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Abstract

Background—Recent genome-wide association studies (GWAS) have identified several novel
loci that reproducibly associate with CAD and/or MI risk. However, known common CAD risk
variants explain only 10% of the predicted genetic heritability of the disease, suggesting that
important genetic signals remain to be discovered.

Methods and Results—We performed a discovery meta-analysis of 5 GWASs involving
13,949 subjects (7123 cases, 6826 controls) imputed at approximately 5 million SNPs using pilot
1000 Genomes based haplotypes. Promising loci were followed up in an additional 5 studies with
11,032 subjects (5211 cases, 5821 controls). A novel CAD locus on chromosome 6p21.3 in the
major histocompatibility complex (MHC) between HCG27and HLA-C was identified and
achieved genome wide significance in the combined analysis (rs3869109; pdiscovery:3.3><10‘7,
Preplication=5-3%10"% Peombined=1.12x1079). A sub-analysis combining discovery GWASs showed
an attenuation of significance when stringent corrections for European population structure were
employed (p=4.1x10-10 versus 3.2x10-7) suggesting the observed signal is partly confounded due
to population stratification. This gene dense region plays an important role in inflammation,
immunity and self cell recognition. To determine whether the underlying association was driven
by MHC class | alleles, we statistically imputed common HLA alleles into the discovery subjects;
however, no single common HLA type contributed significantly or fully explained the observed
association.

Conclusions—We have identified a novel locus in the MHC associated with CAD. MHC genes
regulate inflammation and T cell responses that contribute importantly to the initiation and
propagation of atherosclerosis. Further laboratory studies will be required to understand the
biological basis of this association and identify the causative allele(s).

Keywords
coronary artery disease; myocardial infarction; meta-analysis; genetics

Coronary artery disease is a complex trait resulting from a combination of environmental
and genetic factors. The age specific incidence of CAD is increased twofold in subjects with
a family history of premature disease and the contribution of family history cannot be fully
explained by known CAD risk factors.! The identification of genetic variants contributing to
CAD may provide insight into novel biological pathways affecting atherosclerosis initiation
or progression and ultimately assist in risk assessment. Several genome-wide association
studies (GWAS) have identified novel loci that reproducibly associate with coronary artery
disease (CAD) and/or myocardial infarction (M) risk.2-13 However, in aggregate, the
confirmed associations explain a small proportion of known risk. In the recent report by the
Coronary ARtery Dlsease Genome wide Replication and Meta-analysis (CARDIOGRAM)
consortium, it was estimated that 13 newly discovered and 10 previously identified loci
associated with CAD account for only 10% of additive genetic heritability of the disease,11
which suggests that important CAD associated loci remain to be discovered.
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Most GWASs have benefited from the use of imputation, a statistical technique which uses
reference haplotypes from a source such as HapMap along with mathematical models to
infer genotypes at single nucleotide polymorphisms (SNPs). Imputation is a reliable way to
boost power in GWAS by facilitating meta-analyses of studies genotyped on different arrays
and allowing for the interrogation of SNPs not directly genotyped on an array but indirectly
tagged through combinations of SNPs.14 15 However, the process of imputation is limited
by both the number of reference haplotypes available and the number of SNPs present on the
haplotypes. Previous GWAS for CAD have employed imputation using approximately 2.5
million SNPs from the HapMap Phase Il populations. More recently, low pass whole
genome sequencing by the 1000 Genomes project has allowed for reference haplotypes
panels with approximately 10 million SNPs to become available. To what extent
undiscovered risk variants for CAD are better tagged using these newer panels is largely
unknown.

Furthermore, previous GWAS for CAD have focused solely on the consideration of a single
model of inheritance, the additive model. However, recent evidence suggests that the risk
imparted by CAD variants is often better modeled by a dominant or recessive mode of
inheritance. In the recent CARDIOGRAM meta-analysis, of the 13 novel loci discovered,
seven were better suited to either a recessive or dominant mode of inheritance, as opposed to
an additive mode.! This suggests that considering non-additive discovery screens may be a
promising method by which to boost power in GWASs.

