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Abstract

Cancer Risk and Evolutionary Constraints on Lifespan in Long-Lived Species

It is well known that the risk of cancer increases with age, but when viewed through
a comparative lens, this risk is species specific and exists at a relatively low
background in the animal kingdom. The exceptions, where cancer is a major cause
of mortality, are humans and companion dogs and cats. Indeed, it is estimated that
more than 50% of pet dogs that reach the age of 10-years will die from cancer.
Colloquially, there is a perception that there is a “cancer epidemic” in dogs caused
by exposures to real or perceived mutagens, but this hypothesis is based on
presumptions for which supporting evidence is weak or absent. Here, we propose an
alternative hypothesis, that replacing natural selection with artificial selection for
form and function, and superimposing longevity that breaks the evolutionary
constraints for that species inevitably creates cancer-prone phenotypes. Modern pet
dogs have achieved a social status equivalent to human family members. With this
has come better health care, reduced early mortality, and greater longevity. Although
dogs were first domesticated 15,000 to 20,000 years ago and breeds were derived
over the last 200 to 400 years, significant gains in longevity and the recognition of
cancer as a major cause of mortality in pet dogs have taken place over the past 40 to
60 years, coinciding with the transition of dogs from working animals to pets.
Breaking through the evolutionary constraint on longevity comes at a price: longlived species such as elephants, whales, mole rats, and others have acquired a
diversity of cancer-protective mechanisms, achieving a balance between longevity
and their reproductive and energetic investments over tens of millions of years. But
no such cancer-protective mechanisms have been identified in dogs, or for that
matter in humans. In both species, risk increases with age, but in dogs, risk is
magnified by artificial selection. Osteosarcoma provides an example that can be
generalized. The underlying causal factor is selective breeding for large size, but this
is only able to manifest itself because modern pet dogs exceed their evolutionarily
expected lifespan by at least 2 or 3 times. We conclude that appreciating the role of
longevity as a major cause of cancer in pet dogs, as well as in other model
organisms, will improve our ability to design and interpret experiments that will
show greater fidelity when translated to humans. We believe this will apply to all
situations where comparable risk factors are operative, even if they are masked by
the influence of behavioral or occupational exposures to strong mutagens.

Mutational Landscape of Human and Dog
Tumors
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Figure 1. Overlapping Genes Harboring Point Mutations or Indels in Histologically
Homologous Human and Canine Tumors Are Infrequent. The top 50 recurrently
mutated genes in the COSMIC database, and the top 21, 17, 10, and 7 recurrently
mutated genes reported from canine whole exome or whole genome sequencing
were used to determine overlap in name-mapped orthologues among tumors in the
same species, (human, top left and canine, top right) as well as between
histologically homologous tumors between both species (human, blue and canine,
red).
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Figure 2. Relationship between evolutionary age (red) and estimated lifespan (blue) of long-lived and model vertebrate species. Long lived species have adapted to their environmental niches over 2 – 60 million years (red bars). Among the adaptive traits in
each species, expected lifespan (blue bars) and cancer-protective mechanisms (table) were under strong selection, influenced by reproductive age, investment in young-rearing, metabolism, position in the food chain, etc. Modern humans, dogs, cats, and
laboratory (& pet) mice have all shattered this evolutionary constraint, but many factors previously under natural selection have been replaced by artificial selection, eliminating the pressures that would give rise to new cancer protective mechanisms in these
species. The table shows that the estimated lifetime cancer risk is low in all species, except modern humans, dogs, cats, and laboratory/pet mice that have outperformed their expected evolutionary lifespan. While these species retain cancer protective
mechanisms acquired over their unique evolutionary histories, replacing natural selection with artificial selection over a very short period of time has not allowed for selection of new adaptive cancer protective mechanisms.

COSMIC Signatures in Human and Canine Osteosarcoma
Cosmic Signature
1: Aging (endogenous mutational process initiated by spontaneous deamination of 5methylcytosine)
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3: Failure of DNA double stranded break-repair by homologous recombination
4: Smoking
6: Defective DNA mismatch repair; microsatellite unstable tumors
12: Etiology unknown (strong transcriptional strand-bias for T>C substitutions)
14: Etiology unknown (high numbers of somatic mutations (>200 mutations per MB))
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24: Strong transcriptional strand bias for C>A mutations indicating guanine damage that is
being repaired by transcription-coupled nucleotide excision repair.
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29: Transcriptional strand bias for C>A mutations indicating guanine damage that is being
repaired by transcription-coupled nucleotide excision repair. Also associated with CC>AA
dinucleotide substitutions.
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Risk of Osteosarcoma and Life Expectancy are
Associated with Body Size in Dogs
Figure 4. Risk of osteosarcoma and life expectancy are associated with body size in
dogs. Large and giant breed dogs generally have shorter lifespans and an increased
risk of osteosarcoma compared with smaller breed dogs. This is consistent with
stochastic events mediating risk associated with DNA replication and repair, as
suggested by the COSMIC signatures.

When or How Is Dog Cancer a Model?

Figure 3. COSMIC signatures from human and canine
osteosarcoma. The table and figure each describe the
distribution of COSMIC signatures in human and canine
osteosarcoma, indicating that distinct mechanisms are
responsible for the ultimate, shared transcriptional and
proteomic programs and the comparable morphology and
organization of these tumors in both species.

• Adaptive evolution has repeatedly solved the problem of how to diminish
cancer risk while allowing for large size and longevity.
• Longevity is a major risk factor for cancer in modern pet dogs and humans.
• Breaking through the evolutionary constraints of lifespan creates enhanced
cancer risk by increasing the probability of intrinsic mutations from replication
and DNA damage repair.
• Distinct complements of stochastic mutations give rise to histologically
similar cancers in dogs and humans by generating phenotypes with
comparable morphologic organization.
• Artificial selection for large size without compensatory protective mechanisms
for longer lifespan seems to be a predominant risk factor for osteosarcoma,
and probably other cancers in dogs.
• While the suitability of dogs as models to understand the role of spontaneous
driver mutations in cancer is likely to be infrequent, they provide an excellent
model to understand cancer risk associated with aging, longevity, and artificial
selection.
• Rational risk assessment and targeted prevention can be tested as novel
strategies to manage cancer risk associated with breaking the evolutionary
barrier of longevity.
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