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Proteome-Wide Mendelian Randomization
Identifies Therapeutic Targets for Abdominal
Aortic Aneurysm

Ka Zhang

, PhD*; Yuan Liu @, MD*; Aigin Mao, PhD; Changzhu Li, PhD; Li Geng @, PhD; Hao Kan @, PhD

BACKGROUND: The proteome is a key source of therapeutic targets. We conducted a comprehensive Mendelian randomiza-
tion analysis across the proteome to identify potential protein markers and therapeutic targets for abdominal aortic aneurysm
(AAA).

METHODS AND RESULTS: Our study used plasma proteomics data from the UK Biobank, comprising 2923 proteins from 54 219
individuals, and from deCODE Genetics, which measured 4907 proteins across 35559 individuals. Significant proteomic quan-
titative trait loci were used as instruments for Mendelian randomization. Genetic associations with AAA were sourced from
the AAAgen consortium, a large-scale genome-wide association study meta-analysis involving 37214 cases and 1086 107
controls, and the FinnGen study, which included 3869 cases and 381977 controls. Sequential analyses of colocalization and
summary-data-based Mendelian randomization were performed to verify the causal roles of candidate proteins. Additionally,
single-cell expression analysis, protein—protein interaction network analysis, pathway enrichment analysis, and druggability
assessments were conducted to identify cell types with enriched expression and prioritize potential therapeutic targets. The
proteome-wide Mendelian randomization analysis identified 34 proteins associated with AAA risk. Among them, 2 proteins,
COLBAS3 and PRKD2, were highlighted by colocalization analysis, summary-data-based Mendelian randomization, and the
heterogeneity in an independent instrument test, providing the most convincing evidence. These protein-coding genes are
primarily expressed in macrophages, smooth muscle cells, and mast cells within abdominal aortic aneurysm tissue. Several
causal proteins are involved in pathways regulating lipid metabolism, immune responses, and extracellular matrix organization.
Nine proteins have already been targeted for drug development in diabetes and other cardiovascular diseases, presenting
opportunities for repurposing as AAA therapeutic targets.

CONCLUSIONS: This study identifies causal proteins for AAA, enhancing our understanding of its molecular cause and advanc-
ing the development of therapeutics.
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cular disease characterized by a permanent dila-
tion of the arterial wall, measuring 50% or more
compared with the normal diameter.? As the disease
progresses, it can lead to aortic rupture, which has
a mortality rate >80%." Despite significant advance-
ments in surgical and endovascular treatments for

Abdominal aortic aneurysm (AAA) is a severe vas-

AAAs over the past decade, no proven pharmacolog-
ical interventions exist to slow AAA growth or prevent
aortic rupture.®

Population-based and clinical studies have identi-
fied obesity, smoking, unhealthy diets, and sedentary
lifestyles as major modifiable risk factors for AAA.46
To enhance genetic understanding, several large-scale
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CLINICAL PERSPECTIVE

What Is New?

e The current study identified 34 circulating
plasma proteins that were causally linked to
abdominal aortic aneurysms.

e COLBA3 and PRKD2 were supported by
Mendelian randomization, colocalization anal-
ysis, and summary-data-based Mendelian
randomization analysis as plasma circulating
proteins strongly associated with the risk of ab-
dominal aortic aneurysm.

What Are the Clinical Implications?

e These findings further support the evaluation
of COL6A3 and PRKD2 as potential
pharmacological targets for abdominal aortic
aneurysm treatment.

Nonstandard Abbreviations and Acronyms

HEIDI heterogeneity in independent
instrument

MR Mendelian randomization

pQTL protein quantitative trait loci

SMR summary-data-based Mendelian
randomization

STRING Search Tool for the Retrieval of
Interacting Genes

UKB-PPP UK Biobank Pharma Proteomics

Project

genome-wide association studies (GWASs) have been
conducted, revealing >140 loci associated with AAA,
thereby increasing the usefulness of genetic pre-
diction.*®7 With the advent of high-throughput tech-
niques for serum protein detection and quantification,
numerous studies have explored protein associations
with AAA risk to elucidate the molecular patholog-
ical basis.*® A population-based study identified 118
plasma proteins linked to AAA in the discovery phase,
but only 2 proteins demonstrated a causal relationship
with AAA.B Another larger study found causal relation-
ships between 23 circulating protein levels and genetic
susceptibility to AAA.* However, these studies often
had limitations, such as focusing on a limited number
of candidate proteins, using observational designs, or
having small sample sizes, thereby constraining the
understanding of the causal role of protein markers in
AAA risk.

The increasing use of high-throughput proteomics
platforms in large-scale genotyped biobanks presents
new opportunities for deriving biological insights from
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GWAS data.%'® Notably, the Mendelian randomization
(MR) approach facilitates the identification of causal
relationships between exposures and diseases, effec-
tively mitigating the potentially confounding effects of
environmental factors."2

In this study, we conducted the largest investigation
to date using MR to identify potential causal effects
of circulating proteins on AAA phenotypes. We used
blood-based proteomics data from 2 large, indepen-
dent cohorts (UK Biobank and deCODE Genetics) and
well-powered GWASs for AAA. Recognizing that MR
alone may be insufficient for pinpointing credible pro-
teins in causal pathways, we also used colocalization,
summary-data-based MR (SMR), and the heterogene-
ity in independent instrument (HEIDI) test. Furthermore,
single-cell-type expression analysis was used to detect
the enrichment of these proteins in specific cell types
within AAA tissue. Finally, we performed druggability
evaluations to explore their potential as therapeutic tar-
gets for AAA.