The goal of the present study was to search for novel variants associated with CAD by
performing a meta-analysis of 5 GWAS studies for CAD, making use of 1000 Genomes
based imputation and considering additive, recessive and dominant modes of inheritance.

Materials and Methods

Research ethics committee approval and individual informed consent was obtained for all
subjects in each study cohort.

Stage 1 Studies

The discovery analysis was comprised of the Ottawa Heart Genomics Study in collaboration
with the Cleveland Clinic Gene Bank, (OHGS_A and OHGS_CCGB_B), the CAD GWAS
from the Wellcome Trust Case Control Consortium (WTCCC), a subset of the
INTERHEART case control study (ITH), and the Duke CATHGEN study (DUKE).
Genotyping was performed using the Affymetrix 500K array (OHGS_A, WTCCC), 6.0
array (OHGS_CCGB_B, ITH) or Axiom array (DUKE). Further details on recruitment
methodology and phenotypic criteria is given in the Supplementary Methods, while brief
summary phenotypic details are available in Table 1.

Stage 1 Analysis

Removal of subjects of admixed or non-European ancestry was performed using the
smartPCA program from EIGENSOFT v3.0.16 Study subjects were processed with 270
HapMap2 subjects for PCA (90 CEU, 90 JPT+CHB, 90 YRI). In the resulting first two
dimensions from PCA, k-means was used to ascertain the center of each of the CEU, JPT
+CHB and YRI clusters, and the original two PC dimensions were projected onto these axes.
Subjects were removed if they fell outside an oval whose major axes were 10 times the
standard deviation of the CEU cluster along the two transformed axes. Results are shown in
Supplemental Figure 1.

Genotyping quality control (QC) was synchronized across studies wherever possible,
leaving as few as 367,036 SNPs (OHGS_A) or as many as 648,636 SNPs (ITH) to inform
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imputation (Supplementary Table 1). Pre-imputation QC was set meeting each of a) Hardy-
Weinberg Equilibrium (HWE) p- value >1e-6; b) Call Rate (CR) > 95% and Minor Allele
Frequency (MAF) >5% or CR>99% and MAF<5%.

Imputation for each study was performed separately using IMPUTEZ2 using 112 available
CEU haplotypes from the 1000 Genomes project (August 2009 release) as well as 298
haplotypes from a combined CEU/TSI reference panel with CEU subjects not used in the
1000 Genomes panel.1* Post-imputation QC was set at meeting each of a) HWE p>1e-6; b)
CR > 90%; c) INFO >0.5. Post-imputation, the number of SNPs ranged from 4,101,281
SNPs (DUKE) to 5,501,436 (OHGS_CCGB_B). All analyses were adjusted for gender and
the first two principal components of ancestry; age was not used due to non-overlapping
case/control age distributions in several cohorts.

Stage 1 Meta Analysis

A fixed-effects genomic-control inverse-variance meta-analysis using META (v1.2) was
employed, where the standard error for each cohort was multiplied by the square root of the
lambda as estimated by the genotyped SNPs for that inheritance model for that cohort.’
Only SNPs with data from at least 2 studies and with an 12 less than 50% were considered.
For any locus where a SNP met p<5x1075, the SNP with the best p-value across each of the
3 models was taken as the lead SNP for the locus. A separate method of inheritance
procedure was then performed to determine whether it showed additive, dominant or
recessive inheritance, as outlined below

SNPs were excluded for replication if they fell within 250 KBp of a locus previously
reported to be associated with CAD. The exact number of SNPs for each study and model is
provided in Supplemental Table 2. Each SNP representing a locus was tested for replication
using only its discovery determined inheritance model.

Method of Inheritance Determination

Following a similar procedure to that used in CARDIOGRAM, ! inheritance was estimated
for each top SNP as follows. Merging raw data for all discovery studies which passed QC at
that SNP, a dominant and recessive model were fit, with the one giving the lower deviance
chosen as the most likely method of inheritance. SNPs were then determined to be additive
if the likelihood ratio test p-value for the model with both recessive and dominant effects
had p<0.05 compared to the recessive or dominant model alone.

