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Summary

Progressive telomere shortening from cell division (replicative
aging) provides a barrier for human tumor progression. This
program is not conserved in laboratory mice, which have longer
telomeres and constitutive telomerase. Wild species that do/do
not use replicative aging have been reported, but the evolution of
different phenotypes and a conceptual framework for under-
standing their uses of telomeres is lacking. We examined telo-
meres/telomerase in cultured cells from > 60 mammalian species
to place different uses of telomeres in a broad mammalian context.
Phylogeny-based statistical analysis reconstructed ancestral
states. Our analysis suggested that the ancestral mammalian phe-
notype included short telomeres (< 20 kb, as we now see in
humans) and repressed telomerase. We argue that the repressed
telomerase was a response to a higher mutation load brought on
by the evolution of homeothermy. With telomerase repressed, we
then see the evolution of replicative aging. Telomere length
inversely correlated with lifespan, while telomerase expression
co-evolved with body size. Multiple independent times smaller,
shorter-lived species changed to having longer telomeres and
expressing telomerase. Trade-offs involving reducing the ener-
getic/cellular costs of specific oxidative protection mechanisms
(needed to protect <20 kb telomeres in the absence of
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telomerase) could explain this abandonment of replicative aging.
These observations provide a conceptual framework for under-
standing different uses of telomeres in mammals, support a role
for human-like telomeres in allowing longer lifespans to evolve,
demonstrate the need to include telomere length in the analysis of
comparative studies of oxidative protection in the biology of
aging, and identify which mammals can be used as appropriate
model organisms for the study of the role of telomeres in human
cancer and aging.

Key words: evolution of telomeres; immortalization; telo-
merase; replicative aging; senescence.

Introduction

The ends of human chromosomes (telomeres) consist of many kilobases
of the repeating sequence TTAGGG, ending in approximately 30-600
nucleotides of single-stranded G-rich repeats (Moyzis et al., 1988;
Makarov et al., 1997; Chai et al., 2005). The combination of incomplete
replication and processing events shortens telomeres with each cell
division. This shortening is prevented in the germline and certain stem
cells (Lee et al., 1998) by the presence of telomerase. Telomerase is a
ribonucleoprotein in which the RNA component hTR (hnTERC) (Feng et al.,
1995) contains a C-rich sequence that serves as a template for the reverse
transcriptase activity of the protein catalytic subunit hTERT (Meyerson
et al., 1997; Nakamura et al., 1997). Telomerase reverse transcribes this
template to add GGTTAG to the end of the chromosome, where it
pauses, repositions the template, then adds additional repeats (Greider &
Blackburn, 1989; Blackburn, 1992). Telomerase activity is repressed in
most human somatic tissues during development (Wright et al., 1996),
after which subsequent cell divisions produce telomere shortening. When
telomeres become short enough to produce inadequate telomeric end
protection, they generate a DNA damage signal, which causes the
growth arrest known as replicative aging in normal cells (Shay & Wright,
2005) and crisis in cancer cells.

It is now widely accepted that replicative aging serves at least partly as
a brake against malignancy. Cancer cells require multiple mutations to
become malignant (Armitage & Doll, 1954; Luebeck & Moolgavkar,
2002). Each mutation probably uses 20-40 divisions before achieving a
population size sufficient for another mutation to occur, so premalignant
cells usually come up against the barrier of replicative senescence before
accumulating enough mutated pathways to become invasive. One critical
step in oncogenesis involves the upregulation or reactivation of telomer-
ase to overcome this limit, and approximately 85-90% of all tumor biop-
sies are telomerase positive (Shay & Bacchetti, 1997).

There is now substantial evidence that laboratory mice, which have
25-150 kb telomeres compared to 15-20 kb germline human telomeres,
do not use replicative aging to ‘count’ cell divisions (Sherr & DePinho,
2000; Wright & Shay, 2000). A comparative study of rodents concluded
there was an inverse correlation between levels of telomerase expression
and body size (Gorbunova & Seluanov, 2009) but no correlation between
telomere length and lifespan. We have shown that primates and Indian
muntjac deer have short human-like telomeres and use replicative aging,

