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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 GUCAIA 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.
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Introduction

Basal cell carcinoma (BCC) is the most common skin malignancy worldwide, severely affecting health and quality of life.'
BCC originates from cells in the basal layer of the epidermis and attached epithelium, especially in areas exposed to sunlight.**
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.’ 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 al® 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.” 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.® 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,” whereas trans-pQTLs are
located in distal genomic regions and may indirectly influence protein levels through transcriptional regulation, signaling
pathways, or protein—protein interactions.'® 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.'!

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.'*'> 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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Figure | (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 X b), and (ii) direct effects (c '=c-a X b). The proportion of intermediaries is the
indirect effect divided by the total effect.

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.'* The BD pQTL data were downloaded from the

deCODE genetics database (https://www.decode.com), comprising 4,907 plasma proteins from the Icelandic population.'> 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<1x10"°) and BD pQTLs (P<5x10"®*) 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 “Id_clump” function in the
TwoSampleMR package (UKB pQTL: kb=10,000, r* =0.1; BD pQTL: kb=10,000, r* = 0.001)'® to retain independent
variants. Subsequently, F-statistics were calculated using the formula F= (n—k—1)/k x R%*/(1-R?), where n represents the
sample size and k represents the number of SNPs.!” 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 | 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."® 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.
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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 (axb) 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.'’
Heterogeneity among SNPs was assessed using Cochran’s Q statistic and funnel plots.”® Horizontal pleiotropy was
evaluated using the MR-Egger intercept test and the MR-PRESSO method.?' 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 ¢ 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, ICAMS, 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) PPl network visualization of interactions between overlapping genes (B) GO gene enrichment analysis studies the correlation between gene function and
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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<I, 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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exposure outcome method pval OR(95%Cl)
APOE Basal Cell Carcinoma Inverse variance weighted <0.001 1.0332 (1.0178-1.0487) ]
CA9 Basal Cell Carcinoma Inverse variance weighted <0.001  1.1847 (1.0893-1.2884) i -
CCL24 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0379 (1.0241-1.0518) E-
CD109 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9675 (0.9525-0.9827) o
CD6 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9435 (0.9213-0.9661) -E
CHCHDG6 Basal Cell Carcinoma Inverse variance weighted <0.001  1.1246 (1.0649-1.1877) |-
CHMP1A Basal Cell Carcinoma Inverse variance weighted <0.001  3.6995 (2.1583-6.3414) i
CLEC4C Basal Cell Carcinoma Inverse variance weighted <0.001  0.9616 (0.9445-0.9789) li
CLMP Basal Cell Carcinoma Inverse variance weighted <0.001  1.1207 (1.0673-1.1768) V-
CST5 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0390 (1.0229-1.0552) :-
CTSF Basal Cell Carcinoma Inverse variance weighted <0.001  1.1910 (1.0939-1.2967) |-
DNPH1 Basal Cell Carcinoma Inverse variance weighted <0.001 1.1401 (1.0666-1.2188) i+
DPEP1 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9037 (0.8614-0.9481) -i
DSG3 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9046 (0.8626-0.9486) =
EPS8L2 Basal Cell Carcinoma Inverse variance weighted <0.001 0.9159 (0.8761-0.9576) -i
FAM20A Basal Cell Carcinoma Inverse variance weighted <0.001  1.1042 (1.0648-1.1451) i-
HNMT Basal Cell Carcinoma Inverse variance weighted <0.001  0.9515 (0.9281-0.9754) =
ICAM1 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0500 (1.0241-1.0767) i-
ICAM5 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0402 (1.0248-1.0557) -
IFNGR1 Basal Cell Carcinoma Inverse variance weighted <0.001  0.8457 (0.7842-0.9119) - i
IL7R Basal Cell Carcinoma Inverse variance weighted <0.001  0.9560 (0.9393-0.9730) Ii
INHBC Basal Cell Carcinoma Inverse variance weighted <0.001  1.0533 (1.0265-1.0809) -
MERTK Basal Cell Carcinoma Inverse variance weighted <0.001  0.9022 (0.8556-0.9512) 'i
NTSE Basal Cell Carcinoma Inverse variance weighted <0.001  0.9589 (0.9404-0.9777) u
OLFM4 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9573 (0.9419-0.9729) -E
PCOLCE Basal Cell Carcinoma Inverse variance weighted <0.001  1.1469 (1.0733-1.2256) ii—
PILRA Basal Cell Carcinoma Inverse variance weighted <0.001  0.9541 (0.9369-0.9717) =
PILRB Basal Cell Carcinoma Inverse variance weighted <0.001  0.9607 (0.9450-0.9766) -i
PSAPL1 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0499 (1.0280-1.0722) EI
PTGDS Basal Cell Carcinoma Inverse variance weighted <0.001  1.1765 (1.0898-1.2700) | -
PTPRS Basal Cell Carcinoma Inverse variance weighted <0.001 0.9116 (0.8843-0.9397) -i
RNASEG6 Basal Cell Carcinoma Inverse variance weighted <0.001  1.0711 (1.0430-1.0999) -
RNASET2 Basal Cell Carcinoma Inverse variance weighted <0.001  1.1630 (1.1315-1.1954) E L]
RTN4R Basal Cell Carcinoma Inverse variance weighted <0.001  0.9434 (0.9171-0.9705) -E
SDK2 Basal Cell Carcinoma Inverse variance weighted <0.001  0.9492 (0.9253-0.9736) .
SHBG Basal Cell Carcinoma Inverse variance weighted <0.001  1.1594 (1.0846-1.2393) E -
TMEM132A Basal Cell Carcinoma Inverse variance weighted <0.001  0.9434 (0.9179-0.9696) =
TNFRSF9 Basal Cell Carcinoma Inverse variance weighted <0.001  1.1463 (1.0704-1.2276) i+
TNFSF8 Basal Cell Carcinoma Inverse variance weighted <0.001  0.8241 (0.7836-0.8668) = i
ZFYVE19 Basal Cell Carcinoma Inverse variance weighted <0.001 1.0718 (1.0353-1.1096) -
ZP3 Basal Cell Carcinoma Inverse variance weighted <0.001 0.9776 (0.9663-0.9890) -é

