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ABSTRACT  

Rationale: Although affecting different arterial territories, the related atherosclerotic vascular 

diseases coronary artery disease (CAD) and peripheral artery disease (PAD) share similar risk 

factors and have shared pathobiology.  Analysis of their shared genetic architecture, along with 

that of common risk factors, may identify novel common biology. 

Objective: To identify novel pleiotropic genetic loci associated with atherosclerosis and provide 

a better understanding of biological pathways underlying atherosclerosis. 

Methods and Results: Summary statistics from genome wide association studies (GWAS) of 

nine known atherosclerotic (CAD, PAD) or atherosclerosis risk factors (body mass index, 

smoking initiation, type 2 diabetes, low density lipoprotein (LDL), high density lipoprotein, total 

cholesterol, and triglycerides) were combined to perform 15 separate multi-trait genetic 

association scans which resulted in 31 unique novel pleiotropic loci not yet reported as 

genome-wide significant for their respective traits. Colocalization with single-tissue eQTLs 

identified 34 candidate causal genes across 14 of the detected signals. Notably, the signal 

between PAD and CAD at the VDAC2 locus (rs7088974) colocalized with VDAC2 expression in 

aorta and tibial artery tissues. Additionally, the signal between PAD and LDL at the PCSK6 locus 

(rs1531817) affects PCSK6 splicing in human liver tissue and induced pluripotent derived 

hepatocyte like cells.  

Conclusions:  

Joint analysis of related atherosclerotic disease traits and their risk factors allowed 

identification of unified biology that may offer the opportunity for therapeutic manipulation. 
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VDAC2 and PCSK6 represent possible shared causal biology where existing inhibitors may be 

able to be leveraged for novel therapies.  

 

Keywords: Peripheral Artery Disease, Atherosclerotic traits, multi-trait scan, GWAS 
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INTRODUCTION  

Atherosclerotic vascular disease is a leading cause of cause of death worldwide
1-3

 and can affect 

multiple arterial territories. Although clear differences in disease pathobiology exist
4
, 

epidemiological analyses have shown both coronary artery disease (CAD) and peripheral artery 

disease (PAD) share similar risk factors and frequently co-occur in the same patients
5-7

. These 

risk factors include dyslipidemia, obesity, and other environmental factors
8
. PAD patients with 

concomitant CAD are known to experience more extensive and aggressive disease
9
. 

The genetics of CAD have been well characterized and a number of genome-wide association 

studies (GWAS) have identified over 200 genetic risk loci with robust connections to CAD
10-12

. 

For most loci, however, underlying mechanisms by which these loci influence CAD risk remains 

unclear. Although PAD has been less intensively studied, recent work has identified 21 total risk 

loci associated with PAD risk
6,13

. Genetic correlation studies have demonstrated a high degree 

of shared genetic architecture between CAD and PAD (rg 0.67)
14

. This genetic correlation, based 

on shared pathobiology, can be leveraged to identify novel pleiotropic genetic architecture 

common to both disease traits
15,16

. 

The development of statistical approaches for multi-trait GWAS meta-analysis has facilitated 

joint analyses of traits with substantial evidence for a common pathophysiological basis to 

elucidate shared genetic etiology
6
. Furthermore, correlated causal risk factors can also be 

included in these multi-trait GWAS analyses to provide insight on their shared genetic 

pathways
16-20

. Although previous studies have analyzed CAD jointly with a second trait to 
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understand shared genetic etiology
16,17

, there have been no studies which evaluate 

atherosclerosis endpoints jointly with multiple cardiometabolic causal risk factors. 

In this study, we performed a series of N-weighted multivariate genome-wide-association 

meta-analyses (N-GWAMA)
15

 using different combinations of nine atherosclerotic or 

atherosclerosis risk factor traits, and identified 31 unique pleiotropic loci not previously 

associated with any analyzed trait combination. We subsequently used single-tissue expression 

quantitative trait loci (eQTL) colocalization analysis at these loci to identify 34 suggestive 

candidate causal genes and their tissue site of action. Some of these causal gene candidates 

provide potential opportunities for drug repurposing to treat atherosclerotic vascular disease, 

including VDAC2 and PCSK6. Ultimately, this study provides a better understanding of biological 

pathways underlying atherosclerosis to inform future therapeutic development. 

 

METHODS 

This study was approved by the U.S. Department of Veterans Affairs Central Institutional 

Review Board and the University of Pennsylvania Institutional Review Board. All participants 

gave written informed consent for study participation. 

