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Abstract 

Cancers in animals present a large, underutilized reservoir of biomedical information with critical 
implication for human oncology and medicine in general. Discussing two distinct areas of tumour biology 
in non-human hosts, we highlight the importance of these findings for our current understanding of 
cancer, before proposing a coordinated strategy to harvest biomedical information from non-human 
resources and translate it into a clinical setting. 
First, infectious cancers that can be transmitted as allografts between individual hosts, have been 
identified in four distinct, unrelated groups, dogs, Tasmanian devils, Syrian hamsters and, surprisingly, 
marine bivalves. These malignancies might hold the key to improving our understanding of the interaction 
between tumour cell and immune system and, thus, allow us to devise novel treatment strategies that 
enhance anti-cancer immunosurveillance, as well as suggesting more effective organ and stem cell 
transplantation strategies. The existence of these malignancies also highlights the need for increased 
scrutiny when considering the existence of infectious cancers in humans. 
Second, it has long been understood that no linear relationship exists between the number of cells within 
an organism and the cancer incidence rate. To resolve what is known as Peto's Paradox, additional 
anticancer strategies within different species have to be postulated. These naturally occurring 
idiosyncrasies to avoid carcinogenesis represent novel potential therapeutic strategies. 

Key words: infectious tumour, transmissible cancer, Peto’s paradox, anticancer mechanisms, non-human 
malignancies, paediatric cancer 

Introduction 
Data obtained from animals have augmented 

our medical understanding for more than a 
millennium. The use of porcine dissections allowed 
for the creation of early anatomy text books produced 
around 900 A.D. by (often female) physicians from the 
Medical School at Salerno [1]. This eventually not only 
formed a basis for modern surgery, but pig cadavers 

are, for example, still an important part of surgical 
training in the military [2]. Rodent models, while 
limited in how well they mimic the human situation 
[3-5], have been an integral and essential part of 
cancer research for the last century. There are over 450 
inbred mouse strains [6] and with the advent of new 
technologies, such as CRISPR/Cas, creating 
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genetically modified mice has become considerably 
easier [7]. Figure 1 features selected medical and 
oncological key events and the contributions from the 
animal kingdom. 

Yet, there remains a certain amount of 
floccinaucinihilipilification when cancers of 
non-human origin are discussed outside their uses as 
surrogate entities, as their medical relevance is often 
difficult to gauge. However, it is important to note 

that cancer is also common among non-human 
animals [8-10] which – with rare exceptions like, for 
example, the Greenland Shark (Somniosus 
microcephalus) [11] – do not exceed the life expectancy 
of an average human and – environmental pollutants 
aside – are less likely to succumb to bad life style 
choices. Furthermore, there are historical precedences 
indicating how important zoological cancers can be 
for oncological researchers. Rous’ seminal work 

 
Figure 1. A brief history of the universe, animal life and cancer. Shown here is a timeline highlighting the first verified occurrence/naming of novel features relating to 
cancer (blue), key developments in cancer sciences and oncology (red) and key medical and scientific uses of animals (green). 
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identifying the first oncogenic virus in fowl not only 
led to the discovery of tyrosine kinases and 
(proto)oncogenes, but preceded (and, therefore, 
arguably predicted) Epstein’s discovery of the first 
human oncogenic virus by more than 50 years [12]. 

To highlight the benefits of a concerted approach 
harvesting data from animal cancers we will use two 
typical examples from the field of veterinary 
oncology. First, we will discuss infectious or 
contagious tumours which have, so far, been 
identified in four distinct groups of animals and 
compare them to such entities found associated with 
humans. Second, we will compare cancer rates in 
different animals, including humans, and 
demonstrate how taking into account differences in 
size, metabolic rates, life span and total cell numbers, 
we can identify novel, naturally occurring anti-cancer 
strategies. In the concluding part of this review we 
will introduce a strategy that will allow for the clinical 
translation of the previously discussed findings and 
how the potential benefits will affect several areas of 
biomedical research and clinical application. 

Cancer as infectious disease 
One of the founding moments of experimental 

cancer research occurred towards the end of the 18th 
century, when Bernard Peyrilhe injected an emulsion 
from human breast cancer into a dog, trying to prove 
the poisonous nature of the disease and its 
contagiousness [13]. With today’s scientific 
understanding, it is not surprising that the dog did 
not develop a human tumour, but instead had to put 
down by Peyrilhe’s manservant after an abscess 
formed around the injection site [12]. While the 
experiment therefore can hardly be considered a 
success (particularly from the dog’s point of view) it 
established not only the use of surrogate animals in 
cancer research, but also can be seen as a direct 
predecessor of the work of Francis Peyton Rous, 
showing the viral origin of some chicken sarcomas 
[12], which initiated the research into retroviruses as a 
cause of cancer. 

Interestingly, a similar experimental set-up as 
used by Rous, of filtering extracts through a fine mesh 
to ensure a cell- and bacteria-free solution, had 
previously failed when applied to a canine tumour 
[14], the canine transmissible venereal sarcoma 
(CTVS) or Sticker’s Disease [15]. This infectious 
cancer, which was later shown to be able to cross 
major histocompatibility barriers and even infect 
related species, like wolf, coyote and fox [16], was 
ostensibly not of viral origin. 130 years after its initial 
description the cause of CTVS was discovered: the 
tumour cells themselves are infectious, i.e. live 
tumour cells can be transplanted, while exposure to 

neither dead cells nor cell-free filtrates will result in a 
tumour [17]. These tumours are generally transmitted 
between individuals during sexual intercourse; 
infection is followed by four to six months of an initial 
growth phase (P phase), a short stable phase and 
frequently a regression phase (R phase) upon 
activation of the host’s immune response [18]. 
Metastasis is rare, occurring in approximately 5% of 
all cases and, unless occurring to the central nervous 
system or eye, does not affect the overall good 
prognosis of total remission [19]. While surgery is 
considered rather ineffective, CTVS responds 
favourably to chemotherapy and radiotherapy [19]. 
There are only a few reported cases of clonally 
transmissible or parasitic cancers, where malignant 
cells behave, in essence, as allograft (Figure 2). CTVS 
aside, there are to date only three other parasitic 
cancers identified, a leukaemia-like disease in 
bivalves, contagious reticulum cell sarcoma in 
hamsters and devil facial tumour disease (DFTD) in 
Tasmanian devils. It is the latter which has probably 
been most reported on outside the medical literature, 
as it drove the host species to the brink of extinction 
[28]. DFTD tumour cells are transmitted via biting, be 
it during mating rituals or fighting, and form an 
ulcerating tumour around the mouth and go on to 
destroy the jaw bone eventually interfering with 
feeding. No effective cure for this disease has been 
suggested so far, however, recently receptor tyrosine 
kinases which are already targeted in human cancer 
therapy have been identified as putative target for 
DFTD treatment [29], while immunotherapy using 
MHC class I-expressing tumour cells as a vaccine also 
showed great promise [30]. Additionally, it has also 
been reported that populations of Tasmanian devil 
might be rapidly evolving immune-modulating 
resistance to this infectious tumour [31]. 

Unlike DFTD and CTVS, contagious reticulum 
cell sarcoma in hamsters has so far been described 
only under experimental conditions in a series of 
papers from the early to mid-1960s [18-22, 24]. 
Originally presenting as a highly metastatic large 
ulcerating tumour, at the terminal phase the 
peripheral blood was flooded with tumour cells [20], 
later publications only refer to its leukemic 
manifestation [21]. Based on an earlier observation, 
that hamsters readily form spontaneous sarcomas that 
are experimentally transmissible [23], it was shown 
that contact exposure between transfected and 
uninoculated individuals was sufficient to cause 
cancer transmission [20]. This was initially assumed to 
be due to the cannibalistic nature of hamsters, but 
subsequently demonstrated also to be possible due to 
transmission via a vector, the Aëdes aegypti mosquito 
[21]. Interestingly, it would appear that the malignant 
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cells were experimentally transfected, which caused 
changes in tumour behaviour, prior to the contact 
experiments [20]. It is therefore unclear whether the 
original, spontaneously arisen, reticulum cell sarcoma 
was already contagious. In addition, this contagious 
sarcoma also differs from the cells causing DFTD and 
those initiating CTVS, as the latter are of clonal origin, 
while the transmissible sarcomas in hamsters have 
been suggested to have spontaneously occurred on 
several occasions [25]. It is also unclear, due to the 
limited possibilities in the 1960s, whether, despite 
initial reports, a virus might not have played a role in 
tumour initiation or transmission after all [25]. This 
issue is unlikely to be successfully resolved, as cells 
from all transmissible tumours in hamsters are no 
longer available [25]. 

