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Abstract
Leukotrienes are arachidonic acid derivatives long known for their inflammatory properties and their
involvement with a number of human diseases, most particularly asthma. Recently, leukotriene-based
inflammation has also been shown to play an important role in atherosclerosis: ALOX5AP and
LTA4H, both genes in the leukotriene biosynthesis pathway, have individually been shown to be
associated with various cardiovascular disease (CVD) phenotypes. To assess the role of the
leukotriene pathway in CVD pathogenesis, we performed genetic association studies of ALOX5AP
and LTA4H in a family based study of early onset coronary artery disease (EOCAD) (GENECARD,
1,101 families) and in a non-familial dataset of EOCAD (CATHGEN, 656 cases and 405 controls).
We found weak to moderate association between single nucleotide polymorphisms (SNPs) in
ALOX5AP and LTA4H with EOCAD. The previously reported four-SNP haplotype (HapA) in
ALOX5AP showed association with EOCAD in CATHGEN (P = 0.02), while controlling for age,
race and CVD risk factors. HapK, the previously reported ten-SNP haplotype in LTA4H was
associated with EOCAD in CATHGEN (P = 0.04). Another previously reported four-SNP haplotype
in ALOX5AP (HapB) was not significant in our sample (P = 0.39). The overall lack of (or weak)
association of single SNPs as compared with the haplotype results demonstrates the need for
analyzing multiple SNPs within each gene in such studies. Interestingly, we detected an association
of SNPs in ALOX5 (P < 0.05), the target of ALOX5AP, with CVD. Using a pathway-based approach,
we also detected statistical evidence for interactions among ALOX5, ALOX5AP and LTA4H using
RNA expression data from a collection of freshly harvested human aortas with varying degrees of
atherosclerosis. The GENECARD families did not demonstrate evidence for linkage or association
with ALOX5, ALOX5AP or LTA4H. Our results support a modest role for the leukotriene pathway
in atherosclerosis pathogenesis, reveal important genomic interactions within the pathway, and
suggest the importance of using pathway-based modeling for evaluating the genomics of
atherosclerosis susceptibility.

Introduction
Cardiovascular disease (CVD) is a major burden on health care in the United States and remains
the leading cause of morbidity and mortality in Western society (Zhao and Funk 2004).
Coronary artery disease (CAD), the most common manifestation of CVD, is characterized by
atherosclerotic lesions in the epicardial coronary arteries. Risk factors for atherosclerosis,
including smoking, dyslipidemia, hypertension, diabetes and obesity, have been identified to
be important in many large scale epidemiological and intervention studies (Spanbroek et al.
2003). However, despite consistent evidence of a strong heritable nature to CAD risk, the
underlying genetic architecture remains largely elusive. Understanding the etiology of complex
disease traits such as atherosclerosis involves modeling multiple factors or variables that
include genetic variation, intermediate risk factors, family history, biomarkers, environmental
conditions and the potential interaction of all of these.

It is known that the processes of atherosclerotic plaque formation and rupture are driven by
inflammation. Plaque rupture correlates with increased inflammation within the plaque,
implicating the genes involved in inflammatory processes as excellent candidates for study
(Cipollone et al. 2005). The 5-lipoxygenase (5-LO) cascade leads to formation of leukotrienes,
which exhibit strong pro-inflammatory activities in cardiovascular tissue (Spanbroek et al.
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2003). Several genetic linkage and associations studies as well as gene expression studies have
shown an association of the ALOX5/ALOX5AP pathway to CAD (Dwyer et al. 2004;
Helgadottir et al. 2004, 2005a, b; Lohmussaar et al. 2005; Shah et al. 2008).

Helgadottir et al. (2004) performed a genome-wide scan in search of myocardial infarction
(MI) susceptibility genes using 1,068 microsatellite markers in 296 multiplex Icelandic
families including 713 individuals. While no regions resulted in genome-wide significance,
the most promising observation (lod score 2.86) was on chromosome 13q12–13. Within this
region, a four-single nucleotide polymorphism (SNP) haplotype (HapA) spanning the
ALOX5AP gene conferred a nearly two times greater risk of MI and stroke in a separate case–
control cohort. The ALOX5AP gene is mapped to a locus on chromosome 13q12.3 and encodes
a protein that, with 5-LO (ALOX5), is required for leukotriene synthesis. The same group also
published an ALOX5AP haplotype (HapB) that conferred risk in a United Kingdom case–
control cohort, although HapA was not significant in this additional sample (Helgadottir et al.
2004). In addition, a ten-SNP haplotype (HapK) spanning the LTA4H gene encoding
leukotriene A4 hydrolase (LTA4H) on chromosome 12q23.1, a protein in the same biological
pathway as ALOX5AP, was shown to confer a modest risk of MI in the Icelandic cohort
(Helgadottir et al. 2005b).

