
Li et al. Thrombosis Journal           (2025) 23:54  
https://doi.org/10.1186/s12959-025-00733-9

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Thrombosis Journal

Therapeutic targets for venous 
thromboemblism: proteome-wide mendelian 
randomization and colocalization analyses
Xiaolong Li1, Cheng‑hao Yang2, Min Zhou2* and Min‑yi Yin3* 

Abstract 

Background  Venous thromboembolism (VTE) is a significant global health issue, yet effective therapeutic targets 
for its prevention and treatment remain elusive. This study aimed to identify plasma proteins causally associated 
with VTE risk using proteome-wide Mendelian randomization (MR) and colocalization analyses.

Methods  We utilized genome-wide association study (GWAS) data from the UK Biobank and FinnGen cohorts, 
encompassing 38,573 VTE cases and 946,373 controls. Plasma protein levels were quantified using Olink technology 
in the UK Biobank Pharma Proteomics Project (UKB-PPP) and SomaScan in the deCODE Health study. MR analysis 
was performed to assess causal relationships, followed by colocalization analysis to evaluate shared genetic variants. 
Functional enrichment analyses and molecular docking were conducted to explore biological mechanisms and pre-
dict potential therapeutic compounds.

Results  Eight proteins showed significant associations with VTE risk after Bonferroni correction (p < 3.19 × 10−5). Odds 
ratios ranged from 0.98 (95% CI: 0.98–0.99) for PLEK to 1.03 (95% CI: 1.02–1.04) for LRP12. Strong colocalization evi-
dence (PH4 ≥ 0.8) was found for LRP12, F11, PLCG2, and ABO. Molecular docking identified promising drug candidates 
including valine, folic acid, ibrutinib, and simvastatin, with valine showing the strongest binding energy (-32.057 kcal/
mol).

Conclusions  This study highlights novel therapeutic targets for VTE and provides insights into potential drug candi-
dates. These findings offer a foundation for future research and drug development aimed at reducing VTE risk.

Keywords  Venous thromboembolism, Proteomics, Mendelian randomization, Colocalization analysis, Molecular 
docking, Drug discovery

Introduction
Venous thromboembolism (VTE), comprising deep vein 
thrombosis and pulmonary embolism, represents a sig-
nificant global health burden with an annual incidence 
of 1–2 per 1000 individuals [1]. Despite advances in 
anticoagulation therapy, VTE remains a leading cause of 
cardiovascular mortality and morbidity worldwide, with 
substantial healthcare costs and reduced quality of life 
for affected individuals [2, 3]. The pathogenesis of VTE 
involves complex interactions between genetic and envi-
ronmental factors, traditionally explained by Virchow’s 
triad: hypercoagulability, endothelial injury, and blood 
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stasis [4]. While conventional risk factors such as sur-
gery, immobilization, and cancer are well-established, 
growing evidence suggests that genetic factors play a cru-
cial role in VTE susceptibility [5]. Recent genome-wide 
association studies (GWAS) have identified numerous 
genetic loci associated with VTE risk, highlighting the 
genetic complexity of this condition [6]. The emergence 
of high-throughput proteomics technologies has revo-
lutionized our understanding of disease mechanisms by 
enabling comprehensive analysis of protein expression 
and regulation [7]. Large-scale proteomics studies, cou-
pled with genetic data, provide unprecedented oppor-
tunities to identify novel therapeutic targets through 
systematic evaluation of protein-disease associations [8]. 
In particular, the integration of proteomics with genetic 
studies allows for the identification of proteins that may 
have causal relationships with disease outcomes [9]. 
Mendelian randomization (MR) analysis has emerged 
as a powerful tool for investigating causal relationships 
between biomarkers and diseases by using genetic vari-
ants as instrumental variables [10]. This approach helps 
minimize confounding and reverse causation, common 
limitations in observational studies. Furthermore, the 
addition of colocalization analysis helps distinguish true 
causal associations from genetic linkage, providing more 
reliable evidence for potential therapeutic targets [11]. 
Despite these advances, a comprehensive investigation 
of plasma proteins as therapeutic targets for VTE using 
these modern methodological approaches has not been 
previously conducted. This study aims to identify and 
validate novel protein targets for VTE prevention and 
treatment through an integrated approach combining 
proteome-wide MR, colocalization analyses, and molecu-
lar docking studies.

