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Abstract

Most organisms contain self-sustained circadian clocks. These clocks can be synchronized by 

environmental stimuli, but can also oscillate indefinitely in isolation. In mammals this is true at 

the molecular level for the majority of cell types that have been examined. A core set of “clock 

genes” form a transcriptional/translational feedback loop (TTFL) which repeats with a period of 

approximately 24 hours. The exact mechanism of the TTFL differs slightly in various cell types, 

but all involve similar family members of the core cohort of clock genes. The clock has many 

outputs which are unique for different tissues. Cells in diverse tissues will convert the timing 

signals provided by the TTFL into uniquely orchestrated transcriptional oscillations of many 

clock-controlled genes and cellular processes.
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1.1 INTRODUCTION

One feature common to how organisms evolved on Earth was the presence of a 24-hour 

rhythm produced by the planet’s rotation about its axis. During a 24-hour period, several 

environmental changes occur including variations in light, temperature, humidity, and 

availability of food. Over millennia, these oscillations have created evolutionary pressures 

for organisms, both simple and complex, to develop physiological rhythms that allow 

them to anticipate these daily changes. Examples of mammalian behaviors that have a 

circadian basis include sleep/wake cycles, body temperature fluctuations, and circulating 

hormone levels [1–4]. Disruptions of the circadian rhythm may contribute to a number of 

human disorders and diseases ranging from Delayed and Advanced Sleep Phase Syndromes, 

jet lag, memory impairment, and shift work sleep disorder, to various other psychiatric, 

neurological, and metabolic diseases [5–8]. The impact of circadian dysfunction may in 

fact be greater than what is currently appreciated as diseases that do not have obvious 
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connections to the circadian system may also be involved. Phenomena such as diabetes and 

hypoinsulinemia, myocardial infarction and asthma, susceptibility to certain cancers, and 

even the efficacy of certain medical treatments may all have a circadian component [9–12].

Work over the last several decades has revealed that our internal timekeeping ability 

is due to a series of molecular events that occur at the cellular level. The canonical 

model of the molecular clock involves a number of interlocking transcriptional-translational 

feedback loops with built-in delays that enable robust rhythms that last roughly 24-hours. 

These molecular clocks can synchronize or “entrain” to input from external stimuli so 

that the organism can adapt to the changing environment. But these clocks are also able 

to “free-run” which means to persist even in the absence of any external entraining 

stimuli. Other significant discoveries show that non-transcriptional modifications, such as 

post-transcriptional, translational, and post-translational changes, all play a significant role 

in the function and regulation of the molecular circadian clock. Finally, the outputs of the 

clock or clock controlled genes are unique among various tissues throughout the body. A 

discussion of the highlights of these developments will be provided in later sections.

1.2. The Molecular Circadian Clock in Mammals

1.2.1 Transcriptional Rhythms

The molecular circadian clock in mammals is a cell-autonomous process that is driven by 

a system of interlocking positive and negative transcriptional-translational feedback loops 

(TTFLs). The primary TTFL, or at least the first described, involves approximately 10 

genes and includes the ‘core’ clock genes, Clock, Bmal1, Period (Per1, Per2, Per3), and 

Cryptochrome (Cry1, Cry2). Together, they function to produce robust rhythms of gene 

expression that repeats approximately every 24 hours (Figure 1).

The circadian clock starts in the morning, or early light phase, with the transcription of 

the positive limb of the main TTFL which is composed of the transcription-activating 

clock genes, Clock and Bmal1 [13–16]. Once translated, their gene products dimerize into 

the CLOCK:BMAL1 protein complex to form the heterodimeric basic HLH (helix-loop-

helix)-PER-ARNT-SIM (bHLH-PAS) transcription factor. This CLOCK:BMAL1 complex 

then binds to the CACGTG E/E’-box DNA response elements found in the promoter or 

enhancer regions of target genes to promote their transcription [17–19]. In the mouse, peak 

accumulation of CLOCK:BMAL1 complex in the nucleus occurs in the dark phase [20]. 