Stage 2 Studies

Confirmatory evidence was sought in five studies: German Myocardial Infarction Family
Studies 1 and 2 (GerMIFS1, GerMIFS2), including KORA (Collaborative Health Research
in the Region of Augsburg);>: 8 PennCath;* MedStar; and Ottawa Heart Genomics Study in
collaboration with the Cleveland Clinic GeneBank Supplementary (OHGS_CCGB_S). The
latter cohort used controls from the WTCCC228 not included in the WTCCC CAD analysis
and cases from Ottawa and Cleveland for which genotypes and phenotypes became
available after performing Stage 1 of the study. Genotyping was performed using the
Affymetrix 500K (GerMIFS1) and 6.0 (GerMIFS2, PennCath, MedStar, OHGS_CCGB_S)
arrays. Further descriptions of these cohorts are available in the Supplementary Methods,
while brief summary phenotypic details are available in Table 2.

We a priori defined SNPs to be significant following the second stage of analysis if they met
both a Bonferroni adjusted alpha of 0.05 and if when meta-analyzed with the results from
the first stage of the analysis, they achieved a genome-wide significant p-value threshold.
Since three tests were employed for each SNP, and the 4,916,498 SNPs tested in this
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analysis correspond to no more than 548,447 semi-independent SNPs (pairwise removal of
one SNP in a pair with r2>0.8 using a sliding window along the genome), we defined a
genome-wide significant p-value threshold at 0.05/(3x548,447)=3.0x1078,

Ancestry Plots

PCA plots which are superimposed with ancestry were made available based on subject’s
self-reported grandparental ethnicity as recorded for a subset of OHGS cases. European
ethnicity was divided broadly into Northern Europe (Britain, Denmark, Estonia, Iceland,
Ireland, Latvia, Lithuania, Scandinavia, Scotland, Wales), Central Europe (Austria,
Belgium, France, Germany, Luxembourg, Monaco, Netherlands, Switzerland), Southern
Europe (Albania, Andorra, Bosnia, Croatia, Greece, Italy, Portugal, Serbia, Spain), Eastern
European (Belarus, Bulgaria, Czech Republic, Hungary, Poland, Romania, Russia, Ukraine),
French Canadian, Arabic, Ashkenazi Jewish, Other (specify) and Unknown. The unknown,
other and mixed (<3 grandparents from one ethnic region) were merged into one category.

MHC Class | imputation

URLs

MHC Class | alleles (HLA-A, HLA-Band HLA-C)were imputed using HLA*IMP, a
method similar to SNP imputation which infers HLA alleles using genotyped SNP data and
a reference dataset with both genotyped SNPs and HLA alleles.1® 20 Imputation with
HLA*IMP is performed using pre-defined sets of SNPs for each of several common
commercial microarrays, including the Affymetrix 500K and 6.0, but not the Axiom array.
For each of the discovery cohorts, SNPs surrounding the MHC were phased using
IMPUTEZ2, with 1000 Genomes haplotypes as reference haplotypes. SNPs which were
required by HLA*IMP but which failed QC and were not in the 1000 Genomes panel were
substituted using their next best tagging variant, either genotyped or imputed. Imputation of
HLA alleles for subjects genotyped with the Axiom array were generated using a
combination of Axiom genotype data and imputed SNPs using the SNPs selected for the 6.0
array.

Post-imputation, we used a posterior probability threshold of 0.7 to define successful HLA
imputation of an allele, as described in the original HLA*IMP paper. Subjects were
considered to have been successfully imputed if both alleles of the relevant HLA type met a
posterior probability threshold of 0.7. As such, each Class I allele could be treated as a SNP
with each subject having 0, 1 or 2 copies of the HLA allele. Quality control was set as being
similar to SNPs with a post-imputation cutoff of HWE>1x107% and missing data rate <10%.
Alleles with a control frequency of less than 2% were removed, corresponding to leaving
88.4%, 81.8% and 93.8% of available genotypes for analysis for HLA-A, HLA-Band HLA-
C, respectively. Posterior probability estimates suggested that the procedure was highly
accurate, with most alleles achieving a median posterior estimate of >0.98 (Supplementary
Table 4). The effect of an HLA allele vis-a-visrs3869109 was assessed using a likelihood
ratio test, by assessing a model with both rs3869109 and the relevant HLA allele against a
model with one or the other. All analyses were performed on the entire discovery panel
adjusted for gender and the first two principal components of ancestry.

