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Abstract

Cancer or cancer-like phenomena pervade multicellular life, implying deep evolutionary roots. 

Many of the hallmarks of cancer recapitulate unicellular modalities, suggesting that cancer 

initiation and progression represent a systematic reversion to simpler ancestral phenotypes in 

response to a stress or insult. This so-called atavism theory may be tested using phylostratigraphy, 

which can be used to assign ages to genes. Several research groups have confirmed that cancer 

cells tend to over-express evolutionary older genes, and rewire the architecture linking unicellular 

and multicellular gene networks. In addition, some of the elevated mutation rate – a well-known 

hallmark of cancer – is actually self-inflicted, driven by genes found to be homologs of the ancient 

SOS genes activated in stressed bacteria, and employed to evolve biological workarounds. These 

findings have obvious implications for therapy.
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1. Introduction

What is cancer? This fundamental question has far reaching consequences in how we 

manage and treat the disease and yet it remains unanswered despite decades of research. 

Far from being confined to a few mammalian species, cancer or cancer-like phenomena 

have been found in organisms across multiple kingdoms in multicellular organisms (Aktipis 

et al., 2015), suggesting deep evolutionary roots tied to the transition between unicellular 

and multicellular life. As such, cancer provides a window on the past, giving us insight 

into how cells are able to reconfigure their information-processing capabilities based on the 

microenvironmental context in which they find themselves.
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The hallmarks of cancer describe the functions that a cell or group of cells must express 

to become a cancerous tumor, including uncontrolled growth, uninhibited mobility, and 

resistance to cell death (Hanahan and Weinberg, 2000, 2011). These are traits associated 

with unicellular organisms, so the onset of cancer represents the breaking of the ancient 

contract of cellular cooperation that forms the basis for multicellular life (Aktipis et al., 

2015). The prevailing paradigm of cancer, referred to as the somatic mutation theory, 

ascribes the acquisition of the distinctive hallmarks to the gradual accumulation of genomic 

changes. The changes are normally assumed to be stochastic in nature, with a probability 

that increases with certain environmental insults or to genetic predispositions that increase 

the cell’s susceptibility to disruptive agents or compromise their damage-repair mechanisms. 

Support for the somatic mutation viewpoint comes from the fact that most cancers exhibit 

evidence of genomic alterations/mutations across a range of scales from single nucleotides 

to entire chromosomes (Li et al., 2020; Rheinbay et al., 2020; Rodriguez-Martin et al., 

2020; The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium, 2020). 

Those tumors with little evidence of genomic alterations at the sequence level often 

exhibit evidence of disrupted epigenetic modifications, the most studied of which is DNA 

methylation (Bender et al., 2013; Buczkowicz et al., 2014; Castel et al., 2015; Fontebasso et 

al., 2014; Mackay et al., 2017; Roy et al., 2014; Schwartzentruber et al., 2012; Taylor et al., 

2014; The Cancer Genome Atlas Network, 2012; The St Jude Children’s Research Hospital-

Washington University Pediatric Cancer Genome Project et al., 2014). Furthermore, in vitro 

studies of both skin and colon cancer support a model of step-wise transition between 

normal, pre-malignant, and malignant growth (Fearon and Vogelstein, 1990; Schulz, 2005). 

The presence of genomic and epigenomic changes in tumors has been the rationale behind 

the development of “targeted” therapies that are designed to be active only in those cells 

with specific genomic or epigenetic alterations. However, given the ability of neoplasms 

to evolve in the host, the emergence of therapy-resistant tumors is a common and almost 

inevitable outcome, resulting in relapse and eventual death from the disease.

While the association of cancer with widespread genomic and epigenomic changes is not 

in doubt, the somatic mutation theory of cancer does not provide a comprehensive or deep 

explanation of the link. It has been useful up to a point, but it suffers from the problem 

that most oncogenic changes are neither necessary, sufficient, nor context-independent. 

For example, the first recurrent chromosome translocation documented in human cancers, 

t(9;22) also known as Philadelphia chromosome (Nowell and Hungerford, 1960; Rowley, 

1973) is a necessary and sufficient cause of chronic myeloid leukemia when it occurs in 

myeloid cells at a particular stage of development. Outside of that stage, it is insufficient to 

cause disease, and there are multiple reports of individuals with evidence of the translocation 

in leukocytes but no evidence of disease (Biernaux et al., 1995; Bose et al., 1998; Ismail 

et al., 2014). Furthermore, the behaviors that constitute the hallmarks of cancer can be 

suppressed in tumor cells by putting them in a physiologically normal environment (Maffini 

et al, 2004, 2005; Ricca et al., 2018; Sternlicht et al., 1999; Weaver et al., 1997), resulting in 

the growing recognition that the tumor genome is only one piece of the cancer puzzle, albeit 

an important one. What we need is a conceptualization of cancer that accounts for all of the 

ways the tumor genome can be arranged as well as how the tumor interacts with both the 

immediate tissue microenvironment and the host immune system, as well as the observation 
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of cancers that are directly transmissible, e.g. not the result of a viral transformation, but 

the longer term propagation of clonal tumor cells between animals and across species lines 

(Metzger et al., 2016; Ostrander et al., 2016).

1.1. Reconceptualizing cancer as an atavism: an old idea

We propose to reconceptualize cancer as a kind of atavism, in this case the reversion 

to ancestral single-cell behaviors as an inappropriate response to physiological stress and 

possibly leading to a speciation event. The hallmarks of cancer are not the acquisition of 

novel behaviors due to genomic mutation but rather the redeployment of ancient, unicellular 

programs that support survival of the cell at the expense of the host and break the contract 

of cooperation required for multicellular life. The genomic alterations seen in cancer are 

the visible evidence of the genome that, on the whole, is no longer wired to support 

multicellular life but instead has reverted to an ancient logic that facilitates survival of single 

cells. This perspective frames cancer in terms of evolution, both cellular over the course of 

carcinogenesis and organismal over millions of years. It puts cancer in an ecological context 

at both the cellular and organismal levels as well. At the cellular level, the tumor sees the 

surrounding tissue microenvironment and the host as an ecosystem with resources to exploit 

and dangers, like the immune system, to avoid. At the organismal level, environmental 

factors influence not only exposure to potential oncogenic agents but the evolutionary 

pressures on life history and host cancer defenses as well. Most importantly, this perspective 

places adaptability and evolvability at the very center of therapeutic development, as they 

are the basis for tumor heterogeneity, an increasingly recognized defining characteristic of 

the neoplastic phenotype (Dexter and Leith, 1986; Fidler, 1978; Heim and Mitelman, 1989; 

Heppner and Miller, 1983; Shackney and Shankey, 1995).