In a separate study, Seo et al. (2004) analyzed human aorta samples with varying degrees of
atherosclerosis to identify gene expression patterns that predict well-defined aortic
atherosclerosis. The two diseased groups (minimally and severely) had significantly different
pathological severity of atherosclerosis, as determined by raised lesions and Sudan IV staining.
Among the genes predictive of severity of atherosclerosis was ALOX5, but not ALOX5AP or
LTA4H.

Given these previous results, the goal of our study was to determine the association between
CVD phenotypes, expression and previously reported ALOX5AP and LTA4H haplotypes. We
attempted to validate the genetic association findings in both a family based dataset of early
onset coronary artery disease (EOCAD) (GENECARD) as well as a non-familial CAD dataset
of EOCAD (CATHGEN), including both MI and more general classification of CAD as
outcomes. Further, to understand the role of the leukotriene pathway in atherosclerosis
pathophysiology, we used expression and clinical data from human donor aortas to evaluate
correlations among gene expression patterns in the leukotriene biosynthetic cascade and
severity of histologically determined atherosclerosis. Our study takes a comprehensive
approach to assess genetic association, genotype–phenotype correlation and gene interactions
in three previously implicated candidate genes in the leukotriene pathway.

Methods
Three sample sets were available for the genetic association analysis: CATHGEN,
GENECARD and AORTA. Descriptive statistics for the CATHGEN and GENECARD
samples (Table 1) were generated using the summary. formula function in the Hmisc library
(R Statistical Computing).

CATHGEN sample
DNA samples used in this study were collected through the Cardiac Catheterization
Laboratories at Duke University Hospital (Durham, NC, USA) under a protocol approved by
the Duke Institutional Review Board. Beginning in January 2001, all individuals presenting to
the catheterization laboratory for cardiac catheterization were invited to participate in the
CATHGEN study and signed informed consent to give a blood sample and allow abstraction
of medical record information. Collected samples were later joined to the diagnostic and
outcome information stored in the Duke Information System for Cardiovascular Care database
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maintained at the Duke Clinical Research Institute (Durham, NC, USA). DNA samples and
clinical data from over 2,000 individuals were available for this study. From these, 1,061
subjects were selected for the CATHGEN study on the basis of extent of CAD measured by
the coronary artery disease index (CADi) and age-at-catheterization. CADi is a numerical
summary of coronary angiographic data that incorporates the extent and anatomical distribution
of coronary disease (Smith et al. 1991). For the CATHGEN sample, we defined EOCAD as
having an age-at-catheterization of 55 years of age or less and significant CAD (CADi ≥ 32)
(n = 656). The unaffected control group was defined as older than 60 with insignificant CAD
(CADi ≤ 23) and no individual epicardial coronary artery with clinically significant (i.e. >50%
stenosis) (n = 405). In addition, the unaffected controls had no history of documented cerebro-
vascular or peripheral vascular disease, cardiac transplant, MI or interventional cardiac
catheterization procedure. We selected a subgroup of individuals who experienced MI from
the overall CATHGEN sample. Any subject regardless of age who has ever had documentation
of an MI, either prior to the index catheterization, or subsequent to the index catheterization
was classified as a case (n = 483) and compared to the unaffected control group as defined
above (n = 405). This includes thrombolytic therapy for an MI in the past or follow-up.

The GENECARD family study
The primary goal of the GENECARD study was to provide a genome-wide linkage scan to
identify genetic factors for CAD by linkage analysis. The study was coordinated through Duke
University and the study design has been previously described (Hauser et al. 2003). To be
eligible for the linkage study, families were required to include at least two siblings, each of
whom met the diagnostic criteria for EOCAD (Hauser et al. 2003). In addition, individuals
were recruited if they had been diagnosed before the age of 51 years in men and 56 years in
women. A total of 420 families were included in the linkage analysis. For the purpose of
association analysis we also included families with only one member meeting the diagnostic
criteria but with living parents or a living older unaffected sibling. Blood samples were obtained
and DNA extraction was performed by a standard protocol at the Duke Center for Human
Genetics (CHG). Medical history and risk-factor information was obtained by interviewing
patients and by abstracting information from medical records (Hauser et al. 2003). ACS is a
serious manifestation of CAD which includes the subgroup of MI and is diagnosed by the
presence of at least two of the three signs/symptoms: (1) Chest pain typical of CAD; (2)
Changes on electrocardiogram; and (3) A positive serum biomarkers for MI. In addition, an
ACS family must have two or more members that qualify individually for ACS (n = 428).
Results from the initial genome scan have been reported (Hauser et al. 2004).

