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Abstract 

There is a main difference between theories explaining aging as an adaptive phenomenon that 

is determined and modulated by genes (i.e., the result of a specific “program”) and theories 

explaining aging as a non-adaptive phenomenon caused by the accumulation of random 

degenerative events. In fact, for adaptive theories, a genetically determined and modulated 

program determining aging is indispensable, while for non-adaptive theories, such a program 

cannot exist. However, there appears to be strong evidence to support the existence of this 

program as proposed by the subtelomere-telomere (STT) theory with the action of TERRA 

sequences. The STT theory with TERRA sequences was developed in four successive phases: 

1) Aging caused by limitations in cell duplication; 2) Aging caused by progressive telomere 

shortening; 3) Aging caused by progressive inhibition of particular hypothetical subtelomeric 

regulatory sequences (r-sequences) determined by progressive telomere shortening; 4) 

Identification of the r-sequences in the TERRA sequences whose effects are well known and 

documented. The theory, as proposed in phases 1 and 2, was untenable because the evidence 

contradicted the predictions. The theory, as proposed in phase 3, was based mainly on the 
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hypothetical existence of regulatory sequences that required empirical confirmation. The 

further development of the theory in phase 4 overcame this difficulty. In particular, the 

identification of hypothetical r-sequences in widely documented sequences such as the TERRA 

sequences has transformed a hypothesis into a theory confirmed by empirical evidence. The 

mechanism proposed describes a genetically determined and regulated mechanism of aging 

as a program causing specific epigenetic modifications. This confirms the thesis that aging is 

an adaptive phenomenon and invalidates the opposing hypothesis. Among other things, for 

the validity of the opposite hypothesis of aging as a non-adaptive phenomenon, it would be 

essential to justify in evolutionary terms: (i) the position of regulatory sequences of great 

importance for cellular functions in a position where they are inhibited by telomere shortening; 

(ii) cell senescence which appears to be an oncogenic factor and so cannot be justified as a 

defense against cancer; and (iii) gradual cell senescence which cannot be hypothesized as an 

anti-cancer defense. Furthermore, the phenomena referred to in points (ii) and (iii) and TERRA 

sequences inhibition are entirely reversible with appropriate manipulations, and this is 

unlikely with their possible interpretation as a consequence of random degenerative 

phenomena. 
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1. Introduction 

Aging may be defined as the phenomenon of age-related increasing mortality observed in 

populations in the wild [1] or “increasing mortality with age ... actuarial senescence” [2]. Aging is 

widely documented in the wild for many species and is subject to natural selection as it contributes 

significantly to reducing the life span in natural conditions [1-3]. 

There are two opposite types of explanation for aging (discussed in [4, 5]). 

- For the first interpretation, aging has no adaptive meaning and is the consequence of multiple 

random events that cause progressive degeneration of cells, tissues, and organs. So, no 

program determines and regulates aging. Moreover, this hypothetical program cannot exist 

because it would be detrimental to the individual in its environment and would undoubtedly 

be opposed by natural selection [6, 7]. Furthermore, it is maintained, disregarding natural 

observations, that aging does not exist in the wild and therefore natural selection cannot act 

on it. Consequently, it is unlikely that a hypothetical mechanism exists that determines aging, 

and such a mechanism could not have been forged by natural selection [6, 8]. 

- The second interpretation suggests aging as an adaptive phenomenon. This means that aging 

(i) must exist in natural conditions; (ii) is regulated and determined by the DNA sequence; and 

(iii) is favored by natural selection at the supra-individual level [5]. Aging is within the category 

of phenomena defined as phenoptosis (i.e., “programmed death of an organism” [9-11]) with 

countless examples in nature, although under other names [11, 12]. For this second 
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interpretation of aging, the existence of a specific mechanism determining aging is 

indispensable. 

The primary and essential discriminating factor between the two theses is the absence versus 

the existence of this hypothetical mechanism. 

The description of this mechanism and how it consists mainly of epigenetic modifications 

correlated with the progressive telomere shortening is the subject of this paper. 

Other arguments or empirical evidence for or against the two interpretations will not be 

discussed here, and for them it is helpful to refer to other works (e.g., [4, 5] and the references cited 

therein). 

2. The Four Historical Phases of the Definition of a Cellular Mechanism of Aging 

It is possible to demonstrate empirical evidence of a specific mechanism that causes and 

regulates aging at the cellular level, with consequences for the entire organism. The definition of 

this mechanism was achieved in four historical phases [5, 13, 14], which will be outlined in the 

following sections. 

2.1 Phase 1: Aging Caused by the Effects of Cell Duplication Limits 

Hayflick demonstrated that cells could not reproduce without limits [15, 16], contrary to the 

previously held belief, which was based on experiments biased by errors [17, 18]. 

In the following years, it was found that there was a specific correlation between the longevity of 

a species and the maximum number of possible duplications [19]. Furthermore, it was also observed 

that, in humans, the number of further possible duplications decreased in relation to age [20]. For 

example, it was observed “a decrease of 0.20 population doublings per year of donor life in the 

cultured normal fibroblasts of humans” [21]. 

As a logical derivation, it was suggested by Hayflick that aging could be a consequence of these 

limits in cell duplication and that aging could have a cellular origin ([20], p. 163). 

However, this hypothesis raised two main objections: 

1) Hayflick himself, based on numerous experimental works of various authors, underlined that 

there are many age-related cellular alterations before the cells lose the ability to divide. Table 

4 in [20] summarizes the cellular parameters that increase or decrease before the block of 

duplication capabilities, alterations that have been further explored in other works (e.g., [22]). 

As these alterations appear before, not after, the block above, they cannot be a consequence 

of it. 

2) Cell types without turnover (perennial cells, especially most neurons) age similarly to cells 

with turnover. Any limit in cell duplication did not appear to be a possible cause of the aging 

of cells that do not duplicate. 

Thus, cell duplication limits could not be the primary cause of aging, and indeed depended on 

another primary cause (or set of causes), without excluding, however, the possibility that such limits 

in cell reproduction were among the factors contributing to aging. 
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2.2 Phase 2: Aging as a Consequence of Telomere Shortening (Telomere Theory) 

In subsequent years, it was observed that DNA duplication was incomplete in the telomere, and 

this resulted in a progressive shortening of the telomere [23]. 

In 1973, it was proposed [24] that telomere shortening was slowed or prevented by a specific 

enzyme, later identified as telomerase, which was isolated twelve years later [25]. 

Telomere shortening was shown to be related to cell alterations and the probability of transition 

to a cellular state, cell senescence, in which duplication was impossible, and there are many cellular 

alterations [26, 27]. 

Thus, the progressive shortening of telomeres appears to determine both cell duplication limits 

and cellular metabolic alterations, as well as tissue aging and organism aging (see [5, 28]). 

Regarding the mechanism by which telomere shortening caused such alterations, an interesting 

intuition was expressed by Fossel twenty years ago based on the experimental evidence then 

available. He suggested that the telomere and part of the subtelomeric sequence were covered by 

a hood with a fixed size. With the shortening of the telomere a greater portion of the telomere was 

covered by the 'hood' and this caused a progressive inhibition of subtelomeric transcription. 

Moreover, Fossel hypothesized the existence in the subtelomere of regulatory sequences capable of 

modulating other genes, or groups of genes, even in distant parts of the DNA sequence ([28], p. 50, 

and [29]). 

This intuition was not explored further by Fossel, but will constitute an essential stimulus for the 

subsequent Phase 3 (see below). 

Regarding the aging of perennial cells, which do not replicate and therefore cannot exhibit 

telomere shortening and suffer its consequences, a logical solution has been proposed for eye 

photoreceptor cells [30] and for other neurons not subject to turnover [30, 31]. This proposal was 

reiterated and deepened in subsequent works [5, 32]. 

In particular, eye photoreceptors, specialized neurons without turnover, are dependent for their 

trophism and survival on retinal pigmented cells (RPCs), a specific type of glial cells that show 

turnover. Each RPC serves approximately 50 photoreceptors and phagocytizes roughly 10% of the 

internal membranes of these photoreceptors daily, on which photopsin is located. The decline in the 

turnover of RPCs determines a progressive decay of photoreceptor functions and vitality. So, there 

is the accumulation of various substances (in particular, lipofuscin, A2E, and β-amyloid protein) and 

the formation of holes in the retinal pigmented epithelium with the consequent death of the 

photoreceptors. This degeneration is more marked and causes more serious problems starting from 

the macula, determining the age-related macular degeneration. 

A similar mechanism was suggested for other neurons of the central nervous system and their 

satellite cells (microglia cells, astrocytes, oligodendrocytes, all cells that are specialized gliocytes). 