|

1

Figure 4 MR forest plot of UKB pQTL to BCC OR<I, P<0.05, Indicating that 20 proteins including CD 109 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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exposure
GUCA1A
HNF4A
ENO2
STAT3
CSF2RA
CLMP
NUCB1
PTGDS
AXL
HABP4
TBX5
MSR1
GALE
SRSF6
EVL
EEF2K
SHMT1
CLIC5
SAT2
ITCH
INPP5B
TST
SULT1B1
PELI2
SLC5A5
SECTM1
MDM4
CYB561D1
RELL1
RCAN1
ARFIP1
TOM1LA
FGF19
DCP1A
TRAPPC3
NCMAP
IGF2
REG3A
SCGN
GSTM1
PRSS8
ENPP6

outcome

Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma

method

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

pval

0.0014
0.0149
0.0297
0.0049
0.0247
0.0069
0.0227
<0.001
<0.001
0.0282
0.0051
0.0245
0.0087
<0.001
0.0407
<0.001
0.0232
0.0253
0.0164
0.0079
0.0312
0.0453
0.0483
0.0351
0.0161
0.0038
0.0385
0.0180
0.0426
0.0429
0.0330
0.0045
0.0041
0.0073
0.0102
0.0494
0.0316
0.0030
0.0180
0.0300
0.0388
0.0337

