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Mammalian species differ dramatically in telomere biology. Species larger

than 5–10 kg repress somatic telomerase activity and have shorter telomeres,

leading to replicative senescence. It has been proposed that evolution of

replicative senescence in large-bodied species is an anti-tumour mechanism

counteracting increased risk of cancer due to increased cell numbers. By con-

trast, small-bodied species express high telomerase activity and have longer

telomeres. To counteract cancer risk due to longer lifespan, long-lived small-

bodied species evolved additional telomere-independent tumour suppressor

mechanisms. Here, we tested the connection between telomere biology and

tumorigenesis by analysing the propensity of fibroblasts from 18 rodent

species to form tumours. We found a negative correlation between species life-

span and anchorage-independent growth. Small-bodied species required

inactivation of Rb and/or p53 and expression of oncogenic H-Ras to form

tumours. Large-bodied species displayed a continuum of phenotypes requir-

ing additional genetic ‘hits’ for malignant transformation. Based on these

data we refine the model of the evolution of tumour suppressor mechanisms

and telomeres. We propose that two different strategies evolved in small

and large species because small-bodied species cannot tolerate small tumours

that form prior to activation of the telomere barrier, and must instead use

telomere-independent strategies that act earlier, at the hyperplasia stage.

This article is part of the theme issue ‘Understanding diversity in

telomere dynamics’.
1. Introduction
(a) Evolution of telomere maintenance mechanisms in mammals
(i) Telomerase activity levels correlate with species body mass
Mammalian species differ dramatically in telomere biology, ranging from

humans with very short telomeres and limited telomerase activity in the soma

to mice with extremely long telomeres and active telomerase in multiple tissues.

Research conducted in the past 10 years has revealed important discoveries in the

evolution of telomere maintenance mechanisms.

To obtain insights into the evolutionary forces that shape telomere mainten-

ance mechanisms, we quantified telomerase activity across multiple organs in a

collection of rodent species (figure 1). Rodents were chosen because this mamma-

lian order contains the greatest number of species. Furthermore, rodent species

differ dramatically in maximum lifespan (MLS) and body mass, which aids in

distinguishing the effects driven by either lifespan or size. Importantly, both

slow ageing and large body size have evolved multiple times in rodents, which

also allows parsing out of the effects of shared ancestry. Telomerase activity

measured by the TRAP assay [4] across seven organs showed a very strong nega-

tive correlation with species body mass, but not with MLS [5] (figure 2). Thus,

larger species had lower levels of telomerase activity across tissues. Among

small-bodied species with active telomerase, the members of the family Sciuridae
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scientific name common name 
maximum

lifespan (years)
adult body
mass (g)

guinea pig 12 728 

capybara 15 55 000 

paca 16 9000 

N. American porcupine 23 8600 

chinchilla 17 642 

naked mole rat 32 35 

woodchuck 14 5000 

eastern chipmunk 10 96 

American red squirrel 10 200 

fox squirrel 16 800 

eastern grey squirrel 24 533 

American beaver 24 20 250 

blind mole rat 21 160 

golden hamster 4 105 

deer mouse 8 20 

Mongolian gerbil 6 53 

house mouse 4 30 

Norway rat 5 400 

Cavia porcellus

Hydrochoerus hydrochaeris

Cuniculus paca

 Erethizon dorsatum

 Chinchilla lanigera

 Heterocephalus glaber

 Marmota monax

 Tamias striatus

Tamiasciurus hudsonicus

 Sciurus niger

Sciurus carolinensis

 Castor canadensis 

 Nannospalax ehrenbergi

 Mesocricetus auratus

 Peromyscus maniculatus

Meriones unguiculatus

 Mus musculus

 Rattus norvegicus

10 Myr

Figure 1. Phylogeny and life-history traits for 18 rodent species used in the study. The tree topology and estimated divergence times were derived from Fabre
et al. [1] and Meredith et al. [2]. The data for maximum lifespan and adult body mass were obtained from the Animal Ageing and Longevity Database [3].
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(chipmunk, grey squirrel and woodchuck) stood out, as they

had extremely high telomerase activity in every tissue tested.

