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Abstract: Many diseases that involve malignant tumors in the elderly affect the quality of human life;
therefore, the relationship between aging and pathogenesis in geriatric diseases must be under-stood
to develop appropriate treatments for these diseases. Recent reports have shown that epigenetic
regulation caused by changes in the local chromatin structure plays an essential role in aging. This
review provides an overview of the roles of telomere shortening on genomic structural changes during
an age-dependent shift in gene expression. Telomere shortening is one of the most prominent events
that is involved in cellular aging and it affects global gene expression through genome rearrangement.
This review provides novel insights into the roles of telomere shortening in disease-affected cells
during pathogenesis and suggests novel therapeutic approaches.
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1. Introduction

Telomeres are repetitive sequences that are located at the ends of human chromosomes
and are known to constitute ribonucleocomplexes that play a vital role in genome stability.
One of the most prominent events that can occur due to the imperfect telomere structure
would be an end-to-end fusion between telomeres. Telomere fusion is closely related to
the early development of cancer cells, and it is known to induce aneuploidy in cancer cells
through the rearrangement of chromosomes [1–3]. It has been shown that TRF2 (Telomeric
repeat binding factor 2) and RAP1 (Repressor/activator protein 1) proteins play central
roles in the inhibition of HR (Homology-directed repair) at chromosomal ends, followed
by telomere fusion [4–7]. Since TRF2 and RAP1 are major factors in the human shelterin
complex [8], maintaining an appropriate and sufficient telomere length is very important
for genome stability.

2. Roles of Telomeres

Telomeres are sequences that exist at the end of chromosomes and are composed of
TTAGGG repeats in vertebrates [9]. The length of telomeres decreases linearly in proportion
to the number of cell divisions. Human fibroblasts have been a traditional cellular model
for aging studies, and it is well known that the length of the telomeres determines the
replicative capacity of fibroblasts [10]. Thus, this phenomenon could be used as a reliable
marker of aging. In particular, the methodology of measuring lymphocyte telomeres in the
blood is commonly used in longitudinal and cross-sectional studies of aging by showing
a linear decrease over time [11]. In general, the average initial telomere length in vivo
was around 10 kb, and it decreases by half after the age of 80 in humans [12]. Although
many studies on decreases in telomere length by aging have been conducted in peripheral
blood mononuclear cells (PBMCs), a study has also revealed that the decrease in telomere
length is distinct in T-cells, B-cells, and monocytes [13]. The length of telomeres decreases
by 23 to 47 base pairs per year [11] and the attrition rate varies depending on individual
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genetics such as the length of the telomeres at birth [14]. However, most scientists in this
field assume that the age-related decline in telomere length over time is obvious.

The primary function of telomeres is to stabilize chromosome integrity. Incomplete
DNA replication in human cells causes a constant loss of terminal telomeric repeats.
Thus, the existence of telomeres at the very end of the human genome allows for them
to serve as a protective nucleoprotein structure that prevents the loss of information of
sub-telomeric genes [15]. Telomeres form specific T-loop and D-loop structures to prevent
them from being recognized as DNA double-strand breaks, which is a representative
signal of DNA damage [16–18]. In a recent study, phosphorylation at Ser365 of TRF2 by
CDK2 (Cyclin-dependent kinase 2) was suggested as a major regulation controlling the
structural dynamics of the T-loop during the cell cycle [19]. Regulation of T-loop dynamics
via this phospho-switch that is present in TRF2 will affect the blocking of unwanted DNA
damage response during the cell cycle. The T-loop has also been suggested to contribute
to stabilizing the length and structure of telomeres since telomeres fold back into loops
and self-prime their replicative extension [20]. The authors further hypothesized that the
mechanism that is present in the self-primed telomere extension from the T-loop could likely
be associated with the expansion of disease-related nucleotide repeats in Huntington’s
disease, fragile X syndrome, and amyotrophic lateral sclerosis.

