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Abstract: Background: Coronary artery calcium (CAC) is a marker of subclinical atherosclerosis
and is a complex heritable trait with both genetic and environmental risk factors, including sex and
smoking. Methods: We performed genome-wide association (GWA) analyses for CAC among all
participants and stratified by sex in the COPDGene study (n = 6144 participants of European ancestry
and n = 2589 participants of African ancestry) with replication in the Diabetes Heart Study (DHS). We
adjusted for age, sex, current smoking status, BMI, diabetes, self-reported high blood pressure, self-
reported high cholesterol, and genetic ancestry (as summarized by principal components computed
within each racial group). For the significant signals from the GWA analyses, we examined the
single nucleotide polymorphism (SNP) by sex interactions, stratified by smoking status (current
vs. former), and tested for a SNP by smoking status interaction on CAC. Results: We identified
genome-wide significant associations for CAC in the chromosome 9p21 region [CDKN2B-AS1] among
all COPDGene participants (p = 7.1 × 10−14) and among males (p = 1.0 × 10−9), but the signal was
not genome-wide significant among females (p = 6.4 × 10−6). For the sex stratified GWA analyses
among females, the chromosome 6p24 region [PHACTR1] had a genome-wide significant association
(p = 4.4 × 10−8) with CAC, but this signal was not genome-wide significant among all COPDGene
participants (p = 1.7 × 10−7) or males (p = 0.03). There was a significant interaction for the SNP
rs9349379 in PHACTR1 with sex (p = 0.02), but the interaction was not significant for the SNP
rs10757272 in CDKN2B-AS1 with sex (p = 0.21). In addition, PHACTR1 had a stronger association
with CAC among current smokers (p = 6.2 × 10−7) than former smokers (p = 7.5 × 10−3) and the
SNP by smoking status interaction was marginally significant (p = 0.03). CDKN2B-AS1 had a strong
association with CAC among both former (p = 7.7 × 10−8) and current smokers (p = 1.7 × 10−7) and
the SNP by smoking status interaction was not significant (p = 0.40). Conclusions: Among current
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and former smokers of European ancestry in the COPDGene study, we identified a genome-wide
significant association in the chromosome 6p24 region [PHACTR1] with CAC among females, but not
among males. This region had a significant SNP by sex and SNP by smoking interaction on CAC.

Keywords: coronary artery calcium; PHACTR1; CDKN2B-AS1

1. Introduction

Coronary artery calcium (CAC), as measured by computed tomography (CT), is a
marker of subclinical atherosclerosis. CAC has been shown to strongly correlate with the
amount of atherosclerotic plaque and can identify asymptomatic individuals who are at
risk for myocardial ischemia (MI) [1,2]. The extent and severity of CAC also subsequently
predict future risk of coronary disease events such as MI or angina [3].

CAC is a complex heritable trait with both genetic and environmental risk factors,
including sex and cigarette smoking. In Americans of European ancestry, quantitative
measures of CAC have an estimated heritability between 40 and 60% [4,5]. Through
genome-wide association (GWA) studies, 12 regions have been associated with CAC [4–9]
on chromosomes 2 (Apolipoprotein B [APOB]), 6 (Phosphatase And Actin Regulator
1 [PHACTR1], MicroRNA 548h-5/Ectonucleotide Pyrophosphatase/Phosphodiesterase
3 [miR-548h-5/ENPP3]), 7 (Insulin-Like Growth Factor Binding Protein 3 [IGFBP3]), 9
(CDKN2B Antisense RNA 1 [CDKN2B-AS1]), 10 ([AL512640.1], C-X-C Motif Chemokine
Ligand 12 [CXCL12], AT-Rich Interaction Domain 5B [ARID5B], Adenosine Kinase [ADK]),
12 (Fibroblast Growth Factor 23 [FGF23]), 13 (Collagen Type IV Alpha 1 Chain/Collagen
Type IV Alpha 2 Chain [COL4A1/COL4A2]), 15 (ADAM Metallopeptidase With Throm-
bospondin Type 1 Motif 7/Mortality Factor 4 Like 1 [ADAMTS7/MORF4L1]), and 19
(Apolipoprotein E [APOE]). Some of these known loci for CAC are pleiotropic and have
been associated with other traits. For instance, the 9p21 locus [CDKN2B-AS1] has also been
associated with a number of cardiovascular manifestations including MI [10], coronary
artery disease (CAD) [5,11], risk of abdominal and intracranial aneurysms [12], peripheral
arterial disease [12], heart failure [13], sudden cardiac death [14], and stroke [15]. The 6p24
region [PHACTR1] has also been associated with CAD, migraine, cervical artery dissection,
fibromuscular dysplasia, and hypertension [16–19].

Some of these known loci for CAC have also been shown to differ by sex [9,20,21]. In
a large GWA meta-analysis of CAC comprised of 26,909 individuals of European ancestry
and 8867 individuals of African ancestry, sex stratified GWA analyses found genome-wide
significant associations (p < 5 × 10−8) with CAC at PHACTR1 for both males and females
and at CDKN2B-AS1/CDKN2B for males [9]. In addition, there were two significant single
nucleotide polymorphism (SNP) by sex interactions [ARID5B, CDKN2B-AS1/CDKN2B]
with a stronger allelic effect in males compared to females despite similar allele frequencies.
In a population-based German cohort of 4329 participants for the Heinz Nixdorf Recall
Study, sex stratified analyses showed that the chromosome 9p21 [CDKN2B-AS1] SNPs
(rs1537373 and rs10965219) had a stronger association with CAC in males compared to
females and the chromosome 6p24 [PHACTR1] SNP (rs9349379) had a stronger association
with CAC in females as compared to males [22]. However, only one SNP [rs10965219]
in CDKN2B-AS1 showed a marginally significant SNP by sex interaction after Bonferroni
correction (p = 0.01) [22].