However, within this family telomerase activity still showed

a linear negative correlation to body mass. The largest rodents

such as beaver and capybara had completely repressed telo-

merase in the soma, similar to human organs. Remarkably,

other large mammals, such as cows and sheep, also show

repressed telomerase activity in the soma [6,7]. The collection

of species was further expanded by the study of Gomes et al.
[8], which analysed telomerase expression in fibroblasts from

60 mammalian species. The analysis showed a negative correla-

tion between body mass and telomerase activity in primary

fibroblasts. Thus, it appears a universal trend exists among

mammals where species with larger body masses evolved

repression of telomerase activity. Interestingly, aside from telo-

merase inhibition, extremely large mammals such as elephants

[8] evolved duplications of the p53 gene as an additional

mechanism to enhance their tumour suppressor function [9,10].

Whether the ancestral state for mammals represents active

or repressed telomerase is a subject of debate. Gomes et al. [8]

concluded from phylogenetic analysis that in the ancestral

mammal telomerase was repressed and, consequently, telo-

meres were short. However, this is difficult to reconcile with

the fact that telomerase is active in the soma of most invert-

ebrates and vertebrates. In addition, the ancestral mammal is
believed to have been relatively small, suggesting the presence

of active telomerase based on the trends observed.
(ii) Telomere length
Telomere lengths among mammals range from 8 to 12 kb in

humans to over 100 kb in laboratory mice. In humans, telo-

meres shorten with age, and short telomeres are associated

with higher mortality in the elderly [11,12], posing the ques-

tion of whether a relationship exists between telomere length

and lifespan across mammalian species.

In rodent species that were examined for telomerase

activity, telomere lengths could be classified into three

groups: (i) shorter telomeres, observed in large-bodied species

with repressed telomerase activity, which are similar to the

human telomere length of 10–15 kb; (ii) long telomeres, seen

in the majority of small-bodied species, averaging 20–50 kb;

and (iii) extremely long telomeres, as observed in laboratory

mice and rats, ranging from 50 to 150 kb. Naked mole rats

and deer mice, both small, were outliers having shorter telo-

meres, similar to human. Overall, there was no significant

correlation between telomere length and either MLS or body

mass among rodents, but a trend could be seen for shorter tel-

omeres in longer-lived species. The analysis of fibroblasts from

60 mammalian species found a significant negative correlation
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Figure 2. Telomerase activity across somatic tissues shows a strong negative correlation with body mass. Telomerase is more active in tissues of small rodents and
repressed in the tissues of large rodents [5]. NMR, naked mole rat.
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between telomere length and MLS [8]. Importantly, it has been

reported that this negative correlation is independent of other

lifespan-correlative factors such as body mass and the GC con-

tent of mitochondrial DNA [13]. Thus, different relationships

between telomere length and lifespan exist within species

and across species. While shorter telomeres may be associated

with higher mortality within species, on the evolutionary scale,

longer-lived species evolved shorter telomeres.
(iii) Replicative senescence
Active telomerase and long telomeres offer multiple benefits

related to enhanced cell proliferation, which may contribute

to faster wound healing and stronger immune function. There-

fore, for repressed telomerase and shorter telomeres to evolve

in large-bodied species, there must be a selective pressure

acting on these species that outweighs the benefits of long tel-

omeres and active telomerase. It was hypothesized that such a

selective pressure is the increased risk of cancer resulting from

the large number of cells. The so-called Peto’s paradox posits

that large-bodied species have statistically higher risk of

developing cancer, but in reality are less cancer prone than

small-bodied species [14]. Therefore, large species must have

evolved additional tumour suppressor mechanisms.
Human fibroblasts have short telomeres and repressed

telomerase. As a result, human cells undergo permanent

growth arrest, or replicative senescence, triggered by critically

short telomeres upon serial passaging in culture [15,16].

Replicative senescence is an important barrier in the way of

tumour progression, as malignant tumours must reactivate

telomerase or use the alternative lengthening of telomeres

mechanism to acquire unlimited proliferation potential [4].

Interestingly, Tacutu et al. found that the genes involved in

cellular senescence show a similar pattern of evolutionary

conservation to cancer-related genes, suggesting that the

genes that control cellular senescence and cancer resistance

may have coevolved [17].

Similar to human cells, fibroblasts from large-bodied

rodents (figure 3) [18] and a wide range of large mammals

[7] undergo replicative senescence in culture. It was proposed

that repression of telomerase activity in large-bodied species

evolved as a tumour suppressor to counteract the increased

risk of cancer resulting from larger body size. Thus, replicative

senescence may be the solution to Peto’s paradox.