Research methods
Data sources for plasma proteins
We utilized index cis-acting single nucleotide polymor-
phisms (cis-SNPs) reaching genome-wide significance 
(p < 5 × 10−8) as instrumental variables for plasma pro-
tein quantitative trait loci (pQTLs) from two independ-
ent proteome-wide association studies. Protein-coding 
variants were defined as SNPs located within ± 1 Mb of 
their corresponding gene loci, with linkage disequilib-
rium (LD) patterns determined using the 1000 Genomes 
European reference panel. The analysis incorporated data 
from 54,306 UK Biobank participants in the Pharma Pro-
teomics Project (UKB-PPP) [12], where 1,463 plasma 
proteins were quantified using Olink technology, yield-
ing 1,161 proteins with suitable cis-SNPs for two-sample 
Mendelian randomization (MR) analysis. Comparatively, 
the deCODE Health study employed SomaScan platform 
to measure 4,907 proteomic aptamers in 35,559 Icelandic 

individuals, identifying instrumentally valid cis-SNPs for 
1,423 plasma proteins [13]. Notably, 509 proteins demon-
strated overlapping cis-SNP associations between both 
cohorts, representing shared genetic instruments across 
platforms.

Data sources for VTE
GWAS data for VTE were assessed from UK biobank 
database (https://​www.​ebi.​ac.​uk/​gwas/​studi​es/​GCST9​
00386​07) [14]. The total sample size for VTE was 484,598, 
comprising 12,240 patients with VTE and 472,358 con-
trols [14]. We used the latest release data on VTE from 
the FinnGen study R12 in this analysis, which comprised 
26,333 cases 474,015 controls. There were no sample 
overlaps between two outcome datasets. In MR analysis, 
we treated the UK biobank as the discovery study and 
the FinnGen R12 study as the replication.To increase the 
power, we meta-analyzed the two GWASs and performed 
colocalization analysis based on the GWAS meta-analy-
sis data (38,573 cases and 946,373 controls). The GWAS 
meta-analysis was performed by the METAL software. 
Genetic variants associated with VTE at p < 5 × 10 − 8 
in this GWAS meta-analysis and with low linkage dise-
quilibrium (R2 < 0.001) were selected as the instrument 
variable for VTE in the reverse MR analysis. To assess 
potential technical biases from different proteomics plat-
forms, we performed a systematic comparison of results 
for proteins measured on both Olink and SomaScan 
platforms. Among our identified proteins significantly 
associated with VTE, eight were measured in both data 
sources and were used to evaluate cross-platform con-
sistency. For each of these proteins, we compared the 
direction and magnitude of effect estimates (odds ratios) 
obtained when using genetic instruments derived from 
each platform. We calculated Pearson correlation coef-
ficients between effect estimates from both platforms to 
quantify agreement. Additionally, for each protein, we 
computed the absolute percentage difference in effect 
estimates to assess measurement discrepancies. Techni-
cal differences between platforms were considered as 
follows: Olink employs antibody-based proximity exten-
sion assays with high specificity, while SomaScan uses 
aptamer-based technology with broader coverage but 
potentially different binding properties. To mitigate plat-
form-specific biases, we prioritized results from genetic 
instruments derived from the platform with stronger 
instrument strength (higher F-statistics) when proteins 
were available in both datasets. For our primary findings, 
we conducted sensitivity analyses using instruments from 
the alternative platform to ensure robustness. Proteins 
showing directional inconsistency between platforms 
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were flagged for additional scrutiny and are clearly indi-
cated in our results.

This cross-platform evaluation approach is consistent 
with recent large-scale proteome-wide MR studies [15], 
which have demonstrated that despite technical differ-
ences between platforms, causal protein associations 
showing consistency across measurement technologies 
are more likely to represent true biological relationships 
rather than technical artifacts.

