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Abstract
Sir Richard Peto is well known for proposing puzzling paradoxes in cancer biology—some more well-known than others. In 
a 1984 piece, Peto proposed that after decades of molecular biology in cancer research, we are still ignorant of the biology 
underpinning cancer. Cancer is a product of somatic mutations. How do these mutations arise and what are the mechanisms? 
As an epidemiologist, Peto asked if we really need to understand mechanisms in order to prevent cancer? Four decades after 
Peto’s proposed ignorance in cancer research, we can simply ask, are we still ignorant? Did the great pursuit to uncover 
mechanisms of cancer eclipse our understanding of causes and preventions? Or can we get closer to treating and preventing 
cancer by understanding the underlying mechanisms that make us most vulnerable to this disease?
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There is a danger that too great a commitment to the 
search for mechanisms will divert attention from the 
search for causes, and an Encyclopaedia of Ignorance, 
might be a good place to complain about this.

Cancer research needs theory

It is well-timed that Sir Richard Peto’s witty, and insightful 
article on the “The need for ignorance in cancer research” 
has the opportunity to be republished [1]. In this piece, Peto 
boldly takes a reductionist approach to cancer research. Here 
he proposes a ‘black box strategy’ for epidemiology—in 
which he suggests the correlations of the cancer risk can 
provide more practical advances in disease prevention. This 
black box epidemiology approach is presented in opposi-
tion to studying the molecular mechanisms responsible for 
cancer.

This indicates that there are two alternative or rather 
complementary approaches to the prevention of can-
cer, the mechanistic strategy and the black box strategy

It’s spectacular to me that even in 1984, with copious 
unknowns in cancer biology, Peto (and others) had a consid-
erable number of valuable predictions that have been upheld 
over the years. Much of Peto’s work has remained relevant 
for almost 40 years. Without proposed mechanisms of action 
or even comparative cancer data, Peto proposed his famous 
paradox on body size in animals and cancer risk [2]. Myself 
and others have spent the past decade hunting down the data 
to test these predictions, and so far, he was mostly right, big-
ger, longer-lived animals do not get more cancer [3–6]. How 
do these ‘ignorant’ predictions continue to provide insight 
decades later? Many of the predictions and observations that 
Peto proposed were rooted in elegant evolutionary theory. 
Here I propose that cancer research doesn’t need more igno-
rance, but more theory. Evolutionary biology and ecologi-
cal theory is a unifying framework that can help us better 
understand cancer biology [7–10].

Evolution and ecology can help unify cancer 
research

The past few decades have led to substantial advances in 
preventing, diagnosing and treating cancer. Cancer mor-
tality has been declining in the United States, even with 
our growing population of aging individuals [11]. Cancer 
prevention and policy has been successful in highlighting 
important ‘lifestyle’ risk factors, such as, tobacco use, sun 
exposure, physical inactivity, diet, and oncogenic viruses 
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[12] (i.e., Peto’s black box epidemiology). Screening and 
access to health care has led to earlier, more precise diag-
nosis and better outcomes [13], and new treatments have 
made substantial progress to many cancers [14, 15]. Despite 
these advancements, cancer is still a major global problem 
and metastatic disease and therapeutic resistance are con-
sidered life-threatening conditions [11]. Peto’s criticism on 
searching for mechanisms for cancer biology remains salient 
today, research needs good theory to help guide the right 
questions. Perspectives from evolution and ecology into 
cancer research, which have been widely acknowledged [8, 
16–19], yet generally under-utilized [20, 21] can provide 
strong theory and formal models to guide cancer research. 
Insights from evolution and ecology can explain why we, 
as humans, mammals and multicellular species, get cancer, 
as well as provide novel strategies to prevent resistance to 
therapy, such as adaptive therapy [22, 23].

