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Abstract

Cancer is a genetic disease present in all complex multicellular lineages. Finding ways to eliminate it is a goal of
a large part of the scientific community and nature itself. Early, scientists realized that the cancer incidence at the
species level was not related to the number of cells or lifespan, a phenomenon called Peto’s Paradox. The interest
in resolving this paradox triggered a growing interest in investigating the natural strategies for cancer suppression
hidden in the animal’'s genomes. Here, we gathered information on the main mechanisms that confer resistance to
cancer, currently described for lineages that have representatives with extended longevity and large body sizes. Some
mechanisms to reduce or evade cancer are common and shared between lineages, while others are species-specific.
The diversity of paths that evolution followed to face the cancer challenge involving coding, regulatory, and structural
aspects of genomes is astonishing and much yet lacks discovery. Multidisciplinary studies involving oncology, ecology,
and evolutionary biology and focusing on nonmodel species can greatly expand the frontiers of knowledge about
cancer resistance in animals and may guide new promising treatments and prevention that might apply to humans.
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Introduction

Cancer is a genetic disease that occurs during unregulated
cell division and may form malignant tumors. These malignant
tumors are caused by mutations induced by environmental
factors or inherited. A study has suggested that errors during
DNA replication play a predominant role in cancer development
(Tomasetti et al., 2017). As replication is a crucial process in
multicellular organisms, several tumor suppressor mechanisms
evolved to prevent the spread of somatic mutations in a cell
population, such as cell cycle checkpoints and apoptosis.
However, despite these defense mechanisms, cancer still
occurs at high rates in some species, particularly humans
(Albuquerque et al., 2018).

Cancer has been observed in all seven times that complex
multicellularity emerged (Aktipis et al., 2015), suggesting
that since the origins of those branches, cancer-like behavior
imposed a selective pressure that guided the evolution of
multicellular organisms. Essentially, complex functional
multicellularity requires the suppression of cell-level fitness to
promote organism-level fitness because, looking through the
cell perspective, the best strategy to maximize their fitness in
the short term would be cheating the intercellular cooperative
rules (Aktipis ef al., 2015).

A study of known cancer-related genes showed that
cancer-suppression adaptations, especially for gatekeeper
genes, have arisen rapidly in the earliest metazoan’s common

Send correspondence to Mariana F. Nery. Universidade de Campinas,
Departamento de Genética, Evolugao, Microbiologia e Imunologia.
Rua Bertrand Russel, s/n, 13083-970, Campinas, SP, Brazil. E-mail:
marinery @ unicamp.br.

ancestors, closely matching the origin of multicellularity
(Domazet-Loso and Tautz, 2010). The matching implies
that these genes are part of the core traits that enabled the
emergence of multicellular organisms and highlighted the
importance of the evolution of controlling the individual cell’s
selfish behavior. In addition, given the multiple roads that
have led to different origins of multicellularity, intercellular
cooperation and cheating suppression must have evolved
many times across the Tree of Life.

While most, if not all, vertebrate species are affected
by some form of cancer, some are at more risk than others
(Effronetal., 1977; Abegglen et al., 2015). The Doll-Armitage
multistage theory (Armitage and Doll, 1954) predicts
carcinogenesis as a multistage process of accumulation of
genetic and epigenetic mutations in a mitotic cell, which
leads to the wide acceptance that cancer prevalence should be
a function of the number of cell divisions per time. In other
words, cancer risk should rise due to more cell divisions and
more prolonged exposure to endogenous and exogenous
stressors. Thus, larger and long-lived animals should be more
susceptible to developing cancer. However, it has been verified
that interspecies cancer rates do not correlate with body mass
or lifespan. The mismatch between theoretical prediction and
observation is known as Peto’s Paradox (Peto ef al., 1975;
Nunney, 1999). This paradox can be best understood when
we consider that evolution has compensated for the increase
in the risk of cancer development with the selection of more
and better mechanisms for cancer suppression.

In this context, comparative and multidisciplinary
approaches may provide exciting insights into shared and
specific methods of cancer evasion, as many mechanisms
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have evolved to decrease cancer risk across the Tree of
Life. Accordingly, this review aims to briefly discuss
some evolutionary theories behind cancer and unravel
most anticancer mechanisms reported thus far, given the
growing data on the evolution of cancer suppression in
different lineages.

The evolutionary theory behind cancer

It is often postulated that natural selection has a
fundamental role in evolving efficient anticancer defenses
giving rise to many different mechanisms in independent
lineages to keep multicellular life viable. However, natural
selection has some limitations in cancer suppression - as we
can see that no organism demonstrates complete flawless
anticancer adaptations. Some reasons have been proposed
to explain why organisms remain vulnerable to cancer over
evolutionary time.

One first reason is that selection is slow and constrained
by millions of years of the phylogenetic history of a lineage.
Evolution by natural selection takes time to fixate new alleles
in a population. Consequently, organisms are adapted to past,
not present, circumstances. It is relevant when organisms face a
mismatch of scenarios and environments where extensive and
unpredictable changes drastically alter the fitness landscape.
An excellent example of this phenomenon is that subpopulations
of light-skinned individuals who migrated to equatorial zones
have disproportionately higher rates of skin cancer due to sun
exposure because, in their habitat of origin, they had different
evolutionary pressures (Jablonski and Chaplin, 2010). Another
example is when the situation involves an oncogenic pathogen
organism, the coevolution wages a host-pathogen arms race
creating cycles of escalating responses and counter-responses.
This keeps host defenses in suboptimal states because they are
costly, and pathogens evolve much faster than larger organisms
(Arthur and Jobin, 2011; Ewald and Ewald, 2013).

Another reason is that “evolution cannot make Darwinian
Demons”. A Darwinian Demon is a hypothetical organism
that would simultaneously maximize all aspects of fitness
and exist if there were no limitations to what evolution
can produce. However, evolution has many constraints and
trade-offs. For example, the evolution of a trait toward its
maximum theoretical fitness will eventually hit a drift barrier
because the closer a trait comes to hypothetical perfection, the
smaller the fitness advantages (Lynch, 2010). It helps explain
the incidence of rare pre-reproductive familial cancers such
as retinoblastomas and neuroblastomas caused by inherited
vulnerable alleles that could not be selected against fast
enough to cause these diseases to become clinically irrelevant
(Nunney and Muir, 2015).

Finally, trade-offs commonly come as a cost in the
fitness contribution of another trait. Some can be nullified
or minimized under certain conditions, while others are
unavoidable. This can be illustrated by the trade-offs between
cancer and aging provoked by the tumor suppressor gene (TSG)
p53. Extra copies of p53 protect against cancer in genetically
modified mice because they exhibit apoptosis mechanisms
more sensitive to DNA damage. However, if the additional
copies are constitutively expressed, this protection has the cost
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of an accelerated rate of aging (Tyner et al., 2002). However,
this trade-off is nullified if those p53 extra copies are placed
under proper regulatory control by its endogenous promoters
(Garcia-Cao et al., 2002).