The unique structure at the end of the telomere is assisted by internal complemen-
tary interactions between repeats and trans-acting proteins such as TRF1, TRF2, and
POT1 [21,22]. These proteins are part of the human shelterin complex, which consists of
proteins that contribute to the structural stabilization and maintenance of telomeres by
protecting them from DNA repair machineries such as ATM (ataxia-telangiectasia mutated)
and ATR (ATM- and Rad3-related) [23–25]. Another function of the shelterin complex is to
regulate telomerase activity [26,27]. Therefore, proper maintenance of telomere structure is
vital for the stability of the human genome.

The continuous loss of telomeres induces M1 senescence, which causes cell division
arrest, followed by an M2 crisis that involves further extensive telomere attrition in the
absence of cell cycle checkpoints [28,29]. Therefore, telomeres that are shorter than a certain
length are strongly associated with replicative senescence, and the length of telomeres
represents a clock for aging in human cells, which is referred to as ‘replicometers’ [30].
Replicative senescence is indicative of cells that have undergone enough cell divisions to be
considered as having accumulated sufficient DNA mutations to transform into cancer cells.
Aging can be caused not only by the loss of telomeres, but also by oncogene expression or
DNA damage, all of which are related to genomic instability [31,32]. Therefore, induced
senescence due to telomere attrition stops the division of cells at an appropriate time and
sufficiently reduces the probability of an event that creates cancer cells by chance; thus, it
paradoxically plays a role in ensuring the prolonged survival of the individual.

Telomeres are essential cellular components that must be maintained for the continu-
ous division of cells. Therefore, stem cells prevent the loss of telomeres by expressing telom-
erase reverse transcriptase, which induces elongation of the telomeres [33]. Telomerase
is highly expressed in the fetus and performs essential functions in human development
during extensive cell division in the fetal stage [34]. After completion of the fetal stage,
telomerase is not expressed in somatic cells, except for specific stem cells, and therefore
most of the proliferative human cells undergo replicative senescence [35]. Maintaining
the structure of telomeres is key to the survival of cancer cells. Hence, 85–95% of human
cancers express telomerase, while the other types of cancer cells maintain a sufficient length
of telomeres through a mechanism that is based on DNA recombination called alternative
lengthening of telomeres (ALT) [36,37]. Thus, it can be inferred that telomeres are essential
for the survival of normal cells and cancer cells.

The regulation of gene expression is another function of telomeres that has recently
attracted attention. Telomeres are a type of constitutive heterochromatin along with
centromeres, and they form a huge complex that inhibits gene transcription by means
of unique histone modifications [38–40]. Heterochromatin protein 1α (HP1α), which
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functions in telomere protection as well as the propagation of heterochromatic marks such
as trimethylation at the ninth lysine of histone H3, is one such representative histone
modifier [41,42].

The human genome has many sub-telomeric genes that are distributed within a range
of tens to hundreds of kilobases from the loci of the telomeres. The expression of these genes
can be regulated through the telomere position effect (TPE), a fact best exemplified by the
Saccharomyces cerevisiae yeast model [43]. In 2001, it became known that the expression of
sub-telomeric genes is regulated in a manner that is correlated to the length of telomeres in
human cells [44], and this has gradually attracted the attention of many scientists. Figure 1
illustrates the main roles of telomeres as being the preservation of genome integrity and
the regulation of gene expression.

Figure 1. Roles of the telomeres in cells. (A) Genome integrity: Telomeres are key to maintaining
the integrity of the genome. Telomeres of sufficient length form D-loop and T-loop structure, which
prevent the generation of DNA damage signals and block telomere fusion. A decrease in telomere
length causes cellular senescence by generating a “too short” or “uncapped” signal. (B) Telomere
position effect: Another function of telomeres is to regulate the expression of nearby genes. Long
telomeres inhibit transcription by suppressing the activity of promoters of nearby genes. This effect
is gradually reduced due to the decrease in telomere length with the progression of replicative
senescence. Created with BioRender.com (accessed on 28 October 2021).

