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Introduction 

​ The first written description of cancer dates back to approximately 3000 B.C. to the 

Edwin Smith Papyrus, an ancient Egyptian textbook on trauma surgery (Di Lonardo et al., 2015). 

This text described eight different types of cancers and declared that the disease had no cure. 

Since then, our understanding of cancer, a disease characterized by uncontrolled cellular 

proliferation, has progressed. Now over 100 types of human cancers are recognized, most of 

which are classified by their organ of origin, the cell types involved, and their metastatic 

capabilities (National Cancer Institute, 2021). Some of these cancers, such as acute 

lymphoblastic leukemia, (ALL) can be cured through a variety of methods such as radiation 

therapy, immunotherapy, and chemotherapy, while other cancers, such as glioblastoma 

multiforme, have limited treatment options and a poor prognosis (Scott et al., 1998; Simone, 

2006; Stupp et al., 2005). 

​ Despite all the progress that has been made in both treatment and diagnostics, 

approximately 10 million people die annually from cancer, with over 600,000 deaths occurring 

in the United States of America alone. On top of this, approximately 1.9 million new cancer 

cases are diagnosed annually (Siegel et al., 2022). Studies have also shown that in recent years, 

cancer rates have increased, with the incidence of female breast cancer increasing by 0.5% 

annually from 2014-2018, and the incidence of cancer cases in individuals under the age of 50 

rising by 80% (Siegel et al., 2022). Furthermore, the incidence of people under the age of 40 

dying from cancer has increased by 27% over the last three decades (Siegel et al., 2022; Zhao et 

al., 2023). 
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 In general, there are some key characteristics that distinguish cancer cells from healthy 

cells, one of which is the reduced requirement for extracellular growth factors in comparison to 

healthy cells (Cooper, 2000). This is due to the fact that cancer cells can produce their own 

growth factors (autocrine growth stimulation). Additionally, cancer cells are insensitive to both 

density dependent inhibition and contact inhibition. These are phenomena exhibited by normal 

cells that restrict their growth to a single confluent monolayer when cultured in vitro and that 

prevent excessive proliferation in vivo. Cancer cells are also less regulated by cell-cell and 

cell-matrix interactions since they are less adhesive than normal cells. In many cases, this is due 

to the loss of epithelial cadherin (E-cadherin), a molecule associated with cell adhesion. This 

lack of adhesion is, in part, what gives some cancer cells metastatic capabilities. The final factor 

that differentiates cancer cells from normal cells is that they can release chemical signals that 

stimulate angiogenesis, which is the formation of new blood vessels (Cooper, 2000). 

Angiogenesis is vital for solid tumor formation.  

Due to the severity of this disease and its mortality rate, there exists a strong selective 

pressure against cancer within human populations. To put it simply, cancer should no longer 

exist, yet it has persisted throughout human evolution. Therefore, evolutionary biologists are 

interested in determining why this has been possible, and in describing the mechanisms 

involved (Roser & Ritchie, 2015). Additionally, within an individual, the development of cancer is 

an evolutionary process. Within populations, speciation occurs through mutation and natural 

selection acting on species. Within an individual, oncogenesis occurs through mutation and 

natural selection acting on cells/tissues (Casás-Selves & DeGregori, 2011). As such, viewing 
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cancer though an evolutionary lens, and understanding the mechanisms behind oncogenesis, 

may help explain the persistence of cancer within human populations.  

Addressed here are two potential explanations for the persistence of cancer: 

antagonistic pleiotropy, and evolutionary tradeoffs. With regards to cancer, antagonistic 

pleiotropy is a phenomenon in which genes that differentially impact fitness during the lifespan 

of an organism promote oncogenesis, meaning that a gene that is useful during 

embryogenesis/development may promote cancer development later in life (Gaillard & 

Lemaître, 2017; Tuminello & Han, 2011; Williams, 1957). Evolutionary tradeoffs occur when the 

optimization of fitness in one area simultaneously decreases fitness in another. 

 
Antagonistic Pleiotropy  

​ One explanation for the persistence of cancer in human populations is antagonistic 

pleiotropy. This phenomenon occurs when natural gene variants within a population are 

pleiotropic (when one gene has multiple effects), and while some effects may be beneficial, 

others can be detrimental. Furthermore, these negative effects can manifest at different life 

stages (Gaillard & Lemaître, 2017; Tuminello & Han, 2011; Williams, 1957). If these positive and 

negative effects were equal in magnitude, the trait would, functionally, be selectively neutral, 

however, if the positive effects outweigh the corresponding negative effects, then through 

natural selection, these alleles will be selected for allowing them to spread throughout the 

population (Cohen & Holmes, 2014). Similarly, if the positive effects of the gene operate early in 

the life history of the organism, while a majority of the negative effects manifest later in life, 

that trait will selected for. This makes sense when one considers the fact that natural selection 
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acts strongest on traits that are directly related to an organism’s reproductive value, while 

acting less strongly on traits that arise after peak reproductive age (Carter & Nguyen, 2011).  

Experimentally, the existence of antagonistic pleiotropy has been shown by the fact that 

inactivating an antagonistic pleiotropic gene generally increases lifespan, while decreasing 

early-life fitness (Blagosklonny, 2010). A series of experiments on Drosophila melanogaster 

conducted throughout the 1980s and 1990s showed that populations selected for an extended 

lifespan generally had a simultaneous decrease in early-life fitness, as measured by the 

presence of developmental abnormalities and reduced fertility (Rose, 1984; Sgrò & Partridge, 

1999). These experiments marked some of the earliest experimental evidence for antagonistic 

pleiotropy, and while they do not directly relate to cancer, they laid the foundations for the 

research conducted relating antagonistic pleiotropy to cancer. Since then, antagonistic 

pleiotropic genes have been linked to many different human diseases, lending additional 

support to the notion that they may be involved in cancer development (Table 1, Byars & 

Voskarides 2020). Furthermore, two antagonistic pleotropic genes/gene pathways in humans 

are directly related to cancer; p53 and MTOR1. 

Table 1.  Cases of antagonistic pleiotropy in human disease. These diseases have a clear genetic 
basis, a late age of onset, and are linked with reproductive success. Adapted from, Byars & 
Voskarides (2020).  

Gene Variant Fitness Benefit Deleterious Cost Age of Onset 
HTT, CAG 

trinucleotide repeat 
Increased fertility and 

reduced cancer risk 
Huntington’s Disease ~ 30-40 years 

2 BCRA 1/2 Increased fertility 
Breast and ovarian 

cancer 
~ 30-50 years 

2 Highly debated, with more recent analyses showing that BCRA1 and BCRA2 have no effect on fertility. 
Historic accounts of it enhancing fertility may be contributed to the lack of family planning resources 
being available during that time period (Smith et al., 2013). 

