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Abstract Recent genome-wide association studies (GWAS)
have reproducibly identified loci associated with plasma tri-
glycerides (TG), HDL cholesterol, and LDL cholesterol. We
sought to replicate these findings in amultiethnic population-
based cohort using the curated single nucleotide polymorphism
(SNP) set found on the new Illumina cardiovascular disease
(CVD) beadchip, which contains approximately 50,000 SNPs
densely mapping approximately 2,100 genes, selected based
on their potential role in CVD. The sample consisted of in-
dividuals with European (n 5 272), South Asian (n 5 330),
and Chinese (n 5 304) ancestry. Identity by state clustering
successfully classified individuals according to self-reported
ethnicities. Associations between TG and APOA5, TG and
LPL, HDL and CETP, and LDL and APOE were all identified
(P, 23 1026). In 13 loci, associations with the same SNP or a
proxy SNP were identified in the same direction as previously
reported (P , 0.05). Assessing the cumulative number of
risk-associated alleles at multiple replicated SNPs increased
the proportion of explained lipoprotein variance over and
above traditional variables such as age, sex, body mass index,
and ethnicity. The findings indicate the potential utility of the
Illumina CVD beadchip, but they underscore the need to
consider meta-analysis of results from commonly studied
clinical or epidemiological samples.—Lanktree, M. B., S. S.
Anand, S. Yusuf, and R. A. Hegele, and the SHARE Inves-
tigators. Replication of genetic associations with plasma lipo-
protein traits in a multiethnic sample. J. Lipid Res. 2009. 50:
1487–1496.
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Plasma lipids, including cholesterol and triglyceride
(TG), play vital roles in membrane fluidity, hormone

and bile synthesis, and energy metabolism. The identifica-
tion of genetic variants affecting lipoprotein traits, defined
as plasma concentrations of TG,HDL, and LDL cholesterol,
can give biological insight into both new and old pathways
of lipid metabolism. These findings will have potential im-
plications for the diagnosis, prognosis, and treatment of
dyslipidemia. In the last two decades, the rare genetic var-
iants responsible for many individually rare dyslipidemia
conditions have been discovered, and common variations
in many candidate genes have been tested for association
with lipoprotein traits. However, in the last year, ten
genome-wide association studies (GWAS) have consistently
identified association between common genetic variation in
multiple novel, as well as previously known, genes and lipo-
protein traits in normolipidemic individuals (1–10). The
identification of loci with previous evidence for roles in lipo-
protein metabolism, such as association between the gene
for apolipoprotein E (APOE) and LDL, serve as a positive
control for the approach, while many new associations be-
tween lipoproteins and genes without a priori hypotheses
were also uncovered (1–10). In total, 40 loci have been as-
sociated at a GWAS significance level with at least one of TG,
HDL, or LDL (see supplementary Table I). Of note, in 13 of
15 genes previously identified to contain rare mutations
causative for Mendelian lipid abnormalities, common sin-
gle nucleotide polymorphism (SNP) variation within the
same gene has been associated with the same lipoprotein
trait that is primarily disturbed in the Mendelian disease.
An important next step is replication of the findings in
multiple ethnicities, both to ensure the findings are gen-
eralizable and to further delineate the effect size and loca-
tion of the causative variants. This study set out to replicate
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the previously identified GWAS findings in a multiethnic,
population-based sample.

As microarray technology improves, the density of the
arrays, or the number of SNPs evaluated on a single chip,
increases. The improved density presents two possibilities:
denser SNP coverage of the human genome or the ability to
genotypemultiple individuals on the same chip. The Illumina
Human CVD beadchip uses the second approach, using
multiple “wells” to interrogate approximately 50,000 SNPs
in 12 individuals on a single array (11). The SNPs were se-
lected for inclusion on the human CVD beadchip based on
(1) early access to lipid, lipoprotein, and cardiovascular dis-
ease (CVD) GWAS results; (2) established quantitative trait
loci in CVD; (3) genes with a functional link to CVD; and (4)
a heavy bias for tagSNPs, nonsynonymous SNPs, and SNPs
with known function (11). The selection criteria create a
pool of SNPs with a higher prior probability of association,
reducing both the false discovery rate (FDR) and the cost
per sample. Permutation analysis has been suggested as a
more appropriate method to correct for multiple testing
(12), but it has not become standard practice for GWAS stud-
ies, at least partially due to the computational requirements.