Where exactly is the body mass threshold where replicative

senescence emerges, and is it a sharp transition or is there a gra-

dient of phenotypes? Based on the species examined thus far,

the threshold for the evolution of replicative senescence lies
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Figure 3. Typical growth curves for fibroblasts from large and small rodent
species. Cells from large (greater than 5 – 10 kg) animals display replicative
senescence. Cells from smaller animals are immortal and proliferate continu-
ously, with cells from short-lived small rodents displaying rapid proliferation,
and cells from long-lived small rodents displaying slow proliferation in
culture. (Online version in colour.)
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around a body mass of 5–10 kg. Species with a body mass in

the 5–10 kg range may display intermediate phenotypes

with regard to telomerase repression. For example, the paca,

a medium-sized South American rodent, has an average

telomere length of 12 kb and represses telomerase, but its

telomerase becomes spontaneously reactivated when cells

approach growth arrest after passaging in culture. Although

the selective pressure imposed by cancer offers an elegant

explanation for the evolution of replicative senescence in

large species, the relationship between telomere maintenance

mechanisms and propensity to form tumours has not been

experimentally investigated in these animals.

(iv) Telomere-independent anti-cancer mechanisms in small-
bodied species

Large body mass increases the risk of malignancy owing to

the larger number of cells. However, longer MLS is also

expected to increase the risk of cancer owing to a greater

number of cell divisions over time. Surprisingly, small-

bodied species do not evolve repression of telomerase activity

and replicative senescence [5,18]. Fibroblasts from rodents

with body mass smaller than 5–10 kg display an unlimited

proliferative capacity in culture (figure 3). However, there is

a marked difference in proliferation rates between short-

and long-lived species. Fibroblasts from short-lived species

proliferate much faster, while fibroblasts from long-lived

small species proliferate slowly in culture [18]. This slow pro-

liferation likely reflects more stringent cell cycle checkpoint

mechanisms in these species that provide additional levels

of tumour suppression. Detailed analyses of some of the

long-lived small-bodied species revealed unique telomere-

independent mechanisms of tumour suppression. These

include early contact inhibition due to unique properties of

the extracellular matrix in the longest-lived rodent, the

naked mole rat, and interferon-mediated cell death in another

very long-lived small rodent, the blind mole rat. Cells of the

eastern grey squirrel proliferate very slowly in culture and do

not display either early contact inhibition or interferon-

mediated response, suggesting the presence of a third

unique anti-cancer adaptation in this long-lived species.

These mechanisms appear to be unique to each species and

target overproliferation of cells at the early stages of

tumour progression.
(b) The impact of telomere maintenance mechanisms
on tumorigenesis

Previous studies suggested that the evolution of telomere

maintenance mechanisms is driven by the selective pressure

imposed by cancer. However, the cancer rates and the types

of mutations driving cancer for the majority of mammalian

species have not been studied. Furthermore, it is unknown

whether small- and large-bodied species require different num-

bers of ‘hits’ for malignant transformation. The minimal

requirements for malignant transformation have been exper-

imentally compared in human, mouse and naked mole rat

cells [19–22]. Mouse fibroblasts require only two ‘hits’ for

malignant transformation: inactivation of p53 or Rb and an acti-

vating mutation of H-Ras. By contrast, human fibroblasts

require five ‘hits’: inactivation of both Rb and p53, inactivation

of PP2A, an activating mutation of H-Ras and activation of tel-

omerase. Naked mole rat fibroblasts are unique in that synthesis

or accumulation of high molecular weight hyaluronan must be

abolished, in addition to inactivation of both Rb and p53 and

activation of H-Ras, to achieve malignant transformation.

Here, we set out to investigate the requirements for malignant

transformation in a collection of 18 rodent species that differ

in their telomere maintenance strategies. The collection includes

small species with active telomerase such as mouse, rat,

hamster, gerbil, deer mouse, chipmunk, squirrels, woodchuck,

guinea pig, naked mole rat and blind mole rat, as well as large-

bodied species with repressed telomerase such as beaver,

porcupine, capybara and paca. In addition to diverse body

sizes, species in this collection differ in their MLS from 4 to 32

years (figure 1), which allowed us to examine a relationship

between cancer resistance and longevity.
2. Material and methods
(a) Animal samples and cell culture
Rodent animals used in this study were the same as previously

described [5,18]. Primary skin fibroblasts were isolated from

under-arm skin samples. Cells were recovered from liquid nitro-

gen and passaged twice before being used for experiments. Cells

were grown in EMEM medium (ATCC) supplemented with 15%

fetal bovine serum (FBS; Gibco) and 1� penicillin–streptomycin

(Corning). Cells were cultured at 378C in 5% CO2 and 3% O2

except for naked mole rat cells, which were cultured at 328C in

5% CO2 and 3% O2.