Cancer is an umbrella term for over three hundred differ-
ent diseases converging on shared phenotypes, such as sus-
tained proliferation, genomic instability and the evading of 
the immune system [24]. It’s long been proposed that cancer 
is a product of somatic evolution [8, 18, 25], where tumor 
progression parallels diversification and selection in organ-
ismal evolution. This stepwise clonal expansion of cells is 
driven by somatic mutations, which can lead to uncontrolled 
cellular growth and eventually cancer. However, recent work 
has demonstrated that phenotypically healthy and non-can-
cerous tissues can also harbor somatic mutations, including 
key cancer mutations [26–29]. Further, clonal expansions 
due to somatic mutations can be found in non-cancerous 
tissue [30]. Somatic mutations are necessary but not suffi-
cient for cancer development, suggesting we need more than 
a cellular and/or molecular perspective in cancer research. 
Open questions remain on why some mutant clones go on to 
transform into cancer, and why others stay relatively benign 
clonal expansions. Does this suggest Peto was correct—did 
the search for the mechanisms in cancer research divert our 
attention from the causes?

The curse of ignorance in cancer research

“….genes are like the keys on a piano: Although they 
are essential, it is the context that makes the music”—
Nelson and Bissell 2006 [31]

Somatic mutations and cell proliferation are not the 
whole story in cancer, nor the sum of its parts. Cancer is 
part genetic [24], part environment [6, 32], and part bad luck 
[33]. Although it has been argued luck is more important at 
the individual level of cancer risk than the population level 
of cancer risk [34, 35], it’s the interactions between these 
components that lead to the complex, heterogeneous disease 

of cancer. Ignoring one component loses insight on the 
broader complex system, in which the context at the cellular, 
individual and population level are all contributing factors to 
disease risk. As such, we need more perspectives (not less) 
as proposed by Peto, and these perspectives should be rooted 
in theory to guide our predictions. For example, the distinc-
tion between proximate and ultimate causes is an important 
paradigm in evolutionary biology, and can be a powerful 
framework to understand disease risk [36]. Proximate causes 
highlight the immediate mechanisms (i.e., the “how” ques-
tion) and the ultimate cause emphasizes the adaptive func-
tion (i.e., the “why” question). This paradigm was extended 
and made widely popular by Niko Tinbergen, who added 
developmental processes and evolutionary history to the 
existing paradigm [36, 37]. Often called “Tinbergen’s four 
questions”, this perspective can provide a fuller picture can-
cer biology and human vulnerability to the disease [38–40] 
by understanding the proximate causes (i.e., mutations), 
developmental processes (i.e., accumulation of mutations 
through aging), evolutionary history (i.e., evolution of multi-
cellular species), and adaptive significance (i.e., how fitness 
is impacted). These perspectives address different (but not 
mutually exclusive) needs in cancer research. Understand-
ing the proximate and/or causal molecular mechanisms can 
hold the key to better diagnosis and innovative treatments, 
including evolutionary informed treatment strategies [22]. 
Observations from epidemiology and evolutionary perspec-
tives can lead to successful policy for prevention and early 
diagnosis. Early diagnosis leads to better outcomes and 
treatment options. All of these approaches contribute to a 
transdisciplinary endeavor that is needed in cancer research.

Peto suggested that a strictly molecular-based approach 
to understanding cancer may be limited in its ability to 
inform cancer prevention, however, a purely epidemiologi-
cal approach, by itself, can lead to a similar set of challenges. 
Peto has previously proposed that “most human cancer is 
avoidable” [1]. However, targeting epidemiological risk 
factors only addresses one of the many contributing fac-
tors linked to cancer development. The focus on ‘avoidable 
cancers’ and lifestyle risk factors, such as the link between 
smoking and lung cancer, is clearly important avenue of 
research. However, this type of ‘black box epidemiology' 
framework can lead to misinterpretations of the root causes 
and could mistakenly focus the blame on the patient. Unde-
niably, the gap in cancer outcomes is widening based on 
socioeconomic status [15, 41]. Racial and ethnic minorities 
have higher incidences of some cancers in the US, which 
have been linked to inequalities due to structural racism [11]. 
Individuals have unequal access to clean air, exercise, high-
quality diets and healthcare—all of which can contribute to 
disease risk. While in theory some cancers may be avoid-
able at a population level, this argument does not apply to 
individual-level exposure. An individual cannot choose what 
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neighborhood they are born into. Despite the growing inter-
est in research dedicated to understanding the social determi-
nants of cancer risk [42], inequalities in cancer vulnerability 
persist. There is an increasing need for cancer biologists 
and epidemiologists to engage with social scientists, policy 
makers, and individuals that work on social determinants of 
health to address these gaps in cancer vulnerability across 
populations.

