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Abstract

It has been postulated that multiple-marker methods may have added ability, over single-marker

methods, to detect genetic variants associated with disease. The Wellcome Trust Case Control

Consortium (WTCCC) provided the first successful large genome-wide association studies

(GWAS) which included single-marker association analyses for seven common complex diseases.

Of those signals detected, only one was associated with coronary artery disease (CAD), and none

were identified for hypertension (HTN). Our objective was to find additional genetic associations

and pathways for cardiovascular disease by examining the WTCCC data for variants associated

with CAD and HTN using two-marker testing methods. We applied two-marker association

testing to the WTCCC dataset, which includes ~2,000 affected individuals with each disorder, and

a shared pool of ~3,000 controls, all genotyped using Affymetrix GeneChip 500 K arrays. For

CAD, we detected single nucleotide polymorphisms (SNP) pairs in three genes showing genome-

wide significance: HFE2, STK32B, and DIPC2. The most notable SNP pairs in a non-protein-

coding region were at 9p21, a known major CAD-associated region. For HTN, we detected SNP

pairs in five genes: GPR39, XRCC4, MYO6, ZFAT, and MACROD2. Four further associated

SNP pair regions were at least 70 kb from any known gene. We have shown that novel, multiple-
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marker, statistical methods can be of use in finding variants in GWAS. We describe many new,

associated variants for both CAD and HTN and describe their known genetic mechanisms.

Introduction

In spite of the recent success of genome-wide association studies (GWAS) in searching for

common or rare variants of complex diseases, it has been observed that the genetic variants

identified through GWAS have accounted for only a small proportion of the presumed

genotypic variation and hence, many variants remain to be discovered (McCarthy et al.

2008).

The SNP chips used in GWAS provide a good coverage of the human genome by

genotyping hundreds of thousands of SNPs at a time. Although the coverage provided for

common variants is good, it is still unclear exactly how many SNPs are in the genome.

Therefore, it is more likely that the variants of interest will not be directly observed and it is

important to develop the methods of searching for variants without typing the variant

directly.

Two categories of tests have been applied to search for the disease association in GWAS:

single-marker association tests, which examine a single SNP at a time and multiple-marker

tests, which examine multiple SNPs simultaneously (Figs. 1, 2). The Wellcome Trust Case

Control Consortium (WTCCC) provided the first successful large comprehensive GWAS,

performing single-marker association data analysis for seven complex diseases: bipolar

disease (BD), Crohn’s disease (CD), rheumatoid arthritis (RA), type 1 diabetes (T1D), type

2 diabetes (T2D), CAD, and HTN—with 2,000 cases for each disease and 3,000 shared

common controls (Wellcome Trust Case Control Consortium 2007). Twenty-four

independent association signals had a genome-wide significance of P <5 × 10−7, many of

which have been replicated in the later independent studies (Wellcome Trust Case Control

Consortium 2007, Zhu et al. 2010, Browning and Browning 2008). Of those signals detected

in the original WTCCC, only one was associated with CAD, none were identified for HTN

(Wellcome Trust Case Control Consortium 2007).

One possible explanation for the limited results for CAD and HTN may have been due to

lack of statistical power provided by single-marker analysis to detect the disease-

susceptibility variants. The purpose of this study is to find additional genetic associations

and pathways for cardiovascular disease by examining the WTCCC data for variants

associated with CAD and HTN using two-marker testing methods as described byKim et al.

(2010). We show that these novel statistical methods can be of use in finding variants of

genome-wide significance for complex diseases. We describe multiple, new, disease

associations for both CAD and HTN and describe the known genetic mechanisms that may

be relevant.

Methods

Detailed description of the study samples can be found in the original WTCCC GWAS

paper (Wellcome Trust Case Control Consortium 2007). In brief, the WTCCC dataset

includes seven major complex diseases: BD, CD, RA, T1D, T2D, CAD, and HTN; each has

~2,000 affected individuals and a shared pool of ~3,000 controls (which consist of a 1958

Birth Cohort and a recently recruited UK Blood Service sample). The majority of subjects

were of European ancestry. All the individuals were genotyped using Affymetrix GeneChip

500K arrays. We downloaded the genotype data called with the algorithm CHIAMO only

for the CAD and HTN disease cases and the shared controls from the WTCCC website.
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CAD phenotype description

CAD cases had a validated history of myocardial infarction, coronary artery bypass surgery,

and/or percutaneous coronary angioplasty prior to their 66th birthday. Verification was

required either from hospital records or from a primary care physician. More details about

the sample collection and ascertainment can be found in the original WTCCC GWAS paper

(Wellcome Trust Case Control Consortium 2007).