Genetic Association Data 

We collected the summary statistics from the largest published GWAS to maximize our power 

for novel discovery. PAD summary statistics were taken from the recent VA Million Veteran 

Program analysis with 31,307 PAD cases and 211,753 PAD controls
6
 and can be accessed in 
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dbGAP (phs001672.v2.p1). CAD data were taken from CARDIoGRAMplusC4D combined with the 

UK BioBank (UKBB)
10

 and consisted of 122,733 CAD cases and 424,528 CAD controls and can be 

accessed through Mendeley doi:10.17632/gbbsrpx6bs.1. Data for body mass index (BMI) (meta-

analysis of GIANT and UKBB; 806,834 individuals; 
21

), type 2 diabetes (T2D) (meta-analysis of 

consortia; 228,499 cases and 1,178,783 controls; 
22

), smoking initiation (SMK) (UKBB ; 462,690 

individuals; 
23

), and 4 lipids traits (meta-analysis of MVP and GLGC data; 723,000; 
24

) were 

obtained from the public domain as well (Supplementary Table 1).  We confirmed the shared 

genetic etiology of PAD and CAD, as well as 7 of their shared risk factors (BMI, SMK, T2D, low 

density lipoprotein (LDL), high density lipoprotein (HDL), total cholesterol (TC), and 

triglycerides(TG)) by applying cross-trait LD score regression (Supplementary Table 2 and 

Supplementary Figure S1).  

N-GWAMA Multi-trait GWAS 

Using the summary statistics from publicly available single-trait GWAS (Supplementary Table 

1), we performed 15 N-GWAMA
15

 multi-trait GWAS described in supplemental methods 

centered around PAD, CAD, and the following atherosclerotic risk factor traits:  BMI, T2D, SMK, 

LDL, HDL, TC, and TG. We first performed a bivariate GWAS for PAD and CAD followed by a 

series of trivariate GWAS combining PAD, CAD, and one of 7 traits correlated traits that 

represented traditional atherosclerotic risk factors. We also performed a series of bivariate 

GWAS between PAD and these seven traits individually, given that a series of bivariate GWAS 

between CAD and most of these seven traits has already been performed
17

.  
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Each N-GWAMA multi-trait GWAS resulted in a set of independent loci represented by a lead 

variant. We defined an independent locus as the genomic region that includes all variants 

within 1 MB of the lead variant and any other variants that were in LD of r
2
 > 0.2 with the lead 

variant using the 1000 Genomes European ancestry cohort (1kG EUR)
14

. We applied a series of 

filters to the independent loci detected in the N-GWAMA multi-trait GWAS to remove loci that 

were not plausibly pleiotropic or did not represent novel associations.  

To report the locus as novel, we required that the lead variant was nominally associated 

(p<5x10
-3

) with all the individual traits involved in the multi-trait analysis. We also required that 

none of the variants at an independent locus (SNPs within 1MB or LD of r
2
 > 0.2 of the lead 

variant) were previously associated with any of the traits used in the N-GWAMA multi-trait 

GWAS
25

 (Figure 1). Further detail on this pipeline is available in the supplement and the code is 

available on github at Https://github.com/Bellomot/Athero_NGWAMA_Multitrait_GWAS or 

from the authors upon request (B.F.V, S.M.D.). We also excluded loci in the HLA region from 

these experiments due to the difficulty of interpreting the independent signals of these loci. 

We implemented multiple testing correction given that we performed 15 multi-trait GWAS for 

combinations of related traits. Due to the high correlation between each of the multi-trait 

GWAS we performed, a Bonferroni correction (p<3x10
-9

) for each trait combination test would 

be too stringent. Thus, q-values were calculated by concatenating all of the SNP results from 

the 15 N-GWAMA multi-trait GWAS using the R package qvalue. We defined nominal genome-

wide significance as having both a genome-wide significant (p<5x10
-8

) N-GWAMA multi-trait P-

value and multi-trait N-GWAMA q-value < 5x10
-5

. We also used a null distribution Z-score 

sampling strategy to estimate an α = 0.05 P-value threshold for this set of N-GWAMA multi-trait 
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GWAS. We first drew 10,000 sets of 1 million samples from a 15-dimensional multivariate 

normal distribution, which estimates the distribution of the null Z-scores of the 15 N-GWAMA 

multi-trait GWAS. The 15- dimensional multivariate normal distribution was centered at the 

origin, and we used the estimated correlation between the Z-scores of the 15 N-GWAMA multi-

trait GWAS as the correlation matrix (Supplementary Table 3). We kept the most extreme Z-

score from each of the 10,000 sets and then identified the 95
th

 percentile of the most extreme 

Z-scores as our α = 0.05 threshold. We defined experiment wide significance as the 95
th

 

percentile Z-score of 5.87, which corresponds to a P-value of 4.3x10
-9

.  

Trait-trait Colocalization 

For each multi-trait GWAS, we assessed the evidence of a shared causal variant at each 

significant locus by performing colocalization analysis between the trait signals using COLOC for 

bivariate GWAS and MOLOC for trivariate GWAS
26,27

 (Supplementary Table 4). For this analysis, 

we applied a 500 KB window (+/- 250 KB) around the lead variant. A conditional probability of 

colocalization (e.g., PP4/ (PP3 + PP4)) is defined as the posterior probability of colocalization 

conditioned on the presence of a signal for each trait. A probability of ≥ 0.8 was considered 

significant. Loci that had a conditional probability of colocalization > 0.5 and < 0.8 were visually 

inspected using LocusZoom plots (Supplementary Table 5). If the LD structure suggested 

additional associations unlinked to the leading variant in the region, approximate conditional 

analysis was performed (see Approximate Conditional Analysis below).  