In addition, smoking is an important environmental risk factor for CAC [23–25], and
CAC mediates the effect of smoking on cardiovascular disease (CVD) [26]. Nearly one third
of the deaths due to CVD are smoking related [27]. However, the role of cigarette smoking
on the association of these SNPs with CAC has not been well explored.

In order to examine the genetic susceptibility of CAC among current and former
smokers and the role of sex, we performed GWA analyses of CAC among all participants
and stratified by sex in the Genetic Epidemiology of COPD (COPDGene) study, a large
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cohort of current and former smokers enriched with COPD cases [28]. The Diabetes Heart
Study (DHS) served as a replication population. In addition, we examined SNP by sex and
SNP by smoking status interactions on CAC.

2. Materials and Methods
2.1. COPDGene Study

The COPDGene study is a multicenter observational study designed to identify and
characterize genetic factors associated with COPD and COPD-related phenotypes [28].
This study recruited 10,192 unrelated current and former adult smokers with at least
10 pack-years of smoking history who were of European or African ancestry ages 44 to
81 years. Table 1 details characteristics of the COPDGene participants of European ancestry
included in the analyses and Supplement Table S1 details characteristics of the COPDGene
participants of African ancestry. We excluded participants with genotyping failure, severe
alpha-1 antitrypsin deficiency based on genotyping, or no phenotype data, which resulted
in 6144 participants of European ancestry and 2589 participants of African Ancestry. Details
of genotyping quality control and imputation have been described previously [29]. All
COPDGene participants were genotyped using the Illumina HumanExome arrays (v1.1
and v1.2; Illumina, San Diego, CA, USA).

Table 1. Characteristics of COPDGene and DHS participants of European ancestry included in the
GWA analysis. Medical conditions are by patient self-report. For continuous variables, the mean is
given first, followed by the standard deviation in parentheses.

COPDGene DHS

Sample size 6144 1115

Sex (% male) 52.4% 46.6%

Age (years) 62.0 (8.8) 62.3 (9.3)

BMI (kg/m2) 28.7 (6.0) 31.8 (6.5)

Diabetes mellitus (%) 12.1% 83.9%

High blood pressure (%) 42.2% 85.9%

High cholesterol (%) 45.0% 49.2%

Current smoking (%) 39.2% 17.0%

Former smoking (%) 60.8% 42.0%

Never smoking (%) - 41.0%

CAC (mean [min–max]) 202.1 [0–4970] 168.2 [0–5041.5]

CAC > 0 (%) 64.6% 92.5%

2.2. Diabetes Heart Study (DHS)

DHS is a genetic and epidemiological study of European American (EA) and African
American (AA) families with multiple cases of type 2 diabetes (T2D) [30]. Briefly, siblings
with T2D and without advanced nephropathy were recruited, and unaffected siblings were
also recruited when possible. T2D was defined as diabetes developing after 35 years of
age, with initial treatment using a combination of exercise and/or oral agents, not solely
insulin, and in the absence of historical evidence of ketoacidosis. The AA-DHS cohort was
used to expand DHS and improve the understanding of ancestry-specific differences in
the relationship between T2D and associated chronic illnesses through the recruitment
of additional unrelated AA participants with T2D [31]. All participants were assessed
for measures of subclinical cardiovascular disease [30,31]. Genetic data obtained from
the Affymetrix Genome-wide Human SNP Array 5.0 (DHS) and the Illumina 5M array
(AA-DHS) were used to capture the replication variants of interest.
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2.3. CAC Measurement

In the COPDGene study, CAC was measured from high-dose chest computed to-
mography (CT) scans taken in full inspiration using an established protocol for ungated
studies [32]. CAC was classified with a CT threshold of 130 Hounsfield units (HUs) involv-
ing three contiguous voxels for identification of a calcific lesion, resulting in a minimum
lesion area of 1.02 mm [33]. The lesion score was calculated using the area density method,
by multiplying the lesion area by a density factor derived from the maximal Hounsfield
unit (HU) within the area as described by Agatston [34,35]. The density factor was assigned
in the following manner: 1 for lesions whose maximal density was 130–199 HU, 2 for lesions
200–299 HU, 3 for lesions 300–399 HU, and 4 for lesions > 400 HU. A total coronary artery
calcium score was determined by summing individual lesion scores from each of 4 anatomic
sites (left main, left anterior descending, circumflex, and right coronary arteries) [32]. Due
to the non-normality of the CAC scores, we used a log plus 1 transformation [7,8,33–35].
We also analyzed CAC as a binary phenotype (0 for CAC = 0 and 1 for CAC > 0). Similar
results were obtained when CAC was analyzed as a binary outcome as compared to the
log-transformed continuous outcome; therefore, the results for CAC as a binary outcome
are not presented here.

2.4. Statistical Methods

GWA analyses were performed in PLINK [36] stratified by race for SNPs with a minor
allele frequency greater than 5%. Linear regression analyses of CAC were adjusted for age,
sex, current smoking status, BMI, diabetes, self-reported high blood pressure, self-reported
high cholesterol, and genetic ancestry (as summarized by principal components computed
within each racial group) [37]. In addition, the GWA analyses were stratified by sex. For
the GWA analyses among all participants and stratified by sex, a genome-wide significance
threshold of 5 × 10−8 was used. For SNPs that were genome-wide significant in the GWA
analyses, we tested SNP by sex and SNP by smoking status interactions on CAC. For
the interaction analyses, the significance level was based on a Bonferroni correction of
0.05/2 = 0.025 for the two SNPs. In addition, we stratified by smoking status (current vs.
former smoker) in Table 2 and light (≤10 cigarettes per day), moderate (11–19 cigarettes
per day), and heavy (≥20 cigarettes per day) smokers in Supplemental Table S4. For the
DHS replication analysis among participants of European ancestry, due to the correlated
family structure, generalized estimating equations were used. For the DHS analysis among
participants of African ancestry, linear regression models were used. For the DHS analyses,
the same covariates listed above were adjusted for.
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Table 2. Genome-wide significant results for CAC in the COPDGene study with replication in the DHS study for participants of European ancestry. For the GWA
analyses, all p-values less than 5 × 10−8 are in green, and yellow highlighted cells are marginally significant with 5 × 10−8 < p < 0.05. For the interactions and
smoking status analyses, the significance level was based on a Bonferroni correction of 0.05/2 = 0.025 for the 2 SNPs. As a result, the p-values less than 0.025 are in
green, and yellow highlighted cells are marginally significant with 0.025 < p < 0.05. Base pairs are based on build GR38.