When the turnover of these cells declines, there is a progressive accumulation of various substances 

(in particular, β-amyloid protein and α-synuclein), and then neuronal suffering and death. This 

causes Parkinson's disease and Alzheimer's disease. A detailed exposition of the hypothesis that the 

functional decline of non-dividing cells results from impaired support by satellite cells is reported, 

in particular, in [5, 32], and I refer to these works for the conspicuous evidence in this regard. 

In all the phenomena outlined above, the levels of activity of the telomerase enzyme were critical, 

as proven in various works. In normal human cells, a series of experiments showed that telomerase 

induction or reactivation not only restored telomere length and the ability to divide but also 
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reversed some cellular biomarkers of aging [33-36], and the treated cells appeared in a 

“phenotypically youthful state” [33]. 

In vitro, telomerase activation was induced in human aged fibroblasts with significant alterations 

in gene expression. Then the fibroblasts were used to reconstitute the skin, which turned out to be 

equal to that obtained using young fibroblasts [37]. 

In mice, artificially induced telomerase activity delayed aging manifestations, resulted in 

significant improvements in balance and neuromuscular coordination tests, and increased longevity, 

but not cancer risk [38]. 

In old mice with artificially blocked telomerase and a long series of age-related alterations in cells 

and organs, telomerase reactivation resulted in significant improvements of all these alterations, 

particularly reversing the degeneration of nervous tissues by restoring cell populations of 

oligodendrocytes, neural progenitors, and newborn neurons [39]. 

In the study of some “animals with negligible senescence”, that is, with mortality rates not 

increasing in a detectable way in relation to age, the same levels of telomerase activity were found 

in old and young individuals of the same species (e.g., lobster and rainbow trout [40, 41], and 

rockfish species [42]). In particular, for rockfish, unlike other species that show age-related 

increasing mortality (i.e., that age), Black, a science writer, reports that, comparing old and young 

fish, it was observed in older individuals no increase in oxidative damage and undegraded proteins, 

and no reduction of telomerase activity [42]. 

However, the telomere theory suggested that, when comparing species, a relationship exists 

between longevity and telomere length. A species with longer telomeres was expected to age more 

slowly and live longer, whereas the opposite was likely to occur for species with shorter telomeres. 

The evidence clearly contradicted this. e.g.: 

- In comparison with humans, mice and hamsters have relatively longer telomeres but shorter 

longevities [43]; 

- in rodent species, telomere length and longevity are not related [44, 45]; 

- two Mus strains that have telomeres with quite different lengths (10 and 20 kb), show equal 

life spans and rhythms of aging [28], p. 60; 

- in mice strains characterized by inactivated telomerase (mTR-/- strains), after one or two 

generations, the telomeres are shortened, but no marked alterations in fertility and viability 

are evident in laboratory conditions, which are, however, observed after 4-6 generations when 

the telomeres are significantly shortened [46, 47]; 

- Cloned animals are obtained from somatic cells with shorter telomeres than the germinal cells 

of the donors. Despite the different telomere lengths, no differences in longevity and aging 

rates were observed [48, 49]. 

Therefore, the theory that aging was dependent on initial telomere length was untenable. 

However, the evidence did not rule out the idea that telomere shortening contributed to cellular 

changes that cause aging. 

2.3 Phase 3: Aging as a Result of Subtelomere Repression Caused by the Shortening of Telomeres 

(Subtelomere-telomere Theory) 

However, some facts had to be taken into consideration: 
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1) Regarding telomere length, apart from the differences between species (for mammals 

reported in [50]), in a species the length of telomeres in the germ cells varies (i) between two 

chromosomes of the same individual; (ii) between one arm and another of the same 

chromosome; and (iii) between the same chromosome arms in different individuals [51], while 

the length of each telomere is heritable [52, 53]. Therefore, any mechanism hypothesizing a 

repression of subtelomeric DNA as a function of telomere shortening must take into account 

this significant variability in telomere length. 

2) A gene artificially inserted in a subtelomeric position is repressed [54], and this phenomenon, 

defined as telomere position effect, is correlated with telomere shortening [55]; 

3) Yeast, a unicellular species, divides into two cells in each duplication. One of these cells, 

defined as a “daughter” cell, retains unchanged cellular functions, while the other cell, 

described as a “mother” cell, exhibits cellular alterations that increase with each duplication 

[56]. In the wild strains of this species, where the telomerase enzyme is always active, there is 

no shortening of the telomeres at each cell division. However, the individuals of the “mother” 

lineage exhibit, in relation to the number of previous duplications, a progressive accumulation 

of extrachromosomal ribosomal DNA circles (ERCs) on the subtelomere [57], which is 

associated with progressive cellular alterations [58]. These alterations are also associated with 

an increasing probability of triggering a mechanism analogous to cell senescence, which in 

yeast activates cell apoptosis [58], whereas in multicellular species, it is characterized by 

resistance to apoptosis [22]. In a yeast mutant strain with defective telomerase (tlc1Δ mutants), 

for the individuals of “daughter” lineage, no accumulation of ERCs is observed. However, 

telomeres are shortened by each duplication, and there are the same metabolic alterations 

shown by yeast cells of the “mother” lineage with the same number of previous duplications 

[58]. These alterations are likely caused by subtelomere inhibition. In yeast tlc1Δ mutants, to 

justify subtelomere inhibition in “daughter” lineage, this could be explained if there is a 

telomeric cap of fixed size, i.e., not shortening in relation to telomere shortening. This cap, 

when the telomere shortens, progressively covers and represses a larger portion of the 

subtelomere. 

These facts and the aforementioned intuition of Fossel ([28], p. 50) led to the proposal of the 

subtelomere-telomere theory of aging [59-61], which can be summarized in the following key points: 

(i) In the first cell of any organism, for each telomere there is the formation of a cap with a size 

that is proportional to the length of the telomere; 

(ii) The size of this cap (or hood) remains unchanged in the following cell divisions, even though 

the telomere shortens; 

(iii) In relation to telomere shortening, the cap covers a greater portion of the subtelomere (we 

could say that it slides on the subtelomere) and increasingly inhibits particular hypothetical 

regulatory sequences (“r-sequences”) existing in the subtelomere; 

(iv) The repression of these r-sequences alters the functioning of other regulatory sequences, and 

so there are increasing alterations in cellular metabolism; 

(v) One of these alterations is an increasing instability of the telomere-telomeric cap complex 

and therefore an increasing probability of the transition to the state of cell senescence. 

Therefore, the proposed theory hypothesizes a situation analogous to that of the cells in the 

daughter lineage of a yeast mutant strain with defective telomerase for human somatic cells. 
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The situation of the yeast cells in the three previously exposed cases is illustrated in Figure 1. For 

humans, a comparison with yeast cells is shown in Figure 2, where the daughter lineage of tlc1Δ 

mutant strains with inactive telomerase is depicted. 

 

Figure 1 Yeast cells after some duplications. A: daughter lineage (no telomere shortening, 

no ERC accumulation, and no subtelomeric repression); B: mother lineage (subtelomeric 

repression due to accumulation of ERCs); C: daughter lineage of tlc1Δ mutants 

(subtelomeric repression by sliding on the subtelomere of the telomeric cap). Some 

hypothetical subtelomeric regulatory sequences (“r-sequences”) are transcribed into “r-

transcripts”, which regulate many cellular functions, including the stability of the 

telomere-telomere cap complex that influences the probability of triggering cell 

senescence. In cases B and C, it is suggested that r-sequences repression hinders the 

transcription of these sequences. 
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Figure 2 The subtelomere-telomere theory suggests that the condition in human 

somatic cells where telomerase is inactive is analogous to that in yeast cells, daughter 

lineage, of tlc1Δ mutant strains with telomerase inactive. 

It is helpful to note that cell senescence in yeast determines the elimination of the individual 

through apoptosis. On the contrary, in human somatic cells, cell senescence determines resistance 

to apoptosis. However, functional alterations in senescent cells reduce cellular efficiency and that of 

the tissues and organs to which the cells belong, thus decreasing the organism's fitness and causing 

an increase in mortality. 

A scheme of the theory is shown in Figure 3. The gradual repression of the subtelomere causes 

the phenomena discussed in the following paragraphs 2.4.7 Cell senescence and gradual cell 

senescence and 2.4.8 Decline of cell duplication capacity. 

 

Figure 3 Scheme of the subtelomere-telomere theory. 
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The subtelomere-telomere theory explained the empirical data well, but the hypothetical r-

sequences needed experimental confirmation of their existence and of how they exerted the 

supposed regulatory activities. Furthermore, there was no evidence that the telomere cap 

maintained a fixed size despite telomere shortening. 

2.4 Phase 4: Subtelomere-telomere Theory with T-sequences 

Sometimes there is no direct communication between different researchers, and this can be a 

significant obstacle to understanding a phenomenon. Sequences with functional characteristics that 

corresponded exactly to those proposed for r-sequences by the subtelomere-telomere theory were 

already known under another name. Moreover, for some years, they have been the subject of 

authoritative studies without there being awareness of their importance as possible key elements 

of cellular aging mechanisms. 