OR(95%Cl)
1.1327 (1.0495-1.2224)
1.1569 (1.0288-1.3010)
0.9054 (0.8277-0.9903)
1.1715 (1.0492-1.3081)
1.3123 (1.0353-1.6634)
1.2034 (1.0521-1.3765)
1.1532 (1.0201-1.3036)
1.2291 (1.0990-1.3746)
0.8937 (0.8373-0.9539)
0.9376 (0.8851-0.9931)
1.6889 (1.1706-2.4367)
0.8873 (0.7995-0.9847)
1.1243 (1.0301-1.2272)
1.5657 (1.2684-1.9325)
0.9239 (0.8565-0.9967)
1.1500 (1.0644-1.2425)
1.0661 (1.0088-1.1266)
0.9143 (0.8453-0.9890)
1.0943 (1.0167-1.1780)
1.1109 (1.0279-1.2006)
0.8927 (0.8051-0.9898)
1.0357 (1.0007-1.0719)
0.9120 (0.8323-0.9993)
0.8867 (0.7928-0.9916)
1.2302 (1.0392-1.4563)
1.0996 (1.0310-1.1727)
1.2357 (1.0113-1.5100)
0.9031 (0.8300-0.9827)
1.1416 (1.0045-1.2975)
1.2407 (1.0069-1.5289)
1.0883 (1.0069-1.1763)
1.1737 (1.0508-1.3110)
1.1028 (1.0315-1.1789)
0.9065 (0.8438-0.9739)
1.1793 (1.0400-1.3374)
0.9421 (0.8876-0.9998)
1.1094 (1.0092-1.2196)
0.9211 (0.8724-0.9725)
1.1367 (1.0222-1.2641)
0.9711 (0.9457-0.9972)
1.1944 (1.0092-1.4135)
0.8766 (0.7762-0.9899)
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Figure 5 MR forest plot of BD pQTL to BCC OR<I, P<0.05, Indicating that 68 proteins including AXL are protective factors for BCC; OR>1,P<0.05, Indicating that 86

proteins including GUCAIA are risk factors for BCC.
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exposure
LILRB3
AKR1B1
RSPO1
CDCP1
RNASET2
TLR3
BLVRB
CNPY3
ALPI
EPHB1
FIS1
UGDH
IMPA1
CLIC2
GATM
CPOX
NAIF1
ALDH2
LRIG1
SAA2
TG
DNAJB4
GSTM4
PPP1R14A
HSD17B8
NPL
LRP4
BRF1
APOE
POR
SIGLEC6
APOA1
APOB
AGRP
LCN2
TIE1
PROC
CD36
IL1R1
IL1RL2
NCR3
CD209

Figure 5 Continued.

outcome

Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma

method

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

pval

0.0383
0.0312
0.0322
0.0372
<0.001
0.0245
0.0042
0.0231
0.0213
0.0291
0.0047
0.0122
0.0126
0.0430
0.0165
0.0453
<0.001
0.0484
0.0136
0.0055
<0.001
0.0456
0.0220
0.0352
0.0468
0.0069
0.0154
0.0495
0.0396
0.0310
0.0328
0.0468
0.0277
0.0310
0.0175
0.0069
0.0053
0.0352
0.0224
0.0408
0.0405
0.0459

OR(95%Cl)
1.0399 (1.0021-1.0790)
1.1953 (1.0162-1.4059)
1.1199 (1.0096-1.2422)
1.0870 (1.0049-1.1758)
1.1586 (1.0744-1.2493)
0.9323 (0.8771-0.9910)
0.7886 (0.6701-0.9280)
1.1655 (1.0212-1.3302)
1.0695 (1.0101-1.1325)
1.0747 (1.0074-1.1465)
1.1725 (1.0500-1.3093)
1.0955 (1.0200-1.1765)
0.9001 (0.8287-0.9777)
1.2224 (1.0063-1.4850)
1.1327 (1.0230-1.2542)
0.9450 (0.8941-0.9988)
1.1323 (1.0742-1.1935)
1.1584 (1.0011-1.3404)
1.0465 (1.0094-1.0850)
0.9430 (0.9048-0.9829)
0.8407 (0.7621-0.9275)
1.0831 (1.0015-1.1713)
0.9670 (0.9397-0.9952)
1.1350 (1.0088-1.2769)
1.1349 (1.0018-1.2857)
0.8964 (0.8280-0.9704)
0.9214 (0.8623-0.9845)
0.9348 (0.8739-0.9999)
1.0660 (1.0031-1.1330)
1.1731 (1.0147-1.3563)
0.9565 (0.9183-0.9964)
0.9524 (0.9078-0.9993)
0.9483 (0.9046-0.9942)
1.0962 (1.0084-1.1917)
1.1430 (1.0236-1.2762)
0.9539 (0.9218-0.9871)
0.9290 (0.8821-0.9784)
0.9575 (0.9197-0.9970)
0.9490 (0.9073-0.9926)
0.9044 (0.8213-0.9958)
1.2932 (1.0111-1.6538)
0.9737 (0.9485-0.9995)
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exposure
VWF
LGALS3
CTSS
CD109
CST7
TFPI
SERPINA5
ADIPOQ
MAPK8
CXCL10
AKR1A1
GPI
CRP
SERPING1
EPHA2
F5
ERAP1
SIRT2
PDESA
F2
S100A9
CNDP1
CTRB2
F13B
ASIP
OBP2B
BID
IFNGR1
PTPRS
SUMF2
KLK10
VIT
OIT3
DNASE1L2
INHBC
PMEL
CANT1
IGFALS
LRP11
CD72
IL21
LRRC32