METHODS

Data Availability

The GWAS summary statistics for AAA based on the
AAAgen Consortium can be accessed at https:/csg.
sph.umich.edu/willer/public/AAAgen2023/. The data
of FinnGen can be accessed at https:/www.finngen.
fi/en. The protein quantitative trait loci (pQTL) data can
be accessed at https://registry.opendata.aws/ukbppp/
and https://www.decode.com/summarydata/. The
single-cell RNA sequencing data of AAA tissue can be
accessed at https://www.ncbi.nim.nih.gov/geo/query/
acc.cgi?acc=GSE166676.

Proteomic Data Source and the
Processing of Genetic Instruments

Two large-scaled proteomic studies, UKB-PPP (UK
Biobank Pharma Proteomics Project)’® and deCODE
Genetics,'* were used to extract summary statistics of
genetic associations with plasma proteins. The UKB-
PPP involves profiling plasma pQTL data for 2923
proteins using the Olink Explore 3072 platform from
a cohort of 54219 UK Biobank participants. For de-
CODE Genetics, 4907 proteins in 35559 individuals
were measured to obtain their plasma pQTL data using
the SOMAscan version 4 assay (Table S1).

We used pQTL from circulating plasma from the 2
studies above as genetic instruments for analysis. The
platform identification for each protein from each study
was mapped to the gene symbol and unified based on
annotations provided by the original studies and manual
review.'® To obtain pQTLs for MR analysis, all summary
statistics were subjected to a quality control (QC) filter-
ing process that excluded insertion—deletion variants,
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variants with a minor allele frequency <0.001, palin-
dromic variants with minor allele frequency >0.42, and
variants in trans-pQTL, including the extended major
histocompatibility complex region (Chr6: 25-34Mb).
The inclusion of trans-pQTL helps to enhance statistical
capacity and evaluate and control potential pleiotropic
effects through sensitivity analysis. We selected variants
that achieved genome-wide significance (P>5x1078) for
linkage disequilibrium pruning and then divided genome-
wide significant variants into cis-pQTL and trans-pQTL,
where cis-pQTLs are variants within 1 Mb upstream and
downstream of the associated protein-coding genes (en-
semble 108 annotations). QC-filtered genome-wide sig-
nificant variants outside of the cis region are considered
trans-pQTLs."®'" The single-nucleotide polymorphisms
(SNPs) corresponding to each pQTL variant were uni-
fied according to the human genome Build 37 (National
Center for Biotechnology Information GRCh37) genome
coordinates, based on annotations provided by the origi-
nal study and manual reviews (https://github.com/Haobi
nZhou/Get_MR/blob/main/2.0/Get_MR2.0.r).  Linkage
disequilibrium clumping was then conducted to iden-
tify independent pQTLs for each protein (?<0.001). The
R? and F statistic (R°=2xExpected average frequency
(EAF)x(1-EAF)xB; F=R’x(N-2)/(1-R?) were used to
estimate the strength of genetic instruments, where R?
was the proportion of the variability of the protein levels
explained by each genetic instrument.'®

Data Sources for AAA

Data on the associations of protein-associated SNPs
with AAA were obtained from the AAAgen Consortium?*
and the FinnGen study (https:/r10.finngen.fi/). The
AAAgen Consortium included 14 studies with a total
of 37214 cases and 1086107 controls of European
descent. We used the latest release data on AAA from
the FinnGen study R10 in this analysis, which com-
prised 3869 cases and 381977 controls. There were
no sample overlaps between the 2 outcome data sets.
In MR analysis, we treated the AAAgen Consortium as
the discovery study and the FinnGen R10 study as the
replication. The basic information for these data sets is
shown in Table S2.

Statistical Analysis
Proteome-Wide MR Analysis

We performed MR analyses using the TwoSampleMR
package'®?® within the R environment. When only
1 instrument was available for a particular protein,
we applied the Wald ratio method. The inverse-
variance weighted method was used to obtain the
MR effects estimates for proteins with >1 instrument.
The heterogeneity test was performed to assess the
heterogeneity of the genetic instruments based on
the Q statistic.?’ To estimate horizontal pleiotropy,
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the MR-Egger intercept test was used. Bonferroni
correction was used for multiple testing correction,
with P<2.07x10° (0.05/2410) as the significance
level for cis-pQTLs and with P<1.70x107° (0.05/2938)
as the significance level for trans-pQTLs. Replication
MR analysis was further performed for the identified
proteins based on AAA GWAS summary data from
the FinnGen study. A false discovery rate (FDR) <0.05
was defined as the significance level for replication. The
Benjamini-Hochberg procedure was applied for multiple
comparisons to deal with type | error.

Colocalization Analysis

Colocalization analysis was used to test whether the
identified associations of proteins with AAA were driven
by linkage disequilibrium, providing further validation of
the MR results. We used summary statistics of proteins
and AAAgen meta-GWASs to perform Bayesian colo-
calization analysis using the coloc package.?® For each
protein, SNPs within +500 kb upstream and downstream
of their corresponding gene were examined for colocali-
zation with AAA. The analysis considered 5 hypotheses:
(1) no causal variant for either protein or AAA in the locus
(HO); (2) association with protein only (H1); (3) associa-
tion with AAA only (H2); (4) both protein and AAA associ-
ated, but with distinct causal variants (H3); and (5) both
protein and AAA associated, sharing the same causal
variant (H4).22 A posterior probability for H4 >80% under
different priors and windows was considered strong evi-
dence of colocalization. The LocusCompareR package
was used to visualize colocalization results.?*

SMR Analysis

SMR analysis was conducted as complementary evi-
dence to verify the causal associations between pro-
teins and AAA.2>26 The HEIDI test, using multiple SNPs
(up to 20 SNPs) in a region, was used to distinguish
proteins associated with AAA risk due to a shared ge-
netic variant rather than genetic linkage.?>?® The SMR
and HEIDI tests were performed using SMR software
(SMR version 1.3.1). A P value <1.47x10~° (0.05/34)
was defined as the significance level for SMR. A P
value of the HEIDI test >0.05 indicated that the asso-
ciation of protein and AAA was not driven by linkage
disequilibrium.

