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Objective: To integrate protein quantitative trait loci (BD pQTL) data from the UK Biobank (UKB) and the Icelandic population to 
investigate the causal relationship between circulating proteins and basal cell carcinoma (BCC), as well as their mediation mechanisms.
Methods: Bidirectional Mendelian randomization (MR) was performed to assess the causal association between UKB-derived pQTLs and 
BCC. Protein–protein interaction networks and functional enrichment analyses were applied to identify core pathways. A mediation MR 
framework was further constructed to model the regulatory axis of “upstream proteins–mediator proteins–BCC”, and sensitivity analyses 
were conducted to ensure robustness.
Results: Circulating proteins have a unidirectional causal effect on BCC, and the associated proteins are significantly enriched in 
immune and inflammatory pathways. A total of 13 UKB pQTLs were identified to potentially affect the risk of BCC through 6 BD 
pQTLs, and the robustness of the results was confirmed. Among them, STAT3 and GUCA1A emerged as key mediator hubs, each 
mediating multiple protein pathways (with the highest mediation proportion reaching 15.2%).
Conclusion: This study reveals the causal associations between certain UKB pQTLs, BD pQTLs, and BCC, and identifies six BD 
pQTLs that mediate the effect of UKB pQTLs on BCC through STAT3 and GUCA1A as core mediator proteins, providing new 
genetic evidence for the precise stratification and targeted intervention of BCC.
Keywords: protein quantitative trait loci, (pQTL), mediation analysis, immune pathways, therapeutic targets, genetic regulation

Introduction
Basal cell carcinoma (BCC) is the most common skin malignancy worldwide, severely affecting health and quality of life.1,2 

BCC originates from cells in the basal layer of the epidermis and attached epithelium, especially in areas exposed to sunlight.3,4 

In recent years, the incidence rate of this malignant tumor has continued to rise in some parts of Europe and the United States. In 
some regions, the number of cases per 100000 people is more than 1000. Every year, 726/100000 people in Australia seek 
treatment for this type of cancer, while in Iran, the number of BCC cases has increased by 4.9%; Therefore, the need for timely 
clinical diagnosis is evident.5 Current treatment strategies for BCC primarily include surgical excision, radiotherapy, chemother
apy, and targeted therapy. Among these, Mohs micrographic surgery has become the preferred option for early-stage BCC, as it 
enables complete tumor removal while maximally preserving normal tissue. In recent years, with the advancement of diagnostic 
and therapeutic concepts in head and neck oncology, increasing emphasis has been placed on early detection and minimally 
invasive treatment strategies. Studies by Khalil AA et al6 have shown that, as the most common malignant tumor of the 
maxillofacial region, BCC diagnosis is evolving toward more minimally invasive and efficient approaches. Techniques such as 
scraping cytology, characterized by simplicity, minimal invasiveness, and rapid diagnostic capability, have demonstrated 
promising utility in outpatient settings and can serve as an important complement to conventional biopsy. Additionally, 
cytological staining methods, including Papanicolau and Diff-Quick staining, further improve diagnostic accuracy. In terms of 
treatment, beyond conventional surgical approaches, emerging minimally invasive techniques such as diode laser ablation have 
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shown favorable efficacy in small-sized facial BCC lesions, effectively controlling tumor growth while achieving satisfactory 
functional and aesthetic outcomes, with a low rate of complications.

Despite these advances, the management of tumors located in critical anatomical regions of the head and neck, as well 
as advanced or recurrent BCC, remains challenging, and patient prognosis is often suboptimal.7 Therefore, further 
investigation into the molecular mechanisms underlying BCC and the identification of novel therapeutic targets and 
intervention strategies are of great importance for advancing precision medicine in this field.

Protein quantitative trait loci (pQTL) are genetic variants that influence protein expression levels or abundance, 
typically identified through association analyses between genotyping data and proteomic measurements.8 Based on their 
genomic location, pQTLs can be classified into cis-pQTLs and trans-pQTLs: cis-pQTLs are located near the genes 
encoding the proteins and generally exert direct regulatory effects on protein expression,9 whereas trans-pQTLs are 
located in distal genomic regions and may indirectly influence protein levels through transcriptional regulation, signaling 
pathways, or protein–protein interactions.10 Therefore, pQTLs serve as critical intermediates linking genetic variation to 
protein expression and disease phenotypes.