The ability for the CLOCK:BMAL1 complex to bind many target genes is an important 

feature of the circadian clock because it represents a means by which oscillations of the core 

clock genes can drive transcription of not only the clock genes themselves, but also clock-

controlled genes throughout the body. The temporally-controlled transcription of genes may 

be useful to not only regulate the abundance of given transcripts, but also to efficiently 

coordinate the transcriptional machinery itself [21].

One set of genes activated by the CLOCK:BMAL1 complex includes the negative limb 

of the main TTFL which is composed of the clock genes, Period (Per1, Per2, Per3) and 

Cryptochrome (Cry1, Cry2). PER and CRY proteins dimerize and accumulate outside of 

the nucleus with peak accumulation occurring in the late afternoon or evening [20]. After 
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a time lag, the PER:CRY complexes translocate into the nucleus at night and act on the 

CLOCK:BMAL1 complex to inhibit its transcriptional activity [20, 22]. The mechanism of 

repression appears to involve the direct binding of the CRY proteins to the CLOCK:BMAL1 

complex [23–26], and the shuttling of kinases such as Casein Kinase I delta (CK1δ) into 

the nucleus [27, 28]. However, the inhibitory role of the PER proteins is less clear. For 

example, studies have shown that even in the absence of PER proteins, CRY proteins 

can inhibit CLOCK:BMAL1-mediated transcription, binding directly to transactivation 

domains (TADs) on BMAL1 [24–26]. PER proteins, on the other hand, do not bind 

to the CLOCK:BMAL1:Ebox complex, but instead seem to promote CLOCK:BMAL1 

dissociation from DNA binding elements in association with CRY proteins [23, 27, 29, 

30]. Additional work will help to fully understand the exact mechanisms of the repressive 

proteins. For example, the protein complex including CRY:PER dimers has been found to 

be as large as 1.9 MDa inside the nucleus, containing many proteins in addition to the ones 

described here [31].

A secondary TTFL runs alongside the main TTFL. This secondary loop is initiated by 

the CLOCK:BMAL1 complex which promotes the E-box mediated transcription of the 

orphan nuclear receptor genes REV-ERBα/β and RORα/β [32–34]. Their protein products, 

REV-ERB and ROR, then compete for the retinoic acid-related orphan receptor response 

elements (RORE) binding sites within the promoter of Bmal1 [32–34]. The transcription of 

Bmal1 is inhibited when REV-ERB proteins are bound to the RORE binding sites, while 

the binding of ROR proteins promotes it [35]. Individual genetic knockouts of REV-ERBα, 

both in mice and in cultured cells, only showed mild to moderate period and rhythm 

phenotypes; however, when REV-ERBα and β were deleted in the same animal, a more 

severe loss of rhythmicity was observed [32, 35, 36]. Cistromic analysis of REV-ERB α/β 
and BMAL1 have shown that overlapping genes are highly enriched for clock and metabolic 

functions, including lipid metabolism [35]. Another potential TTFL that is initiated by the 

CLOCK:BMAL1 complex involves the transcription of the PAR bZIP genes that contain 

D-box elements in their promotors, such as D-box binding protein (DBP), hepatic leukemia 

factor (HLF), thyrotroph embryonic factor (TEF), and nuclear factor interleukin 3 (NFIL3) 

[37].

An additional member of the core clock gene family may have been discovered with 

the assistance of a machine learning approach to large datasets. The existence of the 

computationally highlighted repressor of the network oscillator (CHRONO) protein was 

first flagged as a candidate by sequence homology to other repressor genes. It was then 

further drawn out of a screen employing a two-hybrid analyses in mouse fibroblast cells 

that investigated the highest affinity binding targets of the CLOCK:BMAL1 complex [38, 

39]. Subsequent studies have shown that CHRONO expression is antiphasic to Bmal1 and, 

similar to the CRY proteins, transcriptionally represses CLOCK:BMAL1. The mechanism 

of repression may involve histone modification by histone deacytlase (HDAC) [40]. Further, 

the PAS domain containing repressor 1, PASD1 has also been shown to repress the 

CLOCK:BMAL1 complex and dampen the oscillations of the molecular clock [41]. As 

the science progresses, it will be exciting to see how new discoveries will continue to change 

our understanding of the molecular circadian clock and of how it is regulated.
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The chromatin remodeling necessary for the cyclic transcriptional activity of the main 