We sought to replicate reported genetic associations
with fasting TG, HDL, and LDL using approximately
50,000 SNPs in approximately 2,100 genes in a multiethnic
population-based sample using the new Illumina CVD
beadchip microarray and performing large-scale permuta-
tion analysis to improve signal-to-noise ratio and correct
for multiple testing.

METHODS

Study subjects
The study was approved by the ethics boards of McMaster Uni-

versity and the University of Western Ontario. All participants
provided informed consent for DNA analysis. The Study of
Health Assessment and Risk in Ethnic Groups (SHARE) popula-
tion was collected as a random prospective population sample in
Hamilton, Toronto, and Edmonton as previously described (13).
Individuals were classified as South Asian (n 5 330) if their an-
cestors originated from India, Pakistan, Sri Lanka, or Bangladesh;
Chinese (n 5 304) if their ancestors originated from China,
Taiwan, or Hong Kong; and European (n 5 272) if their ances-
tors originated from Europe (13). All participants are between
the ages of 35 and 75 years and have lived in Canada for five years
or more. Anthropometric data was measured and fasting (over

12 h) and 2-h postglucose load blood samples were collected
from study subjects. The following quantitative measures were
obtained using established methodology: TG, total cholesterol
(TC), apolipoprotein B (apoB), VLDL cholesterol, and HDL cho-
lesterol. LDL cholesterol was calculated via the Friedewald equa-
tion. Relevant baseline characteristics are shown in Table 1 (see
supplementary Fig. III for trait distributions). Sixty-seven individ-
uals (7.4%) were on lipid-lowering therapy and were excluded
from further analysis.

Biochemical analyses
Genomic DNA was extracted from leukocytes as previously de-

scribed (14). Whole genomic DNAwas checked for quality by 1.5%
agarose gel electrophoresis. DNA was diluted to 50–70 ng/ul,
and the concentration was verified using a Nanodrop spectro-
photometer. Standard protocols for hybridization and scanning
of the Illumina Human CVD beadchip (version 1) on the Illumina
BeadStation 500G were used for genotyping at the Centre for Ap-
plied Genomics (TCAG) (Hospital for Sick Children, Toronto,
Ontario, Canada; www.tcag.ca). Briefly, approximately 200 ng
(4 uL at 50–70 ng/uL) of double-stranded genomic DNA was
added to a whole genome amplification reaction producing frag-
ments of approximately 1.5–2 kb in length. Enzymatic fragmenta-
tion, followed by purification, produces 200–600 bp fragments for
hybridization to the beadchips. Each bead contains many oligo-
nucleotides to measure the presence of a single allele, with ap-
proximately 30 replicates of each bead randomly distributed on
the beadchip. During chip quality control performed by Illumina
(SanDiego, CA; www.illumina.com), the location of the bead repli-
cates are identified for each chip and distributed on a DVD with
the beadchip. Each beadchip contains wells allowing 12 samples to
run concurrently. Genotyping and quality control were performed
in Illuminaʼs BeadStudio Genotyping Module v3.2. Sixty-seven in-
dividuals (7.4%) were excluded because they were on lipid-lowering
therapy, and 11 individuals (1.3%) were excluded from the analysis
due to genotype call rates less than 95%. 1,151 SNPs (2.3%) were
excluded from the analysis due to genotype call rates less than
95%. SNPs that were not in Hardy-Weinberg equilibrium (HWE)
(P , 0.0001) or with a minor allele frequency less than 0.01 were
excluded, leaving 35,303, 31,751, and 35,018 SNPs in South Asian,
Chinese, and Caucasian samples, respectively. Due to the marginal
power of the SHARE sample and given the effect size of many of
the recently reported associations, only SNPs that were prevalent
in all three populations (MAF . 0.01) were included in the
analysis. The intersection of these three population sets left
29,377 SNPs, which were studied in the final analyses.