Over thirty years ago, two non-protein-coding subtelomeric sequences (TelBam3.4 and TelSau2.0) 

were identified [62]. Later, it was demonstrated that there were two evolutionarily conserved 

regions with distinct structures, which were precisely characterized. Both sequences have a section 

that is approximately 1.4 kb long for TelBam3.4 and 1.3 kb long for TelSau2.0, and with three 

different repeating subsections. The intricate details of these two structures are reported in [63]. 

TelBam3.4 and TelSau2.0 were described as TElomeric Repeat-containing RNA (TERRA [64]; here 

“T-sequences” for brevity). 

T-sequences: 

- are non-protein-coding, but are transcribed with the production of RNA sequences, which 

here are called “T-transcripts” for brevity [65]; 

- appear to be pivotal elements in many critical cellular processes and constitute a general 

characteristic of eukaryotic cells [66]. They have been described in our species [64, 67], yeast 

[68-70], plants [71], Zebrafish and mice [67]; 

- in vertebrates and many other species are evolutionarily conserved as documented for 

vertebrates in general [72] and for yeast, plants, mammals, birds, and fish [73]. 

2.4.1 Transcription of T-sequences 

In mammals, T-sequences transcription begins from subtelomeric DNA, is operated by the 

enzyme RNA polymerase II, proceeds toward the telomere, and includes some of the repeated 

telomeric motif [64, 67, 74]. The transcription begins from specific subtelomeric promoters that are 

observed on no less than two-thirds of the ends of chromosomes [63, 75, 76]. 

In humans, the subtelomeric promoters of T-sequence transcription are composed of DNA islands 

rich in CpG dinucleotides, characterized by a peculiar structure with repeated sequences, and 

located approximately 1 kb from the telomeric sequence [66]. 

The T-sequences are present in the subtelomeric parts of almost all chromosomes, with greater 

evidence for the sex chromosomes and chromosomes 2, 9, 13, and 18 [77]. 
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2.4.2 Targets and Actions of T-transcripts 

T-transcripts bind DNA targets (i) in every part of the genome; (ii) also at sites far from the 

telomere; (iii) also within genes, where introns are favored; (iv) in cis at telomeres; and (v) in trans 

near or within genes [77]. 

Most of the binding sites of T-transcripts are in distal intergenic and intronic sections of 

chromosomes, and T-transcripts regulate the expression of genes [66]. 

The expression of T-transcript targets changes significantly when there is a decrease in T-

transcript levels. Target genes near the subtelomere are downregulated considerably, while among 

the internal target genes, some are upregulated and others are downregulated. Thousands of 

binding sites of both cis and trans types have been identified in mouse embryonic stem cells [77]. 

In general, the targets of T-transcripts appear to be non-protein-coding DNA sequences with 

critical regulatory functions on gene expression [77, 78]. 

T-transcripts are also crucial in regulating telomerase activity [79]. 

2.4.3 Relations between T-sequences Transcription and Telomere Shortening 

The blockage of certain central epigenetic regulators, which enable DNA methylation, correlates 

with a loss of control over telomere length. Telomere shortening to a critical level alters the 

epigenetic condition of both subtelomere and telomere [80]. 

In mice, telomere shortening appears related to decreased subtelomere methylation [80]. 

In Terc (-/-) mice, the methylation of subtelomeric DNA decreases in conjunction with telomere 

shortening [29]. 

In human leukocytes, a relationship has been observed between shorter telomeres and 

significant methylation of CpG sites in the region within 4 Mb of the telomere [81]. 

Modified gene expression is related to the shortening of telomeres and increased risk and 

severity of various age-related diseases [81]. 

In healthy subjects, the mean length of telomeres decreases with aging. Moreover, longer 

telomeres are associated with hypermethylation of subtelomeric sequence, while hypomethylation 

is associated with shorter telomeres. The same was observed for sarcoidosis patients [82]. 

These data indicate that longer telomeres correlate with greater levels of methylation of T-

sequences, while shorter telomeres correlate with smaller levels of methylation. This appears to 

signify less repression of T-sequences with longer telomeres and greater repression with shorter 

telomeres. 

2.4.4 Relations between T-sequences and Telomere Protection 

In mice, in embryonic stem cells, reduced levels of T-transcripts are associated with lower 

telomere protection [77, 78]. 

The transcription of T-sequences activates the mechanisms for the telomeric DNA damage 

response [83]. This is in relation to alterations in the capping function and the consequent loss of 

telomeric integrity [77]. 

Considering the protein ATRX, studied for alpha thalassemia mental retardation X-related 

syndrome, T-transcripts and ATRX are functionally antagonistic for hundreds of target genes they 
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share. In general, T-transcripts activate a target gene while ATRX represses it. About binding to 

telomeric DNA, T-transcripts compete with ATRX and contribute to telomere stability [77]. 

A substantial decrease in T-transcript levels is a manifestation of the loss of the 20q locus. This 

causes a massive response to telomeric DNA damage and should be considered evidence of the key 

role of T-transcripts in the defense and preservation of telomeres [84]. 

How T-transcripts protect telomeres are the subject of active research. For example, it has been 

suggested that telomere protection involves the formation of “TERRA R-loops at chromosome ends” 

[85]. 

2.4.5 Relations between Aging and Epigenetic Changes 

Epigenetic modifications of DNA are age-related and depend on cell types and tissues [86, 87]. 

The most studied form of epigenetic modification is cytosine-5 methylation within CpG 

dinucleotides (DNA methylation) [88, 89]. 

The effects of DNA methylation are correlated with the number of previous cell divisions, while 

they are practically absent in embryonic cells and also in induced pluripotent stem cells (iPSCs) [88, 

89]. The reversibility of DNA methylation is shown by the possible transformation of adult somatic 

cells into iPSCs, where DNA methylation is practically irrelevant as in embryonic cells [88]. 

Age-related DNA methylation is not a phenomenon that randomly affects any CpG sequence. 

There are specific parts of DNA showing this phenomenon [90-93]: in particular, the CpG islands, or 

CGIs, which are characterized by the abundance of CpG nucleotides (about 1 per 10 bp), constitute 

only 2% of the DNA [86], and often are the transcription start site of a gene [94]. For these sites, 

methylation appears to silence the promoters present in them [95], while the expression of these 

promoters is restored by demethylation [96]. 

In relation to age, there is hypomethylation for some CGIs, while for others, hypermethylation 

[92, 93, 97, 98]. However, the measurement of age-related DNA methylation has been proposed as 

a valuable and reliable biological indicator to evaluate the age of individuals of our species [88]. This 

index (Horvath’s index) allows for assessing the age with an error of 3.6 years and a correlation index 

equal to 0.96. 

The Horvath index is not the only epigenetic clock available, and it is by no means the best in any 

case. For example, PhenoAge and, in particular, GrimAge are superior epigenetic clocks to the 

Horvath index in assessing human aging [99]. However, in our discussion, the crucial point is not 

which epigenetic clock is more reliable, but that (i) epigenetic modifications are observed in precise 

parts of the DNA molecule’s sequence and not in random points; and that (ii) such modifications are 

similar in many species, allowing for comparative measurements. 

The age-related effects of DNA methylation are observed for mammals in general. An indicator 

similar to Horvath’s index was proposed for mammals in general after an extensive study on 128 

mammalian species (with a significant variety of adult body weight and maximum longevity ranging 

from 3.8 to 211 years). This index was found to have an error of less than 3.5% and a correlation 

greater than 0.96 [89]. 

The definition of an index valid for mammals in general is possible, in part, because the CGIs 

subject to DNA methylation appear to be quite evolutionarily conserved [89]. 

In the senescence of mesenchymal stem cells (MSCs), it was observed DNA methylation in specific 

CGIs and histone trimethylation at specific targets [100]. The repeated duplication, or expansion, of 
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MSCs significantly modifies DNA methylation profiles, and many CpG sites exhibit different 

methylation patterns in relation to the increasing number of duplications [100]. One study found 

that, regarding age, approximately one-third of CpG sites show different methylation states, with 60% 

of sites being hypomethylated and 40% hypermethylated [101]. 

Physical exercise appears to be related to an increase in TERRA levels (i.e., T-transcripts) in 

myocytes from healthy young subjects [76], an observation compatible with the idea that physical 

activity is a protective factor against aging. 

Epigenetic changes are not limited to DNA methylation. A complete evaluation of epigenetic 

changes would require considering, among other phenomena, histone methylation, changes in 

histone marks, nucleosome remodeling, and altered noncoding RNA expression [102-104]. However, 

in relation to age-related changes, no reliable markers such as those mentioned above to assess age 

in our species or in mammals in general have been proposed. 