1 Bold names reference genes, italicized names reference the resulting protein product. 
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~ 56 CHD Loci Increased fertility 
Coronary heart 

disease 
40-50+ years 

 

p53 and Antagonistic Pleiotropy 

p53 is a tumor suppressor gene located on the short arm of chromosome 17 that codes 

for the transcription factor, p53 (Chang et al., 1993). p53 binds DNA to stimulate the production 

of another protein called p21. p21 then interacts with the cell division stimulating-protein, cdk2, 

(cyclin-dependent kinase 2). When p21 and cdk2 are complexed, the cell cannot divide, leading 

to cell cycle arrest. Mutant p53, however, cannot properly bind to DNA, meaning that p21 is not 

made, and the cell is then able to divide uncontrollably (cancer) (National Center for 

Biotechnology Information, 1998) (Figure 1). Current estimates suggest that mutated versions of 

p53 are found in half of all human cancers (Hollstein et al., 1991).  

p53 has been shown to have antagonistic pleotropic effects in D. melanogaster, whose 

p53 shares a very similar structure to human p53 making this a valid model system. Both 

systems have two promoters, and protein products of a similar size, with human p53 being 393 

amino acids, and D. melanogaster p53 being 358 amino acids (Waskar et al., 2009). In D. 

melanogaster adults, WTp53 (Wild-Type p53) overexpression reduced lifespan in females by 

16%, while simultaneously increasing lifespan in males by 6%. Additionally, WTp53 

overexpression in females provided an early life benefit in the form of increased larval survival 

compared to males (3 adult flies resulting from the female larva vs 0 adult flies resulting from 

the male larva) (Figure 2). This supports the claim that p53 exhibits antagonistic pleiotropy in 

female D. melanogaster since despite it being linked to a shorter lifespan, it provides an 

early-life benefit that is selected for. Furthermore, MTp53 (Mutant p53) increased the lifespan 
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of both males and females, by 12% and 11% respectively, suggesting antagonistic pleotropic 

effects, since as previously stated, inactivation of an antagonistic pleiotropic gene should 

increase lifespan (Waskar et al., 2009). While more evidence is necessary to determine the 

effects of MTp53 on early-life fitness, preliminary evidence does support the conclusion that 

p53 exhibits antagonistic pleiotropy.  

​ Furthermore, in humans, evidence suggests that increased expression of p53, and 

therefore enhanced tumor suppression, is actively selected against due to antagonistic 

pleiotropic effects.  As previously stated, p21 expression is positively regulated by the binding of 

p53 to one or multiple of the five p53 binding sites located on p21.  It has been shown that 

elevated p21 levels, while potentially enhancing tumor suppression later in life by leading to cell 

cycle arrest (Figure 1 & Supplemental Figure 1), can have deleterious effects during 

development on the proliferation of lymphocytes leading to a 50% decrease in CD4+ T-cell 

proliferation (Figure 3a & Figure 3b), and a decrease in stem cell proliferation, preventing 

wound healing and tissue homeostasis, negatively impacting early life fitness (Balomenos et al., 

2000; Deng et al., 1995; Ozaki & Nakagawara, 2011; Ungewitter & Scrable, 2009). Since these 

deleterious effects manifest before an individual reaches sexual maturity, there is a negative 

selection pressure against the evolution of more than one copy of p53 in the human genome. 

mTOR Pathway and Antagonistic Pleiotropy  

Aside from single genes exerting antagonistic pleiotropic effects, biochemical pathways 

can as well. An example of this is the mTOR (mammalian target of rapamycin) pathway found in 

mammalian cells, which has been linked to many diseases including neck, lung, and breast 

cancer (Tian et al., 2019). The primary protein in this pathway, mTOR, is a 290 kDa 
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serine-threonine kinase (a protein that preferentially phosphorylates serine and threonine 

residues within proteins) (The UniProt Consortium et al., 2023). This pathway is known to be 

one of the central regulators of cellular metabolism, growth, and hormone response. mTOR is 

also known to regulate proliferation, autophagy, and apoptosis (Figure 4), by controlling 

translational machinery via the activation of p70 ribosomal S6 kinase and through the inhibition 

of eukaryotic initiation factor-4E-binding protein (Lian et al., 2008; Zou et al., 2020). Deletion of 

the mTOR pathway has proven to be lethal during embryogenesis (post-implantation lethality) 

by severely impacting the formation and proliferation of the inner cell mass and trophoblast 

(Figure 5A). Additionally, deletion of mTOR reduces cell size and causes cell-cycle arrest in 

embryonic stem cells (Figure 5B) (Murakami et al., 2004). These findings suggest that the 

presence of mTOR is selected for early in life. Later in life however, the mTOR pathway is 

involved in ageing, senescence (irreversible cell cycle arrest), and cancer development 

(Blagosklonny, 2010; Ramachandran & Balakrishnan, 2021). One pathway through which mTOR 

promotes cancer development is by positively regulating glutamate dehydrogenase (GDH) and 

repressing sirtuin 4 (SIRT4), a GDH inhibitor. This means that mTOR promotes the synthesis of 

glutamate which then acts as the primary carbon and nitrogen source for anaerobic glycolysis 

and cell growth. The utilization of aerobic glycolysis is a hallmark of cancer cells (Warburg 

Effect), so a pathway that promotes it also promotes cancer growth (Vander Heiden et al., 2009; 

Warburg, 1956). Combined, the effects of p53 and mTOR suggest that antagonistic pleiotropy 

plays a significant role in the persistence of cancer in human populations.  

 
Evolutionary Tradeoffs 
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​ Cancer is subject to the same framework as most other diseases. Due to this, selection 

should place organisms under pressure to avoid the disease, encourage the development of 

mechanisms to prevent disease progression, and if the disease is unavoidable, alleviate some of 

associated fitness costs (Ujvari et al., 2016). One way that cancer differs from this traditional 

framework, however, is that cancer is a disease involving an individual’s own cells. As such, it is 

subject to the evolutionary tradeoffs that many other traits are subject to. Evolutionary 

tradeoffs serve as a second explanation for the persistence of cancer in human populations. 

Evolutionary tradeoffs are a compromise between the functions of multiple traits, in which 

increasing fitness in one trait negatively affects fitness in another. It is due to these tradeoffs 

that optimal health in all domains may not be possible. Similar to antagonistic pleiotropy, this 

phenomenon has been linked to a variety of human illnesses, including breast cancer (Table 2) 

(Ellison, 2014). Despite sharing many similarities, evolutionary tradeoffs differ from antagonistic 

pleiotropy in that evolutionary tradeoffs consider the organism as a whole, while antagonistic 

pleiotropy focuses on single genes/pathways. It is also worth noting that antagonistic pleiotropy 

involves one gene having two different effects, hence, the effects are antagonistic, but in 

evolutionary tradeoffs, the tradeoffs can involve traits governed by completely different 

mechanisms and is more dictated by resource allocation rather than antagonistic effects.  

Table 2. Cases of evolutionary tradeoffs and human illness. 

Disease/Illness Tradeoff Consequences 

Elevated serum C-reactive 
protein (CRP) levels (McDade 

et al., 2008) 

Energy allocation to the 
immune system vs allocation 

to growth 

The elevated immune 
response leads to slowed 

growth 
Increased risk of obstetric 
complications in teenage 
pregnancy (Scholl et al., 

1994) 

Energy tradeoff between 
maternal and fetal growth 

Teenage girls allocate less 
energy to fetal development 

than older women. This leads 
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to an elevated risk of 
obstetric complications. 

Increased risk of breast 
cancer (Banks et al., 2004) 

Tradeoff between bone 
health and cancer risk 

Using prescription hormone 
replacement therapy (HRT) as 

a post-menopausal woman 
can reduce the risk of 

osteoporosis and ovarian 
cancer but increases breast 

cancer risk.  
 