Single-Cell-Type Expression Analysis

The cell-type-specific expression of target genes with
evidence for a potential causal effect on AAA at the
plasma protein levels was further evaluated using
single-cell RNA sequencing data of human AAA profiled
from the Gene Expression Omnibus database.?” The
raw single-cell RNA-seq data were analyzed using
the Seurat package. Cells meeting these criteria were
removed: (1) <500 genes (low quality) or >5000 genes


https://github.com/HaobinZhou/Get_MR/blob/main/2.0/Get_MR2.0.r
https://github.com/HaobinZhou/Get_MR/blob/main/2.0/Get_MR2.0.r
https://r10.finngen.fi/

Zhang et al

detected (potential doublets) and (2) >10% of unique
molecular identifiers originating from the mitochondrial
genome. Data normalization and batch effect removal
were performed using the Seurat package. Cell clusters
were annotated based on the SingleR package and
references to relevant articles.?®%° To examine whether
the identified AAA causal protein-coding genes were
highly expressed in a particular cell type in AA tissue,
differential expression analysis based on the Wilcoxon
rank sum test was performed. Genes with an average
log, fold change >0.5 and an FDR-adjusted P value
<0.05 were identified as enrichment genes in a cell type.

Protein—Protein Interaction, Pathway
Enrichment Analysis, and Druggability
Evaluation

To explore the potential interactions between identi-
fied proteins, a protein—protein interaction network
was constructed using the STRING (Search Tool for
the Retrieval of Interacting Genes) database (https://
string-db.org/).®" Pathway enrichment analysis was
performed through the ClusterProfiler package to ana-
lyze the biological functions enriched by the genes of
the identified protein targets.®? To assess whether the
identified proteins could serve as potential therapeutic
targets, we identified approved compounds, immuno-
therapies, and known compounds that may interact
with these proteins through the DGIldb (Drug-Gene
Interaction Database),®®* ChEMBL (Chemical Database
of bioactive molecules with drug-like properties),* and
DrugBank® databases.

RESULTS

An overview of the study design is shown in Figure 1.
Our MR instruments included a total of 10187 cis-
pQTLs linked to 1660 unique proteins assessed within
the UKB-PPP cohort and 13229 cis-pQTLs related to
1385 unique proteins measured in the deCODE cohort
(Table S3). Although 635 proteins were assayed on
both platforms, yielding a total of 2410 unique proteins
examined in MR using cis-pQTL instruments, we main-
tained 2410 analyses for our Bonferroni correction to
conservatively account for the lowest available P value.
Separately, we used (as instruments for MR analysis)
8544 trans-pQTL instruments (excluding the extended
major histocompatibility complex region) correspond-
ing to 1737 unique proteins assessed within the UKB-
PPP cohort, and 28916 trans-pQTLs related to 1899
unique proteins measured in the deCODE cohort
(Table S3). Among these, 698 unique proteins were as-
sayed by both platforms. Despite this overlap, we con-
servatively controlled for 2938 tests in our Bonferroni
corrections of the trans-pQTL MR results.
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Proteome-Wide MR Analysis Identified 34
Circulating Proteins for AAA

The F statistics of all genetic instruments were >10,
indicating a good strength (Table S3). Using cis-
pQTLs as instrumental variables, 21 proteins were
significantly associated with AAA risk after Bonferroni
correction (P<2.07x107%) based on Wald ratio or
inverse-variance weighted method (Figure 2A). In the
replication stage, 12 proteins (AGT, APOC3, APOE,
CELSR2, COL6A3, DPP4, INHBC, LPL, MMP12,
PLTP, PRKD2, and ZPR1) were successfully vali-
dated in the FinnGen data set (FDR <0.05) based
on the Wald ratio or inverse-variance weighted
method (Table 1). No protein showed significant hori-
zontal pleiotropy  (Pyeiorop,>0.05) or heterogeneity
(Preterogeneity>0-05) (Table S4). Genetically predicted
higher levels of AGT, APOCS, INHBC, MMP12, PLTP,
PRKD2, and ZPR1 were associated with an increased
risk of AAA, whereas the other 5 proteins (APOE,
CELSR2, COL6A3, DPP4, and LPL) were negatively
associated with AAA risk, suggesting that lower levels
of these proteins were associated with a higher risk of
AAA (Figure 3 and Table 1). These associations were
consistent in additional analyses, including weighted
mode, weighted median, and MR-Egger, except for
simple mode (Table S4).

The separate MR analysis using trans-pQTLs as in-
strument variables identified 48 proteins meeting the
Bonferroni correction threshold (P<1.70x10-%) that may
be causally associated with the susceptibility to AAA
(Figure 2B). Finally, 22 proteins were validated in the
FinnGen data set (FDR<0.05) and tested for hetero-
geneity  (Pheterogeneity>0:09) and horizontal pleiotropy
(Poieiotropy>0-09) (Table 1). Among these, 13 proteins
(APOB, BPIFA2, C10RF56, CD70, DDAH1, DLD, GRN,
LBP, NPL, NR3C2, PTGES2, SNCA, and ULBP2) were
associated with an increased risk of AAA, whereas the
other 9 proteins (ANGPTL3, ANTXR1, ASGR1, CA11,
COLBA1, HPGDS, HS3ST3B1, NAP1L2, and PSAPLT)
were negatively associated with AAA risk (Figure 3 and
Table S5). These associations results were consistent
across all 5 analysis methods (Table S4).

