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Abstract. Skin cancer is one of the most prevalent types of
cancer worldwide, with its global incidence rising despite
prevention efforts. Telomere length (TL) has emerged as a
potential biomarker for cancer risk; however, its relationship
with skin cancer risk remains incompletely understood. To
explore the association between TL and the risk of melanoma,
basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC), a systematic review and meta-analysis was conducted.
Longer TL was significantly associated with an increased risk
in melanoma (pooled odds ratio: 0.51; 95% confidence interval:
0.38-0.69; P<0.0001). A significant association between longer
TL and increased melanoma risk was identified in both familial
melanoma and the general population. Subgroup analyses
revealed consistent associations across sex, population source
and adjustments for confounding factors. Geographic stratifi-
cation indicated stronger associations in studies conducted in
the USA compared with those from European populations. A
meta-analysis of BCC and SCC studies did not achieve statis-
tical significance, although qualitative synthesis suggested a
potential association between shortened TL and increased
risk. The significant association of longer TL and increased
melanoma risk diverges from the conventional hypothesis
that telomere shortening elevates cancer risk, highlighting a
cancer-type specific telomeric relationship. The inconclusive
findings for BCC and SCC underscore the necessity for further
detailed investigation. Large-scale prospective studies with
standardized methodologies are imperative to validate these
findings and explore the underlying mechanisms. The present
findings suggested that TL could potentially serve as a valuable
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biomarker for melanoma risk stratification in dermatologic
oncology.

Introduction

Skin cancer is the most frequently diagnosed cancer among
Caucasian individuals, and despite extensive public health
campaigns and preventative initiatives, its incidence continues
to rise globally (1-3). Skin cancer comprises malignant mela-
noma and non-melanoma skin cancers (NMSCs), with basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC)
being the most clinically significant NMSCs due to their
potential for local invasion and metastasis (4,5).

BCC, originating from basal epidermal cells, represents
70-80% of skin cancer diagnoses, making it one of the most
prevalent types of cancer worldwide (6). BCC is histologically
characterised by basophilic nests of basal-like cells arranged
in a peripheral palisade pattern and typically exhibits slow
growth (7). Although BCC is a malignant tumour, it exhibits
almost no metastatic potential (8). SCC constitutes ~20% of
NMSC cases and carries a higher risk of metastasis compared
with BCC, reported to. Be between 0.1 and 13.7% (9,10). The
lifetime risk of SCC in the United States is estimated to be
7-11%, with its incidence increasing over recent decades;
risk factors include advanced age, fair skin and cumulative
ultraviolet (UV) radiation exposure (11-14). Clinically, SCC
may present as enlarging plaques or nodules that may ulcerate,
and often arises from the precursor lesion actinic keratosis
(AK) (15). Early diagnosis and surgical intervention typically
result in excellent outcomes (16).

Melanoma, while less common, is the most aggressive
form of skin cancer and poses the greatest mortality risk due
to its high metastatic potential and resistance to therapy (17).
Cutaneous melanoma originates from melanocytes and consti-
tutes >90% of melanoma cases in Caucasian populations.
Pathophysiologically, it is predominantly associated with UV
radiation-induced mutations, with UV radiation accounting for
>75% of melanoma cases in Caucasian populations; however,
non-UV-related subtypes exist (18-20). Risk factors include
sun exposure, high nevus count, the presence of atypical
moles, genetic predisposition and family history (21,22). The
incidence of melanoma has risen sharply since the 1950s, with
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current estimates reporting ~25 new cases per 100,000 indi-
viduals annually in Europe, 30 in the United States, and 60 in
Australia and New Zealand (23-25).

Telomeres are specialized nucleoprotein structures capping
the ends of eukaryotic chromosomes, consisting of repetitive
hexameric sequences (5-TTAGGG-3") that span 10-15 kilobases
in humans (26-28). Telmoeres serve a critical role in main-
taining genomic integrity by safeguarding chromosome ends
from degradation and preventing end-to-end fusions (26,29).
The shelterin complex ensures telomere protection, regulates
their length and affects telomerase activity (27,28). During
DNA replication, the inability of DNA polymerase to fully
replicate 3'ends results in progressive telomere shortening
by 30-200 base pairs per cell division (30). The progressive
telomere attrition results in a cellular replicative limit, termed
the Hayflick limit (31). In cells with functional cell cycle
checkpoints, critical telomere shortening results in replica-
tive senescence, whereas in cells with disrupted checkpoints,
telomere crisis ensues, which is resolved either by apoptosis or
the activation of telomere maintenance mechanisms (31,32).
Telomerase, a ribonucleoprotein enzyme, permits the elonga-
tion of telomeres and is tightly regulated, being predominantly
active in stem cells, germ cells and certain highly proliferative
somatic cell populations, whereas most somatic cells exhibit
low or negligible telomerase activity (32-34). The aberrant
reactivation of telomerase is found in most malignancies and
is considered a critical tumourigenic event (35-37).

The pathophysiology of telomere length (TL) in cancer is
complex, with research underscoring its dual role as both a
tumour suppressor via induction of apoptosis and senescence,
and anenabler of carcinogenesis via genomic instability (38-40).
The primary proposed mechanism in carcinogenesis consists
of short telomeres inducing chromosomal instability and
promoting genomic aberrations, subsequently TL is stabilized
above the apoptotic threshold through telomerase activation
or alternative lengthening mechanisms, enabling unlimited
replicative potential (41,42). The relationship between TL and
cancer risk is an area of active investigation, with findings
varying by cancer type. Short telomeres have been associated
with an increased risk in urological, head and neck, and diges-
tive system cancers (43-46). Studies on breast and colorectal
cancers, and NMSCs, have yielded inconclusive results, failing
to demonstrate a statistically significant association, whereas
studies have indicated a significant association between long
TL and increased risk of lung cancer and melanoma (47-51).

Corollary to the rising incidence of skin cancer is the
need for novel risk stratification and early detection strategies
aimed at prevention and timely therapeutic intervention. Given
that TL can be readily assessed through peripheral leukocyte
measurements and its centrality to cancer biology, it constitutes
a promising cancer biomarker (52-54). The present systematic
review and meta-analysis aimed to evaluate and synthesise the
current evidence on the association between TL and skin cancer,
specifically in melanoma, BCC and SCC, elucidating the poten-
tial of TL as a risk biomarker in dermatologic oncology.

Materials and methods

Search strategy. A systematic review and meta-analysis was
conducted to investigate the association between TL and skin

cancer risk, specifically focusing on melanoma, BCC and
SCC. The present study was developed in accordance with
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines (55).

A comprehensive literature search was performed to iden-
tify relevant studies published up to October 2024 across the
electronic databases PubMed (https:/pubmed.ncbi.nlm.nih.
gov/), Cochrane Library (https:/www.cochranelibrary.com/)
and Scopus (https://www.scopus.com/). The search strategy
utilized a combination of Medical Subject Headings terms and
key words related to TL and skin cancer risk. The following
terms were used: ‘telomere’, ‘telomere length’, ‘skin cancer’,
‘melanoma’, ‘basal cell carcinoma’, ‘squamous cell carcinoma’
and ‘skin neoplasms’. Logical operators ‘AND’ and ‘OR’ were
employed to combine the search terms effectively. Additionally,
bibliographies of relevant reviews were examined to identify
any further eligible studies.

