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Whole-genome sequencing uncovers two loci for coronary 
artery calcification and identifies ARSE as a regulator of 
vascular calcification

A full list of authors and affiliations appears at the end of the article.

Abstract

Coronary artery calcification (CAC) is a measure of atherosclerosis and a well-established 

predictor of coronary artery disease (CAD) events. Here we describe a genome-wide association 

study (GWAS) of CAC in 22,400 participants from multiple ancestral groups. We confirmed 

associations with four known loci and identified two additional loci associated with CAC (ARSE 
and MMP16), with evidence of significant associations in replication analyses for both novel 

loci. Functional assays of ARSE and MMP16 in human vascular smooth muscle cells (VSMCs) 

demonstrate that ARSE is a promoter of VSMC calcification and VSMC phenotype switching 

from a contractile to a calcifying or osteogenic phenotype. Furthermore, we show that the 

association of variants near ARSE with reduced CAC is likely explained by reduced ARSE 
expression with the G allele of enhancer variant rs5982944. Our study highlights ARSE as an 

important contributor to atherosclerotic vascular calcification, and a potential drug target for 

vascular calcific disease.

Main

Coronary artery calcification (CAC) is a measure of atherosclerosis and a strong 

independent predictor of coronary artery disease (CAD) events.1,2 Several studies have 

demonstrated that the amount of CAC is associated with risk for CAD events.3 

Cardiovascular risk prediction is enhanced when calcium score is added to cardiovascular 

risk factors including body mass index, diabetes mellitus, hypertension, total cholesterol, 

and smoking history.4 Coronary calcification is not only a manifestation of atherosclerotic 

plaque but is also thought to contribute directly to plaque rupture when present as 
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microcalcifications whereas more extensive sheets of calcification are associated with 

greater plaque stability.5

Vascular calcification is an actively regulated process that is characterized by the switch 

of vascular smooth muscle cells from a contractile phenotype to an osteogenic phenotype 

with expression of bone markers that include Runt-related transcription factor 2 (RUNX2), 

a master regulator of the phenotype switch, in addition to other markers such as bone 

gamma-carboxyglutamate protein (BGLAP) and alkaline phosphatase (ALPL).6,7 There is 

a strong genetic component to CAC and CAD events. Over 200 loci for CAD have been 

uncovered by previous GWAS,8–14 but only four loci have been associated with CAC (9p21, 

PHACTR1/EDN1, APOE, and APOB).15–18 These four loci are associated with CAD events 

and their effects appear to be primarily related to the progression of atherosclerosis,19–22 

although PHACTR1/EDN1 may also affect calcification directly.23 The identification of 

additional CAC loci could provide insights into novel pathogenic mechanisms underlying 

atherosclerotic cardiovascular disease. To identify new CAC loci, we used whole genome 

sequencing (WGS) data from the Trans-Omics for Precision Medicine (TOPMed) program.

Results

Traditional single variant analyses restricted to variants with minor allele count ≥50 were 

performed, as well as aggregate analyses of rare variants with minor allele frequency <1%. 

A total of 22,400 participants from ten different studies were included in our discovery 

analyses (Supplementary Table 1). These participants were stratified into five population 

groups based on their reported race/ethnicity: 596 Amish, 603 Asian, 8,606 Black, 1,010 

Hispanic/Latino, and 11,585 White. The mean age was 58, and 53% of participants were 

male. Detectable CAC was present in 50% of the population (25% had CAC 1-100, 14% had 

CAC 101-400, and 11% had CAC>400).

A total of 28,457,765 variants with minor allele count ≥50 in our pooled study population 

were tested for association with log(CAC+1), including 2,139,838 X chromosome variants 

(Manhattan plot: Fig. 1; QQ plot: Supplementary Data Fig. 1). Genetic variants exhibiting 

statistically significant association (P<5×10−9) were identified in regions defined by 9p21, 

APOE (19q13.32), PHACTR1/EDN1 (6p24.1), ARSE (also known as ARSL, Xp22.33), 

APOB (2p24.1), and MMP16 (8q21.3) (Table 1, Supplementary Data Fig. 2–7). We created 

95% credible sets of variants for each locus, corresponding to the smallest set of variants at 

a locus that has a 95% posterior probability of containing the causal variant (Supplementary 

Table 2).24 In stratified analyses, the direction of the effects of variants in each locus 

were consistent between men and women (Supplementary Table 3) and generally consistent 

across the five race/ethnic populations (Supplementary Table 4). Only the associations of 

rs7412 (APOE) and rs5982944 (ARSE) showed differences in the effect direction among 

population groups. In both cases the effect direction in the Hispanic/Latino population 

group was discordant with the remaining groups. The six loci were also associated with the 

presence of CAC as a dichotomous trait using a variety of CAC thresholds (Supplementary 

Table 5). We performed conditional analyses to identify independent secondary signals at 

the six associated loci, leading to the identification of conditionally independent associations 

(FDR < 0.05) at two loci: 9p21 and APOE (Supplementary Table 6 and Supplementary 
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Data Fig. 8). The primary and secondary variants at APOE (rs7412 and rs429358) make 

up the classical APOE haplotypes e2, e3, and e4. Analyses by APOE haplotype pair using 

e3/e3 as the reference group are shown in Supplementary Table 7, demonstrating decreased 

CAC with the e2 haplotype and increased CAC with the e4 haplotype. We also examined 

whether 241 variants associated with CAD by Aragam et al.14 were associated with CAC in 

our study. Of these variants, 233 were included in our analysis. Besides 9p21, PHACTR1, 

and APOE, we found suggestive associations (P<0.00021) at four additional loci, including 

LOC283033/CXCL12, COL4A1/COL4A2, ADAMTS7, and LDLR (Supplementary Table 

8).

Rare variants (minor allele frequency < 1%) were tested for association with coronary 

artery calcification (CAC) using two gene-based variant aggregation and filtering strategies, 

resulting in a total of 41,868 groupings of rare variants. Both of the aggregation strategies 

resulted in a genome-wide significant (P<1.2×10−6) aggregation unit for CAC that mapped 

to the APOB gene, but these associations were no longer significant (P>0.05) after adjusting 

for rs5742904, the index variant identified from the single variant analysis at this locus. 

Supplementary Table 9 shows the variants that were included in the aggregate tests, as well 

as the single variant analysis P-value for those variants with minor allele count ≥ 5.

Of the six genome-wide significant loci, variants in ARSE and MMP16 have not been 

reported previously to be associated with CAC or CAD at a genome-wide significance level. 

The inverse association of the G allele of index variant rs5982944 at ARSE with CAC 

appeared to follow a recessive mode of inheritance (Extended Data Fig. 1), and was more 

statistically significant in a recessive model (Beta=−0.43; P=2.8×10−17) than in an additive 

model (Beta=−0.20; P=9.1×10−14). Because the G allele of rs5982944 is largely restricted 

to individuals with African ancestry, we replicated the associations with the index variants 

at the two loci (rs5982944 at ARSE and rs13268080 at MMP16) from TOPMed cohorts 

in independent samples from two race/ethnicity groups with African ancestry: Black and 

Brazilian (Supplementary Table 10 and Supplementary Table 1). The Brazilian population 

group was ancestrally heterogeneous and included individuals who self-reported as White, 

Black, and Brown (admixed).25 Using a Bonferroni adjusted P-value threshold of P<0.0083, 

the ARSE index variant was significantly associated with CAC in the Black population 

group in a recessive model (Beta=−0.41; P=0.0053), but not in the Brazilian population 

group. Furthermore, the MMP16 index variant was significantly associated with CAC in the 

Brazilian population group (Beta=0.18; P=0.0021), but not in the Black population group. 

All effect directions were consistent with those from the discovery analysis.