The works mentioned above document strong and complex relationships of T-sequences and 

their T-transcripts with: (i) epigenetic modifications of numerous DNA targets and the consequent 

actions; (ii) telomere shortening; (iii) telomere protection; and (iv) aging changes. 

All these relationships demonstrate that T-sequences and their transcripts exhibit the 

characteristics predicted by the subtelomere-telomere theory for r-sequences and r-transcripts, 

respectively. Therefore, the scheme proposed in Figure 3 can be redrawn by simply replacing the 

hypothetical r-sequences and r-transcripts with the documented T-sequences and T-transcripts 

(Figure 4). This transforms the subtelomere-telomere theory of aging from a theory requiring 

empirical evidence into a theory confirmed by scientific evidence. 

 

Figure 4 Scheme of the subtelomere-telomere theory with T-sequences: substitution of 

the hypothetical r-sequences and r-transcripts with the documented T-sequences and T-

transcripts, respectively.  

  



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 13/29 

2.4.6 The Fixed Size of Telomere Cap 

The subtelomere-telomere theory of aging also requires that, for each telomere, the size of the 

telomeric cap, after its formation in the first cell of an organism, remains constant in subsequent 

divisions even if the telomere shortens. 

It is known that the telomere is covered by a cap constituted by copies of the shelterin protein 

complex, which is known in its protein components (RAP1, TIN2, TRF1, TRF2, POT1, and TPP1) [105, 

106] and for their possible arrangement [106]. 

Suppose the telomeric cap has a fixed size established in germline cells, meaning that this size 

remains unchanged at each duplication, even if the telomere shortens. In that case, the total amount 

of proteins that make up the cap should stay constant and not decrease in the transition from 

germline cells to cells with shortened telomeres. 

A vital experiment observed that the abundance of shelterin complex proteins remained 

unchanged between primary and transformed cells and was not related to telomere length [107]. 

This indicates that the size of the telomeric cap does not vary with telomere shortening. 

2.4.7 Cell Senescence and Gradual Cell Senescence 

Cell senescence is not another way to describe the features of an “old cell” but the definition of 

a precise condition determined by a “fundamental cellular program” [27] with peculiar 

characteristics: 

(i) specific modifications of cellular functions [22, 108, 109], including the alterations of cellular 

secretions described as senescence-associated secretory phenotype (SASP) [110, 111], 

related to significant transcriptional modifications [112]; 

(ii) block of cell replication capacities (replicative senescence) [109, 113]; 

(iii) resistance to apoptosis [22, 114], which is obtained by selectively blocking the mechanisms 

that cause apoptosis in malfunctioning cells. Indeed, cell senescence triggers or up-regulates 

various senescent cell anti-apoptotic pathways, which block apoptotic mechanisms and so are 

targets for existing or possible senolytic drugs aimed at the selective elimination of senescent 

cells [22]. 

The triggering of the cell senescence program is related to telomere shortening, but, as proposed 

by Blackburn [26], there is no critical telomere length below which the program is triggered. A cap 

unstably protects the telomere, and, in relation to telomere shortening, telomere protection is 

reduced, and the probability of activation of the program increases. The evidence supporting the 

relationships between telomere shortening, increased subtelomere inhibition, and decreased 

telomere protection from activation of the cell senescence program has been discussed in the 

previous subsection, “2.4.4 Relations between T-sequences and telomere protection”. 

The number of senescent cells increases with age, both in absolute numbers and in their fraction 

of the total number of cells [115, 116], and is related to age-related manifestations and disorders 

[117, 118]. 

Senescent cells are harmful for the organism, and their selective elimination reduces the 

manifestations of aging [118, 119], so that their elimination by senolytic drugs is an essential current 

therapeutic goal [119, 120]. 

The fact that senescent cells are undoubtedly harmful to the fitness of the organism and that at 

the same time are resistant to apoptosis, thus causing persistent damage, is well explainable 
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assuming that the phenomenon is a general part of aging mechanisms explained as an adaptive 

phenomenon. Conversely, for the non-adaptive hypotheses of aging, cell senescence requires a 

specific explanation. In this regard, the only proposed explanation is that the phenomenon is a 

general defence against the possible proliferation of cancerous cells [121, 122]. So, the damage 

caused by senescent cells has been justified as an evolutionary trade-off between the damage and 

the benefits they cause [123]. The unsustainability of this thesis has been discussed in previous 

works [5, 124] based on various experimental works, including the following findings: 

- It is part of the SASP, the secretion of many factors that are associated with inflammation and 

malignancy [110]; 

- In humans, a relationship between short telomeres and cancer risk has been shown [125, 126]; 

- In mice, the selective elimination of senescent cells determined both fewer age-related 

alterations and a delay in cancer progression [116]. 

A phenomenon similar but distinct from cell senescence is the gradual decline of cellular 

functions (gradual cell senescence [4]), caused by the progressive subtelomeric inhibition in cases 

where the cell senescence program has not yet been activated. The effects of gradual cell 

senescence can be confused with those of cell senescence because, in a culture, there is overlap 

between the manifestations of some cells in gradual cell senescence and others in cell senescence. 

However, there are conditions in which the distinction is specific and clear. In yeast cells of the 

mother lineage in relation to the number of previous duplications, a progressive inhibition of the 

subtelomere is observed due to the accumulation of ERCs and progressive alterations of cellular 

functions [56, 127]. In yeast, there is no possibility of confusion with the phenomenon similar to cell 

senescence of multicellular eukaryotes because in this species, the phenomenon triggers apoptosis 

[58]. 

In vitro, mesenchymal stem cells (MSCs), in correlation with the number of previous duplications, 

show: (i) gradual changes in the methylation of specific points (hypomethylation or 

hypermethylation) and the extent of these changes allows to estimate the number of previous 

duplications [128-130]; and (ii) it possible to observe in the overall gene expression a pattern of 

significant alterations that are not limited to the latest duplications but which progressively increase 

in relation to the number of duplications [131]. 

Moreover, in a study on the effects of telomere shortening, it was observed that the expression 

of various subtelomeric genes is in relation to the length of telomeres and that significant changes 

in gene expression (up-regulation or down-regulation) are dependent on telomere shortening long 

before the reduction of telomere length triggers cell senescence [132]. 

It is unlikely that this explanation can account for the manifestations of gradual cell senescence, 

as determined by the accumulation of random alterations. In fact: (i) reprogramming of MSCs to 

induced pluripotent stem cells (iPSCs) erases the functional alterations that have increased with cell 

duplications [133]; and these iPCs show the profile of a young cell regardless of cell origin and donor 

age [133]; (ii) for induced MSCs (iMSCs) the age-related levels of DNA methylation were entirely 

erased while, in the subsequent culture in vitro, iMSCs reacquired the age-related degree of 

methylation [101]; and (iii) MSCs showing fewer epigenetic changes and better cell functions can be 

obtained from iPSCs [134]. 

Cells in gradual cell senescence cannot have any hypothetical significance as a restraint on the 

reproduction of cancer cells because, for them, there is no replicative senescence. On the contrary, 
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according to the subtelomere-telomere theory, gradual cell senescence constitutes part of the aging 

program because it contributes to reducing fitness. 

2.4.8 Decline of Cell Duplication Capacity 

A simplistic explanation for the decline of cell turnover might be that it is due to the shortening 

of telomeres to critical levels. However, evidence shows a different situation that requires a brief 

exposition: 

(i) In humans, telomere lengths are similar in different fetal tissues and organs [135]; 

(ii) telomere lengths in stem cells of tissues with high turnover (e.g., hematopoietic stem cells) 

are shorter than those of stem cells of low turnover tissues [135]; 

(iii) in cells derived from the stem cells, excluding perennial cells where there is no turnover, in 

four types of cells that have quite different turnover rates (leukocytes, and cells from 

subcutaneous fat, skeletal muscle, and skin), the rhythms of telomere shortening were similar 

[136]; 

(iv) in general, the reduction rates of telomere lengths were in most cases within 20-60 bp/year. 

Only some cell types showed a shortening rate that could be critical (e.g., for liver cells, it was 

120 bp/year, and the mean length of telomeres was reduced from 13.7 ± 2.5 kbp in neonates 

to 8.7 ± 1.4 kbp in centenarians) [137]. 

These results were interpreted as follows. Stem cells of each cell type show a series of 

duplications, i.e., an expansion, which is proportional to subsequent turnover rates and determines 

a proportional telomere shortening. Afterwards, telomeres shorten at constant rates but without 

reaching critical sizes with a highly probable activation of the cell senescence program [137]. 

However, following the thesis proposed by Blackburn [26], according to which even with telomeres 

not shortened, there is always a small probability of triggering cell senescence, stem cells would 

gradually go into this condition, progressively weakening the capacity for cell turnover. 

