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CHAPTER 1

General introduction and 
outline of the thesis

 Adapted from: 

1. van Capelleveen JC, Brewer HB, Kastelein JJP, Hovingh GK. 
 Novel therapies focused on the high-density lipoprotein particle. 
 Circ Res. 2014;114:193–204.

2. Bernelot Moens SJ, van Capelleveen JC, Stroes ESG. 
 Inhibition of ApoCIII: the next PCSK9? 
 Curr Opin Lipidol. 2014;25:418–22.

3. van Capelleveen JC, van der Valk FM, Stroes ESG. 
 Current therapies for lowering lipoprotein(a). 
 J Lipid Res 2016;57(9):1612–8
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Introduction

GENERAL INTRODUCTION
The Framingham Heart study in the early ‘50’s was one of the first meticulously de-

signed prospective studies to investigate the relative contribution of different “life style and 
inheritable factors (the birth of the concept of “risk factors”) for coronary artery disease 
(CAD).1 The Framingham and many following eidemiological studies have consistenly shown 
that  sex, age, LDL cholesterol, HDL cholesterol, triglyceride levels, hypertension, smoking, 
diabetes are the major risk factors for the development of CAD. The causality of LDL-C and 
hypertension in the process of CAD was established upon the notion that LDL-C lowering 
(statins) and blood pressure lowering drugs resulted in a dramatic decrease of CAD risk. 
These therapies are therefore the cornerstone  in the prevention  of CAD. Despite these 
advances, CAD remains the leading cause of death in Europe, with 46% of all deaths attribut-
able to CAD in 2014.2 These data highlight the need for a better understanding of the patho-
physiology of atherosclerosis and specifically addresses the need for new treatment targets. 

Targets from epidemiology: HDL

Epidemiological studies have provided unequivocal evidence of an inverse associa-
tion between HDL-C levels and CAD risk.3 In analogy to the clinical succes of LDL-C lowering 
drugs, expectations for HDL-C increasing drugs were unlimited. This epidemiological associ-
ation is supported by a number of biological plausible mechanisms. Amongst the large num-
ber of anti-atherogenic properties ascribed to HDL, its role in reverse cholesterol transport 
(RCT) is commonly considered to be crucial. In RCT, free cholesterol contained within mac-
rophages in the vessel wall is taken up by the HDL particle and subsequently transported to 
the liver for excretion into bile.4 In addition to RCT, HDL has anti-inflammatory, anti-oxidant 
and anti-thrombotic properties.5,6 These biological activities are mainly studied in-vitro and 
in animal models, and translation of the epidemiological findings to a direct causal role for 
HDL-C in atherosclerosis has been difficult, partly due to the fact that virtually all CAD risk 
factors (i.e. obesity, the metabolic syndrome, smoking and physical inactivity) are associat-
ed with low HDL-C levels. The hypothesis that HDL-C directly confers biological protection 
against atherosclerosis has, as of yet, never been proven and, as a consequence, HDL-C has 
been argued to be merely a cardiovascular disease biomarker rather than an active player 
in atherogenesis. This notion has gained support, as therapies with an established HDL-C 
increasing effect were shown not to result in the anticipated decrease in cardiovascular 
disease risk.7–9 At the start of this thesis numerous HDL-targeted therapies were in develop-
ment, which is summarized in table 1 and reviewed elsewhere.10 
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Chapter 1
Table 1. Overview of classes HDL-based agents tested in humans.

Class Drug Route of administration Stage of development

ApoA-1 based

Intravenous apoA-1 MDCO-216 intravenous Phase I

CSL-112 intravenous Phase IIa (completed) 

CER-001 intravenous Phase II
Autologous HDL delipi-
dation intravenous Phase I

apoA-1 mimetics FX-5A intravenous Phase I

ETC-642 intravenous Discontinued

apoA-1 induction RVX-208 oral Phase IIb

ABC transporter upregulation

LXR agonists oral Pre-clinical

MiR-33 subcutaneous Pre-clinical

Selective PPAR modulators K-877 oral Phase  II

LCAT enzyme replacement                                                                                                                                      
                                                                                                                                                      
                          

ACP-501 Intravenous Phase I (completed)

CETP inhibition Anacetrapib oral Phase III

Evacetrapib oral Phase III
TA-8995 oral Phase II

Targets supported by genetic studies: Triglyceride rich lipoproteins and Lipoprotein(a)

Elevated triglyceride levels are often accompanied by low HDL-cholesterol (HDL-C) 
levels, and both are robustly associated with CAD risk. To dissect the triglyceride and 
HDL-C-mediated effect on CAD risk, recent genetic studies used a Mendelian randomization 
strategy to assess causality. These studies suggested a direct causal association for triglycer-
ide levels and CAD risk, independent of HDL-C levels.11,12 One of the key regulators of triglyc-
eride metabolism is the small glycoprotein apolipoprotein C-III (apoC-III). Two independent 
Mendelian randomization studies have investigated the association between loss-of-func-
tion variants in the APOCIII gene, apoC-III and triglyceride plasma levels and CAD risk.13,14 
Loss-of-function mutations (on average 46% lower apoC-III levels) were associated with a 
favorable lipid profile: 39–44% reduction in triglyceride levels, together with a 22–24% in-
crease in HDL-C and a 16% reduction in LDL-C. Overall, the risk of coronary heart disease 
was 36–40% lower in carriers of the APOCIII mutations compared with noncarriers, highly 
suggestive for a causal association between apoC-III levels and CAD risk.

A completely different lipoprotein that has been the target of investigation is Lipo-
protein(a) or Lp(a). Lp(a) consists of two critical elements; a central low-density lipoprotein 
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(LDL)-like core containing a single molecule of apolipoprotein B100 (apoB) linked by a di-
sulfide bridge to a signature protein called apolipoprotein(a) [apo(a)]. Initial case-control 
studies showed a strong association between Lp(a) and CAD risk.15,16 Mendelian random-
ization studies have provided evidence for a causal role of Lp(a) on CAD, building a strong 
case for Lp(a) as a potential therapeutic target to reduce CAD risk.17,18 For both apoC-III and 
Lp(a) therapeutic strategies to lower these proteins are in development, and are reviewed 
in detail elsewhere.19,20  

Human genetics as a tool to identify new treatment targets for atherosclerosis.

In addition to the aforementioned modifiable risk factors, CAD has a high genetic 
heritability, which is estimated to be about 50% based on twin studies.21,22 Technical advanc-
es have potentiated the large-scale, low-cost genotyping of common genetic variants to be 
studied in genome wide association studies (GWAS) in a case-control design.  In the largest 
meta-analysis to date, 185,000 cases and controls were analyzed23 and these GWAS togeth-
er have identified 58 common single nucleotide polymorphisms associated with CAD risk 
at a genome wide significance level.24 Together these variants only explain approximately 
13% of the heritability and the mechanism linking these variants to CAD risk has not been 
elucidated for the majority of variants.

An alternative approach is to study rare genetic variants that directly affect protein 
structure and drive CAD in distinct families. Advantage of this study design is the direct 
relationship between genetic variant and protein function, thereby greatly increasing the 
possibility that the identified variant contributes to the understanding of the pathophysiol-
ogy of atherosclerosis. In addition, the dramatic drop in sequencing costs in recent years has 
opened up the possibility of whole exome sequencing and even whole genome sequencing 
in key family members. 

Succesful examples of identification of rare genetic variants in families.

The discovery of two loss-of function mutations affecting two enzymes in the nitric 
oxide / cyclic GMP pathway in a large family with premature atherosclerosis illustrates the 
potential of this strategy.25 Especially as these variants were identified well before they were 
confirmed in GWAS studies.26 But, perhaps the best known example of the clinical potential 
of discovering rare variants in families is the identification of gain-of function mutations in 
PCSK9 that determine LDL-C levels, ultimately driving atherosclerosis.27 After the initial re-
port of the genetic association in 2003, pharmaceutical companies subsequently developed 
monoclonal antibodies targeting PCSK9 and this therapy has been approved in 2016 for the 
treatment of Familial Hypercholesterolemia patients in the Netherlands who do not meet 
their target LDL-C levels. The first positive clinical outcome studies were reported in 2017, 
only 14 years after the initial report.28
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Chapter 1

OUTLINE OF THE THESIS
The starting point for this thesis are families, referred for genetic screening and  cardi-

ovascular risk assesment to our outpatient clinic. Family members are either referred based 
on an abnormal high frequency of CAD cases at a young age in their family or based on 
extreme lipoprotein levels, as a surrogate marker of increased CAD risk. We are faced with 
three key challenges. First to identify the underlying genetic variants and hereby identify 
individuals at risk in the families. Second, to understand the mechanism linking the  genetic 
variant to the clinical phenotype and finally, to target the identified pathway and ultimately 

acchieve CAD risk reduction.
In part I we aim to identify new genes in families with extreme HDL and or TG levels. 

In Chapter 2 and 3 we study two families with very low HDL-C levels. In these families we 
study rare variants in LRP1 and ABCA8 and report the effects of these variants on HDL me-
tabolism. In Chapter 4 we use the same approach, only with a focus on triglyceride levels 
and study the effects of two new APOC3 mutations on triglyceride metabolism. 

The most promising therapeutic targets in HDL, triglyceride and Lp(a) metabolism are 
studied in part II. In Chapter 5 and 6 we investigate the relationship between plasma apoC-
III levels, lipoprotein-associated apoC-III levels and CAD risk and other lipoproteins in a large 
prospective study of 2,711 individuals of whom 832 developed CAD during follow-up. In 
Chapter 7 and 8 we focus on HDL. First, we study the difference between HDL-C and apoA-I 
as predictors of CAD risk in three large prospective cohorts. Second, we study the effects of 
the CETP-inhibiter TA-8995 on cholesterol efflux capacity, a measure of HDL-functionality. 
Finally, in Chapter 9, we test the effect of apo(a) antisense therapy, a potent new Lp(a) 
lowering agent on the effect of Lpa(a) levels and to assess whether reversal of a pro-inflam-
matory monocyte phenotype is possible.

The focus of part III is to identify rare variants in large pedigrees with an observed 
autosomal dominant pattern of premature atherosclerosis, defined as a first CAD event <50 
years in men and <55 years in women. Key aspect of our approach is the selection of a very 
stringent phenotype, where we only selected families with a minimal number of traditional 
CAD risk factors, like LDL-C, BMI and smoking, to increase the likelihood to identify new 
variants contributing to the development of atherosclerosis. In Chapter 10, 11 and 12, we 
describe three families with premature atherosclerosis that are associated with previously 
unreported rare genetic variants in KERA, MCF2L and SUSD2.
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Chapter 2

ABSTRACT
The LDL-receptor related protein 1 (LRP1) affects the clearance of triglyceride-rich 

lipoproteins, but its role in cholesterol homeostasis in humans is not well understood. Here, 
we provide epidemiological evidence that a common variant  in LRP1 (rs116133520 is sig-
nificantly associated with HDL-C/triglycerides and apoA1 but not with apoB levels. In line, 
HDL-C levels are lower and triglyceride levels moderately higher in heterozygous carriers of 
the rare variants in LRP1: p.Val3244Ile and p.Glu3983Asp as  compared to family controls. 
Corroborating recent observations in liver-specific Lrp1 knockout mice, we show that these 
mutations culminate in reduced trafficking of ABCA1 to the cell membrane. Furthermore, 
SR-B1 protein levels are increased which may further contribute to low HDL-C levels. To-
gether our results provide the first evidence in humans that LRP1 affects HDL metabolism 
by virtue of its effect on both ABCA1 and SR-B1. 
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Mutations in LRP1 affect HDL metabolism in humans

INTRODUCTION 
Since its discovery in 1988 through homology cloning with the low-density lipopro-

tein receptor, the LDL Receptor-Related Protein 1 (LRP1) has been considered an important 
regulator of plasma lipid concentrations by its effect on the clearance of atherogenic tri-
glyceride-rich lipoproteins.1,2 LRP1 is also recognized for its role in other biological process-
es, including homeostasis of proteinases and proteinase inhibitors, activation of lysosomal 
enzymes, cellular signal transduction and neurotransmission.3,4 Like other members of the 
LDLR family, LRP1 contains several ligand-interacting CCR domains, cysteine-rich EGF repeats 
and a beta-propeller domain. LRP1 is composed of a 515-kDa extracellular α-chain which 
contains binding sites for many unrelated ligands and an 85-kDa β chain consisting of an ex-
tracellular domain, a transmembrane region and a cytoplasmic tail.4 A recent genome-wide 
association study (GWAS) in humans showed that common variants in LRP1 are associated 
with both triglyceride (TG) and High-Density Lipoprotein cholesterol (HDL-C) levels.5 Due to 
the intricate relationship between TG and HDL-C levels, it remains unknown whether LRP1 
directly affects HDL and cholesterol metabolism in humans. 

A clear role for LRP1 in murine HDL metabolism has been established.6,7 Hepatic LRP1 
deficiency was shown to result in 33% lower plasma HDL-C levels compared to wild type 
mice while no effect on triglyceride levels was observed.6 This was attributed to the ob-
served negative effect of  hepatic LRP1 deficiency on cell surface localization of ATP-binding 
cassette transporter A1 (ABCA1) which is essential for the transport of phospholipids and 
cholesterol across the cellular membrane to lipid-free apolipoprotein (apo) A1.8 It was pro-
posed that LRP1 acts as an endocytic receptor for the binding and internalization of Cathep-
sin D (CTSD), which is involved in the processing of Prosaposin (PSAP), the precursor of the 
glycosphingolipid-hydrolyzing saposins.9 The latter plays a crucial role in regulating transport 
of glycosphingolipids and cholesterol through the late endosomes, which in turn regulates 
ABCA1 expression and activity. Accordingly, Lrp1 loss-of-function resulted in reduced intra-
cellular levels of CTSD and impairment of PSAP activation and a corroborated trafficking of 
ABCA1 towards the plasma membrane. Further insights into the role of LRP1 in cholester-
ol metabolism were provided by Zhou et al., who elucidated a role of LRP1 in regulating 
LXR-mediated gene transcription and participation in reverse cholesterol transport (RCT) 
by controlling cytosolic phospholipase A2 (cPLA2) activation and ABCA1 expression.10 More 
recently, additional convergent LRP1-mediated signalling pathways were found to be cru-
cial for cellular cholesterol homeostasis in mouse embryonic fibroblasts and HEK293 cells. 
In particular, the extracellular α-chain of LRP1 was reported to mediate a TGFβ-induced 
increase of WNT-5a, which reduced intracellular cholesterol accumulation via inhibition of 
cholesterol biosynthesis and stimulation of ABCG1-mediated cholesterol efflux.  In absence 
of LRP1, WNT-5a is down-regulated and cells accumulate cholesterol. A second pathway has 
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been shown to be mediated through the cytoplasmic β-chain of LRP1 which is sufficient to 
limit cholesterol accumulation in LRP1 knock-out cells by increasing the expression of ABCA1 
and Neutral Cholesterol ester Hydrolase (NCEH1).7 In addition, the intracellular domain of 
LRP1 has been recently found to interact with the nuclear receptor Pparγ, a central regula-
tor of lipid and glucose metabolism, acting as its transcriptional co-activator in endothelial 
cells. This study showed that LRP1 mediates metabolic responses not only by acting as an 
endocytic receptor but also by directly participating in gene transcription.11

The studies performed so far clearly indicate that LRP1 has a large impact on cellular 
lipid homeostasis, and could directly affect HDL metabolism. However, only evidence has 
been obtained from studies in murine models and in vitro studies. Confirmation of the role 
of LRP1 in human cholesterol biology is largely lacking.12–16 Recently, genome wide associa-
tion (GWA) studies have shown that common variants in LRP1 are associated with plasma 
TG and HDL-C levels, suggesting that LRP1 may also play a role in human lipid metabolism.5 
The importance of a clear understanding of LRP1 in human pathophysiology is illustrated by 
the recently published association of a common variant in LRP1 (rs11172113) with incidence 
of coronary artery disease.17 In the current study we investigated two rare mutations in LRP1 
in individuals with plasma HDL-C levels below the first percentile.  A common variant close 
to LRP1 (rs11613352) was tested for association with plasma HDL-C and TG in the Copenha-
gen City Heart study. Despite the general concept that LRP1 affects TRL metabolism we now 
provide evidence that LRP1 directly affects HDL metabolism through its effect on ABCA1 
translocation in human. In addition, increased protein levels of scavenger receptor class B 
type 1 (SR-B1), another canonical HDL receptor were observed which provides new insights 
into human cholesterol metabolism.
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MATERIAL AND METHODS

Subjects and Mutation Analysis

A cohort of individuals with very high (n =40) and very low (n =40) plasma HDL-C lev-
els (<1st and >99th percentile for age and gender) from the general population was studied 
to identify the genetic background underlying the HDL-C phenotype as described.18 Cod-
ing sequence and exon-intron boundaries of 195 lipid-related genes and 78 lipid-unrelated 
genes were sequenced using Agilent Sureselect custom capture library on the Illumina HiS-
eq 2000 platform. LRP1 (the gene encoding LRP1; National Center for Biotechnology Infor-
mation reference sequence NM_002332) was sequenced and LRP1 mutations (c. 9730G>A 
p.Val3244Ile, and c. 11949 G>T; p.Glu3983Asp) were identified in 2 individuals.  Written in-
formed consent was obtained from all individuals and the study was approved by the Med-
ical Ethical Committee of the Amsterdam Medical Center, Amsterdam, The Netherlands.

Population data 

The Copenhagen City Heart Study (CCHS) is a prospective study from the general pop-
ulation started between 1976-1978 with three follow-up examinations between 1981-1983, 
1991-1994 and 2001-2003. Data were obtained from a questionnaire, a physical examina-
tion, and from blood samples including DNA extraction. Follow-up was 100% complete and 
ended on 10th of April 2013. DNA extraction from the blood samples was performed at the 
1991-1994 and 2001-2003 examination. Nonfasting total cholesterol, HDL cholesterol, and 
triglycerides were measured by colorimetric assays (Boehringer Mannheim and Konelab). 
LDL cholesterol was calculated using the Friedewald equation when plasma triglycerides 
were ≤4.0 mmol/L (≤352 mg/dL), otherwise, LDL cholesterol was measured directly (Ther-
mo Fisher Scientific and Konelab). TaqMan-based assays and ABI PRISM 7900HT Sequence 
Detection System (Applied Biosystems Inc, Foster City, CA, USA) were used to genotype the 
genetic variant.  

Statistical analysis

The quantitative data in this paper are represented as mean ± S.E.M. Statistical eval-
uation was made using Student’s unpaired t-test and differences were considered to be 
significant at p<0.05. The population data was analyzed using Stata/SE version 13.0 (Stata 
Corp., College Station, TX). To assess whether common variants were associated with levels 
of TG, HDL-C, apoAI, apoB and total cholesterol, a linear regression adjusted for age and sex 
was used and Cuzick’s extension of a Wilcoxon rank sum test as a test for trend was applied.
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Antibodies

In the experimental procedures described the following antibodies were used: rabbit 
monoclonal anti-LRP1 (Ab92544; Abcam), mouse monoclonal anti-ABCA1 (Ab18180; Ab-
cam), rabbit monoclonal anti-PSAP (ab166910; Abcam), mouse monoclonal anti-Cathepsin 
D (NBP1-04278 Novus Biologicals), goat anti-SR-B1 (NB400-131; Novus Biologicals), rabbit 
anti-ABCG1(ab36969; Abcam), rat anti-Wnt-5a (MAB645; R&D Systems), mouse monoclonal 
anti-β actin (A5441, Sigma-Aldrich, 1:5,000), anti-α tubulin (Ab4047, Abcam), anti-GAPDH 
(Ab8245), goat anti-rabbit IgG-horseradish peroxidase (HRP) conjugate (170-6515 : Bio-Rad 
Laboratories,),  goat anti-mouse IgG-HRP conjugate (170-6516; Bio-Rad Laboratories), goat 
anti-Rat IgG Horseradish Peroxidase conjugated (HAF005; R&D Systems). For immunofluo-
rescence, Alexa Fluor–conjugated secondary antibodies and Alexa Fluor 488 and 568–con-
jugated were purchased from Jackson ImmunoResearch. 

Cell culture and transfections

Human embryonic kidney 293 cells (American Type Culture Collection), liver hepa-
tocellular cell lines Hep3B (ATCC, HB-8064) and human skin fibroblasts were cultured in 
high-glucose Dulbecco’s modified Eagle’s medium GlutaMAXTM (4.5 g/l D-Glucose and 
Pyruvate; Invitrogen Life Technologies Corporation) supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin and streptomycin at 37°C in 5% CO2. In the recovery of LRP1 
mutant expression experiments transfected cells were either incubated at 37°C or 30°C for 
48 hours. Subsequently, cells were lysed in RIPA and protein expression was determined by 
western-blot analysis. Experiments were performed in triplicate.

Generation of LRP1 constructs

Wild-type LRP1-GFP pFastBac1 vector was kindly provided by Joerg Heeren (Universi-
ty Medical Center Hamburg-Eppendorf). This vector carries the human cDNA of LRP1 fused 
in frame with a Green Fluorescence Protein (GFP) cDNA. Such a vector was digested with 
KpnI and HindIII restriction enzymes purchased from New England Biolabs (Beverly, MA, 
USA). The resulting fragment (2.7Kb) was used for sub-cloning into  pCR®-Blunt vector (Ther-
mo Fisher Scientific). Both missense mutations c.9730G > A and c.11949G > T were intro-
duced via site-directed mutagenesis using QuikChange Lightning Site-Directed Mutagenesis 
kit (Stratagene). DNA sequences were checked out by Sanger sequencing. 

Quantitative reverse transcriptase PCR (qRT-PCR)

Total RNA was isolated from cells by means of TRIZOL® (Invitrogen Life Technologies 
Corporation). cDNA synthesis was performed using Transcription Universal cDNA Master 
(Roche). mRNA expression was assayed by quantitative PCR using Sybrgreen (Applied Bi-
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osystem) and the real-time PCR cycler (7900HT Applied Biosystem) using primers listed in 
the Supplementary Table 2. Expression data were analysed using SDS 2.3 software (Applied 
Biosystems) and the standard curve method of calculation. Results were presented as fold 
induction and normalized to the expression of β-actin and GAPDH, which were selected as 
the most stable reference genes. 

Western Blot Analysis

Protein concentrations were determined by Bradford Protein Assay. Transiently 
transfected cells and human skin fibroblasts were rinsed twice in ice-cold PBS prior to lysis 
in lysis buffer (5M NaCl, NP-40, 1M Tris; pH 8.0), 0.5M EDTA, H2O) supplemented with 1 
mM Na3VO4, 1 mM PMSF, 10 mM DTT and protease inhibitors (Complete; Roche, Basle, 
Switzerland). Protein lysates were boiled at 95°C for 5 minutes prior to gel loading. In all 
experiments, SDS-PAGE (6 and 8%) was followed by protein transfer onto PVDF (Amersham) 
or nitrocellulose membranes (BioRad Laboratories) for immunoblot analysis. Mouse mon-
oclonal anti-β actin, anti-α tubulin or anti GAPDH were used as internal controls. Proteins 
were detected with either ECL detection system or SuperSignal West Femto ECL kit (Thermo 
Scientific). Densitometry analysis of western blot bands was performed using Image Lab 5.0 
software (Bio-Rad Laboratories).

Immunofluorescence staining

Staining was carried out as previously described.19 Skin-derived fibroblasts were 
grown on coverslips. Forty-eight hours after seeding, cells were washed twice in PBS and 
fixed using 4% (w/v) paraformaldehyde for 10 min at room temperature. Cells were perme-
abilized and blocked using respectively, cold 0.3%Triton X-100 for 5 minutes and blocking 
buffer (0.2% (w/v) BSA (Sigma-Aldrich) in PBS for 30 minutes at room temperature in the 
dark.  Immuno-labelling was performed in blocking buffer with the indicated primary an-
tibodies for 1 h. After washing three times, secondary labelling was performed with Alexa 
Fluor–conjugated secondary antibodies for 1 h. DAPI staining was performed in the final 
washing step preceding the mounting of coverslips (Vector Laboratories). Images were ac-
quired using an LSM-710 laser scanning confocal microscope and analysed by ZEN software 
(Carl Zeiss).

Protein stability assay

To measure protein stability, cycloheximide, a translation inhibitor in eukaryotic cells 
was used. HEK293T cells were transfected with either WT or mutant constructs prior to ad-
dition of cycloheximide (Sigma, 100 μmol/L). Cells were harvested at various time points fol-
lowing cycloheximide treatment (0, 3, 6, and 24 hours), collected in lysis buffer and protein 
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processed for Western blot analysis. LRP1 protein stability was assessed as the proportion 
of the initial protein remaining after cycloheximide treatment.

Targeted quantitative proteomics on LRP1

Wildtype and p.Glu3983Asp-mutant LRP1 were quantified using synthetic peptides 
carrying a 13C15N-isotope label on the C-terminal lysine (PEPotec synthetic peptides-grade 
2, Thermo Scientific) in human fibroblasts of a LRP1-mutation carrier and three controls. 
Briefly, lysed fibroblasts (starting with 1*106 cells) were subjected to in-gel tryptic digestion 
(1:100 g/g) after reduction with 10 mM dithiothreitol and alkylation with 55 mM iodoaceta-
mide. Based on the total protein concentration (determined by a BCA assay) 20 µg of total 
protein was mixed with 45 fmol of the synthetic LRP1 synthetic isotopically-labeled peptides 
DVIEVAQMK for the quantification of WT LRP1 and DVIDVAQMK  for the GluE3983Asp-mu-
tant LRP1. Both peptides were targeted and analyzed by a triple quadrupole mass spectrom-
eter (MS) equipped with a nano-electrospray ion source (TSQ Vantage, Thermo Scientific). 
The chromatographic separation (gradient 110 min) of the peptides was performed by liquid 
chromatography on a nano-UHPLC system (Ultimate UHPLC focused, Dionex). The MS trac-
es were manually curated using the Skyline software prior to integration of the peak areas 
for quantification.20 The sum of all transition peak areas for the endogenous peptides and 
isotopically labeled synthetic peptide standards was used to calculate the ratio between the 
endogenous and standard peptides. The concentrations of the endogenous peptides were 
calculated from the known concentrations of the standards and expressed in fmol/μg of 
total protein.

CRISPR/Cas9 genome editing

The LRP1 knockout cell line was generated by using the CRISPR-Cas9 system as previ-
ously described.21 Candidate guide RNAs were designed using the Zhang Lab CRISPR Design 
website (http://crispr.mit.edu) to target exon 61 of LRP1.  A plasmid based on gRNA_Clon-
ing Vector (https://www.addgene.org/41824/) was used to express the guide RNA with 
the chosen protospacer sequence from the U6 promoter. pSpCas9(BB)-2A-Puro (PX459) 
(https://www.addgene.org/62988/) was used to co-express a human codon-optimized Cas9 
gene with a C-terminal nuclear localization signal. HEK293T cell line was grown on 10cm 
dish and assessed for efficacy with Surveyor assay. Single colonies were manually picked, 
dispersed and re-plated individually to wells of 96-well plates. Colonies were subsequently 
screened by PCR and Sanger sequencing to identify insertion-deletion (Indels) at the exon 
61 target site.  Several clones had compound heterozygote deletions flanking the target site 
(Table S5B) and three were chosen for expansion and differentiation along with wild-type 
clones from the same 96-well plate. Absence of LPR1 protein expression was assessed by 
Western-blot. 
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Knock-down in hepatic cells

RNAi silencing of LRP1 was performed by transfection of double-stranded siRNA oli-
gonucleotides (Trilencer-27) designed and synthesized by Origene. Control transfections in-
cluded both a proven nontargeting siRNA provided by Origene and transfection reagent only 
without oligonucleotides according to the manufacturers protocol.

Cell Surface Biotinylation Assay

Cells were washed (3x) with ice-cold PBS-CM buffer (PBS, 1mM MgCl2 and 0.1mM 
CaCl2). EZ-link-sulfo-NHS-LC biotin reagent solution (0.5 mg/mL) and biotinylation buffer 
(10mM triethanolamine, pH 8.0, 150mM NaCl and 2mM CaCl2) was added for 30 min at 4°C. 
Biotin reagent was removed and cells were washed (2x) with quenching buffer (PBS-CM, 
0.1% BSA) followed by 1x washing step with PBS-CM buffer. Cells were then incubated for 
5 min at 4°C with lysis buffer (1.0% NP-40, 150mM NaCl, 5mM EDTA, 50mM Tris pH 7.5 and 
fresh protein inhibitors) collected by scraping and centrifuged (14,000g, 10 min, 4 °C). Pro-
tein concentration was determined; 0.2 mg was used as input; 2 mg was used and diluted in 
lysis buffer (0.8 ml); 80 μl Neutravidin beads (Neutravidin Agarose Resin, Thermo Scientific) 
were added and incubated for 3 h at 4°C. Beads were collected by centrifugation (500g, 2 
min, 4°C), washed 3x with lysis buffer containing 1mM Biotin at 4°C. Finally the beads were 
eluted in 50μl 2x loading buffer (2 volume 4x laemli, 1 volume milli-Q-H2O and 1 volume 
1M DTT).
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RESULTS
A common variant close to LRP1 is associated with HDL-C and apoA1 levels in the 

Copenhagen City Heart Study. Several genome wide association studies have identified LRP1 
as a locus that is associated with plasma triglycerides as well as HDL-C levels.5 We verified 
these associations in the Copenhagen City Heart Study by studying the association between 
rs11613352 variant in 10,859 individuals and plasma lipid levels. We confirmed the associ-
ation with HDL-C (p=0.004) and TG levels (p=0.02). A step forward was taken by testing for 
association with plasma apolipoprotein levels: after adjustment for age and sex, we identi-
fied a highly significant association with ApoA1 (p=0.001) but not with ApoB levels (p=0.32) 
supporting the concept that LRP1 is likely to be involved in HDL metabolism (Table 1 and 
Figure 1).

Table 1. Characteristics of study participants by LRP1 rs11613352 genotype.

Characteristics   CC CT TT P (trend)

No. of individuals (%) 5,174 (52.9) 3,845 (39.3) 761 (7.8)

Age in years 56.5 (0.22) 56.0 (0.26) 57.8 (0.58) 0.51
Women (%) 2,881 (55.7) 2,092 (54.4) 437 (57.4) 0.93
Total cholesterol (mmol/L) 6.06 (6.02-6.09) 6.05 (6.01-6.09) 6.02 (5.94-6.11) 0.47
LDL cholesterol (mmol/L) 3.69 (3.66-3.72) 3.69 (3.66-3.73) 3.66 (3.58-3.74) 0.76
HDL cholesterol (mmol/L) 1.55 (1.54-1.56) 1.57 (1.56-1.58) 1.59 (1.56-1.63) 0.004
Triglycerides (mmol/L) 1.87 (1.83-1.92) 1.81 (1.76-1.86) 1.77 (1.66-1.88) 0.02

Apolipoprotein A1 (mg/dL)
142.1 (141.4-142.9)

143.1 (142.2-143.9) 145.7 (143.8-147.7) 0.001

Apolipoprotein B (mg/dL) 88.1 (87.4-88.7) 87.7 (87.0-88.5) 87.3 (85.6-88.9) 0.32

Data are mean (± interquartile range) or No. (%). 

LRP1 mutations in subjects with HDL-C below the first percentile

We previously identified heterozygous carriers of two missense mutations in LRP1 
c.9730G>A (p.Val3244Ile) and c.11949G>T (p.Glu3983Asp) in a cohort of individuals with 
very low HDL-C levels (details provided in Table 2) without any rare variant in 195 lipid-re-
lated genes.18 The first mutation has not been reported elsewhere, while the second was 
also identified in the Exome Sequencing Project with a frequency of 0.07%. Both mutations 
are predicted to affect the structure and function of LRP1, which is exemplified by the high 
CADD score (over 15 in both cases).22 The amino acid sequences in the regions where the 
mutations are located are highly conserved across mammalian species (Fig. 2A) and are 
localized in the LDL-receptor class B 30 and 32 domains of the α (515 kDa) and β (85 kDa) 
chains of LRP1, respectively (Fig. 2B). The LRP1 mutations were the only predicted rare loss-
of-function variants in 195 genes with an (anticipated) effect on plasma lipid levels suggest-
ing that these mutations to be causally related to the observed low HDL-C levels.
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Figure 1. Association of LRP1 rs11613352 with plasma lipid parameters.

                                                                  
HDL-C (upper left), ApoA1 (upper right), Triglycerides (middle left), ApoB (middle right), Total cholesterol (lower 
left) and LDL-C (lower right). Data are presented as mean ± SD

Table 2. Rare LRP1 mutations identified in individuals with low HDL-C levels.

Genomic 
position HDL-c TG Geno-

type
Type of 
mutation cDNA Protein CADD 

score dbSNP ID 1K Ge-
nomes % GoNL % ESP %

Chr12: 
57,593,048 0.597 1.66 -/+ Missense c.9730G>A p.Val3244Ile 14.4 - - - -

Chr12: 
57,601,910 0.43 3.91 -/+ Missense c.11949G>T p.Glu3983Asp 23.3 rs146923187 - - 0.07
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Heterologous expression of LRP1 loss-of-functi on mutati ons aff ect protein expression 
and stability

Both mutants were expressed in HEK293T cells to investi gate the functi onal con-
sequence of the mutati ons. Mutant LRP1 protein levels were signifi cantly reduced (>50%; 
p<0.01) without a signifi cant eff ect on the expression of the messenger RNA (mRNA) (Fig. 
2C-D, Table S2) suggesti ng that both LRP1 variants might infl uence protein stability. This 
was evaluated by measuring protein degradati on over ti me in a cellular system where we 
overexpressed both WT and mutant LRP1 in the presence of the translati on inhibiti ng agent 
cycloheximide. As expected LRP1 WT levels decreased progressively with a half-life of more 
than 24 hours.23 In contrast, the half-life of p.Val3244Ile mutant was ~50% and of the p.Glu-
3983Asp ~85% shorter compared to WT (Fig. 2E). In an att empt to restore the mutant LRP1 
expression, transiently transfected cells were cultured at lower temperature (30°C), which 
has been previously shown to improve protein folding and subsequently stability.24 Notably, 
aft er 48-hour incubati on, LRP1 protein levels were in both cases recovered close to WT lev-
els (Fig. 2F). In conclusion, we show that both mutati ons adversely aff ect protein expression 
and stability of LRP1. 
Figure 2. Eff ect of LRP1 mutati ons on protein expression and stability in-vitro.  

  A. Orthologue conservati on of amino acids residues at positi ons 3244 and 3983 in LRP1 (p.Val3244Ile and 
p.Glu3983Asp identi fi ed in individuals with HDL-C levels <0.6mmol/L). B. Scheme of the low density lipoprotein 
receptor-related protein 1 encoded by LRP1 with the α (blue) and β (red) chains and the locati on of the newly 
identi fi ed variants. C. Real-ti me PCR quanti fi cati on of LRP1 mRNA expression in HEK293T cells. β-acti n and 
GAPDH were used as housekeeping genes. D. Representati ve Western blot analysis showing WT and LRP1 mutant 
expression in HEK293T cells. Either WT or mutant hLRP1 constructs (1 μg) were transiently expressed in HEK293T 
cell line along with glutathione S-transferase construct (GST) to control for transfecti on effi  ciency. Bar graphs 
show the quanti fi cati on of LRP1 bands, black bar (WT), blue (p.Val3244Ile , V3244I) red (p.Glu3983Asp , E3983D), 
white (non-transfected). 
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(conti nued) E. Incubati on of transfected cell with cycloheximide and LRP1 expression measured at 0, 3, 6 and 24 
hours, respecti vely. Lines represent the percentage of the value before the additi on of cycloheximide. Note that 
S.E.M. was too small to visualize in some cases. Representati ve Western blot analysis showing the ti me course 
of LRP1 protein levels. F. Recovery of LRP1 mutants expression by incubati ng transfected cells at either 37°C or 
30°C for 48 hours. Bars represent fold inducti on. Unchanged levels of α-tubulin or β-acti n are shown as loading 
controls. Data are expressed as mean ± SEM of 3 independent experiments. *P<0.05 , **P<0.01 vs control cells.   

ABCA1 and SR-B1 cell surface localizati on are signifi cantly aff ected in fi broblasts from 
LRP1 mutati on carrier 

Skin-derived fi broblasts were collected from the index case carrying the p.Glu-
3983Asp mutati on. In line with our gene expression studies in HEK293T cells, the p.Glu-
3983Asp mutati on was found to have no eff ect on mRNA abundance, but LRP1 protein ex-
pression was lower by ~35% (Fig. 3 A-B and L, top panel). LRP1 expression was restored to 
control levels when fi broblasts were cultured at 30°C (Fig. 3C). Wild-type and mutant LRP1 
protein was quanti fi ed in the fi broblasts from carrier and 2 non-carriers with mass spec-
trometry. The wild-type protein in the fi broblasts from the mutati on carrier was present at 
40% compared to the wild-type protein levels in controls. As expected the mutant protein 
was only detected in the carrier (Fig. 3D-E).

To acquire more insight into the molecular mechanism(s) underlying the low HDL-C 
phenotype, cathepsin D (CTSD) and prosaposin (PSAP) expression levels were measured in 
fi broblast lysates. CTSD levels were reduced by 50% and PSAP levels were increased by 60% 
in the carrier compared to controls, respecti vely (Fig. 3F). Next, ABCA1 levels were meas-
ured in total cell lysates and on the cellular surface in the presence or absence of an LXR 
agonists. A signifi cant 50% reducti on (P<0.05) was observed in both cellular compartments 
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(Fig. 3G). To replicate the immunoblot data, ABCA1 protein expression was also studied by 
confocal microscopy. ABCA1 protein expressed at the plasma membrane and in the cyto-
plasm was decreased in fi broblasts derived from the heterozygous LRP1 mutati on carrier 
(Fig. 3L middle panel). Both total cell lysate protein and cell surface expression of SR-B1 
were found to be increased by more than 2-fold (Fig. 3H-I). It was recently observed that 
ABCG1 levels and WNT5a signalling pathways are controlled by LRP1 in mouse embryonic 
fi broblasts and HEK293.7 In contrast to these observati ons both ABCG1 and WNT5a mRNA 
and protein levels were marginally decreased in fi broblasts of the mutati on carrier (Fig. S3). 

 

Figure 3.  ABCA1 and SR-B1protein  levels in 
LRP1 mutati on carrier and control fi broblasts.                                                                                                                                    
A. Real-ti me PCR quanti fi cati on of LRP1 ex-
pression in total cell lysates. β-acti n  and 
GAPDH were used as housekeeping genes. 
B. Representati ve Western blot showing 
LRP1 expression in three control individuals 
and the mutati on carrier. Quanti fi cati on of 
LRP1 expression in controls (black bar) and 
mutati on carrier (red bar). C. Recovery of 
LRP1 mutant expression by culturing fi bro-
blasts at both 37°C and 30°C for 48 hours. 
Bars represent fold inducti on. Quanti fi ca-
ti on of LRP1 expression. D. Wildtype and 
E3983D-mutant LRP1 quanti fi cati on using 
Mass Spectrometry. Endogenous signal is 
shown in red, standard in blue. Carrier (left ) 
and 3 controls (right) are shown. 

E
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Figure 3 H-L (conti nued).

E. Wildtype pepti de relati ve 
quanti fi cati on in the carrier vs 
controls. F. PSAP (upper pan-
el) and CTSD (lower panel) ex-
pression levels in controls and 
mutati on carrier. Quanti fi cati on 
of PSAP and CTSD expression. 
G. ABCA1 protein expression 
in total lysates (left ) and on the 
cell surface (right). H. ABCA1 
and SR-B1 mRNA expression 
levels. I. SR-B1 protein expres-
sion in total lysates (left ) and 
on the cell surface (right).  L. 
Immunofl uorescence studies. 
Control (left ) and carrier (right) 
fi broblasts were assessed for 
LRP1 (green), ABCA1 (red) and 
SR-B1 (purple) expression us-
ing confocal microscopy. In the 
above experiments unchanged 
levels of β-acti n or α-tubulin are 
shown as loading controls. Data 
are expressed as mean ± SEM 
of 3 independent experiments. 
*P<0.05 , **P<0.01 vs control 
cells.   
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HEK293T LRP1 knock-out cells mimic the phenotype observed in fi broblasts from muta-
ti on carrier

As the individuals are heterozygous carriers of the LRP1 mutati on it means that both 
the wild type protein as well as the mutated protein will be present. To study the sole eff ect 
of wild-type LRP1 and the LRP1 variants, we generated HEK293T LRP1 knock-out cells using 
CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9.21 Specifi c sgRNA(s) 
were designed to target exon 61 of LRP1 (Supplementary Material, Table S4A). Mutati on 
effi  ciency was evaluated by the surveyor nuclease assay (Fig. S4), followed by direct DNA 
sequencing and immunoblotti  ng. Several heterozygous compound deleti ons were iden-
ti fi ed (Supplementary Material, Table S4B). Upon confi rmati on that LRP1 expression was 
completely abolished (Fig.4A), three clones were taken for further studies. CTSD and PSAP 
protein levels were measured in cell lysates. CTSD levels were 40% lower, whereas PSAP 
levels were 35% higher in the knock-out compared to wild-type clones (Fig.4B). In line with 
previous experiments, ABCA1 expression was lower while SR-B1 expression was higher at 
the cell surface of LRP1-defi cient clones (Fig.4C). 

Figure 4. ABCA1 and SR-B1 levels in LRP1 CRISPR/Cas9 knockout cells. (legend on next page)
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A. Representati ve Western blot showing LRP1 expression in three WT and KO cell lines, respecti vely. Quanti fi ca-
ti on of LRP1 expression in WT (black bar) and KO (white bar). B. Quanti fi cati on of CTSD and PSAP expression in 
controls and KO cells. C. ABCA1 and SR-B1 protein expression in total lysates and on the cell surface and quanti fi -
cati on of ABCA1 and SR-B1 expression. Unchanged levels of β-acti n, α-tubulin are shown as loading controls. Data 
are expressed as mean ± SEM of 3 independent experiments. *P<0.05, **P<0.01 vs control cells.    

ABCA1 and SR-B1 plasma membrane expression are not rescued by introducti on of LRP1 
mutants in LRP1 KO cells 

Next, we investi gated whether reduced cell surface expression of ABCA1 and in-
creased expression of SR-B1 in LRP1 knock-out cells could be rescued by reintroducing WT 
LRP1 or the two LRP1 variants (Fig5A). Aft er transient transfecti on, the levels of LRP1 protein 
were signifi cantly lower in case of LRP1 mutants as compared to WT (Fig.5B blue and red 
bars). ABCA1 membrane expression was restored aft er transfecti on with the WT-LRP1, but 
for the two LRP1 mutants no rescue of ABCA1 was observed. (Fig.5C black and grey bars, 
respecti vely).  SR-B1 expression at the cell membrane was signifi cantly increased aft er the 
introducti on of the WT-LRP1 and even higher aft er introducti on of the two LRP1 mutants.

Figure 5. ABCA1 and SR-B1 phenotype rescue studies in CRISPR/Cas9 knockout cells.          

A. LRP1-defi cient HEK293T cells were transfected with either the WT or mutant forms of LRP1. ABCA1 and SR-B1 
(surface) and LRP1 (total lysates) expression was measured. B. Representati ve western blot of LRP1 expression. 
Upper band (exogenous LRP1), lower band (endogenous LRP1). C. ABCA1 and SR-B1 cell-surface expression. 
Legend: WT + empty construct (grey), KO + empty construct (white), KO + WT construct (black), KO + V3244I 
construct (blue), KO + E3983D construct (red). Unchanged levels of β-acti n is shown as loading control. Data are 
expressed as mean ± SEM of 3 independent experiments. **P<0.01, ***P<0.005 vs control cells.    

Figure 5. ABCA1 and SR-B1 phenotype rescue studies in CRISPR/Cas9 knockout cells.  
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LRP1 knock-down in a liver cell line shows similar effects on ABCA1 and SR-BI

Next, we assessed whether LRP1 also affects ABCA1 and SR-B1 as major players in 
HDL metabolism in a human hepatoma cell line. To this purpose, we silenced LRP1 using 
siRNA in Hep3B cells. The two specific siRNA duplexes used resulted in 40% reduction of 
the expression of LRP1 protein (Fig 6A), which mimics the LRP1 expression in fibroblasts of 
the heterozygous carriers (Fig.3B). CTSD levels were significantly reduced by 35% and PSAP 
levels were increased by 50%, respectively (Fig. 6B). In line with previous data ABCA1 ex-
pression on the cell surface was reduced whereas SR-B1 was significantly increased (Fig. 6C).

Figure 6 (next page). ABCA1 and SR-B1 levels in LRP1 siRNA-mediated knock-down cells.                                                                                                                                           
A. Representative western blot showing knockdown of LRP1 in Hep3B cell line. Untreated cells (empty, black bar), 
siRNA1 (s1), siRNA2 (s2; white bars) and scrambled (sc, grey bar) are shown, respectively. B. CTSD expression and 
PSAP expression. C. ABCA1 and SR-B1 protein expression in total cell lysates and on the cell surface. Quantifica-
tion of ABCA1 (upper panel) and SR-B1 expression (lower panel). Unchanged levels of β-actin, α-tubulin and GAP-
DH are shown as loading controls. Data are expressed as mean ± SEM of 3 independent experiments. *P<0.05, 
**P<0.01 vs control cells.    
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Figure 6. ABCA1 and SR-B1 levels in LRP1 siRNA-mediated knock-down cells.   
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DISCUSSION
Despite the general concept that LRP1 affects triglyceride-rich lipoproteins, we now 

provide the first evidence in humans that LRP1 also directly affects HDL metabolism. We 
present epidemiological evidence that a common variation in LRP1 is associated with HDL-C 
as well as apoA-I but not with apoB levels in the Copenhagen City Heart Study. Furthermore, 
we studied two rare heterozygous loss-of-function mutations in LRP1 that are associated 
with low plasma HDL-C levels. Our in vitro experiments indicate that these LRP1 variants 
result in lower membrane expression of ABCA1, which is in line with already published ob-
servations in murine studies.6 Finally, we found higher levels of SR-B1, another canonical 
HDL receptor, which is likely contributing to the observed low HDL-C phenotype in carriers 
of LRP1 mutations. Together, we provide the first evidence in humans that LRP1 directly 
affects HDL metabolism independent of its role in TRL metabolism.

In human GWA studies a common variant (rs11613352) close by the LRP1 locus is 
consistently associated with both plasma triglycerides and HDL-C levels.5 Recently, a dif-
ferent common variant in LRP1 (rs11172113) has been associated with CHD risk.17 The un-
derlying mechanism is still unknown. In the Copenhagen City Heart Study, we were able to 
confirm the association between rs11613552 and plasma HDL-C levels and apoA1 levels, the 
major protein constituent of HDL but not with apoB levels. Consistent with a liver specific 
Lrp1 knock-out mouse that is characterized by low HDL-C levels, we showed that reduced 
LRP1 protein expression causes consistent downregulation of intracellular CTSD and upreg-
ulation of PSAP protein levels which resulted in impaired translocation of ABCA1 to the cell 
surface.6 Overexpression of the natural occurring human variants in LRP1 KO cells failed to 
rescue the reduced ABCA1 protein content at the cell membrane. This low HDL-C phenotype 
is consistent with the well-known observation that complete loss of ABCA1 function results 
in near absent plasma HDL-C in mice and men while heterozygotes for LOF mutations pres-
ent with half normal HDL-C levels.25,26 

A broad spectrum of unrelated extracellular ligands have been described that in-
teract with LRP1 and may impact downstream physiological pathways.4  In this context, 
pro-cathepsin D (CTSD), an aspartic protease,  binds to the extracellular domain of the LRP1 
β-chain.27 This enzyme has been implicated in several processes, such as intracellular diges-
tion within lysosomal compartments, hormone and antigen processing,28,29  mitogenic activ-
ity in cancer30,31 and apoptosis.32 CTSD may affect lipid metabolism by binding of ceramide to 
the prepro-CTSD resulting in activation of the enzymatically active isoforms33 and enabling 
prosaposin conversion to saposin peptides involved in glycosphingolipids degradation which 
in turn allows ABCA1 to be translocated to the cell surface where it mediates cholesterol ef-
flux.34  Our study illustrates the complexity of ABCA1 expression at the cell membrane which 
was previously shown to be modulated by syntaxin 13,35 ceramide36 and cyclosporine A.37
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In view of the supposed changes in intracellular glycosphingolipid and cholesterol 

trafficking we hypothesized that ABCA1 is not the sole transporter to be affected. ABCG1 lev-
els were not affected by LRP1 haploinsufficiency, which suggests that the ABCG1 transporter 
is unlikely to explain the HDL-C phenotype in our study subjects. By contrast, increased SR-
B1 levels were consistently observed in our models suggesting a potential involvement of 
this receptor in the low HDL-C phenotype. Additionally, rescue of the mutants in our LRP1 
KO cell model led to higher SR-B1 cell surface expression underscoring the functional rele-
vance of the mutations in LRP1. To date, little is known about the role of LRP1 in intracellular 
cholesterol homeostasis in humans, including the mechanisms involved in SR-B1 trafficking 
to the cell membrane. Nevertheless, the observed rise in SR-B1 expression at the cell mem-
brane might considerably endow to the observed phenotype by promoting the uptake of 
cholesteryl ester from HDL into cells. Our data suggest that the reduced HDL-C levels in our 
study subjects is the net result of attenuated LRP1-mediated CTSD uptake which reduces 
saposins activation and subsequent ABCA1 translocation towards the plasma membrane 
(Fig.7) in combination with increased SR-B1 levels through a yet unidentified mechanism. 

Substantial support for this working model could come from the identification of ad-
ditional natural functional mutations in LRP1 in subjects with low HDL-C phenotypes. Such 
studies may benefit from a focus on those exons encoding for the domains involved in the 
uptake of CTSD (i.e. exons 83-84).27 To further bolster our hypothesis, we deem segregation 
studies in larger families with LRP1 defects to be pivotal. Although we provide molecular ev-
idence that LRP1 is directly related to cellular protein concentrations of CTSD, PSAP, ABCA1 
and SR-B1 additional studies are required to pinpoint how changes in lipid species of the late 
endosomal compartment can result in the observed changes in the cellular trafficking and 
localization of proteins.

In summary, we translate findings from mice studies that LRP1 affects ABCA1 plasma 
membrane expression in humans. In addition, we found a novel association with increased 
SR-B1 surface expression, that could further contribute to the low HDL-C phenotype. Our 
results indicate that LRP1 directly affects HDL metabolism in humans. Specifically, the mech-
anism related to SR-B1 expression is of great interest and relevance and warrants further 
studies to shed light on the cellular regulation of the LRP1 and SR-B1 tandem.
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Figure 7. Proposed mechanism(s) leading to decreased HDL-C as a result of LPR1 loss-of-functi on in humans. 

Two potenti al mechanisms aff ecti ng HDL-C levels are illustrated. In the presence of LRP1, cellular Pro-Cathepsin D 
recruitment leads to acti vati ng sphingolipid proteins SAP-A, -B, -C and -D (also called saposins). This allows ABCA1 
to be translocated from the late endosomes towards the plasma membrane (A). Another contributi ng player is 
SR-B1 which is known to mediate HDL-C uptake (B). Absence or reducti on of LRP1 in humans aff ects downstream 
pathways reducing ABCA1 and increasing SR-B1 cell surface localizati on, respecti vely. 
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ABSTRACT
Objective: High-density lipoproteins (HDL) are considered to protect against athero-

sclerosis in part by facilitating the removal of cholesterol from peripheral tissues. However, 
factors regulating lipid efflux are incompletely understood. We previously identified a vari-
ant in ATP binding cassette transporter A8 (ABCA8) in an individual with low HDL cholesterol 
(HDLc). Here we investigate the role of ABCA8 in cholesterol efflux and in regulating HDLc 
levels.

Approach and results: We sequenced ABCA8 in individuals with low and high HDLc 
and identified, exclusively in low-HDLc probands, three predicted deleterious heterozygous 
ABCA8 mutations (p.Pro609Arg (P609R), IVS17-2 A>G and p.Thr741Stop (T741X)). HDLc lev-
els were lower in heterozygous mutation carriers compared to first degree family controls 
(0.86 ± 0.34 vs. 1.17 ± 0.26 mmol/L, p = 0.005). HDLc levels were significantly decreased 
by 29% (p = 0.01) in Abca8b-/- mice on a high cholesterol diet compared to wild-type mice, 
whereas hepatic over-expression of human ABCA8 in mice resulted in significant increases 
in plasma HDLc and the first steps of macrophage-to-feces reverse cholesterol transport. 
Over-expression of wild-type but not mutant ABCA8 resulted in a significant increase (1.8-
fold, p = 0.01) of cholesterol efflux to ApoA-I in vitro. ABCA8 co-localizes and interacts with 
ABCA1 and further potentiates ABCA1-mediated cholesterol efflux.

