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The circadian timing system

SCN : Suprachiasmatic
Nuclei

A master clock acting as an autonomous ≈ 24h-oscillator synchronised by external cues
This master clock entrains the peripheral clocks in the cells via physiological signals

The peripheral clock induces oscillations in key intracellular processes
3



Chronotherapy

Oxaliplatin chronotoxicity in mice. Boughattas et al., Cancer Research, 1989

Chronotherapy: optimal drug-time delivery based on the organisms circadian rhythms

Mouse: Chrono toxicity/efficiency for 40/28 drugs (Dallman et al., Trends Mol Med., 2016)
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Inter-patient variability

Humans: 5-fold reduction of severe toxicities, doubled antitumoral response

Multicentric study
193 patients - 67%men
Metastatic colorectal
cancer
Irinotecan administrated
at 6 different times

4154 |   INNOMINATO ET AL.

F I G U R E  3  Main chronoIFLO toxicities according to irinotecan timing and sex. A, Heat maps of percentages of male or female patients 
having developed grade 3-4 hematological or clinical toxicities over three or six cycles. B, Best fit cosine curves for percentages of men with grade 
3-4 neutropenia or anorexia over six cycles with respect to irinotecan timing. C, Best fit cosine curves for percentages of women with grade 3-4 
neutropenia or anorexia over six cycles with respect to irinotecan timing. D, Polar plots highlighting the sex-specific clock hours associated with 
minimum incidence of toxicities. For each toxicity, the arrow's length and angle represent amplitude and clock time of minimum value of the best-
fit cosine, respectively. Only toxicities with significant cosinor tests are displayed (P < .05)
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Large inter-patient variability⟶Need for personalized optimal timing
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Collecting data at the patient level with eHealth platforms
Picado platform: remote data collection ⟹ precisionmedicine

Domomedecine: enregistrement 
rythmes circadiens

IDEAs
80 patients

cancers
digestifs 
Philips 

Warwick 
LEA

MULTIDOM
38 patients
pancreatic

cancer
FOLFIRINOX

RGDS

PicaPill
30 sujets

sains
Warwick

LEA

Cortisol, Melatonin

CIRCADIEM
215 

infirmières
ANSES

Santé Publique Cancer                    Autres pathologies

2017 et après:

2009 – 2016:
HEPADOM
30 patients

Hepatectomy
ARS

Objectif : Utilisation des biomarqueurs circadiens comme signaux d’alerte 
précoces et  pour la personnalisation des chronothérapies

Ø Différence inter-sujets de la coordination circadienne et nouveau modèle statistique

Suivi journalier de 31 patients cancéreux sous 
chronothérapie à domicile (30-190 jours)

Suivi journalier de 55 volontaires sains et de 12 patients 
cancéreux (3-30 jours)

Ø Perturbation du rythme d’activité repos prédictif de l’hospitalisation d’urgence

Identifié par Commission Européenne comme « l'un des 25 projets 
technologiques les plus influents dans le domaine de la promotion d'un 
vieillissement actif et en bonne santé » (Avril 2018). 

Statistical models untrainable ⟹ Mechanistic models

Accounts for the lack of data

Available data in mouse can be used for human: multi scale modelling
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Global picture

Systemic
Regulators

Temperature
Activity
Melatonin
Cortisol
Food Intake

Wearables
Saliva samples
Daily questionnaires
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Mouse class systemic regulators data
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Mouse class gene expression data
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A newmodel of the cellular circadian clock
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Dynamics of gene expression:

𝑑𝑥
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Incorporating systemic regulators action on gene expression

Hypothesis 1: Multiplicative control of systemic regulators z on gene transcription

𝑑𝑥𝑣𝑖𝑣𝑜
𝑑𝑡 = 𝑓(z)𝑉maxTransc(M, 𝛾) − 𝛼𝑥𝑣𝑖𝑣𝑜

⇔ 𝑓(z) =
𝑑𝑥𝑣𝑖𝑣𝑜

𝑑𝑡 + 𝛼𝑥𝑣𝑖𝑣𝑜

Transc(M, 𝛾)

Hypothesis 2: Multiplicative control of systemic regulators z on genemRNA degradation

𝑑𝑥𝑣𝑖𝑣𝑜
𝑑𝑡 = 𝑉maxTransc(M, 𝛾) − 𝑓(z)𝛼𝑥𝑣𝑖𝑣𝑜

⇔ 𝑓(z) =
𝑉maxTransc(M, 𝛾) − 𝑑𝑥𝑣𝑖𝑣𝑜

𝑑𝑡
𝑥𝑣𝑖𝑣𝑜

Data for 𝑥 = Bmal1, Per2 and Rev-Erb𝛼
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Systemic regulators identification as a regression problem

