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Abstract 
 

 

Aims:  While most patients with myocardial infarction (MI) have underlying coronary 

atherosclerosis, not all patients with coronary artery disease (CAD) develop MI.  We sought to 

address the hypothesis that some of the genetic factors which establish atherosclerosis may be 

distinct from those that predispose to vulnerable plaques and  thrombus formation. 

Methods and Results:  We carried out a genome-wide association study for MI in the UK 

Biobank (n~472,000), followed by a meta-analysis with summary statistics from 

CARDIoGRAM+C4D (total n~639,000).  Multiple independent replication analyses and 

functional approaches were then used to prioritize loci and evaluate positional candidate genes.  

Eight novel regions were identified for MI at the genome wide significance level, of which effect 

sizes at six loci were more robust for MI than for CAD in the absence of MI.  Confirmatory 

evidence for association of the chromosome 1p21.3 locus harboring choline-like transporter 3 

(SLC44A3) with MI in the context of CAD, but not with coronary atherosclerosis itself, was 

obtained in six independent angiography-based cohorts (n~14,000).  Follow-up analyses did not 

reveal association of the SLC44A3 locus with other thrombotic diseases, biomarkers of 

coagulation, or plasma choline and trimethylamine N-oxide levels.  However, SLC44A3 

expression was increased in carriers of the risk allele, increased in ischemic (vs. non-diseased ) 

coronary arteries, upregulated in human aortic endothelial cells treated with interleukin-1 (vs. 

vehicle), and associated with the migration rate of smooth muscle cells. 

Conclusions:  The present findings implicate SLC44A3 as an MI-specific genetic risk factor and 

suggest its role in the pathophysiology of vulnerable plaques. 

Keywords:  myocardial infarction; genetic factors; genome-wide association study; meta-

analysis; SLC44A3. 
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Introduction 
 

Myocardial infarction (MI) and coronary artery disease (CAD) are the leading causes of 

death in Western societies1, even in the contemporary era of high-potency statin therapy2.  

Individuals with CAD are typically asymptomatic, with the first manifestations often being 

major adverse clinical events, such as MI, stroke, or sudden death, due to the rupture of an 

atherosclerotic plaque3.  Thus, understanding the biological mechanisms that precipitate plaque 

rupture and thrombosis could have important clinical implications since it may lead to earlier 

detection or better prediction of the transition from a stable lesion to a vulnerable plaque. 

It is generally accepted that common forms of MI and CAD are characterized by heritable 

susceptibility factors in the context of lifetime exposure to an atherogenic environment.  

Consistent with this notion, large-scale studies in humans have identified >160 loci that 

influence risk of MI and CAD through unknown mechanisms and via perturbations of lipid 

metabolism, blood pressure regulation, inflammation, and platelet function4-9.  However, the 

susceptibility alleles identified to date, most of which are common in the population, still only 

explain a small fraction of the overall heritability for these cardiovascular phenotypes.  

Furthermore, even though the vast majority of patients with MI have underlying coronary 

atherosclerosis, not all patients with coronary atherosclerosis develop MI.  This observation 

suggests that some of the mechanisms that establish atherosclerosis or drive its progression may 

be distinct from those that predispose to plaque vulnerability and thrombus formation.  Genetic 

studies support this concept as well.  For example, 9p21 is one of the most strongly associated 

loci for CAD but is not directly associated with MI when comparing CAD-positive/MI-negative 

individuals with those who are CAD-positive/MI-positive10, 11.  By contrast, the same analytical 

approach initially identified ABO, which defines the common ABO blood group system, as being 
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associated with MI among individuals with CAD but not necessarily with the presence of 

coronary atherosclerosis itself10.  Thus, even though nearly all loci identified to date for CAD are 

also associated with MI, it is likely that additional genetic factors predisposing more robustly or 

specifically to plaque rupture and thrombotic phenotypes exist as well.  However, with the 

exception of ABO, no other such locus has been identified.  In the present study, we sought to 

further explore the genetic architecture of MI and address the hypothesis that distinct genetic risk 

factors may underlie susceptibility to MI and CAD.  
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Methods 

Study Populations.  The UK Biobank recruited participants between 40-69 years of age who 

were registered with a general practitioner of the UK National Health Service (NHS).  From 

2006-2010, a total of 503,325 individuals were included.  All study participants provided 

informed consent and the study was approved by the North West Multi-centre Research Ethics 

Committee.  Detailed methods used by the UK Biobank have been described elsewhere12.  

Individual cohorts in the CARDIoGRAM+C4D Consortium 1000 Genomes GWAS studies have 

been previously described in detail4.  All subjects gave written consent for participation in 

genetic studies, and the protocol of each study was approved by the corresponding local research 

ethics committee or institutional review board.   The present study was approved by the 

Institutional Review Boards of the Cleveland Clinic and USC Keck School of Medicine. 

 

Clinical Definitions in the UK Biobank.  MI cases were defined as positive for International 

Classification of Diseases version-10 (ICD10) codes: I21, I22, I23, I25.2, which included 

myocardial infarction (MI), and complications following acute MI.  Doctor-diagnosed and self-

reported MI were also included in the definition.  CAD cases were defined in two ways.  The 

first was an all-inclusive definition that included subjects positive for MI according to the criteria 

described above, as well as positive for other ICD-10 codes I24.0, I24.8, I24.9, I25.0, 

I25.1, I25.4, I25.8, and I25.9, which included ischemic heart diseases.  Office of Population 

Censuses and Surveys Classification of Interventions and Procedures, version 4 (OPCS-4) codes 

K40-K46, K49, K50 and K75, covering replacement, transluminal balloon angioplasty, other 

therapeutic transluminal operations on coronary artery and percutaneous transluminal balloon 

angioplasty and insertion of stent into coronary artery.  The second definition of CAD was more 

restricted and included subjects who were only positive for CAD and not for MI.  To avoid any 



8 

 

misclassification of cases, we also excluded 59 samples who were only positive for ICD10 codes 

I24.1 (Dressler's syndrome), I25.3 (aneurysm of heart), I25.5 (ischaemic cardiomyopathy), or 

I25.6 (silent myocardial ischaemia).  This strategy resulted in the classification of 17,505 MI 

cases, 15,580 CAD only cases, 33,085 all-inclusive CAD cases, and 454,212 controls who were 

not positive for any of the clinical designations used to define CAD and MI. 

