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* Basic concepts

* Molecular biology of the circadian clock

e Circadian timing in health and diseases




Biological oscillations

Circadian rhythms
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Glow intensity

Circadian rhythm of bioluminescence in a
dinoflagellate (Lingulodinium polyedrum)
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Melatonin secretion from avian pineal gland in vitro
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Examples of daily rhythms in human
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Some definitions for biological rhythms

Synchronizer = zeitgeber (ZT)

Phase & =7T18
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The pioneer of modern chronobiology

Jean d’Ortous de Mairan
(1678-1771)
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Free-running in human

1962, Michel Siffre stays 58 days in-free running conditions (gouffre de Scarasson)

période d’activité
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Many physiological processes remained rhyhtmic



The central clock

Copyright F Rouyer, CNRS




Localisation of the clock In mammals

1972 : Moore & Eichler and Stephan & Zucker locate the circadian
Clock in the suprachiasmatic nuclei of mammals

Suprachiasmatic

11






SCN neurons are the only clock neurons

Co: chiasma optique

3V: 3eme ventricule

SCN: noyaux suprachiasmatiques
PVN: noyaux paraventriculaires

Firng frequency (Hz) «
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Intercellular coupling between SCN neurons
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Synchronisation de |I’"hologe
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La lumiere bleue est |la plus efficace pour
resynchroniser notre horloge
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Light a universal synchronizer of circadian clocks
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The entrainement range depends on the coupling

Rigid oscillator :SCN
(strong coupling)

<+«——Flexible oscillator: periphery
(little or no coupling)

Zeitgeiber strength

v

P: clock oscillator period
q: zeitgeber period

HP Herzel et al, Berlin 18



The circadian clock is temperature compensated

» Le coefficient thermique Q,, représente 1’augmentation du taux
d’une réaction pour un écart de température de 10°C.

» La vitesse de réaction peut étre assimilée a n’importe quel
processus (vitesse de production d’un composé chimique, vitesse
de propagation d’un potentiel d’action, courant conduit a travers
un canal ionique, rythme cardiaque, consommation d’oxygene).

1859-1927

_ 10
R 2 (tz'tl)

QlO: Rl

Horloge circadienne: Q;~ 1
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Thermal compensation of the circadian clock

18°C_ 21°C. 25°C 29°C.

Versteven et al. iScience 2020



The 3 components of the circadian clock
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Summary 1

Many biolgical processes oscillate with a circadian period
The circadian clock is an endogenous mechanism

The central pacemaker is localized in specialized neurons
The circadian clock is synchronized by external cues

The circadian clock is temperature compensated



JC Hall

M Rosbash

MW Young
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The genetic origin of circadian rhythms
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Per? flies are arrhythmic
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The Period gene is rhythmically expressed

transcription mRNA
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The Clock mutant mouse

Wild-type
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The Clock mutation in the mouse

...CTTCCTICCACAC. ...... AGTCAGITCCATA .TCACAGITTTICAG ... .. .. CTACAG|ATGTTT. ..
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800 bp
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The CLOCK protein is a PAS domain transctiption

factor
bHLH PAS Domain Q-Rich Poly-Q
CLOCK ] A TR & [ [
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The circadian oscillator is a genetic network
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Simplified model of the mammalian circcadian clock

Activation Repression

"Clock

gl
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Simplified model of the Drosophila circadian clock
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1he same basic mechanistic principles govern all
circadian clocks
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Biochemical / genetic oscillators

Metabolism

Signaling

Signaling

Development

Embryonic cell cycle

Circadian rhythms

Gluoose, ATP, PFKase

NF-kB, IKK

P53, MDM2

Herl, Her7, Notch

CDK1, CCNB, Weel,
Cdc25, Cdc20

PER, CRY, CLOCK,
BMAL1, CSNK1D...