SNP/CHR/Base
Pair/Gene/Coded Allele

Study
All Male Female SNP by Sex Interaction Former Smokers Current Smokers SNP by Smoking

Status Interaction

β SE p β SE p β SE p β SE p β SE p β SE p β SE p

rs9349379
6

12903725
PHACTR1

G

COPDGene 0.22 0.04 1.7 × 10−7 0.13 0.06 0.03 0.32 0.06 4.4 × 10−8 0.19 0.08 0.02 0.15 0.05 7.5 × 10−3 0.34 0.07 6.2 × 10−7 0.19 0.09 0.03

DHS 0.26 0.10 7.4 × 10−3 0.10 0.13 0.43 0.45 0.15 2.5 × 10−3 0.30 0.19 0.11 0.31 0.15 0.03 0.12 0.24 0.61 −0.45 0.28 0.11

rs10757272
9

22088261
CDKN2B-AS1

T

COPDGene 0.31 0.04 7.1 × 10−14 0.36 0.06 1.0 × 10−9 0.26 0.06 6.4 × 10−6 −0.10 0.08 0.21 0.28 0.05 7.7 × 10−8 0.34 0.07 1.7 × 10−7 0.07 0.08 0.40

DHS 0.22 0.09 0.02 0.29 0.11 0.01 0.17 0.15 0.25 −0.11 0.17 0.51 0.15 0.14 0.28 0.40 0.24 0.09 0.14 0.25 0.58
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3. Results
3.1. Overall and Sex Stratified GWA Analyses

Among all COPDGene participants of European ancestry in the overall GWA analysis,
multiple SNPs at the chromosome 9p21 region reached genome-wide significance for
CAC (p = 7.1 × 10−14) as seen in Table 2 and the Manhattan plots in Figure 1. For the
sex stratified GWA analysis among male COPDGene participants, multiple SNPs at the
chromosome 9p21 region reached genome-wide significance (p = 1.0 × 10−9) for CAC.
For the sex stratified GWA analysis among female COPDGene participants, a SNP in the
chromosome 6p24 [PHACTR1] was genome-wide significant (p = 4.4 × 10−8). As seen in
Supplemental Table S2, there were no genome-wide significant results for CAC among
COPDGene participants of African ancestry, possibly due to their smaller sample size
(6144 participants of European Ancestry vs. 2589 participants of African ancestry). For
DHS, the chromosome 9p21 region [CDKN2B-AS1] was marginally significant for CAC
among all participants (p = 0.02) and males (p = 0.01), but not among females (p = 0.25). The
chromosome 6p24 region [PHACTR1] was marginally significant among all participants
(p = 7.4 × 10−3) and females (p = 2.5 × 10−3), but not among males (p = 0.43).
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Figure 1. Manhattan plots of GWA analyses of CAC among COPDGene participants of European
ancestry and stratified by sex. The plot on the left is for all participants, the middle plot is for females,
and the right plot is for males. The red horizontal line represents p-values of 5 × 10−8 and the blue
horizontal line represents p-values of 5 × 10−7.

3.2. SNP by Sex Interactions

We examined the SNP by sex interactions on CAC for these two signals (PHACTR1,
CDKN2B-AS1). In the COPDGene study, there was a significant interaction for the SNP in
PHACTR1 with sex on CAC (p = 0.02), but the interaction was not significant for the SNP in
CDKN2B-AS1 with sex (p = 0.21). The interaction did not replicate within DHS.

3.3. The Role of Smoking

For rs9349379 [PHACTR1] and rs10757272 [CDKN2B-AS1], we examined the asso-
ciation with CAC stratified by smoking status and tested for SNP by smoking status
interactions. Among participants of European ancestry in the COPDGene study, rs9349379
[PHACTR1] had a stronger association with CAC among current smokers (p = 6.2 × 10−7)
than former smokers (p = 7.5 × 10−3) and the rs9349379 by smoking status interaction was
marginally significant (p = 0.03). rs10757272 [CDKN2B-AS1] had a strong association with
CAC among both former (p = 7.7 × 10−8) and current smokers (p = 1.7 × 10−7) and the
rs10757272 by smoking status interaction was not significant (p = 0.40). While there was
a marginally significant association with rs9349379 [PHACTR1] among former smokers
(p = 0.03) in the DHS study, the SNP by smoking status interaction was not significant
(p = 0.11) and did not replicate.

In addition, we examined the effect of these SNPs on CAC stratified by light, moderate,
and heavy smokers in the COPDGene study. While there was a smaller number of light
and moderate smokers as compared to heavy smokers as seen in Supplemental Table S3,
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rs9349379 [PHACTR1] had a stronger association with CAC among heavy smokers
(p = 5.4 × 10−6) as compared to moderate (p = 0.23) and light smokers (p = 4.2 × 10−3)
among participants of European ancestry as seen in Supplemental Table S4. rs10757272
[CDKN2B-AS1] had a stronger association with CAC among heavy smokers (p = 8.6 × 10−11)
as compared to moderate (p = 5.6 × 10−3) and light smokers (p = 7.5 × 10−3). However,
this trend could be due to the larger number of heavy smokers (n = 5242) as compared to
moderate (n = 459) and light smokers (n = 443).