TTFL is achieved by the rhythmic acetylation and deacetylation of the H3 and H4 histones, 

and is facilitated by clock-specific and ubiquitous histone-modifying proteins. When the 

circadian clock first starts, the activators, CLOCK and BMAL1, interact with the histone 

acetyltransferases (HAT) p300 and CREB binding protein (CBP), respectively, in order 

to remodel chromatin to a state that is accessible for transcription [42–45]. The CLOCK 

protein itself has also been reported to have a HAT domain that acetylates the histones 

H3K9 and H3K14 [46, 47]. In addition, CLOCK:BMAL1 complex has been shown to 

recruit the methyltransferase MLL1 (mixed lineage leukemia 1) to cyclically methylated 

histone H3 and the histone deacetylase (HDAC) inhibitor, JARID1a, which further facilitates 

transcriptional activation [48, 49]. During the repressive phase of the circadian clock, 

deacetylation occurs, at least in part, due to the recruitment of PER1 and the SIN3-HDAC 

complex to CLOCK:BMAL1-bound DNA [50]. In addition, SIRT1, a NAD+ dependent 

HDAC, also associates with CLOCK, BMAL1, PER2, and PGC1α to ultimately inhibit the 

CLOCK:BMAL1 complex and decrease its transcriptional activity [51–55].

While much attention is given to the CLOCK:BMAL1 complex, Reppert and colleagues 

were surprised to find that Clock-deficient mice showed normal behavioral rhythmicity and 

functional, but reduced, TTFL molecular activity [56]. The same group then identified 

NPAS2 as a functionally redundant partner of BMAL1 in CLOCK’s absence [57]. 

Intriguingly, this CLOCK/NPAS2 redundancy is primarily observed in the brain’s master 

clock (see section 1.5), whereas most peripheral clocks throughout the body require the 

CLOCK protein itself as an obligate partner for BMAL1 [58].

Finally, it should be noted that the presence of transcriptional rhythm does not always 

correlate directly with translation/protein abundance rhythms, and vice versa. Studies have 

found that although 20% of soluble proteins of the mouse liver oscillate, only about half of 

those have a corresponding oscillatory transcript [75–77].

1.3 POST-TRANSCRIPTIONAL REGULATION OF THE CIRCADIAN CLOCK

Historically, the circadian field has focused on understanding the transcriptional mechanisms 

of the molecular clock. However, much work has provided insights into the important role 

that non-transcriptional processes play in setting the pace of the clock. Processes such as 

post-transcriptional, translational, and post-translational modifications have all been shown 

to be significant. A brief summary of recent discoveries will be provided here, although 

more thoughtful reviews can be found [59, 60].

1.3.1 Post-transcriptional modifications of RNA

Post-transcriptional modifications, such as that for mRNA, are ubiquitous in biology, 

and circadian biology is no exception. Although evidence suggests that the core clock 

genes generally appear to be rhythmically transcribed [21, 39, 61], this does not mean 

that all genes that are rhythmically transcribed are transcribed de novo. In the liver, for 

example, 10% of genes are rhythmic but only about 20% of those are expressed de novo 
and may be explained by mRNA processing [62]. There is also evidence that suggests 

post-transcriptional modifications can directly impact the period of the clock. One study 
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examined the effects of selective N6-methylation of adenosine (m6A), which is present on 

many gene transcripts, including clock gene transcripts such as Period (Per1, Per2, Per3), 

Clock, Bmal1, Ck1δ, and Rev-Erb α. They found that inhibiting methylation lengthened 

the circadian period while promoting methylation shortened the it [63, 64]. The 3’ UTR of 

clock gene transcripts also appears to play a significant role in their stability and degradation 

as studies have shown that Per2 transcripts that either lacked their 3’ UTR or had the 

endogenous Per2’ 3’UTR substituted with an SV40 late poly(A) tail had a longer half-life 

than those without either modification [65, 66]. Alterations to the 3’ UTR of other clock 

gene transcripts including the Period genes, Cry1, and Bmal1 all appear to significantly 

affect the length of the circadian period [66–74].