2 min

~2h

5h

30-90 min

30 min

24 h

Amplified delayed
feedback loop

Delayed negative
feedback loop

Delayed negative
feedback loop

Delayed negative
feedback loop

Amplified negative

feedback loop

Delayed negative
feedback loop

Novak & Tyson Nat Rev Mol Cell Biol, 2008
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Peripheral clocks

lllllll

Bioluminescence (CFS)
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A clock in every cell




Cicadian Omics

Methylome > 400 datasets

Acetylome > 50 tissues

Transcriptome > 10 species

Proteome > 10 condition types (KO, disease, diet, drugs)
Phosphoproteome

Metabolome

Circadian regulation operates at all levels

Highly tissue specific

Feeding behaviour which is controlled by the central clock has a prominent
impact on rhythms in the periphery

Many CCGs are involved in pathways targeted by drugs

Emerging human circadian omics

http://circadiomics.ics.uci.edu/
http://circadb.hogeneschlab.org/
http://cgdb.biocuckoo.org/index.php



http://circadiomics.ics.uci.edu/
http://circadb.hogeneschlab.org/
http://cgdb.biocuckoo.org/index.php

The adaptive value of circadian clocks
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Summary 2

Clock genes govern circadian rhythms

A delayed negative feedback loop drives all circadian clock

oscillator
Cicadian oscillators are present in virtually every cell

Circadian gene expression is extensive and highly tissue-

specific

The clock has an adaptative value



CIRCADIAN RHYTHMS

Sex-dimorphic and age-dependent organization of

24-hour gene expression rhythms in human

Lorenzo Talamancat, Cédric Gobett, Felix Naef*
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The circadian timing system

External
synchronisers

Physiology
&
Behaviour

24 h 24 h
—r—>

Local clocks = Sleep/wake, fastig/feeding

= Mitochrondria dynamics

= Transcription, translation

/



Biomedical implications of chronobiology research
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Les désordres du rythme circadien du sommeil
(11% des consultations pour insomnie)

Syndrome d’avance de phase du sommeil : 13.5%

Sommeil normal

20 4
23 7

Syndrome de retard de phase du sommeil : 82.7%

I

4 12

Anomalie de la période du sommeil : 3.8%

15



Une mutation dans le gene Per2 humain est la cause
d'une maladie du sommeil FASPS

Mutation
Human Per2 gene S662G

PAS domain Phosphorylation sites
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Impact of circadian misalighment on metabolic
homeostasis

Karlsson et al 2003 (WOLF study)
Scheer et al 2009

* Triglycerides 4
 HDL-Cholesterol 4
- e Post-prandial glucose 4

* Post-prandial insulin 4

e Waist/hip ratio 4



Feeding pattern in humans

* Healthy adults non shift workers * Prediabetic men (n=6)
(n=156)
Baseline Intervention Median American Early Time-
(> 25 BMI, > 14 h feeding Eating Patterns Restricted Feeding
4-5 h duration =12 h, n=8)
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Circadian rhythms and cardiovascular pathologies

Principal oscillator
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Cardiac surgery

Daytime variation of perioperative myocardial injury in @ ®
cardiac surgery and its prevention by Rev-Erba antagonism:
a single-centre propensity-matched cohort study and a Lancet 2018; 391: 59-69

randomised study

David Montaigne, Xavier Marechal, Thomas Modine, Augustin Coisne, Stéphanie Mouton, Georges Fayad, Sandro Ninni, Cédric Klein,
Staniel Ortmans, Claire Seunes, Charlotte Potelle, Alexandre Berthier, Celine Gheeraert, Catherine Piveteau, Rebecca Deprez, Jérome Eeckhoute,
Héléne Duez, Dominique Lacroix, Benoit Deprez, Bruno Jegou, Mohamed Koussa, Jean-Louis Edme, Philippe Lefebvre, Bart Staels

* Remplacement de la valve aortique
* Suivi de cohorte (298 + 298) + essai randomisé (44 + 44)
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The circadian clock controls several cancer hallmarks