Colocalization Analysis Supported the
Causality of 8 Proteins With AAA

Among 34 MR-identified proteins in relation to AAA, 8
proteins had high support from colocalization analysis
(posterior probability for H4 >0.8), including ANTXRT,
APOE, C10RF56, CA11, CELSR2, COL6A3, GRN, and
PRKD2 (Table 1). This suggests that there is likely a
common causal variation between these protein levels
and AAArisk. Figures S1 through S8 show the regional
association for colocalization results.
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Figure 1. Research flowchart of the study.

AAA indicates abdominal aortic aneurysm; ChEMBL, Chemical Database of Bioactive Molecules
with Drug-Like Properties; DGldb, Drug-Gene Interaction Database; GEO, Gene Expression
Omnibus; HEIDI, heterogeneity in independent instrument; LD, linkage disequilibrium; MHC,
major histocompatibility complex; MR, Mendelian randomization; PP4, posterior probability for
both protein and AAA associated, sharing the same causal variant; pQTLs, protein quantitative
trait loci; scRNA-seq, single-cell RNA sequencing; SMR, summary-data-based Mendelian
randomization; SNPs, single-nucleotide polymorphisms; and STRING, Search Tool for the

Retrieval of Interacting Genes.

SMR and HEIDI Tests Verified 6 Causal
Proteins

To further verify the findings, we performed SMR and
HEIDI tests for 34 proteins with full summary-level data.
Twelve of 34 proteins passedthe SMRtest (P<1.47x1079),
and 6 of them passed the HEIDI test (P>0.05) (Table 1).
The SMR locus plot and effect plots of 7 proteins
are shown in Figures S9 through S14. Based on this
evidence, we classified these proteins into 3 tiers. Two

J Am Heart Assoc. 2025;14:e038193. DOI: 10.1161/JAHA.124.038193

proteins (COLBA3 and PRKD2) passed all tests and
were classified into tier 1 (Table 1). Twelve proteins
that failed colocalization analysis, the SMR test, or the
HEIDI test (ANTXR1, APOCS3, APOE, C10RF56, CA11,
CELSR2, DDAH1, DPP4, GRN, INHBC, MMP12, and
ZPR1) were classified into tier 2. Twenty proteins (AGT,
ANGPTL3, APOB, ASGR1, BPIFA2, CD70, COL3AT,
DLD, HPGDS, HS3ST3B1, LBP, LPL, NAP1L2, NPL,
NR3C2, PLTP, PSAPL1, PTGES2, SNCA, and ULBP2)
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Figure 2. Volcano plot showing results of proteome-wide MR analysis.

MR using cis-pQTLs (A) and trans-pQTLs (B) in the discovery stage of AAA. The P value was calculated by the
inverse-variance weighted or Wald ratio method. N=2410 proteins for cis-pQTLs and n=2938 proteins for trans-
pQTLs. Beta is the effect value calculated by MR analysis. AAA indicates abdominal aortic aneurysm; AGT,
Angiotensin; ANGPTLS, Angiopoietin-related protein 3; ANTXR1, Anthrax toxin receptor 1; APOB, Apolipoprotein
B; APOC3, Apolipoprotein C-lll; APOE, Apolipoprotein E; ASGR1, Asialoglycoprotein receptor 1; BPIFA2, BPI
fold-containing family A member 2; C10RF56, Protein MENT; CA11, Carbonic anhydrase-related protein 11; CD70,
CD70 antigen; CELSR2, Cadherin EGF LAG seven-pass G-type receptor 2; COL3A1, Collagen type lll alpha
1 chain; COL6A3, Collagen type VI alpha 3 chain; DDAH1, dimethylarginine dimethylaminohydrolase 1; DLD,
Dihydrolipoyl dehydrogenase; DPP4, Dipeptidyl peptidase 4; GRN, Granulin; HPGDS, Hematopoietic prostaglandin
D synthase; HS3ST3B1, Heparan sulfate glucosamine 3-O-sulfotransferase 3B1; INHBC, Inhibin beta C chain;
LBP, Lipopolysaccharide-binding protein; LPL, Lipoprotein lipase; MMP12, Macrophage metalloelastase; MR,
Mendelian randomization; NAP1L2, Nucleosome assembly protein 1-like 2; NPL, N-acetylneuraminate lyase;
NR3C2, Nuclear Receptor Subfamily 3 Group C Member 2; PLTP, Phospholipid transfer protein; pQTL, protein
quantitative trait loci; PRKD2, Protein Kinase D2; PSAPL1, Proactivator polypeptide-like 1; PTGES2, Prostaglandin

E synthase 2; SNCA, Alpha-synuclein; ULBP2, UL16-binding protein 2; and ZPR1, Zinc finger protein.

that failed in both colocalization analysis and HEIDI test
were classified into tier 3.

Cell-Type Specificity Expression in the
Human Abdominal Aortic Aneurysm
Tissue

To explore whether the coding genes of 34 circu-
lating proteins had any cell type-specific enrichment
in human AAA tissue, we performed single-cell-type
expression analysis using single-cell RNA-seq data
from Gene Expression Omnibus. Cells were clus-
tered into 14 cell types (endothelial cells, smooth
muscle cells, T cells, natural killer cells, fibroblasts
cells, mast cells, erythrocytes, dendritic cells, mac-
rophage, B cell, neutrophils, plasma cells, epithelial
cells, and basal cells) (Figure 4A). Thirty-two of 34
protein-coding genes had expression data in AAA
tissue, whereas BPIFA2 and INHBC expression was
undetected; Figures 4B and 4C show the single-cell
expression of these 32 coding genes in every clus-
ter. Among them, 8 protein-coding genes had cell
type-specific enrichment in AAA tissue at average
log2 fold change >0.5 and FDR <0.05 (Figure 4D).
Specifically, APOE, GRN, and PLTL were mainly
enriched in macrophages, whereas COL3A1 and
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COLBAS3 were enriched in smooth muscle cells, and
HPGDS was enriched in mast cells.