The ARSE index variant was also associated with thoracic ascending and descending 

aorta calcification in the COPDGene study26 according to both the additive (Beta=-0.34; 

P=1.7×10−10) and recessive models (Beta=-0.65; P=8.0×10−10). The phenotypic correlation 

between coronary artery and thoracic aortic calcification was r=0.53 (P<2.2×10−16). The 

ARSE index variant was also associated with high-density lipoprotein (P=0.0014), as well 

as other phenotypes at nominal significance, including carotid plaque (P=0.0048), systolic 

blood pressure (P=0.042), and low-density lipoprotein cholesterol (P=0.042). . The MMP16 
variant was not significantly associated with any of the other atherosclerotic phenotypes and 

was only nominally associated with CAD events (Supplementary Tables 11 and 12).
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Credible set analysis indicated that index variant rs5982944 at the ARSE locus had a 

85% posterior probability of being the causal variant (Supplementary Table 2). This 

index variant is located within an enhancer region with accessible chromatin, and was 

significantly associated with gene expression levels of ARSE (cis-eQTL) in multiple cells 

and tissues, including cultured fibroblasts and aorta (Supplementary Table 2). A high 

degree of colocalization was observed between ARSE genetic variants associated with CAC 

and ARSE gene expression in cultured fibroblasts (Extended Data Fig. 2), supporting a 

regulatory effect at the locus. The rs5982944-G allele that was associated with lower CAC 

was associated with decreased expression levels of ARSE in cultured fibroblasts (normalized 

effect size=-0.90, P=3.5×10−18), indicating that higher levels of ARSE may stimulate arterial 

calcification.

The index variant at MMP16 was associated with MMP16 expression (Supplementary Table 

2). Specifically, in aorta the G allele of the MMP16 index variant, which was associated 

with higher CAC levels, was associated with decreased mRNA expression levels of MMP16 
(GTEx v8, normalized effect size=-0.22, P=2.9×10−7). Co-localization analyses for MMP16 
suggest that higher MMP16 expression may inhibit calcification (Extended Data Fig. 3). 

While the index variant was located 387 kb from MMP16, we show that the variant is 

likely to interact with the promoter region of MMP16 in the 3D configuration of the 

chromatin. The 95% credible set of SNPs at the MMP16 locus were intersected with 

pooled HiC-based pairwise chromatin interactions as well as and H3K27ac HiChIP pairwise 

enhancer-promoter interactions, both generated in human coronary artery VSMCs.27,28 

These chromatin loops were visualized at MMP16 and ARSE loci on the latest Roadmap 

Epigenomics browser. Using Hi-C data from human coronary artery VSMCs a chromatin 

loop is observed that suggests a 3D interaction between variants in the credible set and the 

promoter region of MMP16 (Supplementary Data Fig. 9).

To determine the vascular cell type-specific expression pattern for ARSE and MMP16, we 

queried these genes in a recent meta-analysis of 4 public human atherosclerosis datasets in 

coronary and carotid artery samples (n=119,578 cells). From these datasets we observed 

MMP16 expression in vascular smooth muscle cells, fibroblasts and endothelial cells 

(Extended Data Fig. 4). While ARSE was expressed in fewer cells overall, we did observe 

expression in vascular smooth muscle cells, endothelial cells (particularly those annotated 

as endothelial-mesenchymal transition ECs marked by fibronectin expression) as well as 

some fibroblasts. Together these results provide additional support for the role of ARSE and 

MMP16 in the main cell types underlying coronary calcification.

Atherosclerotic vascular calcification is characterized by the switch of VSMCs from a 

contractile phenotype to an osteogenic phenotype. The osteogenic phenotype of VSMCs 

is characterized by expression of Runt-related transcription factor 2 (RUNX2), a master 

regulator of the phenotype switch, in addition to other markers such as bone gamma-

carboxyglutamate protein (BGLAP) and alkaline phosphatase (ALPL), as well as a decrease 

in contractile markers such as calponin (CNN1).29,30 Therefore, we performed a series of 

functional perturbation studies in human coronary artery VSMCs to investigate whether 

MMP16 and ARSE regulate osteogenic phenotype switch and calcification in VSMCs.
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MMP16 is expressed in coronary artery VSMCs, and MMP16 expression decreased by 

~75% when VSMCs were grown in osteogenic media compared to normal media (Extended 

Data Fig. 5a). Silencing MMP16 did not affect VSMC osteogenic phenotype or calcification 

(Extended Data Fig. 5a–b).

ARSE is endogenously expressed in coronary artery VSMCs (Fig. 2a). Compared with 

cells grown in normal media, mRNA and protein expression of ARSE in cells grown 

in osteogenic media was 5-fold and 1.7-fold higher, respectively (Fig. 2a–b). We next 

sought to determine whether specific knockdown of ARSE mRNA inhibited the switch 

of coronary artery VSMCs from the contractile to the osteogenic phenotype. Compared 

with control siRNA, siARSE decreased ARSE mRNA levels by >95% (Fig. 2a) without 

affecting expression of ARSD, the closest homologue of ARSE (Supplementary Data Fig. 

10). ARSE silencing reduced the expression of key markers of the osteogenic phenotype 

switch (Fig. 2c), namely RUNX2 (>40%), BGLAP (>80%), and ALPL expression (50%), 

and also increased the mRNA expression of the contractile protein calponin (CNN1) by > 

2-fold in osteogenic media (Fig. 2c). The fact that silencing ARSE was associated with a 

greater than 5-fold increase in CNN1 expression in cells grown in normal growth media 

suggests an important role for ARSE in maintaining the contractile phenotype of VSMCs. 

Further, we observed that VSMCs treated with siARSE had increased expression of other 

important markers of VSMC contractility31 (Extended Data Fig. 6). In immunoblot analyses, 

knockdown of ARSE was also associated with a ~50% decrease in RUNX2 and a 35% 

increase in CNN1 protein expression (Fig. 2d ). ARSE silencing resulted not only in a >60% 

decrease in calcium deposition by cells treated with osteogenic media for ten days (Fig. 2e), 
but also in a >3-fold increase in coronary artery VSMC contractility, as measured using a 

collagen gel contraction assay (Fig. 2f).

Since knockdown of ARSE reduced RUNX2 expression and inhibited VSMC calcification, 

we predicted that increasing ARSE levels with adenovirus (Ad.ARSE) would promote 

an osteogenic phenotype and calcification of VSMCs. In cells grown in normal media, 

Ad.ARSE treatment increased RUNX2 protein levels by >7-fold and decreased CNN1 

protein levels by ~70% (Fig. 3a). Ad.ARSE treatment resulted in a >10-fold increase in 

coronary VSMC calcification (Fig. 3b) and led to a >70% decrease in coronary artery 

VSMC contractility (Fig. 3c). Considering the consistent association of the ARSE locus with 

both coronary and aortic calcification, the same silencing and overexpression experiments 

were also performed in human aortic VSMCs. The findings in aortic VSMCs resembled 

those in coronary artery VSMCs (Extended data Fig. 7). Together these results highlight an 

important role for ARSE in regulating VSMC phenotype switch to osteogenic cells, as well 

as VSMC calcification underlying the pathogenesis of atherosclerosis and CAC .

To study ARSE expression in human tissue, we used human coronary arteries from 

control patients and patients with ischemic coronary artery disease (Extended Data Fig. 

