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Introduction

Drs. J. Watson and A. M. Olovnikov described the natural phenomenon of an “end replication problem”

in the 1970s. (Watson 1972, Olovnikov 1973). The problem arises from the inability of a polymerase

enzyme to fully replicate a linearized chromosome, resulting in a cumulative erosion of these ends

during each cell division. Human Telomeres are repetitive, TTAGGG repeats of non-coding DNA at the

ends of chromosomes (Moyzis et al. 1988, Meyne et al. 1989), and act as a buffer towards this natural

attrition. They are present in a variety of base-pair flavors in the majority of eukaryotic organisms. With

a length ranging from 5 to 15kb in humans (reviewed in Hug and Lingner 2006), they allow a cell to

proliferate a limited number of times. Each cellular division results in a loss of around 50-150

bp/end/cell division, in part due to the end replication problem (reviewed in Smogorzewska and de

Lange 2004). Once the telomeres have shortened beyond their capacity, cell cycle checkpoints stall the

cell and direct it to senesce or apoptos, via p53 and RB1 dependent pathways (Verdun and Karlseder

2007).

This limitation on a cell’s proliferative ability has been theorized to act as an anticancer mechanism

(Hiyama et al. 1995, Campisi 2001, Seluanov et al. 2008), as will be described in greater detail. In brief,

DNA replication and environmental factors may induce mutations into a cell’s genetic material causing a

‘hit’ to the cell’s stability. With enough ‘hits,’ cells may activate growth pathways resulting in an

uncontrolled cellular proliferation. Telomeres would elicit their anticancer effect at this level, causing

extensively proliferating cells to senesce due to their rapidly depleted telomeres.

Unfortunately, however, the shortening of telomeres has also been proposed to be a causal force in the

aging process. The limitation on a cell’s proliferative ability imposed by telomere length gradually shows

itself over time, possibly limiting tissue replenishment (shown in vitro by Flores et al. 2005). A

decreased ability for organs to function because of this is thought to increase the body’s weakness and

propensity for disease, and is the telomere theory of aging (as originally proposed by Olovnikov 1973)

(figure 1).
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Figure 1 | The Telomere Theory of Aging

Te
lo

m
er

e
Le

n
gt

h

Age

Disease

Health

Figure 1: In humans, telomere length shortens with age (blue line), due to cell divisions and

insufficient telomerase activity to maintain telomere length (described below). This shortening

is thought to result in a decreased ability for tissues to regenerate, causing a greater likeliness

for disease. This manifests itself as ‘aging,’ and telomere shortening is its direct cause.

In conjunction with this shortening of telomeres, cells have devised methods to circumvent this

degradation, to increase their proliferative potential. Perhaps not coincidentally, these methods are the

same means by which cancer cells themselves have achieved their own ‘immortality.’ Currently two

methods of telomere elongation have been characterized in humans; the well known telomerase

holoenzyme pathway, which this report is more focused on, and the less common ALT pathway which

employs homologous recombination as a means to telomere extension (Reddel et al. 2001). The

importance of these mechanisms for extending cellular lifespan is clear; telomerase expression is found

in 95% of tumor cell lines (Finkel et al. 2007), and the ALT pathway perhaps accounts for the rest.

Cancerous cells clearly demonstrate the necessity for an extension of the limits of natural cellular

proliferation in order to reach cellular immortality.
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Again due to the linear nature of a chromosome, the ends of telomeres resemble DNA strand breaks,

posing a potential problem for cells (reviewed in Viscardi et al. 2005). To address this, the telomeric

ends are made inaccessible to checkpoint activation proteins or pathways, such as ataxia telangiectasia

mutated (ATM), ATM-and-Rad3-related (ATR), or recombinational repair. These higher order structures

effectively ‘cap’ the telomeric ends, referred to as T-loops or G-quadruplexes (seen in figure 2 and as

reviewed by Gilson and Geli 2007). Their formation is facilitated by a ‘g-tail’ at the end of the telomeres,

a 3’ G rich overhang of around 30-110 nucleotides in length for humans (Klobutcher et al. 1981, Chai et

al. 2006, and as reviewed in Verdun and Karlseder 2006). The telomeric association of six proteins

which form a complex termed ‘shelterin’ are integral in configuring the G-tail into a cap formation (as

reviewed by de Lange 2005 and represented in Figure 2). Interestingly, components of DNA damage

response mechanisms associate themselves with these structures. They are thought to contribute to

protecting the telomeric ends during normal development and in activating a DNA damage response

once critically short telomere lengths are detected (reviewed in Gilson and Geli 2007, and Verdun and

Karlseder 2007).

Figure 2: Telomeric DNA with the Shelterin Complex and the Telomeric Cap
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Figure 2: Six proteins, TIN2, TPP1, POT1, TRF1, TRF2, and RAP1 for the shelterin complex. The

telomeric cap structure, maintained by the proteins from the shelterin complex, ‘hides’ the

open ends of the telomeres.

