
Albert Goldbeter  
Faculté des Sciences 

Université Libre de Bruxelles (ULB)  
Brussels, Belgium 

  
 

« Living Matter »
ICTS, Bangalore, 24 April 2018

 Modeling the cell cycle: From amphibian 
embryos to mammalian cells  



 
 

Biological rhythm             Period 
 

Neural rhythms*          0.001 s to 10 s   
Cardiac rhythm*                   1 s 
Calcium oscillations*             sec to min 
Biochemical  
oscillations* 

                min 

Hormonal rhythms*          10 min to 3-5 h (24 h)         

Mitotic oscillator*       10 min  to 24 h 
Circadian rhythms*                 24 h 
Ovarian cycle     28 days (human) 
Annual rhythms               1 year 
Rhythms in ecology 
and epidemiology 

 
              years 
 
 

 
*Cellular rhythms 

 

  
 
 

Main 
biological 
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A. Goldbeter-ICTS 2018 
1 



       Key roles of cell cycle  
 
-  Developmental Biology :  

from fertlized egg to adult organism 
 

-  Cancer : deregulation of cell cycle 
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Using mathematical models based  
on experimental observations  
to understand the dynamics  
of the cell cycle  
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Dynamics of the cell cycle 

Xenopus laevis 

Yeast S. pombe 
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DNA replication         Mitosis 

Mammal 

Frog (12 early embryonic cell cycles) 

2 types of cell cycle 
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First cell divisions in the frog Xenopus laevis 

T=30min 
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Murray AW and Kirschner MW (1989) Cyclin synthesis drives the early 
embryonic cell cycle. Nature 339, 275-80. 
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MPF = Kinase Cdc2 + Cyclin 

Cell cycle in the frog embryo 
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Oscillations of Cdc2 and mitosis in yeast

Nurse (2002)

Cdc2 

Mitosis 
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Nature (1990) 

Negative feedback, thresholds  
and delays 
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Model for the embryonic cell cycle

A. Goldbeter (1991) PNAS

Phosphorylation-dephosphorylation 
  cascade with negative feedback 
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Thresholds :  zero-order ultrasensitivity 
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Fraction of active cdc2  
kinase (M) as a function of  
cyclin concentration (C) 

Fraction of active protease  
(X) as a function of  
active cdc2 kinase (M 

Goldbeter (1991) PNASA. Goldbeter-ICTS 2018 
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Modeling the molecular mechanism of 
  the cell cycle clock in frog embryos  
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Sustained oscillations : Evolution toward a limit cycle
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Bistability :  
Coexistence of two stable steady states  
corresponding to two levels of activity  
of cdc2 kinase 

 Role of positive feedback on cdc2 kinase 

Cdc2 activates  
phosphatase Cdc25  
and inhibits kinase Wee1 

+ 
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Hysteresis drives cell-cycle transitions in Xenopus laevis egg extracts 
W. Sha, J. Moore, K. Chen, A.D. Lassaletta, C.S. Yi, J.J. Tyson, and J.C. Sible 
(2003) PNAS 100, 975-980. 

Bistability and hysteresis 
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Pomerening, Sontag & Ferrell 
Nature Cell Biology (2003) 
 

See also: Pommerening, Kim  
& Ferrell (2005) Cell 122, 565-78 
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Biophys. Chem. (2013) 

The role of APC/C inhibitor Emi2/XErp1 in oscillatory 
dynamics of early embryonic cell cycles.  

Vinod, PK, Zhou, X, Zhang, T, Mayer TU, Novak, B. 
 
Oxford Centre for Integrative Systems Biology, Department of 
Biochemistry, University of Oxford, Oxford, UK. 
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Detailed models for the yeast and embryonic cell cycle

B. Novak and J.J. Tyson 

Chen KC, Calzone L, Csikasz-Nagy A, Cross FR, Novak B, Tyson JJ (2004).  
Integrative analysis of cell cycle control in budding yeast.  
Mol Biol Cell. 15, 3841-62. 
 

