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Abstract

Introduction
Recently, we performed a genome-wide association analysis (GWAS) to identify common genetic de-
terminants of circulating cholesteryl ester transfer protein (CETP), an approach by which rare variants
are missed. Identification of novel coding variants may provide insight in the pathways that regulate
CETP metabolism, and may contribute to our understanding of the biological function of CETP in lipid
metabolism and cardiovascular disease. Therefore, in the present study, we aimed to identify rare
coding variants in exonic regions that determine CETP concentration.

Methods
We performed an exome-wide gene-based aggregation analysis in 6,094 participants from the Nether-
lands Epidemiology of Obesity (NEO) study to identify rare coding variants (minor allele frequency
<0.03) in exonic regions that are associated with serum CETP concentration.

Results
We identified the ABCA6 gene to be exome-wide significantly associated with CETP concentration
(P=9.4×10ዅ዁). The driving variant for the ABCA6 genetic region was rs77542162 (MAF=0.028) with
a per-allele effect of 0.19 ᎙g/mL on circulating CETP concentration, while the mean (SD) CETP con-
centration in the study population was 2.48 (0.66) ᎙g/mL.

Conclusion
The ABCA6 gene was identified as a novel determinant of circulating CETP, which indicates that
abundance or functionality of the ABCA6 protein regulates CETP concentration. Future research is
warranted to elucidate the underlying biological pathways that can explain this association.
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Introduction
Cholesteryl ester transfer protein (CETP) is able to transfer cholesteryl esters from high-

density lipoproteins (HDL) towards apolipoprotein B (ApoB) containing triglyceride-rich

lipoproteins, mainly very low-density lipoproteins (VLDL). In exchange, triglycerides are

transferred from VLDL towards triglyceride-poor particles, which are both HDL and low-

density lipoproteins (LDL). [1] As such, CETP contributes to an atherogenic lipoprotein pro-

file (i.e. high LDL-cholesterol (C)/HDL-C ratio), as has been extensively studied in both

humans and in mice transgenic for human CETP. [2,3] Therefore, inhibition of CETP as

therapeutic strategy to attenuate dyslipidaemia and ultimately prevent the development of

cardiovascular disease (CVD) has been extensively tested.

To elucidate the genetic basis of CETP, we recently performed a genome-wide association

study (GWAS) on serum CETP concentration in the Netherlands Epidemiology of Obesity

(NEO) study, and showed that CETP concentration is highly genetically determined by

three independent loci with respectively driving single nucleotide polymorphisms (SNPs)

rs247616, rs12720922 and rs1968905, which are all mapped to the CETP gene [Blauw

LL, et al. Submitted]. This GWAS was specifically designed to identify common genetic

variants in relation to CETP concentration, an approach by which rare variants that may

have larger effects on serum CETP concentration than common variants are not taken into

account.

Identification of novel coding gene regions that determine CETP concentration may provide

insight in the pathways that regulate CETP production and clearance. Elucidation of these

pathways may contribute to our understanding of the biological function of CETP in lipid

metabolism and CVD. This is especially relevant in light of the recent disclosure of the

results from the REVEAL trial, which showed that the CETP inhibitor anacetrapib met its

primary endpoint, i.e. a reduction in major coronary events. [4] Therefore, in the present

study, we aimed to identify rare coding variants (i.e. minor allele frequency (MAF) <0.03)

in exonic regions that are jointly associated with serum CETP concentration by performing

an exome-wide gene-based aggregation analysis.

Materials and Methods

Study design and population
The NEO study is a population-based prospective cohort study of men and women aged

between 45 and 65 years. From the greater area of Leiden, The Netherlands, all inhab-

itants with a self-reported body mass index (BMI) of 27 kg/mኼ or higher were eligible to

participate. In addition, inhabitants from one nearby municipality (Leiderdorp, The Nether-
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lands) in the same age group were invited to participate regardless of their BMI, forming

a reference population for BMI distribution. In total, 6,671 participants were included from

September 2008 until September 2012. Participants visited the NEO study center for ex-

tensive physical examination. Venous blood samples were obtained from the antecubital

vein after a 10 hour overnight fast. Research nurses recorded current medication use by

means of a medication inventory. Prior to the study visit, participants completed question-

naires at home with respect to demographic, lifestyle, and clinical information.