Passage of the replication fork during S phase of the cell cycle disrupts the above mentioned protective

structure. This allows access of telomerase to the telomeres in late S phase and G2-M phase (Verdun

and Karlseder 2006), but also results in telomere shortening. This shortening is in part due to the ‘end

replication problem’ as described, but also due to nucleolytic digestion required for reformation of the

g-tail overhang (as reviewed in Verdun and Karlseder 2007). These two instances are the major causes

of telomere loss occurring with each cell division.

In the human adult, telomerase activity within the soma is significantly suppressed, with hTERT, the

catalytic subunit of telomerase, absent in most adult somatic cells (reviewed in Collins and Mitchell

2002, and Smogorzewska and de Lange 2004). A transient and low-level of telomerase activity occurs

only within a subset of cells within highly proliferative tissues, serving to lessen but not counteract the

erosion of telomeres (reviewed in Smogorzewska de Lange 2004).

Components of the shelterin complex are thought to provide the connection between the telomeres

and telomerase, serving to recruit the enzyme to the telomeres (Wang et al. 2007; Xin et al. 2007).

There telomerase associates at the 3’end of single-stranded DNA containing a TTAGGG repeat,

preferentially elongating the shorter telomeres within a nucleus (Ouellette et al. 2000, Westin et al.

2007, and as reviewed in Stern and Brian 2008). Once recruited, telomerase adds units to the telomeric

ends thereby elongating the telomeres. In theory, this addition circumvents the implications imposed

by the ‘end replication problem’ and other factors contributing to telomere shortening. In humans,

however, telomere shortening is nonetheless still observed to occur.

Figure 3 represents all these ideas of telomeres and telomerase in a network model form. This report

will thus focus on the possible role of telomeres in the human aging process with this model in mind,

aiming to answer the two questions it raises. Namely, can longer telomeres counteract aging, and does

telomere shortening cause it? To address these, the role of telomere length and telomerase

suppression in nature and biology will be addressed, after which its impact on aging will be considered.
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Through comparing the trends of telomeres and telomerase in other organisms, a better understanding

of the potential role they play in human biology may better be understood.

Figure 3 | Network View of Telomeres and Telomerase in Aging and Cancer
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Figure 3. Network view potentially relating telomeres and telomerase to human aging. Passage

of the replication fork causes two phenomena; telomere shortening due to the end-replication

problem (and a required reformation of the g-tail/t-loop), and the access of telomerase to the

telomeres. Shorter telomeres are more likely to elicit a DNA damage response causing cellular

senescence, which has been theorized to contribute to aging. Once allowed access, telomerase

lengthens telomeres. This telomere homeostasis prevents the occurrence of critically short

telomeres, thus allowing for a greater number of potential cellular divisions. However,

removing the occurrence of telomere shortening opens the door for cells dividing uncontrollably

to become cancerous (which in turn may undergo reinforced telomerase activation to ensure

continued survival).
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Trends in Nature : Cancer, Telomerase, and the Telomeres

If the telomeres and telomerase are indeed influencing the aging process, and the selective

force on them is in relation to cancer, then a closer look at this relationship in nature is merited. As

described in the introduction and shown below in Figure 4, telomeres are thought to act as an

anticancer mechanism (Hiyama et al. 1995, Campisi 2001, Seluanov et al. 2008). In this model, a somatic

cell undergoing uncontrolled cellular proliferation would be limited by the length of its telomeres.

Natural selection would ensure that this mechanism would act prior to excessive mutations could cause

a reactivation of telomerase (Figure 4). This would thus place a selective force on possessing shorter

telomeres.

Figure 4 | Telomeres as an anti-cancer mechanism
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Figure 4. Telomeres have been proposed to act as an anti-cancer mechanism. Telomeres may

illicit their anti-tumor properties once cells have undergone enough mutations (lightning bolts)

to cause uncontrolled cellular proliferation. The rapidly shortening telomeres from these

dividing cells would hopefully cause the cells to senesce prior to a reactivation of telomerase.

This view was supported by the observations that laboratory mice possess relatively long

telomeres and constitutively express telomerase in their tissues (Prowse and Greider 1995). As mice in
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the wild predominantly die of predation, it is thought that their natural habitat did not impose a high

selection for anticancer mechanisms for later life. Indeed, in a laboratory setting, it is estimated that up

to 90% of mice die of cancer (Lipman et al. 2004). In contrast, as mentioned above, humans heavily

restrict their telomerase activity and have quite short telomeres in comparison (as reviewed in

Smogorzewska and de Lange 2004). As humans are much longer lived than mice, it was thought that the

particular telomere and telomerase biology humans possess was selected for as a means of preventing

cancer over a longer lifetime. It was thus generally accepted that longer lived animals would have lower

telomerase activity and shorter telomeres than any shorter lived ones.

The generality of this statement based on two organisms prompted Seluanov and colleagues to

test the theory in 15 species of rodents, possessing a variety of different lifespan and body masses

(Seluanov et al. 2007). Interestingly, the study found no correlation between telomere length and

longevity, nor telomerase restriction and longevity. The naked mole rat, living over 20 years, had high

and unrestricted telomerase activity. The Eastern Grey Squirel, having a long lifespan at ~24 years,

possessed some of the longest telomeres, similar to mouse telomere length (Seluanov et al. 2007).

