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Cell state transitions are key to  
embryonic development and regenerative medicine

https://www.youtube.com/watch?v=ahJjLzyioWM
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Gene regulatory network models (GRN) are commonly used to 
study cell state transitions but they are highly dimensional
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Hoyos, E. et al., 2011. Quantitative variation in autocrine signaling and pathway crosstalk in the Caenorhabditis vulval network. Current Biology, 21, pp.527–538.
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Waddington’s landscape: from a simple metaphor  
                                                                  to a mathematical formalism



Undifferentiated 
(State 1)

Differentiated 
(State 2)

<latexit sha1_base64="V18IFYDrVayYbjFUn5OZ/VPj6Gw=">AAAB8nicdVDLSgMxFM34rPVVdekmWIS6GWY6ra27ohuXFewDpkPJpJk2NJMMSUYsQz/DjQtF3Po17vwb04egogcuHM65l3vvCRNGlXacD2tldW19YzO3ld/e2d3bLxwctpVIJSYtLJiQ3RApwignLU01I91EEhSHjHTC8dXM79wRqajgt3qSkCBGQ04jipE2kt/u90RMhqh0f9YvFB3brdWr1Ro05MLzKp4hVcdzymXo2s4cRbBEs1947w0ETmPCNWZIKd91Eh1kSGqKGZnme6kiCcJjNCS+oRzFRAXZ/OQpPDXKAEZCmuIaztXvExmKlZrEoemMkR6p395M/MvzUx3Vg4zyJNWE48WiKGVQCzj7Hw6oJFiziSEIS2puhXiEJMLapJQ3IXx9Cv8n7bLtntuVm0qxcbmMIweOwQkoARfUQANcgyZoAQwEeABP4NnS1qP1Yr0uWles5cwR+AHr7RMA3JEY</latexit>

V!(x)

Potential

Flow

(Signal)
<latexit sha1_base64="DG2xzlKYBSGANlkCmHyaiLAx90s=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5id9CZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fh25refQBum5IOdJBAKMpQsZpRYJ7V6SsCQ9MsVv+rPgVdJkJMKytHol796A0VTAdJSTozpBn5iw4xoyyiHaamXGkgIHZMhdB2VRIAJs/m1U3zmlAGOlXYlLZ6rvycyIoyZiMh1CmJHZtmbif953dTG12HGZJJakHSxKE45tgrPXscDpoFaPnGEUM3crZiOiCbUuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPkx+PJA==</latexit>!

Parameter 
Space

0 1 2 3 4 5 6 7 8

Waddington’s landscape: from a simple metaphor  
                                                                  to a mathematical formalism



Waddington’s landscape: from a simple metaphor  
                                                                  to a mathematical formalism



Waddington’s landscape: from a simple metaphor  
                                                                  to a mathematical formalism



?
Cell type 1

Cell type 2 Cell type 3

+ Signals

<latexit sha1_base64="4ae37GHcjQasZ8PvZS6emYnJdPQ=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBahgpREinosevFYwX5AG8pmu2mXbjZxdyOG0D/hxYMiXv073vw3btsctPXBwOO9GWbm+TFnSjvOt1VYWV1b3yhulra2d3b37P2DlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98c3Ubz9SqVgk7nUaUy/EQ8ECRrA2UqfVJ5Wns/S0b5edqjMDWiZuTsqQo9G3v3qDiCQhFZpwrFTXdWLtZVhqRjidlHqJojEmYzykXUMFDqnystm9E3RilAEKImlKaDRTf09kOFQqDX3TGWI9UoveVPzP6yY6uPIyJuJEU0Hmi4KEIx2h6fNowCQlmqeGYCKZuRWREZaYaBNRyYTgLr68TFrnVfeiWrurlevXeRxFOIJjqIALl1CHW2hAEwhweIZXeLMerBfr3fqYtxasfOYQ/sD6/AESbI9Z</latexit>

Vc(x, y)

Open question: how to tailor a landscape to a process



René 
Thom

Christopher 
Zeeman

Catastrophe Theory (CT), a new approach



Thom’s classification theorem
Typically an    -parameter family of smooth functions                   , for any     and for all 
            , is structurally stable, and is equivalent around any point to one of the following forms:

r Rn ! R n
r  5

Non critical: V (u) = u1
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n 2  i  n(M)Morse function of the form                                                      ,
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Example: Fold catastrophe
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Method

1.- Characterise the cell types and signals present in the biological process,  
and the transitions that can be observed in the data. 