Single-Tissue Gene Expression Colocalization 
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We performed single-tissue colocalization analysis to prioritize candidate causal genes 

implicated in each N-GWAMA multi-trait GWAS using RNA-seq data obtained from the 

Genotype-Tissue Expression (GTEx) project
26

. Using the signif_variant_gene_pairs.txt.gz GTEx 

v8 files, we identified the list of genes and tissues for which each N-GWAMA lead variant was a 

significant single-tissue expression quantitative trait locus (eQTL) in GTEx v8 (Supplementary 

Table 6). We then performed colocalization between either CAD or PAD, as determined by 

which trait had the most significant lead SNP at each locus, and each single-tissue eQTL signal 

from GTEx v8
26

. The window of colocalization was 500 KB spanning the lead variant. Similar to 

trait-trait colocalization analysis, our threshold to classify the traits as colocalized was a 

conditional probability of colocalization (PP4/ (PP3 + PP4)) ≥ 0.8. We visually inspected 

LocusZoom plots for loci where colocalization analysis resulted in a conditional probability of 

colocalization < 0.8 but > 0.5 and performed approximate conditional analysis when the LD 

structure suggested possible allelic heterogeneity. 

Approximate Conditional Analysis 

For each locus that showed evidence of multiple independent signals, we performed 

approximate conditional analysis on variants that appeared to be associated with the trait of 

interest independently of the lead variant (Supplementary Table 7). This analysis was necessary 

given that the presence of multiple associated variants in a region violates the assumptions of 

COLOC
26

. Potential nearby association signals were identified using LocusZoom plots and the 

LDassoc tool of LDlink
28

. We performed approximate conditional analysis using GCTA-COJO with 

1000 Genome Project data (European samples, n=503) as a reference panel
29,30

. We 

conditioned the lead variant on the most associated variant for each potential confounding 
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signal identified at the locus. We then repeated the colocalization experiment on the locus 

using the conditional variant P-values. A full list of traits, the lead variants, and the conditioned 

variants for each conditional analysis are provided in the supplement (Supplementary Table 7). 

Splicing Quantitative Trait Locus Colocalization 

We performed a colocalization analysis between the PAD signal at the PCSK6 locus and the 

GTEx v8 liver tissue splicing quantitative trait locus (sQTL) signal with the intron ID: 

101365044:101366196:clu_14775 from the Liver.v8.sqtl_allpairs.txt.gz. We also identified this 

intron signal in the PHLiPs HLC sQTL data by lifting over the start and stop of this intron to hg19 

(101905249:101906401)
31

. We then performed colocalization analysis between the HLC sQTL 

signal and the PAD signal as well as the HLC sQTL signal and the GTEx v8 liver tissue sQTL signal 

(Figure 3). 

Allele Specific Expression  

We assessed whether allele specific expression (ASE) was a potential mechanism of the liver 

sQTL at the PCSK6 locus. To perform this analysis, we first identified six coding variants or UTR3 

variants in PCSK6 that would be informative of whether a PCSK6 isoform included or excluded 

exon 14 (GRCh38 chr15:101364999-101365044 of the PCSK6 isoform CCDS73793 with ID 

ENST00000611967.4) (Supplementary Table 8). We then identified individuals in the GTEx 

allele expression analyses who had liver tissue eQTL data, were heterozygous for rs1531817, 

and were heterozygous for one of the six exon 14 informative variants
32

. For each sample 

identified, we performed a binomial test to assess if the ratio of reference to alternate alleles 
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deviated from the expected null ratio of approximately 0.5 for all these variants. Further detail 

on the GTEx allele expression analyses can be found in the original publication
32

. 

 

RESULTS 

Multi-trait GWAS analysis results  

We performed 15 N-GWAMA scans to detect novel loci not previously reported as genome-

wide significant for any of their respective traits (Supplementary Table 9). A total of 150 loci 

were multi-variate genome-wide significant with all single trait P-values between < 5x10
-3

 and > 

5x10
-8

 (Supplementary Table 4). A total of 31 unique loci were nominal genome-wide 

significant, met our colocalization criteria, and thus represent novel pleotropic loci not 

previously reported in a single trait GWAS for their respective multi-trait GWAS (Table 1, 

Supplementary Figures S2-S34). 14 of the nominal genome-wide significant loci colocalized 

with one or more single-tissue eQTLs representing 34 different genes across 46 different tissues 

(Supplementary Table 6). Finally, five loci colocalized with eQTLs for genes that have been 

implicated in atherosclerosis by previous studies.  