What did in fact correlate in the rodent families tested was that telomerase activity was downregulated

in larger rodents. Those larger organisms, regardless of lifespan, repressed telomerase, whereas smaller

ones generally did not (Seluanov et al. 2007).

A study published later that year by Haussmann et al. also reinforced the need to reevaluate the

original ideas on telomerase and longevity. Haussmann and colleagues looked at telomerase activity in

birds and found that longer lived birds maintained telomerase activity, whereas it was downregulated in

shorter lived birds (Haussmann et al. 2007). Figure 5 represents these findings along with another bird

species for comparison, the chicken. This finding was not only a problem for the original theory on

telomerase and longevity, but quite seriously undermined the generality of Seluanov and colleagues’

theory as well.
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Figure 5: Telomerase Activity Throughout Avian Lifespans.

Phylogeny Species
Maximum
Lifespan

Observed (years)

Body Mass
(Grams)

Telomerase
Activity

Hatchling

Telomerase Activity
Adult

Zebra Finch 5 12.3 High Down-Regulated

Tree Swallow 11 20.8 High Down-Regulated

Common Tern 29 119 High Maintained

Leach's Storm-
Petrel

36 44.8 High Maintained

Chicken 30 779.8 N/A Maintained

Figure 5: Data on Zebra Finch, Tree Swallow, the Common Tern, and Leach’s Storm-Petrel are

interpreted from Haussmann et al. 2007. Data from Chicken comes from Venkatesan and Price 1998. All

species show longer lived birds maintaining telomerase, refuting the original ideas on telomerase

downregulation and lifespan. Additionally puzzling, shorter lived birds down-regulate telomerase,

putting into question observations made by Seluanov et al. 2007. Phylogeny created using the

interactive tree of life (Letunic and Bork 2007).

In 2009 Seluanov extended the theories of telomerase coevolving with body mass and looked at data on

32 mammals (Gorbunova and Seluanov 2009). The general trend was observed to still exist. Also,

placing the mass threshold at above 5kg for those animals experiencing a selective pressure to

negatively regulating telomerase addressed the findings of Haussmann et al. 2007, whose telomerase

expressing birds were all under this weight. Interestingly, the perplexing smaller birds in the Haussmann

et al. 2007 study are both from a common ancestor, which raises the possibility that telomerase

regulation in these animals is representative of the conditions a common ancestor might have evolved

in. Though preliminary findings on mammals seemed to show that larger animals rather than longer

lived ones restrict telomerase activity, Seluanov and Gorbunova agreed that many more organisms of

different taxa should be evaluated prior to considering this a global rule (Gorbunova and Seluanov,

2009).
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Several questions emerged from these studies. Why is telomerase restricted with body mass and not

longevity? Seluanov provided the theory that body mass is perhaps a much larger risk factor for cancer

than longevity is. Larger organisms have many more cells requiring many more cellular divisions, and

each cell provides an opportunity for a mutation resulting in cancer. It may be that longevity simply

does not result in as large a risk (Seluanov et al. 2007). Another question raised by these findings is in

regards to telomere length, namely, why are the telomeres seemingly left unattended by selective

forces (i.e. why do they show no correlation between either longevity or body mass)? Looking back at

the network model presented in the introduction (Figure 3), it makes sense that telomerase must first

be negatively regulated prior to any selection to take place at the level of the telomeres. It would serve

no purpose to have short telomeres to prevent cancer if telomerase is globally active maintaining their

lengths.

This last observation coming from these recent studies may raise another question in itself. Does

telomerase restriction come first, with telomere length restriction acting as a ‘second parameter’ in

anticancer mechanisms (i.e. only evolving in those organisms with both large mass and extended

longevity)? The answer to this question may only be hinted at through much larger comparative

studies. In reality, it may be found that only those telomeres above a certain length would be selected

against in larger/longer lived organisms. Extremely long telomere lengths may provide little protection

against cancer, as they could not stop rampant cells in time (Figure 4), but the extent to which shorter

telomeres provide protection may not prove to be of large significance. The difference between

telomeres of 9kb and 14kb may be of little importance if a cell requires an average of 19kb ‘worth’ of

cellular divisions to achieve mutations resulting in immortalization (i.e. telomerase reactivation). These

questions may better be addressed through mathematical models designed to find a most efficient

telomere length in preventing cancer, based on available data.

If we are left with the thought that telomere length is not selected for as an anti-cancer mechanisms,

then we may ask ourselves how do the variations observed in nature arise? An answer may come from

the original study of Seluanov in rodents (Seluanov et al. 2007). Looking at the approximate lengths of

telomeres in several of these organisms while considering their evolutionary origins, one sees that there

may be a correlation between the relatedness of species and telomere length (Figure 6). Though this is

a very preliminary observation on a small sample size, further investigation is warranted and may

partially serve to explain the variation of telomere lengths found in nature. This idea is in-of-itself not a
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far off claim, for it has been observed that highly inbred mice have progressively longer telomeres in

subsequent generations (Hermann and Greider 2000), and a large study in 2007 surveying over 300 men

and 500 women found a correlation between telomere lengths in parents and offspring (Njajou et al.

