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Abstract Although genome-wide association (GWA)

studies have provided valuable insights into the genetic

architecture of human disease, they have elucidated rela-

tively little of the heritability of complex traits. A signifi-

cant part of the missing heritability might be explained by

rare combinations of common SNPs. We hypothesized that

epistasis among 15 genes (148 SNPs) involved in lipo-

protein metabolism would influence HDL-cholesterol

(HDL-C) and LDL-cholesterol (LDL-C) levels. Using

SNPwinter software with the various epistatic models, we

identified 58 association signals with HDL-C levels for

SNPs in eleven genes and 118 associations with LDL-C for

SNPs in fourteen genes. These associations were discov-

ered in the urban Ansan cohort (n = 4,102) and replicated

in a rural cohort (n = 3,434), the Ansung. We found rep-

licated associations with new genes (SOAT1, APOB,

HMGCR, and FDFT1 for HDL-C, and SOAT1, FDFT1,

LPL, SQLE, ABCA1, LRP1, SCARB1, and PLTP for LDL-

C), in addition to those (CETP, LIPC, LPL, ABCA1, PLTP,

SCARB1, and LRP1 for HDL-C, and CETP, LIPC, LDLR,

APOB, CYP7A1, and HMGCR for LDL-C) identified by

GWA studies, through investigating pairwise interactions

between candidate genes of biological and clinical impor-

tance. Interestingly, we found that some genes were more

likely to be involved in epistatic interactions (ABCA1 and

LIPC for HDL-C, and ABCA1, SCARB1, and LIPC for

LDL-C).
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Introduction

High LDL-cholesterol (LDL-C) levels and low HDL-cho-

lesterol (HDL-C) levels are risk factors for cardiovascular

disease (CVD) (Aguilera et al. 2008; Jacobs et al. 1990),

and the likelihood of coronary heart disease development

can be determined from their levels (Assmann et al. 2002).

However, although statins can be used to aggressively

reduce LDL-C levels, significant cardiovascular risk

remains and, therefore, HDL-C levels have also been tar-

geted to prevent and treat CVD (Auer et al. 2004; Singh

et al. 2007). Extensive research has provided evidence that

increases in HDL-C reduce the risk of CVD (Barter et al.

2007; Belalcazar et al. 2003; Gordon et al. 1989; More-

house et al. 2007). In addition, the use of genetic screening

could be useful to guide selection of lipid-lowering
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therapy, as it has been shown that individuals carrying

heterozygous genotypes at two HMGCR SNPs may have

significantly smaller reductions in LDL-C levels than those

with homozygous genotypes when treated with pravastatin

(Chasman et al. 2004).

Epistasis is defined as a departure from a linear model

that describes the relationship between a phenotypic result

and two or more predictors (Cordell 2009). It has been

recognized that epistasis in complex trait studies is a

common phenomenon (Carlborg and Haley 2004; Cordell

2009), and evidence for epistatic interaction between QTL

(quantitative trait loci) for body mass index (BMI) and

HDL-C levels, respectively, was reported (Ma et al. 2012;

Wei et al. 2012).

Cordell (2009) examined the methodology and related

software tools used to detect epistasis between genetic loci

contributing to human disease, which can also provide

information about underlying biological and biochemical

pathways. PLINK (Purcell et al. 2007) was selected as the

most computationally feasible tool as, of the methods

investigated, it provided the clearest statistical significance

through a semi-exhaustive search of two-locus interactions

(Cordell 2009). Unfortunately, however, the PLINK tool

can currently only test allelic interactions.

Epistasis of associations with human BMI was investi-

gated through exhaustive two-locus genome scans and a

number of epistatic interactions could be replicated (Wei

et al. 2012). An interaction effect on HDL-C levels between

HMGCR and a locus near LIPC was identified through

knowledge-driven analysis and was replicated in a number

of independent multiple-ethnic populations (Ma et al. 2012).

Although genome-wide association (GWA) studies have

provided valuable insights into the genetic architecture of

human disease, they have elucidated relatively little of the

heritability of complex traits; for example, only 5.2 and

5.7 % of the heritability of HDL- and LDL-C, respectively,

has been explained in this way (Kathiresan et al. 2008;

Manolio et al. 2009). One strategy to identify factors

underlying the missing heritability is to investigate epis-

tasis among genes (Eichler et al. 2010; Manolio et al.