Protein-Protein Interaction, Pathway
Enrichment Analysis, and Druggability
Evaluation of Potential Therapeutic
Targets

Protein—protein interaction analysis identified interac-
tions between the potential causal proteins APOE,
APOB, APOCS, PLTP, LPL, ANGPTL3, and ASGR1,
which form the central hub of the protein—protein in-
teraction network in AAA (Figure S15). Pathway en-
richment analyses revealed that these proteins are
significantly associated with the regulation of lipid
metabolic processes and inflammatory responses
(Table S6). Additionally, several potential causal pro-
teins (COL3A1, ANTXR1, DPP4, AGT, MMP12) were
enriched in signaling pathways related to extracel-
lular matrix organization, which plays a critical role in
vascular wall damage and plague formation in aortic
aneurysms.

We identified 9 actionable drug targets (AGT,
APOCS3, APOE, COLBA3, DPP4, LPL, MMP12, PLTP,
and PRKD2) for AAA using proteins with strictly sig-
nificant associations obtained from MR analysis using
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Table 1. Summary Results From MR, Colocalization, and SMR for 13 Proteome-Wide MR-Identified Proteins

MR Colocalization | SMR
Cis/

Protein Protein full name B Piscovery | FDRrepiication | PP4 >0.8 B Pvalue | P, value |trans | Category

AGT Angiotensin 0.56 2.36E-06 | 6.27E-03 No 0.03 5.71E-02 | 1.64E-01 Cis Tier 3

ANGPTL3 Angiopoietin-related protein | -1.33 | 1.40E-12 | 2.37E-04 No -0.06 | 3.38E-02 | 8.76E-01 Trans | Tier 3
3

ANTXR1 Anthrax toxin receptor 1 -0.79 | 2.41E-09 | 8.52E-03 Yes -0.44 | 2.27E-02 | 2.07E-01 Trans | Tier 2

APOB Apolipoprotein B 0.96 3.88E-47 | 3.28E-07 No Trans | Tier 3

APOCS3 Apolipoprotein C-lll 0.84 4.47E-16 | 6.27E-03 No 0.42 1.53E-05 | 1.20E-01 Cis Tier 2

APOE Apolipoprotein E -0.11 | 1.06E-05 | 3.89E-02 Yes -0.14 | 1.91E-38 | 3.60E-06 Cis Tier 2

ASGR1 Asialoglycoprotein receptor 1 | —1.28 | 4.74E-42 | 3.44E-02 No -0.16 | 4.01E-03 | 9.21E-02 Trans | Tier 3

BPIFA2 BPI fold-containing family A | 0.97 6.79E-09 | 3.85E-02 No 0.05 3.62E-01 | 4.58E-01 Trans | Tier 3
member 2

C10RF56 Protein MENT 0.22 2.05E-17 | 3.44E-02 Yes 0.30 1.43E-02 | 5.39E-01 Trans | Tier 2

CA11 Carbonic anhydrase-related | -0.89 | 3.55E-06 | 6.60E-03 Yes -011 | 3.96E-01 | 5.37E-01 Trans | Tier 2
protein 11

CD70 CD70 antigen 0.38 1.90E-07 | 1.86E-02 No 0.01 715E-01 | 3.84E-01 Trans | Tier 3

CELSR2 Cadherin EGF LAG seven- -0.28 | 1.34E-25 | 1.67E-03 Yes -0.29 | 1.87E-39 | 2.90E-02 Cis Tier 2
pass G-type receptor 2

COLSA1 Collagen a-1(lll) chain -0.38 | 1.25E-10 | 6.27E-03 No -0.39 | 2.90E-02 | ... Trans | Tier 3

COLBA3 Collagen a-3(VI) chain -0.49 | 1.88E-06 | 3.89E-02 Yes -0.49 | 9.38E-06 | 8.52E-02 Cis Tier 1

DDAH1 Dimethylarginine 0.85 9.09E-21 | 5.90E-03 No 0.49 9.38E-06 | 8.52E-02 Trans | Tier 2
dimethylaminohydrolase 1

DLD Dihydrolipoyl dehydrogenase | 0.76 2.74E-12 | 8.91E-03 No 0.05 411E-01 | 9.86E-01 Trans | Tier 3

DPP4 Dipeptidyl peptidase 4 -0.19 | 1.60E-06 | 1.73E-02 No -0.19 | 214E-06 | 1.91E-01 Cis Tier 2

GRN Granulin 0.18 3.68E-17 | 5.44E-03 Yes 0.03 4.31E-01 | 3.76E-01 Trans | Tier 2

HPGDS Hematopoietic prostaglandin | —1.20 | 3.83E-09 | 3.44E-02 No -0.03 | 2.07E-01 | 8.61E-06 Trans | Tier 3
D synthase

HS3ST3B1 | Heparan sulfate glucosamine | —0.27 | 2.40E-06 | 6.27E-03 No 0.01 6.33E-01 | 3.12E-01 Trans | Tier 3
3-0O-sulfotransferase 3B1

INHBC Inhibin g C chain 0.47 2.24E-13 | 2.00E-02 No 0.07 5.43E-06 | 7.63E-02 Cis Tier 2

LBP Lipopolysaccharide-binding | 2.46 4.68E-30 | 3.23E-07 No 0.01 9.94E-01 | 6.63E-01 Trans | Tier 3
protein

LPL Lipoprotein lipase -0.19 | 4.59E-06 | 3.69E-02 No -0.07 | 1.98E-04 |5.78E-05 Cis Tier 3

