα (Rα), light-
responsive elements in the Per promoters (LRE). Phosphorylation is represented by gray
diamonds.
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