Finally, a fourth transmissible cancer was 
identified in marine bivalves, such as clams and 
mussels. Apparently, a leukaemia-like disease, - 
molluscs only possess one circulatory fluid called 
haemolymph – it was first identified in the 1970s and 
has spread through various populations and caused a 
drastic global reduction in bivalves [26]. Originally, 
soft-shell clams (Mya arenaria) from Main, New York 
and Prince Edward Island were found to be infected 

with identical cancer clones [26]. Further analyses 
identified additional infectious leukaemia in mussels 
(Mytilus trossulus), cockles (Cerastoderma edule) and 
golden carpet shell clams (Polititapes aureus) from 
diverse locations, such as North-American west coast 
and the seas at Galicia (Spain) [27]. These findings are 
rather surprising, as marine bivalves are generally not 
the most mobile creatures, being sessile in adulthood. 
While DFTD and CTVS are transmitted via direct 
contact, the route of transmission is unclear in marine 
bivalves. The most likely scenario suggests that cancer 
cells are taken up via filter feeding, i.e. free-floating 
leukaemia cells are present in contaminated sea water 
[26]. While this would suggest that incredibly low 
numbers of cells are sufficient to seed a leukaemia in a 
new host, it does fit with the observation that cancer 
cells from soft-shell clams are able to survive more 
than six hours in sea water [33]. 

Contagious reticulum cell sarcoma in hamsters 
and DFTD in Tasmanian devils have in common that 
they affect a population with little genetic diversity. 
All Syrian or golden hamsters (Mesocricetus auratus) 
are descendants of a single female, presumably one of 
the critters originally captured in Aleppo in the 1930s 
[23, 34], while the population of Tasmanian devils was 

 

 
Figure 2. An unusual quartet of infectious cancer hosts. Infectious cancer whereby cancer cells can be transmitted between individuals has (so far) been identified in four 
different animal populations: (A) Dogs (Canis familiaris) can suffer from canine transmissible venereal sarcoma (CTVS), also known as canine transmissible venereal tumour 
(CTVT), transmissible venereal tumour (TVT), Sticker tumour, Sticker’s Disease or infectious sarcoma. It is a rare disease in North and Central Europe and North America, 
where stray dog populations are tightly controlled [19]. (B) Syrian (golden) hamsters (Mesocricetus auratus) in captivity have been to be affected by contagious reticulum cell 
sarcoma which apparently can be transmitted between individuals via either cannibalism or a mosquito vector [20, 21]. Most of the work on this disease was done during a 
period of twenty years ending in the mid-1960s [20-22, 24]. As no living tumour cells have been preserved it is rather difficult to assess these findings with modern analytical 
tools [25]. (C) Commercially probably the most interesting transmissible cancer was affecting bivalve molluscs was first identified in the 1970s and has caused a steep global 
decline in bivalves [26]. The leukaemia-like disease has so far been identified in soft-shell clams, mussels, cockles and golden carpet shell clams at both sides of the Atlantic Ocean, 
as well as in the North Pacific Ocean [26, 27]. Left to right: The common cockle (Cerastoderma edule), the soft-shell clam or sand gaper Mya arenaria, the pullet carpet shell 
(Venerupis corrugate). (D) The best-known transmissible tumour which also received extensive coverage in the popular press is doubtlessly the devil facial tumour disease 
(DFTD) in Tasmanian devils (Sarcophilus harrisii) [28-32]. First noticed in 1996, the disease had spread to more than half of the species’ range by 2007 and by 2008 affected 
populations had been reduced by 89% [28]. 
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already declining prior to the advent of European 
settlers [35]. Furthermore, DFTD was first described 
in 1996 and spread rapidly to an endemic distribution, 
and in addition, the appearance of multiple strains 
and the high lethality, all suggest an evolving parasite 
that is badly adapted to its host [25]. In contrast, CTVS 
is believed to have arisen 11,000 years ago and started 
to spread widely through the canine population 500 
years ago [36]. It is, therefore, the oldest and longest 
continuously cultured (in an in vivo host) cell line in 
existence. 

Despite their surprising abundance in marine 
bivalves, transmissible tumours are a rare occurrence. 
In 5,500 species of mammals only three types have 
been proposed to exist (in the case of transmissible 
sarcoma in hamsters, there still seems to be some 
uncertainty), there have been – so far – no reports of 
transmissible cancer in non-mammalian vertebrates 
which make up some 55,000 described species [25]. 
However, as seen with the DFTD, there is no reason to 
assume that new forms of transmissible cancer cannot 
arise spontaneously in the future. 

Speculations on transmissible cancer in 
humans 

What then is the situation in Homo sapiens? The 
first data on the potential transmission of cancer cells 
between individuals comes from a series of 
experiments by Chester M. Southam, which can only 
be termed highly unethical or rather criminal. 
Investigating the potential mechanisms by which the 
immune system kills tumour cells, or “the natural 
killing off process of the human body” [37], Southam 
was responsible for live cancer cells (among them 
HeLa cells) being injected into 14 terminally ill cancer 
patients and over a hundredA prison “volunteers” 
[37-39]. He was later also involved in similar 
experiments in 1962 on 22 senile patients at the Jewish 
Chronic Disease Hospital in New York City, again 
displaying a rather flexible attitude to informed 
patients’ consent by telling the patients they would 
receive human cells grown in a test tube to avoid “the 
phobia and ignorance that surrounds the word 
cancer” [37, 40, 41]. Although these experiments 
preceded the National Research Act of 1974, which 
was - at least in part – created as a response to the 
similarly unethical Tuskegee syphilis study, the 
Nuremberg Code already postulated voluntary, 
well-informed, understanding consent in 1947. When 
three M.D.s refused to participate in the 1962 
experiment and went publicB, Southam had his license 
revoked for one year. Two years later he was elected 
president of the American Cancer Society [41]. In 
addition, there are also less substantiated reports of 
300 healthy women being injected with HeLa cells at 

the Sloan-Kettering Institute. As this is the same 
institute Southam worked at, these experimentations 
are usually implied to be also associated with him [40, 
42]. It has been reported that the physicians involved 
were aware at the time that their treatment might 
cause cancer [40]. 

Despite these large cohorts of subjects, the actual 
data from these experiments is difficult to ascertain. 
Southam seems to suggest that subcutaneous 
implantation of cancer cells (even of animal origin) 
led to the formation of nodules after approximately a 
week post-injection and that cells were cleared from 
the body within 4 weeks [38]. In both populations, 
terminal cancer patients and prisoners, non-cancerous 
cells did not grow well locally and while, even after a 
follow-up of five months, prisoners experienced no 
difficulties, four cancer patients experienced 
recurrence after the implanted cancer cells should 
have been removed and in one case metastasis to the 
axillary nodes occurred [38]. 

The fatal danger inherent in such research was 
laid bare by another ethically dubious study where 
the fatal melanoma of a 50-year old woman was 
transplanted for 24 days to her 80-year old mother 
[43]. The mother developed disseminating metastatic 
cancer 86 days after transplantation, but (surprisingly) 
large, toxic doses of phenylalanine mustard led to an 
apparently complete recovery. However, the patient 
died 451 days after transplantation, her body riddled 
with metastases [43]. 

While not explicitly stated in the actual papers, 
the implication of these data sets seems to follow Paul 
Ehrlich’s dictum from 1909, namely the immune 
system recognizes and protects from most arising 
cancers [44], i.e. the cancer cells were eliminated by 
the immune system of the healthy prisoners, while the 
cancer patients were too ill to mount an effective 
immune response. In the case of the mother/daughter 
transplant we might be dealing with similar, HLA 
haploidentical serotypes and an aging immune 
system in the 80-year old woman. This also fits with 
the described cases of naturally occurring infectious 
cancers where cancer is passed on from the mother to 
her unborn child. While it had long been speculated 
that this is a (rare) possibility for melanoma or 
haemopoietic malignancies, it was only proven in 
2009 when a leukemic clone in an infant was 
positively identified as of maternal origin [45]. Similar 
transmissions are also believed to have occurred 
between twinned foetuses in utero [46]. 

The most unusual case report of transmissible 
tumours involves both animals and humans. An HIV 
patient with a history of non-compliance was found to 
have apparently malignant cells in lymph nodes and 
lungs, however, their small size suggested a 
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non-human origin [47]. The cells were identified as 
originating from Hymenolepis nana, the most common 
human tapeworm, which is not known to develop 
cancer. Furthermore, a genetic analysis revealed 
mutations in the tapeworm analogues of human 
genes associated with cancer [47]. It is most likely that 
the microenvironment provided by the host allowed 
the development of malignant tapeworm cells which 
then crossed the species barrier, making this not only 
an infectious cancer, but also a zoonotic disease. From 
the perspective of cancer researchers this case appears 
rather unique and the explanation of the underlying 
molecular changes rather speculative, however, 
responses from zoologist showed less scepticism, 
citing similar cases dating as far back as 1905 [48]. 

