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Abstract:Telomeres are long repetitive DNA sequences of TTAGGG located at the end of the linear
chromosomes and bound by shelterin proteins. Shelterin proteins function as the protection for the loop
structure of telomere, which prevents the chromosome ends uncapped; resemble a DNA break and activates
DNA repair mechanism. Telomeres are maintained by an enzyme called telomerase. Telomerase is not
expressed in normal human somatic cells. Therefore, telomeres shorten with every cell division and limit the
number of cell division. This limitation of cell division is termed replicative aging, which is thought to be a
barrier to cancer formation. In addition, telomere shortening can induce replicative senescence which then
leads to aging and human aging-associated diseases such as cancer and atherosclerosis. Several studies on
human premature aging diseases such as congenital dyskeratosis and aplastic anemia also reported association
between them and telomere length.
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l. INTRODUCTION

Often, we exclaim on seeing a person, “Wow... You don’t look like you are forty” or “You look too
young for your age”. Aging represents numbers inescapably in an ascending order, from which the human race
wants to free itself to continue to be young. It seems that the current research in molecular biology does not
appear to agree with the saying of Mark Twain “Age is an issue of mind over matter. If you don’t mind, it
doesn’t matter”. The two inevitable companions of aging, which are diseases and death, have long fascinated
mankind and spurred the search for eternal youth. Advances in medical science, improved hygiene and nutrition
and significant declines in mortality rates among the young have seen the increase in life expectancy and health
span of humans [1]. According to Gompertz [2] aging is defined as a process that is associated with the steady
decline in the performance of organ systems resulting in the loss of reserve capacity which in turn leads to an
increased chance of death. In some organ systems, this loss of reserve capacity with increasing age can be
attributed to the loss of cell function [3]. Telomere maintenance has been shown to be linked to aging [4]. The
study conducted by Hayflick in 1961 has shown that the cultured human fibroblasts have limited humber of cell
divisions. This limitation which is currently referred to as Hayflick factor suggests the existence of internal
counting mechanism within the cell [5]. The subsequent study then showed that the telomeres shorten with
every cell division. These observations have suggested that the telomere loss is the molecular clock that drives
aging [6-9]. Telomere shortening triggers a state of irreversible growth arrest termed replicative senescence
[10]. This happens because dysfunctional telomeres are recognized as DNA damage and activate the DNA
damage response pathway. This results in the activation of p53 [11, 12] which will then lead to the growth arrest
of cells, apoptosis and senescence in stem and progenitor cells [13-16]. This review explores on the association
of telomeres are associated with aging and diseases.
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Figure 1: Telomeres are protective DNA sequences of TTAGGG which are located at the end of the linear
chromosomes, supporting the chromosomal stability. With every cell division, telomeres shorten. As a result, it
leads to replicative ageing, replicative senescence, human premature ageing disease and human ageing disease.

1. WHAT ARE TELOMERES?

Telomeres are the long repetitive DNA sequence of TTAGGG located at the end of the linear
chromosomes [17, 18] and bound by shelterin proteins. The best known shelterin proteins in human cells are
telomere repeat binding factors 1 (TRF1) and telomere repeat binding factor 2 (TRF2). TRF1 and TRF2 are both
the negative regulators of the telomeric length [19]. Other shelterin proteins include protection of telomeres 1
(POT1), tripeptidyl peptidase 1 (TPP1), tripeptidyl peptidase 2 (TIN2) and repressor activator protein 1 (RAPL1).
Shelterin proteins function as the protection for the loop structure of telomere, which prevents the chromosome
ends uncapped; resemble a DNA break and activates DNA repair mechanism [20]. The telomeric repeat does
not encode for protein [21]. However, it consists of G-rich hexanucleotides repeats which enable the single-
stranded telomere G overhangs form G-quadraplexes. The G-quadraplexes structure of telomeres is believed to
be involved in telomere protection, suppression of recombination and inhibition of telomerase-dependent
telomere extension [22]. It is thought that telomeres structure can switch between a closed, protected state and
an open, extendable state, which allows the DNA terminus to undergo replication. The protected state is
necessary for safeguarding the integrity of genomic material, whereas the extendable state allows the enzyme
telomerase to extend short telomeres [23]. The length of telomeric repeats varies between chromosomes and
between species. In human chromosomes, the telomeric repeats length is between 0.5 and 15 kilobase (kb)
pairs. In addition, the length of these repeats is dependent on the type of tissue, the age of the donor and the
replicative history of the cells. For example, the average telomere length declines significantly with increasing
age in human nucleated blood cells [24].