Statistical methods
Pairwise identity-by-state (IBS) distance and multi-dimensional

scaling as implemented in PLINK (12) was used to test for popu-

TABLE 1. Baseline clinical characteristics in the multiethnic SHARE study

South Asian Chinese Caucasian Total sample

n 330 304 272 906
Male (%) 55 51 49 52
Age 49.5 (9.3) 47.8 (8.9) 51.2 (11.0) 49.5 (9.8)
BMI (kg/m2) 26.3 (4.2) 24.0 (3.6) 27.4 (4.6) 25.9 (4.4)
LDL (mmol/L) 3.30 (0.82) 3.18 (0.81) 3.28 (0.82) 3.21 (0.81)
HDL (mmol/L) 1.03 (0.30) 1.19 (0.38) 1.20 (0.37) 1.13 (0.35)
FTG (mmol/L) 2.00 (1.3) 1.65 (1.2) 1.55 (1.1) 1.77 (1.3)
apoB (g/L) 1.08 (0.26) 1.00 (0.25) 1.01 (0.24) 1.03 (0.26)
NFTG (mmol/L) 1.91 (1.16) 1.67 (1.34) 1.55 (1.20) 1.72 (1.25)

Apo, apolipoprotein; BMI, body mass index; FTG, fasting triglyceride; NFTG, nonfasting triglyceride; SHARE,
Study of Health Assessment and Risk in Ethnic Groups. Standard deviation given in parentheses.
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lation stratification, sample duplication, or contamination. In
IBS, a similarity matrix is produced by computing the proportion
of the number of alleles shared between all pairs of individuals.
Reducing the number of dimensions by classical (metric) multi-
dimensional scaling enables the subjects to be drawn on a two-
dimensional plot. All association analysis was performed in
PLINK (12). The reported linear regression significance is for a
codominant model, testing for an additive effect of allele dosage,
with the asymptotic P value of the t-statistic reported using age,
sex, BMI, and ethnicity as covariates. The functional relevance
or previous associations reported for the SNPs found on the
CVD beadchip and the density of markers in the candidate loci
renders the Bonferroni correction particularly over-conservative.
FDR control is a statistical method, less conservative and more
powerful than family-wise error rate (FWER) control, used to cor-
rect for multiple comparisons and determine an appropriate sig-
nificance threshold that reduces the probability of errors in the
rejected hypotheses (15). The Benjamini Hochberg FDR proce-
dure (15), as used by Sabatti et al. (10), was used to iteratively
examine themost significant associations. However, the Benjamini
Hochberg FDR procedure is only valid when the tests are indepen-
dent (15); therefore, to be conservative, only significant SNPs
found on separate chromosomes were included in the procedure.
A significance threshold of 2.27 3 1026 was calculated to control
the FDR across the three reported traits (a total of 29,377 SNPs3 3
traits 5 88,131 tests) at a P 5 0.05 level. The additional two traits
[apoB and nonfasting TG (see supplementary Fig. II)] were highly
correlated with the traits reported here and including them in FDR
calculations would artificially reduce power (10). To further as-
sess significance and correct for multiple-testing, 500,000 label-
swapping permutations were computed on the “whale” cluster

of the Shared Hierarchical Academic Research Computing
Network (SHARCNET; www.sharcnet.ca). A shell script was written
to call 200 instances of PLINK per trait, each on a different CPU,
and the PLINK “mperm” command was used to generate 2,500
permutations (2003 2,5005 500,000 permutations/trait). In each
permutation, each individualʼs quantitative trait value is randomly
assigned to a different individualʼs genotype set, and regression is
performed on all SNPs. The procedure is repeated to create a dis-
tribution of all possible regression P values for all SNPs. The actual
significance for each SNP is compared with the distribution of
possible results from all 500,000 permutations of all the SNPs to
calculate an empirical significance value as follows:

P5
f∑ipi~Ni 1 1!21g1 1

f∑iNig þ 1
5

f∑ipi~2501!21g1 1
500001

where P is the overall empirical P value, pi is the empirical P value
and Ni is the number of permutations in the ith instance of PLINK
(12). Since genotype data is unaffected, linkage disequilibrium
between SNPs remains throughout permutations. Results of as-
sociation and permutation were displayed using WGAViewer (16).

RESULTS

Three distinct clusters were identified by IBS and multi-
dimensional scaling (Fig. 1). Points were then colored by
self-reported ethnicity, and all but two individuals fell into
their respective clusters. The two individuals who did not
cluster appropriately were removed from further analysis.

Fig. 1. Clustering of IBS scores after multi-dimensional scaling reveals the three distinct population clusters
in the SHARE sample. Two individuals did not cluster with self-reported ethnicity and were excluded from
further analysis.