Reasons for the low prevalence of infectious 
tumours in humans 

There is no a priori biological reason, therefore, 
why infectious cancers cannot arise, or indeed have 
not arisen in the past in humans. While the current 
data suggest that a healthy immune system offers 
some protection, it does not appear absolute. CTVT 
and DFTD are both transmitted during mating. While 
we like to think human courting rituals are rather 
distinct from other mammalian speciesC, this is 
objectively not the case: the world wide prevalence of 
cervical human papillomavirus (HPV) infection is 
10% [49], 36.7 million people were infected with 
human immunodeficiency virus (HIV) in 2015 [50] 
and it has been estimated that almost 1 million people 
per day become infected with either chlamydia, 
gonorrhoea, syphilis or trichomoniasis [51]. 
Interestingly, both HPV and HIV are, of course, 
associated with an increased cancer risk. While a viral 
infection can be already transmitted during an occult 
phase, a sexually transmissible tumour needs to be of 
a certain size to be transferred between individuals, 
i.e. the non-affected participant can clearly identify 
the affected organ. This is, however, unlike to provide 
an effective barrier to transmission: Unfortunately, 
non-consensual or monetary-based sexual intercourse 
where a partner (usually the female) has no option to 
decline are still far too common. There are also plenty 
of examples where the presence of a sexual 
transmitted disease was the initiator of intercourse; 
the virgin cleansing myth, for example, were the rape 
of the most vulnerable members of society is believed 
to cure diseases like AIDS and syphilis [52]. 

In addition, biting during feeding and 
cannibalistic behaviour, aspects which has been 
proposed to spread transmissible cancer in Tasmanian 
devils and hamsters respectively, are also uncommon 
among Homo sapiens. However, how uncommon 
cannibalistic behaviour has been throughout human 

(pre)history is a hotly debated topic [53-55] and there 
are certainly cultures where cannibalism has occurred 
in the absence of additional stressors, such as famine. 
The best studied example of which are the Fore of 
Papua New Guinea who practiced, and according to 
some reports still practice, a form of mortuary 
cannibalism [56]. Interestingly, this ritualistic 
behaviour has also been associated with a disease, 
kuru, which has been proposed to be a prion disease 
that is transmitted by eating the brain of deceased 
family members [57]. 

While the presence of opposable thumbs also 
leads to a feeding ritual very distinct from that found 
in most other animals, a factor probably equal or more 
important than any mores or societal taboos that 
prevented the potential spread of parasitic cancer via 
cannibalism among humans, is our species’ 
1.5-million-year-old association with fire and cooking 
[58]. Cooking and roasting followed by exposure to 
stomach acid surely would function as a potent 
barrier for infectious cancer cells, although in the case 
of the Fore does not protect them from a prion disease 
[56]D. Analogous, the handling of raw, uncooked meat 
can also suffice to cause viral infections. If current 
hypotheses regarding the species jump of SIV (simian 
immunodeficiency virus) to HIV are correct, then the 
emergence of this infection is also due to almost 
cannibalistic events, the slaughter of our closest living 
relative, chimpanzees (and also gorillas and 
mangabeys), for bushmeat [61]. While SIV can infect 
humans in a laboratory setting it does not cause an 
overt disease [62], so to cause a pandemic SIV had to 
first evolve mechanism to avoid the immune system, 
tetherin in particular [61]. These mechanisms are 
remarkably similar to what has to occur for tumour 
cells to become transmissible. 

A clinical caveat: Transplants as source of 
transmissible cancer in humans 

While organs and donors are screened prior to 
transplantation, there is a surprisingly high rate of 
occult cancer present. It has been reported that 0.04% 
of organ and about 0.06% of hematopoietic stem cell 
transplants contract cancer [46]. This corresponds to 
around one third of all recipients of organs donated 
by people with occult cancer developing cancer [63]. 
Whether the remaining two thirds develop no cancer 
just due to the fact that no malignant cells are in the 
transplant, or whether their bodies reject the cancer 
cells remains to be elucidated. Some observations 
suggest that the latter cause can at least play a 
contributing role [46]. However, with an estimated 
annual 126,670 organ transplants worldwide (estimate 
for 2015 by www.statista.com) this would suggest 
more than 50 cases of infectious cancer in humans per 
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year. The actual numbers could be higher, if one 
considers that organ transplants also carry a 1 in 200 
risk of leading to Kaposi sarcoma, a disease generally 
believed to be caused by the presence of human 
herpesvirus 8 (HHV8) in immunocompromised 
individuals [46]. Recipients of organ transplants 
might develop Kaposi sarcoma via three distinct 
routes: either the organ is already infected with HHV8 
and the immunosuppressed environment of the 
donor mediates viral spread, or the donor is already 
HHV8 positive and the immunosuppressive 
medication needed for the transplant allows viral 
reactivation, or the transplant organ already contains 
neoplastic cells [64]. Barozzi found the presence of 
donor-specific markers, i.e. identifiers for a 
transmissible tumour, in five out of eight Kaposi 
sarcomas which developed after organ 
transplantation [64]. Therefore, infectious or 
contagious cancer has also been clearly identified in 
humans, admittedly under artificial, highly specific 
circumstances, and should be considered an 
important contributor to human health issues. 

Finally, there are also a few cases of 
transmissible tumours in humans which cannot be 
explained by a close relationship between recipient 
and donor or by immunosuppression of the host. 
Among the most comprehensibly studied are the 
accidental transfer of a sarcoma from patient to 
surgeon, where both had different HLA haplotypes 
with complete discrepancies of DRB1 and DQB1 
alleles [65] and the accidental injection of human 
colonic adenocarcinoma cell line into a healthy 
19-year-old laboratory worker, where an allograft 
occurred also despite HLA mismatches [66]. 

Novel protection mechanisms against 
cancer 

While the precise molecular mechanisms and 
details are still being controversially discussed, it is 
generally accepted that (adult) cancer is primarily a 
stochastic disease. There is a tight correlation between 
the number of (stem) cells and cell divisions in a 
particular organ and the likelihood of developing 
cancer in said organ [67, 68]. Therefore, a thought 
experiment could easily lead to a conclusion that – 
ceteris paribus – compared to humans, a creature with 
more cells which need to be produced by cell division, 
or a creature with longer life span leading to a higher 
turnover of cells should be more susceptible to cancer. 
Or restated: long-lived animals need to be 
considerably smaller than humans while larger 
animals can only be short-lived before succumbing to 
cancer. This is clearly not the case as the 
aforementioned Greenland Shark has the longest 
known lifespan of all vertebrate species and is also 

one of the largest living species of shark, growing up 
to 6 meters in length [69]. If one concentrates on 
mammals only, mathematical modelling suggests that 
– again ceteris paribus – 96% of all elephants should 
develop cancer, while the likelihood of a blue whale 
not developing cancer throughout its life should be 
less than 1 in 2.27×1053 [70]E. While several recent 
studies have also found no correlation between cancer 
rates and body size between mammalian species 
[70-72], this observation was originally made more 
than 40 years ago by Peto and colleagues [73, 74]. Peto 
calculated that humans having 1000-times more cells 
and living 30-times longer than mice human DNA 
would need to be a billion or a trillion times more 
“cancerproofed” than murine DNA to allow for equal 
cancer risk [74]. He concluded that this is rather 
unlikely to be the case and postulates that some 
evolutionary considerations must therefore account 
for the fact that humans do not die at an early age of 
multiple carcinoma [74]. The actual cancer rate in 
laboratory mice is difficult to determine, as different 
strains exhibit a huge variation in spontaneous 
cancers [75, 76], but a recent study looking at 9,219 
mice across 13 strains found that 0.9% of mice 
exhibited tumours upon necropsy [77]. Assuming a 
relative cancer risk in humans of 1.0 (see Table 1), then 
the relative risk of a wild mouse can be calculated 
(based on average weight and size and also taking the 
metabolic rate into account) as 1.45238738218312 × 
10-8 F. This would imply that, if no additional 
difference between mouse and man existed than, even 
in the absence of human behaviour that increases 
cancer risk (it is, after all, fairly safe to assume that 
most mice a non-smokers and do not excessively sun 
bath without appropriate protection) 61,966,938.78% 
of all humans should be positive for cancer upon their 
death. This discrepancy between observed fact and 
mathematical prediction, which we have summarized 
for several mammalian species in Table 1, is generally 
referred to as Peto’s Paradox and several solutions to 
this conundrum have been put forward. There are 
three models that attempt, in general, to explain these 
observations: 

The metabolic rate hypothesis 
A side effect of the high energy demand/ 

increased metabolic rate of transforming cells is the 
concurrent increase in the production of reactive 
oxygen species (ROS). ROS, in turn, are known 
mutagens, inducing DNA replication stress and play a 
critical role in carcinogenesis [81], which further 
supports the notion of an important metabolic 
contribution to carcinogenesis [82]. 
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Table 1. Mathematical relative cancer risk versus real world observations in various mammalian species 