A. Goldbeter-ICTS 2018 
21 



G1 

M 

S 

G2 

G0 

Restriction point  

Cyclin D/ 
Cdk4-6 

Cyclin B/ 
Cdk1 

Cyclin E/ 
Cdk2 

Cyclin A/ 
Cdk2 

Wee1 Cdc25 

The mammalian cell cycle 

Cdk = cyclin-dependent 
kinase   

Growth 
factor 

GF 

Cdk network 
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Models for the G1/S transition in the cell cycle 

Qu et al (2003) 
Novak & Tyson (2004) 

Swat, Kel & Herzel (2004) 
Barberis, Klipp & Alberghina (2007) (yeast) 

A. Goldbeter-ICTS 2018 
23 



PNAS  (2009) 106, 21643  
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E2F 

GF 

G1 

S 
+ 

S/G2 

G2 
+ 

G2/M 

G1/S 

pRBp (i) pRB (a) pRBpp (i) 

Cdk modules Cell cycle 

Cdc20 

Cdh1 

Cyclin E/Cdk2 

Cyclin B/Cdk1 

Cyclin D/Cdk4-6 

p21 

Cyclin A/Cdk2 

p53 

Cdh1 Skp2 
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€ 

dE2F
dt

= (vse2 f − kpc1 ⋅ pRB ⋅ E2F + kpc2 ⋅ pRbc1− kpc3 ⋅ pRBp ⋅ E2F + kpc4 ⋅ pRBc2

−V1e2 f ⋅ Ma ⋅ (
E2F

K1e2 f + E2F
) +V2e2 f ⋅ (

E2Fp
K2e2 f + E2Fp

) − kde2 f ⋅ E2F) ⋅ eps

Rate of synthesis 
Formation and dissociation  

of complex between E2F and pRB 
Formation and dissociation  

of complex between E2F and pRBp 

Rate of phosphorylation  
of E2F 

Rate of dephosphorylation  
of E2Fp 

Rate of degradation  
of E2F 

Example of Kinetic equations 
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Effect of growth factor on cell cycle progression

GF=0.1 

GF=0.2 

27
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Gérard & Goldbeter (2009) PNAS  
 

Spontaneous oscillations in the Cdk network 
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 Oscillations in theCdk network

Evolution to a limit cycle
A. Goldbeter-ICTS 2018 
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The Cell Cycle is a Limit Cycle 
 
              C. Gérard and A. Goldbeter 

Math. Model. Nat. Phenom.  7, 126-66 (2012)

A. Goldbeter-ICTS 2018 
30 



Balance between the tumor suppressor gene pRB  
and the transcription factor E2F

C. Gérard & A. Goldbeter (2009) PNAS
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A restriction point is present more or less 3h after the 
beginning of the cell cycle (during the G1 phase). 

Existence of a restriction point 
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Cell cycle progression in the absence of pRB

Sage J, et al. (2000) Targeted disruption of the three Rb-related genes leads to loss of G1 control and immortalization.  
Genes & Dev 14:3037-3050. 

Dannenberg J-H, van Rossum A, Schuijff L, te Riele H (2000) Ablation of the Retinoblastoma gene family  
deregulates G1 control causing immortalization and increased cell turnover under growth-restricting conditions.  
Genes & Dev 14:3051-3064. 

In absence of pRB, progression in the cell cycle becomes independent of the growth factor.  
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Vs1p27 increases from 0.8 to 5 µMh-1 

Arrest in G1 

Effect of increasing the rate of synthesis of p21/p27 



Effect of Cdh1 and Cdc25 on the Cdk network

Boutros R, Lobjois V, Ducommun B (2007) CDC25 phosphatases in cancer cells: key players? Good targets? Nat Rev Cancer 7:495-507. 

Garcia-Higuera I, et al. (2008) Genomic stability and tumour suppression by the APC/C cofactor Cdh1. Nat Cell Biol 10:802-811. 

Sorensen CS, et al. (2000) Nonperiodic activity of the human anaphase-promoting complex-Cdh1 ubiquitin ligase  
results in continuous DNA synthesis uncoupled from mitosis. Mol Cell Biol 20:7613-7623. 