Changes in gene expression of human cells due to aging and alterations in physio-
logical functions are the main phenomena that are associated with aging [45]. Cellular
aging and premature senescence can be explained in terms of the accumulated corruption
of genetic information due to external causes such as genotoxic stress from ultraviolet rays,
as well as due to internal stress such as spontaneous DNA repair/replication errors or the
generation of reactive oxygen species (ROS) during mitochondrial respiration [46,47]. All
of these accumulated alterations change the three-dimensional genome architecture, and
the subsequent rearrangement of telomere heterochromatin affects specific gene expres-
sion, which is known as TPE. This review focuses on structural changes in the genome
architecture via the loss of telomere repeats during replicative senescence, which cause
significant changes in the mRNA expression of sub-telomeric genes as well as that of distal
genes that are several megabases away from the telomeres.

3. Telomere Position Effect (TPE)

Telomeres, being constitutive heterochromatin domains, also perform the crucial
function of strongly suppressing the expression of nearby subtelomeric genes. This is
called the telomere position effect (TPE). The phenomenon was extensively studied in the
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yeast model at first [43], but it was observed that the TPE also occurs in flies, mice, and
humans [44,48,49]. One of the significant outcomes of this finding was that the TPE could
work as a key epigenetic mechanism for triggering the profound change in expression of
various genes with aging. Differential expression of many genes in various human tissues
by aging is a well-known phenomenon and is closely related to the development of certain
diseases [50–52]. It is well known that the accumulation of mutations, destabilization of
metabolic homeostasis, and the deregulation of protein synthesis collectively induce the
aging phenotypes [52–54]. However, although the linear regression of telomere length is
also another distinct hallmark during replicative senescence of human proliferative cells,
few studies on the roles of TPE in gene regulation by aging have been conducted. Since
most human cancers have very short telomeres [55,56], the expression of tumor-specific
genes that are suppressed in young and long telomere cells may be regulated by the TPE
mechanism. A recent study has also shown that long-ranged TPE can affect the expression
of hTERT that are 1.2 mega bases away from chromosome 5p by forming telomere loops
in CD4+ T lymphocytes and promyelocytic cancer cells [57]. Since telomerase expression
is observed in most cancer cells and the monoallelic expression of the hTERT gene by
promoter mutation is frequent in human cancers [58–60], further research on the relation-
ship between the telomerase reactivation and TPE is necessary for the elucidation of the
mechanism [61,62].

Another representative disease that is related to the altered gene regulation by telomere
shortening includes FSHD (facioscapulohumeral muscular dystrophy), and the role of TPE
during the late onset of the FSHD in aged patients has been well characterized [63]. Studies
have documented the involvement of TPE in the abnormal expression of the DUX4 gene,
which could be a cause of FSHD with other transcription factors by regulating downstream
target genes [64,65]. The expression of pathogenic DUX4 is associated with epigenetic
dysregulation of subtelomeric D4Z4 microsatellite at chromosome 4q35 [66]. Another recent
study found that the expression of SORBS2 (Sorbin and SH3 domain-containing protein 2)
is also regulated by telomere length in the muscles of FSHD patients [67]. Therefore, accu-
mulating evidence for the close relationship between the telomere length and regulation of
gene expression suggest that the roles of telomere-dependent gene regulation is important
in the development of specific diseases during replicative senescence of human cells. This
review comprises of an overview of recent updates in the regulation of gene expression by
telomeres and the prediction of future prospects for this area of research.

4. Telomere Position Effect-Over Long Distances (TPE-OLD)

Epigenetic regulatory mechanisms, such as histone modification, DNA modification,
and chromatin remodeling are known to play crucial roles in complex mammalian gene
regulatory networks [68,69]. Chromatin interaction dynamics by means of gene looping
are epigenetic regulatory mechanisms that have been widely investigated recently [70–72].
Research pertaining to these mechanisms has provided answers for fundamental questions
regarding developmental processes and pathogeneses like cancer and neurodegenerative
diseases [73–77].

