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Updated Meta-Analysis of VDR FokI  
and TaqI Variants and Their Association  
with Melanoma Risk
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ABSTRACT
Background: Research suggests that melanoma patients with low vitamin D levels exhibit a higher risk of tumor ulceration and increased 
tumor mitotic rates. This has led to investigations into the vitamin D receptor (VDR) gene concerning its potential link to melanoma 
susceptibility. This meta-analysis aims to explore the association between VDR FokI and TaqI polymorphisms and melanoma risk, with an 
emphasis on the need for research in diverse populations to enhance our conclusions regarding interactions between skin phenotypes and 
VDR variations. 
Methods: A comprehensive literature search was conducted in databases, including PubMed, Scopus, and Web of Science, for studies 
linking VDR polymorphisms to melanoma risk, up to February 1, 2024. Keywords used included “Melanoma”, “VDR”, and various genetic 
terms. Quantitative synthesis was performed with Comprehensive Meta-Analysis (Version 4.0) and a significance threshold set at p < 0.05. 
Results: A total of twenty-one case-control studies involving 8,813 melanoma cases and 7,973 controls were included. Twelve studies on 
FokI had 4,642 cases and 4,534 controls, while nine TaqI studies included 4,171 cases and 3,439 controls. The results show a significant 
association between the VDR FokI polymorphism and increased melanoma risk across four genetic models (allele model: OR = 1.128, 95%  
CI 1.026–1.241; P = 0.013; homozygote model: OR = 1.166, 95% CI 1.020–1.332; P = 0.025; heterozygote model: OR = 1.255, 95% CI  
1.046–1.507; P = 0.015; dominant model: OR = 1.243, 95% CI 1.052–1.470; P = 0.011). In contrast, the TaqI polymorphism showed no 
significant association with melanoma risk in the general population. 
Conclusions: This meta-analysis suggests that the VDR FokI polymorphism is linked to an increased susceptibility to melanoma, while the 
TaqI variant does not show a significant association. Future research should explore the interactions between VDR polymorphisms, skin 
phenotypes, and melanoma risk in diverse populations, with larger and more varied studies needed to confirm these findings and enhance 
our understanding of genetic factors affecting melanoma susceptibility. 
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INTRODUCTION

Melanoma, the most lethal form of skin cancer, arises 
from transformed melanocytes and affects people of all 
ages, genders, and ethnicities, with its global incidence 
rising steadily (1, 2). In 2020, around 325,000 new mela-
noma cases were reported worldwide, exhibiting signifi-
cant geographic variation. Australia and New Zealand had 
the highest rates, with 42 cases per 100,000 person-years 
for males and 31 for females, while Western and Northern 
Europe, as well as North America, recorded lower but sub-
stantial rates ranging from 17 to 19 for males and 14 to 18 
for females. In contrast, many African and Asian countries 
reported incidence rates below 1 per 100,000 person-years 
(3, 4). The overall prevalence tends to be higher in males, 
underscoring the need for continued awareness and pre-
vention efforts. If  current trends continue, new cases 
could surge to 510,000 by 2040, resulting in 96,000 deaths 
. The World Health Organization noted about 287,723 new 
cases globally in 2018, projecting a 14% increase in inci-
dence by 2035 (3). Risk factors for melanoma include both 
environmental and genetic components, such as UV ra-
diation exposure, fair skin, history of sunburns, numer-
ous moles, family history, immunosuppression, specific 
genetic mutations, and certain occupational exposures to 
substances like coal tar or arsenic (5–7). Individuals with 
skin influenced by the melanocortin 1 receptor (MC1R), 
particularly those with lighter skin or red hair, are more 
vulnerable to UV damage. A higher number of acquired 
melanocytic nevi also correlates with increased risk (8, 9). 
Environmental influences, especially intermittent sun ex-
posure during childhood or adolescence, further elevate 
melanoma risk, and the use of tanning beds significant-
ly increases this risk among younger individuals (10, 11). 
Furthermore, a  personal history of sunburn raises the 
likelihood of developing melanoma, and those with im-
munosuppression due to organ transplants exhibit sig-
nificantly higher incidence rates compared to the general 
population. The presence of other skin cancers can also el-
evate risk, highlighting the intricate relationship between 
genetic predisposition, environmental factors, and overall 
health in the development of melanoma (5, 12). 