Insights from a ‘bigger’ evolutionary 
framework

As multicellular organisms, we simply can’t avoid cancer. 
Cancer is evolutionarily ancient and has always been a part 
of us [43]. Cancer is ubiquitous in multicellular species, 
including mammals [44]. Many of us may never know we 
harbor cancerous cells. Malignant cancer has often been 
found in autopsy reports or scans of individuals that were 
never diagnosed with cancer [45, 46]. If cancer can be avoid-
able by studying epidemiological causes, then why do wild 
animals succumb to the disease as well? Shouldn’t evolution 
have solved this problem by now?

From the limited data on cancer in wild, free ranging 
populations of animals, data suggest infectious diseases 
and environmental toxins can be major contributing factors 
to cancer in such wild populations [47]. While some argue 
anthropogenic changes are mostly responsible for cancer in 
wild populations [48], this cannot explain the presence of 
tumors in dinosaurs [49, 50], ancient hominin [51], and mul-
tiple discoveries of cancer in past human populations [38]. 
It is unclear how rare cancer was in our past, but there is 
mounting evidence from paleo-oncology suggesting cancer 
was ubiquitous [38]. As for the species that are vulnerable to 
cancer due to anthropogenic change, it’s unclear why certain 
species are vulnerable to the toxins in their environment, 
while other species that share the same environment are not 
[47]. Environmental exposure is not the only contributing 
risk factor to cancer vulnerabilities. Based on the current 
data, we can think of environmental exposures as operating 
a brake pedal, reducing our risk of developing cancer, or 
stepping on the gas pedal, accelerating the risk of cancer. 
Even in the lowest risk environments such underlying vul-
nerability persists.

What mechanism can make our epithelial cells be 
a million or billion times more cancer-proof than 
rodents?

Peto’s paradox is not a paradox from a life history per-
spective. Based on life history theory we expect a Bow-
head whale that lives over 200 years to do a better job at 
maintaining its soma than a field mouse with a lifespan of 

less than 4 years [52, 53]. Slow-life history animals, such 
as whales and elephants, have strong selective pressure to 
maintain their genome—leading to better DNA repair and 
immune function, which can all contribute to lower cancer 
risk. Recent work on comparing somatic mutations across 
mammals provides empirical evidence for this observation. 
Somatic mutations are evolutionarily constrained and linked 
with a species lifespan. Longer-lived species, on average, 
accumulate somatic mutations more slowly than short-
lived species. Reducing the mutation rate can substantially 
decrease risk of cancer [54]. Peto’s paradox, as originally 
proposed, whereby larger and longer-lived animals do not 
get more cancer, despite having more cells and a higher 
probability of mutations, is based on the assumption that 
somatic mutation rates are equal between mouse and human 
(leading to equal probability of gaining that cancer causing 
mutation). However, if somatic mutation rates scale across 
animals, just a small change (in cancer defense) can have a 
big effect on protection. In other words, human cells do not 
need to be a ‘million or billion times more cancer-proof’ if 
there are fewer mutations to address.