Common name Relative cancer risk ❶ Cancer rate Adjusted annual cancer rate per 100,000 % death due to cancer Comment 
Etruscan shrew 1.42983E-10 7.69% [72]     V 
bumblebee bat 1.31084E-09         
mouse 1.45239E-08         
Brandt’s bat 6.4179E-08         
golden hamster 5.6519E-07         
naked mole rat 7.85105E-07 0%   0% VIII 
rat 1.71435E-06         
rabbit 3.81396E-05         
hare 0.000627254         
domestic cat 0.00069518   412 [9]   I 
Tasmanian devil 0.002109824         
dog (Yorkshire terrier) 0.002646611   507 [9] 27% [108] II, IX, X 
roe deer 0.018079254     2% [109]   
dog (beagle) 0.034867133   507 [9] 32.8% [108] II, X 
cheetah (female) 0.041421668 23.08% [72]       
dog (Labrador retriever) 0.046442134   507 [9] 31.2% [108] II, X 
cheetah (male) 0.059151521 23.08% [72]       
dog (Rottweiler) 0.071473291   507 [9] 45.3% [108] II, X 
sheep (ewe) 0.183092961   0.03 [9]     
tiger (female) 0.293179314 11.76% [72]       
sheep (ram) 0.33561928   0.03 [9]     
tiger (male) 0.462330424 11.76% [72]       
California sea lion (female) 0.730512179 5,71% [72]     IV, VI 
lion (female) 0.733822333 1.92% [72]       
human (Asia) 0.809250789         
gorilla (female) 0.89228487         
human (average) 1 31% [110] 476 [9] 14.3% [110]   
lion (male) 1.179427339 1.92% [72]       
human (North America) 1.586146251         
gorilla (male) 2.456701544         
polar bear (female) 2.45714029         
California sea lion (male) 4.995623001 5.71% [72]     IV, VI 
polar bear (male) 10.15662364         
horse 13.43438078   41 [9]     
cow (female) 18.72013426   75 [9]     
giraffe (female) 29.64927802         
elephant seal (female) 35.77005876         
cow (bull) 38.21323624   75 [9]     
giraffe (male) 93.5055589         
beluga whale 125.8347077   570 [9] 27% [9] III 
hippopotamus  133.2367493         
elephant seal (bull) 136.857391         
African elephant (female) 521.9576689 3.11% [72]     VII 
African elephant (male) 1745.405691 3.11% [72]     VII 
blue whale 749033.9482         
❶. Relative cancer risk was defined as the product of average weight times (as surrogate for cell number) average life expectancy (as surrogate for cell divisions) times adjustment 
according to Kleiber’s Law. Data was put into relation to the average human. 
Only extreme sexual dimorphism noted. In the absence of available data information from closest related species was used or adjusted life span was incorporated. 
Comments: I. increased lymphoma risk due to second hand smoke [111]. II. Increased lung and nasal cancer risk due to second hand smoke ([112, 113], respectively). III. Likely not 
representative, possible link to environmental contaminants in the St. Lawrence estuary [9]. IV. At least some populations increased genetic risk of urogenital carcinoma [101]. V. Data from 
“Treeshrew” used. VI. Data from “Harbor seal” used from [72]. VII. Data from “Elephant” was used. VIII. As mentioned two individuals living in captivity, i.e. unusual living conditions, 
were found to harbour a tumour. IX. No data provided by [108], so canine average is given for “% death due to cancer”. X. Canine average is given for “adjusted annual cancer rate per 
100,000” [110]. Data for developed countries was used [72]; data is given without sex-biased. 

 
Based on these observations the so-called 

metabolic rate hypothesis tries to combine the known 
effect of metabolism, including ROS-production, with 
the observation that larger mammals develop less 
cancer than one would predict. In contrast to death 
due to tumour incidences, the basal metabolic rate is 
correlated to body size. This is known as Kleiber’s 
law, which postulates that an animal's metabolic rate 
increases to the power of 0.75 in relation to its mass 
[83]. The difference in mass between human and 
mouse is 2,800-fold [84], but the difference in 
metabolic rate is only 2,100-fold (2,800×0.75), i.e. 
humans need to produce less watt per gram tissue 

than a normal mouse. Therefore, larger animals have 
a lower basal metabolic rate and, thus, produce lower 
amounts of ROS, resulting in a decreased oxidative 
stress level and hence a lower frequency of cancer [85, 
86]. This argument is augmented by additional 
supporting parameters, e.g. the levels of protein 
carbonyls and the activity of glutathione peroxidase 
as markers of oxidative stress or the absence thereof 
[87]. 

As metabolic turnover also affects genetic 
expression patterns through epigenetics, Takemoto 
and co-workers combined in an advanced study the 
metabolic rate hypothesis and the gene-abundance- 
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hypothesis which postulates that bigger animals have 
a higher number of tumour suppressor genes and, 
therefore, a lower incidence rate of cancer [88]. 
Correcting the correlation between number of genes 
and body size by taking into account the mass-specific 
metabolic rate, they only found a significant increase 
of immune-system related genes with increasing body 
mass and concluded that the gene-abundance- 
hypothesis is more related to metabolism than to 
cancer [88]. Interestingly, this seems to contradict 
findings with regards to the elephant, which we will 
discuss below. 

While there are several studies supporting the 
metabolic rate hypothesis, different theoretic 
approaches regarding the physiology of the 
hypothesis are used. For example, the WBE (West, 
Brown and Enquist)-Model is based upon nutrient 
delivery as key factor of the lower basal metabolic rate 
[89], while other studies, not without controversy, 
postulate a multi-factorial model [90, 91]. There are 
also authors who argue that a low basal metabolic 
turnover is not the only factor influencing the 
physiology of Peto’s paradox. Maciak and Michalak, 
for example, postulate that the size of cells in relation 
to body mass is an underestimated factor and, 
therefore, concluded that slowly dividing cells with a 
lower basal metabolic rate are the underlying 
physiology of the paradox [92]. Of course, one also 
needs to consider cellular aging over time. 

Other studies, however, contradict the metabolic 
rate hypothesis: Costantini and co-workers analysed 
markers of oxidative stress in Greenland sharks [93]. 
As mentioned, they are very long-lived and even if 
they are not mammals, as vertebrates they are still 
similar enough to be worth considering. In contrast to 
other recent studies with long-lived species, the 
authors found signs of high oxidative stress and high 
antioxidant levels. Following the metabolic rate 
hypothesis, one would expect low rates of 
antioxidants. There was also no correlation with the 
measured data and maximum lifespan. Hence the 
authors assumed that environmental conditions like 
hypoxia and deep diving would be a more likely 
explanation for the longevity of Greenland sharks 
[93]. 

Different endogenous retroviral load 
While looking into the relationship between 

retroviruses and their host genomes in relation to 
immune responses, Katzourakis and co-workers 
made the interesting discovery that the genome of 
mice has accumulated much more small ERVs over 
the last 10 million years, than the genome of humans 
[94]. ERVs, or endogenous retroviruses, are 
endogenous viral elements most likely derived from 

retroviruses. 
Retroviruses which have been around for about 

100 million years contain a single-stranded 
positive-sense RNA molecule but form a DNA 
intermediate that integrates into the host's genome. If 
they infect germ cells and are transmitted from one 
generation to the next, thus becoming fixed in the 
host's gene pool, these elements are considered ERVs. 
As ERVs have a tendency to accumulate mutations 
more easily (because they do not code for proteins 
that are necessary for the cell's survival), they do not 
necessarily remain infectious. Around 1% to 8% of the 
human genome is believed to consist of ERVs [95, 96]. 
Retroviruses are known causes of cancer: the first 
oncogenic virus, Rous Sarcoma Virus, is a retrovirus 
that had ‘captured’ a host gene (the tyrosine-kinase 
Src) by integrating close to it and incorporating a 
permanent active, truncated version into its viral 
genome [12, 97]. Aside from making imperfect copies 
of the host's proto-oncogenes and turning them into 
viral oncogenes, retroviruses can also facilitate cancer 
formation by inserting into and, thus, inactivating 
tumour suppressor genes. 

Based on their initial observation, Katzourakis 
and co-workers tested a total of thirty-eight 
mammalian genomes, identifying more than 27,000 
unique viral sequences. Their findings suggest that 
small mammals have more ERVs in their genome than 
larger mammals and, therefore, they conclude that 
bigger and long-lived animals protect even more 
efficiently against ERVs [94]. 

However, at least in humans, ERVs are not 
considered a major cause of cancer, although the 
mechanisms that prevent integration in larger animals 
could also be associated with a more general 
protection of genomic integrity. Intriguingly, while 
immunocompromised mice do not necessarily exhibit 
higher rates of spontaneous cancers than other 
laboratory strains, the NOD-scid/scid mouse is more 
susceptible to spontaneous thymic lymphoma, which 
appears to be due to the endogenous ecotropic murine 
leukaemia provirus locus [100], suggesting that ERVs 
at least can play a role in strain-specific cancer 
susceptibility. 

Another aspect well worth studying is the 
prevalence of cancer-associated retroviruses, as 
opposed to ERVs, in different species. For example, 
Rous sarcoma virus and Avian leukosis virus in fowl, 
Mouse mammary tumour virus and Murine 
leukaemia virus in mouse, Feline leukaemia virus and 
Feline immunodeficiency virus in cats, the Bovine 
leukaemia virus in cows and Jaagsiekte sheep 
retrovirus in sheep, to name but a few which have at 
least an economic impact in husbandry. To our 
knowledge the different impact of the viral prevalence 
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in different species on the overall cancer susceptibility 
of these classes of animals has never been 
systematically studied. 