Eligibility criteria. Studies were included based on predefined
eligibility criteria, with additional criteria applied for inclu-
sion in the quantitative synthesis. The eligibility criteria were
structured based on the PICO framework, as follows:

P (population), eligible studies investigated individuals at
risk for developing melanoma, SCC or BCC. Studies focusing
on non-malignant or premalignant conditions, such as AK
and Bowen's disease (BD), were excluded. Similarly, extracu-
taneous melanoma, including mucosal and ocular melanoma,
and malignancies of the skin other than melanoma, BCC and
SCC, such as cutaneous lymphoma, were excluded from both
the quantitative and qualitative analyses. All included studies
involved human populations, studies involving non-human
subjects or cell lines were excluded.

I (intervention/exposure), to be eligible, studies had to
explore the relationship between TL and the risk of skin cancer
by directly measuring TL in any human biological sample,
including tissue or peripheral blood leukocytes (PBLs), while
studies reporting indirect measurements, such as genetic risk
score, were excluded.

C (comparison), the comparison groups included indi-
viduals with and without skin cancer, or patient samples from
malignant tissue and normal skin tissue. Studies that lacked a
control group or comparator were excluded.

O (outcome), for the qualitative synthesis, a descriptive
analysis of the relevant association was required. For inclu-
sion in the quantitative analysis of risk, studies were required
to report relative risk estimates, including odds ratios (ORs),
risk ratios or hazard ratios (HRs), with corresponding 95%
confidence intervals (CIs).

Eligible studies followed an observational design employing
a cohort, case-control or nested case-control design. Review
articles, meta-analyses, case reports, conference abstracts and
dissertations were excluded. Only articles published in English
were included, but no restrictions were applied regarding the
publication date.

Study selection and data extraction. All retrieved articles
were initially screened against the eligibility criteria based on
titles and abstracts. Full-text articles were thoroughly exam-
ined in studies that appeared to meet the inclusion criteria or
when eligibility was uncertain. Two independent reviewers



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

conducted the initial screening and the evaluation of the
full-text articles to determine inclusion. Any conflicts were
resolved through discussion and consensus.

Data extraction was conducted independently by two
reviewers using a standardized data extraction form devel-
oped for the present study. Any discrepancies were resolved
by consensus. For all eligible studies, the extracted data
included: Study name, first author name, year of publica-
tion, location, cancer type, the racial or ethnic composition
of the study population, information about the source of
cases, study design, age and sex distribution among both
cases and controls, number of cases and controls, method
of TL measurement, tissue source of the DNA, cut-off
values used for categorizing TL, relative risk measure and
the corresponding 95% Cls. If an article included multiple
non-overlapping datasets, they were considered independent
individual studies. Between studies with overlapping samples
for the same outcome, the study with the largest number of
cases was included in the meta-analysis. If sample sizes were
similar, the study that adjusted for the greatest number of
covariates was selected.

Qualitative synthesis. All studies that met the inclusion
criteria, including those incorporated into the quantitative
synthesis (meta-analysis), were included in the qualitative
synthesis. This synthesis involved systematically reviewing
and interpreting the findings of each study.

Quantitative synthesis

Data preparation. In the quantitative synthesis, the rela-
tive risk for comparing patients with the longest TLs to the
shortest was utilized, with the longest being used as the refer-
ence. In studies reporting TL as a continuous variable, the
reported effect estimate per unit decrease in TL was utilized.
To maintain consistency in the direction of the effect, effect
estimates were transformed when necessary, so that long TL
was always the reference. In studies with multiple relative risk
measures, the most fully adjusted risk measure was included
in the meta-analysis.

Meta-analysis. The statistical heterogeneity between
studies was assessed using Cochran's Q test and quantified with
the 12 statistic. P<0.10 for the Q test was considered indicative
of significant heterogeneity. The I? statistic, describing the
percentage of total variation across studies due to heterogeneity
rather than chance, was utilised to quantify heterogeneity, with
values of 25, 50 and 75% representing low, moderate and high
heterogeneity, respectively (56,57). The random-effects model,
based on the DerSimonian and Laird method, which accounts
for both within-study and between-study variability was
used (58). When pooling risk measures, they were transformed
by taking the natural logarithm and their standard errors were
utilised for the meta-analysis (57).

To explore potential sources of heterogeneity and to
assess the robustness of the findings, subgroup analyses were
performed based on sex, location, subtype by genetic predis-
position (familial vs. sporadic), population source (hospital vs.
general population), and adjustment for skin cancer specific
confounders. Sensitivity analyses were conducted by sequen-
tially removing each study to evaluate its influence on the
overall pooled estimates.
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All statistical analyses were conducted using R software
(version R 4.4.1; https://www.r-project.org/) with the ‘meta’
(https://cran.r-project.org/package=meta) and ‘metafor’
(https://cran.r-project.org/package=metafor) packages.
Two-tailed P<0.05 was considered to indicate a statistically
significant difference, except where otherwise specified.

Assessment of publication bias. Publication bias was evaluated
using funnel plots for visual inspection, and Egger's regres-
sion asymmetry test was conducted to statistically assess the
presence of small-study effects (59,60). P<0.05 was considered
indicative of potential publication bias.

Quality assessment. Risk of bias was independently assessed
by two reviewers using the Newcastle-Ottawa Scale (NOS) for
observational studies (61). The NOS evaluates studies based
on three domains: Selection of participants, comparability of
study groups, and ascertainment of exposure and outcomes.
The maximum score a study could receive is nine stars. Studies
scoring seven or more stars were considered high quality, those
scoring five to six were considered moderate quality, and those
scoring below five were considered low quality. Any discrep-
ancies in quality assessments were resolved by consensus.

Results

Study selection. The systematic search yielded a total of 1,688
articles from PubMed, Cochrane Library and Scopus (Fig. 1).
One additional study was identified through cross-referencing.
After removing duplicates, 1,187 articles were screened based
on title and abstract, and 1,138 were excluded as irrelevant to
the research question. The full manuscripts for the remaining
49 articles were acquired. Upon thorough examination,
34 articles were excluded based on the eligibility criteria,
including lack of a control group, non-human subjects and
insufficient information on TL.

Subsequently, all studies with overlapping samples for
the same outcome were excluded from the present analysis.
Specifically, the study by Han ez al (2009) (62) on BCC in the
Nurses' Health Study (NHS) population, the study by Nan et a/
(2011) (63) on melanoma in the NHS population, and the study
by Weischer et al (2013) (64) on melanoma in the Copenhagen
City Heart Study & Copenhagen General Population Study
population were not included, thus the included studies were
24 derived from 15 articles.

Study characteristics. The key characteristics of the included
studies are detailed in Tables I-III [country, study type and
design, population demographics (ethnicity, sex distribution,
age of cases and controls), sample sizes, TL measurement
methods, DNA source, effect estimates with 95% confidence
intervals, TL categorization and covariates adjusted for].
Among the 24 studies included, 12 focused on melanoma,
seven on BCC, and five on SCC. The studies eligible for
quantitative analysis comprised 19 studies, among which 12
focused on melanoma, four on BCC and three on SCC.