Conclusions: ABCA8 facilitates cholesterol efflux and modulates HDLc levels in hu-
mans and mice. 
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INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death worldwide.1 Prospective 

epidemiological studies have established a robust inverse correlation between high-density 
lipoprotein cholesterol (HDLc) levels and risk for CVD.2 However, simply raising HDLc levels 
may be insufficient to protect against coronary artery disease (CAD) (3,4).3,4 These seeming-
ly counterintuitive findings underscore the crucial need for greater understanding of HDL 
biology.

Atherosclerosis, characterized by the accumulation of lipids and cholesterol-filled 
macrophages in the arterial wall,5 is the pathological process underlying CVD. Prevention of 
intracellular cholesterol accumulation through decreasing uptake and/or increasing efflux of 
cholesterol to extracellular lipoproteins is necessary to maintain macrophage lipid homeo-
stasis.6 Cholesterol efflux is an early step in the reverse cholesterol transport (RCT) pathway, 
a process by which HDL particles transport cholesterol from extra-hepatic tissues to the liv-
er, for subsequent excretion in bile.7 Indeed, this aspect of HDL functionality is strongly and 
inversely correlated with coronary heart disease in many, but not all studies.8–10 Two major 
transport proteins have been shown to facilitate cholesterol efflux and play a role in RCT, 
the ATP binding cassette transporters A1 (ABCA1) and G1 (ABCG1).11 ABCA1 plays a critical 
role as a transporter of intracellular free cholesterol and phospholipids to the extracellular 
acceptor apolipoprotein AI (ApoA-I), to form nascent HDL.12 Mature HDL particles act as 
acceptors for ABCG1-mediated cholesterol efflux.11 

Family and twin studies estimate that HDLc has a heritability of between 40 and 
60%, and a substantial portion of HDLc heritability remains to be elucidated.13 Recent ge-
nome-wide association studies have identified numerous genetic loci that associate with 
significant changes in plasma HDLc levels across large populations.13 However, few of these 
loci have been functionally investigated. One of these variants, rs4148008 in ABCA8 was 
reported to be significantly associated with an average 0.42 mg/dL decrease in HDLc lev-
els.14 The rs4148008 variant is localized in intron 30 of ABCA8, and has a global minor allele 
frequency (MAF) of 0.42 in dbSNP and 0.29 in Hapmap central Europeans. In support of this 
association, we previously identified a single proband with low HDLc who carries a predict-
ed loss of function mutation, p.Thr741Stop, in ABCA8.15 Although the function of ABCA8 
remained to be elucidated, it belongs to the ABC transporter family, suggesting it might play 
a role in HDL metabolism and cholesterol efflux in a similar fashion as the canonical choles-
terol efflux proteins ABCA1 and ABCG1. Here, we identify ABCA8 as a new protein involved 
in cholesterol efflux and characterized its role in RCT and in modulating HDLc levels.
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Materials and methods
Materials and methods are available in the online-only Data Supplement.

Results

ABCA8 mutations are found in probands with low HDLc

To determine if mutations in ABCA8 could result in low plasma HDLc levels, we se-
quenced ABCA8 in 80 probands with HDLc < 10th percentile in whom mutations in LCAT, 
APOA1 and ABCA1 were previously excluded.16 As controls, 120 probands with HDLc ≥ 90th 
percentile were sequenced. Sequencing of the 39 exons and exon-intron boundaries of 
ABCA8 resulted in the identification of 2 probands exclusively in the low HDLc cohort with 
potential mutations. These variants are p.Pro609Arg (P609R, rs144777539, chromosome 
17:66914289 G>C) and c.IVS17-2 A>G (Chromosome 17:66899693, genome build 37.3) 
(Fig. 1A). We also previously identified an individual with HDLc ≤ 5th percentile, harboring 
a nonsense mutation, p.Thr741Stop (T741X), (Chromosome 17:66902243).15 These three 
probands, who were heterozygous carriers of three different ABCA8 variants, formed the 
basis for further studies.

To investigate whether these three variants are deleterious, we first determined 
their frequencies in the dbSNP, 1000 genome and exome variant server (ESP) databases. 
The P609R variant is rare (MAF: 0.001 in the ESP population), while the c.IVS17-2 A>G and 
T741X variants were not found. Mutation functional prediction algorithms predicted the 
P609R variant to be “probably damaging”, while c.IVS17-2 A>G was predicted to abolish an 
essential splice site. T741X results in the truncation of more than half the protein, includ-
ing ATP binding cassette domain 2, which is likely to cause a large functional defect (Fig. 
1A). Across vertebrate genomes, both Pro609 and the nucleotide A in IVS17-2 A>G are con-
served. Together, the in silico data suggest that all three variants are likely to be deleterious. 

HDL cholesterol levels are decreased in ABCA8 mutation carriers 

 To investigate whether these mutations may underlie reduced HDLc levels, we first 
assessed their segregation with HDLc levels in 44 family members of the 3 probands (pedi-
grees in Supplementary Fig. I). Heterozygous ABCA8 mutation carriers showed significantly 
reduced plasma HDLc levels compared to first-degree relative controls (0.86 ± 0.34 mmol/L, 
n = 15 vs. 1.17 ± 0.26, n = 32; p = 0.005) (Fig. 1B). Statistical significance remained when the 
original probands were excluded from the analyses (carriers: 0.95 ± 0.28 mmol/L, n = 12; p 
= 0.018), indicating that plasma HDLc levels are significantly decreased in ABCA8 mutation 
carriers. 
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Heterozygous ABCA8 
mutation carriers First-degree relative controls p-value

Age 50.2 ± 17.6 48.1 ± 24.1 0.8

% male 73.3 46.9 0.1

HDLc (mmol/L) 0.86 ± 0.34 1.17 ± 0.26 0.005

HDLc percentile 15.5 ± 18.1 34.8 ± 21.4 0.001

TC (mmol/L) 4.49 ± 1.19 4.77 ± 0.93 0.5

LDLc (mmol/L) 2.94 ± 0.85 3.12 ± 0.70 0.6

TG (mmol/L) 1.65 ± 1.60 1.24 ± 0.60 0.08

ApoA-I (mmol/L) 0.039 ± 0.009 0.0523 ± 0.008 -

ApoB (mmol/L) 0.0014 ± 0.0002 0.002 ± 0.0004 -

BMI (kg/m2) 25.2 ± 3.8 25.0 ± 5.0 0.9

Table 1. Basic characteristics, and plasma lipid and lipoprotein levels in ABCA8 mutation carriers and first-degree 
relative controls  
The p-value for age was calculated using t-test and Fisher’s exact chi-square test was used to calculate the p-value 
for % male. All other p-values were generated using a mixed linear model to adjust for correlation between 
individuals in the same family. Endpoint p-values are controlled for age and sex. TG values were log transformed 
before statistical analyses. Data are presented as mean±SD and statistically significant values are in bold. 

 We next assessed plasma lipids and apolipoproteins. Plasma levels of apoA-I were, 
on average, 26.4% lower in mutation carriers compared to controls (carriers: 0.039 ± 0.009 
mmol/L, n = 2; controls: 0.0523 ± 0.008, n = 9) (Table 1), although few samples were meas-
ured due to limited availability of human plasma samples. No significant differences were 
observed in LDLc, triglycerides, total cholesterol and ApoB levels (Table 1).

ABCA8 mutations associate with reduced large HDL particle concentration, and HDL 
particle size

 The association of ABCA8 mutations with HDL particle number, size and composi-
tion was analyzed by means of nuclear magnetic resonance (NMR) spectroscopy17 and lipi-
dome analyses. HDL derived from heterozygous ABCA8 mutation carriers was significantly 
smaller than HDL from first-degree relative controls (carriers: 8.7 ± 0.2 nm, n = 9; controls: 
9.2 ± 0.4 nm, n = 17; p = 0.004) (Fig. 1C), which in turn was associated with lower large HDL 
particle concentration (carriers: 2.7 ± 1.3, n = 9; controls: 5.1 ± 2.6 µmol/L, n = 17; p = 0.015) 
(Fig. 1D). No significant differences in total HDL particle concentration, LDL or VLDL particle 
size and concentration were observed. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   49 26/10/2017   17:23:35



50

Chapter 3

Figure 1. Mutati ons in ABCA8 result in low HDL cholesterol, HDL parti cle size and concentrati on in families. 

(A) Predicted topographical model of ABCA8 with identi fi ed mutati ons. (B) Plasma HDLc levels in heterozygous 
ABCA8 mutati on carriers and fi rst-degree relati ve controls (C) Mean HDL parti cle size, and (D), concentrati on of 
large HDL parti cles as assessed by NMR spectroscopy.  Averages and standard errors are shown. 

Plasma HDLc levels are reduced in Abca8b knockout mice

 To validate the direct relati onship between ABCA8 and HDLc levels, we generated 
mice with a targeted deleti on of Abca8b. Two tandem gene orthologs exist for ABCA8 in 
mice, Abca8a and Abca8b. Abca8b shows 75% identi ty with ABCA8, whereas Abca8a shows 
68% identi ty. Thus, Abca8b was selected for initi al knock-out mouse generati on. Absence of 
Abca8b expression in ti ssues including the liver was confi rmed by RT-PCR in Abca8b-/- mice 
(Supplementary Fig. II). No changes in plasma HDLc levels were observed in Abca8b-/- mice 
compared to litt ermate controls on a chow diet (WT mice: 1.53 ± 0.46, Abca8b-/-: 1.44 ± 
0.35 mmol/L, p-value: 0.577). However, when placed on a high cholesterol diet, Abca8b-/- 
mice showed a signifi cant, 29% lower plasma HDLc level compared to wild-type controls 
(Abca8b+/+: 4.46 ± 0.35; Abca8b-/-: 3.17 ± 0.31 mmol/L; p = 0.01) (Fig. 2A). In additi on, total 
cholesterol, LDLc and triglyceride levels were also reduced in Abca8b-/- mice (Table 2). No 
signifi cant changes in the expression of hepati c Abca8a and Abca1 were observed (Supple-
mentary Fig. II). 
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Figure 2. ABCA8 expression modulates plasma HDLc levels. 

(A) Plasma HDLc levels in Abca8b-/- and wild-type mice fed a high cholesterol diet. Data are presented as 
mean±SEM. (B-E) Adenoviral human ABCA8 was delivered by tail vein to wild-type mice, and liver specifi c 
expression was observed by (B) RT-PCR, and (C) western immunoblotti  ng 72h aft er injecti on. HDLc (D), and total 
cholesterol (E) levels in control and ABCA8 over-expressing mice 24 hours aft er injecti on. 
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Table 2. Plasma lipid levels in Abca8b-/- mice on high cholesterol diet

Abca8b+/+ Abca8b-/- p-value

Total Cholesterol 4.74 ± 0.37 3.39 ± 0.34 0.02

HDL Cholesterol 4.46 ± 0.35 3.17 ± 0.31 0.01

LDL Cholesterol 0.88 ± 0.09 0.58 ± 0.08 0.02

Triglycerides 0.80 ± 0.04 0.69 ± 0.02 0.03

TC = Total cholesterol; HDLc = HDL cholesterol; LDLc = LDL cholesterol; TG = triglycerides. Data are presented as 
mean±SD in mmol/L.

Hepatic ABCA8 over-expression in mice significantly increases plasma HDLc levels

 We next determined the tissue distribution of human ABCA8 and the mouse ort-
hologs Abca8a and Abca8b. We found high human ABCA8 mRNA in the heart, as well as in 
the liver and skeletal muscle (Supplementary Fig. IIIA), in line with previous observations.18 
Mouse Abca8a and Abca8b expression was highest in the liver, and was also abundant in 
heart and skeletal muscle (Supplementary Fig. IIIB-C), in agreement with the human tissue 
distribution profile and with previous observations.19 Since mutations in ABCA8 are associ-
ated with lower plasma HDLc levels, and both human and mouse ABCA8 genes are highly 
expressed in the liver, we hypothesized that hepatic ABCA8 over-expression would signifi-
cantly increase HDLc levels. Hepatic over-expression of human ABCA8 in wild-type mice via 
adenoviral (Ad) injection resulted in the expression of human ABCA8 predominantly in the 
liver (Fig. 2B-C). Both plasma HDLc (Fig. 2D) and total cholesterol (Fig. 2E) were significantly 
increased 24 hours after Ad-ABCA8 infection compared to baseline (23.1%, p = 0.007, and 
13.8%, p = 0.024, respectively). 48h post-infection, HDLc levels normalized. No significant 
changes in non-HDLc levels were observed.

Early steps of macrophage-to-feces RCT are significantly increased in mice with hepatic 
ABCA8 over-expression

 As liver-specific over-expression of ABCA8 resulted in significantly increased plas-
ma HDLc levels in mice, we investigated whether an increase in macrophage-to-feces RCT 
occurred when human ABCA8 was over-expressed in the liver of wild-type mice. Follow-
ing injection of [3H]-cholesterol-loaded macrophages, a significant 50% increase in plasma 
[3H] counts was observed in mice with hepatic ABCA8 over-expression (ABCA8: 3.9 ± 0.2, 
controls: 2.6 ± 0.2, % of injected dose, p < 0.01 at 48 hrs, Fig. 3A). To compare the abil-
ity of ABCA1 to facilitate RCT in the same model, we also determined if increased mac-
rophage-to-feces RCT occurred when ABCA1 was adenovirally over-expressed in the liver. 
As with ABCA8, increased plasma [3H] counts were also observed in mice over-expressing 
hepatic ABCA1 (ABCA1: 4.2±0.2, controls: 2.6 ± 0.2, % of injected dose, p<0.001 at 48 hrs, 
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Figure 3. Hepatic ABCA8 and ABCA1 increase the early steps of in vivo reverse cholesterol transport. (A) Sig-
nificantly increased plasma [3H] counts at 48h in mice with hepatic over-expression of human ABCA8 or human 
ABCA1. (B) Significantly increased liver [3H] counts in the liver-specific ABCA8 or ABCA1 overexpressing mice. (C) 
Unchanged fecal [3H] counts in mice with ABCA8 or ABCA1 liver-specific overexpression. Averages and standard 
errors are shown.

Fig. 3A). Liver [3H] counts were also significantly increased in the mice over-express-
ing either hepatic ABCA8 (ABCA8: 2.4 ± 0.1, controls: 1.7 ± 0.2, % of injected dose, p < 0.01 
at 48 hrs, Fig. 3B), or ABCA1 (ABCA1: 2.1±0.1, controls: 1.7 ± 0.2, % of injected dose, p<0.05 
at 48 hrs, Fig. 3B). However, despite the increased plasma and liver counts, no significant 
changes in fecal bile acid (BA) or neutral sterol (NS) counts were observed (Fig. 3C), indicat-
ing that in our model, hepatic over-expression of either ABCA8 or ABCA1 affects the early 
steps of the RCT pathway. 

ABCA8 localizes to the plasma membrane and endoplasmic reticulum and facilitates 
cholesterol efflux to lipid-free ApoA-I

 Since mutations in ABCA8, like ABCA1, are associated with low plasma HDLc levels, 
and ABCA1 is a well-established plasma membrane (PM) localized lipid efflux protein, we hy-
pothesized that ABCA8 might also localize at the PM and regulate cellular cholesterol trans-
port. When expressed in COS-7 cells, ABCA8 was indeed localized at the PM and also co-lo-
calized with calnexin,20 indicating endoplasmic reticulum (ER) localization (Supplementary 
Fig. IV). In contrast, ABCA8 harboring the P609R mutation was almost exclusively identified 
intracellularly, and co-localized with calnexin, indicating defective cell-surface expression 
(Supplementary Fig. IV). We failed to detect T741X (Supplementary Fig. IV), suggesting that 
the full-length T741X protein is not expressed. To determine if the first 741 amino acids in 
T741X are expressed, we generated T741-V5-X, with the V5 tag replacing the mutant stop 
codon. Like P609R, T741-V5-X co-localized almost exclusively with calnexin in the ER, and 
was not detected at the PM (Supplementary Fig. IV). Thus, ABCA8 encoding P609R or T741X 
fails to translocate to the cell surface. IVS17-2 A>G was not generated because we utilized a 
cDNA construct. 

 The ability of ABCA8 to localize at the PM suggests it could play a role in choles-
terol efflux. Indeed, wild-type ABCA8 increased cholesterol efflux to ApoA-I by 181% when 
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transfected into COS-7 cells (Fig. 4A). In contrast, transfection of P609R or T741X resulted 
in efflux comparable to empty-vector controls (Fig. 4A). Thus, ABCA8 facilitates cholesterol 
efflux to ApoA-I, which is abolished by both P609R and T741X. To further confirm the role 
of ABCA8 in efflux, and to compare its efflux capacity to ABCA1, we assessed ApoA-I me-
diated cholesterol efflux in fibroblasts isolated from ABCA8 and ABCA1 mutation carriers. 
Indeed, fibroblasts from heterozygous ABCA8 mutation carriers showed a 20-43% reduction 
in cholesterol efflux (Fig. 4B). In comparison, cholesterol efflux from heterozygous ABCA1 
mutation carrier fibroblasts was reduced by 43% on average (Fig. 4B). The mutations in the 
ABCA1 carriers are IVS24+1 G>C, p.Asp575Gly and IVS48+2 T>C, and are loss of function mu-
tations identified in patients with Tangier disease or Familial Hypoalphalipoproteinemia.21,22 
Our data suggest that ABCA1 is a more potent facilitator of cholesterol efflux compared to 
ABCA8, at least in fibroblasts. To confirm this difference in efflux capacity between ABCA1 
and ABCA8, we over-expressed similar amounts of V5-ABCA8 and V5-ABCA1 as assessed 
by anti-V5 immunoblots. ABCA1 showed a 1.8-fold increase in efflux capacity compared to 
ABCA8 (Fig. 4C), confirming that ABCA1 is a more potent cholesterol efflux protein. More-
over, co-transfection of the two proteins resulted in further enhanced cholesterol efflux 
(Fig. 4C), suggesting that ABCA8 and ABCA1 together further augment cholesterol efflux to 
ApoA-I. To further determine the influence of ABCA8 on ABCA1 activity, we assessed choles-
terol efflux to ApoA-I in fibroblast cultures established from control, ABCA8 heterozygote, 
ABCA1 heterozygote, and ABCA1 homozygote individuals in the presence/absence of the 
LXR agonist TO-901317. TO-901317 induces the expression of ABCA1 but not ABCA8 (Sup-
plementary Figure V). We observed that the ABCA1-specific cholesterol efflux decreased by 
49% in fibroblasts from ABCA8 heterozygotes, and a similar 52% decrease was observed in 
fibroblasts from ABCA1 heterozygotes (Fig. 4D). These findings indicate that the loss of a sin-
gle ABCA8 allele has the same impact on ABCA1-specific efflux as the loss of a single ABCA1 
allele, and suggest that ABCA1 and ABCA8 work together to regulate cholesterol efflux to 
ApoA-I. 

ABCA8 co-localizes with and interacts with ABCA1

Since ABCA8 and ABCA123 both localize at the PM and ER, facilitate cholesterol efflux 
to ApoA-I, and when expressed together, further enhance cholesterol efflux compared to 
each alone, and since a reduction in ABCA8 affects ABCA1-specific efflux, we hypothesized 
that they might interact. We first determined the subcellular co-localization of ABCA8 and 
ABCA1 by co-expressing both proteins with different tags (ABCA8-V5 and ABCA1-GFP) in 
HEK293T cells. Indeed, ABCA8 co-localizes completely with ABCA1 at the PM and intracellu-
larly (Fig. 4D). In addition, ABCA8 and ABCA1 co-immunoprecipitate when both proteins are 
co-expressed (Fig 4E). Thus, ABCA8 and ABCA1 act together in regulating cholesterol efflux.
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DISCUSSION
 We describe here the identification and validation of ABCA8 as a cholesterol efflux 

protein that influences HDL metabolism in humans. Loss of function mutations in ABCA8 
result in significantly lower plasma HDLc levels compared to non-carrier relative controls. In 
mice, hepatic over-expression of human ABCA8 resulted in a significant selective increase 
in plasma HDLc levels, whereas targeted deletion of the mouse ortholog Abca8b resulted in 
significantly reduced plasma HDLc levels.

 ABCA8 shows several similarities with ABCA1, a protein with a well-established 
role in lipid efflux and HDL metabolism. Both proteins are found in the liver.24 Subcellularly, 
ABCA1 is localized to the plasma membrane (PM), ER, and endocytic vesicles.23 Its localiza-
tion at the PM is essential for its role in cholesterol efflux, and mutations disrupting this PM 
localization result in significantly reduced cholesterol efflux.25 A similar subcellular distribu-
tion pattern and impact on cholesterol efflux is observed for ABCA8. Both ABCA8 and ABCA1 
facilitate the efflux of cholesterol to lipid-free ApoA-I, and our data suggest that ABCA1 is 
the more efficient cholesterol efflux protein. A previous study found that ABCA8 was also 
capable of significantly increasing cholesterol efflux, albeit not specifically to either ApoA-I 
or ApoE.26 

 In humans, mutations in either ABCA1 or ABCA8 result in significantly lower plasma 
HDLc. While some pedigrees lacked statistical power to assess Mendelian segregation of 
mutations with HDLc levels, across all pedigrees we observed a significant 27% lower plasma 
HDLc levels in heterozygous ABCA8 mutation carriers, which is comparable to our previous 
observations of ~40% lower HDLc in heterozygous ABCA1 mutation carriers.27 Mutations in 
ABCA8, similar to ABCA1,28 result in decreased large HDL particle concentration and reduced 
HDL particle size. Complete deletion of mouse Abca1 results in a 99.5% reduction in HDLc 
levels,29 while a 29% decrease in HDLc was observed in Abca8b-/- mice on a high choles-
terol diet. The difference in the HDLc level between Abca8b-/- and Abca1-/- mice might be 
explained by ABCA8’s lower relative efflux capacity. In addition, in mice, two orthologous 
genes exist for human ABCA8, Abca8a and Abca8b, and it is possible that in the Abca8b-/- 
mice, Abca8a might contribute to plasma HDLc levels. Abca8b-/- mice on a high cholesterol 
diet also show lower LDLc levels compared to wild-type mice, whereas ABCA8 mutation 
carriers present a very specific decrease only in HDLc, but not in LDLc. The lower LDLc levels 
in the Abca8b-/- mice might be due to an accelerated LDL catabolism, similar to previous 
observations in hepatic Abca1-/- mice.30

When either ABCA8 or ABCA1 are over-expressed in the liver of mice, the move-
ment of labeled cholesterol from macrophages to the plasma and liver, the early steps in 
RCT, is significantly elevated. Similarly, systemic increases in Abca1 expression stimulate 
macrophage-to-feces RCT in mice,31 while the absence of Abca1 in mice leads to decreased 
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RCT.32,33 Since ABCA8 and ABCA1 were over-expressed exclusively in liver and not in mac-
rophages, our data suggest that liver ABCA8, like liver ABCA1, facilitates the generation of 
a particle with the ability to take up lipids from macrophages. However, this increase in 
the initial steps of RCT did not result in changes in fecal counts. While the reasons for this 
observation warrant further study, liver-specific Abca1 deletion also did not decrease mac-
rophage to feces RCT.34 

 Based on the similarities between ABCA1 and ABCA8, the specific functions of each 
protein remain a key question. HDLc levels are extremely low in the absence of ABCA1, 
both in TD patients and Abca1-/- mice,35 suggesting that ABCA8 does not compensate for the 
absence of ABCA1. This, together with our finding that ABCA8 and ABCA1 interact, suggest 
that these two proteins are unlikely to be operating in completely independent pathways to 
modulate HDLc levels, but rather, may act via overlapping pathways. 

 One possibility for the overlapping pathway hypothesis is that ABCA1 and ABCA8 
act together as a complex or regulate each other’s function. This hypothesis is not without 
precedent. ABCA12, a transporter of glucosylceramide, interacts with, and regulates AB-
CA1’s cholesterol transporter function in macrophages, and ABCA12 deficiency results in 
impaired RCT and macrophage foam cell formation.36,37 It is thought that ABCA12 modulates 
ABCA1 function via its binding to ABCA1 and increasing the protein levels and stability of 
ABCA1. If ABCA8 plays a similar role, then a similar phenotype would be expected in either 
the absence of ABCA1 or ABCA8. However, reduced ABCA8 has a milder impact on plasma 
HLDc levels and cholesterol efflux when compared to reduced ABCA1 levels. Thus, another 
possibility for the regulation of ABCA1 function by ABCA8 could be that ABCA8 transports 
lipids, perhaps sphingomyelin,26 to or in the PM, to form specific membrane domains, thus 
contributing to the lipid composition of these membrane domains and creating regions 
from which ABCA1 can then transport lipids to ApoA-I. 

 This model also may explain the increased cholesterol efflux capacity of ABCA1 
compared with ABCA8. Of the two proteins, ABCA1 may be the primary cholesterol trans-
porter, and the absence of ABCA1 results in a large reduction in cholesterol efflux. ABCA8 
may affect the cholesterol pool size available for ABCA1 mediated efflux via the transport of 
another lipid species. Thus, in the absence of ABCA8, a smaller impact on cholesterol efflux 
is observed. This model also fits with the observation of additional enhancement in choles-
terol efflux when both ABCA8 and ABCA1 are over-expressed. 

 There are some differences between mouse and human lipoprotein metabolism. 
For example, mice carry most of their plasma cholesterol in HDL particles, whereas humans 
carry most of their plasma cholesterol in LDL particles, due to a lack of cholesteryl ester 
transfer protein (CETP) in mice.38 CETP transfers cholesterol esters from HDL to LDL or VLDL 
particles. This and other differences are limitations to translating our observations directly 
from mice to humans and vice versa. Indeed, we do observe some differences between the 
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results in our human or mouse models. A humanized mouse such as CETP transgenic mice 
crossed to our Abca8b-/- mice would facilitate the translation of our findings.

 The identification of deleterious mutations in ABCA8 as a novel cause of reduced 
plasma HDLc in humans adds a piece to the intriguing puzzle of HDL metabolism. Our data 
indicate that ABCA8 interacts with ABCA1 and regulates its efflux capacity. Whether this has 
an impact on atherosclerosis progression remains to be seen.
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SUPPLEMENTARY MATERIAL AND METHODS

Sequencing of ABCA8 in extreme HDL cohort

A previously described cohort consisting of 80 unrelated Dutch Caucasian probands 
with HDLc≤10th percentile (LHDL) and as controls, 120 unrelated probands of Dutch Cau-
casian ancestry with HDLc≥90th percentile (HHDL) was utilized.1 Study protocols were ap-
proved by the Ethics Committee of the Academic Medical Center, Amsterdam. All subjects 
provided written informed consent. Plasma apoA-I and apoB were measured from fresh 
plasma using a commercially available turbidimetric assay (Randox) and analysed using the 
Cobas Mira autoanalyzer (Roche, Basel, Switzerland) as previously described.2 Cholesterol 
and triglyceride levels were determined in fresh plasma at density d<1.006 g/mL obtained 
after preparative ultracentrifugation, before and after precipitation with dextran manga-
nese. Other co-variables such as age, sex, BMI, medical history, alcohol intake, and smoking 
history were available for all individuals.1 Genomic coordinates for the exons of ABCA8 were 
compiled and sequencing of each exon and at least 50bp of adjacent intron was performed 
using next generation paired-end read sequencing (Illumina, San Diego, CA) as previously 
described.1 Sequence changes were identified by alignment of sequence data to the human 
genome (NCBI Build 36.1) and classified as synonymous, missense, nonsense or splice site 
variants. 

Sequence changes of interest were confirmed by standard fluorescent dye termina-
tor chemistry sequencing (Beckman Coulter Genomics, MA, and SeqWright, TX) and ana-
lyzed using Sequencher v4.7 (Gene Codes Corporation, MI).1 Exon primer sequences are 
available upon request.

Frecuency of the ABCA8 variants were determined in the dbSNP, 1000 genome and 
exome variant server (ESP) databases (https://www.ncbi.nlm.nih.gov/SNP; http://phase-
3browser.1000genomes.org/index.html; http://evs.gs.washington.edu/EVS; respectively). 
Mutation functional prediction was assessed using the prediction algorithms Polyphen2.0 
(http://genetics.bwh.harvard.edu/pph2) and Spliceview (http://zeus2.itb.cnr.it/~webgene/
wwwspliceview_ex.html).

Predicted topological model generation

Protein topology was predicted utilizing biological knowledge (for example, the 
ATP-binding cassettes should have an intra-cellular localization in order to be functional), 
the predicted topology of known full ABC transporters, as well as compiling topological pre-
diction from several topology and transmembrane domain prediction algorithms (TMPred 
(http://www.ch.embnet.org); PredictProtein (https://www.predictprotein.org); HMMTOP 
(http://www.enzim.hu/hmmtop/); TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/
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TMHMM/); OCTOPUS (http://octopus.cbr.su.se); NCBI Conserved Domains (http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)). 

Segregation analysis of mutations in families 

The families of the three unrelated probands with ABCA8 mutations were ascertained 
and pedigrees generated. A total of 44 family members of the probands were genotyped 
using standard Sanger sequencing techniques described above. Only the variant found in a 
specific proband was genotyped in the proband’s family. 

Lipoprotein particle analysis

Size and concentration of the lipoprotein particle subclasses present in plasma from 
ABCA8 heterozygous carriers and their family controls were determined by Nuclear magnet-
ic resonance (NMR) spectroscopy at LipoScience, Inc. (Raleigh, NC).3

Generation of Abca8b-/- mice

Sperm was obtained from Abca8b-/- mice (Abca8btm1a(EUCOMM)Wtsi, UC Davis-KOMP 
repository) and mice generated on the C57BL/6J background. Loss of Abca8b expression 
was assessed by RT-PCR in tissues. Chow diet (Altromin 1324_mod) or high cholesterol diet 
(HCD, Research Diets D12089, modified from Western Diet D12079B + 1% cholesterol) were 
provided ad libitum. Male mice were fed with either chow or HCD for 2 months beginning at 
2 months of age. Blood was withdrawn from saphenous vein and plasma isolated to quantify 
plasma lipid levels using the Cobas c311 system (Roche Diagnostics). As above, all animal 
work was approved by the Institutional Animal Care and Use Committee at A*STAR.

RNA isolation and quantitative RT-qPCR

Total RNA was isolated from tissues using the RNeasy Mini kit (Qiagen, CA). cDNA was 
generated using random hexamers and SuperScriptII Reverse Transcriptase kit (Invitrogen, 
CA). qPCR was performed using SYBR Select Master Mix (Applied Biosystems, CA). Tissue 
distribution analysis was performed using the Human Multiple Tissue cDNA panel (Clon-
tech, CA). Reactions were performed in technical triplicates using specific primers (hABCA8: 
Fw-TTCATGTTGGCATTTGACACTTG, Rv-GGATCGGCATCCATTTCATCT; hHPRT1: Fw-TGA-
CACTGGCAAAACAATGCA, Rv-GGTCCTTTTCACCAGCAAGCT; hTBP: Fw-TGCACAGGAGC-
CAAGAGTGAA, Rv-CACATCACAGCTCCCCACCA; mRPL37: Fw-GGAGTGCCAAGGCTAAGAGAC, 
Rv-TCTGAATCTGCGGTAGACAATCT; mHPRT: Fw- AGTGTTGGATACAGGCCAGAC, Rv- CGTGAT-
TCAAATCCCTGAAGT; mAbca8a: Fw-CGTGGGCCTTATTGTGCAAGA, Rv-CAGGTCCACATCAGG-
CAGTG; mAbca8b: Fw-ATAAGTGTGCGCCAACAAACT, Rv-TGACAGGCGTGTACCCTATCA; mAb-
ca1: Fw-TCCGAGCGAATGTCCTTC, Rv-GCGCTCAACTTTTACGAAGGC). Relative quantification 
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of gene expression was performed with the internal controls ribosomal protein L37 (RPL37; 
for mouse liver), and with the geometric mean of human hypoxanthine phosphoribosyl-
transferase 1 and TATA binding protein (HPRT1 and TBP, respectively; for tissue distribution 
panel). qPCR for hepatic biliary transport genes (Abcg5, Abcg8 and Abcb11) was performed 
using TaqMan® Fast Gene Expression Master Mix (Applied Biosystems, CA) and acidic ribo-
somal protein (36b4) as internal control. qPCR results were analyzed by the comparative Ct 
method.4

Western blot

Mouse liver was homogenized in 300 µl of lysis buffer (50mM Tris-HCl, pH7.5, 
150mM NaCl, 1% NP40, 0.5% sodium deoxycholate) supplemented with complete protease 
inhibitors (Roche, Mannheim, Germany). Samples were centrifuged and supernatants used 
for protein quantification. For transfected cells, pellets were resuspended in 1ml of lysis 
buffer (0.5 mM Na2HPO4, 0.1mM EDTA, pH=7.0, complete protease inhibitors (Roche)) and 
sonicated. Cell lysates were centrifuged and the pellet was re-suspended in 40-60 µl of lysis 
buffer. Protein concentration was determined by the Bradford assay (Bio-Rad, CA) and 50 
μg of protein was resolved by electrophoresis on 6% SDS-PAGE gels and transferred to PVDF 
membranes, blocked with 5% skim milk, and probed with anti-V5, anti-calnexin or anti-beta 
tubulin (Sigma Aldrich, MO) antibodies, followed by incubation with horseradish peroxidase 
conjugated secondary antibodies and membranes were developed using Chemilumines-
cence (Thermo Scientific, IL).

Generation of wild-type and mutant ABCA8 cDNA

Human liver QUICK-cloneTM cDNA (Clontech, CA) was utilized to amplify the ABCA8 
gene using gene specific primers. PCR fragments were inserted into pcDNA3 and Sanger se-
quenced to confirm the clones. A clone matching the Genbank cDNA gi572882596 (RefSeq 
NM_001288985.1) was used for all further experiments. The ABCA8 cDNA clone was also 
generated with a c-terminal V5 (P and V proteins of the paramyxovirus of simian virus 5) 
epitope tag. The sequence of the human liver cDNA amplified ABCA8 clone contained an 
additional 40 amino acids that were absent from the RefSeq sequence NM_007168.2 or 
NP_009099, but were present on the Genbank sequence gi572882596 or RefSeq sequence 
NM_001288985.1. The mutations Pro609Arg (P609R) and Thr741X (T741X) were generated 
in both the V5 tagged and untagged ABCA8 cDNA clones using standard site directed mu-
tagenesis methodology,5 and were sequence confirmed. Since our ABCA8 clones contained 
a c-terminal V5 tag, an additional T741X clone, T741-V5-X, was generated where the mutant 
stop codon in T741X was replaced with the V5 tag, which was then followed by a stop codon. 
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Adenoviral over-expression of ABCA8 in mice

The V5-tagged ABCA8 cDNA clone was inserted into an adenoviral vector, amplified, 
and PFU titred (SignaGen, MD). Expression of ABCA8 from the adenovirus was confirmed by 
infection of Hela cells, followed by Western immunoblotting. Four month-old male C57BL/6J 
mice were purchased from the Biological Resource Centre, Singapore. All animal work was 
approved by the Institutional Animal Care and Use Committee of the Biological Resource 
Centre at A*STAR, Singapore and conformed to National Institutes of Health guidelines and 
public law. Mice were pre-injected with 5x108 pfu of adeno-AP (alkaline phosphatase) to 
inactivate Kupffer cells,6 and tail vein injections were performed as previously described.7 
1x109 pfu of adeno-ABCA8 or adeno-AP was delivered via tail veins. Blood was collected at 
baseline, 24, 48 and 72 hours post-infection from mice fasted for 4h, for plasma cholester-
ol quantification using an enzymatic commercial kit (Infinity cholesterol kit, Thermo Fisher 
Scientific, MA). Mice were sacrificed 72 hours post adenoviral administration, and tissues 
collected for expression analyses. 

In vivo reverse cholesterol transport assay

In vivo reverse cholesterol transport (RCT) assays were performed as previously de-
scribed.8 Briefly, wild-type C57BL/6J donor mice were injected intraperitoneally with 1.0 ml 
of 4% Brewer thioglycollate medium (Becton Dickinson, Le Point de Claix, France). On day 4 
after thioglycollate injection, peritoneal macrophages were harvested, plated, and allowed 
to adhere for 4 h at 37°C under 5% CO2 humidified air. Macrophages were loaded with 50 
μg/ml acetylated LDL and 3 μCi/ml [3H]cholesterol (Perkin Elmer, Boston, MA) for 24 h, and 
equilibrated for 18 h in RPMI 1640 medium containing penicillin (100 U/ml)/streptomycin 
(100 μg/ml) and 2% BSA (Sigma). Immediately before injection, cells were harvested, re-
suspended, and 2 million cells per mouse were injected intra-peritoneally into individually 
housed recipient mice that had been injected 6 hours before with 1x109 pfu of adeno-null, 
adeno-ABCA8 or adeno-ABCA1 via the tail vein as detailed above. Plasma was collected at 
baseline, 24 and 48 hours after macrophage injection. At 48 h, livers were harvested, and 
stored at −80°C. Feces were collected continuously up to 48 h and subsequently pooled. 
Counts in plasma were assessed by liquid scintillation counting (Packard 1600CA Tri-Carb, 
Packard, Meriden, CT). Counts from the liver were determined following solubilization of 
the tissue (Solvable, Packard) and were normalized to total liver mass. Fecal samples were 
dried, weighed, and thoroughly ground. Aliquots were separated into bile acid (BA) and 
neutral sterol (NS) fractions as previously published.8 Counts recovered from the BA and 
NS aliquots were normalized to the total amount of feces produced over the whole experi-
mental period. All obtained counts were expressed relative to the administered tracer dose.
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Cell culture and transfection 

HEK-293T and/or COS-7 cells were maintained at 37ºC and 5% CO2 in Dulbecco’s 
Modified Minimal Essential Medium (DMEM) (Sigma, MO) supplemented with 10% heat-in-
activated fetal bovine serum (GE Healthcare, Buckinghamshire, United Kingdom), 4 mM 
glutamine and 1% penicillin/streptomycin. One day after seeding, cells were transiently 
transfected using Lipofectamine 2000 according to the manufacturer’s instructions (Life 
Technologies, CA).

Immunofluorescence 

HEK-293T cells were plated at a density of 37,500 cells/cm2 in a 12-well plate. Twen-
ty-four hours after transfection, cells were washed with PBS, fixed with 500 µL cold MeOH 
and permeabilized with 500µL 0.3% TritonX-100 in PBS. Blocking was performed with 4% 
normal goat serum (NGS, Life Technologies, CA) in PBS for 1h followed by incubation with 
anti-V5 (1:200, Invitrogen, CA) and anti-calnexin (1:200, Sigma Aldrich, MO) antibodies or 
anti-V5 and anti-GFP (Abcam) antibodies in 2% NGS overnight at 4°C. Cells were washed 
with 1% BSA in PBS and incubated with goat anti-rabbit Alexa Fluor 555 and goat anti-mouse 
Alexa Fluor 480 (1:200, Invitrogen, CA) in 2% NGS in PBS for 1h at RT, and stained with DAPI 
(10 µg/ml, Sigma Aldrich, MO) in PBS for 10 minutes. Cover slips were mounted in 5uL Pro-
longGold (Invitrogen). Images were obtained using the Nikon A1R+si Confocal Microscope. 

Cholesterol efflux assays

COS-7 cells were transiently transfected with ABCA8, ABCA8-P609R, ABCA8-T741X 
or/and ABCA1 plasmids using Xtremegene 9 (Roche). Twelve hours later, confluent cells 
were loaded with 2 μCi/ml of [3H] cholesterol (Perkin-Elmer) for 20 hrs. Cells were washed 
and equilibrated with DMEM containing 1mg/ml of fatty acid free BSA for 1 hr. DMEM + 1 
mg/ml fatty acid free BSA ±15 μg/ml human apolipoprotein A-I (ApoA-I) was added to the 
cells for 4 hrs. Radioactivity was measured in supernatants and in cell lysates after lysis 
with 0.1N NaOH. Similarly, fibroblasts isolated from control individuals or ABCA8 and ABCA1 
mutation carriers were loaded with 30 µg/mL cholesterol and 0.5 μCi/ml of [3H] cholester-
ol in media containing 2 mg/ml BSA for 20h ± 10 µg/ml TO-901317 (Sigma Aldrich). Cells 
were washed and DMEM containing 2mg/ml of BSA ± 15 μg/ml human apolipoprotein A-I 
(ApoA-I) was added to the cells for 4 hrs. Radioactivity was measured in supernatants and in 
cell lysates after lysis with isopropanol. ApoA-I dependent efflux was calculated as the per-
centage of radioactivity in the supernatant compared to the total counts (cells+supernatant) 
in the wells incubated with ApoA-I minus the wells without ApoA-I.5
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Co-immunoprecipitation

For the co-IP assay, HEK293T cells (ATCC) were co-transfected with human-V5-AB-
CA8-pcDNA3.1 and human-ABCA1-pcDNA3.1. 24 hours after transfection, cells were lysed 
(10mM Tris-HCl, 0.1% Triton, 150mM NaCl, pH8.0, 1X protease inhibitor cocktail (Roche)) 
and centrifuged at 14,000 g for 20mins at 4°C. Protein A sepharose beads 4 Fast flow (50 
μl; GE healthcare) were incubated for two hours at 4°C with 2 μg of anti-V5 antibody (Invit-
rogen) or 25 μg AC10 antibody (Santa Cruz). The lysates (500 μg) were incubated with the 
mixture overnight at 4°C. Unspecific binding was checked using control beads incubated 
without protein lysate. The beads were washed three times in cold homogenization buffer 
containing 0.4% Tween 20 with protease inhibitors and the bound proteins were detached 
and collected by adding Laemmli sample buffer containing 200 mM dithiothreitol and heat-
ing the samples to 100ºC for 10 mins. The samples were then subjected to Western blotting 
to detect human ABCA8 with mouse anti-V5 (Invitrogen) and AC10 antibody to detect hu-
man ABCA1.

Statistical analyses

Students t-test and repeated measures ANOVA were used for the experiments. For 
segregation analyses, after testing for endpoints normality, a linear mixed model was used, 
which generalizes the standard linear model. The mixed model takes into account the data 
correlation structure due to familial relationships incorporated into the random effect. We 
applied the Satterthwaite procedure to adjust for the small sample size.9 The statistical anal-
yses were performed with the MIXED procedure in SAS 9.4.
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Supplementary Figure I. Pedigrees of probands with mutations in ABCA8 showing segregation with low HDLc. 
Representative segregation of (A) P609R, (B) IVS17-2 A>G, and (C) T741X with reduced HDLc. For each individual, 
the individual ID, HDLc (in mmol/L) and [HDLc percentile], and genotype are shown. Squares, Males; Circles, Fe-
males; Arrow, Proband. Filled shape, HDLc≤5th percentile; empty shape, HDLc >5th percentile. Slash = deceased; 
Genotype in brackets = imputed genotype.   

Supplementary Figure II. Abca8b-/- mice have decreased Abca8b and unaltered Abca8a and Abca1 expression 
levels in liver. Hepatic Abca8b, Abca8a and Abca1 gene expression was assessed by RT-PCR and normalized to the 
housekeeping gene RPL37. Data are presented as mean±SEM.

Supplementary Figure I C
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Supplementary Figure I: Pedigrees of probands with mutations in ABCA8 showing segregation with low HDLc.
Representative segregation of (A) P609R, (B) IVS17-2 A>G, and (C) T741X with reduced HDLc. For each individual, the individual 
ID, HDLc (in mmol/L) and [HDLc percentile], and genotype are shown. Squares, Males; Circles, Females; Arrow, Proband. Filled 
shape, HDLc≤5th percentile; empty shape, HDLc >5th percentile. Slash = deceased; Genotype in brackets = imputed genotype.
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Supplementary Figure II: Abca8b-/- mice have decreased Abca8b and unaltered 
Abca8a and Abca1 expression levels in liver. Hepatic Abca8b, Abca8a and Abca1 gene 
expression was assessed by RT-PCR and normalized to the housekeeping gene RPL37. 
Data are presented as mean±SEM.
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Supplementary Figure III. Human ABCA8 and mouse Abca8a and Abca8b tissue distribution. mRNA levels were 
assessed by RT-PCR and normalized to the geometric mean of two housekeeping genes (HPRT1 and TBP for 
hABCA8; HPRT1 and RPL37 for mAbca8a/8b). Brain tissue was used as calibrator (2(-ΔΔCt)). Data are presented as 
mean±SEM. (A) Human ABCA8 mRNA levels measured in human multiple tissue cDNA panels consisting of pooled 
RNA from several individuals. (B,C) Mouse Abca8a and Abca8b mRNA levels were measured in 4-10 mice. 
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Supplementary Figure IV. ABCA8 localizes to the plasma membrane and endoplasmic reticulum. Human wild-
type or mutant ABCA8 cDNAs were tagged with the V5 epitope, transfected into HEK293T cells, and visualized 
with an anti-V5 antibody. The ER marker, calnexin, was used to assess intra-cellular localization. 

DAPI P609R Calnexin Overlay

WT-ABCA8-V5

P609R-V5

DAPI ABCA8 Calnexin Overlay

T741-V5-X

DAPI T741X Calnexin Overlay

DAPI T741X Calnexin Overlay
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Supplementary Figure IV: ABCA8 localizes to the plasma membrane and endoplasmic reticulum. 
Human wild-type or mutant ABCA8 cDNAs were tagged with the V5 epitope, transfected into HEK293T cells, 
and visualized with an anti-V5 antibody. The ER marker, calnexin, was used to assess intra-cellular 
localization. 

Supplementary Figure IV
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ABSTRACT
Objectives: Apolipoprotein C3 (APOC3) mutations carriers typically display high plas-

ma high-density lipoprotein cholesterol (HDL-C) and low triglycerides. We set out to inves-
tigate the prevalence and clinical consequences of APOC3 mutations in individuals with hy-
peralphalipoproteinemia. 

Methods and results: Two novel mutations (c.-13-2A>G and c.55+1G>A) and one 
known mutation (c.127G>A;p.Ala43Thr) were found. Lipid profiles and apoCIII isoform dis-
tributions were measured. c.55+1G>A mutation carriers displayed higher HDL-C percentiles 
(35.6±35.8 vs 99.0±0, p=0.002) and lower triglycerides (0.51 (0.37-0.61) vs 1.42 (1.12-1.81) 
mmol/L, p=0.007) and apoCIII levels (4.24±1.57 vs 7.33±3.61 mg/dL, p=0.18). c.-13-2A>G 
mutation carriers did not display significantly different HDL-C levels (84.0±30.0 vs 63.7±45.7, 
p=0.50), a trend towards lower triglycerides (0.71 (0.54-0.78) vs 0.85 (0.85-~) mmol/L, 
p=0.06) and significantly lower apoCIII levels (3.09±1.08 vs 11.45±1.06 mg/dL, p=0.003). 
p.Ala43Thr mutation carriers displayed a trend towards higher HDL-C percentiles (91.2±31.8 
vs 41.0±29.7 mmol/L, p=0.06) and significantly lower triglycerides (0.58 (0.36-0.63) vs 0.95 
(0.71-1.20) mmol/L, p=0.02) and apoCIII levels (4.92±2.33 vs 6.60±1.60, p=0.25). 

Conclusion: Heterozygosity for APOC3 mutations results in high HDL-C and low tri-
glycerides and apoCIII levels. This favourable lipid profile in patients with genetically low 
apoCIII levels holds promise for current studies investigating the potential of apoCIII inhibi-

tion as a novel therapeutic in CVD prevention.
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INTRODUCTION
Large prospective epidemiological studies have consistently demonstrated a strong 

inverse relationship between plasma levels of high-density lipoprotein cholesterol (HDL-C) 
and the risk of cardiovascular disease (CVD).1–3 Furthermore, fasting4 as well as postprandi-
al5,6 triglyceride (TG) levels have been shown to be associated with CVD risk. Plasma HDL-C 
and triglyceride levels are mechanistically closely and inversely linked. Apolipoprotein (apo) 
CIII plays a pivotal role in HDL-C and TG metabolism, by virtue of its lipoprotein lipase (LPL) 
inhibiting activity. In genome wide association studies (GWAS), genetic variants in APOC3 
are both associated with high HDL-C levels as well as low triglyceride levels.7 Moreover, 
common variations in APOC3 have been shown to be associated with CVD risk.8 Pollin et al 
confirmed the importance of apoCIII as an independent risk factor for CVD in humans by 
showing that carriers of a null mutation in APOC3 exhibit 50% of normal plasma apoCIII lev-
els, lower fasting and postprandial serum triglycerides and less subclinical atherosclerosis, 
as measured by the extent of coronary artery calcification.9

Studies in patients with familial disorders of lipoprotein metabolism have led to 
significant advances in our understanding of HDL metabolism, including the identification 
of key players involved in HDL biogenesis, transport and modification such as ATP bind-
ing cassette transporter AI (ABCA1),10 apolipoprotein AI (APOA1),11 lecithin cholesterol acyl 
transferase (LCAT)12,13and cholesteryl ester transfer protein (CETP).14 ApoA1, LCAT and CETP-
based therapies could indeed modify lipid profiles in a favourable manner, especially in 
terms of HDL-C levels. However, none of these therapies have thus far shown a consistent 
beneficial effect on CVD outcome or atherosclerosis progression.15–19

Whereas increasing plasma HDL-C by CETP inhibition does not lead to the desired 
CVD risk reduction,15–17 fibrates, both lowering triglycerides and increasing HDL-C, reduce 
CVD risk in subgroups characterized by high triglycerides.20 Noteworthy, apoCIII plasma 
levels are inversely associated with both plasma triglyceride levels and CVD risk. This in-
dicates that in large populations, inhibition of apoCIII may be beneficial. In line with this, 
antisense inhibition of apoCIII induced reductions of plasma apoCIII and triglycerides in a 
recent phase I study.21 A phase II antisense intervention trial (ISIS-APOCIIIRx. Clinical Trials.
gov: NCT01529424) has been started.

We set out to study the consequences of novel mutations in APOC3 in an independ-
ent cohort. In this paper, we report the lipid profiles as well as apoCIII isoform distribution in 

carriers of two new APOC3 mutations and one previously published mutation.
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MATERIALS AND METHODS

Recruitment of the Study Family

The coding regions of APOC3 were sequenced in 80 unrelated probands with plasma 
HDL-C > 95th percentile for age and gender.22 Family members of APOC3 mutation carriers 
were recruited. Unaffected family members participated as controls. All participants provid-
ed written informed consent. The study was conducted at the Academic Medical Center in 
Amsterdam, the Netherlands. The study protocol was approved by the Institutional Review 
Board of the Academic Medical Center in Amsterdam, the Netherlands. 

Mutation analysis

Genomic DNA was extracted from 10 ml whole blood on an Autopure LS system ac-
cording to the manufacturer’s instructions (Gentra Systems, Minneapolis, USA). APOC3 was 
sequenced using filter-based hybridization capture as described.23 Mutations were validated 
using conventional Sanger sequencing. Primers were designed using Primer 3 software to 
cover the identified mutations in APOC3 (NM_000041.1). An M13 tail was added to each 
primer (forward: 5’-GTTGTAAAACGACGGCCACT-3’ and reverse: 5’-CACAGGAAACAGCTAT-
GACC-3’) to facilitate DNA sequencing. Sequence reactions were performed as described.24 
The coding DNA numbering starts at the ATG transcription start site according to the offi-
cial nomenclature provided by the Human Genome Variation Society (www.hgvs.org/mut-
nomen). 

Patient characteristics

Presence of cardiovascular risk factors, use of medication and family history of CVD 
were assessed by a questionnaire. Blood was obtained after an overnight fast and stored at 
-80 ºC. Plasma cholesterol, low-density lipoprotein cholesterol (LDL-C), HDL-C and triglyc-
erides were analysed using commercially available kits (Randox, Antrim, United Kingdom 
and Wako, Neuss, Germany). Since gender was (unequally distributed between carriers and 
family controls, HDL-C percentiles for age and gender are calculated. Plasma apoA-I, apoB 
and apoCIII (Randox, Antrim, United Kingdom) were measured using a commercially avail-
able turbidometric assay. All analyses were performed using the Cobas Mira autoanalyzer 
(Roche, Basel, Switzerland). 