 

 

Cancer Prevention and Evolutionary Tradeoffs 

​ When a trait is both essential to survival and reproduction, but it increases cancer risk, it 

will be subject to tradeoffs. One such example can be seen with Tasmanian Devil (Sarcophilus 

harrisii) Facial Tumor Disease (DFTD). DTFD is an infectious cancer, first described in 1996, that is 

characterized by the development of primary facial, neck, and oral tumors which grow to be 

larger than 3 cm and ulcerate (Hawkins et al., 2006; Murchison, 2008). Death usually occurs 

within months of the first symptoms appearing. In natural populations, DTFT is spread by biting, 

as evidenced by the presence of DTFD cells on the canine teeth of affected individuals and the 

observation of tumors developing from lesions caused by bite wounds (Obendorf & McGlashan, 

2008). This biting behavior, however, is also a regular part of Tasmanian devil mating in multiple 

different aspects; male-male competition, and female evasion of male guarding, while also 

being common during copulation itself (Hamede et al., 2008). In this case, there is a tradeoff 

between mating success and the fact that biting also spreads DFTD. This tradeoff is what 

maintains DFTD in Tasmanian devil populations.  
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This disease can serve as natural model for human cancers since some of the genes 

involved in the occasional spontaneous regression of the disease (RASL11A) in infected 

individuals are also active in human prostate and colon cancers (Margres et al., 2020). As such, 

viewing the disease through an evolutionary lens can provide insight into the persistence of 

cancer in human populations. Additionally, understanding the tradeoffs influencing DFTD may 

provide insight into the tradeoffs governing cancers linked to bacterial and viral infections in 

humans, such as the 99% of cervical cancer cases that are caused by human papillomavirus 

(HPV), or the increased risk of gastric adenocarcinoma linked to chronic infections with 

Helicobacter pylori (Sharafadeen, 2020; Wroblewski et al., 2010).  

​ In a similar vein, Canine Transmissible Venereal Tumor (CTVT), is a sexually transmitted 

cancer characterized by the appearance of lesions around the external genitalia of either sex of 

any breed of dog (Canis familiaris) first described in 1876 (Murchison, 2008). These lesions then 

result in the development of multinodular tumors that are delimited but not encapsulated 

(tumors with a rough/lumpy appearance that have a clear border, but no distinct external casing 

(Supplemental Figure 2)), which can grow to be larger than 10 cm (Murchison, 2008; Zayas et 

al., 2019). While CTVT is not usually fatal, it provokes a cell-mediated and humoral immune 

response, resulting in the downregulation of MHC, the suppression of Natural Killer (NK) cells, 

the killing of B-cells, and slowed maturation of dendritic cells, which serve as the initiators of 

the immune response and as the branch between innate and adaptive immunity. Studies have 

shown that CTVT can increase monocyte apoptosis by 31% (Figure 6), while also dramatically 

reducing the levels of dendritic cells in draining lymph nodes from 4.65% in healthy individuals 

to 0.54% in individuals with P-phase tumors (tumors that are increasing in volume), and 1.21% 
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in individuals with R-phase tumors (tumors that are decreasing in volume) (Figure 7) (Liu et al., 

2008). Combined, these effects weaken the immune system, leaving affected individuals more 

susceptible to secondary infections and reduced tumor suppression which could prove lethal. In 

this case, the evolutionary tradeoff is between mating success and the immune cost of this 

cancer. The tradeoff between the fitness benefit of biting on mating success outweighs the 

detrimental effects of potentially spreading CTVT, allowing this type of cancer to persist within 

canine populations.   

While humans do not get CTVT, preliminary research indicates that it and DFTD could 

serve as valuable models for the development of human cancers. This is because CTVT and 

DFTD express different lineage markers (histiocytic origin for CTVT and neural crest origin for 

DFTD), which can be used to investigate cancer-stem cell processes in human cancers (O’Neill, 

2011). Additionally, many of the core mutations found in CTVT are directly linked to human 

cancers, such as Signature D. Signature D is characterized by C>T and CC>TT mutations. It is 

prevalent in many human skin cancers and its presence has been directly linked to exposure to 

ultraviolet light. These mutations comprise 42% of the mutations observed in CTVT (Murchison 

et al., 2014). So, while humans do not get CTVT, the mechanisms underlying cancer 

development in both cases are similar, thus, studying one disease can provide valuable 

information about the other.  

As previously mentioned, pathogens can also directly cause cancer in humans, an 

example of which is human papillomavirus. Human papillomavirus is a sexually transmitted DNA 

virus with an 8 kb genome, that integrates into the host genome (Münger et al., 2004). Once 

integrated, expression of the viral E7 and E6 oncogenes are maintained, and cells expressing 
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these viral oncogenes have a growth advantage over cells not expressing these genes. 

Additionally, host cells can also lose expression of the HPV E2 transcriptional regulator. This can 

lead to dysregulated E6 and E7 expression. It is currently thought that this loss of E2 is critical 

for malignant progression in cervical cancer caused by human papilloma virus (Münger et al., 

2004; Pal & Kundu, 2020). The tradeoff in these instances is very similar to those found in CTVT 

and DFTD: reproductive success vs increased cancer risk.  

 

 

Cancer Suppression and Evolutionary Tradeoffs 

​ Similar to how cancer prevention is subject to evolutionary tradeoffs, cancer suppression 

is as well, with the evolution of larger, multicellular organisms with longer lifespans making 

effective cancer suppression increasingly difficult. In response to this, humans have evolved 

multiple modes of tumor suppression such as the evolution of tumor suppressor genes (such as 

p53) and lower somatic mutation rates. In humans, there are currently 1,217 genes linked, in 

some way, to tumor suppression, 1,018 of which are protein coding genes, and 199 of which are 

non-coding genes (Yeo, 1999; Zhao et al., 2016). Despite this, these mechanisms are not perfect, 

and they may come at a cost by preventing the cellular proliferation necessary for reproduction 

and growth (Harris et al., 2017).  

​ There also exists a tradeoff between rapid growth/maturation and somatic 

maintenance. In many species, early puberty and rapid growth can be advantageous for 

increased mating success/reproductive output and predator avoidance. The extra energetic cost 

of this rapid growth leaves less energy available for somatic maintenance leading to increased 
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cancer risk (Arora et al., 2011). This tradeoff can be seen by the fact that rapidly growing 

teenagers, as measured by accelerated pubertal longitudinal bone growth, have an increased 

osteosarcoma risk, with male adolescents who had early onset growth spurt showing the 

highest risk increase (Age and sex-adjusted odds ratio of 7.1, p = 0.01) (Arora et al., 2011; Troisi 

et al., 2006). Furthermore, high birth weight (Figure 8a), early puberty (Figure 8b), and 

accelerated adolescent growth (Figure 8c) are all independently associated with an increased 

breast cancer risk in females (Ahlgren et al., 2004). Since these tradeoffs are directly linked to 

the increased risk of cancer, these examples serve as clear evidence for the role of evolutionary 

tradeoffs in the continued existence of cancer in human populations.  

Tissue Repair and Evolutionary Tradeoffs 

​ There also exists a tradeoff between tissue repair and cancer development. In general, 

wound healing consists of four integrated and overlapping stages: hemostasis, inflammation, 

proliferation, and resolution (tissue remodeling) (Gosain & DiPietro, 2004). The need for rapid 

mesenchymal cell differentiation (which requires an epithelial-mesenchymal transition (EMT)), 

proliferation, and migration in wound healing leaves organisms more prone to cancer 

development since cancer cells can use these same pathways during oncogenesis (Thiery, 2002). 