The majority of the studies included in the present
qualitative synthesis were conducted in the United States
(11 studies), with additional studies from Ireland (four
studies), Italy (three studies), Germany (one study), UK
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram of the systematic review and meta-analysis.

(two studies), Denmark (one study), Spain (one study) and  followed by Italy (three studies), Denmark (one study), Spain
Hungary/Romania/Slovakia (one study). In the meta-analysis, (one study), Hungary/Romania/Slovakia (one study), Germany
the United States (11 studies) was the most prevalent location,  (one study) and the UK (one study). Participants in the included
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Table III. General characteristics and findings of studies included in the systematic review but not in the meta-analysis.

Cases/ Measurement
First author, year Country Type  controls method DNA source Findings (Refs.)
Wainwright, 1995 UK BCC 20/19 Southern blotting Fresh/frozen skin Telomeres in 13/20 BCC (76)
tissue cases were longer than in the
adjacent epidermis (no measure
of significance reported)
Perrem, 2007 Ireland SCC 44/10 (RTR) TEL-FISH Archival tissue  Telomeres in SCC tissue from 77)
samples RTRs were significantly shorter
than those in normal skin from
RTRs (P=0.0001)
Perrem, 2007 Ireland SCC 44/10 TEL-FISH Archival tissue  Telomeres in SCC tissue from 77)
samples non-RTRs were significantly
shorter than those in normal
skin (P=0.0001)
Perrem, 2008 Ireland BCC 35/10 (RTR) TEL-FISH Archival tissue  Telomeres in BCC tissue from (73)
samples RTRs were significantly shorter
than those in normal skin
(P=0.0130)
Perrem, 2008 Ireland BCC 35/10 TEL-FISH Archival tissue  Telomeres in BCC were shorter  (73)

than those in normal skin, but
the observation did not reach
statistical significance
(P=0.2530)

samples

BCC, basal cell carcinoma; SCC, squamous cell carcinoma; TEL-FISH, telomere fluorescence in situ hybridization; RTR, renal transplant

recipient.

studies were predominantly of European and American
ancestry. In the meta-analysis, the population was exclusively
Western. The age of participants ranged from mid-50s to early
70s. Two studies focused exclusively on male patients and
five exclusively on female patients. In studies included in the
meta-analysis, a combination of nested case-control designs
(seven studies), prospective cohort studies (two studies) and
case-control studies (10 studies) was observed. The source of
DNA was PBL in 19 studies and malignant tissue samples in
five studies. Quantitative polymerase chain reaction (JPCR)
was the primary method for TL determination (19 studies),
followed by telomere fluorescence in situ hybridization
(TEL-FISH) (four studies) and Southern blotting (one study).
All studies in the meta-analysis measured TL using gPCR
techniques on PBLs, ensuring methodological consistency.
Relative risk measures were reported as ORs with 95%
CIs provided, or as HRs in some melanoma studies, where
the rare disease principle applies, thus HRs were considered
equivalent to ORs (65). In four studies where the short TL was
used as the reference, the relative risk was inverted to achieve
homogeneity (66,67). Two studies analysed TL as a continuous
variable, assessing risk per unit decrease or increase in TL. In
studies reporting risk per increase, the relative risk was inverted
to maintain homogeneity in the direction of the effect (50,68).

Qualitative synthesis. The association between TL and
melanoma risk was investigated in the study by Han et al

(2009) (62), where no significant association was found
between TL and melanoma risk (OR: 0.62; 95% CI: 0.31-1.23).
Similarly, Bodelon et al (2012) (69) reported no significant
association (OR: 0.87; 95% CI: 0.46-1.64).

Nan et al (2011) (63) revealed a significant inverse
association in the Women's Health Initiative Observational
Study cohort (OR: 0.40; 95% CI: 0.18-0.88) and the Health
Professionals Follow-up Study cohort (OR: 0.18; 95% CI:
0.06-0.56), indicating that shorter telomeres were associ-
ated with reduced melanoma risk. Anic et al (2013) (66)
also observed a strong inverse association (OR: 0.22; 95%
CI: 0.13-0.38). Llorca-Cardefiosa et al (2014) (70) reported
a significant inverse association between shorter telo-
meres and melanoma risk (OR: 0.04; 95% CI: 0.01-0.10).
Rachakonda et al (2018) (67) also demonstrated a significant
association (OR: 0.41; 95% CI: 0.33-0.52), reinforcing the
hypothesis that shorter telomeres reduce melanoma risk. By
contrast, Menin et al (2016) (71) reported that, in sporadic
melanoma cases, shorter telomeres were associated with
an increased risk (OR: 1.74; 95% CI: 1.00-3.04; P=0.051),
although the association did not reach statistical signifi-
cance, whereas in familial cases, shorter telomeres were
associated with a reduced risk (OR: 0.46; 95% CI: 0.23-0.95).
Burke et al (2013) (72) also identified an inverse association
between short TL and familial melanoma risk (OR: 0.36;
95% CI: 0.13-0.98). Large cohort studies provided mixed
results. Rode ez al (2016) (50) found no significant association
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(OR: 0.98; 95% CI: 0.95-1.01) in a Danish population-based
cohort. Schneider et al (2022) (68), analysing the UK Biobank
data, observed that shorter telomeres were associated with
decreased melanoma risk (OR: 0.80; 95% CI: 0.71-0.89).

In studies in BCC, Perrem et al (2008) (73) found signifi-
cantly shorter telomeres in BCC in renal transplant recipients
compared with in normal skin; however, in non-transplant
patients the relationship did not reach significance. Anic et al
(2013) (66) observed a strong significant association, suggesting
that shorter telomeres may increase BCC risk (OR: 10.00; 95%
CI: 5.26-16.67). Srinivas et al (2019) (74) concurred, finding a
significant association, with shorter telomeres increasing BCC
risk (OR: 4.09; 95% CI: 2.86-5.85). By contrast, Liang et al
(2011) (75) conducted two nested case-control studies within
the NHS and found no significant association (NHS 1: OR:
0.96; 95% CI: 0.49-1.87; NHS 2: OR: 0.91; 95% CI: 0.66-1.25).
Wainwright et al (1995) (76) found that in BCC tissue samples,
telomeres were longer than in the adjacent epidermis, but no
measure of significance was reported.

In SCC, Perrem et al (2007) (77) found significantly
shorter telomeres in SCC in both renal transplant recipients
and non-transplant patients compared with that in normal skin.
Anic et al (2013) (66) observed a strong significant association
(OR: 25.00; 95% CI: 11.11-50.00), indicating shorter telomeres
increase SCC risk. By contrast, Han ef al (2009) (62) found no
significant association between TL and SCC risk (OR: 0.72;
95% CI: 0.33-1.55). Liang et al (2011) (75) also reported no
significant association (OR: 1.09; 95% CI: 0.62-1.93).

Meta-analysis results. The meta-analysis was conducted using
the random-effects model, based on the DerSimonian and Laird
method, due to the substantial heterogeneity observed among
the studies, as indicated by high I? statistics and significant
Cochran's Q tests. This model accounts for both within-study
and between-study variability attributable to heterogeneity
across studies (56,58).