There is also a trade-off in how well the immune system
can detect and discriminate normal from cancer cells because
they are closely related and, thus, very similar (Mapara
and Sykes, 2004). While activation of immune surveillance
and inflammation is crucial for dealing with potentially
oncogenic infections or cheater cells, exacerbating it can lead
to autoimmune diseases and tissue damage and make them
more vulnerable to cancer. Paradoxically, as it might seem,
the opposite can also lead to cancer (Coussens and Werb,
2002; De Visser et al., 2006).

These examples show that the emergence of complex
multicellularity has brought a difficult challenge in which
the solution is subject to the limitations of the evolutionary
process. However, although the war against cancer is far from
being won in an evolutionary context, many victories have
already been described due to the emergence and maintenance
of new genetic and cellular strategies to combat uncontrolled
cell division in several species.

Life history matters

Ecology and life histories have a significant role in
the evolutionary outcome of a given lineage. For example,
old-age animals are rare in the wild because natural mortality
occurs due to extrinsic factors such as infection, predation,
competition, or starvation. This means that natural selection
will have limited opportunity to directly influence the
senescence process and the diseases that will come with
age, such as cancer (Kirkwood and Austad, 2000). In other
words, the selection force is weak with increasing age in
circumstances of high extrinsic mortality rates. As formulated
by Medawar’s “Mutation Accumulation Theory”, this will
result in a ‘selection shadow’ that allows alleles with late
deleterious effects to accumulate over generations.

Moreover, pleiotropic genes with harsh effects at later
ages would be favored by selection even if they have only
minor benefits early in life, known as the “Antagonistic
Pleiotropy Theory” (Williams and Nesse, 1991). This happens
because the contribution to fitness is a composite of the
effect’s size and the probability of surviving to be affected
by it. Early in life, a small beneficial effect can outweigh a
deleterious late impact, even if this results in senescence
and death (Kirkwood and Austad, 2000; Roper et al., 2021).
DeGregori (2011, 2017) expands this view, arguing that it is
also essential to account for the tissue microenvironmental
changes — dependent on age — in altering selective pressures
that ultimately dictate cancer incidence.

According to life-history theory, animals reach
local fitness peaks through different modes and rates of
reproduction, growth, maintenance, and survival. These
traits are subjected to trade-offs because of finite resources,
influencing what strategies will be selected according to
ecological and phylogenetic variables that dictate which
phenotypic configuration would be optimal for that group
(Stearns, 1989).
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Using this theoretical framework, we can predict that
adaptations such as the capacity to fly, protective shells,
larger body sizes, and subterranean behavior, for example,
may reduce the levels of extrinsic mortality, thus raising the
selective pressure for genes related to somatic maintenance,
which is likely to result in extended longevity and cancer
resistance. In addition, an evolutionary model based on
life-history theory can help us make more assertive testable
hypotheses, as shown by Brown et al. (2015).

In this context, an increasing body of research has found
that some life-history traits can help to explain the differences
in cancer prevalence within different species. For example,
Vincze et al. (2022) found a positive relationship between
a carnivorous diet and cancer risk. In addition, Boddy et al.
(2020) found a positive relationship between litter size and
cancer prevalence in mammals, while Meller ef al. (2017),
studying the prevalence of cancer in birds, demonstrated a
significant negative relationship with better immunity and
slower developmental rates controlled for body size. These
results reinforce the importance of considering life histories
when studying cancer prevalence.

Cancer in a phylogenetic context

Cancer and cancer-like phenomena are extraordinarily
ubiquitous across the tree of life. All vertebrates develop
cancer, and the fossil record suggests they always have cancer
(Rothschild ez al., 1999). The oldest fossil record of vertebrate
cancer is approximately 240 million years old (Haridy et
al., 2019). However, cancer incidence among vertebrate
species is not equal; for example, it is lower in birds and
reptiles than in mammals (Effron et al., 1977; Kitsoulis et
al., 2020). Furthermore, as mentioned before, this incidence
does not scale with body size or lifespan. The absence of this
relationship has attracted the scientific community’s attention,
and cancer in wildlife has been receiving more attention over
the last few years.

Cancer is well monitored in human populations and
domestic animals (Meuten, 2002). However, despite its
value, data on the impact and prevalence of cancer in wildlife
is still largely unknown and likely to be underreported
and understudied for several reasons: long-term mortality
investigations in wildlife are rare, and it is challenging to
detect cancer in affected living individuals, and if cancer
results in mortality, carcass decomposition may limit discovery
(Pesavento et al., 2018; Baines et al., 2021). Recent efforts have
been made to report cancer prevalence in other species besides
human. Madsen et al. (2017) performed a comprehensive and
updated review on the prevalence and etiology of cancer in wild
and captive animals. Later, Albuquerque et al. (2018) reviewed
cancer incidence and types from various species. More
recently, Vincze et al. (2022) characterized cancer incidence
across a broad taxonomic range in mammals using the most
extensive dataset. Their results provide unequivocal support
for the validity of Peto’s paradox in mammals, as these species
differ broadly in their cancer rates (Vincze et al., 2022). Still,
available data is anecdotal, and we lack an accurate recording
of cancer incidence in other non-mammalian taxonomic groups
and most wildlife populations that are not closely monitored.
Cancer statistics along the tree of Life is an essential source

of information to further explore Peto’s Paradox through the
lens of evolutionary and comparative biology, as evolution
has come to multiple solutions to delay and suppress cancer
independently and under different circumstances.

In recent years, efforts have been devoted to solving
Peto’s paradox. Some hypotheses could explain how organisms
could overcome cancer despite a more significant number of
cell divisions over a lifetime, but most of these solutions are
only theoretical (Roche et al., 2012; Maciak and Michalak,
2015). Despite being largely accepted as an intriguing paradox
that deserves attention to better understand cancer resistance,
some authors claim that the oversimplistic hypotheses behind
Peto’s paradox are inaccurate. Ducasse ef al. (2015) argue
that Peto’s paradoxical legitimacy should include ecological,
environmental, and behavioral factors (Ducasse et al., 2015).
Additionally, these authors emphasize the importance of
organ-level comparisons when investigating the variation
in cancer resistance since previous studies have shown that
differences in cancer risk may be explained by the number of
stem cells in the tissue (Tomasetti and Vogelstein, 2015) and
by the complexity of cancer signaling networks (Breitkreutz
etal.,2012).

