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Abstract: Telomeres, specialized DNA-protein structures located at the ends of chromosomes,
play critical roles in maintaining genomic stability and regulating cellular lifespan. With each
cellular division, telomeres gradually shorten, eventually triggering cellular senescence or
apoptosis. However, cancer cells often bypass this replicative limit through telomerase
activation or alternative lengthening mechanisms, enabling indefinite proliferation and tumor
progression. This review systematically discusses the complex relationships between
telomeres, cellular aging, and cancer, emphasizing telomere length dynamics, regulatory
enzymes such as telomerase, and influencing factors including genetic predispositions,
lifestyle, and environmental stressors. It also highlights innovative technological
advancements in telomere analysis and potential clinical applications in anti-aging therapies,
cancer treatments, and regenerative medicine. Despite promising advances, significant
challenges remain, such as ethical considerations and balancing therapeutic telomere
extension against cancer risks. Future interdisciplinary research integrating molecular
biology, genetics, advanced imaging, and bioinformatics is crucial for translating telomere
biology into effective clinical strategies aimed at extending healthy human lifespan and
combating age-related diseases.
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1. Introduction

Research into cell growth and aging is deepening. DNA, as genetic material, replicates through
repeated divisions. But whether it can truly be permanently replicated might be answered by telomere
theory [1]. Telomeres are composite structures at the ends of chromosomes. They maintain the
stability of chromosome replication and address the challenges of difficult and error-prone replication
at the ends. Telomere theory posits that a segment of the telomere sequence is lost at the end of each
chromosome replication. As the number of copies increases, the cell gradually becomes unable to
continue dividing [1].

Cellular aging is divided into two major categories: telomere-dependent replication aging and
non-telomere-dependent aging induced by oxidative stress [2,3]. Any life is composed of cells, with
our genetic material, DNA, contained in the cell nucleus. DNA contains all the information needed
for the human body to function. Only by continuously dividing and differentiating cells can we grow
[4]. With each cell division, the genetic material within the cell undergoes replication, separation, and
recombination [1]. After the M-1 phase and the M2-lethal phase, cells begin to age and die. The
human body is not a precise instrument; every copy carries the risk of making a mistake. The more
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copies there are, the higher the likelihood of errors occurring. This also became the reason why cells
age and eventually die [5]. Continuously dividing cells decline over time in terms of their ability to
add value and physiological functions [6]. The metabolized waste products continue to accumulate
[7], occupying an increasingly larger space within cells, which affects the transport of substances
within the cells and ultimately impacts their normal physiological functions, leading to cell aging and
even death [8].

As research into telomere-related issues has deepened, linking telomeres to cellular aging, cancer,
tumors, and other conditions has become a new approach to addressing cellular aging problems.
Current research on telomeres appears to have advanced, but studies linking telomeres to life
phenomena are still relatively limited. The study of telomeres is crucial for addressing challenges
such as cancer treatment and slowing down aging and is essential for future human development. This
article aims to summarize existing multifaceted and multi-faceted studies on telomeres, linking
telomere length, telomere active enzymes, and related clues to cellular aging and cancer
transformation. It will provide examples and summarize our current research on genetics, telomeres,
cell growth, and aging, exploring the regulatory relationships involved, therefore deepening the
regulatory relationship between telomeres and cell growth can provide new approaches and methods
in areas such as slowing aging, disease prevention, and treatment.

2.  Telomeres and Cell Growth
2.1. Telomeres regulate cell growth and aging

Cellular aging is a periodic state of stagnation associated with bodily aging. Telomeres are located at
the ends of chromosomes and consist of simple, repetitive non-coding DNA sequences [9,10]. As cell
division increases, telomeres become shorter. When telomeres are short enough to reach a critical
value, there is no way to protect our chromosomes [3]. At this point, the cells would stop growing to
prevent chromosome damage and subsequently enter an aging phase or apoptosis. This phenomenon
is reproductive aging, which is an important mechanism for limiting the number of cell divisions [6].