VDAC2 and apoptosis  

We detected a nominal genome-wide significant signal with PAD and CAD (bivariate P=7.8x10
-9

) 

at the VDAC2 locus rs7088974 (Table 1). Variants at this locus have been found to be associated 

with body fat percentage, waist circumference, and BMI in previous GWAS in the open GWAS 

project (Supplementary Table 5). Although variants near this locus have also been associated 
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with smoking behavior, our results suggest that the locus we detected is independent of 

smoking behavior
33

 (Supplementary Figure S35). This signal colocalized with VDAC2 mRNA 

expression in multiple vascular tissues relevant to atherosclerosis, including aorta and tibial 

artery (Figure 2 and Supplementary Table 6). The direction of effect at this locus was 

concordant for PAD, CAD, and all gene tissue pairs: the allele that associated with increased 

VDAC2 expression (EA = C, EAF = 0.57) is associated with increased PAD and CAD (β=-0.14, 

SE=0.02, P=7.7x10
-9

).  

PCSK6 and lipid metabolism  

We detected an experiment-wide significant signal with PAD and LDL (bivariate P=3.2x10
-10

) at 

the PCSK6 locus. A rare coding variant in this region has been reported to associate with LDL
34

; 

however, the coding variant (NP_002561.1:p.Thr964Met, rs34631529) and our lead SNP 

(rs1531817) are not in linkage disequilibrium (r
2 

= 0.0086 1kG EUR) based on data from the 

1000 Genomes Project
14

, indicating that we detected a different signal at this locus. To further 

differentiate whether our signal was novel, we performed an additional conditional analysis on 

the coding variant rs34631529 in PAD data without any notable changes in the PCSK6 locus 

signal (Supplementary Figure S36). Previous GWAS have found that variants at this locus are 

associated with inflammatory markers
35-40

. 

To better understand how genetic variation at the PCSK6 locus influences circulating lipid levels, 

we investigated the association of the bivariate lead SNP at this locus in the publicly available 

GWAS of NMR lipid subfractions: extra-small subfrations (XS), extra-large subfractions (XL), 

HDL, intermediate density lipoprotein (IDL), LDL, and very-low density lipoprotein (vLDL)
41

. We 
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found our lead SNP (rs1531817) had a nominal positive association with medium VLDL particles 

(β=0.03, SE=0.01, P=9x10
-3

), total lipids in medium VLDL (β=0.03, SE=0.01 ,P=0.02), TG in 

medium VLDL (β=0.02, SE=0.01, P=0.03), serum TG (β=0.02, SE=0.01, P=0.03), and TG in large 

VLDL (β=0.02, SE=0.01, P=0.03).  

Given the association of our lead variant with increased lipid subfractions, we considered the 

potential mechanisms that would produce a gain-of-function effect consistent with our effect 

allele. Our lead variant was a sQTL for PCSK6 in liver tissue in GTEx v8 liver tissue (Figure 3). To 

identify a potential experimental model of this splicing change, we searched for this sQTL in the 

Phenotyping Lipid traits in iPS derived hepatocytes Study (PhLiPS Study)
42

. The signal at PCSK6 

colocalized with an sQTL in these data as well (Figure 3).  

We assessed the evidence of ASE at the PCSK6 locus in the liver tissue of the GTEx allelic 

expression data
32

 (Figure 3). There were six individuals with liver tissue data available who were 

heterozygous for both the sQTL lead SNP, rs1531817, and one of six exon 14 informative 

variants. For each of these individuals, we performed a binomial test to assess if the ratio of 

reads that had the reference or alternate allele of the informative variant deviated from the 

estimated null ratio (Supplementary Table 8). Two of these six binomial tests were nominally 

significant (P < 0.05). 

Other candidate indicate genes with known atherosclerotic biology  

We detected a trivariate GWAS signal with PAD, CAD, and SMK (trivariate P=1.9x10
-9

) at the 

HEM3 locus rs1006195 (Table 1). This variant was genome-wide significant in previous GWAS 

studies for several cardiometabolic traits including Apolipoprotein A1 levels, waist-hip ratio, 
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BMI, fat mass percentage, HDL, and T2D
10,35,43-45

. This pleiotropic signal colocalized with HMBS 

and VPS11 mRNA expression in several tissues (Supplementary Figure S14 and Supplementary 

Table 6). HMBS (β=0.28, SE=0.03, P=4.1x10
-23

) demonstrated the opposite direction of effect to 

atherosclerosis and SMK, while VPS11 (β=-0.25, SE=0.03, P=6.0x10
-15

) demonstrated the same 

direction of effect in all tissue pairs.  

We detected a nominal genome-wide significant signal with PAD and TC (bivariate P=2.4x10
-8

) 

at the SORCS3 locus rs11599236 (Table 1). This locus was previously found to be genome-wide 

significant in GWAS studies of mood disorders in the open GWAS project (Supplementary Table 

5) and this signal colocalized with SORCS3 mRNA expression in pituitary tissue (Supplementary 

Figure S34). The same direction of effect was noted for both traits and the gene tissue pair 

increased SORCS3 associated with increased PAD and TC (β=0.31, SE=0.05, P=5.5x10
-8

).  