While the validity of Peto’s Paradox is still in debate,
investigations on the evolution of cancer defenses are of
fundamental importance. Moreover, this evolutionary
conundrum has fostered much progress in our understanding
of cancer resistance and fueled the research on the evolution
of anticancer mechanisms, generating important advances
in our knowledge of cancer in other nonhuman animals. As
a result, many exciting results have been reported in the last
few years, and the potential for comparative oncology studies
is very promising.

Mechanisms to evade cancer

Interest in investigating the molecular mechanisms
of natural cancer resistance in nonmodel species has been
growing considerably in recent years. Scientists realized that
knowledge of these mechanisms might be a powerful weapon
in developing human cancer-preventive and therapeutic
strategies. Here, we will discuss the progress achieved in
identifying mechanisms of cancer resistance in different
lineages that show extended longevity and large bodies
compared to their phylogenetic counterparts (Figure 1).

Elephants

Currently, only three species of elephants exist: the
African bush elephant (Loxodonta africana), the African
forest elephant (Loxodonta cyclotis), and the Asian elephant
(Elephas maximus). As the largest extant land mammals
living on Earth, elephants have recently caught the attention
of the scientific community in an attempt to understand Peto’s
Paradox (Abegglen et al., 2015; Caulin et al., 2015; Sulak et
al., 2016; Vazquez et al., 2018; Tollis et al., 2021; Vazquez
and Lynch, 2021). The first indications that elephant lineage
contains genetic strategies to enhance cancer protection
mechanisms came from studies by Abegglen ef al. (2015)
and Sulak et al. (2016). Abegglen et al. (2015) found that
elephants have a lower cancer rate than expected based on
their body size compared with other mammalian species.
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Figure 1 — Summary of the main genetic mechanisms related to cancer resistance in vertebrate lineages.

This was related to multiple copies of the TP53 gene, widely
known as a crucial tumor suppressor gene (TSG), preventing
the growth and survival of potentially malignant cells (Ryan
etal.,2001). While most mammals have only one TP53 copy
in their genome, the African bush elephant genome contains
19 extra copies of TP53, 9 to 20 copies were identified in the
Asian elephant genome, and 21 to 24 copies were found in
the African forest elephant genomes (Abegglen et al., 2015;
Caulin et al., 2015; Sulak et al., 2016; Tollis et al., 2021).
Moreover, the extinct woolly mammoths and the straight-
tusked elephant genomes also presented between 19-28 and
22-25 TP53 copies, respectively (Tollis et al., 2021).
Interestingly, the extra 19 copies of TP53 genes for the
African bush elephant lack true introns, indicating that those
genes likely originated after a process of retrotransposition
(Abegglen et al., 2015; Gaughran et al., 2016; Muir, 2016;
Sulak et al., 2016), and those extra copies started being called

TP53 retrogenes (TP53 RTGs). Later, Sulak ef al. (2016)
confirmed that some TP53 retrogenes are transcribed and
responsible for an enhanced apoptosis response following
DNA damage. Additionally, it was proposed that their protein
products, even lacking part of their original structure, could
act on the stabilization of the original p53 (Abegglen et al.,
2015; Seluanov et al., 2018). We also cannot rule out the
possibility of TP53 copies having some novel - and still
unknown - function.

These studies imply that the additional copies could be
related to the increased size of elephants. However, recent
research found evidence that challenges this idea. Vazquez and
Lynch (2021) found that duplication of TSGs was common
in all Afrotherians, even those with small body sizes. This
suggests that duplication of TSGs may have preceded the
evolution of species with large body sizes. Moreover, very
recently, Nunney (2022) evaluated TP53 RTGs and argued
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that the additional tumor suppressor gene activity could
improve longevity in this species — as suggested by the
multistage evolutionary model — the extra copies of TP53
probably accumulated after a process of duplication followed
by random genetic drift. Hence, the resistance to cancer may
not be related to an increased number of TP53 RTGs but to
the maintenance of at least one of these copies with increased
expression (e.g., RTG 12) together with enriched duplications
in other pathways related to cancer resistance observed in
proboscideans (Vazquez and Lynch, 2021; Nunney, 2022).

In addition to TP53, another protein has been studied
to explain the success of the Elephantidae family in dealing
with cancer: the multifunctional interleukin-6 class cytokine
leukemia inhibitory factor (LIF). This protein is known to have
functions related to tumor suppressors or acting as an oncogene.
Like TP53, numerous duplicate LIF pseudogenes were found
in the genomes of elephants and the genomes of their closest
related lineages: hyrax and manatee. This group presents seven
to 11 additional copies of LIF. From these copies, at least
one LIF6 is expressed in elephant cells. The overexpression
of LIF6 induces apoptosis and is required for the enhanced
response to DNA damage in elephants. LIF6 is considered
a “zombie” LIF gene due to the reanimation of its function
after a pseudogenization process and because it is a cell killer
(Vazquez et al., 2018). Moreover, the LIF6 functionalization
in the stem lineage of proboscideans coincides with the rise
of large sizes, advocating for an important contribution of
this gene to the evolution of cancer resistance in this lineage
(Vazquez et al., 2018).

A genomic scan (Vazquez and Lynch, 2021) also
indicates other gene duplication events related to cancer
resistance in Proboscideans. For example, they identified
specific duplications of the COX20, LAMTORS, PRDX1,
STK11,BRD7,MAD2L1, BUB3, UBE2D1, SOD1, MAPRE],
CNOTI11, CASP9, CD14, and HMGB2 genes (Vazquez
and Lynch, 2021), most of which are involved in apoptosis,
cell cycle regulation, DNA damage repair, cell resistance to
oxidative stress and TP53 regulation.

These studies presented significant contributions and
highlighted the role of the Elephantidae lineage in the study
of Peto’s Paradox. However, some limitations still need to be
addressed. Including high-quality genomes for as many species
as possible within the Afrotheria group is necessary to avoid
bias in conclusions, as occurred in studies that compared only
a few species. In addition, the lower estimation of the number
of copies for the Asian elephant and the extinct representatives
of Elephantidae could be an artifact of the lower quality of
their genomes, which could be solved with the use of long
sequencing to improve assembly (Tollis et al., 2021).

Moreover, understanding cancer resistance in elephants
could also be beneficial by studying the molecular basis
of the slower metabolism in these species because a slow
metabolism is known to be related to lower mutations and
cellular damage (Seluanov ef al., 2018). On this matter,
Dang (2015) reviews the fundamental aspects of cancer cell
metabolism and provides evidence that metabolic rates vary
inversely with body mass in mammals. Besides that, the author
supports the hypothesis that metabolism drives tumorigenesis
and claims that a metabolic basis should be considered for

Peto’s Paradox (Dang, 2015). However, the relationships
and discussions are still only theoretical, and empirical data
on how metabolism directly contributes to cancer incidence
is lacking. Finally, comprehensive gene expression data for
the pathways found above are necessary to ascertain that
duplicate genes are expressed and thus play an active role in
cancer resistance in elephants (Vazquez and Lynch, 2021).

