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Abstract The known genetic variants determining plasma
HDL cholesterol (HDL-C) levels explain only part of its var-
iation. Three hundred eighty-four single nucleotide poly-
morphisms (SNPs) across 251 genes based on pathways
potentially relevant to HDL-C metabolism were selected
and genotyped in 3,575 subjects from the Doetinchem co-
hort, which was examined thrice over 11 years. Three hun-
dred fifty-three SNPs in 239 genes passed the quality-control
criteria. Seven SNPs [rs1800777 and rs5882 in cholesteryl es-
ter transfer protein (CETP); rs3208305, rs328, and rs268 in
LPL; rs1800588 in LIPC; rs2229741 in NRIP1] were asso-
ciated with plasma HDL-C levels with false discovery rate
(FDR) adjusted q values (FDR_q) , 0.05. Five other SNPs
(rs17585739 in SC4MOL, rs11066322 in PTPN11, rs4961 in
ADD1, rs6060717 near SCAND1, and rs3213451 in MBTPS2
in women) were associated with plasma HDL-C levels with
FDR_q between 0.05 and 0.2. Two less well replicated asso-
ciations (rs3135506 in APOA5 and rs1800961 in HNF4A)
known from the literature were also observed, but their
significance disappeared after adjustment for multiple test-
ing (P 5 0.008, FDR_q 5 0.221 for rs3135506; P 5 0.018,
FDR_q 5 0.338 for rs1800961, respectively). In addition
to replication of previous results for candidate genes (CETP,
LPL, LIPC, HNF4A, and APOA5), we found interesting new
candidate SNPs (rs2229741 in NRIP1, rs3213451 in MBTPS2,
rs17585739 in SC4MOL, rs11066322 in PTPN11, rs4961 in
ADD1, and rs6060717 near SCAND1) for plasma HDL-C lev-
els that should be evaluated further.—Lu, Y., M. E. T. Dollé,
S. Imholz, R. van ʼt Slot, W. M. M. Verschuren, C. Wijmenga,
E. J. M. Feskens, and J. M. A. Boer. Multiple genetic variants
along candidate pathways influence plasma high-density
lipoprotein cholesterol concentrations. J. Lipid Res. 2008.
49: 2582–2589.

Supplementary key words single nucleotide polymorphism • pathway-
driven approach • random coefficient model

Numerous clinical and epidemiological studies have dem-
onstrated an inverse and independent association between
plasma concentrations of HDL cholesterol (HDL-C) and
the risk of coronary heart disease (1). The most popular
mechanistic explanation has been that HDL functions in
reverse cholesterol transport, removing cholesterol from
peripheral tissues and delivering it to the liver for biliary
excretion and to steroidogenic organs for steroid hor-
mones synthesis (2). Although efflux of cholesterol from
macrophages represents only a tiny fraction of overall cellu-
lar cholesterol efflux, it is in fact, the most important with
regard to antiatherogenic effects (3). More recently, a vari-
ety of other functions of HDL have been described, primar-
ily based on in vitro assays, including anti-inflammatory,
antioxidant, antithrombotic, and nitric oxide-inducing mech-
anisms that could also contribute to its antiatherogenic ef-
fects (4, 5).

Current evidence suggests that blood lipids are complex
phenotypes, influenced by environmental and genetic fac-
tors. It has been well established that body weight (6), cur-
rent smoking habits (7), exercise (8), alcohol use (9), and
dietary fat intake (10) influence plasma HDL-C levels. Sev-
eral twin and family studies indicate that heritability esti-
mates for blood levels of HDL-C range from 24% to 83%,
with most studies in the 40% to 60% range (11). Mutations
in genes including ABC transporter A1 (ABCA1), apolipo-
protein A1, and lecithin cholesterol transferase (LCAT)
are implicated in rare mendelian forms of HDL deficiency
and familial hypoalphalipoproteinemia (12, 13). A muta-
tion in the cholesteryl ester transfer protein gene (CETP)

The Doetinchem Cohort Study was financially supported by the Ministry of
Health, Welfare and Sport of The Netherlands and the National Institute for
Public Health and the Environment. Y. Lu is funded by grant 2006B195 of
the Netherlands Heart Foundation.

Manuscript received 6 May 2008 and in revised form 27 June 2008.

Published, JLR Papers in Press, July 25, 2008.
DOI 10.1194/jlr.M800232-JLR200

1 To whom correspondence should be addressed:
e-mail: kevin.lu@wur.nl
The online version of this article (available at http://www.jlr.org)

contains supplementary data in the form of two tables.