8a–b). Immunofluorescence analysis showed that ARSE is expressed at a low level in the 

control coronary arteries. However, ARSE expression is significantly higher in ischemic 

coronary arteries as compared to control arteries. Colocalization analysis showed that ARSE 

expression modestly correlates with α-smooth muscle actin expression (a marker of smooth 

muscle cells). Alizarin red staining was significantly higher in ischemic diseased arteries 
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as compared to control arteries, corresponding to the increased ARSE expression. We 

also found that RUNX2 (a marker of calcification) expression was higher in calcified 

diseased arteries and colocalized with ARSE. Given the findings of ARSE as a regulator 

of VSMC calcification, we sought to investigate the functional role of the index variant. To 

validate whether SNP rs5982944 influences gene expression, a luciferase reporter assay was 

performed. The rs5982944-A allele and rs5982944-G allele were cloned into Luciferase-

pcDNA3 vectors and co-transfected with the renilla luciferase vector (internal control 

reporter) into human coronary artery smooth muscle cells,human aortic smooth muscle cells, 

and HEK-293 cells. Cells transfected with the rs5982944-G allele showed significantly less 

luciferase activity as compared to the rs5982944-A allele in all three cell types (Extended 

Data Fig. 9). This result validates our in-silico analyses showing that SNP rs5982944 affects 

ARSE gene expression. Together these results provide support for the role of increased 

expression of ARSE in the pathogenesis of atherosclerotic coronary calcification.

Discussion

In summary, we performed a GWAS in 22,400 diverse individuals and identified six genetic 

loci associated with CAC, a strong and independent risk factor for future cardiovascular 

disease events.1,2 Of these loci, variants in the ARSE and MMP16 loci have not been 

previously reported to be associated with CAC.15–17 ARSE is located on the X chromosome, 

which was excluded from previous GWAS of CAC. Furthermore, the index variant at 

ARSE was largely restricted to population groups with African ancestry. Additionally, 

by performing functional experiments of ARSE in human coronary artery and aortic 

VSMCs, we implicate ARSE as a major regulator of the osteogenic phenotype switch 

and calcification of VSMCs (Extended Data Fig. 10). Rare variants in the ARSE gene 

that cause congenital ARSE deficiency result in X-linked chondrodysplasia punctata 1 

(CDPX1), a disorder characterized by abnormal cartilage and bone development.32 Specific 

characteristics of CDPX1 include speckled calcifications at the end of bones, short 

stature, short fingers, and a depressed nasal bridge. Complications can include extensive 

calcifications within the tracheal and bronchial cartilage, but not atherosclerotic vascular 

calcification. The underlying mechanisms by which ARSE deficiency leads to CDPX1 have 

not yet been elucidated, but disturbed regulation of calcification appears to be a central 

feature.

We performed a series of functional studies that point towards an important role of ARSE in 

atherosclerotic vascular calcification as a promoter of osteogenic phenotype switch in both 

coronary artery and aortic VSMCs (Extended Data Fig. 10). Silencing of ARSE resulted 

in decreased levels of markers of the osteogenic phenotype, decreased calcification, and 

increased VSMC contractility, while overexpression of ARSE resulted in increased levels 

of markers of the osteogenic phenotype, increased calcification, and decreased contractility. 

Notably, we observed that, in the absence of osteogenic media, ARSE not only upregulates 

production of RUNX2, a master regulator of bone formation and atherosclerotic vascular 

calcification, but also decreases the expression of the contractile protein calponin.33,34 Using 

a luciferase reported assay, we also show that the association of variants near ARSE is likely 

explained by enhancer variant rs5982944, with the G allele reducing ARSE expression. 

Overall, our findings implicate ARSE in the regulation of VSMC phenotype. Because mice 
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do not carry the ARSE gene, further exploration of the mechanism through which ARSE 
affects atherosclerotic vascular calcification will require the use of other animal models or in 
vitro approaches.

In silico approaches pointed towards MMP16 as a candidate causal gene for CAC. Given 

previous reports of MMP16 being expressed in VSMCs in atherosclerotic plaques,35 

we used gene silencing to test whether MMP-16 regulates the phenotype switch from 

contractile to osteogenic VSMCs. However, we found no evidence for this in our in vitro 
experiments, which may reflect the possibility that MMP-16 may not be working primarily 

in VSMCs to affect atherosclerotic plaque formation. Instead, it may be that MMP-16 

is functioning primarily in endothelial cells, inflammatory cells such as macrophages, or 

in the extracellular matrix. The MMP-16 protein cleaves several important extracellular 

matrix proteins, including but not limited to fibronectin, collagen type III, gelatin, laminin-1, 

vitronectin, and fibrin.36 These substrates may each have unique roles in the pathogenesis 

of atherosclerosis and/or calcification. Fibronectin promotes plaque formation in mice, but 

decreases vulnerability to plaque rupture by promoting the formation of a thick fibrous 

cap.37 Importantly, fibronectin may promote atherosclerotic vascular calcification.38,39 Thus, 

degradation of fibronectin through cleavage by MMP-16 may lead to decreased calcification: 

both directly and indirectly through the inhibition of atherosclerosis. In contrast, MMP-16 

also activates MMP-2,36 which promotes atherosclerotic plaque formation in mice,40,41 and 

may promote atherosclerotic vascular calcification.42–44

In conclusion, we discovered and replicated associations of two loci with CAC that harbor 

ARSE and MMP16. By performing functional experiments of ARSE in human coronary 

artery and aortic VSMCs, we implicate ARSE as a major regulator of the phenotype switch 

from contractile to osteogenic VSMCs, and highlight enhancer variant rs5982944 as the 

putative causal variant. Thus, ARSE represents a novel locus associated with CAC that 

exerts direct effects on atherosclerotic vascular calcification in vitro. Our findings highlight 

ARSE as a potential target of therapy for vascular calcific disease.

Methods

Ethics statement

All human research was approved by the relevant institutional review boards for each study 

and conducted according to the Declaration of Helsinki. All participants provided written 

informed consent.

Study Population

A total of 22,400 participants with TOPMed freeze 6 WGS and harmonized CAC data were 

included in our discovery analysis. This included participants from ten studies: Genetics of 

Cardiometabolic Health in the Amish (Amish; n = 596), Coronary Artery Risk Development 

in Young Adults (CARDIA; n = 2,781), Cardiovascular Health Study (CHS; n = 356), 

Genetic Epidemiology of Chronic Obstructive Pulmonary Disease (COPDGene; n = 8,665), 

Diabetes Heart Study (DHS; n = 381), Framingham Heart Study (FHS; n = 1,557), Genetic 

Study of Atherosclerosis Risk (GeneSTAR; n = 631), Genetic Epidemiology Network of 
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Arteriopathy (GENOA; n = 493), Jackson Heart Study (JHS; n = 1,605), and the Multi-

Ethnic Study of Atherosclerosis (MESA; n = 5,335). Summaries of the study design of 

each of these included studies can be found in the Supplementary Methods. The study 

population was diverse, with reported membership of race/ethnicity population groups as 

follows: Amish (n = 596), Asian (n = 601), Black (n = 8,434), Central American (n 

= 64), Cuban (n = 36), Dominican (n = 145), Mexican (n = 541), Puerto Rican (n = 

141), South American (n = 81), and White (n = 11,392). Due to their small sample size, 

the Central American, Cuban, Dominican, Mexican, Puerto Rican, and South American 

population groups were combined into a single Hispanic/Latino population group (n = 

1,010) for association analyses. Additionally, 369 participants had either unreported or 

non-specific (e.g. ‘Multiple’ or ‘Other’) race/ethnicity membership. In order to include these 

369 participants in all analyses, their most likely race/ethnicity membership was imputed 

based on their genetic ancestry using the Harmonized Ancestry and Race/Ethnicity (HARE) 

method.45 Further details are provided in the Supplementary Methods and Supplementary 

Table 13. This research was approved by the institutional review board at the University 

of Texas Health Science Center at Houston. All included studies were approved by 

their respective institutional review committees and all included participants gave written 

informed consent.