 

GWAS Analyses in the UK Biobank.  Quality control of samples and DNA variants and 

imputation were performed by the Wellcome Trust Centre for Human Genetics, as described in 

detail elsewhere12.  Briefly, ~90 million single nucleotide polymorphisms (SNPs) imputed from 

the Haplotype Reference Consortium, UK10K, and 1000 Genomes imputation were available in 

the UK Biobank.  Of these, 10,903,881 variants were used for GWAS analysis after filtering on 

autosomal SNPs with INFO scores >0.8 (directly from the UK Biobank) and with minor allele 

frequencies (MAF) >0.5% in the 487,379 individuals with imputed genotypes.  A GWAS 

analysis for MI was performed with BOLT-LMM V2.3.2 using a standard (infinitesimal) mixed 

model to correct for structure due to relatedness, ancestral heterogeneity, with adjustment for 

age, sex, the first 20 principal components, and genotyping array13.  The genome-wide 

significance threshold was set at P=5.0x10-8.  Since BOLT-LMM relies on linear models even 

for qualitative traits, SNP effect size estimates on the quantitative scale were transformed to 

obtain odds ratios (ORs) and standard errors (SEs) using the following formula:  β or SE/(μ ∗ (1 - 

μ)), where μ = case fraction13. 

 

Meta-analysis for MI.  Publicly available summary statistics for MI with 9,289,491 SNPs from 

the CARDIoGRAM+C4D Consortium4 were combined with our GWAS results for MI in the UK 

Biobank.  We carried out a fixed-effects meta-analysis with 8,126,035 SNPs common to both 
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datasets assuming an additive model, as implemented in GWAMA14.  The genome-wide 

threshold for significant association was set at P=5.0x10-8.  A locus was defined as novel if our 

lead SNP was >1Mb  away or in weak or no linkage disequilibrium (r2≤0.1) with the lead 

variants at the 162 previously reported loci for CAD (which also included MI as a criteria for 

case status)9.  Replication of the 162 known CAD loci was considered significant at a 

Bonferroni-corrected threshold of P=3.0x10-4 (0.05/162). 

 

Comparison of Association Signals at Novel Loci.  To compare the association signals at the 

eight novel loci, we carried out several different analyses.  First, we determined the association 

of the lead SNPs at each MI locus with CAD in the UK Biobank.  These analyses were carried 

out with BOLT-LMM V2.3.2 using a standard (infinitesimal) mixed model to correct for 

structure due to relatedness, ancestral heterogeneity, with adjustment for age, sex, the first 20 

principal components, and genotyping array13.  A fixed-effects meta-analysis was then carried 

out for the eight novel loci with the CAD association results from the UK Biobank and those 

from CARDIoGRAM+C4D under an additive model, as implemented in GWAMA14.  As 

another approach, we also used primary level data in the UK Biobank alone to carry out 

additional case-control analyses.  The first compared individuals without MI or CAD (controls, 

n=454,212) to CAD only cases (n=15,580).  The second cases-control analysis tested the eight 

novel loci for association in subjects with both MI and CAD (cases, n=17,505) compared to 

subjects who only had CAD (“controls”, n=15,580). 

 

Replication Analyses for MI Loci.  To replicate the association of the novel MI loci and 

determine their phenotypic specificity, we carried out a case-control analysis in several cohorts 

with angiographically-documented CAD patients of northern European ancestry with (cases) and 
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without (controls) adjudicated prior diagnoses of MI.  Detailed descriptions of the angiography-

based cohorts are provided in the Supplemental Materials.  Association of lead SNPs at the 

identified loci with MI in the presence of coronary atherosclerosis was carried out in each cohort 

individually using logistic regression with adjustment for age and sex.  Analyses in the 

ANGES/FINCAVAS cohort additionally adjusted for smoking status, hyperlipidemia, statin use, 

hypertension, and diabetes status.  This was followed by a fixed-effects meta-analysis with all 

angiography-based cohorts using the ‘meta’ package15 in R (v3.6.0). 

 

Metabolomics Analyses with the SCL44A3 Locus.  Association of the SCL44A3 locus with 

plasma levels of proatherogenic metabolites was evaluated in the GeneBank cohort16-22.  Briefly, 

metabolites were quantified using stable isotope dilution high performance liquid 

chromatography (HPLC) with online electrospray ionization tandem mass spectrometry.  Stable 

isotope labeled internal standards for each monitored analyte were added to plasma samples prior 

to protein precipitation and monitored at the appropriate transitions in in multiple reaction 

monitoring mode using characteristic parent-daughter ion transitions at m/z ratios for each 

metabolite.  Genotypes for rs12743267 were obtained in subjects profiled on either the 

Affymetrix 6.0 GeneChip or Illumina Infinium Global Screening Array.  Linear regression 

analyses for each metabolite was carried out using natural-log transformed values, with 

adjustment for age and sex (STATA v15.0, StataCorp LP, Texas, USA). 

 

Expression Analyses of SCL44A3 in the STARNET cohort.  The Stockholm-Tartu 

Atherosclerosis Reverse Networks Engineering Task study (STARNET) recruited 600 patients 

with CAD who were eligible for open-thorax surgery at the Department of Cardiac Surgery, 
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Tartu University Hospital in Estonia23.  After providing informed consent and at the time of 

surgery, venous blood (n=559) and tissue biopsies were obtained from atherosclerotic aortic 

artery (n=515), mammary artery (n=520), visceral (n=247) and subcutaneous (n=237) adipose, 

liver (n=257), and skeletal muscle (n=294).  RNA sequencing was performed on the Illumina 

TruSeq platform and genotyping was performed using the Illumina Infinium assay with the 

human OmniExpressExome-8v1 bead chip23.  Association of the lead SNP (rs12743267) at the 

chromosome 1p21.3 locus with SLC44A3 expression levels in aorta and mammary artery was 

computed by one-way ANOVA in R (v3.6.0) among all subjects and separately in subjects with 

and without MI. 