1.3.2 Translational modifications

Translational regulation may account for the discrepancy between transcriptional and 

translational rhythmicity. One way this can occur is in a cell’s ability to vary its translational 

efficiency by changing the availability and activity of its ribosomes. This is supported 

by recent work from Janich et al. where they showed that, depending on the circadian 

phase, there was significant variation in ribosomal occupancy in the mouse liver for many 

gene transcripts, including clock genes like Clock, Bmal1, Cry1, and Rev-Erbα/β. They 

saw that, despite large variations in the quantity of clock gene transcripts, the quantity of 

their respective clock proteins were still comparable with one another [61, 78, 79]. The 

exact mechanism by which this occurs has yet to be fully elucidated but likely involves 

the presence of upstream open reading frames (uORFS) in the 5’UTR of these transcripts, 

though this may not always be the case [61, 80, 81]. Other translational regulators, such as 

mTOR, have also been shown to acutely affect the translation of circadian proteins such as 

PER and CRY in response to stimuli that normally influences the circadian clock, such as 

insulin and IGF-1 [72].

1.3.3 Post-translational protein modifications

In order for the circadian clock to restart a new cycle of transcription, the levels of PER 

and CRY must decrease sufficiently such that repression is relieved. How quickly this 

happens, however, depends largely on the stability of the repressive proteins. Unsurprisingly, 

variations in their stability and rate of degradation can affect the free-running period at 

which the clock runs. For example, the tau mutant hamster was the first mammal identified 

as a circadian mutant and exhibited a free-running period of about 20 hours compared 

to the 24-hour free-running period of their wild-type counterparts [82]. The mutant tau 
locus was identified as a hypomorphic allele of Casein Kinase I epsilon (CKIε) which is 

an enzyme that phosphorylates the PER proteins [83]. Biochemical work since this initial 

discovery has shown that the stability of the PER proteins is primarily regulated by two 

Casein Kinases (CKIε and CK1δ), as well as phosphatase 1 [28, 83–86]. For instance, 

CKIε/δ-mediated phosphorylation targets the PER proteins for ubiquitination by β–TrCP 

and subsequent degradation by the 26S proteasome, ultimately shortening the period of 

the circadian clock [87–93]. The ‘phosphoswitch’ model of PER2, which encapsulates our 

most current understanding of this mechanism, was first introduced in 2015 by Zhou et 

al [91]. According to this model, the stability of PER2 is regulated by kinase activity at 

two antagonistic regulatory regions that determine whether the degradation rate of PER2 is 
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fast or slow. The first region, ‘FASP,’ resides at S659 on the PER2 protein and is located 

within the Casein Kinase binding domain (CKBD). FASP has five separate sites that, when 

phosphorylated, increases its stability and slows its rate of degradation. Phosphorylation is 

mediated by either CKIε, CKIδ or both [94] and is initiated sequentially, starting with the 

first non-consensus serine. The second region termed ‘phosphodegron’ is located after the 

PAS-B domain at S478 on PER2 which is several hundred residues upstream of the CKBD. 

Ultimately, PER2 stability appears to be due to the balance between the phosphorylation 

states of these two antagonistic regions.