The NEO study was approved by the medical ethics committee of the Leiden University

Medical Center (LUMC), and all participants gave their written informed consent. Detailed

information about the study design and data collection has been described elsewhere. [5]

Total NEO study population 
n=6,671 

Sample call rate <98% (n=21) 

Gender mismatch (n=23) 

Heterozygosity rate not within ±3 SD of mean (n=0) 

Population stratification: 
PC1 and PC2 not within ±3.5 SD of mean (n=413) 

Duplicate samples/twins (n=10) 

Sample call rate <98% (n=5)a

Samples available for exome-wide analysis 
n=6,131 

Missing data on serum CETP concentration (n=35) 

Missing data on genotype (n=68) 

Serum CETP concentration >4 SD of mean (n=2) 

Study population 
n=6,094 

Figure 5.1: Quality control steps for the genome-wide analysis and exclusion criteria for the discovery
and replication cohort from the Netherlands Epidemiology of Obesity (NEO) study.

a Sample call rate was checked a second time, as it can change after removing samples on the basis of prior quality
control steps.
CETP, cholesteryl ester transfer protein; PC, principal component.

Biochemical analyses
After centrifugation, aliquots of plasma and serum were stored at -80°C. From 11 April until

16 July 2014 CETP concentrations were measured in serum that had undergone one pre-

vious freeze-thaw cycle with enzyme-linked immune sorbent assay (ELISA) kits according

to the manufacturer’s instructions (DAIICHI CETP ELISA, Alpco, Salem, USA; coefficient

of variation 11.7%). Participants with missing data on serum CETP concentration (n=35)

and participants with a serum CETP concentration beyond four SD from the mean (n=2)
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were excluded from analyses.

Fasting serum total cholesterol and triglyceride concentrations were measured with enzy-

matic calorimetric assays (Roche Modular P800 Analyzer, Roche Diagnostics, Mannheim,

Germany; CV <2% and CV <3%, respectively) and fasting serum HDL-C concentrations

with third generation homogenous HDL-C methods (Roche Modular P800 Analyzer, Roche

Diagnostics, Mannheim, Germany; CV <3%). Fasting LDL-C concentrations were calcu-

lated using the Friedewald equation. [6]

Genotyping
DNA was isolated from venous blood samples. Genotyping was performed using the Illu-

mina HumanCoreExome-24 BeadChip (Illumina Inc., San Diego, California, United States

of America), including 265,919 exome-focussed markers. Participants were excluded in

the process of quality control when 1) the sample call rate was <98%, 2) there was a sex

mismatch, 3) heterozygosity rate was not within ±3 SD of mean heterozygosity rate, 4)

participants widely diverged based on the first two principal components (±3.5 SD), and

5) samples were duplicates. The present study population consists of 6,094 individuals

(Figure 5.1).

Genetic variants were excluded when genotype call rate was <98%, and when variants

were not in Hardy-Weinberg equilibrium (P-value <1×10ዅዀ). In the present study, we re-

stricted to genetic variants, which were located in exonic regions, which had a MAF<0.03,

and which had deleterious effects (i.e. splice donor, splice acceptor, stop gained, stop lost,

initiator codon or missense).

Gene-based aggregation analysis
We performed a gene-based aggregation analysis to identify rare coding variants (i.e. MAF

<0.03) that are jointly associated with serum CETP concentration. With this approach, a

gain in statistical power is achieved by evaluating the cumulative effects of multiple genetic

variants in a gene region. [7] Two different gene-based aggregation methods were applied

to test for different assumptions about the underlying genetic model. The first method,

i.e. the combined multivariate and collapsing (CMC) method, [8] is a Burden test, which

assumes that 1) the variants in a genetic region are causal and 2) that effects of these

variants on the outcome all have the same direction and magnitude. The second method,

i.e. the sequence kernel association test (SKAT), [9] is a variance-component test. This test

assumes that the effects of the variants on the outcome can have opposite directions (i.e.

both positive and negative), and does not make assumptions about causality. We used

RAREMETAL version 4.13.9 [10] to perform the analyses with the CMC method and SKAT.
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To account for the multiple testing of 12,157 genes, a Bonferroni-corrected threshold of

P<4.1×10ዅዀ was regarded exome-wide significant.

To identify the driving variants within the identified gene regions, conditional analysis was

used. The variant with the lowest P-value was selected, and subsequently the association

analysis was adjusted for this variant. If the joint association thereafter showed no statistical

significant result anymore, the variant that was adjusted for was proven to be the driving

variant within the gene region. Otherwise, the analysis was additionally adjusted for the

next variant with the lowest P-value. This procedure was repeated until no more exome-

wide significant variants were identified.

We reported for the CMC test, both the joint effect size for the identified gene region and the

single effect size of the driving variant. For SKAT only the single effect size of the driving

variant was reported, as a joined effect size cannot be generated form this method.