(b) Plasmids
Complementary DNAs (cDNAs) encoding SV40 large T (LT), LT

K1, LTD434–444, SV40 small T (ST) þ LT, H-Ras V12 and hTERT
were PCR amplified from corresponding plasmids (Addgene)

and subcloned into piggyBac (pPB) expression vector under

the CAG promoter. The puromycin selection marker was

replaced with the hygromycin resistance gene for the H-Ras

V12 plasmid, and with the neomycin resistance gene for the

hTERT plasmid to allow for respective selection after integration

into the genome.

(c) Transfections
Rodent cells were plated at 5 � 105 cells per 10 cm plate 2 days

before transfection, except for naked mole rat cells which were

seeded at 2 � 105 cells per 10 cm plate 7 days before transfection.

Cells were harvested, resuspended in NHDF transfection solution

(Amaxa) and transfected with corresponding plasmid DNA using

an Amaxa Nucleofector II on programme U-20, except for
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porcupine cells, which were transfected using the A-30

programme because of excessive cell death after U-20 transfection.

(d) Soft agar assays
A measure of 106 exponentially growing skin fibroblast cells were

transfected with a mixture of 5 mg pPB-LT plasmid, 5 mg pPB-H-

Ras V12 plasmid, 1 mg pPB-GFP plasmid and 5 mg plasmid expres-

sing piggyBac transposase (pBase). After transfection, cells were

replated and allowed to recover for 1 day before harvesting for

soft agar assays. The following day, 1% autoclaved Difco Agar

Novel (BD Biosciences) was mixed with 2� MEM medium

(Gibco) supplemented with FBS and penicillin–streptomycin at a

1 : 1 ratio. A 3 ml mixture was added into 6 cm plates and allowed

to solidify. Live cells were harvested, counted and titrated into

5.0 � 104 cell aliquots. Cells were then resuspended in 1.5 ml 2�
complete MEM medium before 1.5 ml of 0.8% agar liquid was

added. The mixture was inverted to mix and was immediately

poured on top of the solidified 0.5% medium agar. The top layer

was allowed to solidify at room temperature and then transferred

into incubators; 1 ml 1� complete EMEM medium was added into

each plate, which was refreshed every week. The frequency of

GFPþ cells was measured in leftover cells, not used for soft agar

assay, as an indication of transfection efficiency using a FACS

Canto machine (BD Biosciences).

After incubation for four weeks, cells and colonies were fixed

by adding 5 ml 70% cold ethanol directly into each agar plate

and waiting for 1 h. Ethanol was removed and plates were

washed with phosphate-buffered saline (PBS) for three times

before adding 2 ml 5 mg ml21 ethidium bromide staining sol-

ution. After staining for 2 h, photos were taken with a Bio-Rad

Gel Doc imager under UV light. The experiments were repeated

with at least another one unrelated animal for each species.

(e) Colony quantification
The soft agar colonies were quantified using the Quantify One

program (Bio-Rad) when there were a lot of colonies grown.

Plates with fewer colonies were counted by hand. Oncogenic

transformation for each species was calculated by the following

formula:

frequency of oncogenic transformation ¼

no. colonies

no. seeded cells� percentage of GFPþ cells
:

( f ) Phylogenetically independent contrast analysis
Phylogenetically independent contrast analysis was performed

using the PDAP package which was run in the Mesquite pro-

gram [23]. Phylogeny information and divergence time of 18

rodents were obtained from Fabre et al. [1] and Meredith et al. [2].

(g) Tumorigenicity assays
NIH-III nude mice (Crl:NIH-Lystbg2J Foxn1nuBtkxid) were used in

xenograft studies. Cells from different rodents were transfected

with a mixture of plasmids expressing the following different com-

binations: LT þ H-Ras V12 þ pBase, STLT þ H-Ras V12 þ pBase

(only for beaver and human cells), LT K1 þ H-Ras V12 þ pBase,

LTD434–444 þ H-Ras V12 þ pBase. Stable integrants were

selected with puromycin and hygromycin for about three weeks.