Despite this model’s explanatory power, the regulatory roles that kinases have on PER2 

may be more complex. For example, a recent study examined a PER2-Ser478Ala knock-in 

mutant mouse line. They found that behavioral rhythms were statistically different and 

increased by about an hour, comparable to what was observed in mice who were injected 

with a CKI inhibitor [95, 96]. Interestingly, however, the difference in period length of 

PER2-Ser478Ala mutant MEFs versus their controls does not seem to be consistent with 

what would be expected from such a mutation, if any statistically significant difference 

can be found at all [96]. These findings suggest that there are compensatory mechanisms 

affecting PER2 stability that do not require the phosphodegron at S478. Casein Kinase 2 

(CK2) also phosphorylates PER2 and promotes its degradation via pathways that can be 

CKIε/δ-independent [97–99]. A more complicated model may also be required for other 

Period paralogs. PER1 does not have a ‘phosphodegron’ at S478, though it does possess a 

different phosphodegron motif that, when phosphorylated, still recruits β–TrCP to initiate its 

ubiquitination and subsequent degradation [89, 92]. PER1, like PER2, also has at least one 

kinase other than CKIε/δ that can regulate its stability [100].

Experiments have also shown that the stability and degradation rate of CRY proteins impacts 

the period of the circadian clock. Two studies analyzing chemically-induced mutations in 

mice found that mutations in the F-box gene, Fbxl3, resulted in longer periods of behavioral 

rhythms [101, 102]. FBXL3 polyubiquitinates CRY proteins, marking them for proteasomal 

degradation in the SKP1-CUL1-F-box protein E3 ubiquitin ligase pathway (SCF) [101–

103]. Interestingly, the CRY proteins act as cofactors with the SCFFbxl3 complex for at least 

100 protein targets, some likely to be clock regulated and some not [104]. FBXL21, the 

closest paralog of FBXL3, ubiquitinates and stabilizes the CRY proteins, attenuating the 

period-lengthening effects of FBXL3 knockouts [105, 106]. In terms of CRY degradation, 

the pathways differ between the CRY paralogs as CRY1 is phosphorylated by AMPK1 while 

CRY2 by the DYRK1A/GSK-3B cascade [107–109]. Once PER and CRY levels become 

sufficiently low as the night progresses, the repressive phase ceases and the TTFL reinitiates.

Significant work has been done to identify kinases acting on other clock proteins such 

as CLOCK, BMAL1, REV-ERBα and ROR. GSK3B, for example, has been shown to 

phosphorylate CLOCK, BMAL1 and CRY 2 and promote proteasomal degradation, while its 

phosphorylation of REV-ERBα promotes its stability [109–112]. Intriguingly, GSK3B has 

also been shown to impact length of the circadian period by promoting nuclear localization 

of PER2 (CKIε and CKδ appears to regulate the subcellular localization of PER1 and 

PER3) [113–115]. Other examples include CDK5 which phosphorylates CLOCK and 

increases its stability and transcriptional activity, dual-specificity tyrosine-phosphorylated 
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and regulated kinase 1A (DYRK1A) and GSK3B which phosphorylates CRY2 and promotes 

its degradation, AMP-activated protein kinase (AMPK) which phosphorylates CRY1 and 

promotes its degradation, and RORα, which is negatively regulated by extracellular signal-

related kinase 2 (ERK2)-mediated phosphorylation. Given the role that kinases have in the 

post-translational modification of clock proteins, it is unsurprising that phosphatases are also 

important. Protein phosphatase 1 (PP1) activity, for example, promotes PER2 stabilization 

while protein phosphatase 5 (PP5) appears to increase circadian period length and decrease 

PER expression in fibroblasts, in vitro [86, 116, 117]. These modifications can impact not 

just their stability, but their transcriptional activity, nuclear localization, and interaction with 

other proteins, as well.

Other post-translational modifications are also significant in the regulation of the circadian 

clock. The sumolyation of BMAL1 by SUMO2/3, for example, is rhythmic and promotes 

both its transcriptional activity and degradation while mutation at one sumolyation 

site, K259R, lengthens its half-life [44, 118]. BMAL1 is also acetylated by histone 

acetyltransferase, TIP60, which causes elongation of transcripts that are targeted by the 

CLOCK:BMAL1 complex [119]. There is also evidence that suggests that core clock 

proteins such as CLOCK and PER undergo O-GlcNAcylation and it is hypothesized that this 

process serves as a metabolic sensor for the cell, working intricately with kinases to regulate 

the circadian clock [120]. Altogether, these insights provide a glimpse into the immense 

importance that non-transcriptional processes have in the regulation of the circadian clock 

and will be an undoubtedly be an exciting area to watch as the research advances.