2.4.9 Aging of Any Tissue or Organ and of the Whole Organism 

Cellular aging as described above has effects that extend to every part of the organism and 

progressively compromise its fitness. In fact, the combined impact of cell senescence, gradual cell 

senescence, and a reduction in turnover capacity determines an “atrophic syndrome” in every part 

of the organism, resulting in the manifestations of aging in any tissue and organ, as well as in the 

whole organism [5]. 

This syndrome consists of a reduction in the number of the primary functional cells of an organ 

or tissue (i.e., atrophy in the number of cells), with hypertrophy in the volume and activity of the 

remaining functional cells and replacement of the missing cells with non-functional cells. 

Furthermore, considering also the cellular alterations determined by cell senescence and gradual 

cell senescence, including modifications in cellular secretions (SASP), this set of alterations 

progressively compromises the functionality of the tissue or organ and the fitness of the organism. 

Finally, telomere shortening is associated with an increased vulnerability to cancer [138]. 

In the particular case of tissues or organs where the primary functional cells do not show turnover 

(for example, the neurons of the central nervous system), the alterations above affect their trophic 

cells, progressively compromising the activity and survival of the primary cells and the overall 

functionality of the tissue or organ [5, 30-32]. 
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So, the aging of a tissue or organ occurs through the direct decline of its primary functional cells 

(“direct aging”) (Figure 5) or through the decay of the trophic cells of functional cells (“indirect 

aging”) (Figure 6) [5, 32, 60]. 

 

Figure 5 Examples of “direct aging” - Decline of the cells with turnover constituting the 

primary functional cells of a tissue or organ. 

 

Figure 6 Examples of “indirect aging” - Decay of the cells with turnover that are trophic 

for the primary functional cells without turnover of a tissue or organ. 
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2.4.10 Aging as Function Determined by Epigenetic Modifications 

There is a growing consensus regarding the association of aging with epigenetic modifications 

and the description of aging as an epigenetic phenomenon [139-145]. 

However, two ideas should be avoided. 

The first is that the epigenetic modifications associated with aging are random and without 

functional significance, as they are determined and modulated by natural selection. The above 

demonstrates that such modifications: (i) occur at specific sites; (ii) are influenced by well-defined 

subtelomeric sequences, which in turn are progressively inhibited by telomere shortening; (iii) are 

generally reversible with appropriate manipulations; (iv) are parts of a mechanism that determines 

aging and is shaped by natural selection. Therefore, the aforementioned epigenetic modifications 

together with the mechanisms determining them should be defined as a function and not 

considered as random phenomena. 

The second idea to avoid is that aging, understood as a function based on epigenetic 

modifications, is an anomaly or an exception in the overall organization of the organism. 

Until a few decades ago, the discovery of protein-coding by specific DNA sequences (defined as 

“genes”) and of countless and disparate capacities of proteins led to the belief that all the functions 

of the organism, both those internal to the cells and those related to the development and 

organization of tissues, organs and the entire organism, depended exclusively on the protein-coding 

DNA sections. However, it was observed that: 

- A limited part of DNA encodes protein sequences. The hasty and erroneous deduction was 

that the remaining parts of the DNA had no function, so much so that they deserved the 

definition of “junk” DNA [146]; 

- If the enormous differences between the various species in functions, morphological 

development and organization depended only on genes, a very complex organism like the 

human one should have a much greater number of genes than much simpler species. However, 

it was disconcerting to find that our species and a simple nematode had an equal number of 

genes [147]; 

- The ENCODE and the Human Genome Projects have highlighted that in mammals, only 2% of 

the DNA is protein-coding, while >90% is transcribed and produces long noncoding RNA 

sequences with functions mostly unknown [77]. 

The logical deduction is that the central part of a species' DNA program is not located in the 

protein-coding sections (genes), but rather in a network of non-protein-coding sequences that 

regulate, directly or indirectly, the expression of genes. Plausibly, this regulation occurs through a 

myriad of epigenetic modifications. 

A magnificent example of this theoretical argument was offered by a recent work that 

demonstrated the differences in epigenetic markers among the many cell types of our species [148]. 

These differences are precise to the point that it is possible to identify the developmental affinities 

between the various cell types. Furthermore, it was observed that the different DNA methylation 

patterns of the various cell types allow for the reconstruction of the ontogenesis of the key types of 

cells [148]. 

Consequently, it is possible to suggest that any complex function of the organism is determined 

and governed by epigenetic modifications regulated by non-coding sequences. This means that 
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aging, described as a function defined by epigenetic changes, is not an exception but the rule for 

any complex function. 

3. Topics Requiring Further Exploration 

In any new theory, there are certainly topics requiring further exploration and clarification, and 

the theory discussed in this paper is no exception. A detailed examination of these topics is beyond 

the subject of this article, and it is appropriate to limit ourselves to mentioning some of them: 

1) The disastrous effects of a drastic decrease in T-transcript levels [84] or of a defective activity 

of the ATRX protein, which antagonizes the effects of T-transcripts [77], have already been 

mentioned in the previous section 2.4.4. However, it would be helpful to evaluate the impact 

of a partial artificial repression of T-sequences in vivo, in experimental animals, and in vitro, in 

suitable cell cultures. 

2) A detailed evaluation of all the regulations depending on T-sequences also seems necessary; 

3) Regarding the telomere cap and its relationship to the telomere, many aspects need to be 

investigated in detail, including: (i) how, in the first cell of an individual, this cap is shaped in 

relation to telomere length; (ii) how the cap is reformed with each subsequent cell duplication, 

respecting the initial size of the cap and not the possibly reduced length of the telomere; (iii) 

when telomere length is restored by telomerase action, what is the role of the telomere cap 

and how telomerase restores the previous length of the telomere without further lengthening 

it; 

4) How does the protective action of T-sequences on the telomere-telomeric cap complex affect 

the probability of activating cell senescence? 

4. Possible Methods for Controlling the Aging Mechanism 

Suppose aging is determined by a specific mechanism and is not the consequence of the 

accumulation of random alterations. In that case, this suggests that this mechanism can be modified, 

slowed, or even blocked by appropriate methods. 

A detailed discussion of this topic is beyond the scope of this paper; therefore, it is helpful to 

refer to other works (e.g., [149]). Here, based on the above, only the mention of some methods will 

be given: 

1) Activation of the telomerase enzyme. This activation restores telomere length and should 

reverse the effects of gradual cell senescence and limit the likelihood of cell senescence 

activation; 

2) Elimination of cells in the state of cell senescence, particularly through the action of senolytic 

drugs; 

3) Restoration of original stem cell levels through reprogramming of differentiated cells. This 

topic appears to be rich in studies and perspectives [150, 151]. 

Each of these methods does not have the effects of the other two, and all should be used in 

parallel for better aging control. 

Conversely, the idea of targeting the myriad cellular effects of T-sequence repression (that is, 

interventions downstream of the actions of the T-sequences) does not seem rational, given the 

multiplicity and variety of these effects. 
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5. Conclusion 

The subtelomere-telomere (STT) theory with T-sequences, which provides clear support for the 

thesis that aging is a genetically regulated and determined phenomenon, was elaborated in four 

subsequent phases, summarized in Table 1. 
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Table 1 Phases in the Elaboration of the Subtelomere-Telomere Theory with T-sequences. 

Phase/Theory Main features Objections 

Phase 1: Aging caused by 

the effects of cell 

duplication limits 

Cell duplication limits were hypothesized as the 

cause of aging. 

The theory did not explain: (i) the multiple cellular alterations 

preceding the blocking of cell duplication capacity; and (ii) the 

aging of perennial cells, i.e. cells without turnover.  

Phase 2: Aging as a 

consequence of telomere 

shortening (telomere 

theory) 

The progressive shortening of telomeres was 

proposed as the cause of both the block of cell 

duplication and the cellular changes preceding 

this block. 

The aging of cells without turnover was explained 

by the decline of satellite cells subject to turnover. 

According to the theory, a correlation between telomere 

length and longevity was expected, but this was contradicted 

by the evidence. 

Furthermore, telomere length varies from telomere to 

telomere within the same individual, and it was difficult to 

reconcile this variability with the proposed mechanism of 

aging. 

Phase 3: Aging as a result 

of subtelomere 

repression caused by the 

shortening of telomeres 

(subtelomere-telomere 

theory) 

It was proposed that (i) in the first cell of an 

individual, a telomeric cap is formed with a size 

proportional to telomere length; (ii) in 

subsequent duplications, the size of the cap 

remains fixed even if the telomere shortens; and 

(iii) so, the cap progressively inhibits hypothetical 

subtelomeric general regulatory sequences. 

The hypothetical subtelomeric general regulatory sequences 

required empirical confirmation. 

Furthermore, the hypothesis of invariance of telomere cap 

size even with telomere shortening needed to be 

demonstrated. 