Whole genome sequencing

Within TOPMed, WGS was conducted at a mean depth of >30X using Illumina HiSeq X 

Ten instruments at five sequencing centers. Variant discovery and genotype calling for freeze 

6 were conducted jointly across the ten discovery studies, as well as additional studies not 

included in our current analysis, using the GotCloud pipeline by the TOPMed Informatics 

Research Center. This procedure resulted in a single genotype call set encompassing all 

TOPMed studies. Quality control of genetic variants performed by the TOPMed Information 

Resource Center consisted of the removal of variants failing the support vector machine 

filter, with excess heterozygosity or Mendelian inconsistencies, or overlapping centromeric 

or other low complexity regions.46 Quality control of samples performed by the TOPMed 

Data Coordinating Center consisted of the removal of duplicate samples pertaining to the 

same individual, samples with discrepancies between genetic and reported sex, samples with 

discrepancies between genetically inferred and reported pedigrees, and samples with poor 

quality based on concordance of WGS and genotyping array data. On the X chromosome, 

dosages of variants were coded as [0,2] in men and [0,1,2] in women.

Quantification of Coronary Artery Calcification

CAC was determined in a standardized manner from computed tomography images using 

the Agatston score.47,48 The primary phenotype used for genetic association analysis was the 

continuous trait log(CAC+1). As secondary phenotypes, we also analyzed presence of CAC 

for index variants at significant loci, comparing participants with 1) CAC > 0 to those with 

CAC = 0, 2) CAC ≥ 100 to those with CAC < 100, and 3) CAC ≥ 400 to those with CAC < 

400. Phenotype harmonization was performed by the TOPMed Data Coordinating Center.49 

Further detail regarding the measurement of CAC in the included studies can be found in the 

Supplementary Methods.

de Vries et al. Page 8

Nat Cardiovasc Res. Author manuscript; available in PMC 2024 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Single Variant Association Tests

Genome-wide tests for single variant association with log(CAC+1) were performed using 

linear mixed models. The first step of this procedure was to fit the ‘null model’ under the 

null hypothesis of no individual genetic variant associations (i.e. without any individual 

genotype terms in the model). Fixed effect covariates in the null model included age at 

CAC measurement, sex, study, and the first eleven PC-AiR50 principal components (PCs) 

of genetic ancestry. Sex by PC interactions were included because it has previously been 

reported that the association between race and CAC varies markedly by sex.51 A 4th 

degree sparse empirical kinship matrix computed with PC-Relate52 was included to account 

for genetic relatedness among participants. Additional details on the computation of the 

ancestry PCs and the sparse kinship matrix are provided in the Supplementary Methods. We 

also allowed for heterogeneous residual variances across combined study by race/ethnicity 

groups (e.g. COPDGene - White), as it has previously been shown that this can improve 

control of genomic inflation.53 To improve power and control of false positives with a 

non-normally distributed phenotype, we implemented a fully-adjusted two-stage procedure 

for rank-normalization54 when fitting the null model:

1. Stage 1: We fitted a linear mixed model using log(CAC+1) as the outcome, with 

the fixed effect covariates, sparse kinship matrix, and heterogeneous residual 

variance model as described above. We performed a rank-based inverse-normal 

transformation of the marginal residuals, and subsequently re-scaled by their 

original variance. This re-scaling allows for clearer interpretation of estimated 

genotype effect sizes from the association tests.

2. Stage 2: We fitted a second linear mixed model using the rank-normalized and 

re-scaled residuals as the outcome, with the same fixed effect covariates, sparse 

kinship matrix, and heterogeneous residual variance model as in Stage 1.

The output of the Stage 2 null model was then used to perform genome-wide score tests 

of genetic association for all individual genetic variants with minor allele count ≥50. 

Genome-wide significance was determined at the P < 5×10−9 level. Sex- and population-

specific analyses are described in the Supplementary Methods. All association tests were 

performed using the GENESIS software, and the primary analyses assumed an additive 

genetic model.55

In addition to our hypothesis-free genome-wide approach, we performed a focused analysis 

of 241 variants associated with CAD by Aragam et al.14 A Bonferroni correction for the 

number of tested variants was performed to determine the appropriate significance threshold.

Conditional Analyses

Conditional single variant association tests were then performed separately by locus to 

assess the number of independent association signals. For each locus with one or more 

genome-wide significant (P < 5×10−9) variants, a conditional association analysis was 

performed by including the variant with the most significant P-value from the locus as 

a fixed effect covariate in the null model and then testing all other variants within ±250 

kb. The same fully-adjusted two-stage linear mixed model association testing procedure 
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as described for the main analysis was used for the conditional analyses. The Benjamini-

Hochberg procedure was applied, and secondary signals with a false discovery rate (FDR) 

< 0.05 were considered statistically significant. This conditioning process was repeated 

iteratively, adding the variant with the most significant P-value after each round of 

conditioning as another fixed effect covariate in the null model, until no variants at the 

locus had an FDR < 0.05.

Secondary Analysis of Presence of CAC

The association testing procedure for presence of CAC using thresholds of CAC > 0, CAC 

≥ 100, and CAC ≥ 400 was very similar to that for log(CAC+1), but with a few differences. 

Rather than fitting a linear mixed model, we fitted a generalized linear mixed model with 

binomial family and logit link via the penalized quasi-likelihood approach of GMMAT.56 

Because the variance model of a generalized linear mixed model is specified by the family 

and link function, the heterogeneous residual variance groups did not apply and were not 

used. Additionally, the two-stage rank-normalization procedure did not apply to this model. 

Therefore, the null model was fitted using a single stage generalized linear mixed model 

with the binary outcome and the same fixed effects and sparse kinship matrix as the main 

analysis. The null model output was then used to perform genome-wide single variant 

score tests with saddle point approximation of the P-values.57,58 Saddle point approximation 

provides better calibration of P-values than the traditional score P-value when fitting a mixed 

model for a binary trait in a sample with an imbalanced case to control ratio, particularly for 

low frequency and rare variants.

Gene-based Aggregate Rare Variant Association Tests

Multi-variant association tests were also performed genome-wide to assess the cumulative 

association of rare variants in gene-centric aggregation units based on the GENCODE V24 

gene models59 with log(CAC+1). Two annotation-based aggregation and filtering strategies 

were implemented. The first strategy focused primarily on variants in protein-coding regions 

and included variants that were high-confidence loss-of-function variants according to the 

Loss-of-Function Transcript Effect Estimator (https://github.com/konradjk/loftee), missense 

variants with MetaSVM_score>0,60 inframe insertions, inframe deletions, or synonymous 

variants with fathmm_XF_coding_score>0.5. The prediction of the consequences of variants 

were obtained from the Ensembl variant effect predictor.61 The second strategy included 

variants from the first strategy as well as regulatory variants either proximal to a gene or 

predicted to be regulating the gene. Specifically, we retained variants within the upstream 

5 Kb region (putative promoters) of a gene or in GeneHancers62 (putative enhancers) that 

were labelled by Ensembl regulatory build annotation63 as promoters, promoter flanking 

regions, enhancers, CTCF binding sites, transcription factor binding sites, or open chromatin 

regions. Only regulatory variants with a Fathmm-XF score>0.5 were retained.64 The 

annotation based variant filtering and gene-centric aggregation was performed using a 

local MySQL database built from annotations generated by the Whole Genome Sequence 

Annotator version v0.7565 and formatted using WGSAParsr version 5.0.9. After performing 

annotation-based aggregation and filtering, variants were further filtered to those that were 

non-monomorphic with MAF < 1% among study participants, and had less than 10% 

of samples with sequencing read depth < 10 at that particular variant. The aggregate 
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association testing was performed using the Efficient Variant-Set Mixed Model Association 

Test (SMMAT).66 The SMMAT test used the same null model as was fitted for the single 

variant association tests. For each aggregation unit, SMMAT efficiently combines a burden 

test P-value with an asymptotically independent adjusted SKAT test P-value using Fisher’s 

method. This testing approach is more powerful than either a burden or SKAT test alone, 

and is computationally more efficient than the SKAT-O test.67 Wu weights68 based on 

the variant MAF were used to ‘upweight’ rarer variants in the aggregation units. Only 

aggregation units with a cumulative minor allele count≥5 across all included variants were 

tested for association. Statistical significance was determined using a Bonferroni threshold 

of 1.2×10−6, corresponding to the 41,868 aggregation units tested across both strategies.