2009). A substantial proportion of the missing heritability

may be due to rare combinations of common variants,

rather than individual common or rare variants (Eichler

et al. 2010).

We used statistical replication to detect the most reliable

results in single locus and epistasis tests of associations

with HDL- and LDL-C levels, and based on the results of

this analysis, we focused on two key questions: (1) would

epistasis among 15 genes (148 SNPs) involved in lipo-

protein metabolism influence HDL-C and LDL-C levels;

and (2) could the patterns of their epistatic interactions

differentiate between HDL-C and LDL-C according to

different pairwise interaction models?

We used a novel method employing our in-house

developed software, ‘SNPwinter’, to detect epistasis

between two loci. In our previous work, we used the

classical stratified analysis technique to detect epistasis

between two genetic variants associated with premature

ovarian failure (Kim et al. 2011a, b; Pyun et al. 2012). This

technique has also been used to detect gene-environment

and gene–gene interaction (Morgan et al. 2009; Perdigones

et al. 2010; Zhou et al. 2012). The SNPwinter method

extends the analysis of epistasis used by PLINK, which

uses only an allele-(additive)-by-allele model without the

adjusted terms, facilitating nine epistatic models with the

adjusted terms where many more pairwise interactions are

considered. Besides the three typical epistatic models

(additive-by-additive, dominant-by-dominant, and reces-

sive-by-recessive), we added six further models (additive-

by-dominant, additive-by-recessive, and dominant-by-

recessive, and their reversed counterparts), which can be

considered relevant models in biological or functional

epistasis.

We used SNPwinter to investigate the impact of epis-

tasis among 15 candidate genes (148 SNPs) involved in

lipoprotein metabolism on HDL-C and LDL-C levels in a

Korean population consisting of 7,536 individuals. The

urban Ansan sample (n = 4,102) was used as the discovery

cohort for detection of pairwise interactions, and replica-

tion was performed in the rural Ansung cohort (n = 3,434).

Materials and methods

Subjects

The population data used in this study was provided by the

Korea Association Resource (KARE) project, from the

Korean Genome Epidemiology Study (KoGES), which was

conducted by the Korean National Institute of Health

(KNIH). The study protocol was approved by the Institu-

tional Review Board of KNIH and written informed con-

sent was obtained from all participants. A cross-sectional

analysis of samples from urban and rural communities in

Korea was conducted. The populations examined (Cho

et al. 2009) were recruited from rural (Ansung) and urban

(Ansan) communities in South Korea that were part of the

KoGES established in 2001. There were 5,018 subjects

from the Ansung and 5,020 from the Ansan community

included in this study. The age of the participants ranged

from 40 to 69 years. A total of 8,842 subjects remained

after selection of samples for quality control purposes (Cho

et al. 2009). An additional 1,306 subjects who were

undergoing treatment for hypertension, diabetes, myocar-

dial infarction, or hyperlipidemia were excluded from the

study, since therapy for these conditions could influence
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LDL-C or HDL-C levels. A detailed list of the character-

istics of the study participants is shown in Table 1.

Genotyping

Genotype data from all 148 SNPs was available to the

research community through the KARE project from

KoGES and was included in this study. Genotyping of

samples from the Ansung and Ansan cohorts was per-

formed using the Affymetrix Genome-Wide Human SNP

Array 5.0 (Affymetrix Inc., Santa Clara, CA, USA) with

genotype calling using the Bayesian Robust Linear Model

with the Mahalanobis distance genotype calling algorithm.

SNPs were filtered if any of the following criteria were

met: (i) a call rate lower than 95 %; (ii) a minor allele

frequency (MAF) lower than 0.01; or (iii) a significant

deviation from the Hardy–Weinberg equilibrium (HWE;

P \ 1 9 10-6).

Biochemical measures

Biochemical data from the KoGES were obtained through

the KARE project. Blood samples were collected from the

participants after at least 8 h of overnight fasting. For the

Ansung and Ansan cohorts, serum HDL-C concentration

was measured with the Advia 1650 analyzer (Siemens,

Tarrytown, NY, USA). LDL-C values were calculated

using the equation formulated by Friedewald et al. (1972)

for individuals with triglycerides levels lower than

400 mg/dl.