HT phenotype description

Cases of HTN had a history of HTN diagnosed before 60 years of age, with blood pressure

(BP) levels of 150/100 mmHg (if based on a single reading), or if the mean of three readings

was >145/95 mmHg. Hypertensive individuals were excluded if they: self-reportedly

consumed >21 units of alcohol per week, had diabetes, had intrinsic renal disease, or had a

history of secondary hypertension or other co-morbid condition. Cases were not screened for

rare, known monogenic causes of HTN. Recruitment was focused on individuals with a

body mass index (BMI) under 30 kg/m2. More details in the sample collection and

ascertainment can be found in the original WTCCC GWAS paper (Wellcome Trust Case

Control Consortium 2007).

Quality controls

The majority of subjects had at least one sibling also affected, whether by CAD or HTN, but

only one subject from each family was included in the ~2,000 cases. Individuals were

further dropped in the WTCCC study because of evidence of non-European ancestry or poor

call rates (Wellcome Trust Case Control Consortium 2007). We applied the following

criteria to call SNPs: (1) CHIAMO probability >0.99; (2) Hardy–Weinberg Equilibrium

exact test P value >5.7 × 10−7 in controls; (3) allele frequency difference test based on 1

degree of freedom (df) trend test P value >5.7 × 10−7, or genotype frequency difference

based on 2 df general test >5.7 × 10−7, between the two control groups (the 1958) Birth

Cohort and the recently recruited UK Blood Service sample); (4) missing genotype

proportions <1% and (5) minor allele frequencies >1%. We dropped SNPs with bad

genotype calling, as suggested in the original WTCCC analysis (Wellcome Trust Case

Control Consortium 2007). This resulted in a total of 407,576 SNPs that were used in this

genome-wide scan for CAD and 405,022 SNPs for HTN.

Association test methods

As the WTCCC used the Cochran–Armitage trend test (and not a logistic regression model)

for single-marker analysis, we first performed a single-marker logistic regression test on the

entire dataset as inKim et al. (2010) on the CAD and HTN WTCCC data (supplemental

material, Table 1). The model is log (μ/1 − μ) = βo + βxXi, where μ/1 − μ is the odds of being

affected, βo is the intercept, βx is the additive effect of SNP X on the logit scale and Xi is the

value of the i-th person’s SNP coded as the number of minor alleles in person i’s genotype.

In large enough samples, this test should be identical to the trend test used by the WTCCC,

and indeed gave essentially similar results in this sample.

We then applied two-marker analysis with the 2 df and 3 df models as described inKim et al.

(2010). Test 2–2 (2 df) jointly tests allelic contrasts for two neighboring SNPs (SNP X and

SNP Y), and test 2–3 (3 df) additionally tests the product of the two additively coded SNPs

(i.e. the term XiYi). Thus, the model for test 2–2 is log (μ/1 − μ) = βo + βxXi + βyYi and that

for test 2–3 is log (μ/1 − μ) = βo + βxXi + βyYi + βxyXiYi. Under this latter model, we can

test the coefficient βxy, and hence determine whether including this product term

significantly helps us to detect associations. Note that, since we only included consecutive

adjacent SNP pairs [(SNP1, SNP2), (SNP2, SNP3), (SNP3, SNP4), etc.] in the model, in
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each case we performed slightly fewer tests in the two-marker analyses than in the single-

marker analysis. We further included as covariates in the model the first ten principal

components of all the SNPs, cases and controls combined, which can control for any

population structure (Zhu et al. 2008, 2002).

Using the SNP map annotations provided by Affymetrix 5.0 GeneChip as a reference

(https://www.affymetrix.com/support/technical/annotationfilesmain.affx), we evaluated all

SNPs with a P value <5 × 10−7, the same as used by the WTCCC. As seen in the results,

tests 2–2 and 2–3 are highly correlated; therefore, performing both tests does not double the

number of independent tests performed. Furthermore, since the tests, whether test 2–2 or

tests 2–3, are no longer independent, but positively correlated [e.g., the tests for (SNP1,

SNP2), and (SNP2, SNP3) both include testing SNP2], the effective number of independent

tests was smaller. If the SNP was in a known gene, the gene was evaluated through

published cardiovascular literature for a possible pathogenic link. If SNP pairs were located

between two neighboring genes, we mapped them to the nearest gene and also evaluated the

locus for possible published cardiovascular pathogenic links.