3.4. Differences among COPDGene Participants of European and African Ancestry

While there is a strong signal among COPDGene participants of European ancestry for
PHACTR1 and CDKN2B-AS1, there is not a strong signal among COPDGene participants
of African ancestry for CAC in these regions. However, there are several differences among
COPDGene participants of European and African ancestry. Within the COPDGene study,
participants of African ancestry had less CAC (41%) compared to participants of Euro-
pean ancestry (65%). However, there was a larger proportion of current smokers among
participants of African ancestry (80%) compared to participants of European ancestry
(39%). Participants of African ancestry were younger (54.6 years) compared to participants
of European ancestry (62.0 years). There is also a significant difference in sample sizes
among the participants of European ancestry (n = 6144) and participants of African ancestry
(n = 2589). The allele frequency for the SNPs in PHACTR1 and CDKN2B-AS1 was lower
among participants of African ancestry (rs9349379 [PHACTR1] MAF = 0.08; rs10757272
[CDKN2B-AS1] MAF = 0.21) as compared to participants of European ancestry (rs9349379
[PHACTR1] MAF = 0.40; rs10757272 [CDKN2B-AS1] MAF = 0.50). These factors may have
contributed to the differing results between the two populations.

4. Discussion

Among current and former smokers of European ancestry in the COPDGene study,
we identified a genome-wide significant association in the chromosome 6p24 region
[PHACTR1] with CAC among females, but not among males. This SNP rs9349379 in
PHACTR1 had a significant interaction with sex on CAC (p = 0.02). This SNP rs9349379
also had a stronger association with CAC among current smokers (p = 6.2 × 10−7) than
former smokers (p = 7.5 × 10−3) and the SNP by smoking status interaction was marginally
significant (p = 0.03).

While this SNP rs9349379 in the PHACTR1 region has been previously associated
with CAC [4,9,22] and shown to have a stronger association in females than males [9,22],
previous studies examining the SNP by sex interaction in a large meta-analysis including a
subset of the COPDGene study [9] and the German cohort for the Heinz Nixdorf Recall
Study [22] have not found a significant SNP by sex interaction on CAC (p = 0.50 and p = 0.37,
respectively). Also, these studies have not examined smoking stratified or PHACTR1 by
smoking interactions on CAC. This study demonstrates a significant interaction between
rs9349379 and sex on CAC among only current and former smokers of European ancestry.
This study also demonstrates a marginally significant interaction between rs9349379 and
smoking status on CAC. In addition, this study shows the importance of sex stratified
analyses for CAC since the chromosome 6p24 signal was only genome-wide significant
among females and not in the overall GWA analysis.

In addition, we identified genome-wide significant associations between SNPs in
the chromosome 9p21 region [CDKN2B-AS1] among all participants and among males.
However, there was not a significant SNP by sex interaction on CAC (p = 0.21). CDKN2B-
AS1 had a strong association with CAC among both former and current smokers; however,
the SNP by smoking status interaction was not significant (p = 0.40). While this region
has previously been associated with CAC [4] and shown to have a stronger association in
males than females [9,22], this study replicates this association among only current and
former smokers.
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Note that PHACTR1 is a protein coding gene on chromosome 6p24 that encodes
phosphatase and actin regulator proteins [38]. SNPs in PHACTR1 have previously been
associated with early-onset myocardial infarction and coronary artery disease [39,40].
CDKN2B-AS1 is a long non-coding RNA gene on chromosome 9p21 that has been found to
be associated with age related disease progression; for example, cardiovascular disease [41].
Cardiovascular disease risk alleles from the 9p21 region have been found to be associated
with both an increase and decrease in expression of CDKN2B-AS1 [42,43].

Note that this study had potential limitations. The COPDGene study was ascertained
based on smoking status and COPD case-control status. DHS was ascertained for dia-
betes case-control status. While the DHS study served as a replication population for the
COPDGene study, the DHS study contains fewer smokers than the COPDGene study. This
may, in part, explain why the smoking interaction with the SNP rs9349379 in PHACTR1
did not replicate in the DHS. This study also failed to identify any genome-wide signals
for CAC among participants of African ancestry. While COPDGene included a substantial
number of participants of African ancestry, the sample was considerably smaller than that
of participants of European ancestry. In addition, the prevalence of CAC is less among
participants of African ancestry compared to participants of European ancestry in the
COPDGene study. The null results in participants of African ancestry may indicate a
true underlying difference in the genetic susceptibility of CAC in participants of African
ancestry compared to European ancestry or may reflect less statistical power due to the
smaller sample size and less prevalence of CAC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcdd11070194/s1, Supplemental Table S1. Characteristics of
COPDGene and Diabetes Heart Study (DHS) participants of African ancestry. Supplemental Table S2.
Results for the GWA analyses of CAC in COPDGene with replication in DHS for participants of
African ancestry. Supplemental Table S3. Number of COPDGene participants of European and
African ancestry by light, moderate, and heavy smokers. Supplemental Table S4. Results for the
COPDGene study stratifying by light (≤10 cigarettes per day), moderate (11–19 cigarettes per day),
and heavy (≥20 cigarettes per day) smokers. COPDGene Phase 3 Additional Acknowledgments.

Author Contributions: K.V. and S.M.L. performed the data analyses and created the tables in the
manuscript. K.V., K.Y., F.-C.H., N.D.P., M.-L.N.M., S.L., G.H., J.H., D.P., A.C.W., E.A.R., D.D., G.L.K.,
J.D.C., M.H.C., E.K.S., C.L., M.J.B., J.E.H. and S.M.L. contributed to the research questions of interest,
drafting, and revising the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Research reported in this publication was supported by the National Institute of Men-
tal Health under Award Number R01MH129337. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Institutes of Health.
This work was also supported by National Heart, Lung and Blood Institute NHLBI P01HL105339
and R01HL089856 (E.K.S.); R01HL113264 (M.H.C.); R01HL089897 (J.D.C.); R00HL121087 (M.N.M.).
The COPDGene study (NCT00608764) is supported by grants from the NHLBI (U01HL089897 and
U01HL089856), by NIH contract 75N92023D00011, and by the COPD Foundation through contribu-
tions made to an Industry Advisory Committee that has included AstraZeneca, Bayer Pharmaceuti-
cals, Boehringer-Ingelheim, Genentech, GlaxoSmithKline, Novartis, Pfizer, and Sunovion. The DHS
study was supported by the National Institutes of Health through R01 HL067348, R01 HL092301,
R01 DK071891, R01 HL092301, and R01 AG058921 and the General Clinical Research Center of Wake
Forest School of Medicine M01-RR-07122.