Finally, we detected a trivariate signal with PAD, CAD, and HDL (trivariate P=3.4x10
-11

) at the 

LRCH1 locus rs9526214 (Table 1). This locus had evidence of allelic heterogeneity when we 

reviewed the regional association plots, which led us to perform approximate conditional 

analyses on the pleiotropic signal lead SNP rs9316223 and the resulting conditional probability 

of colocalization met our criteria (Supplementary Table 6). This locus has been found to be 

genome-wide significant in previous GWAS studies for platelets, systolic blood pressure, and 

stroke in the open GWAS project (Supplementary Table 5). This signal colocalized with LRCH1 

mRNA expression in tibial artery, whole blood, and other tissues (Supplementary Figure S12 

and Supplementary Table 6). The same direction of effect was noted for all three traits and the 
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gene tissue pair: increased LRCH1 associated with increased PAD, CAD, and HDL (β=-0.09, 

SE=0.02, P=1.3x10
-8

). 

 

DISCUSSION 

To advance our understanding of the genetic etiology of atherosclerosis, different combinations 

of nine known atherosclerotic or atherosclerosis risk factor traits were used to perform 15 N-

GWAMA scans which resulted in 31 unique novel pleiotropic loci not yet reported as genome-

wide significant for their respective traits (Figure 1), and one novel signal at a recently reported 

locus associated with one trait. Colocalization with single-tissue eQTLs identified 3 candidate 

causal genes across 14 of the detected signals. Five of these loci had candidate causal genes 

previously associated with atherosclerosis through other studies. 

VDAC2 increases atherosclerosis through inappropriate smooth muscle cell survival  

We identified a novel pleiotropic association at the VDAC2 locus between PAD and CAD. 

Colocalization experiments support VDAC2 as the causal gene at this locus. VDAC2 is a 

mitochondrial porin family protein that transports small metabolites and other ions across the 

outer mitochondrial membrane
46

. Although VDAC2 has been well studied for its role in atrial 

cell cardiac contractility
46,47

 and interaction with endothelium-dependent nitric oxide synthase 

to worsen pulmonary hypertension
48

, it has also been reported to increase inappropriate cell 

survival after vascular injury
49

. Repeated cycles of vascular endothelial and smooth muscle cell 

damage with subsequent repair contribute to the buildup of extracellular lipid deposits that 

cause occlusive vascular lesions, especially when defects in apoptotic regulation of these cells 
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exist
50

. VDAC2 creates a complex with the integral mitochondrial membrane protein BAK, 

thereby inhibiting BAK binding domains and BAK dependent mitochondrial apoptosis
51

. 

Consistent with these observations, VDAC2 was found to be significantly elevated in human 

atherosclerotic lesion cultures from surgical revascularization plaque samples
49

. We 

hypothesize that the causal variant at this locus leads to VDAC2 overexpression and inhibition 

of mitochondrial dependent apoptosis
49

 in smooth muscle cells that have migrated to injured 

endothelium in atherosclerotic plaques (Figure 2). This process allows for repeated cycles of 

vascular cell damage, subsequent inappropriate repair, and plaque progression. We observed 

that VDAC2 was associated with increased PAD and CAD, suggesting that the absence of VDAC2 

potentially allows for smooth muscle cell apoptosis and plaque resolution.  

Multiple inhibitors of VDAC2 have been reported in the literature and may offer the 

opportunity for therapeutic repositioning or additional pharmaceutical development. The 

angiotensin receptor blocker telmisartan has been shown to significantly downregulate VDAC2 

expression and other apoptotic regulators in human umbilical artery endothelial cells, 

suggesting this mechanism contributes to telmisartan’s antiatherogenic and plaque stabilizing 

properties
52

. Another non-specific VDAC2 inhibitor hydroxysafflor yellow A (HSYA), a traditional 

medication, is approved in China to reduce LDL induced cellular injury
53

. Additionally, efsevin, a 

dihydropyrrole carboxylic ester compound, and erastin analog A9, an inducer of iron dependent 

cell death (ferroptosis), bind directly to VDAC2 and inhibit VDAC2 activity 
54-56

.  

PCSK6 activity effects lipid levels and smooth muscle cell migration  
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We identified a signal at the PCSK6 locus that has a bivariate association with PAD and LDL and 

provide strong evidence in support of PCSK6 as the causal gene at the PCSK6 locus. PCSK6 is a 

calcium-dependent serine endoprotease that cleaves proteins to active and inactive forms 

depending on the target protein
57

. This enzyme has been studied in the context of 

atherosclerosis influencing both smooth muscle cell migration and lipid profiles. There is 

convincing experimental evidence to suggest smooth muscle cell migration in injured arteries is 

facilitated by cytokine induced PCSK6 expression that activates matrix metalloproteinases 

(MMP14/MMP2)
58

. This smooth muscle cell mechanism may explain the association of PCSK6 

with carotid intima-media thickness in a candidate gene study
59

. In that study, the lead variant 

associated with maximum progression of carotid intima-media thickness and was the same as 

the lead variant identified in our bivariate scan between LDL and PAD.  