2007). All this to show that the length of telomeres may in fact be determined by genetic components,

a result of which could be observed in more closely related species.

Figure 6: Rodents analyzed in Seluanov et al. 2007, with

Telomere Lengths Approximately Reflecting Phylogenies

Phylogeny Species Average Telomere Length (kb)

Capybara 10

Guineapig 18

House Mouse 72

Norway Rat 60

Gold Hamster 50

Muskrat 45

Figure 6: Phylogeny and data recreated from the Seluanov et al. 2007 study. Initial findings

seem to show the possibility of telomere length reflecting specie origin. Sample size was

relatively small (3 to 5 animals per species), however the studies of Hermann and Greider 2000

and Njajou et al. 2007 also support the idea of telomere length resting on an inherited

component, as mentioned in the text.
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Trends in Nature : Aging, Telomerase, and the Telomeres

As we have raised the possibility that telomerase expression may be negatively selected for as

an anticancer mechanism in larger organisms such as humans, and that the variation observed in

telomere length across species may not necessarily be related to preventing cancer, we may ask

ourselves what impact this could have on aging.

Looking again at variation in nature, pinpointing a relation between the telomeres and

telomerase in relation to aging proves more difficult than it was for cancer. A study looking at mouse

strains with natural variation in their telomere lengths found no correlation between telomeres and

lifespan, seemingly disproving the telomere theory of aging (Hermann and Greider 2000). The finding of

Seluanov et al. seems to hold that telomere length does not correlate to lifespan in nature, at least not

for rodents (Seluanov et al. 2007). Experiments done on telomere length in relation to longevity show

mixed results, though perhaps are also still discouraging, as will be described later.

As was shown in the Seluanov study, in addition to telomere length, it proves difficult to relate

telomerase activity to longevity as well (Seluanov et al. 2007). As shown in table 1, a large amount of

variation in lifespan and telomerase expression exists in nature. Looking at plants, the Great Basin

Bristle Cone Pine, with estimates saying that it can live to at least 4000-5000 years, shows no signs of

telomere shortening and keeps telomerase constitutively on in most somatic tissues (Flanary and

Kletetschka 2005). Studies in this tree found that telomere length may even increase with age (Flanary

and Kletetschka 2005). This lends support to a telomere based theory of aging, or at least, does not go

against one. Barley plants restrict telomerase activity and show signs of telomere shortening with

development (Killan et al. 1998), yet are seasonal plants generally living for only one year. Though they

would not necessarily require telomerase activity to maintain tissue levels, they also most likely do not

need to suppress telomerase to prevent cancers. This finding hints at the level of complexity that exists

while trying to discern the role of telomerase in aging and health.

Looking at aqueous organisms, the lobster for example, a long lived and continuously growing

animal, was found to express telomerase in all somatic tissues (Klapper et al. 1998). It was theorized

that this allows for the lobster to live around 100 years (Klapper et al. 1998, Finch 1990). Several fish,

however, lay serious doubt on the influence of telomerase or the telomeres in longevity. The Medaka

shows high levels of telomerase activity in many somatic tissues, though still shows telomere shortening

with age (Hatakeyama et al. 2008), thus putting into question the effects of telomerase on longevity.

Meanwhile, the Zebrafish has constitutive telomerase activity in its tissues, with no observed telomere
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shortening (Lund et al. 2009). A gradual decline in function though is observed with age in these fish,

and the Zebrafish was shown to have a maximum lifespan of 5.5 years in captivity (Gerhard et al. 2002).

That telomere length may not change in an organism which still undergoes a progressive decline with

age seriously undermines any theory which may aim to place the telomeres as a cause of aging.

Chicken and certain pig species seem to show somatic tissue telomerase activity, despite a loss

of telomere length with age (Venkatesan and Price 1998), similar to the Medaka fish (Hatakeyama et al.

2008). Larger mammals, such as the donkey, show similar trends as do humans, restricting telomerase

activity and showing telomere loss with age (Argyle et al. 2003).

Table 1a: Variation in Telomerase across Species

Common Name Telomeres with Age Somatic Tissue
Telomerase Activity?