MR analysis
When protein-related SNPs were not available in the 
outcome datasets, we substituted them with proxy SNPs 
showing high linkage disequilibrium (R2 ≥ 0.8), using 
the 1000 Genomes European reference panel [16]. SNPs 
lacking suitable proxies were excluded [16]. For clump-
ing to obtain independent cis-variants, we applied a 
stringent LD threshold of R2 < 0.001. Additionally, we 
excluded variants with minor allele frequency (MAF) 
< 0.01 to ensure robust genetic instruments. To evaluate 
instrumental variable strength, we computed F statistics. 
For analyzing the relationships between plasma proteins 
and outcomes, we employed the Wald ratio to calculate 
odds ratios (ORs) and implemented the delta method 
to determine corresponding confidence intervals (CIs). 
Results from dual outcome datasets for individual pro-
teins were combined using fixed-effect meta-analysis. 
The MR effect estimates were standardized to reflect one 
standard deviation increase in genetically predicted pro-
tein levels. Multiple testing correction was implemented 
using the Bonferroni method for VTE analyses. To vali-
date our findings and address potential platform-specific 
biases, we conducted sensitivity analyses using genetic 
instruments derived from the UKB-PPP (Olink platform) 
for the eight proteins significantly associated with VTE in 
our primary analysis. This approach allowed us to assess 
whether the identified associations were robust across 
different proteomics measurement technologies. All MR 
analyses were executed using TwoSampleMR and Men-
delianRandomization packages in R version 4.4.1.

Colocalization analysis
We performed colocalization analysis to evaluate 
whether the identified associations between proteins 
and VTE were influenced by linkage disequilibrium. This 
analysis was conducted using a Bayesian framework that 
assesses the support for five mutually exclusive hypoth-
eses: 1) no association with either trait; 2) association 
with trait 1 only; 3) association with trait 2 only; 4) both 
traits are associated, but distinct causal variants under-
lie the two traits; and 5) both traits are associated, and 
the same causal variant is shared between them [17]. A 
posterior probability was calculated for each hypothesis 

(H0, H1, H2, H3, and H4). In this study, we set the prior 
probabilities as follows: the probability of the SNP being 
associated with trait 1 only (p1) was 1 × 10−4, the prob-
ability of the SNP being associated with trait 2 only (p2) 
was 1 × 10−4, and the probability of the SNP being associ-
ated with both traits (p12) was 1 × 10−5. Strong evidence 
of colocalization was defined as a posterior probability 
for shared causal variants (PH4) ≥ 0.8, while moderate 
evidence was defined as 0.5 < PH4 < 0.8. The analysis was 
performed using the coloc package in R software (ver-
sion 4.4.1). To address the limitations of traditional colo-
calization approaches, which cannot detect scenarios 
where exposure and outcome traits share multiple causal 
variants, we employed the SuSiE (Sum of Single Effects) 
method [15]. This approach integrates proteomics 
GWAS summary statistics and genetic correlation matrix 
reference panels based on individuals of European ances-
try from the 1000 Genomes Project Phase 3 to identify 
multiple causal variants.

GeneMANIA analysis
The GeneMANIA platform [18] (https://​genem​ania.​org/) 
synthesizes multiple functional genomics datasets—
including genetic interactions, pathway annotations, and 
co-expression profiles—with supplementary gene-func-
tion associations to systematically explore the biological 
mechanisms of target genes [19].

Molecular docking
Molecular docking techniques were employed to inves-
tigate the interactions between drug candidates and 
their target proteins. The three-dimensional structures 
of drug candidates were retrieved from the PubChem 
Compound Database, while the target protein structures 
were obtained from the RCSB Protein Data Bank [20]. 
To prepare for semi-flexible docking simulations, pro-
tein structures underwent preprocessing in PyMOL 2.4, 
which included the removal of water molecules and non-
essential ligands, followed by the addition of hydrogen 
atoms. AutoDock Tools 1.5.6 was utilized to convert the 
prepared structures into PDBQT format files, which are 
required for docking simulations. The molecular docking 
analysis was subsequently performed using AutoDock 
Vina 1.2.2, with binding energies below −5 kcal/mol con-
sidered to indicate effective ligand-receptor interactions, 
and values below −7 kcal/mol suggesting strong binding 
activity between the drug candidates and their protein 
targets [21].