UKB pQTLs and BD pQTLs are derived from large-scale proteomic studies in the UK Biobank and Icelandic 
populations, respectively, and systematically capture the genetic regulation of circulating protein expression across 
different populations. Elucidating the functional roles of these pQTLs not only advances our understanding of the 
genetic architecture underlying protein expression but also provides important insights into how genetic variation 
influences disease susceptibility through protein-mediated mechanisms.11

In the field of epidemiological research, Mendelian randomization (MR) is a causal inference tool based on genetic 
variation. Its core value lies in effectively avoiding confounding factors and reverse causal bias. It not only provides a reliable 
analytical framework for accurately verifying the causal relationship between exposure factors and disease outcomes and 
exploring the pathogenesis of diseases, but also reveals the mediating pathways and effects between exposure and diseases 
through mediating Mendelian randomization analysis, clarifying the role of intermediate variables in the causal chain.12,13 At 
present, the key scientific question of whether UKB pQTL will affect the occurrence and development of BCC by regulating 
the expression or function of pQTL in the Icelandic population is still unclear, and related research is still in a blank state.

In view of this, this study intends to use Mendelian randomization analysis method to construct a causal association 
analysis framework for “UKB pQTL-BD pQTL-BCC”, and systematically explore the potential causal relationships and 
regulatory mechanisms among the three This study has both important theoretical significance and practical application 
value. In theory, the research results can provide a new entry point for analyzing the regulatory mechanisms of the 
association between genetic variation and diseases, and further improve the cognitive system of the “genetic mediation 
disease” causal chain with UKB and BD pQTL as the core nodes in the field of genetic epidemiology. In practical 
application, clarifying the key role of UKB pQTL and BD pQTL in the occurrence of BCC can not only deepen the 
understanding of the pathogenesis of BCC, provide theoretical support for formulating targeted early prevention 
strategies and promoting accurate diagnosis and treatment, but also hopefully lay the foundation for screening potential 
therapeutic targets of BCC and developing new intervention methods, thus providing practical assistance for reducing the 
incidence rate of BCC and improving the prognosis of patients.

Materials and Methods
Research Design
In this study, UKB pQTLs were treated as exposure variables, BD pQTLs as mediators, and BCC as the outcome. First, 
association analyses were performed for UKB pQTLs and BD pQTLs, and linkage disequilibrium (LD) SNPs and weak 
instrumental variables were removed. Subsequently, a total of five MR analyses were conducted in three steps: (1) batch 
MR analysis of UKB pQTLs on BCC (MR 1); (2) reverse MR analysis of BCC on UKB pQTLs (MR 2), along with 
protein–protein interaction (PPI) network construction and GO and KEGG pathway enrichment analyses; and (3) 
mediation analysis involving three MR analyses, including MR of BCC-related UKB pQTLs on BCC (MR 3), MR of 
BCC-related BD pQTLs on BCC (MR 4), and MR of BCC-related UKB pQTLs on BCC-related BD pQTLs (MR 5). 
Finally, the mediation and direct effects were calculated. The overall study framework is shown in (Figure 1).
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Data Sources for Exposure, Mediator, and Outcome
This study was based on the comprehensive collection of publicly available summary-level data. All participants had 
provided informed consent in the original studies. As the present analysis used summary data, no additional ethical 
approval was required. To minimize potential bias caused by population heterogeneity, all datasets used in this study 
were derived from individuals of European ancestry.

The UKB pQTL data were obtained from the UK Biobank Pharma Proteomics Project (UKB-PPP) (https://www.ukbiobank. 
ac.uk/), including 2,923 proteins and 14,287 primary genetic associations.14 The BD pQTL data were downloaded from the 
deCODE genetics database (https://www.decode.com), comprising 4,907 plasma proteins from the Icelandic population.15 The 
BCC dataset was obtained from the FinnGen R12 release (https://www.finngen.fi/), including 405,021 samples and 1,048,576 
SNPs.

