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Abstract: Telomeres are important regions for maintaining genome stability, and their dysfunction is closely related to the
occurrence of colon cancer. This article reviews the recent progress in the study of telomeres and telomerase in colon cancer,
and highlights the key role of telomerase in inducing telomere dysfunction and immortalization of cancer cells. Modulating
telomerase activity has become a potential strategy to inhibit the proliferation of cancer cells, including immunotherapy,
telomerase inhibitors and TERT gene targeted therapy, which provides prospects for the treatment of colon cancer. Finally,

recommendations are made regarding the development of therapeutic strategies targeting telomerase.
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Colon cancer (COC) is one of the most common cancers of the
digestive tract worldwide and has become the second leading
cause of cancer-related death [1]. Especially in China, the
incidence of COCs and the burden of cancer are increasing
rapidly [2]. Although improvements in colonoscopy and
treatment have significantly improved survival in patients with
COC [3,4], the prognosis for patients with advanced stages
remains poor [5]. Telomeres are critical protective regions at the
ends of chromosomes and are essential for maintaining
chromosomal stability [6]. Activation of telomerase causes
telomeres to lengthen, allowing cancer cells to emerge from a
crisis state and become immortal [7]. Studies have shown that
chromosomal instability (CIN) is closely related to the
pathogenesis of COC [8], so telomeres and telomerase have
become the focus of COC treatment and research [9,10]. This
article reviews the latest research progress on telomeres and
telomerase in COC, and provides valuable suggestions for future
therapeutic strategies for telomeres and telomerase.

1 STRUCTURE AND FUNCTION OF
TELOMERES AND TELOMERASE

Telomeres are composed of continuously repeating TTAGGG
DNA sequences located in the protective protein complex region

at the end of chromosomes, which include six core protein
members, namely telomere repeat binding factor (TRF) 1, TRF2,
inhibitor/activation protein 1 (RAP1), TRF1 interacting
nucleoprotein 2 (TIN2), telomere protection 1 (POT1), and
POT1 and TIN2 hitabin (TPP1) (see Fig.1). A lasso-like T-ring
configuration is formed at the single-stranded telomere end at
the 3' end, which protects the chromosome end by wrapping the
end of the DNA inside [11]. During the S phase of the cell cycle,
phosphorylation of TRF2 regulates the unwinding and winding
of the T-ring, thereby protecting telomeres from replication
stress and DNA damage responses [12]. Normal cells gradually
shorten the posterior granules with each division because DNA
polymerase cannot fully synthesize the 3' end of chromosome,
which is a normal physiological phenomenon. When telomeres
become very short, uncapped telomeres trigger DNA damage
signals, leading to arrest cell growth. This growth arrest, caused
by shorter telomere length, is a protective mechanism for
clearing aging cells and a protective barrier that hinders the
initial proliferation of cancer cells [13,14]. If this protective
mechanism is compromised, cells will continue to proliferate,
telomeres will further shorten, exacerbating the accumulation of
DNA damage, increasing instability at chromosomal ends,
ultimately leading to cell death or aging, and contributing to the
development of cancer [15].
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On the one hand, the development of cancer requires telomere
shortening, which triggers genomic instability, and on the other
hand, cancer cells need to maintain long telomeres to achieve
infinite proliferation. Most cancer cells overcome cell
proliferation limits by enhancing the expression activity of
telomerase. Telomerase is a ribonucleoprotein complex
consisting of catalytic subunit telomerase reverse transcriptase
(TERT) and RNA subunit telomerase RNA as a replication
template, as shown in Figure 2. TERT is a rate-limiting step in
telomerase complexes, while its expression is inhibited in
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normal somatic cells. However, in tumor cells, telomerase can
directly lengthen telomeres through TERT reverse transcription
RNA, or selective telomere elongation through homologous
recombination to avoid DNA damage signaling and maintain
cell immortality, and this ability to lengthen telomeres is known
as the telomere maintenance mechanism [16-18]. Studies have
shown that approximately 75 percent of tumors express TERT,
with 31 percent of the samples having TERT promoter
mutations (TPMs) and 53 percent having methylation in the
promoter region of the TERT [19].

telomerase

FIG. 2 TELOMERASE STRUCTURE

In addition to the typical role of telomere maintenance
mechanisms, telomerase also has atypical cancer-promoting
functions. These atypical functions include regulation of
chromatin state, DNA damage response, oxidative stress
protection, and proliferative gene activity [20-22]. For example,
telomerase can promote MYC-driven tumorigenesis
independently of its reverse transcriptase activity [22]. Short-
term depletion of endogenous TERT can destabilize the
telomere-protective complex, which includes the nucleases
Snm1B/Apollo and TRF2, which are telomere dysfunction
mediated independently of telomere erosion [22].