AORTA sample
Aorta samples from heart donors with varying degrees of atherosclerosis were harvested in
University of Wisconsin solution on ice to minimize postmortem changes (Seo et al. 2004).
RNA processing methods are referenced in Seo et al. (2004). Early atherosclerotic plaques
were assessed with image processing by quantifying the area of Sudan IV staining and advanced
disease was quantified as area of raised lesion using PDAY methodologies (Cornhill et al.
1985). The ratio of affected area over total surface of the studied section was used as the disease
burden outcome.

Genotyping
We selected a total of 31 SNPs in three genes: ALOX5, ALOX5AP and LTA4H. For the
ALOX5 gene, a minimal set of haplotype tagging SNPs (htSNPs) using minor allele frequency
>0.05 and r2 > 0.7, were selected using the SNPselector program (Xu et al. 2005) to cover the
predicted linkage disequilibrium (LD) structure in both Caucasian and African American
populations. SNPselector incorporates available information from HapMap
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(http://www.hapmap.org), The SNP Consortium (http://snp.cshl.org), Japanese SNP database
(http://snp.ims.u-tokyo.ac.jp/index.html), and the Affymetrix 120K SNP 20
(http://www.affymetrix.com/index.affx) to generate the most likely LD bins and determines
the optimal tag SNP for each bin. The ALOX5AP and LTA4H SNPs were selected on the basis
of the candidate haplotypes: HapA, HapB and HapK.

Single nucleotide polymorphism probe and primer construction were performed and purchased
from Applied Biosystems (AB) for the TaqMan® colorimetric microtiter-plate based assay.
The AB 7900 HT sequence detection system (SDS) was used for high-throughput genotyping
for all three samples. The scoring of the genotypes is performed using SDS 7.1 software
provided by AB. A total of 15 quality control samples, composed of six reference genotype
controls in duplicate, two Center d’Etude du Polymorphisme Humain pedigree individuals,
and one no-template sample were included in each quadrant of the 384-well plate. Quality
control consisted of evaluation of duplicate genotypes for mismatches, genotyping efficiencies
and Hardy–Weinberg equilibrium (HWE). All SNPs examined were successfully genotyped
for 95% or more of the individuals in the study. Error rate estimates for SNPs meeting QC
benchmarks were <0.2%.

Statistical analysis
Allele and gene frequencies—All markers had a minor allele frequency greater than 0.05.
Haploview was used to assess LD between SNPs (Barrett et al. 2005). A two marker EM method
as implemented in Haploview was used to estimate the maximum-likelihood values of D′ and
r2. Association between single SNPs or haplotypes with EOCAD was assessed through logistic
regression models, using an additive allele model. In addition to the term for the genotype, the
basic model included adjustment for race and sex and the full model included adjustment for
known CAD risk factors including history of diabetes, history of smoking, body mass index,
hypertension and history of dyslipidemia.

Haplotype analysis—The Haplo.stats package through R Statistical Computing was used
to identify haplotypes and to provide a measure (haplo.score) of association to disease (Schaid
et al. 2002). Haplo.stats expands on the likelihood approach to account for phase ambiguity in
case–control studies by using a generalized linear model (GLM) to test for haplotype
association which allows for adjustment of non-genetic covariables (Schaid et al. 2002). This
method derives a score statistic to test the null hypothesis of no association of the trait with the
genotype, H0: β = 0. In addition to a global statistic, haplo.stats computes score statistics for
the components of the genetic vectors, such as individual haplotypes (Schaid et al. 2002).
Because we wanted to assess the role of the previously identified haplotypes, we tested these
individual haplotypes for association. Models were controlled for age, sex, race, and CAD risk
factors as described above. We also performed race stratified analyses to control for potential
confounding by race as well as to evaluate the previously reported race-specific results
(Helgadottir et al. 2005b). Both Gaussian and binomial traits were considered depending on
the phenotype.

Raw gene expression data transformation and normalization—The AORTA
sample microarray signal intensity values were normalized using the justRMA function in
Bioconductor. We analyzed cis and trans effects of variants in the four Affymetrix tags
representing the three genes of interest. The second phenotype for the AORTA study was the
location of the section (distal and proximal) within the thoracic aorta as a surrogate for disease
susceptibility (Seo et al. 2004). Because some subjects had multiple aorta samples, each
individual and sample was treated separately. The expression level of each tag was modeled
using multiple linear regression including age, sex, race and additive genotype. CAD risk
factors were not available for the AORTA sample. To account for the multiple aorta samples
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per subject we fit a mixed model, which adjusts for the correlation between aorta samples from
the same individual. In a mixed model, linear combinations of the fixed and random effects
can be formed from linear combinations of the conditional means (Littell et al. 2006). The
random effect for an aorta with a distal and proximal section collected is subject-specific. We
did not see a significant change in results when controlling for repeated measures.