More specifically, the EMTs required for the resolution phase of wound healing, which produces 

migratory mesenchymal cell types due to the loss of E cadherin, is believed to play an active role 

in cancer invasion, metastasis, and chemoresistance. Clinically, this is shown by patients with 

progressive forms of metastatic breast cancer (ductal, lobular, and HER2+) having a higher 

proportion of mesenchymal circulating tumor cells (CTCs) remaining after treatment with 
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conventional chemotherapy, PI3K inhibitors, and mTOR and MEK inhibitors (Figure 9) (Haensel 

& Dai, 2018; Yu et al., 2013). 

 
Discussion  

Based on the evidence provided, the hypothesis suggesting that cancer persists in 

human populations due to evolutionary tradeoffs is better supported. This is because for many 

cancers, multiple genetic factors are involved, and at present, not all of the genetic mechanisms 

underlying cancer are fully understood. Due to this, only two clear examples of antagonistic 

pleiotropic genes/pathways can be discussed in relation to cancer: p53 and the mTOR pathway. 

The effects of two genes, when it is known that a minimum of 5-10 genetic alterations are 

necessary for the development of a malignant phenotype (Fearon & Vogelstein, 1990), with 

some carcinomas having as many as 11,000 mutations (Stoler et al., 1999), are insufficient to 

explain the persistence of cancer within human populations. Furthermore, the effects of 

evolutionary tradeoffs can be seen across all animals. Antagonistic pleiotropy may also be 

ubiquitous across all animal species; however, the same gene can have different effects in 

different animals. This is highlighted by the fact that elephants have 20 copies of p53, 

suggesting that the negative effects seen in humans could be species-specific (Callaway, 2015). 

Since incidences of cancer can be found in all animals, it makes sense that a mechanism that 

can be observed in all animals is behind the persistence of cancer (Vincze et al., 2022). 

Many questions, however, remain to be answered. One such question is the cause of 

geographic variation in cancer incidence with there being a 50-fold difference in cancer 

incidence between some geographic areas (Bray et al., 2017). There also exist some 

sex-disparities between cancer mortality rates, with the mortality rate for cancer generally 
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being higher for men than for women. Recent studies estimate that men have a mortality rate 

of 189.5 per 100,000 individuals, while females have a mortality rate of 135.7 per 100,000 

individuals. When these values are further broken down by race, it becomes clear that the 

highest mortality rate is among African American men (227.3 per 100,000 individuals). The 

lowest mortality rate is among Asian/Pacific Islander women (85.6 per 100,000 individuals) 

(National Cancer Institute, 2015). Understanding the source of this variation is important to 

developing novel, targeted therapies, that work best for an individual based on their life 

circumstances, with environmental factors playing a large role. 

To address these disparities and to answer the question as to why cancer persists in 

human populations, additional research needs to continue to investigate the genetic basis of 

cancer development. This is especially necessary to determine the role of antagonistic 

pleiotropy in the disease. Additionally, more effort needs to be made to understand cancer as 

an evolutionary process (Casás-Selves & DeGregori, 2011). This is necessary since the 

application of Darwinian theory may be beneficial to understanding neoplastic progression and 

the development of therapeutic resistance (Pepper et al., 2009). Using evolutionary theory to 

obtain a better understanding of the development of therapeutic resistance could potentially 

help with drug design, as it could allow for the development of mathematical models which can 

be used to design “adaptive therapies” which seek to control the spread of therapeutic 

resistance by adjusting treatment cycles based on tumor evolution (Belkhir et al., 2021). These 

adaptive approaches have already shown success in clinical trials when treating metastatic 

castrate-resistant prostate cancer. In these trials, time to progression (TTP) was extended from 

16 to 27 months, using less than half of the standard dose of the drug (Abiraterone) (Zhang et 
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al., 2017). Adaptive therapies have also shown promise when it comes to treating preclinical 

models of breast cancer (Enriquez-Navas et al., 2016). 

Being a disease that kills over half a million people annually in the United States alone, 

there is a strong selective pressure against cancer, yet it persists in human populations (Siegel et 

al., 2022). The shortcomings of modern medicine alone cannot explain this persistence, 

however, evolution can; due to evolutionary tradeoffs and antagonistic pleiotropy cancer is able 

to persist, with evolutionary tradeoffs likely having a larger effect on this persistence. Since this 

phenomenon only makes sense when viewed through an evolutionary lens, effective treatment 

must also be developed through the same lens. At an organismal level, cancer is selected 

against, however, within the tumor, proliferation and survival are selected for. This means that, 

at the cellular level, cancer cells are selfish. Knowing this and how tumors evolve is necessary to 

developing effective treatments.  

 
Conclusion  

Cancer is a class of 100+ diseases characterized by unrestricted cell proliferation; the 

first recorded case of which dates back to ~3000 BC in ancient Egypt. Cancer cells are unique in 

that they can produce their own growth factors to stimulate proliferation, are insensitive to 

density dependent inhibition, and are less constrained by cell-cell or cell-matrix interactions. 

Combined these factors give them malignant and metastatic capabilities. Despite there being 

strong selection against cancer within human populations, it persists, killing over half a million 

people annually in the United States.  

While there are many hypotheses on why this persistence continues, the most common 

ones involve antagonistic pleiotropy and evolutionary tradeoffs. Based on this analysis, the 
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evolutionary tradeoff hypothesis is the best supported due to the fact that tradeoffs can be 

seen in all animals, and specific tradeoffs can be connected to increased risks of certain cancers. 

That being said, many questions regarding the persistence of cancer within human populations 

remain unanswered such as the observed geographic variation in cancer incidence and the 

sex-dependent differences in mortality rate. Future research into the genetic basis for cancer 

may help explain these differences. Additionally, applying evolutionary theory to the study of 

cancer will aid in the development of more effective treatment strategies. Examining why 

cancer continues to plague humanity is vital to understanding evolution. Based purely on 

selection, it seems that cancer should have gone extinct within humans, but it has not, and that 

is not just due to the shortcomings of medicine. It is because evolution shapes cancer; 

antagonistic pleiotropy and evolutionary tradeoffs shape cancer, and they have made it so that 