1.4 CLOCK-CONTROLLED GENOME-WIDE TRANSCRIPTION (CLOCK 

OUTPUTS)

A fundamentally important feature of the molecular circadian clock is that it generates 

‘clock outputs’ as it oscillates throughout the day. These clock outputs are the means by 

which the oscillations of the core clock genes drive transcriptional programs at specific 

times in various tissues throughout the body. The main clock outputs are driven by 

CLOCK:BMAL1, REV-ERB/ROR and DBP, and they can affect not just the clock genes 

but thousands of other non-clock genes as well [60, 121, 122]. Recent advances in 

genomic technologies such as chromatin immunoprecipitation with sequencing (ChIP-seq) 

have improved our understanding of the circadian cistrome, elucidating DNA binding 

sites of multiple core clock genes [21, 39, 123–125]. For example, nearly 300 genes are 

rhythmically expressed in the retina in constant darkness, but that number skyrockets to 

almost 3000 in the presence of light [126]. Other studies have shown that between 2 and 

10% of all genes in select tissues of the mouse were expressed with a near 24-hour rhythm 

even though they were not considered to among the core clock genes [21, 62, 127–129]. A 

more recent examination of the transcriptomes of 12 mouse organs using RNA sequencing 

and DNA arrays found that 43% of all protein-coding gene transcripts in the mouse genome 

oscillated in at least one organ [130]. Unsurprisingly, these outputs can affect a variety 

of biological processes that, at first glance, may not be obviously tied to the rhythmic 

oscillations of the core clock genes. Work over the last two decades have revealed that gene 

families ranging from timing of the cell cycle to immune function to glucose and fatty acid 
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metabolism appear to be intricately tied to these clock outputs [21, 62, 127–129, 131–133]. 

Intriguingly, even processes such as the recruitment of RNA polymerase, and large changes 

in chromosomal organization and chromatin topology have also been shown to be rhythmic 

in nature [60, 123, 124, 134–139].

Genes that are transcribed with a 24-hour rhythm vary greatly depending on the tissue. 

In fact, multiple studies have shown that there is a high degree of tissue-specificity in the 

genes that are expressed with minimal overlap between tissues. For example, one study that 

examined the transcriptional profiles between the SCN and liver in the mouse found that 

337 genes were found to be rhythmically transcribed in the SCN compared to 335 genes in 

the liver, and only 28 genes overlapped [128]. Similarly, almost 450 oscillating genes were 

found to be expressed in the liver and heart, only 37 of which were in common [129]. For 

example, genes that are rhythmically expressed in the retina are involved in photoreception, 

synaptic transmission, and cellular metabolism, and this appears to be required for proper 

retina development [126]. The loss of core clock genes such as Bmal1 not only results in 

the loss of transcriptional oscillations, but compromised the functional integrity of the visual 

circuitry, likely by altered cell cycle kinetics during retinal neurogenesis [126, 140].

Transcriptional profiling has also ventured outside of the mouse model with a heroic 

collection of 64 tissues from baboons in a light:dark cycle over the course of a day by 

Mure, et al. [141]. Similar to the mouse transcriptomes, it was confirmed that all tissues 

contained extensive rhythmic gene expression profiles, and there was again surprisingly little 

overlap between tissues. They observed that 80% of all protein coding transcripts displayed 

rhythmic abundance in at least one tissue [141].

1.5 SCN AS THE MAIN SYNCHRONIZER AND THE ENTRAINMENT OF 

PERIPHERAL CLOCKS

A series of landmark experiments in the latter half of the 20th century changed the 

way we viewed circadian timekeeping in mammals. In 1972, Stephan and Zucker found 

that rhythmic drinking and locomotor activity in rats was lost when the suprachiasmatic 

nucleus (SCN) was lesioned [142], and Moore and Eichler found that similar lesions 

halted circulating corticosterone rhythms [143]. By 1990, Ralph and Menaker found that 

transplanting SCN from tau mutant hamsters onto SCN-lesioned and arrhythmic wild-type 

hosts not only restored rhythmic behavior but did so with shortened circadian periods [144]. 

