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Common variants at 30 loci contribute to polygenic dyslipidemia
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Abstract

Blood low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol and
triglyceride levels are risk factors for cardiovascular disease. To dissect the polygenic basis of
these traits, we conducted genome-wide association screens in 19,840 individuals and replication
in up to 20,623 individuals. We identified 30 distinct loci associated with lipoprotein
concentrations (each with P< 5 x 10°8), including 11 loci that reached genome-wide significance
for the first time. The 11 newly defined loci include common variants associated with LDL
cholesterol near ABCG8, MAFB, HNF1A and T/IMD4, with HDL cholesterol near ANGPTL 4,
FADSI-FADS2-FADS3, HNF4A, LCAT, PLTPand TTC39B, and with triglycerides near
AMACIL2, FADS1-FADS2-FADS3 and PLTP. The proportion of individuals exceeding clinical
cut points for high LDL cholesterol, low HDL cholesterol and high triglycerides varied according
to an allelic dosage score (P < 10715 for each trend). These results suggest that the cumulative
effect of multiple common variants contributes to polygenic dyslipidemia.

Recent genome-wide association studies (GWASS) have localized common DNA sequence
variants that contribute to many human phenotypesl. The success of this approach has been
particularly notable for blood lipoprotein levels. We and others recently reported that at least
19 genetic loci harbor common DNA sequence variants associated with blood LDL
cholesterol, HDL cholesterol and/or triglycerides2-6. Those loci consist of genes previously
shown to affect lipoprotein metabolism in humans, as well as eight loci that were newly
reported at the time. However, each variant conferred a modest effect, and together, the
variants explained only a small fraction (~5%) of interindividual variability in lipoprotein
levels. These observations suggested that additional loci harboring lipid-associated DNA
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sequence variants could be identified with larger samples and improved statistical power for
gene discovery.

RESULTS

Meta-analysis of genome-wide association studies

We conducted a meta-analysis of seven GWASs of blood lipoprotein and lipid phenotypes,
and we conducted follow-up replication analyses for up to five additional studies (Table 1;
see Supplementary Fig. 1 online for study design). The Framingham Heart Study (FHS), a
prospective epidemiologic cohort established in 1948, represents the largest stage 1 sample?.
Among the three generations of FHS participants who have been enrolled, we focused on
second- and third-generation participants with fasting blood lipid phenotypes8,9. The power
of the sample was indicated by the observation that for each of eight SNPs recently
associated with lipid levels (near SORT1 for LDL cholesterol; MMAB-MVK and GALNTZ2
for HDL cholesterol; and GCKR, TRIB1, MLXIPL, NCAN and ANGPTL3for
triglycerides), association results in the FHS confirmed our earlier reports (P < 0.05;
Supplementary Table 1 online)3,4. Replication consisted of the same allele at the same SNP
associated in the same direction.

To the FHS data for 7,423 individuals, we added GWAS data for 3,733 individuals of
European ancestry from the London Life Sciences Prospective Population Cohort
(LOLIPOP), Supplémentation en Vitamines et Minéraux Antioxydants (SUVIMAX) and
Invecchiare in Chianti (INCHIANTI) studies (Supplementary Methods online) and 8,684
individuals from our previous studies of the Diabetes Genetics Initiative (DGI)2,3, Finland-
United States Investigation of NIDDM Genetics (FUSION)4 and SardiNIA Study of Aging
(SardiNI1A)4 samples, to bring the total stage 1 sample size to 19,840 individuals
(Supplementary Fig. 1).

We used genotyped SNPs from each study and phased chromosomes from the HapMap
sample of Utah residents with ancestry from northern and western Europe (CEU) to impute
autosomal SNPs with minor allele frequency >1%. A total of ~2.6 million SNPs that were
directly genotyped or imputed were tested for association with lipoprotein traits. Association
statistics for each marker from each of the seven studies were combined using a weighted 2
statistic-based meta-analysis4. Genomic control parameters for the meta-analysis of the
stage 1 studies were low, at 1.03 for LDL cholesterol, 1.04 for HDL cholesterol and 1.03 for
triglycerides, suggesting little residual confounding caused by population stratification or
unmodeled relatedness.

In the meta-analysis of seven stage 1 studies, 25 unique loci harbored variants associated
with LDL cholesterol, HDL cholesterol or triglycerides at a significance level of P< 5 x
1078 (corresponding to P< 0.05 after adjusting for ~1 million independent tests, the
estimated GWAS multiple testing burden in individuals of European ancestry10). To
evaluate these and other less significantly associated SNPs from stage 1, we genotyped
SNPs in a maximum of 20,623 individuals from five stage 2 studies: Malmé Diet and
Cancer Study (MDC)11, FINRISK97 (ref. 12), FUSION stage 2 (ref. 13), Metabolic
Syndrome in Men (METSIM) and International Study of Infarct Survival (ISIS)14 (Table 1
and Supplementary Fig. 1). These SNPs were selected to focus on loci that had not
previously been associated with our lipoprotein phenotypes (see Methods).

In the analysis including stage 1 and stage 2 studies, SNPs at 30 loci were convincingly
associated (P< 5 x 10°8) with LDL cholesterol, HDL cholesterol or triglycerides, including
11 loci that reached genome-wide significance for the first time (Table 2 and Fig. 1). Each
of the loci reached P< 1 x 10 in stage 1 and P< 0.05 in stage 2 (Supplementary Table 2
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online). The 11 loci definitively identified in this study included genes whose function in
humans has previously been studied (ABCGS (ref. 15); ANGPTL4 (ref. 16); FADS1-
FADS2-FADS3 (ref. 17); HNF4A18; LCAT19; PLTFP20; and HNF1A (ref. 21)) and genes
whose function in humans is poorly understood (77C39B, TIMD4-HAVCRI1, XKR6,
AMACIL2and MAFB, Fig. 2).