Gene set enrichment analysis—Using prior knowledge of the leukotriene biosynthesis
pathway provided by Funk and derived from KEGG, we generated a custom gene set (Funk
2005; Ogata et al. 1999). We created a leukotriene biosynthesis pathway gene set incorporating
ALOX5, ALO5AP and LTA4H and adding the following genes: (1) Leukotriene-C4 synthase
(LTC4S); (2) Gamma-glutamyltransferase-like activity 1 (GGTLA1); and (3) Leukotriene-B4
20-monooxygenase (CYP4F2). Supplemental Figure 4 illustrates the correlation structure for
all the genes in the pathway derived from the aorta specimens. As input, gene set enrichment
analysis (GSEA) uses a sorted correlation metric between expression and phenotype. An
enrichment score (ES) is calculated that reflects the degree to which a gene set is
overrepresented at the extremes of the entire list (Subramanian et al. 2005). In addition to our
custom set, we also analyzed the C2 gene sets curated from a large number of online pathway
data bases (Subramanian et al. 2005). We generated correlation coefficients for all tags using
raised lesion mapping and Sudan IV staining as the phenotypes. Tags without gene assignments
(including 33153_AT) were removed. Statistical significance was assessed using empirical
P values estimated by randomly sampling gene sets of the same size and correlation coefficient
sign.

Family based analyses—Non-parametric relative pairs linkage analysis as implemented
in Multipoint Engine for Rapid Likelihood INference (MERLIN) was used to assess two-point
linkage of each SNP in theGENECARDstudy (Abecasis et al. 2002). To assess family based
association with MI and EOCAD in GENECARD, association in the presence of linkage
(APL), the pedigree disequilibrium test (PDT) and geno-PDT were used (Martin et al. 2001).
PDT is a family based association test for extended pedigrees. It will perform allele-specific
analysis and genotype-specific analysis for single markers. APL provides a novel test for APL
that also correctly infers missing parental genotypes by estimating identity-by-descent (IBD)
parameters (Chung et al. 2006). It provides options for single locus and multiple locus
haplotype analysis. Simulations show APL has more power than PDT and FBAT/haplotype
version of the family based association test (HBAT) in nuclear family data. However, unlike
PDT, APL does not consider extended pedigrees, using only one nuclear family from each
pedigree. Given the varied family structures in GENECARD, we used both PDT and APL to
maximize power for detecting association in these families. For haplotype analysis, we used
HBAT. This program uses data from nuclear families, sibships, or a combination of the two,
to provide a general-purpose family based testing strategy for allelic association between
phenotypes and haplotypes (Laird et al. 2000).

Power calculations—The application nQuery Advisor 4.0 was used to estimate the power
with our sample size, and the effect size generated from the case–control proportions for HapA,
HapB and HapK published by Helgadottir et al. (2005a, b). We used the continuity corrected
chi-square test with α= 0.05 two-sided significance level to detect the difference between
proportions given our sample size for the MI and CAD groups. Power estimates for the
GENECARD study design have been reported (Hauser et al. 2003).

Results
Table 1 depicts the clinical characteristics for the GENECARD probands and CATHGEN case
and control subjects. The clinical characteristics of the affected individuals from GENECARD
and from CATHGEN include increased prevalence of common CAD risk factors including
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poor lipid profiles, diabetes, hypertension, overweight, and male gender compared to the
controls. These differences suggest the need for adjustment for these common clinical risk
factors in understanding genetic risk.

We first addressed the previously published association results. With prior knowledge of
haplotype references for both the ALOX5AP and LTA4H genes, we analyzed SNPs in the case–
control (CATHGEN) and family based samples (GENECARD) which included all SNPs in
HapA, HapB and HapK (Helgadottir et al. 2004, 2005b). We also analyzed SNPs from
ALOX5 to assess further association in genes from the leukotriene biosynthesis pathway.
Supplemental Figure 1A illustrates the location of the HapA and HapB SNPs within the
ALOX5AP gene. Supplemental Figure 1B illustrates the location of HapK SNPs within the
LTA4H gene. All SNPs in the haplotypes are non-coding SNPs located in introns, or 5′ and 3′
regions. Supplemental Figure 1C illustrates the ALOX5 htSNPs identified using the
SNPselector program (see “Methods”). All SNPs are intronic except for rs2228065 which is a
missense mutation.