Fast performance liquid chromatography

Individual patient plasma samples were fractioned using fast performance liquid 
chromatography (FPLC) analysis to determine lipoprotein particle size. In brief, the system-
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contained a PU-980 ternary pump with an LG-980-02 linear degasser, a FP-920 fluorescence 
and UV-975 UV/VIS detector (Jasco, Tokyo, Japan). An extra P-50 pump (Pharmacia Biotech, 
Uppsala, Sweden) was used for in-line cholesterol and TG (4-Amino-antiperine-peroxidase) 
PAP enzymatic reagent (Biomerieux, Marcy l’Etoile, France) addition at 0.1 mL/min. Ethylen-
ediaminetetraacetic acid (EDTA) plasma was diluted 1:1 with Tris buffered saline and 60 μL 
sample/buffer mixture was loaded on a Superose 6 HR 10/30 column (GE Health care, Life 
sciences division, Diegem, Belgium) for lipoprotein separation at a flow rate of 0.31 mL/min.

ApoCIII isoforms and distribution among lipoproteins 

Plasma apoCIII isoforms were separated with isoelectric focusing (IEF) gel electro-
phoresis on the Phast-gel system (Pharmacia) as previously described.25 Two Phastgel Dry 
IEF gels were hydrated with 5 ml solution containing 8M urea, 390 μl pharmalyte 4.2-4.9; 
195 μl pharmalyte 2.5-5.0 for 1.5h at room temperature. Plasma was diluted with 0.9% NaCl 
(15 times) followed by application on IEF gels. Samples were run on standard program 2 of 
the Phast system followed by transfer to polyscreen polyvinylidene fluoride (PVDF) transfer 
membranes (Perkin Elmer NEF1002), blocked with Odyssey blocking buffer (Westburg) for 1 
h and incubated with rabbit anti human apoCIII (Abcam 21032; 1:2000) o/n at room temper-
ature and after extensive washing stained for 1h at room temperature with donkey anti rab-
bit IRdye 800CW (1:5000; Westburg, 926-32212). Blots were imaged on the Odyssey system 
(Licor, Westburg). IEF resolves apoCIII into three isoforms, apoCIII0, apoCIII1, and apoCIII2.

Distribution of apoCIII among HDL and TG-rich apoB-containing lipoprotein particles 
was analysed using immunoelectrophoresis using LpCIII hydragel (Sebia) according to the 
manufacturer’s manual.

Statistical analysis

Continuous variables are expressed as means ± standard deviations (SD), unless oth-
erwise specified. Differences in demographic, biometrical and biochemical parameters be-
tween carriers of APOC3 mutations and controls were assessed using unpaired Student’s 
t-tests or Chi square tests, where appropriate. A p-value of 0.05 or less was considered 
statistically significant. 
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RESULTS

APOC3 Mutations 

In 5 of the 80 individuals (6%) we identified three mutations in APOC3 (NM_000040.1): 
Three heterozygous carriers of c.55+1G>A (rs138326449), one heterozygous carrier of c.-13-
2A>G and one heterozygous carrier of c.127G>A (p.Ala43Thr, rs147210663). The p.Ala43Thr 
mutation was previously known as p.Ala23Thr. The new mutation nomenclature guidelines 
(http://www.dmd.nl/mutnomen/recs-prot.html) set the ATG start site as codon number 1. 
This explains the 20 amino acid difference compared to the old nomenclature. None of the 
mutations were found in 40 individuals with low HDL-C levels. The frequencies of these mu-
tations in a population sample of 4000 individuals were very low (minor allele frequency of 
0.0019, 0.0001 and 0.0009, respectively (exome variant server, NHLB1 GO Exome Sequenc-
ing Project, 2013). The c.55+1G>A (rs138326449) mutation leads to a change in a highly 
conserved nucleotide and disrupts the canonical splice site, leading to a predicted skipping 
of exon 2, which may affect the apoCIII protein. The p.Ala43Thr mutation is located in exon 
3 and changes a highly conserved nucleotide leading to a change in amino acid 43. p.Ala-
43Thr is predicted to be deleterious by SIFT prediction software. The c.-13-2A>G mutation is 
located in intron 1, prior to the ATG start site in exon 2. This mutation is predicted to disrupt 
the splice site upstream of exon 2. 

Pedigrees 

Pedigrees A, B and C are shown in figure 1. Two of the c.55+1G>A mutation carriers 
were from families which could not be further expanded. Their pedigrees are not shown. 
Cosegregation of the variants with the lipid phenotype (high HDL-C/low triglycerides) was 
observed with the exception of one case of non-penetrance in pedigree C. There was one 
phenocopy in pedigree A.

Figure 1: pedigrees (on next page) 

a. pedigree A: c.-13-2A>G

b. Pedigree B: C.55+1G>A

c. pedigree C: p.Ala43Thr

pTC is percentile of total cholesterol, pLDL is percentile of low-density lipoprotein cholesterol

 pHDL is percentile of high-density lipoprotein cholesterol, pTG is percentile of triglycerides. 

All values are given in mmol/L
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Pedigree A Pedigree B

 c.-13-2A>G c.55+1G>A

 controls carriers p-value controls carriers p-value

Number 3 4 8 4

Characteristics   

  Age (years) 40±12 44±17 0.77 46±19 49±21 0.86

  Male sex, n (%) 0 2 (50) 0.15 3 (37.5) 3 (75) 0.22

  Body Mass Index (kg/m2) 22.7±2.5 22.7±2.5 0.99 30.2±8.0 24.0±4.3 0.18

  Smokers, n (%) 0 0 ~ 4 (50) 0 0.08

  Alcohol intake (units per week) 0 0 ~ 5 (1-9) 9 (6-13) 0.30

Medication use, n (%)   

  Statin 0 0 ~ 1 (13) 0 ~

  Ezetimibe 0 0 ~ 0 0 ~

  Niacin 0 0 ~ 0 0 ~

  Fibrate 0 0 ~ 0 0 ~

  Asprin 0 0 ~ 1 (13) 0 ~

Risk factors   

  History of CVD, n (%) 0 0 ~ 1 (13) 0 ~

  Presence of hypertension, n (%) 0 0 ~ 0 0 ~

  Presence of diabetes, n (%) 0 0 ~ 0 0 ~

Lipid metabolism   

  Total cholesterol (mmol/L) 4.77±0.12 5.15±0.94 0.48 5.49±0.74 5.53±1.47 0.95

  LDL-cholesterol (mmol/L) 2.58±0.48 3.10±0.91 0.37 3.70±0.67 3.07±1.07 0.23

  HDL-cholesterol (mmol/L) 1.81±0.71 1.80±0.24 0.97 1.16±0.26 2.25±0.41 <0.001

  HDL-cholesterol percentile 63.7±45.7 84.0±30.0 0.50 35.6±35.8 99.0±0 0.002

  Triglycerides (mmol/L) 0.85 *
0.71 (0.54-
0.78) 0.06

1.42 (1.12-
1.81)

0.51 (0.37-
0.61) 0.007

  Apolipoprotein B (g/L) 0.91±0.22 1.04±0.35 0.67 0.98±0.10 0.92±0.46 0.81

  Apolipoprotein A-I (g/L) 1.92±0.02 1.78±0.12 0.21 1.14±0.22 1.81±0.21 0.005

  Apolipoprotein C3 (mg/dl) 11.45±1.06 3.09±1.08 0.003 7.33±3.61 4.24±1.57 0.18

          Apo-C3 in HDL (%) 74±11 90±13 0.17 71±8 78±27 0.69

         Apo-C3 in non-HDL (%) 26±11 11±13 0.17 29±8 22±27 0.69

  

Particle size   

   Retention time VLDL (minutes) 28.0±0.05 28.0±0.01 0.12 27.9±0.16 28.0±0.20 0.42

   Retention time LDL (minutes) 35.4±0.6 35.8±0.3 0.29 35.3±0.4 35.5±0.4 0.59

   Retention time HDL (minutes) 49.5±1.4 49.8±0.5 0.48 49.8±0.6 48.9±0.9 0.18

Table 1. Baseline characteristics Values are presented as mean ± SD unless otherwise indicated. Male sex, smok-
ers, medication use, history of cardiovascular disease, presence of hypertension, presence of diabetes: p for χ2  
test; other parameters: p for student’s t-test. alcohol intake and tg, median and interquartile range is reported; P 
for Mann Whitney U test.  
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Baseline characteristics

Baseline characteristics of APOC3 
mutation carriers and family controls are 
shown in table 1. HDL-C levels in heterozy-
gous carriers of p.Ala43Thr were not signif-
icantly different from controls (2.19±0.77 
vs 1.43±0.32, p=0.10). However, HDL-C 
percentiles, correcting for the unequal 
gender distribution between carriers and 
family controls, showed a trend towards 
an increase (91.17±31.83 vs 41.00±29.68 
mmol/L, p=0.06) whereas triglyceride levels 
were significantly lower (0.58 (0.36-0.63) vs 
0.95 (0.71-1.20) mmol/L, p=0.02). There was 
no difference in HDL size between carriers 
and non-carriers (HDL peak: 50.07 ±0.43 
vs 49.60 ±0.65 minutes retention time, 
p=0.26). HDL-C levels and HDL-C percentiles 
were higher in heterozygous c.55+1G>A 
mutation carriers compared to family con-
trols (2.25±0.41 vs 1.16±0.26, p=<0.001 
and 35.63±35.77 vs 99.00±0, p=0.002 re-
spectively) and triglyceride levels were 
lower (0.51 (0.37-0.61) vs 1.42 (1.12-1.81) 
mmol/L, p=0.007). HDL size did not differ 
(48.88±0.86 vs 49.79±0.63 minutes reten-
tion time, p=0.18). In c.-13-2A>G mutation 
carriers, neither HDL-C levels (1.80±0.24 
vs 1.81±0.71), nor HDL-C percentiles 
(84.00±30.00 vs 63.67±45.74, p=0.50) or 
HDL size (49.76±0.53 vs 49.50±1.4 minutes 
retention time, p=0.75) were significantly 
different, whereas carriers displayed a trend 
towards lower triglyceride levels (0.71 (0.54-
0.78) vs 0.85 (0.85-~), p=0.06).

Pedigree C 

c.127G>A;p.Ala43Thr

controls carriers p-value

4 6

 

55±22 41±15 0.28

0 2 (33.3) 0.20

24.5±1.6 22.5±2.5 0.21

1 (25) 1 (16.7) 0.75

0 (0-5) 1 (0-8) 0.79

 

1 (17) 0 ~

0 0 ~

0 0 ~

0 0 ~

1 (17) 0 ~

 

0 0 ~

2 (50) 1 (17) ~

0 0 ~

 

5.09±0.86 6.11±1.26 0.19

3.23±1.09 3.69±0.57 0.40

1.43±0.32 2.19±0.77 0.10

41.0±29.7 91.2±13.8 0.06

0.95 (0.71-
1.20)

0.58 (0.36-
0.63) 0.02

0.97±0.25 1.02±0.18 0.69

1.26±0.22 1.57±0.36 0.17

6.60±1.60 4.92±2.33 0.25

67±4 64±14 0.78

34±4 36±14 0.74

 

 

27.9±0.17 22.4±0.51 0.41

35.4±0.4 35.5±0.2 0.88

50.1±0.4 49.6±0.7 0.26

Proefschrift_Julian_Final_20171024_colourPARTs.indd   81 26/10/2017   17:23:42



82

Chapter 4
 Plasma apoCIII isoforms and distribution among lipoproteins

Plasma apoCIII levels were lower in all mutation carriers. This difference was sig-
nificant for c.-13-2A>G (p=0.003), but did not reach significance for c.55+1G>A and p.Ala-
43Thr mutation carriers (p=0.18 and 0.25 respectively) (figure 2). None of the apoCIII iso-
form distributions differed from control values (figure 3). ApoCIII is present on HDL and 
TG-rich apoB-containing lipoproteins. The percentage of apoCIII in HDL did not differ for 
c.-13-2A>G (74±11 vs 90±13, p=0.17), c.55+1G>A (71 ±8 vs 78 ±28, p=0.69) or p.Ala43Thr 
(67±4 vs 64±13, p=0.78).

Figure 2. ApoCIII plasma levels

Figure 3. ApoCIII isoform distribution
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DISCUSSION
We have identified two new mutations in APOC3 (c.-13-2A>G and c.55+1G>A) and 

one previously identified mutation (c.127G>A; p.Ala43Thr). The mutations were found in 
five individuals with plasma HDL-C above the 95th percentile. The atheroprotective lipid pro-
file often ascribed to APOC3 mutation carriership is most pronounced in c.55+1G>A and 
p.Ala43Thr. C.-13-2A>G mutation carriers show a trend towards lower triglyceride levels and 
HDL-C percentiles. ApoCIII levels are significantly lower in c.-13-2A>G mutation carriers, but 
not in c.55+1G>A or p.Ala43Thr mutation carriers. ApoCIII isoform distribution did not differ 
between carriers and controls.

ApoCIII resides on both HDL and apoB-containing particles and acts on triglyceride 
metabolism by inhibiting lipoprotein lipase (LPL) mediated lipolysis.26 Moreover, apoCIII in-
hibits hepatic uptake of apoB-containing lipoproteins,27,28 enhances catabolism of HDL par-
ticles,29 enhances monocyte adhesion to vascular endothelial cells30  and activates inflam-
matory signalling pathways.31 Our findings are in line with the notion that heterozygosity for 
APOC3 mutations is associated with a favourable lipid profile. Not all of the lipid parameters 
reached significance, probably due to the low number of study participants in each group. 

Previously, Liu and co workers have reported that the mutation p.Ala43Thr (p.Ala-
23Thr) leads to less efficient lipid binding, resulting in degradation of free apoCIII.32 They 
report that the mutation is phenotypically associated with low plasma triglyceride levels in 
two of three mutation carriers. This is in agreement with our findings. Interestingly, how-
ever, apoCIII levels were substantially lower than in our p.Ala43Thr mutation carriers (1.75 
vs 4.92 mg/dl). Triglyceride levels were in the same range (0.74 vs 0.58 mmol/l), whereas 
HDL-C levels were higher in our carriers (1.14 vs 2.19 mmol/l). These differences cannot be 
attributed to age, gender or BMI. 

Sundaram and co workers set out to investigate the effect of the p.Ala43Thr muta-
tion on lipid metabolism and report that in McA-RH7777 cells transfected with the mutant 
apoCIII protein, fusion of lipid droplets with apoB in the VLDL assembly pathway is impaired. 
It was therefore postulated that the absence of a structural element within the N-terminal 
region of the apoCIII protein is responsible for the loss of function of apoCIII due to the 
p.Ala43Thr mutation.33 

The c.55+1G>A and c.-13-2G>A are novel variants located respectively in intron 2 and 
1 of APOC3 and affecting splice sites. Both mutations are predicted to disrupt a 5’ spicing 
site. To the best of our knowledge, the consequences of these mutations have not been 
reported. Plasma apoCIII levels decreased to a similar extent in c.55+1G>A and c.-13G>A 
mutation carriers as compared to p.Ala43Thr mutation carriers. Plasma HDL-C levels and tri-
glycerides of c.55+1G>A mutation carriers are in the range of p.Ala43Thr carriers and show 
a strong atheroprotective phenotype. The atheroprotective phenotype is less pronounced 
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in c.-13-2G>A mutation carriers. However, it is noteworthy that HDL-C levels in both c.-13-
2G>A carriers and family controls are above the 85th percentile. A possible explanation per-
tains to the fact that the control group consists of females only, naturally displaying higher 
HDL-C levels, whereas the carrier group consists of two males and two females. 

ApoCIII has three different isoforms characterised by zero, one or two sialic acid 
residues. ApoCIII1 and apoC-III2 inhibit lipoprotein lipase (LPL), and are therefore crucial for 
triglyceride clearance. However, apoC-III0 has limited capacity to inhibit LPL and thus in-
creases triglyceride clearance capacity.34,35 Mutations in N-acetylgalactosaminyltransferase 
2 (GALNT2) have been shown to cause a reduction of ppGalNAc-T2, leading to posttransla-
tional modification of apoCIII, increased plasma levels of apoCIII0, decreased plasma levels 
of apoCIII1 and apoCIII2 and improved postprandial triglyceride clearance.35 These data have 
established that apoCIII isoforms are key regulators of triglyceride metabolism and poten-
tially key players in atherogenesis. In our cohort, apoCIII isoform distribution does not differ 
between cases and controls, which indicates that post translational modification is not influ-
enced by the mutations described in this study. 

The differences in apoCIII between carriers and non carriers were not associated with 
differences in apoCIII distribution among HDL and TG-rich apoB-containing lipoproteins. In 
contrast, von Eckardstein and co workers report that in a family with a Lys58Glu mutation, 
carriership was associated with a larger decrease of apoCIII in VLDL (-85%) compared to HDL 
(-75%).36 Furthermore, we did not find a change in HDL particle size in our APOC3 mutation 
carriers in contrast to the finding of larger HDL particles in Lys58Glu carriers by von Eckard-
stein and co workers. These discrepancies may be due to inclusion of different mutations, 
affecting different regions of the APOC3 gene. 

Elevated plasma levels of low density lipoprotein cholesterol (LDL-C) and triglyc-
erides are important contributors to premature coronary heart disease.37–39 Whereas the 
role of LDL-C in cardiovascular disease (CVD) is established, the role of triglycerides is more 
controversial. This is partly due to its inextricable linkage to HDL-C, a biomarker inversely 
correlated to CVD. Furthermore, plasma triglycerides are associated with traditional car-
diovascular risk factors such as obesity and diabetes, thereby constituting a source of po-
tential confounding. However, the Adult Treatment Panel (ATP) III guidelines has defined 
the normal range of triglycerides as <150 mg/dL (1.69 mmol/L).40 Furthermore, the ATPIII 
recommends that non-HDL cholesterol (LDL+VLDL, be used as a secondary target of ther-
apy, after LDL-C lowering. Genetic studies are widely considered a powerful tool to study 
the influence of a biomarker on endpoints, since confounding factors are circumvented and 
lifelong exposure to the biomarker is guaranteed. We used this approach and show that car-
riers of APOC3 mutations are characterized by high levels of plasma HDL-C and low levels of 
plasma triglycerides. The majority of evidence indicates that this apparently favourable lipid 
profile translates into a low CVD risk. There is ample evidence that apoCIII might be a suita-
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ble target in CVD prevention. Plasma apoCIII levels have been shown to be associated with 
coronary artery disease,41–43 myocardial infarction,44 coronary progression in niacin treated 
subjects,45 presence of lesions in lovastatin treated patients46 and cardiovascular disease in 
type II diabetic patients47. In only one study, plasma apoCIII was inversely associated with 
CAD.48 The lack of power due the small size of our patient cohort precludes us from observ-
ing any effect of APOC3 mutation carriership on cardiovascular endpoints. 

By confining our sequence efforts to participants with plasma HDL levels >95th per-
centile, we introduced a selection bias and may have missed APOC3 mutations not resulting 
in the expected phenotype. Furthermore, we present data on a small cohort of study par-
ticipants. This is however inherent to family studies and the results observed are consistent 
within each group. Recruitment of family controls enhanced the power of the study. Last, 
given the linkage disequilibrium of APOC3 with APOA1 and APOA5, we cannot exclude the 
possibility that the lipid changes ascribed to APOC3 mutation carriership, are in fact attribut-
able to APOA4 or APOA5,49 which are known to influence HDL and triglyceride metabolism.50 
However, in this study we describe three rare variants leading to a loss of function of APOC3, 
indicating that changes in lipid profiles can be ascribed to altered APOC3 function. This is 
supported by the fact that interventions aimed at decreasing APOC3, result in an HDL-C 
increase and triglyceride decrease.21

In summary, we present data on two novel mutations in APOC3, as well as one previ-
ously identified mutation. Two of these three mutations show a clear effect on lipid profiles, 
accompanied by the relatively large decreases in plasma apoCIII, whereas the third muta-
tion is associated with less pronounced changes in the lipid profile and smaller decrease in 
plasma apoCIII. This study suggests an inverse association between apoCIII and favourable 
lipid profiles and lends support to the study the effects of apoCIII lowering therapy. 
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ABSTRACT
Objective: Apolipoprotein C-III (apoC-III) is a key regulator of triglyceride (TG) metab-

olism. Elevated TG rich lipoproteins and apoC-III levels are causally linked to coronary artery 
disease (CAD) risk. The mechanism(s) through which apoC-III increases CAD risk remains 
largely unknown. The aim was to confirm the association between apoC-III plasma levels 
and CAD risk and to explore which lipoprotein subfractions contribute to this relationship 
between apoC-III and CAD risk. 

Approach and Results: Plasma apoC-III levels were measured in baseline samples 
from a nested case-control study in the prospective EPIC-Norfolk study. The study com-
prised 2,711 apparently healthy study participants, of whom 832 subsequently developed 
CAD. We studied the association of baseline apoC-III levels with incident CAD risk, lipopro-
tein subfractions measured by nuclear magnetic resonance spectroscopy (NMR) and inflam-
matory biomarkers. ApoC-III levels were significantly associated with CAD risk (odds ratio 
1.91 95% CI 1.48-2.48 for highest compared to lowest quintile), retaining significance after 
adjustment for traditional CAD risk factors (odds ratio 1.47, 95% CI 1.11-1.94). ApoC-III lev-
els were positively correlated with TG levels, (r=0.39), particle numbers of very-low density 
lipoprotein (VLDL; r=0.25), intermediate-density lipoprotein (IDL; r=0.23), small dense LDL 
(r=0.26), and high-sensitivity C-reactive protein (hsCRP) (r=0.15), whereas an inverse corre-
lation was observed with large LDL particle number (r=-0.11), p<0.001 for each. Mediation 
analysis indicated that the association between apoC-III and CAD risk could be explained by 
TG-elevation (TG, VLDL and IDL particles), small LDL particle size and hsCRP. 

Conclusions: ApoC-III levels are significantly associated with incident CAD risk. Elevat-
ed levels of remnant lipoproteins, small dense LDL and low-grade inflammation may explain 
this association.
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INTRODUCTION
Large prospective epidemiological studies have shown that elevated triglyceride 

(TG) levels are associated with increased coronary artery disease (CAD) risk,1,2 independ-
ent of low density lipoprotein-cholesterol (LDL-C) and high density lipoprotein cholesterol 
(HDL-C).3 Triglycerides in plasma are carried in apoB-containing triglyceride-rich lipoproteins 
(TRL), mainly in very low density lipoproteins (VLDL) and to a lesser extent in intermediate 
density lipoproteins (IDL).  Apolipoprotein C-III (apoC-III) is increasingly recognized as a key 
regulator of TRL metabolism in human subjects and mediates its effects by both lipoprotein 
lipase (LPL)-dependent and LPL- independent mechanisms.4,5 ApoC-III has been shown to 
inhibit LPL mediated hydrolysis of TGs in TRL 6 and to reduce hepatic TRL uptake,7  in par-
ticular, those mediated by the LDL receptor and LRP1.8 At higher concentrations, apoC-III 
also inhibits hepatic lipase activity, which results in reduced conversion of VLDL to IDL and 
LDL and also affects HDL remodeling.9 Genetic studies have shown that loss-of-function mu-
tations in APOC3 result in a favorable lipid profile characterized by reduced TG and VLDL 
levels.10 ApoC-III plasma levels are associated with increased risk of CAD and Mendelian 
randomization studies corroborated causality by directly linking genetic variation in APOC3 
to CAD risk.11,12 Collectively, these findings have spurred the development of apoC-III lower-
ing therapies, of which an antisense inhibitor of APOC3 messenger RNA has been shown to 
potently reduce both plasma apoC-III and TG levels.4,5  

In view of the intricate relationship between apoC-III and several pro-atherogenic 
lipoprotein fractions and it’s recent implication in inflammatory pathways,13 it remains to be 
established which factors mediate the detrimental impact of elevated apoC-III on CAD risk. 
Therefore, we assessed the association between apoC-III levels, detailed lipoprotein anal-
yses, inflammatory markers and CAD risk in a large prospective nested case-control study.

MATERIAL AND METHODS
Materials and Methods are available in the online-only Data Supplement.

RESULTS
Plasma apoC-III measurements were available for 2,711 participants; 832 cases and 

1,879 controls. Baseline characteristics for CAD cases and controls are listed in Table 1. De-
spite partial loss of matching due to plasma sample availability, age and sex were similar be-
tween groups. The prevalence of traditional cardiovascular risk factors was higher in cases
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 compared to controls: more active smokers, higher BMI, elevated blood pressure, 

total cholesterol, LDL-C, triglycerides and apoB levels, whereas HDL-C and apoA-I levels were 
lower in cases. ApoC-III levels were indeed higher in cases compared to controls. Figure 1 
shows the distribution of apoC-III and triglyceride levels among cases and controls, showing 
a shifted distribution towards higher apoC-III and triglyceride levels among cases. 

Table 2 and Supplemental Table I show baseline characteristics according to apoC-III 
quintiles. Age was slightly lower and there were fewer males in the highest quintile com-
pared to the lowest. For a complete overview, baseline characteristics for males and females 
separately are provided in Supplemental Table II and III. Higher apoC-III levels were associ-
ated with increased BMI, use of lipid-lowering drugs, use of anti-hypertensive drugs and 
increased systolic and diastolic blood pressure.  Triglyceride levels were most profoundly 
associated with apoC-III quintiles. 

Table 1. Baseline characteristics of controls and cases.

Controls (n=1,879) Cases (n=832) p-value

ApoC-III, mg/dL 4.8 (3.5-6.9) 5.5 (3.8-7.9) <0.001

Age, years 65.3 ±7.7 65.6 ±7.7 0.46

Sex, male  1174(62.5%) 520 (62.5%) 0.99

Body mass index, kg/m2 26.3 ±3.5 27.3 ±3.8 <0.001

Current smoking 157 (8.4%) 127(15.4%) <0.001

Systolic blood pressure, mmHg 139 ±18 144 ±19 <0.001

Diastolic blood pressure, mmHg 84 ±11 86 ±12 <0.001

Diabetes mellitus 33 (1.8%) 57 (6.9%) <0.001

Lipid-lowering drugs 20 (1.1%) 31 (3.7%) <0.001

Anti-hypertensive drugs 329 (17.5%) 352(42.3%) <0.001

 

Total cholesterol, mmol/L 6.3 ±1.2 6.5 ±1.2 <0.001

LDL cholesterol, mmol/L 4.1 ±1.0 4.3 ±1.0 <0.001

HDL cholesterol, mmol/L 1.4 ±0.4 1.3 ±0.4 <0.001

Triglycerides, mmol/L 1.7 (1.2-2.3) 2.0 (1.4-2.8) <0.001

Remnant cholesterol, mmol/L 0.7 (0.5-1.0) 0.8 (0.6-1.2) <0.001

Apolipoprotein A-I, mg/dL 162.2 ±28.9 154.6 ±29.3 <0.001

Apolipoprotein B, mg/dL 129.1 ±31.2 137.6 ±32.7 <0.001

Lipoprotein(a), mg/dL 8.4 (6.4-13.6) 9.5 (6.9-24.7) <0.001

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). P-values are for student’ s T-test for continuous variables and X2 test for 
dichotomous variables.
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Table 2. Baseline characteristics per apoC-III quintile. 

Q1 (n=559) Q2 (n=526) Q3 (n=560) Q4 (n=534) Q5 (n=532)
P for 
trend

ApoC-III, mg/dL 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.5) 6.7 (6.2-7.2) 10.2 (8.8-11.9) <0.001

Age, years 66.2 ±7.7 65.4 ±7.5 64.8 ±8 65.2 ±7.7 65.3 ±7.6 <0.05

Sex, male 374 (66.9%) 346 (65.8%) 341(60.9%) 325(60.9%) 308(57.9%) <0.01

Body mass index, 
kg/m2 26 ±3.5 25.7 ±3.1 26.7 ±3.7 27 ±3.6 27.5 ±4 <0.001

Current smoking 51(9.2%) 53(9.2%) 57(10.3%) 62(11.7%) 61(11.6%) 0.13

Systolic blood 
pressure, mmHg 140 ±18 138 ±18 140 ±19 140 ±18 143 ±18 <0.001

Diastolic blood 
pressure, mmHg 83 ±11.1 83 ±11.5 84 ±11.8 84 ±10.9 86 ±10.8 <0.001

Diabetes Mellitus 18(3.2%) 17(3.2%) 19(3.4%) 13(2.4%)_ 23(4.3%) 0.56

Lipid-lowering 
drugs 4(0.7%) 6(1.1%) 8(1.4%) 15(2.8%) 18(3.4%) <0.01

Anti-hypertensive 
drugs 114(20.4%) 114(21.7%) 128(22.9%) 155(29%) 170(32%) <0.001

      

Total cholesterol, 
mmol/L 6.0 ±1.1 6.2 ±1.1 6.2 ±1 6.5 ±1.1 6.8 ±1.4 <0.001

LDL cholesterol, 
mmol/L 3.9 ±1 4.1 ±1 4.1 ±1 4.2 ±1 4.3 ±1.1 <0.001

HDL cholesterol, 
mmol/L 1.4 ±0.4 1.4 ±0.4 1.3 ±0.4 1.3 ±0.4 1.3 ±0.4 <0.01

Triglycerides, 
mmol/L 1.4 (1-1.8) 1.5 (1.2-2) 1.7 (1.2-2.3) 1.9 (1.4-2.7) 2.5 (1.8-3.4) <0.001

Remnant choles-
terol, mmol/L 0.6 (0.5-0.8) 0.7 (0.5-0.9) 0.8 (0.6-1.0) 0.8 (0.6-1.2) 1.1 (0.8-1.4) <0.001

Apolipoprotein 
A-I, mg/dL 160.7 ±29.6 158.9 ±29.9 159.8 ±29.5 160.9 ±28.1 159.4 ±29.1 0.90

Apolipoprotein B, 
mg/dL 119.7 ±29.1 129.7 ±30 129.2 ±29 136.1 ±31.4 145.2 ±34.6 <0.001

Lipoprotein(a), 
mg/dL 8.2 (6.5-14.4) 8.9 (6.7-16.4) 8.8 (6.7-18.7) 8.6 (6.5-14.3) 8.7 (6.4-18.9)  0.31

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). ApoC-III range for each quintile was Q1 <3.27, Q2: 3.27-4.45, Q3: 4.45-
5.79, Q4: 5.79-7.87, Q5 >7.87 mg/dL.
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Figure 1. Distribution of apoC-III in mg/dl (panel A) and 
triglycerides in mmol/l (panel B) as percentage of total 
cohort for cases (n=832) and controls (n=1,879).
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Figure 2. NMR spectroscopy measured lipoprotein sub-
particle numbers per apoC-III quintile. 

Bars display mean particle numbers in nmol/l and cor-
responding 95% confidence interval. A. VLDL (small, 
medium, large/chylomicron) particle numbers, total bar 
height represents total VLDL particle number. B. IDL parti-
cle numbers per apoC-III quintile. C. LDL (small and large) 
particle number per apoC-III, total bar height represents 
total LDL particle number. P-value for trend < 0.001 for all 
(sub)particle number associations.

ApoC-III and lipid metabolism parameters

At baseline, apoC-III levels were correlated with total cholesterol (r=0.23, p<0.001), 
LDL-C (r=0.13, p<0.001) and triglycerides (r=0.39, p<0.001) Table 3). ApoC-III levels were 
correlated with VLDL particle number and size (r=0.24 and r=0.27, p<0.001) as well as with 
large VLDL/chylomicron sized particle number (r= 0.39, p<0.001). There was also a positive 
correlation with IDL particle number (r=0.23, p<0.001) and similarly, LDL particle number 
(r=0.26, p< 0.001) and an inverse correlation with LDL particle size (r=-0.22, p<0.001). Sim-
ilar correlations were found for LDL parameters measured by gradient gel-electrophore-
sis. Furthermore, apoC-III levels were positively correlated with apolipoprotein A-V levels 
(r=0.21, p<0.001) and inversely correlated with LPL mass (r=-0.13, p<0.001). Sex-specific 
Spearman correlations for apoC-III and lipid and non-lipid variables are given in Supplemen-
tal Table IV and are similar to the overall group. 
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Table 3. Spearman correlation coefficients and p-values of apoC-III levels with lipid and non-lipid parameters.

Lipids Spearman correlation coefficient P-Value

Total cholesterol, mmol/L 0.23 <0.001

LDL cholesterol, mmol/L 0.13 <0.001

HDL cholesterol, mmol/L -0.05 <0.001

Triglycerides, mmol/L 0.39 <0.001

Apolipoprotein A1, mg/dL -0.01 0.73

Apolipoprotein B, mg/dL 0.26 <0.001

Lipoprotein(a), mg/dL 0.01 0.62

NMR

VLDL particles, nmol/L 0.24 <0.001

VLDL size, nm 0.27 <0.001

Large VLDL/chylomicrons, nmol/L 0.39 <0.001

Medium VLDL, nmol/L 0.23 <0.001

Small VLDL, nmol/L 0.13 <0.001

IDL, nmol/L 0.23 <0.001

LDL particles, nmol/L 0.26 <0.001

LDL size, nm -0.22 <0.001

Large LDL, nmol/L -0.11 <0.001

Small LDL, nmol/L 0.26 <0.001

HDL particles, nmol/L 0.2 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml -0.13 <0.001

Apolipoprotein A-V, ng/ml 0.21 <0.001

HDL parameters

Cholesterol efflux capacity 0.08 <0.001

LCAT-concentration, mg/L 0.13 <0.001

CETP-concentration, mg/L -0.01 0.64

Inflammatory markers   

C-reactive protein, mg/L 0.15 <0.001

Glucose metabolism   

HbA1C [%] 0.15 <0.001
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In line with the correlations with TG-related parameters, apoC-III levels were corre-

lated with HDL particle number (r=0.20, p<0.001) and inversely correlated with HDL particle 
size (r=-0.23, p<0.001.) There was a weak positive correlation between apoC-III and cho-
lesterol efflux capacity (r=0.08, p<0.001), LCAT mass (r=0.13, p<0.001) but no correlation 
with CETP mass (r=-0.01, p=0.64). Finally, apoC-III levels were weakly correlated with hsCRP 
levels (r=0.15, p<0.001). All correlations were additionally tested in a linear regression mod-
el adjusted for age, sex, BMI, current smoking, systolic blood pressure, history of diabetes 
mellitus, lipid-lowering and anti-hypertensive drug use, which did not attenuate significance 
importantly. 

Further analysis of apoC-III levels by quintiles and lipoprotein particle numbers and 
size measured by NMR spectroscopy shows a progressive increase in all sizes of VLDL parti-
cles, IDL and small dense LDL, but a decrease for large LDL, all p<0.001 for trend Figure 2, de-
tailed particle numbers and size per apoC-III quartile are provided in Supplemental Table I. 

ApoC-III levels and CAD risk 

In a logistic regression analysis, adjusted for age and sex, the odds ratio for inci-
dent CAD was 1.91 [95%CI: 1.48-2.48] for highest quintile apoC-III compared to low-
est quintile, Figure 3 and Supplemental Table V. Following adjustment for cardiovas-
cular risk factors (age, sex, BMI, current smoking, diabetes mellitus, systolic blood 
pressure, lipid-lowering and anti-hypertensive drug use), apoC-III levels remained sig-
nificantly associated with CAD risk, (odds ratio 1.47 95%CI 1.11-1.94). This association 
was attenuated but remained significant after further adjustment for LDL-C (odds ra-
tio 1.35 95%CI 1.01-1.81) or HDL-C (odds ratio 1.41, 95%CI 1.05-1.88), but lost signif-
icance after adjustment for triglycerides (odds ratio 1.17 95%CI 0.87-1.58), Table 4. 

Q1 Q2 Q3 Q4 Q5

0.5

1.0

1.5

2.0

2.5

ApoC-III Plasma quintiles

O
dd

s
ra

tio
fo

rC
A

D

age, sex adjusted
Multivariable adjusted
Multivariable. adjusted
+ Triglycerides.

Figure 3 Association of apoC-III quintiles and 
incident coronary artery disease risk. 

Data are odds ratios and corresponding 95% 
confidence interval. Model 1(open diamond) is 
matched for age and sex, model 2 (black square) 
is adjusted for age, sex, BMI, current smoking, 
diabetes mellitus, use of blood-pressure low-
ering and lipid lowering drugs. Model 3 (open 
circle) is model 2 additionally adjusted for tri-
glyceride levels. ApoC-III range for each quintile 
was Q1 <3.27, Q2: 3.27-4.45, Q3: 4.45-5.79, Q4: 
5.79-7.87, Q5 >7.87 mg/dL.
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In subgroup analysis, we found that apoC-III levels were not as strongly associated 

with CAD risk in subjects with LDL-C lower than the median compared to subjects with LDL-C 
over the median (Supplemental Figure I). Furthermore apoC-III levels were not significantly 
associated with CAD risk in subjects with triglycerides lower than the median (Supplemental 
Figure I and II). There was no important difference in CAD risk between males and females.  

ApoC-III mediation analysis

Next, we explored which of the lipoprotein subfractions explained part of the as-
sociation between apoC-III and CAD risk, Table 4. We found that plasma triglyceride levels 
(55%) explained a major part of the association between apoC-III and CAD risk, followed by 
apoB levels (31%). VLDL and LDL particle numbers both explained 24%, of the association 
between apoC-III and CAD risk, and interestingly, the association observed for LDL particles 
was fully attributable to small dense LDL particles (24%), independent of large LDL particle 
numbers. 

Table 4. Mediation analysis for apoC-III quintiles and CAD risk

Model 1 (age, sex adjusted) Model 2 (multivariable adjusted)

Odds ratio
Percentage 
explained

P-val-
ue Odds ratio

Percentage 
explained P-value

Base Model 1.91 (1.48-2.48)   1.47 (1.11-1.94)   

additionally adjusted 
for:       

+Triglycerides 1.34 (1.01-1.78) 55% <0.001 1.17 (0.87-1.58) 59% <0.001

+apoB 1.57 (1.18-2.08) 31% <0.001 1.24 (0.91-1.68) 44% <0.001

+VLDL (NMR) 1.64 (1.25-2.14) 24% <0.001 1.26 (0.94-1.68) 41% <0.001

        +Large VLDL 1.53 (1.15-2.03) 35% <0.001 1.33 (0.99-1.80) 26% <0.05

+LDL (NMR) 1.64 (1.25-2.14) 24% <0.001 1.30 (0.98-1.74) 31% <0.001

        + Large LDL 1.88 (1.45-2.44) - ns 1.48 (1.12-1.96) - ns

        + Small LDL 1.63 (1.25-2.14) 24% <0.001 1.33 (1.00-1.78) 25% <0.01

+CRP 1.64 (1.26-2.14) 23% <0.001 1.38 (1.04-1.83) 16% <0.001

+LDL-C 1.71 (1.30-2.24) 18% <0.001 1.35 (1.00-1.81) 23% <0.001

+HDL-C 1.72 (1.31-2.26) 17% <0.001 1.41 (1.05-1.88) 12% <0.001

Odds ratios and corresponding 95% confidence intervals for coronary artery disease for highest quintile com-
pared to lowest apoC-III quintile. ‘+ parameter’ indicates odds ratio for apoC-III (Q5 vs Q1) additionally adjusted 
for ‘+ parameter’. Percentage explained indicates the proportion of the association of apoC-III with CAD risk that 
is explained by the mediator. P-value for likelihood ratio test between models, ns is non-significant.

Model 1: ApoC-III highest versus lowest quintile, adjusted for age, sex.

Model 2: additionally adjusted for BMI, current smoking, diabetes mellitus, systolic blood pressure lipid-lowering 
medication and antihypertensive medication use. 
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Similar effect sizes were found for the multi-variable adjusted model, independent 

from BMI, smoking status, diabetes mellitus, systolic blood pressure and blood pressure 
lowering and lipid lowering drugs. Similar results were found for the difference and product 
method and for apoC-III as a continuous variable (data are shown for difference method and 
apoC-III quintiles).14

Triglyceride levels and calculated remnant cholesterol levels

In recent literature, triglyceride levels are increasingly acknowledged as a biomarker 
for the cholesterol content of TRL,  known as remnant cholesterol, which is understood to 
be the relevant contributor to atherosclerosis.15 As LDL-C in our study is calculated using the 
Friedewald formula both parameters are mathematically related, which is illustrated by the 
strong correlation between triglycerides and remnant cholesterol levels (R2=0.99, p<0.001). 
However, to be as thorough and complete as possible in our analyses we did include rem-
nant cholesterol and found identical associations for apoC-III and triglyceride or remnant 
cholesterol levels. 
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Discussion
 This large, prospective study demonstrates that elevated apoC-III levels are asso-

ciated with a significantly increased risk of CAD. Furthermore, the risk of elevated apoC-III 
levels was strongly and quantitatively associated with several parameters of TRL, small LDL 
particles and inflammation. This study represents the largest study to date to substantiate 
the association between apoC-III plasma levels and CAD risk, in terms of total subjects stud-
ied and CAD case numbers, and provides another level of epidemiologic evidence to support 
the genetic data of apoC-III as a potential target of therapy.5

 Our results are in line with previous reports that report on the association of apoC-
III with CAD risk16–18, and recently, with atherosclerotic burden in diabetics19. In those stud-
ies, apoC-III has been shown to correlate strongly with plasma TG levels in populations with 
a wide variation in absolute plasma TG levels.4,5,17 In our study, the correlation was weaker, 
which perhaps can be explained by the relatively restricted range of TG values and low inci-
dence of diabetes observed in this normal population. Nevertheless, we found that subjects 
with higher apoC-III levels had higher VLDL particle numbers and larger VLDL mean particle 
size as well as increased IDL particle numbers.  Previous tracer kinetic studies9,20 support a 
role for apoC-III in inhibiting the rate of clearance of VLDL from plasma, which is suggested 
to be consistent with inhibition of LPL mediated hydrolysis and/or inhibition of hepatic up-
take of TRL. In particular, the presence of apoC-III on light LDL was associated with enhanced 
conversion to dense LDL.9 These latter observations are perhaps related to our observation 
that high apoC-III levels are associated with a shift towards predominantly small dense LDL 
particles.  Alternatively, increased levels of TRL particles in hypertriglyceridemia increases 
the transfer of TG from VLDL to LDL in exchange for cholesteryl ester, mediated by CETP, and 
in turn the TG enriched in LDL are hydrolyzed via hepatic lipase, further contributing to small 
dense LDL.21 Similar findings were reported in a smaller genetic study of loss-of-function 
APOC3 variants that found a clear correlation with VLDL, IDL and LDL subfractions.10

The mechanism linking apoC-III and CAD risk is poorly understood. Triglycerides per 
se are unlikely causal in atherosclerosis development as TG’s can be degraded by most cell 
types and do not accumulate in atherosclerotic plaques. However, VLDL and remnant lipo-
proteins, such as small VLDL and IDL do accumulate in the arterial intima, where up to 40% 
of particles consist of VLDL and VLDL remnant sized lipoproteins.22 Macrophages within the 
arterial intima secrete LPL, which can further metabolize these TRL’s to even smaller rem-
nants, which can then be taken up by macrophages, delivering their cholesterol content and 
generating foam cells.23,24  

Thus, hypertriglyceridemia should be regarded as a marker of the cholesterol con-
tent in TRLs (VLDL + IDL), so-called remnant-cholesterol. Indeed, calculated remnant cho-
lesterol and genetic variants determining remnant cholesterol levels are strongly associated 
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with CAD risk.15 Using mediation analysis in our study, we found that a substantial part of 
the increased CAD risk associated with apoC-III levels could be attributed to the effect of TRL 
‘remnant’ particle concentrations.  Despite the strong effect on TRL’s, part of the association 
of apoC-III and CAD risk could also be explained by the effect of LDL-particle concentra-
tion, which was fully attributable to small dense LDL particles, well known biomarkers of 
increased CAD risk.25,26

Last, we show that apoC-III is correlated with higher hsCRP levels in our study. Inter-
estingly, elevated remnant cholesterol levels, driven by genetics, are also associated causally 
with low-grade inflammation.15 Such a low-grade inflammatory state, as assessed by elevat-
ed hsCRP, is associated with increased CAD risk.27 

 Although we show strong correlations between apoC-III levels, CAD risk and lipo-
protein particle concentrations, it should be stressed this does not necessarily imply causal-
ity and confirmation by intervention studies is warranted. However, we did adjust for BMI 
and other risk factors in our analyses and genetic studies of APOC3 loss-of function variants 
do support our findings on lipoprotein particles.10 HbA1C levels were only available for 40% 
of the study cohort, and were therefore not included in the multivariable adjusted regres-
sion models. We did adjust for diabetes status, but cannot rule out that the effect of apoC-III 
on glucose metabolism might be underestimated in our study.

Currently, apoC-III targeted therapies are in development of which the second-gen-
eration antisense oligonucleotide volanesorsen has shown the most promise to date. In 
57 high TG patients, 300 mg of weekly volanesorsen resulted in apoC-III reductions up to 
~-80%, which translated to equally potent lowering of plasma TG (up to -70.9%) and VLDL-C 
(up to -70%).5 The strong association between apoC-III, TRLs and CAD in our study holds 
promise for the potential of these therapies to lower CAD risk, which will need to be tested 
in future cardiovascular outcome trials. However, our study also indicates that the asso-
ciation of apoC-III and CAD risk is not as strong in subjects with lower LDL-C, supporting 
LDL-C lowering therapies as the initial CAD risk modifying strategy, as is advocated in current 
guidelines. 

Conclusions

Our results demonstrate the robust association of elevated plasma apoC-III levels 
with CAD risk, independent of traditional cardiovascular disease risk factors. Furthermore, 
we show that elevated apoC-III levels are associated with an unfavorable lipoprotein profile, 
characterized by increased VLDL and IDL particles, and a redistribution of LDL particles to-
wards increased small dense LDL particles and low-grade inflammation. Mediation analysis 
indicated that the association between apoC-III and CAD risk is likely explained by apoC-III’s 
association with TG-elevation (TG, VLDL and IDL particles) and small dense LDL.
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Study design

We performed a nested case-control study in the EPIC-Norfolk cohort study, a pro-
spective population study comprising 25,663 men and women aged 45-79 living in Norfolk, 
United Kingdom.1 In short, participants were recruited from general practitioner registries 
and visited a clinic for non-fasting blood sample collection and completed a detailed health 
and lifestyle questionnaire for a baseline survey between 1993 and 1997.

 During follow up, all participants were flagged for mortality at the UK Office of Na-
tional Statistics, and vital status was ascertained for the entire cohort. Data on all hospital 
contacts throughout England and Wales were obtained using National Health Service num-
bers through linkage with the East Norfolk Health Authority (ENCORE) database. Hospital 
records and death certificates were coded by trained nosologists according to the Interna-
tional Classification of Diseases (ICD) 9th revision. 

Participants were identified as having CAD during follow-up if they had a hospital ad-
mission and/or died with CAD as the underlying cause, coded as ICD 410–414. These codes 
encompass the clinical spectrum of CAD, i.e., unstable angina, stable angina, and myocardial 
infarction. The study complies with the Declaration of Helsinki. The Norwich District Health 
Authority Ethics Committee approved the study and all participants gave written informed 
consent.

In 2004, we designed a prospective nested case–control study among participants 
of the EPIC-Norfolk cohort who did not report a history of heart attack or stroke at the 
baseline clinic visit, as previously described.2 Cases were people who developed CAD during 
follow-up through 2003. Control participants were apparently healthy study participants 
who remained free of any cardiovascular disease during 7.4 years of follow-up. Two controls 
were matched to each case by sex, age (within 5 years), and date of visit (within 3 months). 

Laboratory measurements

Non-fasting blood samples were taken at baseline and serum levels of total cho-
lesterol, HDL cholesterol and triglycerides were measured on fresh samples with the RA 
1000 auto-analyzer (Bayer Diagnostics, Basingstoke, United Kingdom), or stored at -80 ⁰C. 
LDL-cholesterol levels were calculated with the Friedewald formula. Remnant cholesterol 
was calculated as total cholesterol minus LDL cholesterol minus HDL cholesterol, as previ-
ously described.3

 ApoC-III plasma levels were measured at the University of California San Diego us-
ing an in-house chemiluminescent enzyme-linked immunoassay. To measure plasma apoC-
III levels, a rabbit monoclonal antibody to apoC-III (Abgent, San Diego, CA) was diluted in 
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phosphate buffered saline (2µg/ml) and coated at 4oC overnight at 40µl/well in 96-well 
microtiter plates. After washing off excess antibody, plasma (1:1200 dilution in 1% bovine 
serum albumin (BSA)/tris buffered saline(TBS)) was added at 40µl/well for 75min at room 
temperature to bind apoC-III. After washing, a polyclonal goat biotin-labeled anti human 
apoC-III antibody (Cat#GTX41024, GeneTex  Irvine, CA) at 1:20,000 dilution in 1% BSA/TBS 
buffer was added at 40µl/well for 60min at room temperature. After washing, neutrAvidin 
(Thermo Scientific, Waltham, MA) at 1:40,000 dilution in 1% BSA/TBS buffer containing 1:20 
dilution of 20mM MgCl2 and ZnCl2 was then added at 40µl/well for 60 minutes at room 
temperature. Finally, after washing again, Lumi-Phos (Cat# P-5000, Lumigen, MI) diluted 
1:1 with Millipore water at 25µl/well was added for 75 minutes at room temperature in the 
dark. The plates were then read on a DYNEX luminometer. A standard curve was used to 
derive plasma apoC-III concentrations with the same methodology using pure human apoC-
III (Mybiosource, San Diego, CA) at starting concentration 100 µg/ml with serial dilutions to 
0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015625 and 0.007813 mg/dL. The assay methodology 
was further validated against two commercially available assays by Medpace and Abcam. 
The range of absolute apoC-III levels is similar to that reported earlier in healthy subjects 
and subjects with varying degrees of hypertriglyceridemia.4

 Lipoprotein subclass particle numbers and size were measured with an automated 
nuclear magnetic resonance (NMR) spectroscopic assay as described previously.5 Plasma 
levels of apolipoproteinA-I (apoA-I) and B (apoB) were measured by rate immunoneph-
elometry (Behring Nephelometer BNII, Marburg, Germany).6 Levels of C-reactive protein 
(CRP),7 cholesterol efflux capacity,8 cholesteryl ester transfer protein (CETP) mass,9 leci-
thin-cholesterol acyltransferase (LCAT) mass,10 lipoprotein lipase (LPL) mass,11 apolipopro-
tein A-V (apoA-V) levels,12 lipoprotein(a),oxidized phospholipids on apolipoprotein B-100 
(OxPl-apoB)13 and LDL peak particle size by 2-16% polyacrylamide gradient-gel electropho-
resis (GGE)14 were measured as described previously. 

Statistical analysis

Baseline characteristics for CAD cases and controls were reported as mean ±standard 
deviation for continuous variables with a normal distribution, median (interquartile range) 
for continuous variables with a non-normal distribution, and percentage (number) for cat-
egorical variables. Baseline characteristics were calculated by apoC-III quintiles, and then 
compared using a linear regression model, including apoC-III quintiles to test for trend. Due 
to a skewed distribution, apoC-III, triglycerides, remnant cholesterol, hsCRP, LPL, lipopro-
tein(a) and apoA-V levels were logarithmically transformed before statistical analysis. For 
correlation between apoC-III and other parameters, Spearman correlation coefficients are 
reported with corresponding p-value. 
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Mainly due to unavailability of plasma samples, not all study participants could be in-

cluded for the current study and, as a consequence, the original matching was partially lost. 
For this reason, we decided to not perform conditional logistic regression using the match-
ing variable in the model, but to perform unconditional logistic regression, incorporating 
age and sex in the regression model. This model was used to calculate odds ratios and cor-
responding 95% confidence intervals for CAD risk for each apoC-III quintile, using the lowest 
quintile as reference. Odds ratios were calculated for an age- and sex- adjusted model (1) 
and a model (2) adjusted for the following cardiovascular risk factors: age, sex, body mass 
index (BMI), current smoking, diabetes mellitus, systolic blood pressure and blood pressure 
lowering and lipid lowering medication use. 

To explore which variable could explain part of the association between apoC-III and 
CAD risk, we performed mediation analysis using both the difference and the product meth-
od.15 Coefficients for the calculations were derived from 1) a logistic regression model on 
CAD risk including apoC-III, 2) a logistic regression model on CAD risk including apoC-III and 
the variable under study. We tested for a significant interaction between apoC-III and the 
variable under study, by including an interaction term but found no significant interaction 
for any variable. 3) A linear regression model of apoC-III levels on the variable under study, 
with cases and controls weighted for case control status.16 The percentage explained was 
directly derived from the regression coefficients and difference with base models was com-
pared with a likelihood ratio test. All statistical analyses were performed using IBM SPSS 
software, version 22. A p-value < 0.05 was considered statistically significant.
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Supplemental material 

Supplemental figure I. Subgroup analysis of apoC-III as a continuous variable and CAD Risk. 

