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

Cancer arises by clonal selection 
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Cancer risk is modeled and estimated 
based solely on the impact of intrinsic and 
extrinsic factors on mutation causation 
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So simple? 



Mutations 
Malignant Phenotypes 

Microenvironmental 
Changes 

Cause 
(Aging, 

Smoking, 
Irradiation, 

etc) 

Aging/Smoking 
↓↓↓↓↓↓ 

Mutations 
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What is missing from these models: 
 
1) The fitness impact of mutations are only realized in 
the context of environment. 

 
2) Stem cell parameters and tissue microenvironments 
change dramatically as we age. 

 
 

 



So why the focus on mutations as the 
drivers of cancer? 
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Conventional view: oncogenic 
events improve cellular fitness, and 
cancer is limited by the occurrence 
of oncogenic mutations. 
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• Oncogenic mutations in young healthy stem cell 
populations typically reduce cellular fitness  

 

 

DeGregori, Oncogene, 2013. 



• The rate of mutation accumulation is maximal during 
ontogeny 

• Oncogenic mutations are prevalent in normal non-cancerous 
tissues (far outpacing cancer rates) 

• The evolution of complex multicellularity was not 
accompanied by reductions in mutation rates 

• Oncogenic mutations in young healthy stem cell populations 
typically reduce cellular fitness.  

 

Thus, while oncogenic mutations may be necessary for cancer, 
they do not appear to be the limiting factor.  
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• Oncogenic mutations in young healthy stem cell 
populations typically reduce cellular fitness  

• The rate of mutation accumulation is maximal during 
ontogeny 

• Oncogenic mutations are prevalent in normal non-
cancerous tissues (far outpacing cancer rates) 

• The evolution of complex multicellularity was not 
accompanied by reductions in mutation rates 

 

Thus, while oncogenic mutations may be necessary for 
cancer, they do not appear to be the time limiting 
factor.  

DeGregori, Oncogene, 2013. 



Other problems not resolved within the current 
carcinogenesis framework 

Peto’s Paradox 



Other problems not resolved within the current 
carcinogenesis framework 

CML                                          Colon                                        Pancreas 

Cancers requiring different numbers of oncogenic mutations and arising from 
vastly different SC pools have similar age-dependent incidence which scales to 
lifespan 
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Age at Diagnosis 



No change 
in cancer 
incidence 
or lifespan 

DNA polymerase δ 
L604G/+ mutant 

mice 
Mutations 
~5x rate;  
~17x for chromosomal                                 
aberrations 

Increased mutations are not sufficient 
for increased cancer. 

 



So why do we get cancer, 
mostly at older ages? 

 

Indeed, why do we age at all? 



There is minimal selection against cancer beyond the age 
where most individuals would already be dead by other causes 



Natural Selection acts to maximize  
reproductive success 

George Williams, Peter Medawar and others 



Our inevitable decline 
(As seen from Marathon World Single Age Records)  

Highest odds  
of reproduction 



Life is not linear 



So what does the investment in tissue maintenance 
during youth, and the waning of this investment in old 

age, have to do with cancer?  

Adaptive Oncogenesis 
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High stem cell fitness opposes somatic 
evolution, and thus promotes the status quo.  

 

X-Y plane: potential phenotypes 
(dependent on genotypes and 
epigenotypes ) 

Young, healthy stem cell pool and niche 

Adaptive Oncogenesis 

Inspiration from Simpson, Elldredge and Gould 
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Aging/damage alters the adaptive landscape 

Adaptive Oncogenesis 
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These are not mutually exclusive! 



A stochastic model of somatic evolution in the 
hematopoietic stem cell (HSC) system 

a Monte Carlo approach 

Andrii Rozhok 



Rozhok et al, Aging, 2014. 

Cell fate decisions and timing are 
governed by probability distributions 



Mutations appear insufficient both to explain HSC 
functional decline with age and to account for the clonal 

expansion of HSC acquiring driver mutations 

Late life increases in leukemia risk are likely dependent 
on age-dependent microenvironmental change, which 

alters the fitness impact of mutations.  



Using mouse models to explore changing 
tissue adaptive landscapes in old age 
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Aging-associated inflammation promotes selection for 
adaptive oncogenic events in B cell progenitors 

Henry et al, JCI, 2015 



Model: Leukemia incidence is shaped by the 
changing age-dependent balance of drift, 

stabilizing selection and positive selection 

Rozhok et al, 
PNAS 2016 



Implications?? 
 
1) Maintenance of tissue landscapes, such as by good diet, exercise and not 

smoking, should limit adaptive oncogenesis. 
 

2) Understanding risk of cancer will require an appreciation for how different 
factors impact context-dependent selection of mutations, not just their 
occurrence.  
 

3) Chemotherapies achieve short-term goal – reduced tumor burden, but 
come up short in real goal – patient survival and well-being. 
 

4) Do we need a Marshall Plan (post-therapy) and even preventative 
mechanisms that promote a “stable tissue regime”? 
 

5) We should be able to modulate the fitness effects of cancer-associated 
mutations by manipulating the microenvironment. 
 

6) Aging is inevitable, but still modulatable. 



*Andrii (Andrew) Rozhok 
Vadym Zaberezhnyy 
Mark Gregory  
Hannah Scarborough 
Alex Liggett 
Cathy Pham-Danis 
Kelly Higa 
Nate Little 
 
Former:  
*Curtis Henry 
Andriy Marusyk 
 
Artwork: 
Michael DeGregori 
 
 
 
 
 
 
 

National Cancer Institute 
Leukemia and Lymphoma Society 

TH
E 

LA
B

 

TH
E 

$$
$ 

 
IL37 Mouse Model 
Charles Dinarello  
 



 