Telomerase is an enzyme that maintains telomere length. It is a ribonucleoprotein complex that is
composed of RNA and protein components [25]. The major components of the active telomerase complex are
telomerase reverse transcriptase (TERT), a telomerase RNA component (TERC) and dyskerin. Dyskerin is a
protein that binds to TERT and TERC which increases the stability of the complex [26, 27]. Telomerase
elongates the telomere sequence in mammals and yeast by binding to the open ends of the G-strand. It is highly
expressed in highly proliferative cells such as stem cells, progenitor cells, lymphocytes, skin keratinocytes and
cancer cells [25].
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Telomeres are the linear chromosomes’ solution in protecting their ends from breaking down and
degradation and avoid recognition and processing as double-strand breaks [28]. Studies carried out in yeast and
other single organisms have showed that the functions of the telomeres include protection from the
chromosomal recombination, end-to-end fusion, recognition as damaged DNA, the determination of
chromosomal localization within the nucleus and to regulate the cell capacity for replication [21]. It is the last
function of telomeres which has received scientists’ interest for studies of cellular senescence and organismal

aging.

1. TELOMERE AND REPLICATIVE AGEING

Telomeres are lost with every cell division. This is due to the intrinsic inability of the replication
machinery to copy the ends of linear molecules [29]. Based on the analysis of cultured human fibroblasts and
lymphocytes, the rate of loss of telomeres is 50-100 bp per cell division [9]. As a result, the number of cell
division is limited. For instance, the cultured human fibroblasts are only able to divide 50 to 80 times. The
process of limiting the cell division is termed replicative aging [30]. Replicative aging is thought to form a
protection from cancer. However, the limitation on cell division has led to the aging process. To understand the
reason for this limitation, it is best to appreciate the disposable soma theory [31]. The disposable soma theory
proposes that the rate at which the species age is the balance between the energy devoted to reproduction versus
somatic repair. This means that if too much energy is invested in the repair of somatic cells, less energy is left
for reproduction and vice versa. Species that are unable to survive very long due to the high mortality rate must
invest most of their energy in reproduction rather than cell repair. For example, a mouse that sufficiently
repaired itself for 20 years is making bad investment since most mice will be eaten by its predators within 3
months. Therefore, it is better for the mice to invest more energy in the early reproduction and less in
maintenance and repair [30]. As humans have longer average survival, we have been evolutionarily selected to
invest more energy on tissue maintenance and repair as compared to reproduction unlike mice. However, the
variety of tissue maintenance and repair processes such as the efficiency of DNA repair, protection against
oxidative damage and others limit the amount of energy invested and contribute to aging [30].

Apoptosis of damaged cells and replacing them with new ones are efficient ways of keeping cells
healthy. Besides that, replacing dying cells with new healthy cells can dilute the buildup of ‘unrepairable and
indigestible’ products that can contribute to aging. Nonetheless, using cell turnover to repair tissues may carry
risk since mistakes can occur during DNA replication. These mistakes can lead to harmful mutations which will
then lead to cancer [32]. Therefore, by limiting the total number of times a cell could divide provides a
powerful barrier for the body from cancer formation [33].