Copyright © 2008 by the American Society for Biochemistry and Molecular Biology, Inc.

2582 Journal of Lipid Research Volume 49, 2008 This article is available online at http://www.jlr.org

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
0.DC1.html 
http://www.jlr.org/content/suppl/2008/08/07/M800232-JLR20
Supplemental Material can be found at:

http://www.jlr.org/


found in two Japanese siblings causes CETP deficiency and
extremely elevated levels of HDL-C (14). Findings from
candidate gene studies suggest that genetic polymorphisms,
including single nucleotide polymorphisms (SNPs) located
in CETP, lipoprotein lipase (LPL), hepatic lipase (LIPC)
(15, 16), and apolipoprotein A1/C3 (17) genes, are impor-
tant sources of genetically determined variation in plasma
HDL-C. However, they explain only a small part of the var-
iation. Most of the DNA sequence variants that contribute
to variation in plasma HDL-C levels in the general popula-
tion are still largely unknown.

Since low plasma HDL-C levels always cluster with other
kinds of dyslipidemia and also insulin resistance, in this
study, we extended the candidate gene scope and empha-
sized on the intricate links within lipid metabolic pathways
and also between glucose and lipid metabolic pathways
(18). We postulated that more genuine signals from the
genes that are involved in the metabolism of HDL-C could
be captured. The purpose of this study was twofold: first, to
survey genetic variants in a large number of candidate
genes in relation to plasma HDL-C levels; and second, to
investigate whether these associations could be modified
by traditional environmental factors, such as drinking, smok-
ing, and dietary fat intake.

METHODS

Study population
Our study was conducted in Doetinchem, a town in a rural

area in the east of the Netherlands. Random samples were taken
from the municipal population register between 1987 and 1991.
A total of 12,404 inhabitants aged 20–59 years were willing to par-
ticipate and underwent a first measurement (response 62%). A
subsample was reinvited for a second measurement between
1993 and 1997, and 6,100 participants were re-examined (response
79%). Between 1998 and 2002, a third measurement took place
and 4,917 participants were reassessed (response 75%). For each
survey, approval had been obtained from the Medical Ethics Com-
mittee. Informed consent was obtained from all participants. Over-
all, the Doetinchem Cohort consisted of 4,662 persons for which
three measurements were available. Participants who changed
their smoking habits (n 5 872), who had missing data on smok-
ing status (n 5 11), or who were pregnant at the time of mea-
surement (n 5 122) were excluded. Finally, 3,779 participants
met the inclusion criteria of this study. The design and detailed
methods have been reported earlier (19). The subjects were sur-
veyed on demographic, anthropometric, lifestyle information
(smoking, alcohol use, physical activity, and dietary habits), disease
history, and medications by questionnaires. A nonfasting blood
sample was taken from all participants; fractionated into blood
plasma, white blood cells, and erythrocytes; and subsequently
stored. A validated semiquantitative food frequency questionnaire
was used in the second and third surveys to assess the habitual
consumption of 178 food items during the previous year (20).
Nutrient and energy intake were quantified for each individual
using an updated computerized Dutch food composition table.

Laboratory assessment of HDL-C
Plasma HDL-C levels were assayed in the Lipid Reference Lab-

oratory (LRL) of the University Hospital Dijkzigt in Rotterdam
using standardized enzymatic methods within 3 weeks after stor-

age. The LRL Rotterdam is a permanent member of the Inter-
national Cholesterol Reference Method Laboratory Network. It
has been standardized to the Centers for Diseases Control and
Prevention (CDC) through participating in the CDC/National
Heart Lung and Blood Institute Lipid Standardization Program.
HDL-C was determined in the supernatant after precipitation of
apoB-containing lipoproteins with phophotungstic acid/MgCl2
(Boehringer). The accuracy of HDL-C determination fulfilled
National Cholesterol Education Program recommendations
throughout the entire period. From December 1999, a homogen
liquid method was used. From March 2002, the homogen liquid
(2nd generation) was used. Whenever a new method was intro-
duced, a careful calibration was performed to make sure there
was no difference between different assaying methods.

