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Circadian rythms : a physiological
process involving oscillators

Circadian rhythm (lat., circa = about, dies = day)

biological events which repeat themselves in 

regular intervals

Circadian rhythm regulated processes (23.7h):

cardiovascular system, body temperature, 

endocrine system, renal activity, metabolism, 

digestion, visual activity,…

Schibler et al. (2005) Curr Op in Cell Biol 17:223



Cyanobacterial gene expression: biological systems 
that never reach steady state

Circadian rhythm at single cell level: 

average gene expression separated by 

12 hours

Strong bioluminescence signal allows 

single-cell fluorescent reporter assay 

driven by the periodic activity of S. 

elongatus at the endogenous kaiBC 

promoter) exposed to 12h dark :12h light 

cycles

JR Chabot and A. van Oudenaarden. (2007) Nature 450:1249



Mammalian circadian rythms : the master pacemaker in 
the superchiasmatic nucleus (SCN)

• the central clock (or pacemaker) is located 
in the anterior hypothalamus (SCN) which 
receives input signals that connect it to 
geophysical cues (visual cues from the 
retina) whose neurons produce 
neuropeptides (eg.glutamate) with circadian 
rhythmicity

• Another central clock is with the 
ventromedial hypothalamus and mediates 
cyclic energy expenditure«slave clocks» in peripheral organs

HPA axis



Intercellular Signaling Mechanisms in the SCN
• at the top of the hierarchy are the 

suprachiasmatic nuclei of the hypothalamus 
whose neuron synchronize subordinate 
peripheral organs clocks using endocrine, 
neurotransmitters, electrical signals, etc

• the ventromedial hypothalamus controls 
peripheral energy expenditure clocks

Albrecht U.(2012) Cell Neuron 74:246

Orozco-Solis et al.(2016) Cell Meta 23:467

Neurotramitter glutamate upon chromatin remodeling
Induce clock genes and immediate early



Mammalian circadian vision: rods, cones and 
photosensitive retinal ganglion cells

mice lacking rods and cones (rd/rd cl) are capable of normal photoentrainment: 
additional melanopsin-based photoreceptors pRGC entrain the clock



Circadian rythmicity : the pacemaker and the integrated 
physiological entrainment

Phase setting of central and peripheral 

circadian clocks in nocturnal rodents

Master pacemaker in the hypothalamus (SCN) 

subjected to exogenous signals as light-dark 

cycles («zeitgeber»)

Mainly every peripheral organ has a circadian 

clock called «slave clocks», which are 

synchronized by the SCN via hormonal cues, 

body temperature or feeding  -fasting rythms

Schibler et al. (2005) Curr Op in Cell Biol 17:223

actogramme



Circadian transcription: mastering time by 
gene regulation

10% of all mammalian transcripts undergo 
circadian fluctuations in abundance
(mouse liver)

Ueda et al..(2002) Nature 418:534



• Orphan NHR Rev-erbα is cycling phase-shifted from PER

• Rev-erbα and β are regulated by clock genes but inhibit their expression 

whereas RORs (α, β, and γ) activate Bmal1 transcription

• Bmal1 transcripts are the result of competition between REV-ERBs and RORs at 

their specific response elements (RORE) 

Circadian control depends on oscilating transcription 
factors: interlocked negative feedback loops in gene 
expression

Albrecht U.(2012) Cell Neuron 74:246



Akashi M and Takumi T. (2005) Nature 12:441-448

Nuclear receptor RORα regulates circadian core clock 
Bmal-1 in a cell autonomous transcriptional oscillation

• RORα regulates Bmal1 expression, not cycling itself

• Clock genes regulated by E-box, PAR bzip (D-box) and nuclear receptors 

(NRE) such RORE factors, protein:protein interaction (dashed line, PER2)

hBMAL1 promoter driving a luciferase reporter in NIH3T3 stimulated by serum shock: effect of a 
dominant negative RORα or β−Gal  on circadian transcription

NcoR1

HDAC3

[1.440 min = 1d]



Oscillating cellular system: cellular clock entrainment

Serum deprivation leads to circadian gene expression in cell systems (eg. 

NIH3T3) Schiber, Naef, 2005, Curr. Op. Cell. Biol. 17:223

Tracing of time series for multiple cells expressing Rev-erbα dependent 

fluorescent protein expression 

in unsynchronized cells in synchronized cells



Peripheral clock in the liver can be feeding entrained

Stokkan et al, 2001, Science 291:490

Black circles represent expression peak of Per1
(mouse Per promoter luciferase reporter rat model)
RF stands for restricted feeding

- Over 2 days of daylight feeding (restriction feeding), expression of liver clock 
genes is shifted for 10 hours
- Liver circadian clock can be entrained/uncoupled from brain by feeding
Suggesting that circadian rhythmicity in peripheral organs (liver)  is independent 
of both SCN and light/dark cycle lab conditions

