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What is cancer as
a biological phenomenon?

Why does it exist?

What is its place in the great story
of life on Earth?



Cancer is a window on the past



Cancer across the tree of life 

C. Athena Aktipis et al. Phil. Trans. R. Soc. B 

2015;370:20140219



Key fact: cancer pervades multicellular life

Cancer is not “life gone wrong” but  a deep-rooted and 

therefore ancient property of life itself. To understand 

cancer we need to know its place in the overall story of life



Fasciations in plants 

C. Athena Aktipis et al. Phil. Trans. R. Soc. B 

2015;370:20140219



Cancer in hydra 

C. Athena Aktipis et al. Phil. Trans. R. Soc. B 

2015;370:20140219



Origin of cancer:

tracing its deep evolutionary roots

Cancer is the re-expression of an  ancestral phenotype

(atavism)



Basic hypothesis 

In cancer, cells re-wire information flows to default back to 
ancestral unicellular pathways and ancestral phenotypes



Theodor Boveri (1914)

“I regard it as beyond doubt that the tendency 
to multiply indefinitely is a primaeval property 
of cells.”

If regulatory mechanisms are disrupted:

“…this change may well be enough to induce 
an altruistic cell to revert to its egoistical mode 
and thus release its multiplication from 
restraint.”



Cancer is a breakdown of the ancient cooperative contract 

between cells and organism



The five foundations of multicellularity 

C. Athena Aktipis et al. Phil. Trans. R. Soc. B 

2015;370:20140219
Cancer: the “cheating phenotype”



Some predictions

• Gene ages will be a key factor in cancer incidence and 
progression.

• Cancer should show a transcriptional shift toward 
unicellularity..

• The cancer phenotype should be suppressed when a 
tumor is placed in a physiologically normal multicellular 
environment. The immediate microenvironment of a 
malignant tumor is not actually physiologically normal. 



Addressing Evolutionary Ages of Genes



How old is that oncogene?



‘We find two strong peaks of the emergence of cancer related 

protein domains, one at the time of the origin of

the first cell and the other around the time of the evolution of the 

multicellular metazoan organisms.’

caretakers
gatekeepers







Altogether 40% of human genes are assigned to unicellular ancestors (phylostrata1-3), 

and 60% were assigned to multicellular ancestors (phylostrata 4-16).



Compared to normal, cancer increases the proportion of its 

transcriptome coming from unicellular genes.
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Trigos et al, PNAS 2017





Trigos et al, PNAS 2017

Less differentiated tissues have older 
transcriptomes



Further predictions

• Younger genes should be enriched in mutations in cancer

• Genes that are causally involved in cancer should be older 
than the emergence of complex multicellularity 600 
million years ago.

• Cancer should employ unicellular responses to cellular 
and environmental stresses..





• Genes causally implicated in cancer are under-represented among young (<500 MY) 

genes. 

• Dominant COMSIC genes are younger than recessive COSMIC genes



Functional enrichment network of recessive COSMIC 

cancer genes highlights DNA repair and cell cycle control.



Galhardo RS, Hastings PJ, Rosenberg SM. Mutation as a Stress Response and the Regulation

of Evolvability. Crit Rev Biochem Mol Biol. 2007;42: 399-435. pmid:17917874



48-51,XY,add(1)(p36),+add(2)(q31),

+3,+3,add(6)(q2?7), add(10)(q26), 

add(15)(p11),+mar1,+mar2[cp7]/

46, XY[13]

Stage III Sacrococcoygeal endodermal sinus tumor

Adapted from Figure 2, Bussey et al, Cancer Genet Cytogenet

25:134-46, 1999





SItH (Stress Introduced Heterogeneity) 
Score

The SItH Score is a 

way of quantifying 

how mutations are 

distributed in a cluster





Grouping

Cox Proportional Hazard Regression 

Observation

HR CI p-value

Overall SItH 

Primary Tumors 0.4184 0.1983 - 0.8829 0.0222
Large SItH predicts 

increased patient survival 

Recurrent and 
Metastatic Tumors 

7.987 1.241 - 51.41 0.0295
Large SItH predicts 

decreased patient survival

Cluster SItH IQR 

N/A 5.045 1.399 – 18.19 0.0134
Large IQR predicts 

decreased patient survival

IQR above or below 
median

1.37 1.1011 - 1.705 0.00475
Cut-Off predicts poor 

prognosis 



Therapeutic Implications
• Single cells EVOLVE to survive. If cancer is single cell behavior, then 

adaptability is a selectable trait.

• “Take no prisoners” will apply a strong selective pressure that will select for 
adaptability and thus resistance

• To take advantage of adaptability, we  should think about what 
multicellularity “buys” a cell and create therapies that select for those 
behaviors rather than selecting against unicellular behavior

• Need a way to characterize tumors that takes into account both adaptive 
potential of the tumor and the host’s available cancer defenses
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Clustering versus mutational load



Selection increases structural but not 
numerical abnormalities