Linkage disequilibrium plots stratified by race and EOCAD affection status in the CATHGEN
sample for ALOX5AP, LTA4H and ALOX5 show minimal LD between SNPs with the strongest
correlation being between rs4769874 and rs9315050 members of HapA and HapB, respectively
(Supplemental Figure 2A). As often noted, LD is reduced in African Americans compared to
European Americans. For the CATHGEN sample, there was significant LD between SNPs in
LTA4H. For the Caucasians, the novel downstream SNP SG12S16 was moderately correlated
to rs17677715, rs2247570, and rs2660890 with r2 values of 0.67, 0.70 and 0.63, respectively,
but there was only weak correlation in African Americans. All markers met HWE expectations
when stratified by race.

Single marker and haplotype association with measures of EOCAD
Our initial goal was to test the previously reported association of ALOX5AP, LTA4H and
ALOX5 SNPs with atherosclerosis. Each dataset has unique measures of atherosclerosis;
however, we attempted to match the MI phenotype from the previously published associations
in the datasets as well as to broaden the phenotype to include more general EOCAD. The
phenotypes for the GENECARD and CATHGEN datasets were EOCAD and MI, while the
phenotypes for the aorta dataset were proportion raised lesion and Sudan IV staining as
measures of atherosclerosis burden.

Single SNP analyses—Table 2A lists the odds ratio (OR) estimates and significance levels
for each marker comprising Haplotypes A and B within ALOX5AP. Marker rs17216473
demonstrated evidence of association with EOCAD (P = 0.01) and rs17222842, demonstrated
evidence of association with MI (P = 0.02); these SNPs are members of HapA and HapB,
respectively. There was suggestive association (P = 0.06) with rs10507391 and the Sudan IV
scoring phenotype. None of the SNPs in ALOX5AP demonstrated significant family based
association in GENECARD (data not shown).

Table 2B shows results for LTA4H; we detected no evidence for single SNP associations with
EOCAD, MI or either AORTA phenotypes. However, one SNP in the LTA4H gene provided
significant results in the GENECARD family based association analysis; rs6538697 was
significant for both acute coronary syndrome (ACS-MI) (P = 0.006) and CAD (P = 0.0098).
Table 2C shows single SNP association results for ALOX5. Three SNPs in ALOX5 were
significant in the EOCAD sample including rs10900215 (P = 0.05), rs3740107 (P = 0.04) and
rs1487562 (P = 0.03). For the AORTA samples, ALOX5 SNPs showed significance rs892691
was significant for the raised lesion phenotype, while three SNPs were significant in the Sudan
IV staining phenotype: rs2029253 (P = 0.05), rs1369214 (P = 0.01) and rs2115819 (P = 0.01).
SNPs rs3780902 and rs2228065 had minor allele frequencies <0.05 and we were unable to
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estimate an accurate OR for aorta phenotypes. Again, the family based association analysis
showed no significant ALOX5 SNPs in GENECARD.

Haplotype analyses—The haplotype-specific results for MI and EOCAD phenotypes and
the haplotype frequencies for cases and controls are shown in Table 3. Table 1 of Electronic
Supplementary Material contains the power estimates for our samples given the case–control
haplotype frequencies and effect sizes reported by Helgadottir et al.

HapA in ALOX5AP: HapA comprises the SNP markers rs17222814 (G), rs10507391 (T),
rs4769874 (G) and rs9551963 (A). Given the HapA case–control frequencies and effect size
(RR = 1.79; cases 0.158, controls 0.095) with MI as the clinical endpoint found in the
Helgadottir et al. (2004) Icelandic cohort, we estimated that we had 73% power with our
CATHGEN sample of 819 subjects (414 MI subjects and 405 older controls). Assuming the
same effect size for CAD, we had 82% power for the EOCAD sample (n = 1061). HapA showed
a trend for association with MI in Caucasians (P = 0.07) with case– control frequencies of
0.147 and 0.119. However, we did not observe a significant association with MI in our African
American sample (P = 0.33) with haplotype frequencies of 0.092 and 0.108 in cases and
controls, respectively. We observed a significant HapA association in the EOCAD Caucasian
sample (P = 0.01; case 0.166, control 0.118). HapA was not significant in the EOCAD African
Americans (P = 0.67; cases 0.084, controls 0.107). The overall test (global) of all haplotype
association with the HapA markers was not significant for either ethnic group.

HapB in ALOX5AP: HapB comprises the SNP markers rs17216473 (A), rs10507391 (A),
rs9315050 (A) and rs17222842 (G). With our CATHGEN sample of 819 subjects, we had 50%
power to detect the HapB results (RR = 1.95; cases 0.075, controls 0.040) reported by
Helgadottir et al. (2004). We did not detect an association of HapB with neither EOCAD nor
MI in the overall sample or when stratified by race. There were no significant single haplotype
results for differences between HapB cases and controls. However, we observed a significant
global P value for MI in Caucasians (P = 0.0001) suggesting overall differences in haplotype
frequencies with that combination of SNPs. In almost every test for association, the haplotypes
with the A allele in place of the G allele for marker rs17222842 were significant. This difference
in the associated haplotypes supports the significant global P value and suggests the potential
for additional associated haplotypes in this sample or may indicate further divergence of the
haplotypes from an ancestral haplotype containing the disease mutation detected in the
Icelandic population.