The central idea is not new. Theodore Boveri, an eminent German biologist working with 

sea urchin embryos at the turn of the 19th and 20th centuries, is often credited with the 

chromosome theory of inheritance which states that individual chromosomes represent the 

physical location of unique sets of quantitative phenotypic traits, which we now know 

as genes. The colocalization of phenotypic traits on individual chromosomes explained 

the linkage of Mendelian inherited traits. Work on multi-polar mitoses in sea urchins 

led to his conclusion that each somatic cell needs two complete sets of chromosomes, 

one from each parent, to function normally (Manchester, 1995; Opitz, 2016). From this 

work, he also concluded that “the tumor problem is a cell problem,” and cancer would 

be a “consequence of certain abnormal chromosome constitutions.” He summarized his 

work on tumorigenesis in his 1914 work, “The Origins of Malignant Tumors” (Boveri, 

1914, 2008). His work anticipated many later concepts including oncogenes and tumor 

suppressors, the development of tumor heterogeneity, and tumor evolution. However, in the 

context of looking at cancer as an atavism, the importance of his work comes from his 

central thesis that malignant tumors emerge as the consequence of abnormal chromosomal 

content brought about by an aberrant mitosis, leading to an irreversible defect that results 

in the loss of “normal reactions of the cell to its environment and the organism as a 

whole” (Boveri, 2008). This would lead primarily to the re-expression of the primordial 

nature of cells, with their propensity to proliferate in an unrestricted fashion. This idea 

that unrestrained proliferation was an ancient, default trait of cells that was suppressed 
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in context of multicellularity was common at the time. Boveri was careful to stress that 

while an abnormal chromosome complement was a mechanism explaining the behavior, the 

causal factor behind unrestrained cell growth was the permanent disruption of the “normal 

relationship of a cell with its surroundings” (Boveri, 2008). Thus, we like to think Boveri 

would have agreed with our description of cancer as an atavism: malignant tumors behave 

like parasitic single-cell collectives because those pathways are still available within the 

reaction norm of the current genome. This means that cancer is a concomitant feature of 

multicellularity.

1.2. General predictions

Identifying cancer with the unicellular/multicellular transition implicates the evolutionary 

history of the respective gene networks in every aspect of oncogenesis, from initiation 

onwards. The evolutionary age of genes, measured either as a function of phyla or as a 

function of time, is a useful marker for this history. As such, gene ages will be a key 

factor in understanding cancer incidence and progression. Furthermore, we can make very 

specific predictions about the ages of genes involved in tumorigenesis, how gene age and 

transcriptional alterations should relate, the connection between the ages of genes and 

the mutational distribution in cancer genomes, and the manifestation of ancient cellular 

phenotypes in tumor behaviors. Specifically, we should observe the following:

• Genes that are causally involved in cancer should be older than the emergence of 

complex multicellularity approximately 600 million years ago.

• Younger genes should be enriched in mutations in cancer

• Cancer should show a transcriptional shift toward unicellularity

• Cancer should employ unicellular responses to cellular and environmental 

stresses.

1.3. Gene age and cancer: causal relationships

Phylostratigraphy is a method to trace any given gene's lineage through its homology and 

inferred orthology across species (Domazet-Lošo et al., 2007). Once a gene's orthologous 

grouping has been established, the species that represents the closest evolutionary link to 

the last common ancestor assigns a “date” to the gene, either by phylogeny (Domazet-Lošo 

et al., 2007) or through an actual estimated date (Hedges et al., 2015). This is done for 

each gene, generating a distribution of either phylostratigraphic groups or gene ages. To 

look at the role of gene age in a particular phenotype, one can then take the subset of 

genes thought to contribute to the phenotype and ask whether their age or phylostratigraphic 

distribution differs substantially from the distribution of all genes for a given species. It is 

important to remember that phylostratigraphic analysis is always from the point of view of 

the species in which the phenotype under study is of interest. In the case of cancer, that 

species is homo sapiens. Phylostratigraphy can be used to test the prediction that genes 

causally implicated in cancer are, as a group, older than the emergence of multicellularity. 

One such list of causally implicated genes is compiled and maintained by COSMIC, a 

highly curated database of genes for which there is reliable evidence of a link with cancer, 

usually mutational but not always. (Forbes et al., 2015). Whether looking by phylostrata 

Bussey and Davies Page 4

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Domazet-Lošo and Tautz, 2010) or gene age (Cisneros et al., 2017), COSMIC genes are 

indeed enriched in genes older than the emergence of complex multicellularity, with most 

having evolved just prior to the advent of simple metazoan life around 1000 million years 

ago. It is found that COSMIC genes with recessive phenotypes (i.e. when all copies of 

the gene in a cancer cell need to be nonfunctional for the phenotype to occur) are indeed 

enriched for genes with ages that correspond to the epoch of emergence of cellular life 

(Cisneros et al., 2017).

1.4. Gene age and cancer: mutational patterns

Gene age also provides insights into mutational patterns in cancer. The probability of 

mutation to occur is not uniform across the genome. It is the result of the interplay of 

several levels of genomic organization. This ranges from where in the nucleus a locus 

resides – and therefore how easily accessible it is for both damage and repair to occur 

– to how much transcription takes place at this location, and whether or not the cell can 

survive a mutation at that genomic position (Akdemir et al., 2020). This difference in 

mutation probability across different regions of the genome is itself the result of adaptive 

evolution. This means that over the course of evolution some genomic regions show little 

change while others can be “preferred hot-spots” of genomic change. For example, genomes 

contain regions that show significant homology across species in sequence, gene order, and 

gene orientation. These are known as homologous synteny blocks (HSBs). Additionally, 

genomes contain regions of repeated chromosomal rearrangement; these are evolutionarily 

re-used breakpoints (EBRs), where double-strand breaks leading to structural alterations of 

chromosomes have repeatedly occurred and have been selected for, presumably because 

changes involving genes surrounding the break point had a selective advantage for the 

organism. We would expect that this type of genomic organization might show a relationship 

with gene ages, and indeed we find one. In humans, genes that are pre-metazoan are 

enriched in HSBs and excluded from EBRs, while genes younger than 1000 million years, 

coinciding with the evolution of Metazoa, are enriched in EBRs and depleted in HSBs 

(Cisneros et al., 2017).