Institutional Review Board Statement: The COPDGene study was approved by the respective
clinical center institutional review boards. The COPDGene study met the IRB protocol approved by
the NHLBI for human subjects research. For the COPDGene study, we have obtained IRB approval
from the Colorado Multiple Institutional Review Board (COMIRB) at the University of Colorado,
Colorado School of Public Health.

Informed Consent Statement: We have obtained written informed consent from the subjects to
participate in this study. No individual patient data or individual clinical data are presented in this

https://www.mdpi.com/article/10.3390/jcdd11070194/s1
https://www.mdpi.com/article/10.3390/jcdd11070194/s1


J. Cardiovasc. Dev. Dis. 2024, 11, 194 9 of 11

manuscript. We have obtained written informed consent to publish from the participants of the
COPDGene study.

Data Availability Statement: The datasets used in this paper can be found at dbGaP https://
www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000179.v1.p1 (accessed on 14
March 2024).

Acknowledgments: The authors thank the COPDGene investigators, the staff, and the participants
of the COPDGene study for their valuable contributions. A full list of the COPDGene investigators
can be found at http://www.copdgene.org (accessed on 14 March 2024). The authors thank the in-
vestigators, staff, and participants of the DHS AND AA-DHS studies for their valuable contributions.

Conflicts of Interest: Regarding conflicts of interest, in the past three years, Edwin K. Silverman
received grant support from Bayer and Northpond Laboratories and Dawn L. DeMeo received
support from Bayer. The funding sources played no role in the design of the study or the decision to
submit the manuscript for publication. No other authors reported conflicts of interest.

References
1. He, Z.X.; Hedrick, T.D.; Pratt, C.M.; Verani, M.S.; Aquino, V.; Roberts, R.; Mahmarian, J.J. Severity of coronary artery calcification

by electron beam computed tomography predicts silent myocardial ischemia. Circulation 2000, 101, 244–251. [CrossRef] [PubMed]
2. Rumberger, J.A.; Brundage, B.H.; Rader, D.J.; Kondos, G. Electron beam computed tomographic coronary calcium scanning: A

review and guidelines for use in asymptomatic persons. Mayo Clin. Proc. 1999, 74, 243–252. [CrossRef] [PubMed]
3. Arad, Y.; Spadaro, L.A.; Goodman, K.; Newstein, D.; Guerci, A.D. Prediction of coronary events with electron beam computed

tomography. J. Am. Coll. Cardiol. 2000, 36, 1253–1260. [CrossRef] [PubMed]
4. O’Donnell, C.J.; Kavousi, M.; Smith, A.V.; Kardia, S.L.; Feitosa, M.F.; Hwang, S.-J.; Sun, Y.V.; Province, M.A.; Aspelund, T.;

Dehghan, A.; et al. Genome-wide association study for coronary artery calcification with follow-up in myocardial infarction.
Circulation 2011, 124, 2855–2864. [CrossRef] [PubMed]

5. Gomez, F.; Wang, L.; Abel, H.; Zhang, Q.; Province, M.A.; Borecki, I.B. Admixture mapping of coronary artery calcification in
African Americans from the NHLBI family heart study. BMC Genet. 2015, 16, 42. [CrossRef] [PubMed]

6. Wojczynski, M.K.; Li, M.; Bielak, L.F.; Kerr, K.F.; Reiner, A.P.; Wong, N.D.; Yanek, L.R.; Qu, L.; White, C.C.; Lange, L.A.; et al.
Genetics of coronary artery calcification among African Americans, a meta-analysis. BMC Med. Genet. 2013, 14, 75. [CrossRef]
[PubMed]

7. Vargas, J.D.; Manichaikul, A.; Wang, X.Q.; Rich, S.S.; Rotter, J.I.; Post, W.S.; Polak, J.F.; Budoff, M.J.; Bluemke, D.A. Common
genetic variants and subclinical atherosclerosis: The Multi-Ethnic Study of Atherosclerosis (MESA). Atherosclerosis 2016, 245,
230–236. [CrossRef]

8. Vargas, J.D.; Manichaikul, A.; Wang, X.Q.; Rich, S.S.; Rotter, J.I.; Post, W.S.; Polak, J.F.; Budoff, M.J.; Bluemke, D.A. Detailed
analysis of association between common single nucleotide polymorphisms and subclinical atherosclerosis: The Multi-ethnic
Study of Atherosclerosis. Data Brief. 2016, 7, 229–242. [CrossRef] [PubMed]

9. Kavousi, M.; Bos, M.M.; Barnes, H.J.; Lino Cardenas, C.L.; Wong, D.; Lu, H.; Hodonsky, C.J.; Landsmeer, L.P.L.; Turner, A.W.; Kho,
M.; et al. Multi-ancestry genome-wide study identifies effector genes and druggable pathways for coronary artery calcification.
Nat. Genet. 2023, 55, 1651–1664. [CrossRef] [PubMed] [PubMed Central]

10. van Setten, J.; Isgum, I.; Smolonska, J.; Ripke, S.; de Jong, P.A.; Oudkerk, M.; de Koning, H.; Lammers, J.-W.J.; Zanen, P.; Groen,
H.J.; et al. Genome-wide association study of coronary and aortic calcification implicates risk loci for coronary artery disease and
myocardial infarction. Atherosclerosis 2013, 228, 400–405. [CrossRef]