Statistical analyses

To examine possible associations between genotypes (148

SNPs and their pairwise interactions) and phenotypes

(HDL-C and LDL-C levels), linear regression analyses

were conducted with adjustments for age, sex, and BMI in

the Ansan and Ansung cohorts (with the addition of geo-

graphical area in the combined cohort). Log transformation

was applied to HDL-C (but not LDL-C) level values to

normalize their distribution. Results obtained from the

Ansan cohort were tested for replication in the Ansung.

Replications were confirmed if P \ 0.05, given that only a

single replication test was required. Replicated results were

reconfirmed in the combined cohort.

Statistical analyses were performed using ‘SNPwinter’

for epistasis testing and ‘SNPassociator’ for single locus

testing. Both programs were implemented with Python

version 2.7.1 and R version 2.15.1. Considering a pair of

SNPs denoted as SNP1 and SNP2, the following genetic

model was considered:

y ¼ b0 þ b1S1 þ b2S2 þ b3S1 � S2 þ AT þ e

AT Adjusted termsð Þ ¼ a1x1 þ � � � þ akxk

where y is a quantitative trait in linear regression or a

binary trait in logistic regression, and b0 is the intercept

coefficient, b1 and b2 are the main effect coefficients at loci

1 and 2, respectively, b3 is the interaction coefficient, a1 … ak

are the covariate coefficients, and e is the error term. Our

tool, SNPwinter, uses nine pairwise interaction models.

First, using an additive-(allele)-by-additive interaction

model, each genotype was coded as values (0, 1, or 2)

according to the number of minor alleles at loci 1 and 2,

respectively. Second, using a dominant-by-dominant

interaction model, genotypes at both loci were coded as ‘1’

if they had at least one minor allele and as ‘0’ otherwise.

Next, using a recessive-by-recessive model the genotypes

at both loci were coded as ‘1’ if they were minor allele

homozygotes and as ‘0’ otherwise. Finally, each genotype

at both loci was coded as described above, using additive-

by-dominant, dominant-by-additive, additive-by-recessive,

recessive-by-additive, dominant-by-recessive, and reces-

sive-by-dominant models.
Our approach has two main procedures. The first pro-

cedure is to code genotypes according to a selected one of

nine interaction models. The second procedure is to cal-

culate two-way interactions using linear or logistic

regression a user select with adjusted terms. SNPwinter

Table 1 Characteristics of the

subjects included in the KARE

project

Data are represented as

mean ± SD, or as the observed

number followed by its

corresponding percentage

BMI body mass index, HDL

high-density lipoprotein, LDL

low-density lipoprotein

P values from a Student’s t test

or b Fisher’s exact test

KARE project

Ansan Ansung P value Total

(n = 4,102) (n = 3,434) (n = 7,536)

Age 48.2 ± 7.4 54.8 ± 8.8 5.2 9 10-247a 51.2 ± 8.7

Gender

Male (%) 2,104 (51.3) 1,534 (44.7) 1.1 9 10-8b 3,638 (48.3)

Female (%) 1,998 (48.7) 1,900 (55.3) 3,898 (51.7)

BMI (kg/m2) 24.5 ± 2.9 24.2 ± 3.2 7.3 9 10-7a 24.4 ± 3.1

Lipoprotein levels

HDL (mg/dl) 45.0 ± 9.9 45.1 ± 10.3 0.9a 45.0 ± 10.1

LDL (mg/dl) 120.6 ± 31.4 109.0 ± 31.0 2.8 9 10-55a 115.3 ± 31.8
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implemented generalized linear models (GLMs) using the

‘glm’ module in the R package to perform genotypic

association analysis in the nine different pairwise interac-

tion models. The GLMs make it possible to use various

regression models by extending the familar regression

models like linear models. It is freely available to down-

load from the website http://code.google.com/p/snpsinter

actor, and is supported on Linux and Windows.

The IMPUTE program was used for SNP imputation

(Marchini et al. 2007). A reference panel from Interna-

tional HapMap (phase II/release 22/NCBI build 36 and

dbSNP build 126) data consisting of 2.2 million SNPs from

Japanese and Han Chinese individuals was utilized as a

template for inferring untyped genotypes. Imputed SNPs

with low quality were eliminated according to the follow-

ing criteria: (i) low genotype information content (infor-

mation lower than 0.5), (ii) a posterior probability score

lower than 0.90, (iii) a call rate lower than 0.95, (iv) MAF

lower than 0.01, and (v) a HWE P value lower than

1 9 10-6.