Whales

Whales are known for having reached the largest body
mass in the history of life and displaying some of the longest-
living species of mammals. Aligned with the observations of a
few cetaceans with cancer, which supports Peto’s Paradox, it
is expected that evolution in this group has shaped anticancer
mechanisms. However, we are only beginning to uncover
some potential molecular bases of this resistance.

Many genomes of giant whales have been sequenced thus
far but did not reveal duplications of TP53 similar to those in
elephants, suggesting that they evolved different anticancer
adaptations. Comparative genomics in the bowhead whale
(Balaena mysticetus), the longest-lived whale, identified genes
under positive selection and specific mutations in genes linked
to cancer, aging, the cell cycle, and DNA repair, but without
conclusive experiments (Keane ez al., 2015). Likewise, genome
analysis of the humpback whale (Megaptera novaeangliae)
genome found a strong selection of pathways linked to cancer,
such as the cell cycle, cell signaling and proliferation, and
duplications in genomic portions containing genes related to
apoptosis (Tollis et al., 2019).

Tejada-Martinez et al. (2021) reported signals of positive
selection in seven TSGs: CXCR2, ADAMTSS8, ANXAI,
DAB2, DSC3, EPHA2, and TMPRSS11A. Moreover, they
revealed that the turnover rate of TSGs was almost 2.4 times
faster in cetaceans than in other mammals, showing 71
duplicated genes in at least one of the Cetaceans species. Most
duplication events and positively selected genes were identified
in the lineage of mysticetes, the large baleen whales, suggesting
that they have evolved additional anticancer mechanisms.
Remarkably, further functional analysis highlighted that those
genes found to be duplicated or altered by positive selection
are commonly associated with different types of neoplastic
diseases and the regulation of senescence, cell proliferation,
and metabolism (Tejada-Martinez et al., 2021).

Nagy et al. (2007) raised an interesting hypothesis to
resolve Peto’s Paradox in whales: they predicted that cancer
might be more common and less lethal in large organisms
simply because malignant tumors would need more time
to reach lethal size. The main idea is that malignant tumors
may be parasitized by a more aggressive competitor kind of
malignant cell lineage. In this competition, the more aggressive
cells are incapable of secreting enough tumor angiogenic
factors (TAFs). Thus, this cell lincage takes advantage of
the vascular infrastructure built by the TAF competent cells
leading to a depletion of oxygen and nutrient levels within the
tumor, affecting the tumor’s growth. This dynamic may keep
cancer at a sublethal size or even damage it until a point of
inviability. In this scenario, baleen whales could present the
expected cancer rate for larger organisms, and the hypertumor
hypothesis would explain the negative correlation between



body size and cancer risk. The authors tested this hypothesis
using mathematical models and computer simulations (Nagy
et al.,2007). The simulations showed that hypertumors kept
tumors to sublethal size and that tumors take more time in larger
organisms to reach lethal sizes. In other words, the mortality
rate negatively correlates with body mass. However, to our
knowledge, these predictions based on computer simulations
have not been empirically investigated.

Our current knowledge on the molecular basis of
cancer resistance in whales points to solutions involving
the duplications of tumor suppressor genes and accelerated
evolution in cancer-related genes and aging, which show
signs of positive selection. Nevertheless, no empirical data
are available for whales. Then, we still do not understand
how the positively selected genes or the duplicates acted
as a cancer defense mechanism. Nevertheless, the whale’s
genomes promise many exciting discoveries and endure the
idea that large and long-living species have evolved different
and independent mechanisms to suppress cancer.

Great apes

As in other mammalian lineages, the maximum life
span and body mass are correlated in primates, and the great
apes are the largest body size and long-lived species among
them. Tejada-Martinez et al. (2022) investigated the molecular
evolution in coding genes and cis-regulatory sequences
and gene expression evolution related to the development
and maintenance of maximum lifespan and body size in
the great apes and their association with pathways related
to cancer suppression. They found only five genes with
positive selection signals for the great ape lineage (IRF3,
SCRN3, DIAPH2, GASKI1B, and SELENO), all of which
have functions related to cancer development and inflammatory
responses. Additionally, a set of oncogenes was significantly
more highly expressed in apes than in other primate species.
Of these oncogenes, 22% present an ape-specific enhancer
in their surroundings. The authors also identified footprints
of evolution related to SINE-Vntr—Alu (SVA) insertions and
LTR transposons, reinforcing the importance of the action of
these transposable elements in the evolution of great apes’
gene-regulatory networks, especially in humans (Trizzino
et al., 2017). The results of Tejada-Martinez et al. (2022)
show that the evolution of strategies for cancer resistance in
the primate lineage is quite diverse, with modifications that
can be found at the coding, expression, and regulatory levels,
and that although the great apes lineage provides evidence of
specific changes capable of giving greater longevity to the
species of the group, the understanding of the relationship
with cancer resistance is still developing for nonhuman species
and needs to be further investigated.

Rodents

The naked mole-rat (Heterocephalus glaber) is the
longest-living rodent, reaching up to 30 years, and is virtually
cancer-free. These intriguing subterranean rodents, the only
eusocial mammal known, have been extensively studied
because of their high resistance to cancer, and multiple
mechanisms have been described.
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Naked mole rats have hypersensitivity to cell contact
inhibition. Due to early activation of the p16 pathway, cells
stop dividing at much lower densities than the mouse and
human cells, reducing cancer risk (Seluanov et al., 2009).
Additionally, naked mole rats have a more stable epigenome,
which can resist reprogramming associated with malignant
transformation (Toole, 2004). Another anticancer mechanism
in naked mole rats is that their cells perform apoptosis when
they sense the loss of a single tumor suppressor, such as p53,
RBI1, or p19. On the other hand, this inactivation in human
and mouse cells leads to cell proliferation (Rangarajan et al.,
2004; Seluanov et al., 2009). Furthermore, Cdkn2a-Cdkn2b,
which is a rapidly evolving locus that contains critical tumor
suppressor genes, has signals of positive selection (Kim ez al.,
2011) and a unique structure in naked mole-rats, providing
extra cancer protection through specific products generated
by alternative splicing (Tian et al., 2015). All these layers of
tumor-suppressive adaptations contribute to cancer resistance
in this remarkable rodent.