Gene and SNP selection and genotyping
Candidate genes were selected by a pathway-driven approach

based on literature, with emphasis on regulatory pathways that
control fatty acid, glucose, cholesterol, and bile salt homeostasis
(for a recent review see reference 18). The selection procedure
started from the master regulator genes encoding nuclear recep-
tors (PPARs, LXR, and FXR) and transcription factors (SREBPs),
and continued by selecting their coactivators, corepressors, and tar-
get genes. In addition, hormonal receptors (insulin receptor) and
their downstream signaling proteins were selected. Furthermore,
several candidate genes, described in literature to be associated
with blood lipids or blood pressure, were added. The selection
resulted in 251 candidate genes.

Where possible eligible SNPs for these genes were selected
based on published associations with any disorder or functional
parameter, using databases from NCBI (PubMed, Gene, and
SNP), the Genetic Association Database (21) from CDC, and
SNPper (22). In part limited by various constrains of the Golden
Gate genotyping assay, a total of 153 SNPs across 91 genes were
finally selected from the literature. Subsequently, we used the
web-based program SNPselector (23) to query all 251 genes for
potential candidate SNPs. We performed a “SNPs by gene”
search, including 5kb 5′ and 1kb 3′ flanking sequences, with
slightly modified default ranking settings. First, SNPs located in
repeat regions were excluded (repeat_score . 0), to avoid po-
tential genotyping difficulties. Second, Caucasian minor allele fre-
quencies (MAF_Caucasian . 0) had to be available. Third, SNPs
in predicted transcription factor binding sites (regulatory 5
TFBS) were preferred. Finally, subsequent ranking was based
on the highest function score (function_score), followed by the
highest regulatory score (regulatory_score), discriminating be-
tween SNPs that might affect gene transcript structure or protein
product, and the regulatory potential of the SNP, respectively. A
total of 226 SNPs across 178 genes, selected with SNPselector,
were included on the Illumina array. Four of the 251 candidate
genes remained without eligible SNPs in the SNP search de-
scribed above. For each of these genes (SCAP, ACSL1, CEBPA,
E2F4), a single SNP was handpicked based on Caucasian allele
frequency, SNP location, and validation information in NCBI
SNP. Together a final set of 383 SNPs across 251 candidate genes,
with 1 to 7 SNPs per gene, passed the Illumina Assay Design Tool
and were included. Besides the 383 selected SNPs, one Y chromo-
some marker was determined to serve as gender control. The
complete list of SNPs and additional data for all SNPs are pro-
vided in supplementary Table I.

Genomic DNA was extracted from the buffy coat fraction with
a salting out method. A total of 139 subjects were not eligible for
genotyping, mainly because DNA extraction did not succeed or
DNA was not available. For 3,639 subjects, high throughput SNP
genotyping was performed with the Illumina Golden Gate assay
using the Sentrix Array Matrix platform (Illumina Inc., San Diego,

Genetic determinants of plasma HDL cholesterol levels 2583

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 
0.DC1.html 
http://www.jlr.org/content/suppl/2008/08/07/M800232-JLR20
Supplemental Material can be found at:

http://www.jlr.org/


CA). Illumina GenCall software (version 6.1.3.28) was used for
automated genotype clustering and calling. Genotyping failed
for 43 subjects due to an absence of any signal. In addition, 21 sub-
jects were excluded because of discordance for the gender con-
trol. For 28 SNPs the genotype calling did not succeed due to
low signal (n 5 11), overlap between the genotype clusters (n 5
13), multiple genotype clusters (n 5 3), or scattering of clus-
ters (n 5 1). For the 8 SNPs, most out of Hardy Weinberg Equi-
librium (HWE), genotyping of the particular SNP was verified in
a random sample (n 5 96) using Taqman, pyrosequencing, or
sequencing. Two of these failed the verification and were ex-
cluded. Furthermore, genotype calling was not completely con-
vincing for 42 SNPs. The latter were included in the analysis, but
when an association was found with body mass index (BMI), waist
circumference, or lipids levels, genotyping was verified. All SNPs
passed the verification. Finally, for 3,575 participants, data was
available of 353 SNPs in 239 genes.