Phase 4: Subtelomere-

telomere theory with T-

sequences 

The hypothetical regulatory sequences were 

identified in particular sequences (TERRA, T-

sequences) that, with ample evidence, show 

characteristics corresponding to those predicted 

for the hypothetical regulatory sequences. 

None. 
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In support of the STT theory with T-sequences, the evidence shows the existence of a specific 

mechanism regulating cellular functions and progressively causing cellular aging and hence that of 

the entire organism. This mechanism is based on key subtelomeric sequences that are general 

regulators of cellular functioning. They act through countless direct or mediated epigenetic 

modifications and are progressively repressed in relation to telomere shortening. 

Anyone who still wants to support the opposing thesis of aging determined by random and non-

adaptive alterations should, among other things, falsify the evidence supporting the existence of 

this mechanism and the details of its functioning. Moreover, it would be necessary to justify in 

evolutionary terms: 

- why T-sequences, which have a pivotal importance for cellular functions, are in a position 

highly vulnerable to repression by telomere position effect [54]); 

- the existence of cell senescence (for which the hypothesis of an anti-cancer defense appears 

to be untenable [5, 14]); 

- the existence of gradual cell senescence, which cannot be proposed as an anti-cancer defense 

[5, 14]. 

So, the hypothesis of aging as an adaptive and programmed phenomenon, determined by precise 

epigenetic modifications, appears as a theory confirmed by evidence, while the contrary is true for 

the opposite theory. 
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Author Contributions 

The author did all the research work for this study. 

Competing Interests 

The authors have declared that no competing interests exist. 

References 

1. Libertini G. An adaptive theory of the increasing mortality with increasing chronological age in 

populations in the wild. J Theor Biol. 1988; 132: 145-162. 

2. Nussey DH, Froy H, Lemaitre JF, Gaillard JM, Austad SN. Senescence in natural populations of 

animals: Widespread evidence and its implications for bio-gerontology. Ageing Res Rev. 2013; 

12: 214-225. 

3. Ricklefs RE. Evolutionary theories of aging: Confirmation of a fundamental prediction, with 

implications for the genetic basis and evolution of life span. Am Nat. 1998; 152: 24-44. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 22/29 

4. Libertini G. Non-programmed versus programmed aging paradigm. Curr Aging Sci. 2015; 8: 56-

68. 

5. Libertini G, Corbi G, Conti V, Shubernetskaya O, Ferrara N. Evolutionary gerontology and 

geriatrics: Why and how we age. Cham, Switzerland: Springer Nature; 2021. 

6. Kirkwood TB, Austad SN. Why do we age? Nature. 2000; 408: 233-238. 

7. Kirkwood TB, Melov S. On the programmed/non-programmed nature of ageing within the life 

history. Curr Biol. 2011; 21: R701-R707. 

8. Hayflick L. The future of ageing. Nature. 2000; 408: 267-269. 

9. Skulachev VP. Aging is a specific biological function rather than the result of a disorder in 

complex living systems: Biochemical evidence in support of Weismann's hypothesis. 

Biochemistry. 1997; 62: 1191-1195. 

10. Skulachev VP. Phenoptosis: Programmed death of an organism. Biochemistry. 1999; 64: 1418-

1426. 

11. Libertini G. Classification of phenoptotic phenomena. Biochemistry. 2012; 77: 707-715. 

12. Finch CE. Longevity, senescence, and the genome. London, UK: University of Chicago Press; 

1990. 

13. Libertini G, Shubernetskaya O, Corbi G, Ferrara N. Is evidence supporting the subtelomere–

telomere theory of aging? Biochemistry. 2021; 86: 1526-1539. 

14. Libertini G, Corbi G, Shubernetskaya O, Ferrara N. Is human aging a form of Phenoptosis? 

Biochemistry. 2022; 87: 1446-1464. 

15. Hayflick L, Moorhead PS. The serial cultivation of human diploid cell strains. Exp Cell Res. 1961; 

25: 585-621. 

16. Hayflick L. The limited in vitro lifetime of human diploid cell strains. Exp Cell Res. 1965; 37: 614-

636. 

17. Carrel A. On the permanent life of tissues outside of the organism. J Exp Med. 1912; 15: 516-

528. 

18. Parker RC. Methods of tissue culture. New York, NY: Harper & Row; 1961. 

19. Röhme D. Evidence for a relationship between longevity of mammalian species and life spans 

of normal fibroblasts in vitro and erythrocytes in vivo. Proc Natl Acad Sci USA. 1981; 78: 5009-

5013. 

20. Hayflick L. The cellular basis for biological aging. In: Handbook of the biology of aging. New York, 

NY: Van Nostrand Reinhold Co.; 1977. pp. 159-186.  

21. Martin GM, Sprague CA, Epstein CJ. Replicative life-span of cultivated human cells. Lab Invest. 

1970; 23: 86-92. 

22. Kirkland JL, Tchkonia T. Cellular senescence: A translational perspective. EBioMedicine. 2017; 

21: 21-28. 

23. Olovnikov AM. Principle of marginotomy in template synthesis of polynucleotides. Dokl 

Biochem. 1971; 201: 394-397. 

24. Olovnikov AM. A theory of marginotomy: The incomplete copying of template margin in 

enzymic synthesis of polynucleotides and biological significance of the phenomenon. J Theor 

Biol. 1973; 41: 181-190. 

25. Greider CW, Blackburn EH. Identification of a specific telomere terminal transferase activity in 

Tetrahymena extracts. Cell. 1985; 43: 405-413. 

26. Blackburn EH. Telomere states and cell fates. Nature. 2000; 408: 53-56. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 23/29 

27. Ben-Porath I, Weinberg RA. The signals and pathways activating cellular senescence. Int J 

Biochem Cell Biol. 2005; 37: 961-976. 

28. Fossel MB. Cells, aging, and human disease. New York, NY: Oxford University Press; 2004. 

29. Benetti R, García-Cao M, Blasco MA. Telomere length regulates the epigenetic status of 

mammalian telomeres and subtelomeres. Nat Genet. 2007; 39: 243-250. 

30. Libertini G. The role of telomere-Telomerase system in age-related fitness decline, a tameable 

process. In: Telomeres: Function, shortening and lengthening. New York, NY: Nova Science 

Publishers, Inc.; 2009. pp. 77-132. 

31. Flanary B. Telomeres: Function, shortening, and lengthening. In: Telomeres: Function, 

shortening and lengthening. New York, NY: Nova Science Publishers, Inc.; 2009. pp. 379-386. 

32. Libertini G, Ferrara N. Aging of perennial cells and organ parts according to the programmed 

aging paradigm. Age. 2016; 38: 35. 

33. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, et al. Extension of life-span by 

introduction of telomerase into normal human cells. Science. 1998; 279: 349-352. 

34. Counter CM, Hahn WC, Wei W, Caddle SD, Beijersbergen RL, Lansdorp PM, et al. Dissociation 

among in vitro telomerase activity, telomere maintenance, and cellular immortalization. Proc 

Natl Acad Sci USA. 1998; 95: 14723-14728. 

35. VAZIRI H. Extension of life span in normal human cells by telomerase activation: A revolution in 

cultural senescence. J Anti Aging Med. 1998; 1: 125-130. 

36. Vaziri H, Benchimol S. Reconstitution of telomerase activity in normal human cells leads to 

elongation of telomeres and extended replicative life span. Curr Biol. 1998; 8: 279-282. 

37. Funk WD, Wang CK, Shelton DN, Harley CB, Pagon GD, Hoeffler WK. Telomerase expression 

restores dermal integrity to in vitro-aged fibroblasts in a reconstituted skin model. Exp Cell Res. 

2000; 258: 270-278. 

38. Bernardes de Jesus B, Vera E, Schneeberger K, Tejera AM, Ayuso E, Bosch F, et al. Telomerase 

gene therapy in adult and old mice delays aging and increases longevity without increasing 

cancer. EMBO Mol Med. 2012; 4: 691-704. 

39. Jaskelioff M, Muller FL, Paik JH, Thomas E, Jiang S, Adams AC, et al. Telomerase reactivation 

reverses tissue degeneration in aged telomerase-deficient mice. Nature. 2011; 469: 102-106. 

40. Klapper W, Heidorn K, Kühne K, Parwaresch R, Krupp G. Telomerase activity ‘inimmortal’ fish. 

FEBS Lett. 1998; 434: 409-412. 

41. Klapper W, Kühne K, Singh KK, Heidorn K, Parwaresch R, Krupp G. Longevity of lobsters is linked 

to ubiquitous telomerase expression. FEBS Lett. 1998; 439: 143-146. 

42. Black H. Fishing for answers to questions about the aging process. BioScience. 2002; 52: 15-18. 

43. Slijepcevic P, Hande MP. Chinese hamster telomeres are comparable in size to mouse telomeres. 

Cytogenet Cell Genet. 1999; 85: 196-199. 