Figure 5 Continued.

outcome

Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma
Basal Cell Carcinoma

method

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

pval

0.0484
0.0241
<0.001
0.0050
0.0390
0.0447
0.0380
0.0351
<0.001
0.0350
0.0044
0.0418
0.0010
0.0425
0.0400
0.0097
0.0439
0.0424
0.0049
<0.001
0.0093
0.0240
0.0071
0.0035
<0.001
0.0332
0.0330
0.0039
0.0013
0.0395
0.0154
0.0220
0.0137
0.0015
0.0400
0.0199
0.0240
0.0094
0.0052
0.0112
0.0035
0.0215

OR(95%CI)

0.9388 (0.8817-0.9996)
0.9240 (0.8626-0.9897)
0.8620 (0.7921-0.9380)
0.9537 (0.9227-0.9858)
1.0440 (1.0022-1.0876)
1.1054 (1.0024-1.2190)
1.0840 (1.0045-1.1697)
0.9425 (0.8920-0.9959)
1.3038 (1.1169-1.5219)
1.2205 (1.0141-1.4688)
0.9509 (0.9186-0.9844)
1.2347 (1.0078-1.5127)
1.0902 (1.0353-1.1480)
0.9510 (0.9059-0.9983)
1.1177 (1.0051-1.2429)
1.1046 (1.0244-1.1910)
1.0360 (1.0010-1.0723)
0.9366 (0.8793-0.9977)
1.1050 (1.0307-1.1847)
0.7397 (0.6319-0.8659)
1.4409 (1.0943-1.8973)
1.0491 (1.0063-1.0937)
0.9386 (0.8964-0.9829)
0.9287 (0.8836-0.9760)
1.2678 (1.1013-1.4594)
1.0408 (1.0032-1.0799)
1.2091 (1.0154-1.4398)
0.8186 (0.7145-0.9379)
0.8452 (0.7630-0.9363)
1.2920 (1.0123-1.6489)
1.0619 (1.0115-1.1147)
0.9347 (0.8822-0.9903)
1.4404 (1.0777-1.9252)
1.8448 (1.2630-2.6947)
1.2050 (1.0085-1.4397)
0.7299 (0.5599-0.9514)
1.2269 (1.0273-1.4654)
1.1041 (1.0246-1.1897)
1.0568 (1.0167-1.0985)
1.2497 (1.0520-1.4846)
1.1475 (1.0462-1.2585)
0.9448 (0.9002-0.9917)
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exposure outcome method pval OR(95%Cl)
NPPB Basal Cell Carcinoma Inverse variance weighted 0.0224  0.9230 (0.8617-0.9887) -
C1QTNF5 Basal Cell Carcinoma Inverse variance weighted 0.0150  0.9303 (0.8777-0.9861) ":
NTS Basal Cell Carcinoma Inverse variance weighted 0.0489  0.8894 (0.7915-0.9994) --i
TMEM132A  Basal Cell Carcinoma Inverse variance weighted 0.0114  0.9298 (0.8788-0.9837) -
PARP16 Basal Cell Carcinoma Inverse variance weighted 0.0353  1.2610 (1.0160-1.5651) E—-—
SEMAGA Basal Cell Carcinoma Inverse variance weighted 0.0160 0.9401 (0.8940-0.9886) -
DNAJB12 Basal Cell Carcinoma Inverse variance weighted 0.0272  1.1473 (1.0156-1.2960) 5—-—
PTPRJ Basal Cell Carcinoma Inverse variance weighted 0.0174  0.8775 (0.7879-0.9772) +E