Replication

We replicated the association of CAC with the index variants at the two newly-identified 

loci in independent samples from two race/ethnicity groups: Black and Brazilian. The 

Black population group consisted of a meta-analysis of 787 BioImage participants and 

583 participants from MESA who did not have WGS data as a part of TOPMed, while 

the ancestrally heterogeneous Brazilian population group corresponded to 1758 participants 

of the ELSA study (Supplementary Methods). Association analyses for the ARSE index 

variant were performed using both additive and recessive models. A Bonferroni-adjusted 

significance threshold of P<0.0083 was used to adjust for six statistical tests. Additional 

details about these analyses can be found in the Supplementary Methods.

Association of novel CAC loci with other atherosclerosis phenotypes and risk factors

We examined the association of index variants at the two loci with a range of other 

atherosclerosis phenotypes and outcomes, including carotid intima media thickness, carotid 

plaque, thoracic aortic calcification, and CAD events. Association analyses for the ARSE 
index variant were performed using both additive and recessive models. We used WGS data 

from nine TOPMed studies to examine associations with carotid intima media thickness and 

from seven TOPMed studies to examine associations with carotid plaque (Supplementary 

Methods). We used WGS data from COPDGene to examine associations with thoracic aortic 

calcification. For the MMP16 index variant we used a trans-ethnic meta-analysis of the 

Million Veterans Program (MVP) to determine the association with CAD events. For the 

ARSE index variant, we restricted association analyses for CAD events to Black MVP 

participants. We used results from published WGS-based GWAS in TOPMed to examine the 

association of the ARSE and MMP16 index variants with type 2 diabetes, systolic blood 

pressure, diastolic blood pressure, high-density lipoprotein, low-density lipoprotein, and 

natural log transformed triglycerides.69–72 A Bonferroni-adjusted significance threshold of 

P<0.0021 was used to adjust for 24 statistical tests. Additional details about these analyses 

can be found in the Supplementary Methods.

Fine-mapping studies

Causal variant credible sets—We used previously described Bayesian methods to 

define 95% credible sets of variants for each locus, corresponding to the smallest set of 

variants at a locus that has a 95% posterior probability of containing the causal variant.24
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Gene expression analyses—We integrated CAC GWAS summary level data with aortic 

artery gene expression quantitative trait locus (eQTL) summary data for ARSE and MMP16 
from GTEx v8 (n=387). To account for linkage disequilibrium (LD) at each locus, we 

used the cosmopolitan 1000 Genomes phase3 reference panel to generate the LD matrix 

for MMP16 and the African 1000 Genomes phase 3 reference panel for ARSE.73 Given 

the strong association in GTeX v7 of the ARSE top variant with ARSE expression in 

cultured fibroblasts, we repeated the analyses for ARSE using GTEx v8 data from cultured 

fibroblasts (n=483).

We used the R package “coloc” to identify colocalizing signals between our CAC GWAS 

data and cis-eQTLs.74 Coloc is a Bayesian statistical approach that calculates the posterior 

probability that the GWAS and eQTL associations share a common signal. For each locus, 

we calculated the posterior probability of a shared signal, assuming 1 causal variant. 

Locuscompare plots (https://github.com/boxiangliu/locuscomparer) were used to visualize 

top colocalizing signals using either European or African 1000G ph3 reference populations 

to visualize the LD.

Chromatin interaction analysis—The 95% credible set of CAC GWAS SNPs were 

intersected with pooled HiC-based pairwise chromatin interactions as well as H3K27ac 

HiChIP pairwise enhancer-promoter interactions, both generated in human VSMCs 

(Mumbach et al., 2017; Zhao et al., 2020). These chromatin loops were visualized at the 

MMP16 locus on the latest Roadmap Epigenomics browser. Results shown are for GRCh38 

human genome build.

Functional Studies

Cell lines—Human coronary artery (Cat# 350-05a) and aortic (Cat# 355-75a) VSMCs 

were obtained from Cell Applications. HEK-293 cells were obtained from ATCC (Cat 

#CRL-1573).

Plasmid construction, transfection and luciferase reporter assay—The 

rs5982944-A allele and rs5982944-G allele constructs (+/− 50 base pairs) were synthesized 

and subcloned into Luciferase-pcDNA3 plasmid (GenScript USA Inc.) Luciferase-pcDNA3 

plasmid was a gift from Dr. William Kaelin (Addgene plasmid # 18964; http://n2t.net/

addgene:18964; RRID: Addgene_18964). The rs5982944-A allele and rs5982944-G allele 

constructs were inserted in between the CMV promoter and coding sequence of the 

luciferase gene. These constructs were transfected into human coronary smooth muscle cells 

(HCSMCs), human aortic smooth muscle cells (HASMCs) and HEK-293 cells according 

to manufacturer protocol (Invitrogen). Briefly, HCSMCs, HASMCs, and HEK-293 cells 

were transfected with 5μg of rs5982944-A allele and rs5982944-G allele constructs 

using lipofectamine 3000 (#L3000015, Invitrogen). Renilla plasmid (pRL-CMV, #E2261, 

Promega) was co-transfected with the luciferase constructs (1:100). Cells were harvested 72 

hr post-transfection and luciferase activity was measured using the dual-luciferase reporter 

assay (Promega) according to the manufacturer’s instructions. Firefly luciferase activity was 

normalized to renilla luciferase activity.
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siRNA-mediated silencing of ARSE and MMP16—siRNA directed against ARSE 
(siARSE, # L-008578-00-0005), MMP16 (siMMP16, # L-005957-00-0005), and scrambled 

control siRNA (siCTRL, # D-001810-10-05) were obtained from Horizon discovery 

(Dharmacon ). Cells were transfected with siRNA using Lipofectamine RNAiMAX reagent 

(ThermoFisher Scientific, #13778150), according to the manufacturer’s instructions .

Adenovirus-mediated over-expression of ARSE—Recombinant adenoviruses 

expressing either human wild-type ARSE (NM_00047) with Enhanced Green Fluorescent 

Protein (eGFP) as a reporter under its own promoter or expressing eGFP alone 

were obtained from Vector Biolabs (human adenovirus type 5 [dE1/E3], promoter: 

cytomegalovirus, Catalog #1768, Malvern, PA). Human coronary artery and aortic VSMCs 

were transduced with the adenovirus vectors in regular growth medium. After 24hrs, cells 

expressing eGFP were detected using fluorescent microscopy. Protein levels were analyzed 

by immunoblot five days after transduction.

Measurement of gene expression by quantitative RT-PCR—Total RNA from 

aortas and cultured cells was extracted by the phenol/guanidinium method.75 Reverse 

transcription was performed using the High-Capacity cDNA Reverse Transcription Kit 

(#4368814, Applied Biosystems, Foster City, CA, USA). A Mastercycler ep Realplex 

(Eppendorf, Hamburg, Germany) was used for real-time amplification and quantification 

of transcripts. Relative expression of target transcripts was normalized to levels of 

18S ribosomal RNA (#4331182).76 Taqman® gene expression assays were used to 

quantify mRNA levels of ARSE (#4331182), MMP16 (#4331182), RUNX2 (#4331182), 

BGLAP (#4331182), ALPL (#4331182), CNN1(#4331182), ACTA2 (#4331182), TAGLN 
(#4331182), and ARSD (#4331182). All of the Taqman primers for qPCR assays were 

procured from ThermoFisher Scientific, USA.