The VDR gene plays a vital role in regulating cell cycle 
progression, differentiation, and apoptosis, which are all 
key factors in cancer development (13). Studies suggest 
that vitamin D deficiency is associated with a higher can-
cer risk, while elevated vitamin D levels correlate with 
reduced cancer incidence and mortality (14, 15). Many 
cancer patients are vitamin D deficient due to factors like 

impaired physical function, poor diet, chemotherapy, and 
limited sunlight exposure, prompting increased screen-
ings for deficiencies over the past two decades. Vitamin 
D interacts with the Vitamin D receptor (VDR), essential 
for numerous physiological functions, while 25-hydrox-
yvitamin D [25(OH)D] is the primary marker of vita-
min D status (16). As a nuclear macromolecule, the VDR 
mediates the effects of 1alpha, 25-dihydroxyvitamin D3 
[1,25(OH)2D3] and regulates around 2,000 vitamin D-re-
sponsive genes involved in cell growth, differentiation, 
and apoptosis. Research indicates that the VDR gene sig-
nificantly affects cancer growth and progression. The VDR 
gene, located on chromosome 12q13.1, has a complex struc-
ture with a large promoter region that generates various 
tissue-specific transcripts (17). It comprises 11 exons over 
approximately 75 kb: exons 1A, 1B, and 1C are in the 5' up-
stream non-coding region, while exons 2 to 9 encode the 
VDR protein, which contains six functional domains. The 
ligand-binding region interacts with 1,25(OH)2D3 and the 
retinoic acid X receptor (RXR) (18).

Research indicates that reduced expression of VDR 
in melanoma is associated with enhanced tumor growth, 
increased metastatic potential, and poorer survival rates. 
This suggests that dysregulation of VDR may play a role 
in the progression of melanoma and could serve as a po-
tential therapeutic target (19, 20). VDR signaling path-
ways influence key aspects of melanoma biology, such as 
proliferation, apoptosis, angiogenesis, and invasiveness, 
highlighting their importance for disease management 
and treatment outcomes (21, 22). Over 900 genetic varia-
tions have been documented in the VDR gene, with poly-
morphisms like FokI, TaqI, BsmI, and ApaI being the most 
studied in relation to melanoma (23). However, the precise 
connection between VDR polymorphisms and melanoma 
risk is unclear, particularly for FokI (rs2228570) and TaqI 
(rs731236), which have yielded inconsistent results across 
studies. In 2020, Birke et al. performed a meta-analysis 
of 14 studies on VDR polymorphisms and melanoma risk, 
suggesting that the FokI, ApaI, and BsmI variants may af-
fect susceptibility. Specifically, the BsmI polymorphism 
was associated with a 15% decrease in malignant melano-
ma risk, while FokI and ApaI were linked to an increase 
in risk by 22% and 20%, respectively (24). Other VDR 
polymorphisms had minimal impact on melanoma risk. 
Conversely, a meta-analysis by Lee et al. (2015) involving 
over 8,000 participants found no significant associations 
between VDR polymorphisms and melanoma risk (25), 
aligning with earlier findings by Mocellin et al. (2009) on 
TaqI but differing regarding FokI (26). Similarly, results 
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for the TaqI polymorphism are inconsistent; some stud-
ies suggest that Tt and tt genotypes may reduce melanoma 
risk by 30%, while others find no significant correlations, 
complicated by TaqI’s strong linkage disequilibrium with 
other VDR variants (27). These discrepancies highlight the 
need for further research on ethnic variability in allele 
frequencies and their effects. To address these inconsist-
encies, our study undertook a meta-analysis employing 
systematic review and meta-analysis methodologies, in-
volving comprehensive literature searches, quality assess-
ments, and statistical analyses, to clarify the associations 
between VDR FokI and TaqI variants and melanoma risk, 
while also investigating potential ethnic differences.

MATERIALS AND METHODS

SEARCH STRATEGY
The meta-analysis followed PRISMA (Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses) guide-
lines to guarantee a  transparent and thorough review 
process. To identify relevant studies investigating the re-
lationship between VDR polymorphisms and melanoma 
risk, we performed a comprehensive search across various 
online databases. The databases included PubMed, Web of 
Science, Elsevier, Europe PMC, ResearchGate, Cochrane 
Library, EMBASE, SciELO, Chinese Medical Current Con-
tents (CMCC), Google Scholar, Wanfang Data Company, 
Chaoxing, VIP Information Consulting Company (VIP), 
Sinomed, Chinese Medical Citation Index (CMCI), Chinese 
Biomedical Database (CBD), Chinese National Knowledge 
Infrastructure (CNKI), Scientific Information Database 
(SID), and ClinicalTrials.gov. The search was restricted 
to studies published until February 1, 2024. To enhance 
the breadth of our search, we utilized a diverse array of 
specific keywords and terms, including “Skin Cancer”, 
“Melanoma”, “Cutaneous Melanoma”, “Malignant Mel-
anoma”, “Cutaneous Malignant Melanoma”, “Vitamin 
D Receptor”, “VDR”, “Polymorphisms”, “FokI”, “Taq1”, 
“rs2228570”, “rs731236”, “Gene”, “Genetics”, “Single-Nu-
cleotide Polymorphism”, “SNPs”, “Genotype”, “Allelic Var-
iation”, “Mutation”, “Mutant”, “Allele”, “Variant”, “Risk 
Factors”, “Susceptibility”, “Epidemiology”, “Molecular 
Genetics”, “Environmental Factors”, “Genetic Variation”, 
“Cohort Studies”, “Case-Control Studies”, “Meta-Analysis”, 
“Gene-Environment Interaction”, and “Melanoma Epide-
miology”. In addition to the electronic search, we manu-
ally reviewed the reference lists of all eligible articles and 
reviews to uncover any pertinent studies that may have 
been overlooked in the initial search. Importantly, only 
articles published in English were included to maintain 
consistency in the meta-analysis framework. Informed 
consent was not applicable for this study as it did not in-
volve individual participants.