These experiments, along with others, provided evidence that the SCN was sufficient for 

behavioral circadian timekeeping in mammals [142–145]. This gave rise to the hierarchical 

single-pacemaker model of the circadian system where the SCN, a small paired structure in 

the ventral hypothalamus containing as few as 10,000 neurons, was the ‘master’ clock that 

unilaterally controlled all rhythmic behavior throughout the body (Figure2) [146, 147].

The earliest evidence suggesting that the single-pacemaker model may not be complete 

was actually observed in the 1950s—well before the SCN was ever thought to play that 

role. In these first experiments, the cultured intestines of golden hamsters were observed 

to have 24-hour rhythms of peristalsis, a behavior that could not have been explained by 

the rhythmicity of the SCN [148]. In the decades that followed, numerous other studies 
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identified the circadian basis of other peripheral tissues throughout the body, including 

the heart, liver, and adrenal glands [149–154]. By the 1990s, molecular evidence for the 

presence of circadian clocks in mammalian peripheral tissues was established after the 

discovery of two mammalian core clock genes, Clock and Period [14, 15, 155, 156]. Since 

then, it has been shown that nearly all mammalian tissues have functional, cell-autonomous 

clocks with the same TTFLs that are described in the prior sections [157–159]. These studies 

showed that the fundamental unit of circadian time is kept not by the SCN but by the cell 

itself.

However, the discovery that almost all mammalian cells have functional and autonomous 

molecular clocks does not mean the SCN no longer plays a central role in circadian biology. 

In fact, even though the SCN does not control the molecular clocks of individual cells, 

it is still able to orchestrate the rhythms of diverse range of rhythmic behavior, from the 

sleep-wake cycle to feeding and fasting, the regulation of temperature, and the circulation of 

hormones throughout the body [1–4]. The method by which the SCN is able to synchronize 

the innumerable clocks throughout the body occurs by behavioral, neuroendocrine, or 

autonomic signals [160–163].

Given its fundamental role in synchronizing tissues throughout the body, the SCN is still 

considered to be the principle pacemaker of the body. But a biological clock is only useful if 

it can be synchronized to an environmental signal and the SCN is no exception. In fact, the 

SCN itself can be entrained by light received by the retina, a necessary feature likely risen 

out of our evolutionary need to adapt to the 24-hour solar cycle. Although light information 

from rods, cones, and melanopsin-containing intrinsically photosensitive retinal ganglion 

cells (ipRGCs) are all sent to the SCN, only light information from melanopsin-containing 

ipRGCs are needed to set the circadian phase of the SCN [164–166]. The mechanism 

by which this occurs involves the modulation of the spontaneous firing rate (SFR) of the 

SCN [4]. When light information is received by the melanopsin-containing ipRGCs, neural 

signals travel towards the SCN via the retinohypothalamic tract (RHT). The RHT then 

releases the neuropeptides pituitary adenylate cyclase-activating polypeptide (PACAP) and 

glutamate within the core of the SCN [167]. These core SCN neurons propagate this signal 

to the rest of the SCN which alters its SFR and ultimately causes a rephasing of TTFLs 

in cells throughout the body [168]. Entrainment to light is also reflected in changes in 

transcription within the SCN—light causes an induction of genes in the Per family, the 

magnitude of which is dependent on the circadian time [169–171].

The single-pacemaker model where peripheral tissues only respond to signals from the 

SCN also appears to be outdated. A number of studies have shown that peripheral tissues 

themselves can become directly entrained by responding to environmental signals without 

the need for an SCN, such as light, temperature, and feeding. Though the signals by which 

different peripheral tissue entrain may vary, one environmental stimuli that may be universal 

across all peripheral tissues and cells is changes in body temperature. The 24-hour rhythmic 

component to body temperature fluctuations is mediated by the SCN, but the SCN itself is 

resistant to the changes [172–174]. The exact mechanism by which temperature entrainment 

occurs is still unclear but appears to involve Heat Shock Factors (HSF) and cold-induced 

RNA binding proteins (Cirbp). HSF are a family of DNA binding proteins that, when bound 
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to Heat Shock Elements (HSE) located on the promoters of their target genes, lead to the 

translation of a number of proteins including those for Heat Shock Proteins (HSP). These 

HSPs facilitate the Heat Shock response, an essential pathway the cell utilizes to protect 

against protein-damaging stress. With respect to circadian biology, one study found that 

HSF binds rhythmically to HSEs and that the promoter region of Per2 contains HSEs. 