META v1.2 http://www.stats.ox.ac.uk/~jsliu/meta.html; IMPUTE v2.1.0
https://mathgen.stats.ox.ac.uk/impute/impute.html; SNPTEST v2.1.1
http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest.ntml; GTOOL v0.6.1
http://www.well.ox.ac.uk/~cfreeman/software/gwas/gtool.html; EIGENOFT v3.0
http://genepath.med.harvard.edu/~reich/Software.htm; LocusZOOM
http://csg.sph.umich.locuszoom/; R http://www.r-project.org/; HLA*IMP
https://oxfordhla.well.ox.ac.uk/hla/
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A total of 13,949 subjects (7,123 cases and 6,826 controls) of European ethnicity from 5
CAD case control GWASs were included in the discovery meta-analysis (Table 1).
Approximately 5 million SNPs were imputed and tested for each of the three models, and
inflation of test statistics was low (additive: 4,916,498 SNPs, A=1.032; dominant: 4,889,746
SNPs, A=1.036; recessive: 4,637,828 SNPs, A<1; see Supplementary Table 1). A total of 37
loci met the stage 1 significance threshold (p<5x1076), including 16 known CAD loci and
21 putative loci (Supplemental Table 2). Of the lead SNPs carried forward for each of the 21
novel loci, 2 were identified by an additive model, 12 by a dominant model and 7 by a
recessive model. Three of the lead SNPs were 1000 Genomes specific, with no genotyped or
pre-1000 Genomes imputation reference panel with r2>0.8.

Follow up was carried out in 5 additional CAD case control studies of European ethnicity
with a total sample size of 11,032 (5,211 cases and 5,821 controls). We identified a single
novel association with CAD at chromosome 6p21.3 in the major histocompatibility complex
(MHC) which met our a priori significance requirements and reached a genome wide
significant level in the combined analysis (discovery p=3.3x1077, replication p= 5.3x1074 <
0.05/21=2.3x1073, global p=1.12x1079 < 3.0x1078 (Table 3); see Table 1 for more details of
rs3869109 and Figure 1 for the forest plot). The lead SNP, rs3869109, lies in an intergenic
region between HCG27and HLA-C. The gene density of the surrounding region is quite
high and the discovery signal spans a large region, as shown in Figure 2. The extended
MHC, specifically the HLA genes, has been implicated in a wide variety of disorders,
including autoimmune thyroid disease, multiple sclerosis, psoriasis, celiac disease, systemic
lupus erythematosus and type 1 diabetes.?2 Results for SNPs which did not replicate are
shown in Supplemental Table 3.

Correlation with Ethnicity

Due to its role in immunological processes, the MHC, and the region surrounding HLA-C
and HLA-B in particular, is under strong evolutionary pressure. Several studies attempting
to determine ancestry-informative markers have noted that SNPs in the MHC are highly
correlated with geographic background in European populations.23: 24 As susceptibility to
CAD varies among different ethnic populations, we sought to confirm that the observed
association was not a false positive driven by population stratification by combining all
genotyped SNPs in discovery subjects into a single cohort and repeating PCA. Ethnicity was
collected from a subset of subjects and superimposed. Results are illustrated in Figure 3 and
Supplemental Figure 2, and show strong agreement with past reports demonstrating that the
primary ethnic difference between Europeans largely falls into a Northern versus Southern
and Eastern versus Western gradient.2> Figure 3C illustrates the result of predicting the
fraction of rs3869109 dosage on case/control status and PC1 using linear regression, and
demonstrates that there exists a slight difference among Europeans. We note that the allele
frequency of the G allele of rs3869109 is 56.2 % in the CEU population (equivalent to a
dosage of 1.12) and 65.2 % in the TSI population (dosage of 1.30), which closely matches
these results.