Immunoblot techniques—Human VSMCs were homogenized in RIPA buffer containing 

protease and phosphatase inhibitors (Sigma). Lysates (20 µg/lane) were mixed with 

denaturing buffer (1× Laemmli loading buffer with 10% of β-mercaptoethanol) and analyzed 

by SDS–PAGE/Western. Rabbit polyclonal anti-ARSE antibodies were used to detect the 

~70 kDa isoform of human ARSE in human VSMCs (Abcam, ab238485, 1:1000). A rabbit 

polyclonal antibody directed against the human RUNX2 (Santa Cruz, sc-10758, 1:1000) 

and a rabbit monoclonal antibody directed against CNN1 (Abcam, ab46794, 1:1000) were 

used to detect RUNX2 and calponin protein, respectively. A rabbit polyclonal and mouse 

monoclonal antibody directed against glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 

Cell Signaling #2118, 1:5000) and vinculin (VCL, Santa Cruz, sc-25336, 1:1000) were used 

to detect GAPDH and VCL protein, respectively. Blots were incubated with fluorescent-dye 

labeled anti-rabbit IgG IRDye 800CW (LI-COR, Lincoln, NE, #926-32211, 1:10,000) and 

protein bands were imaged using a LI-COR Odyssey detection system (LI-COR, Lincoln, 

NE).

Calcification of human VSMCs—To stimulate calcification, cells were treated with 

osteogenic media: Dulbecco’s modified eagle medium supplemented with 10% fetal calf 

serum, 10 mM β-glycerophosphate disodium, 50 µg/mL L-ascorbic acid, and 10 nM 
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dexamethasone, as previously described.6,77 Osteogenic media was replaced every 48 hours 

for 7-10 days. Cells were either harvested for expression studies (see below) or fixed in 10% 

formalin and incubated with Alizarin Red (Sigma) to detect calcification. Cells were treated 

with a 2% Alizarin Red solution (pH 4.1-4.3) for 40 minutes, followed by multiple washes 

with distilled water.

Collagen matrix cell contraction assay—VSMC contraction was measured by the 

extent of deformation of collagen lattices, as previously described.78 Cells were treated 

with siRNA or adenovirus for 24 hours prior to being embedded in collagen matrices, per 

manufacturer’s protocol (Cell Contraction Assay #CBA-201, Cell Biolabs, Inc). After 48 

hours, the collagen lattice was released from the culture dish. Upon releasing the collagen 

lattice, the embedded cells are free to contract the deformable collagen lattice, resulting in 

a reduction of the lattice surface area. After detachment of the collagen gel lattice from the 

dish, changes in the gel surface area were quantified using ImageJ software.

Human coronary artery tissue procurement

All research described herein complies with ethical guidelines for human subjects research 

under approved institutional review board protocols at Stanford University (no. 4237 and 

no. 11925) and the University of Virginia (no. 20008), for the procurement and use of 

human tissues and information, respectively. Freshly explanted hearts from orthotopic heart 

transplant recipients were obtained at Stanford University under approved institutional 

review board protocols with written, informed consents. Hearts were arrested in cardioplegic 

solution and rapidly transported from the operating room to the adjacent laboratory on ice. 

The proximal 5-6 cm of three major coronary arteries (LAD, LCX, RCA) were dissected 

from the epicardium, trimmed of surrounding adipose, rinsed in cold PBS and snap-frozen in 

liquid nitrogen. Human coronary artery tissue biospecimens were also obtained at Stanford 

University from non-diseased donor hearts rejected for orthotopic heart transplantation 

and processed following the same protocol as hearts for transplant. Reasons for rejected 

hearts included size incompatibility, risk for cardiotoxicity or comorbidities. Tissues were 

de-identified and clinical and histopathology information was used to classify ischemic, non-

ischemic hearts and calcific and non-calcific arterial segments. All normal arteries originated 

from hearts with left ventricular ejection fraction (LVEF) greater than 50%. Frozen tissues 

were transferred to the University of Virginia through a material transfer agreement and IRB 

approved protocols.

Coronary and carotid artery atherosclerosis single-cell meta-analysis

QC and normalization of scRNA-seq sequencing libraries: Raw count matrices 

from each library across the 4 studies were downloaded from GEO and Zenodo. The 

22 sequencing libraries were processed in a standardized manner using Seurat v4 and 

first pass clustering with SCTransform normalization without removing low-quality cells. 

Doublets were removed using scDblFinder and ambient RNA removed using DecontX. The 

decontaminated raw count matrices were loaded into each Seurat object and the following 

quality filters were used to retain cells that had 1) >= 200 and <= 4000 uniquely expressed 

genes 2) >= 200 and <= 20000 UMIs 3) <= 10% of reads mapped to the mitochondrial 

genome. To avoid clustering results confounded by cell cycle state, cell cycle variance 
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was regressed out during SCTransform normalization. We then carried out dimensionality 

reduction of the normalized count matrix using PCA. The first 30 principal components 

(PCs) were used as input for clustering in Seurat, which relies on a Shared-Nearest-

Neighbors (SNN) and Louvain community detection approach. We then applied Uniform 

Manifold Approximation and Projection (UMAP) non-linear dimensionality reduction using 

the first 30 PCs. UMAP embeddings were used for visualization of Louvain clustering 

results. Processed matrices were then stored as seurat objects for batch-correction.

Integration, cell type annotation and subclustering: We used reciprocal PCA 

(rPCA) method in Seurat to harmonize the processing sequencing libraries based on several 

benchmarking metrics, including running time, clustering purity and biological conservation 

scores. Upon integration we performed dimensionality reduction of the data using PCA 

and a shared nearest neighbors (SNN) graph was constructed using 50 nearest neighbors 

and the first PCs as input. Gene markers for each cluster were identified in Seurat v4 

using PrepSCTMarkers() and FindAllMarkers() functions. Differentially expressed genes 

by cluster were considered for genes expressed in >25% of the clusters being compared 

(one versus all) at log Fold change =0.25 and B-H adjusted p-value < 0.05. Clusters 

were annotated using a combination of manual curation and comparison with lineage 

training datasets, as well as automated label transfer from the SCTransform processed 

Tabula Sapiens vasculature reference. Subclustering analysis was performed by subsetting 

the integrated object to SMCs, and then identifying the variable features, repeating the 

dimensionality reduction and embedding, SCTransform normalization and then repeating the 

PCA and UMAP embedding. Feature plots were generated for candidate genes ARSE and 

MMP16.

Immunofluorescence—Ischemic and normal explanted human coronary artery tissue 

biospecimens were obtained from diseased heart transplant donors consenting for research 

studies as previously described.79 Coronary arteries were embedded in optimal cutting 

temperature (OCT) and cryosectioned at 8mm. Frozen slides were washed with sterile 

PBS twice for 2 min, followed by fixation with formaldehyde at 4% for 10 min. Then 

slides were washed with PBS twice for 2 min, and tissue sections were permeabilized 

with Triton-x-100 at 0.05% for 10 min. Coronary artery sections were blocked with 10% 

donkey serum for 1 hour, followed by incubation overnight at 4°C with anti-ARSE antibody 

(Abcam #ab238485), FITC-conjugated anti-α-smooth muscle actin (Sigma #F3777), and 

anti-RUNX2 (Santa Cruz Biotechnology, #sc-390715) at 1:100 dilution. Slides were washed 

with 0.1% PBS-tween three times for 3 min each, followed by incubation with secondary 

antibodies (CyTM3 AffiniPure Donkey anti-Rabbit IgG (H+L), Jackson immunoresearch 

#711-165-152; ThermoFisher Scientific, USA, #A32787) at 1:400 dilution for 1 hr at 

room temperature. Then, slides were washed with PBS-tween at 0.1%, 4 times for 3 

min each, and slides were mounted with a diamond mounting medium containing DAPI. 