ApoC-III was used as a continuous variable after log-transformation. Data are odds ratios and corresponding 95% 
confidence interval, derived from a logistic regression model adjusted for age and sex, detailed numbers are pro-
vided in supplemental table VI. Subgroups are defined by under/equal or over the median of the specific variable. 

Supplemental Figure II. Association of apoC-III quintiles and coronary artery disease risk, based on triglycerides ≤ 
or > 1.70 mmol/L.

Odds ratios and corresponding 95% Confidence interval, for coronary artery disease based on low/high triglycer-
ide levels. Low/high Triglycerides was defined as ≤ or > median triglycerides of 1.70 mmol/L .
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Supplemental Table I. Baseline characteristics per apoC-III quintile. 

NMR data Q1 Q2 Q3 Q4 Q5 P for trend

VLDL particles, nmol/L 86.0 ±30.0 93.5 ±31.4 94.7 ±30.1 100.3 ±30.8 110.1 ±35.8 <0.001

Large VLDL/chylomicrons, 
nmol/L 3.2 ±2.9 4.0 ±3.2 4.6 ±3.4 6.0 ±4.0 8.0 ±4.7 <0.001

Medium VLDL, nmol/L 28.3 ±15.5 32.0 ±16.3 32.8 ±16 35.1 ±16.8 40.4 ±18.8 <0.001

Small VLDL, nmol/L 54.4 ±17.8 57.6 ±19 57.3 ±18.5 59.2 ±17.8 61.7 ±19.6 <0.001

VLDL size, nm 49.0 ±7.5 49.7 ±8.1 51.1 ±8.5 53.2 ±8.7 55.9 ±9.1 <0.001

IDL, nmol/L 37 ±41.6 43.1 ±40.7 42.6 ±35.8 54.2 ±43.3 64.5 ±50.8 <0.001

LDL particles, nmol/L 1484 ±400 1571 ±421 1610 ±432 1693 ±450 1835 ±509 <0.001

Large LDL, nmol/L 581 ±189 598 ±198 570 ±201 564 ±212 518 ±226 <0.001

Small LDL, nmol/L 867 ±407 930 ±445 997 ±472 1075 ±501 1252 ±551 <0.001

LDL size, nm 21.2 ±0.54 21.1 ±0.57 21 ±0.60 21.0 ±0.63 20.8 ±0.64 <0.001

HDL particles, nmol/L 32.8 ±5.8 32.7 ±5.3 33.3 ±5.5 34.4 ±5.6 35.9 ±5.8 <0.001

Large HDL, nmol/L 6.6 ±3.6 6.1 ±3.5 5.9 ±3.7 5.3 ±3.4 4.7 ±3.4 <0.001

Medium HDL, nmol/L 3.0 ±2.8 3.0 ±2.7 3.2 ±3 3.8 ±2.9 4.6 ±3.6 <0.001

Small HDL, nmol/L 23.1 ±5 23.7 ±4.7 24.2 ±4.8 25.3 ±5.0 26.6 ±5.2 <0.001

HDL size, nm 9.0 ±0.5 9.0 ±0.5 8.9 ±0.5 8.8 ±0.4 8.7 ±0.4 <0.001

Gradient-Gel electro-
phoresis

LDL peak particle size, Å 261.3 ±4.4 261.0 ±4.5 260.0 ±4.7 259.6 ±4.8 258.1 ±5.2 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml 72 (50-99) 69 (48-95) 64 (46-91) 62 (45-88) 56 (40-84) <0.001

Apolipoprotein A-V, ng/ml 164 (132-208) 174 (138-218) 174 (138-216) 187 (147-246) 209 (164-269) <0.001

HDL parameters

HDL Efflux 1.13 ±0.23 1.17 ±0.23 1.17 ±0.24 1.16 ±0.23 1.2 ±0.23 <0.001

CETP-concentration, mg/L 2.8 (2.1-3.7) 2.8 (2.2-3.9) 2.9 (2.1-3.9) 2.8 (2.1-3.6) 2.8 (2.1-3.7) 0.51

LCAT concentration, mg/L 8.5 ±2.2 8.6 ±2.2 9.0 ±2.1 9.0±2.2 9.3 ±2.3 <0.001

Inflammatory markers

C-reactive protein, mg/L 1.3 (0.6-2.9) 1.5 (0.7-3.4) 1.7 (0.8-3.1) 1.9 (0.9-4.4) 2.2 (1.1-5.1) <0.001

Leukocyte count, 10^3/ul 6.6 ±1.8 6.5 ±1.6 6.6 ±2.1 6.7 ±1.9 6.9 ±1.9 <0.01

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.4 (0.3-0.7) 0.1

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   113 26/10/2017   17:23:48



114

Chapter 5
Q1 (n=374) Q2 (n=346) Q3 (n=341) Q4 (n=325) Q5 (n=308) P for trend

ApoCIII, mg/dl 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.5) 6.6 (6.1-7.2)
10.1 (8.7-
12.1) <0.001

Age, years 65.6 ±7.8 64.6 ±7.8 63.8 ±8.3 64.1 ±8 63.9 ±7.9 0.02

Gender, male 100% (374) 100% (346) 100% (341) 100% (325) 100% (308) -

Body mass index , kg/m2 25.9 ±3.1 25.9 ±2.8 26.7 ±3.4 27.2 ±3.2 27.4 ±3.3 <0.001

Current smoking 10.3% (38) 11.9% (41) 9.5% (32) 10.2% (33) 12.5% (38) 0.71

Systolic blood pressure, 
mm Hg 139 ±18 139 ±18 140 ±18 141 ±17 143 ±16 <0.01

Diastolic blood pressure, 
mm Hg 83 ±11.5 84 ±11.4 85 ±11.7 85 ±10.9 87 ±10.2 <0.001

Diabetes Mellitus 3.7% (14) 4.3% (15) 3.8% (13) 2.8% (9) 5.2% (16) 0.62

lipid-lowering drugs 0.5% (2) 0.9% (3) 0.9% (3) 2.8% (9) 2.9% (9) 0.02

anti-hypertensive drugs 19.3% (72) 20.5% (71) 17.9% (61) 26.5% (86) 27.9% (86) 0.004

Total cholesterol, mmol/l 5.7 ±1 6.1 ±1 6.1 ±1 6.3 ±1.1 6.5 ±1.2 <0.001

LDL cholesterol, mmol/l 3.7 ±0.9 4 ±1 4 ±0.9 4 ±1 4.2 ±1 <0.001

HDL cholesterol, mmol/l 1.3 ±0.3 1.2 ±0.3 1.2 ±0.3 1.2 ±0.4 1.2 ±0.3 <0.001

Triglycerides, mmol/l 1.4 (1-1.8) 1.6 (1.3-2.1) 1.9 (1.4-2.4) 2 (1.5-2.9) 2.7 (1.9-3.5) <0.001

Apolipoprotein A1, 
mg/dL 152.5 ±25.3 150.9 ±24.9 148.6 ±24.7 153.3 ±25.5 149.2 ±24.2 0.11

Apolipoprotein B, mg/dL 116.9 ±27.7 129.1 ±29.4 130.7 ±27.8 133.2 ±29.7 142.5 ±30.7 <0.001

Lipoprotein(a), mg/dL 7.8 (6.4-12.3) 8.5 (6.5-17.7) 8.7 (6.5-20) 8.1 (6.3-13.3) 8.3 (6.2-18) 0.27

NMR data

VLDL particles, nmol/L 84.7 ±26.9 93.8 ±30 95.6 ±30.2 98 ±28.9 105.8 ±32.1 <0.001

Large VLDL/chylomi-
crons, nmol/L 3.3 ±2.8 4.4 ±3.2 4.9 ±3.4 6.2 ±4 8.3 ±4.2 <0.001

Medium VLDL, nmol/L 28.2 ±14.1 32.6 ±15.7 33.8 ±16.2 34.1 ±15.1 38.9 ±16.9 <0.001

Small VLDL, nmol/L 53.2 ±16.8 56.8 ±18 56.9 ±18.5 57.6 ±17.3 58.6 ±18.2 <0.001

VLDL size, nm 49.8 ±7.6 51.3 ±8 52.4 ±8.4 54.7 ±8.7 57.4 ±8.9 <0.001

IDL, nmol/L 32.6 ±37.2 39.5 ±39.4 39.8 ±32.7 51.1 ±41.2 56.7 ±43.2 <0.001

LDL particles, nmol/L 1451 ±375 1579 ±422 1642 ±439 1707 ±458 1805 ±454 <0.001

Large LDL, nmol/L 542 ±177 555 ±177 517 ±180 502 ±197 455 ±197 <0.001

Small LDL, nmol/L 876 ±393 985 ±442 1085 ±472 1155 ±501 1293 ±488 <0.001

LDL size, nm 21.1 ±0.55 21 ±0.55 20.9 ±0.58 20.8 ±0.61 20.6 ±0.58 <0.001

HDL particles, nmol/L 32 ±5.5 32 ±5.1 32.2 ±5.3 33.9 ±5.6 34.7 ±5.5 <0.001

Large HDL, nmol/L 5.8 ±3.2 5.1 ±3 4.6 ±3.1 4.5 ±3 3.7 ±2.7 <0.001

Medium HDL, nmol/L 2.7 ±2.5 2.8 ±2.5 2.8 ±2.6 3.7 ±2.9 4.3 ±3.4 <0.001

Small HDL, nmol/L 23.4 ±4.8 24.1 ±4.5 24.8 ±4.5 25.7 ±5 26.7 ±5 <0.001

HDL size, nm 8.9 ±0.4 8.8 ±0.4 8.7 ±0.4 8.7 ±0.4 8.6 ±0.4 <0.001

Proefschrift_Julian_Final_20171024_colourPARTs.indd   114 26/10/2017   17:23:48



115

ApoC-III levels and CAD risk
TRL metabolism Q1 (n=374) Q2 (n=346) Q3 (n=341) Q4 (n=325) Q5 (n=308) P for trend

Lipoprotein lipase, 
ng/ml 66 (47-90) 62 (44-85) 57 (43-76) 55 (42-79) 49 (34-71) <0.001

Apolipoprotein A5, 
ng/ml 155 (125-190) 171 (137-215) 166 (131-208) 179 (140-232) 209 (164-267) <0.001

HDL parameters

HDL Efflux 1.08 ±0.21 1.11 ±0.21 1.11 ±0.22 1.12 ±0.23 1.13 ±0.21 <0.01

CETP-concentration, 
mg/L 2.7 (2-3.4) 2.6 (2.1-3.5) 2.8 (2-3.7) 2.6 (1.9-3.3) 2.6 (1.9-3.3) 0.13

LCAT 8.2 ±2.1 8.4 ±2 8.9 ±2 8.8 ±2.1 9 ±2.2 <0.001

Inflammatory markers

C-reactive protein, mg/L 1.3 (0.5-2.8) 1.5 (0.7-3.2) 1.6 (0.8-2.9) 1.8 (0.8-3.9) 2 (1.1-4.7) <0.001

Complement factor 3, 
mg/L

1462 (1088-
1931)

1535 (1194-
2003)

1595 (1189-
2107)

1619 (1239-
2269)

1696 (1337-
2220) <0.001

White blood count, 
10^3/ul 6.6 ±1.9 6.7 ±1.6 6.7 ±2.2 6.7 ±1.9 7 ±1.9 0.04

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.4 (0.3-0.7) 0.03

Supplemental Table II. Baseline characteristics per apoC-III quintile for males. Continuous variables with a normal 
distribution are reported as mean ± standard deviation. Continuous variables with a non-normal distribution 
are reported as median (interquartile range). Dichotomous variables are reported as percentage of total cohort 
(number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.
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Q1 (n=185) Q2 (n=180) Q3 (n=219) Q4 (n=209) Q5 (n=224) P for trend

ApoCIII, mg/dl 2.5 (1.8-2.9) 3.9 (3.6-4.1) 5.1 (4.7-5.4) 6.7 (6.2-7.3) 10.2 (8.9-11.7) <0.001

Age, years 67.6 ±7.3 66.9 ±6.7 66.4 ±7.1 67 ±6.8 67.1 ±6.8 0.59

Gender, female 100% (185) 100% (180) 100% (219) 100% (209) 100% (224) -

Body mass index , kg/m2 26.2 ±4.2 25.4 ±3.7 26.7 ±4.2 26.8 ±4.1 27.7 ±4.8 <0.001

Current smoking 7.1% (13) 6.7% (12) 11.5% (25) 13.9% (29) 10.4% (23) 0.1

Systolic blood pressure, 
mm Hg 141 ±18 136 ±19 140 ±19 139 ±18 144 ±19 0.001

Diastolic blood pressure, 
mm Hg 83 ±10.5 81 ±11.3 82 ±11.8 82 ±10.7 85 ±11.5 <0.01

Diabetes Mellitus 2.2% (4) 1.1% (2) 2.7% (6) 1.9% (4) 3.1% (7) 0.62

lipid-lowering drugs 1.1% (2) 1.7% (3) 2.3% (5) 2.9% (6) 4% (9) 0.02

anti-hypertensive drugs 22.7% (42) 23.9% (43) 30.6% (67) 33% (69) 37.5% (84) <0.01

Total cholesterol, mmol/l 6.5 ±1.2 6.6 ±1.2 6.5 ±1.1 6.8 ±1.2 7.3 ±1.5 <0.001

LDL cholesterol, mmol/l 4.2 ±1 4.3 ±1 4.1 ±1 4.5 ±1.1 4.6 ±1.2 <0.001

HDL cholesterol, mmol/l 1.6 ±0.4 1.6 ±0.4 1.6 ±0.4 1.5 ±0.4 1.5 ±0.4 0.03

Triglycerides, mmol/l 1.4 (1-1.8) 1.3 (1-1.8) 1.6 (1.1-2.1) 1.7 (1.3-2.5) 2.3 (1.7-3.3) <0.001

Apolipoprotein A1, 
mg/dL 177.9 ±30.7 173.6 ±32.7 177.5 ±27.8 172.1 ±28.1 173.1 ±29.6 0.22

Apolipoprotein B, mg/dL 125.2 ±31 130.6 ±31.3 127 ±30.6 140.5 ±33.3 148.7 ±38.9 <0.001

Lipoprotein(a), mg/dL 9.2 (6.7-22.3) 9.3 (6.8-15.5) 9.1 (7.1-15.6) 9.5 (7-15.7) 9 (6.8-19.9) 0.94

NMR data

VLDL particles, nmol/L 88.7 ±35.2 93.1 ±33.9 93.3 ±29.8 103.7 ±33.4 116 ±39.7 <0.001

Large VLDL/chylomi-
crons, nmol/L 3.1 ±3.2 3.2 ±3.1 4 ±3.4 5.6 ±4 7.7 ±5.3 <0.001

Medium VLDL, nmol/L 28.7 ±18.2 30.8 ±17.3 31.3 ±15.5 36.7 ±18.9 42.4 ±21.1 <0.001

Small VLDL, nmol/L 56.9 ±19.7 59.1 ±20.7 57.9 ±18.5 61.5 ±18.3 66 ±20.7 <0.001

VLDL size, nm 47.4 ±7.2 46.8 ±7.5 49.2 ±8.3 50.9 ±8.3 53.9 ±8.9 <0.001

IDL, nmol/L 45.9 ±48.3 50.2 ±42.4 46.9 ±39.9 59.2 ±46 75.3 ±58.1 <0.001

LDL particles, nmol/L 1551 ±441 1557 ±419 1561 ±417 1671 ±437 1876 ±576 <0.001

Large LDL, nmol/L 658 ±189 681 ±211 654 ±204 661 ±199 605 ±234 <0.01

Small LDL, nmol/L 847 ±434 825 ±433 860 ±440 951 ±476 1196 ±625 <0.001

LDL size, nm 21.3 ±0.51 21.3 ±0.54 21.3 ±0.55 21.2 ±0.57 21 ±0.67 <0.001

HDL particles, nmol/L 34.4 ±6 34 ±5.5 35.1 ±5.5 35.1 ±5.6 37.5 ±5.8 <0.001

Large HDL, nmol/L 8.2 ±3.9 7.9 ±3.6 8 ±3.6 6.6 ±3.6 6 ±3.8 <0.001

Medium HDL, nmol/L 3.6 ±3.4 3.2 ±3.1 3.7 ±3.5 3.9 ±2.9 5 ±3.9 <0.001

Small HDL, nmol/L 22.5 ±5.3 22.9 ±5 23.4 ±5.2 24.6 ±5 26.5 ±5.4 <0.001

HDL size, nm 9.2 ±0.5 9.2 ±0.5 9.2 ±0.5 9 ±0.4 8.9 ±0.5 <0.001

Proefschrift_Julian_Final_20171024_colourPARTs.indd   116 26/10/2017   17:23:48



117

ApoC-III levels and CAD risk
TRL metabolism Q1 (n=185) Q2 (n=180) Q3 (n=219) Q4 (n=209) Q5 (n=224) P for trend

Lipoprotein lipase, 
ng/ml 81 (62-117) 84 (61-114) 80 (57-114) 75 (54-104) 69 (51-106) <0.001

Apolipoprotein A5, 
ng/ml 184 (149-248) 178 (140-223) 191 (153-235) 199 (159-265) 209 (164-272) <0.001

HDL parameters

HDL Efflux 1.23 ±0.24 1.27 ±0.22 1.26 ±0.23 1.22 ±0.23 1.29 ±0.23 0.21

CETP-concentration, 
mg/L 3.2 (2.3-4.2) 3.3 (2.4-4.3) 3 (2.3-4) 3 (2.4-4) 3.1 (2.3-4.2) 0.89

LCAT concentration, 
mg/L 9.1 ±2.4 9 ±2.4 9.2 ±2.2 9.1 ±2.2 9.6 ±2.4 0.03

Inflammatory markers

C-reactive protein, mg/L 1.5 (0.7-3.1) 1.5 (0.6-3.4) 1.8 (0.9-3.5) 2 (1-5.7) 2.5 (1.2-5.8) <0.001

Complement factor 3, 
mg/L

1514 (1121-
2034)

1530 (1186-
1929)

1597 (1202-
2064)

1777 (1327-
2350)

1899 (1316-
2428) <0.001

White blood count, 
10^3/ul 6.4 ±1.7 6.2 ±1.5 6.5 ±1.8 6.6 ±2 6.8 ±1.9 0.01

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.8) 0.4

Supplemental Table III. Baseline characteristics per apoC-III quintile for females. Continuous variables with a nor-
mal distribution are reported as mean ± standard deviation. Continuous variables with a non-normal distribution 
are reported as median (interquartile range). Dichotomous variables are reported as percentage of total cohort 
(number). Triglycerides, and lipoprotein(a), were log-transformed before analysis.
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Supplemental Table IV. Sex-specific Spearman correlation coefficients and p-valueof apoC-III and lipid and 
non-lipid variables

Males Females

Lipids Spearman correlation 
coefficient P-value Spearman correlation 

coefficient P-value

Total cholesterol, mmol/L 0.23 <0.001 0.21 <0.001

LDL cholesterol, mmol/L 0.12 <0.001 0.13 <0.001

HDL cholesterol, mmol/L -0.09 <0.001 -0.08 <0.001

Triglycerides, mmol/L 0.42 <0.001 0.37 <0.001

Apolipoprotein A1, mg/dL -0.03 0.26 -0.07 0.05

Apolipoprotein B, mg/dL 0.27 <0.001 0.24 <0.001

Lipoprotein(a), mg/dL 0.01 0.8 0 0.99

NMR data

VLDL particles, nmol/L 0.22 <0.001 0.28 <0.001

VLDL size, nm 0.3 <0.001 0.29 <0.001

Large VLDL/chylomicrons, nmol/L 0.41 <0.001 0.38 <0.001

Medium VLDL, nmol/L 0.21 <0.001 0.27 <0.001

Small VLDL, nmol/L 0.1 <0.001 0.16 <0.001

IDL, nmol/L 0.24 <0.001 0.22 <0.001

LDL particles, nmol/L 0.28 <0.001 0.23 <0.001

LDL size, nm -0.27 <0.001 -0.19 <0.001

Large LDL, nmol/L -0.16 <0.001 -0.09 <0.001

Small LDL, nmol/L 0.3 <0.001 0.23 <0.001

HDL particles, nmol/L 0.19 <0.001 0.19 <0.001

HDL size, nm -0.26 <0.001 -0.28 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml -0.17 <0.001 -0.13 <0.001

Apolipoprotein A-V, ng/ml 0.24 <0.001 0.13 <0.001

HDL parameters

Cholesterol efflux capacity 0.07 0.01 0.04 0.2

LCAT-concentration, mg/L -0.03 0.2 -0.01 0.87

CETP-concentration, mg/L 0.14 <0.001 0.08 0.01

Inflammatory markers

C-reactive protein, mg/L 0.13 <0.001 0.17 <0.001

Glucose metabolism

HbA1C [%] 0.15 <0.001 0.14 0.01
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Supplemental Table V. Case numbers and odds ratios for CAD risk according to apoC-III quintiles. 

Q1 Q2 Q3 Q4 Q5

N Cases 143 150 156 173 210

N Controls 416 376 404 361 322

N Total 559 526 560 534 532

Age, sex adjusted 1.0 (-) 1.17 (0.89-1.53) 1.13 (0.87-1.48) 1.41 (1.08-1.83) 1.91(1.48-2.48)

Multivariable adjusted 1.0 (-) 1.16 (0.87-1.54) 1.03 (0.78-1.37) 1.17 (0.88-1.55) 1.47 (1.11-1.94)

Multivariable adjusted 
+triglycerides 1.0 (-) 1.09 (0.82-1.45) 0.95 (0.71-1.26) 1.02 (0.76-1.36) 1.17 (0.87-1.58)

Data are odds ratios and corresponding 95% confidence interval. Model 1 is matched for age and sex, model 2 is 
adjusted for age, sex, BMI, current smoking, diabetes mellitus, use of blood-pressure lowering and lipid lowering 
drugs. Model 3 is model 2 additionally adjusted for triglyceride levels. ApoC-III range for each quintile was Q1 
<3.27, Q2: 3.27-4.45, Q3: 4.45-5.79, Q4: 5.79-7.87, Q5 >7.87 mg/dL.

Supplemental table VI. Subgroup analysis of apoC-III as a continuous variable and CAD Risk.

OR (95%CI) number

age≤66.6 2.25 (1.40-3.63) 1383

age>66.6 2.42 (1.53-3.81) 1328

Male 2.21 (1.46-3.34) 1694

Female 2.55 (1.48-4.40) 1017

BMI≤26.3 2.07 (1.26-3.40) 1374

BMI>26.3 2.14 (1.38-3.32) 1334

Smoking no 2.40 (1.67-3.43) 2403

Smoking yes 2.08 (0.87-4.96) 284

LDL-C≤4.05 1.66 (1.05-2.65) 1301

LDL-C>4.05 2.73 (1.64-4.57) 1259

TG≤1.7 1.23 (0.74-2.02) 1371

TG>1.7 2.37 (1.47-3.82) 1308

HBA1C ≤5.4 3.03 (1.34-6.81) 535

HBa1C>5.4 2.42 (1.26-4.66) 509

Overall 2.33 (1.67-3.24) 2711

ApoC-III was used as a continuous variable after log-transformation. Data are odds ratios and corresponding 95% 
confidence interval, derived from a logistic regression model adjusted for age and sex, detailed numbers are pro-
vided in supplemental table VI. Subgroups are defined by under/equal or over the median of the specific variable. 
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ABSTRACT
Objective: Plasma apolipoprotein C-III (apoC-III) levels are associated with coronary 

artery disease (CAD) risk. We aimed to assess the relative predictive value for CAD of apoC-
III levels associated with specific lipoproteins.

Approach and Results: Plasma apoC-III and apoC-III associated with apoB-, apoAI- 
and Lp(a) (apoCIII-apoB, apoCIII-apoAI and apoCIII-Lp(a), respectively) were measured using 
high-throughput chemiluminescent ELISA’s in baseline samples from 2711 subjects (1879 
controls and 832 cases with CAD) in the EPIC-Norfolk prospective population study with 
7.4 years of follow-up. The apoCIII-apoB and apoCIII-apoAI measures reflect the amount of 
apoC-III on saturating levels of apoB-100 and apoAI on microtiter well plates. The indices of 
“total apoCIII-apoB” and “total apoCIII-apoAI” are derived by multiplying these measures 
with plasma apoB and apoA-I. ApoCIII-ApoB and apoCIII-apoAI were significantly associat-
ed with CAD risk in univariate analysis, but did not retain significance after adjustment for 
traditional CAD risk factors. However, the index of ‘total apoCIII-apoB’, but not ‘total apoCI-
II-apoAI’, was significantly associated with CAD risk, independent from traditional CAD risk 
factors and apoC-III plasma levels. ApoCIII-Lp(a) was also a significant predictor of CAD risk 
after adjustment of CAD risk factors, including Lp(a) levels. 

Conclusions: The index of total apoCIII-apoB was a significant predictor of CAD risk, 
independent from plasma apoC-III levels. ApoCIII-Lp(a) may be a novel CAD risk marker. 
This study suggests that the CAD risk prediction can be optimized by novel and quantitative 
apoCIII-associated biomarkers in plasma.
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INTRODUCTION
Low density lipoprotein cholesterol (LDL-C) lowering agents, such as statins, eze-

timibe and PCSK-9 inhibitors have reduced the incidence of coronary artery disease (CAD).1 
Despite these successful treatment strategies, significant residual CAD risk remains, even 
with om-treatment LDL-C levels as low as 30 mg/dL. This residual risk has driven the search 
for novel biomarkers reflecting causal therapeutic targets. Genetic studies have shifted the 
attention from high density lipoprotein cholesterol (HDL-C) to triglyceride-rich lipoproteins 
(TRL) as causal risk factors in CAD development.2,3 

Apolipoprotein C-III (apoC-III) is a small circulating apolipoprotein that is a key regula-
tor of TRL metabolism. ApoC-III inhibits the activation of lipoprotein lipase (LPL) by apolipo-
protein C-II (apoC-II), thereby inhibiting triglyceride (TG) hydrolysis.4 It also inhibits TRL up-
take by the liver, in an LPL-independent fashion5, mediated by the LDL receptor and LRP1.6 
A causal relationship between apoC-III and CAD risk has been demonstrated by genetic 
studies that show a lower CAD risk for individuals with APOC3 loss-of function mutations.7–9 
Furthermore, apoC-III plasma levels in prospective population studies are predictive of CAD 
risk.10–12 These observations have driven the development of apoC-III lowering drugs, which 
have been shown to successfully lower apoC-III, TG and TRL particle levels in subjects with 
hypertriglyceridaemia.5,13,14

One of the major, unresolved issues regarding apoC-III metabolism is the distribu-
tion of apoC-III among circulating lipoproteins. Several studies have identified specific sub-
groups of subjects at increased CAD risk based on the number of apoC-III containing LDL 
or HDL particles,15,16 but their association with CAD risk has been inconsistent.17 One of the 
explanations for this inconsistency lies in the complicated methods that are required for 
these assays. To measure apoC-III content in specific lipoprotein fractions, immunoaffinity 
chromatography has previously been used, limited in its application for large sample siz-
es.  As a complimentary method, we have recently developed quantitative high-throughput 
sandwich chemiluminescent enzyme-linked immunoassays to detect apoC-III on individual 
lipoproteins in plasma.14

Here we report findings of apoC-III content on apolipoprotein B-100 (ApoCIII-apoB), 
apolipoprotein A-I (ApoCIII-apoAI), and lipoprotein(a) (ApoCIII-Lp(a)) containing lipoproteins 
in plasma samples from a large nested case control study in the EPIC-Norfolk prospective 
population study. The aim of this study was to assess the association of lipoprotein-associat-
ed apoC-III levels with CAD risk and other lipid related parameters in a prospective manner.
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 MATERIAL AND METHODS

Study design

A nested case-control study was performed in the EPIC-Norfolk cohort study, a pro-
spective population study comprising 25,663 men and women aged 45-79 living in Norfolk, 
United Kingdom.18 In short, participants were recruited from general practitioner registries 
and visited a clinic for non-fasting blood sample collection and completed a detailed health 
and lifestyle questionnaire for a baseline survey between 1993 and 1997.

 During follow up, all participants were flagged for mortality at the UK Office of Na-
tional Statistics, and vital status was ascertained for the entire cohort. Data on all hospital 
contacts throughout England and Wales were obtained using National Health Service num-
bers through linkage with the East Norfolk Health Authority (ENCORE) database. Hospital 
records and death certificates were coded by trained nosologists according to the Interna-
tional Classification of Diseases (ICD) 9th revision. 

Participants were identified as having CAD during follow-up if they had a hospital ad-
mission and/or died with CAD as the underlying cause, coded as ICD 410–414. These codes 
encompass the clinical spectrum of CAD, i.e., unstable angina, stable angina, and myocardial 
infarction. The study complies with the Declaration of Helsinki. The Norwich District Health 
Authority Ethics Committee approved the study and all participants gave written informed 
consent.

In 2004, we designed a prospective nested case–control study among participants of 
the EPIC-Norfolk cohort who did not report a history of heart attack or stroke at the base-
line clinic visit, as previously described.19 Cases were people who developed CAD during 
follow-up through 2003. Control participants were apparently healthy study participants 
who remained free of any cardiovascular disease during 7.4 years of follow-up. Two controls 
were matched to each case by sex, age (within 5 years), and date of visit (within 3 months). 

Laboratory measurements

Non-fasting blood samples were taken at baseline and serum levels of total cho-
lesterol, HDL cholesterol and triglycerides were measured on fresh samples with the RA 
1000 auto-analyzer (Bayer Diagnostics, Basingstoke, United Kingdom), or stored at -80 °C. 
LDL-cholesterol levels were calculated with the Friedewald formula. Remnant cholesterol 
was calculated as total cholesterol minus LDL cholesterol minus HDL cholesterol, as previ-
ously described.20

Lipoprotein subclass particle numbers and size were measured with an automated 
nuclear magnetic resonance (NMR) spectroscopic assay as described previously.21 
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Determination of total apoC-III and lipoprotein-associated apoC-III complex levels: apo-
CIII-apoB, apoCIII-Lp(a), and apoCIII-apoAI

ApoC-III plasma levels were measured at the University of California San Diego using 
an in-house chemiluminescent enzyme-linked immunoassay11 as previously reported.

Sensitive and quantitative sandwich-based chemiluminescent ELISA was used to 
measure apoC-III associated with plasma lipoproteins containing apoB-100, Lp(a), and 
apoA-I as previously described in detail.14 In the apoCIII-apoB assay, the antibody MB47 
is used on the bottom of microtiter well plates, which captures all apoB-100 (but it does 
not detect apoB48) equally.22–24 Conditions were established to ensure that the amount of 
plasma added was sufficient to provide a saturating and equal amount of each lipoprotein 
captured in each well for apoB and apoAI.14. It has been previously determined that the ac-
tual amounts of lipoproteins captured are in the nanogram range. The results are reported 
as relative light units (RLU) in 100 milliseconds after the background (TBS/BSA) RLU were 
subtracted. High and low values were added to each 96-well plate as internal controls. 

As previously described,14 absolute concentrations of lipoprotein-associated apoC-
III in apoB, apo(a) and apoAI lipoproteins are not feasible due to technical limitations. As 
the assays are currently performed, the amount of plasma is diluted to provide sufficient 
apoB, and apoA-I to saturate the capacity of the given capture antibody such that each well 
has the same amount of lipoprotein as every other well, which allows one to compare the 
amount of bound apoC-III to each respective lipoprotein between subjects. Equal amounts 
of apoB and apoA-I captured per well will always be equal in a given assay, but the absolute 
amounts of each captured analyte will be different (e.g. the amount of apoB is not equal to 
the amount of apoA-1).  However, multiplying this average relative apoC-III content per cap-
tured lipoprotein with total amount of the respective lipoprotein results in an index of the 
relative total amount of apoC-III in the respective lipoprotein fraction. For the apoCIII-Lp(a) 
assay, because some patients with have unmeasurable or very low Lp(a) levels, at a 1:50 
dilution of plasma the microtiter plates cannot be saturated with Lp(a) unless plasma con-
centration is >~30 mgdL. Therefore, an index of “total apoCIII-Lp(a)” cannot be determined 
with this assay.

Statistical analysis 

Baseline characteristics for CAD cases and controls were reported as mean ±standard 
deviation for continuous variables with a normal distribution, median (interquartile range) 
for continuous variables with a non-normal distribution, and percentage (number) for cate-
gorical variables. Baseline characteristics were calculated by lipoprotein associated apoC-III 
quintiles, and then compared using a linear regression model, including lipoprotein associ-
ated apoC-III quintiles to test for trend. Due to a skewed distribution, apoC-III, triglycerides, 
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remnant cholesterol, hsCRP, lipoprotein lipase (LPL), Lp(a) and apoA-V levels were logarith-
mically transformed before statistical analysis. For correlation between apoC-III and other 
parameters, Spearman correlation coefficients are reported with corresponding p-value. 

Mainly due to unavailability of plasma samples, not all study participants could be 
included for the current study and, as a consequence, the original matching was partially 
lost. For this reason, we decided to not perform conditional logistic regression using the 
matching variable in the model, but to perform unconditional logistic regression, incorpo-
rating age and sex in the regression model. This model was used to calculate odds ratios and 
corresponding 95% confidence intervals for CAD risk for each apoC-III quintile, using the 
lowest quintile as reference. Odds ratios were calculated for an age- and sex- adjusted mod-
el (1) and a model (2) adjusted for the following cardiovascular risk factors: age, sex, body 
mass index (BMI), current smoking, diabetes mellitus, systolic blood pressure and blood 
pressure lowering and lipid lowering medication use. All statistical analyses were performed 
using IBM SPSS software, version 22. A p-value < 0.05 was considered statistically significant.
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RESULTS

Baseline characteristics

Plasma samples for lipoprotein associated apoC-III measurements were available for 
832 cases and 1,879 controls, a total of 2,711 subjects. Baseline characteristics for cases and 
controls are shown in table 1. Age and sex were similar in both groups. Cases were charac-
terized by a higher prevalence of smoking, diabetes, lipid-lowering and anti-hypertensive 
drug use and higher body mass index (BMI) and systolic and diastolic blood pressure levels. 
Cases had a less favorable lipid profile: higher total cholesterol, LDL cholesterol, triglycer-
ides, apoB and Lp(a) levels and lower HDL-C and apoA-I levels. 

Table 1. Baseline characteristics of controls and cases.

Controls (n=1,879) Cases (n=832) p-value

Total plasma ApoC-III, mg/dL 4.8 (3.5-6.9) 5.5 (3.8-7.9) <0.001

ApoC-III/apoAI, RLU 6,423 (4,011-9,414) 6,749 (4,487-9,847) 0.005

ApoC-III/apoB, RLU 10,026 (5,945-16,068) 11,080 (6,553-17,604) 0.001

ApoC-III/Lp(a), RLU 7,385 (4,756-11,199) 8,325 (5,280-14,137) <0.001

Age, years 65.3 ±7.7 65.6 ±7.7 0.46

Sex, male 62.5% (1174) 62.5% (520) 0.99

Body mass index, kg/m2 26.3 ±3.5 27.3 ±3.8 <0.001

Current smoking 8.4% (157) 15.4% (127) <0.001

Systolic blood pressure, mmHg 139 ±18 144 ±19 <0.001

Diastolic blood pressure, mmHg 84 ±11 86 ±12 <0.001

Diabetes mellitus 1.8% (33) 6.9% (57) <0.001

Lipid-lowering drugs 1.1% (20) 3.7% (31) <0.001

Anti-hypertensive drugs 17.5% (329) 42.3% (352) <0.001

 

Total cholesterol, mmol/L 6.3 ±1.2 6.5 ±1.2 <0.001

LDL cholesterol, mmol/L 4.1 ±1.0 4.3 ±1.0 <0.001

HDL cholesterol, mmol/L 1.4 ±0.4 1.3 ±0.4 <0.001

Remnant cholesterol, mmol/L 0.7 (0.5-1.0) 0.8 (0.6-1.2) <0.001

Triglycerides, mmol/L 1.7 (1.2-2.3) 2.0 (1.4-2.8) <0.001

Apolipoprotein A-I, mg/dL 162.2 ±28.9 154.6 ±29.3 <0.001

Apolipoprotein B, mg/dL 129.1 ±31.2 137.6 ±32.7 <0.001

Lipoprotein(a), mg/dL 8.4 (6.4-13.6) 9.5 (6.9-24.7) <0.001

Continuous variables with a normal distribution are reported as mean ± sd. Continuous variables with a non-nor-
mal distribution are reported as median (interquartile range). Dichotomous variables are reported as percentage 
of total cohort (number). P-values are for student’ s T-test for continuous variables and X2 test for dichotomous 
variables. Triglycerides, remnant cholesterol and apoC-III parameters were log-transformed before analysis.
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 Baseline characteristics according to quintiles of lipoprotein associated apoC-III lev-

els are shown in supplemental tables I-III. Age was similar for all quintiles and there was a 
trend towards more females in the higher quintile groups. BMI, systolic and diastolic blood 
pressure, as well as anti-hypertensive and lipid-lowering drug use were higher in the highest 
quintiles. Subjects with high apoCIII-apoB, apoCIII-apoAI and apoCIII-Lp(a) tended to have 
unfavorable baseline characteristics and lipid profiles, including higher levels of apoC-III, 
BMI, systolic and diastolic blood pressure, large VLDL, triglycerides, LDL particle number, 
small dense LDL, apoB, hsCRP, LCAT and apoA-V concentrations, and lower levels of HDL-C 
and lipoprotein lipase levels.  

Lipoprotein associated ApoC-III levels and CAD risk. 

Figure 1A-C shows the odds ratios of CAD risk for quintiles of lipoprotein-associated 
apoC-III. ApoCIII-ApoAI was significantly associated with CAD risk in age and sex adjusted 
analysis (OR 1.42, 95% CI: 1.09-1.84, for highest compared to lowest quintile) but signifi-
cance was lost (OR 1.14, 95%CI: 0.86-1.52) after adjustment for CAD risk factors (BMI, cur-
rent smoking, diabetes mellitus, systolic blood pressure, lipid-lowering and anti-hyperten-
sive drug use (Figure 1A). Addition of plasma apoC-III to the model resulted in a loss of the 
association of apoCIII-apoAI in age and sex adjusted analysis (OR 1.17, 95% CI 0.89-1.54), 
supplemental table IV.

Similarly, apoCIII-apoB was associated with CAD risk in age and sex adjusted analysis 
when comparing highest to lowest quintile, but significance was lost after adjustments not-
ed above (OR 1.46, 95% CI 1.12-1.89 and OR 1.28, 95%CI 0.96-1.70 after adjustment for CAD 
risk factors) Figure 1B, supplemental table IV.

ApoCIII-Lp(a) was associated with CAD risk in age and sex adjusted analysis (OR 1.66, 
95% CI 1.29-2.15) as well as addition of both apoC-III and Lp(a) levels in age and sex adjusted 
analysis (OR 1.37, 95% CI 1.04-1.82). Furthermore, ApoCIII-Lp(a) remained significant after 
additional adjusting for CAD risk factors (OR 1.35, 95% CI 1.02-1.78), and also by sequen-
tially including Lp(a) (OR 1.35, 95% CI1.02-1.79), but not apoC-III Figure 1C, supplemental 
table S IV.

Total plasma apoC-III levels were associated with higher risk of CAD with an OR 1.91, 
95% CI 1.48-2.48 (age and sex adjusted) and OR 1.47, 95%CI 1.11-1.94 (adjusted for CAD 
risk factors) Figure 1D, as has been previously published.11 Similar results were found for 
lipoprotein-associated apoC-III and total apoC-III as continuous variables (data not shown).
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 Figure 1. Quintiles of lipoprotein-associated apoC-III and CAD risk
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Association of lipoprotein-associated apoC-III quintiles and coronary artery disease risk. Data are odds ratios and 
corresponding 95% confidence interval. Model 1 is matched for age and sex, the multi-variable model is adjusted 
for age, sex, BMI, current smoking, diabetes mellitus, use of blood-pressure lowering and lipid lowering drugs. 
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Total apoC-III in apoAI and apoB-100 pool and CAD risk.

Next, we calculated an index of the amount of apoC-III in the total apoA-I and apoB 
pool by multiplying average apoCIII-apoAI or apoCIII-apoB with total apoA-I and apoB lev-
els, respectively. ApoC-III content in apoA-I containing lipoproteins was not associated with 
CAD risk in age and sex adjusted analysis, OR 1.22, 95% CI 0.92-1.63, Figure 2A. In contrast, 
apoC-III content in apoB containing lipoproteins was significantly associated with CAD risk in 
age and sex (OR 1.81, 95% CI 1.38-2.38) and in multivariable adjusted analysis (OR 1.57, 95% 
CI 1.16-2.12) for highest compared to lowest quintile, Figure 2B. Addition of apoC-III levels 
did not essentially change the association (OR 1.44 95% CI 1.05-1.98), supplemental table V.  

Figure 2. Index of apoC-III in total apoA-I and apoB and CAD risk.
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ApoC-III in total apoA-I and apoB was calculated by multiplying average apoC-III per lipoprotein with total lipo-
protein concentration. Association of apoC-III in total apoA-I and apoB quintiles and coronary artery disease risk 
are shown in figure 3. Data are odds ratios and corresponding 95% confidence interval. Model 1 is matched for 
age and sex, the multi-variable model is adjusted for age, sex, BMI, current smoking, diabetes mellitus, use of 
blood-pressure lowering and lipid lowering drugs. 
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Correlations of lipoprotein-associated apoC-III levels and lipid metabolism related pa-
rameters. 

 Correlations of lipoprotein-associated apoC-III levels and lipid and non-lipid related 
parameters are shown in table 2. The strongest correlations were found for levels of triglyc-
erides, or remnant cholesterol, LDL-C, and apoB. There was a weak correlation with apoA-I 
levels and no correlation with Lp(a) levels. For NMR related parameters, all lipoprotein asso-
ciated apoC-III levels were correlated with total VLDL particles concentration and size, total 
LDL particles concentration and smaller particle size and total HDL particles concentration 
and smaller particle size. Overall the correlations were strikingly similar, and there was no 
large difference between apoA-I, apoB or apo(a) associated apoC-III. 

Table 2. Spearman correlation coefficients with lipid and non-lipid parameters.

apoCIII-ApoAI P-value apoCIII-apoB P-value apoCIII-Lp(a) P-value

Total plasma ApoC-III, mg/dL 0.34 <0.001 0.35 <0.001 0.41 <0.001

Triglycerides, mmol/L 0.45 <0.001 0.56 <0.001 0.52 <0.001

Remnant Cholesterol, mmol/L 0.43 <0.001 0.53 <0.001 0.48 <0.001

Total Cholesterol, mmol/L 0.30 <0.001 0.30 <0.001 0.32 <0.001

LDL-Cholesterol, mmol/L 0.19 <0.001 0.14 <0.001 0.18 <0.001

HDL-Cholesterol, mmol/L -0.06 0.001 -0.07 0.001 -0.05 0.02

Apolipoprotein A-I, mg/dL 0.07 <0.001 0.05 0.02 -0.01 0.73

Apolipoprotein B, mg/dL 0.35 <0.001 0.32 <0.001 0.31 <0.001

Lipoprotein(a), mg/dL 0.01 0.45 -0.03 0.06 0.01 0.71

VLDL particles (NMR), nmol/L 0.32 <0.001 0.37 <0.001 0.35 <0.001

VLDL size (NMR), nm 0.27 <0.001 0.36 <0.001 0.35 <0.001

LDL particles (NMR), nmol/L 0.41 <0.001 0.40 <0.001 0.32 <0.001

LDL size (NMR), nm -0.28 <0.001 -0.32 <0.001 -0.24 <0.001

HDL (NMR), nmol/L 0.33 <0.001 0.35 <0.001 0.34 <0.001

HDL size (NMR), nm -0.18 <0.001 -0.23 <0.001 -0.28 <0.001

BMI, kg/m2 0.14 <0.001 0.17     <0.001 0.18 <0.001

hsCRP, mg/L 0.09 <0.001 0.06 <0.01 0.08 <0.001
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Distribution of plasma total apoC-III levels and lipoprotein-associated apoC-III levels

 Finally, we show the distribution of lipoprotein-associated apoC-III levels per quin-
tiles of total plasma apoC-III (Figure 3).  All lipoprotein-associated apoC-III levels are signifi-
cantly associated with plasma apoC-III quintiles (p for trend <0.001). 

Figure 3. Levels of lipoprotein-associated apoC-III for quintiles of total plasma apoC-III.
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DISCUSSION
This study demonstrates two novel findings of apoC-III mediated CAD risk. First, the 

index of “total apoCIII-apoB”, reflecting the entire pool of apoC-III associated with all apoB-
100 particles, but not total apoCIII-apoAI, was a CAD risk predictor, independent of plasma 
apoC-III levels. Secondly, apoCIII-Lp(a) levels, which had no correlation with Lp(a), were as-
sociated with CAD risk independent of established risk factors and Lp(a) levels. 

Previous measurements of lipoprotein-associated apoC-III levels used mainly immu-
noaffinity chromatography techniques that are labor-intensive, which limits the sample size 
of study groups.15,25 Mendivil et al. reported a stronger association for apoC-III in total LDL or 
VLDL with CAD risk compared to plasma apoC-III alone, consistent with our findings.15 In the 
study by Jensen et al. no differences in total apoC-III on HDL were present between cases 
and controls,16 but average apoC-III per particle was not measured. A recent meta-analysis, 
largely driven by these two large studies, found similar results, but there was a large heter-
ogeneity in methodology and reported outcomes between studies.17

 One of the big differences between our ELISA based approach and the previously 
used techniques is the ability to quantify the average content of apoC-III particles within a 
specific lipoprotein, in contrast to the quantification of total apoC-III content within a spe-
cific lipoprotein fraction. ApoC-III is not evenly distributed among lipoproteins, for example 
40-60% of VLDL (up to 100 apoC-III proteins per lipoprotein) and 10-20% of LDL particles 
carries apoC-III. Specific pro-atherogenic properties have been attributed to apoC-III con-
taining lipoproteins in contrast to apoC-III negative particles. In the two aforementioned 
studies the largest apoC-III related CAD risk factor was the amount of apoC-III positive LDL/
VLDL/HDL particles.15,16 Our methodology provides the average apoC-III content but does 
not quantify the ratio of apoC-III containing versus apoC-III free lipoproteins, thus providing 
complementary information. 

 Our study further suggests a gap in our current understanding of the processes 
that regulate the distribution of apoC-III over lipoproteins. This is best appreciated from 
the apoCIII-Lp(a) measurement, in which the content of apoC-III on Lp(a) was not a func-
tion of the Lp(a) level, but a function of plasma apoC-III level. Thus, in people with higher 
total plasma apoCIII, apoCIII-Lp(a) is higher, while Lp(a) is similar, hence, apoC-III content 
on Lp(a) is a function of plasma apoC-III levels. This is in line with results from apoC-III low-
ering trials with volanesorsen, an antisense drug that targets APOC3 mRNA and results in 
robust reductions of apoC-III and TG in hypertriglyceridemic subjects.14 It is interesting to 
note that inhibition of apoC-III production results in reductions of lipoprotein-associated 
apoC-III levels that are virtually the same for all lipoproteins that were measured, e.g. 12 
weeks 300 mg volanesorsen treatment resulted in 81±14%, 82±12% and 81±16% reductions 
in apoCIII-apoAI, apoCIII-apoB and apoCIII-Lp(a), respectively. How this relates to a strict 
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separation in apoC-III containing lipoproteins which have increased atherogenic potential 
and lipoproteins without apoC-III requires further study.26

 We have recently reported for the first time that apoC-III is present on Lp(a).14 We 
now demonstrate that the measure of apoCIII-Lp(a) is not correlated with Lp(a) (r=0.01) and 
therefore it represents a different pathophysiological risk than plasma Lp(a). Interestingly, 
apoCIII-Lp(a) was the strongest CAD risk factor of the lipoprotein associated apoC-III pa-
rameters, even after adjustment for plasma apoC-III levels. One explanation for this finding 
could be that apoC-III on Lp(a) creates a more atherogenic particle. The Lp(a) pool can be 
subdivided in several populations with distinct physicochemical properties.27 A small frac-
tion is identified within the TRL pool but this fraction is larger in subjects with hypertriglyc-
eridemia and increases after a high fat meal.28,29 Interestingly, the apo(a)-TRL content is as-
sociated with increased TG content in macrophages and is higher in CAD patients, compared 
to matched controls, supporting the concept that apo(a) TRL might be a more atherogenic 
particle.29–31 Further research is required to unravel the role of apoC-III on Lp(a) and study 
whether it indeed creates a more atherogenic particle and is a contributor to TRL metabo-
lism.

 Our study has several limitations. Intrinsic to our methodology we did not directly 
measure total apoC-III content in a specific lipoprotein pool. We also did not measure the 
ratio of apoC-III positive and negative lipoproteins and cannot rule out that this discrimina-
tion might be an even stronger CAD risk factor. 

 In summary, we found that the index of total apoC-III-apoB is an independent pre-
dictor of apoC-III associated CAD risk. In addition, apoCIII-Lp(a) could be a new biomarker of 
CAD risk. 
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SUPPLEMENTAL MATERIALS.
Supplemental Table I. Baseline characteristics per apoCIII-apoAI quintile.