Aging Type Max Lifespan
(Years)

1 Bristlecone pine Constant/Increasing Unrestricted 10 Negligible 2000-5000

2 Barley Decreasing Restricted 11 Seasonal n/a

3 Lobster n/a Unrestricted 12 Negligible? ~100 Years

4 Zebrafish Constant Unrestricted 13 Gradual 5.5 (captivity)

5 medaka Decreasing Unrestricted 14 Gradual 5 (captivity)

6 Chicken Decreasing Unrestricted 15 Gradual 30 (Captivity)

7 Donkey Decreasing Restricted 16 Gradual 47

8 Pig Decreasing(?) Unrestricted 17 Gradual ~17

9 humans Decreasing Restricted 18 Gradual 122.5

Table 1a: A variety of species, showing telomere change with age (if any), telomerase activity in somatic

tissues, aging type, and approximate maximum lifespan. References numbered in grey, presented in

table below. Lifespan data attained using AnAge, an online curated database of animal ageing (de

Magalhaes and Costa 2009). Pig is assumed to have decreasing telomere length with age due to

telomere shortening observed in stem cell culturing in vitro, though data has not specifically been

obtained in vivo.
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Table 1b: Phylogeny (for interest of species origin) and References (from Table 1a)

Phylogeny Species Common Name Reference Reference

Pinus longaeva
Great Basin
bristlecone pine

1
Flanary and
Kletetschka 2005

10
Flanary and
Kletetschka 2005

Hordeum
vulgare

Barley 2 Killan et al. 1998 11 n/a

Homarus
americanus

Lobster 3 Klapper et al. 1998 12 Finch 1990

Danio rerio Zebrafish 4 Lund et al. 2009 13 Gerhard et al. 2002

Oryzias
latipes

medaka 5
Hatakeyama et al.
2008

14 Egami 1971

gallus gallus Chicken 6
Venkatesan and Price
1998

15 Carey and Judge 2001

Equus asinus Donkey 7 Argyle et al. 2003 16 Weigl 2005

Sus domestica pig 8 Fradiani et al. 2004 17 Weigl 2005

homo sapiens humans 9
Reviewed in
Smogorzewska and
de Lange 2004

18 Michel Allard 1998

Table 1b: Species and Phylogeny of organisms mentioned in above table, along with references

pertaining to data. Phylogeny created using the interactive tree of life (Letunic and Bork 2007).

In conclusion, looking at telomerase activity and telomere length change with age across a diverse group

of species may provide hints as to their nature in aging. That certain organisms may still undergo

symptoms of aging, characterized as a progressive deterioration of function, while preserving their

telomeres and telomerase activity seems to greatly undermine any theory placing them as causal forces

in aging. Similar findings in model organisms as will be described in the next section may hold similar

consequences.
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Taken Together: Telomeres and Telomerase in Relation to Human Aging

It is generally accepted that c. elegans and d. melanogaster, considered postmitotic organisms, show

signs of progressive aging. From this it seems quite clear that if an organism mainly composed of non-

dividing cells undergoes a progressive phenotype of aging, that telomere attrition from cell division

cannot be the main factor of aging. Experiments in these organisms generally seem to support this

(Table 2). Shortening telomeres, via mutation of trt-1, the catalytic subunit of telomerase in c. elegans,

did not decrease lifespan (Meier et al. 2006). Lengthening telomeres in d. melanogaster also had no

impact on longevity, and even resulted in a reduced fertility in females (Walter et al. 2007). Lengthening

telomeres in c. elegans, however, did show a beneficial increase on longevity in subsequent progeny;

however, authors attributed this to levels of daf-16 which increased in parallel, a gene already linked to

longevity in worms (Joeng et al. 2004). Nonetheless, it provided a mechanism whereby longer

telomeres may in fact increase longevity, though perhaps not due to an increased potential for cellular

proliferation.

This point may also have been demonstrated in mice, whereby cancer-resistant mice overexpressing

telomerase showed an increase in median lifespan when compared to controls (Tomas-Loba et al. 2008).

Also, overexpressing TERT in k5 mice cells affected lifespan, slightly increasing its maximum, with

median lifespan reduced due to increased cancer (Gonzalez-Suarez et al. 2005). Mutating the RNA

component of telomerase, TERC, resulted in shortened telomeres. Age-related pathologies were shown

to be induced starting in the 6th generation of mice due to extremely short telomeres, and a slightly

diminished lifespan was thought to exist in generations leading up to this (Blasco et al. 1997).

Though these findings may seem to hint at a significant role for telomere length in determining

mammalian aging, they may also prove to be artifacts. In humans, Dyskeratosis Congenita (DC) is a

disease resulting from mutation in one of several components of telomerase. Telomeres of patients are

shown to be drastically shorter than normal controls, and maximum lifespan is usually around 50 years

(Vulliamy et al. 2006, Vulliamy et al. 2005, Drachtam and Alter 1995, Luzzatto and Karadimitris 1998).

Most symptoms involve rapidly dividing tissues, resulting in several conditions reminiscent of old age,

such as hair graying and loss (as reviewed in Marciniak et al. 2000). Despite this, however, DC is not

considered an accelerated aging disease. Typical age related diseases, such as type II diabetes,
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atherosclerosis, and cataract formation are not characteristic of DC, and testicular atrophy and bone

marrow failure, features of DC, are not characteristic of aging (as reviewed in Marciniak et al. 2000).

If telomere shortening due to a lack of telomerase activity were to be a major factor in aging, one would

expect either aging to resemble DC to a greater extent, or DC to mimic aging with much greater fidelity.