After correcting for known within Europe ethnicity, the significance of the original result
remained but was slightly attenuated, with a p-value of 4.1x10710 for the entire merged
discovery cohort reduced to 6.2x10~8 when adjusting for the first two PC’s. Further
correcting for more subtle population structure by including the top 10 PC’s again slightly
tapered the results, leading to a p-value 3.2x1077, but nonetheless the result remained highly
significant and this value was similar to the meta-analyzed value from the discovery analysis
of 3.3x107". This indicates that the observed signal is only partly explained by confounding
due to European population structure.
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Class | MHC types

Association signals in intergenic regions near MHC class | genes may be due to differences
in disease susceptibility risk among underlying HLA alleles. For example, a psoriasis
association at rs10484554 was attributed to HLA-C*0602.19 Given the proximity of
rs3869109 to HLA-Band HLA-C, we imputed MHC class | alleles into the discovery
subjects using HLA*IMP to determine whether the association at rs3869109 could be
refined.1% 20 We were able to assign biallelic HLA-A, HLA-B and HLA-C genotypes to
93.3%, 93.1% and 95.4% of subjects, respectively, using the recommended posterior
threshold cutoff of 0.7, which has been previously shown to predict 4 digit HLA alleles with
>96% accuracy. Not considering lower frequency HLA alleles (removal of <2% frequency),
no individual HLA allele appears to have a significantly greater effect than rs3869109; in
fact, no common HLA allele significantly improved a model containing rs3869109 (min
p=0.03), whereas rs3869109 added significantly to every HLA allele (max p=8x107°)
(Figure 4). Furthermore, repeating the discovery meta-analysis correcting for rs3869109 did
not indicate an association beyond rs3869109 (p>1x107°), suggesting no single underlying
HLA allele accounted for the observed association.

Discussion

Although cholesterol accumulation in the arterial wall is a sine qua non for atherosclerosis, it
is well accepted that atherosclerosis is driven by a chronic inflammatory process 26 in
response to subendothelial lipoprotein retention?”: 28 and involving innate and adaptive
immune responses.2? Here, we have identified a novel CAD risk allele at 6p21.3 within the
major histocompatibility locus. Relevant to the immunological origins of atherosclerosis3?,
the observed association signal at rs3869109 spans a large region containing numerous
genes in addition to HLA-Band HLA-C, many with known functions in immune mediated
processes. Class I MHC molecules are expressed on antigen presenting cells including
dendritic cells within the atherosclerotic plaque and present the peptide fragments of
oxidized LDL to helper T cells, key participants in atherosclerosis. 30

Although this is the first robust GWAS signal for the MHC locus in CAD, smaller candidate
gene studies have found associations with MHC2TA encoding the MHC class 11
transactivator3, and genes involved in pro-inflammatory leukotriene synthesis.32 Previous
studies have also non-convincingly implicated L TA (lymphotoxin A), a MHC class 111 gene,
in myocardial infarction. Ozaki ef a/. identified T26N (rs1041981) in L 7A which lies
~350Kbp away from rs3869109.33 However, this association was not confirmed by other
studies in European and Japanese populations.34 3% Of note, rs1041981 and rs3869109 are
not closely linked as assessed using European (r2=0.01, D"=0.14) or Asian (r=0.00, D
’=0.01) 1000 Genomes data. Furthermore, rs1041981 is well imputed using Affymetrix 6.0
and Axiom data, and in this study shows no evidence with CAD (p=0.46).