There is a positive correlation between telomere length
and telomerase (TERT) activity in mammals. TERT plays a
key role in carcinogenesis by maintaining telomere length and
allowing cells to prevent senescence (for a review, see Dratwa
et al., 2020). Evidence suggests that replicative senescence
induced by telomere shortening is a tumor suppressor
mechanism (Ségal-Bendirdjian and Geli, 2019), even though
this role is still debated (see Chan and Narita, 2019; Calcinotto
et al., 2019). TERT inactivation occurred early in placental
mammals, but it was reactivated in the stem rodent lineage
and is active in the most recent small rodent species (Gomes et
al.,2011). However, it was later inactivated in some lineages
with large body masses, such as beavers (Castor canadensis)
and capybaras (Hydrochoerus hydrochaeris). Vedelek et al.
(2020) found that TERT inactivation in large-bodied rodents
such as beavers occurs without a GAPBA transcription factor,
which plays a key role in TERT. The authors argue that TERT
inactivation in these large rodent species strengthens the
hypothesis of replicative senescence as a tumor suppressor
mechanism (Vedelek et al., 2020). The compelling evidence
that inactivation in TERT promoter has the potential to be
an additional mechanism to solve Peto’s Paradox should
foster scientific attention to address the question of whether
senescence may be a resistance mechanism varying among
species.

Bats

Bats seem to master many of the environmental
challenges: they are the only truly flying mammals, echolocate,
have a robust immune system, and have exceptional longevity
given their body size (Teeling ef al., 2018). Therefore, the
success of this interesting group from an evolutionary point
of view in presenting mechanisms that contribute to cancer
resistance would not be a surprise. However, although bats
constitute a pivotal group from an evolutionary perspective,
there is still little data on how they evolved their extended
lifespan and resisted cancer.

Previous studies found reduced GH-IGF1 signaling
associated with increased resistance to cancer (Seim et al.,
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2013). Additionally, it has been reported that long-lived bats
have resilient telomeres that remain long despite advanced
age (Foley et al., 2018). Also, bats do not show an increased
level of mitochondrial damage given their metabolic rate (Jebb
et al., 2018), suggesting that this group evolved adaptations
in their DNA repair and maintenance mechanisms. These
molecular adaptations were underpinned by a study showing
that bats exhibit a unique age-related regulation of genes
associated with DNA repair, immunity, and tumor suppression
that underlies extended bat longevity (Huang ef al., 2019).
Furthermore, this study reported that long-lived bats possess
specific miRNAs that function as tumor suppressors. This
provides a new potential molecular mechanism to decrease
cancer risk not yet identified in any other lineage (Huang et
al., 2019). Finally, a recent study achieved a reference-level
genome for six bat species. From an immune perspective,
the high-quality dataset revealed exciting findings that could
account for the pathogen-tolerant phenotype that distinguishes
bats from other mammals (Jebb ef al., 2020). As an efficient
immune system is tightly related to cancer resistance, this
is also likely to be a pathway to be further investigated on
cancer resistance in bats.

Carnivores

Carnivores exhibit extensive variation in body size,
with some gigantic species, such as walruses and polar
bears, also long-lived mammals (De Magalhaes and Costa,
2009). However, the molecular mechanisms for maintaining
large sizes and longevity in large carnivores have not been
extensively investigated thus far. Huang et al. (2021) reported
100 body size-associated genes in carnivores related to
cancer control, including tumor suppressors, DNA repair,
and immunity. From these genes, 15 cancer-related genes
were identified as rapidly evolving in the extremely large
lineages, which might protect the animal from cancer invasion:
ADGRF2, CABCOCO1, CATSPERG, CCDC146, CPLX4,
CTLA4, MAS1, PACSINI, PHF13, SDR39U1, SLC25A28,
TCTEL, TERB1, YTHDC2 and ZBED1 (Huang et al., 2021).

Other nonmammalian vertebrates

Information on the prevalence of cancer in wildlife
vertebrates is still lacking, and this scarcity is even more
pronounced in nonmammalian vertebrates. Nevertheless, it has
been reported that tumors are more common in mammals than
in other vertebrates, even though the information is limited
(Effron et al., 1977; Kitsoulis et al., 2020).

Among reptiles, the genome of Lonesome George
tortoise (Chelonoidis abingdonii) presents the contribution of
multiple gene copy-number alterations in protein-coding genes
with functions related to cancer resistance (SMAD4 and NF2)
as well as giant-tortoise-specific duplications affecting two
putative proto-oncogenes (MYCN and SET) (Quesada et al.,
2019). These findings may reflect a potential role in protecting
against cancer in this long-lived and giant lineage of turtles.
However, despite presenting several lineages with gigantism
and great longevity, chelonians have not yet been the focus of
studies to unravel the molecular mechanisms behind cancer
resistance. Crocodiles and alligators are also good candidates
to investigate cancer resistance, as cancer in these species was

rarely reported. Moreover, some authors recently reported that
apeptide derived from crocodile leukocytes could kill human
cancer cells via apoptosis induction (Maraming et al., 2018).

Despite the high metabolic rate and the high cell turnover
(Holmes and Ottinger, 2003), Moller et al. (2017) found a
very low incidence of tumors in wild birds. This unexpected
finding suggests that birds are more efficient in controlling the
spread of tumor cells and that Peto’s Paradox may not apply to
birds, as the authors identified a positive relationship between
the incidence of tumors and body mass after controlling for
critical life-history characteristics such as developmental
rates and immunity (Meller ef al., 2017). Additionally, they
found a negative relationship between the incidence of tumors
and developmental rates, and the authors argue that this slow
developmental rate would result in a more competent immune
system, resulting, in turn, in a decrease in cancer incidence.

In amphibians, reports of cancer are rare. Interestingly,
they appear to be naturally resistant to chemically induced
malignancy (Taylor et al., 2003). This could be due to a
protective mechanism, given their ability to rapidly undergo
apoptosis in response to antigens that may promote cancer
(Taylor et al., 2003). Another exciting study reported a natural
peptide derived from the South American orange-legged leaf
frog (Pithecopus hypochondialis) exhibiting antimicrobial and
anticancer properties (Huang et al., 2017). These two reports
indicate that research on cancer-resistant amphibians should
be more explored.

Summary

Investigations focusing on Peto’s Paradox have
extensively contributed to our knowledge of natural anticancer
mechanisms. They unraveled evolution’s general and specific
solutions to the cancer problem in several lineages, especially
those long-lived, large sizes, or both. Mechanisms such as
positive selection of tumor suppressor genes, duplications,
functional pseudogenization and alteration in the promoter
regions of these genes, the action of transposable elements,
early activation of crucial metabolic pathways for the arrest
of cell division, changes in the epigenome, induction of
apoptosis in cases of loss of tumor suppressor genes, replicative
senescence, telomere resilience and the presence of tumor
suppressor miRNAs were described as strategies for cancer
resistance in different species.