We confirmed these 30 association signals in a second round of analysis using a uniform
analysis strategy for all studies and an inverse-variance weighted meta-analysis
(Supplementary Table 3 online). This analysis also allowed us to test for heterogeneity in
effect sizes across studies. No significant evidence for heterogeneity was detected for any of
the newly identified loci (Supplementary Tables 4-6 online).

Lipid-associated variants in human liver

The associated SNP at 1 of the 11 new loci was a nonsynonymous coding variant, HNF4A
rs1800961 (11301, 3% frequency), and the remaining 10 new associated SNPs were
noncoding. We therefore explored whether lipid-associated variants might influence gene
expression as c/s-acting regulators of nearby genes. We genotyped DNA and profiled RNA
expression of >39,000 transcripts in 957 human liver tissue samples22. We conducted
expression quantitative trait locus analyses relating the SNPs in Table 2 with liver transcripts
located within 500 kb to either side of the associated SNP (Table 3). Together, the
lipoprotein association data and the expression quantitative trait locus analyses highlighted
several biological insights.

For example, among five genes at the 20913 locus for HDL cholesterol and triglycerides,
expression of PL TP was associated with rs7679 (P= 6 x 10-17; Table 3). The rs7679 allele
associated with higher PL TPtranscript levels was also associated with higher HDL
cholesterol and lower triglycerides (Tables 2 and 3). This is consistent with prior work in
mice showing that P/fp overexpression leads to higher HDL cholesterol23, whereas targeted
deletion leads to lower HDL cholesterol24. Consistency between the direction of effect on
transcript levels and lipoprotein concentration was also evident at the L/PClocus. In
agreement with earlier studies in which lower hepatic lipase activity and higher HDL
cholesterol were associated with L/PC promoter variants25, the minor T allele at L/PC
rs10468017 was associated with lower £/PC expression in our study (P=2 x 10-18; Table 2)
and increased HDL cholesterol (P= 8 x 10-23; Table 3).

Another strong signal mapped to a cluster of three fatty acid desaturase genes (FADSI-
FADS2-FADS3) on 11912 (Fig. 2e). The cluster showed association with both HDL
cholesterol and triglycerides (Table 2), and the expression quantitative trait locus data
suggested that the associated SNP modulates expression of FADSI and FADS3 (Table 3).
The allele associated with increased FADSI and FADS3 expression led to higher HDL
cholesterol and lower triglycerides. Fatty acid desaturases convert polyunsaturated fatty
acids into cell signaling metabolites, including arachidonic acid. SNPs at this locus have
been previously related to levels of arachidonic acid in serum phospholipids and red blood
cell plasma membranes17. In addition, dietary omega-3 polyunsaturated fatty acids—a key
substrate for FADS1—are known to lower plasma triglycerides, possibly by decreasing
very-low-density lipoprotein secretion26.

At 9p22, an HDL-associated SNP was associated with expression of tetratricopeptide repeat
domain 39B (77C398: P= 3 x 10710 for genotype-HDL cholesterol association and £= 3 x
1078 for genotype-expression association; Fig. 2g and Tables 2 and 3). The allele associated
with lower 77C39B transcript levels was also associated with higher HDL cholesterol.
Tetratricopeptides, in general, seem to function in protein-protein interactions27, but
TTC39B presently has no annotated function in humans.

Nat Genet. Author manuscript; available in PMC 2010 June 07.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Kathiresan et al. Page 5

Genes causing mendelian syndromes harbor common variants

Among the other loci to reach genome-wide significance, ABCG8and LCAT have been
shown to cause mendelian forms of dyslipidemia28,29 (Fig. 2a,f). Loss-of-function
mutations at ABCG8and LCAT lead to sitosterolemia and fish-eye disease, respectively.
Common SNPs at ABCG8and LCAT have been studied for association with plasma LDL
and HDL cholesterol, respectively. In our study, common variants at both loci reached
genome-wide significance for the first time (Table 2). For example, we found the previously
studied ABCGED19H variant to be associated with LDL cholesterol (rs11887534, P=1 x
10"11) and found an even stronger common variant signal, a SNP in intron 2 of ABCG8
(rs6544713, 0.15 s.d. unit change per copy, P=2 x 10"2%; 2 = 0.02 with ABCG8D19H).
Both D19H and a proxy for ABCG8rs6544713 (rs4299376, /2 = 1) were recently shown to
affect risk for cholesterol gallstone disease30; for both the coding and intronic variants, the
allele corresponding to lower plasma LDL cholesterol in the present study has been
associated with higher risk of gallstones.

The observed signals at ABCG8and LCAT further strengthen the connection between loci
for mendelian dyslipidemic syndromes and those with common variants of modest effect.
For at least 11 of the 30 loci in Table 2 (ABCGS8, LCAT, APOB, APOE, LDLR, PCSK9,
CETP, LPL, LIPC, APOA5and ABCAI), a hiologically relevant lipoprotein gene was
implicated by common variants (>5% frequency), low-frequency variants (0.5%-5%
frequency) and/or rare mutations (variants unique to individual families).

Another connection between signals identified here and rare mendelian disorders occurred
for HNF4A and HNF1A, two causes of maturity-onset diabetes of the young (Fig. 2d,h).
Both genes encode hepatic nuclear transcription factors that regulate numerous target genes
involved in lipoprotein metabolism, including apolipoproteins, cholesterol synthesis
enzymes and bile acid transporters31. Although mice null for either Hnf4a or HNF1A have
altered plasma cholesterol levels32,33, there has been only modest evidence to date
connecting these genes to either HDL or LDL cholesterol concentrations in humans18,21.