Some studies have begun to shed light on some of the 
mechanisms responsible for better cancer defenses in long-
lived species (reviewed in [55]). For example, long-lived 
species may have more efficient DNA repair [56], better 
recognition of DNA breaks [57], more robust telomere pro-
tection [58] and heightened adaptive immunity [59]. Addi-
tionally, some large, long-lived species have duplicated and 
expanded tumor suppressor genes [60, 61], such as TP53 in 
elephants [3, 62] and there is evidence for positive selection 
on tumor suppressor and immune function genes [60, 63]. 
Many of the mechanisms responsible for the lower somatic 
mutation rates in long-lived animals are still awaiting dis-
covery and have the potential to provide novel insights into 
cancer treatment strategies.

Addressing the cat‑and‑mouse in the room

Is a mouse really more cancer ridden than a human or an ele-
phant? In this reprint, Peto proposed that mouse cells in vitro 
are very easy to transform into malignant cells and thus this 
should equate to more cancer in the organism. Indeed, mouse 
cells accumulate somatic mutations more rapidly [54], sup-
porting Peto’s initial observations. Based on these data, we 
should conclude that mice get more cancer than humans and 
elephants. However, recent studies have demonstrated that 
our small bodied cousins of Rodentia actually get substan-
tially less cancer than carnivores, including the big cats [5, 
64]. It should be noted that diet is considered an important 
risk factor for cancer in human populations, however, broad 
cross-species observations of cancer are not intended to be 
interpreted within a species or at the individual level. More 
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empirical work is needed to understand the patterns of diet 
and cancer risk across species and if this could be translated 
into similar risk patterns for humans. Overall, current com-
parative cancer data demonstrates the relationship between 
body size, lifespan, and cancer risk is not a linear pattern. 
In other words, somatic mutation rates, species lifespan and 
environment cannot fully explain cancer risk across the tree 
of life. This suggests exciting new directions in comparative 
cancer research, as there may be many solutions of cancer 
prevention awaiting discovery.

Cancer is more than a cellular disease

The protective processes probably do lie in the cells 
rather than in the whole organism…

Mutant subclonal populations are ubiquitous in otherwise 
‘healthy tissue’ suggesting cancer is more than just a disease 
of the genome and cells. Context matters and a multi-level 
perspective on cancer is necessary. Recent perspectives sug-
gest cancer is a disease of the whole organism [9, 32]. We 
need to think of cancer in its environment within the host. 
Cancer is a product of two opposing evolutionary forces—
organismal evolution, which favors cellular cooperation of 
the multicellular body, and somatic evolution, that favors 
cellular cheaters that outcompete other subclones [65]. The 
ecology (i.e. microenvironment) of where these rogue cells 
exist within the organism and the cellular fitness, relative 
to their neighbor’s fitness, are all important contributors to 
whether the mutant subclonal lineage will eventually trans-
form into cancer [17, 65]. Future work incorporating ecol-
ogy and specifically, multiple interacting ecosystems, such 
as tissue and organismal level tumor control, is a promising 
next step in cancer research.

Conclusions

This call for ignorance in cancer research came at a time 
when molecular biology was dominating the field of cancer. 
The search for cancer genes, targeted therapies and other 
mechanism driven research may have muddied the progress 
towards understanding the bigger evolutionary dynamics of 
cancer biology. Understanding the mechanisms is an essen-
tial step in cancer research, but if every gene can be con-
sidered a cancer gene [66], the whole pursuit might seem 
impractical. However, instead of the proposed ignorance in 
cancer research, we need more theory [67]. Cancer is a com-
mon feature of multicellularity and the important discovery 
of somatic mutations in key cancer genes in ‘healthy tis-
sue’ is changing how we view cancer. A strictly mechanistic 
view confines the broader understanding of cancer biology. 

An evolutionary and ecological perspective unifies these 
multiple risk factors—allowing for a broader ecosystem—
and multi-level- approach to cancer. This multidisciplinary 
approach needs to incorporate mechanisms, evolutionary 
and ecological theory, and observations from epidemiology 
for progress in cancer research. And a good dose of luck…

Author contributions  AMB is the sole author and contributed fully to 
written manuscript.