Statistical analysis
All analyses were performed with SAS version 9.1 software (SAS

Institute, Cary, NC). Paired Studentʼs t-tests and Chi-square tests
were used for comparisons of means and proportions between
measurement rounds. If data were not normally distributed, the
Wilcoxon Signed-Rank test was used to make the comparison. Dis-
tributions of genotypes were tested for deviation from HWE by
Chi-square analysis (PROC ALLELE). Random coefficient mod-
els (multilevel modeling) were used to study the relationship be-
tween SNPs and repeated measurements of plasma HDL-C levels
(PROC MIXED). Men and women were analyzed separately for
five X-linked SNPs (rs2073115, rs3213451, rs5969919, rs1403543,
and rs3048). When the overall difference was statistically signifi-
cant, the Tukey-Kramer method was used to identify significant dif-
ferences between the genotype groups. The exact follow-up time
in years was put into the model as a continuous variable. To adjust
for the potential confounding effects and to improve model fitting,
age, age2, sex, current smoking (yes or no), alcohol use, and BMI
were added to the model as covariates. The intercept and time
were treated as random effects allowing unique baseline levels
and unique changes of plasma HDL-C concentration over time
for each individual. Potential gene-environment interactions in re-
lation to plasma HDL-C level were also explored using MIXED
models by including interaction terms into the model. All reported
P values were two-tailed, and statistical significance without ad-
justment for multiple testing was defined at the a 5 0.05 level.

The false discovery rate (FDR) was applied to take multiple test-
ing into account (PROCMULTTEST). To date, there is no conven-
tional q value threshold to categorize a discovery as significant.
As in similar research, a q value threshold of 0.20 was used to
define significance (24). Certain SNPs in previously confirmed
candidate genes affecting plasma HDL-C levels were also re-
ported (P , 0.05) although their q values exceeded 0.2.

RESULTS

The mean age of the subjects at the first survey was
40.8 years, ranging from 20 to 60 years (Table 1). More
people took lipid-lowering medication in the second and
the third round compared with the first examination.
The average plasma HDL-C level increased from the first
survey (1.26 6 0.31 mmol/L) to the second survey (1.38 6
0.38 mmol/L), but decreased slightly thereafter in the
third survey (1.36 6 0.39 mmol/L). Correlation coeffi-
cients between the three measurements of plasma HDL-
C levels ranged from 0.76 to 0.82.

Twenty-eight SNPs were found to be significantly asso-
ciated with variations in plasma HDL-C levels (P , 0.05,
Table 2) after adjustment for age, age2, sex, current smok-
ing habit, alcohol use, and BMI. Eleven of them had a
FDR_q value , 0.2 after adjustment for multiple testing;
seven SNPs (rs1800777 and rs5882 in CETP; rs3208305,
rs328 and rs268 in LPL; rs1800588 in LIPC, and rs2229741
in NRIP1) had a FDR_q value , 0.05, while four more
SNPs (rs17585739 in SCMOL, rs11066322 in PTPN11,
rs4961 in ADD1, and rs6060717 near SCAND1) had a
FDR_q value between 0.05 and 0.2. Two of the SNPs for
which the significance disappeared after adjustment for
multiple testing concerned less well replicated associations
in the literature (rs3135506 in APOA5, P 5 0.008 and
FDR_q 5 0.221; rs1800961 in HNF4A, P 5 0.018, and
FDR_q 5 0.338, respectively). With respect to the SNPs lo-
cated on the X chromosome, a SNP in MBTPS2 (rs3213451)
was associated with plasma HDL-C levels, but only in fe-
male subjects (P 5 0.02 and FDR_q 5 0.12). The P values
for the above top SNPs (FDR_q value, 0.2) did not change

TABLE 1. General characteristics of the study population (n 5 3575, 1,710 men and 1,865 women)

First survey Second survey Third survey

Time since baseline (yr)a — 6.0 (5.9–6.1) 11.0 (10.9–11.1)
Age (yrs) 40.8 6 9.8 4.6.7 6 9.8 5.1.7 6 9.8
BMI (kg/m2)b 24.5 6 3.3 2.5.4 6 3.6 2.6.1 6 3.8
HDL cholesterol (mmol/L)b 1.26 6 0.31 1.38 6 0.38 1.36 6 0.39
Lipid-lowering medication (%)b 6 (0.17) 52 (1.45) 149 (4.17)
Current smokers (%) 915 (25.6) 916 (25.6) 916 (25.6)
Alcohol consumption (glass/day)a,b 0.57 (0–1.43) 0.57 (0–1.57) 0.71 (0–1.71)
Dietary intake Na
Energy intake (kj/day)b — 9,403 6 2,570 9,081 6 2,415
Total fat (% energy)b — 3.5.0 6 4.7 3.4.8 6 4.8
Saturated fat (% energy)b — 1.4.6 6 2.3 1.4.4 6 2.3
Monounsaturated fat (% energy) — 1.3.3 6 2.1 1.3.2 6 2.2
Polyunsaturated fat (% energy) — .6.8 6 1.6 .6.9 6 1.6
Cholesterol (mg/day)b — 24.0.1 6 82.8 22.9.8 6 79.6

BMI, body mass index; Na: not available. Data are expressed as mean 6 standard deviation or N (%) unless
otherwise indicated.

a Median (Q1–Q3).
b Significant difference between the surveys, P , 0.05.
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too much after we excluded the subjects who had started
lipid-lowering medication in each round of survey (data
not shown).