cancer will never naturally go extinct within human populations.  
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Figure 1. The role of p53 as a tumor suppressor. Wild-type p53 can stimulate the production of 
p21 which can lead to cell-cycle arrest or, it can induce apoptosis. Mutant p53 can do neither of 
these things, often leading to oncogenesis. Adapted from, Ozaki & Nakagawara (2011). 
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Figure 2. The overexpression of WTp53 (wild type p53) decreased lifespan in females while 
increasing lifespan in males (Waskar et al., 2009). + denotes p53 overexpression. 
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Figure 3. Proliferative responses of CD4+ T-cells when p21 is active (WT) or inactive (p21-/-) 
quantified by [3H] thymidine incorporation over a 12-hour period. (a) Proliferation rates 3 days 
post stimulation with Con A (Concanavalin A) and IL-2 (Interlukin-2). (b) Proliferation rates 6 
days after the Con A stimulated cells were further stimulated using IL-2 (Balomenos et al., 
2000). Cells lacking p21 had enhanced proliferation following stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A snapshot of the autophagy arm of the mTOR pathway. When nutrients are present, 
mTORC1 is able to phosphorylate ULK1 (an autophagy inducing kinase) and ATG13 (an 
autophagy factor responsible for phagosome formation), but not FIP200 (a protein required for 
autophagosome formation). When nutrients are not present, this phosphorylation is unable to 
occur, and autophagy is induced. Adapted from Bio-Rad (2020). 
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Figure 5. Effects of mTOR deletion on embryo development. (A)  When using Rapamycin to 
mimic the effects of an mTOR deletion, trophoblast proliferation was inhibited. (B) An mTOR- 
(right) embryo dissected 6.5 days post-coitum was much smaller than an mTOR+ embryo 
dissected within the same time frame (Murakami et al., 2004). 
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Figure 6. Supernatant isolated from P-phase CTVT tumors increased monocyte apoptosis, as 
measured by flow cytometric analysis of Annexin-V FITC staining. Annexin is commonly used to 
stain necrotic cells. Elevated Annexin-V FITC values indicate high levels of apoptosis (Liu et al., 
2008).  
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Figure 7. Individuals with P-phase and R-phase tumors had impaired dendritic cell proliferation, 
as shown by the reduced levels of dendritic cells (CD40+ and CD1a+ cells) found in samples taken 
from draining lymph nodes (Liu et al., 2008). 
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Figure 9. The proportion of epithelial to mesenchymal circulating tumor cells in patients with 
progressive forms of metastatic cancer (ductal, lobular, and HER2+) before and after treatment 
with conventional chemotherapy, PI3K inhibitors (phosphatidylinositol 3-kinase), mTOR and 
MEK (MAP kinase) inhibitors. Days on treatment shown along with color scheme used. ER = 
estrogen receptor. PR = progesterone receptor. HER2 = receptor tyrosine-protein kinase erbB-2. 
TN = triple negative (Yu et al., 2013). 
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Figure S1. Cells lacking functional p21 were 1.6 times more likely to bypass the G1 checkpoint 
after sustaining DNA damage. (A) Flow cytometric analysis of irradiated mouse embryonic 
fibroblast (MEF) cells 24 hours after exposure to γ – radiation. (B) Quantitative analysis of the 
percent of cells entering S-phase before and after irradiation across the three genotypes 
examined (Deng et al., 1995). 
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Figure S2. A dog with CTVT. The multinodular (rough/lumpy appearance), delimited but 
non-encapsulated (has clear boarders but no distinct outer casing) presentation of the tumor is 
easily visible (Ganguly et al., 2016). 
 
 

 

 

 

 

 

 

 

 

 

 

 

References 

Ahlgren, M., Melbye, M., Wohlfahrt, J., & Sørensen, T. I. A. (2004). Growth patterns and the risk 
of breast cancer in women. New England Journal of Medicine, 351(16), 1619–1626. 
https://doi.org/10.1056/NEJMoa040576 

Arora, R. S., Kontopantelis, E., Alston, R. D., Eden, T. O., Geraci, M., & Birch, J. M. (2011). 
Relationship between height at diagnosis and bone tumours in young people: A 
meta-analysis. Cancer Causes & Control, 22(5), 681–688. 
https://doi.org/10.1007/s10552-011-9740-9 

Balomenos, D., Martín-Caballero, J., García, M. I., Prieto, I., Flores, J. M., Serrano, M., & 
Martínez-A, C. (2000). The cell cycle inhibitor p21 controls T-cell proliferation and 

26 
 

https://doi.org/10.1056/NEJMoa040576
https://doi.org/10.1007/s10552-011-9740-9


sex-linked lupus development. Nature Medicine, 6(2), 171–176. ProQuest Central 
Essentials. https://doi.org/10.1038/72272 

Banks, E., Beral, V., Reeves, G., & Shapiro, S. (2004). Published results on breast cancer and 
hormone replacement therapy in the Million Women Study are correct/Reply. 
Climacteric, 7(4), 415–416; author reply 416-7. 
https://www.proquest.com/docview/198743617/citation/F7896643949D4274PQ/1 

Belkhir, S., Thomas, F., & Roche, B. (2021). Darwinian approaches for cancer treatment: Benefits 
of mathematical modeling. Cancers, 13(17), Article 17. 
https://doi.org/10.3390/cancers13174448 

Bio-Rad. (2020). mTOR signaling pathway. Bio-Rad. 
https://www.bio-rad-antibodies.com/mtor-signaling-pathway.html 

Blagosklonny, M. V. (2010). Revisiting the antagonistic pleiotropy theory of aging: TOR-driven 
program and quasi-program. Cell Cycle, 9(16), 3171–3176. 
https://doi.org/10.4161/cc.9.16.13120 

Bray, F., Colombet, M., Mery, L., Piñeros, M., Znaor, A., Zanetti, R., & Ferlay, J. (2017). Cancer 
incidence in five continents, Vol. XI. IARC Scientific Publication No. 166. 

Byars, S. G., & Voskarides, K. (2020). Antagonistic pleiotropy in human disease. Journal of 
Molecular Evolution, 88(1), 12–25. https://doi.org/10.1007/s00239-019-09923-2 

Callaway, E. (2015). How elephants avoid cancer. Nature. 
https://doi.org/10.1038/nature.2015.18534 

Carter, A. J., & Nguyen, A. Q. (2011). Antagonistic pleiotropy as a widespread mechanism for the 
maintenance of polymorphic disease alleles. BMC Medical Genetics, 12, 160. 
https://doi.org/10.1186/1471-2350-12-160 

Casás-Selves, M., & DeGregori, J. (2011). How cancer shapes evolution, and how evolution 
shapes cancer. Evolution, 4(4), 624–634. https://doi.org/10.1007/s12052-011-0373-y 

Chang, F., Syrjänen, S., Kurvinen, K., & Syrjänen, K. (1993). The p53 tumor suppressor gene as a 
common cellular target in human carcinogenesis. The American Journal of 
Gastroenterology, 88(2), 174–186. 

Cohen, A. A., & Holmes, D. J. (2014). Evolution and the biology of aging. In Reference Module in 
Biomedical Sciences. Elsevier. https://doi.org/10.1016/B978-0-12-801238-3.00032-5 

Cooper, G. M. (2000). The development and causes of cancer. In The Cell: A Molecular 
Approach. 2nd edition. Sinauer Associates. 
https://www.ncbi.nlm.nih.gov/books/NBK9963/ 

Deng, C., Zhang, P., Wade Harper, J., Elledge, S. J., & Leder, P. (1995). Mice lacking 
p21CIP1/WAF1 undergo normal development, but are defective in G1 checkpoint 
control. Cell, 82(4), 675–684. https://doi.org/10.1016/0092-8674(95)90039-X 

Di Lonardo, A., Nasi, S., & Pulciani, S. (2015). Cancer: We should not forget the past. Journal of 
Cancer, 6(1), 29–39. https://doi.org/10.7150/jca.10336 

Ellison, P. T. (2014). Evolutionary tradeoffs. Evolution, Medicine, and Public Health, 2014(1), 93. 
https://doi.org/10.1093/emph/eou015 