Mutations can be scattered as single events across the genome, but they can also occur 

in clusters that are located more closely together than would be predicted by the overall 

number of mutations in the genome. We can dig further into the relationship between 

mutation, gene age, and genome structure by asking questions about where singleton and 

clustered mutations are likely to occur and how this differs between normal tissues and 

cancer. Somatic mutation that took place early in development in normal tissue can be found 

by looking at non-inherited single-nucleotide variants in individuals without cancer. When 

we examine mutational load in genes, irrespective of variant status as a singleton or part of a 

cluster, younger genes are enriched in mutations for both normal tissue and cancer (Cisneros 

et al., 2017). However, differences appear when we look at where in the genome clustered 

variants are found. In normal tissue, clustered variants are depleted in HSBs and enriched 

in EBRs (Cisneros et al., 2017). In cancer, the pattern for clustered variants to be enriched 

in EBRs and depleted in HSBs remains genome-wide, but at the level of individual genes, 

clustered mutations are no longer excluded from those genes localized in HSBs. This means 

that genes normally protected from mutation by virtue of their genomic locations are no 

Bussey and Davies Page 5

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



longer protected. Furthermore, COSMIC genes are enriched almost two-fold in clustered 

mutations, even though their ages skew older and they are more likely to reside in HSBs 

than other genes (Cisneros et al., 2017). These changes in the pattern mutation within 

EBRs and HSBs highlight an important point: somatic variants in cancer and normal tissues 

are found in different genomic regions. Why cancer somatic variants are relocated into 

genes in HSBs is still an open question, but two likely explanations come to mind. One 

is a reversion of genome maintenance programs to unicellular wiring in response to tumor 

micro-environmental stress factors. The other is the existence of a recovery bias due to 

selection moving to the cellular level from the organismal level, i.e. the mutation is tolerated 

only at a cellular level and is never detected when it must be tolerated during embryogenesis 

and development.

1.5. Gene age and cancer: gene expression

In the early 2000s it became apparent from the genome-wide studies of transcriptomes that 

gene expression in cancer was different from that of the normal tissue in which it arose. 

The transcriptomes of tumor cells usually retain enough features of their tissue of origin 

to identify them, but show signs of aberrant signal transduction, elevated proliferation, and 

resistance to cell death, all single-cell behaviors. Support for interpreting these changes 

as a switch toward unicellular gene expression patterns comes from recent work on 

transcriptional responses to rapid acquisition of doxorubicin resistance (Wu et al., 2015) 

and phylostratigraphy applied to gene expression data in cancer (Trigos et al., 2017). Wu and 

colleagues used an in vitro system that generated a concentration gradient of doxorubicin 

to select for the emergence of resistance and identified from RNA sequencing a set of 

genes that showed no mutations but nevertheless displayed significant differences in gene 

expression levels compared to wildtype cells. They further showed that genes older than 

1000 million years, predating the emergence of multicellularity, were the source of these 

expression differences (Wu et al., 2015). The observed differences in gene expression 

without evidence of mutation indicates that the tumor cells have rewired their genomes to 

elevate their capacity to deal with environmental challenges such as DNA damaging agents.

Trigos and colleagues performed a systematic analysis of gene expression and gene 

phylostratigraphy and found that the transcriptomes of tumor cells are markedly skewed 

towards the two most ancient phylostrata in their analysis, corresponding to genes found 

in unicellular life. Furthermore, in the case of prostate cancer, the increase in the 

proportion of the transcriptome coming from ancient genes corresponded to a loss of 

cellular differentiation as defined by increasing Gleason score (Trigos et al., 2017). In both 

analyses, upregulation and downregulation of genes of different origins (unicellular, UC, or 

multicellular, MC) depends upon the cellular pathway. This suggests that reversion is not 

haphazard and random, but a coordinated and systemic re-establishment of unicellular gene 

expression patterns. Exploring this further, Trigos et al. found a compartmentalization of 

correlated gene expression in both normal tissue and tumors, where pairs of either UC or 

of MC genes were generally positively correlated. This points to a modularity of expression 

based on gene evolutionary history. In contrast, UC-MC correlations are more negative in 

tumors than they are in normal tissues. Trigos et al. hypothesize that loss of the cross-talk 

between UC and MC genes is a key factor in tumourigenesis (Trigos et al., 2017). This is 
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further supported by their work showing recurrent point mutations in cancer are enriched in 

the regulator genes linking UC and MC gene subnetworks, while copy number alterations 

affected downstream targets in regions of the gene regulatory network that are distinctly 

unicellular or multicellular (Trigos et al., 2019).

1.6. Gene age and cancer: cellular responses

The observation that in cancer there are 15 % more somatic mutations outside of genes 

compared to those within them, and that recurrent mutations are enriched in early metazoan 

genes that regulate the interaction between UC and MC modules (Cisneros et al., 2017; 

Trigos et al., 2019) suggests that the regulation of, and cellular responses to, the extracellular 

environment are actually the key genomic and transcriptomic alterations in cancer. The 

rewiring of the genome during tumourigenesis focuses on the regulatory circuit(s) that 

repurpose unicellular cell behavior to benefit multicellular existence. Cancer is often 

described in terms of normal cells ‘going wrong’ and being out of control. But the 

characterization of cancer in terms of ‘rogue cells’ misses a crucial property of multicellular 

life: the cells of a metazoan organism retain the innate ability to revert to unicellular 

behavior in a coherent manner under certain stressful conditions. That is, the normal-to-

cancer transition is a systematic, and in many cases predictable, transformation of cellular 

functions, a reversion to ancestral functionality.

One such function is a very ancient unicellular survival mechanism is known as stress-

induced mutation (SIM). It is a process by which bacteria increase their mutation rate in the 

face of environmental stress that becomes sufficiently threatening to induce an SOS response 

at the same time as they are facing double-strand DNA damage (McKenzie et al., 2000; 

Rosenberg et al., 2012; Shee et al., 2012). During the SIM process, the repair mechanism 

of double-strand DNA breaks switches from high-fidelity homologous recombination repair 

to an alternative pathway that employs the error-prone DNA polymerase, Pol IV encoded 

by dinB. The result of this switch is a trail of self-inflicted damage either side of the 

double-strand break out for many kilobases, displaying a spectrum of both single-nucleotide 

variants (SNVs) and amplification events. The upshot of such a dramatic increase in 

focused, localized mutations (‘hot spots’) is the possibility of adaptation to the challenging 

environment through random generation of adaptive genotypes (Rosenberg et al., 2012). 

This propensity of bacteria to evolve their way out of trouble is associated with a distinctive 

signature, namely, a pattern of SNVs clustering around the site of the DSB with a well-

defined decrease in probability as a function of distance from the break (Shee et al., 2012).

In humans, there are orthologous genes to dinB that include Pol κ and Pol η, which are 

responsible for trans-lesion synthesis in order to by-pass damaged bases during normal 

replication, and are also employed during microhomology-mediated break repair (Sakofsky 

et al., 2015). One of the hallmarks of most cancers is genomic instability, in particular a 

plethora of DSBs that result in ongoing structural rearrangements detected by cytogenetics 

(Heim and Mitelman, 2015; Mitelman and Heim, 2015; Roschke et al., 2002). It has been 

reported that SNVs in cancer do indeed display clustering patterns, attributed to the activity 

of Pol η, but also of the AID/APOBEC family of deaminases (Burns et al., 2013; Lada et al., 

2012; Roberts et al, 2012, 2013; Supek and Lehner, 2017; Taylor et al., 2013).
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So, do cancers do SIM? Recent work suggest that the answer is yes. Temprine et al. 

demonstrated that inhibition of MAPK signaling or starvation resulted in the translocation of 

Pol κ from the cytoplasm to the nucleus (Temprine et al., 2020). Nuclear accumulation of 

Pol κ increased resistance to the BRAF inhibitor, vemurafenib, in melanoma cells (Temprine 

et al., 2020). Similarly, Russo and colleagues looked at the role of various DNA repair 

pathways in response to EGFR or BRAF inhibition in colorectal cancer (Russo et al., 2019). 