Results

All 148 SNPs across 15 candidate genes, available to the

research community through the KARE project, from the

KoGES, were investigated. The selected genes had roles in

mediating the impact of statins on hepatic cholesterol

metabolism, and consequential impacts on plasma lipo-

protein transport (Klein et al. 2001). The features of the

included genes are summarized in Supplementary Table S1

and have been described previously (http://www.gene

cards.org/). The characteristics of the subjects included in

the study are presented in Table 1. Supplementary Tables

S2–S3 show the single locus association results of 148

SNPs in Ansan (n = 4,102), Ansung (n = 3,434), and

combined cohorts (n = 7,536) with HDL-C and LDL-C

levels, respectively, in additive, dominant, and recessive

models. Supplementary Tables S4–S9 contain the results of

replication analyses of the single locus associations with

HDL-C and LDL-C levels in the three models. All SNPs

replicated in both dominant and recessive models also

showed association in the additive model in the single

locus tests. The genes with replicated associations with

HDL-C levels were LPL, ABCA1, LIPC, and CETP, and for

LDL-C they were HMGCR and LDLR.

All possible pairwise epistatic interactions were scanned in

the Ansan cohort and investigated for replication in the Ansung.

The number of tests of association for epistatic effects in the

Ansan was 97,902 for HDL-C and LDL-C levels, respectively.

No SNP pairs withstood the Bonferroni-corrected threshold

(P \5.1 9 10-7). Nevertheless, using the consensus threshold

(P \0.05), 58 and 118 results for HDL-C and LDL-C,

respectively, were replicated in the Ansung cohort using the

nine epistatic models (Supplementary Tables S10–S11 and

Figs. 1, 2, 3, 4). The figures illustrate epistatic interactions

between pairs of genes using data extracted from SNP–SNP

interactions determined using all nine epistatic models. Fig-

ures 1 and 3 illustrate pairwise interactions separated by the

nine different models for HDL-C and LDL-C, respectively.

Although only four and two of the 15 candidate genes were

found to be associated with HDL-C and LDL-C, respectively,

in single locus tests, pairwise interaction tests identified 11 and

14 of them, respectively. Interestingly, the number of epistatic

interactions (14 genes and 19 links between them) associated

with LDL-C was greater than those with HDL-C (11 genes and

15 links between them), while the number of genes associated

with LDL-C in single locus tests was just half of that with HDL-

C. Figure 1 illustrates the seven genes and six links (six gene–

gene interactions) associated with HDL-C detected under the

additive-by-additive model and also exactly the same results

under the dominant-by-dominant model. Three genes

(HMGCR, APOB, and FDFT1) and two links (HMGCR vs.

APOB and FDFT1 vs. LPL) were newly detected as associated

with HDL-C levels in the recessive-by-recessive model, with

one more link (ABCA1 vs. FDFT1) in the additive-by-dominant

model, a new gene (CETP) and three new links (LIPC vs.

CETP, LIPC vs. PLTP, and SCARB1 vs. ABCA1) in the addi-

tive-by-recessive model, and new links in the dominant-by-

dominant (CETP vs. ABCA1), dominant-by-additive (APOB

vs. CETP), and recessive-by-additive (PLTP vs. SOAT1)

models. Figure 3 shows the seven genes and four links asso-

ciated with LDL-C detected under the additive-by-additive

model, three more genes (SACRB1, CETP, and FDFT1) and

three more links (SCARB1 vs. LIPC, CETP vs. ABCA1, and

FDFT1 vs. ABCA1) were detected in the dominant-by-domi-

nant model, another gene (LRP1) and two more links (LRP1 vs.

LIPC and LRP1 vs. LDLR) in the recessive-by-recessive model,

a new gene (SOAT1) and four new links (SOAT1 vs. SCARB1,

LIPC vs. ABCA1, LIPC vs. LDLR, and SCARB1 vs. HMGCR)

in the additive-by-dominant model, a new gene (CYP7A1) and

two new links (SCARB1 vs. CYP7A1 and APOB vs. FDFT1) in

the additive-by-recessive model, three new links (FDFT1 vs.

SCARB1, LIPC vs. HMGCR, and SCARB1 vs. ABCA1) in the

recessive-by-additive model, and a new gene (LPL) and a new

link (APOB vs. LPL) in the recessive-by-dominant model.