Multiethnic SNP association study of lipoproteins 1489
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Among the SHARE participants (Table 1), 27 SNPs in 4 loci
were associated with a lipoprotein trait at a Benjamini
Hochberg FDR–corrected significance (P , 2.27 3 1026)
(Fig. 2). The strongest association was seen between two
variants just upstream of the APOA5 gene and TG concen-
trations (rs651821 and rs662799; P 5 5.5 3 10212). APOA5
lies within a cluster of apolipoprotein genes (APOA1/A4/
A5/C3), resulting from an ancestral gene duplication event
(17) in which variants have been consistently reported to be
associated with TG and HDL (2, 7). Associations between
SNPs within the LPL gene and TG (lead SNP: rs13702;
P 5 1.7 3 1026), the CETP gene and HDL concentrations

(lead SNP: rs9939224; P5 6.23 1027), and the APOE gene
and LDL [lead SNP: rs7412; P5 1.73 1026 (see supplemen-
tary Fig. I for Q-Q plots)] were also identified below the
BenjaminiHochberg FDR threshold.No SNPs located outside
of the previously reported loci were associated after Benjamini
Hochberg FDR correction. After using max(T) permutation
to empirically derive significance corrected for multiple test-
ing, association of the APOA5 and LPL loci with TG, the
CETP locus andHDLand theAPOE locus andLDL remained
(P, 0.05). The apparent signal-to-noise ratio improved after
max(T) permutation (Fig. 2). The total CPU time for per-
mutation analysis was over 10 years (480 CPUs 3 10 days).

Fig. 2. Manhattan plots of regression and permutation results. Each point represents the 2log(P) value for a single SNP linear regression
including age, sex, BMI, and ethnicity as covariates. Improvement of signal-to-noise ratio upon 500,00 label-swapping max(T) permutations is
seen in the bottom three graphs, in which the corrected empirical P values are reported. All points in the top graph are in the bottom graph,
but the P value of many points have approached 1. P, 2.23 1026 are highlighted in red in the top three graphs; P, 0.05 are highlighted in
red in the bottom three graphs.

1490 Journal of Lipid Research Volume 50, 2009
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Of the 40 lipoprotein associations previously reported,
32 were represented on the Illumina CVD beadchip and
22 of these loci contained a nominally associated SNP
(P , 0.05). In a thorough examination of the linkage dis-
equilibrium surrounding the previously reported SNPs,
either the lead SNP or the SNP reported to be strongest
associated to a trait in a previously reported study, or its
proxy, a nearby SNP correlated with the lead SNP, was as-
sociated in the same direction with the same lipid fraction
in our multiethnic sample for 13 loci (P , 0.05) (Tables 2,
3, and 4). Strong correlation was observed between fasting
and postprandial TG concentrations (r5 0.96; P, 0.0001)
and between LDL and apoB (r 5 0.86; P , 0.0001); thus,
similar associations were observed between the pairs of traits
(see supplementary Fig. II for Manhattan and Q-Q plots).

Focusing on one locus recently discovered using the
GWAS approach, the strength of association and the direc-
tion and size of the effect in the three populations in the
SHARE sample appears to focus the region of association.
In the CELSR2/PSRC1/SORT1 locus, the strongest associa-
tion with plasma LDL was found centered over the PSRC1
and CELSR2 genes [(rs657420, P5 0.0047 (Fig. 3)]. Nearby
rs646776 and rs12740374 were found to be associated in the

same direction with similar effect size to earlier reports
(8–10). Between PSRC1 and SORT1, a recombination hotspot
has been reported (2) (Fig. 3), and toward SORT1, the effect
of theminor allele becomes discordant between ethnicities.

To identify the cumulative effect of multiple-risk alleles
on plasma lipoprotein concentrations and the total propor-
tion of trait variation that can be explained by the replicated
genetic factors in a multiethnic sample, we performed a
multivariate linear regression. A model was created to in-
clude age, sex, BMI, and ethnicity as covariates, as well as
the sum of the number of risk alleles at the replicated
SNPs for each of the lipoprotein traits (for TG, rs662799,
rs13702, rs7412, rs1748197, rs1260326, and rs17145738;
for HDL, rs9939224, rs651821, rs331, rs4775041,
rs4149327, rs12726525, and rs7120118; and for LDL,
rs7412, rs6413504, rs657420, and rs3761739). It should be
noted that many of the SNPs included in the model were
not associated at the FDR threshold but were previously
reported and nominally associated in the SHARE sample
(P , 0.05) (Tables 2, 3, and 4). A significant relationship
was identified between the number of risk alleles and plasma
levels of TG,HDL, andLDL [P, 0.0001 (Fig. 4)]. Themodel
incorporating age, sex, BMI, ethnicity and the replicated