761

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland



762 The comparative biology of mammalian telomeres, N. M. V. Gomes et al.

Superorder Order

Cetartiodactyla

Perissodactyla

La

Carnivora

Chiroptera

Eulipotyphla

Rodentia

Lagomorpha
Scandentia

Euarchontoglires

Primata

Xenartha
Afrosoricida
Macroscelidea
Hyracoidea
Proboscidea

artha

Afrotheria Xen

Diprodontia

Monotremata

Proto  Marsu
theria  pialia

150My

Didelphimorphia

120My Q(l)My 6(2My S(l)My

Grey Whale
Bowhead Whala
Bottle-nosed dolphin
Pigmy hippopotamus
Giraffe

-

Sheep®

1 Indian Muntjac

e hinese Muntjac
Pig*

1 amel

H White Rhinoceros
| lan tapir

Tiger
Dog
Polar Bear
-Sea lion
N Red Panda
i Steppe Polecal
' Flying fox
Big Brown Bat
ittle Brown Bat
-Mexican Free-tail Bat
-Af, Pigmy Hedgehog

"
1

- Py

1 -Soricidae shrew
[

[

House Mouse
L
] Sonoran Deer Mouse

i

! Zeh

L Spotted Hyena
L)

i

H

1

i

1

i

'

A amp Rabbit

: orth American Pika
1 Large Tree Shrew

4 Ring-tailed Lemur
i

:

'

i

1

i

'

1

L)

1

pider Maonkey
quirrel Monkey
hesus Monkey
rangutang

.E. Elephant Shrew
.E. Elephant Shrew

——Rock Hyrax
wnﬂephnm
Elephant

1
i
1
I
i
1
i
1
i
i
I
i
1
i
'
1
i
1
i
1
i
1)
1
i
1
i
1
I
i
1
i
1
i
i
I
i
1
i
|
1
1
1
i
1
1
v
1
i
1
i
1
1
i
1
i
1
1
i
1
i
1
i
i
I
i
1
i
1
I
i
1
i
1
1
I
1
i
1
i
'
I
L}
1
i
1
]
I
1
i
1
i
L}
1
i
1
i
'

1
i
1
1 1
i 1 ed Kangaroo
i a
i i : Wombat
H i H ' Virginia Opossum
] 1 ©, W
] 1 1 ]
i i i i
50My  120My 90My 60My 30My

uropean White Rabbit
lack-talled Jack Rab.

HH Ars. Resist.

Hﬂlﬂﬂﬂﬂﬂﬂﬂ Telomerase

=4 = =
w = "]

pra—.
[= I

=
[= Il

2a

BEEE::=R:

=

w
a
=
&
E

L)
a

o

=

=
o~

v

EEEEEEERREE: s » cH=BRBs s se 5 s sl s BEE - RAEEEEEEEEEREEE Lo (<o)

50
ar 03

g
=z

EE--
< 20

=
w

R
2]
S
n
¥
]
]
]
[ N ]
[ N ]
]
]
]
]
[ N |
]
¥
™ |
]
[ N |
¥
[ ]
¥
¥
¥
b i
[N ]
b i
N ]
ER
¥
b i
1 % M
¥
¥
¥
¥
Y
N ]
]
]
]
[ M |
Y
[ ]
[ N |
ER
[ N ]
]
]
KR
[ N |
o
Y
¥
¥
ER
[ N |
]
]
Y
¥
Y

_M___!E!w
in =1

)
3
o
3
c

£
c
o
o

.

[a]

<20 kb telomeres

Fig. 1 Evolutionary distribution of telomere length, telomerase activity and stasis (stress or aberrant signaling induced senescence) in the mammalian evolutionary tree.
Telomere length, telomerase activity, and stasis induction run in evolutionary clades. Telomere length was measured by terminal restriction fragment (TRF) analysis: Values