44. Seluanov A, Chen Z, Hine C, Sasahara TH, Ribeiro AA, Catania KC, et al. Telomerase activity 

coevolves with body mass not lifespan. Aging Cell. 2007; 6: 45-52. 

45. Gorbunova V, Bozzella MJ, Seluanov A. Rodents for comparative aging studies: From mice to 

beavers. Age. 2008; 30: 111-119. 

46. Blasco MA, Lee HW, Hande MP, Samper E, Lansdorp PM, DePinho RA, et al. Telomere 

shortening and tumor formation by mouse cells lacking telomerase RNA. Cell. 1997; 91: 25-34. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 24/29 

47. Herrera E, Samper E, Martín-Caballero J, Flores JM, Lee HW, Blasco MA. Disease states 

associated with telomerase deficiency appear earlier in mice with short telomeres. EMBO J. 

1999; 18: 2950-2960. 

48. Kubota C, Yamakuchi H, Todoroki J, Mizoshita K, Tabara N, Barber M, et al. Six cloned calves 

produced from adult fibroblast cells after long-term culture. Proc Natl Acad Sci USA. 2000; 97: 

990-995. 

49. Lanza RP, Cibelli JB, Faber D, Sweeney RW, Henderson B, Nevala W, et al. Cloned cattle can be 

healthy and normal. Science. 2001; 294: 1893-1894. 

50. Gomes NM, Ryder OA, Houck ML, Charter SJ, Walker W, Forsyth NR, et al. Comparative biology 

of mammalian telomeres: Hypotheses on ancestral states and the roles of telomeres in 

longevity determination. Aging Cell. 2011; 10: 761-768. 

51. Londoño-Vallejo JA, DerSarkissian H, Cazes L, Thomas G. Differences in telomere length 

between homologous chromosomes in humans. Nucleic Acids Res. 2001; 29: 3164-3171. 

52. Graakjaer J, Bischoff C, Korsholm L, Holstebroe S, Vach W, Bohr VA, et al. The pattern of 

chromosome-specific variations in telomere length in humans is determined by inherited, 

telomere-near factors and is maintained throughout life. Mech Ageing Dev. 2003; 124: 629-640. 

53. Hjelmborg JB, Dalgård C, Möller S, Steenstrup T, Kimura M, Christensen K, et al. The heritability 

of leucocyte telomere length dynamics. J Med Genet. 2015; 52: 297-302. 

54. Gottschling DE, Aparicio OM, Billington BL, Zakian VA. Position effect at S. cerevisiae telomeres: 

Reversible repression of Pol II transcription. Cell. 1990; 63: 751-762. 

55. Surace C, Berardinelli F, Masotti A, Roberti MC, Da Sacco L, D’Elia G, et al. Telomere shortening 

and telomere position effect in mild ring 17 syndrome. Epigenetics Chromatin. 2014; 7: 1. 

56. Laun P, Pichova A, Madeo F, Fuchs J, Ellinger A, Kohlwein S, et al. Aged mother cells of 

Saccharomyces cerevisiae show markers of oxidative stress and apoptosis. Mol Microbiol. 2001; 

39: 1166-1173. 

57. Sinclair DA, Guarente L. Extrachromosomal rDNA circles—A cause of aging in yeast. Cell. 1997; 

91: 1033-1042. 

58. Lesur I, Campbell JL. The transcriptome of prematurely aging yeast cells is similar to that of 

telomerase-deficient cells. Mol Biol Cell. 2004; 15: 1297-1312. 

59. Libertini G, Ferrara N. Possible interventions to modify aging. Biochemistry. 2016; 81: 1413-

1428. 

60. Libertini G. The feasibility and necessity of a revolution in geriatric medicine. OBM Geriatr. 2017; 

1: 002. 

61. Libertini G, Rengo G, Ferrara N. Aging and aging theories. J Gerontol Geriatr. 2017; 65: 59-77. 

62. Brown WR, MacKinnon PJ, Villasanté A, Spurr N, Buckle VJ, Dobson MJ. Structure and 

polymorphism of human telomere-associated DNA. Cell. 1990; 63: 119-132. 

63. Nergadze SG, Farnung BO, Wischnewski H, Khoriauli L, Vitelli V, Chawla R, et al. CpG-island 

promoters drive transcription of human telomeres. RNA. 2009; 15: 2186-2194. 

64. Azzalin CM, Reichenbach P, Khoriauli L, Giulotto E, Lingner J. Telomeric repeat–containing RNA 

and RNA surveillance factors at mammalian chromosome ends. Science. 2007; 318: 798-801. 

65. Solovei I, Gaginskaya ER, Macgregor HC. The arrangement and transcription of telomere DNA 

sequences at the ends of lampbrush chromosomes of birds. Chromosome Res. 1994; 2: 460-

470. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 25/29 

66. Diman A, Decottignies A. Genomic origin and nuclear localization of TERRA telomeric repeat-

containing RNA: From darkness to dawn. FEBS J. 2018; 285: 1389-1398. 

67. Schoeftner S, Blasco MA. Developmentally regulated transcription of mammalian telomeres by 

DNA-dependent RNA polymerase II. Nat Cell Biol. 2008; 10: 228-236. 

68. Luke B, Panza A, Redon S, Iglesias N, Li Z, Lingner J. The Rat1p 5’ to 3’ exonuclease degrades 

telomeric repeat-containing RNA and promotes telomere elongation in Saccharomyces 

cerevisiae. Mol Cell. 2008; 32: 465-477. 

69. Bah A, Wischnewski H, Shchepachev V, Azzalin CM. The telomeric transcriptome of 

Schizosaccharomyces pombe. Nucleic Acids Res. 2012; 40: 2995-3005. 

70. Greenwood J, Cooper JP. Non-coding telomeric and subtelomeric transcripts are differentially 

regulated by telomeric and heterochromatin assembly factors in fission yeast. Nucleic Acids Res. 

2012; 40: 2956-2963. 

71. Vrbsky J, Akimcheva S, Watson JM, Turner TL, Daxinger L, Vyskot B, et al. siRNA–mediated 

methylation of Arabidopsis telomeres. PLoS Genet. 2010; 6: e1000986. 

72. Azzalin CM, Lingner J. Telomeres: The silence is broken. Cell Cycle. 2008; 7: 1161-1165. 

73. Moravec M, Wischnewski H, Bah A, Hu Y, Liu N, Lafranchi L, et al. TERRA promotes telomerase-

mediated telomere elongation in Schizosaccharomyces pombe. EMBO Rep. 2016; 17: 999-1012. 

74. Feuerhahn S, Iglesias N, Panza A, Porro A, Lingner J. TERRA biogenesis, turnover and 

implications for function. FEBS Lett. 2010; 584: 3812-3818. 

75. Porro A, Feuerhahn S, Delafontaine J, Riethman H, Rougemont J, Lingner J. Functional 

characterization of the TERRA transcriptome at damaged telomeres. Nat Commun. 2014; 5: 

5379. 

76. Diman A, Boros J, Poulain F, Rodriguez J, Purnelle M, Episkopou H, et al. Nuclear respiratory 

factor 1 and endurance exercise promote human telomere transcription. Sci Adv. 2016; 2: 

e1600031. 

77. Chu HP, Cifuentes-Rojas C, Kesner B, Aeby E, Lee HG, Wei C, et al. TERRA RNA antagonizes ATRX 

and protects telomeres. Cell. 2017; 170: 86-101. 

78. Chu HP, Froberg JE, Kesner B, Oh HJ, Ji F, Sadreyev R, et al. PAR-TERRA directs homologous sex 

chromosome pairing. Nat Struct Mol Biol. 2017; 24: 620-631. 

79. Bettin N, Querido E, Gialdini I, Grupelli GP, Goretti E, Cantarelli M, et al. TERRA transcripts 

localize at long telomeres to regulate telomerase access to chromosome ends. Sci Adv. 2024; 

10: eadk4387. 

80. Blasco MA. The epigenetic regulation of mammalian telomeres. Nat Rev Genet. 2007; 8: 299-

309. 

81. Buxton JL, Suderman M, Pappas JJ, Borghol N, McArdle W, Blakemore AI, et al. Human leukocyte 

telomere length is associated with DNA methylation levels in multiple subtelomeric and 

imprinted loci. Sci Rep. 2014; 4: 4954. 

82. Maeda T, Guan JZ, Higuchi Y, Oyama JI, Makino N. Aging-related alterations of subtelomeric 

methylation in sarcoidosis patients. J Gerontol A Biomed Sci Med Sci. 2009; 64: 752-760. 

83. Bettin N, Oss Pegorar C, Cusanelli E. The emerging roles of TERRA in telomere maintenance and 

genome stability. Cells. 2019; 8: 246. 