Damiola F. et al. (2000) Genes Dev.14:2950



Reprogramming circadian clock by diet challenge 

• Oscillatory metabolites peaks in liver at 
specific ZT for the specific feeding 
conditions

• Liver circadian clock can be 

entrained/uncoupled suggesting that 

circadian rhythmicity in peripheral organs 

is independent of both SCN and light/dark 

cycle

Eckel-Mahan et al, 2013, Cell 155:1464

Transcriptome reprogrammed by HFD (total 2828 

transcripts oscillating, from which 778 are 

rhythmic in both NC and HFD and 654 only in 

HFD)

Circadian oscillation is resistant to perturbation and 

clock genes are more sensitive to food as ZT



Circadian regulator CLOCK has intrinsic HAT activity

CLOCK C-term Q rich region presents high sequence similarity to ACTR, a member of SRC 
family of HATs. Incorporated labeled acetate is detected in free core histones.
A horizontal line above the CLOCK sequences indicates a binding motif  to the acetyl-CoA and which is required for HAT 
activity Doi M. and Sassone-Corsi P. (2006) Cell 125:497-508



Ectopic expression of CLOCK HAT mutant is unable to 
complement circadian expression of Per and Dbp

Doi M. and Sassone-Corsi P. (2006) Cell 125:497-508

MEF do not show cyclic expression of circadian genes
Per and Dbp are both E box regulated circadian genes



Hirayama J et al. (2007) Nature 450:1086-1090

CLOCK also 
mediates 
acetylation of non 
histone BMAL1 
partner in the 
control circadian 
function



Hirayama J et al. (2007) Nature 450:1086-1090

Blue _ BMAL1 wt
Red _ BMAL1 acetylation deficient K537R
Black_GFP

in retrovirus infected BMAL1 -/- MEF’s

Acetylation of BMAL1 is 
essential to rescue 
circadian transcription



Hirayama J et al. (2007) Nature 450:1086-1090

Acetylation of BMAL1 facilitates Cryptochrome (CRY)-
mediated repression                    



Epigenetic changes and chromatin remodeling crucial 
in clock functions: histone modifications regulate 
CLOCK:BMAL1 controlled genes

E-box E-box

Katada S et al. (2010)  Nature Structure & Mol Biol 17:1414-14221

H3K4 –specific methyltransferase MLL1 permits permissive state 
for circadian transcription, itself constitutively expressed but is 
recruited to the locus in a circadian manner

ChIP analyses on E-box promoter in wild type of MLL1-KO MEFs. 
Xlinks at 18h and 30h after Dex entrainments
with Ab to BMAL1, CLOCK and MLL1



Regulation of circadian physiology: interplay of 
transcriptional-translational feedback loops

 CLOCK-BMAL1 heterodimers bind to E-boxes promoters and induce PER and CRY 

(cryptochromes) gene expression, the product of which act as repressors by interacting 

directly with CLOCK-BMAL1 hence inhibiting their own expression 

 PER2 controls lipid metabolism via direct regulation of PPARγ

Duez and Staels, 2009, J. Appl Phys.
Grimaldi B et al (2010) Cell 12:509-520

Metabolic syndrome
obesity, dyslipidemia, high BP

Circadian disorders
sleep disorders, workshift, jetlag, mood 
disorders/bipolar

Specific repression on PPARγ by PER2



Nuclear receptors integrate metabolic responses and 
diurnal regulation in the liver : circadian rythms in health 
and disease

Staels B. (2006) Nat. Med. 12: 54

Modulating the action of NHRs by REV-ERB ligands modulate adipogenesis, insulin 
resistance or ROR ligands modulate circadian behaviours and metabolism



PPARα: as different as day and night

Wild type Mice (WT) and PPARα nulls (KO) treated with fibrates or WY14643 (PPARα

agonists) for 7 days show significant effects when analyzed in the morning or evening

Knight et al, 2005, Biochem. J. 389:413



Implication of circadian rythms in health and 
disease

•Circadian systems apprears to be involved in a number of diseases, 
including diabetes, obesity, depression, mood (bipolar) and sleep disorders, 

•liver metabolism and lipid absorption are regulated by feeding and also by 
24h circadian rythms 

•Circadian rythms defined as the light – dark cycle phases; several clock 
genes show robust circadian rythms at the SCN (brain) level

•Implications of known circadian regulated genes, eg. BMAL1, CLOCK, PER 
in the control of lipid metabolism

•The orphan nuclear receptors Rev-erbα, RORα regulate circadian 
transcription of core clock Bmal1 gene

•In the intestine, the peak of expression of BMAL1 preceeds that of HMGCoA 
synthase, CRBP2 and AOX (known PPARalpha targets)

•Evidence that CLOCK1/BMAL1 heterodimer directly transactivates the 
PPARapha gene thereby controlling HMGCoA, AOX target genes, possibly 
others



Circadian gene in health and disease
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