Our data support the genetic colocalization of PCSK6 gene expression and LDL levels. This 

suggests PCSK6 also influences lipid metabolism, a known upstream cause of  cause 

atherosclerotic progression (Figure 3). This is in agreement with the known role of PCSK6 in 

cleavage and inactivation of endothelial lipase (EL) and lipoprotein lipase (LPL)
60

. Reduced EL 

and LPL activity can both lead to hyperlipidemia
61

 (Figure 3). This hypothesized mechanism is 

supported by the recently reported rare coding variant in PCSK6 associated with decreased LDL, 

possibly due to decreased activity of PCSK6, increased activity of EL and LPL, and ultimately 

decreased LDL
34

. We found the lead variant rs1531817 was nominally positively associated with 

circulating lipoprotein subfraction levels as measured by NMR spectroscopy, suggesting this 

locus may influence atherosclerosis progression through lipid metabolism. In our analyses, the 

A allele at our lead variant associates with the exclusion of exon 14 via RNA splicing of PCSK6 in 
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liver tissue
62,63

 (see methods above), which results in an active PCSK6 isoform
64

 (Figure 3). We 

hypothesize this isoform would lead to overall increased activity of PCSK6 in systemic 

circulation and increased lipid fractions. There was also nominal evidence of ASE at this locus in 

two of the six GTEx saples with informative PCSK6 variants. It remains to be determined if 

changes in PCSK6 activity result in altered lipid metabolism and therefore has downstream 

effects on PAD or if altered PCSK6 activity effects LDL and PAD separately through independent 

mechanisms. In all likelihood, it is a combination of LDL dependent and independent 

mechanisms that link PCSK6 to PAD. 

There are several non-FDA approved, non-specific PCSK6 inhibitors that influence lipid 

metabolism: both alpha1-antitrypsin Portland (alpha1-PDX)
65

 and profurin
66

 inhibit and partially 

inhibit PCSK6 respectively to prevent EL cleavage and modify cholesterol transport. Other 

inhibitors of PCSK6 are used for other disease processes and have the potential to be 

repurposed for atherosclerotic disease: Pf-pep is a positively charged pentamolecule that is a 

competitive inhibitor of PCSK6 used for cartilage breakdown in osteoarthritis
67

 and dicoumarols 

(DC), specifically DC2, are small molecules that non-specifically competitively inhibit rat PCSK6 

to prevent virus propagation
68

.  

Limitations 

We acknowledge there are several limitations to this study. First, there is sample overlap 

between several of our single trait summary statistics files. The N-GWAMA method attempts to 

account for this, but if the correction for the overlap was insufficient this could inflate our false 

discovery rate. Second, we selected nine atherosclerotic and cardiometabolic traits based on 
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conventional relationships with atherosclerosis; however, there are likely multifactorial and 

multidirectional relationships within this group of traits. It is possible that some of the novel loci 

represent the interaction between traits instead of the intended representation of 

atherosclerosis as we have interpreted it. It is also possible that including other sets of 

cardiometabolic risk factors may identify additional novel loci. 

CONCLUSIONS 

We have shown that publicly available GWAS data can be leveraged to perform multi-trait 

scans with N-GWAMA methods to identify novel loci that unify atherosclerosis. In this study, 31 

unique nominal genome-wide significant loci were associated jointly with PAD and other 

atherosclerotic traits. These loci may represent novel genetic etiologies of atherosclerosis. A 

total of 34 candidate causal genes were identified across 14 novel pleiotropic loci and among 

those, VDAC2 and PCSK6 represent possible causal biology with known inhibitors that have 

large potential to be therapeutic targets for atherosclerosis. These results highlight the 

biological underpinnings of atherosclerosis and the potential to develop non-invasive medical 

treatments for atherosclerosis.  
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Expanded Materials & Methods 

 

Data availability  

The full summary level association data from the MVP trans-ancestry PAD meta-analysis from 

this report are available through dbGAP, accession code phs001672. Additional data that 

support the findings of this study are available on request from the corresponding author 

(S.M.D.); these data are not publicly available due to U.S. Government and Department of 

Veteran’s Affairs restrictions relating to participant privacy and consent. Data contributed by 

CARDIoGRAMplusC4D investigators are available online 

(http://www.CARDIOGRAMPLUSC4D.org/). The genetic and phenotypic UK Biobank data are 

available upon application to the UK Biobank. Additional data that were used to generate the 

Figures in this study are available on request from the corresponding author (S.M.D.) or 

through dbGAP as listed above.  
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Table 

Table 1. Atherosclerosis trait NGWAMA analysis and results. Trait 3 P Value will have a value of 