They found that mismatch repair and homologous double-strand break repair pathways were 

down regulated, while translesion synthesis polymerase was concomitantly up-regulated 

in cells that acquire permanent resistance to therapy (Russo et al., 2019). Cipponi et al. 

demonstrated that treatment with non-DNA damaging agents nevertheless increased the 

number of doublestrand breaks observed in prostate, breast, melanoma, and gastrointestinal 

stromal tumors (Cipponi et al., 2020), implying that the mutational burden is self-inflicted, 

consistent with our hypothesis that cancer is (at least in part) a response to stress rather 

than the product of external damaging agents. Furthermore, in vitro exploration of SIM 

showed the acquisition of resistance to non-DNA damaging agents was accompanied by an 

increase in the number of de novo single-nucleotide variants observed in resistant clones 

compared to the parental lines (Cipponi et al., 2020). The resistant clones paid a fitness cost, 

however, being slower to grow than clones that were sensitive to drug. While these data are 

intriguing, none of the above-mentioned studies report the detection of the tell-tale sign of 

SIM in the DNA, namely, clusters of SNVs characterized by a general decrease in mutation 

density from the center of a cluster. Such a pattern can be thought of as a cluster “shape,” 

if one were to plot a histogram of mutations as a function of distance. We did indeed 

find that clusters in both cancer and healthy somatic tissue show the characteristic pattern, 

with normal cells showing evidence for a highly regulated process with similarly “shaped” 

clusters, while cancers exhibited a large degree of heterogeneity in cluster “shape” (Cisneros 

et al., 2018). We also determined that the action of trans-lesion synthesis polymerases 

resulted in more SNV clusters than either AID or APOBEC. Significantly, diversity in 

cluster “shape”, i.e. the distribution of mutation density within the cluster, was a predictor of 

shorter overall survival in patients with cancer (Cisneros et al., 2018).

Evidence of SIM and adaptive evolution in tumors has profound implications for cancer 

therapy. The association of cluster shape diversity and survival are further support for 

the problem of tumor heterogeneity in treatment. Current treatments, devised to be give 

at the maximum tolerated dose, create strong selective pressures. While resistance is not 

unexpected, the current paradigm postulates that either the resistant clone is pre-existing, 

survives the clonal sweep, and then goes on to diversify or it emerges as part of the 

diversification process after the bottleneck of therapy has eased. Either mechanism gives 

a window of time between response and the outgrowth of resistant clones and the re-

establishment of clonal heterogeneity. Adaptive evolution in tumors means that window 

does not exist. Clonal heterogeneity and resistance are induced by the treatment at the 

same time tumors are experiencing bottlenecks that wipe out some level of pre-existing 

heterogeneity. The stronger the therapeutic pressure, the stronger the selection for highly 

adaptive cells that can tune SIM in conjunction with other mutational processes to survive 

unfavorable conditions. This idea can be tested in vitro using both sequencing and standard 

karyotyping methods to evaluate SIM through cluster shape and heterogeneity, and clonal 
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sweeps with concomitant cellular heterogeneity by examining the rate of non-clonal (as 

defined in clinical cytogenetics terms) heterogeneity in cells that survive selection.

How should we rethink our treatment strategies if adaptability is a selected trait? While 

not strictly an atavistic argument, as it has been made on evolutionary terms alone, the 

atavism theory supports a re-evaluation of when the complete eradication of tumor is an 

appropriate treatment goal. Our current therapies do work in a small subset of patients, no 

matter what the therapy is. We can devise measures of adaptability that allow us to stratify 

patients into those where current therapies under the “hit it hard” paradigm will work, and 

those where growth containment rather than eradication is the goal. Concurrently, we can 

consider treatment regimens that minimize the selective pressure applied by therapy by 

using dosing that is the least needed to have an effect. In eradication or growth containment, 

reducing the selective pressure on the tumor is predicted to be beneficial under the 

atavism theory. Interestingly, experience from agricultural pest management coupled with 

mathematical modeling suggests that growth containment is a viable option for managing 

cancer (Cunningham et al., 2018; Gallaher et al., 2018; West et al., 2019). Three clinical 

trials thus far have been initiated to evaluate this approach (ClinicalTrials.gov numbers 

NCT03511196, NCT03630120, and NCT0488839).

2. Final comments

The atavism theory of cancer provides an overarching conceptual framework to explain why 

cancer is pervasive across the tree of life and an inevitable concomitant of multicellularity. 

It places the evolutionary ages of genes front and center, and posits a systematic rewiring of 

the genome in a manner that facilitates the expression of gene networks key to unicellular 

behaviors. In addition, it accounts for the fact that although genomic alterations are a 

contributing cause of cancer, it is the resulting permanent disruption of normal interactions 

with the surrounding tissue microenvironment that leads to tumor formation. The atavism 

theory emphasizes the role of adaptability as a selected trait. The theory provides several 

testable predictions, as well as a shift in perspective with important implications for clinical 

practice. If tumor cells are primed by their evolutionary heritage to respond to selective 

pressures through the generation of phenotypic heterogeneity by accessing innate unicellular 

traits, then a “take no prisoners” approach to treatment risks creating a monster beyond our 

control.

Acknowledgements

Research reported in this publication was supported by the National Cancer Institute of the National Institutes of 
Health under Award Number U54CA217376.

References

Akdemir KC, Le VT, Kim JM, Killcoyne S, King DA, Lin Y-P, Tian Y, Inoue A, Amin SB, 
Robinson FS, Nimmakayalu M, Herrera RE, Lynn EJ, Chan K, Seth S, Klimczak LJ, Gerstung 
M, Gordenin DA, O'Brien J, Li L, Deribe YL, Verhaak RG, Campbell PJ, Fitzgerald R, Morrison 
AJ, Dixon JR, Andrew Futreal P, 2020. Somatic mutation distributions in cancer genomes vary with 
three-dimensional chromatin structure. Nat. Genet 52, 1178–1188. 10.1038/s41588-020-0708-0. 
[PubMed: 33020667] 

Bussey and Davies Page 9

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT03511196
https://clinicaltrials.gov/ct2/show/NCT03630120
https://clinicaltrials.gov/ct2/show/NCT0488839


Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, Maley CC, Wilkinson GS, 2015. Cancer 
across the tree of life: cooperation and cheating in multicellularity. Phil. Trans. R. Soc. B 370, 
20140219. 10.1098/rstb.2014.0219. [PubMed: 26056363] 

Bender S, Tang Y, Lindroth AM, Hovestadt V, Jones DTW, Kool M, Zapatka M, Northcott PA, Sturm 
D, Wang W, Radlwimmer B, Højfeldt JW, Truffaux N, Castel D, Schubert S, Ryzhova M, Şeker-Cin 
H, Gronych J, Johann PD, Stark S, Meyer J, Milde T, Schuhmann M, Ebinger M, Monoranu C-M, 
Ponnuswami A, Chen S, Jones C, Witt O, Collins VP, von Deimling A, Jabado N, Puget S, Grill 
J, Helin K, Korshunov A, Lichter P, Monje M, Plass C, Cho Y-J, Pfister SM, 2013. Reduced 
H3K27me3 and DNA hypo-methylation are major drivers of gene expression in K27M mutant 
pediatric high-grade gliomas. Cane. Cell 24, 660–672. 10.1016/j.ccr.2013.10.006.