Funding  This work was supported in part by NIH grant U54 
CA217376.

Declarations 

Conflict of interest  The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval  This is a commentary and no ethical approval is 
required.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Peto R. The need for ignorance in Cancer research. In: Duncan 
R, Weston-Smith M, editors. T. The encyclopaedia of medical 
ignorance: exploring the frontiers of medical knowledge. 1984. 
p. 129–33.

	 2.	 Peto R. Epidemiology, multistage models, and short-term muta-
genicity tests. In: Watson J, Winsten J, editors. The origins of 
human cancer. Cold Spring Harbor Laboratory: NY: Cold Spring 
Harbor Conferences on Cell Proliferation; 1977; p. 1403–28 
(Reprinted in Int J Epidemiol 2016; 45:621–637).

	 3.	 Abegglen LM, Caulin AF, Chan A, Lee K, Robinson R, Campbell 
MS, et al. Potential mechanisms for cancer resistance in elephants 
and comparative cellular response to DNA damage in humans. 
JAMA. 2015;314:1850–60.

	 4.	 Boddy AM, Abegglen LM, Pessier AP, Schiffman JD, Maley 
CC, Witte C. Lifetime cancer prevalence and life history traits in 
mammals. Evol Med Public Health. 2020. https://​doi.​org/​10.​1093/​
emph/​eoaa0​15/​58437​91.

	 5.	 Vincze O, Colchero F, Lemaître J-F, Conde DA, Pavard S, Bieu-
ville M, et al. Cancer risk across mammals. Nat Nat Publ Group. 
2022;601:263–7.

	 6.	 Hochberg ME, Noble RJ. A framework for how environment con-
tributes to cancer risk. Ecol Lett. 2017;20:117–34.

	 7.	 Maley CC, Aktipis A, Graham TA, Sottoriva A, Boddy 
AM, Janiszewska M, et  al. Classifying the evolutionary and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/emph/eoaa015/5843791
https://doi.org/10.1093/emph/eoaa015/5843791


1263The need for evolutionary theory in cancer research﻿	

1 3

ecological features of neoplasms. Nat Rev Cancer Nat Publ Group. 
2017;17:605–19.

	 8.	 Greaves M, Maley CC. Clonal evolution in cancer. Nature. 
2012;481:306–13.

	 9.	 Amend SR, Pienta KJ. Ecology meets cancer biology: the can-
cer swamp promotes the lethal cancer phenotype. Oncotarget. 
2015;6:9669–78.

	10.	 Ujvari B, Roche B, Thomas F. Ecology and evolution of cancer. 
Cambridge: Academic Press; 2017.

	11.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. 
CA Cancer J Clin. 2021;71:7–33.

	12.	 Schilsky RL, Nass S, Le Beau MM, Benz EJ. Progress in cancer 
research, prevention, and care. N Engl J Med. 2020;383:897–900.

	13.	 Byers T, Wender RC, Jemal A, Baskies AM, Ward EE, Braw-
ley OW. The American cancer society challenge goal to reduce 
US cancer mortality by 50% between 1990 and 2015: results and 
reflections. CA Cancer J Clin. 2016;66:359–69.

	14.	 Greaves M. Leukaemia, “firsts” in cancer research and treatment. 
Nat Rev Cancer. 2016;16:163–72.

	15.	 Siegel RL, Jemal A, Wender RC, Gansler T, Ma J, Brawley OW. 
An assessment of progress in cancer control. CA Cancer J Clin. 
2018;68:329–39.

	16.	 Aktipis CA, Nesse RM. Evolutionary foundations for cancer biol-
ogy. Evol Appl. 2013;6:144–59.

	17.	 DeGregori J. Adaptive oncogenesis: a new understanding of how 
cancer evolves inside Us. Cambridge: Harvard University Press; 
2018.