Other validated loci

At ANGPTL4, we found that a common variant (rs2967605, 16% frequency, P=1 x 108
stages 1 and 2) was strongly associated with HDL cholesterol but not in linkage
disequilibrium with a previously reported low-frequency variant (ANGPTL4 E40K, 3%
frequency, 2 < 0.01 with rs2967605)16. The gene is a strong mechanistic candidate because
ANGPTLA4 inhibits lipoprotein lipase in mice34.

Among the novel loci, the 8p23 region associated with triglycerides contained one gene of
particular interest, AMACIL2, which encodes acyl-malonyl condensing enzyme 1-like 2
(Fig. 2k) in bacteria, acylmalonyl condensing enzyme catalyzes fatty acid synthesis35. At
the 5923 and 20912 loci associated with LDL cholesterol, the mechanism of action is less
clear. At 5923, the associated interval spanned two genes, 7T/MD4and HAVCRI (also
known as 7/MDI; Fig. 2b). TIMD4 and HAVCRI were recently identified as
phosphatidylserine receptors on macrophages that facilitate the engulfment of apoptotic
cells36, and HAVCRI is annotated as a target for the transcription factor TCF1 (ref. 31). At
20q12, the gene nearest to the associated SNP is MAFB (Fig. 2c), a transcription factor
shown to interact with LDL-related protein37. How genes at these two loci impact LDL
cholesterol remains to be defined.

Specialized lipid phenotypes

To define the full spectrum of phenotypic consequences of lipid variants at 30 distinct loci,
we studied the association of each index SNP with 21 specialized lipid phenotypes measured
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in FHS second-generation participants (Supplementary Table 7 online). These phenotypes
included apolipoproteins APOA-I, APOB, APOC-III and APOE; low-, high-, intermediate-
and very low-density lipoprotein particle concentrations, as measured by nuclear magnetic
resonance; HDL, and HDL 3 cholesterol subfractions after chemical precipitation;
lipoprotein(a); and remnant lipoprotein cholesterol and triglycerides. A visual summary of
the patterns of association is provided in Supplementary Figure 2 online. In several cases,
we identified stronger signals for specialized phenotypes, suggesting mechanistic
hypotheses. For example, the GCKR P446L allele (rs1260326) was associated with
increased concentrations of APOC-I11 (0.20 s.d. unit increase per Leu allele; =9 x 10-12),
an inhibitor of triglyceride catabolism that is synthesized in the liver38.

For several loci, the strength of statistical evidence did not meet our prespecified threshold
of P< 5 x 108, but some of these loci may represent true associations. For example, LPA
coding SNP rs3798220 (14399M, 2% minor allele frequency) was associated with LDL
cholesterol (P=3 x 107 after stages 1 and 2). In addition, in the FHS, LPA rs3798220 was
strongly associated with lipoprotein(a) level (P= 2 x 10-49), with each copy of the minor C
allele increasing lipoprotein(a) level by a notable 1.8 s.d. units. These findings strongly
replicate a previous observation that 4399M allele carriers have higher lipoprotein(a)
concentrations39. This same SNP has also been shown to increase risk for coronary artery
disease, with the 4399M allele increasing risk by two- to three-fold39. The association
between LPA 14399M and risk for coronary artery disease might be mediated by elevated
lipoprotein(a) and LDL cholesterol.

Allelic dosage and polygenic dyslipidemia

Having identified 30 loci, each with a modest effect, we next asked whether the cumulative
allelic dosage of risk alleles at these loci contributes to the quantitative variation in
lipoprotein levels seen in the population. We modeled the allelic dosage in each individual
in the FHS second generation for the SNPs detailed in Table 2 (see Methods). Mean
lipoprotein concentration decreased (for HDL cholesterol) or increased (for LDL cholesterol
and triglycerides) in a stepwise fashion across deciles of genotype score (Fig. 3; P< 1 x
10-%° for each trend). The proportion of individuals exceeding clinical thresholds for *high’
or ‘low’ lipoprotein levels (HDL cholesterol 160 mg/dl or triglycerides > 200 mg/dl, as
defined by the US national cholesterol treatment guidelines40) increased across deciles of
genotype score (Fig. 3; P< 1 x 10715 for each trend).

Multiple independent common alleles at a locus

At each of the 30 identified loci, multiple independent common alleles may contribute to
trait variation. To identify additional associated common SNPs at these loci, we repeated the
genome-wide association analysis in the seven stage 1 studies, including each of the index
SNPs in Table 2 as covariates. In contrast to our original meta-analysis, in which >1,000
SNPs at 25 loci reached genome-wide significance (P< 5 x 10°8), only 105 SNPs reached
genome-wide significance in this conditional analysis. These SNPs provided evidence for
additional HDL association signals in the CETP (peak SNP rs289714, P=2 x 102), LIPC
(rs2070895, P= 6 x 10°16) and APOAI-APOC3-APOA4-APOA5 (1510892044, P= 4 x
10-19) Ioci; for additional LDL association signals in the APOE-APOC1-APOC4-APOC2
(rs1985096, P=7 x 1017, LDLR (rs2738446, P=1 x 10"11) and ABCG8 (rs4953023, P=
4 x 10'8) loci; and for additional triglyceride signals in the LPL locus (rs894210, P=1 x
1019). After combining the seven SNPs representing these independent signals with those
listed in Table 2, the proportion of variance explained in each trait was 9.3% for HDL
cholesterol, 7.7% for LDL cholesterol and 7.4% for triglycerides.
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DISCUSSION

Using a GWAS and large-scale replication, we have convincingly mapped 30 loci that
contribute to variation in lipoprotein concentrations in humans. These results suggest
regions of the genome that should be sequenced fully, as well as several new directions for
functional investigation and potential clinical applications.