V. TELOMERES AND CELLULAR SENESCENCE

It is thought that the loss of telomeres can induce antiproliferative signals which result in cellular
senescence [8, 10, 34]. Cellular senescence triggered by telomere shortening is termed replicative senescence.
Replicative senescence is caused by the ‘uncapping’ of critically shortened telomeres. This happens when
telomere-binding proteins are no longer protecting telomeres, making telomeres recognized as single and lead to
the breaking of the double-strand DNA. As a consequence, the cells senesce and can remain viable for years
[35]. The accumulation of senescent cells is recognized as one of the two mechanisms which probably
contribute to aging. The production of different constellation of proteins as compared to those that are non-
senescent but quiescent adjacent cell during the accumulation of senescent cells is believed to change the
homeostasis of that tissue and lead to aging [35]. Studies reported abundant senescent cells in telomerase null
mice [36]. The senescent cells are usually marked using beta galactosidase staining and these cells are always
associated with changes in p53, p16 and p21 expression [37-39]. The accumulation of senescent cells may also
lead to another mechanism of aging which is the loss of stem cells function [40]. Stem cells are important
because they maintain the homeostasis of tissues by replenishing senescent and apoptotic cells. Besides that,
they repair damage that occurs throughout life [41]. Various studies reported the loss of stem cell function
through telomere shortening in a variety of tissues and experimental systems [25]. The loss of stem cell
functions impair tissue repair and hence weaken the tissue functions and lead to aging [40].

V. TELOMERES AND HUMAN PREMATURE AGING DISEASES

Other than that, studies on several human premature aging syndromes like congenital dyskeratosis and
aplastic anaemia showed that these two syndromes are linked to the mutations in telomerase or in proteins which
directly affect telomerase activity. These syndromes are also characterized by a faster rate of telomere attrition
with age [42]. Besides that, other human premature age syndromes like NBS1 (Nijmegan breakage syndrome),
MRE11 (Ataxia telangiectasia-like disorder), WRN (Werner syndrome), BLM (Bloom syndrome), ATM
(Ataxia telangiectasia) and FANC (Fanconi anemia) are characterized by an accelerated rate of telomere
attrition and chromosomal stability as well [29]. However, it is important to take note that oxidative damage can
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accelerate the rate of telomere shortening [43]. By taking into account that oxidative damage contributes to
aging, it is conceivable that telomere shortening reflects both proliferative history of a cell and the accumulation
of oxidative damage [40].

VI. TELOMERES AND HUMAN AGING ASSOCIATED DISEASES

Various studies have reported the association between human aging-associated diseases and telomere
length [44]. An example of human aging-associated disease is cancer. The link between the telomere and cancer
was first proposed when it was found that telomerase expression or reexpression and activity can be detected in
more than 90% of tumor samples [45]. In addition, shorter telomere length can also lead to the cancer
development. Clinical data showed that the telomere length in lymphocytes is shorter in subjects with different
types of cancer which includes cancers of the head and neck, bladder, lung, prostate, breast and kidney [46].

Another example of human aging associated disease is Alzheimer’s disease (AD). In AD, factors such
as cell senescence, oxidative stress and aging are all important factors in its pathogenesis [47]. These important
factors also directly influence telomere length [6, 48, 49]. Studies have shown that the telomere length in T
lymphocyctes of AD patients is correlated with the disease status, suggesting that systemic immune system had
been altered in AD pathogenesis [50]. Moreover, evidence suggests that neurons in AD may be attempting to
undergo cell division [51, 52] thereby invoking telomerase [53]. Another study that characterizes telomere
integrity and telomerase activity in the brains of AD patients has shown that the neuronal telomeres were
significantly shorter in hippocampal neurons of AD patients compared with that in control subjects. They also
found that there is a loss of nuclear localization of TERT in the pyramidal neurons of AD patients as compared
to control [53]. These findings suggest that telomere length plays a role in Alzheimer’s disease.

Interestingly, recent studies established a link between telomere dysfunction with metabolic disorders.
Telomere shortening-associated DNA damage response represses PGC-1 alpha and PGC-1 beta which are
important regulator of mitochondrial biogenesis or function and diverse metabolic processes [54]. Therefore,
suggested that telomere dysfunction may contribute to age-related disease and decline through metabolic
changes [55]. Studies on RAP1 further linked to previous studies, the deletion of the telomere binding protein
RAP1 leads to obesity and insulin resistance by repressing the PGC-1 alpha [56].

VII.  Conclusion
Telomeres play important roles in aging. It has been well established that telomeres are associated with
aging through processes of replicative aging and cellular senescence. Besides that, it has been shown that
telomere biology can manifest human premature aging diseases and human aging associated diseases. Further
insights into these diseases might provide us better understanding in the roles played by the telomere biology in
aging. As we understand more, we might provide a new pathway to combat these diseases.
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