Cell colonies were pooled and expanded for xenograft exper-

iments. For paca, capybara, porcupine, beaver and human cells,

the hTERT gene was integrated by co-transfection with pPB-

hTERT and pBase plasmids and selection with G418. For injection,

cells were harvested and resuspended into 4 � 106 cells per 50 ml in

PBS, followed by adding the same volume of ice-cold Matrigel
(Corning). One hundred microlitres of cell–Matrigel mixture was

injected subcutaneously into the flank of the mice close to the

hind legs using a 22-G needle. The mice were sacrificed and the

tumours were excised and analysed when the following endpoints

were reached: tumour sizes exceeding 20 mm in the longest dimen-

sion, mice losing greater than 15% of their body weight or mice

displaying severe distress. If there were no signs of tumour

growth for at least six weeks, the mice were euthanized and

dissected to verify the absence of tumours.
3. Results
(a) Cancer resistance coevolves with longevity
To characterize the susceptibility of the animal species to malig-

nant transformation, we analysed the frequency of colony

formation in soft agar. Anchorage-independent growth in soft

agar is a good indication of tumorigenicity in vivo. Primary

skin fibroblasts of 18 rodent species (figure 1) were transfected

with LT and H-Ras V12, and anchorage-independent growth

was measured after four weeks of growth in soft agar. Trans-

formed cells from different species produced dramatically

different numbers of anchorage-independent colonies (elec-

tronic supplementary material, figure S1). In general, colonies

from telomerase-repressed species, which include paca, capy-

bara, porcupine and beaver, are fewer and smaller than those

from telomerase-active species. Interestingly, species within

either group also showed a large diversity of susceptibility to

oncogenic transformation. Notably, naked mole rat and

beaver cells formed very few colonies.

Colonies were quantified and the data subjected to

regression analyses against lifespan and body mass of the

species. Considering that telomerase suppression presents an

additional barrier to tumour formation in large species, we

only included small-bodied species in such analyses. The fre-

quency of anchorage-independent colonies in such species

showed a significant negative correlation with species MLS

(r2 ¼ 0.5489, p ¼ 0.0024; figure 4a), but not with body mass

(r2 ¼ 0.0198, p ¼ 0.63; figure 4b). The correlation between the

frequency of anchorage-independent colonies and lifespan

remained significant after phylogenetic independent contrast

analysis, which was used to correct for phylogenetic non-

independence [24] (lifespan: r2 ¼ 0.3058, p ¼ 0.040; body mass:

r2 ¼ 0.0020, p ¼ 0.88). These results demonstrate that longer-

lived species are more resistant to oncogenic transformation

than shorter-lived species.

(b) Large-bodied species evolved differential levels of
tumour suppression

We next tested the tumorigenic growth of the transformed

cells. Skin fibroblasts stably expressing LT and H-Ras V12

(for telomerase-active species) or LT, H-Ras V12 and

human telomerase (hTERT) (for telomerase-repressed

species) were injected into immunodeficient mice. Tumour

growth was analysed upon reaching the endpoints or at

least six weeks after injection if there were no signs of

tumour growth. All LT þ Ras V12 transformed cells gave

rise to tumours except cells from naked mole rat, beaver

and human (figure 5a; electronic supplementary material,

S2a). Tumour growth rate, for the species that formed

tumours, showed negative correlation with species MLS

and body mass (figure 5b). After phylogenetic correction,

the correlation between tumour growth and MLS was
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Figure 4. The efficiency of oncogenic transformation negatively correlates with maximum lifespan. Skin fibroblasts from 14 rodent species with active telomerase
(electronic supplementary material, figure S1) were transfected with SV40 large T (LT) and H-Ras V12 expressing plasmids together with a GFP plasmid. The
anchorage-independent growth was measured in soft agar plates. The efficiency of oncogenic transformation was calculated as follows: no. colonies/(no.
seeded cells � frequency of GFPþ cells). Experiments were repeated at least three times and included cell lines from at least two animals of each species.
p-values for the uncorrected data were determined by Student’s t-test for Pearson’s correlation; p-values for phylogenetically corrected data are shown in the
text. BMR, blind mole rat; NMR, naked mole rat.
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borderline significant (r2 ¼ 0.2312, p ¼ 0.059), and the corre-

lation between tumour growth and body mass lost

significance (r2 ¼ 0.0015, p ¼ 0.887).