 

Expression Analyses of SLC44A3 in Human Coronary Artery and Aortic Endothelial Cells.  

De-identified coronary artery tissue samples were obtained from heart transplant donors with 

CAD or from non-diseased donor hearts rejected for orthotopic heart transplantation at the 

Stanford University School of Medicine.  All subjects provided consent for participation in 

research studies under an IRB-approved protocol.  Proximal coronary artery segments from main 

branches of the left anterior descending, circumflex or right coronary arteries were dissected 

from all donor hearts.  Clinical and histopathology information from diseased hearts was used to 

classify ischemic and non-ischemic arteries.  All normal arteries originated from non-diseased 

hearts with left ventricular ejection fraction (LVEF) greater than 50%.  Total RNA was extracted 

from frozen coronary artery segments using the miRNeasy Mini RNA Extraction kit (Qiagen, 

catalog # 217004, Germantown, MD) and subjected to 150bp paired-end sequencing on an 

Illumina NovaSeq S4 Flowcell.  Expression levels of SLC44A3 were compared between 

ischemic (n=36) and normal (n=24) coronary arteries using DEseq2 (v3.1)24, after correcting for 

age, sex, RIN Score, ethnicity, and hidden confounding variables. 
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Human aortic endothelial cells (HAECs) were isolated from aortic explants of 

anonymous donors (n=149) through the UCLA heart transplant program25, 26.  Cells were grown 

to 90% confluence and incubated for 4hrs in M-199 medium (catalog # MT10–060-CV, 

ThermoFisher Scientific, Waltham, MA) supplemented with 1.2% sodium pyruvate (catalog # 

11360070, ThermoFisher Scientific, Waltham, MA), 1% 100X pen strep glutamine (catalog # 

10378016, ThermoFisher Scientific, Waltham, MA), 20% fetal bovine serum (FBS, GE 

Healthcare, Hyclone, Pittsburgh, PA), 1.6% endothelial cell growth serum (Product #356006, 

Corning, Corning, NY), 1.6% heparin, and 10μl/50ml amphotericin B (catalog #15290018, 

ThermoFisher Scientific, Waltham, MA).  Donor HAECs from up to 53 individuals were 

expanded at 5% CO2 at 37ºC and subsequently treated for 4 hours in media containing 1% FBS 

with and without 10ng/ml human recombinant interleukin (IL)-1 protein (catalog # 201-LB-

005/CF, R&D Systems, Minneapolis, MN).  RNA was extracted from approximately 5x106 cells 

using the Quick-RNA MicroPrep kit (catalog # R1051, Zymo Research, Irvine, CA) for 

preparation of libraries, as described previously27, and subjected to sequencing on an Illumina 

HiSeq 4000 according to the manufacturer’s specifications.  Expression levels of SLC44A3 in 

HAECs with and without IL-1 treatment were compared using DEseq24. 

 

In Vitro Smooth Muscle Cell Migration Assay:  Vascular smooth muscle cells (SMCs) were 

isolated from aortic explants of anonymous donors (n=151) through the UCLA heart transplant 

program.  A portion of these donors overlapped with those from whom HAECs were isolated.  

The cells were grown in Smooth Muscle Cell Basal Medium (catalog # CC-3181, Lonza, Basel, 

Switzerland) supplemented with the Smooth Muscle Growth Medium-2 SingleQuots Kit 

(SmGM-2, catalog # CC-4149, Lonza, Basel, Switzerland).  Migration of SMCs was monitored 

continuously for 24 hours using electronically integrated 16-well Boyden chamber plates (CIM-
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plate 16, catalog # 5665817001, ACEA Biosciences, San Diego, CA) with 8μm pores in an 

xCelligence Real-Time Cell Analysis Instrument (ACEA Biosciences, San Diego, CA) placed in 

a 5% CO2 humidified incubator and maintained at 37°C.  The upper chamber of each well was 

seeded with 3x105 cells in serum-free media whereas the lower chamber contained either serum-

free media (control) or serum-free media supplemented with 100ng/mL PDGF-BB as the 

chemoattractant.  Changes in electrical impedance as the cells migrated to the lower chamber 

was monitored and translated to an index that was proportional to the number of migrating cells.  

All experiments were performed in quadruplicate.  For each donor, the response to PDGF-BB 

was calculated by estimating the difference in the area-under-the-curve (AUC) between PDGF-

BB and control media (migration response difference).  The difference in migration rate was also 

determined by calculating the difference in the slopes between PDGF-BB and control media 

before the cells reached maximum migration. 
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Results 

 

Identification of 8 Novel Loci for MI:  We sought to expand our understanding of the genetic 

architecture of MI through a large-scale genome-wide analysis with the UK Biobank and the 

CARDIoGRAM+C4D Consortium4 (Figure 1 and Supplementary Table 1).  We first carried 

out a genome-wide association study (GWAS) for MI in the UK Biobank with 17,505 cases and 

454,212 controls (Supplemental material, Extended Data Table 1).  This analysis identified 

1,966 significantly associated SNPs distributed among 31 loci (Supplemental material, 

Extended Data Figure 1 and Extended Data Table 2).  Three of these loci were not known to 

be associated with MI or CAD whereas the remaining 28 loci were previously reported for an all-

inclusive CAD phenotype that included MI4 (Supplemental material, Extended Data Table 2).  