Mutations that increase the activity 
of the phosphatase Cdc25 or reduce 

the activity of the tumour suppressor 
Cdh1 possess tumorigenic effects.  

The phosphatase Cdc25 activates the kinase 
Cdk by dephosphorylation, which promotes 

cell cycle progression.  

Cdh1 promotes cyclin B degradation and can be 
viewed as a tumor suppressor.  
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Endoreplication : effect of the rate of inhibition of Cdh1  
on the dynamics of the Cdk network

From A to D the inhibition of 
Cdh1 decreases. 

The Cdk network switches 
progressively from a mitotic 

cycle (A) to a cycle of 
endoreplication (D) 
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Nature 2011
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Multiple oscillatory circuits in the Cdk network

1 

Cyclin A/Cdk2 

Cyclin B/Cdk1 

Cdc20 

E2F 

- 

3 4 

Cyclin A/Cdk2 

Cyclin B/Cdk1 

Cdc20 

E2F 

- 

4 3 2 1 Endoreplication cycle Mitotic cycle 

Cyclin A/Cdk2 

E2F 

- 

E2Fp 

pRB 
Cyclin D/ 

Cdk-6 

Cdh1 Skp2 
Cyclin A/ 

Cdk2 

E2F 

Cyclin E/Cdk2 

pRB 

- 

p27 

2 
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Incorporation of the ATR/Chk1  
DNA replication checkpoint
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Incorporation of the ATR/Chk1  
DNA replication checkpoint
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Gérard & Goldbeter (2009) PNAS 
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 Reducing the complexity of the �
model for the mammalian cell cycle
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5 variables 
 
25 parameters 



39-variable �
model for the �
mammalian
cell cycle



€ 

dMd
dt

= (vsd ⋅ (
GF

Kgf +GF
) −Vdd ⋅ (

Md
Kdd + Md

)) ⋅ eps           [1]  

 
 

€ 

dE2F
dt

= (V1e2 f ⋅ (
(E2Ftot − E2F )

K1e2 f + (E2Ftot − E2F)
) ⋅ (Md + Me) −V2e2 f ⋅ (

E2F
K2e2 f + E2F

) ⋅ Ma) ⋅ eps       [2]  

 
 

€ 

dMe
dt

= (vse ⋅ E2F −Vde ⋅ Ma ⋅ (
Me

Kde + Me
)) ⋅ eps           [3]  

 
 

€ 

dMa
dt

= (vsa ⋅ E2F −Vda ⋅Cdc20 ⋅ (
Ma

Kda + Ma
)) ⋅ eps          [4]  

 

€ 

dMb
dt

= (vsb ⋅Ma−Vdb ⋅Cdc20 ⋅ (
Mb

Kdb + Mb
)) ⋅ eps           [5] 

 
 

€ 

dCdc20
dt

= (V1cdc20 ⋅ Mb ⋅ (
(Cdc20tot −Cdc20)

K1cdc20 + (Cdc20 tot −Cdc20)
) −V2cdc20 ⋅ (

Cdc20
K2cdc20 + Cdc20

)) ⋅ eps      [6]  

Md : Cyclin D/Cdk4-6    Ma : Cyclin A/Cdk2 
Mb : Cyclin B/Cdk1    Me : Cyclin E/Cdk2 
Cdc20 : Protein Cdc20   E2F : Transcription factor E2F 
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39-variable model 

5-variable model 

Oscillatory 
dynamics
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!

Extended skeleton model for the cyclin/Cdk network 
incorporating phosphorylation-dephosphorylation 

Gérard, Gonze & Goldbeter (FEBS J, 2012)A. Goldbeter-ICTS 2018 
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FEBS J (2012 ) 
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!

Role of multiple positive feedback (PF) loops 

1 PF in G1/S               2PF in G2/M 
A. Goldbeter-ICTS 2018 
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Stochastic simulations: Gillespie algorithm 

A probability wi is associated to each reaction 
step. These probabilites are related to the 
kinetics constants.
Initial number of molecules of each species 
are specified.
At each time interval, 
•  the reaction that occurs is chosen randomly 
according to the probabilities wi 
•  the number of molecules as well as the 
probabilities are updated.