Sequencing the positional candidate genes within the associated intervals can help define the
full spectrum of alleles that contribute to lipoprotein concentrations and, in some cases,
identify null alleles that can provide clues to the /n vivo consequences of loss of function41.
PCSK9, for example, was initially identified using linkage mapping, and rare mutations with
large effects (>100 mg/dl effect size) were described42. Subsequent sequencing of PCSK9
revealed low-frequency variants with more modest effects (such as PCSK9IRA6L, 1%
frequency, ~16 mg/dl effect size)43. The same group found nonsense mutations in African-
Americans, which proved that loss of PCSK9function increases LDL cholesterol41. In our
study and a previous one4, PCSK9also harbored a common variant with an even more
modest effect (19% frequency, ~3 mg/dl effect size). Thus, other genes identified in our
common variant screen may harbor low-frequency variants and/or rare mutations that cause
mendelian syndromes. Deep sequencing of the new loci in population-based samples and
dyslipidemic families will be required to test these hypotheses.

Experimental manipulation of positional candidate genes in mice is an alternate approach to
define the consequences of gain or loss of function. A variety of genetic techniques have
been used to study lipoprotein-related genes in animal models and cell culture. Because
lipoprotein metabolism is driven in large part by processes occurring in the liver, delivery of
genetic modifiers by vectors that are preferentially taken up by liver can allow for analysis
of the effects of genes on lipid traits. For example, multiple groups have overexpressed
PCSK9in wild-type mouse liver through tail vein injections of recombinant adenoviruses
bearing the gene44-46; plasma LDL cholesterol was significantly higher in mice receiving
the PCSK9vectors compared to mice receiving control vectors. Our work provides several
new targets ( 77C39B, for example) for such functional investigation.

Ultimately, with a full collection of DNA sequence variants in hand, we may be able to test
the hypothesis that these variants can help to identify individuals at risk for cardiovascular
disease and to better target preventive interventions. As lipid genotypes have been shown to
add incremental information beyond plasma lipoprotein measurements47,48, an allelic
dosage score may allow for early identification and treatment of at-risk individuals, before
atherosclerosis becomes advanced. Proving this hypothesis will require rigorous testing in
randomized clinical trials.

METHODS

Stage 1 study samples, phenotypes and genotyping

A full description of each of the seven stage 1 studies is presented in Supplementary
Methods. In each study, LDL cholesterol was calculated using the Friedewald formula, with
missing values assigned to individuals with triglycerides >400 mg/dl. Individuals known to
be on lipid-lowering therapy were excluded from association analysis for LDL cholesterol in
all studies except the FHS. In the FHS, we imputed the untreated LDL cholesterol values
using an algorithm described previously49.

All participants provided informed consent. Local ethical committees at each participating
institution approved the individual study protocols. The institutional review boards at
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Boston Medical Center, Massachusetts Institute of Technology and the University of
Michigan approved this study.

Stage 1 genome-wide association analyses

In the FHS, we modeled phenotypes in the following manner. We log-transformed
triglyceride levels. To account for potential confounding by population substructure within
the FHS sample (Americans of European ancestry), we used EIGENSTRAT software to
define principal components of ancestry. We inferred SNP weights for each principal
component using a subset of unrelated FHS individuals (/7= 882) and then computed the
principal component values for all others using the estimates obtained from the unrelated
subset. The first two principal components showed gradients similar to those previously
reported in individuals of European ancestry (northwest, southeast and Ashkenazi Jewish;
Supplementary Fig. 3 online). Several principal components were associated with LDL
cholesterol, so we adjusted for ten principal components in regression modeling.

For the second and third generations separately, we created sex-specific residual lipoprotein
concentrations after regression adjustment for age, age? (age squared) and ten ancestry-
informative principal components (mean age across multiple visits and the square of this
mean age were used for second-generation participants). We standardized residuals to have a
mean of 0 and s.d. of 1. These generation- and sex-specific residual lipoprotein
concentrations served as the phenotypes in genotype-phenotype association analysis. Each
directly genotyped SNP was tested for association with lipid residuals, assuming an additive
mode of inheritance. To account for relatedness among two generations of participants, we
used linear mixed-effects models that specified a fixed genotypic effect, a random polygenic
effect allowing for residual heritability and a variance-covariance structure accounting for
familial correlations50. The genomic control parameters in FHS were low, at 1.01, 1.03 and
1.02 (for LDL cholesterol, HDL cholesterol and triglycerides, respectively).

In the SUVIMAX, LOLIPOP and INCHIANTI GWASs, lipoprotein concentrations were
adjusted for the effects of sex, age and age?. The SUVIMAX and LOLIPOP samples did not
include related individuals and were analyzed using linear regression. The INCHIANTI
GWAS included a small number of related individuals and was analyzed using a variance
component-based score test that models background additive polygenic effects. In each case,
an additive model was used to model SNP effects.

Stage 1 imputation and meta-analysis for directly genotyped and imputed SNPs
Details of imputation and meta-analysis are described in Supplementary Methods.

Stage 2 study samples, phenotypes and genotyping

Replication of promising association signals from stage 1 was attempted in up to 20,623
independent participants from five stage 2 studies (Table 1). Fasting lipid concentrations
were available in each stage 2 study except ISIS; individuals known to be on lipid-lowering
therapy were excluded. The ISIS study participants were examined in the early 1990s,
before lipid-lowering therapies became common, so no exclusion based on drug therapy was
necessary.

SNPs were genotyped using either the iPLEX Sequenom MassARRAY platform or allelic
discrimination on an ABI 7900 instrument (Applied Biosystems). All genotyped SNPs had a
genotyping call rate >95% on the replication samples and had a Hardy-Weinberg
equilibrium 2> 0.001.
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We tested for association in each replication study using linear regression adjusting for
covariates as follows: age, age?, sex and diabetes status for the MDC Cardiovascular Cohort
(MDC-CC); age, age? and sex for FINRISK97; age, age?, sex, birth province in Finland and
study group with analysis stratified according to diabetes status for FUSION stage 2; age,
age? and diabetes status for METSIM; and age, age?, sex, sex x age and sex x age? with
analysis stratified according to myocardial infarction status for ISIS.