Hypertumours 
Peto’s original observation concentrated on mice 

and men and later studies attempting to confirm his 
observation concentrated on domestic or zoo animals 
[70-74]. Data on wild animals, especially big 
mammals, is rather limited and one has to be careful 
not to draw conclusions based on very limited 
numbers of individuals. Attempts to expand the 
existing data sets – for example with the California sea 
lion (Zalophus californianus) [101] – have not really 
caught on. Most cases of cancer in wildlife are only 
examined sporadically, as with the cancer incidence in 
cetacean populations. The available data suggest that 
malignant transformations in cetaceans are very rare 
with thirty-three documented cases worldwide [9]. 
Interestingly, in one population of beluga whales 
living in the St. Lawrence estuary higher numbers of 
cancers were found in the stranded members of the 
population, reaching rates comparable to humans [9]. 
However, this seems to be a unique case and has been 
linked to the agricultural and industrial pollution of 
the estuary [9]. Nevertheless, considering their weight 
of up to 1,500kg and a length of 2.6 to 6.7 meters [102] 
and a maximal life expectancy of sixty years [103], one 
would expect much higher cancer rates than in 
humans. 

Focusing on large mammals and cetaceans in 
particular, Nagy and colleagues offer a largely 
hypothetical model that might explain why big 
animals do not die of cancer sooner/more often [70]. 
There is a significant difference of tumour type and 
malignancy in small mammals with lower body mass 
compared to mammals with higher body mass and 
longevity. Generally speaking, small creatures die 
more frequently from any type of tumour, highly 
aggressive to less malignant, as a small tumour mass 
is already sufficient to kill the host. The difference 
between large and small animals is primarily 
numbers of cells and total cell divisions, while size of 
a particular cell type does not vary greatly between 
species [84]G. In humans, for example, a tumour is 
lethal, on average with large variations depending on 
type and localization, when it has acquired a mass of 
approximately 1 kg, consisting of 1x1012 to 1x1013 cells 
[105]. An average human weighs approximately 70 
kg, i.e. the cancer accounts for around 1.4% of the total 
body weight. A similar tumour in a beluga whale 
would account for 0.07% of total body weight and, 
thus, very likely affect the host very differently. For a 
tumour to account for a similar percentage of total 
body weight in beluga, it would have to weigh 20 kg 

(and be composed of roughly 2×1013 to 2×1014 cells). 
Nagy and colleagues postulate that this increased 
potential would be sufficient to create an 
environmental niche complex enough to lead to the 
formation of a hypertumour. In essence the tumour 
might grow complex enough to be itself afflicted by 
cancer [70]. A hypertumour is, therefore, defined as a 
highly aggressive secondary tumour that is growing 
on the primary tumour, presenting itself as necrotic 
regions associated with histological and genetic 
markers of aggressive growth [70]. In contrast, in 
small mammals hypertumours do not have time to 
evolve because the host is already dying from (the 
size of) the primary tumour. 

The idea of a hypertumour was first raised in 
2004 when Nagy modelled tumour behaviour as a 
function of an ecological community [106]. He later 
expanded the model to identify two causes that could 
lead to the development of a hypertumour within the 
original tumour: insufficient angiogenesis leading to 
the ‘hijacking’ of existing vascular infrastructures 
within the tumour by cells that themselves produce 
insufficient amounts of tumour angiogenic factors 
[70], and an increased demand for phosphorus, 
leading to an up-regulation of phosphate transport 
proteins and, thus, upregulated ribosome biogenesis 
[107]. While the hypertumour model certainly solves 
some problems raised by Peto's paradox - and indeed, 
cancer cells have been identified that compete with 
other populations of malignant cells [105] - one 
should bear in mind that tumour size, i.e. the amount 
of abnormal cells present within a growth, is not 
necessarily a determinant of aggressiveness/ 
deadliness, i.e. small tumours can kill via metastasis 
and tissue destruction resulting from invasion, while 
benign tumours can reach an incredible mass without 
being lethal. 

In addition to the three general mechanisms 
proposed, there must be other contributing factors. 
Some of these have been described for individual 
species. 

As mentioned above, were there no differences 
in anticancer mechanisms between human and 
elephant, 96% of all elephants should develop cancer 
[70]. As this is clearly not the case, TP53 is a tempting 
candidate to investigate and indeed, the African 
elephant (Loxodonta africana) has 20 copies of the gene 
[72].TP53 “is arguably the most important tumour 
suppressor“ and its gene product, p53, is involved in 
almost all key aspects of cell behaviour that define the 
hallmarks of cancer [114, 115], such as cell-cycle 
arrest, apoptosis, DNA repair, senescence, anti- 
angiogenesis, autophagy and metabolism antioxidant 
[116]. It is, therefore, not surprising that it is found 
mutated in more than 50% all of cancers, varying from 
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less than 5% in cervical cancer to 90% in ovarian 
cancer [116]. Inactivation of p53, which is a common 
initiating mutation in many types of cancer, is harder 
to achieve in elephants, as more copies have to be 
mutated to inactivate the protein. To the extra copies 
of p53 probably contribute to elephantine 
lymphocytes being more prone to DNA damage- 
induced apoptosis than their human counterparts 
[72]. It is possible that this is not the only anticancer 
strategy to be found in elephants. In addition, novel 
transcriptional targets of p53 have also been identified 
in elephants, such as the functionalized leukaemia 
inhibitory factor pseudogene (LIF6), the gene product 
of which translocates to the mitochondria and induces 
cell death upon DNA damage. LIF6 is 
transcriptionally upregulated by p53 [117]. 

The naked mole rat (Heterocephalus glaber), for 
example, has several identified mechanisms that 
reduce its risk of developing cancer. This long-lived 
creature displays some fascinating traits, such as 
being eusocial and lacking the ability to sustain 
thermogenesis [118]. They also live in complete 
darkness and under low oxygen conditions, but while 
exposed to high levels of oxidative stress, they display 
no signs of oxidative damage and are therefore 
considered “a challenge to the theories that link 
ageing, cancer and redox homeostasis” [118]. With a 
life span exceeding 30 years naked mole rats are the 
longest-lived rodents. For comparison the similarly 
sized house mouse has a life expectancy of around 
four years [119]. While initially presumed to be 
resistant to spontaneous, as well as experimentally 
induced cancers [118], oncological growths have now 
been identified in at least two members of this species 
[120]H. Nevertheless, in contrast to mice, where more 
than 55% exhibit cancerous lesions upon necropsy 
[121], these creatures are highly resistant to cancer 
and several mechanisms have been proposed to 
mediate this. 

As seen with the elephant example above, p53 
has also been implicated in mediating cancer 
resistance in the naked mole rat [122]. Specifically, 
naked mole rat p53 has been described to have a more 
than ten times longer half-life with a larger proportion 
of the protein being localized in the nucleus even 
prior to DNA damage when compared to mouse and 
human p53 [121]. Transcriptional regulator activities 
as well as tumour suppressor functions are retained in 
this p53 variant [121] suggesting a priming of the cells 
to DNA damage responses [123]. In addition, 
fibroblasts from naked mole rats were shown to be 
hypersensitive to contact inhibition of growth, 
activating – via p53 and pRb – p16Ink4a. In contrast, in 
human and mouse fibroblasts (and naked mole rat 
fibroblasts in the absence of early p16Ink4a activation) 

contact inhibition is mediated by p27Kip1 at a much 
higher density [122]. Early contact inhibition appears 
to be mediated by naked mole rat fibroblasts secreting 
elevated levels of a high molecular weight hyaluronan 
five times larger than human or mouse hyaluronan 
[119]. In addition, these creatures have an extra, 
fourth splice variant transcribed from the INK4a/b 
locus [124]. This splice variant, pALTInk4a/b is induced 
by various stresses and by cell contact and – even 
when expressed in human cells – is a more potent 
inducer of cell cycle arrest than p16Ink4a or p15Ink4ab 

[124]. If one imagines tumour development as an 
orderly multistep progression model [125], this 
hypersensitivity should already affect 
hyperproliferation, i.e. dysplasia formation and, 
therefore, stop tumour formation prior to malignant 
transformation. While it is tempting to speculate that 
this particular mechanism originally evolved to 
provide the naked mole rat skin with increased 
elasticity needed for living in underground tunnels 
and was later co-opted into an anti-cancer mechanism 
[119], clearly more research is needed. 

As not all tumours progress in such an orderly 
fashion, one would expect additional anti-cancer 
mechanisms in an organism which has never been 
afflicted with a tumour in the wild [119]. Indeed, it 
was also reported that naked mole rat fibroblasts have 
an unusually structured 28S ribosomal RNA, which 
might contribute to the higher fidelity in translation, 
while maintaining a similar translation rate as found 
in mice [126]. This would indicate that naked mole 
rats produce fewer aberrant proteins, and while the 
influence on cancer formation was not directly tested, 
it fits the observation that these creatures have a 
surprisingly stable proteome [118]. 

Interestingly, most anti-cancer research in the 
naked mole rat has focused on fibroblasts and at this 
stage one can only speculate what other anti-cancer 
mechanisms might be revealed in other cell types, 
particularly the tissue stem cells. 