Gillespie D.T. (1977) Exact stochastic simulation of coupled 
chemical reactions. J. Phys. Chem. 81: 2340-2361. 
Gillespie D.T., (1976) A General Method for Numerically 
Simulating the Stochastic Time evolution of coupled chemical 
reactions. J. Comp. Phys. 22: 403-434. 
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No PF 1 PF  
on G1/S 

1 PF  
on G1/S  

&  
2 PF  

on G2/M 

1 PF  
on G1/S  

&  
1 PF  

on G2/M 

Multiple positive feedback loops increase robustness 
 of Cdk oscillations with respect to molecular noise 
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Stochastic 
simulations
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Stochastic 
simulations
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Bistability

A. Goldbeter-ICTS 2018 
59 



2014 

Stiffness of extracellular matrix:  Integrins à FAK activation 
 
Cell contact inhibition:  Cadherins à Hippo ---I   YAP 
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Compared effects of GF and FAK 
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Increasing  
contact inhibition 
in a linear or logistic  
manner leads via the 
Hippo/YAP pathway to  
cell cycle arrest 
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Multiple ways to 
induce the onset  
of Cdk oscillations 
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The balance between cell cycle arrest and cell proliferation 
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Schibler (2003) 
Matsuo et al (2003) 

Link between the circadian clock and the cell cycle 

Wee1 : Cell cycle inhibitor  
induced by the circadian clock 



CKIε

cry  mRNA

per  mRNA

cry transcription

per transcription

CRY  cyto

PER  cyto

PER-CRY  cyto PER-CRY  nuc

PER  cyto-P

CRY  cyto-P

PER-CRY  cyto-P PER-CRY  nuc-P

Bmal1  mRNABmal1
transcription

BMAL1  cyto

BMAL1  cyto-P

CLOCK   nuc

CLOCK-BMAL1  nuc

+

+

-

+

Light

+

BMAL1  nuc

BMAL1  nuc-P

PER-CRY
CLOCK-BMAL1

CLOCK   cyto

Clock  mRNA

clock transcription

Rev-Erbα transcription

Rev-Erbα   mRNA

REV-ERBα  cyto REV-ERBα  nuc

-

J.C. Leloup & A. Goldbeter (2003) PNAS

 Model for the mammalian circadian clock  
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Entrainment of the cell cycle by the circadian clock 

Without coupling (ksw = 0 h-1) :  
Cell cycle period=20h 

Rate of synthesis of Wee1  
driven by the circadian clock : 

Coupling parameter ksw 

With coupling (ksw = 10 h-1) : 
Entrainment by the circadian clock     

Cell cycle period=24 h 
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2012 
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2012 

PNAS 2014 
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Entrainment of the cell cycle  
by the circadian clock via Wee1 

With a basal rate of  
synthesis of Wee1 

Without a basal rate of  
synthesis of Wee1 

Gérard & Goldbeter (2012) PLoS Comput. Biol.



Autonomous	period	of	cell	cycle	=	18h	 Autonomous	period	of	cell	cycle	=	29.5h	

How can the circadian clock entrain via the inhibitor Wee1 
   cell cycles of period shorter or longer than 24h? 



Claude Gérard 
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Modeling the cell cycle 
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Modeling the cell cycle 

•  3-variable model for the embryonic cell cycle 
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Modeling the cell cycle 

•  3-variable model for the embryonic cell cycle 
•  39-variable model for the mammalian cell 

cycle: oscillatory dynamics of Cdk network 
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Extending the model for the  
mammalian cell cycle 

•  Checkpoints 

•  Extracellular matrix 

•  Cell contact inhibition 

Gérard & Goldbeter, Interface Focus 2014 
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Modeling the cell cycle 

•  3-variable model for the embryonic cell cycle 
•  39-variable model for the mammalian cell 

cycle: oscillatory dynamics of Cdk network 

•  Reduction to 5-variable skeleton model : 
deterministic vs stochastic versions 
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Cdk oscillations are similar   
in extended and skeleton models  

 
 

 Key role of regulatory wiring of the network 
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