Immunofluorescence images were captured using Nikon SoRa spinning disk confocal 

microscope and Leica TCS SP8 confocal microscope. For calcification, coronary arteries 

were fixed with 4% paraformaldehyde, followed by washing with distilled water. Coronary 

artery sections were stained with 1% Alizarin red S solution (Sigma-Aldrich #A5533).
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Statistical analysis—Statistical analysis of the functional studies was performed using 

Graph Pad Prism 8.0 (GraphPad Software, La Jolla, CA) and Stata 13.0 (StataCorp LLC). 

The Shapiro-Wilk test was used to determine the normality of each continuous variable, 

and all such variables were found to be normally distributed. Data are reported as mean ± 

standard error unless otherwise indicated. Two group comparisons of continuous variables 

were performed using the two-tailed Student t test. For more than two group comparisons of 

continuous variables, two-tailed 1-way analysis of variance (ANOVA) with Sidak post-hoc 

testing was employed. All in vitro experiments were performed at least in duplicate. A 

two-sided p<0.05 was considered to indicate statistical significance.

Data Availability

All data supporting the findings in this study are included in the main article 

and associated files. An overview of the TOPMed participant consents and data 

access procedures is provided at https://topmed.nhlbi.nih.gov/topmed-data-access-scientific-

community. Participant-level genotype and phenotype data are available to approved 

investigators via dbGaP. The dbGaP accession numbers for all TOPMed studies referenced 

in this paper are listed in Supplementary Table 14. Additionally, genomic summary results 

pertaining to the pooled GWAS of CAC score are available at phs001974, as detailed at 

https://topmed.nhlbi.nih.gov/topmed-genomic-summary-results-public.

Extended Data

Extended Data Fig. 1: Coronary artery calcification levels across ARSE index variant genotypes 
suggest a recessive mode of inheritance.
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Mean log (coronary artery calcification + 1) across genotypes for index variants at ARSE. 

Error bars indicate the 95% confidence interval for the mean (n=22,400).

Extended Data Fig. 2: Co-localization of genetic associations with coronary artery calcification 
and genetic associations with ARSE expression in a) cultured fibroblasts and b) aorta.
These plots were created with Locuscomparer (https://github.com/boxiangliu/

locuscomparer) using the African 1000G ph3 reference population to calculate the linkage 

disequilibrium r2. Unadjusted two-sided P values are provided. The posterior probability for 

causal variant sharing was 99.9% in cultured fibroblasts and 8.9% in aorta.
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Extended Data Fig. 3: Co-localization of genetic associations with coronary artery calcification 
and genetic associations with MMP16 expression in aorta.
This plot was created with Locuscomparer (https://github.com/boxiangliu/locuscomparer) 

using the European 1000G ph3 reference population to calculate the linkage disequilibrium 

r2. Unadjusted two-sided P values are provided. The posterior probability for causal variant 

sharing was 81.9%.
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Extended Data Fig. 4: Cell type-specific gene expression of ARSE and MMP16 in an integrated 
human atherosclerosis reference dataset.
(a-b) Uniform Manifold Approximation and Projection (UMAP) embeddings from an 

integrated human carotid and coronary artery atherosclerosis single-cell RNA-seq reference 

dataset (Methods), showing (a) ARSE and (b) MMP16, normalized gene expression 

depicted by the heatmap from SCTransform normalized read counts. Individual sequencing 

libraries across four studies were harmonized after QC and batch correction with reciprocal 

PCA (rPCA). Clusters were annotated with level 1 cell type labels using transfer learning 

with cell labels from the Tabula Sapiens vasculature subset. Level 2 cell type label 

for endothelial-mesenchymal transition (EndoMT) endothelial cells expressing ARSE and 

MMP16 are also highlighted. (c-d) Scatter plots showing the normalized expression level 
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of (c) ARSE and (d) MMP16, across the level 1 cell types. EC: Endothelial cells; SMC: 

Smooth muscle cells; T/NK: T cells and Natural Killer cells; pDC: plasmacytoid dendritic 

cells.

Extended Data Fig. 5: Silencing MMP16 expression has no effect on osteogenic phenotypic 
switching in human coronary artery vascular smooth muscle cells.
a) Treatment of human coronary artery vascular smooth muscle cells (n = 6 biologically 

independent samples in each group) with osteogenic media decreased MMP16 mRNA 

expression by ~74% (left panel). Treatment of cells grown in osteogenic media with 

siMMP16 (resulting in >90% knockdown of MMP16 mRNA) had no effect on RUNX2 
(middle panel) or CNN1 (right panel) mRNA levels. Statistical comparisons were made 

using a two-tailed one-way ANOVA with Sidak’s post-hoc comparison testing. The mean ± 

SEM is depicted in plots. b) Treatment of human coronary artery vascular smooth muscle 

cells grown in osteogenic media with siMMP16 had no effect on calcification, as evidenced 

by decreased Alizarin Red S staining.
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Extended Data Fig. 6: Silencing ARSE expression increases contractile gene expression in human 
aortic vascular smooth muscle cells.
Silencing ARSE in cells (n = 12 biologically independent samples in each group) grown 

in normal media increased a) ACTA2 and b) TAGLN mRNA levels by ~ 56% and 35%, 

respectively. Statistical comparisons were made using a two-tailed Student t test. The mean 

is depicted in plots, with the error bars representing the standard error of the mean.
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Extended Data Fig. 7: Human aortic vascular smooth muscle cell calcification, bone and 
contractile marker expression, and contractility are affected by changes in ARSE expression.
a) Treatment of human aortic vascular smooth muscle cells (n = 12 biologically independent 

samples in each group) with osteogenic media increased ARSE mRNA expression > 2-

fold. b) Treatment of cells grown in osteogenic media with siARSE (resulting in >90% 

knockdown of ARSE mRNA) decreased RUNX2 (left panel), and BGLAP (middle panel) 
mRNA levels by ~20% and ~43% respectively, and increased CNN1 mRNA levels by 

> 150% (right panel). Silencing ARSE in cells grown in normal media increased CNN1 
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mRNA levels by > 2.5-fold. c) Treatment of cells grown in osteogenic media with siARSE 

reduced calcification, as evidenced by decreased Alizarin Red S staining (n=5 biologically 

independent samples in each group). d) Reduced ARSE expression in cells grown in 

collagen discs (left panel) resulted in a >3-fold increase in contraction (right panel, n=6 

biologically independent samples in each group). e) Protein expression of ARSE, RUNX2 

and CNN1 were confirmed by Western blot using antibodies directed against ARSE, 

RUNX2, CNN1 and GAPDH (for a loading control). Adenoviral expression of the 70-kDa 

isoform of ARSE in human aortic vascular smooth muscle cells was associated with a 

>15-fold increase in RUNX2 protein levels and an approximately 34% decrease in CNN1 

protein levels, when cells were harvested 5 days after viral transduction (n=3 biologically 

independent samples in each group). f) As shown by Alizarin Red staining, increased ARSE 

expression resulted in augmented calcification in human aortic vascular smooth muscle cells 

(n=3 biologically independent samples in each group). g) Increased ARSE expression also 

caused a >70% decrease (right panel, n=6 biologically independent samples in each group) 

in contraction of human aortic vascular smooth muscle cells grown in collagen discs (left 

panel). Statistical comparisons were made using either a two-tailed one-way ANOVA with 

Sidak’s post-hoc comparison testing or a two-tailed Student t test. The mean is depicted in 

plots, with the error bars representing the standard error of the mean.
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Extended Data Fig. 8: ARSE expression and calcification in normal and ischemic human 
coronary arteries.
a) Cross sections of human coronary arteries from control subjects and patients with 

ischemic coronary artery disease (n=3 individuals in each group with 2 sections stained 

for each individual) were stained for ARSE (red), α-smooth muscle actin (green) and DNA 

(blue, DAPI). Immunofluorescence analysis shows a higher expression of ARSE in diseased 

arteries. Alizarin red staining for calcification was high in the coronary arteries of diseased 

patients with no significant stain observed in the control group. Scale bars, 200 µm for 
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each immunofluorescence image; 500 µm for each Alizarin red staining image. Statistical 

comparisons were made using a two-tailed Student’s t test. The mean is depicted in plots, 

with the error bars representing the standard error of the mean. b) Cross sections of human 

coronary arteries (n=1 each for control and ischemic patient) were stained for ARSE (red), 

RUNX2 (green, VSMC calcification marker) and DNA (blue, DAPI). Immunofluorescence 

analysis shows a higher expression of ARSE in calcified diseased arteries that colocalized 

with increased RUNX2 expression. Scale bar 500 µm.