NA if there were only 2 traits analyzed. The Q value was calculated based on all of the SNP 

results from the 15 N-GWAMA multi-trait GWAS. Conditional posterior probability represents 

the PP4/(PP3+PP4) probability of the trait to trait colocalization analysis. * indicates that the 

Lead SP was detected in another trait combination scan. Loci in gray met the experiment-wide 

significance threshold (P-value < 4.3x10-9) Abbreviations: PAD/peripheral artery disease; 

CAD/coronary artery disease; BMI/body mass index; T2D/type 2 diabetes; SMK/smoking; 

HDL/high density lipoprotein; LDL/low density lipoprotein; TG/triglycerides; TC/total 

cholesterol; Chr/chromosome. 
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Trait 1, Trait 2,  

Trait 3 Locus Name Lead SNP Chr Position GRCh37 

Effect/Other 

Allele  

Direction 

of Effect 

for Each 

Trait 

Effect 

Allele 

Frequency 

Multivariate 

P Value Q Value Trait 1 P Value Trait 2 P Value Trait 3 P Value 

Condition
Posterio

Probability
Colocalizat

PAD, CAD, T2D SATB1 rs9845140 3 18728878 C/A  -/-/- 0.27 2.06E-11 4.93E-06 2.59E-05 8.18E-06 2.09E-05 0.85 

PAD, CAD, HDL LRCH1 rs9526214 13 47237213 T/C  -/-/- 0.24 3.38E-11 4.93E-06 6.17E-06 7.06E-05 8.31E-04 0.73 

PAD, CAD CTGE1/CTGE2 rs948386 18 19998810 G/C  -/- 0.42 4.10E-11 4.93E-06 2.20E-05 1.49E-07 NA 0.98 

PAD, LDL PCSK6 rs1531817 15 101906737 C/A  +/+ 0.68 3.15E-10 4.93E-06 4.72E-04 6.48E-08 NA 0.98 

PAD, CAD, TG SAMD8 rs9299525 10 76878025 G/A  -/-/- 0.58 5.73E-10 4.93E-06 2.35E-05 2.15E-05 5.30E-04 0.98 

PAD, CAD TF7L2 rs7901695 10 114754088 T/C  -/- 0.69 5.81E-10 4.93E-06 3.10E-05 8.69E-07 NA 0.98 

PAD, CAD NFAT5 rs1364063 16 69588572 T/C  +/+ 0.59 6.63E-10 4.93E-06 6.27E-08 2.17E-05 NA 0.36 

PAD, CAD, T2D SPP2C rs55660209 17 43932173 T/C  -/-/- 0.79 6.68E-10 4.93E-06 7.41E-04 5.18E-04 7.41E-06 0.20 

PAD, CAD, BMI PLPL3 rs2076211* 22 44329078 C/T  +/+/+ 0.84 7.56E-10 4.93E-06 2.47E-03 4.55E-04 3.13E-06 0.89 

PAD, CAD, 

SMK HEM3 rs1006195 11 118958869 G/T  -/-/- 0.60 1.92E-09 5.24E-06 2.97E-04 1.03E-06 3.90E-03 0.85 

PAD, CAD SATB1 rs9826966 3 18737796 A/G  -/- 0.27 2.14E-09 5.33E-06 2.53E-05 4.01E-06 NA 0.94 

PAD, TG ATAD5 rs7342938 17 29189830 A/G  +/+ 0.88 2.45E-09 5.48E-06 1.86E-04 2.47E-07 NA 0.98 

PAD, T2D ARL17 rs2458203 17 44336651 T/C  -/- 0.67 3.11E-09 5.82E-06 3.51E-03 8.36E-08 NA 0.51 

PAD, TG NUP85 rs2291031 17 73228173 C/T  +/+ 0.82 3.55E-09 6.07E-06 2.50E-03 7.45E-08 NA 0.98 

PAD, CAD, LDL PLPL3 rs2076211* 22 44329078 C/T  +/+/+ 0.84 3.99E-09 6.32E-06 2.47E-03 4.55E-04 2.79E-05 1.00 

PAD, T2D ZN536 rs73022871 19 30990705 C/G  +/+ 0.85 4.70E-09 6.76E-06 2.48E-03 1.29E-07 NA 0.90 

PAD, LDL BPTF rs12602912 17 65870073 C/T  -/- 0.79 5.24E-09 7.10E-06 1.20E-06 2.42E-05 NA 0.90 

PAD, BMI OPN5 rs9381618 6 47780081 T/C  -/- 0.72 6.35E-09 7.84E-06 1.24E-05 9.57E-07 NA 0.98 

PAD, TG OR4CD rs10839321 11 49670562 T/C  -/- 0.91 6.51E-09 7.95E-06 3.86E-03 1.08E-07 NA 0.97 

PAD, CAD, 

SMK ZN268 rs61960706 12 133777822 G/A  -/-/- 0.74 7.18E-09 8.42E-06 2.56E-03 3.27E-05 6.10E-04 0.89 

PAD, CAD VDAC2 rs7088974 10 76891096 T/C  -/- 0.57 7.73E-09 8.81E-06 1.26E-05 2.08E-05 NA 0.99 

PAD, TG ATG7 rs2606736 3 11400249 C/T  -/- 0.38 8.21E-09 9.16E-06 2.59E-03 1.73E-07 NA 0.92 

PAD, CAD CBPC2 rs11602961 11 47727748 C/T  -/- 0.94 8.83E-09 9.64E-06 5.81E-04 2.07E-06 NA 0.90 

PAD, T2D L2HDH rs72683923 14 50735947 T/C  +/+ 0.98 9.75E-09 1.03E-05 7.24E-05 1.24E-06 NA 0.98 

PAD, T2D MPPD2 rs1765131 11 30404538 G/C  +/+ 0.65 1.05E-08 1.09E-05 1.45E-04 1.43E-06 NA 0.80 