11. Samani, N.J.; Erdmann, J.; Hall, A.S.; Hengstenberg, C.; Mangino, M.; Mayer, B.; Dixon, R.J.; Meitinger, T.; Braund, P.; Wichmann,
H.-E.; et al. Genomewide association analysis of coronary artery disease. N. Engl. J. Med. 2007, 357, 443–453. [CrossRef]

12. Helgadottir, A.; Thorleifsson, G.; Magnusson, K.P.; Grétarsdottir, S.; Steinthorsdottir, V.; Manolescu, A.; Jones, G.T.; Rinkel, G.J.E.;
Blankensteijn, J.D.; Ronkainen, A.; et al. The same sequence variant on 9p21 associates with myocardial infarction, abdominal
aortic aneurysm and intracranial aneurysm. Nat. Genet. 2008, 40, 217–224. [CrossRef]

13. Yamagishi, K.; Folsom, A.R.; Rosamond, W.D.; Boerwinkle, E. A genetic variant on chromosome 9p21 and incident heart failure
in the ARIC study. Eur. Heart J. 2009, 30, 1222–1228. [CrossRef]

14. Newton-Cheh, C.; Cook, N.R.; VanDenburgh, M.; Rimm, E.B.; Ridker, P.M.; Albert, C.M. A common variant at 9p21 is associated
with sudden and arrhythmic cardiac death. Circulation 2009, 120, 2062–2068. [CrossRef]

15. Kim, J.; Chae, Y.K. Genome wide association studies of stroke. N. Engl. J. Med. 2009, 361, 722. [CrossRef]
16. Deloukas, P.; Kanoni, S.; Willenborg, C.; Farrall, M.; Assimes, T.L.; Thompson, J.R.; Ingelsson, E.; Saleheen, D.; Erdmann, J.;

Goldstein, B.A.; et al. Large-scale association analysis identifies new risk loci for coronary artery disease. Nat. Genet. 2013, 45,
25–33. [CrossRef]

17. Winsvold, B.S.; Bettella, F.; Witoelar, A.; Anttila, V.; Gormley, P.; Kurth, T.; Terwindt, G.M.; Freilinger, T.M.; Frei, O.; Shadrin, A.;
et al. Shared genetic risk between migraine and coronary artery disease: A genome-wide analysis of common variants. PLoS
ONE 2017, 12, e0185663. [CrossRef]

https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000179.v1.p1
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000179.v1.p1
http://www.copdgene.org
https://doi.org/10.1161/01.CIR.101.3.244
https://www.ncbi.nlm.nih.gov/pubmed/10645919
https://doi.org/10.4065/74.3.243
https://www.ncbi.nlm.nih.gov/pubmed/10089993
https://doi.org/10.1016/S0735-1097(00)00872-X
https://www.ncbi.nlm.nih.gov/pubmed/11028480
https://doi.org/10.1161/CIRCULATIONAHA.110.974899
https://www.ncbi.nlm.nih.gov/pubmed/22144573
https://doi.org/10.1186/s12863-015-0196-x
https://www.ncbi.nlm.nih.gov/pubmed/25902833
https://doi.org/10.1186/1471-2350-14-75
https://www.ncbi.nlm.nih.gov/pubmed/23870195
https://doi.org/10.1016/j.atherosclerosis.2015.11.034
https://doi.org/10.1016/j.dib.2016.01.048
https://www.ncbi.nlm.nih.gov/pubmed/26958643
https://doi.org/10.1038/s41588-023-01518-4
https://www.ncbi.nlm.nih.gov/pubmed/37770635
https://www.ncbi.nlm.nih.gov/pmc/PMC10601987
https://doi.org/10.1016/j.atherosclerosis.2013.02.039
https://doi.org/10.1056/NEJMoa072366
https://doi.org/10.1038/ng.72
https://doi.org/10.1093/eurheartj/ehp087
https://doi.org/10.1161/CIRCULATIONAHA.109.879049
https://doi.org/10.1056/NEJMc091089
https://doi.org/10.1038/ng.2480
https://doi.org/10.1371/journal.pone.0185663


J. Cardiovasc. Dev. Dis. 2024, 11, 194 10 of 11

18. Debette, S.; Kamatani, Y.; Metso, T.M.; Kloss, M.; Chauhan, G.; Engelter, S.T.; Pezzini, A.; Thijs, V.; Markus, H.S.; Dichgans, M.;
et al. Common variation in PHACTR1 is associated with susceptibility to cervical artery dissection. Nat. Genet. 2015, 47, 78–83.
[CrossRef]

19. Kiando, S.R.; Tucker, N.R.; Castro-Vega, L.J.; Katz, A.; D’Escamard, V.; Tréard, C.; Fraher, D.; Albuisson, J.; Kadian-Dodov, D.;
Ye, Z.; et al. PHACTR1 Is a genetic susceptibility locus for fibromuscular dysplasia supporting its complex genetic pattern of
inheritance. PLoS Genet. 2016, 12, e1006367. [CrossRef]

20. Yang, X.C.; Zhang, Q.; Chen, M.L.; Li, Q.; Yang, Z.S.; Li, L.; Cao, F.F.; Chen, X.D.; Liu, W.J.; Jin, L.; et al. MTAP and CDKN2B genes
are associated with myocardial infarction in Chinese. Hans. Clin. Biochem. 2009, 42, 1071–1075. [CrossRef] [PubMed]

21. Chen, L.; Qian, H.; Luo, Z.; Li, D.; Xu, H.; Chen, J.; He, P.; Zhou, X.; Zhang, T.; Chen, J.; et al. PHACTR1 gene polymorphism with
the risk of coronary artery disease in Chinese Han population. Postgrad. Med. J. 2019, 95, 67–71. [CrossRef] [PubMed]