Extended Data Fig. 9: Luciferase reporter assay to analyze the functional impact of SNP 
rs5982944 (A/G).
The rs5982944-A allele and rs5982944-G allele firefly luciferase constructs were co-

transfected with renilla luciferase plasmid into human coronary smooth muscle cells 

(HCSMCs), human aortic smooth muscle cells (HASMCs) and HEK-293 cells (n=6 

biologically independent samples for HCSMCs and HASMCs and n=5 biologically 

independent samples for HEK-293). Firefly luciferase activity and renilla luciferase activity 

(internal control reporter vector) were measured sequentially in cell lysates. Firefly 

luciferase activity in cell lysates transfected with either the rs5982944-A construct or the 

rs5982944-G construct was normalized to renilla luciferase activity. The mean is depicted in 
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plots, with the error bars representing the standard error of the mean. Statistical comparisons 

were made using the two-tailed unpaired t-test.

Extended Data Fig. 10: Model of ARSE-induced phenotype switch from contractile to osteogenic 
vascular smooth muscle cells.
Atherosclerotic vascular calcification is characterized by the phenotype switch of vascular 

smooth muscle cells (VSMCs) from a contractile phenotype to a proliferative, osteogenic 

phenotype. The osteogenic phenotype of VSMCs is characterized by decreased expression 

of contractile proteins such as calponin (CNN1), but increased expression of Runt-related 

transcription factor 2 (RUNX2), a master regulator of the phenotype switch, in addition to 

other markers of calcification such as bone gamma-carboxyglutamate protein (BGLAP) and 
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alkaline phosphatase (ALPL). We identified ARSE as a major regulator of the phenotype 

switch.
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Fig. 1: Manhattan plot for the genome-wide association study of log(CAC+1).
In the Manhattan plot, each genetic variant is inluded as a dot, with the position on the x 

axis corresponding to their genomic position and the position on the y axis corresponding 

to the significance the association, denoted by –log10 transformed two-sided P-values. The 

plot shows 6 genetic loci (including 2 novel and 4 known) associated with coronary artery 

calcification score at a significance level of P <5×10−9 (dotted line) in the pooled analysis of 

22,400 individuals from 10 studies.
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Fig. 2: Silencing ARSE expression inhibits osteogenic phenotype switch in human coronary 
artery vascular smooth muscle cells.
a) Treatment of human coronary artery vascular smooth muscle cells (n = 6 biologically 

independent samples in each group) with osteogenic media for 3 days increased ARSE 
mRNA expression approximately 5-fold. Treatment of cells grown in osteogenic media 

with siARSE resulted in >90% knockdown of ARSE mRNA. b) Protein expression of 

ARSE was measured by immunoblot (left panel) using antibodies directed against ARSE 

and GAPDH (for a loading control). Treatment of cells with osteogenic media increased 
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ARSE protein levels by 1.5-fold (right panel). Treatment of cells grown in osteogenic media 

with siARSE resulted in >70% reduction of ARSE protein (n=4 biologically independent 

samples in each group). c) Treatment of cells grown in osteogenic media with siARSE 

ameliorated osteogenic phenotype switch as evidenced by decreased RUNX2, BGLAP, and 

ALPL mRNA levels, and increased CNN1 mRNA levels ~2-fold. Of note, silencing ARSE 
in cells grown in normal media increased CNN1 mRNA levels by > 5-fold (n=6 biologically 

independent samples in each group except n=5 for siARSE CNN1 data). d) Reduced ARSE 
expression was also associated with an approximately 50% decrease in RUNX2 and >30% 

increase in CNN1 protein levels assessed by immunoblot using antibodies directed against 

RUNX2, CNN1 and VCL (for a loading control) (n=6 biologically independent samples 

in each group). e) Treatment of cells grown in osteogenic media with siARSE reduced 

calcification by approximately 60% (right panel, n = 3 biologically independent samples in 

each group), as evidenced by decreased Alizarin Red staining (left panel). f) Reduced ARSE 

expression with siARSE treatment in human coronary artery vascular smooth muscle cells 

grown in collagen discs (left panel) resulted in a >3-fold increase in contraction (right panel, 

n=6 biologically independent samples in each group). Statistical comparisons were made 

using either a two-tailed one-way ANOVA with Sidak’s post-hoc comparison testing (for 

more than two groups) or a two-tailed Student t test (for two groups). The mean is depicted 

in plots, with the error bars representing the mean ± the standard error of the mean.
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Fig. 3: Overexpression of ARSE induces calcification in human coronary artery vascular smooth 
muscle cells.
a) Adenoviral expression of ARSE in human coronary artery vascular smooth muscle cells 

was associated with an 8-fold increase in RUNX2 protein levels and an approximately 70% 

decrease in CNN1 protein levels, when cells were harvested 5 days after viral transduction 

(n=3 biologically independent samples in each group). Protein expression was determined 

by immunoblot (left panel) using antibodies directed against ARSE, RUNX2, CNN1 and 

GAPDH (for a loading control) with quantification shown in the right panel. b) As shown 

by Alizarin Red staining (left panel), increased ARSE expression resulted in augmented 

calcification in human coronary artery vascular smooth muscle cells (right panel, n = 

3 biologically independent samples in each group). Two independent experiments were 

performed with representative images shown. c) Increased ARSE expression also caused 

a >70% decrease (right panel, n=6 biologically independent samples in each group) in 

contraction of human coronary artery vascular smooth muscle cells grown in collagen discs 

(left panel). Statistical comparisons were made using a two-tailed Student t test. The mean is 

depicted in plots, with the error bars representing the mean ± the standard error of the mean.
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Table 1:

Index variants at genome-wide significant loci for log(CAC+1).

Variant Chr:pos Locus/Gene Alleles Annotation Overall 
Freq 
(%)

White 
Freq 
(%)

Black 
Freq 
(%)

Beta 
(SE)log(CAC+1)

Plog(CAC+1)

rs4977575 9:22124745 9p21 G/C downstream 66.4 50.8 89.4 0.27 (0.02) 1.1×10−29

rs7412 19:44908822 APOE T/C missense 8.7 8.0 10.7 −0.33 (0.04) 2.4×10−20

rs9349379 6:12903725 PHACTR1/
EDN1

G/A intronic 28.3 40.3 9.2 0.20 (0.02) 6.8×10−16

rs5982944 X:2964339 ARSE G/A intronic 17.1 0.3 41.8 −0.20 (0.03) 9.1×10−14

rs5742904 2:21006288 APOB T/C missense 0.2 0.1 0 1.83 (0.25) 7.1×10−13

rs13268080 8:87644802 MMP16 G/A intergenic 78.7 77.5 83.2 0.15 (0.02) 3.7×10−09

CAC refers to coronary artery calcification score; Chr:pos shows the chromosome number and position in build 38; Locus/Gene shows the 
candidate effector gene(s) at each locus, or the cytogenetic band if this is unclear; Alleles shows the coded/noncoded alleles; Frequency (Freq), 
Beta, and standard error (SE) all apply to the coded allele.
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