It was previously demonstrated that a combination of

SV40 small T (ST), LT, hTERT and H-Ras V12 is required to

fully transform human cells [21]. We found that the same

combination of oncogenes also suffices to transform beaver

cells (figure 5a; electronic supplementary material, S2a). ST is

known to perturb protein phosphatase 2A (PP2A), which regu-

lates multiple mitogenic signalling pathways, including PI3K

and Wnt pathways [26]. The requirement for ST in trans-

forming beaver cells suggests that beavers evolved additional

tumour suppression mechanisms compared with other

shorter-lived telomerase-repressed rodent species, which

include pacas, capybaras and porcupines.

It was previously shown that telomerase is required for

tumorigenic growth of human cells transformed with ST,

LT and oncogenic Ras [27]. Without telomerase expression,

human cells expressing LT or a combination of LT and
Ras V12 undergo crisis. Surprisingly, paca, porcupine and

capybara cells transformed with LT and H-Ras V12 were

capable of forming tumours (figure 5a; electronic supplemen-

tary material, S2a), suggesting that tumour initiation in these

three species does not require telomerase. However, similar to

human cells, beaver, capybara and paca cells transformed

with LT and H-Ras V12 eventually entered crisis and exhibited

massive cell death (electronic supplementary material, figure

S3). Importantly, paca and capybara cells in pre-crisis stage

failed to form tumours two months after injection (electronic

supplementary material, figure S2a), suggesting that telomerase

is required for malignant tumour growth in these two species.

Interestingly, LT and Ras transformed porcupine cells slowed

down their growth and exhibited some cell death at around

day 120, but the remaining cells resumed fast proliferation

(electronic supplementary material, figure S3).

When the tumours from the telomerase-repressed species

were dissected, the tumours formed by capybara and paca

cells were hollow inside (electronic supplementary material,
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Figure 5. Factors required for tumour formation in immunodeficient mice by cells from different species. (a) Rodent cells stably expressing the indicated com-
binations of oncogenes were assayed for tumorigenicity in immunodeficient mice. The number of tumours formed per number of xenografts injected is shown in
parentheses. Representative images of the tumours are shown in electronic supplementary material, figure S2 and figure S4. Asterisk (*) indicates the result from a
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with maximum lifespan and body mass. Tumour growth rate was calculated as tumour weight in grams at the endpoint divided by the number of days to the
endpoint. The endpoints for the tumour study were defined as either six weeks post injection or the tumours reaching 20 mm in the longest dimension or the mice
exhibiting distress in accordance with the guidelines of the University of Rochester Institutional Animal Care and Use Committee.
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figure S2b), suggesting that these tumours were benign and the

cells inside the tumour were possibly dying due to telomere-

mediated crisis. This is consistent with the crisis exhibited by

these cells during in vitro passaging. Thus, telomerase-

repressed larger rodents display a continuum of phenotypes

requiring increasing numbers of ‘hits’ (porcupine , paca ,

capybara , beaver) for malignant transformation.

(c) Oncogene cooperation in different species
Wild-type LT binds and inactivates both p53 and pRb tumour

suppressor proteins. Inhibition of either p53 or pRb combined

with oncogenic Ras suffices to transform mouse cells [22,28].

We next set out to determine the cooperative transforming abil-

ity between Ras and the disruption of eitherof these two tumour

suppressors in different rodent cells. The LTK1 mutant inacti-

vates only p53, while the LTD434–444 mutant inactivates only

pRb and its family members including p107 and p130 [21].

We generated rodent cells co-expressing H-Ras V12 and either

LTK1 or LTD434–444, and tumorigenic growth of these cells

was tested in immunodeficient mice. Similar to mouse cells,

cells from species with MLS � 10 years, which include hamster,

rat, gerbil, deer mouse, chipmunk and red squirrel, were readily

transformed and formed tumours with either oncogene combi-

nation (figure 5a; electronic supplementary material, S4).

Unexpectedly, the grey squirrel, which is a long-lived rodent

species with a MLS of 24 years, was susceptible to oncogenic

transformation induced by either oncogene combination

(figure 5a; electronic supplementary material, S4). We
previously found that primary eastern grey squirrel cells have

a very slow proliferation rate [18], suggesting that the grey

squirrel may not rely on mechanisms that resist tumour

growth, but evolved tight cell-cycle regulation mechanisms to

prevent mutation accumulations that initiate tumour formation.

Tumours formed with either LTK1 or LTD434–444 tended

to be smaller than the tumours formed with the wild-type

LT, suggesting that inactivation of both p53 and Rb tumour

suppressors provides growth advantage.