Q1 Q2 Q3 Q4 Q5 P for trend

ApoCIII-ApoAI, RLU 10^3 2.7 (2.1-3.2) 4.6 (4.1-5.0) 6.5 (6.0-7.0) 8.8 (8.1-9.6) 14.1 (12-18) <0.001

ApoCIII, mg/dl 3.9 (2.5-5.7) 4.5 (3.2-6.2) 4.9 (3.6-7.3) 5.5 (4.1-7.7) 6.3 (4.8-8.8) <0.001

Age, years 65 ±8.2 65.2 ±7.5 66.1 ±7.6 65.7 ±7.7 64.9 ±7.4 0.92

Sex, male 71.4% (387) 64.2% (348) 60.1% (326) 55.9% (303) 60.7% (329) <0.001

Body mass index, kg/m2 25.9 ±3.5 26.1 ±3.3 26.7 ±3.6 27 ±3.8 27.2 ±3.9 <0.001

Current smoking 11.4% (61) 12.7% (68) 9.9% (53) 9.7% (52) 9.2% (50) 0.08

Systolic blood pressure 138 ±18 140 ±19 141 ±18 141 ±18 142 ±19 <0.001

Diastolic blood pressure 83 ±11 84 ±11.6 84 ±11 85 ±11 85 ±11.7 <0.001

Diabetes Mellitus 3.5% (19) 2.6% (14) 4.1% (22) 3.7% (20) 2.8% (15) 0.88

lipid-lowering drugs 1.7% (9) 1.8% (10) 1.1% (6) 2.2% (12) 2.6% (14) 0.23

anti-hypertensive drugs 19.2% (104) 20.5% (111) 23.8% (129) 28.2% (153) 33.8% (183) <0.001

       

Total cholesterol, mmol/l 5.7 ±1 6.2 ±1 6.4 ±1.1 6.7 ±1.2 6.7 ±1.3 <0.001

LDL cholesterol, mmol/l 3.8 ±0.9 4 ±0.9 4.2 ±1 4.4 ±1.1 4.3 ±1 <0.001

HDL cholesterol, mmol/l 1.4 ±0.4 1.4 ±0.4 1.3 ±0.4 1.4 ±0.4 1.3 ±0.4 0.003

Remnant Cholesterol, 
mmol/L 0.6 (0.4-0.7) 0.7 (0.5-0.9) 0.8 (0.6-1.1) 0.9 (0.7-1.2) 1.0 (0.7-1.3) <0.001

Triglycerides, mmol/l 1.3 (1-1.7) 1.5 (1.1-2) 1.8 (1.3-2.4) 2.1 (1.6-2.9) 2.4 (1.7-3.3) <0.001

Apolipoprotein A-I, mg/dL 154.8 ±29.6 160.5 ±29.3 158.6 ±28.6 163.6 ±28.9 161.8 ±29.2 <0.001

Apolipoprotein B, mg/dL 114 ±26 124 ±26.6 132.6 ±29.6 141.7 ±32.3 144.3 ±34 <0.001

Lipoprotein(a), mg/dL 8.4 (6.3-15.4) 8.7 (6.7-17.9) 8.7 (6.6-16.1) 8.9 (6.6-15.5) 8.6 (6.4-16.4) 0.9

NMR data

Total VLDL particles, nmol/L 80.1 ±25.4 90.5 ±27.8 98 ±30.5 107 ±34.2 108.3 ±35.4 <0.001

Large VLDL/chylomicrons, 
nmol/L 3 ±2.7 3.7 ±3.1 5.1 ±3.7 6.4 ±4.1 7.4 ±4.7 <0.001

Medium VLDL, nmol/L 25.4 ±12.5 30.2 ±14.4 34.6 ±16 38.7 ±19 39.5 ±18.8 <0.001

Small VLDL, nmol/L 51.7 ±16.8 56.6 ±18.5 58.4 ±18.6 61.9 ±19 61.5 ±18.7 <0.001

VLDL size, nm 49.1 ±7.7 49.6 ±8.3 51.6 ±8.9 53.2 ±8.6 55.1 ±8.8 <0.001

IDL, nmol/L 29.7 ±26.4 38 ±34.1 47.4 ±40.9 58.7 ±51.5 66.7 ±50 <0.001

Total LDL particles, nmol/L 1365 ±325 1510 ±343 1650 ±432 1792 ±481 1867 ±495 <0.001

Large LDL, nmol/L 565 ±174 602 ±184 576 ±207 581 ±225 508 ±227 <0.001

Small LDL, nmol/L 771 ±333 870 ±372 1026 ±458 1152 ±532 1292 ±555 <0.001

total LDL size, nm 21.2 ±0.53 21.2 ±0.54 21 ±0.58 20.9 ±0.62 20.7 ±0.64 <0.001

Total HDL particles, nmol/L 31.4 ±5.2 33 ±5.7 33.5 ±5.4 34.9 ±5.4 36.2 ±5.8 <0.001

Large HDL, nmol/L 6 ±3.4 6.2 ±3.6 5.7 ±3.5 5.6 ±3.7 5.2 ±3.6 <0.001

Medium HDL, nmol/L 3.1 ±2.8 3.2 ±3 3.3 ±2.8 3.8 ±3.4 4 ±3.4 <0.001

Small HDL, nmol/L 22.3 ±4.6 23.6 ±4.8 24.4 ±4.9 25.5 ±4.8 27 ±5 <0.001
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HDL size, nm 9 ±0.5 9 ±0.5 8.9 ±0.5 8.8 ±0.5 8.8 ±0.4 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml 67 (47-94) 67 (48-91) 62 (45-91) 66 (46-96) 60 (44-90) 0.01

Apolipoprotein A-V, ng/ml
167 (130-
206)

170 (140-
218)

174 (142-
227)

193 (153-
249) 199 (151-264) <0.001

HDL parameters

HDL Efflux 1.08 ±0.2 1.14 ±0.23 1.16 ±0.23 1.22 ±0.24 1.22 ±0.24 <0.001

CETP-concentration, mg/L 2.2 (1.7-3) 2.7 (2.1-3.5) 2.9 (2.2-3.8) 3.1 (2.4-4.1) 3.1 (2.5-4.2) <0.001

LCAT-concentration, mg/L 7.8 ±1.9 8.3 ±1.8 9 ±2.2 9.3 ±2.1 9.8 ±2.3 <0.001

Inflammatory markers

hsC-reactive protein, mg/L 1.4 (0.6-3.2) 1.5 (0.7-3.2) 1.7 (0.8-3.9) 2 (0.9-3.9) 1.8 (1-4.1) <0.001

White blood count, 10^3/ul 6.6 ±1.9 6.6 ±2.1 6.5 ±1.8 6.8 ±1.8 6.8 ±1.6 0.05

Monocytes, % of total 
blood volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.44

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). Triglycerides, and lipoprotein(a), were log-transformed before analysis. 
ApoC-III/apoA-I range for each quintile was Q1 <3721, Q2: 3721-5453, Q3: 5453-7537, Q4: 7537-10617, Q5 
>10617 relative light units.
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Supplemental table II. Baseline characteristics per apoCIII-apoB quintile.

Q1 Q2 Q3 Q4 Q5 P for trend

ApoCIII-ApoB, RLU 10^3 3.7 (2.7-4.5) 6.9 (6.1-7.6) 10.3 (9.3-11.3) 15 (14-17) 26 (22-33) <0.001

ApoCIII, mg/dl 3.9 (2.7-5.6) 4.4 (3.2-5.9) 5 (3.7-7.1) 5.6 (4.1-7.5) 6.8 (4.7-9.8) <0.001

Age, years 65.2 ±7.9 65.7 ±7.5 65.8 ±7.6 65.3 ±7.9 65 ±7.6 0.32

Sex, male 68.6% (372) 62.5% (339) 61.6% (334) 61.3% (332) 58.3% (316) 0.001

Body mass index, kg/m2 25.6 ±3.3 26.2 ±3.6 26.7 ±3.5 27.3 ±3.8 27.3 ±3.9 <0.001

Current smoking 13.8% (74) 12.6% (68) 10.2% (54) 7.8% (42) 8.5% (46) <0.001

Systolic blood pressure, mm Hg 138 ±18 139 ±18 141 ±18 141 ±18 142 ±18 <0.001

Diastolic blood pressure, mm Hg 83 ±11.6 84 ±11.2 84 ±11.1 85 ±11.1 86 ±11.2 <0.001

Diabetes Mellitus 4.1% (22) 2.4% (13) 3.3% (18) 4.1% (22) 2.8% (15) 0.71

lipid-lowering drugs 1.3% (7) 0.6% (3) 2.6% (14) 2.2% (12) 2.8% (15) 0.01

anti-hypertensive drugs 19.7% (107) 19.4% (105) 27.1% (147) 29.7% (161) 29.5% (160) <0.001

  

Total cholesterol, mmol/l 5.8 ±1 6.2 ±1 6.4 ±1.1 6.6 ±1.2 6.8 ±1.3 <0.001

LDL cholesterol, mmol/l 3.8 ±0.9 4.1 ±0.9 4.2 ±1 4.2 ±1.1 4.2 ±1.1 <0.001

HDL cholesterol, mmol/l 1.4 ±0.4 1.4 ±0.4 1.3 ±0.4 1.3 ±0.4 1.3 ±0.4 0.004

Remnant Cholesterol, mmol/L 0.5 (0.4-0.7) 0.7 (0.5-0.8) 0.8 (0.6-1.1) 1 (0.7-1.2) 1.1 (0.8-1.4) <0.001

Triglycerides, mmol/l 1.2 (0.9-1.5) 1.5 (1.1-1.9) 1.8 (1.4-2.4) 2.1 (1.5-2.8) 2.6 (1.9-3.6) <0.001

Apolipoprotein A1, mg/dL 155.6 ±31 161.7 ±28.8 159.4 ±27.4 161.2 ±28.4 162.3 ±30.3 0.003

Apolipoprotein B, mg/dL 115.3 ±26.1 125.3 ±26.8 134.5 ±30 137.2 ±33.5 145 ±33.8 <0.001

Lipoprotein(a), mg/dL
8.6 (6.5-
17.5)

8.7 (6.9-
17.1) 8.8 (6.7-17.2) 9 (6.4-16.6)

8.1 (6.3-
13.6) 0.08

NMR data

Total VLDL particles, nmol/L 77.6 ±24.6 90.7 ±27.2 99.7 ±28.2 102.6 ±34.9 113.3 ±35.3 <0.001

Large VLDL/chylomicrons, 
nmol/L 2.3 ±2.3 3.6 ±2.9 5.1 ±3.2 6.3 ±3.9 8.3 ±4.7 <0.001

Medium VLDL, nmol/L 23.9 ±12.7 30.1 ±14 35.2 ±15.4 37.5 ±18 41.6 ±19.2 <0.001

Small VLDL, nmol/L 51.3 ±16.7 57 ±18 59.4 ±17 58.8 ±20 63.5 ±19.5 <0.001

VLDL size, nm 47.4 ±7.3 49.6 ±8 51.8 ±8.1 54 ±8.7 55.9 ±8.8 <0.001

IDL, nmol/L 27.8 ±25.6 37.8 ±36.2 49.4 ±40.3 55.2 ±46.2 70.4 ±52.7 <0.001

Total LDL particles, nmol/L 1368 ±305 1524 ±376 1669 ±445 1733 ±463 1888 ±500 <0.001

Large LDL, nmol/L 582 ±172 611 ±188 578 ±204 562 ±218 499 ±231 <0.001

Small LDL, nmol/L 758 ±318 876 ±398 1042 ±479 1116 ±498 1319 ±549 <0.001

LDL size, nm 21.3 ±0.52 21.2 ±0.53 21 ±0.58 20.9 ±0.61 20.7 ±0.64 <0.001

Total HDL particles, nmol/L 30.9 ±5.1 32.6 ±5.4 33.7 ±5.2 35 ±5.4 36.9 ±5.7 <0.001

Large HDL, nmol/L 6.1 ±3.2 6.4 ±3.6 5.5 ±3.4 5.5 ±3.7 5.2 ±3.7 <0.001

Medium HDL, nmol/L 2.7 ±2.4 2.9 ±2.8 3.4 ±3 3.9 ±3.3 4.6 ±3.5 <0.001

Small HDL, nmol/L 22.1 ±4.8 23.3 ±4.7 24.8 ±4.4 25.6 ±4.7 27.1 ±5.2 <0.001

HDL size, nm 9 ±0.5 9 ±0.5 8.8 ±0.5 8.8 ±0.5 8.7 ±0.4 <0.001
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TRL metabolism

Lipoprotein lipase, ng/ml 66 (49-94) 71 (51-93) 66 (45-99) 62 (44-88) 57 (40-86) <0.001

Apolipoprotein A-V, ng/ml
164 (129-
204)

170 (137-
213) 183 (143-229)

190 (151-
248)

203 (156-
270) <0.001

HDL parameters

HDL Efflux 1.1 ±0.21 1.15 ±0.23 1.18 ±0.24 1.19 ±0.23 1.2 ±0.24 <0.001

CETP-concentration, mg/L 2.5 (1.9-3.4) 2.9 (2.2-3.9) 2.8 (2.1-3.7) 2.9 (2.3-4) 2.8 (2.2-3.7) 0.04

LCAT-concentration, mg/L 7.6 ±1.8 8.5 ±2 9 ±1.9 9.4 ±2.2 10 ±2.3 <0.001

Inflammatory markers

hsC-reactive protein, mg/L 1.4 (0.7-3.6) 1.7 (0.7-3.4) 1.7 (0.8-3.6) 1.8 (0.9-3.9) 1.8 (1-3.8) 0.04

White blood count, 10^3/ul 6.7 ±2.1 6.5 ±2 6.8 ±1.7 6.5 ±1.8 6.7 ±1.7 0.81

Monocytes, % of total blood 
volume 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.16

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). Triglycerides, and lipoprotein(a), were log-transformed before analy-
sis. ApoCIII-apoB range for each quintile was Q1 <5424, Q2:5424-8417, Q3: 8417-12434, Q4: 12434-18735, Q5 
>18735 relative light units. 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   141 26/10/2017   17:23:54



142

Chapter 6
Supplemental table III. Baseline characteristics per apoCIII-Lp(a) quintile. 

Q1 Q2 Q3 Q4 Q5 P for trend

ApoCIII-Lp(a), RLU 10^3 3.2 (2.4-3.9) 5.4 (4.9-5.9) 7.6 (7.1-8.2) 10.8 (9.8-12.0) 19.4 (16-24) <0.001

ApoCIII, mg/dl 3.8 (2.6-5.3) 4.5 (3.3-6) 4.9 (3.5-6.9) 5.5 (4.1-7.6)
7.2 (5.3-
10.1) <0.001

Age, years 65.4 ±7.7 65.4 ±8 65.5 ±7.5 65.7 ±7.3 65 ±8 0.69

Sex, male 67.3% (365) 62.2% (337) 59.2% (321) 63.7% (345) 60% (325) 0.04

Body mass index, kg/m2 25.8 ±3.5 25.9 ±3.3 26.8 ±3.7 26.9 ±3.6 27.5 ±3.9 <0.001

Current smoking 13.2% (71) 9.7% (52) 9.8% (53) 10.8% (58) 9.3% (50) 0.11

Systolic blood pressure, mm Hg 139 ±18 139 ±18 140 ±17 140 ±19 143 ±18 <0.001

Diastolic blood pressure, mm Hg 83 ±11.1 83 ±11.6 84 ±10.2 85 ±11.9 86 ±11.2 <0.001

Diabetes Mellitus 3.9% (21) 2.8% (15) 2.8% (15) 2.8% (15) 4.4% (24) 0.65

lipid-lowering drugs 1.1% (6) 2% (11) 1.3% (7) 1.7% (9) 3.3% (18) 0.03

anti-hypertensive drugs 19.2% (104) 19.9% (108) 26.8% (145) 27.1% (147) 32.5% (176) <0.001

  

Total cholesterol, mmol/l 5.8 ±1 6.2 ±1 6.4 ±1.1 6.5 ±1.1 6.9 ±1.4 <0.001

LDL cholesterol, mmol/l 3.8 ±0.9 4.1 ±0.9 4.1 ±1 4.2 ±1 4.4 ±1.1 <0.001

HDL cholesterol, mmol/l 1.4 ±0.4 1.4 ±0.4 1.4 ±0.4 1.3 ±0.4 1.3 ±0.4 0.06

Remnant Cholesterol, mmol/L 0.6 (0.4-0.7) 0.7 (0.5-0.9) 0.8 (0.6-1) 0.9 (0.6-1.2) 1.1 (0.9-1.4) <0.001

Triglycerides, mmol/l 1.3 (1-1.6) 1.5 (1.1-2) 1.7 (1.3-2.3) 2 (1.4-2.7) 2.6 (2-3.5) <0.001

Apolipoprotein A-I, mg/dL 157.6 ±31 161.6 ±28.6 163.5 ±28.6 158.6 ±29.6 158.3 ±28.2 0.67

Apolipoprotein B, mg/dL 118 ±29 127.8 ±27.5 130.9 ±31.7 135.1 ±29.8 147 ±34.3 <0.001

Lipoprotein(a), mg/dL
8.8 (6.6-
21.3)

8.6 (6.6-
16.3)

8.1 (6.3-
12.2) 8.6 (6.7-17.2) 9 (6.6-18.5) 0.82

NMR data

Total VLDL particles, nmol/L 79.9 ±27.5 92.5 ±28.9 94.9 ±30.5 102.4 ±30.4 114.5 ±35 <0.001

Large VLDL/chylomicrons, nmol/L 2.6 ±2.5 3.7 ±2.9 5 ±3.6 5.7 ±3.9 8.7 ±4.3 <0.001

Medium VLDL, nmol/L 25.6 ±13.8 31.5 ±15.8 32.4 ±16.2 36.5 ±16.4 42.4 ±18.5 <0.001

Small VLDL, nmol/L 51.7 ±17.6 57.3 ±18.2 57.5 ±18.2 60.1 ±18 63.4 ±19.5 <0.001

VLDL size, nm 48 ±7.5 49.7 ±8 51.7 ±8.6 52.6 ±8.6 56.8 ±8.4 <0.001

IDL, nmol/L 30.8 ±31.4 41.6 ±38.5 50.7 ±48.9 53.3 ±43 64.3 ±47.3 <0.001

Total LDL particles, nmol/L 1428 ±358 1565 ±385 1627 ±452 1700 ±470 1867 ±497 <0.001

Large LDL, nmol/L 566 ±177 598 ±191 592 ±205 563 ±223 513 ±226 <0.001

Small LDL, nmol/L 831 ±357 925 ±417 985 ±482 1084 ±521 1290 ±548 <0.001

LDL size, nm 21.2 ±0.51 21.1 ±0.56 21.1 ±0.59 21 ±0.64 20.7 ±0.64 <0.001

Total HDL particles, nmol/L 31.1 ±5.3 32.9 ±5.1 34.2 ±5.4 34.4 ±5.7 36.5 ±5.6 <0.001

Large HDL, nmol/L 6.3 ±3.4 6.4 ±3.5 6.1 ±3.5 5.5 ±3.8 4.4 ±3.2 <0.001
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Medium HDL, nmol/L 2.6 ±2.5 2.8 ±2.6 3.5 ±3 3.9 ±3.3 4.8 ±3.5 <0.001

Small HDL, nmol/L 22.2 ±4.8 23.7 ±4.5 24.6 ±4.9 25.1 ±4.8 27.4 ±4.9 <0.001

HDL size, nm 9 ±0.5 9 ±0.5 8.9 ±0.5 8.8 ±0.5 8.7 ±0.4 <0.001

TRL metabolism

Lipoprotein lipase, ng/ml 69 (51-96) 69 (51-96) 67 (48-93) 63 (44-90) 56 (39-81) <0.001

Apolipoprotein A-V, ng/ml
163 (127-
202)

163 (127-
202)

182 (146-
234) 184 (147-236)

209 (159-
272) <0.001

HDL parameters

HDL Efflux 1.11 ±0.21 1.11 ±0.21 1.18 ±0.25 1.17 ±0.24 1.19 ±0.23 <0.001

CETP-concentration, mg/L 2.8 (2-3.6) 2.8 (2-3.6) 2.9 (2.2-3.9) 2.8 (2-3.9) 2.7 (2-3.5) 0.2

LCAT-concentration, mg/L 7.9 ±1.9 7.9 ±1.9 9.1 ±2.3 9 ±2.1 9.4 ±2.1 <0.001

Inflammatory markers

C-reactive protein, mg/L 1.5 (0.7-3.2) 1.5 (0.7-3.2) 1.8 (0.8-3.8) 1.8 (0.9-4) 1.9 (1-4.4) <0.001

White blood count, 10^3/ul 6.7 ±2.1 6.7 ±2.1 6.7 ±1.9 6.6 ±1.8 6.8 ±1.7 0.53

Monocytes, % of total blood 
volume 0.5 (0.3-0.8) 0.5 (0.3-0.8) 0.5 (0.3-0.7) 0.5 (0.3-0.7) 0.4 (0.3-0.6) <0.001

Continuous variables with a normal distribution are reported as mean ± standard deviation. Continuous variables 
with a non-normal distribution are reported as median (interquartile range). Dichotomous variables are reported 
as percentage of total cohort (number). Triglycerides, and lipoprotein(a), were log-transformed before analysis. 
ApoCIII-Lp(a) range for each quintile was Q1 <4430, Q2: 4430-6456, Q3: 6456-9027, Q4: 9027-14094, Q5 >14094 
relative light units.
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Supplemental table IV. Odds ratios for CAD risk according to lipoprotein associated apoC-III

ApoCIII-ApoAI Q1 Q2 Q3 Q4 Q5

Model1 (age, sex) 1.00 1.20 (0.92-1.57) 1.27 (0.98-1.66) 1.27 (0.97-1.65) 1.42 (1.09-1.84)

Model1 + apoC-III 1.00 1.14 (0.87-1.59) 1.15 (0.88-1.50) 1.11 (0.85-1.46) 1.17 (0.89-1.54)

Model2 (CAD risk factors) 1.00 1.19 (0.90-1.58) 1.22 (0.92-1.62) 1.11 (0.83-1.47) 1.14 (0.86-1.52)

ApoCIII-ApoB Q1 Q2 Q3 Q4 Q5

Model1 (age, sex) 1.00 0.98 (0.75-1.28) 1.25 (0.96-1.62) 1.32 (1.01-1.71) 1.46 (1.12-1.89)

Model1 + apoC-III 1.00 0.94 (0.72-1.23) 1.13 (0.87-1.48) 1.18 (0.90-1.54) 1.23 (0.93-1.61)

Model2 (CAD risk factors) 1.00 1.02 (0.76-1.36) 1.16 (0.88-1.54) 1.17 (0.88-1.55) 1.28 (0.96-1.70)

ApoCIII-Lp(a) Q1 Q2 Q3 Q4 Q5

Model1 (age, sex) 1.00 0.97 (0.75-1.27) 1.04 (0.80-1.36) 1.26 (0.97-1.63) 1.66 (1.29-2.15)

Model1 + Lp(a) 1.00 0.99 (0.75-1.29) 1.07 (0.82-1.40) 1.25 (0.96-1.63) 1.66 (1.28-2.15)

Model1 + apoC-III 1.00 0.92 (0.80-1.21) 0.96 (0.73-1.25) 1.11 (0.85-1.46 1.37 (1.04-1.81)

Model1 + Lp(a) AND apoC-III 1.00 0.93 (0.71-1.22) 0.98 (0.75-1.29) 1.11 (0.84-1.45) 1.37 (1.04-1.82)

Model2 (CAD risk factors) 1.00 1.02 (0.76-1.35) 0.93 (0.70-1.24) 1.15 (0.87-1.52) 1.35 (1.02-1.78)

Model2 + Lp(a) 1.00 1.02 (0.76-1.37) 0.95 (0.71-1.28) 1.13 (0.85-1.50) 1.35 (1.02-1.79)

Model2 + apoC-III 1.00 0.98 (0.73-1.30) 0.89 (0.66-1.19) 1.07 (0.80-1.43) 1.21 (0.90-1.63)

Data represent Odds ratios ±95%CI, in a model (1) adjusted for age and sex, or model (2) (age, sex, BMI, current 
smoking, diabetes mellitus, systolic blood pressure, lipid-lowering and anti-hypertensive drug use) and the addi-
tional parameters indicated. Lowest quintile is used as the reference quintile. 
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Supplemental table V. Odds ratios for CAD risk according to index of total ‘apoCIII-apoAI’ and ‘total apoCIII-apoB’.

‘Total apoCIII-ApoAI’ Q1 Q2 Q3 Q4 Q5

Model1 (age, sex) 1.00 1.30 (0.98-1.73) 1.04 (0.78-1.39) 1.19 (0.89-1.59) 1.22 (0.92-1.63)

Model1 + apoC-III 1.00 1.22 (0.91-1.62) 0.92 (0.69-1.24) 1.03 (0.77-1.39) 1.01 (0.75-1.36)

Model2 (CAD risk factors) 1.00 1.31 (0.97-1.78) 0.99 (0.72-1.36) 1.08 (0.79-1.48) 1.04 (0.76-1.42)

Model2 + apoC-III 1.00 1.25-0.92-1.70) 0.92 (0.67-1.26) 0.99 (0.72-1.36) 0.92 (0.66-1.27)

‘Total apoCIII-ApoB’ Q1 Q2 Q3 Q4 Q5

Model1 (age, sex) 1.00 1.17 (0.88-1.55) 1.31 (0.99-1.73) 1.30 (0.98-1.72) 1.81 (1.38-2.38)

Model1 + apoC-III 1.00 1.12 (0.84-1.49) 1.21 (0.91-1.61) 1.18 (0.88-1.57) 1.55 (1.16-2.07)

Model2 (CAD risk factors) 1.00 1.24 (0.91-1.68) 1.20 (0.89-1.63) 1.17 (0.86-1.59) 1.57 (1.16-2.12)

Model2 + apoC-III 1.00 1.21 (0.89-1.64) 1.15 (0.85-1.57) 1.11 (0.82-1.52) 1.44 (1.05-1.98)

Data represent Odds ratios ±95%CI, in a model (1) adjusted for age and sex, or model (2) (age, sex, BMI, current 
smoking, diabetes mellitus, systolic blood pressure, lipid-lowering and anti-hypertensive drug use) and the addi-
tional parameters indicated. Lowest quintile is used as the reference quintile. 
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ABSTRACT
Background The contribution of apoA-I to coronary heart disease (CHD) risk stratifi-

cation over and above HDL-C is unclear. We studied the associations between plasma levels 
of HDL-C and apoA-I, either alone or combined, with risk of CHD events and cardiovascular 
risk factors among apparently healthy men and women. 

Methods and results. HDL-C and apoA-I levels were measured among 17,661 par-
ticipants of the EPIC-Norfolk prospective population study. Hazard ratios for CHD events 
and distributions of risk factors were calculated by quartiles of HDL-C and apoA-I. Results 
were validated using data from the ARIC and WHS cohorts, comprising 15,494 and 27,552 
individuals respectively. In EPIC-Norfolk, both HDL-C and apoA-I quartiles were strongly and 
inversely associated with CHD risk. Within HDL-C quartiles, higher apoA-I levels were not 
associated with lower CHD risk, in fact CHD risk was higher within some HDL-C quartiles. 
ApoA-I levels were associated with higher levels of CHD risk factors: higher body mass index, 
HbA1c, non-HDL-C, triglycerides, apolipoprotein B, systolic blood pressure and C-reactive 
protein, within fixed HDL-C quartiles. In contrast HDL-C levels were consistently inversely as-
sociated with overall CHD risk and CHD risk factors within apoA-I quartiles, (p<0.001). These 
findings were validated in the ARIC and WHS cohorts.

 Conclusions.  Our findings demonstrate that apoA-I levels do not offer predictive 
information over and above HDL-C.  In fact, within some HDL-C quartiles, higher apoA-I lev-
els were associated with higher risk of CHD events, possibly due to the unexpected higher 
prevalence of cardiovascular risk factors in association with higher apoA-I levels. 

Clinical Trial Registry Women’s Health Study unique identifier NCT00000479 

http://clinicaltrials.gov/ct/show/NCT00000479
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INTRODUCTION
Prospective epidemiological studies have consistently shown that plasma levels of 

high-density lipoprotein cholesterol (HDL-C) are inversely associated with coronary heart 
disease (CHD) risk. However, the biological foundation of this association is controversial. 
Mendelian randomization studies have shown us that single nucleotide polymorphisms 
(SNPs) in loci only affecting plasma HDL-C levels do not associate with CHD risk.1 The inverse 
association between HDL-C and CHD risk has drawn attention to HDL-C as a pharmacological 
target to reduce CHD risk. In spite of this, there is currently no evidence in human studies 
that increasing HDL-C leads to CHD event reduction.2–4 Combined, these findings give rise to 
the notion that HDL-C itself might not play a causative role in the protection against ather-
ogenesis and have resulted in a search for parameters that reflect the physical structure or 
function of HDL as a more relevant predictor of CHD risk. Apolipoprotein A-I (apoA-I), the 
major constituent of HDL particles, might be such a parameter. Similar associations with 
CHD risk have been reported for apoA-I as for HDL-C,5 and antioxidant, anti-inflammato-
ry, antithrombotic and nitric oxide promoting properties have been ascribed to apoA-I.6,7 
These findings have driven the development of therapeutic strategies that infuse apoA-I or 
upregulate apoA-I in the liver which are currently under investigation8 with varying clinical 
success.9–11 Whether apoA-I is a more relevant therapeutic target over HDL-C is heavily de-
bated, however. 

Prospective studies comparing the associations of apoA-I and HDL-C with risk of fu-
ture CHD events, have shown conflicting results.12,13 A possible explanation lies in the intri-
cate relationship between HDL-C and apoA-I levels that is hard to dissect using conventional 
regression models. Here, we use a new approach by assessing CHD risk based on HDL-C and 
apoA-I quartiles in a 4x4 fashion. The objective of this study was to assess the association 
of apoA-I levels on CHD risk and CHD risk factors within fixed HDL-C quartiles, and vice-ver-
sa, which requires a large study sample. We pursued this objective in the large European 
Prospective Investigation into Cancer (EPIC) Norfolk cohort, a prospective population study 
based in the United Kingdom. Results were validated in the Atherosclerosis Risk in Commu-
nities (ARIC) cohort and the Women’s Health Study (WHS).
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METHODS

Study design and biochemical analyses

The EPIC-Norfolk study

The EPIC-Norfolk study is a prospective population study of 25,639 male and female 
residents of Norfolk, United Kingdom, aged between 39 and 79 years. The recruitment pro-
cess, study design, and population characteristics have been published previously.14 The 
study was approved by the Norfolk Local Research Ethics Committee and complies with the 
declaration of Helsinki. All participants gave written informed consent. 

All individuals have been flagged for mortality at the UK Office of National Statistics, 
with vital status ascertained for the entire cohort. Death certificates were coded by trained 
nosologists according to the International Classification of Diseases 10th revision (ICD-10). 
In addition, hospitalized participants were identified by using their unique National Health 
Service number through data linkage with the East Norfolk Health Authority (ENCORE) da-
tabase, which identifies all hospital contacts throughout England and Wales for residents 
of Norfolk. Participants were identified as having developed CHD during follow-up if they 
had a hospital admission and/or died with CHD as the underlying cause during follow-up. 
CHD was defined as ICD-10 codes I20-I25 (which includes myocardial infarction, angina, and 
other ischemic heart disease). We report results with follow-up to March 31rst 2008, after a 
mean of 12.7 ± 2.3 years. Previous validation studies in this cohort indicate a high specificity 
of case ascertainment.15

Blood samples were drawn at the baseline visit in either fasting or non-fasting state. 
Samples were processed for assay at the Department of Clinical Biochemistry, University of 
Cambridge, or stored at −80°C. In the entire population study, serum lipids were analysed 
for total cholesterol, HDL-C and triglyceride on a RA-1000 analyser (Bayer Diagnostics, Bas-
ingstoke, UK). HDL cholesterol levels were measured after precipitation of non-HDL particles 
with DSBmT and peroxidase. Low-density lipoprotein cholesterol (LDL-C) levels were calcu-
lated with the Friedewald formula16. Serum apoA-I and apolipoprotein B (apoB) levels were 
measured using rate immunonephelometry (Behring Nephelometer BNII, Marburg, Germa-
ny) with calibration traceable to the International Federation of Clinical Chemistry primary 
standards.17 Researchers and laboratory personnel had no access to identifiable information 
and could identify samples by number only.
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The Atherosclerosis Risk in Communities (ARIC) 

The Atherosclerosis Risk In Communities (ARIC) Study is a population-based pro-
spective cohort study of cardiovascular disease sponsored by the National Heart, Lung, 
and Blood Institute (NHLBI). ARIC originally included 15,792 individuals aged 45-64 years 
at baseline (1987-89), chosen by probability sampling from four US communities.18 Cohort 
members completed four clinic examinations each spread over about three years, conduct-
ed approximately three years apart between 1987 and 1998. The data used in this study 
are from the first visit in 1987-1989. A detailed study protocol is available on the ARIC study 
website (https://www2.cscc.unc.edu/aric/). 

ARIC investigators conduct continuous, comprehensive surveillance for all cardiovas-
cular disease-related hospitalizations and deaths in the 4 communities. CHD was adjudi-
cated on the basis of published criteria.19 CHD was defined as a definite or probable MI, 
definite coronary death, or coronary revascularization procedure. Those with prevalent CHD 
were excluded for incident CHD analysis.  Follow up time ended when the participant had 
a CHD event, died, was lost to follow-up, or survived until 30 December 2009 with a mean 
follow-up time of 20 years ± 3.6 years. Serum lipids and apoA-I levels were measured as 
previously reported.20 

The Women’s Health Study (WHS)

The Women’s Health Study (NCT00000479) is a completed randomized, double-blind-
ed, placebo-controlled trial of low-dose aspirin and vitamin E in the primary prevention of 
cardiovascular disease and cancer in women.21,22 Randomized treatment ended in March 
2004, and participants were invited to participate in ongoing observational follow-up. Par-
ticipants were apparently healthy female health care professionals, ages 45 years or older, 
who were free of self-reported cardiovascular disease and cancer at study entry (1992-96).  
At the time of enrollment, women gave written informed consent and completed question-
naires on demographics, anthropometrics, medical history, and lifestyle factors.  They were 
also asked to provide a baseline blood sample; 28,345 women did so, and of these, a total 
of 27,827 had baseline lipid measurements.  We excluded women with missing values for 
any of the lipid or apolipoprotein measurements (N=275), resulting in 27,552 women for 
this analysis.  The study was approved by the institutional review board of the Brigham and 
Women’s Hospital (Boston, Mass).

The endpoint of incident CHD  was defined as nonfatal myocardial infarction, percu-
taneous coronary intervention, coronary artery bypass grafting, or coronary death. Informa-
tion on the occurrence of these endpoints was ascertained via annual follow-up question-
naires, letters, and telephone calls. Following written informed consent, medical records 
were obtained and reviewed by a blinded Endpoints Committee for the adjudication of all 
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reported endpoints based on predefined criteria as previously described.21,22 We report re-
sults with follow-up through 2012, after a mean of 15.8 ± 3.5 years.

HDL-C was measured with a direct homogenous polyethylene-glycol assay, and  
apoA-I with an immunoturbidometric assay (DiaSorin, Stillwater, MN). Coefficients of varia-
tion (CVs) for HDL-C and apo A-1 were <3%.

Statistical analysis

We evaluated the distribution of cardiovascular risk factors across quartiles of HDL-C 
and apoA-I. Metabolic syndrome was defined as previously described.23 C-reactive protein 
(CRP) and triglycerides (TG) plasma levels showed a skewed distribution and were log-trans-
formed prior to analysis. P-values for trend across quartiles (and tertiles for WHS) of HDL-C 
and apoA-I were assessed in an unadjusted model using the Jonckheere-Terpstra test. Cox 
proportional hazards models were used to calculate hazard ratios and corresponding 95% 
confidence intervals (95%CI) for CHD risk by quartiles of HDL-C and apoA-I, using the lowest 
quartile as a reference and event free survival per quartile was depicted in Kaplan-Meier 
curves. Unadjusted regression models were used (model 1), as well as regression models 
adjusting for sex, age, smoking, body mass index, systolic blood pressure, diabetes mellitus, 
apoB, log-transformed CRP (model 2) and log-transformed TG (model 3). In addition, we 
calculated unadjusted hazard ratios and corresponding 95%CIs for combined quartiles of 
HDL-C and apoA-I. Linear regression analysis was used to assess correlations between HDL-C 
and apoA-I per HDL-C or apoA-I quartile. Analyses were undertaken using SPSS (version 
18.0).
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RESULTS

EPIC-Norfolk

A complete dataset was available for a total number of 17,661 individuals in the 
EPIC-Norfolk cohort. This subset did not differ in any of the relevant baseline characteristics 
from the subset for whom data were missing. A total of 2,226 (12.6%) participants expe-
rienced a CHD event during follow-up. Baseline characteristics by quartiles of HDL-C and 
apoA-I are shown in tables 1 and 2, respectively.

Risk of coronary heart disease across quartiles of HDL cholesterol and apolipoprotein A-I

Hazard ratios for risk of CHD by HDL-C and apoA-I quartiles are shown in table 3 and 
4  and figure 1. Among individuals in the top HDL-C quartile the hazard ratio for CHD events 
was 0.34 (95% CI 0.30-0.39) compared to those in the bottom HDL-C quartile (p for linear 
trend <0.001). In a fully adjusted model, the hazard ratio for CHD was 0.69 (95% CI 0.59-
0.80) for those in the top versus bottom quartile (p for linear trend <0.001). 

Individuals in the top quartile for apoA-I had a hazard ratio for CHD events of 0.55 
(95% CI 0.49-0.62, p for linear trend <0.001) using an unadjusted model. In a fully adjusted 
model the hazard ratio was 0.75 (95% CI 0.66-0.86, p for linear trend <0.001).

Table 5 shows the distribution of participants, CHD event rates, and hazard ratio and 
corresponding 95% CI across HDL-C and apoA-I quartiles. The event free survival curves 
per HDL-C and apoA-I quartile are shown in figure 2. In the majority of study participants 
(n=9478, 54%), HDL-C quartiles corresponded with apoA-I quartiles. However, for 8183 par-
ticipants, the HDL-C quartile and apoA-I quartile were discordant. 

Compared to study participants in the bottom quartiles for both HDL-C and apoA-I, 
those in the second, third and top quartiles for both HDL-C and apoA-I had a HR of 0.69 
(95% CI 0.59-0.81), HR 0.69 (95% CI 0.59-0.82), and HR 0.57 (95% CI 0.48-0.67), respectively. 
Those in the lowest HDL-C quartile and the top apoA-I quartile were not at lower CHD risk 
(HR 0.87 95% CI 0.54-1.40). By contrast, those in the top HDL-C quartile but the bottom 
apoA-I quartile were at lower CHD risk (HR 0.47 95% CI 0.28-0.78), and this hazard ratio was 
even lower than the participants having both high HDL-C and high apoA-I levels (HR 0.57 
95% CI 0.48-0.67). Within each apoA-I quartile, higher HDL-C levels were associated with 
lower CHD risk. By contrast, within each HDL-C quartile, we did not find a consistent asso-
ciation between apoA-I and CHD risk. A trend towards increased CHD risk for higher apoA-I 
levels in the middle HDL-C quartiles was observed, which was significant in the third HDL-C 
quartile (p=0.005).
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Table 1 and 2: Baseline characteristics by HDL cholesterol and apolipoprotein A-I quartiles in the EPIC-Norfolk Study

 HDL cholesterol quartiles

1 2 3 4 p-value

N 5031 3595 4444 4591

HDL cholesterol, mmol/L 1·0±0·1 1·3±0·1 1·5±0·1 2·0±0·3 <0·001

Age, years 59·6±9·1 59·3±9·1 59±9·1 58·8±9·3 <0·001

Male sex 71% (3572) 51% (1834) 35% (1555) 19% (872) <0·001

Body mass index, kg/m2 27·3±3·7 26·5±3·67 25·9±3·8 24·9±3·5 <0·001

Diabetes mellitus % (n) 3·0% (149) 2·1% (75) 1·8% (79) 1·2% (55) <0·001

HbA1c, % 5·4±1·0 5·3±0·8 5·3±0·8 5·2±0·7 <0·001

Systolic blood pressure, mmHg 136±18 136±18 134±18 133±19 <0·001

Diastolic blood pressure, mmHg 83±11 83±11 82±11 81±11 <0·001

Total cholesterol, mmol/L 6·0±1·2 6·2±1·1 6·2±1·1 6·3±1·1 <0·001

LDL cholesterol, mmol/L 4·0±1·0 4·1±1·0 4·0±1·0 3·7±1·0 <0·001

Non-HDL cholesterol, mmol/L 5·0±1·2 4·9±1·1 4·7±1·1 4·2±1·1 <0·001

Triglycerides, mmol/L 2·0 (1·5-2·7) 1·7 (1·2-2·2) 1·4 (1·0-1·9) 1·1 (0·8-1·5) <0·001

Apolipoprotein A-I, mg/dL 129±22 148±23 161±26 184±30 <0·001

Apolipoprotein B, mg/dL 100±25 99±24 96±24 92±23 <0·001

C-reactive protein, mg/L 2·0 (0·9-4·3) 1·6 (0·8-3·6) 1·6 (0·8-3·5) 1·3 (0·6-2·7) <0·001

Metabolic syndrome 83% (4176) 70% (2517) 63% (2800) 56% (2571) <0·001

Alcohol intake, g/day 3·1 (0·8-9·7) 3·4 (0·8-10·5) 4·7 (0·8-10·9) 5·2 (0·9-11·8) <0·001

 Apolipoprotein A-I quartiles

1 2 3 4 p-value

N 4325 4514 4403 4419

HDL cholesterol, mmol/L 1·1±0·3 1·3±0·3 1·5±0·3 1·8±0·4 <0·001

Age, years 58·6±9·2 59·1±9·1 59·3±9·2 59·2 <0·001

Male sex 64% (2768) 56% (2528) 36% (1585) 21% (928) <0·001

Body mass index, kg/m2 26·6±3·7 26·4±3·7 26·1±3·9 25·5±3·7 <0·001

Diabetes mellitus % (n) 2·9 (126) 2·3 (102) 1·8 (77) 1·2 (53) <0·001

HbA1c, % 5·3±0·8 5·3±0·9 5·3±0·8 5·3±0·8 0·66

Systolic blood pressure, mmHg 134±18 135±18 135±19 135±19 <0·001

Diastolic blood pressure, mmHg 82±11 82±11 82±11 82±11 0·90

Total cholesterol, mmol/L 5·9±1·1 6·1±1·1 6·2±1·1 6·4±1·1 <0·001

LDL cholesterol, mmol/L 3·9±1·0 4·0±1·0 4·0±1·0 3·9±1·1 0·50

Non-HDL cholesterol, mmol/L 4·7±1·2 4·8±1·2 4·7±1·2 4·6±1·2 <0·001

Triglycerides, mmol/L 1·7 (1·2-2·4) 1·6 (1·1-2·2) 1·4 (1·0-2·0) 1·3 (0·9-1·8) <0·001

Apolipoprotein A-I, mg/dL 115±18 145±5 164±6 199±17 <0·001

Apolipoprotein B, mg/dL 88±27 100±23 99±23 99±23 <0·001

C-reactive protein, mg/L 1·9 (0·9-4·4) 1·8 (0·8-3·6) 1·5 (0·8-3·1) 1·5 (0·7-3·3) <0·001

Metabolic syndrome 71% (3071) 78% (3521) 69% (3038) 55% (2431) <0·001

Alcohol intake, g/day 3·1 (0·8-9·6) 4·7 (0·8-10·9) 4·1 (0·8-10·9) 5·1 (0·8-11·7) <0·001
Data are shown as mean ± standard deviation, percentage (number), or median (interquartile range). P for Jonckheere Terpstra 
test across categories. HDL indicates high-density lipoprotein; LDL indicates low-density lipoprotein.
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Table 3+4. Risk of coronary heart disease events by HDL cholesterol and apolipoprotein A-I quartiles in the 
EPIC-Norfolk Study

 HDL cholesterol quartiles  p-value

1 2 3 4

< 1.1 mmol/L 1.1-1.4 mmol/L 1.4-1.7 mmol/L > 1.7 mmol/L

cases/total 963/5031 479/3595 465/4444 319/4591  

Model 1 1·00 0·67 (0·60-0·74) 0·52 (0·47-0·58) 0·34 (0·30-0·39) <0·001

Model 2 1·00 0·81 (0·73-0.91) 0·77 (0·69-0·87) 0·61 (0·53-0·71) <0·001

Model 3 1·00 0·85 (0·76-0·95) 0·83 (0·74-0·94) 0·69 (0·59-0·80) <0·001

Apolipoprotein A-I quartiles

1 2 3 4 p-value

< 135 mg/dL 135-154 mg/dL 154-177 mg/dL > 177 mg/dL  

cases/total 701/4325 624/4514 494/4403 407/4419

Model 1 1·00 0·81 (0·73-0·90) 0·66 (0·59-0·74) 0·55 (0·49-0·62) <0·001

Model 2 1·00 0·77 (0·69-0·86) 0·74 (0·65-0·83) 0·69 (0·61-0·79) <0·001

Model 3 1·00 0·79 (0·71-0·89) 0·78 (0·69-0·88) 0·75 (0·66-0·86) <0·001

Data are shown as hazard ratios and corresponding 95% confidence intervals for the risk of future coronary heart 
disease events. Hazard ratios were calculated by quartile, using the lowest quartile as reference category. P-value 
is for trend across quartiles. Model 1 indicates an unadjusted regression model. Model 2 is adjusted for sex, age, 
smoking, body mass index, systolic blood pressure, apolipoprotein B and C-reactive protein. Model 3 is adjusted 
for the variables in model 2 and in addition for triglycerides.

Figure 1. Adjusted hazard ratios for coronary heart disease per HDL-C (1a) and apolipoprotein A-I (1b) quartile in 
the EPIC-Norfolk Study.

Data are shown as hazard ratios and corresponding 95% confidence intervals for the risk of future coronary 
heart disease events. Hazard ratios were calculated by quartile, using the lowest quartile as reference category 
and were adjusted for sex, age, smoking, body mass index, systolic blood pressure, apolipoprotein B, C-reactive 
protein and triglyceride levels. 

0.5 0.6 0.7 0.8 0.9 1.0 1.1

Q1

Q2

Q3

Q4

hazard ratio

A
po

A
-I 

qu
ar

ti
le

s

 

0.5 0.6 0.7 0.8 0.9 1.0 1.1

Q1

Q2

Q3

Q4

hazard ratio

H
D

L-
C

 q
ua

rt
il

es

Proefschrift_Julian_Final_20171024_colourPARTs.indd   155 26/10/2017   17:23:55



156

Chapter 7
Table 5. Risk of CHD events by HDL cholesterol and apolipoprotein A-I quartiles in the EPIC-Norfolk Study

HDL cholesterol quartiles p-value

1 2 3 4

ApoA-I

quartiles

1 572/2923 77/615 36/476 16/302 <0·001

1·00 0·86 (0·67-1·09) 0·61 (0·43-0·85) 0·47 (0·28-0·78) 

2 301/1605 214/1658 97/978 12/273 <0·001

0·91 (0·79-1·05) 0·69 (0·59-0·81) 0·65 (0·52-0·81) 0·35 (0·19-0·63) 

3 72/397 143/1039 199/1924 80/1043 <0·001

0·88 (0·68-1·12) 0·75 (0·63-0·91) 0·69 (0·59-0·82) 0·59 (0·46-0·75) 

4 18/97 45/283 133/1066 211/2973 <0·001

0·87 (0·54-1·40) 0·93 (0·68-1·26) 0·81 (0·67-0·99) 0·57 (0·48-0·67) 

p-value 0·41 0·18 0·005 0·35

Data are shown as number of coronary heart disease events / total number of study participants and unadjust-
ed hazard ratios and corresponding 95% confidence intervals. Hazard ratios were calculated using those in the 
bottom quartiles for both HDL cholesterol and apolipoprotein A-I as reference category. 

Figure 2. Kaplan-Meier event free survival curves per HDL cholesterol and apolipoprotein A-I quartile in the 
EPIC-Norfolk Study
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Distribution of risk factors across quartiles of HDL cholesterol and apolipoprotein A-I 

The distribution of risk factors across HDL-C and apoA-I quartiles is presented in table 
6. Within fixed apoA-I quartiles, HDL-C levels were inversely associated with CHD risk factors 
(all p<0.001). However, the opposite pattern was observed for apoA-I levels within fixed 
HDL-C quartiles. Here, apoA-I levels were positively associated with age, female sex, body 
mass index, HbA1c, non-HDL-C, triglycerides, apoB, systolic blood pressure and CRP (all p<0 
.001). Overall, groups defined by high HDL-C and low apoA-I levels consisted of relatively 
healthy subjects, compared to subjects defined by low HDL-C and high apoA-I levels, where 
enrichment for traditional CHD risk factors was observed. 

Validation in the ARIC and WHS study

ARIC
A full dataset was available for 15,494 individuals of the Atherosclerosis Risk In Com-

munities (ARIC) study. During follow-up, 2,993 (19.3%) subjects experienced a coronary 
heart disease event. Baseline characteristics by quartiles of HDL-C and apoA-I are shown in 
supplementary tables 1 and 2. 

Risk of CHD was strongly and inversely associated with HDL-C and apoA-I quartiles in 
unadjusted and fully adjusted regression analyses (supplementary table 3). In a 4x4 analysis 
by HDL-C and apoA-I quartiles, a small majority (53%, n=8260) was classified in correspond-
ing HDL-C and apoA-I quartiles, whereas 7234 subjects (47%) were not. Within fixed apoA-I 
quartiles, HDL-C levels were associated with a lower rate of CHD events (supplementary 
table 4). However, apoA-I levels were not consistently associated with CHD events within 
fixed HDL-C quartiles, which is in line with the observations in EPIC-Norfolk. Finally, the 
distribution of risk factors across HDL-C and apoA-I quartiles is presented in Supplementary 
Table 5. There were significant trends across the majority of the HDL-C and apoA-I quartiles 
for percentage males, body mass index, non-HDL-C, triglycerides, apoB, systolic blood pres-
sure, and prevalence of Metabolic Syndrome. The characteristics of the individuals at the 
extremes of the distribution were fundamentally different; the group defined by high HDL-C 
and low apoA-I levels consisted of relatively healthy subjects compared to the group defined 
by low HDL-C and high apoA-I levels, where an enrichment of traditional risk factors was 
observed, similar to the associations observed in EPIC-Norfolk.
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HDL cholesterol quartiles

  1 2 3 4 p-value 

ApoA-I  Quartiles

ApoA-I, mg/dl 1 116±17 (2909) 113±21 (604) 108±20 (456) 111±18 (289) <0·001

2 143±5 (1605) 146±6 (1658) 147±5 (978) 147±6 (273) <0·001

3 163±6 (397) 163±6 (1039) 165±6 (1924) 167±6 (1043) <0·001

4 189±14 (97) 191±13 (282) 192±14 (1061) 202±18 (2863) <0·001

p-value <0·001 <0·001 <0·001 <0·001

HDL-c, mmol/L 1 0·93±1·13 (2932) 1·24±0·05 (615) 1·48±0·08 (476) 1·9±0·32 (302) <0·001

2 1·03±0·09 (1605) 1·25±0·05 (1658) 1·46±0·08 (978) 1·88±0·23 (273) <0·001

3 1·04±0·09 (397) 1·26±0·05 (1039) 1·49±0·08 (1924) 1·86±0·18 (1043) <0·001

4 1·03±0·10 (97) 1·26±0·05 (283) 1·52±0·08 (1066) 2·05±0·30 (2973) <0·001

p-value <0·001 <0·001 <0·001 <0·001

Age, years 1 59·1±9·1 (2932) 57·5±9·0 (615) 57·6±9·2 (476) 57·4±9·4 (302) <0·001

2 60±9·0 (1605) 59±9·0 (1658) 58·1±9·1 (978) 57·2±9·3 (273) <0·001

3 60·7±9·0 (397) 60·1±9·1 (1039) 59·1±9·0 (1924) 58·3±9·4 (1043) <0·001

4 61·1±8·6 (97) 60·8±8·8 (283) 60·1±9·2 (1066) 59·3±9·3 (2973) <0·001

p-value <0·001 <0·001 <0·001 <0·001

Male sex 1 75·5 (2214/2932) 50·6 (311/615) 33·6 (160/476) 22·8 (69/302) <0·001

2 67·5 (1083/1605) 57·0 (945/1658) 44·0 (430/978) 22·3 (61/273) <0·001

3 52·9 (210/397) 44·7 (464/1039) 34·6 (665/1924) 24·6 (257/1043) <0·001

4 46·4 (45/97) 40·6 (115/283) 27·3 (291/775) 15·6 (464/2973) <0·001

p-value <0·001 <0·001 <0·001 <0·001

BMI, kg/m2 1 27·1±3·6 (2926) 26·2±3·7 (614) 25·4±3·7 (475) 24·7±3·5 (302) <0·001

2 27·3±3·7 (1600) 26·2±3·4 (1657) 25·5±3·5 (977) 25·1±4·0 (273) <0·001

3 28±4·2 (396) 27·1±3·9 (1039) 26±3·8 (1923) 24·7±3·3 (1042) <0·001

4 28·3±3·8 (97) 27·3±3·9 (283) 26·5±3·8 (1064) 24·9±3·5 (2967) <0·001

p-value <0·001 <0·001 <0·001 0·28

HbA1c, % 1 5·4±0·9 (1059) 5·2±0·7 (318) 5·3±0·8 (341) 5·2±0·8 (228) 0·001

2 5·4±1·0 (615) 5·3±0·8 (476) 5·3±1·0 (238) 5·2±0·8 (140) <0·001

3 5·7±1·2 (207) 5·3±0·8 (479) 5·3±0·8 (737) 5·2±0·7 (304) <0·001

4 6±1·5 (54) 5·6±0·7 (166) 5·3±0·7 (574) 5·3±0·7 (1499) <0·001

p-value 0·001 <0·001 0·34 0·01

Non-HDL c, 
mmol/L 1 4·9±1·1 (2932) 4·6±1·1 (615) 4·5±1·2 (476) 4±1·0 (302) <0·001

2 5·2±1·1 (1605) 4·9±1·1 (1658) 4·4±1·1 (978) 4·1±1·1 (273) <0·001

3 5·3±1·2 (397) 5·1±1·1 (1039) 4·7±1·1 (1924) 4·3±1·2 (1043) <0·001

4 5·6±1·2 (97) 5·2±1·1(283) 5±1·1 (1066) 4·3±1·1 (2973) <0·001

p-value <0·001 <0·001 <0·001 <0·001
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  1 2 3 4 p-value 

Triglycerides, 
mmol/L 1

2·0 (1·4-2·7) 
(2932) 1·4 (1·0-1·9) (615) 1·3 (1·0-1·8) (476) 1·0 (0·8-1·4) (302) <0·001

2
2·1 (1·5-2·7) 
(1605) 1·6 (1·1-2·1) (1658) 1·2 (0·9-1·6) (978) 1·0 (0·8-1·4) (273) <0·001

3 2·3 (1·7-2·9) (397) 1·9 (1·4-2·4) (1039) 1·4 (1·0-1·8) (1924)
1·1 (0·8-1·4) 
(1043) <0·001

4 2·4 (1·7-3·1) (97) 2·1 (1·5-2·7) (283) 1·6 (1·2-2·2) (1066)
1·1 (0·9-1·5) 
(2973) <0·001

p-value <0·001 <0·001 <0·001 <0·001

ApoB, mg/dl 1 96±25 (2871) 79±23 (577) 66±19 (415) 59±16 (241) <0·001

2 106±23 (1601) 101±22 (1653) 94±21 (975) 76±21 (271) <0·001

3 109±22 (394) 105±23 (1035) 99±22 (1915) 92±22 (1038) <0·001

4 116±23 (95) 109±23 (282) 105±22 (1059) 96±22 (2958) <0·001

p-value <0·001 <0·001 <0·001 <0·001

Systolic blood 
pressure, 
mmHg 1 135±18 (2925) 132±17 (613) 131±17 (476) 131±18 (302) <0·001

2 138±18 (1601) 136±18 (1658) 132±18 (975) 130±18 (273) <0·001

3 139±17 (397) 138±18 (1037) 135±18 (1920) 131±19 (1042) <0·001

4 142±18 (97) 140±20 (283) 138±19 (1061) 134±19 (2968) <0·001

p-value <0·001 <0·001 <0·001 <0·001

CRP, mg/L 1
1·8 (0·8-3·8) 
(2897) 1·1 (0·5-2·4) (595) 0·9 (0·4-1·9) (451) 0·7 (0·3-1·4) (276) <0·001

2
2·1 (1·1-4·1) 
(1587) 1·5 (0·8-3·2) (1635) 1·2 (0·6-2·6) (970) 1·0 (0·5-2·3) (265) <0·001

3 2·4 (1·3-4·2) (390) 1·9 (1·0-3·7) (1024) 1·5 (0·8-3·2) (1899)
1·0 (0·5-2·0) 
(1024) <0·001

4 3·2 (1·6-5·7) (96) 2·2 (1·2-4·9) (280) 2·0 (1·0-4·0) (1050)
1·4 (0·7-2·9) 
(2931) <0·001

p-value <0·001 <0·001 <0·001 <0·001

Metabolic 
syndrome 1 84·0 (2464/2932) 58·9 (362/615) 35·9 (171/476) 26·8 (81/302) <0·001

2 82·2 (1319/1605) 77·5 (1285/1658) 77·9 (762/978) 53·1 (145/273) <0·001

3 78·6 (312/397) 68·3 (710/1039) 66·1 (1271/1924) 72·2 (753/1043) 0·54

4 85·6 (83/97) 61·5 (174/283) 56·1 (598/1066) 53·1 (1580/2973) <0·001

p-value 0·02 0·97 0·30 0·07

Alcohol intake, 
g/day 1 6·9±10·7 (2830) 7·4 10·4 (539) 7·3±11·4 (464) 8·5±11·4 (297) 0·01

2 8·3±12·1 (1554) 8·5±13·0 (1616) 9·3±12·5 (947) 9·4±12·9 (268) 0·01

3 7·5±11·1 (385) 8·6±13·9 (1007) 8·8±13·6 (1874) 9·5±13·8 (1009) 0·002

4 10±14·7 (90) 8·2±12·9 (276) 8·8±13·3 (1036) 9·8±13·6 (2876) <0·001

p-value 0·003 0·36 0·59 0·10

Table 6. Baseline characteristics by HDL-C and apoA-I quartiles in the EPIC-Norfolk Study. (table legend on next 
page)
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Table 6 (on previous 2 pages) Baseline characteristics by HDL-C and apoA-I quartiles in the EPIC-Norfolk Study

For continuous variables data are shown as mean ± standard deviation or in case of skewed distribution, as medi-
an (interquartile range). In each cell the number between parentheses represents the total number of observa-
tions on which the summary estimate was based. For categorical variables, data are presented as percentage, 
and between parentheses number and total.  P-value is for Jonckheere Terpstra trend test across categories. HDL 
indicates high-density lipoprotein; apoB indicates apolipoprotein B; ApoA-I indicates apolipoprotein A-I.