Biernaux C, Loos M, Sels A, Huez G, Stryckmans P, 1995. Detection of major bcrabl gene expression 
at a very low level in blood cells of some healthy individuals. Blood 86, 3118–3122. [PubMed: 
7579406] 

Bose S, Deininger M, Gora-Tybor J, Goldman JM, Melo JV, 1998. The presence of typical and 
atypical BCR-ABL fusion genes in leukocytes of normal individuals: biologic significance and 
implications for the assessment of minimal residual disease. Blood 92, 3362–3367. [PubMed: 
9787174] 

Boveri T, 1914. The Origins of Malignant Tumors. Transl. Boveri M, 1929. Introduction by Metcalf. 
The Williams and Wilkins Company, Baltimore, MD.

Boveri T, 2008. In: Concerning the Origin of Malignant Tumours by Theodor Boveri. Translated and 
annotated by Henry Harris. Cold Spring Harbor Press and The Company of Biologists.

Buczkowicz P, Hoeman C, Rakopoulos P, Pajovic S, Letourneau L, Dzamba M, Morrison A, Lewis P, 
Bouffet E, Bartels U, Zuccaro J, Agnihotri S, Ryall S, Barszczyk M, Chornenkyy Y, Bourgey M, 
Bourque G, Montpetit A, Cordero F, Castelo-Branco P, Mangerel J, Tabori U, Ho KC, Huang A, 
Taylor KR, Mackay A, Bendel AE, Nazarian J, Fangusaro JR, Karajannis MA, Zagzag D, Foreman 
NK, Donson A, Hegert JV, Smith A, Chan J, Lafay-Cousin L, Dunn S, Hukin J, Dunham C, 
Scheinemann K, Michaud J, Zelcer S, Ramsay D, Cain J, Brennan C, Souweidane MM, Jones C, 
Allis CD, Brudno M, Becher O, Hawkins C, 2014. Genomic analysis of diffuse intrinsic pontine 
gliomas identifies three molecular subgroups and recurrent activating ACVR1 mutations. Nat. Genet 
46, 451–456. 10.1038/ng.2936. [PubMed: 24705254] 

Burns MB, Temiz NA, Harris RS, 2013. Evidence for APOBEC3B mutagenesis in multiple human 
cancers. Nat. Genet 45, 977–983. 10.1038/ng.2701. [PubMed: 23852168] 

Castel D, Philippe C, Calmon R, Le Dret L, Truffaux N, Boddaert N, Pagès M, Taylor KR, Saulnier 
P, Lacroix L, Mackay A, Jones C, Sainte-Rose C, Blauwblomme T, Andreiuolo F, Puget S, 
Grill J, Varlet P, Debily M-A, 2015. Histone H3F3A and HIST1H3B K27M mutations define 
two subgroups of diffuse intrinsic pontine gliomas with different prognosis and phenotypes. Acta 
Neuropathol. 130, 815–827. 10.1007/s00401-015-1478-0. [PubMed: 26399631] 

Cipponi A, Goode DL, Bedo J, McCabe MJ, Pajic M, Croucher DR, Rajal AG, Junankar SR, Saunders 
DN, Lobachevsky P, Papenfuss AT, Nessem D, Nobis M, Warren SC, Timpson P, Cowley M, 
Vargas AC, Qiu MR, Generali DG, Keerthikumar S, Nguyen U, Corcoran NM, Long GV, Blay 
J-Y, Thomas DM, 2020. MTOR signaling orchestrates stress-induced mutagenesis, facilitating 
adaptive evolution in cancer. Science 368, 1127–1131. 10.10.1126/science.aau8768. [PubMed: 
32499442] 

Cisneros L, Bussey KJ, Orr AJ, Miočević M, Lineweaver CH, Davies P, 2017. Ancient genes 
establish stress-induced mutation as a hallmark of cancer. PloS One 12, e0176258. 10.10.1371/
journal.pone.0176258. [PubMed: 28441401] 

Cisneros L, Vaske C, Bussey KJ, 2018. Determining the relationship between a measure of stress-
induced mutagenesis and patient survival in cancer. In: Proceedings of the 109th Annual Meeting 
of the American Association for Cancer Research. Presented at the 109th Annual Meeting of the 
Amercian Association for Cancer Research, AACR, Chicago, IL, p. 3381.

Cunningham JJ, Brown JS, Gatenby RA, Staňková K, 2018. Optimal control to develop therapeutic 
strategies for metastatic castrate resistant prostate cancer. J. Theor. Biol 459, 67–78. 10.1016/
j.jtbi.2018.09.022. [PubMed: 30243754] 

Dexter DL, Leith JT, 1986. Tumor heterogeneity and drug resistance. J. Clin. Orthod 4, 244–257. 
10.10.1200/JCO.1986.4.2.244.

Bussey and Davies Page 10

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Domazet-Lošo T, Brajković J, Tautz D, 2007. A phylostratigraphy approach to uncover the 
genomic history of major adaptations in metazoan lineages. Trends Genet. 23, 533–539. 10.1016/
j.tig.2007.08.014. [PubMed: 18029048] 

Domazet-Lošo T, Tautz D, 2010. Phylostratigraphic tracking of cancer genes suggests a link to 
the emergence of multicellularity in metazoa. BMC Biol. 8, 66. 10.10.1186/1741-7007-8-66. 
[PubMed: 20492640] 

Fearon ER, Vogelstein B, 1990. A genetic model for colorectal tumorigenesis. Cell 61, 759–767. 
10.1016/0092-8674(90)90186-l. [PubMed: 2188735] 

Fidler IJ, 1978. Tumor heterogeneity and the biology of cancer invasion and metastasis. Cane. Res 38, 
2651–2660.