Drug candidate identification process
Our drug discovery pipeline followed a systematic multi-
step approach to identify potential therapeutic com-
pounds for VTE. First, we assessed the druggability of 

https://genemania.org/
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our identified proteins (PLEK, ABO, VWF, and PLCG2) 
by cross-referencing them against established drug data-
bases including DrugBank, Open Targets, and ChEMBL 
to determine whether they are targeted by any approved 
drugs. Next, we employed the Drug Signature Data-
base (DSigDB), which integrates information from over 
19,000 compounds and their molecular targets, to iden-
tify potential chemical compounds that might interact 
with our target proteins. This database encompasses 
FDA-approved drugs, natural products, and experimen-
tal compounds across multiple pharmacological sources. 
Candidate compounds were then prioritized based on 
adjusted p-values reflecting the statistical significance 
of their predicted association with our target proteins. 
Finally, the highest-ranking candidates underwent molec-
ular docking analysis to evaluate binding affinity and pre-
dict potential mechanisms of action based on structural 
interactions.

Results
Associations between plasma proteins and VTE
An overview of the study design is shown in Fig.  1. All 
analyses were based on summary-level data listed in 
Table  S1. Figure  2 displays the result summary of the 
analyses of VTE. In the combined analysis of two out-
comes data, genetically predicted levels of 8 proteins 
were significantly associated with the risk of VTE after 

Bonferroni correction for multiple testing (p < 3.19 × 10 
− 5). Per SD increase in genetically predicted levels of 
protein, the odds ratio of VTE ranged from 0.98 (95% 
confidence interval [CI], 0.98–0.99) for PLEK to 1.03 
(95% CI, 1.02–1.04) for LRP12 (TableS2). The identi-
fied associations were directionally consistent between 
the discovery and replication studies for 4 proteins 
(PLEK,ABO,VWF and PLCG2) (Tables S3 and S4). All 
eight proteins significantly associated with VTE in our 
primary analysis showed directionally consistent effects 
when using genetic instruments derived from the UKB-
PPP (Olink platform), supporting the robustness of these 
associations across different proteomics technologies 
(Table  S4). Among identified associations, eight pro-
teins were measured in both outcome datasets and gen-
erally showed consistent associations with VTE, despite 
the proteins being measured on two different profiling 
platforms. Among MR-identified proteins in relation 
to VTE, 4 proteins had high support of colocalization 
analysis (PH4 ≥ 0.8) (Fig.  3 and Table  1), which were 
LRP12,F11,PLCG2 and ABO. PLEK had medium support 
of colocalization analysis (0.8 ≥ PH4 ≥ 0.5) (Table 1). Sum 
of single effects (SuSiE) identified strong colocalization 
support for the associations for PROC (TableS5).

To investigate potential reverse causation, we con-
ducted bidirectional MR analysis examining the effect of 
genetic liability to VTE on levels of our eight identified 

Fig. 1  Overview of the study design in our MR and colocalization study
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proteins. Our reverse MR analysis revealed no signifi-
cant causal effects of VTE genetic liability on any of the 
eight proteins after correction for multiple testing (all p > 
0.00625), suggesting that the protein-VTE associations 
we identified are unlikely to be explained by reverse cau-
sation. The complete results of reverse MR analysis are 
presented in Table S6.

Exploring the biological significance by enrichment 
analysis
GO and KEGG analyses provided comprehensive 
insights into the biological functions, metabolic path-
ways, and protein interactions of four key proteins: 
PLEK, ABO, VWF, and PLCG2. GO annotation analysis 
revealed distinct enrichment patterns across three cat-
egories. In biological processes (BP), the proteins showed 
significant enrichment in blood coagulation, hemostasis, 
wound healing, and regulation of body fluid levels. Cel-
lular component (CC) analysis identified enrichment 
in specific structures, including ruffle membrane, Golgi 
lumen, leading edge membrane, and endoplasmic retic-
ulum lumen. The molecular function (MF) category 
demonstrated enrichment in various enzymatic activi-
ties, particularly serine-type endopeptidase, serine-type 
peptidase, serine hydrolase, and endopeptidase activi-
ties, as well as heparin binding (Fig. 4A). KEGG pathway 
enrichment analysis highlighted the involvement of these 

proteins in several critical pathways, including comple-
ment and coagulation cascades, platelet activation, phos-
pholipase D signaling, and neutrophil extracellular trap 
formation (Fig. 4A, Table 2). We constructed an interac-
tion network centered on PLEK, ABO, VWF, and PLCG2 
(Fig.  4B), which revealed that these proteins primarily 
participate in pathways related to blood coagulation and 
hemostasis.