MMP12 Macrophage metalloelastase | 0.18 7.57E-10 | 6.27E-03 No 0.14 5.16E-16 | 9.11E-02 Cis Tier 2

NAP1L2 Nucleosome assembly -113 | 2.41E-15 | 5.90E-03 No Trans | Tier 3
protein 1-like 2

NPL N-acetylneuraminate lyase 0.31 2.06E-06 | 1.05E-02 No 0.01 9.36E-01 | 6.26E-01 Trans | Tier 3

NR3C2 Nuclear receptor subfamily 3 | 1.19 8.58E-08 | 3.85E-02 No Trans | Tier 3
group C member 2

PLTP Phospholipid transfer protein | 0.14 5.44E-06 | 2.04E-02 No 0.14 6.95E-13 | 2.59E-16 Cis Tier 3

PRKD2 Protein kinase D2 1.02 3.35E-08 | 6.72E-03 Yes 1.02 7.68E-05 | 4.34E-01 Cis Tier 1

PSAPL1 Proactivator polypeptide- -0.80 | 5.21E-11 | 1.05E-02 No -0.01 | 5.89E-01 | 6.45E-01 Trans | Tier 3
like 1

PTGES2 Prostaglandin E synthase 2 1.24 4.33E-12 | 7.96E-04 No 0.06 5.83E-01 | 6.10E-01 Trans | Tier 3

SNCA a-synuclein 2.28 8.59E-55 | 1.00E-03 No 0.13 3.99E-01 | 4.99E-01 Trans | Tier 3

ULBP2 UL16-binding protein 2 0.64 2.61E-09 | 1.55E-04 No 0.01 7.90E-01 | 5.31E-01 Trans | Tier 3

ZPR1 Zinc finger protein 1.41 9.09E-21 | 5.90E-03 No 1.41 7.70E-08 | 4.83E-01 Cis Tier 2

PP4 >0.8 means 2 signals were considered to have a strong support of colocalization. § indicates effect value calculated by MR analysis; HEIDI, heterogeneity
in independent instrument; MR, Mendelian randomization; Py.cver,, MR analysis P value in discovery cohort; PP4, posterior probability for both protein and
AAA associated, sharing the same causal variant; FDR MR analysis adjust P value in replication cohort; P, P value of the HEIDI test; and SMR,
summary-data-based MR.

replication?
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Protein N_exposure OR (95% Cl) Outcome:Abdominal aortic aneurysm pval
cis-pQTL !

AGT 33985 1.76 (1.39t0 2.22) E — 2.36E-06
APOC3 35378 2.31(1.89 to 2.83) \ —— 4.47E-16
APOE 33995 0.90 (0.86 to 0.94) ui 1.06E-05
CELSR2 33187 0.76 (0.72 to 0.80) L i 1.34E-25
COL6A3 34090 0.61 (0.50 to 0.75) - 1.88E-06
DPP4 33038 0.83(0.77 to 0.90) wi 1.60E-06
INHBC 33687 1.60(1.41t0 1.82) ] 2.24E-13
LPL 33693 0.83(0.76 to 0.90) HE 4.59E-06
MMP12 33658 1.19 (1.13 t0 1.26) i" 7.57E-10
PLTP 33967 1.15(1.08 to 1.23) ™ 5.44E-06
PRKD2 32862 2.78 (1.93 to 4.00) E — 3.35E-08
ZPR1 32867 4.09 (3.04 to 5.49) E (= 9.09E-21
trans-pQTL |

ANGPTL3 33671 0.27(0.18t00.38) = | 1.40E-12
ANTXR1 35354 0.46 (0.35 t0 0.59) - 2.41E-09
APOB 35356 2.62(2.30t02.98) E — 3.88E-47
ASGR1 33436 0.28 (0.23t00.33) H E 4.T4E-42
BPIFA2 31386 2.63(1.90 to 3.65) ] (——I 6.79E-09
C10RF56 33187 1.25(1.19t0 1.32) E H 2.05E-17
CAll 32907 0.41 (0.28 t0 0.60) - 3.55E-06
D70 33657 1.45 (1.26 to 1.68) - 1.90E-07
COL3A1 33924 0.69 (0.61t0 0.77) H E 1.25E-10
DDAH1 33533 2.35(1.96 to 2.81) | — 9.09E-21
DLD 35371 2.15(1.73 t0 2.66) E — 2.74E-12
GRN 33508 1.20 (1.15 to 1.25) .. 3.68E-17
HPGDS 32907 0.30(0.20 to 0.45) LI 3.83E-09
HS3ST3B1 33533 0.76 (0.68 to 0.85) HE 2.40E-06
LBP 33809 11.69 (7.66 to 17.85) \ +>4.68E-30
NAP1L2 35371 0.32(0.24 t0 0.43) L] E 2.41E-15
NPL 33942 1.37(1.19 t0 1.58) L 1.49E-05
NR3C2 35335 3.30(2.13t05.11) : ) 8.58E-08
PSAPL1 33796 0.45(0.35t0 0.57) - E 5.21E-11
PTGES2 32719 3.45(2.43t04.89) , — 4.33E-12
SNCA 33187 9.79 (7.35 to 13.05) E +—>8.59E-55-
ULBP2 33436 1.89(1.53t02.34) | — 2.61E-09

051 2 2 6
No Abdominal aortic aneurysm Abdominal aortic aneurysm

Figure 3. MR analyses show causal effect of 34 proteome-wide identified proteins on
AAA.