< 20 kb are shaded black, while values > 20 kb are shaded pink. Nonplacental mammalian orders such as Marsupials and Monotremes show the presence of restriction
enzyme recognition sites intercalated between the telomeric (TTAGGG), sequences and thus are labeled as being of indeterminate size (I). Telomerase activity was detected
with TRAP: Values are expressed as a % of the activity in the reference lung adenocarcinoma tumor line H1299, and shaded black if absent and pink if any activity was
detected. Stasis: (N) with black shading = cells grew beyond 15 doublings, (Y) with pink shading = cells growth arrested in culture before population doubling 15. Based on
these characteristics, some taxonomic orders could be described as exhibiting uniformly human-like telomere phenotypes or having discontinuous telomeres. Arsenite
resistance: (Y) with black shading = LD90 > 20 mm sodium arsenite after 4 h exposure, (N) with pink shading = LD90 < 5 mm (see Fig. 5). Published data on Primates
(Steinert et al., 2002), Lagomorphs (Forsyth et al., 2005), and Muntjacs (Zou et al., 2002) are from our laboratory, and thus are directly comparable. Data from other
laboratories are indicated by (*) [cow (Lanza et al., 2000), sheep (Cui et al., 2002), pig (Fradiani et al., 2004; Oh et al., 2007), rat (Mathon et al., 2001)]. Scientific names and
specific data for each species (scientific name, growth curves, TRF gels, telomerase assays, mass, lifespan) are provided in Table S1 and Fig. S1 (Supporting Information). The
telomere lengths for giraffe, rhinoceros, and anteater are adjusted for a large digestion-resistant subtelomeric region using the rate of disappearance of the telomeric signal
with increased cell doublings (see Fig. S1, Supporting Information). Cladogram adapted from Bininda-Emonds et al. (2007, 2008).
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while lagomorphs have very long telomeres and do not use telomeres to
limit the number of cell divisions (Steinert et al., 2002; Zou et al., 2002;
Forsyth et al., 2005). To provide a more comprehensive analysis of the
phylogenetic distribution of the use of telomere shortening as a tumor-
protection mechanism and the role of replicative aging, we undertook a
systematic survey of telomere biology covering the mammalian evolution-
ary tree. A phylogenic-based statistical analysis allowed us to reconstruct
the ancestral placental mammalian phenotype as having short human-
like telomeres and repressed telomerase, define multiple transitions to
having long telomeres and not repressing telomerase, and provide evi-
dence for one trade-off that could provide compensatory advantages to
abandoning replicative aging. Although replicative aging is a key tumor-
protection mechanism in humans and many other species, these results
put the role of telomeres in cancer and aging in a much broader compara-
tive context needed to appreciate the different functions of telomeres in
mammalian biology.

Results

Phylogenetic distribution of telomere phenotypes

Telomerase expression in cultured fibroblasts from adult donors was used
to determine the strength of telomerase repression in somatic mesenchy-
mal cells. Telomere length and telomerase expression from 43 species as
well as an additional 18 previously studied species is arrayed on a mam-
malian phylogeny in Fig. 1 (see Table S1 and Fig. S1, Supporting Informa-
tion for detailed data for each species). Cells cultured under suboptimal
conditions (e.g., lack of a micronutrient, atmospheric rather than physio-
logic oxygen, other unknown factors) frequently exhibit a growth arrest
called stasis (stress or aberrant signaling induced senescence) (Drayton &
Peters, 2002) that is independent of telomere shortening. The presence
of an early stasis (within 15 doublings) and resistance to the oxidative
damage agent sodium arsenite also provided additional phenotypes.

We examined telomerase expression, telomere length, body size and
lifespan using regression models which account for the shared ancestry
as implied by the phylogeny within the phylogenetic generalized least
squares (PGLS) framework (Pagel, 1999). Telomerase expression signifi-
cantly co-evolved with body size (P = 0.0082), but showed no indepen-
dent effects on lifespan (P = 0.34). Telomere length significantly
co-evolved with lifespan (P = 0.0032) over and above what we would
expect from body size alone, but there was no independent association
of telomere length with size (P = 0.71) (Fig. 2).

Telomerase
TNl P=034
P= 0.0A S~ -
P <0.0001 “A
Mass d Lifespan
El
P=0.71 ,/
’ P=0.0032

7

Telomere length

Fig. 2 Relationship of telomeres and telomerase to mass and lifespan. Dark arrows
indicate significance while dotted arrows show lack of significance. Phylogenetic
generalized least squares framework (PGLS) analysis demonstrates that telomerase
expression inversely co-evolves with increased mass, while telomere length inversely
correlates with increased lifespan.
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Ancestral placental mammals had human-like telomeres and
repressed telomerase

The ancestral telomere length at the base of the placental mammals was
reconstructed using maximum likelihood models that yield the most likely
value at the root of a given phylogenetic tree under the evolutionary
model of Brownian motion, along with the parameter ‘lambda’, which
measures the strength of the phylogenetic signal (Freckleton et al., 2002;
Pagel et al., 2004; Organ et al., 2009). The ancestral state was deter-
mined to be 18.6 kb with a lambda equal to 1, indicating a very strong
phylogenetic signal. A Markov-transition approach (Pagel et al., 2004)
was used to estimate the ancestral state for the expression of telomerase.
The probability that ancestral placental mammals repressed telomerase
was calculated to be high (0.998) compared to the probability that it was
expressed (0.002). These results remained qualitatively the same even if
each order was analyzed separately (Table S2, Supporting Information).
The transition rate from expressed to repressed was estimated to be close
to zero, meaning that only transitions from repressed to expressed
occurred.