Candidate drug prediction
To identify potentially effective therapeutic interven-
tions, we utilized the Drug Signature Database (DSigDB) 
for computational drug prediction analysis. Our inves-
tigation revealed that PLEK, ABO, VWF, and PLCG2 
currently lack corresponding pharmaceutical interven-
tions, highlighting these targets as promising candidates 
for future drug development efforts. Through analysis 
based on adjusted p-values, we identified several poten-
tial chemical compounds of interest. Notably, valine,folic 
acid,ibrutinib and simvastatin as the most statistically 
significant drug candidates, demonstrating strong asso-
ciations with PLEK, ABO, VWF, and PLCG2 respectively. 
Structural analysis of the molecular docking results pro-
vided insights beyond simple binding affinities. For each 
protein-drug pair, we examined the binding site location 
relative to known functional domains and the potential 
conformational changes induced by ligand binding. The 

Fig. 2  Result summary of MR on the associations between plasma proteins and the risk of VTE. Plot displaying the odds ratios and 95% confidence 
intervals for the eight plasma proteins significantly associated with VTE risk. The x-axis represents the odds ratio per standard deviation increase 
in genetically predicted protein levels, with values below 1.0 indicating protective effects and values above 1.0 indicating increased risk
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PLEK-valine interaction occurred at a site distinct from 
the protein’s catalytic domain, suggesting an allosteric 
modulation mechanism that could enhance protein activ-
ity. In contrast, the interactions between risk-associated 

proteins (LRP12, F11, ABO) and their respective com-
pounds involved binding at or near functional domains, 
indicating potential inhibitory effects. These structural 
insights align with the directionality of our MR findings, 
where therapeutic intervention would ideally enhance 
protective factors (PLEK) while inhibiting risk factors 
(LRP12, F11, ABO). The binding poses observed for 
ibrutinib with PLCG2 resembled those seen with known 
kinase inhibitors, further supporting a potential inhibi-
tory effect consistent with reducing VTE risk.

Molecular docking
In order to assess the affinity of drug candidates 
(valine,folic acid,ibrutinib and simvastatin) for their tar-
gets (PLEK, ABO, VWF, and PLCG2) and from this to 
understand the drug target’s druggability, molecular 
docking was performed in this study. The binding poses 
and interactions of 4 drug candidates with 4 protein were 

Fig. 3  The results of colocalization analysis between candidate genes and VTE. Visualization of colocalization analysis results showing posterior 
probabilities for the five hypotheses (H0-H4) tested for each protein-VTE association. Strong evidence of colocalization (PH4 ≥ 0.8) was observed 
for LRP12, F11, PLCG2, and ABO, indicating shared causal genetic variants between protein levels and VTE risk. PLEK showed moderate colocalization 
evidence (0.5 < PH4 < 0.8)

Table 1  Colocalization analysis for plasma proteins and VTE

Protein PP.H0.abf PP.H1.abf PP.H2.abf PP.H3.abf PP.H4.abf

LRP12 0 0.01 0 0 0.99

VWF 0 0 0 1 0

F2 0 0 0 1 0

F11 0 0 0 0 1

PLCG2 0 0 0 0.01 0.99

PLEK 0 0.11 0 0.27 0.62

PROC 0 0.02 0 0.72 0.26

ABO 0 0 0 0 1
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Fig. 4  Enrichment Analysis. A GO and KEGG pathway enrichment analysis results for PLEK, ABO, VWF, and PLCG2, showing significant 
enrichment in biological processes related to blood coagulation, hemostasis, and wound healing, as well as in pathways including complement 
and coagulation cascades and platelet activation. The color intensity corresponds to statistical significance, and circle size indicates the number 
of genes involved. B Protein–protein interaction network centered on the four key proteins, illustrating their functional connections