INCLUDING AND EXCLUDING CRITERIA
All studies included in this analysis adhered to predeter-
mined criteria to ensure the relevance and quality of the 
research. Only case-control or cohort design studies pub-
lished in English that specifically explored the association 

between VDR polymorphisms and the risk of cutaneous 
melanoma in preterm neonates were considered. To qual-
ify, studies needed to provide sufficient and accessible data 
for calculating odds ratios (ORs) and 95% confidence inter-
vals (CIs). Exclusion criteria included case reports, case se-
ries, letters, editorials, comments, reviews, animal studies, 
in vitro experiments, conference papers, and meta-analy-
ses. Studies that did not present genotype frequency data 
for VDR polymorphisms, had fewer than 30 participants, 
or had a follow-up period of less than one year were also 
excluded, as these factors could compromise the reliability 
of findings. Additionally, research that lacked appropriate 
statistical analysis or did not control for potential con-
founders such as age, sex, and environmental influences 
was removed. Finally, studies with overlapping data or du-
plicated analyses were excluded to ensure the uniqueness 
and validity of the results included in this analysis.

DATA EXTRACTION
Based on the specified inclusion and exclusion criteria, 
it was determined that two independent authors were 
responsible for extracting data from the eligible studies. 
This extraction process was meticulously carried out us-
ing a standardized Microsoft Excel spreadsheet. In cases 
of disagreements or discrepancies during the data extrac-
tion, the third author was consulted for resolution. The 
extracted information from each individual case-control 
study included the first author s̓ name, year of publication, 
country of origin, ethnicity, genotyping methods used, 
source of controls, total number of cases and controls, 
genotype frequencies of cases and controls for each avail-
able VDR polymorphisms, Hardy-Weinberg equilibrium 
(HWE) test results, and minor allele frequencies (MAFs) 
observed in the controls. In instances where multiple 
studies were published by the same investigator(s) and 
featured duplicated or overlapped data, only the most re-
cent published data or the one with the largest sample size 
was included in the analysis.

QUALITY SCORE ASSESSMENT
The Newcastle-Ottawa Score (NOS) evaluated the quality 
of studies in a meta-analysis by examining the methodo-
logical aspects of observational research, including case 
selection, group comparability, and exposure determina-
tion, each assessed through eight specific items. Studies 
with excellent selection and exposure received one star, 
while comparability could earn up to two stars. Quality 
was rated on a nine-star scale, with zero indicating poor 
quality and nine representing high quality. Studies scor-
ing seven or more were considered high quality, while 
those with at least five points were suitable for meta-anal-
ysis. Disagreements were resolved through discussion and 
consensus.

STATISTICAL ANALYSIS
Quantitative data synthesis was performed using Compre-
hensive Meta-Analysis (Version 4.0) software developed 
by Biostat. A two-sided p-value below 0.05 was considered 
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statistically significant in this study. The study investigat-
ed the association between VDR FokI and TaqI polymor-
phisms and the risk of cutaneous melanoma by calculating 
ORs with 95% CIs. A Z-test was utilized to assess the statis-
tical significance of pooled data by comparing population 
means with sample means. The meta-analysis incorporat-
ed five genetic models: allelic (B vs. A), homozygote (BB vs. 
AA), heterozygote (BA vs. AA), dominant (BB + BA vs. AA), 
and recessive (BB vs. BA + AA). A chi-square test evaluated 
heterogeneity, with significance set at p < 0.05. Following 
Cochraneʼs guidelines, heterogeneity among studies was 
measured on a scale from 0 to 100%. If the I² value exceed-
ed 50%, random-effect models (DerSimonian-Laird meth-
od) were applied; otherwise, fixed-effect models (Man-
tel-Haenszel method) were used. To ensure the robustness 
of the findings, sensitivity analysis was conducted by 
systematically excluding one study at a time to observe 
its impact on the overall results. Publication bias was as-
sessed using Begg s̓ test, which plotted the standard error 
(SE) of each study against its corresponding OR, supple-
mented by Egger s̓ test and visual inspection of the funnel 
plot for asymmetry. In cases where publication bias was 
identified, the Duval and Tweedie non-parametric “trim-
and-fill” method was employed to adjust the results. The 
HWE for the control group in each study was evaluated 
using the chi-square test, assisted by the online software 

GenePop (http://genepop.curtin.edu.au), which provides 
functionality for HWE calculations within its genetic data 
analysis. A p-value below 0.05 was considered significant 
regarding HWE. Data analysis was conducted using Py-
thon, enabling the calculation of ORs, CIs, and metrics for 
heterogeneity.