LILRA4 Basal Cell Carcinoma Inverse variance weighted 0.0096 0.8829 (0.8036-0.9701) -
SCN2B Basal Cell Carcinoma Inverse variance weighted 0.0011  0.9006 (0.8457-0.9590) 'E
KLK3 Basal Cell Carcinoma Inverse variance weighted 0.0441  1.2844 (1.0067-1.6387) ——
IGFBP2 Basal Cell Carcinoma Inverse variance weighted 0.0229  0.8207 (0.6923-0.9729) +E
A4GALT Basal Cell Carcinoma Inverse variance weighted 0.0175  0.9462 (0.9039-0.9903) -i
DPEP1 Basal Cell Carcinoma Inverse variance weighted <0.001  0.7450 (0.6254-0.8875) -
CA11 Basal Cell Carcinoma Inverse variance weighted 0.0225 1.1419 (1.0189-1.2799) 5—-—
SIGLEC11 Basal Cell Carcinoma Inverse variance weighted 0.0194  1.0990 (1.0153-1.1896) i—-—
JPH4 Basal Cell Carcinoma Inverse variance weighted 0.0303 0.8962 (0.8117-0.9896) -
TFF1 Basal Cell Carcinoma Inverse variance weighted 0.0033  0.9332 (0.8913-0.9772) -E
UBE2G2 Basal Cell Carcinoma Inverse variance weighted 0.0309  1.2001 (1.0169-1.4162) ——
CRYZL1 Basal Cell Carcinoma Inverse variance weighted 0.0127  1.0621 (1.0129-1.1135) 5-
ABO Basal Cell Carcinoma Inverse variance weighted 0.0255 0.9652 (0.9357-0.9957) li
CAMP Basal Cell Carcinoma Inverse variance weighted 0.0288  1.0546 (1.0055-1.1061) -
TPSAB1 Basal Cell Carcinoma Inverse variance weighted 0.0161  0.9746 (0.9544-0.9952) -:
CLPSL1 Basal Cell Carcinoma Inverse variance weighted 0.0048 0.9069 (0.8474-0.9706) -
LAMC2 Basal Cell Carcinoma Inverse variance weighted 0.0161  0.9005 (0.8269-0.9808) +E
RNF24 Basal Cell Carcinoma Inverse variance weighted 0.0070 0.9265 (0.8765-0.9794) -E
VAV3 Basal Cell Carcinoma Inverse variance weighted 0.0228  1.2389 (1.0302-1.4900) ——
ALDOC Basal Cell Carcinoma Inverse variance weighted 0.0302  1.1446 (1.0130-1.2934) E—-—

| | |

0 1 2

Figure 5 Continued.

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,*
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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exposure
CD6
CLEC4C
CST5
INHBC
OLFM4
PTGDS
RTN4R
SHBG
TNFRSF9
TNFSF8
CLMP
DNPH1
HNMT
MERTK
RNASET2
SDK2
ZP3
APOE
DPEP1
DSG3
FAM20A
IFNGR1
IL7R
CCL24
NTS5E
PCOLCE
PILRA
PILRB
PTPRS
CTSF
ICAM5
TMEM132A
EPS8L2
ICAM1
CHMP1A
RNASEG6
ZFYVE19
CA9
CD109
PSAPL1
CHCHD6