	18.	 Nowell PC. The clonal evolution of tumor cell populations. Sci-
ence. 1976;194:23–8.

	19.	 Gerlinger M, McGranahan N, Dewhurst SM, Burrell RA, Tomlin-
son I, Swanton C. Cancer: evolution within a lifetime. Annu Rev 
Genet. 2014;48:215–36.

	20.	 Somarelli JA, DeGregori J, Gerlinger M, Heng HH, Marusyk A, 
Welch DR, et al. Questions to guide cancer evolution as a frame-
work for furthering progress in cancer research and sustainable 
patient outcomes. Med Oncol. 2022;39:137.

	21.	 Dujon AM, Aktipis A, Alix-Panabières A, Amend SR, Boddy 
AM, Brown JS, et al. Identifying key questions in the ecology and 
evolution of cancer. Evol Appl. 2021;14:877–92.

	22.	 Gatenby RA, Silva AS, Gillies RJ, Frieden BR. Adaptive therapy. 
Can Res. 2009;69:4894–903.

	23.	 West J, You L, Zhang J, Gatenby RA, Brown JS, Newton PK, et al. 
Towards multidrug adaptive therapy. Can Res. 2020;80:1578–89.

	24.	 Hanahan D, Weinberg RA. Hallmarks of cancer: the next genera-
tion. Cell. 2011;144:646–74.

	25.	 Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, 
Gronroos E, et al. Intratumor heterogeneity and branched evo-
lution revealed by multiregion sequencing. N Engl J Med. 
2012;366:883–92.

	26.	 Moore L, Leongamornlert D, Coorens THH, Sanders MA, Ellis 
P, Dentro SC, et al. The mutational landscape of normal human 
endometrial epithelium. Nature. 2020;580:640–6.

	27.	 Martincorena I, Fowler JC, Wabik A, Lawson ARJ, Abascal F, 
Hall MWJ, et al. Somatic mutant clones colonize the human 
esophagus with age. Science. 2018;362:911–7.

	28.	 Martincorena I, Roshan A, Gerstung M, Ellis P, Van Loo P, 
McLaren S, et al. Tumor evolution. High burden and pervasive 
positive selection of somatic mutations in normal human skin. 
Science. 2015;348:880–6.

	29.	 Olafsson S, Anderson CA. Somatic mutations provide impor-
tant and unique insights into the biology of complex diseases. 
Trends Genet. 2021;37:872–81.

	30.	 Martincorena I. Somatic mutation and clonal expansions in 
human tissues. Genome Med. 2019;11:35.

	31.	 Nelson CM, Bissell MJ. Of extracellular matrix, scaf-
folds,  and signaling:  t issue architecture regulates 

development, homeostasis, and cancer. Annu Rev Cell Dev Biol. 
2006;22:287–309.

	32.	 Bissell MJ, Hines WC. Why don’t we get more cancer? A pro-
posed role of the microenvironment in restraining cancer pro-
gression. Nat Med. 2011;17:320–9.

	33.	 Tomasetti C, Li L, Vogelstein B. Stem cell divisions, somatic 
mutations, cancer etiology, and cancer prevention. Science. 
2017;355:1330–4.

	34.	 Doll R, Peto R. The causes of cancer: quantitative estimates 
of avoidable risks of cancer in the United States today. J Natl 
Cancer Inst. 1981;66:1191–308.

	35.	 Davey Smith G, Relton CL, Brennan P. Chance, choice and 
cause in cancer aetiology: individual and population perspec-
tives. Int J Epidemiol. 2016;45:605–13.