The statistical evidence from each stage 2 sample was combined with the evidence from
stage 1 using the fixed-effects zstatistic meta-analysis procedure described above. A
combined P< 5 x 108 was deemed significant based on an estimated multiple testing
burden equivalent to ~1 million independent common variants10.

SNP selection for stage 2 genotyping

We took forward SNPs into stage 2 primarily on the basis of Pvalue in stage 1 after
excluding SNPs from the 19 loci that had prior definitive association evidence3,4. We
selected a set of apparently independent SNPs by excluding SNPs with /2 > 0.2 or within a
distance of 1 Mb from other SNPs selected for follow-up genotyping. We successfully
genotyped and attempted, respectively, 66 and 70 SNPs in MDC-CC, 60 and 64 SNPs in
FINRISK97, 52 and 55 SNPs in FUSION stage 2, 52 and 53 SNPs in METSIM and 45 and
50 SNPs in ISIS. Different SNP lists were genotyped in each study according to cost,
constraints on the design of multiplex assays and timing of SNP selections (some SNPs were
selected based on interim meta-analyses).

Variance-weighted meta-analysis

As an additional analysis, we applied a uniform analysis strategy to all sample sets to
estimate regression coefficients (measuring association between each SNP and lipid levels)
and their corresponding standard errors and combined regression coefficients across samples
using an inverse variance-weighted meta-analysis (Supplementary Methods).

Definition of associated interval

For each index SNP in Table 2, we defined the associated interval by first determining the
set of HapMap SNPs in linkage disequilibrium of /2> 0.5 with the most significantly
associated SNP. We then bounded the associated interval by the flanking HapMap
recombination hotspots. These windows were likely to contain the causal polymorphisms
explaining the associations.

Specialized lipoprotein-related phenotypes, cis-expression quantitative trait locus
analyses and genotype score analysis in the FHS

Details for these are described in the Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Summary of genome-wide association results for LDL cholesterol, HDL cholesterol and
triglycerides from stage 1. (a-c) Chromosome number versus -log;q 2 values for LDL
cholesterol (a), HDL cholesterol (b) and triglycerides (c). Green, 11 newly identified loci;
blue, previously reported loci; gray, loci not subjected to follow-up; red, loci that did not
replicate. (d) Quantile-quantile plot for test statistics, with observed association Pvalues
plotted as a function of expected Pvalues. Black line, all test statistics; blue line, 19
previously reported loci excluded; green line, 11 loci confirmed in this study also excluded,;
gray area, 90% confidence region from a null distribution of Pvalues (generated from 100
simulations). Blue and green lines are superimposed for triglycerides.
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Regional plots of 11 confirmed associations. (a-k) Association results for SNPs from stage 1
(-log1g P value) as a function of genomic distance (chromosomal position from National
Center for Biotechnology Information build hgl7) for ABCG8(a), TIMD4-HAVCRI (b),
MAFB (c), HNF1A (d), FADS1-FADS2-FADS3 (€), LCAT (f), TTC39B(9), HNF4A (h),
PLTP (i), ANGPTL4(j) and XKR6-AMACILZ2 (k). Top three lines show genomic coverage
at the locus, with each vertical tick representing directly genotyped (lllumina (11lu317Kk) or
Affymetrix (Affy500k) platforms) or imputed SNPs. Purple diamonds indicate SNP at each
locus with the strongest stage 1 association evidence. Each circle represents a SNP, with the
color of the circle indicating the correlation between that SNP and the best stage 1 SNP at
the locus (purple diamond). Pombineg Values indicate association evidence for the SNP
based on the combined stage 1 and 2 data. In most cases, the best stage 1 SNP at the locus
(purple diamond) was taken forward to stage 2; however, alternate SNPs (red or orange
diamonds) were taken forward at two loci (HNF1A and PLTP). Light blue lines indicate
estimated recombination hot spots in HapMap. Bottom panel shows genes at each locus as
annotated in the UCSC Genome Browser Annotation Database as of August 5, 2007. Gray
bar indicates associated interval spanning the SNP taken forward to stage 2. Associated
intervals were determined as described in Methods. TG, triglyceride.
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Figure 3.

Mean lipoprotein concentrations and proportion of individuals with low HDL cholesterol,
high LDL cholesterol or high triglycerides, as a function of allelic dosage score for HDL
cholesterol, LDL cholesterol and triglycerides, respectively. Deciles of allelic dosage score
are plotted on the xaxis, and the ) axis represents either mean lipoprotein concentrations
within that decile (gray bars) or the proportion of individuals within that decile who met
clinical criteria for ‘high’ or ‘low’ lipoprotein concentrations (black bars; cut points
indicated in keys). Analyses were conducted for the following numbers of FHS second-
generation participants: 3,206 for HDL cholesterol, 3,090 for LDL cholesterol and 3,216 for
triglycerides. The allelic dosage score comprised 32 SNPs from the 30 loci shown in Table
2. For SNPs associated with HDL cholesterol, we modeled the allele associated with lower
HDL cholesterol. For SNPs associated with LDL cholesterol or triglycerides, we modeled
the allele associated with higher LDL cholesterol or higher triglycerides. Each of the six
trends was highly significant (P< 10°15),

Nat Genet. Author manuscript; available in PMC 2010 June 07.



Page 17

‘sain|iey BuidAlouab pue suoisnjoxa Jo asnedaq pajuasald Jagquuinu ay) WoJl) paLieA dNS Yoes Joj SjenplAlpul Jo Jagquinu joex3 pajussaid si adAlouah |nyssadons auo ises| Je pue adAlousyd Uyaim SjenpiAIpul JO Jaquinu _So.rQ

‘papinold are (Ajaanoadsal ‘5002-100Z PUe G/6T-T/Z6T) Suolelauab pliy) pue puodIss JO UOITRUILIEXS duljaseq WOl SosLIsloeseyd Emn_o_tmn_m

“(w) ybiay Jo atenbs Aq papinip (63) ybram si xapui ssew Apog ‘621700 Aq Ajdinjnw ‘\w 03 SapLIadA|Bii) 104 SanjeA LB8AU0D 01 "98520°0 Aq Ajdiinw ‘AW 0 |0J31S8|0YD 40} SBNJRA LIBAUOD 0] “P'S F SUBAW ale ,F, UNM Sanjep

Kathiresan et al.