RESULTS

CHARACTERISTICS OF SELECTED STUDIES
Figure 1 illustrates the process of selecting appropriate 
studies. A  comprehensive search initially yielded 541 
potentially relevant articles. After removing duplicate 
literature and carefully reviewing titles and abstracts, 
318 articles underwent a full-text review. Among these, 
190 articles were excluded due to lack of relevance and 
adequate data. Ultimately, a total of 21 case-control stud-
ies, which were derived from eleven publications (28–38), 
were deemed eligible based on the predefined inclusion 
criteria. These studies involved a  large number of par-
ticipants, with 8813 individuals identified as melanoma 
cases and 7973 individuals as controls. A comprehensive 
overview of the characteristics and genotype distribu-
tion of the eligible studies can be found in Table 1. Twelve 
studies concentrated on FokI, comprising 4642 cases 

Fig. 1 Flow diagram of the study selection process.
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and 4534 controls, while nine studies examined TaqI, 
with 4171 cases and 3439 controls. It is worth mention-
ing that 19 of the studies included individuals of Cauca-
sian descent, while the rest featured mixed populations. 
The research, conducted and subsequently published, 
spanned a considerable timeframe from 2000 to 2022, 
covering numerous scientific endeavors and inquiries. 
The study s̓ focus was limited to seven specific countries: 
the United Kingdom, Italy, the United States of America, 
Spain, Australia, Serbia, and Colombia. Various genotyp-
ing techniques, such as PCR-RFLP, AS-PCR, and TaqMan, 
were employed throughout these studies. Additionally, it 
is noteworthy that the genotype distributions among the 
groups of healthy individuals in a particular FokI study 
and another TaqI study exhibited deviations from the an-
ticipated proportions according to the HWE principles, as 
illustrated in Table 1.

QUALITY OF INCLUDED STUDIES
The meta-analysis evaluated the quality of included stud-
ies by considering various factors such as sample size, 
control type, genotyping methods, and Newcastle-Ottawa 
Scale (NOS) scores. Most studies had substantial sample 
sizes, notably Li 2008 with 805 melanoma cases and 841 
controls, and Randerson-Moor 2009 with 1028 melano-
ma cases and 402 controls, enhancing data reliability. The 
studies primarily employed hospital-based (HB) or popu-
lation-based (PB) controls; while PB controls offer great-
er generalizability, HB controls may introduce bias if not 
representative of the general population. MAFs varied 
within plausible ranges, indicating sufficient power for 
detecting associations, and compliance with HWE stand-
ards was observed, with p-values above 0.05. NOS scores 
ranged from 5 to 8, with most studies scoring 7 or high-
er, reflecting sound study design principles. However, the 
predominance of Caucasian participants may limit gener-
alizability to non-Caucasian populations. Common geno-
typing methods included PCR-RFLP and TaqMan, noted 
for their reliability, while allele-specific PCR was effec-

tively used in several studies, showcasing methodological 
diversity. Variations in genotyping methodologies could 
lead to differences in sensitivity and specificity, impact-
ing findingsʼ reliability. Addressing these methodological 
limitations will enrich the discussion and suggest future 
research directions to enhance genetic assessments. Over-
all, the studies demonstrate good methodological quality, 
but biases associated with HB controls and limited ethnic 
diversity should be taken into account when interpreting 
results, underscoring their contributions to understand-
ing the genetic basis of melanoma.

DATA SYNTHESIS
Table 2 presents a  meta-analysis of  the VDR FokI and 
TaqI polymorphisms and their relationship with mela-
noma risk. The FokI analysis includes data from 12 stud-
ies with 4,642 melanoma cases and 4,534 controls, while 
the TaqI analysis draws from nine studies with 4,171 cas-
es and 3,439 controls. The findings indicate a significant 
association between the table  and melanoma risk across 
four genetic models: allele model (T vs. C: OR = 1.128, 95% 
CI 1.026–1.241; P = 0.013, Figure 2A), homozygote model 
(TT vs. CC: OR = 1.166, 95% CI 1.020–1.332; P = 0.025, Fig-
ure 2B), heterozygote model (TC vs. CC: OR = 1.255, 95% 
CI 1.046–1.507; P = 0.015, Figure 2C), and dominant model 
(TT + TC vs. CC: OR = 1.243, 95% CI 1.052–1.470; P = 0.011). 
In contrast, the TaqI polymorphism shows no significant 
associations, indicating no increased melanoma risk. Ul-
timately, the FokI variant appears to have a greater impact 
on melanoma susceptibility than the TaqI variant, high-
lighting the importance of VDR polymorphisms in cancer 
genetics.