84. Montero JJ, Lopez de Silanes I, Grana O, Blasco MA. Telomeric RNAs are essential to maintain 

telomeres. Nat Commun. 2016; 7: 12534. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 26/29 

85. Fernandes RV, Feretzaki M, Lingner J. The makings of TERRA R-loops at chromosome ends. Cell 

Cycle. 2021; 20: 1745-1759. 

86. Illingworth R, Kerr A, DeSousa D, Jørgensen H, Ellis P, Stalker J, et al. A novel CpG island set 

identifies tissue-specific methylation at developmental gene loci. PLoS Biol. 2008; 6: e22. 

87. Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, Meissner A, et al. The 

NIH roadmap epigenomics mapping consortium. Nat Biotechnol. 2010; 28: 1045-1048. 

88. Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 2013; 14: 3156. 

89. Lu AT, Fei Z, Haghani A, Robeck TR, Zoller JA, Li CZ, et al. Universal DNA methylation age across 

mammalian tissues. BioRxiv. 2021. doi: 10.1101/2021.01.18.426733. 

90. Rakyan VK, Down TA, Maslau S, Andrew T, Yang TP, Beyan H, et al. Human aging-associated 

DNA hypermethylation occurs preferentially at bivalent chromatin domains. Genome Res. 2010; 

20: 434-439. 

91. Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ, Weisenberger DJ, Shen H, et al. Age-

dependent DNA methylation of genes that are suppressed in stem cells is a hallmark of cancer. 

Genome Res. 2010; 20: 440-446. 

92. Horvath S, Zhang Y, Langfelder P, Kahn RS, Boks MP, van Eijk K, et al. Aging effects on DNA 

methylation modules in human brain and blood tissue. Genome Biol. 2012; 13: R97. 

93. Bell JT, Tsai PC, Yang TP, Pidsley R, Nisbet J, Glass D, et al. Epigenome-wide scans identify 

differentially methylated regions for age and age-related phenotypes in a healthy ageing 

population. PLoS Genet. 2012; 8: e1002629. 

94. Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002; 16: 6-21. 

95. Stein R, Razin A, Cedar H. In vitro methylation of the hamster adenine 

phosphoribosyltransferase gene inhibits its expression in mouse L cells. Proc Natl Acad Sci USA. 

1982; 79: 3418-3422. 

96. Hansen RS, Gartler SM. 5-Azacytidine-induced reactivation of the human X chromosome-linked 

PGK1 gene is associated with a large region of cytosine demethylation in the 5'CpG island. Proc 

Natl Acad Sci USA. 1990; 87: 4174-4178. 

97. Bollati V, Schwartz J, Wright R, Litonjua A, Tarantini L, Suh H, et al. Decline in genomic DNA 

methylation through aging in a cohort of elderly subjects. Mech Ageing Dev. 2009; 130: 234-

239. 

98. Christensen BC, Houseman EA, Marsit CJ, Zheng S, Wrensch MR, Wiemels JL, et al. Aging and 

environmental exposures alter tissue-specific DNA methylation dependent upon CpG island 

context. PLoS Genet. 2009; 5: e1000602. 

99. McCrory C, Fiorito G, Hernandez B, Polidoro S, O’Halloran AM, Hever A, et al. GrimAge 

outperforms other epigenetic clocks in the prediction of age-related clinical phenotypes and 

all-cause mortality. J Gerontol A. 2021; 76: 741-749. 

100. Schellenberg A, Lin Q, Schüler H, Koch CM, Joussen S, Denecke B, et al. Replicative senescence 

of mesenchymal stem cells causes DNA-methylation changes which correlate with repressive 

histone marks. Aging. 2011; 3: 873-888. 

101. Zhou X, Hong Y, Zhang H, Li X. Mesenchymal stem cell senescence and rejuvenation: Current 

status and challenges. Front Cell Dev Biol. 2020; 8: 364. 

102. Greer EL, Shi Y. Histone methylation: A dynamic mark in health, disease and inheritance. Nat 

Rev Genet. 2012; 13: 343-357. 

103. Booth LN, Brunet A. The aging epigenome. Mol Cell. 2016; 62: 728-744. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 27/29 

104. Pal S, Tyler JK. Epigenetics and aging. Sci Adv. 2016; 2: e1600584. 

105. Stewart JA, Chaiken MF, Wang F, Price CM. Maintaining the end: Roles of telomere proteins in 

end-protection, telomere replication and length regulation. Mutat Res. 2012; 730: 12-19. 

106. Jones M, Bisht K, Savage SA, Nandakumar J, Keegan CE, Maillard I. The shelterin complex and 

hematopoiesis. J Clin Investig. 2016; 126: 1621-1629. 

107. Takai KK, Hooper S, Blackwood S, Gandhi R, de Lange T. In vivo stoichiometry of shelterin 

components. J Biol Chem. 2010; 285: 1457-1467. 

108. Shelton DN, Chang E, Whittier PS, Choi D, Funk WD. Microarray analysis of replicative 

senescence. Curr Biol. 1999; 9: 939-945. 

109. Kwon SM, Hong SM, Lee YK, Min S, Yoon G. Metabolic features and regulation in cell senescence. 

BMB Rep. 2019; 52: 5-12. 

110. Coppé JP, Patil CK, Rodier F, Sun YU, Muñoz DP, Goldstein J, et al. Senescence-associated 

secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and the p53 

tumor suppressor. PLoS Biol. 2008; 6: e301. 

111. Rodier F, Coppé JP, Patil CK, Hoeijmakers WA, Muñoz DP, Raza SR, et al. Persistent DNA damage 

signalling triggers senescence-associated inflammatory cytokine secretion. Nat Cell Biol. 2009; 

11: 973-979. Erratum in: Nat Cell Biol. 2009; 11: 1272. 

112. Van Deursen JM. The role of senescent cells in ageing. Nature. 2014; 509: 439-446. 

113. Cristofalo VJ, Pignolo RJ. Replicative senescence of human fibroblast-like cells in culture. Physiol 

Rev. 1993; 73: 617-638. 

114. Wang E. Senescent human fibroblasts resist programmed cell death, and failure to suppress 

bcl2 is involved. Cancer Res. 1995; 55: 2284-2292. 

115. Krishnamurthy J, Torrice C, Ramsey MR, Kovalev GI, Al-Regaiey K, Su L, et al. Ink4a/Arf 

expression is a biomarker of aging. J Clin Investig. 2004; 114: 1299-1307. 

116. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, et al. Naturally occurring p16Ink4a-

positive cells shorten healthy lifespan. Nature. 2016; 530: 184-189. 

117. Baker DJ, Jeganathan KB, Cameron JD, Thompson M, Juneja S, Kopecka A, et al. BubR1 

insufficiency causes early onset of aging-associated phenotypes and infertility in mice. Nat 

Genet. 2004; 36: 744-749. 

118. Baker DJ, Perez-Terzic C, Jin F, Pitel KS, Niederländer NJ, Jeganathan K, et al. Opposing roles for 

p16Ink4a and p19Arf in senescence and ageing caused by BubR1 insufficiency. Nat Cell Biol. 2008; 

10: 825-836. 

119. Chang J, Wang Y, Shao L, Laberge RM, Demaria M, Campisi J, et al. Clearance of senescent cells 

by ABT263 rejuvenates aged hematopoietic stem cells in mice. Nat Med. 2016; 22: 78-83. 

120. Fuhrmann-Stroissnigg H, Ling YY, Zhao J, McGowan SJ, Zhu YI, Brooks RW, et al. Identification 

of HSP90 inhibitors as a novel class of senolytics. Nat Commun. 2017; 8: 422. 

121. Campisi J. Cancer and ageing: Rival demons? Nat Rev Cancer. 2003; 3: 339-349. 

122. Wright WE, Shay JW. Telomere biology in aging and cancer. J Am Geriatr Soc. 2005; 53: S292-

S294. 

123. Campisi J. Cancer, aging and cellular senescence. In Vivo. 2000; 14: 183-188. 

124. Libertini G, Ferrara N, Rengo G, Corbi G. Elimination of senescent cells: Prospects according to 

the subtelomere-telomere theory. Biochemistry. 2018; 83: 1477-1488. 

125. Wu X, Amos CI, Zhu Y, Zhao H, Grossman BH, Shay JW, et al. Telomere dysfunction: A potential 

cancer predisposition factor. J Natl Cancer Inst. 2003; 95: 1211-1218. 



OBM Geriatrics 2025; 9(3), doi:10.21926/obm.geriatr.2503325 
 

Page 28/29 

126. Ma H, Zhou Z, Wei S, Liu Z, Pooley KA, Dunning AM, et al. Shortened telomere length is 

associated with increased risk of cancer: A meta-analysis. PloS One. 2011; 6: e20466. 

127. Herker E, Jungwirth H, Lehmann KA, Maldener C, Fröhlich KU, Wissing S, et al. Chronological 
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