TABLE 2. Replication of TG-associated loci in the multiethnic SHARE sample

MAF

Gene No. of SNPsa SNP Allele SA CH EC Effect (b) P

APOA5 38 rs662799b G 0.20 0.26 0.04 0.097 5.5 3 10212

LPL 46 rs13702b G 0.28 0.25 0.32 20.057 1.7 3 1026

rs328 G 0.10 0.14 0.08 20.063 0.00026
APOE 33 rs7412 T 0.01 0.08 0.08 0.094 0.00025

rs439401 G 0.44 0.43 0.60 0.028 0.013
ANGPTL3-DOCK7 6 rs1748197 A 0.08 0.22 0.33 20.030 0.0024

rs1748195 G 0.47 0.24 0.32 20.030 0.012
GCKR 8 rs1260326 A 0.21 0.48 0.41 0.031 0.0085
MLXIPL 13 rs17145738 T 0.08 0.11 0.19 20.037 0.023

FDR, false discovery rate; MAF, minor allele frequency; SHARE, Study of Health Assessment and Risk in Ethnic
Groups; TG, triglyceride; SA, South Asian; CH, Chinese; EC, European Caucasian. P (significance) and b (regres-
sion coefficient) for linear regression of lipoprotein trait versus number of minor alleles, including age, sex, BMI,
and ethnicity as covariates.

a Number of SNPs within 50 kb of loci that passed quality control.
b Met significance criteria after FDR correction and permutation analysis.

TABLE 3. Replication of HDL-associated loci in the multiethnic SHARE sample

MAF

Gene No. of SNPsa Lead SNP Allele SA CH EC Effect (b) P

CETP 61 rs9939224b A 0.22 0.14 0.19 20.093 6.2 3 1027

rs3764261 A 0.33 0.18 0.33 0.073 1.2 3 1025

APOA5 83 rs651821 G 0.19 0.26 0.04 20.088 5.3 3 1026

LPL 46 rs331 A 0.18 0.23 0.30 0.054 0.00012
rs328 G 0.10 0.14 0.08 0.06 0.012

LIPC 132 rs4775041 G 0.23 0.21 0.31 0.049 0.0037
ABCA1 107 rs4149327 C 0.19 0.44 0.10 20.041 0.011
GALNT2 67 rs12726525 A 0.19 0.27 0.29 20.038 0.029

rs4846914 A 0.43 0.24 0.58 0.027 0.086
NR1H3-FOLH1 11 rs7120118 G 0.40 0.27 0.27 0.031 0.038

FDR, false discovery rate; MAF, minor allele frequency; SHARE, Study of Health Assessment and Risk in Ethnic
Groups; TG, triglyceride; SA, South Asian; CH, Chinese; EC, European Caucasian. P (significance) and b (regres-
sion coefficient) for linear regression of lipoprotein trait versus number of minor alleles, including age, sex, BMI,
and ethnicity as covariates.

a Number of SNPs within 50 kb of loci that passed quality control.
b Met significance criteria after FDR correction and permutation analysis.

Multiethnic SNP association study of lipoproteins 1491
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SNPs accounted for 25% of the variation in TG concentra-
tions, 33.5% of the variation in HDL concentrations, and
14.2% of the variation in LDL concentrations (Fig. 5). The
average TG concentration increased from 1.28 mmol/L for
those with 3 or less risk alleles to 2.33 mmol/L for those with
9 or more risk alleles. The HDL concentration decreased
from 1.59 mmol/L for those with 2 or less risk alleles
to 0.85 mmol/L for those with 9 or more risk alleles. Finally,
the averageLDL concentration increased from2.97mmol/L
for those with 2 or less risk alleles to 3.87 mmol/L for those
with 7 or more risk alleles.