Instrumental Variable Selection and Data Harmonization
All analyses were conducted in the R (version 4.5.1) environment using the TwoSampleMR, dplyr, and MungeSumstats 
packages. First, SNPs significantly associated with UKB pQTLs (P<1×10−5) and BD pQTLs (P<5×10−8) were extracted. 
Next, the “format_sumstats” function in the MungeSumstats package was used to standardize the data, including harmonizing 
field formats and reference genome coordinates. Then, LD clumping was performed using the “ld_clump” function in the 
TwoSampleMR package (UKB pQTL: kb=10,000, r2 =0.1; BD pQTL: kb=10,000, r2 = 0.001)16 to retain independent 
variants. Subsequently, F-statistics were calculated using the formula F= (n−k−1)/k × R2/(1−R2), where n represents the 
sample size and k represents the number of SNPs.17 SNPs with F< 10 were excluded as weak instruments. Finally, the 
standardized SNP information was merged with the original key data and exported.

Primary Analysis (MR 1 and MR 2)
To identify UKB pQTLs causally associated with BCC (Figure 1A), MR analysis was performed using the TwoSampleMR 
package. UKB pQTLs were treated as exposures and BCC as the outcome. Five MR methods were applied, including MR- 
Egger, weighted median, inverse variance weighted (IVW), simple mode, and weighted mode, with IVW as the primary 
method.18 An IVW P-value < 0.05 was used as the threshold for initial screening. Heterogeneity and pleiotropy tests were 
conducted, and results with P > 0.05 were retained to ensure reliability. UKB pQTLs with consistent odds ratio (OR) directions 
across all five methods (all OR>1 or all OR<1) were considered as candidate causal proteins.Forest plots were generated using 
the forest_theme tool. Based on IVW results, proteins were classified into protective, risk, and non-significant groups 
according to statistical significance and effect direction. The top 10 most significant pQTLs were annotated. Volcano plots 
were constructed with Beta values on the x-axis and −log10 P values on the y-axis. Circular heatmaps were visualized using 
the circlize package. Reverse MR analysis was then performed with BCC as the exposure and UKB pQTLs as the outcome.

UKB pQTL Basal Cell Carcinoma
(BCC)

A

UKB pQTL Basal Cell Carcinoma
(BCC)

B 

Iceland  pQTL
a b

c’

c

d

Figure 1 (A) The total impact of UKB pQTL and BCC. C is the total effect of using UKB pQTL as exposure and BCC as result. D is the total effect of using BCC as the 
exposure and UKB pQTL as the result. (B) The total effect decomposition is divided into: (i) indirect effects using a two-step method (where a is the total effect of UKB 
pQTL on Iceland pQTL and b is the effect of Iceland pQTL on BCC) and product method (a × b), and (ii) direct effects (c ′=c-a × b). The proportion of intermediaries is the 
indirect effect divided by the total effect.
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Construction of Protein–Protein Interaction Network
Ten significant candidate pQTLs associated with BCC were uploaded to the GeneMANIA database (https://genemania.org/) 
to construct the PPI network.

GO Analysis and KEGG Pathway Enrichment Analysis
GO functional enrichment analysis and KEGG pathway analysis were performed using UKB pQTLs associated with 
BCC. A threshold of P ≤ 0.05 was applied, and the top 10 GO biological processes and top 30 KEGG pathways were 
selected for further analysis.

Mediation Analysis (MR 3, MR 4 and MR 5)
Mediation analysis was conducted to investigate whether BD pQTLs mediate the causal pathway from UKB pQTLs to 
BCC (Figure 1B). The total effect was decomposed into direct and indirect effects. The direct effect (c′) represents the 
effect of UKB pQTLs on BCC independent of the mediator, while the indirect effect (a×b) represents the effect mediated 
through BD pQTLs. The proportion mediated was calculated as the ratio of the indirect effect to the total effect. The 95% 
confidence intervals were estimated using the delta method.