We next combined our GWAS results in the UK Biobank with summary statistics for MI from 

CARDIoGRAM+C4D4 in a fixed-effects meta-analysis that included a total of ~61,000 MI cases 

and ~578,000 controls and 8,126,035 SNPs common to both datasets (Supplemental material, 

Extended Data Table 1).  This analysis revealed 4,419 significantly associated variants 

distributed across 80 loci (Figure 2 and Supplemental material, Extended Data Figure 2).  Of 

these loci, eight were novel and associated with MI (or CAD) for the first time herein (Table 1 

and Figure 3).  The other 72 genome-wide significant loci in our MI meta-analysis overlapped 

with the 162 previously known CAD regions identified in other meta-analyses combining 

CARDIoGRAM+C4D with either the UK Biobank or samples genotyped on the MetaboChip 

(Supplementary Table 3)5-9.  We also obtained evidence for association of 87 of the remaining 

90 known CAD loci at the Bonferroni-corrected threshold for testing 162 regions 

(P=0.05/162=3.1x10-4) (Supplemental material, Extended Data Table 3).  Thus, with the 

exception of three regions, our meta-analyses with the UK Biobank and CARDIoGRAM+C4D 
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replicated association signals at all known 162 MI/CAD loci.  All together with the 8 novel 

regions we identified, our results bring the total number of MI/CAD susceptibility loci to 170 at 

the time of this analysis (Supplemental material, Extended Data Table 3). 

 

Expression quantitative trait locus (eQTL) Analysis Prioritizes Positional Candidate Genes:  To 

identify candidate causal genes at the newly identified loci, we used multi-tissue gene expression 

data from The GTEx Project28.  For each locus, at least one candidate causal gene could be 

prioritized based on the lead SNP yielding a cis expression quantitative trait locus (eQTL) in one 

or more tissues relevant to MI, such as aorta, blood, heart, and visceral adipose (Supplemental 

material, Extended Data Table 4).  We next carried out a PheWAS analysis with our lead 

variants (or tightly linked proxies), which also revealed suggestive and genome-wide significant 

associations at several of the novel loci for other complex traits, including inflammatory 

cytokines, circulating leukocytes, prostate cancer, and migraine (Supplemental material, 

Extended Data Table 5). 

 

Comparison of Association Signals for MI and CAD at Eight Novel Loci:  We next investigated 

the phenotypic specificity of the association signals for MI vs. CAD at the eight novel loci using 

various analytical strategies.  In the first approach, we carried out association analyses with the 

eight novel loci in the UK Biobank using an all-inclusive definition of CAD (see Methods for 

details).  This was followed by a meta-analysis of the results with summary statistics for CAD 

provided by CARDIoGRAM+C4D.  Compared to MI, all eight loci yielded some degree of 

association with CAD in our meta-analysis with the UK Biobank and CARDIoGRAM+C4D, 

with two loci on chromosomes 1p36.11 and 6q16.1 exhibiting genome-wide significance (Table 

1 and Supplemental material, Extended Data Table 6).  These latter observations suggest that 
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the association signals on chromosomes 1p36.11 and 6q16.1 may not be specific to MI.  The 

CAD associations we obtained with the eight novel loci were also highly consistent with the 

results of another recent meta-analysis for CAD using data from the UK Biobank and 

CARDIoGRAM+C4D9 (Supplemental material, Extended Data Table 3).  However, since 

CARDIoGRAM+C4D used an all-inclusive definition of CAD that incorporated MI4, it was not 

possible to determine the true specificity of the associations for MI vs. CAD using the results of 

our meta-analysis for CAD.  Therefore, as a second approach, we used primary level data in the 

UK Biobank to compare association of the eight novel loci with MI but not the restricted CAD 

only phenotype that excluded subjects positive for MI.  As a positive control locus, we also 

included ABO in these analyses.  As expected and consistent with previous studies10, our lead 

SNP at the ABO locus (rs9411377) in the UK Biobank was strongly associated with MI but not 

the restricted CAD only phenotype (Table 2), thus validating this analytical approach.  With 

respect to the eight novel loci identified for MI, seven were not associated with CAD in the 

comparative analyses using the UK Biobank (Table 2).  The only exception was the AHDC1 

locus on chromosome 1p36.11, although the effect size and significance level were weaker for 

CAD than with MI (Table 2).  Finally, we also evaluated association at the eight novel loci in the 

UK Biobank in an analysis comparing cases defined as subjects with both CAD and MI 

(CAD+/MI+) to controls defined as CAD only subjects (CAD+/MI-).  These analyses revealed 

nominal (p<0.05) association of six of the eight loci with MI among subjects with CAD as well 

as the expected association at the ABO locus (Table 2).  Taken together with the effect sizes for 

MI and CAD that were observed in our meta-analyses, these results suggest that the association 

signals at some of the novel loci are either specific to or more robust for MI than with a CAD 

only phenotype.                                                                         U  
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Preferential Association of the SLC44A3 Locus with MI in the Presence of Atherosclerosis:  We 

next sought to independently replicate the stronger association signals for MI at the novel loci 

using independent cohorts (GeneBank, Emory Cardiovascular Biobank, ANGES/FINCAVAS, 

LURIC, LIFE-Heart and UCORBIO) in which the presence of CAD in subjects was more 

directly assessed by angiography.  For this purpose, case-control analyses were carried out 

among angiographically-documented CAD patients with (cases) and without (controls) 

adjudicated prior diagnoses of MI.  Since the loci on chromosomes 1p36.11 (AHDC1) and 

6q16.1 (FHL5) yielded genome-wide significant association with CAD in the meta-analysis with 

the UK Biobank and CARDIoGRAM+C4D, they were not considered in these analyses.  Five of 

the six remaining newly identified regions did not yield evidence for association with MI among 

angiographically documented CAD cases (Supplemental material, Extended Data Table 7 and 

Table 3).  However, the C allele of the lead SNP (rs12743267) at the chromosome 1p21.3 locus 

harboring SLC44A3 was associated with increased risk of MI among individuals with CAD in 

several of the angiography-based cohorts (Supplemental material, Extended Data Table 7).  