DISCUSSION

In amultiethnic, population-based sample, we attempted
to replicate genetic associations with plasma lipoprotein
traits using the recently developed, curated Illumina CVD
beadchip. SNPs within 4 loci (APOA5, LPL, CETP, and

APOE) were robustly associated with lipoprotein traits, using
either a Benjamini Hochberg FDR–corrected significance
or permutation analysis. These 4 loci have established roles
in inter-individual differences in plasma lipoprotein con-
centration from Mendelian, candidate gene and GWAS in-
vestigations. Of 40 loci previously associated with at least
one plasma lipoprotein fraction, 32 were represented on
the Illumina CVD beadchip, and 22 contained a SNP that
was nominally associated at an uncorrected significance
(P , 0.05). The lead SNP or proxy was associated in the
same direction as previously reported in 13 loci (P , 0.05).
The major limitation, and potentially the cause of the non-
replication of more loci, was the limited sample size. We
believe that the this work illustrates two important concepts:
(1) Common variants represented in multiple ethnicities
often show associations with the same directionality, in-
dicating differences in association between ethnicities are
more likely to be due to differences in allele frequencies
or haplotype structures than differences in the real effect;

TABLE 4. Replication of LDL-associated loci in the multiethnic SHARE sample

MAF

Gene No. of SNPsa Lead SNP Allele SA CH EC Effect (b) P

APOE 33 rs7412b T 0.01 0.08 0.08 20.43 1.7 3 1026

rs2075650 G 0.09 0.05 0.18 0.15 0.019
LDLR 35 rs6413504 G 0.47 0.32 0.48 0.11 0.0029

rs6511721 G 0.45 0.27 0.45 0.10 0.013
CELSR2-SORT1 61 rs657420 G 0.48 0.49 0.47 20.11 0.0047

rs646776 G 0.24 0.04 0.20 20.12 0.025
rs12740374 A 0.24 0.04 0.20 20.12 0.027

HMGCR 14 rs3761739 A 0.14 0.20 0.13 0.11 0.024
rs12654264 A 0.40 0.46 0.64 20.07 0.066

FDR, false discovery rate; MAF, minor allele frequency; SHARE, Study of Health Assessment and Risk in Ethnic
Groups; TG, triglyceride; SA, South Asian; CH, Chinese; EC, European Caucasian. P (significance) and b (regres-
sion coefficient) for linear regression of lipoprotein trait versus number of minor alleles, including age, sex, BMI,
and ethnicity as covariates.

a Number of SNPs within 50 kb of loci that passed quality control.
b Met significance criteria after FDR correction and permutation analysis.

Fig. 3. Replication of association between the CELSR2/PSRC1/SORT1 locus and plasma LDL cholesterol concentrations. The upper bars
depict the size and direction of the effect of the minor allele, colored by population (using the b-coefficient on the left y-axis for scale). The
lower bars depict the probability of SNP association (transformed by 2log) in the complete sample with age, sex, BMI, and ethnicity as
covariates. The red line indicates a P value of 0.05. The green star indicates a recombination hotspot, and the red stars indicate SNPs which
were previously reported as the holding the strongest association with LDL cholesterol.

1492 Journal of Lipid Research Volume 50, 2009
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Fig. 4. Regression analyses of the relationship between plasma lipoprotein concentration and the cumulative number of risk alleles from
multiple replicated loci. Risk alleles were tallied from genotypes of rs662799, rs13702, rs7412, rs1748197, rs1260326, and rs17145738 for
TG; rs9939224, rs651821, rs331, rs4775041, rs4149327, rs12726525, and rs7120118 for HDL; and rs7412, rs6413504, rs657420, and rs3761739
for LDL. Lipoprotein measurements are in mmol/L. b-coefficient is the effect size of each additional risk allele standardized to the standard
deviation of the trait; r2 is the correlation between the lipid trait and the model, including age, sex, BMI, ethnicity, and number of risk alleles.
The P value represents the significance of the regression.

Multiethnic SNP association study of lipoproteins 1493
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and (2) the recently reported findings, while of great biolog-
ical interest, are often not replicable in clinical- or modest-
sized epidemiological samples, especially if a genome-wide
significance threshold is required. We do not believe that
nonreplication of the associations identified in the much
largerGWAS studies reduces the credibility of their findings,
but we underscore the importance of the associations that
are robust to ethnicity and identifiable in a well-studied clin-
ical research cohort of approximately 900 individuals.