The best replicated pair were rs4652363 (SOAT1) -

rs10773111 (SCARB1) in the dominant-by-dominant model

for HDL-C levels. The epistatic interaction in the com-

bined cohort was shown with a 0.082 mg/dl decrease per

the unit value of S1�S2 in the multiple regression model

(P = 3.54 9 10-5). For LDL-C, the best replicated pair

were rs7025776 (ABCA1) - rs11631342 (LIPC) in the

recessive-by-additive model, and showed the epistatic

interaction with a 12.9 mg/dl increase per the unit value of

S1�S2 (P = 1.21 9 10-4) in the combined cohort.
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Discussion

Using SNPwinter software developed in-house, we identi-

fied 58 replicated pairwise epistatic association signals

with HDL-C levels in eleven genes: SOAT1, APOB,

HMGCR, FDFT1, LPL, ABCA1, LRP1, SCARB1, LIPC,

CETP, and PLTP (Supplementary Table S10). For LDL-C

levels, 118 replicated pairwise associations in fourteen

genes (SOAT1, APOB, HMGCR, FDFT1, LPL, CYP7A1,

SQLE, ABCA1, LRP1, SCARB1, LIPC, CETP, LDLR, and

PLTP) were identified (Supplementary Table S11). Nota-

bly, the two genes, ABCA1 and LIPC, were identified as

contributing to many pairwise interaction effects (six and

four links, respectively) influencing HDL-C levels (Fig. 2).

For LDL-C, the ABCA1, SCARB1, and LIPC genes pro-

vided multiple epistatic effects (six links each) (Fig. 4).

Interestingly, considering the fact that in single locus tests

the number of the genes with the replicated associations

Fig. 1 Pairwise genetic interactions associated with HDL-C levels in

the various models. Pairwise genetic interactions, produced separately

by the nine different epistatic interaction models, between the SNP

pairs of 11 genes involved in lipoprotein metabolism, which are

associated with HDL-C levels in the urban Ansan cohort and

replicated in the rural Ansung cohort, are illustrated. The nine models

are additive-by-additive, dominant-by-dominant, recessive-by-reces-

sive, additive-by-dominant, additive-by-recessive, dominant-by-

recessive, dominant-by-additive, recessive-by-additive, and reces-

sive-by-dominant
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with LDL-C was half of that with HDL-C, the genes

commonly involved in epistatic interactions were more

frequently identified as associated with LDL-C than HDL-

C levels.

It was reported that the bulk (*93 %) of disease- and

trait- associated variants emerging from hundreds of

GWAS lay within noncoding sequence, and 76.6 % of all

noncoding GWAS SNPs either were within regulatory

regions (57.1 %) or were in complete linkage disequilib-

rium (LD) with SNPs in the regulatory site (19.5 %)

(Maurano et al. 2012). In the present study, the many

epistatic SNPs associated with HDL-C or LDL-C were also

clearly within regulatory regions of SOAT1, HMGCR,

CYP7A1, SQLE, CETP, and PLTP genes as investigated in

the LD blocks containing epistatic SNPs. After investi-

gating whether the SNPs identified in this study were in

regulatory regions or were in strong LDs with the regula-

tory region, using the UCSC Genome Browser, we found

that many blocks containing epistatic SNPs overlapped

with promoter and/or enhancer regions as shown in Sup-

plementary Figs. 1–14. In addition, the epistatic SNPs in

LIPC, SCARB1, LRP1, ABCA1, and FDFT1 genes might be

within regularoty or coding regions. On the other hand, the

remainder of epistatic SNPs were within coding regions of

LDLR, LPL, and APOB genes, some coding SNPs of which

could lead to an amino acid change.

The lipid metabolism genes apolipoprotein B (APOB),

cholesteryl ester transfer protein (CETP), and LDL recep-

tor (LDLR) have been evaluated in clinical studies

addressing pharmacogenetic interactions with statins

(Chasman et al. 2004). In this study, all three of these genes

(APOB, CETP, and LDLR) had replicated signals in the

epistatic interaction tests for HDL-C and LDL-C, respec-

tively, while only each gene (CETP for HDL-C, and LDLR

for LDL-C) was replicated in the single locus associations.

