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Cancer: a multifaceted phenomenon

Cancer is a group of diseases in which abnormal 
cells grow beyond normal tissue boundaries, invade 
nearby tissue, and can spread to distant organs



Identify “driver” 
genes/pathways 

Develop therapies 
targeting the 

drivers

Cancer through the lenses of molecular oncology

Hanahan and Weinberg, Cell 2020



Molecular oncology perspective is blind to some of the essentials



Darwin’s big idea: Evolution by Natural Selection



Game Theory in Cancer



Diversification

Selection

Marusyk, Janiszevska, Polyak Cancer Cell, 2020

Cancer as an eco-evolutionary process



What makes cancer suitable for game theory analyses

• Heterogeneous replicating populations

• Spatial/environmental heterogeneity

• Competition for limiting resources
•  Nutrients (building blocks and energy 

sources)
• Oxygen and redox 
• Growth factors
• Space

• Interactions

• Immune system components
• Other non-malignant cell types
• Other tumor cell types

Diversification

Selection



(1) Tumors as replicating 
populations

(2) Subpopulations defined by 
distinct frequency-dependent 
payoffs

(3) Dynamics driven by 
replication and fitness

(4) ESS 

Game Theory in Cancer



Game Theory in Cancer



Case in point: causes and consequences of intratumor heterogeneity 

Marusyk & Polyak BBA 2010

The Biology of Cancer (© Garland Science 2007), Robert Weinberg



Game Theory in biodiversity

PNAS 2002



Game Theory in Cancer



Tumor growth requires navigating environmental bottlenecks

Udagawa et al FASEBJ 2002



Model system of a tumor growth bottleneck

Marusyk et al Nature 2014



Experimental idea:

• Find secreted factors capable of overcoming the bottleneck
• Interrogate fitness consequences
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The ability to drive population growth is not strictly linked with higher fitness
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The ability to drive population growth is not strictly linked with higher fitness

Marusyk et al Nature 2014



Clonal interactions lead to emergence of new important phenotypes

Marusyk et al Nature 2014

FIGF FIGF+IL11



Clonal interactions stabilize clonal heterogeneity

Marusyk et al Nature 2014
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Despite remarkable responses, therapies eventually fail

Baseline Remission Relapse

Wagle et al JCO 2011
Time on therapy
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• A subset of tumor cells survives therapy
• Residual populations evolve



Major efforts are directed to discovery/targeting resistance mechanisms

Identify the 
mechanism

Develop drugs Improve responses

Wu et al., Cancers 2017



Harnessing understanding of cancer evolution to improve responses

• Predict how cancer responds to treatment
• Develop therapeutic strategies that anticipate these changes

o Extinction
o Steer to indolence
o Extension of remissions



Adaptive Therapy Concept

conventional therapy
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AT using therapy breaks



Evolutionary  Therapy through the lenses of EGT

“Here, we view cancer treatment as a game in which the oncologists choose a therapy and tumors 
‘choose’ an adaptive strategy. We propose the oncologist can gain an upper hand in the game by 
choosing treatment strategies that anticipate the adaptations of the tumor. … The tumor ‘chooses’ its 
strategy by natural selection and the oncologist chooses her strategy by solving a control problem.”



Applying game theory towards adaptive therapies



T+ TP

Context: testosterone dependent prostate cancers



Abirateron

T+ TP
T-

AT

Context: evolution of testosterone - independence



EGT provides conceptual framework to structure AT



Superiority of AT in a clinical trial



Adaptive Therapy Concept
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Understanding the game



Evolutionary therapy pipeline

Clinical trials



How do we identify the game?

?



Inferring games from experimental data

“Effective game”  as an assayable hidden variable

Frequency-dependent growth can be approximated by an “effective game” (population-level rule that maps the 
current mix of strategies in the population to the fitness of each strategy

?



Inferring games from experimental data
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Kaznatcheev et al., Nature E&E 2019 



Kaznatcheev et al., Nature E&E 2019 

• The absolute and relative fitness of sensitive and 
resistant cells are frequency-dependent



Next step: from growth rates to payoff matrix

Kaznatcheev et al., Nature E&E 2019 



Alectinib and CAF shift the game

Kaznatcheev et al., Nature E&E 2019 



This could be done with different therapeutic contexts



Game stability?

?



Cancers can create new games



Are the games analyzable?

vs



Presence of other populations impact population growth and fitness

Marusyk et al Nature 2014
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Multiclonality can drastically complicate fitness of individual subpopulations

Marusyk et al Nature 2014

versus



Is there a game to be analyzed?

?



Evolutionary therapy pipeline

Clinical trials



Case in point: 
AT assumptions



Adaptive Therapy Concept

conventional therapy

time

time

tu
m

or
 b

ur
de

n
tu

m
or

 b
ur

de
n

AT using therapy breaks



Pre-existent resistance is not a given

Nature, 2024



Pre-existent resistance can lead to rapid relapse



Resistance does not necessarily have a fitness cost

ALK+, evolved ALK+, engineered ALK+, engineered EGFR, evolved

+/- therapy



What have we learned?
• AT assumptions might be wrong
• “Listening” to biology opens new ideas



Resistant
Sensitive
Stroma (aSMA)

Mixed tumors ALKi Vehicle control



Take-home messages

• Eco-evolutionary underpinning of cancer lands to wide EGT applicability
• EGT is indispensable for addressing some of the biological and therapeutic challenges
• EGT success in cancer biology hinges on

•  Identifying the right problems
• Deciphering the underlying biology
• Addressing some major technical challenges
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