For melanoma, the pooled OR from 12 studies using the
random-effects model was 0.51 (95% CI: 0.38-0.69), demon-
strating a significant association between shorter TL and a
reduced risk of melanoma (P<0.0001) (Fig. 2). For BCC, the data
from four studies yielded a pooled OR of 2.45 (95% CI: 0.81-7.38),
indicating no significant association between TL and BCC risk
(P=0.1124) (Fig. 3). The meta-analysis of SCC included three
studies, and resulted in a pooled OR of 2.68 (95% CI: 0.34-21.47),
which was not statistically significant (P=0.3519) (Fig. 4).

Subgroup analysis results. To further elucidate the relation-
ship between TL and melanoma risk, subgroup analyses were
conducted based on geographic location, sex, genetic predis-
position, population source and level of adjustment. Subgroup
analyses for BCC and SCC were not performed due to paucity
of data.

Geographic location. In subgroup analyses based on
geographic location, a significant inverse association between
short TL and melanoma risk was observed across geographic
locations. Studies conducted in the USA demonstrated a
stronger association, with a pooled OR of 0.33 (95% CI:
0.21-0.52), compared with studies conducted in Europe, which
reported a pooled OR of 0.65 (95% CI: 0.47-0.89) (Fig. 5).
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The test for subgroup differences was statistically significant
(P=0.0175), indicating that while the association was signifi-
cant in both groups, the magnitude of the effect may vary by
geographic region.

Sex. In studies restricted to female patients, a significant
inverse association between shorter TL and melanoma risk,
with a pooled OR of 0.51 (95% CI: 0.31-0.86) was reported
(Fig. 6). Mixed-sex studies demonstrated a similar associa-
tion, with a pooled OR of 0.55 (95% CI: 0.40-0.75). The test
for subgroup differences between female-only studies and
mixed-sex studies was not statistically significant (P=0.833),
suggesting that the effect of TL on melanoma risk was consis-
tent across the sexes.

Genetic predisposition. In familial melanoma, a significant
inverse association between shorter TL and melanoma risk was
shown (pooled OR: 0.43; 95% CI: 0.26-0.72) (Fig. 7). In the
general population studies, the pooled OR was 0.53 (95% CI:
0.39-0.73), indicating a similar significant association. The test for
subgroup differences was not significant (P=0.497). Additionally,
to examine the potential impact of familial melanoma cases that
may have been included in the general population studies, an
analysis was performed assuming 10% familial melanoma cases
in the general population. It was assumed that familial cases in
the general population had an effect of OR=0.43, as indicated
by the subgroup analysis, and sporadic cases had an OR of 1,
indicating no association. As ORs are multiplicative, the calcula-
tion was performed on the logarithmic scale: A weighted average
of the log(OR) values was computed, with weights reflecting
the assumed proportions of familial and sporadic cases. The
resulting weighted log(OR) was then exponentiated to obtain the
expected overall OR of 0.92.

Population source. Subgroup analysis based on the source
of the sample reported a significant inverse association
between shorter TL and melanoma risk, with a pooled OR
of 0.40 (95% CI: 0.22-0.75) in hospital-based studies (Fig. 8).
Similarly, in population-based studies, a significant protective
association, with a pooled OR of 0.75 (95% CI: 0.59-0.96) was
shown. The test for subgroup differences between hospital-
and population-based studies was not significant (P=0.066).

Adjustment level. Subgroup analysis based on stratification
by adjustment level demonstrated significant inverse associa-
tions between TL and melanoma risk, with a pooled OR of 0.42
(95% CI: 0.34-0.52) in the melanoma-specific subgroup and a
pooled OR of 0.56 (95% CI: 0.41-0.75) in the subgroup with
general adjustments [non-melanoma-specific adjustments,
such as demographic factors (e.g., age, sex) and lifestyle vari-
ables (e.g., smoking, alcohol consumption)] (Fig. 9). The test
for subgroup differences was not significant (P=0.151).

Publication bias. The visual inspection of the funnel plot
suggested some asymmetry, especially at the lower end among
the smaller studies (Fig. 10). Publication bias was evaluated
quantitatively using Egger's test for funnel plot asymmetry.
For melanoma studies, Egger's test indicated significant
evidence of funnel plot asymmetry, which can be suggestive
of publication bias, with a bias estimate of -2.94 (SE=0.89),
suggesting potential small-study effects (59,60). For BCC
and SCC, publication bias could not be assessed due to the
small number of included studies (n=4 studies for BCC, n=3
studies for SCC); this limitation reflects the methodological
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Han et al. NHS, 2009 -0.4780 0.3516 —i—— 0.62 [0.31; 1.23] 7.5%
Nan et al. WHI-OS, 2011 -0.9163 0.4048 —l—— 0.40 [0.18;0.88] 6.6%
Nan et al. HPFS, 2011 -1.7148 0.5698 —l—r 0.18 [0.06;0.55] 4.5%
Bodelon et al., 2012 -0.1393 0.3243 -—0—— 0.87 [0.46; 1.64] 8.0%
Anic et al., 2013 -1.5141 0.2736 —E 0.22 [0.13; 0.38] 9.0%
Burke et al., 2013 -1.0217 0.5153 —l—— 0.36 [0.13;0.99] 5.1%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 ——+— 0.04 [0.01;0.13] 4.3%
Menin et al. FM, 2016 -0.7765 0.3027 —4—— 0.46 [0.25; 0.83] 8.4%
Menin et al. SM, 2016 0.5539 0.2836 i 1.74 [1.00;3.03] 8.8%
Rode et al., 2016 -0.0202 0.0156 0.98 [0.95;1.01] 13.0%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.0%
Schneider et al., 2022 -0.2231 0.0576 0.80 [0.71;0.90] 12.7%
Random effects model ’ 0.51 [0.38; 0.69] 100.0%
Prediction Interval —— [0.20; 1.35]
Heterogeneity: 1> = 92.7%, <° = 0.1698, x%, = 151.20 (p < 0.0001) 0?1 0?5 1 ; 1|0
Odds Ratio

Figure 2. Forest plot of a meta-analysis depicting the association between telomere length and melanoma risk using a random-effects model. CI, confidence
interval; FM, familial melanoma; SM, sporadic melanoma; NHS, Nurses' Health Study; WHI-OS, Women's Health Initiative Observational Study; HPFS,
Health Professionals Follow-up Study.

Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
o
Liang et al. NHS 1, 2011 -0.0408 0.3417 —mi— 0.96 [0.49; 1.88] 24.0%
Liang et al. NHS 2, 2011 -0.0943 0.1629 —Ol— 0.91 [0.66; 1.25] 25.7%
Anic et al., 2013 2.3026 0.2838 — 10.00 [5.73; 17.44] 24.7%
Srinivas et al., 2019 1.4085 0.1839 —0— 409 [2.85; 5.86] 25.6%
Random effects model <:‘ 2.45 [0.81; 7.38] 100.0%
Prediction Interval [0.05; 124.34]
Heterogeneity: /> = 96.0%, ° = 1.2064, 73 = 74.97 (p < 0.0001) 0_;1 0; 1 1|0 180
Odds Ratio

Figure 3. Forest plot of a meta-analysis depicting the relationship between telomere length and basal cell carcinoma risk based on a random-effects model. CI,
confidence interval; NHS, Nurses' Health Study.

constraints that require a minimum of 10 studies to produce  omitting each study and recalculating the pooled effect size
reliable results (59,60). and heterogeneity measures.