HapK in LTA4H: HapK comprises the SNP markers SG12S16 (deCODE) (C), rs2660880
(G), rs6538697 (T), rs1978331 (A), rs17677715 (T), rs2247570 (T), rs2660898 (T), rs2540482
(C), rs2660845 (G) and rs2540475 (G). The CATHGEN sample of 656 Caucasians subjects
with MI provided 27% power to detect reported the HapK case– control frequencies (RR =
1.37; cases 0.186, controls 0.143) (1). Given our sample of African American subjects with
MI, we had 49% power to detect the HapK case–control frequencies (RR = 6.50; cases 0.103,
controls 0.017) found in the Philadelphia African American sample (Helgadottir et al.
2005b). We did not observe HapK as a significant risk haplotype in the sample of Caucasians
with MI (P = 0.79; cases 0.154, controls 0.136) nor in the African Americans with MI (P =
0.63; cases 0.069, controls 0.075). As in the case for HapA, when we expanded the phenotype
to EOCAD, the Caucasians showed the largest difference in haplotypes frequencies between
cases and controls (P = 0.03; cases 0.158, controls 0.137).

GENECARD family based association analyses—We used HBAT to test for family
based association, but we found no significant (P < 0.05) global or specific candidate-
haplotype results for ACS or EOCAD (Laird et al. 2000). Given that there was no evidence
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for linkage in the GENECARD genome-wide linkage analysis, perhaps it is not surprising that
there was no evidence for the haplotypes with EOCAD and ACS in this dataset (Hauser et al.
2004). The linkage lod scores in the regions around the genes were highest for ALOX5AP but
were still very low (max multipoint lod score = 0.01 and 0.12 in ACS families for
ALOX5AP; max multipoint lod score = 0.25 and 0.27 in ACS-MI families for LTA4H; and max
multipoint lod score = 0.09 and 0.13 in ACS-MI families for ALOX5. The power to detect
linkage in 400 affected sibpairs (ASPs) is over 80%for recurrence ratios of 1.4 or greater and
is over 80% for a variety of genetic models with 250 families of 2 ASPs and one affected sib
at an α = 0.001 (Chung et al. 2006). The estimated HapA frequencies are 0.170 for EOCAD
and ACS. For HapB, the estimated frequencies are 0.070 for EOCAD and ACS. The estimated
HapK frequencies are 0.140 for EOCAD and 0.170 for ACS, frequencies consistent with those
observed in the CATHGEN case–control sample.

In summary, the genetic associations provide some support of the published results for
ALOX5AP and LTA4H with additional support for ALOX5. None of these results would be
significant with most multiple test corrections and thus individually the studies of these genes
provide weak validation in the MI and general EOCAD phenotypes; however, the multiplicity
of even these weak results within the leukotriene biosynthesis pathway do support the evidence
of association with this pathway as a whole. Our next step was to evaluate correlations and
interactions among the three genes.

Expression results for the AORTA sample
In the AORTA dataset previously used in the genetic association studies, 122 aorta tissue
sections (proximal-1A and distal-4B) from 78 subjects were assayed for gene expression using
the Affymetrix HG-U95Av2 chip. Both LTA4H and ALOX5AP have one representative tag
and ALOX5 has two tags (307_at and 33153_at). Tag 307_at represents the same strand (+)
and same region as the ALOX5 gene while 33153_at probes a short region of the complement
(−) at the 3′ end. Figure 1 illustrates the RMA normalized expression values for LTA4H,
ALOX5 and ALOX5AP. The diagonal presents a histogram of the individual RNA expression
values. Pairwise XY scatter plots are illustrated below the diagonal and the calculated
correlation coefficients are found above the diagonal. Tags ALOX5_307_AT and ALOX_
33153_AT were negatively correlated (r = −0.19, P = <0.04) despite their physical proximity
suggesting that these tags are identifying different transcripts. ALOX5AP and LTA4H
expression levels were significantly correlated to ALOX5_307_AT (r = 0.54, P = <0.0001 and
r = 0.29, P = 0.0015, respectively) and to each other (r = 0.42, P = <0.0001). As expected,
ALOX5AP and LTA4H expression levels were negatively correlated with the
ALOX5_33153_AT tag (r = −0.29, P = 0.001 and r = −0.35, P <0.0001, respectively). We
then separately considered the AORTA phenotypes and the expression values as a predictor.
In support of the findings of Seo et al., we found that expression values for ALOX5 had a strong
effect on raised lesion mapping (point estimate = 7.33, P = 0.0005) and Sudan IV staining
(point estimate = 4.65, P = 0.007). No other tags demonstrated significant association with the
AORTA phenotypes.