Enriquez-Navas, P. M., Kam, Y., Das, T., Hassan, S., Silva, A., Foroutan, P., Ruiz, E., Martinez, G., 
Minton, S., Gillies, R. J., & Gatenby, R. A. (2016). Exploiting evolutionary principles to 
prolong tumor control in preclinical models of breast cancer. Science Translational 
Medicine, 8(327), 327ra24-327ra24. https://doi.org/10.1126/scitranslmed.aad7842 

27 
 

https://doi.org/10.1038/72272
https://www.proquest.com/docview/198743617/citation/F7896643949D4274PQ/1
https://doi.org/10.3390/cancers13174448
https://www.bio-rad-antibodies.com/mtor-signaling-pathway.html
https://doi.org/10.4161/cc.9.16.13120
https://doi.org/10.1007/s00239-019-09923-2
https://doi.org/10.1038/nature.2015.18534
https://doi.org/10.1186/1471-2350-12-160
https://doi.org/10.1007/s12052-011-0373-y
https://doi.org/10.1016/B978-0-12-801238-3.00032-5
https://www.ncbi.nlm.nih.gov/books/NBK9963/
https://doi.org/10.1016/0092-8674(95)90039-X
https://doi.org/10.7150/jca.10336
https://doi.org/10.1093/emph/eou015
https://doi.org/10.1126/scitranslmed.aad7842


Fearon, E. R., & Vogelstein, B. (1990). A genetic model for colorectal tumorigenesis. Cell, 61(5), 
759–767. https://doi.org/10.1016/0092-8674(90)90186-I 

Gaillard, J.-M., & Lemaître, J.-F. (2017). The Williams’ legacy: A critical reappraisal of his nine 
predictions about the evolution of senescence. Evolution; International Journal of 
Organic Evolution, 71(12), 2768–2785. https://doi.org/10.1111/evo.13379 

Ganguly, B., Das, U., & Das, A. K. (2016). Canine transmissible venereal tumour: A review. 
Veterinary and Comparative Oncology, 14(1), 1–12. https://doi.org/10.1111/vco.12060 

Gosain, A., & DiPietro, L. A. (2004). Aging and wound healing. World Journal of Surgery, 28(3), 
321–326. https://doi.org/10.1007/s00268-003-7397-6 

Haensel, D., & Dai, X. (2018). Epithelial-to-mesenchymal transition in cutaneous wound healing: 
Where we are and where we are heading. Developmental Dynamics, 247(3), 473–480. 
https://doi.org/10.1002/dvdy.24561 

Hamede, R. K., Mccallum, H., & Jones, M. (2008). Seasonal, demographic and density-related 
patterns of contact between Tasmanian devils (Sarcophilus harrisii): Implications for 
transmission of devil facial tumour disease. Austral Ecology, 33(5), 614–622. 
https://doi.org/10.1111/j.1442-9993.2007.01827.x 

Harris, V. K., Schiffman, J. D., & Boddy, A. M. (2017). Chapter 7—Evolution of cancer defense 
mechanisms across species. In B. Ujvari, B. Roche, & F. Thomas (Eds.), Ecology and 
Evolution of Cancer (pp. 99–110). Academic Press. 
https://doi.org/10.1016/B978-0-12-804310-3.00007-7 

Hawkins, C. E., Baars, C., Hesterman, H., Hocking, G. J., Jones, M. E., Lazenby, B., Mann, D., 
Mooney, N., Pemberton, D., Pyecroft, S., Restani, M., & Wiersma, J. (2006). Emerging 
disease and population decline of an island endemic, the Tasmanian devil Sarcophilus 
harrisii. Biological Conservation, 131(2), 307–324. 
https://doi.org/10.1016/j.biocon.2006.04.010 

Hollstein, M., Sidransky, D., Vogelstein, B., & Harris, C. (1991). P53 mutations in human cancers. 
Science, 253(5015), 49–53. 

Lian, J., Yan, X.-H., Peng, J., & Jiang, S.-W. (2008). The mammalian target of rapamycin pathway 
and its role in molecular nutrition regulation. Molecular Nutrition & Food Research, 
52(4), 393–399. https://doi.org/10.1002/mnfr.200700005 

Liu, C.-C., Wang, Y.-S., Lin, C.-Y., Chuang, T.-F., Liao, K.-W., Chi, K.-H., Chen, M.-F., Chiang, H.-C., & 
Chu, R.-M. (2008). Transient downregulation of monocyte-derived dendritic-cell 
differentiation, function, and survival during tumoral progression and regression in an in 
vivo canine model of transmissible venereal tumor. Cancer Immunology, 
Immunotherapy: CII, 57(4), 479–491. https://doi.org/10.1007/s00262-007-0386-0 

Margres, M. J., Ruiz-Aravena, M., Hamede, R., Chawla, K., Patton, A. H., Lawrance, M. F., Fraik, 
A. K., Stahlke, A. R., Davis, B. W., Ostrander, E. A., Jones, M. E., McCallum, H., Paddison, P. 
J., Hohenlohe, P. A., Hockenbery, D., & Storfer, A. (2020). Spontaneous tumor regression 
in tasmanian devils associated with RASL11A activation. Genetics, 215(4), 1143–1152. 
https://doi.org/10.1534/genetics.120.303428 

McDade, T. W., Reyes-García, V., Tanner, S., Huanca, T., & Leonard, W. R. (2008). Maintenance 
versus growth: Investigating the costs of immune activation among children in lowland 
Bolivia. American Journal of Physical Anthropology, 136(4), 478–484. 
https://doi.org/10.1002/ajpa.20831 

28 
 

https://doi.org/10.1016/0092-8674(90)90186-I
https://doi.org/10.1111/evo.13379
https://doi.org/10.1111/vco.12060
https://doi.org/10.1007/s00268-003-7397-6
https://doi.org/10.1002/dvdy.24561
https://doi.org/10.1111/j.1442-9993.2007.01827.x
https://doi.org/10.1016/B978-0-12-804310-3.00007-7
https://doi.org/10.1016/j.biocon.2006.04.010
https://doi.org/10.1002/mnfr.200700005
https://doi.org/10.1007/s00262-007-0386-0
https://doi.org/10.1534/genetics.120.303428
https://doi.org/10.1002/ajpa.20831


Münger, K., Baldwin, A., Edwards, K. M., Hayakawa, H., Nguyen, C. L., Owens, M., Grace, M., & 
Huh, K. (2004). Mechanisms of Human Papillomavirus-induced oncogenesis. Journal of 
Virology, 78(21), 11451–11460. https://doi.org/10.1128/JVI.78.21.11451-11460.2004 

Murakami, M., Ichisaka, T., Maeda, M., Oshiro, N., Hara, K., Edenhofer, F., Kiyama, H., Yonezawa, 
K., & Yamanaka, S. (2004). mTOR is essential for growth and proliferation in early mouse 
embryos and embryonic stem cells. Molecular and Cellular Biology, 24(15), 6710–6718. 
https://doi.org/10.1128/MCB.24.15.6710-6718.2004 

Murchison, E. P. (2008). Clonally transmissible cancers in dogs and Tasmanian devils. Oncogene, 
27(S2), S19-30. ProQuest Central Essentials. https://doi.org/10.1038/onc.2009.350 

Murchison, E. P., Wedge, D. C., Alexandrov, L. B., Fu, B., Martincorena, I., Ning, Z., Tubio, J. M. C., 
Werner, E. I., Allen, J., De Nardi, A. B., Donelan, E. M., Marino, G., Fassati, A., Campbell, 
P. J., Yang, F., Burt, A., Weiss, R. A., & Stratton, M. R. (2014). Transmissible dog cancer 
genome reveals the origin and history of an ancient cell lineage. Science, 343(6169), 
437–440. https://doi.org/10.1126/science.1247167 