Table 2  Enrichment Analysis

Ontology ID Description GeneRatio BgRatio pvalue p.adjust

BP GO:0007596 blood coagulation 6/8 221/18800 6.77e-11 1.13e-08

BP GO:0050817 coagulation 6/8 226/18800 7.75e-11 1.13e-08

BP GO:0007599 hemostasis 6/8 227/18800 7.96e-11 1.13e-08

BP GO:0050878 regulation of body fluid levels 6/8 382/18800 1.83e-09 1.94e-07

BP GO:0042060 wound healing 6/8 429/18800 3.67e-09 3.12e-07

CC GO:0032587 ruffle membrane 2/8 97/19594 0.0007 0.0084

CC GO:0005796 Golgi lumen 2/8 104/19594 0.0008 0.0084

CC GO:0031256 leading edge membrane 2/8 175/19594 0.0021 0.0121

CC GO:0001726 ruffle 2/8 177/19594 0.0022 0.0121

CC GO:0005788 endoplasmic reticulum lumen 2/8 311/19594 0.0066 0.0286

MF GO:0004252 serine-type endopeptidase activity 3/8 174/18410 4.49e-05 0.0010

MF GO:0008236 serine-type peptidase activity 3/8 191/18410 5.92e-05 0.0010

MF GO:0017171 serine hydrolase activity 3/8 195/18410 6.3e-05 0.0010

MF GO:0004175 endopeptidase activity 3/8 432/18410 0.0007 0.0077

MF GO:0008201 heparin binding 2/8 168/18410 0.0022 0.0210

KEGG hsa04610 Complement and coagulation cascades 4/6 85/8164 1.62e-07 7.6e-06

KEGG hsa04611 Platelet activation 3/6 124/8164 6.62e-05 0.0016

KEGG hsa05171 Coronavirus disease—COVID-19 3/6 232/8164 0.0004 0.0067

KEGG hsa04072 Phospholipase D signaling pathway 2/6 148/8164 0.0047 0.0548

KEGG hsa04613 Neutrophil extracellular trap formation 2/6 190/8164 0.0076 0.0714
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obtained with Autodock Vina v.1.2.2 and binding energy 
for each interaction was generated (Fig. 5). Each medica-
tion candidate connects to its protein target via visible 
hydrogen bonds and strong electrostatic interactions. In 
addition, the binding pocket of each target was success-
fully occupied by drug candidates. Valine and curcumin 
exhibited the lowest binding energy (− 32.057 kcal/mol), 
indicating extremely stable binding.

Discussion
In this comprehensive study combining proteome-
wide Mendelian randomization, colocalization analy-
ses, and molecular docking approaches, we identified 
several plasma proteins causally associated with VTE 
risk and evaluated potential therapeutic compounds. 

Our findings provide novel insights into the molecu-
lar mechanisms underlying VTE and suggest promising 
therapeutic targets through a systematic, multi-layered 
analytical approach. While our Mendelian randomization 
approach suggests potential causal relationships between 
the identified proteins and VTE, we must emphasize that 
MR provides evidence for causality rather than defini-
tive proof. The observed associations represent genetic 
predispositions that may influence VTE risk, but envi-
ronmental factors, gene-environment interactions, and 
complex biological pathways not captured in our analysis 
could modify these relationships in clinical settings.

Our MR analyses identified eight proteins significantly 
associated with VTE risk, with four proteins (LRP12, F11, 
PLCG2, and ABO) showing strong evidence of genetic 

Fig. 5  Molecular docking analysis of candidate genes with potential drug candidates. Computational modeling of binding interactions 
between identified proteins and candidate compounds. Panel displays the binding poses of valine with PLEK, folic acid with ABO, ibrutinib 
with PLCG2, and simvastatin with VWF. Hydrogen bonds and key electrostatic interactions are indicated, with binding energies ranging from −7.41 
to −32.057 kcal/mol. Valine showed the strongest binding affinity to PLEK (−32.057 kcal/mol), suggesting a potential mechanism for modulating its 
protective effect against VTE
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colocalization. The identification of ABO among these 
proteins is particularly noteworthy, as it aligns with 
previous studies demonstrating the role of ABO blood 
groups in thrombotic risk [1]. The consistency between 
our findings and established knowledge not only vali-
dates our methodological approach but also strengthens 
the credibility of our novel discoveries. Furthermore, 
the identification of F11 as a risk factor aligns with cur-
rent understanding of the coagulation cascade, providing 
additional validation of our analytical framework [6].