Cris du Chat, a syndrome resulting from partial loss of the short arm of chromosome 5, also impairs

telomerase activity. With the TERT gene located in the missing region, a haploinsufficiency results in an

in-operational telomerase and thus telomere shortening occurs during development (Zhang et al. 2003).

However, premature aging does not follow. Adding to these observations is the knowledge that tissues

thought to have very little mitotic activity, such as those of the heart and brain, still succumb to aging.

Table 2: Telomere Length Alteration: Worms, Fruit Flies, Mice, and Humans
Organism Intervention/Alteration Telomere

Phenotype
Effect on Max
lifespan

Notes Reference

C. elegans Hrp-1 overexpression Lengthened Increased Authors found the increase to
be dependent on Daf-16, a
gene already known to
positively affect lifespan

Joeng et al. 2004

trt-1 mutant Shortened None late-generations become
sterile as a consequence of
telomere erosion and end-
to-end chromosome fusions

Meier et al. 2006

D. melanogaster Tel mutant Lengthened None reduced fertility and
fecundity in females

Walter et al. 2007

M. musculus Terc mutant Shortened Reduced Late generations had higher
chromosomal rearrangements

Blasco et al. 1997

K5-mTert overexpression No change Slightly
increased

Median lifespan decreased as
cancer incidence greatly
increased

Gonzalez-Suarez et al. 2005

Tert overexpression,
cancer resistant
background

Better
Preserved

None Only media lifespan increased,
not maximum

Tomas-Loba et al. 2008

H. sapiens Deletion on Chromosome
5 (including TERT Gene)

Shortened Reduced Cri Du Chat Syndrome.
Haploinsufficiency of TERT
gene.

Zhang et al. 2003

TERC, DKC1, or TERT
mutation

Shortened Reduced DC. Max lifespan ~50 years,
usually due to bone-marrow
failure. Several of these genes
mutated also result in AA.

Vulliamy et al. 2006,
Vulliamy et al. 2005,
Drachtam and Alter 1995,
Luzzatto and Karadimitris
1998, and as reviewed in
Marciniak et al. 2000

Table 2: Model organisms and telomerase alterations. In c. elegans, Hrp-1 associates with telomeres

though is not necessarily involved in telomerase per se. D. melanogaster, which does not use telomerase

to extend telomeres, uses transposable elements to achieve telomere lengthening. Tel is involved in this

pathway. All other telomere alterations involve manipulations in the telomerase enzyme complex.
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It is interesting to note, however, the plethora of recent studies showing a correlation between

telomere length and health, rather than longevity. Flores and colleagues (Flores et al. 2006) found that

stem cells with shorter telomeres have been observed to have a decreased ability to migrate out of their

niche. This results in a decreased ability to regenerate organs, and may reflect a critical factor

contributing to disease in old age. In agreement with this, another study observed that short telomeres

were found to be predictive of reduced health in the elderly (Cawthon et al. 2003), and in 2008 a study

by Richard Cawthon found that healthy centenarians possessed significantly longer telomeres than

unhealthy ones (Terry et al. 2008). Following in the trend, a 2009 study looking at over 2700 patients

between the ages of 70 and 79 showed again that telomere length was more indicative of healthy aging

rather than maximal lifespan (Njajou et al. 2009).

Taken together, we may claim that telomere length may very well impart better health, as has been

observed in humans and as perhaps was shown in several model organisms. However, it is still quite

debatable if telomere length influences maximum lifespan in most organisms looked at to date. And

above all the question remains, can these observations in nature be translated to human biology?

Similarly, if the slight variance of telomere length observed in humans imparts better health, why would

even longer telomeres not equate to a longer life altogether? And if holding true to the telomere theory

of aging, why does a Zebrafish not live as long as the Bristlecone Pine tree? Answers to these and other

questions may only come by further analysis. Proposed below is a method which could ultimately

address these issues.
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Discussion

One might rightfully be led to question if telomere shortening could have different effects on humans as

compared to other organisms. For example, could it be that humans, possessing relatively short

telomeres, restricting telomerase, and requiring constant tissue replenishment during their long lives,

are in fact limited by the lengths of their telomeres?

Recent studies seem to lean towards this. In a study looking at the average telomere length remaining

in senesced primary human cells, it was found that the ‘senescence setpoint’ was with between 6 and 7

kb (thousand base pairs) of telomeric repeat remaining (Karlseder et al. 2002). When comparing this

information to a variety of studies measuring telomere lengths vs age from human blood samples

(Kimura et al. 2007; Hunt et al. 2008; Unryn et al. 2005; Njajou et al. 2007), one may wonder if indeed,

short telomeres are causing tissue depletion (Figure 7, of note is the extremely short telomeres of

centenarians observed by Kimura et al.). Although the ‘senescence setpoint’ was measured in human

foetal lung cells (Karlseder et al. 2002), and this value could be different between cell types in the

organism, it is notable to see that all data sets of the respective studies show an impingement onto this

‘senescence setpoint’ beginning between the ages of 35 and 55. Is it thus then that human lifespan

indeed is being restricted by insufficient telomere length?
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Figure 7 | Senescence Setpoint and Telomere Length vs Age
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Figure 7: Red background is the ‘senescence setpoint’ of telomere length, occurring at between

6 and 7 kb of telomeric repeat remaining. Measurements for this were done in primary human

cells, the “IMR-90” cell line, which is derived from Human foetal lung cells (Myofibroblast)

(Karlseder et al. 2002). Hug, Lingner 2006 describe range of telomere length as having a

minimum on average of 5kb. Best fit lines adapted from the following: Kimura et al. 2007 (n =

179; measured in leukocytes), Hunt et al. 2008 (n = 1968, measured in leukocytes), Unryn et al.