Sensitivity Analysis
To ensure the robustness of causal inference and the validity of instrumental variables, several sensitivity analyses were 
performed. First, the MR Steiger test was used to verify the causal direction between exposure and outcome.19 

Heterogeneity among SNPs was assessed using Cochran’s Q statistic and funnel plots.20 Horizontal pleiotropy was 
evaluated using the MR-Egger intercept test and the MR-PRESSO method.21 Finally, leave-one-out analysis was 
conducted to assess the stability of the results.

Results
Association of UKB pQTL with BCC
After obtaining 2923 proteins from the UKB-PPP database, weak instrumental variables were first removed; 
Subsequently, through step c of the flowchart and using five MR analysis methods, 287 pQTLs with causal relationships 
with BCC were ultimately screened (Figure 2). These pQTLs not only align perfectly with the OR value direction of 
BCC, but also have statistical test P-values less than 0.05, indicating a causal relationship between UKB pQTLs and BCC 
In addition, the analysis of step d in the flowchart shows that the MR results of this study confirm that there is no reverse 
causal relationship between UKB pQTL and BCC, that is, BCC has no causal effect on UKB pQTL.

Construction of Protein Interaction Network Diagram and Molecular Mechanism 
Analysis Results
Identify 10 significant causal associations with BCC pQTL (TNFSF8, RNASET2, PILRA, CCL24, PTPRS, FAM20A, 
RNASE6, OLFM4, ICAM5, IL7R) Upload to Genemania website (https://genemania.org/) Construct a PPI network 
(Figure 3A). This network diagram consists of 30 nodes and 45 edges, reflecting the molecular regulatory network related 
to immune response, cell communication, tissue homeostasis, and more.

-We further performed GO enrichment analysis (Figure 3B and C) and KEGG enrichment analysis (Figure 3D) on the 
UKB pQTLs that showed a causal association with BCC. The GO enrichment results showed that differentially expressed 
genes were significantly enriched in three dimensions: biological processes (BP), cellular components (CC), and 
molecular functions (MF). The BP dimension was mainly enriched in immune response, myeloid leukocyte activation, 
and other immune regulation related processes; The CC dimension suggests that its functional exercise depends on 
specific subcellular structures such as the endoplasmic reticulum, providing necessary spatial basis for biological 
processes such as protein processing and signal transduction; The MF dimension focuses on signal receptor binding as 
its core function.
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Figure 2 (A) Forest Plot of Partial Genetic Association Analysis. (B) The volcano map displays significant factors. Red dots indicate risk factors, blue dots indicate protective factors, and gray dots indicate insignificant factors. (C) 
Circular heatmap. Analysis methods (IVW, MR Egger, Simple mode, Weighted median, Weighted mode): The closer to red, the smaller the P value, and the more significant the causal relationship between the corresponding exposure 
factors and BCC. The closer to blue, the larger the P value, and the less significant the causal relationship between the corresponding exposure factors and BCC.
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Figure 3 (A) PPI network visualization of interactions between overlapping genes (B) GO gene enrichment analysis studies the correlation between gene function and 
specific biological processes, cellular components, and molecular functions Yellow: biological processes, Orange: cellular components, black: molecular functions The darker 
the color, the smaller the P value, indicating a more significant enrichment result (C) GO enrichment annotation of overlapping genes in BP, CC, and MF. X-axis=gene count, 
color gradient=adjusted P-value (dark red=higher significance) (D) KEGG analysis shows the enrichment pathways of overlapping genes X-axis=gene ratio, dot size=gene 
count, color gradient=adjusted p-value (red=higher significance).
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In KEGG pathway enrichment analysis, the cytokine cytokine receptor interaction pathway showed the highest 
enrichment significance (p-value ≤ 0.02); At the same time, immune cell function regulation pathway, apoptosis related 
pathway, influenza A, tuberculosis and other pathogen related pathways, and pyrimidine metabolism and other metabolic 
pathways are also significantly enriched.