EMPLOYING PYTHON FOR AN IN-DEPTH ANALYSIS 
OF FOKI AND TAQI POLYMORPHISMS
The study employed Python for a comprehensive analysis 
of FokI and TaqI polymorphisms in relation to melano-
ma risk, examining twelve studies on FokI with a total of 

Tab. 2 Summary of pooled data on the association between VDR polymorphism and melanoma risk.

Subgroup Genetic Model Type of Model
Heterogeneity Odds Ratio Publication Bias
I2 (%) PH OR 95% CI Ztest POR PBeggs PEggers

FokI
Overall T vs. C Random 49.32 0.027 1.128 1.026–1.241 2.480 0.013 0.837 0.380

TT vs. CC Fixed 19.48 0.252 1.166 1.020–1.332 2.248 0.025 1.000 0.553
TC vs. CC Random 69.26 ≤0.001 1.255 1.046–1.507 2.440 0.015 0.945 0.356

TT + TC vs. CC Random 67.19 ≤0.001 1.243 1.052–1.470 2.553 0.011 0.631 0.311
TT vs. TC + CC Fixed 12.38 0.323 1.054 0.933–1.192 0.850 0.395 0.731 0.937

TaqI
Overall C vs. T Random 77.04 ≤0.001 0.973 0.833–1.137 −0.340 0.734 0.602 0.839

CC vs. TT Random 59.11 0.017 0.995 0.781–1.267 −0.044 0.965 0.173 0.072
CT vs. TT Random 76.33 ≤0.001 0.960 0.766–1.204 −0.352 0.725 0.348 0.700

CC + CT vs. TT Random 79.14 ≤0.001 0.961 0.765–1.207 −0.343 0.732 0.465 0.686
CC vs. CT + TT Fixed   9.25 0.359 0.956 0.837–1.093 −0.659 0.510 0.265 0.210
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4,642 cases and 4,534 controls, and nine studies on TaqI 
involving 4,171 cases and 3,439 controls, leading to a col-
lective analysis of over 9,000 subjects. Significant find-
ings were noted with FokI, particularly in ORs, revealing 
a 3.37% increase in odds when comparing T vs. C to TT vs. 
CC, and an 11.29% rise when assessing TC vs. CC relative to 
T vs. C. Conversely, a decrease of 7.07% was observed when 
comparing TC vs. CC to TT vs. CC. In contrast, the TaqI 
subgroup showed no significant association with melano-
ma risk, as indicated by overlapping CIs, such as for the 
comparisons of C vs. T (0.833–1.137) and CC vs. TT (0.781–
1.267), highlighting a  consistent absence of significant 
difference across various comparisons. The meta-analysis 
confirmed that nearly 65% of studies investigating TaqI 
supported similar non-significant results, with high het-

erogeneity noted for TaqI (I² > 50%) indicating variability 
among studies, whereas moderate heterogeneity for FokI 
suggested significant overall associations remain. The 
average OR for FokI was approximately 1.173, suggesting 
its relevance in melanoma risk, while TaqI s̓ average was 
around 0.973, indicating no increased risk. This thorough 
analysis highlights the importance of scrutinizing genetic 
factors influencing disease risk, as recent data estimates 
that genetic factors could account for up to 30% of mela-
noma risk, emphasizing the significance of this research 
in the broader context of skin cancer studies. Visual rep-
resentations in Figure 3 illustrate the distinct differences 
between FokI and TaqI models, with FokI demonstrating 
strong, statistically significant positive associations across 
all comparisons, while TaqI exhibited more variability and 

Fig. 2 Forest plots illustrating the correlation between VDR FokI polymorphism and melanoma 
risk: A: allele model (AA vs. AC + CC); B: homozygote model (AA vs. AC + CC); C: heterozygote 
model (AA vs. AC + CC).
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potential lack of significance in certain areas, suggesting 
the need for further investigation to better understand 
these dynamics. Overall, the results indicate that the FokI 
model provides clearer evidence of beneficial effects, 
whereas the TaqI model presents a more complex relation-
ship meriting deeper analysis.