2.- Using Catastrophe and Dynamical Systems Theory, enumerate the landscapes  
that contain the desired number of attractors and transitions. 

3.- Build the landscapes by gluing elementary catastrophes. 

4.- Write the control parameters as functions of the biological signals. 

5.- Use a parameter fitting method to fit the models to the data. Discard the landscapes 
that are not consistent with the data. 

6.- Validate the model and make predictions.
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An example of cell state transitions: C. elegans vulval development
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Available data consists of probability of patterns for different 
signaling perturbations



Model design: Three landscape topologies are possible for a 
process involving three fates

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

https://doi.org/10.1371/journal.pcbi.1009034


Model construction: Using CT we can build the simplest landscape 
with the desired features

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
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a, b, c

Model construction: Piecing together the fold and the cusp 
catastrophes we can construct the right flow

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

Heteroclinic flip 

https://doi.org/10.1371/journal.pcbi.1009034


B = {(a, b, c) 2 R3 : 8a3 + 27b2 = 0} [ {(a, b, 0) : a, b 2 R}

Building the model using CT allows for a deep understanding of 
the allowed transitions

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

https://doi.org/10.1371/journal.pcbi.1009034
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Modelling the effect of biological signals through the control 
parameters to control cell state transitions

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034
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Adding white noise, we can simulate experiments
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Model fitting: We use approximate Bayesian computation (ABC) to 
fit a set of available data

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

Data Fitting (ABC)

https://doi.org/10.1371/journal.pcbi.1009034


Model fitting: We use approximate Bayesian computation (ABC) to 
fit a set of available data

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

Data Fitting (ABC)

https://doi.org/10.1371/journal.pcbi.1009034


Model fitting: We use approximate Bayesian computation (ABC) to 
fit a set of available data

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

Data Fitting (ABC)

https://doi.org/10.1371/journal.pcbi.1009034


Model fitting: We use approximate Bayesian computation (ABC) to 
fit a set of available data

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

Data Fitting (ABC)

https://doi.org/10.1371/journal.pcbi.1009034


Model fitting: We use approximate Bayesian computation (ABC) to 
fit a set of available data
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Time at which AC was ablated

Using fitted parameters we can validate the model with remaining 
data and make new predictions

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034

https://doi.org/10.1371/journal.pcbi.1009034


Signal space 
P5.p

Using fitted parameters we can validate the model with remaining 
data and make new predictions
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New predictions can differentiate between the two proposed 
landscape models

Camacho-Aguilar E, Warmflash A, Rand DA (2021) Quantifying cell transitions in C. elegans with data-fitted landscape models.  
PLoS Comput Biol 17(6): e1009034. https://doi.org/10.1371/journal.pcbi.1009034
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More research on landscape models…



Cell fate transitions in murine trunk development

Robert BlassbergJames Briscoe Meritxell SaezDavid A. Rand Eric D. Siggia
(University of Warwick)(Francis Crick Institute) (Rockefeller Univ.)
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Data is no longer cell fates but gene expression

Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
capture principles of decision-making dynamics during cell fate transitions. Cell Systems Sep 11:S2405-4712(21)00336-7.  

doi: 10.1016/j.cels.2021.08.013



The experimental setting allowed for many signaling 
combinations

Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
capture principles of decision-making dynamics during cell fate transitions. Cell Systems Sep 11:S2405-4712(21)00336-7.  

doi: 10.1016/j.cels.2021.08.013



Statistical approach to classify cell fates
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Cell differentiation is governed by two distinct binary cell fate 
decisions

Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
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Cell differentiation is governed by two distinct binary cell fate 
decisions



Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
capture principles of decision-making dynamics during cell fate transitions. Cell Systems Sep 11:S2405-4712(21)00336-7.  
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The final model merges the two binary fate decisions



Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
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doi: 10.1016/j.cels.2021.08.013

Fitted landscape captures cell fate decisions
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Refined model accurately recapitulates experimental data



Sáez M*, Blassberg R*, Camacho-Aguilar E*, Siggia ED, Rand DA, Briscoe J. (2022) Statistically derived geometrical landscapes 
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Quantitative predictions test the accuracy of the landscape
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