Nonplacental mammals have discontinuous telomeres

The nonplacental mammals are generally considered to express the
ancestral mammalian state, but we were unable to unambiguously deter-
mine their telomere length phenotype. The sequence TTAGGG lacks
restriction sites. After digesting genomic DNA with a mixture of four-base
recognition restriction enzymes to remove sequence-diverse DNA from
the internal (centromeric) side of the telomere, the size of the telomeres
was determined on agarose gels. The nonplacental mammals contained
discontinuous telomeres in which kilobase long stretches of telomeric
repeats were interrupted by DNA containing restriction sites. Figure 3
compares telomeres from species from orders with uniformly short telo-
meres, long telomeres from orders with variable telomere lengths, and
two marsupials. The wombat and koala telomeres are < 2 kb when
digested with a mixture of six enzymes, but exhibit completely different
patterns when digested with individual enzymes. We thus could not
assign a telomere length to the nonplacental species.

Oxidative resistance and telomere trade-offs

The relationships among the variables analyzed in the regressions are
shown in Fig. 4, independent of their phylogenetic connections. Most of
the diversity in telomere size and telomerase activity occurs in species
weighing < 1 kg. Our phylogenetic analysis suggested that the ancestral
mammalian phenotype had short telomeres and repressed telomerase as
the initial adaptation to homeothermy (see Discussion), and that the
acquisition of long telomeres and not repressing telomerase represents
secondary changes that provided adaptive advantage to species that
either remained small or which evolved from larger precursors [such as
may have occurred in bats (Simmons et al., 2008)]. These smaller species
came to have longer telomeres/express telomerase at least 5-7 indepen-
dent times in the evolutionary tree. These multiple convergent changes
suggest trade-offs between the benefits of tumor suppression and the
costs of other processes, and two potential candidates are the costs of
limiting regeneration and the costs of oxidative damage protection of
telomeres (see Discussion).

The working hypothesis that a trade-off could involve oxidation dam-
age to telomeres was examined by determining the sensitivity of 15 spe-
cies to two types of oxidative stress, tert-butyl hydroperoxide and sodium
arsenite (Fig. 5). The relationship of drug sensitivity to telomere length

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Fig. 3 Nonplacental mammals have discontinuous telomeres. Telomere restriction fragm

ent analysis (TRF) involves digestion of genomic DNA with a mixture of six 4-base

restriction enzymes (Haelll, Alul, Hinfi, Mspl, Rsal, and Cfol) and yields telomeres of a variety of sizes, examples of which are shown. Nonplacental mammalian repeats are
interrupted by DNA containing restriction sites, so their size depends on which enzyme is used. Dashes corresponding to the 19- and 6.2-kb size markers were digitally fixed to
the image for each species, and then the size of each image adjusted so that all the marks aligned to allow a direct visual comparison between the different species. The DNA

from species with very long telomeres was analyzed on FIGE gels.
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independent of size or lifespan was significant by maximum likelihood in
a PGLS framework analysis for both agents (tert-butyl hydroperoxide
P =0.032, Fig. 5A; sodium arsenite P = 0.017, Fig. 5B). Many studies
have found an association between lifespan or body weight and

Aging Cel

resistance to oxidative stress in cultured cells [e.g., (Kapahi et al., 1999;
Harper et al.,, 2007)]. This relationship also held with either lifespan
(Fig. 5C,D) or mass (Fig. S2, Supporting Information: tert-butyl hydroper-
oxide, PGLS body size P =0.016, sodium arsenite, PGLS body size

© 2011 The Authors
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P = 0.0045) as independent variables. The response to sodium arsenite
was more dramatic than for tert-butyl hydroperoxide. Species appeared
to fall into two groups differing by 6-fold in their sensitivity. Sodium arse-
nite resistance was independent of the ability of the cells to grow well
under standard culture conditions, because two species with short telo-
meres exhibiting stasis (grey whales and Malaysian tapirs, Table S3, Sup-
porting Information) still exhibited the resistant phenotype.