In addition to the typical role of telomere maintenance
mechanisms, telomerase also has atypical cancer-promoting

functions. These atypical functions include regulation of
chromatin state, DNA damage response, oxidative stress
protection, and proliferative gene activity [20-22]. For example,
telomerase can promote MYC-driven tumorigenesis
independently of its reverse transcriptase activity [22]. Short-
term depletion of endogenous TERT can destabilize the
telomere-protective complex, which includes the nucleases
Snm1B/Apollo and TRF2, which are telomere dysfunction
mediated independently of telomere erosion [22].

In summary, telomeres influence the development of cancer in
two different ways: on the one hand, the shortening of telomeres
may lead to widespread genomic instability, thereby promoting
cancer progression; on the other hand, cancer cells extend
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telomere length by activating telomere maintenance
mechanisms, achieving sustained and unlimited proliferation.
By combining telomere maintenance mechanisms with
abnormal DNA damage responses triggered by telomere erosion,
cancer cells can break through the limits of cell division and
accumulate irreparable genomic mutations through replication
stress.

2 TELOMERES AND COLON CANCER
DEVELOPMENT MECHANISM

2.1 GENOMIC INSTABILITY DUE TO TELOMERE
DYSFUNCTION INDUCES COLON CANCER

The phenomenon of chromosomal instability (CIN) is present in
approximately 65-70% of tissues of colorectal cancer (COC)
patients [8], forming the basis of most COCs, while other COC
tissues exhibit microsatellite instability (MSI) phenotypes. CIN
is characterized by mutations such as chromosomal locus alleles,
chromosomal amplification and translocation, resulting in the
inactivation of tumor suppressor genes (such as APC, p53, etc.),
the activation of oncogenes (such as KRAS, BRAF, etc.), and
the loss of heterozygosity of the long arm of chromosome 18,
thereby promoting the occurrence of COC [24]. In the genome,
microsatellites (tandem nucleotide repeats) are prone to slip
mismatch errors during replication. DNA mismatch repair
(MMR) proteins identify and correct mismatch errors during
DNA replication. Thus, defects in the MMR gene affect
microsatellite repair, resulting in the MSI phenotype. In
particular, promoter methylation of the MMR gene MLHI is one
of the most common mechanisms for silencing the MMR gene
in episodic COCs [25].

Telomere shortening has been shown to be associated with MSI
in mitochondria in COC tissues [26]. In addition, in COC
patients with wild-type p53, telomere length is significantly
shorter in patients presenting with the MSI phenotype than in
microsatellite stabilized patients [27]. However, it is unclear
exactly what telomere function alterations mean in MSI.
Nevertheless, telomere dysfunction is thought to be the main
driver of CIN. When the telomere terminal protection
mechanism is impaired, the chromosome ends enter a breakage-
fusion-bridge (BFB) cycle, which leads to significant genome
rearrangements. At the same time, telomere dysfunction and
BFB circulation contribute to a large increase in genomic
amplification and deletion in tumors, leading to higher levels of
CIN [28]. Telomere length in normal cells primarily reflects cell
proliferation, but in COC cells, it reflects both telomere
shortening due to cell proliferation and de novo synthesis of
telomere sequence due to telomerase activation. In mouse
models, mice lacking TERC exhibit telomere shortening,
leading to gastrointestinal tumorigenesis and increased
incidence of microadenomas [29]. Telomere length is shorter in
COC cells relative to normal cells, and this trend is more
pronounced in COC cells with high copy number variation and
high somatic mutation number [30]. Telomeres in healthy tissue
adjacent to the tumor are shorter than in healthy tissue away
from the site of cancerous lesions [31]. In addition, reductions
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in telomere length in COC tissues were associated with
worsening disease status, accelerated disease progression, and
reduced survival [32], with patients with the greatest variation
in telomere length having the highest risk of death [33].
However, increased telomerase activity has also been reported
in COCs [34]. This is because although telomere shortening is
promoted

Chromosomal instability leads to early carcinogenesis, but in
later stages, activation of telomerase immortalizes tumor cells,
i.e., an increase in telomere length is associated with an increase
in the depth of tumor invasion [35]. These findings strongly
support that telomere erosion-induced CIN is a key mechanism
for COC occurrence.