In the case that a genetic region was identified in near proximity of the CETP gene, we

tested whether the association between the driving variant of this genetic region and serum

CETP concentration was explained by one of the common CETP SNPs that determine

CETP concentration (i.e. rs247616, rs12720922 and rs1968905, as previously identified

with GWAS [Blauw LL, Li-Gao R, et al. Under review]). This was done by adding the

three common CETP SNPs as covariates to a linear regression model for the association

between the rare driving variant and CETP concentration. If the association between the

identified rare variant and CETP concentration lost statistical significance after adjustment

for the three common CETP variants, we regarded the rare variant a proxy for the common

CETP variants, rather than an independent determinant of circulating CETP concentration.

Results
The characteristics of the 6,094 study participants are described in Table 5.1. Median age

was 56 years and 52% of participants were women. The mean (SD) CETP concentration

was 2.48 (0.66) 𝜇g/mL. With the gene-based aggregation analysis, we identified regions in

the ABCA6 and NLRC5 genes to be exome-wide significantly associated with serum CETP

concentration (Table 5.2).
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Table 5.1: Characteristics of the study population (n=6,094).

Characteristics

Age (year) 56 (51, 61)

Women (n, %) 3,168 (52.0%)

Body mass index (kg/mኼ) 29.5 (27.3, 32.3)

Lipid-lowering drug users 963 (15.8%)

Fasting serum concentrations

CETP (᎙g/mL) 2.48 (0.66)

Total cholesterol (mmol/L) 5.66 (1.07)

LDL-C (mmol/L) 3.56 (0.98)

HDL-C (mmol/L) 1.43 (0.41)

Triglycerides (mmol/L) 1.25 (0.88, 1.76)

Results are presented as median (inter quartile range) for not normally distributed data, mean (SD) or number
(percentage).

a Missing data: n=14 for total cholesterol, LDL-C, HDL-C and triglycerides concentrations.
CETP, cholesteryl ester transfer protein; C, cholesterol; HDL, high-density lipoprotein; LDL, low-density lipopro-
tein.

Twelve variants that mapped to the ABCA6 gene on chromosome 17 were jointly asso-

ciated with a 0.16 𝜇g/mL higher CETP concentration (joint effect P=9.4×10ዅ዁), using the

CMC method. The analyses performed with SKAT confirmed this association (joint effect

P=3.2×10ዅ዁). Of the 12 different genetic variants, the rs77542162 polymorphism was the

driving variant of this region with a per-allele increase in CETP concentration of 0.19 𝜇g/mL.

This driving variant had a MAF of 0.028.

Twenty variants that mapped to the NLRC5 gene were jointly associated with a higher

CETP concentration, when tested with SKAT only (joint effect P=2.8×10ዅዃ). The driving

variant of this genetic region was the rs1672867 polymorphism (MAF=0.017). This variant

was associated with a per-allele increase in CETP concentration of 0.26 𝜇g/mL. Analy-

ses performed with the CMC method showed no joint association for the NLRC5 region

(joint effect P=0.79). NLRC5 is located directly downstream of the CETP gene on chromo-

some 16. When the association between the NLRC5 driving variant rs1672867 and serum

CETP concentration was adjusted for three common CETP variants that determine CETP

concentration, the association between rs1672867 and CETP concentration lost statistical

significance (P=0.089).
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Discussion
In this study, we identified ABCA6 as a novel determinant of circulating CETP concentration

in a Dutch population-based cohort of 6,094 participants. In an exome-wide gene-based

aggregation analysis for rare variants, 12 variants mapped to ABCA6 were jointly associ-

ated with CETP concentration. The per-allele effect of the driving variant for the ABCA6

region on CETP concentration was relatively large (i.e. 0.19 𝜇g/mL) compared to the mean

CETP concentration of 2.48 (0.66) 𝜇g/mL, although not as large as the effect size that we

recently found for a GWAS-identified common genetic determinant of CETP concentration

(i.e. 0.35 𝜇g/mL) [Blauw LL, Li-Gao R, et al. Under review]. Notably, GWAS-identified

common variants that determine CETP concentration were all mapped to the CETP gene,

while we identified no rare CETP variants in the present study. This may indicate that within

the CETP gene mainly common variation determines CETP expression.

In addition to ABCA6, the NLRC5 gene, which is located directly downstream of CETP

on chromosome 16, was identified as a determinant of circulating CETP concentration.