National Cancer Institute. (2015, April 2). Cancer statistics (nciglobal,ncienterprise) [cgvArticle]. 
https://www.cancer.gov/about-cancer/understanding/statistics 

National Cancer Institute. (2021, October 11). What is cancer? (nciglobal,ncienterprise) 
[cgvArticle]. National Cancer Institute. 
https://www.cancer.gov/about-cancer/understanding/what-is-cancer 

National Center for Biotechnology Information. (1998). The p53 tumor suppressor protein. In 
Genes and Disease [Internet]. National Center for Biotechnology Information (US). 
https://www.ncbi.nlm.nih.gov/books/NBK22268/ 

Obendorf, D. L., & McGlashan, N. D. (2008). Research priorities in the Tasmanian devil facial 
tumour debate. European Journal of Oncology and Environmental Health, 229–238. 
https://www.mattioli1885journals.com 

O’Neill, I. D. (2011). Concise review: Transmissible animal tumors as models of the cancer 
stem-cell process. STEM CELLS, 29(12), 1909–1914. https://doi.org/10.1002/stem.751 

Ozaki, T., & Nakagawara, A. (2011). Role of p53 in cell death and human cancers. Cancers, 3(1), 
994–1013. https://doi.org/10.3390/cancers3010994 

Pal, A., & Kundu, R. (2020). Human Papillomavirus E6 and E7: The cervical cancer hallmarks and 
targets for therapy. Frontiers in Microbiology, 10, 3116. 
https://doi.org/10.3389/fmicb.2019.03116 

Pepper, J. W., Scott Findlay, C., Kassen, R., Spencer, S. L., & Maley, C. C. (2009). Cancer research 
meets evolutionary biology. Evolutionary Applications, 2(1), 62–70. 
https://doi.org/10.1111/j.1752-4571.2008.00063.x 

Ramachandran, V., & Balakrishnan, A. (2021). Chapter 12—Angiogenesis in aging 
hearts—Cardiac stem cell therapy. In S. Pathak & A. Banerjee (Eds.), Stem Cells and 
Aging (pp. 169–176). Academic Press. 
https://doi.org/10.1016/B978-0-12-820071-1.00007-4 

Rose, M. R. (1984). Laboratory evolution of postponed senescence in Drosophila melanogaster. 
Evolution, 38(5), 1004–1010. https://doi.org/10.2307/2408434 

Roser, M., & Ritchie, H. (2015). Cancer. Our World in Data. https://ourworldindata.org/cancer 

29 
 

https://doi.org/10.1128/JVI.78.21.11451-11460.2004
https://doi.org/10.1128/MCB.24.15.6710-6718.2004
https://doi.org/10.1038/onc.2009.350
https://doi.org/10.1126/science.1247167
https://www.cancer.gov/about-cancer/understanding/statistics
https://www.cancer.gov/about-cancer/understanding/what-is-cancer
https://www.ncbi.nlm.nih.gov/books/NBK22268/
https://www.mattioli1885journals.com
https://doi.org/10.1002/stem.751
https://doi.org/10.3390/cancers3010994
https://doi.org/10.3389/fmicb.2019.03116
https://doi.org/10.1111/j.1752-4571.2008.00063.x
https://doi.org/10.1016/B978-0-12-820071-1.00007-4
https://doi.org/10.2307/2408434
https://ourworldindata.org/cancer


Scholl, T., Hediger, M., Schall, J., Khoo, C., & Fischer, R. (1994). Maternal growth during 
pregnancy and the competition for nutrients. The American Journal of Clinical Nutrition, 
60(2), 183–188. https://doi.org/10.1093/ajcn/60.2.183 

Scott, C. B., Scarantino, C., Urtasun, R., Movsas, B., Jones, C. U., Simpson, J. R., Fischbach, A. J., & 
Curran, W. J. (1998). Validation and predictive power of radiation therapy oncology 
group (RTOG) recursive partitioning analysis classes for malignant glioma patients: A 
report using RTOG 90-06. International Journal of Radiation Oncology*Biology*Physics, 
40(1), 51–55. https://doi.org/10.1016/S0360-3016(97)00485-9 

Sgrò, C. M., & Partridge, L. (1999). A delayed wave of death from reproduction in Drosophila. 
Science (New York, N.Y.), 286(5449), 2521–2524. 
https://doi.org/10.1126/science.286.5449.2521 

Sharafadeen, K. S. (2020). Human Papillomavirus and cervical cancer. Journal of Obstetrics and 
Gynaecology : The Journal of the Institute of Obstetrics and Gynaecology, 40(5), 
602–608. https://doi.org/10.1080/01443615.2019.1634030 

Sharpless, N. E., & DePinho, R. A. (2004). Telomeres, stem cells, senescence, and cancer. The 
Journal of Clinical Investigation, 113(2), 160–168. https://doi.org/10.1172/JCI20761 

Siegel, R. L., Miller, K. D., Fuchs, H. E., & Jemal, A. (2022). Cancer statistics, 2022. CA: A Cancer 
Journal for Clinicians, 72(1), 7–33. https://doi.org/10.3322/caac.21708 

Simone, J. V. (2006). History of the treatment of childhood ALL: A paradigm for cancer cure. Best 
Practice & Research Clinical Haematology, 19(2), 353–359. 
https://doi.org/10.1016/j.beha.2005.11.003 

Smith, K. R., Hanson, H. A., & Hollingshaus, M. S. (2013). BRCA1 and BRCA2 mutations and 
female fertility. Current Opinion in Obstetrics & Gynecology, 25(3), 207–213. 
https://doi.org/10.1097/GCO.0b013e32835f1731 

Stoler, D. L., Chen, N., Basik, M., Kahlenberg, M. S., Rodriguez-Bigas, M. A., Petrelli, N. J., & 
Anderson, G. R. (1999). The onset and extent of genomic instability in sporadic colorectal 
tumor progression. Proceedings of the National Academy of Sciences, 96(26), 
15121–15126. https://doi.org/10.1073/pnas.96.26.15121 

Stupp, R., Mason, W. P., van den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J. B., Belanger, 
K., Brandes, A. A., Marosi, C., Bogdahn, U., Curschmann, J., Janzer, R. C., Ludwin, S. K., 
Gorlia, T., Allgeier, A., Lacombe, D., Cairncross, J. G., Eisenhauer, E., & Mirimanoff, R. O. 
(2005). Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. 
New England Journal of Medicine, 352(10), 987–996. 
https://doi.org/10.1056/NEJMoa043330 

The UniProt Consortium, Bateman, A., Martin, M.-J., Orchard, S., Magrane, M., Ahmad, S., Alpi, 
E., Bowler-Barnett, E. H., Britto, R., Bye-A-Jee, H., Cukura, A., Denny, P., Dogan, T., 
Ebenezer, T., Fan, J., Garmiri, P., Da Costa Gonzales, L. J., Hatton-Ellis, E., Hussein, A., … 
Zhang, J. (2023). UniProt: The universal protein knowledgebase in 2023. Nucleic Acids 
Research, 51(D1), D523–D531. https://doi.org/10.1093/nar/gkac1052 