The APOE y2 / y3 / y4 isoform system has long been as-
sociated with plasma lipid concentrations (18, 19). Within
the APOE locus, the most significantly associated SNP was
rs7412, of which a T allele codes for an amino acid change
from arginine to cysteine at position 158, guaranteeing an
y2 isoform. Unfortunately rs429358, which differentiates be-
tween y3 and y4 isoforms, was not included on the Illumina
CVD beadarray, and thus, rs7412 was evaluated in the same
unbiased manner as all other SNPs on the beadchip. With
each additional copy of the T allele at rs7412 and each ad-
ditional copy of the y2 isoform, we observe a decrease in
LDL cholesterol and an increase in TG concentration (P ,
0.0005), consistent with previously reported results of y2
being associated with lower LDL cholesterol and higher TG
concentrations compared with y3 or y4 isoforms. In a sepa-
rate report, theAPOE y2 / y3 / y4 genotype was determined
in the SHARE sample through restriction isotyping and was
found to be associated with plasma lipoprotein concentra-
tions in all three ethnicities, essentially following the y2 /
y3 / y4 gradient that has been observed historically in
many other samples (20). Interestingly, neither rs7412 nor
rs429358 has been mentioned in any of the previous GWAS
reports, and they are not included on Affymetrix Genome-
Wide SNP 6.0 array.

What is the advantage of using a multiethnic sample?
Differences in minor allele frequency and background
trait variation between ethnicities lead to differences in
power and, subsequently, differences in the significance
of the association test. Gene-gene and gene-environment
interactions are capable of reducing the effect of a variant,
theoretically producing a possible mechanism for non-
replication in a different ethnicity. Many examples of the
“flip-flop” phenomenon, in which alternate alleles are as-
sociated with disease susceptibility in different ethnicities,
have been reported (21). Initially thought to be the result
of spurious association, mechanisms to explain the “flip-
flop” phenomenon include differences in genetic back-
ground or environment between ethnicities, but they more

likely result from differences in linkage disequilibrium be-
tween ethnicities (21). In general, if the variant queried is
truly the responsible variant affecting the expression level,
protein structure, or protein function, then the association
should be in the same direction across ethnic groups (22).
Regions where SNPs are associated in the same direction
in a multiethnic sample are likely to be close to the causa-
tive variant. If an ancestral recombination occurred between
the tested SNP and the causative variant, the opposite allele
of the tested SNP would become linked to the causative var-
iant. The likelihood of recombination occurring between a
SNP and a causative variant increases with genetic distance.
Therefore, for SNPs close to the functional variant, the same
allele should be associated in the same direction, with the
“flip-flop” phenomenon occurring for SNPs a greater dis-
tance from the causative variant. In a multiethnic sample,
more ancestral recombination has occurred, producing
different LD structures and the possibility of more accurately
mapping risk loci.

For example, in the CELSR2/PSRC1/SORT1 locus, a re-
combination hotspot has been reported (2) in the same
region where discordance in the direction of association
between ethnicities occurs in Fig. 3. One might expect
the discordance of effect direction if an ancestral recombi-
nation occurred leaving opposite alleles linked with the
causative variant in subsequent generations. Despite the
previously reported associations over CELSR2 and PSRC1
(rs646776 and rs12740374) (3, 5, 9, 10) due to a more
plausible functional role for SORT1 in LDL metabolism
(3), attention toward CELSR2/PSRC1/SORT1 locus has
been primarily focused on SORT1 (3). Caution is required
due to the marginal nature of the P values, but our work
suggests that the causative variants responsible for the
CELSR2/PSRC1/SORT1 association with LDL is more likely
to lie within or near the CELSR2 or PSRC1 genes, approxi-
mately 25kb upstream of SORT1. If SORT1 is responsible
for the variation in LDL cholesterol, it appears likely that
the associated variant acts through a distant cis-acting ele-
ment, telomeric to the putative recombination hotspot.

Computational requirements pose a clear impediment
to permutation analysis of GWAS datasets. A benefit of label-
swapping permutations is that the LD structure between
SNPs remains, thus removing the assumption that each
SNP is an independent test, theoretically creating a less con-
servative correction (12). Adaptive permutation has been
proposed, in which SNPs are dropped from further permu-
tation if they are clearly not associated. However, determin-