In melanoma, the pooled OR ranged from 0.44 (95% CI:
Sensitivity analysis. A sensitivity analysis was conducted to  0.28-0.70) to 0.58 (95% CI: 0.44-0.77), indicating that no
evaluate the robustness of the meta-analysis by systematically  single study disproportionately influenced the overall findings
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Han et al., 2009 -0.3285 0.3946 —OI— 0.72 [0.33; 1.56] 33.1%
Liang et al. HPFS, 2011 0.0862 0.2897 —li— 1.09 [0.62; 1.92] 33.8%
Anic et al., 2013 3.2189 0.3837 B 25.00 [11.78; 53.03] 33.2%
Random effects model - 2.68 [0.34; 21.47] 100.0%
Prediction Interval [ 0.00; 21701.99]
Heterogeneity: /> = 96.3%, ©° = 3.2476, 13 = 53.97 (p < 0.0001) 0_(;01 0f1 1 1|0 10|00
Odds Ratio

Figure 4. Forest plot of a meta-analysis depicting the association between telomere length and squamous cell carcinoma risk using a random-effects model. CI,
confidence interval; HPFS, Health Professionals Follow-up Study.

Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight

Subgroup = Europe

Bodelon et al., 2012 -0.1393 0.3243 ﬂ——l—— 0.87 [0.46;1.64] 8.0%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 ——+— 0.04 [0.01;0.13] 4.3%
Menin et al. FM, 2016 -0.7765 0.3027 ——0—— 0.46 [0.25;0.83] 8.4%
Menin et al. SM, 2016 0.5539 0.2836 —— 1.74 [1.00;3.03] 8.8%
Rode et al., 2016 -0.0202 0.0156 0.98 [0.95;1.01] 13.0%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.0%
Schneider et al., 2022 -0.2231 0.0576 0.80 [0.71;0.90] 12.7%
Random effects model ’ 0.65 [0.47;0.89] 67.3%

Heterogeneity: /> = 94.3%, ©* = 0.1294, 72 = 104.77 (p < 0.0001)

Subgroup = USA

Han et al., 2009 -0.4780 0.3516 ——l——— 0.62 [0.31;1.23] 7.5%
Nan et al. WHI-OS, 2011 -0.9163 0.4048 —+-— 0.40 [0.18;0.88] 6.6%
Nan et al. HPFS, 2011 -1.7148 0.5698 —+—~ 0.18 [0.06;0.55] 4.5%
Anic et al., 2013 -1.5141 0.2736 = 0.22 [0.13; 0.38] 9.0%
Burke et al., 2013 -1.0217 0.5153 —l—-— 0.36 [0.13;0.99] 5.1%
Random effects model 0 0.33 [0.21; 0.52] 32.7%

Heterogeneity: /* = 41.1%, 1 = 0.1091, 73 = 6.79 (p = 0.1477)

Random effects model ¢ 0.51 [0.38;0.69] 100.0%

Prediction Interval [0.20; 1.35]
T T T 1
Heterogeneity: 1> = 92.7%, * = 0.1698, 72, = 151.20 (p < 0.0001) 01 05 1 2 10

Test for subgroup differences: xf =5.64,df =1 (p =0.0175)

Figure 5. Forest plot of a subgroup analysis depicting the association between telomere length and melanoma risk stratified by geographic location
(USA vs. Europe) using a random-effects model. CI, confidence interval; FM, familial melanoma; SM, sporadic melanoma; WHI-OS, Women's Health
Initiative Observational Study; HPFS, Health Professionals Follow-up Study.
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Subgroup = Female Only

Han et al., 2009 -0.4780 0.3516 —f—— 0.62 [0.31;1.23] 7.8%
Nan et al. WHI-OS, 2011 -0.9163 0.4048 ——0—-— 0.40 [0.18; 0.88] 6.8%
Random effects model ’ 0.51 [0.31;0.86] 14.7%
Heterogeneity: /> = 0%, 1 = 0, 32 = 0.67 (p = 0.4137)

Subgroup = Mixed-sex

Bodelon et al., 2012 -0.1393 0.3243 ——|— 0.87 [0.46; 1.64] 8.3%
Anic et al., 2013 -1.5141 0.2736 = 0.22 [0.13; 0.38] 9.4%
Burke et al., 2013 -1.0217 0.5153 —-0—— 0.36 [0.13; 0.99] 5.2%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 ——&— 0.04 [0.01;0.13] 4.4%
Menin et al. FM, 2016 -0.7765 0.3027 ——I— 0.46 [0.25; 0.83] 8.8%
Menin et al. SM, 2016 0.5539 0.2836 ' i 1.74 [1.00; 3.03] 9.2%
Rode et al., 2016 -0.0202 0.0156 0.98 [0.95;1.01] 13.8%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.7%
Schneider et al., 2022 -0.2231 0.0576 0.80 [0.71;0.90] 13.5%
Random effects model 0 0.55 [0.40; 0.75] 85.3%
Heterogeneity: /> = 94.2%, ©* = 0.1621, 73 = 136.8 (p < 0.0001) :

Random effects model ’ 0.54 [0.40; 0.73] 100.0%
Prediction Interval — [0.21; 1.41]
Heterogeneity: /> = 93.0%, ©* = 0.1618, 3%, = 142.74 (p < 0.0001) 0?5 1 ; 1|0

Test for subgroup differences: X? =0.04, df =1 (p = 0.8329)

Figure 6. Forest plot of a subgroup analysis depicting the association between telomere length and melanoma risk stratified by sex (female-only vs. mixed-sex
studies) using a random-effects model. CI, confidence interval; FM, familial melanoma; SM, sporadic melanoma; WHI-OS, Women's Health Initiative

Observational Study.

(Fig. 11). The sensitivity analysis confirmed the stability of
the meta-analysis, with the association between shorter TL
and reduced melanoma risk remaining statistically significant
under all scenarios.

For BCC, the sensitivity analysis showed a wide range of
pooled ORs, from 1.55 (95% CI: 0.52-4.57) to 3.46 (95% CI:
1.13-10.58) (Fig. S1). In the case of SCC, the pooled OR ranged
from 0.94 (95% CI: 0.60-1.49) to 5.17 (95% CI: 0.24-111.31)
(Fig. S2). The results for BCC and SCC reflected the substantial
variability and suggested that the findings may not be robust.

Quality assessment. Quality assessment using the NOS show-
cased a predominance of high-quality studies. All studies
included in the meta-analysis were high quality, demonstrating
robust methodologies. Among the studies included only in the

qualitative analysis, most were categorized as of moderate
quality (Tables SI-SIII).

Discussion

The present meta-analysis revealed a significant association
between longer TL and increased melanoma risk, whereas
the associations for BCC and SCC, did not reach statistical
significance. Nonetheless, a trend towards increased risk being
linked with shorter telomeres was observed in the qualitative
synthesis for BCC and SCC.