	36.	 Nesse RM. Tinbergen’s four questions: two proximate, two evo-
lutionary. Evol Med Public Health. 2019;2019:2.

	37.	 Tinbergen N. On aims and methods of ethology. Z Tierpsychol. 
1963;20:410–33.

	38.	 Marques C, Compton Z, Boddy AM. Connecting palaeopathol-
ogy and evolutionary medicine to cancer research: past and 
present. In: Plomp KA, Roberts CA, Elton S, Bentley GR, edi-
tors. Palaeopathology and evolutionary medicine: an integrated 
approach [Internet]. Oxford University Press; 2022 [cited 2022 
Sep 8]. p. 0. Available from: https://​doi.​org/​10.​1093/​oso/​97801​
98849​711.​003.​0013

	39.	 Greaves M. Darwinian medicine: a case for cancer. Nat Rev 
Cancer. 2007;7:213–21.

	40.	 Liu KE. Rethinking causation in cancer with evolutionary devel-
opmental biology. Biol Theory. 2018;13:228–42.

	41.	 Zavala VA, Bracci PM, Carethers JM, Carvajal-Carmona L, 
Coggins NB, Cruz-Correa MR, et al. Cancer health disparities 
in racial/ethnic minorities in the United States. Br J Cancer. 
2021;124:315–32.

	42.	 Bailey ZD, Krieger N, Agénor M, Graves J, Linos N, Bassett 
MT. Structural racism and health inequities in the USA: evi-
dence and interventions. Lancet. 2017;389:1453–63.

	43.	 Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, 
Maley CC, et al. Cancer across the tree of life: cooperation and 
cheating in multicellularity. Philos Trans R Soc B Biol Sci. 
2015;370:20140219.

	44.	 Boddy AM, Harrison TM, Abegglen LM. Comparative 
oncology: new insights into an ancient disease. iScience. 
2020;23:101373.

	45.	 Welch HG, Black WC. Using autopsy series to estimate the 
disease “reservoir” for ductal carcinoma in situ of the breast: 
How much more breast cancer can we find? Ann Intern Med. 
1997;127:1023–8.

	46.	 Kassouf W, Aprikian AG, Laplante M, Tanguay S. Natural history 
of renal masses followed expectantly. J Urol. 2004;171:111–3.

	47.	 Pesavento PA, Agnew D, Keel MK, Woolard KD. Cancer in wild-
life: patterns of emergence. Nat Rev Cancer Nat. 2018;18:646–61.

	48.	 Giraudeau M, Sepp T, Ujvari B, Ewald PW, Thomas F. Human 
activities might influence oncogenic processes in wild animal 
populations. Nat Ecol Evol. 2018;2:1065–70.

	49.	 Rothschild BM, Tanke DH, Helbling M, Martin LD. Epide-
miologic study of tumors in dinosaurs. Naturwissenschaften. 
2003;90:495–500.

	50.	 de Barbosa FHS, da Pereira PVLGC, Bergqvist LP, Rothschild 
BM. Multiple neoplasms in a single sauropod dinosaur from the 
upper cretaceous of Brazil. Cretac Res. 2016;62:13–7.

	51.	 Odes EJ, Randolph-Quinney PS, Steyn M, Throckmorton Z, Smilg 
JS, Zipfel B, et al. Earliest hominin cancer: 1.7-million-year-old 
osteosarcoma from Swartkrans Cave, South Africa. S Afr J Sci. 
2016;112:5–5.

https://doi.org/10.1093/oso/9780198849711.003.0013
https://doi.org/10.1093/oso/9780198849711.003.0013


1264	 A. M. Boddy 

1 3

	52.	 Tollis M, Boddy AM, Maley CC. Peto’s paradox: How has evo-
lution solved the problem of cancer prevention? BMC Biol. 
2017;15:60.

	53.	 Boddy AM, Kokko H, Breden F, Wilkinson GS, Aktipis CA. 
Cancer susceptibility and reproductive trade-offs: a model of the 
evolution of cancer defences. Philos Trans R Soc Lond B Biol Sci 
[Internet]. 2015 [cited 2019 Nov 22];370. Available from: https://​
www.​ncbi.​nlm.​nih.​gov/​pmc/​artic​les/​PMC45​81025/

	54.	 Cagan A, Baez-Ortega A, Brzozowska N, Abascal F, Coorens 
THH, Sanders MA, et al. Somatic mutation rates scale with lifes-
pan across mammals. Nature. 2022;604:517–24.