Intermediary MR Analysis Results
MR Analysis Results of UKB pQTL Associated with BCC Pathogenesis to BCC
After MR analysis, it was found that 41 UKB pQTLs related to the onset of BCC had significant causal relationships with 
BCC, with IVW method P<0.05. Among them, 20 pQTLs such as CD109 were protective factors for BCC, and the OR of 
the 5 MR analysis methods was less than 1; 21 pQTLs including APOE are risk factors for BCC, with OR>1 for 5 MR 
analysis methods (Figure 4).

MR Analysis Results of BD pQTL Associated with BCC Pathogenesis to BCC
After obtaining 4907 plasma proteins from the deCODE genetics database, weak instrumental variables were first 
removed; Subsequently, through step a of the flowchart, 154 BD pQTLs with causal relationships with BCC were 
screened using five MR analysis methods. Their OR values were completely consistent among the five MR analysis 
methods, and the statistical test P values were all<0.05. Based on forest map analysis, it can be seen that AXL and 68 
other BD pQTLs have OR<1, indicating that they are protective factors for BCC; 86 BD pQTLs including GUCA1A 
have OR>1, indicating that they are risk factors for BCC (Figure 5).

MR Analysis Results of UKB pQTL Associated with BCC Pathogenesis to BCC Associated BD pQTL
41 BCC disease associated UKB pQTLs were used as exposures and 154 BCC related BD pQTLs were used as outcomes 
for MR analysis. The results showed a significant causal relationship between BCC disease associated UKB pQTLs and 
BCC related BD pQTLs, with P<0.05 for the IVW method. Among them, 21 UKB pQTLs, including CLEC4C, showed 
a negative causal relationship with BD pQTL, with OR<1; TNFSF8 and 20 other UKB pQTLs showed a positive causal 
association with BD pQTL, with OR>1 (Figure 6).

Calculation of Mediation Effect, Mediation Ratio, and Direct Effect
We conducted calculations on mediating effects, mediating ratios, and direct effects, and identified 41 UKB pQTL BD 
pQTL BCC pathways, covering 10 BD pQTLs. Among them, the mediating effects of 13 pathways were P<0.05, and 
PTGDS mediated the causal relationship between CHMP1A and BCC, with a mediating ratio of −3.6% (P=0.004); 
STAT3 mediated the causal relationship between IFNGR1 and BCC, with a mediation ratio of 11.5% (P=0.03); EEF2K 
mediated the causal relationship between CA9 and BCC, with a mediation ratio of −7.3% (P=0.04); PTGDS mediated the 
causal relationship between ZFYVE19 and BCC, with a mediation ratio of −14.7% (P=0.01); GUCA1A mediated the 
causal relationship between SHBG and BCC, with a mediation ratio of −4.2% (P=0.03); GUCA1A mediated the causal 
relationship between RTN4R and BCC, with a mediation ratio of 7.5% (P=0.03); STAT3 mediated the causal relationship 
between IL7R and BCC, with a mediation ratio of 9.7% (P=0.03); ENO2 mediated the causal relationship between ZP3 
and BCC, with a mediation ratio of 9.0% (P=0.04); GUCA1A mediated the causal relationship between CST5 and BCC, 
with a mediation ratio of −6.3% (P=0.03); STAT3 mediated the causal relationship between APOE and BCC, with 
a mediation ratio of 15.2% (P=0.01); CLMP mediated the causal relationship between TMEM132A and BCC, with 
a mediation ratio of −11.4% (P=0.03); GUCA1A mediated the causal relationship between TNFSF8 and BCC, with 
a mediation ratio of −4.8% (P=0.02); GUCA1A mediated the causal relationship between PTGDS and BCC, with 
a mediation ratio of 5.8% (P=0.04). See Figure 7 for details.