% ‘Sn||awW sa1aqeIp

9¢ 9TT S'Ey q'€ '8 €¢ €T €61 8L 80 6L 'e YN S[enpIAIpu]
LW
TV+96c TY¥0.¢C 06¥498¢ SYF.9C 6'CF¥8'GC L'V F0G2 SV F€8¢ IVF9.C YFT.LC 2€F9€C 1T6%9/¢ 0GF09z /B ‘xapui ssew Apog
_ p/Bu
£STT ¥ 291 66 F /2T 08 F /€T €6 F €T L7221 09798 16 F GvT 0T ¥ 99T SLFETT 6EF 16 6TT FE€VT 16 ¥ L0T ‘SOpLIBAIBLI L
Ip/Buw
[ A4 9T ¥ 89 9T ¥ 9§ YT+ ¥S YT +E€S ST+ %9 9T+ €S €T+ 09 ST ¥99 ST+ %9 YT+ €S ST+€S ‘|oJ31s3|0yd 1aH
Ip/Bw
LEFLET C¢EF8ET GEFTET 9¢ F GET 8 ¥ 19T 9€ ¥ /2T 9€ F 2T oY ¥ TGT GEFCET ZEFLET Y€ FGET 7€ ¥ 61T ‘losaissloyd 1A
Ip/Bw
S + G 1€ ¥ 9T¢ Sv +9¢¢ T+ v1¢ v ¥ 6€¢C ¢y ¥ 80¢ v ¥ €2¢ v ¥ 12¢C ov + €1¢ TEFTCC oY + 91¢ LE +€E6T ‘|o1ais8loy [e10 L
8¢ 0 (014 0S 6S 99 14 18 9g 29 8T €9 % ‘19puab afewad
6 + 08 9 ¥ 69 8 + 69 €T+ 09 9+89 LT¥EV 0T+T19 TT¥29 9T ¥ 89 9+ 08 0T ¥ ¢S 0T ¥ 8¢ sieak ‘abe uesiy
JON SOA SAA SOA SOA SOA 9S9A SOA SOA SOA SIA SOA spidi) Bunse
N puejuI pueju4 puejuI uspams Aren pueluId  PUE|UI] ‘USPOMS Ay oueld 3N sn  pubuojo Anunod
- - - - - 8G65'25¢2'2 298'L1¥'2 996'T9€'2 680'T91'C 6G2'067'2 €6/'1SV'C 08T'SEV'C SANS pamndwi ‘oN
SdNS padAlousb
14 [AS] A 09 99 65€°9GE 18G'70€ 8/8'86€ STT'v8Y 288'76¢ €LL'vIE GI8'CEY Apoalip 'oN
) Mg euswsjddns
uepybeL wouanbag wouanbag wousnbag  ue\bel ‘wousnbag 0°S XUIBWAKY  MLTIE eurwny|| 0'S XIBWAKY 0SS euiwnyy| SZTE BUILN| 20°G XLIBWAYY ‘0 XUPBWAYY  wiojeld BuidAjouss
2al)
uonaseul
|e1piedoAw
‘$10.0U0D 331) salaqeIp 3014 S313qRIP 3811 S313qEIP
‘uonasesul '$101U02 '$]01U02 'S]01U02
[e1pIeo0Aw 10Yod ‘se1aqeIp 10y0d 10y0d 10Yod ‘se1aqeIp ‘se1aqeIp 110402 10Y0d 110402 10y0d awiayos
‘sase)  paseq-Alunwwo) Z adAy ‘'sase)  paseq-uone|ndod paseq-Alunwiwo)  paseg-Alunwwo) 2 9dA) ‘sase) zadA) ‘'sase)  paseq-Alunwiwio)  paseq-Alunwiwo)  paseg-Alunwiwo)  paseq-Alunwiwo)d JUBWIUIBLIBISY
16V'2 ¥9L'€ vee'e ov6'L 61S'S v8T'Yy 7/8'T 929'¢C ZET'T 19S'T 0S0‘T fora A u
SISl gWIS1aW  gzabes NoIsnd qL6>SIENIH qOO-0an VINIpfes NoISN4 190 ILNVIHOUI XVYINIANS dod 1707 eSHA Apmis
S3IpN3s uojeolde s g abels SSYMD T abeis V5] =Tq
salstie1oe reyd ueddilred pue ubsep Apnis
T9lqel

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 June 07.



Page 18

Kathiresan et al.

"UOIDJRJUI [RIPIBI0AW JO 991) S|0J3U0D UO AJUO Paseq aJe sanfeA apLiadk|bu I

'so|dwes Bunsejuou uo painseaw Aoalip asem sadArouayd pid] 88.yp |[e ‘UoNDJRIUI [RIPILIOAW JO 8314 S|OJIUOD 10 “PaZAJeUR 10U 819M SaPILIRdAIBLI ‘pazAjeue pue painsesw AJJ0a.1p a1am |0131S8|oyd JaH Pue TdT ‘sased 104 ‘Bunsejuou alam sajdwies uoo_m_x

‘U ¥ 9 40 8w Bunse) ueaw YIm ‘Y 1 1ses| Je 10} 1se) 0} PRIONISUI 819M S[eNPIAIPUL ‘/6MSIINI- :_m
*Ansaoue ueadoin3 paliodai-4[as JO a1aMm PaIpnIs SjenplAIpul __<n
'$90Ua10S Uabajiad Aq padAlouab pue paubisep Aelie apim-awoush paziwoisnd e Buisn £zf pue ‘0°g X1sWANY Buisn padAlousb aiam sfenpiAipul Rou

® Europe PMC Funders Author Manuscripts ® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 June 07.