The discovery of PLEK as a protective factor against 
VTE (OR: 0.98, 95% CI: 0.98–0.99) represents a par-
ticularly interesting and novel finding. PLEK, a protein 
involved in platelet signaling and cytoskeleton reor-
ganization [22], has not been previously identified as a 
therapeutic target for VTE. Our colocalization analysis 
showed moderate support for this association, suggest-
ing a potential causal relationship that warrants further 
investigation. The protective effect of PLEK might be 
mediated through its role in platelet function regulation, 
potentially offering a new therapeutic strategy for VTE 
prevention.

LRP12’s strong association with increased VTE risk 
(OR: 1.03, 95% CI: 1.02–1.04) represents another nota-
ble finding. While the biological mechanism underlying 
this association requires further investigation, the strong 
genetic colocalization evidence suggests a genuine causal 
relationship. This discovery highlights the value of unbi-
ased, proteome-wide approaches in identifying novel dis-
ease mechanisms [9]. To contextualize our findings, we 
compared the effect sizes (odds ratios) of our identified 
protein targets with established VTE therapeutic targets. 
For example, our top protein candidate LRP12 showed an 
odds ratio of 1.03, which is comparable to the effect size 
observed for genetic variants targeting Factor XI, a clini-
cally validated target currently in late-stage clinical trials. 
This comparison provides perspective on the potential 
clinical relevance of our findings while acknowledging 
that genetic effect sizes do not directly translate to drug 
efficacy.

The functional enrichment analyses provided compre-
hensive insights into the biological mechanisms under-
lying these associations. Our identified proteins showed 
significant enrichment in blood coagulation, hemostasis, 
and wound healing pathways, consistent with their role in 
VTE pathogenesis. The GO analysis revealed enrichment 
in specific cellular components and molecular functions, 
suggesting potential mechanisms of action. Particularly 
noteworthy was the enrichment in serine-type endo-
peptidase activities and heparin binding, both of which 
are relevant to thrombosis [23]. The KEGG pathway 
analysis further illuminated the biological context of our 
findings, highlighting the involvement of these proteins 

in complement and coagulation cascades, platelet activa-
tion, and phospholipase D signaling. The construction of 
an interaction network centered on PLEK, ABO, VWF, 
and PLCG2 revealed complex interconnections between 
these proteins, suggesting potential synergistic effects 
in VTE pathogenesis. This network analysis also identi-
fied several hub proteins that might serve as additional 
therapeutic targets [7]. Our molecular docking analyses 
yielded several promising drug candidates, with valine 
showing particularly strong binding affinity to its target 
protein (binding energy −32.057  kcal/mol). The iden-
tification of existing drugs like simvastatin as potential 
therapeutic agents is especially interesting, as it suggests 
possibilities for drug repurposing [24]. This approach 
could significantly accelerate the development of new 
VTE treatments by bypassing several stages of the tra-
ditional drug development pipeline. The strong binding 
affinities observed between ibrutinib and PLCG2, as well 
as folic acid and ABO, suggest multiple promising thera-
peutic strategies. It is important to emphasize that our 
findings represent early-stage discovery rather than clini-
cally validated targets. The pathway from genetic asso-
ciation to effective therapeutic intervention is complex 
and requires multiple validation steps. While our results 
provide a promising starting point, substantial additional 
research—including mechanistic studies, in  vitro and 
in  vivo validation, and eventually clinical trials—will be 
necessary before these protein targets could be translated 
into clinical applications.

For proteins showing protective associations with VTE 
(such as PLEK), we hypothesize that identified com-
pounds (valine in this case) may serve as activators or 
expression enhancers, while for risk-associated proteins 
(LRP12, F11, ABO), the identified compounds would ide-
ally function as inhibitors. Our structural analysis of the 
PLEK-valine complex suggests binding at an allosteric 
site that potentially enhances protein activity, consist-
ent with PLEK’s observed protective effect against VTE. 
However, we emphasize that these computational predic-
tions require experimental validation to confirm both the 
direction and magnitude of functional effects.