The association between longer TL and melanoma risk
demonstrated in the current meta-analysis may appear coun-
terintuitive, as telomere shortening is generally associated with
genomic instability and increased cancer risk (28,33,78,79).
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Subgroup = Familial Melanoma

Burke et al., 2013 -1.0217 0.5153 —f—-— 0.36 [0.13;0.99] 5.1%
Menin et al. FM, 2016 -0.7765 0.3027 ——l— 0.46 [0.25; 0.83] 8.4%
Random effects model ’ 0.43 [0.26; 0.72] 13.5%
Heterogeneity: 1° = 0%, ©* = 0, x2 = 0.17 (p = 0.6817) .

Subgroup = General Population

Han et al., 2009 -0.4780 0.3516 ——0——— 0.62 [0.31; 1.23] 7.5%
Nan et al. WHI-OS, 2011 -0.9163 0.4048 ——0—-— 0.40 [0.18; 0.88] 6.6%
Nan et al. HPFS, 2011 -1.7148 0.5698 —-l—r 0.18 [0.06;0.55] 4.5%
Bodelon et al., 2012 -0.1393 0.3243 -—l— 0.87 [0.46;1.64] 8.0%
Anic et al., 2013 -1.5141 0.2736 N 0.22 [0.13; 0.38] 9.0%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 ———+— 0.04 [0.01;0.13] 4.3%
Menin et al. SM, 2016 0.5539 0.2836 —t— 1.74 [1.00; 3.03] 8.8%
Rode et al., 2016 -0.0202 0.0156 0.98 [0.95;1.01] 13.0%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.0%
Schneider et al., 2022 -0.2231 0.0576 0.80 [0.71;0.90] 12.7%
Random effects model ‘ 0.53 [0.39; 0.73] 86.5%
Heterogeneity: /° = 93.7%, <° = 0.1665, 73 = 142.05 (p < 0.0001)

Random effects model ’ 0.51 [0.38; 0.69] 100.0%
Prediction Interval — [0.20; 1.35]
Heterogeneity: 1> = 92.7%, <° = 0.1698, 12, = 151.20 (p < 0.0001) 0f5 1 ; 1|0

Test for subgroup differences: xf =0.46, df = 1 (p = 0.4968)

Figure 7. Forest plot of a subgroup analysis depicting the association between telomere length and melanoma risk stratified by genetic predisposition
(familial vs. general population studies) using a random-effects model. CI, confidence interval; FM, familial melanoma; SM, sporadic melanoma; WHI-OS,
Women's Health Initiative Observational Study; HPFS, Health Professionals Follow-up Study.

Telomere biology exhibits a complex role in oncogenesis;
while short telomeres can promote chromosomal instability
and tumourigenesis, they may also inhibit tumour progression
by enforcing replicative limits (40,80). The present findings
align with those of a previous meta-analysis in melanoma by
Caini et al (2015) (49), and similar associations have been
noted in other types of cancer (49-51). Further exploration of
the underlying biological mechanisms is warranted.
Melanocytes are characterised by low proliferative
rates and limited apoptotic capacity, and they may be prone
to senescence in response to oncogenic stress rather than
apoptosis (62,63,81). Longer telomeres might extend the
proliferative lifespan of melanocytes harbouring oncogenic
mutations, thereby increasing the likelihood of accumulating

additional genetic alterations that could precipitate malignant
transformation (Fig. 12) (19,62,63). While an association has
been demonstrated between increased TL and total number
of nevi, there is evidence that longer TL is associated with
increased melanoma risk independently of nevus count, as
the protective role of shorter telomeres persists even after
adjusting for nevus count and other risk factors (22,62,63,82).

Genetic contributions to telomere dynamics also serve
a crucial role in melanoma susceptibility, with genetic loci
regulating TL implicated in melanoma pathogenesis (83-85).
Evidence has suggested that telomere elongation appears to
be the mechanism linking telomerase reverse transcriptase
(TERT) promoter and shelterin mutations to cancer, rather
than telomere deprotection (86). Carriers of TERT promoter
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Subgroup = Hospital-Based

Bodelon et al., 2012 -0.1393 0.3243 -'——l— 0.87 [0.46;1.64] 8.0%
Anic et al., 2013 -1.5141 0.2736 i 0.22 [0.13; 0.38] 9.0%
Burke et al., 2013 -1.0217 0.5153 —i—-— 0.36 [0.13; 0.99] 5.1%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 ———+— 0.04 [0.01;0.13] 4.3%
Menin et al. FM, 2016 -0.7765 0.3027 —l— 0.46 [0.25; 0.83] 8.4%
Menin et al. SM, 2016 0.5539 0.2836 —t— 1.74 [1.00; 3.03] 8.8%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.0%
Random effects model ’ 0.40 [0.22; 0.75] 55.7%
Heterogeneity: /° = 88.4%, 1> = 0.5738, x2 = 51.51 (p < 0.0001) .

Subgroup = Population-Based

Han et al., 2009 -0.4780 0.3516 —0—— 0.62 [0.31;1.23] 7.5%
Nan et al. WHI-OS, 2011 -0.9163 0.4048 —O—u— 0.40 [0.18; 0.88] 6.6%
Nan et al. HPFS, 2011 -1.7148 0.5698 —+—~ 0.18 [0.06; 0.55] 4.5%
Rode et al., 2016 -0.0202 0.0156 : 0.98 [0.95;1.01] 13.0%
Schneider et al., 2022 -0.2231 0.0576 | 0.80 [0.71;0.90] 12.7%
Random effects model ‘ 0.75 [0.59; 0.96] 44.3%
Heterogeneity: /° = 84.9%, t* = 0.0380, 32 = 26.55 (p < 0.0001)

Random effects model . 0.51 [0.38; 0.69] 100.0%
Prediction Interval — [0.20; 1.35]
Heterogeneity: /° = 92.7%, t* = 0.1698, x2, = 151.20 (p < 0.0001) 0?5 1 ; 110

Test for subgroup differences: xf =3.38,df =1 (p = 0.0658)

Figure 8. Forest plot of a subgroup analysis depicting the association between telomere length and melanoma risk stratified by population source
(hospital-based vs. population-based studies) using a random-effects model. CI, confidence interval; FM, familial melanoma; SM, sporadic melanoma;
WHI-OS, Women's Health Initiative Observational Study; HPFS, Health Professionals Follow-up Study.

and protection of telomeres 1 (POT1) mutations exhibit
longer telomeres compared with unaffected relatives, and
families with POT1 and TPP1 mutations demonstrate genetic
anticipation for both cancer onset and mortality, suggesting
successive telomere elongation across generations (67,86,87).
The association between long telomere-associated single
nucleotide polymorphisms and increased cancer risk has been
observed in multiple types of cancer, including melanoma,
glioma and chronic lymphocytic leukaemia (50,86,88,89).
Concurrently, short telomeres have been associated with
poorer survival outcomes in patients with melanoma (85,90).
A potential explanation for this is that longer telomeres
confer an increased melanoma risk; however, once the cancer
has developed, shorter telomeres may lead to increased

genomic instability, thus contributing to worse survival
outcomes (85,90).