Thiery, J. P. (2002). Epithelial–mesenchymal transitions in tumour progression. Nature Reviews 
Cancer, 2(6), Article 6. https://doi.org/10.1038/nrc822 

Tian, T., Li, X., & Zhang, J. (2019). mTOR signaling in cancer and mTOR inhibitors in solid tumor 
targeting therapy. International Journal of Molecular Sciences, 20(3), 755. 
https://doi.org/10.3390/ijms20030755 

30 
 

https://doi.org/10.1093/ajcn/60.2.183
https://doi.org/10.1016/S0360-3016(97)00485-9
https://doi.org/10.1126/science.286.5449.2521
https://doi.org/10.1080/01443615.2019.1634030
https://doi.org/10.1172/JCI20761
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/j.beha.2005.11.003
https://doi.org/10.1097/GCO.0b013e32835f1731
https://doi.org/10.1073/pnas.96.26.15121
https://doi.org/10.1056/NEJMoa043330
https://doi.org/10.1093/nar/gkac1052
https://doi.org/10.1038/nrc822
https://doi.org/10.3390/ijms20030755


Troisi, R., Masters, M. N., Joshipura, K., Douglass, C., Cole, B. F., & Hoover, R. N. (2006). Perinatal 
factors, growth and development, and osteosarcoma risk. British Journal of Cancer, 
95(11), Article 11. https://doi.org/10.1038/sj.bjc.6603474 

Tuminello, E. R., & Han, S. D. (2011). The apolipoprotein E antagonistic pleiotropy hypothesis: 
Review and recommendations. International Journal of Alzheimer’s Disease, 2011, 
e726197. https://doi.org/10.4061/2011/726197 

Ujvari, B., Beckmann, C., Biro, P. A., Arnal, A., Tasiemski, A., Massol, F., Salzet, M., Mery, F., 
Boidin-Wichlacz, C., Misse, D., Renaud, F., Vittecoq, M., Tissot, T., Roche, B., Poulin, R., & 
Thomas, F. (2016). Cancer and life-history traits: Lessons from host–parasite interactions. 
Parasitology, 143(5), 533–541. https://doi.org/10.1017/S0031182016000147 

Ungewitter, E., & Scrable, H. (2009). Antagonistic pleiotropy and p53. Mechanisms of Ageing 
and Development, 130(1), 10–17. https://doi.org/10.1016/j.mad.2008.06.002 

Vander Heiden, M. G., Cantley, L. C., & Thompson, C. B. (2009). Understanding the Warburg 
Effect: The metabolic requirements of cell proliferation. Science, 324(5930), 1029–1033. 
https://doi.org/10.1126/science.1160809 

Vincze, O., Colchero, F., Lemaître, J.-F., Conde, D. A., Pavard, S., Bieuville, M., Urrutia, A. O., 
Ujvari, B., Boddy, A. M., Maley, C. C., Thomas, F., & Giraudeau, M. (2022). Cancer risk 
across mammals. Nature, 601(7892), Article 7892. 
https://doi.org/10.1038/s41586-021-04224-5 

Warburg, O. (1956). On the origin of cancer cells. Science, 123(3191), 309–314. 
https://doi.org/10.1126/science.123.3191.309 

Waskar, M., Landis, G. N., Shen, J., Curtis, C., Tozer, K., Abdueva, D., Skvortsov, D., Tavaré, S., & 
Tower, J. (2009). Drosophila melanogaster p53 has developmental stage-specific and 
sex-specific effects on                            adult life span indicative of sexual antagonistic 
pleiotropy. Aging (Albany NY), 1(11), 903–936. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2815744/ 

Williams, G. C. (1957). Pleiotropy, natural selection, and the evolution of senescence. Evolution, 
11(4), 398–411. https://doi.org/10.2307/2406060 

Wroblewski, L. E., Peek, R. M., & Wilson, K. T. (2010). Helicobacter pylori and gastric cancer: 
Factors that modulate disease risk. Clinical Microbiology Reviews, 23(4), 713–739. 
https://doi.org/10.1128/CMR.00011-10 

Yeo, C. J. (1999). Tumor suppressor genes: A short review. Surgery, 125(4), 363–366. 
https://doi.org/10.1016/S0039-6060(99)70001-2 

Yu, M., Bardia, A., Wittner, B. S., Stott, S. L., Smas, M. E., Ting, D. T., Isakoff, S. J., Ciciliano, J. C., 
Wells, M. N., Shah, A. M., Concannon, K. F., Donaldson, M. C., Sequist, L. V., Brachtel, E., 
Sgroi, D., Baselga, J., Ramaswamy, S., Toner, M., Haber, D. A., & Maheswaran, S. (2013). 
Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal 
composition. Science, 339(6119), 580–584. https://doi.org/10.1126/science.1228522 

Zayas, Y. R., Molina, M. A. F., Guerra, R. T., & Padilla, C. R. (2019). Evaluation of a Canine 
Transmissible Venereal Tumour cell line with tumour immunity capacity but without 
tumorigenic property. Journal of Veterinary Research, 63(2), 225–233. 
https://doi.org/10.2478/jvetres-2019-0024 

31 
 

https://doi.org/10.1038/sj.bjc.6603474
https://doi.org/10.4061/2011/726197
https://doi.org/10.1017/S0031182016000147
https://doi.org/10.1016/j.mad.2008.06.002
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/s41586-021-04224-5
https://doi.org/10.1126/science.123.3191.309
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2815744/
https://doi.org/10.2307/2406060
https://doi.org/10.1128/CMR.00011-10
https://doi.org/10.1016/S0039-6060(99)70001-2
https://doi.org/10.1126/science.1228522
https://doi.org/10.2478/jvetres-2019-0024


Zhang, J., Cunningham, J. J., Brown, J. S., & Gatenby, R. A. (2017). Integrating evolutionary 
dynamics into treatment of metastatic castrate-resistant prostate cancer. Nature 
Communications, 8(1), Article 1. https://doi.org/10.1038/s41467-017-01968-5 

Zhao, J., Xu, L., Sun, J., Song, M., Wang, L., Yuan, S., Zhu, Y., Wan, Z., Larsson, S., Tsilidis, K., 
Dunlop, M., Campbell, H., Rudan, I., Song, P., Theodoratou, E., Ding, K., & Li, X. (2023). 
Global trends in incidence, death, burden and risk factors of early-onset cancer from 
1990 to 2019. BMJ Oncology, 2(1). https://doi.org/10.1136/bmjonc-2023-000049 

Zhao, M., Kim, P., Mitra, R., Zhao, J., & Zhao, Z. (2016). TSGene 2.0: An updated literature-based 
knowledgebase for tumor suppressor genes. Nucleic Acids Research, 44(Database issue), 
D1023–D1031. https://doi.org/10.1093/nar/gkv1268 

Zou, Z., Tao, T., Li, H., & Zhu, X. (2020). mTOR signaling pathway and mTOR inhibitors in cancer: 
Progress and challenges. Cell & Bioscience, 10(1), 31. 
https://doi.org/10.1186/s13578-020-00396-1 

 
 
 
 
 
 

32 
 

https://doi.org/10.1038/s41467-017-01968-5
https://doi.org/10.1136/bmjonc-2023-000049
https://doi.org/10.1093/nar/gkv1268
https://doi.org/10.1186/s13578-020-00396-1