It also has been recently shown that telomeres, which are repetitive sequences at the
ends of chromatin, make looping structures that are complementary to internal genomic
regions that might be several mega bases away from the chromatin ends [57,78–80]. The
role of this interaction between telomeres and particular genomic loci still needs to be
elucidated, but there is growing evidence that this telomere looping makes the targeted
locus silent. This is called the telomere position effect-over long distances (TPE-OLD) or
telomere looping. Telomere looping suppresses gene expression in the target genomic
region, but the detailed mechanisms are largely unknown. Table 1 shows a list of significant
candidate genes whose mRNA expression was changed by telomere length via quantitation
of mRNA transcripts. There is also a group of genes whose expression is decreased by
telomere shortening. We consider this to be the result of an indirect effect by the action of
the proteins whose expression is increased by TPE-OLD.



Int. J. Mol. Sci. 2021, 22, 12807 5 of 13

Table 1. List of genes whose expression changes due to telomere length have been verified through quantitative PCR.

Gene Genomic Location 1 Expression in Short
Telomere Tissue Telomeric Interaction 2 Ref.

ISG15 1.0 Mb from 1p Increase
BJ Skin Fibroblast

Mammary Epithelial Cell
Kidney Epithelial Cell

O [57,81]

DUX4 50 Kb from 4q Increase Myoblast O [78]

SORBS2 4.4 Mb from 4q Increase Myoblast O [67]

TERT 1.2 Mb from 5p Increase BJ Skin Fibroblast O [80]

NRN1 6.0 Mb from 6p Increase BJ Skin Fibroblast ?

[79]

DSP 7.5 Mb from 6p Increase BJ Skin Fibroblast
Myoblast O

BMP6 7.9Mb from 6p Increase BJ Skin Fibroblast
Myoblast ?

C1S 7.0 Mb from 12p Increase BJ Skin Fibroblast O
FOXM1 2.9 Mb from 12p Increase

Myoblast

?

TSPAN9 3.3 Mb from 12p Increase
TIGAR 4.3 Mb from 12p IncreaseCCND2
AKAP3

4.7Mb from 12p IncreaseGALNT8
NDUFA9

ANO2 5.9 Mb from 12p Increase
CD163L 7.4 Mb from 12p Increase
FOXC1 1.6 Mb from 6p Decrease BJ Skin Fibroblast
TEAD4 3.0 Mb from 12p

Decrease Myoblast
CD9 6.2 Mb from 12p

RPA2 27.9 Mb from 1p Decrease HT1080 Fibrosarcoma

? [82]

INHA 22.6 Mb from 2q Decrease
HT1080 Fibrosarcoma
MRC5 Lung FibroblastOBSL1

PDGFRβ 31.4 Mb from 5q Increase HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

WRNIP1 2.8 Mb from 6p Increase HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

CDKN1A 36.7 Mb from 6p Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

PSMC2 56.0 Mb from 7q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

BRSK2 1.4 Mb from 11p Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

EEF1G 72.5 Mb from 11q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

ATN1 6.9 Mb from 12p Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

TBC1D2B 24.0 Mb from 15q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

ANXA2 41.7 Mb from 15q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

SAMD14 33.2 Mb from 17q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

THRA 43.2 Mb from 17q Increase HT1080 Fibrosarcoma

PSMA8 54.2 Mb from 18q Decrease HT1080 Fibrosarcoma
MRC5 Lung Fibroblast

RYR2 11.9 Mb from 1q Decrease MRC5 Lung Fibroblast
KCNH2 8.4 Mb from 7q Decrease MRC5 Lung Fibroblast
PDE3A 20.7 Mb from 12p Decrease MRC5 Lung Fibroblast
THRA 43.2 Mb from 17q Decrease MRC5 Lung Fibroblast

SMAD7 31.5 Mb from 18q Decrease MRC5 Lung Fibroblast
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Table 1. Cont.

Gene Genomic Location 1 Expression in Short
Telomere Tissue Telomeric Interaction 2 Ref.