Sensitivity Analysis
Using MR Steiger to test the causal direction of each extracted SNP with exposure and results, the results showed that the 
causal direction determination of all SNPs remained consistent, without any reversal or confusion of causal direction. 
Test and correct potential pleiotropy interference in causal effect estimation through sensitivity analysis. Cochran’s Q-test 
and funnel plot show that there is no evidence of heterogeneity or asymmetry in the causal relationships between these 
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Figure 4 MR forest plot of UKB pQTL to BCC OR<1, P<0.05, Indicating that 20 proteins including CD109 are protective factors for BCC; OR>1,P<0.05, This indicates that 
21 proteins including APOE are risk factors for BCC.
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Figure 5 MR forest plot of BD pQTL to BCC OR<1, P<0.05, Indicating that 68 proteins including AXL are protective factors for BCC; OR>1,P<0.05, Indicating that 86 
proteins including GUCA1A are risk factors for BCC.
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Figure 5 Continued.
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SNPs. The results of the leave one method analysis showed that after removing individual SNPs one by one, Mendelian 
randomization analysis was repeated for the remaining loci, and the estimated values of causal effects in each round 
remained stable and consistent, indicating that all included SNPs can independently support the statistical significance of 
the causal relationship between exposure and outcome. See Figure 8 for details.

Discussion
Although previous studies have reported associations between plasma inflammation-related protein pQTLs and BCC,22 

evidence on the causal effect of UKB pQTLs through BD pQTLs mediating the impact on BCC remains lacking. In this 
study, we applied MR analysis to reveal that 13 UKB pQTLs might influence BCC through 6 BD pQTLs, and we 
confirmed the robustness of the results.

These results provide preliminary evidence suggesting that UKB pQTLs may affect potential regulatory pathways of 
BCC through BD pQTLs, offering new insights into the differential roles of pQTLs from different sources in BCC 
development. Furthermore, PPI network analysis indicates that UKB pQTL-related proteins may be involved in the 
regulatory network of BCC development, while GO and KEGG enrichment analyses suggest these proteins might enrich 
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key pathways related to BCC. Overall, these results contribute to a deeper understanding of the potential molecular 
mechanisms underlying BCC and provide a reference for future research.

Previous studies have predominantly focused on genetic or protein associations at a single level. For example, Chahal 
HS et al23 revealed several genetic risk loci related to BCC, providing valuable insights into the genetic basis of the 
disease. Although genetic variations and proteins associated with BCC have been identified, the causal relationships 
between these variations and disease development have not been explored. Gudbjartsson DF et al24 identified genetic 

Figure 6 MR forest plot of UKB pQTL to BD pQTL OR<1, P<0.05, This indicates a negative causal relationship between 21 proteins including CLEC4C and BD pQTL; 
OR>1,P<0.05, This indicates a positive causal association between 20 proteins including TNFSF8 and BD pQTL.
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variants influencing adult height and provided insights into the genetic basis of skin cancer and other diseases. This study 
mainly focused on height-related genetic variations and did not address the causal relationships of BCC or related 
proteins, nor did it systematically analyze the full causal chain of “genetic variation – protein expression – disease 
development.” Sun BB et al25 identified pQTLs associated with protein expression, providing essential support for 
understanding the genetic regulation of plasma proteins and laying the theoretical foundation for future research on how 
proteins regulate diseases. However, it did not explore the complete causal chain of “genetic variation – protein 
expression – disease development.”

Figure 7 Mediation analysis result chart: shows the pathway coefficients, total effects, mediation effects and 95% confidence intervals, proportion of mediation effects to 
total effects, and p-values of multiple gene pathways.
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Figure 8 (A) Funnel plot of UKB pQTL associated with BCC pathogenesis to BCC (B) Sensitivity analysis plot; (C) Funnel plot of BD pQTL associated with BCC 
pathogenesis to BCC; (D) sensitivity analysis plot. (E) Funnel plot of UKB pQTL associated with BCC pathogenesis to BCC associated BD pQTL. (F) sensitivity analysis plot. 
Red line: Solid red line denoting the null hypothesis of zero effect, used to assess statistical significance of individual SNP effects. Thick line: Thick black vertical dashed line in 
the forest plot, representing the pooled causal effect of all SNPs and showing the direction of the overall causal effect. Thin lines: Thin black horizontal lines in the forest plot, 
representing the 95% confidence interval (95% CI) of individual SNPs, reflecting uncertainty in effect estimates and genetic heterogeneity.
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In contrast, our study integrated UKB and BD pQTL data and introduced a mediation MR analysis framework, 
systematically evaluating potential causal paths from a cross-dataset perspective, thereby supplementing and expanding 
on existing research. These results are largely consistent with previous studies on immune and inflammatory pathways in 
skin tumor development, while providing new genetic evidence from a proteomic level.