Association of rs12743267 with MI also became highly significant in a fixed-effects meta-

analysis (OR=1.16, 95% CI 1.09-1.23; P=3.3x10-6) with all ~14,000 subjects from these cohorts 

(Table 3) with no significant evidence for heterogeneity (P-het=0.10).  Lastly, we used publicly 

available results from a Japanese GWAS for MI with 1,666 cases and 3,198 controls29 to carry 

out another in silico replication study.  The risk allele (C) of rs12743267 yielded directionally 

consistent association with MI in the Japanese cohort as well (OR=1.09, 95% CI 1.004-1.19; 

P=0.04).  When these results were combined with our meta-analysis results for MI from the UK 

Biobank and CARDIoGRAM+C4D (total n~644,000), association of the SLC44A3 locus with 

MI became even more significant (OR=1.05, 95% CI 1.04-1.07; P=1.7x10-9).  Taken together 
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with the weak associations observed with CAD in the meta-analyses and the comparative 

analyses in the UK Biobank described above, these results provide consistent evidence that the 

SLC44A3 locus preferentially associates with plaque instability and/or rupture in the presence of 

coronary atherosclerosis but not atherosclerotic CAD itself. 

 

Association of the SLC44A3 Locus with Other Thrombotic Phenotypes:  We next explored 

whether the SLC44A3 locus was associated with other thrombotic and coagulation phenotypes 

related to MI.  Based on publicly available data from the MEGASTROKE Consortium30, there 

was no evidence for association of rs12743267 with most forms of stroke except for nominally 

significant associations with cardioembolic and small vessel stroke in subjects of European 

ancestry (Supplemental material, Extended Data Table 8).  However, these associations 

would not be considered significant after a Bonferroni correction for testing five forms of stroke 

(p=0.05/5=0.01) and they were not significant in analyses with larger numbers of multi-ethnic 

subjects (Supplemental material, Extended Data Table 8).  Second, variants at the 

chromosome 1p21.3 locus had been previously associated with circulating levels of D-dimer31, 

one of several peptides produced when crosslinked fibrin is degraded by plasmin and the most 

widely used clinical marker of activated blood coagulation32.  However, rs12743267 was not 

associated with D-dimer levels (beta=-0.011; SE=0.007; P=0.12) in a large GWAS carried out by 

the CHARGE Consortium31 and the lead SNP for D-dimer (rs12029080) showed no evidence for 

association with MI in our meta-analysis for MI in the UK Biobank and CARDIoGRAM+C4D 

(OR=0.99, 95% CI 0.98-1.01; P=0.32).  Lastly, SLC44A2, a member of the solute carrier family 

of membrane transporters that includes SLC44A3, has been associated with venous 

thromboembolism (VTE)33, another coagulation and thrombotic phenotype relevant to MI.  

However, there was no association of rs12743267 with VTE (OR=0.97, 95% CI 0.92-1.02; 
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P=0.23) in a large GWAS carried out by the INVENT Consortium33.  By comparison, we did 

obtain suggestive evidence for association of the lead VTE SNP in SLC44A2 (rs2288904) with 

CAD (OR=1.04, 95% CI 1.03-1.05; P=7.0x10-8) and MI (OR=1.04, 95% CI 1.02-1.06; 

P=1.5x10-5) in our meta-analyses. 

 

Association of the SLC44A3 Locus with Choline-related Metabolites:  While the function of 

SLC44A3 as a solute carrier is not entirely known, it has been reported to encode a putative 

choline-like transporter34.  In humans, elevated plasma levels of choline and two choline-derived 

metabolites, trimethylamine N-oxide (TMAO) and betaine, have been linked to increased risk of 

CAD and prospective risk of major adverse cardiac events, such as MI, stroke, and all-cause 

mortality16, 35.  Therefore, we used the Genebank cohort to investigate whether association of 

rs12743267 with MI could be explained by genetics effects on choline-related metabolites.  

However, plasma levels of choline, TMAO, betaine, and homocysteine did not vary as a function 

of rs12743267 genotype (Supplemental material, Extended Data Table 9).  Evaluation of a 

panel of related small molecule pro-atherogenic amines also did not reveal any associations with 

rs12743267 (Supplemental material, Extended Data Table 9). 

 

Functional Analysis of SLC44A3:  Based on the genetic association and eQTL results described 

above, we focused SLC44A3 as a positional candidate gene at the chromosome 1p21.3 locus.  

We first examined the tissue distribution pattern of SLC44A3 expression in the STARNET study, 

a cohort of 600 CAD patients in whom genome-wide genotyping and multi-tissue whole 

transcriptome analysis was carried out23.  As shown in Figure 4A, SLC44A3 was expressed at 

relatively high levels in several tissues relevant to MI, including atherosclerotic aortic root, 

adipose tissue, mammary artery, and liver.  In addition, the lead SNP at chromosome 1p21.3 
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locus yielded cis eQTLs in atherosclerotic aorta and mammary artery, where the risk allele for 

MI (C) was associated with increased SLC44A3 expression (Figure 4B).  In GTEx, highly 

similar genotype-mRNA associations were independently observed in aorta and coronary artery 

tissue as well (Figure 4C).  Consistent with these observations, mRNA levels of SLC44A3 were 

significantly upregulated in an independent dataset of ischemic coronary arteries compared to 

non-diseased coronary arteries (Figure 4D).  To explore the vascular cell type in which 

SLC44A3 could mediate its biological effects on MI risk, we used RNAseq and functional data 

from two additional independent datasets of human aortic endothelial cells (HAECs) and smooth 

muscle cells (SMCs), respectively.  Compared to untreated cells, SLC44A3 expression was 

significantly upregulated in HAECs treated with the inflammatory and pro-atherogenic cytokine 

IL-1 (Figure 4E).  An in vitro assay also demonstrated that SLC44A3 mRNA levels in SMCs 

were modestly, but significantly, inversely correlated with their migration rate towards platelet-

derived growth factor (PDGF)-BB (Figure 4F).  Taken together, these data provide supportive 

functional evidence that SLC44A3 could be at least one candidate causal at the novel MI locus on 

chromosome 1p21.3 locus and suggest that this putative solute carrier could promote increased 

risk of plaque rupture and thrombosis through mechanisms at the level of the artery wall. 
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Discussion 

In the present study, we identified eight novel loci for MI through a large-scale gene 

discovery effort with ~639,000 subjects from the UK Biobank and CARDIoGRAM+C4D.  