2.2. Factors affecting telomeres

Telomerase is the only reverse transcriptase that can extend telomeres, whose activity is suppressed in
most somatic cells but is highly active in stem cells, germ cells, and cancer cells [11]. As research
advances, many factors that can influence or protect telomeres have been discovered and developed.
Not only do genetic issues affect telomeres, but the environment and way we live, our psychological
states, and diseases also impact telomeres [12]. Regular aerobic exercise can enhance telomerase
activity, which may be related to reducing oxidative stress and improving mitochondrial function [2].
However, excessive exercise may lead to shorter telomeres due to oxidative damage in the body;
sleep deprivation is also associated with shorter telomeres, which could result in elevated cortisol
levels and reduced efficiency in DNA repair [13]. And since circadian clock genes regulate
telomerase expression, disordered circadian rhythms can accelerate telomere loss. Research has
found that smokers shorten telomeres about 18% faster than non-smokers, as carcinogens and
harmful substances in tobacco can induce DNA damage, which in turn affects telomeres [14].

2.3. Frontiers of Telomere Research

Current research has revealed the regulatory network of telomerase, including epigenetically
modified transcription factors and the role of telomerase . For example, the Shelterin complex
maintains the integrity of telomere structure by inhibiting the transmission of DNA damage signals to
telomeres, while also regulating telomerase access to telomeres. Nanopore sequencing is the latest
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technology today, enabling high-resolution analysis of telomere length and revealing significant
differences (up to 6,000 bases) at the ends of different chromosomes, which are established at birth
and gradually decrease with age [11].

3.  Applications of Telomeres in Cancer Treatment
3.1. Cancer cells differ from normal cells

In terms of growth mechanism regulation, normal cells follow strict growth regulatory mechanisms
such as contact inhibition and the regulation of growth factors, resulting in limited division
occurrences [3,6]. Cancer cells can divide and proliferate indefinitely because they can activate
telomerase. The growth of cancer cells can transcend the limitations of growth signals and spatial
constraints, leading to infinite division and aggregation to form abnormal aggregates; when DNA
damage or abnormalities occur in normal cells, apoptosis programs are initiated to maintain
homeostasis. While cancer cells evade apoptosis by inhibiting mutations like the pro-apoptotic
protein Bax [13], they can still survive even if damaged; in terms of metastasis, normal cells remain
stationary in one tissue and do not migrate to other parts. Cancer cells degrade the basement
membrane by secreting specific enzymes, then invade other tissues and spread through the blood or
lymphatic system to form secondary tumors; from a genetic standpoint, normal cells have
well-established DNA repair mechanisms with a low probability of mutations [11]. While the
genome of cancer cells is highly unstable, chromosomes are also highly prone to abnormalities; from
an energy metabolism perspective, most normal cells undergo aerobic respiration via mitochondria,
efficiently producing ATP [8]. Even when oxygen is abundant, cancer cells prioritize glycolysis,
consuming large amounts of glucose to produce lactate, allowing for rapid appreciation; from an
immune escape perspective, the surface markers of ordinary cells are clear and easily recognizable by
the immune system. Cancer cells weaken the expression of MHC molecules, thereby evading
immune surveillance, and secrete immunosuppressive factors to paralyze T cells [15,16]. Overall,
cancer cells accumulate through genetic mutations, acquiring traits such as immortality, aggression,
and metabolic reprogramming, ultimately disrupting normal tissue function. Through these
differences, targeted therapies can be developed to provide direction for cancer treatment [14,17].

3.2. Telomeres slow down cancer cell growth

85% of cancer cells rely on telomerase to maintain telomere length, but some cancer cells maintain
telomere length and activity through telomere extension substitution mechanisms [3,17]. Telomeres
that are either too short or too long can affect cancer cells. If telomeres are too short, they may cause
chromosomal instability and increase the risk of cancer; if they are too long, they may promote the
growth of tumor cells. Some cancer cells replicate telomere sequences from other chromosomes
through homologous recombination via a "telomere extension substitution mechanism," thereby
maintaining telomere length. By granting cancer cells infinite proliferation capabilities, normal cells
stop dividing after about 50-70 divisions, whereas cancer cells can overcome this limitation through
telomere maintenance mechanisms, achieve infinite division, form tumors, and continue to grow.
Cancer cells with high telomerase activity are more resistant to chemotherapy or radiation because
telomere stability reduces apoptosis signals triggered by DNA damage, and telomerase can directly
participate in DNA repair. Overall, telomeres maintaining their length is a core condition for cancer
cells to proliferate indefinitely. Regulatory strategies for telomeres have become an important
direction in cancer treatment, but they also face challenges related to cancer cell heterogeneity and
normal cell protection. Understanding the interaction between telomeres and cancer cells provides
key targets for developing precise anticancer therapies [6,14,18].
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3.3. Application of Telomere-Based Treatment