Discussion

Telomerase, telomere length, and body size vs. lifespan

One previous study reported that telomerase expression in vivo decreased
with increasing mass but did not find a relationship with lifespan for
either telomerase activity or telomere length in rodents (Seluanov et al.,
2007). We present here a much more extensive data set on diverse mam-
malian species. The phylogenetic analysis in Fig. 2 demonstrates that telo-
mere length does co-evolve with lifespan. One needs both human-like
telomeres (short enough that replication-dependent telomere attrition
can produce enough shortening to ‘count’ cell divisions) and repress telo-
merase to use the full power of replicative aging as a tumor suppression
mechanism. The independent association of short telomere lengths with
increased lifespan suggests that the full establishment of replicative aging
is required to suppress tumor formation over long periods of time in large
mammals.

Homeothermy and ancestral mammalian
telomeres/telomerase

The maximum likelihood and Markov-transition analysis indicated that
ancestral placental mammals had short telomeres and repressed telomer-
ase. Although only limited data are available, a broad range of aquatic

© 2011 The Authors

poikilothermic species from echinoderms to cartilaginous and bony fishes
have short telomeres and express telomerase in many of their tissues
(EImoreet al., 2008). The presence of human-like telomeres with repressed
telomerase as the ancestral placental mammalian phenotype leads to the
hypothesis that one of the early adaptations to becoming homeothermic,
with its accompanying increased mutational load (Adelman et al., 1988;
Martin & Palumbi, 1993; Rand, 1994), was the repression of telomerase in
adultsomatic cells, where the consequent progressive telomere shortening
could function as a potent tumor-protection mechanism.

There are examples of poikilothermic amphibians, reptiles, and turtles
that have heterogeneous telomere lengths ranging up to 50 kb (reviewed
in (Gomes et al., 2010). Additional study will be needed, but these may
represent other examples of trade-offs and transitions to having very long
telomeres resulting from elevated body temperatures as these species
exposed themselves to prolonged periods in hot environments. The role
of homeothermy in birds awaits better data on the function
of micro/macrochromosomal telomeres, replicative aging and telomer-
ase expression in different tissues.

Nonplacental mammals

We were unable to classify telomere length in nonplacental mammals
because the TTAGGG telomeric repeats were interrupted by DNA con-
taining restriction endonuclease sites. The nature of the interspersed
sequences in the nonplacental mammals and whether they reflect past
recombination/insertion events or an ongoing process involved in telo-
mere maintenance remains to be determined. The lack of telomerase
expression by koala cells, their growth arrest after only 38 population
doublings and their immortalization following the introduction of hTERT
(Fig. S1, Supporting Information) suggest that at least one marsupial is
using replicative aging and that only the most terminal stretch of uninter-
rupted telomere repeats is functioning in this process.

Aging Cell © 2011 Blackwell Publishing Ltd/Anatomical Society of Great Britain and Ireland
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Replicative aging and long telomeres/telomerase

Although we believe that most of the species with telomeres > 20 kb do
not use replicative aging, additional evidence is required to establish this
conclusion. There is a clear tendency for species larger than 1 kg to have
short telomeres and repress telomerase (Fig. 4). Most of these may use
replicative aging, because they growth-arrested in culture with short telo-
meres and were immortalized following the introduction of hTERT, often
without needing to block cell cycle regulatory genes such as Tp53
(Fig. S1, Supporting Information).

Evolutionary trade-offs and long telomeres/telomerase

There are likely to be trade-offs involving advantages for the expression
of telomerase in somatic tissues of small animals. Human diseases involv-
ing mutations in telomerase cause premature stem cell depletion and a
variety of age-related diseases such as sporadic bone marrow failure, dys-
keratosis congenita, and idiopathic pulmonary fibrosis (Garcia et al.,
2007). One advantage of not using replicative aging would be an increase
in regenerative capacity.

An additional trade-off might involve a need for a higher amount of
resources invested in oxidative damage protection in species with short
telomeres. Free radicals preferentially damage GGG triplets (Hall et al.,
1996; Oikawa & Kawanishi, 1999), present every 6 bp in TTAGGG
repeats. Furthermore, a fundamental property of telomeres (suppressing
local DNA damage signaling so that the ends of linear chromosomes are
not recognized as DNA double-strand breaks) results in oxidative telomer-
ic damage being repaired much more slowly than elsewhere in the gen-
ome (Petersen et al., 1998), increasing the probability that single-strand
damage gets converted into double-strand breaks and loss of telomeric
sequences. Very long telomeres (too long to effectively count cell divi-
sions for physiological purposes) might allow large segments of the telo-
mere to be lost without compromising cell division. Similarly, expressing
telomerase would allow repair and elongation of any highly truncated
telomeres. Maintaining telomeres short enough to limit cellular prolifera-
tive capacity and function as a tumor suppressor mechanism might
require an increased amount of resources invested in some oxidative pro-
tection mechanisms.

