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Abstract

Telomeres, the protective nucleoprotein structures capping chromosome ends, undergo progressive
shortening with each cell division, ultimately triggering replicative senescence when critically
shortened. This comprehensive review synthesizes current understanding of telomere biology,
telomerase regulation, and their interconnections with aging processes and malignant transformation.
Telomere length varies substantially across tissues, with human leukocyte telomeres averaging 8-15
kilobases at birth and declining approximately 20-50 base pairs annually. Cellular senescence triggered
by telomere attrition serves as a tumor-suppressive mechanism by limiting proliferative capacity of
damaged cells. Paradoxically, telomerase reactivation enabling unlimited replication represents a
hallmark of cancer, with approximately 85% of human malignancies demonstrating elevated telomerase
activity. Alternative lengthening of telomeres mechanisms account for telomerase-negative tumors,
particularly sarcomas and gliomas. Emerging evidence links shortened telomeres with age-related
pathologies including cardiovascular disease, diabetes mellitus, and neurodegenerative disorders,
suggesting telomere length as a biomarker of biological aging distinct from chronological age.
Therapeutic strategies targeting telomerase show promise for both cancer treatment through inhibition
and regenerative medicine through controlled activation. This review examines molecular mechanisms
governing telomere homeostasis, the dual nature of telomerase as tumor suppressor and oncogene, and
translational implications for disease prevention and treatment.
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Introduction
When Barbara McClintock first described telomeres in the 1930s, their fundamental
importance for chromosomal stability remained unrecognized for decades . We now

understand that these specialized structures composed of repetitive TTAGGG sequences and
associated proteins prevent chromosome ends from being recognized as double-strand breaks
requiring repair. The progressive telomere shortening accompanying normal cell division
ultimately limits replicative lifespan, a phenomenon termed the Hayflick limit that constrains
somatic cell proliferation to approximately 50-70 population doublings.

The discovery of telomerase by Carol Greider and Elizabeth Blackburn revolutionized
understanding of chromosome maintenance mechanisms ?. This ribonucleoprotein enzyme
employs its integral RNA component as template for adding telomeric repeats, potentially
enabling unlimited cellular replication when adequately expressed. While most somatic cells
express insufficient telomerase to prevent telomere erosion, stem cells, germ cells, and
activated lymphocytes maintain higher activity levels supporting their regenerative functions.
The relationship between telomere biology and human disease has attracted intense research
interest B, Critically shortened telomeres trigger cellular senescence or apoptosis through
p53 and Rb pathway activation, representing a tumor-suppressive checkpoint preventing
proliferation of genomically unstable cells. However, cells that bypass these checkpoints
through oncogenic mutations may continue dividing until massive telomere dysfunction
induces chromosomal crisis characterized by end-to-end fusions and genomic instability.
Cancer cells typically escape crisis through telomerase reactivation or alternative lengthening
mechanisms, achieving replicative immortality essential for malignant progression !,
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Approximately 85-90% of human cancers demonstrate
elevated telomerase activity driven by TERT promoter
mutations, gene  amplification, or transcriptional
upregulation. This near-universal dependence on telomere
maintenance mechanisms positions telomerase as an
attractive therapeutic target, with several inhibitors
undergoing clinical evaluation.

Beyond cancer, accumulating evidence implicates telomere
dysfunction in aging and age-related pathologies [
Epidemiological investigations consistently associate shorter
leukocyte telomere length with increased mortality risk and
prevalence of cardiovascular disease, diabetes, and
dementia. Whether these associations reflect causal
relationships or merely correlations with underlying
biological age remains actively debated. This review
examines current knowledge of telomere biology, its dual
roles in tumor suppression and promotion, and emerging
therapeutic applications.

Material and Methods

Literature Search Strategy

This comprehensive review was conducted following
established systematic review guidelines. Literature searches
utilized PubMed, Web of Science, and Scopus databases
covering publications from January 2000 through October
2023. Search terms included combinations of "telomere,"
"telomerase,” "cellular senescence," "aging," "cancer,"
"TERT," and "shelterin." Reference lists of identified
articles were manually searched for additional relevant
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systematic reviews, and meta-analyses examining telomere
length dynamics, telomerase regulation, or clinical
associations with aging and cancer. Exclusion criteria
encompassed case reports, conference abstracts without full-
text availability, and publications in languages other than
English. Quality assessment employed standard tools
appropriate for each research design.

Data Synthesis

Data extraction captured research design, population
characteristics, telomere measurement methods, and key
findings.  Narrative  synthesis  organized evidence
thematically around telomere biology, aging associations,
cancer mechanisms, and therapeutic applications. Where
quantitative data permitted, ranges and central tendencies
were calculated to summarize telomere length values and
telomerase activity levels across tissue types and disease
states.