Interestingly, woodchuck, fox squirrel and paca cells were

resistant to one oncogene combination, but not the other one

(figure 5a; electronic supplementary material, S4). This result

indicates that pRb and p53 have differential cooperative

functions with oncogenic Ras in these three species.

Guinea pig, chinchilla, blind mole rat, capybara and

porcupine cells could not be fully transformed with either

oncoprotein combination (figure 5a; electronic supplemen-

tary material, S4), suggesting that pRb or p53 that is not

inhibited by LTK1 or LTD434–444 is sufficient to suppress

tumour growth induced by oncogenic Ras.
4. Discussion
Here, we examined the connection between telomere

maintenance, life-history traits, and tumour suppression.

Tumorigenesis was induced by introducing viral oncoprotein

LT, oncogenic Ras and hTERT into primary fibroblasts

of 18 rodent species. Then malignant phenotype of the
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cells was assayed in vitro in soft agar and in vivo in

immunodeficient mice.

In vitro assays in soft agar demonstrated that the combi-

nation of LT and oncogenic Ras was sufficient to confer

anchorage independence to fibroblasts from all small-bodied

species that express telomerase, with the exception of naked

mole rat. Cells of the larger, telomerase-inactive species

formed either no or rare abortive small colonies. This result

demonstrates that repression of telomerase increases resistance

to malignant transformation.

Within the small-bodied species group, there was a signifi-

cant negative correlation between the MLS and the frequency

of colonies formed in soft agar. This shows that although LT

and oncogenic Ras are sufficient for anchorage-independent

growth, longer-lived species evolved additional mechanisms

that limit proliferation of pre-malignant cells.

The naked mole rat, with its MLS of 32 years, is an extreme

example of a small and long-lived mammal that evolved

additional mechanisms of tumour suppression. Naked mole

rat fibroblasts could not be transformed by the combination

of LT and oncogenic Ras, and our previous studies showed

that malignant transformation of naked mole rat cells requires

abrogation of high molecular weight hyaluronan [20]. Cells

from two other long-lived small rodents, grey squirrel and

blind mole rat, whose MLSs are over 20 years, formed colonies,

albeit at somewhat lower frequency than the shorter-lived

species. The absence of a robust protection from transformation

with LT þ Ras V12 suggests that the tumour suppressors

that evolved in these species may be acting through different

mechanisms. Indeed, blind mole rat cells display concerted

cell death due to interferon release at the early stages of hyper-

plasia [29]. In vivo, such a mechanism would be activated prior

to the loss of Rb and p53. In the case of grey squirrel, the

specific mechanism that evolved in this species is not yet

understood. Grey squirrel cells display very slow proliferation,

which may be controlled by Rb and/or p53, as LT abrogates

this protective mechanism.

In vivo experiments showed that cells from small-bodied tel-

omerase-active species (except naked mole rat) expressing LT þ
Ras V12 formed tumours in immunodeficient mice. There was a

trend towards greater tumour latency in longer-lived species.

This result is consistent with anchorage-independent growth

in soft agar.

Fibroblasts from telomerase-inactive rodents showed a

range of phenotypes upon tumour tests in immunodeficient

mice. Porcupine cells formed tumours in mice with just LT

and Ras V12; however, these tumours took twice as long to

grow as the tumours from most long-lived telomerase-active

species. Interestingly, upon serial passaging, porcupine cells

transfected with LT þ Ras V12 entered crisis, but immortal

clones rapidly emerged. This suggests that telomerase can

readily become reactivated in porcupine cells. By contrast, no

immortal cells emerged in capybara and paca cells undergoing

crisis. Consequently, the tumours formed by early passage

capybara and paca cells were benign. These tumours were

hollow inside and capybara tumours took a very long time to

grow. Importantly, late passage capybara and paca trans-

formed cells failed to form tumours. This result indicates that

in vivo the tumours from paca and capybara entered crisis

due to telomere shortening.

Beaver cells did not form any tumours when transfected

with LT þ Ras V12. Beaver cells could only be transformed

with a combination of LT, ST, Ras V12 and telomerase, which
are the same five ‘hits’ required for transformation of human

fibroblasts. Interestingly, beaver MLS is almost double that of

paca and capybara. Based on these observations, large-

bodied telomerase-inactive species examined in our study

can be arranged with regard to tumour resistance in the follow-

ing order: porcupine , paca , capybara , beaver ¼ human.