Another critter which uses high molecular 
weight hyaluronan is the blind mole rate (Spalax 
ehrenbergi), which – despite the name – is more closely 
related to mice and rats than to the naked mole rat 
[127]. Also, unlike the fibroblasts in the naked mole 
rate, the cells of the blind mole rat do not display early 
contact inhibition and it is believed that here the 
hyaluronan in combination with low activity of 
heparanase contribute to a more structured 
extracellular matrix [127]. In addition, cells from the 
blind mole rat display a rather unique form of cell 
death, termed concerted cell death, which seems to 
result from a massive release of IFNβ upon rapid cell 
proliferation; here, the aim is not to eliminate to 
hyperproliferating cells, but to destroy a large area 
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that contains those cells – Seluanov and colleagues 
compare this to a scorched earth strategy [127]. 

With expression profiles and sequencing efforts 
becoming more common, further information on 
other species are to be expected. In bats, for example, 
miRNAs have been identified to be differently 
expressed to other mammals, alterations in growth 
hormone signalling and DNA repair mechanisms 
were also highlighted, that might explain the relative 
resistance of long-lived bats to cancer [127]. We have 
highlighted some additional, potentially interesting 
animal tumours not discussed here in Table A. 

Discussion 
Cancer as a disease has afflicted our species long 

before the emergence of modern humans 
approximately 200,000 years ago [140]. New 
archaeological evidence suggests that neoplastic 
growths were not rare events in human ancestors, 
with the earliest hominin cancers identified being 1.7 
and 1.98 million years old and, interestingly, 
associated with juvenile individuals [141, 142, 
respectively]. These findings already suggest that, 
while it is true that the cancer burden surged over the 
last century [143], it is an oversimplification to assume 
that these malignancies are just the results of 
increased control over other life-threatening diseases, 
extended average population age and detrimental 
cultural influences, such as smoking [144]. This is also 
reflected in the first appearances of cancer in animal 
species (the oldest tumour was identified in a 300 000 
000-years old specimen, the oldest mammalian 
tumour is 254 000 000 years old, see Figure 1). How 
interconnected human and non-human medicine are, 

was also experienced by one of the authors who, as a 
paediatrician, ended up treating a new-born 
orangutan at the University Children’s Hospital, 
avowedly not for cancer [145]. 

Yet, despite their long parallel history, animal 
tumours have, so far, not been efficiently used as the 
potent research tool that they are. Summarised in 
Figure 3, we propose a project to harvest potential 
biomedical information from animal cancers. Here, 
we have depicted the proposed workflow of a project 
that combines establishing a biobank of animal 
tumour samples, across a wide variety of species and 
tumour sites (including healthy controls) and a data 
mining approach. 

Central to our proposal is the creation of a data 
cloud collecting and collating information on non- 
human cancers, as well as animal genomes. While this 
is doubtlessly a daunting multi-generational 
proposition, combining the efforts of The Human 
Genome Project and The Cancer Genome Atlas for up 
to all 7.77 million animal species suggested to exist 
[146], many data sets already exist or are currently 
being produced. For example, The Darwin Tree of 
Life project proposes to sequence the genomes of all 
70,000 species of eukaryotic organisms in Britain and 
Ireland (https://www.darwintreeoflife.org/). Led by 
the Wellcome Sanger Institute this cooperative effort 
has already attracted considerable funding. 
Furthermore, several mammalian genomes have 
already been sequenced, so that, with relatively little 
effort of sequencing the corresponding mammalian 
cancers, the feasibility of an Animal Cancer Cloud 
(ACC) could be demonstrated. 

Table A. Some observations from the veterinary clinical practice 

FISS: Feline 
injection-site 
(fibro)sarcoma 
[128-130] 

Feline injection-site fibrosarcoma are attributable to vaccination and administration of other pharmaceutical products. The tumours can spread along 
fascial planes and frequently reoccur after surgical removal. Nevertheless, benefits of vaccination clearly outweigh the cancer risks. Development of 
sarcomas at the site of repeated trauma or foreign body implants could be demonstrated in rats via the injection of food colourings, soya oil, iron 
derivatives or the implantation of solid materials, including plastic films. These findings were suggested to be due to the induction of chronic inflammation 
and subsequent cell metaplasia and gave rise to concerns over implants and prostheses used in human medicine. However, available evidence does not 
suggest these are associated with higher cancer risks. Possible etiologic factors for feline injection-site sarcomas include single nucleotide polymorphisms of 
feline p53 and upregulation of genes also differentially expressed in human soft-tissue sarcomas like FAP (fibroblast activation protein α) and PRAME 
(preferentially expressed antigen in melanoma). 

Cancer in 
budgerigars 
(Melopsittacus 
undulatus) 
[131-134] 

It was observed in veterinary practice that there is a higher cancer rate in budgerigars than in all other ornamental birds. Most frequently recognized where 
renal and haematological neoplasia. The aetiology for the high susceptibility of budgerigars to neoplasia remains an unsolved mystery, but several lines of 
reasoning led to the suggestion of a retrovirus as a common causative agent. Nevertheless, investigations could not find evidence of an exogenous, 
replicating retrovirus using primary cell cultures of kidney tissue from budgerigars with renal neoplasia, amongst other material. However, in the case of 
myeloblastic myeloid leukosis in budgerigars, the subgroup J avian leukosis virus was found to favour myeloblastosis and myelocytomatosis. The Aves 
polyomavirus 1 (APV) was frequently observed in young budgerigars to be associated with inflammatory diseases and the common yeast infection 
macrorhabdiosis (caused by Macrorhabdus ornithogaster) provides a possible explanation for increased cancer incidences in those birds as chronic 
inflammation provides an underlying basis for the development of cancer. 

Equine Sarcoids 
and bovine 
papillomavirus 
[135-139] 

Papillomaviruses were previously thought to be species-specific, but infection to accidental hosts can occur and commonly results in a in a different 
pathological outcome to that in the normal host. Cattle warts induced by the bovine papillomavirus (BPV) are benign tumours and generally regress 
without eliciting any serious complications. In equids, including horses, donkeys, mules and zebras the BPV can cause so-called equine sarcoids. Despite 
being classified as benign these sarcoids cause a high morbidity in the equids and not infrequently lead to the decision to euthanize the animal. The tumour 
commonly occurs on multiple body-locations, rarely regresses and very often recurs after surgical excision. While in the early 20th century inoculation 
experiments already led to speculations suggesting an infectious agent as causative agent, it remains unclear how the bovine papillomavirus reaches the 
equids. In cattle, BPV is transmitted by contact between animals or contact with fomites. Speculations in transmission to equids include face flies (Musca 
autumnalis) as potential vectors, infectious cell lines in analogy to canine transmissible venereal tumours or, as BPV1 RNA isolated from equine sarcoids 
was found to encode a unique deletion, it was even suggested that a novel variant of virus had evolved in equines. So far, no evidence has emerged 
supporting any hypothesis. Standard treatment includes surgery, chemotherapy and immunotherapy including the off-label use of Bacille de Calmette et 
Guérin (BCG) vaccination. 
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We predict three major lines of knowledge will 
emerge from the ACC: 1) the distribution of different 
kind of cancers in different animals. Comparing and 
contrasting this information will help us to better 
understand human biology, not limited to cancers. 2) 
Identifying novel cancer resistance and susceptibility 
mechanisms and their clinical potential. 3) 
Historically, working with animals has yielded 
considerable incidental findings, which have been 
both of scientific and commercial value. It is therefore 
conceivable that the ACC will also produces such 
findings, which might partially help further fund this 

project. There are at least three key areas where 
information harvested from the ACC approach will 
provide an important contribution. 

Are animal cancers better surrogates for 
paediatric tumours? 

Recent molecular findings suggest that human 
paediatric cancer should be viewed as disease group 
distinct from environmental factors- and 
aging-induced cancer in adults [147, 148]. Cancer 
predisposing germline mutations can be detected in 5 
to 10% of all patients with childhood cancers and 

while adult tumours display multiple genomic 
alterations, e.g. polyploidy and multiple 
chromosomal aberrations, paediatric tumours 
have a low mutational load and exhibit only a 
few genetic alterations [149]. 

The time to cancer development in many 
(shorter lived) species is closer to that of 
paediatric cancers than of adult humans. Table 
2 compares common cancers in different 
mammals and human children and adults, 
indicating that the difference between species 
is by no means larger than between differently 
aged humans. For example, lymphoma are 
among the three most common cancers in catI, 
dog, horse, rabbit and human child, but not 
human adult (Non-Hodgkin lymphoma is the 
sixth most common cancer in adult). From the 
kinetic point of view the time to tumour is 
much more similar in cat, dog, horse, rabbit 
and human child compared to human adult 
and child. In all animals considered we have 
also reduced genetic variation through 
breeding, so we might gain considerable 
knowledge from studying zoological 
malignancies that we can transfer to paediatric 
malignancies. While no one would argue that 
studying adult and paediatric cancer does not 
reveal informative similarities, looking outside 
our own species, we rarely acknowledge that 
information might have potential implications 
for human medicine. This is of particular 
importance, as in terms of research material 
available and potential candidates for clinical 
trials, paediatric tumours must be considered 
rare and while animal cell lines and pre-clinical 
evaluation in an appropriately matched 
non-human population cannot replace the 
need for paediatric clinical trials, they might 
contribute to their reduction by earlier 
identification of unpromising candidates. A 
potential, future workflow addressing these 
issues is outlined in Figure 4. 