Despite advances in research on natural cancer resistance,
there is still a considerable gap in our knowledge of the
phylogenetic diversity of tumor-suppressing mechanisms, as
many reports have explicitly focused on a few mammalian
species, such as elephant and naked mole rats. For example,
Vincze et al. (2022) recently reported that cancer risk is
lowest among ruminants, showing that members of the
order Artiodactyla are likely good candidate models to study
mechanisms of cancer resistance. However, to our knowledge,
there is still no study focusing on these cancer-resistant
animals. Furthermore, the last decade has shown several
important discoveries on anticancer mechanisms found in other
species. Considering the whole Tree of Life that remains to
be explored, many novel cancer defense mechanisms await
to be discovered.



Besides the need to include many additional species
from the tree of Life in cancer research, there is also a need
for monitoring cancer in wildlife, especially in the context
of current environmental perturbation, as this information
will provide valuable insights into the impact of cancer as a
severe threat to animal welfare and novel insights into new
mechanisms of cancer resistance across species that may lead
to the discovery of pressures that drive cancer transformation
and about the nature of tumorigenesis itself. The potential
to deepen our understanding of cancer biology also leads to
the potential for new avenues in cancer therapy, as studies
that link comparative evolutionary biology with molecular
mechanisms of cancer resistance may guide new promissory
treatments and prevention, even though it remains an important
and open question whether the anticancer methods evolved in
other mammals might benefit humans, both in general terms
and specifically.

While the validity of Peto’s Paradox is not universally
accepted (see Ducasse et al., 2015), it highlights the importance
of applying evolutionary concepts to cancer studies, which
can be instrumental for our understanding of cancer and its
treatment. As the examples above show, natural selection has
likely equipped species with the ability to suppress tumors to
maintain cell function in evolutionary time. These adaptations
are encoded in species genomes and hold great promise for new
cancer suppression mechanisms. Incorporating evolutionary
thinking and a phylogenetic approach into cancer research is
necessary and especially possible with the increased availability
of genomic and expression data in nonmodel organisms. To
date, the data show how evolution can be creative in cancer
prevention mechanisms, which makes comparative studies
more interesting than ever and highlights the importance of
amore intense integration of scientists working on oncology,
ecology, and evolutionary biology.

Acknowledgments

This study was funded by FAPESP (2015/18269-1), ER
was funded by a FAPESP doctoral scholarship (2018/01236-1),
ACRP was funded by a FAPESP Training scholarship
(2021/03325-4). We are really grateful for the wonderful
review and insights from the anonymous reviewer that greatly
improved this manuscript, and for the invitation of GMB to
participate on this special issue.

Conflict of Interest

The authors declare that there is no conflict of interest
that could be perceived as prejudicial to the impartiality of
the reported research.

Author Contributions

MFN conceived the idea of the review. MFN, MR, AP,
and ER wrote the manuscript. All authors read and approved
the final version.

References

Abegglen LM, Caulin AF, Chan A, Lee K, Robinson R, Campbell
MS, Kiso WK, Schmitt DL, Waddell PJ, Bhaskara S et al.
(2015) Potential mechanisms for cancer resistance in elephants
and comparative cellular response to DNA damage in humans.
JAMA 314:1850-1860.

Nery et al.

Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, Maley
CC and Wilkinson GS (2015) Cancer across the tree of life:
Cooperation and cheating in multicellularity. Phil Trans R
Soc Lond B Biol Sci 370:20140219.

Albuquerque TAF, Val LD, Doherty A and Magalhées JP (2018)
From humans to hydra: Patterns of cancer across the tree of
life. Biol Rev Camb Philos Soc 93:1715-1734.

Armitage P and Doll R (1954) The age distribution of cancer and a
multi-stage theory of carcinogenesis. Br J Cancer 8:1983-9.

Arthur JC and Jobin C (2011) The struggle within: Microbial
influences on colorectal cancer. Inflamm Bowel Dis 17:396-
409.

Baines C, Lerebours A, Thomas F, Fort J, Kreitsberg R, Gentes
S, Meitern R, Saks L, Ujvari B, Giraudeau M et al. (2021)
Linking pollution and cancer in aquatic environments: A
review. Environ Int 149:106391.

Boddy AM, Abegglen LM, Pessier AP, Aktipis A, Schiffman JD,
Maley CC and Witte C (2020) Lifetime cancer prevalence
and life history traits in mammals. Evol Med Public Health
2020:187-195.

Breitkreutz D, Hlatky L, Rietman E and Tuszynski JA (2012)
Molecular signaling network complexity is correlated with
cancer patient survivability. Proc Natl Acad Sci U S A
109:9209-9212.

Brown JS, Cunningham JJ and Gatenby RA (2015) The multiple
facets of Peto’s paradox: A life-history model for the evolution
of cancer suppression. Philos Trans R Soc Lond B Biol Sci
370:20140221.

Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M and
Alimonti A (2019) Cellular senescence: Aging, cancer, and
injury. Physiol Rev 99:1047-1078.

Caulin AF, Graham TA, Wang L-S and Maley CC (2015) Solutions
to Peto’s paradox revealed by mathematical modeling and
cross-species cancer gene analysis. Philos Trans R Soc Lond
B Biol Sci 370:20140222.

Chan ASL and Narita M (2019) Short-term gain, long-term pain:
The senescence life cycle and cancer. Genes Dev 33:127-143.

Coussens LM and Werb Z (2002) Inflammation and cancer. Nature
420:860-867.

Dang CV (2015) A metabolic perspective of Peto’s paradox and
cancer. Philos Trans R Soc Lond B Biol Sci 370:20140223.

De Magalhdes JP and Costa J (2009) A database of vertebrate
longevity records and their relation to other life-history traits.
J Evol Biol 22:1770-1774.

De Visser KE, Eichten A and Coussens LM (2006) Paradoxical roles
of the immune system during cancer development. Nat Rev
Cancer 6:24-37.

DeGregori J (2011) Evolved tumor suppression: Why are we so good
at not getting cancer? Cancer Res 71:3739-3744.

DeGregori J (2017) Connecting cancer to its causes requires
incorporation of effects on tissue microenvironments. Cancer
Res 77:6065-6068.

Domazet-Loso T and Tautz D (2010) Phylostratigraphic tracking of
cancer genes suggests a link to the emergence of multicellularity
in metazoa. BMC Biol 8:66.

Dratwa M, Wysoczanska B, Lacina P, Kubik T and Bogunia-Kubik
K (2020) TERT - regulation and roles in cancer formation.
Front Immunol 11:589929.

Ducasse H, Ujvari B, Solary E, Vittecoq M, Arnal A, Bernex F, Pirot
N, Misse D, Bonhomme F, Renaud F et al. (2015) Can Peto’s
paradox be used as the null hypothesis to identify the role of
evolution in natural resistance to cancer? A critical review.
BMC Cancer 15:792.