Compared with the ancestral allele, rs1800777 in CETP,
rs3208305 in LPL, rs11066322 in PTPN11, rs4961 in ADD1,
rs3135506 in APOA5, and rs1800961 in HNF4A were asso-
ciated with decreased plasma HDL-C levels, while rs268 and
rs328 in LPL, rs5882 in CETP, rs2229741 in NRIP1,
rs1800588 in LIPC, rs17585739 in SC4MOL, rs6060717 near
SCAND1, and rs3213451 in MBTPS2 were associated with
increased plasma HDL-C levels (Table 3 and supplementary
Table II). Rs328 and rs3208305 in LPL, rs1800588 in LIPC,
and rs17585739 in SC4MOL had big effects on plasma
HDL-C levels compared with other SNPs (> 0.1 mmol/L
between the two homozygote genotypes).

Considering that variation in plasma HDL-C level also
relates to lifestyle factors, including smoking, body weight,
alcohol use, and dietary fat intake, we further examined
whether these factors could modulate the observed asso-
ciations between the 14 SNPs identified above (SNPs with
FDR_q , 0.2, rs3135506 and rs1800961) and plasma HDL-
C level. For dietary fat intake (saturated fat, monounsatu-
rated fat, and polyunsaturated fat), only information in the

second and third surveys was included in the analysis, as
information in the first survey is less valid. Interactions with
the other lifestyle factors were based on three rounds of
measurements. Before adjustment for multiple testing,
there were possible interactions between NRIP1 genotype
(rs2229741) and BMI, APOA5 genotype (rs3135506) and al-
cohol use (low vs. high), and APOA5 genotype (rs3135506)
and saturated fat intake (low vs. high) (P for interaction 5
0.017, 0.023, and 0.042, respectively). However, the signifi-
cance of the interactions disappeared after adjustment for
multiple testing (FDR_q . 0.2).

DISCUSSION

In this longitudinal genetic association study, with a
pathway-driven approach, we confirmed several genetic var-
iants in genes along known HDL metabolic pathway to be
associated with plasma HDL-C levels. At the same time, we
found some new additional candidate genes whose genetic
variants may be associated with plasma HDL-C levels. For
these genes, the results need to be replicated in other pop-
ulation studies.

Genetic variants among CETP, LPL, and LIPC have pre-
viously been found to be associated with plasma HDL-C lev-
els in candidate gene studies (15, 16). Recently, in a series
of genome-wide association analyses (25–27), the associa-
tions between genetic variants from these genes and plasma
HDL-C levels were also confirmed (rs711752, rs7205804,
rs5880 and rs3764261 in CETP; rs326 and rs12678919 in
LPL; rs11858164 and rs10468017 in LIPC). The influence
from these genetic variants (rs1800777 and rs5882 in CETP;
rs3208305, rs328 and rs268 in LPL; and rs1800588 in LIPC)
on plasma HDL-C levels was once again observed in our
study. These above-mentioned significant loci in LPL or
LIPC are in fact located in one haplotype block (28), which
makes them more frequently inherited together. All the
loci in CETP are located in two connected haplotype blocks
(28). The roles these genes play in the metabolic process
of HDL-C have well been elucidated either from experi-
mentation in cell culture and in animal models or from
observational and interventional studies in humans (3).

Two less well replicated associations (rs1800961 in
HNF4A and rs3135506 in APOA5) with plasma HDL-C lev-
els were also observed in our study, although their statisti-
cal significance disappeared after adjustment for multiple
testing. In line with our findings, serum HDL-C concentra-
tion was lower in subjects with the T130I (rs1800961) mu-
tation compared with those without this mutation in a study
among Japanese patients with late-onset type 2 diabetes
(29). A large European Caucasian collection of MODY
(maturity onset diabetes of the young) patients due to
HNF4A mutations (30) also presented with lower fasting
apolipoprotein A-II, A-I, and HDL-C levels than control
subjects. Hepatic nuclear factor 4 a (HNF4A) regulates
hepatic expression of a number of genes associated with
lipoprotein metabolism, including genes encoding apoA-
I, A-II, A-IV, B, C-II, C-III, E, microsomal triglyceride trans-
fer protein, cholesterol 7 a-hydroxylase, SR-BI, and PPARa