Fig. 5. Proportion of lipoprotein trait variation ex-
plained by age, sex, BMI, ethnicity, andwith or without
replicated genetic markers as shown in Fig. 4.
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ing the appropriate significance threshold is still difficult,
and the problem of multiple-testing remains. In max(T)
permutation using the PLINK “mperm” command, the sig-
nificance can be compared with the distribution of possible
regression results for all SNPs, more directly addressing the
problem of multiple testing (12, 23). Serial farming, in
which hundreds (or thousands) of CPUs perform the per-
mutations on a large cluster, creates an environment in
which large-scale permutation analysis of GWAS datasets is
possible. The true validity of permutation analysis is whether
it can separate biologically valid associations from spurious
associations more effectively than simply picking the next
most significant P value from a list of test statistics. Further
application of permutation testing and downstream exami-
nation of results will be required. However, in this dataset,
the results of 500,000 label-swapping max(T) permutations
and a simple multiple-testing correction were not very differ-
ent. Our findings suggest that permutation analysis, while
clarifying the signal-to-noise ratio of P values across the range
of SNPs evaluated, did not fundamentally change the conclu-
sions from a Benjamini Hochberg FDR–corrected signifi-
cance generated by the linear regression in PLINK. This
suggests that such a computationally intensive analysis may
not necessarily yield a substantial improvement.

Studies of coronary artery disease (24), type 2 diabetes
(1), and hypertriglyceridemia (25) have reported an in-
creased odds ratio for disease development with the cumu-
lative number of risk alleles. The number of individuals
observed decreases with each additional risk allele, as pre-
dicted by the minor allele frequencies, and the risk for dis-
ease increases until the risk approaches Mendelian
proportions (25). One study in Caucasians showed that
the number of lipoprotein risk alleles was associated with
the quantitative differences in plasma LDL and HDL cho-
lesterol concentrations (24). In a similar fashion, using our
multiethnic sample and SNPs from replicated loci specific
for the lipoprotein trait instead of a general lipid panel, we
were able to show that a relationship exists between the
cumulative number of risk alleles and plasma lipoprotein
concentrations, with slightly larger effect than the earlier
report. Moreover, the inclusion of the genetic markers
increased the proportion of trait variance that could be
explained versus age, sex, BMI, and ethnicity alone.

The major advantages of the Illumina CVD beadchip is
the reduced cost per sample and reduced number of tests
due to the curated nature of the SNPs. However, with the
recent report of additional lipid associated loci (8–10),
the chip is already becoming obsolete. As discussed above,
the most substantial limitation of this investigation was the
power of the study. The studies used to originally identify
the GWAS findings typically included samples of over 2,000
and up to 20,000 individuals (3–10). A multiethnic sample
of 900 individuals has the same power as a sample of 900
individuals of homogenous ethnicity only if the size and
direction of the effect is similar between populations. As
we were concerned with the restricted power afforded by
the individual ethnicity samples, we examined only SNPs
that were prevalent in all populations. Our goal was to
identify the variants that display a common effect across

ethnicities, not to identify variants that account for the dif-
ferences between ethnicities. Hopefully future collabora-
tions and pooling of results will enable the joint analysis
of this dataset with the results of additional CVD beadchip
studies. The approach used in this study, comparing the
effect direction between ethnicities, holds the potential
to narrow associated regions and assist in the identification
of the functionally responsible variants.

In conclusion, this study successfully replicated associa-
tions betweenAPOA5 and TG,LPL and TG,CETP andHDL,
and APOE and LDL in a multiethnic sample using the new
curated Illumina CVD beadchip. Associations (P , 0.05)
were identified in 22 of the 32 previously identified lipid loci
represented on the CVD beadchip, and the previously
reported lead SNP or its proxy was associated in 13 of 32 loci.
Label-swapping max(T) permutation performed in a clus-
ter environment is a feasible method for multiple-testing
correction in GWAS, but further studies will be required
to determine its benefit over standard Bonferroni correc-
tion. Comparison of effect size and direction betweenmulti-
ple ethnicities could potentially be used to refine associated
regions, as demonstrated here in the CELSR2/PSRC1/
SORT1 locus. Finally, relationships between the cumulative
number of risk alleles and TG, HDL cholesterol, and LDL
cholesterol were observed. The findings indicate the poten-
tial utility of the Illumina CVD beadchip, but they under-
score the importance of both sample and effect size, and
the need to consider meta-analysis of results from com-
monly studied clinical or epidemiological samples.

APPENDIX

The SHARE Investigators are as follows: S. S. Anand, S.
Yusuf, V. Vuksan, S. Devanesen, P. Montague, L. Kelemen,
C. Sigouin, K. K. Teo, E. Lonn, H. C. Gerstein, R. A. Hegele,
and M. McQueen.
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University of Western Ontario.
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