outcome
10008_43_GUCA1A_GUC1A
10008_43 _GUCA1A_GUC1A
10008_43 GUCA1A_GUC1A
10008_43_GUCA1A_GUC1A
10008_43_GUCA1A_GUC1A
10008_43 _GUCA1A_GUC1A
10008_43 GUCA1A_GUC1A
10008_43_GUCA1A_GUC1A
10008_43 GUCA1A_GUC1A
10008_43 _GUCA1A_GUC1A
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10339_48 ENO2_NSE
10346_5_STAT3_STAT3
10346_5_STAT3_STAT3
10346_5_STAT3_STAT3
10346_5_STAT3_STAT3
10346_5_STAT3_STAT3
10346_5_STAT3_STAT3
10438_19 _CSF2RA_CSF2R
10438_19_CSF2RA_CSF2R
10438_19_CSF2RA_CSF2R
10438_19_CSF2RA_CSF2R
10438_19 _CSF2RA_CSF2R
10438_19_CSF2RA_CSF2R
10440_26_CLMP_ACAM
10440_26_CLMP_ACAM
10440_26_CLMP_ACAM
10451_11_NUCB1_NUCB1
10451_11_NUCB1_NUCB1
10514_5_PTGDS_PGD2_synthase
10514_5 PTGDS_PGD2_synthase
10514_5_PTGDS_PGD2_synthase
12332_7_EEF2K_EF2K
12332_7_EEF2K_EF2K
12334_25 SHMT1_cSHMT
12663_1_TST_THTR

method

Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted
Inverse variance weighted

pval

0.0345
0.0116
0.0026
0.0274
0.0172
0.0067
0.0030
0.0022
0.0496
<0.001
0.0140
<0.001
0.0286
0.0226
0.0011
0.0147
<0.001
<0.001
0.0165
0.0194
0.0414
<0.001
<0.001
0.0286
0.0023
<0.001
0.0100
0.0289
0.0115
0.0111
0.0179
<0.001
0.0026
0.0239
<0.001
0.0240
<0.001
0.0131
0.0315
0.0489
0.0311

OR(95%Cl)
1.0147 (1.0011-1.0286)
0.9844 (0.9725-0.9965)
0.9808 (0.9685-0.9932)
0.9822 (0.9666-0.9980)
1.0162 (1.0029-1.0297)
1.0789 (1.0213-1.1397)
0.9656 (0.9435-0.9882)
0.9517 (0.9221-0.9823)
1.0599 (1.0001-1.1232)
1.0767 (1.0322-1.1231)
0.9612 (0.9313-0.9920)
1.0744 (1.0333-1.1171)
0.9820 (0.9662-0.9981)
0.9535 (0.9153-0.9933)
1.0400 (1.0158-1.0648)
1.0271 (1.0053-1.0494)
1.0207 (1.0130-1.0285)
1.0317 (1.0189-1.0447)
0.9875 (0.9774-0.9977)
1.0661 (1.0104-1.1248)
1.0335 (1.0013-1.0667)
0.8858 (0.8270-0.9487)
0.9729 (0.9586-0.9874)
1.0105 (1.0011-1.0199)
1.0239 (1.0085-1.0395)
0.8800 (0.8265-0.9371)
1.0171 (1.0041-1.0304)
1.0124 (1.0013-1.0237)
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Figure 6 MR forest plot of UKB pQTL to BD pQTL OR<I, 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.

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 al*® 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 al** identified genetic
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Mediation Effect % of Total Effect