Cumulatively these results indicate that telomerase repression

serves as an effective barrier against tumour formation. How-

ever, species differ in the ease of telomerase reactivation and

evolve additional anti-cancer barriers, such as the requirement

for PP2A inactivation in beaver and human.

The results of this study allowed us to test and refine the

model for the evolution of tumour suppressor mechanisms

[18] (figure 6a). Large-bodied species evolve repression of tel-

omerase activity [5]. The tumorigenesis experiments confirm

that repressed telomerase activity provides an added layer of

protection against malignant transformation. Therefore, we

conclude that repression of telomerase activity and replicative

senescence evolved as a tumour suppressor mechanism in

response to an increased risk of cancer due to the greater

number of cells in the lager-bodied species. Based on the

available data, the threshold for the evolution of replicative

senescence appears to be between 5 and 10 kg of body

mass, with the species close to this threshold having inter-

mediate phenotypes. For instance, the North American

porcupine (body mass 8.6 kg) possesses repressed telomerase

that can be reactivated in LT þ Ras V12 transfected cells.

Small, short-lived species such as house mouse, hamster

and rat require fewer tumour suppressor mechanisms to

reach their reproductive age without developing cancer.

Fibroblasts from these species express telomerase activity,

have longer telomeres, proliferate rapidly and readily form

tumours upon transfection with LT þ Ras V12. Small long-

lived species do not repress telomerase but instead evolve a

variety of mechanisms that slow cell proliferation [18,20,29].

These mechanisms counteract the increased risk of malignant

transformation due to the greater number of cell divisions

their cells undergo over the course of the animal lifespan.

Soft agar experiments indicate that the frequency of ancho-

rage-independent colonies negatively correlates with species

MLS for the small-bodied animals.

Why have the large and small species used two different

strategies for tumour suppression? Why did the small-bodied

long-lived animals not evolve telomerase repression? Our

in vivo tumorigenesis experiments provide clues to this puzzle.

In paca and capybara, the combination of LT and Ras V12 led

to formation of benign tumours that eventually would arrest

proliferation owing to the telomere checkpoint. However, in a

small mouse-sized animal, a 1–3 g tumour would affect fitness

and survival. Under experimental conditions, mice with

tumours of this size had to be euthanized for humane reasons.

However, for a larger animal, a small benign tumour would

not have a significant effect on fitness (figure 6b). Therefore,

we propose that the telomere barrier does not evolve in small-

bodied species because a benign tumour that continues growing

prior to activation of the telomere checkpoint would be detri-

mental for an animal of small size. Therefore, the anti-cancer

mechanisms that evolve in long-lived small-bodied animals pre-

vent hyperplasia which occurs at the earlier stages of tumour

development.

Active telomerase confers multiple advantages such as

faster cell renewal, wound healing and a more efficient

immune response. However, the risk of cancer associated with
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active telomerase outweighs these benefits for large-bodied

species. Humans are a typical example of a large-bodied species

with repressed somatic telomerase. Multiple age-related

pathologies, especially cardiovascular disease [30–33], may be

attributed to telomere shortening in humans. However, activat-

ing telomerase increases the risk of malignancy. Once we

understand the anti-hyperplastic mechanisms that evolved in

small long-lived species, it may be possible to activate these

mechanisms in humans in combination with telomerase acti-

vation to alleviate age-related pathologies due to telomere

shortening and mitigate the risk of cancer.
5. Conclusion
Large and small mammals evolved two different types of telo-

mere maintenance. Large mammals with body mass greater

than 5–10 kg evolved repression of somatic telomerase activity

and replicative senescence. Small mammals are characterized

by active telomerase in somatic cells, longer telomeres and

lack of replicative senescence. These two telomere maintenance

strategies were likely shaped by differential cancer risks across

small and large animals. Large species face a greater risk of

cancer, and replicative senescence evolved in these animals

as an additional anti-cancer mechanism to mitigate this risk.
Small species do not rely on replicative senescence, possibly

because they cannot tolerate small tumours that form prior to

the activation of the telomere barrier. Instead, small species

evolved telomere-independent anti-cancer mechanisms that

act to slow down cell proliferation and prevent pre-malignant

hyperplasia. Species in the 5–10 kg body mass range display

intermediate phenotypes with regard to telomere mainten-

ance. Some may repress telomerase, but telomerase could be

readily reactivated upon oncogenic insult.
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