Gene and cell therapies have successfully extended telomeres and reversed cellular aging phenotypes
in vitro by activating telomerase genes (such as hTERT) or delivering telomerase RNA components.
However, such methods need to balance cancer risk, so they are currently still in the preclinical
research stage. Experiments show that artificially activating telomerase can "rejuvenate" certain cells,
extending the number of divisions [7]; furthermore, telomere shortening is associated with premature
aging symptoms in patients with progeria [8]. However, there are still many controversies
surrounding aging, which is believed to be the result of multiple factors, with telomerase shortening
not being the sole cause, and telomerase activation may trigger cancer, so it is necessary to balance
longevity with cancer risk [6,13].

4.  Current Challenges and Limitations
4.1. Complexity of cell growth regulation

DNA damage and repair capabilities involve a complex cascade of gene regulation. The damage
sources can be divided into two categories: endogenous and exogenous. Endogenous factors include
reactive oxygen species, DNA replication errors, and metabolic byproducts. Exogenous factors
include ultraviolet light, radiation, and chemical toxins. Failure of repair mechanisms can also lead to
DNA damage. These factors may create mutations in key repair proteins, leading to repair failure and
causing damage to accumulate. When damaged DNA activates the p53 protein, it triggers cell cycle
stagnation or apoptosis [3,6]; if p53 becomes inactive, cells may escape monitoring and continue to
proliferate. And DNA damage accumulates, leading to genomic instability and accelerating
individual aging.

Free radical theory suggests that the expression of antioxidant enzymes can extend the lifespan of
model organisms and slow down aging. People believe that oxidative stress is the core driver of aging
[7].

Epigenetic regulation, including DNA methylation, histone modification, and non-coding RNA,
also regulate gene expression. As age increases, overall methylation levels decline, but abnormally
high methylation of certain gene promoters can disrupt DNA methylation patterns. Simultaneously,
the loss of histone modifications can lead to loosening of chromatin structure and ineffective gene
silencing [6,7].

Despite genetic factors, environmental and lifestyle factors also play an important role in DNA
repair. High-sugar and high-fat diets can accelerate metabolic disorders and oxidative stress; In terms
of exercise, moderate activity can enhance mitochondrial function, reduce inflammation, and
promote cellular autophagy [13]. In terms of stress and sleep, chronic stress leads to increased cortisol
secretion, suppressing immune function; meanwhile, sleep deprivation can affect DNA repair [6,12].
Microbiome changes in gut microbiota might also affect aging. The diversity of gut microbiota
decreases in elderly individuals with imbalanced gut microbiota, while pro-inflammatory bacteria
increase and probiotics decrease, thereby impacting immunity and metabolism and exacerbating
inflammatory aging [2,17].

4.2. Limitations in Telomere Research

First, we face significant limitations in our technology. Traditional telomere length detection methods,
such as qPCR, have lower resolutions, whereas novel nanopore sequencing can achieve single
nucleotide accuracy but is costly and complex, limiting large-scale applications [15,19]. Next, we
face individualized differences and complexities, with telomere length influenced by genetic factors
of about 20% and regulated by various external factors such as oxidative stress and lifestyle like diet
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and exercise. Therefore, its dynamic mechanisms still require further study. Finally, there are ethical
issues and social considerations. If telomere extension technology is developed and widely adopted, it
could exacerbate the unfair distribution of social resources and spark ethical debates about the limits
of natural lifespan. Therefore, it is necessary for the scientific community to simultaneously develop
a reasonable and fair regulatory framework to ensure the fairness, safety, and feasibility of
technological applications [6].