Fontebasso AM, Papillon-Cavanagh S, Schwartzentruber J, Nikbakht H, Gerges N, Fiset P-O, Bechet 
D, Faury D, De Jay N, Ramkissoon LA, Corcoran A, Jones DTW, Sturm D, Johann P, Tomita T, 
Goldman S, Nagib M, Bendel A, Goumnerova L, Bowers DC, Leonard JR, Rubin JB, Alden T, 
Browd S, Geyer JR, Leary S, Jallo G, Cohen K, Gupta N, Prados MD, Carret A-S, Ellezam B, 
Crevier L, Klekner A, Bognar L, Hauser P, Garami M, Myseros J, Dong Z, Siegel PM, Malkin 
H, Ligon AH, Albrecht S, Pfister SM, Ligon KL, Majewski J, Jabado N, Kieran MW, 2014. 
Recurrent somatic mutations in ACVR1 in pediatric midline high-grade astrocytoma. Nat. Genet 
46, 462–466. 10.1038/ng.2950. [PubMed: 24705250] 

Forbes SA, Beare D, Gunasekaran P, Leung K, Bindal N, Boutselakis H, Ding M, Bamford S, Cole 
C, Ward S, Kok CY, Jia M, De T, Teague JW, Stratton MR, McDermott U, Campbell PJ, 2015. 
COSMIC: exploring the world's knowledge of somatic mutations in human cancer. Nucleic Acids 
Res. 43, D805–D811. 10.1093/nar/gkul075. [PubMed: 25355519] 

Gallaher JA, Enriquez-Navas PM, Luddy KA, Gatenby RA, Anderson ARA, 2018. Spatial 
heterogeneity and evolutionary dynamics modulate time to recurrence in continuous and adaptive 
cancer therapies. Cane. Res 78, 2127–2139. 10.10.1158/0008-5472.CAN-17-2649.

Hanahan D, Weinberg RA, 2011. Hallmarks of cancer: the next generation. Cell 144, 646–674. 
10.1016/j.cell.2011.02.013. [PubMed: 21376230] 

Hanahan D, Weinberg RA, 2000. The hallmarks of cancer. Cell 100, 57–70. 10.1016/
S0092-8674(00)81683-9. [PubMed: 10647931] 

Hedges SB, Marin J, Suleski M, Paymer M, Kumar S, 2015. Tree of life reveals clock-like speciation 
and diversification. Mol. Biol. Evol 32, 835–845. 10.1093/molbev/msv037. [PubMed: 25739733] 

Heim S, Mitelman F, 2015. Nonrandom chromosome abnormalities in cancer. In: Cancer Cytogenetics. 
Wiley-Blackwell, pp. 26–41. 10.1002/9781118795569.ch4.

Heim S, Mitelman F, 1989. Primary chromosome abnormalities in human neoplasia. In: Vande 
Woude GF, Klein G (Eds.), Advances in Cancer Research. Academic Press, pp. 1–13. 10.1016/
S0065-230X(08)60209-2.

Heppner GH, Miller BE, 1983. Tumor heterogeneity: biological implications and therapeutic 
consequences. Cane. Metastasis Rev 2, 5–23. 10.1007/BF00046903.

Ismail SI, Naffa RG, Yousef A-MF, Ghanim MT, 2014. Incidence of bcr-abl fusion transcripts 
in healthy individuals. Mol. Med. Rep 9, 1271–1276. 10.10.3892/mmr.2014.1951. [PubMed: 
24535287] 

Lada AG, Dhar A, Boissy RJ, Hirano M, Rubel AA, Rogozin IB, Pavlov YI, 2012. 
AID/APOBEC cytosine deaminase induces genome-wide kataegis. Biol. Direct 7, 47. 
10.10.1186/1745-6150-7-47. [PubMed: 23249472] 

Li Y, Roberts ND, Wala JA, Shapira O, Schumacher SE, Kumar K, Khurana E, Waszak S, Korbel JO, 
Haber JE, Imielinski M, Weischenfeldt J, Beroukhim R, Campbell PJ, 2020. Patterns of somatic 
structural variation in human cancer genomes. Nature 578, 112–121. 10.1038/s41586-019-1913-9. 
[PubMed: 32025012] 

Mackay A, Burford A, Carvalho D, Izquierdo E, Fazal-Salom J, Taylor KR, Bjerke L, Clarke M, 
Vinci M, Nandhabalan M, Temelso S, Popov S, Molinari V, Raman P, Waanders AJ, Han HJ, 
Gupta S, Marshall L, Zacharoulis S, Vaidya S, Mandeville HC, Bridges LR, Martin AJ, Al-Sarraj 
S, Chandler C, Ng H-K, Li X, Mu K, Trabelsi S, Brahim DH-B, Kisljakov AN, Konovalov 
DM, Moore AS, Carcaboso AM, Sunol M, de Torres C, Cruz O, Mora J, Shats LI, Stavale JN, 
Bidinotto LT, Reis RM, Entz-Werle N, Farrell M, Cryan J, Crimmins D, Caird J, Pears J, Monje 

Bussey and Davies Page 11

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



M, Debily M-A, Castel D, Grill J, Hawkins C, Nikbakht H, Jabado N, Baker SJ, Pfister SM, Jones 
DTW, Fouladi M, von Bueren AO, Baudis M, Resnick A, Jones C, 2017. Integrated molecular 
meta-analysis of 1,000 pediatric highgrade and diffuse intrinsic pontine glioma. Cane. Cell 32, 
520–537. 10.1016/j.ccell.2017.08.017e5.

Maffini MV, Calabro JM, Soto AM, Sonnenschein C, 2005. Stromal regulation of neoplastic 
development: age-dependent normalization of neoplastic mammary cells by mammary stroma. 
Am. J. Pathol 167, 1405–1410. 10.1016/S0002-9440(10)61227-8. [PubMed: 16251424] 

Maffini MV, Soto AM, Calabro JM, Ucci AA, Sonnenschein C, 2004. The stroma as a crucial target in 
rat mammary gland carcinogenesis. J. Cell Sci 117, 1495–1502. 10.10.1242/jcs.01000. [PubMed: 
14996910] 

Manchester KL, 1995. Theodor Boveri and the origin of malignant tumours. Trends Cell Biol. 5, 
384–387. 10.1016/S0962-8924(00)89080-7. [PubMed: 14732055] 

McKenzie GJ, Harris RS, Lee PL, Rosenberg SM, 2000. The SOS response regulates adaptive 
mutation. Proc. Natl. Acad. Sci. Unit. States Am 97, 6646–6651. 10.1073/pnas.120161797.

Metzger MJ, Villalba A, Carballal MJ, Iglesias D, Sherry J, Reinisch C, Muttray AF, Baldwin SA, 
Goff SP, 2016. Widespread transmission of independent cancer lineages within multiple bivalve 
species. Nature 534, 705–709. 10.1038/nature18599. [PubMed: 27338791] 

Mitelman F, Heim S, 2015. How it all began. In: Cancer Cytogenetics. Wiley-Blackwell, pp. 1–10. 
10.1002/9781118795569.ch1.

Nowell PC, Hungerford DA, 1960. A mlinute chromosome in hunman chronic granulocytic leukemia. 
Science 132, 1497. 10.10.1126/science.132.3438.1488.

Opitz JM, 2016. Annals of morphology THEODOR BOVERI (1862–1915) to commemorate the 
centenary of his death and contributions to the Sutton–Boveri hypothesis. Am. J. Med. Genet 170, 
2803–2829. 10.1002/ajmg.a.37693.