We examined genotype and specific expression for ALOX5AP, LTA4H and ALOX5 using the
previously studied SNPs found in HapA, HapB and HapK as well as SNPs found in the
ALOX5 gene. In addition to looking at cis-effects (intra-gene/SNP interaction) on gene
expression, we also considered trans-effects (inter-gene/SNP interaction), as a model of the
leukotriene biosynthesis pathway using a biological systems approach. Table 2 lists the P
values for the SNP effects on the four tags representing ALOX5, ALOX5AP and LTA4H. To
visualize possible interactions and to highlight cis versus trans effects we have illustrated the
genotype and haplotype-specific expression association results from Table 2 in Supplemental
Figure 3. All three genes have at least one SNP with a cis-and trans-effect as shown in
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Supplemental Figure 3 and Table 2. Interestingly, all effects for a given gene had a single gene
target in terms of expression value. For example, SNPs in ALOX5AP only have trans effects
on the expression values for ALOX5, but not for LTA4H. SNP rs10507391 in ALOX5AP
demonstrated one of the most significant associations with mRNA expression levels (Fig. 2).
We chose to illustrate this SNP because of its trans-effect significance (P = 0.01) on
ALOX_307 expression level. We also considered a dominant model and the association was
also significant (P = 0.009); although the goodness of fit determined by the log likelihood was
not different for the two genetic models. This SNP is the only marker shared by both HapA
and HapB; however, different alleles are included in the HapA and HapB risk haplotypes. There
was no effect on the ALOX_33153 espression which seems to serve as a natural control, nor
was there an effect on the ALOX5AP (cis) or LTA4H (trans) expression. Given an additive
haplotype effect model, HapA was associated with expression for ALOX5AP (P = 0.03) and
potentially with ALOX5 (P = 0.06). Neither HapK nor HapB were associated with ALOX5,
ALOX5AP or LTA4H expression values.

For a pathway-based approach of association using the expression data, we used GSEA
(Subramanian et al. 2005). Using the prior-based biological knowledge of the leukotriene
biosynthesis pathway, we generated a custom gene set to test concordance. The two phenotypes
analyzed include raised lesion mapping and Sudan IV staining. The genes were ranked using
the correlation between each individual tag and the phenotype variable as a score. For the raised
lesion mapping, our custom gene set for leukotriene biosynthesis had a positive ES of 0.6897
and an estimated significance level of P = 0.004. The Sudan IV phenotype produced a positive
ES of 0.6349 and an estimated significance level of P = 0.009. We view this strong enrichment
for the leukotriene pathway as a whole as supportive of the modest genetic association results
shown above for individual SNPs. These results support the hypothesis that these genes act in
concert to increase risk for CAD, both at the level of affected tissue as well as at the level of
clinical disease.

Discussion
We replicated several of the results observed by Helgadottir et al. in our sample: both HapA
(ALOX5AP) and HapK (LTA4H) were significantly associated with CAD in the CATHGEN
case–control subjects. Previously published results for association with MI, CAD and stroke
combined with our results suggest that these SNPs and haplotypes are associated with vascular
disease (Dwyer et al. 2004; Helgadottir et al. 2004, 2005a, b; Lohmussaar et al. 2005; Shah et
al. 2008). Overall, the case–control comparison of EOCAD in Caucasians demonstrated the
strongest association for all three haplotypes with significant results for HapA and HapK. We
were unable to detect an association with HapB. While we were able to determine a general
association with CAD, we did not see significant specific association results for the MI
phenotypes in our case–control groups.

According to the LTA4H results produced by Helgadottir et al., HapK is more strongly
associated with MI in Philadelphia African Americans (RR = 6.50, P = 0.0001) when compared
to Caucasians (RR = 1.37, P = 0.010) although both groups demonstrate significant association
(Helgadottir et al. 2005b). Similar results were found in the Cleveland and Atlanta samples,
although with somewhat lower ORs (Helgadottir et al. 2005b). HapK was not significant in
our African American sample, but was associated in the Caucasians. Overall we observed
similar frequencies found in the Helgadottir et al. study, but the case and control frequencies
were not significantly different in our study, likely due to the low power to detect this
difference. Another reason for differences in statistical results between Helgadottir et al. and
our results for association with MI may be due to subtle differences in case and control
definitions.
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In addition to the evidence from prior studies about candidate genes and a metabolic pathway,
we had prior knowledge of haplotypes and SNPs to test for association with our CVD sample.
In the context of our ongoing candidate gene analyses, the P values from the logistic regression
tests for these SNPs and the haplotype global associations would not have suggested pursuing
these as candidates nor would they have been detected in a genomewide association approach.
The comparison of the single SNP and haplotype results shows the need for analysis of multiple
SNPs per gene, even in a replication setting, and in the utility of additional genomic information
such as the aorta expression study, along with knowledge of biological pathways.