WHS
Of the total 27,552 female participants in the Woman’s Healthy Study (WHS), 1,071 

(3.9%) experienced a CHD event. Due to the lower CHD event rate, analyses were performed 
for tertiles of HDL-C and apoA-I. Again, both HDL-C and apoA-I levels were strongly and 
inversely associated with CHD risk in unadjusted and fully adjusted models (supplementary 
table 6). In a 3x3 analysis by apoA-I and HDL-C tertiles, 18,101 (67%) were classified in cor-
responding tertiles, in contrast to 9,052 (33%) participants who were in different tertiles for 
HDL-C and apoA-I (supplementary table 7). Within fixed apoA-I tertiles, higher HDL-C levels 
were consistently associated with lower CHD risk, However, no consistent association for 
apoA-I and CHD risk was observed, within fixed HDL-C tertiles. In fact, for apoA-I levels there 
was a trend towards higher CHD risk, within fixed HDL-C tertiles, which was statistically sig-
nificant for the second HDL-C tertile (p=0.002). 
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DISCUSSION
We present data on the associations between plasma levels of HDL-C and apoA-I, 

CV risk factors and risk of CHD in the EPIC-Norfolk cohort. As expected, both HDL-C and 
apoA-I were strongly and inversely associated with the risk of future CHD. It is notewor-
thy, however, that these associations were not interchangeable. We found that within each 
apoA-I quartile, higher plasma HDL-C levels were consistently associated with lower CHD 
risk. There was, however, no consistent reverse association between apoA-I levels and CHD 
risk within each HDL-C quartile, and in the EPIC Norfolk study we even observed a trend 
towards increased risk in the some apoA-I quartiles. This was supported by the unexpected 
observation that CHD risk factors were positively associated with apoA-I levels within all 
HDL-C quartiles. In contrast, HDL-C was inversely associated with CHD risk factors within 
apoA-I quartiles. These findings were externally validated in both the ARIC and WHS studies, 
and the fact that the observations were consistent in these prospective studies suggest a 
biological relevant association.

A number of studies have shown that HDL-C and apoA-I levels are inversely associ-
ated with CHD risk. In most subjects, HDL-C and apoA-I levels are closely correlated, and in 
the EPIC Norfolk study HDL-C and apoA-I quartiles were concordant in more than half of 
the participants. This concordance might explain that HDL-C and apoA-I have shown similar 
association with risk of CV events in previous studies.5

Several studies have addressed the question of the relative contribution and or su-
periority of HDL-C and apoA-I levels to CHD risk previously, by comparing their effects in 
multivariable adjusted regression models. In INTERHEART, the association between apoA-I 
and CHD risk was stronger than for HDL-C.24 However, INTERHEART was not a prospective 
study and did not assess hazard ratios for CHD risk by quartiles of apoA-I and HDL-C. The 
Emerging Risk Factors Collaboration (ERFC) reported that when apoA-I was added to risk 
scores containing HDL-C this led to a slight improvement of CVD risk assessment, however 
the clinical relevance was questioned.13 In fact, we reported in a previous paper based on 
2,349 study participants in a nested case-control set within the EPIC-Norfolk cohort, that 
the negative association between HDL-C levels and risk of major coronary events was lost 
upon adjustment for apoA-I and apoB, whereas upon adjustment for HDL-C and apoB the 
association between apoA-I and risk of major coronary events was retained.25 

The strong and complex relationships between HDL-C versus apoA-I and other cardi-
ometabolic risk factors make it very difficult to disentangle associations with risk of cardio-
vascular events, especially when using complex multivariable adjusted regression models. 
Our current rigorous approach using 4x4 tables to assess these independent associations 
provides better insight, but can only be performed in very large datasets from prospective 
cohorts, such as the EPIC-Norfolk, ARIC and WHS datasets.
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In our study, there was no significant association between apoA-I quartiles with the 

exception of some quartiles where CHD risk was in fact positive rather than inverse. This 
positive association between CHD risk and apoA-I quartiles has not been reported before. 
Our results indicate that the predictive value of apoA-I, if anything, does not outperform the 
predictive value of HDL-C. 

The prevalence of CHD risk factors across quartiles of HDL-C and apoA-I confirms our 
observations. First, we noticed a robust enrichment of risk factors in participants within the 
lowest HDL-C but highest apoA-I quartile. In other words, subjects with a combined pheno-
type of low HDL-C and high apoA-I levels are characterized by high levels of TG, apoB, and 
CRP, and high prevalence of hypertension and metabolic syndrome. Second, we observed 
that whereas HDL-C quartiles are inversely correlated with all analyzed cardiovascular risk 
factors, people with the highest apoA-I levels within each HDL-C quartile are characterized 
by a high prevalence of risk factors; age, BMI, TG, systolic blood pressure, CRP, prevalence 
of metabolic syndrome and percentage males were consistently higher in participants in 
the top apoA-I quartile compared to those in the lowest quartile, irrespective of the HDL-C 
quartile. This phenomenon, that we found to be consistent among three large prospec-
tive studies and within all HDL-C quartiles, has so far not been described in the literature. 
This unexpected association between established cardiovascular risk factors and apoA-I was 
possibly not acknowledged to date because it was masked by the very close relationship 
between apoA-I and HDL-C.  

A possible mechanism could be related to the increased rate of metabolic syndrome 
observed in the high apoA-I quartiles, which has been shown to coincide with high plasma 
levels of endogenous corticosteroids such as glucocorticoids26,27 and androgens,28 which in 
turn leads to higher levels of apoB and apoA-I.29 This might imply that individuals in the high 
HDL-C/high apoA-I quartiles are characterized by overproduction of not only apoB but also 
apoA-I.

Several aspects of this study merit attention when interpreting the results. First, al-
though HDL-C and apoA-I measurements were available in a large set of study participants, 
these measurements do not inform us about the apolipoprotein content of HDL particles 
and the intraindividual range of apoA-I molecules per particle30. Second, samples in EPIC 
Norfolk were not drawn in a fasting state, although the majority of samples in WHS were 
fasting. The fact that HDL-C and apoA-I are not strongly affected by a meal does not ex-
clude the possibility of spurious associations. Third, CHD events in EPIC Norfolk were based 
on ICD-coding for hospitalizations and death certificates, and not adjudicated specifically 
for the purpose of this study, although events were adjudicated by medical record review 
for WHS and ARIC. The small numbers of participants and CHD events in the extremes of 
the HDL-C and apoA-I distributions warrant caution when interpreting the hazard ratios for 
these groups. Lastly, we did not have data on diabetes duration available and only HbA1C 
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levels available for 50% of the cohort and are therefore not fully informed on diabetes sever-
ity or pre-diabetic conditions. We did adjust for diabetes status, which was available for all 
study participants, but can not rule out that the confounding effect of glucose metabolism 
might be underestimated in our study.

In conclusion, we show that both HDL-C and apoA-I are inversely correlated with CHD 
risk. Our findings demonstrate that apoA-I levels do not offer predictive information over 
and above HDL-C. In fact, within fixed HDL-C quartiles, higher apoA-I levels were associated 
with a higher prevalence of cardiovascular risk factors. This finding is new and unexpected 
and was found consistently among the three cohorts that were studied. This could be a rel-
evant finding in light of the current development of apoA-I increasing strategies. 
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SUPPLEMENTARY MATERIAL
Supplementary Table 1. Baseline characteristics by HDL cholesterol quartiles in the ARIC study

 HDL cholesterol quartiles

1 2 3 4 p-value

N 4148 3619 3879 3848

HDL cholesterol, mmol/L 0.87±0.12 1.15±0.07 1.41±0.09 1.94±0.34 <0.0001

Age, years 54.4±5.75 54.1±5.78 54.3±5.79 53.9±5.72 0.0003

Male sex % (n) 72 (3002) 52 (1886) 36 (1378) 18 (708) <0.0001

Body mass index, kg/m2 29.0±4.85 28.4±5.29 27.7±5.50 25.6±5.13 <0.0001

Diabetes mellitus % (n) 15.6 (647) 10.5 (379) 8.0 (308) 4.6 (178) <0.0001

HbA1c, % N/A N/A N/A N/A N/A
Systolic blood pressure, 
mmHg 121.7±17.4 121.9±19.2 121.3±19.1 120.0±19.6 <0.0001
Diastolic blood pressure, 
mmHg 73.9±10.9 74.0±11.2 73.7±11.3 73.0±11.6 <0.0001

Total cholesterol, mmol/L 5.45±1.11 5.60±1.10 5.61±1.11 5.59±1.02 <0.0001

LDL cholesterol, mmol/L 3.66±0.99 3.77±0.99 3.63±1.02 3.19±0.98 <0.0001
Non-HDL cholesterol, 
mmol/L 4.58±1.10 4.46±1.10 4.21±1.11 3.64±1.04 <0.0001

Triglycerides, mmol/L 1.80 (1.32-2·51) 1.34 (0.99-1.80) 1.12 (0.86-1.48) 0.89 (0.70-1.19) <0.0001

Apolipoprotein A-I, mg/dL 105.5±18.46 122.9±17.96 137.8±19.90 167.1±28.08 <0.0001

Apolipoprotein B, mg/dL 101.2±29.59 98.3±28.93 92.7±28.31 81.8±25.24 <0.0001

C-reactive protein, mg/L N/A N/A N/A N/A N/A

Metabolic syndrome % (n) 72 (2968) 44 (1588) 25 (956) 13 (490) <0.0001

Alcohol intake, g/day 0 (0-4.31) 0 (0-5.66) 0 (0-6.47) 0 (0-8.63) <0.0001

Data are shown as mean ± standard deviation, percentage (number), or median (interquartile range). P for 
Jonckheere Terpstra test across categories. HDL indicates high-density lipoprotein; LDL indicates low-density 
lipoprotein.
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Supplementary table 2. Baseline characteristics by apolipoprotein A-I quartiles in the ARIC study

 Apolipoprotein A-I quartiles

1 2 3 4 p-value

N 3969 3941 3785 3799

HDL cholesterol, mmol/L 0.96±0.22 1.18±0.24 1.40±0.28 1.83±0.44 <0.0001

Age, years 54.2±5.76 54.2±5.79 54.1±5.83 54.2±5.68 0.5901

Male sex % (n) 66 (2630) 53 (2094) 38 (1420) 22 (830) <0.0001

Body mass index, kg/m2 28.6±5.04 28.1±5.24 27.6±5.44 26.4±5.41 <0.0001

Diabetes mellitus % (n) 12.7 (502) 10.0 (393) 9.4 (357) 6.9 (260) <0.0001

HbA1c, % N/A N/A N/A N/A N/A
Systolic blood pressure, 
mmHg 120.8±17.87 121.5±18.78 121.2±19.20 121.4±19.46 0.9585
Diastolic blood pressure, 
mmHg 73.2±10.86 73.9±11.26 73.9±11.50 73.5±11.42 0.4412

Total cholesterol, mmol/L 5.38±1.08 5.51±1.06 5.63±1.11 5.72±1.07 <0.0001

LDL cholesterol, mmol/L 3.64±0.99 3.64±0.97 3.62±1.03 3.34±1.05 <0.0001
Non-HDL cholesterol, 
mmol/L 4.43±1.09 4.33±1.11 4.24±1.16 3.89±1.16 <0.0001

Triglycerides, mmol/L 1.51 (1.10-2.15) 1.30 (0.94-1.83) 1.15 (0.85-1.64) 1.02 (0.77-1.43) <0·0001

Apolipoprotein A-I, mg/dL 97.1±11.52 121.1±5.44 140.3±5.96 175.3±21.76 <0.0001

Apolipoprotein B, mg/dL 97.6±28.92 95.4±28.81 93.6±29.38 87.5±28.13 <0.0001

C-reactive protein, mg/L N/A N/A N/A N/A N/A

Metabolic syndrome % (n) 57 (2267) 43 (1693) 33 (1241) 21 (801) <0.0001

Alcohol intake, g/day 0 (0-4.31) 0 (0-5.86) 0 (0-6.47) 0 (0-8.63) <0.0001

Data are shown as mean ± standard deviation· percentage (number), or median (interquartile range). P for Jon-
ckheere Terpstra trend test across categories. HDL indicates high-density lipoprotein; LDL indicates low-density 
lipoprotein.
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Comparison of apoA-I and HDL-C on CAD risk
Supplementary Table 3. Risk of coronary heart disease events by HDL-c and apoA-I quartiles in the ARIC study

 HDL cholesterol quartiles  p-value

1 2 3 4

0.25-1.02 mmol/L 1.03-1.27 mmol/L 1.27-1.57 mmol/L  1.58-4.22 mmol/L

cases/total 1295/4148 783/3619 607/3879 308/3848  

Model 1 1.00 0.62 (0.57-0.68) 0.43 (0.39-0.47) 0.21 (0.18-0.23) <0.001

Model 2 1.00 0.70 (0.64-0.77) 0.57 (0.51-0.63) 0.36 (0.32-0.42) <0.001

Model 3 1.00 0.75 (0.69-0.83) 0.64 (0.58-0.72) 0.44 (0.38-0.51) <0.001

Apolipoprotein A-I quartiles

1 2 3 4 p-value

20-111 mg/dL 112-130 mg/dL 131-151 mg/dL 152-304 mg/dL  

cases/total 1130/3969 859/3941 598/3785 406/3799

Model 1 1.00 0.71 (0.65-0.77) 0.49 (0.44-0.54) 0.32 (0.29-0.36) <0.001

Model 2 1.00 0.79 (0.72-0.86) 0.62 (0.56-0.69) 0.51 (0.46-0.58) <0.001

Model 3 1.00 0.83 (0.75-0.90) 0.68 (0.61-0.75) 0.58 (0.51-0.66) <0.001

Data are shown as hazard ratios and corresponding 95% confidence intervals for the risk of future coronary heart 
disease events. Hazard ratios were calculated by quartile, using the lowest quartile as reference category. Model 
1 indicates an unadjusted regression model. Model 2 is adjusted for sex, age, smoking, body mass index, systolic 
blood pressure, and low-density lipoprotein cholesterol (C-reactive protein not available). Model 3 is adjusted for 
the variables in model 2 and in addition for triglycerides.
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Supplementary Table 4. Risk of coronary heart disease events by HDL cholesterol and apolipoprotein A-I quartiles 
in the ARIC study

HDL cholesterol quartiles p-value

1 2 3 4

ApoA-I

quartiles

1 842/2642 223/998 62/302 3/27 <0.001

1.00 0.63 (0.54-0.72) 0.56 (0.43-0.73) 0.27 (0.09-0.84) 

2 366/1188 304/1393 171/1147 18/213 <0.001

0.94 (0.83-1.06) 0.61 (0.54-0.70) 0.39 (0.33-0.46) 0.20 (0.13-0.32) 

3 78/275 210/1023 235/1552 75/935 <0.001

0.86 (0.68-1.08) 0.56 (0.48-0.65) 0.40 (0.34-0.46) 0.20 (0.16-0.25) 

4 9/43 46/205 139/878 212/2673 0.006

0.63 (0.33-1.22) 0.63 (0.47-0.85) 0.43 (0.36-0.51) 0.20 (0.17-0.23) 

p-value 0.043 0.257 0.411 0.082

Data are shown as number of coronary heart disease events / total number of study participants· and hazard 
ratios and corresponding 95% confidence intervals. Hazard ratios were calculated using those in the bottom 
quartiles for both HDL cholesterol and apolipoprotein A-I as reference category. HDL indicates high-density 
lipoprotein; ApoA-I indicates apolipoprotein A-I.  

Supplementary table 5 on next pages (172-173) due to table size. 

Supplementary Table 6A. Risk of coronary heart disease events by HDL cholesterol tertiles in WHS

 HDL cholesterol tertiles p-value

1 2 3

< 44 mg/dL 44 – 55 mg/dL > 55 mg/dL

cases/total 514/7487 287/8780 270/11285  

Model 1 1·00 0.45 (0.39-0.53) 0.33 (0.28-0.38) <0·001

Model 2 1·00 0.50 (0.43-0.58) 0.40 (0.34-0.47) <0·001

Model 3 1·00 0.56 (0.48-0.66) 0.49 (0.41-0.59) <0·001

Model 4 1·00 0.58 (0.49-0.68) 0.50 (0.42-0.60) <0·001
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Supplementary Table 6B. Risk of coronary heart disease events by apolipoprotein A-I tertiles in WHS

Apolipoprotein A-I tertiles p-value

1 2 3

< 132 mg/dL 132-150 mg/dL > 150 mg/dL  

cases/total 381/6729 283/7564 407/13259

Model 1 1·00 0.64 (0.55-0.75) 0.52 (0.45-0.60) <0·001

Model 2 1·00 0.64 (0.55-0.75) 0.52 (0.44-0.60) <0·001

Model 3 1·00 0.69 (0.58-0.81) 0.57 (0.49-0.68) <0·001

Model 4 1.00 0.72 (0.61-0.84) 0.61 (0.52-0.72) <0·001

Data are shown as hazard ratios and corresponding 95% confidence intervals for the risk of future coronary heart 
disease events. Hazard ratios were calculated by quartile, using the lowest quartile as reference category. Model 
1 indicates an unadjusted regression model. Model 2 is adjusted for age, randomized treatment assignment, 
hormone use, smoking, body mass index, blood pressure, low-density lipoprotein cholesterol and C-reactive 
protein. Model 3 is adjusted for the variables in model 2 and in addition for triglycerides.  Model 4 is adjusted for 
the variables in model 3 plus diabetes.

Supplementary Table 7. Risk of coronary heart disease events by HDL-C and apolipoprotein A-I tertiles in WHS

HDL cholesterol tertiles p-value

1 2 3

ApoA-I

tertiles

1 336/4940 42/1584 3/205 <0·001

1.00 0.37 (0.27-0.51) 0.19 (0.06-0.60)

2
130/1980 117/4032 36/1552 <0·001

0.95 (0.78-1.16) 0.40 (0.33-0.50) 0.32 (0.23-0.45)

3
48/567 128/3164 231/9129 <0·001

1.23 (0.91-1.6) 0.57 (0.46-0.70) 0.33 (0.28-0.39)

p-value 0.47 0.004 0.47

Data are shown as number of coronary heart disease events / total number of study participants· and hazard ra-
tios and corresponding 95% confidence intervals. Hazard ratios were calculated using those in the bottom tertiles 
for both HDL cholesterol and apolipoprotein A-I as reference category. HDL indicates high-density lipoprotein; 
apoA-I indicates apolipoprotein A-I.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   171 26/10/2017   17:23:56



172

Chapter 7
Supplementary Table 5. Baseline characteristics by HDL-C and apoA-I quartiles in the ARIC study

HDL cholesterol quartiles

  1 2 3 4 p-value 

ApoA-I

quartiles
Apolipoprotein 
A-I, mg/dl 1 94.9±12.15 (2642) 101.3±7.81 (998) 103.8±7.63 (302) 92.8±22.57 (27) <0.0001

2 119.5±5.34 (1188) 121.1±5.34 (1393) 122.3±5.32 (1147) 124.2±4.48 (213) <0.0001

3 137.9±5.56 (275) 138.9±5.59 (1023) 140.3±5.99 (1552) 142.5±5.70 (935) <0.0001

4 164.4±15.21 (43) 160.2±8.75 (205) 165.3±12.29 (878) 179.9±23.24 (2673) <0.0001

p-value <0.0001 <0.0001 <0.0001 <0.0001

HDL cholesterol, 
mmol/L 1 0.84±0.13 (2642) 1.13±0.06 (998) 1.36±0.08 (302) 1.78±0.20 (27) <0.0001

2 0.91±0.10 (1188) 1.14±0.07 (1393) 1.39±0.08 (1147) 1.71±0.15 (213) <0.0001

3 0.93±0.11 (275) 1.16±0.06 (1023) 1.41±0.09 (1552) 1.76±0.15 (935) <0.0001

4 0.88±0.12 (43) 1.18±0.06 (205) 1.43±0.09 (878) 2.03±0.36 (2673) <0.0001

p-value <0.0001 <0.0001 <0.0001 <0.0001

Age, years 1 54.3±5.72 (2642) 54.0±5.86 (998) 54.2±5.78 (302) 53.3±5.34 (27) 0.1139

2 54.5±5.76 (1188) 54.2±5.66 (1393) 54.1±5.91 (1147) 52.8±5.89 (213) 0.0011

3 54.6±5.90 (275) 54.2±5.80 (1023) 54.2±5.78 (1552) 53.6±5.89 (935) 0.0071

4 52.1±5.50 (43) 54.0±6.06 (205) 54.9±5.65 (878) 54.0±5.64 (2673) 0.0130

p-value 0.5460 0.5426 0.0076 0.0013

Male sex 1 74.4 (1966/2642) 53.6 (535/998) 40.4 (122/302) 25.9 (7/27) <0.0001

2 70.3 (836/1188) 54.9 (765/1393) 38.3 (439/1147) 25.4 (54/213) <0.0001

3 66.2 (182/275) 48.7 (498/1023) 35.6 (552/1552) 20.1 (188/935) <0.0001

4 41.9 (18/43) 42.9 (88/205) 30.2 (265/878) 17.2 (459/2673) <0.0001

p-value <0.0001 0.0015 <0.0001 0.0013

Body mass index, 
kg/m2 1 29.0±4.76 (2641) 27.9±5.42 (996) 27.6±5.67 (302) 24.9±3.59 (27) <0.0001

2 28.9±4.83 (1188) 28.4±5.21 (1391) 27.4±5.59 (1147) 25.5±4.41 (212) <0.0001

3 29.7±5.38 (275) 28.6±5.24 (1022) 27.7±5.39 (1548) 26.0±5.31 (934) <0.0001

4 31.6±5.95 (43) 29.0±5.35 (204) 28.0±5.51 (878) 25.5±5.13 (2673) <0.0001

p-value 0.1526 0.0001 0.0058 0.0451

HbA1c, % 1 N/A N/A N/A N/A N/A

2 N/A N/A N/A N/A N/A

3 N/A N/A N/A N/A N/A

4 N/A N/A N/A N/A N/A

p-value N/A N/A N/A N/A

Non-HDL choles-
terol, mmol/L 1 4.51±1.07 (2642) 4.32±1.09 (997) 4.12±1.13 (302) 3.72±0.97 (27) <0.0001

2 4.66±1.10 (1188) 4.39±1.05 (1393) 4.07±1.07 (1147) 3.54±0.95 (213) <0.0001

3 4.79±1.19 (275) 4.62±1.14 (1022) 4.22±1.09 (1552) 3.69±1.05 (935) <0.0001

4 5.31±1.67 (43) 4.73±1.17(205) 4.40±1.16 (878) 3.64±1.04 (2672) <0.0001

p-value <0.0001 <0.0001 <0.0001 0.5208

Proefschrift_Julian_Final_20171024_colourPARTs.indd   172 26/10/2017   17:23:56



173

Comparison of apoA-I and HDL-C on CAD risk

HDL cholesterol quartiles

  1 2 3 4 p-value 

Triglycerides, 
mmol/L 1 1.74 (1.30-2.39) 

(2642)
1.20 (0.90-1.60) 
(998)

1.02 (0.82-1.30) 
(302)

0.85 (0.56-1.10) 
(27) <0.0001

2 1.81 (1.31-2.55) 
(1188)

1.30 (0.98-1.73) 
(1393)

1.04 (0.80-1.37) 
(1147)

0.84 (0.63-1.04) 
(213) <0.0001

3 2.22 (1.55-3.40) 
(275)

1.50 (1.12-1.95) 
(1023)

1.12 (0.87-1.47) 
(1552)

0.85 (0.67-1.08) 
(935) <0.0001

4 3.42 (1.90-4.91) 
(43)

1.72 (1.25-2.47) 
(205)

1.28 (0.97-1.74) 
(878)

0.91 (0.71-1.22) 
(2673) <0.0001

p-value <0.0001 <0.0001 <0.0001 <0.0001

Apolipoprotein B, 
mg/dl 1 99.9±29.1 (2641) 94.3±27.5 (997) 89.6±29.8 (301) 87.3±25.7 (27) <0.0001

2 102.7±29.1 (1188) 96.6±28.0 (1393) 89.5±27.8 (1147) 78.9±23.9 (213) <0.0001

3 106.1±32.9 (275) 103.5±30.1 (1022) 92.8±27.3 (1552) 80.5±25.0 (934) <0.0001

4 112.2±41.9 (43) 104.3±31.2 (204) 97.7±29.6 (877) 82.4±25.4 (2673) <0.0001

p-value 0.0001 <0.0001 <0.0001 0.0267

Systolic blood 
pressure, mmHg 1 120.9±17.1 (2641) 120.7±19.4 (998) 119.8±19.0 (302) 114.3±18.1 (27) 0.0390

2 122.5±17.7 (1187) 122.2±19.4 (1391) 120.8±19.3 (1146) 115.7±16.6 (213) <0.0001

3 124.5±18.3 (275) 122.3±18.7 (1023) 121.0±19.5 (1551) 119.3±19.3 (934) <0.0001

4 128.5±16.1 (43) 122.9±19.9 (205) 123.1±18.1 (878) 120.6±19.8 (2673) <0.0001

p-value <0.0001 0.0479 0.0005 0.0011

C-reactive protein, 
mg/L 1 N/A N/A N/A N/A N/A

2 N/A N/A N/A N/A N/A

3 N/A N/A N/A N/A N/A

4 N/A N/A N/A N/A N/A

p-value N/A N/A N/A N/A

Metabolic syn-
drome 1 70.0 (1849/2642) 35.7 (356/998) 19.9 (60/302) 7.4 (2/27) <0.0001

2 72.3 (858/1187) 42.0 (584/1392) 20.4 (234/1147) 8.0 (17/212) <0.0001

3 81.1 (223/275) 51.8 (529/1022) 24.0 (373/1551) 12.4 (116/935) <0.0001

4 88.4 (38/43) 58.0 (119/205) 32.9 (289/878) 13.3 (355/2671) <0.0001

p-value 0.0003 <0.0001 <0.0001 0.0738

Alcohol intake, 
g/day 1 0 (0-4.31) (2623) 0 (0-4.31) (992) 0 (0-6.20) (301) 0 (0-5.31) (27) 0.3070

2 0 (0-5.66) (1183) 0 (0-5.66) (1386) 0 (0-5.93) (1143) 0 (0-7.54) (213) 0.2855

3 0 (0-5.86) (273) 0 (0-5.66) (1016) 0 (0-7.54) (1543) 0 (0-5.93) (930) 0.5574

4 0 (0-1.89) (43) 0 (0-8.04) (204) 0 (0-5.66) (872) 0 (0-9.56) (2658) <0.0001

p-value 0.2109 0.1830 0.9514 <0.0001

For continuous variables data are shown as mean ± standard deviation or in case of skewed distribution, as medi-
an (interquartile range). In each cell the number between parentheses represents the total number of observa-
tions on which the summary estimate was based. For categorical variables, data are presented as percentage, 
and between parentheses number and total.  P-value is for Jonckheere Terpstra trend test across categories. HDL 
indicates high-density lipoprotein; LDL indicates low-density lipoprotein; ApoA-I indicates apolipoprotein A-I.
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ABSTRACT
Background: TA-8995 is a potent inhibitor of Cholesteryl Ester Transfer Protein (CETP) 

with beneficial effects on lipids and lipoproteins. The effect of TA-8995 on cholesterol efflux 
capacity (CEC), a measure of HDL function, and HDL subparticle distribution is largely un-
known.

Objective: To assess the effect of the CETP inhibitor TA-8995 on ABCA1 and non-AB-
CA1 driven CEC and on HDL-particle distribution.

Methods: Total, non-ABCA1- and ABCA1 - specific CEC from J774 cells and HDL sub-
class distribution assessed by 2D-gel-electrophoresis were measured at baseline and after 
12 weeks treatment in 187 mild-dyslipidemic patients randomized to placebo, 1mg, 5mg, 
10mg TA-8995 or 10mg TA-8995 combined with 10mg rosuvastatin (NCT01970215).

Results: Compared to placebo, total, non-ABCA1- and ABCA1 specific CEC were in-
creased dose dependently by up to 38%, 72% and 28% respectively, in patients randomized 
to 10mg TA-8995. PreBeta-1 HDL, the primary acceptor for ABCA1-driven cholesterol efflux, 
was increased by 36%. This increase in preBeta-1 HDL correlated significantly with the total 
as well as the ABCA1 driven CEC increase, whereas the HDL-C increase did not. 

Conclusion: TA-8995 dose-dependently not only increased total and non-ABCA1-spe-
cific CEC, but also increased ABCA1-specific CEC and preBeta-1 HDL particle levels. These 
findings suggest that TA-8995 not only increases HDL-C levels, but also promotes function-
al properties of HDL particles. This CETP inhibitor driven preBeta-1 HDL increase is an im-
portant predictor of both ABCA1- and total CEC increase, independent of HDL-C increase. 
Whether these changes in HDL particle composition and functionality have a beneficial ef-
fect on cardiovascular outcome requires formal testing in a cardiovascular outcome trial. 
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TA-8995 increases Cholesterol Efflux Capacity

INTRODUCTION
Large prospective studies have shown that plasma levels of high-density lipoprotein 

cholesterol (HDL-C) levels are inversely related with cardiovascular disease (CVD).1 Findings 
derived from recent Mendelian randomization studies, however, showed that genetic vari-
ants with an effect on HDL-C levels carry no predictive value for CVD outcomes.2 In addition, 
therapeutic interventions that were designed to increase HDL-C failed to show an effect on 
CVD events and these data have casted doubt on the causal relation between HDL-C and 
CVD outcomes.3–5 

HDL has been shown to encompass several properties that protect against athero-
sclerosis, but the major anti-atherogenic effect is believed to be its ability to remove excess 
cholesterol from macrophages in the arterial wall.6 Indeed, the capacity of plasma to me-
diate cholesterol efflux from macrophages is strongly predictive of future cardiovascular 
events, even after adjustment for plasma HDL-C.7–9 This apparent discrepancy might be ex-
plained by non-functional HDL through oxidative modifications secondary to inflammation.10 
Alternatively, the distribution of HDL particles may be skewed away from sub-fractions with 
a specific efflux receptor affinity. For example, ATP binding cassette transporter A1 (ABCA1) 
transfers cellular free-cholesterol to small nascent preBeta-1 HDL particles, whereas ABCG1 
promotes the efflux of free cholesterol to larger, more mature alpha HDL particles.11,12

Cholesteryl ester transfer protein (CETP) transfers cholesteryl esters from HDL to 
apoB containing lipoproteins, and CETP inhibitors were initially developed as HDL-C raising 
agents, in the assumption that raising HDL-C levels would result in CVD risk reduction. In-
deed, CETP inhibitors were shown to increase HDL-C and apoA-1 levels, but the effect size 
of the different CETP inhibitors on these parameters varies greatly.3,4,13,14 To date, however, 
CVD outcome studies investigating the effect of HDL-C raising modalities on CVD events 
have failed to show a beneficial effect3,4 These results have spurred a debate on the func-
tionality of the HDL that is generated  by CETP inhibitors and it has been speculated that 
CETP inhibitors may promote large non-functional HDL particles.15 Against this background 
it has become opportune to study the effects of CETP inhibition on the distribution of HDL 
subfractions and to measure the cholesterol efflux capacity (CEC) of plasma from patients 
treated with CETP inhibitors.

In a previous study we found that total CEC was increased by TA-8995.16 In the current 
study we explored the effects of TA-8995 treatment on non-ABCA1- and ABCA1-specific CEC, 
and we assessed CETP inhibitor driven changes on HDL subparticle distribution and their 
correlation with different cholesterol efflux capacities as well as with lipids and lipoproteins.
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 MATERIAL AND METHODS
Study design and participants

The TULIP trial was a multi-center randomized, double-bind, placebo-controlled, par-
allel-group, phase 2 trial in 364 patients, distributed over 9 treatment arms.16 The study was 
conducted between August 2013 and July 2014 and was in compliance with the ethical prin-
ciples in the Declaration of Helsinki, the International Conference on Harmonization  / Good 
Clinical Practice and appropriate regulatory requirements. The protocol was reviewed and 
approved by the Institutional Review Board of each participating center and each patient 
provided written informed consent. Details on study design have been reported.16 In short, 
patients aged 18-75 with mild dyslipidemia were recruited, defined as LDL-C levels between 
2.5 and 4.5 mmol/L, HDL-C levels between 0.8 and 1.8 mmol/L and triglycerides below 4.5 
mmol/L.  Major exclusion criteria were clinically manifest cardiovascular disease, type1 di-
abetes, poorly controlled type 2 diabetes (HBA1C over 8%) or uncontrolled hypertension. 

Study procedures

Plasma samples used for the analysis were obtained at baseline and week 12, in a 
fasted state. CEC was measured by Vascular Strategies (Horsham, PA, USA) according to 
methods previously described 7 in subjects randomized to placebo (n=37), 1mg TA-8995 
(n=37), 5mg TA-8995 (n=39), 10mg TA-8995 (n=35) as monotherapy and 10mg TA-8995 
combined with 10mg rosuvastatin (n=39). In short, J774 cells were radiolabelled with 2uCi 
of 3H-Cholesterol per milliliter. ABCA1 was upregulated by 6 hour incubation with 0.3mM 
8-(4-chlorophenylthio)-cyclic-AMP. Medium, containing 2.8% apolipoprotein B depleted 
plasma, was then added for 4 hours to cAMP stimulated and unstimulated cells. Liquid 
scintillation counting was used to quantify the effluxed 3H-cholesterol to the medium. Total 
cholesterol efflux capacity is defined as the efflux measured from cAMP stimulated J774 
cells. Non-ABCA1 specific cholesterol efflux capacity was measured from unstimulated J774 
cells. ABCA1 specific cholesterol efflux capacity was calculated as the difference between 
cAMP stimulated (total) and unstimulated (non ABCA1) cells. In the initial report we pre-
sented the data for total cholesterol efflux capacity16.  After analysis of the preBeta-1 HDL 
2D-gelelectrophoresis data (see below) we additionally measured ABCA1- and non-ABCA1 
specific cholesterol efflux capacity (cAMP stimulated and unstimulated) in plasma samples 
that were frozen and stored at -80 degrees Celsius. HDL subparticle distribution (preBeta-1, 
preBeta-2, alpha 1-4) was measured in the placebo, 5mg TA-8995, 10mg TA-8995 and 10mg 
TA-8995 combined with 10mg rosuvastatin treatment arms using 2D-gel-electrophoresis in 
plasma from placebo, 5mg TA-8995, 10mg TA-8995 and 10mg TA-8995 plus 10mg rosuvasta-
tin treated subjects according to methods previously published.17
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Statistical analysis

Differences in cholesterol efflux capacity (total, non-ABCA1- and ABCA1-specific) and 
HDL-subparticle distribution were analyzed as percent change from baseline using Analysis 
of Covariance (ANCOVA) with baseline values for the respective parameters as a covariate. 
HDL subparticle distribution by 2D-gel-electrophoresis is reported for the combined 5mg 
TA-8995 and 10mg TA-8995 monotherapy treatment arms. To address the contribution of 
preBeta-1 HDL to cholesterol efflux, multiple linear regression analysis was used to report 
the proportion of variance explained for specific models. Models with and without percent 
change from baseline for HDL-C and preBeta-1 HDL were compared in terms of R2 change. 
Regression analysis was performed for base covariates (model 1) and either addition of per-
cent change in HDL-C from baseline (model 2) or addition of percent change in preBeta-1 
HDL from baseline (model 3). Finally, percent change in preBeta-1 HDL was added to model 
2, resulting in model 4. This model represents the proportion of variance in CEC additionally 
explained by preBeta-1 HDL independent of HDL-C increase.
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RESULTS

Baseline characteristics

The overall baseline characteristics and predefined endpoints of the phase 2 study 
were previously reported.16 We measured cholesterol efflux capacity (CEC) and HDL parti-
cle subclasses in a total of 187 participants randomized to receive treatment with placebo 
(n=37), 1mg TA-8995 (n=37), 5mg TA-8995 (n=39), 10mg TA-8995 (n=35) or 10 mg TA-8995 
combined with 10mg rosuvastatin (n=39). Baseline characteristics were similar between 
treatment groups (supplements table S1). 

Cholesterol efflux capacity

Total CEC increased in patients randomized to TA-8995 and this effect was found to 
be dose-dependent by 17%, 33% and 38% in the patients receiving 1mg, 5mg and 10mg 
TA-8995, respectively, while CEC increased 31% in patients on 10mg TA-8995 plus 10mg ro-
suvastatin combination therapy (all p<0.001 compared to placebo, figure 1), as was recently 
reported.16 Non-ABCA1 specific CEC increased by 38%, 62% and 72% in the groups receiving 
1mg, 5mg and 10mg TA-8995, respectively, while a 67% increase was observed in patients 
randomized to 10mg TA-8995 in combination with 10mg rosuvastatin (all p<0.001 compared 
to placebo, figure 1). 

Figure 1. Total, non-ABCA1 and ABCA1-specific cholesterol efflux capacity as percent change from baseline.
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Figure 1 (continued). Data are presented as least squares means ± SEM. * p<0.05, **p<0.01, ***p<0.001 com-
pared to placebo. Placebo (n=37), ‘1mg’ is treatment with 1mg TA-8995 monotherapy (n=37), ‘5mg’ is treatment 
with 5mg TA-8995 monotherapy (n=39), ‘10mg’ is treatment with 10mg TA-8995 monotherapy (n=35), ‘10mg + 
10mg’ is combination therapy of 10mg TA-8995 plus 10mg rosvustatin (n=39). 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   181 26/10/2017   17:23:57



182

Chapter 8
ABCA1-specific CEC was increased by 14%, 25% and 28% for 1mg, 5mg and 10mg TA-

8995 monotherapy (p<0.05 for 5mg and p<0.01 for 10mg TA-8995 compared to placebo). 
Combination therapy of 10mg TA-8995 plus 10mg rosuvastatin resulted in a non-significant 
16% increase in ABCA1-specific cholesterol efflux capacity, when compared to placebo. The 
difference between 10mg TA-8995 monotherapy and 10mg TA-8995 in combination with 
10mg rosuvastatin was non-significant for all analysis. 

HDL-subparticle distribution

The effect of TA-8995 treatment on HDL subparticle distribution was measured by 
2D-gel-electrophoresis in subjects receiving placebo, 5mg TA-8995, 10mg TA-8995 and 10mg 
TA-8995 combined with 10mg rosuvastatin therapy, figure 2. The change from baseline was 
similar for 5mg and 10mg TA-8995 monotherapy, therefore we report the combined results 
for these groups (results for separate groups supplemental table S2 and S3). 

As expected, large alpha-1 HDL particle levels increased by 350% and 352% (p<0.001) 
in patients receiving mono- and combination therapy, respectively. Alpha-2 and alpha-4 par-
ticles were not significantly changed in any treatment group, whereas alpha-3 HDL was sig-
nificantly decreased by 17% from baseline in both mono and combination therapy (p<0.001). 

Finally, preBeta-1 HDL, a small discoidal lipid-poor particle that is the primary accep-
tor for ABCA1-driven cholesterol efflux, was significantly increased by 36% for TA-8995 mon-
otherapy (p<0.001); on 10mg TA-8995 combined with 10mg rosuvastatin there was a trend 
toward an increase (22%) but this was not statistically significant. The larger preBeta-2 HDL 
increased by 66% in patients on monotherapy and by 64% in patients receiving combination 
therapy with 10mg rosuvastatin (p<0.001). 

Figure 2A (Next page) and 2B (this page). HDL subparticle distribution as percent change from baseline as mea-
sured by 2D-gelelectrophoresis.

Data are presented as least squares 
means ± SEM. Figure 2A shows preB-
eta-1, preBeta-2, alpha-4, alpha-3, al-
pha-2 and alpha-1 results for placebo 
(n=36), monotherapy (5mg + 10mg TA-
8995, n=72) and combination therapy 
10mg TA-8995 plus 10mg rosuvastatin 
(n=39). Figure 2B shows the specific 
preBeta-1 data for placebo (n=36), 
‘5mg’is treatment with 5mg TA-8995 
(n=36), ‘10mg’ is treatment with 10mg 
TA-8995 (n=34) and ‘10mg + 10mg’ is 
combination therapy 10mg TA-8995 
plus 10mg rosuvastatin (n=39).  * 
p<0.05, **p<0.01, ***p<0.001 com-
pared to placebo. 

B
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Figure 2. HDL subparticle distribution as percent change from baseline as measured by 2D-gelelectrophoresis.

A
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Correlation analysis

The correlation of HDL-C and preBeta-1 HDL increases to CEC increases as coefficient 
of determination (R2) was assessed using multiple linear regression analysis. The results of 
these analyses are summarized in Table 1. 

HDL-C increase at week 12 was not significantly correlated with total and ABCA1-spe-
cific CEC increase, whereas it was significantly correlated with non-ABCA1 specific CEC 
increase (R2 change 0.08, p<0.001). In contrast, preBeta-1 HDL increase was significantly 
correlated with total- and ABCA1-specific CEC increase (R2 change 0.16 and 0.15 respec-
tively, p<0.001). The correlation with non-ABCA1 specific CEC was smaller (R2 change 0.04, 
p<0.05). Correction for HDL-C increase did not significantly change the correlation of preB-
eta-1 HDL with CEC (model 4).  

Baseline total CEC was explained for a substantial proportion by HDL-C and preBeta-1 
HDL levels. The contribution of preBeta-1 HDL to ABCA1-specific CEC at baseline was larger 
compared to HDL-C and contribution of preBeta-1 to non-ABCA1 specific cholesterol efflux 
was small. All together these findings indicate that the increase in preBeta-1 HDL not only 
explains a large proportion of variance in ABCA1-specific CEC, but also for total CEC, inde-
pendent of HDL-C increase, further underlining the importance of preBeta-1 HDL increase 
in relation to the observed increase of CEC. 
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DISCUSSION
Treatment with the CETP inhibitor TA-8995 led to a significant increase of total, 

non-ABCA1- and ABCA1-specific cholesterol efflux capacity (CEC) as well as a significant in-
crease in preBeta-1 HDL levels. The increase in HDL-C did not correlate with total or AB-
CA1-specific CEC increase, whereas the increase in preBeta-1 HDL had a significant correla-
tion with total and ABCA1-specific CEC. These findings not only underline the importance of 
the preBeta-1 HDL increase in relation to total CEC, a predictor of incident CVD events, but 
also confirm the earlier notion that HDL-C levels and HDL functionality as assessed by CEC 
are not necessarily interchangeable. Our data indicate that CETP inhibition by means of TA-
8995 increases preBeta-1 HDL levels and HDL particle functionality beyond a mere increase 
in HDL-C levels. 

Although low HDL-C levels are among the strongest epidemiological risk factors for 
CVD, both genetic studies and the outcome of clinical trials aimed to increase HDL-C lev-
els have casted doubt on the clinical utility of increasing total HDL-C levels. These findings 
have shifted the HDL-C hypothesis towards HDL functionality as a mediator of HDL-related 
atheroprotection.2 One of the key anti-atherogenic properties of the HDL particle is its role 
in the process of efflux of cholesterol from peripheral tissues to the circulation, where the 
HDL particle is the main acceptor. In recent years in vitro models have been developed to 
reliably and reproducibly measure this capacity.7 CEC, measured by the same methodology 
as in our study, was previously shown to be strongly and inversely related to coronary heart 
disease in a cross-sectional approach as well as in large prospective cohorts.7–9 It is of note 
that HDL-C levels were only a weak predictor for cholesterol efflux in those studies. 

Although all CETP inhibitors have been shown to induce an increase in HDL-C levels, 
the effects of dalcetrapib varies to a great extent from that observed for the potent CETP 
inhibitors anacetrapib, evacetrapib and TA-8995. HDL-C levels were shown to increase by 
33% in patients randomized to a daily dose of 300mg of dalcetrapib, whereas anacetrapib, 
evacetrapib and TA-8995 achieved HDL-C increases up to 179%.4,13,14,16 Similarly, the effects 
of CETP inhibitors on HDL-functionality and CEC vary greatly. A clinical trial investigating the 
CETP inhibitor dalcetrapib in patients with acute coronary syndrome showed that dalce-
trapib increased total CEC by 9.5% with no effect on ABCA1-specific CEC or preBeta-1 HDL 
levels.18 In contrast, treatment with the CETP inhibitors anacetrapib and evacetrapib has 
been shown to increase both total CEC and ABCA1-specific CEC, to about the same extent as 
TA-899519,20Hence, the increase of cholesterol efflux capacity is likely a CETP inhibitor class 
effect, with the potent compounds, anacetrapib, evacetrapib and TA-8995, having a more 
pronounced effect on total and ABCA1-driven components of cholesterol efflux capacity.

Amongst others, CETP inhibition leads to the formation of larger, more mature HDL 
particles, which is reflected in the robust increase in large alpha-1 HDL particles up to 350% 
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observed in our study. As non-ABCA1 specific efflux is mainly driven by ABCG1 and SRB1 
efflux to large HDL particles,11,12 this fits with the observed increase in non-ABCA1 specific 
CEC up to 72% at the 10mg dose of TA-8995. However, the finding that ABCA1-specific cho-
lesterol efflux capacity and small lipid-poor preBeta-1 HDL levels, the primary acceptor for 
ABCA1-mediated efflux, are increased upon CETP inhibition is counter-intuitive and poorly 
understood. To underline the importance of preBeta-1 HDL increase in relation to CEC, we 
showed that preBeta-1 HDL, independent of HDL-C increase, is an important predictor not 
only of ABCA1-specific but also of total CEC increase. In contrast, HDL-C increase was not 
correlated with total CEC increase, despite the 179% increase in HDL-C from baseline.

Currently, it is largely unknown how preBeta-1 HDL is synthesized and the mecha-
nism linking CETP-inhibition with increased preBeta-1 levels remains to be elucidated. One 
of the possible explanations is that CETP inhibition results in increased apoA-1 synthesis 
from the liver, which consequently leads to increased plasma preBeta-1 HDL levels. It has 
been shown that a significant fraction of apoA-1 undergoes intracellular lipidation and is 
released as nascent HDL from hepatocytes.21 Alternatively, preBeta-1 HDL may originate 
from the degradation of VLDL and other triglyceride rich lipoproteins, which are a potential 
source of preBeta-1 HDL.22 Indeed, it was recently shown that CETP inhibition does result in 
increased clearance and lipolysis of triglyceride-rich lipoproteins.23 

It is anticipated that patients who would potentially qualify for CETP inhibition are 
likely to be co-treated with statins. Therefore, it is reassuring that total and non-ABCA1 
specific CEC were still significantly increased in patients randomized to the combination of 
10mg TA-8995 and 10mg rosuvastatin. However, it was clearly diminished in patients on 
dual therapy, compared to patients receiving TA-8995 alone. In fact, it was recently shown 
that statin treatment actually lowers both preBeta-1 levels and ABCA1-specific and total 
CEC.20 Hence, the observed non-significant increase in ABCA1-specific CEC in patients rand-
omized to TA-8995 combined with a statin is likely caused by the reduction of CEC by statin 
treatment. 

Recently, the ACCELERATE trial, investigating the effect of evacetrapib in patients with 
established cardiovascular disease at high residual risk, was terminated for futility24, fueling 
the question why the efflux increase has not resulted in clinical benefit. No formal answer 
can be provided, since study results and a complete data analysis are still to be awaited. 
Nevertheless, baseline characteristics and sample size considerations have been recently 
reported and provide some clues for the lack of clinical benefit. First, baseline LDL-C of 2.10 
mmol/L was low and indicative of a well-controlled population, which was also reflected by 
98% of study population receiving statin therapy. 25 Absolute LDL-C reduction will be small in 
this population. A second concern is the diminished efficacy of evacetrapib to reduce apoB 
levels (as a substitute for LDL particle numbers) in combination with statins compared to 
evacetrapib monotherapy14, an effect also observed for TA-8995 in the TULIP trial.16 LDL-C 
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lowering by CETP inhibition combined with statins is partly a reflection of CETP mediated 
intravascular remodeling of LDL particles and only partly the consequence of LDL receptor 
mediated clearance of LDL particles. Therefore, the LDL-C reduction by CETP inhibition in 
combination with statins will likely overestimate the potential CVD risk reduction. Third, 
ACCELERATE enrolled high risk CAD patients of which an unexpected large proportion were 
diabetics (63.7%) and efflux potential never investigated in either category.20 Fourth, over 
30% of participants in ACCELERATE suffered from a recent acute coronary syndrome (ACS), 
on average 5.5 months before randomization. Previous LDL-C intervention studies have 
taught us to be cautious in our expectation of clinical benefit from LDL-C lowering in the first 
year following ACS, as a proportion of subsequent events are considered non-modifiable or 
refractory to lipid-lowering interventions. In combination with the relatively short follow-up 
time of 25 months, all these factors combined might have seriously restricted power, consid-
ering the small sample size of 12.000 patients. In contrast to ACCELERATE, the phase III study 
REVEAL, investigating the potent CETP inhibitor anacetrapib has recently passed futility as-
sessment.26 Where study power is an issue in ACCELERATE, REVEAL has enrolled over 30,000 
subjects and is therefore assumed to have superior power over ACCELERATE.

Finally, it should be stressed that ACCELERATE was never designed, nor powered to 
test the clinical utility of raising CEC and therefore this important clinical question remains 
to be answered. Post-hoc analyses from ACCELERATE, and REVEAL will have to be awaited.