The computational drug prediction analysis revealed 
that several of our identified proteins (PLEK, ABO, VWF, 
and PLCG2) currently lack corresponding pharma-
ceutical interventions, highlighting them as promising 
candidates for future drug development efforts. The iden-
tification of both novel compounds and existing drugs 
provides multiple avenues for future therapeutic develop-
ment, potentially leading to more effective and targeted 
treatments for VTE [25].

Several limitations of our study should be acknowl-
edged. First, while MR analysis helps establish causal-
ity, it relies on several assumptions that cannot be fully 
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verified [10]. These include the assumptions that genetic 
variants are valid instrumental variables and that there 
are no alternative pathways through which these vari-
ants might affect VTE risk. Second, our findings are 
based primarily on populations of European ancestry, 
potentially limiting their generalizability to other pop-
ulations. Third, the molecular docking analyses, while 
informative, require experimental validation through 
in vitro and in vivo studies. Fourth, while technical dif-
ferences between Olink and SomaScan platforms may 
introduce variability in protein measurements, the 
directional consistency of our findings for proteins 
measured on both platforms strengthens confidence in 
our results. Nevertheless, we cannot exclude the pos-
sibility that platform-specific measurement character-
istics might influence effect sizes for some proteins. 
While MR minimizes confounding by environmental 
factors, residual confounding from unmeasured vari-
ables, such as medication use or comorbidities, could 
still influence our findings if these factors are associ-
ated with VTE risk through pleiotropic pathways. Our 
study was conducted exclusively in individuals of Euro-
pean ancestry to minimize population stratification, 
which may limit the generalizability of our findings to 
other populations. Future MR studies incorporating 
multi-ancestry GWAS data are needed to confirm the 
robustness of these associations across diverse genetic 
backgrounds. We acknowledge that our molecular 
docking results represent purely computational predic-
tions that require experimental validation. While these 
in silico analyses suggest potential interactions between 
candidate drugs and target proteins, we recognize that 
target engagement and therapeutic relevance can only 
be definitively established through functional assays 
such as platelet aggregation tests, thrombin generation 
assays, or appropriate animal models. The absence of 
such experimental validation is a limitation of the cur-
rent study.

Our findings have important implications for future 
research and clinical practice. The identification of novel 
protein targets, particularly PLEK and LRP12, opens 
new avenues for therapeutic intervention. The potential 
repurposing of existing drugs like simvastatin for VTE 
prevention could provide more immediate clinical appli-
cations, while the strong binding affinity of valine sug-
gests promising directions for new drug development. 
Furthermore, the identification of multiple protein tar-
gets suggests the possibility of combination therapies tar-
geting different pathways simultaneously [26].

The integration of genetic and proteomic data in our 
study provides a framework for future investigations into 
disease mechanisms and therapeutic targets. Our find-
ings suggest that a systems biology approach, combining 

multiple levels of biological information, can yield 
valuable insights into complex diseases like VTE. This 
approach could be extended to other cardiovascular dis-
eases and therapeutic areas [12].

Conclusion
In conclusion, this proteome-wide Mendelian randomi-
zation study has identified eight proteins potentially 
causally associated with VTE risk. These findings con-
tribute to our understanding of VTE pathophysiology 
and highlight promising directions for future research. 
Based on our results, we propose a research roadmap 
that begins with prioritization of PLEK, ABO, VWF, 
and PLCG2 for in-depth functional validation studies, 
including mechanistic experiments to elucidate their 
roles in thrombosis and hemostasis. This should be fol-
lowed by development and testing of selective inhibi-
tors or activators for these protein targets in pre-clinical 
models, investigation of whether existing approved drugs 
that modulate these proteins could be repurposed for 
VTE prevention or treatment, and design of proof-of-
concept clinical studies to assess the safety and efficacy 
of targeting these proteins in high-risk populations. Our 
computational analyses provide a foundation for these 
future investigations, but we acknowledge that substan-
tial additional research is required before clinical trans-
lation becomes feasible. The proteins identified in this 
study represent potential therapeutic targets rather than 
clinically validated ones, and their ultimate utility will 
depend on rigorous experimental validation and clinical 
assessment.
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