Having multiple levels of genetic evidence gives us confidence in the observations that support
the leukotriene–CVD association findings of Helgadottir et al. and other groups (Dwyer et al.
2004; Helgadottir et al. 2004, 2005a, b; Lohmussaar et al. 2005; Shah et al. 2008). Given that
genes with the strongest effects will be observed in more than one context, taking advantage
of independent sources of genetic information is useful. As demonstrated in Supplemental
Figure 3, the one-on-one trans relationship between the SNP genotypes and the expression
values allows for reconstructing gene networks. Our results suggest that HapA and the
relationship to expression levels for ALOX5AP (cis) and ALOX5 (trans) may be an important
feature that links the genetic and genomic results. Our GSEA results for our custom leukotriene
biosynthesis gene set suggest another approach for assessing pathway association.

Our results support previous association studies; however, the relationship between genetic
variation and CVD outcomes is not driven by a single gene or SNP. By exploring the pathway
in terms of risk for atherosclerosis, CAD and MI along with genotypic effects on expression,
rather than the looking at each component in isolation, we observe significant complexity in
the interactions that may alter risk profiles related to genetic variation. For example, it may be
necessary to measure changes in allele-specific expression of ALOX5 when evaluating
leukotriene inhibitors for potential primary or secondary prevention of MI. This pathway
approach should be considered for evaluation of other studies of genetic variation in CAD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Pairwise scatterplots (below the diagonal), histograms (across the diagonal) and pairwise
correlation coefficients (above the diagonal) using RMA normalized gene expression data for
ALOX5, ALOX5AP and LTA4H; all correlation coefficients were statistically significant (P ≤
0.05)
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Fig. 2.
Boxplots of RS10507391 genotype-specific expression levels of RMA normalized transcripts
in 122 aorta-sections. The x-axis annotates the genotype for RS10507391 and the y-axis
annotates the expression levels for ALOX5 (trans-effect), ALOX5AP (cis-effect) and LTA4H
(trans-effect)
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Table 1
Clinical characteristics of the CATHGEN EOCAD cases–controls and GENECARD probands; percentages and (mean
± SD)

Descriptive statistics
by EOCAD

CATHGEN
EOCAD
subjects
(n = 656)

CATHGEN
controls
(n = 405)

Test statistic
significance
EOCAD versus
controls

GENECARD
(US probands)
(n = 759)

Age of onset (46 ± 6) NA (48 ± 10)

Age at sampling (52 ± 9) (69 ± 7) P < 0.001a (50 ± 7)

Self reported race P < 0.002a

  Black 22% (143) 19% (77) 8% (58)

  Native American 5% (35) 3% (14) 3% (21)

  Other 2% (13) 6% (25) 4% (31)

  White 71% (465) 71% (289) 86% (649)

Male sex 79% (519) 43% (174) P < 0.0001b 69% (522)

Positive family history of CAD 55% (358) 27% (108) P < 0.001b 100% (759)

Body mass index (kg/m2) (31 ± 6) (29 ± 7) P = 0.001a (30 ± 7)

Positive smoking history (ever-
smoked)

69% (454) 40% (160) P < 0.001b 27% (202)

Positive history of diabetes 33% (219) 21% (86) P < 0.001b 25% (188)

Positive history of hypertension 70% (457) 67% (272) P = 0.40b 63% (477)

History of myocardial infarction 52% (341) 0% (0) NA 63% (481)

History of coronary artery bypass
graft

40% (262) 0% (0) NA 49% (349)

Systolic blood pressure (mmHg) (141 ± 24) (150 ± 23) P < 0.001a (142 ± 25)

Diastolic blood pressure (mmHg) (78 ± 14) (77 ± 14) P = 0.30a (78 ± 14)

Total cholesterol (mg/dL) (193 ± 62) (192 ± 49) P = 0.30a (200 ± 58)

LDL (mg/dL) (109 ± 43) (107 ± 36) P = 0.90a (122 ± 59)

HDL (mg/dL) (40 ± 12) (52 ± 18) P < 0.001a (44 ± 32)

Triglycerides (mg/dL) (223 ± 261) (157 ± 126) P < 0.001a (212 ± 253)

The test statistic significance provided is for the CATHGEN EOCAD versus unaffected controls

x ± s represents X̄ ± 1 SD

Numbers after percents are frequencies

a
Wilcoxon test

b
Pearson test
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