Ostrander EA, Davis BW, Ostrander GK, 2016. Transmissible tumors: breaking the cancer paradigm. 
Trends Genet. 32, 1–15. 10.1016/j.tig.2015.10.001. [PubMed: 26686413] 

Rheinbay E, Nielsen MM, Abascal F, Wala JA, Shapira O, Tiao G, Hornshøj H, Hess JM, Juul RI, 
Lin Z, Feuerbach L, Sabarinathan R, Madsen T, Kim J, Mularoni L, Shuai S, Lanzós A, Herrmann 
C, Maruvka YE, Shen C, Amin SB, Bandopadhayay P, Bertl J, Boroevich KA, Busanovich J, 
Carlevaro-Fita J, Chakravarty D, Chan CWY, Craft D, Dhingra P, Diamanti K, Fonseca NA, 
Gonzalez-Perez A, Guo Q, Hamilton MP, Haradhvala NJ, Hong C, Isaev K, Johnson TA, Juul M, 
Kahles A, Kahraman A, Kim Y, Komorowski J, Kumar K, Kumar S, Lee D, Lehmann K-V, Li Y, 
Liu EM, Lochovsky L, Park K, Pich O, Roberts ND, Saksena G, Schumacher SE, Sidiropoulos 
N, Sieverling L, Sinnott-Armstrong N, Stewart C, Tamborero D, Tubio JMC, Umer HM, Uusküla-
Reimand L, Wadelius C, Wadi L, Yao X, Zhang C-Z, Zhang J, Haber JE, Hobolth A, Imielinski 
M, Kellis M, Lawrence MS, von Mering C, Nakagawa H, Raphael BJ, Rubin MA, Sander C, 
Stein LD, Stuart JM, Tsunoda T, Wheeler DA, Johnson R, Reimand J, Gerstein M, Khurana E, 
Campbell PJ, López-Bigas N, Weischenfeldt J, Beroukhim R, Martincorena I, Pedersen JS, Getz 
G, 2020. Analyses of non-coding somatic drivers in 2,658 cancer whole genomes. Nature 578, 
102–111. 10.1038/s41586-020-1965-x. [PubMed: 32025015] 

Ricca BL, Venugopalan G, Furuta S, Tanner K, Orellana WA, Reber CD, Brownfield DG, Bissell MJ, 
Fletcher DA, 2018. Transient external force induces phenotypic reversion of malignant epithelial 
structures via nitric oxide signaling [WWW Document], eLife. 10.10.7554/eLife.26161.

Roberts SA, Lawrence MS, Klimczak LJ, Grimm SA, Fargo D, Stojanov P, Kiezun A, Kryukov 
GV, Carter SL, Saksena G, Harris S, Shah RR, Resnick MA, Getz G, Gordenin DA, 2013. An 
APOBEC cytidine deaminase mutagenesis pattern is widespread in human cancers. Nat. Genet 45, 
970–976. 10.1038/ng.2702. [PubMed: 23852170] 

Roberts SA, Sterling J, Thompson C, Harris S, Mav D, Shah R, Klimczak LJ, Kryukov GV, Male E, 
Mieczkowski PA, Resnick MA, Gordenin DA, 2012. Clustered mutations in yeast and in human 
cancers can arise from damaged long single-strand DNA regions. Mol. Cell 46, 424–435. 10.1016/
j.molcel.2012.03.030. [PubMed: 22607975] 

Rodriguez-Martin B, Alvarez EG, Baez-Ortega A, Zamora J, Supek F, Demeulemeester J, Santamarina 
M, Ju YS, Temes J, Garcia-Souto D, Detering H, Li Y, Rodriguez-Castro J, Dueso-Barroso A, 
Bruzos AL, Dentro SC, Blanco MG, Contino G, Ardeljan D, Tojo M, Roberts ND, Zumalave 
S, Edwards PAW, Weischenfeldt J, Puiggròs M, Chong Z, Chen K, Lee EA, Wala JA, Raine K, 

Bussey and Davies Page 12

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Butler A, Waszak SM, Navarro FCP, Schumacher SE, Monlong J, Maura F, Bolli N, Bourque G, 
Gerstein M, Park PJ, Wedge DC, Beroukhim R, Torrents D, Korbel JO, Martincorena L, Fitzgerald 
RC, Van Loo P, Kazazian HH, Burns KH, Campbell PJ, Tubio JMC, 2020. Pan-cancer analysis 
of whole genomes identifies driver rearrangements promoted by LINE-1 retrotransposition. Nat. 
Genet 1–14. 10.1038/s41588-019-0562-0. [PubMed: 31911675] 

Roschke AV, Stover K, Tonon G, Schäffer AA, Kirsch IR, 2002. Stable karyotypes in epithelial 
cancer cell lines despite high rates of ongoing structural and numerical chromosomal instability. 
Neoplasia 4, 19–31. [PubMed: 11922387] 

Rosenberg SM, Shee C, Frisch RL, Hastings PJ, 2012. Stress-induced mutation via DNA breaks in 
Escherichia coli: a molecular mechanism with implications for evolution and medicine. Bioessays 
34, 885–892. 10.1002/bies.201200050. [PubMed: 22911060] 

Rowley JD, 1973. A new consistent chromosomal abnormality in chronic myelogenous 
leukaemia identified by quinacrine fluorescence and giemsa staining. Nature 243, 290–293. 
10.1038/243290a0. [PubMed: 4126434] 

Roy DM, Walsh LA, Chan TA, 2014. Driver mutations of cancer epigenomes. Protein Cell 5, 265–296. 
10.1007/s13238-014-0031-6. [PubMed: 24622842] 

Russo M, Crisafulli G, Sogari A, Reilly NM, Arena S, Lamba S, Bartolini A, Amodio V, Magrì 
A, Novara L, Sarotto I, Nagel ZD, Piett CG, Amatu A, Sartore-Bianchi A, Siena S, Bertotti A, 
Trusolino L, Corigliano M, Gherardi M, Lagomarsino MC, Nicolantonio FD, Bardelli A, 2019. 
Adaptive mutability of colorectal cancers in response to targeted therapies. Science, 10.10.1126/
science.aav4474.

Sakofsky CJ, Ayyar S, Deem AK, Chung W-H, Ira G, Malkova A, 2015. Translesion polymerases 
drive microhomology-mediated break-induced replication leading to complex chromosomal 
rearrangements. Mol. Cell 60, 860–872. 10.1016/j.molcel.2015.10.041. [PubMed: 26669261] 

Cancers of the skin. In: Schulz WA (Ed.), 2005. Molecular Biology of Human Cancers: an Advanced 
Student's Textbook. Springer Netherlands, Dordrecht, pp. 255–270. 10.1007/978-l-4020-3186-
l_12.