Effron M, Griner L and Benirschke K (1977) Nature and rate of
neoplasia found in captive wild mammals, birds, and reptiles
at necropsy. J Natl Cancer Inst 59:185-198.



The evolution of cancer resistance

Ewald PW and Ewald HAS (2013) Toward a general evolutionary
theory of oncogenesis. Evol Appl 6:70-81.

Foley NM, Hughes GM, Huang Z, Clarke M, Jebb D, Whelan CV,
Petit EJ, Touzalin F, Farcy O, Jones G et al. (2018) Growing old,
yet staying young: The role of telomeres in bats’ exceptional
longevity. Sci Adv 4:eaa00926.

Garcia-Cao I, Garcia-Cao M, Martin-Caballero J, Criado LM, Klatt
P, Flores JM, Weill J-C, Blasco MA and Serrano M (2002)
“Super p53” mice exhibit enhanced DNA damage response,
are tumor resistant and age normally. EMBO J 21:6225-6235.

Gaughran SJ, Pless E and Stearns SC (2016) How elephants beat
cancer. eLife 5:21864.

Gomes NMV, Ryder OA, Houck ML, Charter SJ, Walker W, Forsyth
NR, Austad SN, Venditti C, Pagel M, Shay JW et al. (2011)
Comparative biology of mammalian telomeres: Hypotheses
on ancestral states and the roles of telomeres in longevity
determination. Aging Cell 10:761-768.

Haridy Y, Witzmann F, Asbach P, Schoch RR, Frobisch N and
Rothschild BM (2019) Triassic cancer-osteosarcoma in a
240-million-year-old stem-turtle. JAMA Oncol 5:425-426.

Holmes DJ and Ottinger MA (2003) Birds as long-lived animal
models for the study of aging. Exp Gerontol 38:1365-1375.

Huang L, Chen D, Wang L, Lin C, Ma C, Xi X, Chen T, Shaw C
and Zhou M (2017) Dermaseptin-PH: A novel peptide with
antimicrobial and anticancer activities from the skin secretion
of the South American orange-legged leaf frog, Pithecopus
(Phyllomedusa) hypochondrialis. Molecules 22:1805.

Huang X, Sun D, Wu T, Liu X, Xu S and Yang G (2021) Genomic
insights into body size evolution in Carnivora support Peto’s
paradox. BMC Genomics 22:429.

Huang Z, Whelan CV, Foley NM, Jebb D, Touzalin F, Petit EJ,
Puechmaille SJ and Teeling EC (2019) Longitudinal comparative
transcriptomics reveals unique mechanisms underlying extended
healthspan in bats. Nat Ecol Evol 3:1110-1120.

Jablonski NG and Chaplin G (2010) Human skin pigmentation as
an adaptation to UV radiation. Proc Natl Acad Sci U S A
107:8962-8968.

Jebb D, Foley NM, Whelan CV, Touzalin F, Puechmaille SJ and
Teeling EC (2018) Population level mitogenomics of long-
lived bats reveals dynamic heteroplasmy and challenges the
free radical theory of ageing. Sci Rep 8:13634.

Jebb D, Huang Z, Pippel M, Hughes GM, Lavrichenko K, Devanna
P, Winkler S, Jermiin LS, Skirmuntt EC, Katzourakis A et al.
(2020) Six reference-quality genomes reveal evolution of bat
adaptations. Nature 583:578-584.

Keane M, Semeiks J, Webb AE, Li YI, Quesada V, Craig T, Madsen
LB, van Dam S, Brawand D, Marques Pl et al. (2015) Insights
into the evolution of longevity from the bowhead whale
genome. Cell Rep 10:112-122.

Kim EB, Fang X, Fushan AA, Huang Z, Lobanov AV, Han L, Marino
SM, Sun X, Turanov AA, Yang P et al. (2011) Genome
sequencing reveals insights into physiology and longevity of
the naked mole rat. Nature 479:223-227.

Kirkwood TB and Austad SN (2000) Why do we age? Nature
408:233-238.

Kitsoulis CV, Baxevanis AD and Abatzopoulos TJ (2020) The
occurrence of cancer in vertebrates: A mini review. J Biol
Res (Thessalon) 27:9.

Lynch M (2010) Evolution of the mutation rate. Trends Genet
26:345-352.

Maciak S and Michalak P (2015) Cell size and cancer: A new solution
to Peto’s paradox? Evol Appl 8:2-8.

Madsen T, Arnal A, Vittecoq M, Bernex F, Abadie J, Labrut S,
Garcia D, Faugére D, Lemberger K, Beckmann C ez al. (2017)

Cancer prevalence and etiology in wild and captive animals.
Ecol Evol Cancer 4859.

Mapara MY and Sykes M (2004) Tolerance and cancer: Mechanisms
of tumor evasion and strategies for breaking tolerance. J Clin
Oncol 22:1136-1151.

Maraming P, Maijaroen S, Klaynongsruang S, Boonsiri P, Daduang
S, Chung J-G and Daduang J (2018) Antitumor ability of kt2
peptide derived from leukocyte peptide of crocodile against
human hct116 colon cancer xenografts. In Vivo 32:1137-44.

Meuten DJ (2002) Tumors in domestic animals. 4th edition. lowa
State University Press, Ames, lowa.

Moller AP, Erritzoe J and Soler JJ (2017) Life history, immunity,
Peto’s paradox and tumours in birds. J Evol Biol 30:960-967.

Muir BM (2016) Peto’s paradox and the evolution of cancer
suppression: Lessons from flies, humans, and elephants. UC
Riverside, California.

Nagy JD, Victor EM and Cropper JH (2007) Why don’t all whales
have cancer? A novel hypothesis resolving Peto’s paradox.
Integr Comp Biol 47:317-328.

Nunney L (1999) Lineage selection and the evolution of multistage
carcinogenesis. Proc Biol Sci 266:493-498.

Nunney L (2022) Cancer suppression and the evolution of multiple
retrogene copies of TP53 in elephants: A re-evaluation. Evol
Appl 15:891-901.

Nunney L and Muir B (2015) Peto’s paradox and the hallmarks
of cancer: Constructing an evolutionary framework for
understanding the incidence of cancer. Philos Trans R Soc
Lond B Biol Sci 370:20150161.

Pesavento PA, Agnew D, Keel MK and Woolard KD (2018) Cancer
in wildlife: Patterns of emergence. Nat Rev Cancer 18:646-661.

Peto R, Roe FJ, Lee PN, Levy L and Clack J (1975) Cancer and
ageing in mice and men. Br J Cancer 32:411-426.