2.2 TELOMERE DYSFUNCTION, INFLAMMATORY
BoOWEL DISEASE AND COLITIS-RELATED
CANCER

The inflammatory process is considered to be one of the
important factors in the occurrence and progression of some
cancers, especially COCs. The inflammatory process usually
begins with the release of biomolecules in damaged tissue,
followed by migration of white blood cells to the injured tissue
to rebuild the tissue and assist in repairing the injury, which is
the physiological response to healing of the injured tissue.
However, chronic inflammation is not stimulated by injury, but
the relevant signaling pathways are activated, and it plays a role
in the various processes of tumor cell transformation, survival,
proliferation, invasion, angiogenesis, and metastasis of COCs
[36]. Patients with inflammatory bowel disease (IBD), including
ulcerative colitis (UC) and Crohn's disease (CD), are also at
increased risk of developing COC [37]. In studies of patients
with long-term UC, the cumulative incidence of colitis-
associated cancer (CAC) after 10, 20, and 30 years has been 0.1
percent, 2.9 percent, and 6.7 percent, respectively [38]. The risk
of CAC in patients with CD is not fully understood, but studies
suggest that the incidence of COC in patients with CD is 2.9
percent, 5.6 percent, and 8.3 percent after 10, 20, and 30 years,
respectively [39]. A recent cohort study also showed a poorer
prognosis for COCs in patients with CD, who are associated
with an increased risk of death compared with healthy
individuals diagnosed with COCs [40].

Telomere dysfunction can induce the development of IBD, and
the inflammatory microenvironment formed can further
increase the risk of cancer. Intestinal epithelial cells of mice
engineered with telomere dysfunction express the upregulated
interleukin 18 precursor (pro-IL-18), exhibiting an IBD-like
inflammatory state, suggesting that telomere dysfunction can
drive the inflammatory process [41]. pro-IL-18 is one of the
major factors that trigger IBD [42,43], and germline variants
associated with impaired telomere maintenance exhibit
activation of this pathway [41]. Germline mutations in TERC or
TERT are associated with an increased risk of fibrosis,
inflammatory disease, and cancer [44]. At the pathological level,
individuals with germline mutations in the telomerase
component present with progressive villi atrophy, enterocolitis,
and intraepithelial lymphocytosis [45]. At the same time, the
shorter telomere length in the UC intestinal epithelium may lead
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to genomic instability and exacerbate the increased incidence of
cancer in these patients [46].

In addition, studies have also shown that telomere erosion or
dysfunction can be a key trigger not only for the inflammatory
process in IBD, but also a consequence of chronic inflammation.
Inflammation increases epithelial damage, resulting in high
local reactive oxygen species production by intestinal epithelial
cells, neutrophils, and macrophages [47], and the resulting
oxidative stress accelerates telomere shortening [48]. Even a
low degree of chronic inflammation is sufficient to induce
telomere erosion [49]. TERT is capable of regulating multiple
signaling pathways, including Wnt/B-catenin, and modulates
inflammatory signaling by binding to an NF-kB promoter
capable of leading to transcription of genes such as IL-6 or
TNFa [50]. NF-kB is a major driver of inflammatory signaling,
a pathway that in turn regulates telomerase activity [5S1]. The
expression of many immune cytokines, including IL-7, IL-8,
and IL-10, has been reported to upregulate telomerase activity
and correlate with telomere length in cancer [52]. This suggests
that the accumulation of these cytokines in the tumor
microenvironment may have an effect on the telomeres of tumor
cells.

3 RESEARCH PROGRESS ON ANTI-
CANCER STRATEGIES TARGETING
TELOMERASE

Cancer cells achieve their immortality by reactivating
telomerase to extend telomeres. In addition, telomerase is
ubiquitous upregulated in cancerous cells and is highly specific,
so strategies targeting telomerase may have broad therapeutic
applicability for all types of cancer.

31

Endogenous TERT peptides produced by cancer cells can be
recognized by major histocompatibility complex class I or II
molecules and trigger adaptive immune responses. Several early
clinical trials of TERT peptide vaccines have been conducted.
Therapeutic TERT peptide vaccines can elicit specific T cell
responses in a high proportion of cancer patients. As an example,
in one clinical trial, the TERT peptide vaccine UV1 was able to
stimulate an internal immune response in 86 percent of patients
with metastatic hormonal prostate cancer [53]. However, the
immune response to the TERT vaccine alone is often
insufficient to control disease progression [54]. Therefore,
people began to combine the TERT vaccine with immune
checkpoint inhibitors to improve the therapeutic effect. Studies
have shown that a synthetic TERT DNA vaccine works
synergistically with anti-CTLA-4 therapy to inhibit tumor
growth and prolong survival in mouse models that have a weak
response to a single immune checkpoint inhibitor, which
provides a strong theoretical basis for immunotherapy
combining the TERT vaccine with immune checkpoint
inhibitors [55].