22. Pechlivanis, S.; Mühleisen, T.W.; Möhlenkamp, S.; Schadendorf, D.; Erbel, R.; Jöckel, K.H.; Hoffmann, P.; Nöthen, M.M.; Scherag,
A.; Moebus, S.; et al. Risk loci for coronary artery calcification replicated at 9p21 and 6q24 in the Heinz Nixdorf Recall Study.
BMC Med. Genet. 2013, 14, 23. [CrossRef] [PubMed] [PubMed Central]

23. Sharrett, A.R.; Ding, J.; Criqui, M.H.; Saad, M.F.; Liu, K.; Polak, J.F.; Folsom, A.R.; Tsai, M.Y.; Burke, G.L.; Szklo, M. Smoking, dia-
betes, and blood cholesterol differ in their associations with subclinical atherosclerosis: The Multiethnic Study of Atherosclerosis
(MESA). Atherosclerosis 2006, 186, 441–447. [CrossRef] [PubMed]

24. Kronmal, R.A.; McClelland, R.L.; Detrano, R.; Shea, S.; Lima, J.A.; Cushman, M.; Bild, D.E.; Burke, G.L. Risk factors for the
progression of coronary artery calcification in asymptomatic subjects: Results from the Multi-Ethnic Study of Atherosclerosis
(MESA). Circulation 2007, 115, 2722–2730. [CrossRef] [PubMed]

25. Rasmussen, T.; Frestad, D.; Kober, L.; Pedersen, J.H.; Thomsen, L.H.; Dirksen, A.; Kofoed, K.F. Development and progression of
coronary artery calcification in long-term smokers: Adverse effects of continued smoking. J. Am. Coll. Cardiol. 2013, 62, 255–257.
[CrossRef] [PubMed]

26. McEvoy, J.W.; Nasir, K.; DeFilippis, A.P.; Lima, J.A.; Bluemke, D.A.; Hundley, W.G.; Barr, R.G.; Budoff, M.J.; Szklo, M.; Navas-
Acien, A.; et al. Relationship of cigarette smoking with inflammation and subclinical vascular disease: The Multi-Ethnic Study of
Atherosclerosis. ATVB 2015, 35, 700–709. [CrossRef] [PubMed]

27. US Department of Health and Human Services. The Health Benefits of Smoking Cessation. A Report of the Surgeon General; U.S.
Deparment of Health and Human Services, Centers for Disease Control, Office of Smoking and Health, DHHS Publication:
Washington, DC, USA, 1990; Volume 90, p. 8416.

28. Regan, E.A.; Hokanson, J.E.; Murphy, J.R.; Make, B.; Lynch, D.A.; Beaty, T.H.; Curran-Everett, D.; Silverman, E.K.; Crapo, J.D.
Genetic epidemiology of COPD (COPDGene) study design. COPD J. Chronic Obstr. Pulm. Dis. 2010, 7, 32–43. [CrossRef]
[PubMed]

29. Cho, M.H.; McDonald, M.N.; Zhou, X.; Mattheisen, M.; Castaldi, P.J.; Hersh, C.P.; DeMeo, D.L.; Sylvia, J.S.; Ziniti, J.; Laird, N.M.;
et al. Risk loci for chronic obstructive pulmonary disease: A genome-wide association study and meta-analysis. Lancet Respir.
Med. 2014, 2, 214–225. [CrossRef] [PubMed]

30. Bowden, D.W.; Lehtinen, A.B.; Ziegler, J.T.; Rudock, M.E.; Xu, J.; Wagenknecht, L.E.; Herrington, D.M.; Rich, S.S.; Freedman, B.I.;
Carr, J.J.; et al. Genetic epidemiology of subclinical cardiovascular disease in the diabetes heart study. Ann. Hum. Genet. 2008, 72,
598–610. [CrossRef] [PubMed]

31. Divers, J.; Palmer, N.D.; Langefeld, C.D.; Brown, W.M.; Lu, L.; Hicks, P.J.; Smith, S.C.; Xu, J.; Terry, J.G.; Register, T.C.; et al.
Genome-wide association study of coronary artery calcified atherosclerotic plaque in African Americans with type 2 diabetes.
BMC Genet. 2017, 18, 105. [CrossRef] [PubMed] [PubMed Central]

32. Budoff, M.J.; Nasir, K.; Kinney, G.L.; Hokanson, J.E.; Barr, R.G.; Steiner, R.; Nath, H.; Lopez-Garcia, C.; Black-Shinn, J.; Casaburi,
R. Coronary artery and thoracic calcium on noncontrast thoracic CT scans: Comparison of ungated and gated examinations in
patients from the COPD Gene cohort. J. Cardiovasc. Comput. Tomogr. 2011, 5, 113–118. [CrossRef]

33. Greenland, P.; Bonow, R.O.; Brundage, B.H.; Budoff, M.J.; Eisenberg, M.J.; Grundy, S.M.; Lauer, M.S.; Post, W.S.; Raggi, P.; Redberg,
R.F.; et al. Coronary artery calcium scoring: ACCF/AHA 2007 clinical expert consensus document on coronary artery calcium
scoring by computed tomography in global cardiovascular risk assessment and in evaluation of patients with chest pain. J. Am.
Coll. Cardiol. 2007, 49, 378–402. [CrossRef]

34. Santos, R.D.; Rumberger, J.A.; Budoff, M.J.; Shaw, L.J.; Orakzai, S.H.; Berman, D.; Raggi, P.; Blumenthal, R.S.; Nasir, K. Thoracic
aorta calcification detected by electron beam tomography predicts all-cause mortality. Atherosclerosis 2010, 209, 131–135. [CrossRef]

35. Agatston, A.S.; Janowitz, W.R.; Hildner, F.J.; Zusmer, N.R.; Viamonte, M., Jr.; Detrano, R. Quantification of coronary artery calcium
using ultrafast computed tomography. J. Am. Coll. Cardiol. 1990, 15, 827–832. [CrossRef]

36. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.R.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.W.; Daly, M.J.;
et al. PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81,
559–575. [CrossRef]

37. Price, A.L.; Patterson, N.J.; Plenge, R.M.; Weinblatt, M.E.; Shadick, N.A.; Reich, D. Principal components analysis corrects for
stratification in genome-wide association studies. Nat. Genet. 2006, 38, 904–909. [CrossRef] [PubMed]

38. Allen, P.B.; Greenfield, A.T.; Svenningsson, P.; Haspeslagh, D.C.; Greengard, P. Phactrs 1-4: A family of protein phosphatase 1 and
actin regulatory proteins. Proc. Natl. Acad. Sci. USA 2004, 101, 7187–7192. [CrossRef] [PubMed]

https://doi.org/10.1038/ng.3154
https://doi.org/10.1371/journal.pgen.1006367
https://doi.org/10.1016/j.clinbiochem.2009.02.021
https://www.ncbi.nlm.nih.gov/pubmed/19272367
https://doi.org/10.1136/postgradmedj-2018-136298
https://www.ncbi.nlm.nih.gov/pubmed/30777881
https://doi.org/10.1186/1471-2350-14-23
https://www.ncbi.nlm.nih.gov/pubmed/23394302
https://www.ncbi.nlm.nih.gov/pmc/PMC3583714
https://doi.org/10.1016/j.atherosclerosis.2005.08.010
https://www.ncbi.nlm.nih.gov/pubmed/16154575
https://doi.org/10.1161/CIRCULATIONAHA.106.674143
https://www.ncbi.nlm.nih.gov/pubmed/17502571
https://doi.org/10.1016/j.jacc.2013.04.013
https://www.ncbi.nlm.nih.gov/pubmed/23643591
https://doi.org/10.1161/ATVBAHA.114.304562
https://www.ncbi.nlm.nih.gov/pubmed/25573855
https://doi.org/10.3109/15412550903499522
https://www.ncbi.nlm.nih.gov/pubmed/20214461
https://doi.org/10.1016/S2213-2600(14)70002-5
https://www.ncbi.nlm.nih.gov/pubmed/24621683
https://doi.org/10.1111/j.1469-1809.2008.00446.x
https://www.ncbi.nlm.nih.gov/pubmed/18460048
https://doi.org/10.1186/s12863-017-0572-9
https://www.ncbi.nlm.nih.gov/pubmed/29221444
https://www.ncbi.nlm.nih.gov/pmc/PMC5723099
https://doi.org/10.1016/j.jcct.2010.11.002
https://doi.org/10.1016/j.jacc.2006.10.001
https://doi.org/10.1016/j.atherosclerosis.2009.08.025
https://doi.org/10.1016/0735-1097(90)90282-T
https://doi.org/10.1086/519795
https://doi.org/10.1038/ng1847
https://www.ncbi.nlm.nih.gov/pubmed/16862161
https://doi.org/10.1073/pnas.0401673101
https://www.ncbi.nlm.nih.gov/pubmed/15107502


J. Cardiovasc. Dev. Dis. 2024, 11, 194 11 of 11

39. Myocardial Infarction Genetics Consortium; Kathiresan, S.; Voight, B.F.; Purcell, S.; Musunuru, K.; Ardissino, D.; Mannucci, P.M.;
Anand, S.; Engert, J.C.; Samani, N.J.; et al. Genome-wide association of early-onset myocardial infarction with single nucleotide
polymorphisms and copy number variants. Nat. Genet. 2009, 41, 762; Erratum in Nat. Genet. 2009, 41, 334–341. [CrossRef]

40. Lu, X.; Wang, L.; Chen, S.; He, L.; Yang, X.; Shi, Y.; Cheng, J.; Zhang, L.; Gu, C.C.; Huang, J.; et al. Genome-wide association
study in Han Chinese identifies four new susceptibility loci for coronary artery disease. Nat. Genet. 2012, 44, 890–894. [CrossRef]
[PubMed]

41. Wang, R.; Yuan, Q.; Wen, Y.; Zhang, Y.; Hu, Y.; Wang, S.; Yuan, C. ANRIL: A Long Noncoding RNA in Age-related Diseases. Mini
Rev. Med. Chem. 2024, 24, 1–10. [CrossRef]

42. Holdt, L.M.; Beutner, F.; Scholz, M.; Gielen, S.; Gäbel, G.; Bergert, H.; Schuler, G.; Thiery, J.; Teupser, D. ANRIL expression is
associated with atherosclerosis risk at chromosome 9p21. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 620–627. [CrossRef] [PubMed]

43. Congrains, A.; Kamide, K.; Oguro, R.; Yasuda, O.; Miyata, K.; Yamamoto, E.; Kawai, T.; Kusunoki, H.; Yamamoto, H.; Takeya,
Y.; et al. Genetic variants at the 9p21 locus contribute to atherosclerosis through modulation of ANRIL and CDKN2A/B.
Atherosclerosis 2012, 220, 449–455. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/ng0609-762c
https://doi.org/10.1038/ng.2337
https://www.ncbi.nlm.nih.gov/pubmed/22751097
https://doi.org/10.2174/0113895575295976240415045602
https://doi.org/10.1161/ATVBAHA.109.196832
https://www.ncbi.nlm.nih.gov/pubmed/20056914
https://doi.org/10.1016/j.atherosclerosis.2011.11.017
https://www.ncbi.nlm.nih.gov/pubmed/22178423

	Introduction 
	Materials and Methods 
	COPDGene Study 
	Diabetes Heart Study (DHS) 
	CAC Measurement 
	Statistical Methods 

	Results 
	Overall and Sex Stratified GWA Analyses 
	SNP by Sex Interactions 
	The Role of Smoking 
	Differences among COPDGene Participants of European and African Ancestry 

	Discussion 
	References