We observed quantitatively different responses for tert-butyl hydroper-
oxide and sodium arsenite (Fig. 5 and Table S2, Supporting Information).
Although the mechanism for this is unknown, it may reflect cellular com-
partmentalization, different propensities to damage lipid, protein, or
DNA (Harper et al., 2007), or the ability of arsenite to react with critical
cysteines in some proteins (Flamigni et al., 1989; Kapahi et al., 2000).
Oxidative damage has long been hypothesized to be a major determinant
of longevity (Harman, 1956). The present result showing dependency on
telomere length for both tert-butyl hydroperoxide and sodium arsenite
demonstrates that it will be important to consider telomere length as an
independent variable in comparing the level of resistance to different oxi-
dative stresses as a function of lifespan.

We observed a minimum of 5-7 independent events in which a transi-
tion between short telomeres/repressed telomerase to long telo-
meres/expression of telomerase occurred. As these are independent
events, there is no reason to assume that the molecular/genetic mecha-
nisms underlying these changes are identical.

Conclusion

In summary, we have presented a general survey of telomere biology cov-
ering mammalian evolution that provides a conceptual framework for

understanding the different uses of telomeres in different species. We
show the ancestral mammalian phenotype had human-like telomeres
and repressed telomerase, consistent with the hypothesis that the initial
adaptation to homeothermy involved the adoption of replicative aging to
compensate for the increased mutational load of elevated body tempera-
tures. In addition, we find that telomere length inversely correlates with
lifespan, while telomerase expression correlates with mass. The role of
replicative aging as a tumor suppression mechanism is well accepted;
however, its contribution to lifespan remains controversial. The demon-
stration that telomere length inversely correlates with lifespan provides
support for the interpretation that replicative aging is one of many factors
contributing to lifespan in a large number of species. The evidence that
oxidative protection mechanisms are lower in species with long telomeres
suggests one evolutionary advantage of abandoning replicative aging in
favor of long telomeres and not repressing telomerase in smaller mam-
mals. Comparative aging studies of stress resistance/oxidative protection
will need to evaluate the changes that function in lifespan determination
vs. those reflecting changes in telomere phenotype. These results now
allow the role of telomeres in human cancer and aging to be put in the
larger context of mammalian telomere biology.

Discussion of additional considerations affecting the interpretation of
these results can be found in the Data S1 (Supporting Information).

Materials and methods

Data and phylogeny

Data on size and maximum lifespan were obtained from the AnAce data-
base (The Animal Ageing & Longevity Database. http:/genomics.
senescence.info/species/).

We used a pruned version of Bininda-Emonds et al.’s mammal super-
tree (Bininda-Emonds et al., 2007, 2008), with branch lengths measured
by estimated divergence times in millions of years.

Phylogenetic regression analyses

We conducted simultaneous multiple regression analyses (so all P-values
reported are independent of all other variables in the model) within a
maximum likelihood PGLS framework using the computer program
BayesTraits (Pagel et al., 2004). This method explicitly accounts for the
shared ancestry as implied by the phylogeny by converting the tree topol-
ogy and branch lengths into a variance—covariance matrix which is used
to weigh the points accordingly. By incorporating A into the regression
model, the PGLS framework offers a more flexible approach relative to
other statistical methods, as it can quantify and account for the precise
phylogenetic signal in the residuals. This well-established, and widely
used, methodology is fully described elsewhere (Pagel, 1999; Freckleton
et al., 2002). Because telomere length, mass and lifespan are all bounded
by zero, calculations were based on the log of the values.

Phylogenetic ancestral state reconstruction

To estimate the ancestral telomere length, we used a model introduced
by Organ et al. (2009). This model also uses PGLS framework. It has been
shown to outperform other methods of ancestral state reconstruction as
the model of evolution estimated across the whole tree is used to infer
the ancestral states (Montgomery et al.,, 2010). This method is fully
described by Organ et al. (2009).