We employed a number of novel strategies in an attempt to discover important SNP
associations that may have been missed in previous large GWAS for CAD.11 Specifically,
this study marks the first attempt to use 1000 Genomes based imputation and non-additive
discovery screens in a GWAS for CAD or MI. The non-additive discovery screen enabled us
to identify 4 known loci which would have otherwise been missed, indicating that this
technique may be an important screening tool. Although the 1000 Genomes based
imputation interrogated twice as many SNPs as other recent analyses, including that of the
CARDI0oGRAM consortium!?, only three of the loci brought to replication were based on
haplotypes not present in previous imputation reference sets. Thus, the utility of this
approach will likely be contingent on the progressive availability of a larger number of
reference haplotypes, so as to better enable imputation of lower frequency variants.
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Of note, these two approaches do not appear to have contributed substantially to the novel
association in the MHC locus, since rs3869109 was genotyped directly in most of the studies
included in this analysis and was identified by an additive inheritance model. The fact that
the MHC was identified here but not in previous studies likely reflects several factors. One
can subdivide previous GWAS efforts into those which featured large scale discovery meta-
analyses, most notably the recent CARDIOGRAM and C4D reports, and previous
investigations. Studies published before CARDIOGRAM and C4D either featured smaller
discovery populations than analyzed here, with a consequent reduction in power, or staged
designs, which, although successful, can certainly miss SNPs. Consider for example the
highly successful meta-analysis by the Myocardial Infarction Genomics Consortium
(MIGC), which, despite identifying 5 new loci for CAD/MI, failed to identify several loci
with rather large effect sizes, such as PPAP2B and ADAMTSY. In the C4D meta-analysis, it
is worth noting that their European discovery population was smaller than analyzed here
(8,424 versus 13,949), and while their combined South-East Asian and European discovery
population was significantly larger than analyzed here, C4D was by intent a non-ethnically
homogeneous population. If the association is driven by haplotypes of varying frequency
among different populations, it is not surprising that it was not evident in a GWAS meta
analysis including multi-ethnic populations.

It is also important to note that the design of studies which made up the discovery meta-
analysis in this study generally featured early-onset CAD cases with a family history of
CAD whereas controls were recruited on the basis of normal angiograms and/or age greater
than 70 years with no history or symptoms of vascular disease. This was a consequence of
the decision to base the primary (discovery) analysis of this study on subjects for whom
genotype level data was available in Ottawa. This was primarily intended to facilitate
imputation and analysis in a timely and uniform fashion but also secondarily led to the
aforementioned more rigorously defined CAD case/control phenotype. Consequently,
replication samples were sought with similar phenotypic definitions at a sample size which
would ensure replication of genuinely associated putative loci. Thus, in comparison to
CARDIoGRAM, for which there exists substantial overlap in subjects considered here, a
more uniform study description was used, which would be expected to decrease effect
heterogeneity among studied studies. Most notably, CARDIoGRAM included
approximately 60,000 out of 85,000, or two thirds of its subjects from population studies
with incident disease and population (unscreened controls). Although CARDIOGRAM was
highly successful, the efforts taken here in selecting more similar studies (both ethnically
with North-Western Europeans and phenotypically with extreme case control designs) could
be expected to decrease effect heterogeneity between studies and facilitate identification of
new loci. Finally, it is worth noting that even in CARDIOGRAM, loci identified elsewhere,
including LIPA locus'2 36 and PDGFD?2 did not reach significance.

Conclusion

We have identified a novel association with CAD at 6p21.3 within the MHC locus. MHC
genes play roles in both innate and adaptive immunity, regulating inflammation and T cell
responses that contribute importantly to the initiation and propagation of
atherosclerosis.29:30 Further laboratory studies will be required to understand the biological
basis of this association and identify the causative allele(s).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

Manhattan plot of rs3869109 and surrounding genes at 6p21.3. Local Manhattan plot
generated using LocusZoom.2! Shown is rs3869109 and flanking region. The final meta-
analysis p-value is given for rs3869109, while for all other SNPs, the p-value indicated is
from the discovery analysis.
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Figure 3.

The effect of ethnicity of rs3869109. A) A map of Europe with countries colored to reflect
collected ethnic information B) First main principal component for PCA performed on SNPs
genotyped in the entire discovery cohort, broadly corresponding to Northern versus
Southern geographic background, with a subset colored according to ethnicity. Horizontal
axis variation is uniform normal random distribution for ease of visual interpretation. See
Figure S2 for the second main principal component and more details. C) Predicted
frequency of rs3869109 in cases and controls with respect to first main principal component.
This graph is aligned vertically with Panel C.
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Figure 4.
Association of common MHC Class | alleles with CAD. Association of common (>2%

frequency) MHC Class | alleles with CAD in discovery population unadjusted (left) and
adjusted (right) for rs38691009.
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