TABLE 2. Association between SNPs and plasma HDL
cholesterol levels

Nearest Gene SNP MAF Pa FDR_qb

LPL rs3208305 0.30 ,0.0001 ,0.0001
LPL rs328 0.11 ,0.0001 ,0.0001
CETP rs1800777 0.03 ,0.0001 ,0.0001
CETP rs5882 0.31 ,0.0001 0.0002
NRIP1 rs2229741 0.41 ,0.0001 0.0013
LIPC rs1800588 0.20 ,0.0001 0.0025
LPL rs268 0.02 0.0003 0.0164
MBTPS2c rs3213451 0.35 0.0231 0.1153
SC4MOL rs17585739 0.06 0.0027 0.1190
PTPN11 rs11066322 0.19 0.0031 0.1196
ADD1 rs4961 0.21 0.0036 0.1264
SCAND1 rs6060717 0.20 0.0061 0.1924
PIAS1 rs1489599 0.43 0.0082 0.2211
APOA-V rs3135506 0.08 0.0083 0.2211
NCOR2 rs2229840 0.17 0.0099 0.2451
LPL rs1059507 0.16 0.0114 0.2645
MAP2K1d rs17586159 0.02 0.0132 0.2862
PRKCA rs7210446 0.40 0.0140 0.2862
HNF4A rs1800961 0.04 0.0175 0.3383
NRIP1 rs2229742 0.12 0.0196 0.3532
ACADM rs11549022 0.30 0.0203 0.3532
PRKCA rs17633437 0.37 0.0234 0.3886
ILK rs2288283 0.13 0.0254 0.4014
ADIPOQ rs17300539 0.07 0.0312 0.4722
MYBBP1A rs751670 0.16 0.0383 0.4978
MLYCD rs11649200 0.17 0.0384 0.4978
NDN rs850791 0.09 0.0386 0.4978
SAH rs5716 0.08 0.0386 0.4978
NCOA2 rs10112498 0.39 0.0444 0.5518

SNP, single nucleotide polymorphism; MAF, minor allele frequency;
FDR, false discovery rate.

a Adjusted for age, age2, sex, current smoking habits, alcohol use,
and body mass index.

b Adjusted for multiple testing (348 SNPs) with the FDR method.
c Statistical analysis was conducted in women only and was adjusted

for multiple testing (5 SNPs) with FDR method.
d There was only one subject with the genotype AA. This subject was

incorporated into the genotype GA group during the statistical analysis.

Genetic determinants of plasma HDL cholesterol levels 2585
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(31). Mice with targeted mutations of HNF4A have a dra-
matic decrease in LDL and HDL cholesterol levels, and
the HDL particles in these mice are small and lipid-poor
(31). These results altogether show that HNF4A is impor-
tant in HDL-C metabolism.

The APOA5 gene is located ?27 kb upstream of the well
characterized APOA1/C3/A4 gene cluster. It is suggested
that HDL is a reservoir for apoA-V based on the observa-
tion that there was a greater than 20-fold higher level of
apoA-V in HDL than in VLDL of APOA5 transgenic mice

TABLE 3. Distribution of plasma HDL cholesterol levels according to the genotypes of 14 SNPs significantly
associated with plasma HDL cholesterol levels

Nearest Gene SNP Nucleotide Substitutiona P(HWE) Frequency HDL-C (mmol/L)

LPL rs3208305 26696 T→A 0.97
TT 315 1.39a
AT 1490 1.32b
AA 1767 1.27c
rs328 (Ser447Ter) 22772 C→G 0.90
GG 40 1.43a
CG 683 1.36a
CC 2851 1.28b
rs268 (Asn291Ser) 16577 A→G 0.76
GG 2 1.39
AG 148 1.21a
AA 3423 1.30b

CETP rs1800777(Arg468Gln) 21427 G→Ab 0.60
AA 3 1.22
AG 233 1.20a
GG 3332 1.31b
rs5882 (Ile422Val) 20200 A→G 0.20
GG 328 1.35a
AG 1563 1.31a
AA 1682 1.28b