3.2 TELOMERASE INHIBITORS

IMMUNOTHERAPY
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Telomerase inhibitors can impede the telomere maintenance
mechanism of cells, resulting in a gradual shortening of
telomeres, triggering DNA damage responses and subsequent
apoptosis. Imetelstat is a drug that directly inhibits telomerase
and inhibits cancer cell survival and tumor growth by
competitively inhibiting telomerase activity [56]. In clinical
trials, Imestim elicits a high response rate [57], however, in
phase II trials in patients with advanced non-small cell lung
cancer, overall survival improvement was not significant despite
improved survival of shortest telomeres [58]. This may be
because trace amounts of residual telomerase activity still
maintain and protect the shortest telomeres, thus preserving the
proliferation of tumor cells. Therefore, more efficient
telomerase inhibitors are needed to completely eliminate
telomerase activity. BIBR1532 is a non-competitive small
molecule telomerase inhibitor. Although its pharmacokinetics
are poor, limiting its clinical use, there is evidence that high
doses of BIBRI1532 can rapidly induce acute telomere
dysfunction independent of telomere shortening, thereby rapidly
initiating cytotoxicity [59]. This ability to quickly trigger an
anti-cancer response indicates its potential developmental value.

3.3 TERT GENE TARGETED THERAPY

Most cancers acquire the ability to immortalize replication
through the reexpression of TERT, which is reactivated by TPM
[60]. Recent studies have begun to focus on cancer cells where
TPM occurs. GABPBIL (B1L) is a tetramer-forming GABP
subtype whose knockout has no effect on normal cell
development but results in TPM-dependent TERT silencing, so
cancer cells that treat TPM can be targeted by inhibiting
transcription of B1L-driven ETS-binding sites [61]. A key issue
with TPM-targeted therapies lies in distinguishing between
normal and transformed telomerase-expressing cells. However,
the incidence and nature of TPM in different types of cancer
vary widely, and the underlying causes of this phenomenon
remain an important question, as understanding its mode of
occurrence may reveal important regulatory dynamics of TERT
in cancer cells with TPM versus cells without these mutations.

3.4 CHALLENGESAND OBSTACLES

Although telomerase has many desirable advantages as a cancer
therapeutic target, the development of its clinical therapeutic
application faces significant challenges. Because treatment
relies on gradual wear out of each dividing telomere, therapies
based on inhibition of telomerase reverse transcriptase activity
take a longer period of time to exert anticancer effects, which
may make them unsuitable for first-line treatment, so the search
for drugs that do not rely on telomere shortening to induce acute
telomere dysfunction needs to be developed. At the same time,
due to the expression of telomerase in both stem cells and
precursor cells, telomerase-targeted therapy may have certain
side effects. In addition, telomerase activity may be at a low
level due to limitations in the telomere maintenance mechanism
in tumor cells and the ability to maintain tumor cell proliferation,
which may limit the efficacy of telomerase inhibitors,
suggesting the need for more efficient inhibitors to ensure
therapeutic efficacy. At the same time, the structure and
composition of human telomerase holases remain unclear due to
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the low cellular abundance of telomerase, which makes active
telomerase difficult to purify and crystallize, which also hinders
the progress of drug design and mechanism analysis [10].

4 CONCLUSION

Genomic instability caused by telomere disorders is a key factor
in inducing colon cancer. In addition, telomere dysfunction can
also lead to the occurrence of inflammatory bowel disease, and
the inflammatory environment further promotes telomere
erosion and increases the risk of cancer. Because cancer cells
extend telomeres for immortality, telomerase has long been an
attractive target for cancer treatment. Despite significant
challenges, anti-cancer strategies targeting telomerase, such as
immunotherapy, telomerase inhibitors, and TERT gene-targeted
therapy, remain promising cancer treatments. To achieve better
clinical outcomes, further research into acute induction of
telomere dysfunction and identification of potential synergies
between TERT vaccines and immune checkpoint inhibitors are
needed.
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