Quesada V, Freitas-Rodriguez S, Miller J, Pérez-Silva JG, Jiang
ZF, Tapia W, Santiago-Fernandez O, Campos-Iglesias D,
Kuderna LFK, Quinzin M ez al. (2019) Giant tortoise genomes
provide insights into longevity and age-related disease. Nat
Ecol Evol 3:87-95.

Rangarajan A, Hong SJ, Gifford A and Weinberg RA (2004) Species-
and cell type-specific requirements for cellular transformation.
Cancer Cell 6:171-183.

Roche B, Hochberg ME, Caulin AF, Maley CC, Gatenby RA,
Misse D and Thomas F (2012) Natural resistance to cancers:
A Darwinian hypothesis to explain Peto’s paradox. BMC
Cancer 12:387.

Roper M, Capdevila P and Salguero-Gémez R (2021) Senescence:
Why and where selection gradients might not decline with
age. Proc Biol Sci 288:20210851.

Rothschild BM, Witzke BJ and Hershkovitz I (1999) Metastatic
cancer in the Jurassic. Lancet 354:398.

Ryan KM, Phillips AC and Vousden KH (2001) Regulation and
function of the p53 tumor suppressor protein. Curr Opin Cell
Biol 13:332-337.

Ségal-Bendirdjian E and Geli V (2019) Non-canonical roles of
telomerase: Unraveling the imbroglio. Front Cell Dev Biol
7:332.

Seim I, Fang X, Xiong Z, Lobanov AV, Huang Z, Ma S, Feng Y,
Turanov AA, Zhu Y, Lenz TL et al. (2013) Genome analysis
reveals insights into physiology and longevity of the Brandt’s
bat Myotis brandtii. Nat Commun 4:2212.

Seluanov A, Gladyshev VN, Vijg J and Gorbunova V (2018)
Mechanisms of cancer resistance in long-lived mammals.
Nat Rev Cancer 18:433-441.

Seluanov A, Hine C, Azpurua J, Feigenson M, Bozzella M, Mao
Z, Catania KC and Gorbunova V (2009) Hypersensitivity



10

to contact inhibition provides a clue to cancer resistance of
naked mole-rat. Proc Natl Acad Sci U S A 106:19352-19357.

Stearns SC (1989) Trade-offs in life-history evolution. Funct Ecol
3:259.

Sulak M, Fong L, Mika K, Chigurupati S, Yon L, Mongan NP, Emes
RD and Lynch VJ (2016) TP53 copy number expansion is
associated with the evolution of increased body size and an
enhanced DNA damage response in elephants. eLife 5:¢11994.

Taylor SJ, Johnson RO, Ruben LN and Clothier RH (2003) Splenic
lymphocytes of adult Xenopus respond differentially to PMA
in vitro by either dying or dividing: Significance for cancer
resistance in this species. Apoptosis 8:81-90.

Teeling EC, Vernes SC, Déavalos LM, Ray DA, Gilbert MTP, Myers
E and Bat1K Consortium (2018) Bat biology, genomes, and
the Bat1K project: To generate chromosome-level genomes
for all living bat species. Annu Rev Anim Biosci 6:23-46.

Tejada-Martinez D, Avelar RA, Lopes I, Zhang B, Novoa G, de
Magalhaes JP and Trizzino M (2022) Positive selection and
enhancer evolution shaped lifespan and body mass in great
apes. Mol Biol Evol 39:msab369.

Tejada-Martinez D, de Magalhdes JP and Opazo JC (2021) Positive
selection and gene duplications in tumour suppressor genes
reveal clues about how cetaceans resist cancer. Proc Biol Sci
288:20202592.

Tian X, Azpurua J, Ke Z, Augereau A, Zhang ZD, Vijg J, Gladyshev
VN, Gorbunova V and Seluanov A (2015) INK4 locus of
the tumor-resistant rodent, the naked mole-rat, expresses a
functional p15/p16 hybrid isoform. Proc Natl Acad Sci U S
A 112:1053-1058.

Tollis M, Ferris E, Campbell MS, Harris VK, Rupp SM, Harrison TM,
Kiso WK, Schmitt DL, Garner MM, Aktipis CA et al. (2021)
Elephant genomes reveal accelerated evolution in mechanisms
underlying disease defenses. Mol Biol Evol 38:3606-3620.

Tollis M, Robbins J, Webb AE, Kuderna LFK, Caulin AF, Garcia
JD, Bérubé M, Pourmand N, Marques-Bonet T, O’Connell
M]J et al. (2019) Return to the sea, get huge, beat cancer:
An analysis of cetacean genomes including an assembly for
the humpback whale (megaptera novaeangliae). Mol Biol
Evol 36:1746-1763.

Nery et al.

Tomasetti C and Vogelstein B (2015) Cancer etiology. Variation in
cancer risk among tissues can be explained by the number of
stem cell divisions. Science 347:78-81.

Tomasetti C, Li L and Vogelstein B (2017) Stem cell divisions,
somatic mutations, cancer etiology, and cancer prevention.
Science 355:1330-1334.

Toole BP (2004) Hyaluronan: From extracellular glue to pericellular
cue. Nat Rev Cancer 4:528-539.

Trizzino M, Park Y, Holsbach-Beltrame M, Aracena K, Mika K,
Caliskan M, Perry GH, Lynch VJ and Brown CD (2017)
Transposable elements are the primary source of novelty in
primate gene regulation. Genome Res 27:1623-1633.

Tyner SD, Venkatachalam S, Choi J, Jones S, Ghebranious N,
Igelmann H, Lu X, Soron G, Cooper B, Brayton C et al.
(2002) p53 mutant mice that display early ageing-associated
phenotypes. Nature 415:45-53.

Vazquez JM and Lynch VJ (2021) Pervasive duplication of tumor
suppressors in Afrotherians during the evolution of large bodies
and reduced cancer risk. eLife 10:e65041.

Vazquez JM, Sulak M, Chigurupati S and Lynch VJ (2018) A zombie
LIF gene in elephants is upregulated by TP53 to induce
apoptosis in response to DNA damage. Cell Rep 24:1765-1776.

Vedelek B, Maddali AK, Davenova N, Vedelek V and Boros IM
(2020) TERT promoter alterations could provide a solution
for Peto’s paradox in rodents. Sci Rep 10:20815.

Vincze O, Colchero F, Lemaitre J-F, Conde DA, Pavard S, Bieuville
M, Urrutia AO, Ujvari B, Boddy AM, Maley CC et al. (2022)
Cancer risk across mammals. Nature 601:263-267.

Williams GC and Nesse RM (1991) The dawn of Darwinian medicine.
Q Rev Biol 66:1-22.

Associate Editor: Carlos F.M. Menck

License information: This is an open-access article distributed under the terms of the
Creative Commons Attribution License (type CC-BY), which permits unrestricted use,
istribution and reproduction in any medium, provided the original article is properly cited.