Results

Results for the two-marker association analysis for CAD and HTN using the 2 and 3 df

models are shown in Tables 1 and 2. The 2 df model yielded the exact same loci with

genome-wide significance as the 3 df model for both CAD and HTN, with the exception of

one additional SNP pair locus for CAD (Table 1, asterisk). The term representing the extra

df in the 3 df model was calculated and statistically significant for only the CAD SNP pair

on chromosome 10 (supplemental material, Table 2) and therefore, we choose to display

only the 2 df test Manhattan plot results for CAD and HTN (Fig. 3).

Coronary artery disease results

Results of the single-marker logistic regression (test 1–1) indicated multiple SNPs for CAD

in the 9p21 region. The 9p21 region was the same area associated with CAD in the original

WTCCC GWAS paper (Wellcome Trust Case Control Consortium 2007). This was to be

expected as in large samples, the trend test is equivalent to logistic regression; however, we

report here the P values after including the first ten principal components in the model, so

there are some minor discrepancies when comparing with the P values reported by the

WTCCC (supplemental material, Table 1).

Using the two-marker methods, we detected SNP pairs in three genes, and three non-protein

coding regions showing genome-wide significant association evidence for CAD (Table 1).

An additional SNP pair on chromosome 10 was found to attain genome-wide significance

with the 3 df model, two-marker analysis (Table 1, asterisk). If more than one SNP pair in a

particular region showed significant association, only the lowest P value pair is shown. The

three associated genes include: hemochromatosis type 2 (HFE2), serine/threonine kinase

32B (STK32B), and disco-interacting protein 2 homolog C (DIP2C).

Of the other non-protein-coding regions shown in Table 1, the chromosome 9p21 region was

the only area reaching genome-wide significance in the original WTCCC study.

Additionally, the associated non-protein-coding region on chromosome 12 is only 10 kb

from heat shock protein 90 kDa beta (HSP90B1).

Hypertension results

There was no SNP reaching genome-wide significance for HTN in the original WTCCC

report. Similarly, no SNPs in our single-marker logistic regression (test 1–1), with or
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without inclusion of the principal components in the model to control for population

stratification, had a P value <5 × 10−7 (supplemental material, Table 1).

Using the two-marker methods, we detected SNP pairs with significant association for HTN

in five genes, and four non-protein-coding regions (Table 2). If more than one SNP pair

showed significant association, only the lowest P value pair is shown. The five associated

genes include: G protein-coupled receptor 39 (GPR39), X-ray repair, complementing

defective, in Chinese Hamster 4 (XRCC4), myosin VI (MYO6), zinc finger and AT hook

domain (ZFAT), and MACRO domain containing 2 (MACROD2). The remaining four

associated non-protein-coding regions were at least 70 kb from any known gene.

Discussion

Since multiple forms of statistical testing methods are used in GWAS, it is important to use

a model that can provide dependable, replicable results without inflation of significance. We

have shown our experience using two, two-marker association tests on the WTCCC CAD

and HTN data. We specifically chose tests 2–2 and 2–3, because they were previously

predicted to provide reliable power for disease models inKim et al. (2010).

Our results show new SNPs associated with both CAD and HTN. Although some

associations have been previously described, others may include new variants found by

using two-marker methods. Our results did not find any overlapping SNP pairs between

HTN and CAD.

For CAD, the study identified six separate genome regions with SNP pairs showing a strong

association, three of which were located in genes: HFE2, STK32B, and DIP2C. HFE2 is the

cause of hemochromatosis type 2A, a form of juvenile hemochromatosis (JH), a disorder

that can cause cardiomyopathy from iron overload (Rivard et al. 2003). HFE2 was also

detected for CAD with haplotype analysis using roughly 30 SNPs at a time byZhu et al.

(2010). As proper iron metabolism is necessary for good heart function, disruptions in this

pathway may be deleterious to cardiac function. HFE2 is also in a region associated with

copy number variation (CNV), and CNV, as it relates to disease, is not well understood.

Additionally, HFE2 is expressed in the heart.

No cardiovascular link was determined for the following: STK32B, which belongs to the

serine threonine protein kinase superfamily, and DIP2C, which has an unknown genetic

function but moderate expression in most fetal and adult tissues (Nagase et al. 1999). DIP2C

is in a region associated with CNV.

The most notable SNP pairs that were in non-protein-coding regions include those on

chromosome 9, near the coding sequences of two cyclin dependent kinase inhibitors,

CDKN2A and CDKN2B. We found 20 SNP pairs with P values <5 × 10−7 in the area. This

was also the only area of genome-wide significance in both the WTCCC and our single-

marker logistic regression analysis. As the 9p21 locus has been replicated in multiple studies

(Wellcome Trust Case Control Consortium 2007; Horne et al. 2008; Samani and Schunkert

2008), there is little doubt that it is a major CAD locus.