Based on our own meta-analysis for CAD using data from CARDIoGRAM+C4D and the UK 

Biobank and another recent comparable analysis9, the strength of the associations at the eight 

loci were, for the most part, stronger with MI than with CAD.  This pattern of association signals 

is not entirely surprising since our primary meta-analysis was specifically for a plaque rupture 

phenotype.  Various follow-up analyses with individual level data in the UK Biobank provided 

further evidence that six of the novel loci were either specifically or more strongly associated 

with MI than with CAD.  However, of these six loci, only the chromosome 1p21.3 locus yielded 

independent association with MI among subjects with angiographically documented CAD.  

Although the relatively smaller sample size in the angiography-based replication cohorts may not 

have provided sufficient power to detect associations with the other five loci, it is possible that 

some of the novel loci we identified may also influence risk of CAD and are therefore not truly 

specific to MI.  Even so, our collective analyses still led to the identification of eight novel 

genetic determinants of cardiovascular outcomes, bringing the total number of loci associated 

with atherosclerosis-related traits to 170 at the time of this analysis. 

Of the loci identified, multiple independent analytical approaches provided evidence that 

the SLC44A3 locus was specifically associated with MI but not CAD.  This association was 

revealed not only by our initial meta-analysis and subsequent comparative analyses in the UK 

Biobank, but also supported by similar results in an independent Japanese case-control dataset.  

Further and consistent association of the SLC44A3 locus with MI was also observed in six 

additional independent cohorts in which associations were tested specifically with MI among 
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individuals with angiographically documented CAD.  Importantly, the magnitude of the effect 

size of the SLC44A3 locus on MI in the context of coronary atherosclerosis was stronger than 

that observed in the meta-analysis (OR=1.16 vs. OR=1.05, respectively) and equivalent to effect 

sizes for some of the most significantly associated loci identified to date for CAD traits, such as 

LPA or chromosome 9p219.  Taken together, these results suggest that the biological 

mechanism(s) underlying the association of this locus may be related to thrombosis and/or 

plaque rupture rather than plaque progression per se.  In this regard, ABO was similarly 

identified as being associated only with MI in the original study by Reilly et al.10, which we 

replicated in our analogous comparative analyses with the UK Biobank.  Thus, to our 

knowledge, the SLC44A3 locus may be the only other genetic risk factor out of the 170 known 

susceptibility loci that is specifically associated with MI but not with CAD.  We also did not 

obtain evidence for association of the SLC44A3 locus with other thrombotic phenotypes, such as 

stroke or VTE.  This observation is not entirely surprising since the genetic determinants of CAD 

and stroke, while shared, do not completely overlap36.  However, it should be noted that the 

number of subjects in our meta-analyses for MI was approximately 10-fold greater than that in 

the GWAS for VTE33.  Thus, it is possible that power was insufficient in the INVENT 

Consortium to detect an association of the SLC44A3 locus with VTE. 

The lead SNP on chromosome 1p21.3 (rs12743267) is located ~36kb upstream of the 

transcriptional start site for SLC44A3 and ~250kb away from the gene encoding tissue factor or 

coagulation factor III (F3).  Given the known role of tissue factor in the blood coagulation 

cascade and the association variants around its gene with circulating D-dimer levels31, F3 would 

be considered a more biologically plausible candidate gene for MI as a thrombosis-related 

phenotype that mapped to this locus.  However, we did not obtain any evidence that would 
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prioritize F3 as a candidate causal gene for MI since our lead SNP was not associated with D-

dimer levels and the lead SNP for D-dimer (rs12029080) showed no evidence for association 

with MI in our study.  Furthermore, cis eQTLs for F3 were not observed with our lead SNP or 

proxy variants in any available tissue in STARNET or the GTEx Project.  Given these results 

and the presence of cis eQTLs for SLC44A3 in multiple tissues, we focused on SLC44A3 as a 

candidate causal gene for MI. 

In addition to the genetic evidence provided by our study, our functional experiments 

suggested that putative biological mechanisms through which SLC44A3 could influences plaque 

rupture and/or thrombosis may be through direct effects at the level of the vessel wall.  For 

example, in the STARNET cohort, SLC44A3 was expressed in MI-relevant vascular tissues, such 

as the aorta and mammary artery, in which the MI risk allele of rs12743267 significantly higher 

SLC44A3 mRNA levels, with a stronger effect size observed in atherosclerotic aortic root.  The 

same allelic associations were also independently observed with SLC44A3 expression in aorta 

and coronary artery using GTEx data.  Furthermore, in two independent heart donor datasets, 

SLC44A3 expression was upregulated ~50% in ischemic coronary arteries compared to normal 

arteries and by ~3-fold in HAECs incubated with the pro-atherogenic cytokine IL-1.  This latter 

observation suggests that SLC44A3 might be involved in the response of HAECs to 

inflammatory stimuli that increase expression and secretion of various pro-atherogenic genes, 

such as adhesion molecules and chemokines37.  Lastly, an in vitro assay demonstrated that 

SLC44A3 expression was inversely correlated with SMC migration.  In this regard, previous 

studies have shown that SMC proliferation and migration can be protective by promoting 

secretion of extra cellular matrix proteins and the formation of a protective fibrous cap that 

renders a lesion less prone to rupture38.  Thus, these functional data and the results of our genetic 
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analyses collectively implicate SLC44A3 as at least one candidate causal gene on chromosome 

1p21.3 and suggest that its expression is positively associated with MI-promoting characteristics 

of various vascular cell types.  However, in STARNET, SLC44A3 mRNA levels in adipose and 

liver were equivalent to those observed in aorta, and based on GTEx data, expression was also 

high in kidney, pancreas, the small intestine, and colon.  Thus, we cannot rule out the possibility 

that SLC44A3 could also increase risk of plaque rupture and thrombosis via a role in other MI-

relevant tissues. 