Further analysis revealed that BD pQTLs might mediate the effect of UKB pQTLs on BCC. We categorized the 6 BD 
pQTLs mediators into two groups: immune regulation-related proteins and metabolic adaptation-related proteins.

Firstly, immune regulation-related proteins include STAT3, PTGDS, and CLMP. STAT3 was identified as a potential 
mediator connecting IFNGR1, IL7R, and APOE with BCC. Previous studies have shown that phosphorylated STAT3 
(p-STAT3), as an active form of the STAT3 signaling pathway, plays a critical role in the development of epidermal 
tumors.26–28 Our results align with these studies, suggesting that STAT3-related pathways might play a key role in immune 
responses in BCC. PTGDS was identified as a potential mediator between CHMP1A and BCC, possibly exacerbating BCC 
development through immune and inflammatory responses.29–31 CLMP mediates the relationship between TMEM132A and 
BCC, possibly affecting the immune microenvironment of BCC by regulating immune cell migration and activation.32

Secondly, metabolic adaptation-related proteins include EEF2K, ENO2, and GUCA1A. EEF2K was identified as 
a mediator between CA9 and BCC. It is known to be activated in acidic environments and may help tumor cells adapt to 
hypoxic and nutrient-deficient conditions.33,34 Our study suggests that EEF2K may play a role in metabolic adaptation in 
BCC, but further validation is needed. ENO2, a key rate-limiting enzyme in the glycolytic pathway, is upregulated in various 
tumors and associated with tumor progression.35,36 Our results indicate that metabolic reprogramming via ENO2 might be 
a crucial mechanism in BCC development. GUCA1A mediates pathways involving SHBG, RTN4R, and CST5, possibly 
participating in the metabolic regulation of BCC.37

These key proteins may play important roles in the development of BCC. Given their critical roles in immune response and 
metabolic adaptation, these proteins hold promise as potential biomarkers for BCC, useful for early screening, precision 
stratification, and targeted interventions. In particular, STAT3 and GUCA1A, whose expression levels may help assess the risk 
of BCC and guide personalized treatment, are of significant interest. These findings align with recent research trends in tumor 

Figure 8 Continued.
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immune-metabolic reprogramming, suggesting that BCC development may involve bidirectional regulation between immu
nity and metabolism.38 Previous studies have indicated that immune microenvironment regulation and energy metabolism 
reprogramming play key roles in skin tumor development.39 This study provides indirect support for this mechanism using 
genetic instrument variables, enhancing the biological rationale of the findings.

We employed MR methods to minimize confounding biases and reverse causality often seen in traditional observa
tional studies. By assessing the independent effects of different exposure factors using genetic instrument variables, we 
improved the reliability of our results.

However, this study has some limitations. Firstly, the data used were from European populations, which may limit the 
generalizability of the results to other populations. Secondly, since the study relied on summary-level genetic data and 
bioinformatics analysis, the results should be interpreted with caution, and further experimental and clinical validation is needed.

Conclusion
In conclusion, this study reveals the causal associations between certain UKB pQTLs and BD pQTLs with BCC, and 
identifies 6 BD pQTLs that mediate the effects of UKB pQTLs on BCC through intermediary proteins, with STAT3 and 
GUCA1A as key mediators. Several promising new targets were identified in this study, providing preliminary causal 
evidence for the genetic regulatory mechanisms of BCC. These findings open new directions for the development of 
early screening biomarkers and targeted treatment strategies. Although these results show significant potential, further 
experimental and clinical validation is necessary to assess their feasibility and effectiveness in practical applications.
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