 

 
Figure 3. Proposed workflow for the Animal Cancer Cloud (ACC), a potential 
project to harvest biomedical information from animal cancers. Proposed workflow of 
a project combining establishing a biobank of animal tumour samples, across a wide variety of 
species and tumour sites, including healthy controls and a data mining approach. 
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Figure 4. The potential future value of the Animal Cancer Cloud in the treatment of rare cancers. Rare human tumours which are too distinct in their (epi)genetic 
characteristics to allow the application of findings from common tumours might have analogues in animal cancers. Shown here as an example is a generic paediatric tumour 
compared to an adult disease, but this line of reasoning holds true for rare adult tumours, such as, for example, a Juxtaglomerular cell tumour, as well. Using the data accumulated 
in the Animal Cancer Cloud (ACC) an animal homologue with similar characteristics might be identified. If this is the case historical records might yield information beneficial for 
humans with regards to potential risk factors and treatment strategies. Information from the animal population might also be used in concert with human genetics to identify 
multifactorial genetic contributors to this cancer type, potentially leading to an early screening/prevention strategy in the at-risk human population. If the selected a) animal fulfils 
certain prerequisites, such as short life span and small body size and a large enough population exists or can be bred and b) the tumour is common enough or can be induced a 
clinical animal trial can be envisioned, where treatment options are evaluated in a genetically diverse population with the disease in its natural environment. It is expected that such 
trials would be superior to the traditional pre-clinical in vivo models and would allow a more efficient preselection for the clinical evaluation in humans. They would, of course, 
also create more data for the ACC. Finally, a population-based study would also produce additional information on associated risks for the animal tumour which could also 
contribute to our understanding of its human counterpart. 

 

Table 2. Five most common cancers in adult and paediatric humans and other mammals 

Human ① Other mammals 
Adult Paediatric Leporine ① Canine ③ Feline ④ Equine ⑤ 
Breast Leukaemia Uterine cancer Mast cell tumours Skin Cancer Sarcoids 
Prostate Brain, other CNS and 

intracranial tumours 
Lymphoma Soft tissue sarcoma Leukaemia and 

lymphoma 
Squamous cell carcinomas 

Lung  Lymphoma Interstitial cell tumours 
of the testes 

Lymphoma Mouth and pharynx Lymphoma 

Bowel  Soft tissue sarcoma Mammary tumours Osteosarcoma Stomach and intestine Melanomas 
Melanoma skin cancer  Sympathetic nervous system 

tumours 
Lymphosarcoma 
(Lymphoma) 

Mammary carcinoma Mammary gland Granulosa cell tumours 

Sources: ①. [150]. ②. http://www.netvet.co.uk/rabbits/cancer-and-growths.htm. ③. [108]. ④. [8], roughly similar to more current data found at http://www.petwave. 
com/Cats/Health/Cancer.aspx, and http://www.petwave.com/Cats/Health/Cancer.aspx. ⑤. http://www.horseandhound.co.uk/horse-care/vet-advice/the-most- 
common-cancers-in-horses-312896. 

 

Table B. The major histocompatibility complex (MHC) 

The major histocompatibility complex (MHC) is a group of genes that code for 
proteins found on the surfaces of cells that help the immune system recognize 
foreign substances; more preciously pathogen-derived peptides bound to MHC 
molecules. In humans, the complex is also referred to human leukocyte antigen 
(HLA). MHC genes are grouped into class I, class II, and class III depending on 
their location on the respective chromosome, structure, and function. MHC class I 
molecules, which are present on all nucleated cells [152], are also functional in the 
innate immune system by acting as ligands of inhibitory killer cell 
immunoglobulin-like receptors (KIRs) on natural killer (NK) cells. NK cells play a 
key role because they have the unique ability to recognize and non-specifically 
destroy cells lacking self MHC class I molecules. Because all (healthy) nucleated 
cells express self MHC class I molecules, inhibitory KIRs ensure that NK cells are 
not attack normal cells but they kill infected and tumour cells, which downregulate 
MHC molecules [153]. 

What do infectious cancers tell us about the 
immune system and how does that affect 
transplant medicine? 

One of the basic questions to be asked with 
regard to “infectious” cancer is: Why are the cells not 
recognized as foreign? The answer is complex, but 
almost certainly involves the major histocompatibility 
complex (MHC) which is central to the vertebrate 
immune system (Table B). 

No data exists for the mechanisms involving 
molluscs and hamsters, but for Tasmanian devils and 
dogs, it was shown that the cancer cells possess 
mechanisms by which they reduce the host’s immune 
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response ([25], see also Figure 5). In the case of CTVS 
it was initially proposed that the tumour cells 
downregulate MHC class I expression, while MHC 
class II molecules were virtually absent [17], however, 
a Gene Set Enrichment Analysis showed that virtually 
all genes involved in immune surveillance harboured 
partially redundant mutations [25]. This actually 
further complicates matters, as CTVS is the only 
infectious cancer with a reported rate of spontaneous 
regression, i.e. a potential re-activation of the immune 
system might occur that fights off the infection [25]. 
CTVS cells were also found to secrete toxic 
molecule(s) that specifically kill peripheral blood B 
lymphocytes [18]. In addition to the lack of genetic 
diversity in Tasmanian devils, DFTD also displays no 
MHC class I on its cell surface [25]. In the case of an in 
utero transfer of leukaemia from (human) mother to 
offspring, a deletion of HLA alleles in these tumour 
cells was observed, which were not inherited by the 
infant and would be otherwise foreign for the 
immune system, suggesting a possible mechanism of 
immune evasion [45]. Therefore, infectious cancers 
provide an interesting model in studying the immune 
system and provide potentially important mechanistic 
models of how to improve transplantation/reduce 
tissue rejection, while reducing graft-versus-host 
reactions and the need for immunosuppressive 
medication. 

Many molecular interactions also play a role in 
graft rejection, but allogeneic differences of the class I 
and II loci are the most important. Organs 
transplanted between MHC-identical individuals, 
such as identical twins, are readily accepted. 
However, organs transplanted between MHC 
antigen-mismatched individuals are rejected without 
immunosuppressive therapy. The HLA 
polymorphism is thus an important immunological 

barrier in the transplantation of solid organs and the 
risk of acute/chronic rejection due to incompatible 
HLA antigens persists. That is, the better the 
recipient/donor HLA compatibility, the better the 
chances of successful organ transplantation [154]. 

Haemopoietic stem-cell transplantation is a 
powerful therapy in the treatment of high-risk 
haematological malignant disorders and other 
life-threatening haematological and genetic diseases. 
The main complication is graft-versus-host disease 
(GvHD), which affects many organ systems, e.g. 
gastrointestinal tract, skin and lungs. Thus, many 
transplant recipients must be treated with 
immunosuppressive drugs, which may include the 
increasing risks for serious infections [155]. 

While over a million patients suffering from 
malignant or non-malignant diseases received 
hematopoietic stem cell transplantation (HSCT), due 
to the morbidity that comes along with the treatment 
of GvHD, HSCT is still very limited in its applicability 
[156]. GvHD is a common complication after stem cell 
transplantation where T-lymphocytes, which remain 
in the donated tissue, recognize the cells of the 
recipient as foreign, attack them and causes infectious 
complications and organ failures. A follow-up study 
of HSCT recipients shows that long term survivors 
(more than 20 years) had an eight-fold higher risk to 
develop new malignancies, including solid tumours, 
hematologic malignancies and post-transplant 
lymphoproliferative disorder, than the 
non-transplanted population [157]. This is most likely 
due to a complex interplay of DNA damage due to 
conditioning, inborn cancer susceptibility and other 
factors. However, it has also been suggested that 
intense immunosuppression and in most of the cases 
the proliferation of Epstein Barr Virus (EBV) after 
stem-cell and organ transplantation contribute to this 

 
Figure 5. The immune system and infectious cancers. The role of the immune system has so far been studied in two of the four known forms of infectious cancer. Here, 
we have summarized the spares, partially contradictory information available. 
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[158-160]. The relationship between 
immunosuppressive therapy and malignancy after 
transplantation has been demonstrated by 
epidemiological data. Duration of exposure to 
immunosuppressive therapy and intensity play an 
important role in the risk of malignancies following 
transplantation. Furthermore, a more aggressive 
tumour progression with accelerated growth and 
metastasis under advanced suppression therapy has 
been described, which is associated with a lower 
survival rate of patients. Indirectly, 
immunosuppressive drugs significantly increase 
post-transplant malignancy risk by facilitating the 
oncogenic virus effect. Initial reports of reduced 
incidence of cancer among organ transplant recipients 
receiving treatment with mTOR inhibitors strongly 
suggest separate pathways for pharmacological 
immunosuppression and oncogenesis [161]. 

Currently there is no method that suppresses the 
host’s immune response to antigens of the graft while 
maintaining other immune responses. Therefore, 
rejection must be prevented by nonspecific 
immunosuppressants. However, these drugs interfere 
with specific and nonspecific immunity in transplant 
recipients and thus increase the risk of contracting an 
infection and/or malignancy [162]. Usually 
immunosuppressive drugs from the drug groups 
calcineurin inhibitors, antiproliferative agents, 
antibodies and glucocorticoids are used to prevent a 
rejection reaction. The underlying mechanisms of 
infectious cancers might indicate an approach that 
would allow transplants in the absence of 
immunosuppressive drugs, thus increasing overall 
health of the patients and – ironically – reducing the 
risks of future malignancies. 