NRIP1 rs2229741 224 A→G 0.05
AA 634 1.26a
AG 1674 1.30b
GG 1263 1.32b

LIPC rs1800588 2514 C→T 0.63
TT 149 1.39a
CT 1134 1.30b
CC 2267 1.29b

SC4MOL rs17585739 3968 G→A 0.55
AA 15 1.52a
AG 401 1.32b
GG 3159 1.30b

PTPN11 rs11066322 65613 A→G 0.02
AA 150 1.36a
AG 1049 1.28b
GG 2342 1.30b

ADD1 rs4961 (Gly460Trp) 29064 G→T 0.67
TT 146 1.27
TG 1172 1.28a
GG 2252 1.31b

SCAND1 rs6060717 22441 C→T 0.81
CC 134 1.23a
CT 1127 1.31b
TT 2309 1.30b

APOA-V rs3135506 (Ser19Trp) 169 G→C 0.66
CC 19 1.24
CG 508 1.27a
GG 3042 1.31b

HNF4A rs1800961(Thr117/139Ile) 12351 C→T 0.44
TT 3 1.17
CT 250 1.26a
CC 3321 1.30b

MBTPS2c rs3213451 3581 A→G 0.36
GG 214 1.49a
AG 860 1.43b
AA 787 1.45

SNP, single nucleotide polymorphism; P(HWE), P value from x2 test of Hardy-Weinberg Equilibrium; HDL-C,
high density lipoprotein cholesterol. Genotypes with different letters marked with (a, b, and c) differ significantly
from each other in plasma HDL cholesterol levels.

a Human mutation nomenclature (50).
b Information on ancestral allele is not available from chimpanzee but from macaque.
c Statistical analysis and calculation were only conducted in women.
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(32). There are numerous reports on the association of
genetic variants of APOA5 with low HDL-C levels, such
as rs662799, rs651821, and rs2075291 in Japanese pop-
ulations (33) and Chinese populations (34). The SNP of
rs3135506 is significantly associated with blood HDL-C lev-
els in northern American (35) and Austrian Caucasian
subjects (36). In our Dutch population, rs3135506 was as-
sociated with plasma HDL-C levels before adjustment for
multiple testing. This SNP, substituting Trp for Ser at re-
sidual 19 within the predicted signal peptide, is the only
common variant with known influence on APOA-V expres-
sion (37). Furthermore, another SNP (rs28927680) in link-
age disequilibrium with rs3135506 (r2 5 0.98) is recently
reported to be associated with HDL-C concentrations in a
genome-wide association analysis (27). Therefore, we think
rs3135506 is an important determinant of HDL-C levels.

A SNP (rs2229741) in nuclear receptor interacting pro-
tein 1 (NRIP1) was found to be associated with plasma
HDL-C levels in our study. Another SNP (rs2229742),
?1kb downstream of rs2229741 was also found to be asso-
ciated with plasma HDL-C levels, although the significance
disappeared after adjustment for multiple testing (Table 2).
These two SNPs are correlated with each other (r2 5 0.44).
Two other SNPS (rs1297214 and rs2142450) in this gene
are shown to be associated with age-sex/multivariable ad-
justed NMR intermediate HDL concentration in the Fra-
mingham Offspring study (Exam 4) using a generalized
estimating equation regression approach (P 5 0.02/0.04
for rs1297214; P 5 0.02/0.04 for rs2142450) (38). NRIP1
is reported to be involved in the estrogen regulation of
apoA-I enhancer activity. At low ratios of NRIP1 to estro-
gen receptor a, estradiol repressed apoA-I enhancer activ-
ity, whereas at high ratios this repression was reversed (39).
Recent studies have identified a hepatocyte specific role
for NRIP1 as a cofactor for LXR in different ways, namely
serving as a coactivator in lipogenesis and as a corepressor
in gluconeogenesis (40). Since NRIP1 is a widely expressed
cofactor for nuclear receptors involved in the regulation of
metabolic gene expression (41), its exact role in HDL-C
metabolism warrants further research.

Rs17585739 in sterol C4-methyloxidase-like (SC4MOL)
that catalyzes sterol-4a-methyl oxidation process in choles-
terol biosynthesis (42), was associated with plasma HDL-C
levels in our population. Another SNP (rs1550270) in this
gene was also associated with multivariable adjusted NMR
large HDL concentration (P 5 0.03) and HDL size (P 5
0.04) in the Offspring Exam 4 of the Framingham SNP
Health Association Resource (38). Interestingly, also along
the cholesterol biosynthetic pathway, MVK (mevalonate
kinase), encoding mevalonate kinase to convert mevalonate
into 5-phosphomevalonate (2), is reported to possibly affect
HDL-C concentrations in a recent genome-wide association
study (25). However, the SNP (rs7957619) in MVK we stud-
ied was not associated with plasma HDL-C concentrations
(P 5 0.45). Another SNP in a gene regulating this pathway,
rs3213451 in MBTPS2, a metalloprotease required for
intramembrane proteolysis of sterol regulatory element-
binding proteins (2), was associated with plasma HDL-C
concentrations in women in our study. Although this find-

ing needs replication in other studies, it is tempting to spec-
ulate that de novo biosynthesis of cholesterol is an
important contributor to plasma HDL-C. However, this re-
mains to be confirmed.