The associated SNP pair on chromosome 12 is only 10 kb from HSP90B1. HSP90B1 is a

highly conserved molecular chaperone protein. HSP90B1 has been shown to form a

chaperone complex that interacts with p38, an important stress activated protein kinase

involved in gene regulation, proliferation, differentiation, and cell death regulation in the

cardiomyocyte (Ota et al. 2010). It also has been shown to associate with nitric oxide

synthase (NOS3) to aid rats in myocardial ischemia–reperfusion injury resistance (An et al.
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2009). The other reported associated SNP pair on chromosome 3 for CAD was far removed

from any known gene.

For HTN, we detected SNP pairs in five genes and four non-protein-coding regions reaching

genome-wide significance using the two-marker methods. The five associated genes are:

ZFAT, MACROD2, GPR39, XRCC4, and MYO6. Of note, ZFAT conferred the lowest P

value in our entire study. It is a newly described immune regulatory gene and has previously

been linked to HTN (Zhu et al. 2010), although the mechanism is unclear. Furthermore, the

8q22–23 locus has shown significant linkage (i.e., genomic location) evidence to essential

hypertension (Ciullo et al. 2006). MACROD2, a newly described gene with unclear

function, was also found to be associated with HTN (Zhu et al. 2010). In addition, it has

been associated with extreme obesity (Cotsapas et al. 2009).

Genes without literature evidence of cardiovascular involvement include GPR39, XRCC4,

and MYO6. GPR39 has an unknown protein function, but has been shown to have

expression in human atrial tissue (Iglesias et al. 2007); it is also in an area of CNV. XRCC4

repairs double-strand DNA breaks through nonhomologous end-joining recombination

(Mari et al. 2006). It has no known link to HTN. MYO6 encodes an actin-based molecular

motor involved in intracellular vesicle and organelle transport. It also has no known link to

HTN.Avraham et al. (1995) found that the MYO6 gene is defective in certain types of

deafness.

Of the remaining associated SNP pairs for HTN, two on chromosome 8 were 70 kb from

NOV, a member of the CCN family of regulatory proteins. CCN regulatory proteins are

extracellular matrix-associated proteins that play crucial roles in cardiovascular and skeletal

development, injury repair, cancer, and fibrotic diseases (Chen and Lau. 2009). The

remaining four HTN associated SNP pairs were at least 100 kb from any known gene.

Typically, genome-wide association studies include a quantile–quantile (Q–Q) plot of the

results, i.e., a plot of the observed results against what would be expected under the null

hypothesis, in order to check the correctness of the found P values. Since our tests are

correlated, we do not know the large-sample theoretical null distribution of our −log10 P

values, so we estimated it from the permutation distribution. We permuted the cases and

controls, repeated the analysis and ranked the −log10 P values. We similarly ranked the

−log10 P values for the observed data and then formed the Q–Q plot by plotting the observed

values against the permutation values (Fig. 4). The Q–Q plot appears as a straight diagonal

line except at the tail, suggesting that our significant findings cannot be attributed to

population structure or cryptic relatedness. When we plotted the observed −log10 P values

against the −log10 P values of another independent permutation, the result was essentially

the same (data not shown).

However, one of our main concerns was that the correlations between some of the SNP pairs

in Tables 1 and 2 are close to 1, suggesting that the pair should have also been found on

single-marker analysis. We attribute the fact that these SNPs were not found on single-

marker analysis, and yet significant by two-marker analysis, to the extra power two-marker

analysis affords to provide haplotype information when the markers are both heterozygous

and in high enough linkage disequilibrium. However, it is known that multicollinearity of

the predictors can inflate significance levels in regression analysis. Therefore, to check our

results, for each SNP pair given in Tables 1 and 2, we used the software PHASE, version 2.1

(Stephens et al. 2001; Stephens and Scheet 2005) to infer the haplotypes and found that,

with few exceptions, only three of the four possible haplotypes were present; in all but one

of these exceptions the fourth haplotype was rare in both cases and controls. We excluded

those rare haplotypes (the largest excluded total count being 12, five cases and seven
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controls), and then the smallest expected value (on the assumption of no association between

haplotypes and disease status) was 11.47 haplotypes. Furthermore, in all but two of the

fifteen SNP pair tables, the expected haplotype count was always >15, so for these there is

no reason to doubt the validity of the P value based on asymptotic assumptions. For the two

tables for which the smallest expected value was <15, we calculated P values by Fisher’s

exact test, two-sided because the association could have been with risk or protection, then

multiplied by four because the associated haplotype could have been any one of the four

haplotypes. The P values for these extreme cases were within 1–2 orders of magnitude of

those based on asymptotic assumptions; therefore, we believe the increased evidence for

association to be valid and due to real haplotype effects rather than an artifact as a result of

either multicollinearity or small sample numbers (actual haplotype counts and odds ratios

are presented in supplemental material, Table 3).