2005 (n = 125, measured in blood samples), Njajou et al. 2007 (n = 907, measured in

leukocytes).

It should be noted that these data represent a very mitotically active cell group, and the graphs will look

different for different cell types. Also, the graph is representing the ‘best fit’ line of the respective data

sets, and does not account for an observation by Unryn et al., that the rate of telomere loss decreases

with age. This phenomenon could be accounted for by stem cells dividing less in old age, and this

decrease of division could be related to the proximity the cells are of the ‘senescence setpoint.’

Nonetheless, the graph looks remarkably similar to the ‘telomere theory of aging’ (Figure 1), and the

question is warranted as to whether human lifespan is limited in this way.
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To address this, let us consider again that aging is an increased likeliness to die from

susceptibility to diseases, stemming from a progressive impairment of the body’s tissues to

function. The telomere theory of aging would fall in line with this (Figure 1). In addition to

telomeres contributing to a tissue’s progressive impairment, however, let us add into

consideration a few other factors which are also thought to affect aging. For simplicity of

illustration, we will only hypothetically consider a few generally accepted ones, including DNA

damage, damage to proteins, and an age-related decreased ability for autophagy (reviewed in

Finch 1990).

A study in the aging human brain has shown DNA damage to accumulate with age (Lu et al.

2004), and a study measuring DNA damage in human sperm has also observed its increased

accumulation (Wyrobek et al. 2006). Furthermore, when interpreting data from the latter study it

can be seen that the relationship between DNA damage and age is not a linear one, as with the

telomeres, but it shows rather that DNA damage rate increases with age as well. Thus a graph

representing this data would also not be linear, as with the telomeres, but would show a gradual

increase in slope. This notion is an important point of consideration for the subsequent discussion on the

possible influence of telomere length on human life- and health- span. Levels of protein damage have

also been observed to increase with age, and can reflect both increasingly mutated DNA, or an increased

amount of oxidation directly damaging molecules (Jung et al. 2008). For the purposes of this discussion,

it will be assumed that protein damage should thus be at least equal to DNA damage, if not being

greater. As for Autophagy levels, it has been known for quite some time that the ability of cells

to degrade proteins decreases with age (Goldstein et al. 1976, Reznick and Gershon 1979, and

reviewed in Ward 2002.). Though exact rates of change may still be unknown and may differ

per tissue, cell type and method of measurement, for the proposes of our discussion we will

assume it matches the rates of DNA and protein damage, to give further weight to our argument.

Thus to understand how other factors may influence aging in addition to telomere length, even if

only purely theoretically, we will arbitrarily superimpose the DNA damage, protein damage, and

autophagy factors just described onto the original graph used to illustrate the telomere theory of

aging. From here we may form a hypothetical representation of the interconnectedness of

several factors in aging for the sake of discussion.
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Figure 8 illustrates this, and it is important to keep in mind the fictitious nature of the data.

Nonetheless, we will assume this ‘signature’ of factors influencing aging is one hypothetically

representative of humans, to consider the possible effects telomere length may have on aging.

Extending this view, we may consider that all organisms, due to their unique biology and

evolutionary path, have these factors contributing in different levels towards their own

progressive decline in aging. Thus each species possess a unique ‘signature,’ and figures 8 and 9

represents several such instances.

Figure 8 | Hypothetical Signature of Human Aging with Fictitious Data
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Figure 8: A hypothetical ‘signature’ of human aging. Telomere length change with age

contributes to an individual’s susceptibility to disease, as is reflected in the ‘telomere theory of

aging’ (figure 1). Hypothetically graphed in relation to this are other factors which may also

influence aging: DNA damage, Protein damage, and the efficiency of autophagy. DNA and

protein damage are graphed as an inverse, since these are expected to increase with age. The

combination of these factors, and no one factor individually, will result in the probability for an

individual to die, i.e. aging.
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Figure 9 | Hypothetical ‘Signatures’ Across Species, in Relation to the Telomeres
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Figure 9: Possible aging ‘signatures’ of several species. a) A hypothetical signature for mice, who

possess long telomeres with telomerase activity, thus may not be limited by telomere length. b)

A hypothetical signature for organisms without adult telomere length change. This includes

post-mitotic organisms, such as worms and fruitflies, and the zebrafish, an organism without

age-related telomere loss.