In conclusion, we report that potent CETP inhibition by TA-8995 not only raises 
non-ABCA1 specific CEC, but also ABCA1-specific efflux and small nascent preBeta-1 HDL 
levels. The preBeta-1 HDL increase is an important predictor of both ABCA1- and total CEC 
increase, independent of HDL-C increase. The mechanism linking CETP inhibition and preB-
eta-1 HDL formation as well as the role of statin therapy in this process remain to be de-
termined. CETP inhibition with TA-8995 has now been linked to large decreases of ather-
ogenic lipoproteins, as well as to an improvement in the functionality of anti-atherogenic 
lipoproteins, a similar profile as shown for evacetrapib and anacetrapib before. The recent 
termination for futility of ACCELERATE might well be due to specific trial related issues in 
combination with untoward consequences of the combination of statin and CETP inhibitors. 
We will further need to wait for the final results of REVEAL, which recently did pass futility 
assessment, for a final verdict on CEC induction by CETP inhibition as a therapeutic target. 
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Antisense Oligonucleotides Reduce 
LP(a) and Its Pro-Inflammatory 

Effects in Two Randomized Trials: 
Ligand-Conjugated Antisense as a 

Novel Therapeutic Approach  

N.J. Viney, J.C. van Capelleveen, R.S. Geary, 
S. Xia, J. Tami, R.Z. Yu, S.M. Marcovina, 

S.G. Hughes, M.J.Graham, R.M. Crooke, 
S.T. Crooke, J.L. Witztum, 
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ABSTRACT

Background: Elevated Lp(a) is a highly prevalent (~20% of population), genetic risk 
factor for cardiovascular disease (CVD) and calcific aortic valve stenosis (CAVS), but no ap-
proved or specific therapy exists to substantially lower Lp(a) levels.

Methods: Results of two randomized trials with two unique antisense oligonucleo-
tides (ASO) designed to specifically lower Lp(a) levels are reported. In a Phase 2 trial, the 
safety, tolerability and efficacy of IONIS-APO(a)Rx, a 2nd-generation 2’-methoxyethyl-modified 
ASO (2’-MOE) targeted to apo(a), dosed subcutaneously once weekly with 100-300mg for 
12 weeks versus placebo in 64 patients with significantly elevated Lp(a) (Cohort A: 125-438 
nmol/L (≥~500-1750 mg/L and Cohort B ≥438 nmol/L (≥~1750 mg/L was assessed. Transen-
dothelial monocyte migration (TEM) ex vivo was assessed in 30/64 patients. In a Phase 1/2a 
first-in-man trial, the effect of IONIS-APO(a)-LRx, an N-acetyl-galactosamine (GalNac3)-conju-
gated, chimeric, 2’-MOE designed to be highly and selectively taken up by hepatocytes was 
assessed. Fifty-eight volunteers with Lp(a) ≥75 nmol/L (≥~300 mg/L) were given single doses 
of 10-120mg or 6 doses of 10-40mg subcutaneously over 22 days versus placebo. Oxidized 
phospholipids on apo(a) (OxPL-apo(a)), LDL-C and apoB were measured in both trials. The 
main efficacy endpoint was the change in Lp(a) at Day 85/99 for IONIS-APO(a)Rx and Day 36 
for IONIS-APO(a)-LRx.  

Findings: IONIS-APO(a)Rx resulted in Lp(a) reductions of 66.8±20.6% in Cohort A and 
71.6±13.0% in Cohort B (p<0.0001 for both vs. pooled placebo). TEM was decreased by 
12±16% (p=0.0069 vs. placebo) at day 85 and then returned to baseline after IONIS-APO(a)

Rx was stopped. IONIS-APO(a)-LRx resulted in potent mean reductions in Lp(a) of 66±21.8%, 
80±13.7%, and 92±6.5% (p=0.0007 for all vs. placebo) in the 10, 20 and 40 mg multi-dose 
groups, respectively, at day 36. The inhibitory effect (ED50) producing 50% reduction in plas-
ma Lp(a) was 140 mg/week for IONIS-APO(a)Rx and 3.97 mg/week for IONIS-APO(a)-LRx (>30-
fold higher potency). Significant reductions in OxPL-apo(a), LDL-C and apoB were noted with 
both ASOs. Both ASOs were safe, but IONIS-APO(a)-LRx showed no injection site reactions or 
flu-like symptoms.

Interpretation: IONIS-APO(a)-LRx represents a novel, tolerable, potent therapy to 
reduce Lp(a), pro-inflammatory OxPL and apoB/LDL-C. IONIS-APO(a)-LRx may mitigate 
Lp(a)-mediated risk and is being developed for patients with elevated Lp(a) with existing 
CVD or CAVS.

Funding: Ionis Pharmaceuticals
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RESEARCH IN CONTEXT
Evidence before this study

 We searched PubMed and ClinicalTrials.gov without language restrictions for trials 
published between Jan 1, 1990 and May 20, 2016, with the terms “Lp(a)”, “lipoprotein(a)” 
and “lipoprotein (a)”. Completed randomized trials assigning patients with elevated Lp(a) 
levels to a medical therapy were not found. The Lipoprotein Apheresis in Refractory Angina 
Study (NCT01796912), studying the effect of apheresis vs. sham apheresis on a variety of 
clinical and biochemical biomarkers in 20 patients with refractory angina and Lp(a) >50 mg/
dL, has finished recruiting patients. The Effects of Proprotein Convertase Subtilisin/Kexin 
Type 9 (PCSK9) Inhibition on Arterial Wall Inflammation Study in Patients With Elevated 
Lipoprotein(a) (ANITSCHKOW) Study will analyze the effect of Repatha (Evolocumab), which 
can lower Lp(a) 20-30%, on the percent change from baseline at week 16 in target-to-back-
ground ratio of an index vessel by FDG-PET/CT in subjects with baseline Lp(a) ≥ 50 mg/
dL and low-density lipoprotein-cholesterol ≥ 100mg/dL. This study is expected to finish in 
August 2017. The Study on the Effects of TA-8995 on Lp(a) in Subjects With Elevated Lp(a) 
(NCT02241772) evaluating a cholesteryl ester transfer protein inhibitor on Lp(a) levels is 
completed but results are not reported. The Early Aortic Valve Lipoprotein(a) Lowering Trial 
(EAVaLL, NCT02109614) evaluating niacin, which lowers Lp(a) 20-30%, versus placebo in 
aortic sclerosis is ongoing

Added value of this study

 The current study reports the results of 2 randomized controlled trials of antisense 
molecules targeting hepatic apolipoprotein(a) mRNA in lowering Lp(a) plasma levels. The 
trial with IONIS-APO(a)Rx is the first study of any kind to use a specific therapeutic interven-
tion targeting Lp(a) in patients with highly elevated Lp(a) levels and specifically, the first 
randomized study of the use of antisense (ASO) therapy in such patients. Along with show-
ing a significant reduction of mean Lp(a) of 67-72%, the study also demonstrated a signifi-
cant reduction in LDL-C, apoB, and oxidized phospholipids (OxPL) associated with apoB and 
Lp(a). Finally, these studies also showed that lowering Lp(a) and their associated OxPL led to 
reduced monocyte inflammatory activation, which returned toward baseline levels as the 
drug effect wore off. These data support the hypothesis that Lp(a) with its OxPL are proin-
flammatory. In the second study, we demonstrate the potency of new ASO chemistry in 
which the IONIS-APO(a)Rx  ASO is conjugated with a GalNac3 complex (termed IONIS-APO(a)-
LRX), which targets the ASO to the hepatocyte via the asialoglycoprotein receptor that is 
highly expressed in hepatocytes. IONIS-APO(a)-LRx was ~30-fold more potent compared to 
the parent ASO, leading to a >10-fold lower dose with much improved tolerability. The mean 
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% reduction with the highest dose of IONIS-APO(a)-LRx was 92.4% with no side effects noted. 
This is the first report of the enhanced therapeutic efficacy of a GalNAc3 conjugated ASO 
agent, which should allow highly effective therapeutic targeting of hepatocyte specific tar-
gets.

Implications of all the available evidence

 Lp(a) is an independent, causal, genetic risk factor for cardiovascular disease and 
calcific aortic valve stenosis. The potency of IONIS-APO(a)-LRx has the potential to normalize 
Lp(a) levels in almost all patients and abrogate nearly all Lp(a) mediated risk. This new tech-
nology demonstrates unprecedented potency and tolerability of antisense drugs, and spe-
cifically represents a new therapeutic paradigm for the use of ASO therapy for liver targets, 
both cardiovascular and non-cardiovascular. 
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INTRODUCTION
 Cardiovascular disease (CVD) continues to be the major cause of morbidity and 

mortality worldwide despite advancements in diagnosis and therapy. Genetic association 
and Mendelian randomization studies have shown a causal association between genetic 
variants associated with apoB-containing lipoproteins and CVD.12345 These observations are 
in line with natural history studies and clinical trials showing that either life-long low levels 
of apoB-containing lipoproteins or therapeutic interventions that lower apoB-containing li-
poproteins are associated with reduced risk of CVD events.6 However, despite achieving very 
low LDL-C levels with statins with or other lipid modulating therapies, significant residual 
CVD risk remains. For example, in the IMPROVE-IT trial,7 patients treated with simvastatin 
and ezetimibe following acute coronary syndromes achieved an LDL-C of 54 mg/dL but at 
this level of reduction 32.2% of patients continued to experience major adverse cardiac 
events over 6 years and only a 2% absolute CVD risk reduction was present. 

Lp(a) is a modified LDL particle that is composed of LDL and apolipoprotein(a) 
[apo(a)]. Lp(a) is now recognized as a major and independent risk factor for CVD and calcif-
ic aortic valve stenosis (CAVS).8910 On a molar basis Lp(a) appears to be more atherogenic 
than LDL since it mediates CVD risk not only from its LDL-like moiety but also its apo(a) 
component, as well as its content of pro-inflammatory oxidized phospholipids (OxPL).11121314 
Lp(a) levels are not appreciably altered by commonly used available therapies and indeed, 
statin therapy does not lower, and may even increase Lp(a) levels.15 Additionally, despite 
optimal LDL-C reduction, elevated Lp(a) remained a risk factor for additional CVD events in 
AIM-HIGH (final LDL-C 54 mg/dL),16 LIPID (final LDL-C 70 mg/dL)17 and JUPITER (final LDL-C 
62 mg/dL).18 Although niacin,19 mipomersen20 and PCSK9 inhibitors21 modestly lower Lp(a) 
by ~20-30%, until now neither specific nor potent therapies were available to lower Lp(a). 

  In a recent phase 1 trial in healthy volunteers, dose-dependent, potent reduc-
tions in plasma Lp(a) were observed after therapy with IONIS-APO(a)Rx (previously called 
ISIS-APO(a)Rx), a second generation antisense oligonucleotide (ASO) targeting hepatic apo(a) 
mRNA.22 We now report the findings of a Phase 2 trial using IONIS-APO(a)Rx in patients with 
significantly elevated Lp(a) levels in lowering Lp(a), their associated pro-inflammatory OxPL, 
LDL-C and apoB, as well as reducing monocyte inflammation. Furthermore, we report the 
first-in-man application of a novel paradigm in the design of ASOs to enhance potency and 
tolerability, as exemplified by IONIS-APO(a)-LRx, using ligand-conjugated antisense (LICA)23 
designed to specifically target the ASO to hepatocytes. 
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METHODS

Sequence and structure of IONISAPO(a)Rx and IONISAPO(a)Rx

Details of the development of IONISAPO(a)Rx were previously described.22 IONIS-
APO(a)Rx is a second-generation 2′methoxyethyl (MOE) chimeric antisense oligonucleotide 
drug targeted to apo(a) mRNA consisting of the nucleotide sequence 5’-TGCTCCGTTG-
GTGCTTGTTC-3 (Figure 1A).22 IONISAPO(a)-LRx is a generation 2.0+ ASO variant of ION-
IS-APO(a)Rx. It contains the same 20 nucleotide sequence as IONIS-APO(a)Rx and five 2′-MOE 
modified ribonucleosides at the 5′ and 3′ ends while retaining ten 2-O-deoxyribonucleosides 
within the central portion of the molecule. However, 6 of the 19 phosphorothioate linkages 
are replaced with phosphodiester linkages at positions 2, 3, 4, 5, 16 and 17. Furthermore, 
a triantennary N-acetylgalactosamine (GalNAc3) complex is covalently attached with a pro-
prietary linker to the  5’ end allowing rapid and specific uptake within hepatocytes via the 
asialoglycoprotein receptor (ASGPR) (Figure 1B).23 

Study Design of the IONIS-APO(a)Rx Phase 2 Trial

 This randomized, placebo-controlled, double-blind, dose titration, phase 2 study 
was conducted at 13 study centers in Canada, the Netherlands, Germany, Denmark and the 
United Kingdom. The placebo groups received saline injections. The trial consisted of 2 co-
horts: Cohort A in patients with Lp(a) ≥ 125 and < 438 nmol/L (~50-175 mg/dL); and Cohort 
B with Lp(a) ≥ 438 nmol/L (≥ ~175 mg/dL].

Subjects and Study Design of the IONIS-APO(a)-LRx Phase 1/2a Trial

 This randomized, placebo-controlled, double-blind, ascending dose, phase 1/2a 
study was conducted in healthy subjects with Lp(a) ≥ 75 nmol/L (~300 mg/L) to evaluate 
the safety, pharmacokinetics and pharmacodynamics of IONIS-APO(a)-LRx. The remaining 
Methods are placed in the Supplementary Appendix.

Role of the funding source

 The sponsor of the study was involved in the study design, data collection, data 
analysis, data interpretation, and the writing of this report. The corresponding author had 
full access to all the data in the study and had final responsibility for the decision to submit 
for publication.
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Figure 1. Structure and sequence of IONIS-APO(a)Rx (A) and IONIS-APO(a)-LRx (B). The figure depicts space-filling 

models with the nucleic acid sequence in capital letters below. IONIS-APO(a)Rx contains 20 nucleic acids with 
ten 2-O-deoxyribonucleosides within the central portion of the molecule and incorporates five 2′-methoxyethyl 
(MOE) modified ribonucleosides at the 5′ and 3′ ends. IONIS-APO(a)-LRx contains the same nucleic acid sequence 
but has only 6 of 19 sulfur groups in the backbone and additionally contains the triantennary N-acetylgalac-
tosamine (GalNAc3) complex. The phosphodiester (PO) linkages are indicated by an oxygen (o) for native linkage 
and by a sulfur (s) for phosphorothioate (PS) substitution, which provides stability and protection against nucleas-
es. The GalNAc3 complex is attached to the 5’ end via a proprietary THA linker for rapid and specific uptake within 
hepatocytes via the asialoglycoprotein receptor.

Tsimikas - Lancet - Figure 1
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RESULTS

IONIS-APO(a)Rx Phase 2 Trial

Baseline characteristics 

Table 1 displays the clinical and laboratory characteristics of Cohort A and B. In the 
overall group, patients were primarily white, mildly overweight, middle aged males (n=33) 
and females (n=28). Medical history included all subjects with elevated Lp(a), 41.0% with 
hypertension, 9.8% with DM, 27.9% with CAD, 16.4% with history of MI, 8.2% with revascu-
larization and 14.8% with carotid or peripheral arterial disease. A total of 68.9% of patients 
were on statin alone or in combination with ezetimibe or other lipid modulating therapies.  

In cohort A, median Lp(a) levels were 216.3 nmol/L (~900 mg/L) in placebo and 261.4 
nmol/L (~1088 mg/L) in IONIS-APO(a)Rx. In Cohort B, Lp(a) levels were 498.3 nmol/L (~2076 
mg/L) in placebo and 457.6 nmol/L (~1907 mg/L) in IONIS-APO(a)Rx, respectively (Table 1). 
Mean isoform size ranged from 16-17 KIV repeats across all 4 groups. Mean OxPL-apoB 
ranged from 21.9-32.0 nM and OxPL-apo(a) ranged from 50.3-65.8 nM, both sets of val-
ues are relatively high compared to prior studies in CAD or CAVS populations1013.  Mean 
LDL-C ranged from 87.2-127.7 mg/dL Mean apoB-100 ranged from 85.2-100.2 mg/dL in the 
4 groups. HDL-C and triglycerides were in the normal range Of the 58 patients with available 
LPA snp data, 75.9% (44/58) were positive for LPA rs3798220 and/or rs10455872 (Table 1). 
There was 1 rs3798220 homozygote, 3 rs10455872 homozygotes, 4 double heterozygotes, 
19 rs3798220 heterozygotes and 17 rs10455872 heterozygotes. 
Table 1. Baseline Characteristics of the Study Subjects in IONIS-APO(a)Rx Trial (Per-protocol set N=61)

Cohort A Cohort B

Placebo 100-300 mg Placebo 100-300 mg

Characteristic (N=26) (N=24) (N=3) (N=8)

Age (years) 54±10 55±7 62±8 61±8

Gender (M:F) 20:06 11:13 00:03 02:06

BMI (kg/m2) 27.7±3.1 27.6±3.5 27.8±4.5 29.0±5.1

   Hypertension 12 (46.2) 8 (33.3) 2 (66.7) 3 (37.5)

   Diabetes mellitus 1 (3.8) 3 (12.5) 1 (33.3) 1 (12.5)

   Coronary artery disease 7 (26.9) 7 (29.2) 2 (66.7) 1 (12.5)

   History of MI 6 (23.1) 3 (12.5) 1 (33.3) 0 (0)

   PCI/CABG 4 (15.4) 4 (16.7) 1 (33.3) 1 (12.5)

   Stroke/TIA 1 (3.8) 4 (16.7) 0 (0) 0 (0)

   Carotid/PAD 3 (11.5) 4 (16.7) 1 (33.3) 1 (12.5)

   Aortic stenosis 0 (0) 0 (0) 0 (0) 0 (0)
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Lipid lowering Medications, 
N (%)

   Statin 16 (61.5%) 15 (62.5%) 3 (100.0%) 6 (75.0%)

   Ezetimibe 7 (26.9%) 4 (16.7%) 0 (0.0%) 3 (37.5%)

   Other 1 (3.8%) 3 (12.5%) 0 (0.0%) 0 (0.0%)

Any lipid modulating     
medication

17 (65.4%) 16 (66.7%) 3 (100.0%) 6 (75.0%)

Lp(a), nmol/L

   Mean±SD 252±82 254.±82 488±60 445±105

   Median (IQR) 216 (185-311) 261 (171-317) 498 (424-542) 458 (422-512)

Lp(a) Isoform size (mean)

   Major apo(a) isoform,       
#KIV repeats

17±1 17±2 16±1 17±1

   Sum of both isoforms, 
#KIV repeats

36±7 38±8 36±3 36±4

OxPL-apoB, nM

Mean±SD 23.0±4.9 21.9±4.5 32.0±2.3 30.8±6.0

Median (IQR) 23.6 (19.2-26.8) 21.1 (17.5-25.4) 33.3 (29.4-33.5) 33.3 (29.0-33.8)

OxPL-apo(a), nM

Mean±SD 51.9±13.9 50.3±8.6 65.8±8.8 60.3±14.6

Median (IQR) 49.5 (39.4-62.7) 51.2 (44.4-57.3) 60.8 (60.6-76.0) 64.4 (49.4-72.5)

LDL-C, mg/dL 124.0±42.7 127.7±44.5 87.2±16.3 111.8±38.9

ApoB, mg/dL 100.2±28.3 99.4±24.8 85.2±5.3 94.6±22.5

Total Cholesterol, mg/dL 198.5±52.2 210.2±52.0 187.2±62.4 188.4±38.3 

HDL-C, mg/dL 47.0±12.8 57.6±13.1 69.3±47.5 51.1±9.0

Triglycerides, mg/dL

     Mean±SD 1378±87 124.5±52.4 153.7±7.3 127.0±26.5

     Median (IQR) 119 (90-149) 117 (91-128 155 (146-161) 130 (105-152)

LPA genotype N (%)

  rs3798220 homozygotes 1 (3.85) 0 (0.00) 0 (0.00) 0 (0.00)

  rs10455872 homozygotes 1 (3.85) 1 (4.55) 0 (0.00) 1 (14.29)

  Double heterozygotes 2 (7.69) 0 (0.00) 0 (0.00) 2 (28.57)

  rs3798220 heterozygotes 9 (34.62) 6 (27.27) 2 (66.67) 2 (28.57)

  rs10455872 heterozygotes 8 (30.77) 7 (31.82) 1 (33.33) 1 (14.29)

  None of above 5 (19.23) 8 (36.36) 0 (0.0) 1 (14.29)

  Total 26 (100) 22 (100) 3 (100) 7 (100)

Values with statistics are means±SD. To convert Lp(a) in nmol/L to approximate levels in mg/dL, divide by 2.4. 
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 Mean LDL-C corrected for Lp(a)-C ranged from 26.1-95.9 mg/dL and mean esti-

mated Lp(a)-C ranged from 31.5-61.0 mg/dL, consistent with the fact that in patients with 
elevated Lp(a) a substantial amount of their “LDL-C” is in fact Lp(a)-C.24 Lp-PLA2 mass was 
elevated (>235 ng/mL) in two of the 4 groups (Supplementary Appendix Table S1).

Effect of IONIS-APO(a)Rx on Lp(a), OxPL-apoB and OxPL-apo(a) 

Significant reductions were noted in Lp(a), OxPL-apoB, and OxPL-apo(a) in both Co-
hort A and B compared to placebo where no significant changes occurred (Figure 2). All 
reductions reached statistical significance by day 15-29, but the nadir generally occurred by 
day 85/99. Mean percent reductions in Cohort A were: 66.8±20.6% for Lp(a), 39.9±14.7% 
for OxPL-apoB, and 24.9±27.8 % for OxPL-apo(a). Mean reductions in Cohort B were: 
71.6±13.0% for Lp(a), 47.2±12.9% for OxPL-apoB, and 35.0±19.4% for OxPL-apo(a) (reduc-
tions in Lp(a) and OxPL-apoB for cohort A and B were p<0.0001 vs. pooled placebo, the re-
ductions in OxPL-apo(a) for cohort A and B were 0.0002 and 0.0005, respectively, vs. pooled 
placebo, Figure 2 and Table S1 Supplementary Appendix). The mean treatment difference 
(95% CI) between Cohort A and placebo was 62.8% (53.8, 71.9) for Lp(a), 35.2% (27.2, 43.1) 
for OxPL-apoB and 26.6% (13, 40.3) for OxPL-apo(a). The mean treatment difference (95% 
CI) between Cohort B and placebo was 67.7% (54.5, 80.8) for Lp(a), 42.5% (31.0, 54.0) for 
OxPL-apoB and 36.7% (16.9, 56.4) for OxPL-apo(a).

Effect of IONIS-APO(a)Rx on LDL-C, ApoB and hsCRP 

Significant reductions were noted in LDL-C and apoB in both Cohort A and B, com-
pared to placebo, where no significant changes occurred (Figure 2). Mean percent reduc-
tions in Cohort A were 11.8±11.4% for LDL-C (p=0.0007 vs. pooled placebo) and 10.3±10.0% 
for apoB (p=0.0003 vs. pooled placebo). Mean reductions in Cohort B were 22.7±17.7% 
for LDL-C (p<0.0001 vs. pooled placebo) and 17.5±11.8% for apoB (Figure 2 and Table S1 
Supplementary Appendix). The mean treatment difference (95% CI) between Cohort A and 
placebo was 13.0% (5.7, 20.2) for LDL-C and 11.3% (5.4, 17.2) for apoB. The mean treatment 
difference (95% CI) between Cohort B and placebo are 23.8% (13.4, 34.2) for LDL-C and 
18.5% (10.0, 27.0) for apoB.

The data were also analyzed by whether patients were on statin therapy or were 
not on statin therapy. No significant differences were noted in Lp(a), LDL-C, apoB-100, Ox-
PL-apoB or OxPL-apo(a) between patients on vs. those not on statins (Figure S5 and Supple-
mentary Appendix). Finally, to assess whether baseline LDL-C or baseline Lp(a) data affected 
changes in lipid variables, the data for percent changes in Lp(a), LDL-C, apoB, OxPL-apoB 
and OxPL-apo(a) were analyzed by Lp(a) and LDL-C quartiles. Although some numerical dif-
ferences were noted with a higher effect in patients with either very high Lp(a) or very low 
LDL-C, these did not reach statistical significance (Table S3 Supplementary Appendix). 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   206 26/10/2017   17:23:59



207

Antisense inhibition of Lp(a)

Figure 2. Mean percent change in Lp(a), LDL-C, apoB, OxPL-apoB,  OxPL-apo(a), LDL-C and apoB with time by 
treatment group in the IONIS-APO(a)Rx trial. (A) Lp(a), (B) LDL-C, (C) OxPL-apoB, (C) OxPL-apo(a), (D) LDL-C, (E) 
apoB. *p<0.05, **p≤0.01, ***p≤0.001. P values are for the differences in efficacy at the primary endpoint as 
determined by ANOVA or Wilcoxon Rank Sum test comparing IONIS-APO(a)Rx versus placebo. The shaded area 
represents the dosing window and arrows indicate dosing once weekly. Lp(a)=lipoprotein(a). ). OxPL-apoB=oxi-
dized phospholipids on captured apolipoprotein B and OxPL-apo(a) = oxidized phospholipids on captured Lp(a).

Tsimikas - Lancet - Figure 2
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Baseline hsCRP levels in the pooled Per-protocol set were 2.39±4.43 mg/L in the pla-

cebo group, 1.78±3.13 mg/L in Cohort A (p=0.92 vs. placebo) and 3.46±5.27 mg/L (p=0.28 
vs. placebo) in Cohort B. At Day 85/99, the mean absolute change in hsCRP in the pooled 
placebo group was -0.64±4.38 mg/L (p=0.44 vs. baseline placebo), in Cohort A -0.23±1.54 
(p=0.92 vs. baseline Cohort A and p=0.63 vs. change in placebo), and in Cohort B -1.50±3.27 
(p=0.37 vs. baseline Cohort A and p=0.20 vs. change in placebo). 

Total cholesterol and non-HDL-C decreased similarly in proportion to LDL-C but there 
were no significant changes in HDL-C, triglyceride, VLDL-C, plasminogen, OxPL-plasminogen, 
or Lp-PLA2 mass (Table S1 Supplementary Appendix). 

Effect of IONIS-APO(a) on monocyte migratory capacity

 Monocyte characterization and migratory capacity were measured at baseline, day 
85 (1 week after last dose) and day 190 (105 days after last dose) in a subgroup of 30 patients 
(17 subjects receiving IONIS-APO(a)Rx and 13 receiving placebo). At baseline, monocyte mi-
gration rate was elevated (65.3±9.7% in IONIS-APO(a)Rx and 60.2±9.3% in placebo group) 
compared to reference values in healthy volunteers of 30-40%.25 Following IONIS-APO(a)

Rx monocyte migration, quantitated at the percent of monocytes added to the culture that 
transmigrated across the endothelium, increased by 8.2±19.7% in the placebo group but 
was reduced by 11.9±15.5 in the IONIS-APO(a)Rx group (p=0.0069 placebo vs. IONIS-APO(a)

Rx, Figure 3A) at day 85. By day 190, the placebo group stayed increased by 6.8±16.6% but the 
IONIS-APO(a)Rx group remained reduced by 3.2±13.5% compared to baseline levels (p=0.09 
placebo vs. IONIS-APO(a)Rx). The mean treatment difference (95% CI) between IONIS-APO(a)

Rx group and placebo was 20.1% (6.0, 34.2) for Day 85 and 10.1% (-1.7, 21.8) for Day 190.  In 
the combined groups, the percentage change from baseline to day 85 in monocyte migra-
tion for Lp(a), OxPL-apoB and OxPL-apo(a) are shown in Figure 3B-D). When each treatment 
group was analyzed separately for TEM vs. biomarker, in the placebo group, the correlation 
coefficients and p-values are r=0.07, p=0.85 for Lp(a), r=0.25, p=0.49 for OxPL-apoB, and 
r=0.55, p=0.10 for OxPL-apo(a). in the IONIS-APO(a)Rx group, the correlation coefficients and 
p-values are r=0.06, p=0.82 for Lp(a), r=0.33, p=0.20 for OxPL-apoB and r=0.37, p=0.15 for 
OxPL-apo(a).
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Figure 3. IONIS-APO(a)Rx treatment attenuates the pro-inflammatory and pro-migratory monocyte phenotype in 
patients with high Lp(a) in the IONIS-APO(a)Rx trial. (A) Transendothelial migration of CD14+ monocytes at Day 
1 (baseline), day 85 (after 84 days treatment) and day 190 (105 days) after last drug administration) in patients 
receiving IONIS-APO(a)Rx (n=17) and placebo (n=13). Monocyte migration ex vivo was determined as in Meth-
ods and data shown here are the percent changes in migration in monocytes isolated at Day 85 and Day 190 vs. 
migration measured at Baseline. Panels B-D demonstrate scatter plots  between percent change in monocyte 
migration and Lp(a) (B), OxPL-apoB (C) and OxPL-apo(a) (D) from baseline to day 85.  
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IONIS-APO(a)-LRx Trial

Potency of IONIS-APO(a)-LRx vs. IONIS-APO(a)Rx

Dose-response relationships of IONIS-APO(a)Rx vs. IONIS-APO(a)-LRx on plasma Lp(a) 
reduction were further analyzed using an inhibitory effect normalized dose-response curve 
fit. The model-estimated doses that produced 50% of maximum drug-induced inhibitory 
effect (ED50) for plasma Lp(a) was 122 mg/week and 3.96 mg/week for IONIS-APO(a)Rx and 
IONIS-APO(a)-LRx, respectively.  Therefore, GalNAc-conjugation improved the potency of the 
APO(a) ASO by over 30-fold as measured by plasma Lp(a) levels (Figure 4).

Baseline characteristics of the participants

The baseline characteristics of the study participants for the SAD and MAD groups 
are shown in Table 2. These participants were healthy with no significant medical history. 
Mean Lp(a) levels ranged from 110.5-219.4 nmol/L (~400-900 mg/L) for the SAD group and 
142.7-165.4 nmol/L (~600-700 mg/L) for the MAD group. Because the entry criteria includ-
ed elevated Lp(a) levels, the mean size of their major isoform also tended to be small, with 
a mean range of 16-20 KIV repeats in the single dose cohort to 18-19 in the multiple dose 
cohort. OxPL-apo(a) levels were lower than in the IONIS-APO(a)Rx trial, consistent with lower 
Lp(a) levels. Mean LDL-C ranged from 108-139 mg/dL in the SAD group and 127-141 mg/dL 
in the MAD group. The estimated Lp(a)-cholesterol, HDL-C, triglycerides and VLDL-C tended 
to be normal but Lp-PLA2 mass was elevated (Table S2, Supplementary Appendix). 

IONIS-APO(a)-LRx IONIS-APO(a)Rx

Tsimikas - Lancet - Figure 4
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Table 2. Baseline Characteristics of the Study Subjects in IONIS-APO(a)-LRx Trial

Values with statistics are means±SD. To convert Lp(a) in nmol/L to approximate levels in mg/dL, divide by 2.4.
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Table 2. Baseline Characteristics of the Study Subjects in IONIS-APO(a)-LRx Trial (Continued)

Values with statistics are means±SD. To convert Lp(a) in nmol/L to approximate levels in mg/dL, divide by 2.4. 
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Antisense inhibition of Lp(a)
Effect of IONIS-APO(a)-LRx on Lp(a), OxPL-apo(a) and OxPL-apoB

In the SAD cohort, significant dose-dependent reductions in Lp(a) were achieved, 
with the nadir of the response at day 30, reaching mean reductions of 26.2±5.4% in the 
10mg group, 33.2±17.5% in the 20 mg group, 43.5±14.3% in the 40 mg group, 78.6±21.2% 
in the 80 mg group and 85.3±7.1% in the 120 mg, respectively, versus a 2.8±21.5% mean in-
crease in the placebo group (Figure 5A). The Hodges-Lehmann estimation of treatment dif-
ference (95% CI) in Lp(a) between IONIS-APO(a)-LRx SAD dose groups and placebo was 24.8% 
(3.1, 67.1) for 10 mg, 35.1% (2.2, 78.8) for 20 mg, 48.2% (10.9, 78.4) for 40 mg, 82.5% (50.5, 
109.2) for 80 mg and 84.5% (65.2, 111.6) for 120 mg. The effects of IONIS-APO(a)-LRx were 
sustained with significant reductions in Lp(a) of 46% and 44% in the 80 and 120 mg groups, 
respectively, at day 90. Similarly, a dose-dependent reduction in OxPL-apo(a) was noted 
with mean reductions of 11.6±102.5% in the 10 mg dose, 23.8±47.5% in the 20 mg dose, 
17.7±36.1% in the 40 mg dose, 38.4±34.6% in the 80 mg dose and 58.5±17.0% (p=0.014) 
in the 120 mg dose at day 30. The Hodges-Lehmann estimation of treatment difference 
(95% CI) in OxPL-apo(a) between IONIS-APO(a)-LRx SAD dose groups and placebo was 25.4% 
(-150.7-152.8) for 10 mg, 28.4% (-66.5-152.0) for 20 mg, 11.8% (-61.3, 134.4) for 40 mg, 
43.9% (-23.1, 119.3) for 80 mg, and 40.9% (7.5-143.9) for 120 mg (Table S2, Supplementary 
Appendix). For OxPL-apoB, significant reductions were noted in the 120 mg dose at days 15 
and 70 vs. placebo (Figure S6, supplementary Appendix).

In the MAD cohort, significant dose-dependent reductions in Lp(a) were achieved, 
with the nadir of the response at day 36, reaching mean reductions of 65.7±21.8% in the 
10mg, 80.1±13.7% in the 20mg, and 92.4±6.5% in the 40mg group, versus a 9.3±13.9% 
mean decrease in the placebo group (Figure 5B). The Hedges-Lehmann estimation of treat-
ment difference (95% CI) in Lp(a) between IONIS-APO(a)-LRx MAD dose groups and placebo 
was 59.4% (33.5, 79.1) for 10 mg, 72.3% (51.6, 87.7)  for 20 mg 82.4% (67.6, 99.8) for 40 
mg. The effects of IONIS-APO(a)-LRx were sustained with significant reductions in Lp(a) of 
39%, 53% and 58% in the 10, 20 and 40 mg groups, respectively, at 113 days after the last 
dose. Significant dose-dependent reductions in OxPL-apo(a) were achieved, with the nadir 
of the response at day 36, reaching mean reductions of 26.9±19.0% (p=0.0127), 43.5±29.5% 
(p=0.0047), and 71.9±19.7% (p=0.0007) in the 10 mg, 20 mg, and 40 mg groups, respective-
ly, versus a 16.3±48.1% mean increase in the placebo group (Table S2, Supplementary Ap-
pendix). The Hodges-Lehmann estimation of treatment difference (95% CI) in OxPL-apo(a) 
between IONIS-APO(a)-LRx MAD dose groups and placebo was 28.9% (6.6, 60.3)  for 10 mg, 
49.0% (16.2, 97.9) for 20 mg 77.9% (53.2, 106.3) for 40 mg. The effect of IONIS-APO(a)-LRx 
were sustained with significant reductions in OxPL-apo(a) of 34%, 54% and 66% in the 10, 20 
and 40 mg groups, respectively at day 50. For OxPL-apoB, significant reductions were noted 
at day 36 in the 20mg and 40 mg doses (Figure S6, Supplementary Appendix).
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Effect on LDL-C and apoB 

In the SAD cohort, mean reductions of 23.3±17.1% (p=0.0012 versus placebo) in 
LDL-C were achieved in the 120 mg dose and mean reductions of 5.6±11.6% (p=0.051 vs. 
placebo) and 12.8±12.5% (p=0.0012 vs. placebo) in apoB levels were achieved at day 30 at 
the 80 mg and 120 mg doses, respectively, (Table S2, Supplementary appendix). The Hodg-
es-Lehmann estimation of treatment difference (95% CI) in LDL-C between 120 mg and pla-
cebo was 26.6% (11.5, 55.6).. The Hodges-Lehmann estimation of treatment differences 
(95% CI) in apoB were 9.2 %(0.0, 26.2) for 80 mg and 17.1% (2.5, 31.8) for 120 mg.

In the MAD cohort, mean reductions of 15.9±15.2% (p=0.132 vs. placebo) and 
20.4±11.9% (p=0.0200 vs. placebo) in LDL-C were achieved at day 36 in the 20 mg and 40 
mg doses, respectively; mean reductions in apoB of 15.3±11.8% (p=0.06 vs. placebo) and 
19.2±10.7% (p=0.0200 versus placebo) were achieved at day 36 in the 20 mg and 40 mg 
doses, respectively (Table S2, Supplementary appendix). The Hodges-Lehmann estimation 
of treatment differences (95% CI) in LDL-C are 5.8%  (-2.1, 30.3) for 20 mg, and 13.7% (4.5, 
28.7) for 40 mg. The Hodges-Lehmann estimation of treatment differences (95% CI) in apoB 
are 7.4% (-1.7, 20.7) for 20 mg and 13.6% (1.1, 23.1) for 40 mg. The effect of IONIS-Apo(a)-
LRX on other lipid parameters and other biomarkers are provided in the supplementary (Ta-
ble S2, Supplementary appendix).  

Tolerability and safety for both trials

 In the IONIS-APO(a)Rx trial, there were no related serious adverse events observed 
during the study. Two patients experienced a myocardial infarction, one patient on placebo 
and one on IONIS-APO(a)Rx, and both patients were withdrawn from treatment after 11 and 
1 doses, respectively. The first patient had a history of hypertension, type 2 diabetes, CAD 
with multiple stents and peripheral arterial disease with multiple iliac and peripheral stents 
and was on rosuvastatin 20 mg. The second patient had a history of CAD with 6 coronary 
stents and a ventricular fibrillation arrest and was on 80 mg of atorvastatin. The Investiga-
tors assessed the events of “myocardial infarction” as severe in severity but unlikely related 
to study drug. A third patient on IONIS-APO(a)Rx experienced an episode of angina pectoris 
after 6 doses, missed one dose, then completed the remainder of the dosing period and 
post-treatment evaluation period.  The Investigator assessed the event of “angina pectoris” 
as moderate in severity and unlikely related to study drug. Overall, IONIS-APO(a)Rx was gen-
erally well tolerated with 9.9% and 11.9% of injections in cohort A and in Cohort B, respec-
tively, associated with injection site reactions. Four patients in total did not complete the 
treatment period, two due to myocardial infarction as above, one due to moderate adverse 
event at the injection site and one due to presyncope. In the IONIS-APO(a)-LRx trial, in con-
trast to the unconjugated drug, there were no serious adverse events, local injection site 
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reactions or other safety issues observed in any of the patients. The drug was well tolerated 
and all patients completed the study. 

There was no clinical evidence of pro-thrombotic effects or bleeding and no signifi-
cant differences were present between groups in plasminogen levels, liver tests or changes 
in renal function in both trials.Tsimikas - Lancet - Figure 5
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A Figure 5. Mean percent change 
in Lp(a) in the IONIS-APO(a)-LRx 
trial in the SAD (A) and MAD 
(B) groups. (A) Lp(a), *p<0.05, 
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DISCUSSION
 The two clinical trials reported here represent the evolution of antisense oligonu-

cleotide therapy targeting hepatic apo(a) mRNA. The first trial reflects a proof-of-concept 
Phase 2 trial of IONIS-APO(a)Rx demonstrating a significant lowering of highly elevated Lp(a), 
and the second Phase 1/2a trial of IONIS-APO(a)-LRx reflects a novel paradigm of inhibiting 
apo(a) in hepatocytes that is associated with superior potency in reducing Lp(a) and its asso-
ciated pro-inflammatory OxPL, along with enhanced tolerability. Overall, these data validate 
antisense-mediated targeting of apo(a) mRNA as the most potent and specific therapy to 
lower Lp(a) and provide a compelling rationale to test clinical hypotheses that treatment 
with IONIS-APO(a)-LRx will lead to benefit in patients at risk for or with established CVD or 
CAVS. Additionally, the therapeutic approach of specifically targeting ASOs to a specific cell 
type, in this case hepatocytes, represents a new conceptual and therapeutic paradigm for 
ASO therapy which can be utilized to improve potency and tolerability for any therapeutic 
target. 

These two clinical trials reveal four novel clinical observations: First, the IONIS-APO(a)

Rx trial is the first study to show potent reductions in plasma Lp(a) levels in patients with 
markedly elevated Lp(a). Importantly, comparable efficacy was observed irrespective of the 
highly or very highly elevated baseline Lp(a) levels, suggesting broad therapeutic effects 
across highly elevated Lp(a) levels. Second, the reductions in Lp(a) occurred in concert with 
significant reductions in pro-inflammatory OxPL associated with Lp(a), as well as reductions 
in LDL-C and apoB, consistent with a salutary effect on several causal pathways mediating 
CVD and CAVS. Third, the pro-migratory behavior of circulating monocytes to endothelial 
cells in subjects with elevated Lp(a) was significantly reduced while patients were on the 
drug, whereas monocytes regained their pro-migratory phenotype as the drug wore off.  
Finally, GalNAc3 conjugation and additional modifications of IONIS-APO(a)-LRx resulted in a 
>30-fold higher potency with a mean of 92.4% and up to a 99% reduction in Lp(a) levels, 
as well as enhanced tolerability. This extent of Lp(a) lowering should be sufficient to allow 
reduction in Lp(a) levels to normal in almost all patients, irrespective of baseline level and 
isoform size. Importantly, pharmacokinetic modeling based on results on the single 80 mg 
dose suggests that once monthly and quarterly dosing is feasible.

This is the first clinical study to evaluate a GalNAc3-modified ASO clinically targeted 
to the ASGPR present exclusively in hepatocytes.23 The ASGPR is present in nearly a million 
copies per hepatocyte and is a natural pathway to remove senescent proteins whose ter-
minal sialic acid residues have been removed to expose galactose. ASOs without GalNac3 
distribute throughout the body with highest concentrations in the liver and kidney but ac-
cumulate mainly in the liver and kidney. However, all liver cells can take up ASOs, including 
non-parenchymal cells that don’t synthesize apo(a). Finally, the concept of LICA modifica-
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tion creates a novel approach for antisense technology in targeting other receptors to facil-
itate enhanced potency, tolerability and dosing frequency. 

 Along with a reduction in Lp(a), significant reductions in LDL-C and apoB were not-
ed in both trials. The clinical laboratory measure of “LDL-C” includes the cholesterol con-
tent of LDL itself and that of the LDL moiety of Lp(a). Thus, “LDL-C” is best represented as 
“LDL-C + Lp(a)-C”24 with 30-45% of Lp(a) mass in mg/dL reflecting cholesterol mass.2627 Thus, 
as Lp(a) levels increase, the Lp(a)-C component increasingly contributes to LDL-C values. 
Additionally, statins will only affect the LDL particle and its cholesterol content, but appear 
increase Lp(a) by 10-20%.15 The LDL-C reduction in the present studies not likely due to this 
measurement phenomenon, as apoB-100 is also reduced similarly to LDL-C. Since the apo(a) 
ASO does not affect apoB-100 transcription,28 a plausible mechanism may be enhanced 
clearance in LDL-apoB particles. ApoB and apo(a) are synthesized in the liver independently, 
with apoB-100 synthesis rate ~ 3 fold greater than that of apo(a).29 Subsequently, apo(a) is 
covalently linked to apoB-100 to form Lp(a), either intracellularly or at the hepatocyte cell 
surface. Thus, apoB-100 can become either an LDL particle, with a fractional catabolic rate 
(FCR) of 0.37 pools/day, or an Lp(a) particle with a faster FCR of 0.22 pools/day.2930 Assuming 
the synthesis of apoB-100 remains unchanged, inhibition of apo(a) will shift those apoB-100 
previously destined for Lp(a) to conventional LDL, resulting in a considerably faster clear-
ance rate.  Another potential mechanism might be decreased competition of Lp(a) for LDL 
at hepatic LDL receptors.31 The covalent attachment of apo(a) to apoB-100 near to the LDL 
receptor binding domain of apoB-100 reduces the affinity of Lp(a) for the LDL receptor so 
that only a small portion of Lp(a) is cleared in through this pathway. However, if there is even 
a minor degree of binding of Lp(a) to the LDL receptor, the lowering of plasma Lp(a) would 
remove this competition and thus, essentially increase the rate of LDL clearance, further 
contributing to lowered LDL levels. Irrespective of the mechanism(s), LDL-C reduction of this 
range is on the order or higher than that achieved by ezetimibe and along with substantial 
Lp(a) reduction would be postulated to have beneficial cardiovascular properties.7 

Treatment with IONIS-APO(a)Rx also attenuated the pro-migratory property of mono-
cytes. As monocyte activation constitutes a pivotal inflammatory pathway relevant through-
out all stages of atherogenesis,32 these data are consistent with Lp(a) promoting atherogen-
esis via monocyte activation and inflammation. Baseline hsCRP levels were normal in cohort 
A but elevated in Cohort B with Lp(a) >175 mg/dL (3.46 mg/dL). Consistent with the findings 
on monocyte migration, IONIS-APO(a)Rx resulted in a 0.23 and 1.50 mg/L (to 1.96 mg/L) re-
duction in hsCRP in cohorts A and B, respectively. Significance was not reached, possibly due 
to the fact of relatively low numbers of patients and the fact that the saline treated placebo 
group also had a 0.64 mg/L reduction in hsCRP.  

Consistent with the effects on monocyte activation, IONIS-APO(a)-LRx and ION-
IS-APO(a)Rx both reduced pro-inflammatory OxPL present on apoB and apo(a). MCP-1 is 
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carried by Lp(a) and OxPL are major determinants of the MCP-1 binding.33 Lp(a), and Lp(a) 
through its OxPL content, is also known to activate monocytes to secrete cytokines such 
as IL-8.14 OxPL stimulate pro-inflammatory responses in endothelial cells, inactivate nitric 
oxide and induce pro-inflammatory gene expression and apoptosis in macrophages and are 
pro-calcifying, all properties that potentiate destabilization of inflamed atherosclerotic le-
sions.34 In the clinical setting, in primary and secondary prevention settings, OxPL-apoB is 
either a similar or an additive factor to Lp(a) predicting subsequent CVD events and CAVS 
progression.10111213 

Clinical perspective

Patients with elevated Lp(a) continue to suffer from cardiovascular death, refractory 
angina, and recurrent major adverse cardiovascular events.3536 Such patients are currently 
treated with apheresis in a few countries specifically for elevated Lp(a), but in most coun-
tries these patients receive “usual care”. Several studies have reported substantial reduc-
tions in CVD events in patients on apheresis compared to the time period prior to aphere-
sis,3738 and apheresis has also been shown to lower OxPL-apoB and OxPL-apo(a) in patients 
with elevated Lp(a).39 Additionally, Lp(a) is the only monogenetic risk factor identified for 
the development8 and progression of pre-existing CAVS.10 The present finding that of ASOs 
targeting apo(a) potently reduce plasma Lp(a) along with its associated OxPL, as well as re-
ducing LDL-C and apoB, in addition a concomitant reduction in pro-adhesiveness in plasma 
monocytes, create a strong rationale to assess whether potent Lp(a) lowering can reduce 

CVD and CAVS risk in subjects with elevated Lp(a). 
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SUPPLEMENTAL METHODS 
IONIS-APO(a)Rx is a second-generation 2′methoxyethyl (MOE) chimeric antisense 

oligonucleotide drug targeted to apo(a) mRNA consisting of the nucleotide sequence 5’ 
TGCTCCGTTGGTGCTTGTTC-3 (Figure S1A).1  IONIS-APO(a)-LRx is a generation 2.0+ ASO vari-
ant of IONIS-APO(a)Rx. It contains the same 20 nucleotide sequence as IONIS-APO(a)Rx and 
five 2′ MOE modified ribonucleosides at the 5′ and 3′ ends while retaining ten 2-O deoxy-
ribonucleosides within the central portion of the molecule. However, 6 of the 19 phospho-
rothioate linkages are replaced with phosphodiester linkages at positions 2, 3, 4, 5, 16 and 
17. Furthermore, a triantennary N-acetylgalactosamine (GalNAc3) complex is covalently 
attached with a proprietary linker to the  5’ end allowing rapid and specific uptake within 
hepatocytes via the asialoglycoprotein receptor (ASGPR) (Figure S1B).

 Study Design of the IONIS-APO(a)Rx Phase 2 Trial 

Study design is shown in Figure S2. Safety variables were assessed and blood and 
urine sampled for pharmacokinetic and pharmacodynamic analyses regularly throughout 
the study. The safety and tolerability of IONIS APO(a)Rx was assessed by comparing the 
incidence, severity, and dose relation of adverse events and changes in laboratory variables 
compared to placebo. Laboratory assessments included lipid panel, routine hematology, 
blood chemistry, urinalysis, coagulation, and complement variables. Other assessments in-
cluded vital signs, a physical examination, and 12-lead electrocardiograms. This trial was 
registered with ClinicalTrials.gov Database, NCT02160899 and EudraCT, 2014-000701-13. 

Monocyte Isolation, Flow Cytometry and Monocyte Transendothelial Migration Assay in 
the IONIS-APO(a)Rx Phase 2 Trial 

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood by 
means of a Percoll (GE Healthcare Europe GmbH, Eindhoven, The Netherlands) gradient. 
Next, the buffy coat, containing the PBMCs was collected, followed by magnetic activated 
cell sorting (MACS), using CD14-coated MicroBeads and MACS cell separation columns ac-
cording to manufacturer’s instructions (MACS, Miltenyi Biotec, Leiden, The Netherlands). 
Cells were counted using a CasyCounter (Innovatis, Roche Diagnostics, Indianapolis, IN).  

 For flow cytometry, red blood cells in whole blood samples (700µl) were lysed using 
RBC lysis buffer (eBioscience, San Diego, CA, USA), after which the samples were centrifuged 
at 400g for 5 min. The supernatant was discarded and the samples were resuspended in 200 
μL PBS. To each flow cytometry tube, 25 μl sample was added plus the appropriate amounts 
of each antigen specific monoclonal antibody (mAb) defined after titration of the dose rec-
ommended by the manufactures. The following fluorochrome labeled mAb were used:-
phycoerythrin CyChrome7 (PE-CyTM7)-anti CD14, allophycocyanin (APC)-Cy7-anti CD16, 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   221 26/10/2017   17:24:01



222

Chapter 9
peridinin-chlorophyll protein (PerCP)-Cy5.5-anti HLA-DR, PE-anti CD11b, APC-anti CD11c, 
APC-anti CD29, fluorescein isothiocyanate (FITC)-anti CD32, APC-anti CD36, APC-anti CD192 
(CCR2), FITC-anti CD195 (CCR5) [all from BD Biosciences, San Jos, CA, USA]; and PE-anti 
CD197 (CCR7), FITC-anti CD282 (TLR2), PE-anti CD282 (TLR4) and APC-anti CD163  [Bioleg-
end, San Diego, CA, USA]. Samples were incubated for 15 min at room temperature in the 
dark. All data were collected on a FACS Canto II (Becton Dickinson, NJ), compensation was 
performed using single color fluorochromes and BD FacsComp beads, and samples were 
analyzed using FlowJo software (version 5.4+). Delta mean fluorescence intensity (MFI) was 
obtained by subtracting median MFI of the isotype from the median MFI of the marker in 
corresponding color. 

To functionally assess the adhesive and migration capacity of CD14-positive mono-
cytes, a transendothelial migration (TEM) assay was performed as described elsewhere 
(PMCID: PMC4875657). Briefly, Human Arterial Endothelial Cells (HAEC, purchased from 
Lonza, Baltimore, MD)) were cultured to confluency in fibronectin-coated (30 ugr/ml Sticht-
ing Bloedvoorziening , Amsterdam, the Netherlands) six well plates (Corning, Tewksbury 
MA). Cells were grown in Endothelial Growth Medium (Lonza), supplemented with EMG2 
BulletKit (Lonza), containing bovine brain extract, human Epidermal Growth Factor, hydro-
cortisone, ascorbic acid, gentamicin, amphotericin B and Fetal Bovine Serum (FBS) at 37°C 
and 5% CO2   Endothelial cells were used up to passage four. The same batch of endothelial 
cells (ECs) was used throughout the whole study. ECs were activated with 10 ng/ml TNF 
overnight. TNF was purchased from Peprotech (London, United Kingdom). Freshly isolated 
monocytes were added at a concentration of 1*106 cells/ml for 30 min at 37°C, 5% CO2 and 
subsequently fixed with 3.7% formaldehyde (Sigma-Aldrich, Zwijndrecht, the Netherlands). 
Transmigrated monocytes were distinguished from adhered monocytes by their transition 
from bright to black morphology. At least a total of eight images were recorded (in dupli-
cate) with a Zeiss Axiovert 200 microscope (Plan-apochromat 10x/0.45 M27 Zeiss-objective; 
Carl Zeiss MicroImaging Inc., Jena, Germany). Quantification was performed by using the 
freely available cell counter plugin (http://rsbweb.nih.gov/ij/plugins/cell-counter.html) in 
the ImageJ software (v1.50g; http://rsb.info.nih.gov/nih-image/).