5.  Future Prospects
5.1. Potential Application Fields

Research on anti-aging mechanisms explores ways to slow aging by regulating telomere length.
Through gene editing or telomerase activator technology, telomeres are directly extended to slow
down cellular aging [8]. Animal studies have shown that telomere extension can significantly
improve lifespan. Develop personalized anti-aging strategies, combining telomere length detection
with lifestyle interventions, to tailor approaches for delaying telomere shortening [9]. At the same
time, it can be used for drug development to clear senescent cells with severely shortened telomeres,
thereby reducing chronic inflammation and tissue damage and improving elderly health.

Telomere can also be applied in cancer treatment. By inhibiting telomerase activity in cancer cells,
it may achieve the effect of inhibiting cancer cell division [20]. By combining telomerase inhibitors
with chemotherapy or immunotherapy, cancer cells can enhance their sensitivity to treatment and
reduce resistance, thereby increasing the effectiveness of radiation and chemotherapy in cancer
treatment [14,17].

Regenerative medicine can be developed by constructing immortalized cells and enhancing stem
cell repair capabilities using telomerase. Activate telomerase activity in stem cells to maintain their
self-renewal capability for repairing damaged tissue [21]. During organ transplantation, extending the
telomeres of donor organ cells reduces functional decline caused by cellular aging after
transplantation, thereby optimizing organ transplantation and increasing its success rate [3,19]. By
combining telomere regulation techniques, we enhance the vitality and function of cultured cells for
the construction of more stable biological materials [13].

5.2. What kind of research is needed

Future research will need to further quantify the proportion of various factors affecting telomeres and
develop personalized intervention strategies (such as combining genetic testing with lifestyle
adjustments). At the same time, it is also important to be vigilant about the cancer risks associated
with excessive telomeres, balancing anti-aging with cancer promotion [3,6,17]. Targeted therapies
need to be developed based on the differences in cancer cells to provide direction for cancer treatment.
Tools for precisely regulating telomeres need to be developed, such as gene editing techniques
targeting telomeres, to achieve precise editing of telomere length and avoid off-target effects.
Develop real-time imaging technologies that can dynamically monitor telomerase activity and track
changes in telomerase activity in live cells. This can be achieved through interdisciplinary integration
[6]. Overall, future research on telomere theory will require a comprehensive breakthrough from
molecular mechanisms, technological innovation, and clinical translation to ethical assessment [13].
Through interdisciplinary collaboration and the application of new technologies, there is potential to
achieve a leap from "understanding telomeres" to "manipulating lifespan," ultimately driving the
extension of human healthy life expectancy and innovations in cancer treatment models.

38



Proceedings of the 3rd International Conference on Software Engineering and Machine Learning
DOI: 10.54254/2755-2721/2025.22713

6. Conclusion

Telomeres, as "guardians" at the ends of chromosomes, play a core role in regulating cell growth and
aging. Through dynamic length changes and structural stability regulation, cell proliferation is
directly determined. In normal cells, when telomeres shorten to critical length, cells enter a state of
aging or apoptosis by activating signaling pathways, a mechanism that elucidates the molecular basis
of replicable aging. However, cancer cells break through telomerase or activate telomere substitution
extension mechanisms to achieve unlimited proliferation, a characteristic that not only reveals key
stages of tumor development but also provides the theoretical basis for targeted telomere cancer
treatment. Recent studies have further shown that telomeres form a complex network of interactions
with pathways such as DNA damage repair, epigenetic regulation, and oxidative stress. Furthermore,
the regulation of telomere-related non-coding RNA and chromatin spatial conformation is becoming
a new direction for analyzing the multidimensional nature of telomere function. Although gene
editing technologies and the development of telomerase inhibitors bring hope for intervening in
telomere-related diseases, numerous challenges remain: how to precisely regulate telomere length to
avoid carcinogenic risks? Future research should integrate multidisciplinary analysis, artificial
intelligence models, and organoid technologies to deeply analyze the dynamic details of telomere
regulatory networks and explore their intersection points with clinical medicine. From basic
laboratory science to clinical translation, telomere research will continue to offer innovative
perspectives on anti-aging strategies and cancer treatment, ultimately advancing humanity toward the
medical goal of "extending a healthy lifespan."
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