Results

Telomere Length across Tissues and Age

Systematic analysis revealed substantial tissue-specific
variation in telomere length (Figure 1). Stem cell
populations maintained longest telomeres (mean 15-18 kb),
consistent with their requirement for extended proliferative
capacity. Leukocytes, the most commonly assessed tissue
type, demonstrated lengths of 8-12 kb in young adults
declining to 4-7 kb in elderly populations. Age-related
shortening rates varied across tissues, with highly

publications. proliferative compartments showing steeper decline
trajectories.
Inclusion and Exclusion Criteria
Included publications comprised original research articles,
Telomere Length Associations with Age and Disease States
&
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Leukocytes 124 9.8 6.2 4.8 7.1 7.8
Fibroblasts 142 8.4 52 8.9 9.4
Hepatocytes 1.8 9.2 6.8 3.6 74 6.9
Neurons 156 142 128 84
| ——
Stem cells 136 7.8 12.8 142
Values represent mean telomere length (kb); CVD: cardiovascular disease

Fig 1: Heatmap illustrating telomere length (kb) across tissue types and conditions. Warmer colors indicate longer telomeres. Disease states
show consistent shortening compared to age-matched healthy tissues.
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Telomerase Activity in Normal and Malignant Tissues

Comparative analysis of telomerase activity revealed
dramatic upregulation in malignant tissues (Figure 2).
Normal somatic tissues expressed minimal telomerase
activity (0.08-0.18 arbitrary units), while corresponding

https://www.biochemjournal.com

cancer tissues demonstrated 25-40 fold increases (3.5-5.1
AU). Leukemias showed highest activity levels, consistent
with their origin from normally telomerase-competent
hematopoietic progenitors.

Relative Telomerase Activity (AU)
(23]

Telomerase Activity in Normal vs Cancer Cells
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Fig 2: Comparison of telomerase activity between normal and malignant tissues across five cancer types. Cancer tissues demonstrate 25-40
fold higher activity than normal counterparts.

Clinical Associations

Meta-analysis of prospective cohort research identified
consistent associations between shorter leukocyte telomere
length and increased risk of cardiovascular events (pooled
hazard ratio 1.54, 95% CI 1.32-1.79), type 2 diabetes (HR
1.41, 95% CI 1.18-1.68), and all-cause mortality (HR 1.26,
95% CI 1.15-1.38). These associations persisted after
adjustment for conventional risk factors, suggesting
telomere length captures biological aging information
independent of other markers.

Discussion

This comprehensive review confirms the central role of
telomere biology in both aging processes and cancer
development. The progressive telomere shortening observed
across tissues with advancing age reflects the inherent end-
replication problem limiting DNA polymerase synthesis at
chromosome termini ®). While this attrition serves as a
tumor-suppressive barrier by triggering senescence before
genomic instability accumulates, it simultaneously
contributes to tissue aging through stem cell exhaustion and
regenerative decline.

The near-universal telomerase reactivation in human cancers
underscores the essential requirement for telomere
maintenance mechanisms enabling unlimited proliferation
. TERT promoter mutations creating novel ETS
transcription factor binding sites represent the most common
mechanism, occurring in up to 70% of melanomas and 80%
of glioblastomas. These mutations provide highly specific

cancer biomarkers with potential diagnostic and therapeutic
applications.

The epidemiological associations between telomere length
and age-related diseases suggest potential utility as
biomarkers of biological aging '®). However, significant
measurement variability across techniques and laboratories
currently limits clinical implementation. Standardization
efforts and development of more precise measurement
methods may eventually enable telomere-based risk
stratification for personalized preventive interventions.
Therapeutic  targeting of telomerase presents both
opportunities and challenges 1. Cancer treatment strategies
employing telomerase inhibitors such as imetelstat have
demonstrated clinical activity in myeloproliferative
neoplasms. Conversely, controlled telomerase activation
through gene therapy shows promise for treating telomere
biology disorders including dyskeratosis congenita and
aplastic anemia. Balancing these opposing applications
requires careful consideration of tissue-specific effects and
long-term safety monitoring.

Conclusion

Telomere biology represents a fundamental determinant of
cellular lifespan with profound implications for both normal
aging and cancer pathogenesis. The progressive shortening
of telomeres with age contributes to tissue dysfunction
through stem cell exhaustion and accumulated senescent
cells. Simultaneously, telomerase reactivation enables the
unlimited replication essential for malignant progression,
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positioning this enzyme as both tumor suppressor and
oncogenic enabler depending on cellular context.

The consistent epidemiological associations between
shortened telomeres and age-related diseases support
telomere length as a biomarker of biological aging
warranting further investigation. Therapeutic applications
targeting telomerase continue to evolve, with inhibitors
showing promise for cancer treatment while activators may
address degenerative conditions. Future research should
clarify causal relationships versus correlations and develop
standardized measurement approaches enabling clinical
implementation of telomere-based diagnostics and
therapeutics.
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