betal beta2 Total Effect [95% €I [95% C1 P-value
CHMP1A -> PTGDS -> Basal Cell Carcinoma -0.231 0.206 1.308 0048 [-0.080, ~0.015] ~3.6% [-6.1%, ~1.1%] 0.004
PCOLCE -> CSF2RA -> Basal Cell Carcinoma -0.128 0.272 0.137 -0.035 [-0.070, 0.000] ~25.3% [~50.7%, 0.0%] 0.05
IFNGR1 > STAT3 -> Basal Cell Carcinoma -0.121 0.158 -0.168 -0.019 [-0.036, -0.002] 11.5% [21.7%, 1.2%] 0.03
CA9 -> EEF2K -> Basal Cell Carcinoma -0.089 0.140 0.169 -0.012 [-0.024, ~0.000]~7.3% [~14.3%, ~0.3%] 0.04
PTPRS —> CSF2RA > Basal Cell Carcinoma -0.039 0.272 -0.093 -0.011[-0.023, 0.002] 11.4% [24.7%, ~1.9%] 0.09
ZFYVE19 -> PTGDS -> Basal Cell Carcinoma -0.049 0.206 0.069 -0.010 [-0.018, ~0.002}-14.7% [-26.3%, ~3.0%] 0.01
EPS8L2 -> NUCB1 -> Basal Cell Carcinoma -0.054 0.143 -0.088 -0.008 [-0.016, 0.001] 8.8% [18.3%, ~0.7%] 007
DNPH1 -> ENO2 -> Basal Cell Carcinoma 0072 -0.099 0.131 -0.007 [-0.015, 0.000] -5.4% [~11.2%, 0.3%] 0.06
SHBG -> GUCA1A -> Basal Cell Carcinoma -0.049 0.125 0.148 -0.006 [-0.012, ~0.001] ~4.2% [-7.9%, ~0.5%] 0.03
RNASES -> PTGDS -> Basal Cell Carcinoma -0.027 0.206 0.069 -0.006 [-0.011, 0.000] -8.0% [~16.3%, 0.2%] 0.06
RTN4R -> GUCA1A > Basal Cell Carcinoma -0.035 0.125 -0.058 ~0.004 [-0.008, ~0.000] 7.5% [14.2%, 0.7%] 0.03
IL7R -> STAT3 > Basal Cell Carcinoma -0.028 0.158 -0.045 -0.004 [-0.008, ~0.001] 9.7% [18.2%, 1.2%] 0.03
RNASET2 -> ENO2 -> Basal Cell Carcinoma 0.039 -0.099 0.151 -0.004 [-0.008, 0.000] ~2.6% [-5.4%, 0.2%] 007
ICAM1 -> NUCB1 -> Basal Cell Carcinoma -0.024 0.143 0.049 ~0.003 [-0.008, 0.001] ~7.0% [-15.5%, 1.6%] 0.11
SDK2 -> ENO2 -> Basal Cell Carcinoma 0.027 -0.099 -0.052 -0.003 [-0.006, 0.001] 5.1% [11.2%, ~1.1%] 0.10
CST5 -> GUCA1A -> Basal Cell Carcinoma -0.019 0.125 0.038 -0.002 [-0.005, ~0.000]-6.3% [~12.0%, ~0.7%] 0.03
INHBC -> GUCA1A -> Basal Cell Carcinoma -0.018 0.125 0.052 ~0.002 [~0.005, 0.000] ~4.3% [-9.0%, 0.3%] 007
CD109 -> EEF2K > Basal Cell Carcinoma -0.016 0.140 -0.033 -0.002 [-0.004, 0.000] 6.6% [13.6%, ~0.4%] 0.07
2ZP3 -> ENO2 -> Basal Cell Carcinoma 0.020 -0.099 -0.023 -0.002 [-0.004, ~0.000] 9.0% [17.7%, 0.2%] 0.04
DPEP1 -> STAT3 -> Basal Cell Carcinoma -0.013 0.158 -0.101 -0.002 [-0.004, 0.000]  2.0% [4.1%, ~0.1%] 007
CLEC4C -> GUCA1A —> Basal Cell Carcinoma -0.016 0.125 -0.039 -0.002 [-0.004, -0.000]  5.0% [9.9%, 0.1%] 0.05
PSAPL1 -> SHMT1 -> Basal Cell Carcinoma -0.018 0.064 0.049 -0.001[-0.003, 0.000] ~2.4% [-5.5%, 0.8%] 0.14
HNMT -> ENO2 -> Basal Cell Carcinoma -0.018 -0.099 -0.050 0.002 [-0.000, 0.004]  ~3.6% [1.0%, ~8.2%] 0.12
CD6 -> GUCA1A —> Basal Cell Carcinoma 0015 0.125 -0.058 0.002 [-0.000, 0.004]  ~3.1% [0.3%, ~6.6%] 0.08
CHCHD6 -> TST -> Basal Cell Carcinoma 0.054 0.035 0117 0.002[-0.001,0.004]  1.6% [-0.5%, 3.7%] 0.14 008 003 000 003
Mediation Effect (beta12 = beta1 x beta2)
OLFM4 -> GUCA1A -> Basal Cell Carcinoma 0.016 0.125 -0.044 0.002 [-0.000, 0.004]  ~4.6% [0.1%, ~9.3%] 0.06
CCL24 -> CSF2RA -> Basal Cell Carcinoma 0010 0.272 0.037 0.003 [-0.001, 0.006]  7.6% [~1.9%, 17.1%] 0.12 Significant - Yes ~- No
ICAMS -> CLMP -> Basal Cell Carcinoma 0016 0.185 0.039 0.003 [-0.000, 0.006]  7.4% [-0.7%, 15.5%] 0.08