It has been suggested that the mechanism of interac-
tion between telomere dynamics and melanoma risk
may vary between sporadic and familial melanoma (71).
Menin et al (2016) (71) demonstrated the association between
increased familial melanoma risk and longer telomeres,
concurring with evidence in familial melanoma from another
study (72); however, Menin et al (71) also reported an inverse
relationship in sporadic melanoma, with shorter TL being
associated with increased risk. Studies have observed a similar
phenomenon in other types of cancer, including breast and
ovarian cancers, where short telomeres are linked to increased
risk in familial but not in sporadic cancer (91,92).
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Author, Year Effect Size Standard Error Odds Ratio Odds Ratio 95%-Cl Weight
Subgroup = General Adjustments

Nan et al. WHI-OS, 2011 -0.9163 0.4048 —0—-— 0.40 [0.18;0.88] 6.6%
Nan et al. HPFS, 2011 -1.7148 0.5698 —I——- 0.18 [0.06; 0.55] 4.5%
Bodelon et al., 2012 -0.1393 0.3243 -——0—— 0.87 [0.46;1.64] 8.0%
Anic et al., 2013 -1.5141 0.2736 - 0.22 [0.13;0.38] 9.0%
Llorca-Cardenosa et al., 2014 -3.2189 0.5874 —F— 0.04 [0.01;0.13] 4.3%
Menin et al. FM, 2016 -0.7765 0.3027 —i— 0.46 [0.25;0.83] 8.4%
Menin et al. SM, 2016 0.5539 0.2836 I —t 1.74 [1.00;3.03] 8.8%
Rode et al., 2016 -0.0202 0.0156 0.98 [0.95; 1.01] 13.0%
Schneider et al., 2022 -0.2231 0.0576 | 0.80 [0.71;0.90] 12.7%
Random effects model 0 0.56 [0.41; 0.75] 75.4%
Heterogeneity: /° = 91.5%, t° = 0.1281, 32 = 93.68 (p < 0.0001) :

Subgroup = Melanoma Specific

Han et al., 2009 -0.4780 0.3516 —0—- 0.62 [0.31;1.23] 7.5%
Burke et al., 2013 -1.0217 0.5153 —0—-— 0.36 [0.13;0.99] 5.1%
Rachakonda et al., 2018 -0.8916 0.1160 + 0.41 [0.33;0.51] 12.0%
Random effects model ‘ 0.42 [0.34; 0.52] 24.6%
Heterogeneity: /1° = 0%, ©* = 0, x2 = 1.35 (p = 0.5085)

Random effects model ‘ 0.51 [0.38; 0.69] 100.0%
Prediction Interval —— [0.20; 1.35]
Heterogeneity: /° = 92.7%, <* = 0.1698, 12, = 151.20 (p < 0.0001) 0?5 1 ; 1|0

Test for subgroup differences: Xf =2.06,df =1 (p =0.1514)

Figure 9. Forest plot of a subgroup analysis depicting the association between telomere length and melanoma risk stratified by adjustment level
(melanoma-specific vs. general adjustments) using a random-effects model. CI, confidence interval; FM, familial melanoma; SM, sporadic melanoma;
WHI-OS, Women's Health Initiative Observational Study; HPFS, Health Professionals Follow-up Study.

In the subgroup analysis of exclusively familial melanoma
and melanoma in the general population, the test for subgroup
differences was not significant. In both subgroups, there was
a significant inverse relation between TL and melanoma risk,
and the difference in magnitude of the effect did not reach
significance. The exact distribution of familial cases in each
general population study was not available; however, familial
melanoma constitutes 5-10% of melanoma cases (93,94). To
further examine the validity of the present findings, an anal-
ysis was performed assuming 10% familial melanoma cases
in the general population and concluded that familial cases
alone cannot account for the observed overall association. The
analysis showed that familial cases alone could not account
for the overall association as the expected overall OR would
have been 0.92 not the observed 0.51 (95% CI: 0.38-0.68).

Therefore, the present study indicated that there may be no
significant difference in the association of TL and mela-
noma risk between sporadic and familial melanoma cases.
Nevertheless, this analysis is speculative in nature and further
large cohort studies that explicitly delineate between familial
and sporadic melanoma are imperative to validate the results.

The subgroup analysis based on geographic location
revealed significant differences in the magnitude of the asso-
ciation between TL and melanoma risk, with studies conducted
in the USA showing a stronger inverse association between TL
and melanoma risk (test for subgroup difference P=0.0175).
In both groups the subjects were primarily of European or
Caucasian descent, so while ethnic differences in TL have
been documented, they may not account for the findings (95).
Environmental factors may serve a role, particularly UV
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Figure 10. Funnel plot of studies included in the melanoma meta-analysis.
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Figure 11. Leave-one-out sensitivity analysis for the association between telomere length and melanoma risk. OR, odds ratio; CI, confidence interval;
FM, familial melanoma; SM, sporadic melanoma; NHS, Nurses' Health Study; WHI-OS, Women's Health Initiative Observational Study; HPFS, Health

Professionals Follow-up Study.

radiation exposure, the intensity of which varies geographi-
cally, and has been documented to impact telomere dynamics
and serve a crucial role in melanoma development (21,96-98).
Methodological differences among studies, including study
design and adjustment for confounders, might also explain part
of the variation. Standardization of methodologies is essential
to reduce heterogeneity and enable more accurate comparisons
across regions, as well as the inclusion of environmental expo-
sure biomarkers.

It has been suggested that telomere dynamics may differ
between the sexes, with women having longer telomeres
compared with men (48,99); a potential mechanism for this
is the potential protective role oestrogen may serve, as it can

stimulate telomerase activity through the oestrogen-respon-
sive element present in the human TERT gene (100). In a
meta-analysis of the association of colorectal cancer risk
and TL, a shift in effect estimates was observed in female
patients (48). However, the present subgroup analysis revealed
no statistically significant difference in the association
between TL and melanoma risk between female-only and
mixed-sex studies (test for subgroup differences P=0.833).
The similar OR suggested that the reduced risk of melanoma
associated with shorter TL is consistent across the sexes,
although due to the limited number of male-only studies
further research with sex-stratified analyses is warranted to
confirm this observation.
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Figure 12. Telomere dynamics in melanoma tumourigenesis. Schematic diagram illustrating a potential mechanism underlying the protective effect of shorter
telomeres in melanoma. Exposure to ultraviolet radiation induces mutations in melanocytes, particularly in individuals with familial melanoma or those
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Subgroup analysis based on the source of cases revealed
significant associations in both hospital-based studies and
population-based studies. The test for subgroup differences
was not significant (P=0.0658), suggesting that the source
of cases may not substantially influence the overall findings.
The consistent findings across sample populations indicate
the robustness in the association between longer TL and
melanoma risk. To explore potential sources of heterogeneity
and to assess the potential effect of confounding factors
on the robustness of the results, a subgroup analysis was
performed on the basis of adjustments for melanoma-specific
confounding factors. All studies included in the analysis
provided risk estimates adjusted for age, one of the most
critical factors affecting TL; however, a minority adjusted
for melanoma-specific risk factors (such as number of
nevi and UV exposure) (22,31). In the subgroup analysis,
the test for the adjustment stratified subgroups found no
significant difference (P=0.151), indicating the relationship
between melanoma risk and longer telomeres is true and
not a confounding artefact. Due to the limited number of
melanoma-specific adjusted studies, future research should
prioritize collecting comprehensive data on both general and
melanoma-specific confounders, enhancing the validity of
future findings.