Page 19

Kathiresan et al.

(€00) €20 20T 9V 747 @9zt v6.'6T pe0TxZ  6168/92TS!  Teds  aH
(z0'0) s2'0 2(2e0) 1 7] (1) 9¢ v6L'6T a0 x ¥ 6€5eLTSI  €TPOT  1aH
(¢00) 60°0- (610)0°L 6150d Mot 629'6T g0Tx Vv 0TG902TTs!  ¢edT a1
(¥00) 50°0- 290001 ¥X89d ‘2d 710 ‘NVIN (81) €05 879'6T g0Tx2Z 696T0Y0TS! €Td6T  1Q1
(z0'0) L0'0 (8e'0) LD HOONWH () oLy 879'6T a0Tx8  €999pgess  €Thg a7
(¥0°0) 92°0- 2(T0) L' y7a7 (1) og 879'6T 00T xZ  0Z.T1G98) €Td6T 1T
(90'0) 62°0 20T0) 9V 200dV-+20dV-120dV-30dV () 6L 188'TT 20T xv  8egoeyysl €Ib6T 1@
(c00) 910 2020 L' 804V M v1e 8v9'6T 60T x G GETSTSS!  vedz Q@7
(z00) £20- o(tzo) L'D TLHOS ‘TOHSd ‘Z4S T30 (v) s8 8v9'6T w0TxZ  pie0pszTs!  €1dT a1
9JUBPIAS Uoljeldosse ‘_o_‘a IAIIUIBP YHIM 1207
(20'0) ¥0'0- (8’0 9'V ZTIOVNV-98XX (¥) 055 gee'ee g0Tx€  ZIV6T8LSI €208 oL
(200) L0'0 (6100 'L dL7d (9) TvT 195'8¢ 10T x L 6.9/81  €Tboz oL
(c00) 90'0 (ec0)0'L £SQv4-25av4-1Sav4 () v8 9v8'8e 70T x 2 LYSpLTSI  ZIbTT ol
(¥0'0) 2T'0- 20T0) LD r1LdONY () gsT 15T'SE ¢0TxT  G09/96¢s! €Td6T  1QH
(20'0) L0°0- (61°0)0 'L dL7d (9) 7T 8vz'ov e0T x ¥ 6.9/81 €Tboz  1aH
(S0°0) 6T°0- (€00) LD VoINH M e v1L'0e 00T x8  T96008Ts! €Tboz  TAH
(€0'0) 800 (cro)o'L g6£0.11 (1) 55 vIv'or or-0T X € v9ETLYSI  czde  1aH
(€0'0) L0'0 (Tro)v'o WAZoNi (s2) 029 96'TE er-0Tx6  €6¢TLges!  ¢zbot  TaH
(20'0) 60°0- (ec0)0'L £SQv4-25av4-1sav+ () v8 0ge'0y 70T x¢ LySpLTsI ZIbTT  1aH
(200) L0'0 (9e0) v 2 VIINH (e) et ove'6e g0TxZ 00005928 vebeT Q7
(20'0) 90°0- 2(2e0) 1 g=vw (0) voT G68'8Z 0T x¥  6G020T9S! ¢TbOZ  1Q7
(20'0) L0°0- (L0090 THONVH-+ANIL (2) esT 08Z'/2 0T xT  806TOSTS!  €2hbs  11d1
(200) STO 2(2e0) L' 8908Y @ 95v'eZ 20T x2Z  €Uppsost  Tedz a7
pSdNS UoLIWod painuep! AjveN

g(ues) (4VIN)9PIfe Joul ‘P Jofely  [PAIBIUI POTEINOSSE JESU JO UMM B301U Jo (Slpteg (P RIU! UM SILeh 40 -ou) 9z uotierosse

op|fe Joulw Joyazss 1043

COTRUIND 526 100JP SH

O 9215 [eABlUl PRTRI0SSY

a|dwres z + T abels pauiquod

2 + T 9bess paulquiod Joj d

dNS

"Iyo

el

® Europe PMC Funders Author Manuscripts

SuoITe 11usouod uR10Jdodi| poo|q Y1im pareinosse a e swsiyd JowA|od UOWWOD 8 BUM 190] 211BUS9)

¢?olqel

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 June 07.



Page 20

Kathiresan et al.

"SJNS UOWWO0J 10} 89UBPIAS SARIULISP 8PIACID 9M ‘190] XIS 353U} 104 "SNS UOWW0d
10§ BOUSPIAG [BINSIEIS 1SAPOLU SWOS 1Se3] Je SI a1ay) ‘XIS Bulurewal ay) 104 "sUoNeUudU0 Utajoidodi| POO|q Yim UONEBIDOSSE 10} 3OUSPIAS [eINSHEIS JoLd OU SI 81aU) ‘CTTOVNY-94MX PUBGEEDLL ‘€SAYH-ZSAVH-ISAVH ‘G4VN TYIAVH-#AWIL) 190] 853U} JO 8Al) 104

7%

“21ep dNS paInduwi Wouy PaALIBP ale SANS 8say) 10} sHnsay,

"pajapow aja|je ay3 4o Adod Jad (siusuodwiod fediounid sanewlouI-Aiisaoue us) pue zabe ‘abe Jo) uswisnipe Jaiye sisAjeue palyiIelIs-Xas & Ul) SHUN "p's Ul painsesw s[aAs| pidi| ul aBueyd sjuasaidal Yaiym uaidiggaod-g si umoys azIs 199443

q

"pajapoLL SeM dNS Uoea Je 9[3][e Jouiw 3y pue ‘umoys aJe (2'9€ pling |9ON) 22uanbas 30usIayal sWOUSH uewNyY U JO PURLS PJEAIOS 3U) U0 dN'S U 1oy s3]V "sasodind aAlrensn)|1 oy pajussaid aie ‘saipms T abels ayp 40 1sabe] 8yl ‘SH4 dY WOIY UONIBIIP pue dZIs way3,