Also for other SNPs, our results are more speculative.
The results are inconsistent with those found in other stud-
ies, as in those studies no associations with HDL-C levels
have been reported but with other (lipid) parameters. Also
no association has been found between these genes and
HDL-C in recent genome-wide association studies. There-
fore, these findings need replication. The genetic variant
of PTPN11 (rs11066322) is reported to be associated with
serum apoB levels and LDL cholesterol levels in a study
conduced in Caucasian female twins (43), but in our study,
this genetic variant was associated with plasma HDL-C lev-
els. Furthermore, the genetic variant of ADD1 (rs4961) has
been associated with susceptibility to hypertension, but not
with plasma HDL-C levels (44). However, we did find a sig-
nificant association between rs4961 and plasma HDL-C
levels in our study. SCAN-domain-containing protein 1
(SCAND1) is the nearest gene to the locus of rs6060717
that was found to be associated with plasma HDL-C levels
in our study. SCAND1 is a widely expressed nuclear protein
that may function as a key regulator of zinc finger transcrip-
tion factor function (45). The capability of SCAND1 to in-
teract with ZNF202 and PPARg2 as two crucial transcription
factors involved in lipid metabolism suggests that SCAND1
could function as important coregulator in lipid metabolism
(46). In view of the above, a role of these genes in lipid me-
tabolism is possible, but the association with HDL-C needs
to be studied further.

There are some limitations to acknowledge in our study,
which could have lead to either type I (false-positive) or
type II (false-negative) errors. We adopted the FDR method
to adjust for multiple testing, as we took a candidate gene
approach (and not random markers on the genome), and
Bonferroni correction would have been too stringent. We
think it is justified to take a more liberal threshold of FDR_q
value , 0.2. Although we took this approach to avoid false-
positive results, we cannot exclude the possibility that the
novel SNPs are spuriously associated with plasma HDL-C
levels; therefore, the results for novel SNPs need further
replication in other populations. A number of factors
could have resulted in a type II error, leading to the inabil-
ity to detect a true underlying association. First, only a lim-
ited number of SNPs within a candidate gene has been
studied. Failure to find an association with these SNPs does
not exclude the possibility that other SNPs in the gene are
related to plasma HDL-C levels. Second, less-common var-
iants with low minor allele frequencies (between 0.001 and
0.01) have been proven to affect plasma HDL-C levels
(47). Although our sample size is large enough to allow
us to detect effects as low as 0.4% variation in plasma
HDL-C levels with 80% power (P 5 0.005, FDR_q 5 0.2)
for such less-common genetic variants, we did not take
these less-common variants into consideration in our study.
Recently, some authors argued that with the findings from
the previous linkage studies, candidate gene studies, and
also current genome-wide association studies, we still can-
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not explain the high heritability of complex phenotypes.
In fact, all the significant 13 SNPs (except rs3213451 in
MBTPS2) identified in our study only explain 4% of the
inter-individual variation in average HDL-C concentrations
over the three measurements in an additive model in our
study. It is suggested that deep resequencing of some can-
didate genes to find these culprit (rare) variants may be a
solution (48). Finally, our blood samples were taken from
the subjects in a nonfasting condition. However, there
was no clear association between the time to last meal
and plasma HDL-C levels in the second and third surveys
(data not shown). Also others found that fasting does not
influence HDL-C levels to a large extent (49). Therefore,
we do not think the nonfasting condition has influenced
our results.

In conclusion, in addition to replication of previous re-
sults for candidate genes (SNPs among CETP, LPL, LIPC,
HNF4A, and APOA5), we found interesting new candidate
SNPs for plasma HDL-C levels (rs2229741 in NRIP1,
rs3213451 in MBTPS2, rs17585739 in SC4MOL,
rs11066322 in PTPN11, rs4961 in ADD1, and rs6060717
near SCAND1). The validity and relevance of these novel
associations with plasma HDL-C levels require further val-
idation in other study populations.
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