EHMT1 558 Kb from 9q Increase Abdominal Skin Fibroblast

? [83]
ZNF10 116 Kb from 10p Increase Abdominal Skin Fibroblast
RASA3 232 Kb from 10p Increase Abdominal Skin Fibroblast

ZMYND11 254 Kb from 10p Increase Abdominal Skin Fibroblast

DIP2C 470 Kb from 10p Increase HCA2 Skin Fibroblast

? [84]

CPNE7 762 Kb from 13q Increase HCA2 Skin Fibroblast
GAS8 193 Kb from 16q Increase HCA2 Skin Fibroblast

DBNDD1 211 Kb from 16q Increase HCA2 Skin Fibroblast
CDK10 652 Kb from 16q Increase HCA2 Skin Fibroblast

SCGC1C1 32 Kb from 17p Increase HCA2 Skin Fibroblast
RBFA 236 Kb from 18q Increase HCA2 Skin Fibroblast
FRG1 172 Kb from 4q Decrease HCA2 Skin Fibroblast

TRIM7 288 Kb from 5q Decrease HCA2 Skin Fibroblast
FOXD4 127 Kb from 9p Decrease HCA2 Skin Fibroblast
CYP2E1 175 Kb from 10q Decrease HCA2 Skin Fibroblast
IQSEC3 158Kb from 12p Decrease HCA2 Skin Fibroblast

CHAMP1 29 Kb from 13q Decrease HCA2 Skin Fibroblast
1 All distances were estimated through the Genome Browser [85]. However, if there was information on distances in the original article,
it was used as indicated. 2 The physical interaction between the indicated gene and telomeric region has been suggested by 3D-FISH
(Fluorescence in situ hybridization).

The loss of telomeres due to cell division causes gradual structural changes in the
genome. The changes that are accumulated over time can completely change the position
of each component of the genome that is related to gene expression because regulatory
elements such as promoters, enhancers, silencers, and insulators could work in a three-
dimensional way [86]. Since telomeres are a type of heterochromatin, the location of the
telomeres in the genome is closely related to the regulation of target gene expression.

The expression of specific genes is regulated by changes in telomere length because the
three-dimensional folding structure of the genome changes through consecutive telomere
attrition (Figure 2). The phenomenon called TPE-OLD or telomere looping thus refers to
the event when telomeres that are of sufficient length form a looping structure that acts
against a specific locus to inhibit the expression of a target gene [57,79]. Extensive studies
on the factors mediating the TPE-OLD are yet to be performed. However, in a report that
studied the association between hTERT and the chromosome 5p telomere, TRF2 promoted
the interaction between the 5p telomere and internal telomeric sequences located near
the hTERT locus [80]. Further, in the same study, the amounts of CTCF (CCCTC-binding
factor) and LDB1 (LIM domain binding 1) proteins affected TPE-OLD so that the general
chromatin looping mechanism would also have a significant effect on TPE-OLD.

Many cell divisions over time cause a critical shortening of telomere length, followed
by an increase in the expression of certain genes by disengaging the looped complex be-
tween the telomere and target loci. However, the molecular and cell biological mechanisms
underlying this phenomenon are still largely unknown.

Another important question may be whether TPE-OLD occurs only inside the same
chromosome. All of the reports to date that suggest the physical association of telomeres
with specific loci have only shown binding within the same chromosome [67,79,80].

Since eukaryotic chromosomes are confined to discrete regions (chromosome terri-
tories) during the interphase [87], this seems relevant. However, since the association
between heterogeneous chromosomes is not impossible, further research on this topic is
necessary to understand the mechanism of TPE-OLD.
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Figure 2. Telomere Position Effect- Over Long Distances (TPE-OLD): Since telomeres are heterochro-
matin, various trans-acting factors could be recruited by them for suppression of the genes at the
target loci. The human genome, like proteins, has a complex three-dimensional folded structure.
Thus, telomeres can not only affect nearby genes but also regulate distant genes that are several mega
bases away. (A) Long telomere can make looping a structure against the target gene to suppress
its expression. (B) Progressive telomere shortening disengages the telomere looping so that the
mRNA expression of the target gene could be triggered. Created with BioRender.com (accessed on
28 October 2021).