⇔ 𝑓(z̄(𝑡𝑖)) ≈
𝛥𝑥̄𝑣𝑖𝑣𝑜(𝑡𝑖)

𝛥𝑡𝑖
+ 𝛼𝑥̄𝑣𝑖𝑣𝑜(𝑡𝑖)

Transc(M, 𝛾) ∶= 𝑦(𝑡𝑖)

Mouse class data z̄ 𝑥̄

Learn 𝑓 using the samples 􏿺􏿴z̄(𝑡𝑖), 𝑦(𝑡𝑖)􏿷 , 𝑖 = {1, … ,𝑁 − 1}􏿽

Systemic Regulators

Residuals

Explicit form
(unknown)

Learning 𝑓 usually boils down to solve

argmin
̂𝑓∈ℱ

𝑁−1
􏾜
𝑖=1

􏿴𝑦(𝑡𝑖) − ̂𝑓(z̄(𝑡𝑖))􏿷
2

For this study,ℱ will be the space of linear functions.
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Computing residuals 𝑦: acquisition of clock parameters and protein levels

PERc

CRYc

PERc/CRYc

PERn/CRYn

CLOCKn/BMALn

Clock

CLOCKc/BMALc

CLOCKc BMALc

Bmal

Rev-Erb

Ror

REV-ERBc

RORc

REV-ERBn

RORn

CryPer

Nucleus Cytoplasm

𝑑𝑥𝑣𝑖𝑣𝑜
𝑑𝑡 = 𝑓(z)𝑉maxTransc(M, 𝛾) − 𝛼𝑥𝑣𝑖𝑣𝑜

In vitro setting ⟹ 𝑓(z) constant

Fit model on in vitro hepatocytes data
(Atwood et al., PNAS, 2011)
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Clock model fit on in vitro hepatocytes data
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Multiple trajectories for stronger inference results

𝑓(z̄(𝑡𝑖)) ≈
𝛥𝑥̄𝑣𝑖𝑣𝑜(𝑡𝑖)

𝛥𝑡𝑖
+ 𝛼𝑥̄𝑣𝑖𝑣𝑜(𝑡𝑖)

Transc(M, 𝛾) ∶= 𝑦(𝑡𝑖) (*)

𝛼, 𝛾 and𝑀 are educated guesses…

…But are just estimates from an in vitro dataset

Solution:

1 Perturbed clock model parameter vectors are sampled

2 𝑛 = 2000 new residual trajectories 𝑦 are generated from the perturbed clocks
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Residual trajectories 𝑦
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Linear regression
For each residual 𝑦, a linear model􏾜

𝑗
𝛽𝑗𝑧𝑗 is fitted

The active regulators of the fitted model should be the same classwise.

Different weights 𝛽 for a regulator from one class to another are allowed

0.8 Food Intake (Class 1)
+ 0.3 Temperature

0.7 Food Intake (Class 2)
+ 0.5 Activity+ 0.5 Temperature+ 0.8 ∫Food Intake+ 0.2 ∫Melatonin

Need to account for the delay introduced by moving in different compartments

⟹ Integral regulators 𝑍𝑗(𝑡) = ∫𝑡
0
𝑧𝑗(𝑠)𝑑𝑠 are added: z ← (z, Z)

z Z 𝑥

A regulator 𝑧𝑗 and its integral 𝑍𝑗 are never found together in a model for all 𝑗

0.8 Food Intake (Class 1)
+ 0.9 ∫Food Intake+ 0.4 ∫Melatonin

0.7 Food Intake (Class 2)
+ 0.6 ∫Food Intake+ 0.2 ∫Melatonin
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Focus on 2-termmodels for Transcription: 40 models
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2-termmodels ranking

Models sorted from best to worse for each gene
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Classwise weights analysis for best 2-termmodels
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Conclusion & Perspectives

Under all hypotheses:
Food Intake / T°c main actors for transcription control: consistent with literature

Linear control of studied systemic regulators on gene mRNA degradation unlikely

Model learning approach:
Integration of data at systemic and cellular level

Knowledge encompassed in model, mechanistic predictions on unknown parts

Handle large number of variables within the sparse multi-task regression framework

What’s next:
Integration of best regulator models back in the ODEs

Validation on human data
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Want to knowmore? Paper accepted at Bioinformatics (ECCB21 Proceedings)!
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