The P value was calculated by the inverse-variance weighted or Wald ratio method. AAA indicates
abdominal aortic aneurysm; AGT indicates Angiotensin; ANGPTL3, Angiopoietin-related protein
3; ANTXR1, Anthrax toxin receptor 1; APOB, Apolipoprotein B; APOC3, Apolipoprotein C-III;
APOE, Apolipoprotein E; ASGR1, Asialoglycoprotein receptor 1; BPIFA2, BPI fold-containing
family A member 2; C10RF56, Protein MENT; CA11, Carbonic anhydrase-related protein 11;
CD70, CD70 antigen; CELSR2, Cadherin EGF LAG seven-pass G-type receptor 2; COL3A1,
Collagen type Ill alpha 1 chain; COL6A3, Collagen type VI alpha 3 chain; DDAH1, dimethylarginine
dimethylaminohydrolase 1; DLD, Dihydrolipoyl dehydrogenase; DPP4, Dipeptidyl peptidase 4;
GRN, Granulin; HPGDS, Hematopoietic prostaglandin D synthase; HS3ST3B1, Heparan sulfate
glucosamine 3-O-sulfotransferase 3B1; INHBC, Inhibin beta C chain; LBP, Lipopolysaccharide-
binding protein; LPL, Lipoprotein lipase; MMP12, Macrophage metalloelastase; MR, Mendelian
randomization; NAP1L2, Nucleosome assembly protein 1-like 2; N_exposure, number of
individuals; NPL, N-acetylneuraminate lyase; NR3C2, Nuclear Receptor Subfamily 3 Group C
Member 2; OR, odds ratio; PLTP, Phospholipid transfer protein; pQTL, protein quantitative trait
loci; PRKD2, Protein Kinase D2; PSAPL1, Proactivator polypeptide-like 1; PTGES2, Prostaglandin
E synthase 2; pval; P value; SNCA, Alpha-synuclein; ULBP2, UL16-binding protein 2; and ZPR1,
Zinc finger protein.

cis-pQTLs as genetic instruments (Table S7). Several drugs targeting AGT, such as aspirin, hydrochloro-
of these proteins are targets of drugs already approved thiazide, and benazepril, have been approved by the
for cardiovascular disease indications. For instance, Food and Drug Administration for the treatment of
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Figure 4. Single-cell type expression in abdominal aortic tissue for the coding genes of proteins identified by proteome-
wide MR.

A, A total of 14 cell types were identified. B and C, Expression of protein-coding genes in each cluster. D, Eight protein-coding
genes had evidence of enrichment in a cell type at average log,FC >0.5, and false discovery rate <0.05 was calculated by the
Benjamini-Hochberg method. N=6. ; DC indicates Dendritic Cell; B ,B Cell; T, T Cell; NK, Natural Killer Cell; SMC, Smooth Muscle
Cell; EC, Endothelial Cell. AGT, Angiotensin; ANGPTL3, Angiopoietin-related protein 3; ANTXR1, Anthrax toxin receptor 1; APOB,
Apolipoprotein B; APOC3, Apolipoprotein C-Ill; APOE, Apolipoprotein E; ASGR1, Asialoglycoprotein receptor 1; Clorf56, Protein
MENT; CA11, Carbonic anhydrase-related protein 11; CD70, CD70 antigen; CELSR2, Cadherin EGF LAG seven-pass G-type receptor
2; COL3A1, Collagen alpha-1(lll) chain; COL6A3, Collagen alpha-3(VI) chain; DDAH1, dimethylarginine dimethylaminohydrolase 1;
DLD, Dihydrolipoyl dehydrogenase; DPP4, Dipeptidyl peptidase 4; GRN, Granulin; HPGDS, Hematopoietic prostaglandin D synthase;
HS3ST3B1, Heparan sulfate glucosamine 3-O-sulfotransferase 3B1; LBP, Lipopolysaccharide-binding protein; log,FC, log, fold
change; LPL, Lipoprotein lipase; MME, Membrane metalloendopeptidase; MR, mendelian randomization; NAP1L2, Nucleosome
assembly protein 1-like 2; NPL, N-acetylneuraminate lyase; NR3C2, Nuclear Receptor Subfamily 3 Group C Member 2; PLTP,
Phospholipid transfer protein; PRKD2, Protein Kinase D2; PSAPL1, Proactivator polypeptide-like 1; PTGES2, Prostaglandin E synthase
2; SNCA, Alpha-synuclein; ULBP2, UL16-binding protein 2; and ZPR1, Zinc finger protein.
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hypertension. Similarly, drugs targeting APOE (fluvas-
tatin, fenofibrate, pravastatin sodium), LPL (lovastatin,
clofibrate, pravastatin sodium), and PLTP (simvastatin)
have been approved for the treatment of hyperlipid-
emia. Furthermore, drugs targeting DPP4, including
enalapril maleate and captopril for hypertension, and
saxagliptin anhydrous, alogliptin, vildagliptin, and sita-
gliptin for diabetes, are currently in use. Drugs tar-
geting MMP12 have been used to treat convulsions
(acetazolamide), inflammation (zileuton), and hyperten-
sion (captopril).

In the analysis of drug potential for 2 proteins iden-
tified as tier 1, it was found that collagenase clos-
tridium histolyticum-aaes, which targets COL6AS3, is
approved for the treatment of Dupuytren contracture.
Additionally, 2 drugs targeting PRKD2, gefitinib and
erlotinib, are used in cancer therapy. These findings
suggest significant potential for developing new thera-
peutic strategies targeting these proteins for the treat-
ment of AAAs.