To infer whether the ancestral mammal repressed or expressed telo-
merase, we used a continuous time Markov model of trait evolution, as
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implemented in the computer program BayesTraits (Pagel et al., 2004),
allowing independent gains and losses in each branch of the phylogenetic
tree. This method differs from that used to infer telomere length as it var-
ies discretely rather than continuously. This methodology provides a prob-
ability for each state (in this case repressed or expressed) at any given
node. This method is fully described by Pagel et al. (2004).

Cell culture

Fibroblasts from the skin, kidney, lung or cornea of various adult mamma-
lian species were grown in a variety of media (detailed for each species in
Fig. S1, Supporting Information). All cells were grown at 37°C in 5% CO,
and low oxygen conditions (2-5% O,) except as noted in Fig. S1 (Sup-
porting Information).

Telomere length and telomerase

Mean telomere length was determined using terminal restriction frag-
ment (TRF) analysis (Herbert et al., 2003). Genomic DNA was digested
with one or a mixture of six enzymes (Haelll, Alul, Hinfl, Mspl, Rsal, and
Cfol) and resolved on 0.7% agarose gels. Cell telomerase activity was
measured using the telomeric repeat amplification protocol (TRAP) (Her-
bert et al., 2003), and activity expressed with respect to the reference
human lung adenocarcinoma line H1299. Telomerase is expressed during
embryogenesis in humans and presumably all mammals. The expression
of telomerase in cells cultured from adult animals is being interpreted as a
reflection of the regulation of telomerase in adult somatic cells that are
not stem or transient amplifying cells. Tissue biopsies often show weak
telomerase activity when first put in culture that disappears within the
first few doublings. Whether this represents the presence of stem cells
that are overgrown by fibroblasts/more differentiated cells or simply a
downregulation of telomerase is unknown. Telomerase activity was
quantitated from the activity sustained for more than a few doublings in
culture.

Telomere size varies by 3-4 kb between different human donors in
addition to decreasing with donor age. As in most cases cultures from a
single animal of undetermined age were analyzed, telomere size was esti-
mated (accurate within a few kb) rather than calculated to emphasize the
limits of this analysis (i.e., only > 5 kb differences are significant).

Cytotoxicity assay

Thawed cells were grown for 11 days then plated at 20 000 cells per
100 pL per well in 96-well plates. After a 4 h recovery, 100 uL of RPMI-
1640 media containing dilutions of tert-butyl hydroperoxide or sodium
arsenite were added for 4 h at 37°C. After three washes with D-PBS, each
well was incubated for 4 h at 37°C with 100 uL MTT (Sigma) diluted in
RPMI-1640 (with 25 mm Hepes and 1 mm NaPyruvate). To each well,
200 pL of solubilizing solution (10% Triton X-100, 0.1 N HCIl, 80% Iso-
propanol) was added, and the plate was shaken for 10 min. Absorbance
at 570 nm was measured using an automated plate reader (700 nm refer-
ence wavelength).

Viral transfections

Some cells rapidly entered stasis, a growth arrest because of inadequate
growth conditions. To force these cells to proliferate, we overexpressed
SV40 Large-T antigen to block cell cycle checkpoints, cyclin-dependent
kinase 4 (Cdk4), or human papillomavirus (HPV) E6/E7. In cases where
the cells were nondividing at arrival, they were first infected with
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adenovirus expressing SV40 LgT antigen to initiate cell division, and then
infected with retroviral vectors to produce stable expression. Stable infec-
tion with retrovirus expressing SV40 LgT antigen was performed 72 h
after adenoviral infection. Stable expression of the human telomerase
protein catalytic component (hTERT) used the retroviral vector
pBabepurohTERT (Ouellette et al., 1999).

Nondenaturing in-gel hybridization to detect telomere DNA

In some cases, it was difficult to distinguish telomeres from abundant
internal telomeric repeats. The true telomeric signal was then determined
on native gels by hybridizing ds genomic DNA to a C-rich telomeric probe
that would only anneal to the single-stranded G-rich overhang at
telomeres.

Fluorescence in situ hybridization analysis

Metaphase spreads were hybridized to 3’-Cy3 or Cy5-conjugated
(CCCTAA)3 2’-deoxyoligonucleotide N3~Ps- phosphoramidate telomeric
probes (kindly provided by Geron Corp., Menlo Park, CA, USA) as
described by Zou et al. (2002).
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