 While our results point to novel and distinct genetic determinants of MI, certain 

limitations of our study should still be taken into consideration.  First, nearly all subjects in our 

analyses were of European ancestry and it is possible that some of the genetic associations may 

not be generalizable to other populations.  However, the chromosome 1p21.3 locus was 

associated with MI in Japanese subjects, suggesting that at least a subset of the association 

signals identified herein may also be relevant in other ethnicities.  Second, it is possible, albeit 

unlikely, that there was overlap of samples between CARDIoGRAM+C4D and the UK Biobank, 

which could have been a confounding factor in the meta-analysis.  However, a recent analysis 

concluded that the presence and influence of duplicate samples between CARDIoGRAM+C4D 

and the UK Biobank was minimal (<0.1%) and that any duplications did not significantly 

influence test statistics9.  Lastly, we did not exclude subjects with a positive family history of 

CAD from the control group in the UK Biobank as was done in another recent GWAS meta-

analysis for CAD9.  Furthermore, there could have been misclassification in our analyses since, 

for example, MI and CAD may not have been defined similarly in CARDIoGRAM+C4D and the 

UK Biobank.  We note that if such misclassifications had occurred, they would most likely have 

been non-differential and biased the results towards the null.  Finally, even though SNPs with 
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MAFs as low as 0.5% were included in the genetic analyses, our study was primarily focused on 

discovery of main effects with common susceptibility alleles.  However, rare variants or GxE 

interactions still likely play important roles in modulating risk of MI, which will need to be 

addressed in appropriately designed future studies. 

In summary, our results identify several previously unrecognized loci for MI and provide 

new avenues for exploring the pathophysiology of vulnerable atherosclerotic lesions.  

Furthermore, our data support the concept that some of the heritable determinants of plaque 

rupture and thrombus formation are distinct from those that contribute to development of 

coronary atherosclerosis, with SLC44A3 emerging as one such genetic susceptibility factor. 
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URLs.  The UK Biobank, (https://www.ukbiobank.ac.uk/ ); CARDIoGRAMplusC4D, 

http://www.cardiogramplusc4d.org/; Japanese National Bioscience Database Center, 

https://humandbs.biosciencedbc.jp/en/; GWAMA, https://www.geenivaramu.ee/en/tools/gwama 

Phenoscanner, http://www.phenoscanner.medschl.cam.ac.uk/phenoscanner; Genotype-Tissue 

Expression Project, http://gtexportal.org/; R statistical software, http://www.R-project.org/. 

 

Data Availability 

Full summary statistics relating to the GWAS analysis in the UK Biobank and the meta-analysis 

with CARDIoGRAM+C4D will be deposited with The NHGRI-EBI Catalog of published 

genome-wide association studies (https://www.ebi.ac.uk/gwas/docs/about).  All other relevant 

data are available upon request from the authors. 
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Figure Legends 

 

Figure 1.  Overview of genetic and functional analyses.  A GWAS was first carried out for MI 

using primary level data in the UK Biobank with ~11 million SNPs.  These results were then 

combined with summary GWAS data from the CARDIoGRAM+C4D Consortium in a fixed-

effects meta-analysis that included a total of ~61,000 MI cases and ~577,000 controls 

8,126,035 SNPs common to both datasets.  The meta-analysis identified eight novel loci for MI, 

6 of which exhibited stronger association signals for MI compared to CAD.  Follow-up analyses 

and replication in independent cohorts provided confirmatory evidence for association of the 

chromosome 1p21.3 locus with MI.  Bioinformatics and eQTL analyses prioritized SLC44A3 as 

one positional candidate on chromosome 1p21.3 for functional evaluation. 

 

Figure 2.  Manhattan plot of results from GWAS meta-analysis for MI.  (A)  Eight novel 

loci on chromosomes 1p36.11, 1p21.3, 2q13, 2q32.1, 4q22.3, 6q16.1, 9q34.3, and 15q24.2 

(orange dots) were significantly associated with MI.  Genome-wide thresholds for significant 

(P=5.0x10-8) and suggestive (P=5.0x10-6) association are indicated by the horizontal red and blue 

lines, respectively.  P-values are truncated at -log10(P)=40. 

 

Figure 3.  Regional plots of eight novel loci for MI.  The chromosome band and nearest gene 

(in parentheses) is indicated for each locus.  Each region is centered on the lead SNP (purple 

diamond) and the genes in the interval are indicated in the bottom panel.  The degree of linkage 

disequilibrium (LD) between the lead SNP and other variants is shown as r2 values according to 

the color-coded legend in the box. 
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Figure 4.  Functional Analyses of SLC44A3 in MI-relevant Tissues.  (A) In the STARNET 

cohort, SLC44A3 was expressed at relatively high levels in tissues relevant to MI, including 

atherosclerotic aortic root (aorta) , visceral adipose, mammary artery, and liver.  (B) The lead 

SNP at the chromosome 1p21.3 locus yielded cis eQTLs for SLC44A3 in atherosclerotic aortic 

root and normal mammary artery among subjects from the STARNET cohort, where the MI risk 

allele (C) was associated with significantly higher mRNA levels.  (C) In an independent human 

dataset, SLC44A3 expression was increased in ischemic coronary arteries (n=36) from heart 

donors with CAD compared to normal coronary arteries from non-diseased donors (n=24).  (D) 

Incubation of human aortic endothelial cells (HAECs) isolated from a different and independent 

set of anonymous heart donors (n=53) with IL-1 for 4 hours upregulated SLC44A3 expressed 

~3-fold compared to untreated paired HAECs.  (E) Using a fourth independent human dataset 

(n=151), SLC44A3 expression was also observed in smooth muscle cells (SMCs) and inversely 

correlated with migration rate in vitro. 
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Table 1.  Novel Loci Identified for MI through GWAS Meta-Analysis of the UK Biobank and CARDIoGRAM+C4D. 

 

Chr, chromosome; Pos, base-pair position (hg19), EA, effect allele; OA, other allele; EAF, effect allele frequency; OR, odds ratio; CI, confidence 

interval; P, p-value.  