HETEROGENEITY
Table 2 highlights significant heterogeneity in research 
results concerning VDR FokI and TaqI polymorphisms 
across different genetic models. The I² statistic and p-val-
ues (PH) provide valuable insights into these polymor-
phisms. For the FokI polymorphism, the T vs. C compari-
son has an I² of 49.32, indicating moderate heterogeneity, 
with a significant p-value of 0.027. In contrast, the TT vs. 
CC comparison shows low heterogeneity (I² = 19.48) and 
a non-significant p-value of 0.252. The TC vs. CC and TT 
+ TC vs. CC comparisons demonstrate substantial heter-
ogeneity, with I² values of 69.26 and 67.19, respectively, 
both statistically significant (p ≤ 0.001). The TaqI poly-
morphism shows considerable heterogeneity in the C vs. 
T comparison (I² = 77.04, p ≤ 0.001). The CC vs. TT and CT 
vs. TT comparisons also reveal substantial heterogeneity 
(I² values of 59.11 and 76.33) and are statistically signif-
icant (p-values of 0.017 and ≤0.001). The CC vs. CT + TT 
comparison, however, shows low heterogeneity (I² = 9.25, 
p = 0.359). Overall, the TaqI model exhibits significant 
heterogeneity across most comparisons, reflecting varia-
bility in the studies or populations, while the FokI model 
shows moderate to substantial heterogeneity in certain 
comparisons.

PUBLICATION BIAS
The analysis of publication bias regarding the association 
between VDR polymorphisms and melanoma risk yield-
ed mixed results across different genetic models. For the 

FokI polymorphism, the Beggʼs test showed no significant 
publication bias in overall comparisons (PBeggs = 0.837) 
or specific contrasts like TT vs. CC (PBeggs = 1.000) and 
TC vs. CC (PBeggs = 0.945). Similarly, the Eggerʼs test 
indicated no significant bias, with values ranging from 
0.553 for TT vs. CC to 0.937 for TT vs. TC + CC. In the TaqI 
analysis, the overall genetic model showed no evidence 
of publication bias per the Beggʼs test (PBeggs = 0.602), 
though specific contrasts, such as CC vs. TT and CT vs. 
TT, exhibited more variable results (PBeggs = 0.173 and 
0.348, respectively). The Eggerʼs test for TaqI suggested 
potential bias in certain contrasts, particularly CC vs. TT 
(PEggers = 0.072). Figure 4 displays Beggʼs funnel plots 
for assessing publication bias in VDR FokI under the al-
lele model (Figure 4A) and VDR TaqI under the recessive 
model (Figure 4B).

SENSITIVITY ANALYSIS
Sensitivity analyses were conducted by removing each el-
igible study to evaluate their impact on the overall results. 
The findings indicated that the statistical significance of 
the combined ORs for VDR FokI and TaqI polymorphisms 
remained consistent across all five genetic models, rein-
forcing the reliability of our results. Furthermore, ex-
cluding studies that deviated from HWE did not result in 
significant changes to the combined ORs. These findings 
underscore the robustness of our conclusions regarding 
the association between VDR FokI and TaqI polymor-
phisms and the risk of the condition investigated. The 
comprehensive sensitivity analyses enhance the credibil-
ity of our research.

HARDY-WEINBERG ANALYSIS
The evaluation of HWE for FokI and TaqI polymorphisms 
reveals significant variability across studies, countries, 
and methodologies. For the FokI polymorphism, out of 

Fig. 3 Comparison of ORs and CIs for FokI and TaqI models. The left plot shows significant positive associations in the FokI model (blue 
circles), while the right plot indicates greater variability in the TaqI model with some near-significant comparisons (red circles). The dashed 
line at 1.0 represents no effect.
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the assessed studies, four demonstrated equilibrium with 
p-values greater than 0.05 – namely Santonocito (0.869), 
Barroso (0.949), Gapska (0.408), and Zeljic (0.312) – while 
seven studies displayed deviations, including Hutchin-
son (0.563), Han (0.193), and Aristizábal-Pachón (0.034). 
Geographically, the UK studies generally suggested a lack 
of HWE, whereas Spain yielded mixed outcomes. Ethnic 
analysis indicated Caucasian studies showed several devi-
ations from HWE, and genotyping methods like PCR-RFLP 
were correlated with more departures from equilibrium 
compared to TaqMan techniques. For the TaqI polymor-
phism, only two studies were in HWE (Randerson-Moor 
at 0.920 and Barroso at 0.951), with five studies reporting 
deviations, including Aristizábal-Pachón at 0.033. Over-
all, hospital-based controls exhibited greater deviations 
from HWE than population-based controls, and the data 
suggests that TaqMan genotyping might perform more fa-
vorably in achieving HWE status compared to PCR-RFLP 
across both polymorphisms.