DISCUSSION

In this study, we conducted a comprehensive analy-
sis of the causal relationships between 4907 plasma
proteins and the risk of AAA. We identified 34 plasma
proteins with potential causal links to AAA; elevated
levels of 20 proteins and reduced levels of 14 pro-
teins were associated with increased susceptibility to
the condition. Bayesian colocalization analysis high-
lighted 8 protein biomarkers with causal effects, and
the SMR and HEIDI tests confirmed the significance
of these proteins. Among these, 2 proteins (COL6A3
and PRKD2) showed the strongest evidence (tier 1),
12 proteins exhibited convincing evidence (tier 2), and
20 proteins demonstrated moderate evidence (tier
3). Notably, 20 proteins (ANTXR1, ASGR1, BPIFA2,
C10RF56, CA11, CD70, DDAH1, DLD, GRN, HPGDS,
HS3ST3B1, INHBC, NAP1L2, NPL, NR3C2, PRKD2,
PSAPL1, PTGES2, SNCA, and ULBP2) were identified
as novel plasma protein markers associated with AAA.
Furthermore, we confirmed the differential expression
of these protein-coding genes in macrophages, smooth
muscle cells, and mast cells. Druggability evaluations
prioritized 2 tier 1 protein biomarkers for potential re-
purposing as therapeutic targets for AAA, originally de-
veloped for Dupuytren contracture and cancer.

Our analysis corroborates findings from previous
studies, which reported evidence of associations be-
tween certain circulating proteins and AAA. For exam-
ple, AGT, ANGPTLS3, APOB, APOCS, APOE, CELSR2,
COL3A1, COL6BAS, DPP4, LBP, LPL, MMP12, PLTPR,
and ZPR1 have been previously implicated in AAA
through genetic polymorphisms, mRNA levels, or pro-
tein levels. Among these, APOB, APOC3, APOE, LBP,
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and LPL are involved in lipid metabolism and have
been extensively studied in the context of AAA 436-40
AGT, part of the renin-angiotensin-aldosterone sys-
tem, and ANGPTL3, an inhibitor of lipoprotein lipase,
have emerged as therapeutic targets for AAA pre-
vention.*"#? Moreover, risk variants of CELSR2 and
ZPR1 are strongly linked to AAA incidence.® Collagen
proteins COL3A1 and COLBA3 are associated with
aortic and arterial aneurysms, with COL6A3 showing
the most convincing evidence.**** Mechanistic stud-
ies have shown that DPP4 is upregulated in AAA and
contributes to its pathophysiology.“®46 Our findings fur-
ther support the causal role of elevated DPP4 protein
levels in AAA risk. MMP12 has a controversial role in
AAA, with studies showing both detrimental and pro-
tective effects, yet our findings suggest high plasma
levels of MMP12 increase AAA risk.*”48 PLTP regulates
inflammation and immune response, promoting AAA
development.*®

Among the newly identified proteins, PRKD2 (tier
1) stands out with strong evidence of association with
AAA. PRKD2 is part of the serine-threonine kinase
family, playing a crucial role in tumor cell survival, pro-
liferation, migration, and angiogenesis.®® Although di-
rect evidence linking PRKD2 to AAA is lacking, recent
studies have suggested a positive correlation between
PRKD2 mutations and cardiovascular diseases.’
Further research is needed to confirm these findings,
considering that antitumor agents targeting PRKD2
(gefitinib and erlotinib) may have therapeutic potential
for AAA.

This study has several strengths, including the large
number of plasma proteins analyzed, the significant
number of AAA cases, and validation across 2 inde-
pendent cohorts. The consistency of results across
multiple rigorous analyses confirms the robustness
of our findings. Additional insights from single-cell-
type expression analysis, protein—protein interaction,
pathway enrichment analysis, and druggability evalu-
ation highlight the potential pathogenic roles of can-
didate proteins in AAA and identify druggable targets.
Although there is a lack of drug information for several
proteins (eg, CELSR2 and INHBC), these proteins still
represent promising new therapeutic targets for AAA.
In particular, PRKD2 has been found to be useful in
antitumor therapy®? and may have the potential to treat
cardiovascular disease.®'

Several limitations must be considered when in-
terpreting our results. First, the current analysis was
restricted to European populations, which limits the
generalizability of our findings to other populations.
Second, we assessed the role of plasma proteins
in AAA but could not estimate the levels of relevant
proteins in other tissues. Evaluating protein levels in
other tissues, particularly aortic tissue, could provide
more insight into AAA pathogenesis. Third, the strict

10



Zhang et al

significance threshold and evidence grading criteria
may lead to underestimating the associations of cer-
tain proteins, such as ANTXR1, which did not meet
the stringent significance threshold for the P value in
the SMR test, despite having P<0.05. Furthermore,
the current statistical analyses and strict signifi-
cance threshold might exclude plasma proteins that
are downstream of the driver proteins. Fourth, 65%
of protein markers had only trans-pQTLs. Although
trans-pQTLs can expand understanding of the rela-
tionships between proteins and diseases,'® interpret-
ing the current findings is challenging. Nonetheless,
some proteins with trans-pQTLs (eg, ANTXR1, GRN)
had robust colocalization evidence, indicating potential
vertical pleiotropy. Fifth, out of the 34 significant pro-
teins, 20 proteins were assayed in both the deCODE
and UKB-PPP cohort, with concordant results in both.
The relatively high concordance between cis-pQTL
MR findings in the 2 data sets indicates that techni-
cal differences may not hinder meta-analytic studies
across the SomaScan and Olink platforms. Last, this
hypothesis is supported by studies showing that the
MR results derived from trans-pQTL instruments had
poor correlations when measured on SomaScan and
Olink platforms,%® suggesting that caution should be
applied in interpreting these results.

In summary, our study identifies numerous plasma
proteins with strong causal associations with AAA risk,
providing new insights into the cause of AAA and high-
lighting promising targets for screening biomarkers
and therapeutic drugs. Our findings also suggest that
PRKD2 inhibitors or antagonists may represent prom-
ising therapeutic targets for AAA.
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