 

      MI CAD 

SNP Chr Pos 
Nearest 

Gene(s) 
EA/OA EAF OR (95% CI) P OR (95% CI) P 

rs113716316 1p36.11 27,928,640 AHDC1 G/A 0.93 1.09 (1.06-1.13) 4.4x10-08 1.07 (1.05-1.10) 5.0x10-08 

rs12743267 1p21.3 95,249,306 SLC44A3 C/T 0.77 1.05 (1.03-1.07) 1.1x10-08 1.03 (1.01-1.04) 2.0x10-04 

rs6761276 2q13 113,832,312 IL1F10 T/C 0.43 1.04 (1.03-1.06) 2.8x10-08 1.03 (1.01-1.04) 2.2x10-05 

rs12693302 2q32.1 183,211,443 PDE1A G/A 0.39 1.05 (1.03-1.06) 2.5x10-09 1.03 (1.01-1.04) 2.5x10-05 

rs2452009 4q22.3 95,495,908 PDLIM5 A/G 0.70 1.05 (1.03-1.07) 5.8x10-09 1.03 (1.02-1.05) 9.4x10-07 

rs9486719 6q16.1 97,060,124 FHL5 G/A 0.80 1.06 (1.04-1.08) 6.8x10-10 1.04 (1.03-1.06) 1.1x10-08 

rs28429551 9q34.3 139,243,334 GPSM1 A/T 0.76 1.06 (1.04-1.08) 1.7x10-08 1.04 (1.02-1.05) 4.0x10-06 

rs8037798 15q24.2 75,240,030 COX5A-RPP25 G/T 0.23 1.05 (1.03-1.07) 3.8x10-08 1.02 (1.01-1.04) 1.6x10-03 
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Table 2.  Comparison of Associations with MI and CAD in the UK Biobank for 8 Novel Loci and ABO Locus. 

Number of cases and controls for each phenotype are shown in parentheses. 

For CAD+/MI+ vs. CAD+/MI- analyses, cases were defined as CAD positive subjects with MI and controls were defined as CAD positive subjects 

without MI. 

Chr, chromosome; Pos, base-pair position (hg19), EA, effect allele; OA, other allele; EAF, effect allele frequency; OR, odds ratio; CI, confidence 

interval; P, p-value. 

 

 

     
MI vs. Control                          

(17,505/454,212) 

CAD only vs. Control         

(15,580/454,212) 

CAD+/MI+ vs.  CAD+/MI-                       

(17,505/15,580) 

SNP Chr Pos Nearest Gene(s) EAF OR (95% CI) P OR (95% CI) P OR (95% CI) P 

rs113716316 1p36.11 27,928,640 AHDC1 0.93 1.11 (1.07-1.16) 7.2x10-07 1.07 (1.02-1.12) 4.1x10-03 1.04 (0.98-1.11) 0.21 

rs12743267 1p21.3 95,249,306 SLC44A3 0.76 1.04 (1.01-1.06) 3.1x10-03 1.00 (0.97-1.03) 0.98 1.04 (1.01-1.08) 0.02 

rs6761276 2q13 113,832,312 IL1F10 0.42 1.03 (1.01-1.06) 1.9x10-03 1.01 (0.99-1.03) 0.44 1.03 (0.99-1.06) 0.11 

rs12693302 2q32.1 183,211,443 PDE1A 0.36 1.06 (1.03-1.08) 1.3x10-06 0.98 (0.96-1.01) 0.19 1.07 (1.04-1.10) 2.9x10-05 

rs2452009 4q22.3 95,495,908 PDLIM5 0.69 1.04 (1.02-1.07) 2.6x10-04 1.01 (0.98-1.03) 0.68 1.03 (1.001-1.07) 0.04 

rs9486719 6q16.1 97,060,124 FHL5 0.80 1.05 (1.03-1.08) 9.2x10-05 1.01 (0.99-1.04) 0.36 1.04 (1.004-1.08) 0.03 

rs28429551 9q34.3 139,243,334 GPSM1 0.76 1.07 (1.04-1.10) 4.8x10-08 1.01 (0.98-1.03) 0.54 1.07 (1.03-1.11) 2.8x10-04 

rs8037798 15q24.2 75,240,030 COX5A-RPP25 0.23 1.05 (1.03-1.08) 3.2x10-05 1.00 (0.97-1.02) 0.85 1.06 (1.02-1.10) 1.7x10-03 

rs9411377 9q34.2 136,145,404 ABO 0.30 1.06 (1.04-1.09) 3.3x10-07 0.99 (0.97-1.02) 0.67 1.07 (1.03-1.10) 1.3x10-04 
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Table 3.  Meta-analysis Results of Novel Loci with MI in the Presence of CAD Using Angiography-based Cohorts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Number of cases and controls for each phenotype are shown in parentheses. 

EAF, effect allele frequency; OR, odds ratio; CI, confidence interval; P, p-value. 

Cases were defined CAD positive subjects with MI (CAD+/MI+) controls were defined as CAD only subjects without MI (CAD+/MI-).  

See Methods for details. 

 

 

     CAD+/MI+ (6,514) vs. CAD+/MI+ (7,411) 

SNP Chr Pos 
Nearest 

Gene(s) 
EA/OA OR (95% CI) P 

rs12743267 1p21.3 95,249,306 SLC44A3 C/T 1.16 (1.09-1.23) 3.3x10-06 

rs6761276 2q13 113,832,312 IL1F10 T/C 1.03 (0.98-1.08) 0.31 

rs12693302 2q32.1 183,211,443 PDE1A G/A 0.99 (0.93-1.04) 0.63 

rs2452009 4q22.3 95,495,908 PDLIM5 A/G 1.01 (0.95-1.06) 0.83 

rs28429551 9q34.3 139,243,334 GPSM1 A/T 1.02 (0.95-1.09) 0.66 

rs8037798 15q24.2 75,240,030 COX5A-RPP25 G/T 1.00 (0.93-1.08) 0.91 
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Figure 1 
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Figure 3 
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Figure 4 
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