This non-canonical function of telomeres is highly important in age-related diseases
because telomere shortening disengages the looping interactions and this is followed by the
activation of pathogenic genes [57,78]. Telomere shortening is one of the most prominent
phenomena in aging cells and plays an important role in cell physiology before the onset
of intensive DNA damage signals and genome aneuploidy [67]. Therefore, the epigenetic
changes that are responsible for gene expression and splicing during telomere shortening
should be elucidated to gain a better understanding of multiple pathogeneses during aging.

Short telomere length is associated with tumors, Alzheimer’s disease, and diabetes
mellitus [55,87–90]. The cause-effect relationship is unclear and requires further studies, but
the decreased telomere length and changes in gene expression resulting from TPE-OLD
may be related to the pathogenesis of the diseases. A recent report has shown that human
bronchial epithelial cells with over 400 population doubling with critically short telomeres
exhibited low telomerase activity that could be considered one of the essential prerequisites
for cancer transformation [91]. The study suggested that telomerase activity in cells with
critically short telomeres is mandatory for clonal growth of epithelial cells. This was based
on the observation that genome editing against telomerase reverse transcriptase (hTERT) or
treatment with 6-thio-2′-deoxyguanosine (6-thio-dG) inhibited the formation of colonies.

Mechanisms related to TPE-OLD also have been reported recently based on a study of
giant cell tumor of bone (GCTB), which is a rare bone tumor [92]. The authors suggested
that the reactivation of hTERT transcription is related to the length of the telomeres,
suggesting that TPE-OLD may be involved in the acquisition of telomerase reactivation
during the development of GCTB. Another significant disease in which TPE-OLD is likely
involved is triple-negative breast cancer (TNBC). Transcriptional coactivator with PDZ-
binding motif (TAZ) is highly expressed in TNBC and is involved in the Hippo signaling
system to regulate cell growth and death [93]. The reactivation of hTERT transcription
was found only in late passages of TAZ knockdown cells with shortened telomeres, which
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indirectly suggests that TPE-OLD may be one of the major mechanisms in the development
of certain types of breast cancer [94]. In previous studies, shelterin components that
were not located in the telomeres were shown to be involved in the expression of specific
genes [82,95], implying that the regulation of gene expression in certain genomic regions
far from the telomeres might be influenced by TPE-OLD. Since the expression of telomerase
in cancer cells is nearly universal [96], studying telomerase reactivation is essential for
understanding the mechanism and treatment of cancer where TPE-OLD might play a major
role in the epigenetic mechanisms involved therein.

The role of local genome structure change by telomere shortening at each chromosome
end might explain why senescent cells show significant alterations in gene expression,
followed by a decline in cell functions that are related to proliferation and survival. Re-
search on the specific alterations in genome architecture in terms of long-range interaction
between telomeres and particular loci during human aging will expand the understanding
of the fundamental biology of geriatric diseases.

Considerable technical difficulties in simulating the complex and multifaceted pro-
cesses of cellular aging hinder the study of the roles of the telomere position effect from
being able to clarify the mechanisms that are involved in the onset of aging. In particular,
an increase in population doubling during continuous cultivation of cells (in vitro aging)
affects many components of aging factors so that the results could be significantly different
from human aging in vivo [97,98]. Controlling the variables that are associated with aging
and interpreting the results is difficult in the case of in vitro aging due to confounding
effects. Utilizing aged tissues or aged animal models for the study of aging is also not
fruitful because all of the biological changes that are observed might be derived from
multiple causes which makes the results uninterpretable. Therefore, a model involving the
generation of controlled senescent cells with the same genetic background and population
doubling would be one of the best fits for the study of aging in relation to discovering candi-
date genes whose expression changes only in association with the length of telomeres [79].
With such models, the analyses would be carried out before the DNA damage response
(DDR) occurs. Hence, these models will provide a convincing explanation of what happens
in the cell at the early and middle stages of aging, This is unlike the many published
aging studies that analyzed endpoint phenotypes of aging which could have resulted from
multiple factors such as DNA damage, genomic instability, epigenetic alterations, loss of
proteostasis, or mitochondrial dysfunction [45,99]. Studying the effect of telomere position,
which is progressively influenced by changes in genome architecture due to telomere
attrition, will facilitate the understanding and treatment certain geriatric diseases.