Sustaining Evading

prolferative signaling growth suppressors

Unlecking Nonmutational
phenotypic plasticity epigenatic reprogramming
Deregulating Avoiding immune
ceilular destruction
metabolism

Resisting col Enabiing
death replicative
immortality
Genome - :
umor-promoting
instability & inflammation
mulation
Polymorphic
Senescent cells Rilorolilomes

Inducing or accessing Activating invasion &

. vasculature metastasis
adapted from Hannahan et al. 2000, 2011 a Clrcadlan dlsruptlon asa

new cancer hallmark



Circadian disruption and cancer

Patients with metastatic colorectal cancer

Circadian rhythm

N= 67 patients

Circadian disruption

N= 68 patients

Rich, Innominato et al. Innominato et al.
Clin Cancer Res 2005 EBRS 2009

% Survival

3 year survival rates

B Rhythm
M damped

Colon Colon Breast Lung
Metastatic Metastatic Metastatic Early stage
192 pts 130 pts 104 pts 61 pts
Single Multicenter Single Single
Institution Study Institution Institution

Mormont et al. Clin Cancer Res 2000; Innominato et al. Cancer
Res 2009.; Sephton et al. INCI 2000; Proust Conference, Torino

2008



Tumour weight (ma)

Circadian disruption accelerates tumour growth

2,250 —
2,000 —
1,750 —
1,500 —
1,250 —
1,000 —
70 —
S0 —
250 —

— Glasgow osteosarcoma, intact

——- Glasgow cetecsarcoma, SCN lesion

— Pancreatic adenccarcinoma, intact

——= Pancreatic adenccarcinoma, SCN lesion

Filipski, JINCI, 2000 51



From chronobiology to chronopharmacology

PHARMACOKINETICS ’ PHARMACODYNAMICS
I

Nervous system

Immune system

Drug Metabolism Respiratory system

& Transport

Cardiovascular system

Circulating Proteins

& Metabolites Endocrine system

)
4
.

/

Renal Clearance < |

Genito-urinary system

Intestinal Excretion Gastro-intestinal system

Musculo-skeletal system

Ballesta et al, 2017 Pharmacol Rev



Tolerability of anticancer drugs in mice

Antimetabolites
/. Gemcitabine

() L-alanosine

Topoisomerase inhibitors

. Irinotecan

A Mitoxantrone
@ CEtoposide

Intercalating agents
@ Theprubicin
Alkylating agents

Peptichemio

Cisplatin

Carboplatin

Oxaliplatin
Nitrosoureas or related
@ Mitomycin-C
’ Cystemustin
Mitotic spindle poisons

@ Docetaxel
A Vinorelbine

Cytokines
@ Interleukin-2

Small kinase inhibitors
& Sseliciclib

18

HALO

-200%

Improvement

12

Lévi et al, Ann Rev Pharm Toxicol 2010



The paradigm shift of anticancer chronochemotherapy

Current paradigm : the dose makes the poison (Paracelese)

Chronotherapy paradigm : dosing time makes the poison

Anticancer chronotherapy:
e Efficacy can be increased by 2
 Toxicity can be decreased by 2-10

* Improved therapeutic index

54



Chronotherapy: technological implementation

Time-scheduled delivery regimen

Infusion over 4 d every otherweek & °-FU
L-OHP P 600 - 1100 mg/m?/d

-

25 mg/m?/d od .

/4 ™ e . "
ol A 300 mg/m2/d
04:00

Multichzinnz] oumo
for chronotnzrapy

© Caniralizacl grogrzisimziion

> Any modulzition of dalivary i
> yasgeyolrs (109-2900 1))

> ndzgzndznt erzinnzls

2 fzltzs from ol to 3000 /i
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Summary 3

Many diseases have a circadian component

Circadian disruption is a risk factor for many pathologies
Diseases alters the circadian coordination

Human chronobiology is emerging

Chronotherapy works but is not much implemented in the

clinic