Novel cancer resistance mechanisms and their 
role in human medicine 

While the validity of Peto's Paradox is not 
universally accepted [163], it nevertheless remains an 
important question whether the anti-cancer methods 
evolved in other mammalians might benefit Homo 
sapiens, both in general terms and specifically. For 
example, ultra-high molecular weight hyaluronan, 
one of the proposed mediators of cancer resistance in 
the naked mole rat, has been suggested as the basis of 
an anti-cancer nanoparticle therapy [164], while the 
findings in elephants might benefit the sufferers of a 
rare genetic disorder. 

Li-Fraumeni syndrome (LFS) is a hereditary 
cancer syndrome, which might affect 1 in 20,000 to 1 
in 50,000 individuals [165, 166]. LFS increases the risk 
of developing cancer – mainly sarcoma and tumours 
in the breasts, brain and adrenal glands – by the age of 
30 to 50%, compared to 1% in the general population, 

and 90% by the age of 70 [167]. It is generally 
associated with a germline mutation of the TP53 gene, 
encoding the p53 tumour suppressor, which is 
inherited in an autosomal dominant fashionJ. TP53 is 
also found to be mutated in 50% or more of all cancers 
[116]. It is therefore tempting to envision a therapeutic 
approach based on the data gleaned from elephants 
that introduces multiple copies of TP53 into the 
human genome and thus lowers the overall risk, both 
of LFS patients and in theory the general population 
of cancerK. Interestingly, when creating mutant mice 
lines which have increased p53 activity, which would 
mimic the effects of several copies of TP53, this led to 
premature ageing of the mice [170]. While this 
suggests that ageing might be a price to be paid for 
tumour suppression [171], it leads to a new perplexity 
as to why elephants with multiple copies of TP53 can 
reach an age of over eighty years [172]. 

Seluanov and colleagues have in a recent 
Opinion article making a convincing argument for 
utilizing our understanding of how long-lived 
mammals avoid oncogenesis to create small molecule 
mimics of those anti-cancer adaptions and use them in 
a clinical setting [127]. For instance, one can easily 
envision the increase in quality of life in patients with 
familial adenomatous polyposis or somatic BRCA1 
and 2 mutations where localized treatment leads to 
increased p16Ink4a activity, as seen in the naked mole 
rat, and thus prevents tumour formation. Even when 
current treatment is considered highly effective, such 
as in the case for many paediatric malignancies, it is 
often associated with severe long-term side effects, 
such as dementia, cognitive decline, hearing loss and 
hypothalamic-pituitary dysfunction associated with 
radiotherapy after brain tumour treatment, as well as 
the emergence of secondary malignancies associated 
with radio- and chemotherapy [173-176]. Here too, a 
more gentle, targeted approach based on molecules 
found in certain animals might lead to a more 
persistent improvement in the quality of life. 

In addition, highlighted as incidental findings in 
our proposal, we predict that novel information of 
scientific and commercial interests will also emerge 
from enhanced research into animal cancers. For 
example, hibernating animals, such as bears, might 
hold the key to reducing negative side effects of 
obesity in humans and potentially reveal new 
treatment approaches for diabetes [177]. While a 
recent genomic analysis of the blowhead whale, 
considered the longest-lived mammal, revealed not 
only the expected changes of expression in genes 
associated with cancer and aging, but also 
demonstrated that whales express a truncated form of 
uncoupling protein 1 (UCP1) [178]. UCP1 is a 
mitochondrial carrier protein and is specifically 
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expressed in brown adipose tissue. In the inner 
mitochondrial membrane, UCP1 enhances proton 
conductance which leads the uncoupling of the 
oxidative phosphorylation from ATP production and 
to dissipation of the proton motive force as heat [179]. 
While Brown adipose tissue is only present in 
mammals, giving them an evolutionary advantage, 
orthologs of UCP1 can be also found in other taxa 
including amphibia, fish, tunicates, insects and even 
plants, where UCP1 presumably plays another role 
apart from uncoupling [180]. Interestingly, the naked 
mole rat also expresses an unusual form of this 
protein [118]. Another incidental finding in sharks 
and camels (and possibly a third group, shark-like 
fish) revealed the existence of small, but functional 
antibodies that lack the light chains [181]. These 
antibodies were further developed into so-called 
Nanobodies which are currently not any being 
clinically evaluated for the treatment of various 
diseases, including cancer, but also used 
diagnostically and were essential in determining the 
crystal structure of the β2 adrenergic receptor–Gs 
protein complex [182]. This work was awarded the 
Nobel Prize in Chemistry in 2012. 

Finally, while outside the scope of this paper, it 
should be pointed out that increased rates of cancer in 
animals which will be detected by the ACC can also 
serve as an indicator and, thus, a monitor for 
environmental pollution, as has been reported for 
beluga whales from the St. Lawrence estuary [9], a 
California sea lion population on the west coast of the 
USA [101] and Hawaiian Green Sea Turtles [183]. 

In summary, a concentrated effort to map and 
study non-human cancers has the potential not only 
to further our understanding of human malignancies 
and biology, but also has the potential for additional 
promising scientific and commercial ventures. Two 
recent publication further support our proposal to 
establish a systematic research network in this area. 
Hernández and co-workers passionately argue for 
increased use of comparative oncology between 
human and veterinary clinics in the context of 
targeted therapy [184], while the team around 
Michael Metzger, who were the first to describe 
infectious cancer in molluscs, outline the value of 
bivalves as models for human health [185]. With 
recent large-scale sequencing techniques and data 
handling becoming both more automated and more 
affordable, as well as several projects already 
producing important data sets, we will not only argue 
that a concerted effort to produce the ACC is feasible, 
but also highly promising from both a scientific and 
commercial point of view. 

Footnotes 
A: While this range is quoted in some secondary 

publications, the original study only mentions that 
“[f]rom a large group of volunteers, 14 were chosen 
for the initial study“ [38], in contrast Skloot quotes a 
number of 65 prisoners [42]. 

B: The names of those who did the right thing, 
while most just stood by, should not go unmentioned: 
Avir Kagan, David Leicher and Perry Fersko [41]. 

C: Less biting - although many of the authors 
have been married for a long time, so we might be 
misremembering. 

D: This is, of course, not an issue of absolutes, as 
one just has to think of the German Mettwurst, Steak 
tartare or Sushi, where raw meat or seafood still form 
an integral part of our diet. Although the first two 
items are far from common. Interestingly, the German 
biologist Mark Benecke observed that practitioners of 
sexual cannibalism mimic the prevalent culinary 
habits of their environment, of all the cannibals he 
studied only the Japanese Issei Sagawa ate some raw 
meat (which he compared to tuna), but also preferred 
to fry most of it [59]. However, on a whole wide 
spread cannibalism for purely nutritional reasons 
seems unlikely to have been common in hominins as 
the caloric value of humans is low compared to other 
food sources available during the Paleolithic [60]. 

E: For comparison: The odds of being killed by 
lightning have been calculated as 1 in 1.61x105 
(http://www.nsc.org/learn/safety-knowledge/Page
s/injury-facts-chart.aspx).  

F: There is an approximately 2-fold variation in 
the average life expectancy of different mouse strains 
(which does not correlate with cancer rates), for 
example the average life span of bred C57BL/6J 
females is 561 days, of bred AKR/J females 269 days 
[76]. Taking an average life span over several different 
strains to calculate a relative cancer risk gives a 
comparable number to that of a wild mouse: 1.38 
versus 1.45×10-8. 

G: This seems to be not universally true, as, for 
example, erythrocytes are bigger in larger animals, 
even in closely related species of geckos [104]. 
However, using again the calculation put forward by 
Conlon and Raff, we find that the difference between 
human and mouse is 2,800-fold with regards to mass 
and 3,333-fold with regards to cell numbers [84]. 

H: Although the two afflicted individuals 
concerned were zoo-housed, i.e. compared to their 
natural habitat lived under conditions of unusually 
high oxygen concentrations [120]. 

I: Although lymphoma in cats is believed to be 
often associated with viral infections, such as the 
Feline leukaemia virus [151]. 
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J: More controversially LFS2, associated with a 
mutation in the CHEK2 gene, and a third variant of 
LFS have also been suggested ([168, 169], 
respectively). 

K: An alternative approach would be restoring 
wild-type TP53 in LFS patients via gene editing, such 
as CRISPR/Cas or zinc finger nucleases. The latter are 
currently used in a clinical trial to halt the physical 
deterioration associated with Hunter Syndrome. 
However, it should be noted that it has been 
estimated that only 1% of all liver cells need to be 
successfully targeted to treat this disease, while with 
LFS a much higher percentage in (almost) all tissues 
would need to be corrected. This would make the 
imprecise addition of multiple copies more feasible 
than the precise insertion of a single copy per every 
cell. As with every gene (editing) therapy approach 
there are also lethal dangers associated with both 
strategies. 
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