The target of statin therapy is 3-hydroxy-3-methylglutaryl

coenzyme A reductase (HMGCR), and squalene synthase,

encoded by the FDFT1 gene, is an alternative target for

lipid-lowering therapy (Chasman et al. 2004). While in

single locus tests only the HMGCR gene association with

LDL-C levels was replicated, both HMGCR and FDFT1

demonstrated replicated interaction tests for HDL-C and

LDL-C, respectively. The four genes, CETP, LIPC, LPL,

and ABCA1, play a key role in both reverse cholesterol

transport and HDL metabolism (Singh et al. 2007). While

all of them were replicated for only HDL-C levels in the

single locus associations, they, in the epistatic interaction

tests, had replicated associations for HDL-C and LDL-C,

respectively, demonstrating many interactions of the two

genes in particular (LIPC and ABCA1). GWA findings

(Kathiresan et al. 2008; Willer et al. 2008; Hegele 2009;

Aulchenko et al. 2009; Kathiresan et al. 2009; Teslovich

et al. 2010) have increased confidence in the significance of

the associations with genes identified in previous studies,

including, for HDL-C, those of CETP, LIPC, lipoprotein

lipase (LPL), ATP-binding cassette (ABCA1), phospholipid

transfer protein (PLTP), Scavenger receptor class B

member 1 (SCARB1), and LDL receptor-related protein 1

(LRP1), and, for LDL-C, CETP, hepatic lipase (LIPC),

LDLR, APOB, CYP7A1 (encoding cholesterol 7-alpha-

hydroxylase), and HMGCR. All GWA findings were rep-

licated in our pairwise interaction tests for HDL-C and

LDL-C, while only four (CETP, LIPC, LPL, and ABCA1)

and two (LDLR and HMGCR) genes were replicated in

single locus tests of association with HDL-C and LDL-C

levels, respectively. Of the 15 genes selected for this study

(Supplementary Table S1), the remaining four (SOAT1,

APOB, HMGCR, and FDFT1) for HDL-C and eight

(SOAT1, FDFT1, LPL, SQLE, ABCA1, LRP1, SCARB1,

and PLTP) for LDL-C have previously not reached gen-

ome-wide levels of significance for association with levels

of lipoproteins, despite their involvement in lipoprotein

metabolism. This is of particular note for FDFT1 as its

product, squalene synthase, is involved in cholesterol bio-

synthesis and has been nominated as a strong candidate for

lipid-lowering therapy. In this study, all of the remaining

genes showed replicated interaction associations with

HDL-C and LDL-C levels, respectively.

Given sufficient computing power, the SNPwinter could

be used for GWA studies using distributed computing to

tackle the huge amount of SNP data. PLINK is able to

perform calculations using large datasets very rapidly;

however, it only provides analysis of two-way interactions

based on allele-(additive)-by-allele model, which limits the

Fig. 2 Pairwise genetic interactions associated with HDL-C levels.

Pairwise genetic interactions between the SNP pairs of 11 genes

involved in lipoprotein metabolism, which are associated with HDL-

C levels in the urban Ansan cohort and replicated in the rural Ansung

cohort, are illustrated
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diversity of association analyses compared with SNPwin-

ter, which uses nine epistatic models. In addition to the

typical three models (additive-by-additive, dominant-by-

dominant, and recessive-by-recessive) explained in detail

(Cordell 2009), we added six more models (additive-by-

dominant, additive-by-recessive, dominant-by-recessive,

and the three reverse counterparts of these), which may

provide an indication of biological relevance in addition to

statistical significance. Our empirical results indicate that

the epistatic interactions identified using the new six

models are indeed better than those using the three standard

models for HDL-C and LDL-C levels, based on the number

of replications observed.

Although the 15 candidate genes investigated here are

involved in lipoprotein metabolism and the majority are of

biological and clinical importance, only four (LPL, ABCA1,

LIPC, and CETP) for HDL-C and two (HMGCR and

LDLR) for LDL-C were found to be replicated in single

locus tests, suggesting substantial missing heritability for

HDL- and LDL-C levels. However, we found replicated

associations in new genes, in addition to those identified by

GWA studies, through investigating pairwise interactions

Fig. 3 Pairwise genetic interactions associated with LDL-C levels in

the various models. Pairwise genetic interactions, produced by the

nine different epistatic interaction models, between the SNP pairs of

14 genes involved in lipoprotein metabolism, which are associated

with LDL-C levels in the urban Ansan cohort and replicated in the

rural Ansung cohort, are illustrated. The nine models are additive-by-

additive, dominant-by-dominant, recessive-by-recessive, additive-by-

dominant, additive-by-recessive, dominant-by-recessive, dominant-

by-additive, recessive-by-additive, and recessive-by-dominant
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between candidate genes using SNPwinter with the various

epistatic models.
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