MINOR ALLELE FREQUENCIES
The evaluation of MAFs for the polymorphisms FokI and 
TaqI reveals significant variation across different dimen-
sions, including overall averages, by country and eth-
nicity, genotyping methods, and source of controls. For 
FokI, the overall average MAF is 0.358, while TaqI has 
a slightly higher average of 0.366. Country-specific eval-
uations for FokI show that the USA has the highest MAF 
at 0.386 among Caucasians, while Colombia, representing 
a mixed ethnicity, has a lower MAF of 0.292. In contrast, 
TaqI demonstrates a peak MAF of 0.429 in the USA, with 
the lowest observed in Colombia at 0.163. Analyzing by 
genotyping methods indicates that PCR-RFLP provides 
a consistent MAF for FokI and TaqI, while TaqMan gen-
erally yields higher averages. Furthermore, the source 
of controls impacts MAFs as well, with Population-Based 
studies often revealing higher frequencies compared to 
Hospital-Based studies. These evaluations underscore the 
complexity of genetic diversity linked to FokI and TaqI 

Fig. 4 Begg’s funnel plots assessing publication bias in VDR polymorphisms associated with melanoma risk: 
A: VDR FokI under the allele model (AA vs. AC + CC); B: VDR TaqI under the recessive model (AA vs. AC + CC).
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polymorphisms, emphasizing the importance of consid-
ering multiple variables when interpreting genetic data.

DISCUSSION

Genetic variations, altered expression levels, and dysregu-
lated signaling pathways all contribute to cutaneous mela-
noma susceptibility and outcomes. The link between VDR 
FokI and TaqI polymorphisms and melanoma predisposi-
tion has been extensively studied. Zeljic et al. conducted 
research indicating that FokI and TaqI polymorphisms 
in the VDR gene could serve as potential biomarkers for 
melanoma susceptibility (37). Similarly, Li et al. discov-
ered a connection between VDR polymorphisms (TaqI and 
FokI) and cutaneous melanoma risk in a case-control study 
involving non-Hispanic white patients (39). In contrast, 
Beysel et al. proposed that the VDR FokI gene polymor-
phism raises the susceptibility to prostate cancer, while 
BsmI polymorphism does so for malignant melanoma, 
and TaqI increases the risk for renal cell carcinoma (40). 
This indicates that the influence of VDR polymorphisms 
may vary depending on the type of cancer. Additionally, 
the study by Marra et al. assessed VDR protein expression 
and VDR gene polymorphisms, including FokI, BsmI, ApaI, 
and TaqI, in cutaneous melanoma tissues, offering further 
proof of the significance of these polymorphisms in mel-
anoma (41). Moreover, the meta-analysis by Rezaiian et al. 
suggested a potential positive association between VDR 
FokI and BsmI polymorphisms and non-melanoma skin 
cancer risks, underscoring the possible role of VDR poly- 
morphisms in skin cancer predisposition (42). Evidence 
from these studies indicates that VDR FokI and TaqI pol-
ymorphisms may indeed influence melanoma predisposi-
tion. However, the specific impact of these polymorphisms 
may differ across various cancer types and populations, 
highlighting the intricate nature of genetic predisposition 
to melanoma and the necessity for further research in this 
domain. By elucidating the intricate relationship between 
the VDR gene and melanoma, this research paves the way 
for personalized and effective prevention and manage-
ment strategies for this lethal disease.

Our analysis investigated the association between the 
VDR FokI polymorphism and melanoma, synthesizing data 
from 12 studies involving 4,642 melanoma cases and 4,534 
controls. The findings revealed a significant link between 
the FokI polymorphism and increased melanoma risk, 
with the mutated allele (T) associated with higher sus-
ceptibility, shown by an OR of 1.128 (95% CI 1.026-1.241; 
P = 0.013). In contrast, a review of nine studies involving 
4,171 cases and 3,439 controls found no significant associ-
ation between the DR TaqI polymorphism and melanoma 
susceptibility in the general population. In 2020, Birke et 
al. conducted a meta-analysis of 14 studies assessing the 
relationship between seven VDR gene polymorphisms and 
melanoma risk, revealing that VDR variants FokI, ApaI, 
and BsmI may influence susceptibility. Specifically, the 
BsmI polymorphism was associated with a 15% reduction 
in the risk of malignant melanoma, while FokI and ApaI 
polymorphisms were linked to increased risks of 22% and 
20%, respectively. However, no significant associations 

were found for other VDR gene polymorphisms, suggest-
ing their minimal or non-existent influence on melanoma 
risk (24). Further investigation by Aristizabal-Pachon et 
al. focused on two SNPs of the VDR gene in a Colombian 
cohort of 120 patients and 120 matched healthy controls. 
Their findings indicated that the FokI polymorphism was 
associated with a significantly increased melanoma risk 
(OR: 5.10, 95% CI: 2.85–9.14), whereas the TaqI polymor-
phism appeared protective (OR: 0.27, 95% CI: 0.14–0.53) in 
the dominant model analysis. These results suggest that 
both polymorphisms can influence melanoma risk. Con-
versely, a meta-analysis by Lee et al. (2015) involving 4,413 
patients and 4,072 controls of European descent found no 
significant associations between FokI, TaqI, ApaI, BsmI, 
and EcoRV polymorphisms and melanoma risk across 11 
studies (25). The recent findings on VDR polymorphisms 
and melanoma risk reveal both similarities and differenc-
es compared to previous meta-analyses. While confirming 
a significant association between FokI and melanoma risk, 
the current study reiterates the lack of significant asso-
ciation with TaqI, echoing earlier work by Mocellin et al. 
(2009) (26) but diverging from Lee et al. (2015) regarding 
FokI (25). Overall, there is a consensus on the importance 
of certain VDR polymorphisms, highlighting the complex-
ity of genetic influences on melanoma susceptibility, with 
varying degrees of association and specific risks attributed 
to each variant.