*Kouanbauy a]a]|e JouIW ‘4\/|Al ‘BWOoSoWoIyd “1yD

(20'0) 50°0- 2(€€0)0'Y E1LdONY (e) soe v€8'6T ;0T x€  €566880TS  TEdT oL
(€0°0) TT'0- 200 LD ¥X8d Zd 710 ‘NVON (ST) 8 0v8'6T 0T x ¥ GgGoTeLTs)  €Td6T oL
(z0'0) 80°0- 2cz0) o'V godv (1) 6v1 0v8'6T a0Tx6  90/68/s1  vedz oL
(€0°0) 9T 0- Flaa0loRY TdIXTN (9) ¥se 0v8'6T 0T X€  Zgoviesi 1T, 9L
(zo0) TTO- 2(rv'0) L'V 18141 (0) ¢ 0v8'6T e-0T X € 620vS6Es!  vebs ol
(200) ZT'0 20 L' Yo} (22) sov 0v8'6T ©0TxZ  ozeogelsi  ggdz oL
(€00) 520 20T D'V 7d7 (1) gzt 0v8'6T w0TxZ 6168/9¢Ts!  Teds o1
(€0°0) 080 2T'0) 90 SYOdY-#YOdV-£20dY-IVOdY (e) 8eT 0v8'6T 200Tx¥  v8IPOES! €2bIT oL
(c00) S0°0- (or0) o'V ZINTVO (1) €5 ¥6.'6T g0TxV  ¥T69Y8ySI  gybT  1aH
(20'0) 80°0- 2920 L'D vogy (M 8y T.E'6T 0TxT  Ggoessrs)  Tebe  1aH
(20'0) L0°0- (sr'0)0'9 NN GV (g) gt1e €6L'6T or0TxT  p0T8EEeS! bzl  TaH
(€0°0) LT0- 2r10) 90 SYOIV-#VOdV-E20dV-TVOdY (e) 8eT v6.'6T a0TXT  v8Tp96SI €2bTT  1aH
(c00) v1°0- (ro Lo 9dI7 (1) gzt G8.'6T o-0Tx .  €886€6KSI TZbgT  T1AH
(zo0) 0T'0 200 LD odI7 (0) v v6L'6T 0T x8  LT089¥0TS! ¢gbsT  TaH

pSdNS UOWWOD paljiuep! AjveN
m_mﬁow:_s 10}8z5s 19Y3 (dv W) 8Pl Joulw ‘Bp|fe JofeN  [eAeIUl PBTRIOOSSE JesUl JO UIYIM 1S8.81Ul JO (S)eueD) A%\_, Mm_ mﬁ?&%mm%% aldwes z + wawm pouIqwo) Z + T 9bers Bc_mm%_o_waw.m dNS o el

pSOTeWIISS 9ZS 19949 SHA

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 June 07.



Page 21

(N30 dedeH Ul yTOBEEZS! UNM T = /) $088S0ZSI SeM [9A8] 1dLIISUEL) JaAI] YNIM Pateloosse dNs,

(N30 dedeH Ul y/80v22TSI UM T = /) 92/919S) Sem [a8] 1dLIISUEL) JSAI] UNIM Pate1oosse azmQ

(N30 depydeH ul JySy/TSIYIM T = Nc G/220TS] sem [9A3] 1dLIoSUBI) JBAI| YIIM PajeIdosse dNs,

Kathiresan et al.

-+ 130T X ¢ o'V €06 ETLdONY
-+ 12-0T x ¢ o'V 256 X004 ELTdONY T€dT ol €G€6880TS1
+-'9 er-0T x ¥ o'V 196 avnn AW ‘GYWN bzt 1aH o¥0T8EECS!
+5-°L 0s-0T x 9 oL 24ST30
+-'0 1p2-0T X o'L 1085d
+'L 2z-0T x ¥ 21 96 1140S TLHOS ‘TOMSd 2&STI0 eTdy 1an qvLEQVLCTSI
+-'0 g-0T x € 21 GG6 6011 86011 Zeds 1daH V9ETLYSI
-+l 91
+4 L g-0TxT oL G¢6 £sav4 1aH
-l ol
+4+L 0T x§ 2L ev6 1sav+ £Sav4-2sav4-1sav4 ZIb1T glel] pLySyLTS)
+-'0 6-0T x ¢ 1 €V6 SYIHATV
+-'L g1-0T X ¢ 10 056 adI7 dIT 2ehst 1aH LT089¥0TS!
-+l 91
++ L 11-0T x 9 2L G88 dlld dl7d ethoz 1daH 629781
uo Uw_ﬂ\%,._oﬂ__w___ﬁo:u pra| 1d1iosue ly E:ow.m%_“ BAI|
‘o] 1dioste ) BAI| Y1IM0UBpINS U1IM paTeIoosse buw___amhm.wz joquifs aueb 1d1osue. | R>Qﬂ%¢ﬂﬂﬂcﬂﬂ%ﬂ%ﬁm snoo  Mesipidil NS perelosse-pidi]
UO 103445 JO U011 1P uolyeloosse 104 d dNS lojsop|e
‘poppow dp||v Joujw ‘Jofe

® Europe PMC Funders Author Manuscripts

BAI| vewny uispas| 1diiosue . yumswsiydiowAjod pidi| perepifea jo uoireioosse buloe-sio

€9lgel

® Europe PMC Funders Author Manuscripts

Nat Genet. Author manuscript; available in PMC 2010 June 07.