PAD, TC S4A8 rs9795910* 12 51795623 A/G  +/+ 0.62 1.83E-08 1.71E-05 1.81E-03 1.04E-06 NA 0.96 

PAD, TC SORC3 rs11599236 10 106454672 T/C  +/+ 0.59 2.38E-08 2.14E-05 3.66E-05 1.24E-05 NA 0.99 

PAD, BMI LTOR3 rs185238112 4 100801033 C/T  -/- 0.94 2.49E-08 2.22E-05 1.59E-03 7.91E-07 NA 0.86 

PAD, SMK KPCD1 rs10149845 14 30177079 C/T  -/- 0.59 3.00E-08 2.62E-05 3.92E-05 2.10E-05 NA 0.75 

PAD, T2D SATB1 rs4269101 3 18763543 T/G  -/- 0.28 3.59E-08 3.06E-05 1.95E-05 5.78E-06 NA 0.89 

PAD, LDL S4A8 rs9795910* 12 51795623 A/G  +/+ 0.62 3.86E-08 3.26E-05 1.81E-03 2.72E-06 NA 0.98 

PAD, BMI CDKL1 rs11570792 14 50847010 C/T  +/+ 0.95 4.13E-08 3.45E-05 1.39E-03 1.39E-06 NA 0.95 

PAD, CAD, TG TMM18 rs2867113 2 651365 G/A  +/+/+ 0.82 4.67E-08 3.84E-05 1.14E-03 1.50E-04 1.15E-03 0.80 
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FIGURES 

 

Figure 1. Flowchart of multi-trait analysis and candidate gene results. 9 traits were analyzed in 

15 different bivariate and trivariate scans that best represented atherosclerosis. The summary 

statistics from all scans were filtered by single trait P values and loci within 500kb or in LD 

(EUR r
2
(>(0.2 1kG EUR) with the known trait being tested according to the GWAS catalog, 

resulting in 150 unique loci. Trait to trait colocalization with a threshold of a conditional 

posterior probability of colocalization > 0.8 was performed to ensure evidence of a shared 

causal SNP between each trait. The resulting 31 unique loci were run through single tissue eQTL 

analysis using GTEx v8 to identify candidate causal genes and tissues for each locus. 34 unique 

genes were identified among 14 loci.  
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Figure 2. VDAC2 locus with a lead SNP of rs7088974. A) Pleiotropic signal between PAD and 

CAD with an eQTL for VDAC2 in aortic artery tissue from GTEx v8. B) Hypothesized mechanism 

for the role of VDAC2 in atherosclerosis. Damaged endothelium leads to smooth muscle cell 

migration and if a person has a C allele at this locus, VDAC2 is overexpressed. Increased VDAC2 

allows smooth muscle cells to become resistant to mitochondrial induced apoptosis and this 

inappropriate cell survival causes plaque progression.  
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Figure 3. PCSK6 locus with a lead SNP of rs1531817. A) Pleiotropic signal between PAD and LDL 

with an sQTL for PCSK6 in liver tissue. This locus also colocalized with Hepatocyte-like cells 

(HLCs) in vitro. B) Hypothesized mechanism for the effects of PCSK6 on atherosclerosis. If a 
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person has an A allele at the PCSK6 locus, exon 14 will be spliced out of PCSK6, which ultimately 

leads to increased excretion of the active isoform of PCSK6. Active PCSK6 will cleave and 

inactivate endothelial lipase (EL) and lipoprotein lipase (LPL) which will allow lipid levels of LDL, 

TG, vLDL, and HDL to increase and worsen atherosclerotic burden. C) Allele specific expression 

experiments. Six individuals in the liver tissue of the GTEx allelic expression data were 

heterozygous for our lead SNP of interest and one of six exon 14 informative variants.   Allele 1 

(shown in blue) has the A allele of our lead SNP of interest, which results in inclusion of exon 14 

and increased activity of the transcript relative to allele 2 (shown in orange). The allelic origin of 

the transcript was assessed by the ratio of reads that had the reference or alternative allele and 

then was tested for significant deviation from the expected null ratio.  
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