Furthermore, for both CAD and HTN, the 3 df two-marker model, containing the addition of

a cross-product term, yielded roughly the same SNP pairs with a P value of <5 × 10−7 as the

2 df purely additive model. The only exception is noted by the asterisk in Table 1. Both

models gave similar P values, even though we were expecting the 3 df test to yield more

significant association because of the additional cross-product term. In all but the above

case, the extra term in the 3 df test proved to not be statistically significant (supplemental

material, Table 2). The reason for this appears to be that in the situation where two disease

flanking heterozygote genotypes are called, only four diplotypes are possible instead of the

prior 16 possible diplotypes (Fig. 2), yielding two-locus phased genotype (diplotype)

information. Therefore, the SNP pair becomes more informative and hence the association

with disease would be less likely to be due to chance alone—regardless of any additional

effect of the cross-product term. Whenever one of the SNPs in the pair is called as

homozygous, the two-marker testing would be expected to perform as a single- marker

analysis, though with slightly less power owing to the extra df.

Ideally, all information from GWAS should be replicated using a separate dataset.

Replication is challenging, especially for rare variants, as the necessary large available

datasets are frequently not available and, if available, may involve variable population

demographics, quality control, and phenotypic disease descriptors. We reviewed some

additional associations that some recent GWAS for CAD and HTN report that are not listed

in this study but, since CAD and HTN are disorders with complex inheritance, the list of

genes that could be involved with disease would be lengthy and vary significantly from

population to population (Newton-Cheh et al. 2009; Reilly et al. 2011; Levy et al. 2009). Of

the eight genes cited by this study, three have been previously found in GWAS; HFE2,

ZFAT, and MACROD2 (Zhu et al. 2010). The only non-protein-coding locus with previous

association was 9p21, which was the only area reaching genome-wide significance in the

WTCCC (Wellcome Trust Case Control Consortium 2007).

In conclusion, using two-marker methods, we found many interesting SNP pairs and

associated genes not previously reported to be linked to CAD or HTN. Of note, CAD

associated genes HFE2, CDKN2A/CDKN2B, and HSP90B1, and HTN associated genes

ZFAT, MACROD2 and NOV, have known cardiovascular literature and/or known genetic

mechanisms that may be relevant to disease.

We believe that multiple-marker association models may be better suited to detect variants

because they are more informative of phased diplotypes than single-marker tests. Additional

associated variants could also be found by using less stringent quality control filters. As

many methods are available for multiple-marker association tests, further analysis using

different techniques will need to be compared to determine the best fitting model for the
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detection of causal and protective variants for common, complex diseases such as HTN and

CAD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Hypothetical SNP chip typing for single-marker method. Straight lines depict a pair of

chromosomes. SNP positions are represented by the diamonds. a shows a normal tagged

SNP (pointed at by arrow), b and c show the disease scenarios. Ideally, the disease variant of

interest (shaded diamond) would be directly typed, as in b; however, as current platforms

likely only type a small portion of possible SNPs, it is more likely that the disease causing

SNP will not be tagged directly, as in c
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Fig. 2.
Hypothetical SNP chip typing using a two-marker method. Prior to typing, phased

diplotypes for the AA, Aa, or aa genotypes and BB, Bb, or bb genotypes could include

sixteen possibilities. However, only the four heterozygous combinations (light gray shading)

are informative about the phase of the diplotype. The reduction in possible diplotypes when

the flanking markers are both heterozygous makes the information gained more powerful.

This concept is also depicted in the bottom figure, where straight lines depict a pair of

chromosomes, diamonds indicate hypothetical SNP positions along 5 kb of DNA (horizontal

lines), the shaded diamond indicates the disease SNP of interest, and arrows indicate the

SNPs typed by the chip platform. Thus, when the markers are close enough together so that

they are in linkage disequilibrium, two-marker association testing methods have increased

ability to find non-typed variants: both SNPs near the disease causing variant combine to

reach genome-wide significance
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Fig. 3.
Manhattan plots of 2 df test results for CAD and HTN. Two df Manhattan plots for CAD

and HTN are as marked. Three df testing methods yielded the same loci with the exception

of one additional chromosome 10 SNP pair for CAD marked by the asterisk in Table 1
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Fig. 4.
Q–Q plots of −log10 P for test 2–2: left, coronary artery disease; right, hypertension. See text

for how the expected distribution was computed
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