5. Conclusions

Conformational changes in chromatin, DNA modification, and histone modifica-
tion are considered to be key factors in various human pathologies [100–102]. These
epigenetic changes play an essential role in complex gene regulatory networks. Among
them, chromatin interaction/conformation dynamics, such as gene looping, have been
actively studied recently. Research on these mechanisms provides answers to some fun-
damental questions in the field of gene regulation [70,72,103]. In previous studies, the
three-dimensional arrangement of genomes has been shown to have essential functions in
the regulation of gene expression. An understanding of the temporal dynamics of gene
looping and topology-associated domains (TADs) has addressed several fundamental
questions regarding mammalian gene expression [104,105].

It has also been shown that telomere shortening causes local genomic structural
changes, which is followed by global gene expression perturbation. The development of
various cancers, such as colorectal and prostate cancers, is closely related with telomere
shortening [21,106,107]. Therefore, there is a need for further understanding of telomere
shortening and regulation of related genes for proper treatment of cancers.

For example, the hTERT promoter mutation occurs in various cancers and is known to play
an important role in the survival of tumor cells through telomerase reactivation [60,108,109].
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TPE-OLD between the hTERT locus and the 5p telomere may be related to mutation and
hypomethylation of the hTERT promoter. A recent report suggests that hypomethylation
of the mutated hTERT promoter might be cooperatively induced by disengaged telomere
looping, which could cause significant differences in CpG island methylation in hTERT-
promoter mutant cell lines [110]. Many studies have shown interest in the involvement of
TPE-OLD in hTERT promoter mutation in the early development of cancer, thus making it
necessary to conduct extensive research in this area [60,111–113]. In the previous TPE-OLD
study on hTERT, 20–40% of the hTERT locus was still bound to the telomere in short
telomere or aged fibroblasts [80] contrary to other TPE-OLD genes such as C1S, ISG15, and
SORBS2 [67,79]. This may be related to the characteristic monoallelic expression of hTERT
through promoter mutation in cancer cells, unlike most genes that exhibit biallelic expres-
sion [59]. It may be possible to study whether telomere looping is specifically disengaged at
the mutated promoter to examine if the telomere looping could be one of the mechanisms
that suppresses the promoter mutation of hTERT in young and long telomere cells. This
research will facilitate the understanding of the mechanisms of cancer development and
telomerase reactivation, which is essential for developing therapeutic agents.

The phenomenon of telomere looping that results in the inactivation of target genes
was recently discovered [57,80]. However, an understanding of the detailed mechanism that
is involved in telomere looping requires further investigation. This function of telomeres is
very important in the development of geriatric diseases because the decrease in telomere
length with aging induces the expression of target pathogenic genes [78]. Although these
mechanisms are important in various types of tissues, their roles have not been well
studied. Existing theories and analysis methods do not fully explain the changes in the
gene expression or splicing of specific genes. The decrease in the length of telomeres is
one of the most notable aging-related changes in the cell, and this phenomenon occurs
gradually before the onset of the DNA damage response that occurs in the early stages
of aging [67]. Therefore, the change in telomere length and the subsequent regulation
of the expression of various genes must be studied to understand various pathological
phenomena that are related to aging. In addition, a study on the conformational change
of the local genome architecture in relation to the change in telomere length is expected
to provide insights into the issue of specific pathological genes being expressed only in
senescent cells. The roles of various elements of the human genome cannot be interpreted
with a linear model but must be interpreted based on a complex three-dimensional folded
structure [86]. The decrease in the length of telomeres is the most representative causal
factor for structural changes in the genome as aging progresses. Thus, epigenetic studies of
changes in the genome structure due to aging will elucidate the mechanisms of geriatric
diseases including cancer.
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