Considering organisms as having different ‘signatures’ in this way, we may begin to make better sense of

observed phenomena. As c. elegans benefited from longer telomeres due to a different gene expression

pattern, and not from an increased proliferative potential, we may assume that telomere/telomerase

experiments performed in mice showing altered aging phenotypes worked in similar ways. Having

already long telomeres, mice are not expected to have a proliferative limitation imposed on them via

telomere shortening. Other factors are thus most likely contributing to their mortality rates, as shown in

figure 9a. Figure 9b represents the ‘signature’ for post mitotic organisms, such as c. elegans and d.

melanogaster whose cellular proliferative potential could not limit individual lifespan. Interestingly, this

‘signature’ could also apply for Zebrafish. A constant telomerase activity and maintained telomere

length throughout its lifespan ensures telomere shortening would not contribute to its propensity for

disease.

Also, in the arbitrary manner the ‘factors’ were drawn for the human ‘signature’ of aging, it can

explained how longer telomeres may increase healthiness in later life, while not increasing maximal

lifespan. In this set up, telomere loss, with a linear nature, is the first factor impinging on health. It is

clear here that an increase of telomere length would shift the telomere ‘factor’ in such a way that

healthspan is increased, whereas lifespan may not be. Naturally, this hypothesis rests on arbitrary
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scaling of the influence of other ‘factors,’ thus should be taken with a large amount of skepticism.

However, it serves to illustrate the usefulness of creating such aging ‘signatures’ for making inferences

on biology.

The ultimate replenishment of tissues, exhausted not due to other aging ‘factors’ but due to an intrinsic

limit on cell division, may in fact turn out to be the last problem in the biology of aging. It will most

likely prove to be the case that all other ‘factors’ must first be overcome prior to telomere length

becoming a truly limiting factor. Has this been achieved in nature? It is clear that for a mitotically active

organism to live for an infinite time it would need infinite cells. The Bristlecone Pine living at least 4000

years may illustrate this point (table 1). In any case, these aging signatures may demonstrate how

knowledge can be gained by modeling lifespan in this way. Perhaps by looking more into the biology of

longer lived animals we will get a better idea of what ‘factors’ are influencing and limiting human

lifespan.

Returning to the original figure presented in the introduction of this report, we may claim that we have

successfully answered the initial questions asked, at least to some degree. Telomere shortening may in

fact contribute to aging, and lengthening telomeres may act to prevent aging in a similar manner.

However, a large number of other ‘factors’ may mask any benefits or detriments caused to the organism

through telomere length changes. Figure 10 depicts this idea. A future goal may be to characterize

these other ‘factors’ in a more quantitative way. Towards this end, a network model as shown below

could be built for the other ‘factors.’ Ultimately, an all inclusive model could be formed reflecting their

interconnectedness.
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Figure 10 | Updated Network View of Telomeres and Telomerase in Aging and Cancer
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Figure 10: Compared to the original network proposed in the introduction of this report, this

figure shows cellular senescence due to critically short telomeres as effecting the aging process,

as well as the potential for increased cellular divisions. However, other factors, as

demonstrated in the text, may mask any visible effects of telomere length alteration on aging.

These may take precedence as causal forces in the aging process.
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Future Direction

Creating mathematical models reflecting all known aspects of an organism’s aging in this way could

prove to be an indispensable tool for biogerontologists. To gain this knowledge however, development

and refinement of the theory must take place. This may involve several parts. First, pathways must be

constructed of the aging process, particular to the organism for which a ‘signature’ is being made. This

will also allow for a better understanding of what ‘factors’ may be involved. Creating networks of each

aging process would allow for the ability to see their interrelations, as they will certainly prove to be

dependent on one another. Following from this, the second step which must occur is the defining of

what the factors themselves are. For example, they may be cellular changes which are shown to induce

senescence, such as DNA damage, protein damage, or short telomeres. Conversely, they may also be

processes which decline with age, such as autophagy. In any case, a selection criteria must be given for

what is considered a ‘factor,’ and perhaps a categorization of these factors must be created. Thirdly, the

influence of each factor on aging must be deduced, such that it may quantitatively be placed in the

model created. This could be by considering experimental data, as is done with the telomeres, or could

be made through inference. With this, a model could be created involving all known ‘factors’

influencing a particular species’ aging process, thus forming a species’ ‘signature’ of aging.

An outcome of this endeavor would be the gained power to predict what a specific alteration would

cause on an annotated species’ lifespan. Each model would correlate to a specific species’ ‘signature,’

and could empirically be tested in the corresponding organism for accuracy.

Ultimately, a ‘signature’ for humans could be created in this way with the goal of theoretically predicting

novel therapeutics on the aging process. Potential drug discovery would be the end goal of this

methodology. Drug development aimed at altering specific proteins or enzymatic activities within

pathways, to alter the influence of a particular ‘factor,’ could theoretically be tested to find a change in

the human aging ‘signature.’ Better understanding of protein interaction networks would also aid in this

endeavor, and integrating these with the aging model would be the final step required to create a virtual

testing ground. This report, characterizing the telomere ‘factor’ and proposing a preliminary model for

its effect on lifespan (figure 3), represents the start for these future developments.
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