Interestingly, they also found that the expression of HSPs appear to oscillate in similar phase 

to the PERs and that PER2 levels transiently change in response to a heat pulse [175]. 

Another study which inhibited the HSF pathway with the compound KNK437 observed that 

responses to heat pulses were blocked and that the period of the circadian clock slowed to as 

long as 30 hours, which is consistent with what has been reported in HSF-1 deficient mice 

[173, 176]. The heat-mediated responses of Period gene expression and HSF1-mediated 

gene expression seem linked in that mutations to the HSE in the promoter of the Period gene 

dramatically altered its rhythm and heat response [177]. Cirbp acts in a unique way, in that 

it controls RNA stability of directly bound transcripts. Cirbp itself is not regulated as a clock 

output gene, but rather has activity which reflects the temperature experienced by the cell 

[178]. Interestingly, reduced temperatures allow for the splicing of Cirbp pre-mRNA into 

final mRNA for nascent protein to be produced and exert its effect on other RNA strands 

[179].

Since the discovery of peripheral clocks and their ability to be entrained by the SCN, 

there has, in parallel, been growing interest in non-SCN mediated entrainment of peripheral 

tissues. Restricted feeding cycles, particularly paradigms in which food is only available at 

atypical feeding times, cause the phase of the circadian clocks of the liver to alter their phase 

[180]. Remarkably, the phase of the liver will re-entrain to a new phase of food availability 

in an animal in which the SCN remains entrained to the environmental light cycle [181]. 

Even light itself may communicate with circadian clocks outside of the SCN pathway. In 

mice in which the molecular clock was only functional in the skin, and not the SCN or 

any other tissue, light cycles were still able to entrain the skin circadian clocks [182]. The 

circadian clocks of murine skin ex vivo were also found to be directly photoentrainable 

[183]. The area of skin and wavelength of light may be important for this effect [184, 

185]. Interestingly, the process requires a subset of cells that express neuropsin (Opn5), a 

noncanonical opsin. These Opn5-expressing cells are expressed in dermal melanocytes and, 

when pulsed with a short-wavelength light (415nm), strongly shifts the circadian phase of 

murine skin ex vivo [183]. It was also observed that direct photoentrainment of circadian 

clocks in the retina and cornea occurs in an Opn5-dependent manner [186, 187]. As the field 

moves forward, it will be exciting to see how new discoveries will elucidate the pathways 

by which external stimuli can directly entrain the molecular clocks of peripheral tissues and 

how they impact their underlying physiology.

1.6 GENERAL CONCLUSIONS

The field of circadian biology has exploded from observations of the leaf movements of 

potted plants in the 1700’s [188] to modeling and observing individual protein motifs 

involved in circadian molecular dynamics today. From the initial discoveries that a single 

heritable mutation could change the circadian rhythm of fly behavior [189–191], to the 

remarkable detail of the molecular clockwork mechanism described above, the field has 
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expanded to influence many diverse areas of physiology. A current push is underway to 

apply these amazing findings to the benefit of human health. The term “chronotherapy” will 

likely become commonplace as the timing of procedures and drug administration will soon 

be determined based on the state of the individual’s molecular clock [192].
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FIGURE 1. 
The core molecular circadian transcriptional/translational feedback loop in mammals.
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Figure 2. 
The hierarchy of temporal organization in mammals. Light cycles entrain the SCN, which in 

turn sets the rhythms for the body. In some instances, peripheral tissues can dissociate from 

typical central time using rhythmic environmental cues.
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