	55.	 Tollis M, Schiffman JD, Boddy AM. Evolution of cancer suppres-
sion as revealed by mammalian comparative genomics. Curr Opin 
Genet Dev. 2017;42:40–7.

	56.	 Zhang L, Dong X, Tian X, Lee M, Ablaeva J, Firsanov D, et al. 
Maintenance of genome sequence integrity in long- and short-
lived rodent species. Sci Adv. 2021;7:eabj3284.

	57.	 Lorenzini A, Johnson FB, Oliver A, Tresini M, Smith JS, Hdeib 
M, et al. Significant correlation of species longevity with DNA 
double strand break recognition but not with telomere length. 
Mech Ageing Dev. 2009;130:784–92.

	58.	 Gomes NMV, Ryder OA, Houck ML, Charter SJ, Walker W, For-
syth NR, et al. Comparative biology of mammalian telomeres: 
hypotheses on ancestral states and the roles of telomeres in lon-
gevity determination. Aging Cell. 2011;10:761–8.

	59.	 O’Connor EA, Cornwallis CK. Immunity and lifespan: answer-
ing long-standing questions with comparative genomics. Trends 
Genet. 2022;38:650–61.

	60.	 Tollis M, Robbins J, Webb AE, Kuderna LFK, Caulin AF, Garcia 
JD, et al. Return to the sea, get huge, beat cancer: an analysis of 
cetacean genomes including an assembly for the humpback whale 
(Megaptera novaeangliae). Mol Biol Evol. 2019;36:1746–63.

	61.	 Tollis M, Schneider-Utaka AK, Maley CC. The evolution of 
human cancer gene duplications across mammals. Mol Biol Evol. 
2020;37:2875–86.

	62.	 Sulak M, Fong L, Mika K, Chigurupati S, Yon L, Mongan NP, 
et al. TP53 copy number expansion is associated with the evo-
lution of increased body size and an enhanced DNA damage 
response in elephants. Elife. 2016;5:e11994.

	63.	 Tollis M, Ferris E, Campbell MS, Harris VK, Rupp SM, Harri-
son TM, et al. Elephant genomes reveal accelerated evolution in 
mechanisms underlying disease defenses. Mol Biol Evol [Inter-
net]. 2021 [cited 2021 May 24]; Available from: https://​doi.​org/​
10.​1093/​molbev/​msab1​27

	64.	 Boddy AM, Abegglen LM, Pessier AP, Aktipis A, Schiffman JD, 
Maley CC, et al. Lifetime cancer prevalence and life history traits 
in mammals. Evol Med Public Health. 2020;2020:187–95.

	65.	 Aktipis A. The cheating cell: how evolution helps us understand 
and treat cancer [Internet]. The cheating cell. Princeton Univer-
sity Press; 2020 [cited 2022 Sep 8]. Available from: https://www.
degruyter.com/document/doi/https://​doi.​org/​10.​1515/​97806​91186​
085/​html

	66.	 de Magalhães JP. Every gene can (and possibly will) be associated 
with cancer. Trends Genet. 2022;38:216–7.

	67.	 Smaldino P. Better methods can’t make up for mediocre theory. 
Nature. 2019;575:9–9.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4581025/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4581025/
https://doi.org/10.1093/molbev/msab127
https://doi.org/10.1093/molbev/msab127
https://doi.org/10.1515/9780691186085/html
https://doi.org/10.1515/9780691186085/html

	The need for evolutionary theory in cancer research
	Abstract
	Cancer research needs theory
	Evolution and ecology can help unify cancer research
	The curse of ignorance in cancer research
	Insights from a ‘bigger’ evolutionary framework
	Addressing the cat-and-mouse in the room
	Cancer is more than a cellular disease
	Conclusions
	References