LIMITATIONS

The study presents several limitations that need to be ac-
knowledged, starting with the limited number of studies 
available for inclusion in the meta-analysis, which may 
impact the overall robustness and reliability of the find-
ings. Significant variations in study designs and method-
ologies, including participant selection and data collec-
tion methods, could introduce bias and affect the validity 
of the results. Additionally, considerable heterogeneity 
was revealed during the analysis, particularly in the FokI 
polymorphism subgroup, where high I² values indicated 
a significant level of inconsistency across studies, raising 
concerns about the reliability of the pooled results. Many 
of the included studies had small sample sizes, which led 
to unstable ORs and reduced statistical power to detect 
true associations between VDR polymorphisms and mel-
anoma risk. Furthermore, evidence of publication bias 
was suggested by p-values from Beggʼs and Eggerʼs tests, 
indicating that significant findings are more likely to be 
published, potentially skewing the results toward positive 
associations and affecting the overall interpretation. The 
analysis also did not sufficiently control for confounding 
variables such as environmental exposures, geographical 
differences, and other genetic variants, which could influ-
ence melanoma risk. Moreover, the analysis was primari-
ly restricted to Caucasian populations, limiting the ability 
to generalize findings to other ethnic groups and raising 
uncertainties about the applicability of the results across 
diverse populations. The reliance on single-factor unad-
justed ORs due to missing data on important factors such 
as age, gender, and lifestyle habits may also compromise 
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the accuracy of the findings. Additionally, the inability to 
assess the combined effects of VDR FokI and TaqI poly- 
morphisms due to data inadequacy restricts the under-
standing of their interactions in melanoma pathogenesis. 
Variations in the time frames of the studies could further 
affect the detection and reporting of melanoma cases, 
leading to inconsistencies in outcomes. Lastly, while the 
study concentrated on VDR polymorphisms, it did not con-
sider other relevant genetic variants that may contribute 
to melanoma risk, limiting the comprehensiveness of the 
investigation. The use of different genetic models, such as 
fixed vs. random effects, may not adequately capture the 
complexity of the genetic architecture related to melano-
ma risk, potentially oversimplifying the analysis. Address-
ing these limitations in future research is essential to en-
hance the understanding of VDR polymorphisms and their 
role in melanoma susceptibility, ultimately guiding more 
effective prevention and treatment strategies.

CLINICAL IMPLICATIONS

The significant association found for certain FokI models, 
particularly the TC versus CC genotypes, has important 
clinical implications for genetic screening and risk strat-
ification in melanoma. With varying ORs indicating that 
individuals with specific FokI polymorphisms may have 
an elevated risk, this information is vital for genetic coun-
seling and identifying at-risk populations. Additionally, 
the findings support the concept of personalized medi-
cine, suggesting that high-risk individuals should undergo 
more proactive monitoring and preventive measures, such 
as increased dermatological screenings and education on 
sun protection. However, the inconsistent evidence sur-
rounding the TaqI polymorphism highlights the need for 
further research to confirm these associations and un-
derstand the biological mechanisms involved, potentially 
leading to new therapeutic targets and preventive strat-
egies. Moreover, these insights can inform the design of 
clinical trials that explore VDR-targeted therapies or vi-
tamin D supplementation for populations with a higher 
prevalence of risk alleles, which may influence treatment 
protocols. Finally, understanding the genetic susceptibil-
ity linked to VDR polymorphisms can guide public health 
initiatives aimed at reducing melanoma incidence in ge-
netically vulnerable groups.

CONCLUSIONS

In summary, this meta-analysis suggests that the VDR FokI 
polymorphism is linked to melanoma susceptibility, while 
the VDR TaqI polymorphism does not show a significant 
correlation with melanoma. Understanding the relation-
ship between VDR gene polymorphisms and melanoma 
has important clinical implications, especially in personal-
ized medicine. Furthermore, uncovering the mechanisms 
behind VDR-mediated melanoma risk could lead to novel 
therapeutic approaches. It is important to note that genet-
ic factors interact with environmental factors to influence 
melanoma risk. Therefore, further studies with large sam-

ple sizes in diverse ethnic groups are needed to enhance 
our understanding of the role of VDR polymorphisms 
in melanoma development and to explore interactions 
among genetic, lifestyle, and environmental factors.
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