To enable the clinical translation of TL as a skin cancer
biomarker, it is recommended that future research implements

a multicentre validation framework across geographically and
ethnically diverse cohorts. Prospective studies should standardize
TL measurement methods and integrate additional biomarkers,
such as UV exposure biomarkers, and genomic profiling to
refine risk stratification. Measurable clinical endpoints should be
prospectively collected to establish the predictive validity of TL.
These studies may facilitate the development of comprehensive
risk models and the translation of TL measurements into action-
able clinical screening and preventative strategies.

In the meta-analysis for associations between TL and BCC
risk, and TL and SCC risk, the results did not reach statistical
significance and high heterogeneity was observed. Among
studies included only in qualitative synthesis, significantly
shorter telomeres were detected in SCC tissues compared with
in normal skin, whereas the results were mixed in BCC. Given
the non-significant quantitative results, caution is warranted in
interpreting these findings.

The different associations between TL and skin cancer
types may be attributed to the unique proliferative and apop-
totic characteristics of melanocytes, basal cells and squamous
keratinocytes. Squamous keratinocytes exhibit a high apop-
totic threshold and primarily respond to DNA damage by
programmed cell death, especially in response to UV-induced
genotoxic stress (66,101). Basal cells have a lower senescence
rate and reduced apoptotic susceptibility compared with
melanocytes (102). These characteristics, combined with the
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high proliferative demand, may predispose skin cells with
shorter telomeres to genomic instability under UV exposure,
increasing the risk of malignancy (62,66,102). Conventionally,
telomere crisis results in genomic aberrations leading to cancer;
however, the specific mechanisms in NMSC remain unclear,
the absence of a significant association between TL and
telomerase activity suggesting that telomerase-independent
mechanisms may serve a role (35,66,101). Moreover, it has been
observed that SCC and BCC exhibit significantly shorter TL
compared with BD and AK (101,103). Yamada-Hishida er a/
(2018) (103) suggested that TL may be associated with the
malignant potential of NMSCs, with shorter telomeres in SCC
and BCC being associated with higher invasive and metastatic
risks, positioning TL as a valuable parameter in understanding
the biological behaviour of NMSCs (101).

The lack of significant associations for NMSCs in the
present meta-analysis may be attributed to the limited
number of studies and the substantial heterogeneity observed.
Large-scale studies are needed to clarify the relationship
between TL and the risk of BCC and SCC, and to ascertain if
TL could potentially serve as a biomarker for risk stratification.

Significant heterogeneity was observed in the present
meta-analyses, which may stem from numerous factors,
including differences in study design, population character-
istics and adjustments for confounding variables (104,105).
Although subgroup and sensitivity analyses were conducted
to explore the sources of heterogeneity, residual heteroge-
neity remained. A potential contributor to heterogeneity
may be the differences in melanoma genomic subtype,
unfortunately due to the paucity of data, subgroup analysis
on the basis of genomic subtypes was not possible. To
address the issue of heterogeneity, future research should
aim to standardize methodologies, including genomic
subtypes, and to ensure comprehensive adjustment for
confounding variables.

Despite the homogeneity in TL measurement method-
ology and DNA tissue source in the quantitative synthesis,
a potential limitation of the present systematic review is the
heterogeneity of methods used to measure TL among the
qualitative synthesis-only studies. In the quantitative study,
qPCR methods were universally employed to measure TL,
but studies in the qualitative synthesis used Southern blot-
ting and TEL-FISH analysis, which may vary in precision
and sensitivity (106,107). Furthermore, while the quantitative
study exclusively used PBLs as the DNA source with inde-
pendent healthy controls, qualitative synthesis-only studies
measured TL in tumour tissue and utilised adjacent normal
skin as the control group. These methodological differences
could contribute to variability in TL estimates and may partly
explain the discrepancy between findings in the quantitative
and qualitative synthesis for SCC and BCC.

The present meta-analysis may also be limited by the
possibility of publication bias. The results of the Egger's test
of melanoma studies suggested funnel plot asymmetry, which
can be suggestive of publication bias (59,60). Publication bias
may lead to inflation of the estimated effect size in meta-anal-
yses, indicating caution in interpreting the magnitude of the
association between TL and melanoma risk (60). However,
the reliability of the Egger's test in this context is limited,
given the substantial variability in sample sizes, which can

inflate the type I error rate. Furthermore, the current analysis
included large-scale cohort studies and studies reporting
non-significant associations, suggesting that studies with null
results were not systematically excluded (60,108). The visual
inspection of the funnel plot revealed moderate asymmetry.
For BCC and SCC, the small number of included studies (n=4
for BCC, n=3 for SCC) did not allow for formal assessments of
publication bias (60). Caution is recommended in interpreting
the magnitude of the association as publication bias cannot be
entirely ruled out.

Quality assessment using the NOS revealed that almost
all studies included in the meta-analysis were of high quality,
underscoring the reliability of the present meta-analysis.
However, among the qualitative-only studies, most were
categorized as of moderate quality. One other potential limita-
tion could be the differences in parametrization of TL, while
the majority reported the risk estimates based on quartiles,
some studies reported tertiles or continuous measurements.
Unfortunately, the studies did not provide sufficient data to
recalculate ORs and homogenize TL parametrization, which
may contribute to heterogeneity. The present findings may
also have limited applicability in diverse ethnic groups, as
most studies were conducted in Western countries and had
primarily Caucasian patient populations. The lack of diversity
highlights the need for further studies with populations from
different ethnic backgrounds.

Adjustments for confounding variables also varied among
studies. All studies included in the analysis provided risk estimates
adjusted for age; however, a minority adjusted for melanoma-specific
risk factors. In subgroup analysis, the test for subgroup differ-
ences was non-significant (P=0.151), indicating that adjustment
for confounders does not influence the observed associations.
Nevertheless, due to the limited number of melanoma-specific
adjusted studies, future research should prioritize collecting
comprehensive data on both general and melanoma-specific
confounders, enhancing the validity of future findings.

In conclusion, the findings of the present study suggested
a significant association between long TL and increased
melanoma risk, challenging the conventional view of an asso-
ciation between telomere shortening and increased cancer
risk, and highlighting the complex role of telomere dynamics
in carcinogenesis. In melanoma, the robustness of the present
findings was indicated by their persistence when adjusting
for confounding factors and examining different popula-
tions. Furthermore, the association was consistent across the
sexes and in familial melanoma. By contrast, the associations
between TL and the risks of BCC and SCC were not statis-
tically significant in the quantitative analyses. Qualitative
synthesis reported non-significant results in BCC and shorter
telomeres in SCC tissues compared with in healthy skin.
Further research is imperative to clarify the role of telomere
dynamics in BCC and SCC, and to explore the mechanisms
underlying the association in melanoma. Future large-scale
prospective cohort studies with standardized methodology
are essential to validate these findings and to ascertain the
utility of TL as a clinically significant skin cancer biomarker.
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