PILRB —> CSF2RA > Basal Cell Carcinoma 0012 0.272 -0.040 0.003 [-0.001, 0.008] -8.4% [2.1%, ~18.8%] 0.12
CLMP -> ENO2 -> Basal Cell Carcinoma -0.040 -0.099 0.114 0.004 [-0.001, 0.009]  3.5% [-0.7%, 7.6%] 0.10
PILRA -> CSF2RA —> Basal Cell Carcinoma 0017 0.272 -0.047 0.005[-0.001, 0.010] -9.8% [1.5%, ~21.2%] 0.09
MERTK -> ENO2 -> Basal Cell Carcinoma -0.048 -0.099 -0.103 0.005[-0.001, 0.011] -4.6% [1.1%, ~10.3%] 0.12
APOE -> STAT3 -> Basal Cell Carcinoma 0031 0.158 0.033 0.005 [0.001,0.009]  15.2% [3.0%, 27.3%] 0.01
FAM20A —> STAT3 -> Basal Cell Carcinoma 0033 0.158 0.099 0.005[-0.001, 0.011]  5.3% [-1.0%, 11.5%] 0.10
NTSE -> CSF2RA -> Basal Cell Carcinoma 0.024 0.272 -0.042 0.006 [-0.001, 0.013] ~15.3% [1.3%, ~31.8%] 0.07
TMEM132A -> CLMP -> Basal Cell Carcinoma 0.036 0.185 -0.058 0.007 [0.001, 0.013] ~11.4% [-0.9%, ~21.9%] 0.03
TNFRSF9 -> GUCA1A -> Basal Cell Carcinoma 0.058 0.125 0.137 0.007 [-0.001, 0.016]  5.3% [-0.9%, 11.5%] 0.09
TNFSF8 -> GUCA1A -> Basal Cell Carcinoma 0074 0.125 -0.193 0.009 [0.001,0.017]  -4.8% [-0.8%, ~8.7%] 0.02
PTGDS -> GUCA1A -> Basal Cell Carcinoma 0076 0.125 0.163 0.009[0.001,0.018]  5.8% [0.3%, 11.3%] 004
DSG3 -> STAT3 -> Basal Cell Carcinoma 0.064 0.158 -0.100 0.010[-0.001, 0.021] ~10.1% [0.9%, ~21.1%] 0.07
CTSF -> CLMP -> Basal Cell Carcinoma 0073 0.185 0175 0.013[-0.001, 0.028]  7.7% [-0.5%, 15.9%] 0.06

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.

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 al*® 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.”
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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% CIl) of individual SNPs, reflecting uncertainty in effect estimates and genetic heterogeneity.
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Figure 8 Continued.

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.”®*® 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.”” ' CLMP mediates the relationship between TMEM132A and
BCC, possibly affecting the immune microenvironment of BCC by regulating immune cell migration and activation.*>

Secondly, metabolic adaptation-related proteins include EEF2K, ENO2, and GUCAIA. 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.>>** 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.>>*® Our results indicate that metabolic reprogramming via ENO2 might be
a crucial mechanism in BCC development. GUCA1A mediates pathways involving SHBG, RTN4R, and CSTS5, possibly
participating in the metabolic regulation of BCC.*’

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
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immune-metabolic reprogramming, suggesting that BCC development may involve bidirectional regulation between immu-
nity and metabolism.*® Previous studies have indicated that immune microenvironment regulation and energy metabolism
reprogramming play key roles in skin tumor development.*® 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
GUCALIA 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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