Schwartzentruber J, Korshunov A, Liu X-Y, Jones DTW, Pfaff E, Jacob K, Sturm D, Fontebasso AM, 
Quang D-AK, Tönjes M, Hovestadt V, Albrecht S, Kool M, Nantel A, Konermann C, Lindroth 
A, Jäger N, Rausch T, Ryzhova M, Korbel JO, Hielscher T, Hauser P, Garami M, Klekner A, 
Bognar L, Ebinger M, Schuhmann MU, Scheurlen W, Pekrun A, Frühwald MC, Roggendorf W, 
Kramm C, Dürken M, Atkinson J, Lepage P, Montpetit A, Zakrzewska M, Zakrzewski K, Liberski 
PP, Dong Z, Siegel P, Kulozik AE, Zapatka M, Guha A, Malkin D, Felsberg J, Reifenberger G, 
von Deimling A, Ichimura K, Collins VP, Witt H, Milde T, Witt O, Zhang C, Castelo-Branco P, 
Lichter P, Faury D, Tabori U, Plass C, Majewski J, Pfister SM, Jabado N, 2012. Driver mutations 
in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 482, 226–231. 
10.1038/nature10833. [PubMed: 22286061] 

Shackney SE, Shankey TV, 1995. Genetic and phenotypic heterogeneity of human malignancies: 
finding order in chaos. Cytometry 21, 2–5. 10.1002/cyto.990210103. [PubMed: 8529466] 

Shee C, Gibson JL, Rosenberg SM, 2012. Two mechanisms produce mutation hotspots at DNA breaks 
in Escherichia coli. Cell Rep. 2, 714–721. 10.1016/j.celrep.2012.08.033. [PubMed: 23041320] 

Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier J-P, Gray JW, Pinkel D, Bissell MJ, Werb Z, 
1999. The stromal proteinase MMP3/stromelysin-1 promotes mammary carcinogenesis. Cell 98, 
137–146. 10.1016/S0092-8674(00)81009-0. [PubMed: 10428026] 

Supek F, Lehner B, 2017. Clustered mutation signatures reveal that error-prone DNA repair 
targets mutations to active genes. Cell 170, 534–547. 10.1016/j.cell.2017.07.003e23. [PubMed: 
28753428] 

Taylor BJ, Nik-Zainal S, Wu YL, Stebbings LA, Raine K, Campbell PJ, Rada C, Stratton 
MR, Neuberger MS, 2013. DNA deaminases induce break-associated mutation showers with 
implication of APOBEC3B and 3A in breast cancer kataegis. eLife 2, e00534. 10.10.7554/
eLife.00534. [PubMed: 23599896] 

Taylor KR, Mackay A, Truffaux N, Butterfield YS, Morozova O, Philippe C, Castel D, Grasso CS, 
Vinci M, Carvalho D, Carcaboso AM, de Torres C, Cruz O, Mora J, Entz-Werle N, Ingram WJ, 
Monje M, Hargrave D, Bullock AN, Puget S, Yip S, Jones C, Grill J, 2014. Recurrent activating 

Bussey and Davies Page 13

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ACVR1 mutations in diffuse intrinsic pontine glioma. Nat. Genet 46, 457–461. 10.1038/ng.2925. 
[PubMed: 24705252] 

Temprine K, Campbell NR, Huang R, Langdon EM, Simon-Vermot T, Mehta K, Clapp A, Chipman M, 
White RM, 2020. Regulation of the error-prone DNA polymerase Polkκ by oncogenic signaling 
and its contribution to drug resistance. Sci. Signal 13. 10.10.1126/scisignal.aau1453.

The Cancer Genome Atlas Network, 2012. Comprehensive molecular portraits of human breast 
tumours. Nature 490, 61–70. 10.1038/naturell412. [PubMed: 23000897] 

The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium, 2020. Pan-cancer analysis of 
whole genomes. Nature 578, 82–93. 10.1038/s41586-020-1969-6. [PubMed: 32025007] 

The St Jude Children's Research Hospital-Washington University Pediatric Cancer Genome Project, 
Wu G, Diaz AK, Paugh BS, Rankin SL, Ju B, Li Y, Zhu X, Qu C, Chen X, Zhang Junyuan, 
Easton J, Edmonson M, Ma X, Lu C, Nagahawatte P, Hedlund E, Rusch M, Pounds S, Lin T, 
Onar-Thomas A, Huether R, Kriwacki R, Parker M, Gupta P, Becksfort J, Wei L, Mulder HL, 
Boggs K, Vadodaria B, Yergeau D, Russell JC, Ochoa K, Fulton RS, Fulton LL, Jones C, Boop 
FA, Broniscer A, Wetmore C, Gajjar A, Ding L, Mardis ER, Wilson RK, Taylor MR, Downing 
JR, Ellison DW, Zhang Jinghui, Baker SJ, 2014. The genomic landscape of diffuse intrinsic 
pontine glioma and pediatric non-brainstem high-grade glioma. Nat. Genet. 46, 444–450. 10.1038/
ng.2938. [PubMed: 24705251] 

Trigos AS, Pearson RB, Papenfuss AT, Goode DL, 2019. Somatic mutations in early metazoan genes 
disrupt regulatory links between unicellular and multicellular genes in cancer. eLife 8, e40947. 
10.10.7554/eLife.40947. [PubMed: 30803482] 

Trigos AS, Pearson RB, Papenfuss AT, Goode DL, 2017. Altered interactions between unicellular and 
multicellular genes drive hallmarks of transformation in a diverse range of solid tumors. Proc. 
Natl. Acad. Sci. Unit. States Am 114, 6406–6411. 10.1073/pnas.1617743114.

Weaver VM, Petersen OW, Wang F, Larabell CA, Briand P, Damsky C, Bissell MJ, 1997. Reversion of 
the malignant phenotype of human breast cells in three-dimensional culture and in vivo by integrin 
blocking antibodies. J. Cell Biol 137, 231–245. 10.1083/jcb.137.1.231. [PubMed: 9105051] 

West JB, Dinh MN, Brown JS, Zhang J, Anderson AR, Gatenby RA, 2019. Multidrug cancer therapy 
in metastatic castrate-resistant prostate cancer: an evolution-based strategy. Clin. Cane. Res 25, 
4413–4421. 10.10.1158/1078-0432.CCR-19-0006.

Wu A, Zhang Q, Lambert G, Khin Z, Gatenby RA, Kim HJ, Pourmand N, Bussey K, Davies PCW, 
Sturm JC, Austin RH, 2015. Ancient hot and cold genes and chemotherapy resistance emergence. 
Proc. Natl. Acad. Sci. Unit. States Am, 201512396 10.1073/pnas.1512396112.

Bussey and Davies Page 14

Prog Biophys Mol Biol. Author manuscript; available in PMC 2022 February 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Reconceptualizing cancer as an atavism: an old idea
	General predictions
	Gene age and cancer: causal relationships
	Gene age and cancer: mutational patterns
	Gene age and cancer: gene expression
	Gene age and cancer: cellular responses

	Final comments
	References