However, this association lost statistical significance after adjustment for the three common

CETP SNPs that strongly determine circulating CETP concentrations, as we previously

identified with a GWAS [Blauw LL, Li-Gao R, et al. Under review]. Since the three common

CETP SNPs were very strongly associated with serum CETP concentration (lowest P-

value 3.98×10ዅኻኺኺ), it is presumable that even variants in low linkage disequilibrium with

these common variants may show significant effects on CETP concentration. The loss of

the association between NLRC5 and CETP concentration after adjustment indicates that

NLRC5 is not an independent determinant of circulating CETP, but rather a proxy variant

for the common CETP SNPs.

We identified 12 variants mapped to ABCA6 that were jointly associated with CETP con-

centration. Since we used two distinct tests (i.e. CMC method and SKAT) with different

underlying assumptions about causality and effect directions of the aggregated variants in

the gene region, [7] we were able to compare the results of these two tests to shed light on

the underlying genetic model of the identified joint variants. For the ABCA6 variants, both

tests showed comparable results, which suggests that all variants in the identified ABCA6

region have unidirectional effects on CETP concentration. [11] Of the 12 jointly identified

ABCA6 variants , rs77542162 was shown to be the driving variant of this gene region. In-

terestingly, in 2015, this same ABCA6 exonic variant was identified to determine LDL-C and

total cholesterol concentrations in the Dutch population independent of other loci, [12] which

was thereafter replicated in an independent population. [13] The cysteine to arginine change

at position 1359 induced by the rs77542162 missense variant is predicted by PolyPhen-

2 [14] to be ‘probably damaging’ with a probabilistic score of 0.999. This implies that this
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missense mutation is very likely to damage the structure and reduce the function of the

ABCA6 protein. [12,14] Taken together, the results of the present study indicate that abun-

dance or functionality of the ABCA6 protein influence circulating CETP concentrations.

It is interesting to speculate on how ABCA6 may influence the circulating CETP concentra-

tion. In 2001, ABCA6 was cloned and sequenced from human macrophages and identified

as a novel member of the ATP binding cassette (ABC) A transporter subfamily, [15] of which

the members are involved in cellular transmembrane transport of sterols. [16] Although a

relation between ABCA6 and CETP has not been described before, striking analogies ex-

ist between the two proteins. First, expressions of both ABCA6 and CETP in humans are

highest in liver tissue. [14,15] For CETP, specifically resident liver macrophages (i.e. Kupffer

cells) were identified as the main determinants of circulating CETP concentration. [14] Al-

though the main hepatic cell type expressing ABCA6 is currently unknown, ABCA6 is also

expressed by macrophages. [17] Second, ABCA6 [17] and CETP [18] are both upregulated

during monocyte-to-macrophage differentiation, which suggests that they may be involved

in macrophage polarization and immunity. Third, expression of both genes is regulated in

response to sterols, albeit that ABCA6 is downregulated [17] and CETP is upregulated. [19]

Although the function of ABCA6 is far from completely understood, ABCA6 has been pro-

posed to be involved in cellular lipid and sterol transport. [15,20,21] As CETP expression is

regulated by sterol derivatives via a liver X receptor α (LXRα) responsive element in its

promoter region, [19,22] it is tempting to speculate that ABCA6 determines CETP production

via intracellular regulation of lipid and sterol trafficking.

The MAF of the driving variant of the ABCA6 region (i.e. rs77542162) was 0.028 in the

present Dutch study population. Previously, it has been shown that the minor allele of

rs77542162 is enriched in the Dutch population (i.e. MAF=0.030; Genome of the Nether-

lands (GoNL) population) by 3.65-fold, compared to the world population (i.e. MAF=0.008;

1000 Genomes Project (1KG) population), which implies that there has been genetic drift

for this locus in the Netherlands. [12] Due to the enrichment of this variant in the study pop-

ulation, we benefited from an improved power to identify this rare variant as a determinant

of CETP concentration. Although we did not replicate the present findings in an indepen-

dent non-Dutch population, it is interesting to note that the results of a previous study,

which used the Dutch population to identify the rs77542162 as a determinant of LDL-C

and total cholesterol concentration, were robustly replicated in independent international

populations. [12,13] This suggests that results for rs77542162 from a specific homogeneous

population may well-translate to a worldwide scale. [12]

In conclusion, in the present study we used exome-wide analysis to show that rare variants

mapped to ABCA6 are associated with circulating CETP concentration. This finding is
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completely novel, as the ABCA6 gene has never been described before in relation to CETP.

Future research is warranted to elucidate the underlying biological pathways that explain

this novel association. Hypothetically, abundance or functionality of the ABCA6 protein may

determine CETP production via the regulation of intracellular lipid and sterol trafficking.
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