Subjects and Study Design of the IONIS-APO(a)-LRx Phase 1/2a Trial 

 This randomized, placebo-controlled, double-blind, ascending dose, phase 1/2a 
study was conducted in healthy subjects with Lp(a) ≥ 75 nmol/L (~300 mg/L) to evaluate 
the safety, pharmacokinetics and pharmacodynamics of IONIS-APO(a)-LRx  (Figure S3). Par-
ticipants were enrolled at the BioPharma Services Inc., phase 1 unit in Toronto, Canada. In 
the single ascending dose (SAD) phase, subjects in each cohort were randomized 3 active:1 
placebo and treated with 10 (n=3), 20 (n=3), 40 (n=3), 80 (n=6) or 120 (n=6) mg IONIS-
APO(a)-LRx, or placebo (n=7). In the multiple ascending dose (MAD) phase, three cohorts of 
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10 subjects were randomized 8 active:2 placebo and were treated with 6 doses of 10, 20, or 
40 mg IONIS-APO(a) LRx, or placebo with dosing at days 1, 3, 5, 8, 15, and 22 for a total dose 
exposure of 60 mg, 120 mg, and 240 mg per cohort. In the MAD cohort, a loading regimen 
was used during the first week of dosing to ensure early achievement of steady-state liver 
concentrations based on an estimated liver and plasma elimination half-life of approximate-
ly 3 weeks.  

 Determination of interleukin-1 genotypes 

  IL-1 genotypes were measured at Interleukin Genetics, Inc. (Waltham, MA). The 
composite genotype termed IL-1(+) was defined by 3 single-nucleotide polymorphisms in 
the IL1 gene cluster associated with higher levels of pro-inflammatory cytokines, as previ-
ously described. All other less inflammatory IL-1 genotypes were termed IL-1(-).
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Figure S2. Study design of IONIS-APO(a)Rx Phase 2 trial.

Screening 

Post-Treatment
f/u Period

16 weeksR

Treatment Period
12 Weeks

28 days

12 weekly s.c. injections

100 mg 200 mg 300 mg

Figure S3. Study design of IONIS-APO(a)-LRx Phase 1/2 trial; single ascending dose and multiple ascending dose 
cohorts.
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Figure S4. Effect of IONIS-APO(a)Rx in patients with or without statin therapy.
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Table S3. Biochemical parameters at baseline and Day 85/99 in the IONIS-APO(a)Rx Phase 2 trial. 

                           IONIS-APO(a)Rx          

 
Placebo 

Cohort A 

100-300 mg 

Cohort B 

100-300 mg 

 (N=29) (N=24) (N=8) 

Lp(a), nmol/L (median (IQR))    

Baseline  223 (188-360)  261 (171-317) 458 (422-512) 

Endpoint (Day 85/99) 240 (185-309) 78 (43-114) 153 (66-190) 

Mean % Change -4.0 (13.0) -66.8 (20.6) -71.6 (13.0) 

Mean difference from Placebo (95% CI)  -62.8 (-71.9, -53.8) -67.7 (-80.8, -54.5) 

p-value‡  <0.0001 <0.0001 

OxPL-apoB, nmol/L (median (IQR))    

Baseline  24.6 (19.4-27.8) 21.1 (17.5-25.4) 33.3 (29.0-33.8) 

Endpoint (Day 85/99) 21.7 (18.4-23.4) 11.6 (10.5-15.1) 17.9 (11.9-19.2) 

Mean % Change -4.7 (14.5) -39.9 (14.7) -47.2 (12.9) 

Mean difference from Placebo (95% CI)  -35.2 (-43.1, -27.2) -42.5 (-54.0, -31.0) 

p-value‡  <0.0001 <0.0001 

OxPL-apo(a), nmol/L (median (IQR))    

Baseline  56.4 (43.4-62.7) 51.2 (44.4-57.3) 64.4 (49.4-72.5) 

Endpoint (Day 85/99) 54.1 (42.8-60.7) 38.7 (29.3-46.2) 35.5 (28.9-51.7) 

Mean % Change 1.7 (23.2) -24.9 (27.8) -35.0 (19.4) 

Mean difference from Placebo (95% CI)  -26.6 (-40.3, -13.0) -36.7 (-56.4, -16.9) 
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p-value‡  0.0002 0.0005 

LDL-C, mmol/L (mean)    

Baseline  3.11±1.09 3.31±1.15 2.90±1.01 

Endpoint (Day 85/99) 3.08±1.12 2.86±0.88 2.29±1.04 

Mean % Change 1.2 (12.5) -11.8 (11.5) -22.7 (17.6) 

Mean difference from Placebo (95% CI)  -13.0 (-20.2, -5.7) -23.9 (-34.2, -13.5) 

p-value‡  0.0007 <0.0001 

ApoB-100, mg/dL (mean)    

Baseline  98.6 (27.2) 99.4 (24.8) 94.6 (22.5) 

Endpoint (Day 85/99) 99.1 (31.4) 88.3 (21.4) 79.3 (26.4) 

Mean % Change 1.0 (10.8) -10.3 (10.0) -17.5 (11.8) 

Mean difference from Placebo (95% CI)  -11.3 (-17.2, -5.4) -18.5 (-27.0, -10.0) 

p-value‡  0.0003 <0.0001 

Total Cholesterol, mmol/L (mean)    

Baseline  5.11±1.35 5.45±1.35 4.88±0.99 

Endpoint (Day 85/99) 5.14±1.40 5.02±1.05 4.18±1.04 

Mean % Change 2.5 (8.6) -6.7 (8.9) -14.5 (11.9) 

Mean difference from Placebo (95% CI)  -9.2 (-14.4, -4.1) -17.0 (-24.4, -9.6) 

p-value‡  0.0007 <0.0001 

Non-HDL-C, mmol/L (mean)    

Baseline  3.83±1.25 3.95±1.25 3.56±1.00 

Endpoint (Day 85/99) 3.85±1.40 3.53±0.90 2.94±1.00 
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Mean % Change 1.6 (10.7) -8.5 (11.6) -17.9 (13.7) 

Mean difference from Placebo (95% CI)  -10.1 (-16.6, -3.7) -19.5 (-28.7, -10.3) 

p-value‡  0.0026 <0.0001 

HDL-C, mmol/L (mean)    

Baseline  1.28±0.49 1.49±0.34 1.32±0.23 

Endpoint (Day 85/99) 1.29±0.49 1.49±0.43 1.24±0.17 

Mean % Change 3.2 (11.9) -1.3 (11.8) -4.5 (14.9) 

Mean difference from Placebo (95% CI)  -4.5 (-11.4, 2.4) -7.7 (-17.6, 2.2) 

p-value‡  0.20 0.12 

Triglycerides, mmol/L ((median (IQR))    

Baseline  1.41 (1.04, 1.75) 1.32 (1.03, 1.45) 1.46 (1.19, 1.72 

Endpoint (Day 85/99) 1.53 (0.99, 2.24) 1.25 (1.05, 1.65) 1.48 (1.12, 1.64) 

Mean % Change 9.8 (31.1) 5.2 (27.7) -0.2 (15.3) 

Mean difference from Placebo (95% CI)  -4.6 (-20.5, 11.2) -10.0 (-32.7, 12.8) 

p-value‡  0.56 0.38 

VLDL-C, mmol/L (mean)    

Baseline  0.72±0.43 0.65±0.27 0.66±0.14 

Endpoint (Day 85/99) 0.77±0.47 0.67±0.29 0.65±0.18 

Mean % Change 9.9 (31.1) 5.5 (27.4) -1.2 (15.7) 

Mean difference from Placebo (95% CI)  -4.4 (-20.1, 11.4) -11.0 (-33.6, 11.6) 

p-value‡  0.58 0.33 

Plasminogen, µmol/L (mean)    
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Baseline  0.91±0.46 0.87±0.35 0.75±0.28 

Endpoint (Day 85/99) 0.88±0.48 0.97±0.56 0.68±0.22 

Mean % Change 2.7 (50.1) 8.7 (31.3) 8.7 (59.6) 

Mean difference from Placebo (95% CI)  6.0 (-18.8, 30.9) 6.0 (-30.0, 42.0) 

p-value‡  0.18 0.96 

OxPL-PLG, nmol/L (mean)    

Baseline  141.1 (65.0) 140.5 (74.2) 119.3 (55.7) 

Endpoint (Day 85/99) 113.5 (40.8) 128.7 (94.4) 94.6 (31.3) 

% Change -7.7 (49.5) -5.4 (48.2) 47.9 (206.9) 

Mean difference from Placebo (95% CI)  2.3 (-44.8, 49.4) 55.5 (-12.6, 123.7) 

p-value‡  0.74 0.76 

Lp-PLA2 mass, ng/mL (mean)    

Baseline  238.2 (61.0) 244.2 (49.8) 218.6 (29.2) 

Endpoint (Day 85/99) 243.1 (73.2) 257.2 (53.8) 223.3 (46.0) 

Mean % Change 3.1 (16.4) 6.4 (14.6) 1.5 (10.1) 

Mean difference from Placebo (95% CI)  3.3 (-5.1, 11.7) -1.5 (-13.6, 10.5) 

p-value‡  0.43 0.80 

‡ ANOVA or Wilcoxon Rank Sum test p-value for IONIS-APO(a)Rx versus placebo. Lp(a) = Lipoprotein(a); OxPL-apoB = Oxidized 
phospholipid associated with apolipoprotein B; OxPL-apo(a)=Oxidized phospholipid associated with apolipoprotein(a); OxPL-PLG = 
Oxidized phospholipid associated with plasminogen. Lp-PLA2 = lipoprotein-associated phospholipase A2. Baseline levels were 
defined as the average of all pre-dose values, including unscheduled visits. To convert Lp(a) in nmol/L to approximate levels in mg/dL, 
divide by 2.4. 
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Table S4. Biochemical parameters at baseline and Day 30 in the single-dose cohorts in the IONIS-APO(a)-LRx Phase 1/2a trial. 

                    IONIS-APO(a)-LRx, single-dose cohorts   

 Placebo 10 mg 20 mg 40 mg 80 mg 120 mg 

 (N=7) (N=3) (N=3) (N=3) (N=6) N=6 

Lp(a), nmol/L (median (IQR))       

Baseline  129.3  

(88.4, 151.3) 

196.8  

(127.3, 334.1) 

111.4  

(100.0, 282.8) 

131.4  

(89.5, 278.0) 

108.2  

(86.1, 139.5) 

131.7  

(96.0, 140.9) 

Endpoint (Day 30) 117.0  

(86.7, 195.5) 

137.5  

(91.0, 267.2) 

86.7  

(60.0, 169.2) 

86.5  

(57.0, 111.2) 

16.6  

(9.1, 29.9) 

24.4  

(9.9, 31.5) 

Mean % Change 2.8±21.5 -26.2±5.4 -33.2±17.5 -43.5±14.3 -78.6±21.2 -85.3±7.1 

Difference from Placebo in % 
change (95% CI)#  

-24.8  

(-67.1, -3.1) 

-35.1  

(-78.8, -2.2) 

-48.2 

 (-78.4, -10.9) 

-82.5  

(-109.2, -50.5) 

-84.5  

(-112.6, -65.2) 

p-value‡  0.0333 0.0333 0.0167 0.0012 0.0012 

OxPL-apoB, nmol/L (median (IQR))       

Baseline  24.0  

(19.2, 26.4) 

25.5 

 (24.1, 30.7) 

21.0 

(20.5, 30.3) 

21.8 

(20.7, 27.4) 

22.2  

(20.5, 25.1) 

23.1  

(22.5, 23.1) 

Endpoint (Day 30) 21.4  

(21.0, 22.4) 

20.6  

(19.5, 29.3) 

21.9 

 (21.2, 22.6) 

17.4 

 (15.7, 25.3) 

18.5 

 (17.0, 18.8) 

17.8 

 (15.8, 19.1) 

Mean % Change -0.0±22.1 -14.2±8.6 -5.9±16.9 -17.3±8.7 -18.6±13.2 -18.0±14.7 

Difference from Placebo in % 
change (95% CI)#  

-13.1  

(-46.4, 13.9) 

-10.7  

(-49.0, 33.4) 

-14.3  

(-47.8, 10.7) 

-18.3  

(-44.3, 9.7) 

-18.0  

(-46.4, 9.4) 

p-value‡  0.38 0.83 0.27 0.18 0.14 
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OxPL-apo(a), nmol/L (median 
(IQR))       

Baseline  49.7 

 (31.9, 72.1) 

43.1  

(40.5, 87.8) 

46.3  

(43.0, 74.4) 

46.6  

(33.6, 69.2) 

40.6  

(33.1, 44.6) 

53.3 

(49.6, 57.1) 

Endpoint (Day 30) 43.7  

(35.3, 57.3) 

23.6  

(13.6, 83.8) 

36.4  

(20.6, 52.6) 

39.4  

(21.1, 58.4) 

25.4  

(11.1, 39.0) 

16.5  

(14.6, 27.6) 

Mean % Change 6.6 ±60.1 -11.6±102.5 -23.8±47.5 -17.7 ±36.1 -38.4±34.6 -58.5 ±17.0 

Difference from Placebo in % 
change (95% CI)#  

-25.4 

 (-152.8, 150.7) 

-28.4  

(-152.0, 66.5) 

-11.8  

(-134.4, 61.3) 

-43.9  

(-119.3, 23.1) 

-40.9  

(-143.9, -7.5) 

p-value‡  0.52 0.67 0.67 0.37 0.0140 

LDL-C, mmol/L (mean)       

Baseline  3.53±1.20 3.38±0.35 3.24±1.05 2.89±0.41 2.78±0.85 3.59±0.55 

Endpoint (Day 30) 3.70±1.16 3.36±0.56 3.41±0.86 2.86±0.15 2.60±0.88 2.79±0.81 

Mean % Change 6.4±11.1 -1.1±6.6 7.7±13.1 0.5±17.8 -6.6±15.3 -23.3±17.1 

Difference from Placebo in % 
change (95% CI)#  

-6.2 

(-34.3, 7.8) 

-0.6 

(-24.4, 23.1) 

-7.9 

(-31.6, 20.7) 

-8.0 

(-34.3, 1.7) 

-26.7 

(-55.5, -11.3) 

p-value‡  0.27 1.00 0.52 0.14 0.0012 

ApoB-100, mg/dL (mean)       

Baseline  98±29 93±10 95±32 111±20 79±21 94±15 

Endpoint (Day 30) 104±30 93±14 96±28 107±23 75±23 82±21 

Mean % Change 6.5±8.0 0.2±4.5 3.2±7.7 -4.6±5.2 -5.6±11.6 -12.8±12.5 

Difference from Placebo in % 
change (95% CI)#  -4.9 -1.3  -10.3 -9.2  -17.1 
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p-value‡  0.52 0.67 0.83 0.95 0.45 
Triglycerides, mmol/L  ((median (IQR)) 

     

Baseline  0.80  

(0.57, 1.16) 

0.95  

(0.72, 1.00) 

1.36  

(0.40, 1.74) 

2.79  

(1.33, 4.15) 

0.78 ( 

0.73, 0.98) 

0.78  

(0.71, 0.93) 

Endpoint (Day 30) 0.71  

(0.63, 1.24) 

0.89  

(0.89, 0.94) 

1.38  

(0.76, 1.84) 

3.62  

(1.27, 4.57) 

0.76  

(0.70, 1.31) 

1.10  

(0.64, 1.42) 

Mean % Change 9.1±26.3 4.1±18.3 33.4±51.1 15.6±42.2 15.2±38.7 40.4±57.0 

Difference from Placebo in % 
change (95% CI)#  

-8.2  

(-52.8, 44.0) 

21.3  

(-45.7, 111.9) 

6.8 

(-56.2, 83.6) 

11.4  

(-41.0, 62.8) 

19.0  

(-27.5, 107.3) 

p-value‡  0.83 0.83 1.00 0.95 0.45 

VLDL-C, mmol/L  (mean)       

Baseline  0.38±0.12 0.42±0.07 0.53±0.31 1.26±0.64 0.40±0.15 0.37±0.09 

Endpoint (Day 30) 0.41±0.20 0.42±0.02 0.60±0.26 1.56±0.95 0.45±0.21 0.53±0.28 

Mean % Change 8.1±26.1 2.9±16.4 32.2±49.3 24.2±58.3 14.5±39.8 38.8±57.9 

Difference from Placebo in % 
change (95% CI)#  

-7.7  

(-46.8, 42.8) 

22.2  

(-39.2, 111.1) 

10.1  

(-53.3, 113.7) 

8.0  

(-44.0, 58.1) 

19.6  

(-30.9, 99.8) 

p-value‡  0.83 0.83 1.00 0.84 0.56 

Plasminogen, µmol/L  (mean)       

Baseline  1.07±0.35 0.97±0.10 1.03±0.41 0.99±0.25 1.12±0.47 0.91±0.26 

Endpoint (Day 30) 0.91±0.42 0.58±0.25 0.89±0.02 0.79±0.23 1.13±0.31 1.25±0.61 

Mean % Change -2.0 ±62.1 -38.2 ±33.1 -5.1 ±29.7 -14.5 ±36.1 13.8 ±50.2 35.0 ±32.9 

Difference from Placebo in %  -27.7 11.0 -5.8 19.1 56.9 
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 (-17.2, 4.5) (-19.3, 13.1)  (-24.4, 1.9) (-26.2, 0.0)  (-31.8, -2.5) 

p-value‡  0.38 0.70 0.12 0.05 0.0012 

Total cholesterol, mmol/L (mean)       

Baseline  5.51±1.45 4.98±0.27 5.48±0.90 4.87±0.52 4.66±1.05 5.45±0.49 

Endpoint (Day 30) 5.67±1.43 5.03±0.45 5.61±0.56 5.16±0.83 4.46±1.02 4.71±0.94 

Mean % Change 3.4±6.0 1.0±3.7 3.3±8.4 5.5±6.3 -3.9±9.5 -13.9±12.9 

Difference from Placebo in % 
change (95% CI)#  

-1.8  

(-12.8, 8.2) 

1.3 

 (-12.6, 16.4) 

2.6  

(-11.0, 15.2) 

-6.2  

(-17.7, 2.3) 

-17.9 

 (-32.2, -1.0) 

p-value‡  0.83 1.00 0.52 0.23 0.0140 

Non-HDL-C, mmol/L  (mean)       

Baseline  3.91±1.30 3.79±0.42 3.77±1.34 4.15±0.66 3.19±0.88 3.97±0.61 

Endpoint (Day 30) 4.11±1.31 3.78±0.55 4.01±1.05 4.42±1.00 3.05±0.93 3.33±0.88 

Mean % Change 6.7 ±11.3 -0.5±4.5 9.7±14.9 5.7±8.1 -4.4±13.0 -16.9±15.2 

Difference from Placebo in % 
change (95% CI)#  

-3.4  

(-32.5, 5.2) 

-0.1 

 (-25.3, 27.1) 

-0.6 

 (-24.3, 14.4) 

-7.0  

(-29.1, 5.3) 

-21.0  

(-39.8, -5.6) 

p-value‡  0.18 1.00 1.00 0.18 0.0140 

HDL-C, mmol/L  (mean)       

Baseline  1.60±0.55 1.18±0.25 1.70±0.69 0.72±0.14 1.48±0.27 1.49±0.19 

Endpoint (Day 30) 1.56±0.45 1.25±0.14 1.60±0.69 0.74±0.17 1.42±0.27 1.39±0.27 

% Change -0.4±13.6 7.2±11.0 -5.4±12.8 2.4±4.2 -3.5±11.2 -7.2±10.4 

Difference from Placebo in % 
change (95% CI)#  

8.9 

(-16.1, 28.9) 

-6.3 

(-29.8, 15.1) 

6.9 

(-18.1, 18.7) 

-1.4 

(-19.8, 13.0) 

-6.1 

(-24.5, 9.7) 
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change (95% CI)# (-140.7, 58.2) (-90.9, 75.0) (-107.8, 68.9) (-66.1, 95.6) (-43.9, 106.0) 

p-value‡  0.52 1.00 1.00 0.53 0.37 

OxPL-PLG, nmol/L (mean)       

Baseline  91±41 121±31 110±57 100±23 95±43 66±12 

Endpoint (Day 30) 99±78 59±23 82±43 61±22 127±62 83±47 

Mean % Change 11.1±85.1 -47.4±31.7 -25.1±2.0 -36.7±24.4 52.2±85.9 22.6±56.5 

Difference from Placebo in % 
change (95% CI)#  

-41.3  

(-232.2, 49.0) 

-13.2 

 (-195.8, 38.3) 

-23.8  

(-206.4, 47.2) 

40.3  

(-70.2, 168.8) 

25.4 

 (-82.8, 110.5) 

p-value‡  0.27 0.83 0.52 0.37 0.63 

Lp-PLA2 mass, ng/mL (mean)       

Baseline  331±90 357±105 232±185 323±47 328±73 202±92 

Endpoint (Day 30) 242±94 229±75 201±152 175±36 141±49 120±64 

Mean % Change -27.6±14.7 -36.3±3.3 -8.0±14.2 -46.1±4.5 -57.2±12.2 -35.6±21.9 

Difference from Placebo in % 
change (95% CI)#  

-7.4  

(-29.7, 15.4) 

26.1 

 (-11.0, 50.8) 

-16.5  

(-38.8, 6.3) 

-29.5 

 (-48.3, -8.9) 

-10.5  

(-30.8, 20.7) 

p-value‡  0.18 0.07 0.07 0.0047 0.63 

Lp-PLA2 activity, nmol/min/mL 
(mean)       

Baseline  171±41 203±13 117±102 196±30 146±24 133±69 

Endpoint (Day 30) 176±39 193±11 116±103 191±32 137±38 116±63 

Mean % Change 3.4±8.8 -4.6±1.9 -1.3±3.6 -2.2±9.5 -7.3±20.4 -11.7±7.3 

Difference from Placebo in % 
change (95% CI)#  -6.3  -4.8  -7.0  -14.3  -15.8  
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(-19.5, 7.2) (-15.7, 11.0) (-22.7, 10.1) (-28.9, 12.7) (-26.3, -3.7) 

p-value‡  0.12 0.52 0.52 0.14 0.0140 

#Hodges-Lehmann estimates of the differences (95% exact confidence intervals) between IONIS-APO(a)-LRx treatment groups and 
placebo group. ‡ Wilcoxon Rank Sum test p-value for IONIS-APO(a)Rx versus placebo. 
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Table S5. Biochemical parameters at baseline Day 36 in the multiple-dose cohorts in the IONIS-APO(a)-LRx Phase 1/2a trial. 

 

 

            IONIS-APO(a)-LRx, multiple-dose cohorts 

 Placebo 10 mg 20 mg 40 mg 

 (N=6) (N=8) (N=8) (N=8) 

Lp(a), nmol/L ((median (IQR))     

Baseline  131.0 

(87.3-200.7) 

128.0  

(104.2-172.4) 

158.6 

(137.7-200.6) 

150.8 

(128.3-198.0) 

Endpoint (Day 36) 112.7 

(91.7-168.5) 

42.0 

(22.4-63.9) 

40.0 

(13.5-46.8) 

9.4 

(4.0-24.0) 

Mean % Change -9.3±13.9 -65.7±21.8 -80.1±13.7 -92.4±6.5 

Difference from Placebo in % change (95% CI)#  -59.4 (-79.1, -33.5) -72.3 (-87.7, -51.6) -82.4 (-99.8, -67.6) 

p-value‡  0.0007 0.0007 0.0007 

OxPL-apoB, nmol/L (median (IQR))     

Baseline  20.0 (17.7, 21.3) 24.8 (21.9, 26.6) 21.9 (18.0, 27.1) 21.3 (20.3, 23.1) 

Endpoint (Day 36) 21.3 (19.9, 21.8) 19.3 (18.0, 20.5) 18.3 (16.9, 21.1) 15.7 (15.2, 16.3) 

Mean % Change 11.9±14.8 -21.4±14.4 -13.8±17.9 -27.9±9.5 

Difference from Placebo in % change (95% CI)#  -31.9 (-54.4, -13.6) -24.1 (-44.4, -6.0) -39.8 (-58.0, -23.8) 

p-value‡  0.0047 0.0127 0.0007 

OxPL-apo(a), nmol/L ((median (IQR))     

Baseline  50.4 56.4 55.6 48.4 
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(41.9-55.1) (40.1-62.0) (36.2-66.4) (42.8-61.3) 

Endpoint (Day 36) 45.8 

(44.1-56.7) 

39.1 

(33.7-42.6) 

38.4 

(17.3-42.5) 

12.8 

(6.6-18.3) 

Mean % Change 16.3±48.1 -26.9±19.0 -43.5±29.5 -71.9±19.7 

Difference from Placebo in % change (95% CI)#  -28.9 (-60.3, -6.6) -49.0 (-97.9, -16.2) -77.9 (-106.3, -53.2) 

p-value‡  0.0127 0.0047 0.0007 

LDL-C, mmol/L  (mean)     

Baseline  3.66±0.86 3.36±0.86 3.51±0.75 3.30±0.43 

Endpoint (Day 36) 3.46±0.79 2.99±1.03 2.89±0.53 2.62±0.45 

Mean % Change -5.2±6.3 -11.0±23.0 -15.8±15.2 -20.4±12.0 

Difference from Placebo in % change (95% CI)#  -10.6 (-24.1, 10.1) -5.7 (-30.3, 2.3) -13.7 (-28.1, -4.4) 

p-value‡  0.23 0.14 0.0293 

ApoB mg/dL (mean)     

Baseline  104±28 95±26 94±15 92±12 

Endpoint (Day 36) 98±26 88±29 79±12 75±12 

Mean % Change -5.9±3.6 -7.0±18.7 -15.3±11.8 -19.2±10.7 

Difference from Placebo in % change (95% CI)#  -6.8 (-14.4, 23.6) -7.4 (-20.7, 1.7) -13.6 (-23.1, -1.1) 

p-value‡  0.28 0.06 0.0200 

Total Cholesterol, mmol/L  (mean)     

Baseline  5.70±1.12 5.54±0.95 5.82±1.14 5.25±0.39 

Endpoint (Day 36) 5.44±1.06 5.27±1.09 5.45±1.08 4.57±0.40 

Mean % Change -4.7±3.6 -3.9±18.4 -6.2±6.1 -12.8±6.6 
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Difference from Placebo in % change (95% CI)#  -5.3 (-12.9, 16.8) -0.2 (-7.7, 4.4) -6.4 (-15.2, -2.4) 

p-value‡  0.35 0.85 0.0127 

Non-HDL-C, mmol/L  (mean)     

Baseline  4.33±1.13 3.90±1.00 4.04±0.77 3.77±0.47 

Endpoint (Day 36) 4.09±1.03 3.65±1.23 3.39±0.52 3.08±0.58 

Mean % Change -5.5±4.5 -6.2±22.5 -14.5±13.1 -18.5±11.0 

Difference from Placebo in % change (95% CI)# 
 

-8.2 (-16.9, 24.0) -5.4 (-16.3, 0.5) -11.8 (-25.0, -3.0) 

p-value‡  0.14 0.08 0.0127 

HDL-C, mmol/L  (mean)     

Baseline  1.37±0.38 1.64±0.56 1.78±0.93 1.48±0.27 

Endpoint (Day 36) 1.35±0.42 1.63±0.58 2.06±1.13 1.50±0.27 

Mean % Change -2.3±9.7 -0.3±10.3 15.4±24.9 1.7±8.2 

Difference from Placebo in % change (95% CI)#  0.6 (-8.0, 15.7) 13.5 (-4.7, 31.0) 4.5 (-5.9, 13.9) 

p-value‡  0.95 0.08 0.23 

Triglycerides, mmol/L  (median (IQR))     

Baseline  1.28 (0.98, 1.95) 1.09 (0.81, 1.55) 1.16 (0.92, 1.38) 1.04 (0.89, 1.22) 

Endpoint (Day 36) 1.22 (0.89, 1.71) 1.30 (0.76, 1.78) 1.06 (0.78, 1.23) 0.94 (0.83, 1.06) 

Mean % Change -4.0±20.4 26.1±52.3 -2.5±33.7 -4.9±22.0 

Difference from Placebo in % change (95% CI)#  21.5 (-18.6, 88.5) -4.0 (-32.7, 33.4) 0.4 (-27.8, 25.2) 

p-value‡  0.28 0.85 1.00 

VLDL-C, mmol/L  (mean)     
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Baseline  0.67±0.31 0.54±0.24 0.53±0.18 0.47±0.12 

Endpoint (Day 36) 0.62±0.29 0.66±0.39 0.50±0.22 0.46±0.17 

Mean % Change -4.7±21.3 27.4±52.9 -2.1±34.4 -4.1±22.1 

Difference from Placebo in % change (95% CI)#  22.3 (-18.1, 90.0) -0.0 (-31.8, 31.4) 1.1 (-27.4, 28.1) 

p-value‡  0.23 1.00 0.85 

Plasminogen,  µmol/L  (mean)     

Baseline  1.28±0.58 1.29±0.51 1.28±0.68 1.10±0.43 

Endpoint (Day 36) 0.92±0.19 1.42±0.79 1.38±0.64 0.86±0.45 

Mean % Change -16.1 ±37.2 12.9 ±52.9 24.0 ±63.6 -16.1 ±40.6 

Difference from Placebo in % change (95% CI)#  19.8 (-24.3, 89.8) 23.5 (-27.4, 112.5) -1.9 (-54.5, 40.6) 

p-value‡  0.23 0.23 1.00 

OxPL-PLG, nM (mean)     

Baseline  97±71 129±75 119±58 94±55 

Endpoint (Day 36) 75±43 110±41 74±26 67±43 

Mean % Change 25±109.0 1.5±47.5 -17.6±63.1 -25.5±39.2 

Difference from Placebo in % change (95% CI)#  7.8 (-111.2, 71.0) -21.3 (-127.2, 39.8) -16.0 (-134.5, 47.9) 

p-value‡  0.85 0.66 0.49 

Lp-PLA2 mass, ng/mL (mean)     

Baseline  295±95 284±93 369±48 303±94 

Endpoint (Day 36) 158±38 161±53 160±23 159±62 

Mean % Change -42.5±19.4 -42.1±14.3 -56.3±7.0 -48.3±6.9 

Difference from Placebo in % change (95% CI)#  -2.1 (-18.1, 20.0) -12.2 (-33.7, 4.5) -4.6 (-27.2, 15.3) 
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p-value‡  0.95 0.28 0.75 

Lp-PLA2 activity, nmol/min/mL (mean)     

Baseline  173±55 150±47 167±33 171±41 

Endpoint (Day 36) 156±47 141±55 145±45 146±38 

Mean % Change -9.2±4.1 -7.8±11.2 -14.2±12.8 -15.0±9.3 

Difference from Placebo in % change (95% CI)#  2.5 (-11.1, 13.3) -2.3 (-14.9, 5.8) -4.9 (-13.8, 2.2) 

p-value‡  0.75 0.75 0.18 

#Hodges-Lehmann estimates of the differences (95% exact confidence intervals) between IONIS-APO(a)-LRx treatment groups and 
placebo group. ‡ Wilcoxon Rank Sum test p-value for IONIS-APO(a)Rx versus placebo. 

Lp(a) = Lipoprotein(a); OxPL-apoB = Oxidized phospholipid associated with apolipoprotein B; OxPL-apo(a)=Oxidized phospholipid 
associated with apolipoprotein(a); OxPL-PLG = Oxidized phospholipid associated with plasminogen. Lp-PLA2 = lipoprotein-associated 
phospholipase A2. Baseline levels were defined as the average of all pre-dose values, including unscheduled visits. To convert Lp(a) 
in nmol/L to approximate levels in mg/dL, divide by 2.4. P-values represent differences in the mean percent change compared to the 
placebo group.  
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Table S6. Analysis of changes in Lp(a), LDL-C, apoB, OxPL-apoB and OxPL-apo(a) by quartiles of 
baseline levels of Lp(a) and LDL-C in the IONIS-APO(a)Rx Phase 2 trial  

 
Baseline Lp(a) Quartiles 

% change in LDL-C, mean (SD) Q1 Q2 Q3 Q4 
Placebo 7.1 (16.4) -2.5 (11.8) -2.5 (9.8) 2.8 (10.6) 
IONIS-APO(a)Rx -13.5 (13.0) -6.4 (9.1) -14.4 (11.4) -20.3 (17.3) 
  

 
Baseline Lp(a) Quartiles 

% change in apoB, mean (SD) Q1 Q2 Q3 Q4 
Placebo 2.9 (9.8) -2.5 (10.2) 0.5 (11.5) 4.8 (13.1) 
IONIS-APO(a)Rx -9.9 (10.4) -9.8 (8.3) -11.5 (10.6) -15.5 (12.9) 

     
 

Baseline Lp(a) Quartiles 
% change in OxPL-apoB, 
mean (SD) Q1 Q2 Q3 Q4 
Placebo -0.3 (13.4) -6.8 (18.0) -10.1 (13.9) -1.9 (11.4) 
IONIS-APO(a)Rx -32.6 (15.0) -42.4 (18.7) -45.3 (8.5) -44.4 (15.0) 

     
 

Baseline Lp(a) Quartiles 
% change in OxPL-apo(a), 
mean (SD) Q1 Q2 Q3 Q4 
Placebo -7.6 (11.4) 5.3 (37.6) 3.6 (15.9) 6.8 (10.7) 
IONIS-APO(a)Rx -21.4 (39.3) -33.9 (18.7) -30.3 (23.0) -25.1 (23.8) 

     
          
     

 
Baseline LDL-C Quartiles 

% change in Lp(a), mean (SD) Q1 Q2 Q3 Q4 
Placebo -9.2 (11.2) -6.4 (12.6) 3.0 (16.2) -2.9 (11.0) 
IONIS-APO(a)Rx -60.2 (20.0) -71.5 (17.2) -70.3 (14.2) -70.3 (23.5) 

     
 

Baseline LDL-C Quartiles 
% change in apoB, mean (SD) Q1 Q2 Q3 Q4 
Placebo 7.7 (11.0) -6.4 (10.8) 2.2 (9.8) 1.8 (7.6) 
IONIS-APO(a)Rx -9.3 (13.3) -14.4 (11.1) -10.8 (11.4) -13.9 (8.2) 

     
 

Baseline LDL-C Quartiles 
% change in OxPL-apoB, 
mean (SD) Q1 Q2 Q3 Q4 
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Placebo -0.0 (12.5) -13.9 (14.2) -2.7 (11.2) -0.9 (17.4) 
IONIS-APO(a)Rx -36.9 (13.7) -41.6 (12.6) -43.6 (11.0) -44.3 (19.6) 

     
 

Baseline LDL-C Quartiles 
% change in OxPL-apo(a), 
mean (SD) Q1 Q2 Q3 Q4 
Placebo -0.2 (19.5) -0.9 (14.2) -11.1 (15.1) 19.4 (33.0) 
IONIS-APO(a)Rx -29.0 (23.9) -30.7 (13.5) -22.1 (28.6) -28.2 (35.1) 
 
Quartiles of Lp(a) are: Q1 <189.45, Q2 ≥189.45 - <269.35, Q3- ≥269.35 - <366.45, Q4- ≥366.45 
nmol/L. The numbers of patients in the placebo group are 8, 9, 6, 6 for Q1, Q2, Q3, Q4, 
respectively. The numbers of patients in the IONIS-APO(a)Rx group are 7, 6, 9, 10 for Q1, Q2, Q3, 
Q4, respectively. 
Quartiles of LDL-C are: Q1 <2.38, Q2 ≥2.38 - <2.785, Q3- ≥2.785 - <3.885 , Q4- ≥3.885  mmol/L. 
The numbers of patients in the placebo group are 7, 8, 7, 7 for Q1, Q2, Q3, Q4, respectively. The 
numbers of patients in the IONIS-APO(a)Rx group are 8, 7, 8, 9 for Q1, Q2, Q3, Q4, respectively.  
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ABSTRACT
Aims: Genetic factors explain a proportion of the inter-individual variation in the risk 

for atherosclerotic events, but the genetic basis of atherosclerosis and atherothrombosis 
in families with Mendelian forms of premature atherosclerosis is incompletely understood. 
We set out to unravel the molecular pathology in a large kindred with an autosomal domi-
nant inherited form of premature atherosclerosis. 

Methods and Results: Parametric linkage analysis was performed in a pedigree com-
prising 4 generations, of which a total of 11 members suffered from premature vascular 
events. A parametric LOD-score of 3.31 was observed for a 4.4 Mb interval on chromosome 
12. Upon sequencing, a non-synonymous variant in KERA (c.920C>G; p.Ser307Cys) was 
identified. The variant was absent from nearly 28,000 individuals, including 2,571 patients 
with premature atherosclerosis. KERA, a proteoglycan protein, was expressed in lipid-rich 
areas of human atherosclerotic lesions, but not in healthy arterial specimens. Moreover, 
KERA expression in plaques was significantly associated with plaque size in a carotid-collar 
Apoe-/- mice (r2 = 0.69; p < 0.0001). 

Conclusion: A rare variant in KERA was identified in a large kindred with premature 
atherosclerosis. The identification of KERA in atherosclerotic plaque specimen in humans 
and mice lends support to its potential role in atherosclerosis. 
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INTRODUCTION
In both cardiovascular disease (CVD) and stroke, atherosclerosis is the underlying 

pathology. Genetic factors explain a proportion of the observed inter-individual variability 
in atherosclerosis progression, which is exemplified by the observed 30 - 60% heritability in 
twin studies,1 and the finding that a positive family history for premature atherosclerosis 
is an independent risk factor.2 Both common and rare genetic variants contribute to the 
heritability.3 A recent meta-analysis of Genome Wide Association Studies (GWAS) of nearly 
64,000 cases with CVD has identified 46 common single nucleotide polymorphisms (SNPs) 
of small effect size, which account for about 10.6% of the estimated heritability.4 The re-
maining heritability is assumed to be explained by a combination of common variants with 
effect sizes so small that they remained undetected in the recent GWAS meta-analysis, by 
rare variants with an intermediate effect, and by pedigree-specific mutations with a large 
effect. The latter have been identified in several pedigrees with Mendelian forms of ather-
osclerosis.5–11 A well-known example of such a monogenic dominant disorder, that under-
lies atherosclerosis, is Familial Hypercholesterolemia (FH), caused by loss of function (LOF) 
causing mutations in the genes encoding for the Low-density lipoprotein receptor (LDLR) or 
Apolipoprotein B (APOB), or gain of function (GOF) mutations in Proprotein convertase sub-
tilisin/kexin type 9 (PCSK9). Carriers of mutations in these genes are characterized by high 
plasma levels of LDL-cholesterol (LDL-c) and early onset atherosclerosis.12 

The molecular basis of premature atherosclerosis in the absence of high LDL-c lev-
els is largely unknown, but recently rare and putative causal variants in Myocyte enhanc-

er factor–2 (MEF2A) and Low-density lipoprotein receptor-related protein 6 (LRP6) have 
been identified in pedigrees with Mendelian forms of atherosclerosis where FH as a causal 
factor was ruled out. 5,10,11 The predictive power of a family based approach has recently 
been documented by Erdmann and co-workers,13 who identified 2 novel private mutations 
in Guanylate Cyclase 1 soluble alpha 3 (GUCY1A3) and Chaperone Containing TCP1 subunit 
7 (CCT7), in a pedigree with a mendelian form of CVD. The identification of such mutations 
in novel genes provides new and pivotal information about the pathobiology of premature 
atherosclerosis, and may ultimately lead to new pharmacological interventions to address 
the burden of atherosclerosis. 

The aim of the current study was to identify the molecular defect in a large non-FH 
pedigree with an autosomal dominant form of atherosclerosis. We identified a non-synony-
mous (ns) mutation in the Keratocan (KERA) gene, which encodes the extracellular proteo-
glycan KERA. Additional genetic, histological and animal studies were performed to further 
establish the role of this variant in atherosclerosis.
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METHODS

Recruitment of the pedigree with early onset atherosclerosis

A male subject who suffered from an acute myocardial infarction (AMI) at the age 
of 49 years was referred to the outpatient clinic of the Academic Medical Center (AMC) in 
Amsterdam (index case III:8). An autosomal dominant form of inheritance of early onset 
atherosclerosis in the pedigree was identified. Premature atherosclerosis was defined as a 
documented atherosclerotic event, either CVD or stroke, before the age of 55 (male) and 65 
(female). Blood was obtained after an overnight fast. Plasma was isolated by centrifugation 
at 3000 rpm, for 20 minutes at 4 °C and was stored at -80 °C for further analyses. Plasma 
cholesterol, LDL-c, high-density lipoprotein cholesterol (HDL-c) and triglycerides (TG) were 
analysed using commercially available assays (Randox, Antrim, United Kingdom and Wako, 
Neuss, Germany) on a Cobas-Mira autoanalyzer (Roche, Basel, Switzerland). Hypertension 
was defined as a systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 90 
mmHg or the use of anti-hypertensive lowering drugs. Diabetes mellitus was defined as 
fasting plasma glucose ≥ 7.0 mmol/l or use of anti-diabetic medication. The study complies 
with the Declaration of Helsinki and the Institutional Review Board of the AMC (Medische 
Ethische Toetsings Commissie, METC) of the University of Amsterdam approved the study. 
All participants provided written informed consent.

Genetic studies (figure 1)

Genomic DNA was extracted from whole blood on an AutopureLS apparatus accord-
ing to the manufacturer’s protocol (Gentra Systems, Minneapolis, MN, USA). Human Cy-
toSNP-12 BeadChip kits were used for genome wide single nucleotide polymorphism (SNP) 
genotyping (Illumina, San Diego, CA, USA) in 12 relatives (Figure S1; 9 affected and 3 unaf-
fected). A Nimblegen (Madison, WI, USA) custom sequence capture array comprising 395K 
probes was designed to enrich for the genomic region that was identified by linkage analysis 
and used to sequence the DNA region with an Illumina GAII platform. Confirmation of the 
identified mutations and analysis of co-segregation of the variant in the pedigree was by 
Sanger sequencing as previously described14. The following primer pairs were used: KERA: 
exon 1 forward 5’-AAG ATT ACC AGC CAA TAC AAT GC -3’, reverse 5’-TGA TGG GAG ACC 

CTC ATC TG-3’ exon 2 forward: 5’-GCC ACT AAG CCC TCC ATA GG-3’; Reverse (2) 5’-AGC 
AAT GGG GAA TAT GAC TTG-3’. After establishing the segregation in the core pedigree, the 
family was further expanded (Figure S1 in File S1).
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Figure 1. Schemati c overview of the gene discovery strategy. 

Validati on cohorts: 

The KERA variant was genotyped in: 
1. Premature Atherosclerosis (PAS) Cohort: this cohort comprises 935 pati ents with 

early symptomati c atherosclerosis before the age of 51 years. Atherosclerosis is defi ned as 
myocardial infarcti on, coronary revascularizati on, or evidence of at least 70% stenosis in 
a major epicardial artery.15 Pati ents were recruited at the cardiology and vascular outpa-
ti ent clinic of the AMC.16 To identi fy possible further cases with mutati on or rare variants 
in the coding fracti on of KERA the DNA samples of 296 randomly chosen PAS cases were 
sequenced. 

2. Sanquin Blood Bank common Controls: DNA samples from 1,440 healthy volun-
teers were recruited from a large cohort of healthy blood donors, who were free of clinical 
CVD, at one of the collecti on clinics of the Sanquin Blood Bank covering the northwest sec-
ti on of the Netherlands, which geographically overlaps the PAS case cohort.16 

3. Cambridge BioResource Collecti on: DNA samples of 8,946 healthy volunteers were 
enrolled by NHS Blood and Transplant Unit in a resource for genotype-phenotype associa-
ti on studies.17 In additi on, genotyping results from 16,515 samples were retrieved from the 

UK10K (htt p://www.uk10k.org) and the NHLBI Exome Sequencing (ESP) projects.18

Human plaque quanti fi cati on

Specimens of cornea (n = 2), tonsil (n = 2), mammary artery (n = 2), atheroscleroti c- 
and non-diseased arteries (n = 9) were collected from pati ents at autopsy. The ti ssues from 
autopsy material for histological verifi cati on of protein expression were obtained from the 
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Department of Pathology (Prof.dr. AC van der Wal) within the AMC, Amsterdam. They were 
anonymously provided to us according to the GPC guidelines. No METC conformation was 
required. For details of the staining procedures see Supplemental Methods in File S1.

Molecular dynamics computer simulations

Molecular dynamics (MD) computer stimulations were performed to assess the ef-
fect of the p.Ser307Cys mutation on the structure of the KERA protein (see Supplemental 
Methods in File S1).

Animal experiments 

The animal protocol was approved by the Ethics Committee for animal Experiments 
of the Leiden University (Leiden, The Netherlands) and carried out in compliance with the 
Dutch government guidelines. The animals were bred in house in the Gorleaus Laboratories 
of the Leiden/Amsterdam Center for Drug Research Leiden, the Netherlands. All surgery 
was performed under sodium pentobarbital anesthesia, and all efforts were made to min-
imize suffering. Male Apoe-/- mice, aged 10-12 weeks, were fed a Western type diet con-
taining 0.25% cholesterol and 15% cacao butter (Special Diet Services, Sussex, UK) starting 
two weeks prior to collar placement surgery. Mice (n = 3 - 4 per group) were anaesthetized 
at t = 0 or 2, 4, 6, 8 and 10 weeks after collar placement and in-situ perfusion-fixation was 
performed, after which carotid arteries were sectioned and lesions were analyzed.19 Mor-
phometric analysis using Leica Qwin image analysis software (Leica Microsystems, Rijswijk, 
The Netherlands) was performed on hematoxylin and eosin stained 5 μm sections of the 
carotid arteries at the site of maximal stenosis as previously described.19 Cryosections were 
stained for KERA protein using a rabbit anti KERA polyclonal antibody (clone H-50, Sc-66941) 
(Supplemental Methods in File S1).

Statistical analysis

Results are expressed as mean ± standard deviation unless otherwise stated. 
Two-sided P values of <0.05 were considered statistically significant. All statistical analysis 
were performed with SPSS version 18.0. Multipoint parametric linkage analysis assuming a 
fully penetrant autosomal dominant model, based on the clinical segregation of the disease 
phenotype in the pedigree and minor allele frequency (MAF) of < 0.001 was conducted 
using Allegro software.20 The identified variants were compared with the dbSNP (build 129) 
database and available data from the 1000 Genomes pilot project.21 Only those variants that 

were not present in the database were selected for further testing. 
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Table 1. Clinical characteristics of the core pedigree included in linkage analysis.

Patient Sex Type of 
CVD

Age 
CVD Medication

KERA

c.920C>G 

Diabetes 
mellitus 
(years)

Hyper-
tension

(years)

Smoking BMI

(kg/m2)

III:1 F None N/A None No No No Yes 20

III:2 F None N/A None No No Yes (55) No 32

III:7 F None N/A None No No No No 29

II:3 M AMI 42 Simva 40 mg Yes No No No 32

III:3 M CABG 49 Rosuva 10 mg Yes No No Yes 28

III:4 M CVA 58 Prava 40 mg Yes Yes (54) No No 31

III:6 F CVA 66 Atorva 20 mg Yes No No Yes 29

III:8 † M AMI 49 Atorva 80 mg Yes No No No 35

III:9 M PTCA 54 Simva 40 mg Yes No No Yes 30

III:10 M AP 46 Rosuva 20 mg Yes No No No 38

IV:1 F CVA 44 Atorva 20 mg Yes No No Yes 30

IV:2 F CVA 33 Prava 20 mg Yes No No Yes 32

AMI = Acute Myocardial Infarction; AP = Angina Pectoris; PTCA = Percutaneous Transluminal Coronary Angioplas-
ty; CABG = Coronary Artery Bypass Graft; CVA = Cerebrovascular Accident. Simva = Simvastatin, Rosuva = Rosu-
vastatin, Prava = Pravastatin and Atorva = Atorvastatin. BMI = body mass index (kg/cm2). † = index case. Subjects 
were considered smokers if they were current smokers or when they quitted smoking within the last 5 years.

Table 2. Characteristics of the core pedigree included in linkage analysis.

No atherosclerosis Atherosclerosis present

Age 78 ± 4 66 ± 13
Sex (N = male/female)

BMI

3/0

30.5 ± 4.3

6/3

31.0 ± 2.7
Total cholesterol (mmol/l) 6.4 [5.5 – 6.4] 4.1 [3.5 – 4.3]

LDL cholesterol (mmol/l) 4.2 [3.5 – 4.2] 2.1 [1.8 – 2.6]

HDL cholesterol (mmol/l) 1.7 [1.5 – 1.7] 1.1 [0.8 – 1.4]

Triglyceride (mmol/l) 1.2 [1.0 – 1.2] 1.3 [1.1 – 1.8]

Age is expressed as mean ± standard deviation and data are expressed as number (N). Lipid values are expressed 
as median with interquartile range (IQR). Pedigree members with an event use lipid lowering medication. LDL = 
low density lipoprotein; HDL = high density lipoprotein
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RESULTS

Identification of the mutation in KERA

The index case III.8 (Figure 2B) suffered from an AMI at the age of 49 years, and apart 
from obesity, no other atherosclerosis risk factors were identified (Tables 1 and 2). Ten rela-
tives did suffer from premature atherosclerosis, of whom 2 died prior to the conduct of this 
study. In addition to the nine living affected cases, we identified three unaffected relatives, 
who were above the predefined age for PAS and had not suffered from an atherosclerotic 
event. (Figure 2B, Tables 1 and 2). Genotyping was performed in these 12 individuals and 
multi-point linkage analysis resulted in a parametric LOD-score of 3.31 in a region located 
on chromosome 12q21.33-q22 (Figure 2A). The interval of 4.4 Mb was located between 
SNPs rs1688545 and rs1493848 (Figure 2B) and harboured 21 annotated genes (Tables S1 
and S2 in File S1). Sequencing of the interval in the index case III.8 revealed 1 non-synon-
ymous variant, which was absent from the 1000 Genomes project. This novel variant in 
exon 3 (NM_007035.3: c.920C>G; p.Ser307Cys, Figure 2C) was identified in a single KERA 
haplotype, which showed complete co-segregation with premature atherosclerosis in the 
core pedigree. Further expansion of the pedigree led to the identification of 10 additional 
KERA mutation carriers of whom 1 brother, aged 73 years, had no signs of atherosclerotic 
disease. Two female carriers of the mutation are still under the PAS age (Figure S1, Table 
S3 in File S1). The KERA p.Ser307Cys variant was absent from 27,901 other DNA samples, 
including samples from 935 cases from the PAS cohort (Table S4 in File S1) and 1,636 cases 
of premature MI collection of the NHLBI Exome Sequencing project. The coding sequence 
and intron-exon boundaries of KERA were additionally sequenced in 296 PAS subjects and 
no additional rare variants with MAFs < 0.5% were identified. 

Autosomal recessive LOF mutations in KERA cause cornea plana type 2 (CP2), an 
ophthalmologic disorder characterised by corneal flattening, but split lamp examination in 2 
carriers of the KERA p.Ser307Cys mutation did not reveal CP2 characteristics. Additionally, in 
9 CP2 cases and their 9 first-degree relatives (age > 55 and > 65 years for males and females) 
no evidence of clinical events related with atherosclerosis were detected.

The effect of the mutation on the KERA protein structure; in silico analysis (Figure 3)

The cysteine residues at 303 and 343 in KERA are highly conserved among a large 
range of animal species. The mutation, which introduces a novel cysteine at residue 307 
leads to a substantial change in this conserved region. This was studied in more detail by 
molecular dynamics (MD) computer simulations started from a homology model based on 
the crystal structure of decorin.22 The Ser307Cys mutation is localised in the C-terminal part 
of KERA and is flanked by cysteine residues at positions 303 and 343, which are assumed to 
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be covalently bonded (Figure 3A). Whilst the horseshoe fold, typical of leucine-rich 

repeat domain containing proteins, was maintained during simulati on, the mutati on at res-
idue 307 may form a preferred disulphide bond with Cys303, resulti ng in Cys343 being un-
paired and to become more solvent exposed than in the wild-type KERA protein (Figures 
3A - D). 

Figure 3. Structures obtained from molecular dynamic simulati ons of the mutant p.Ser307Cys KERA protein. 

Molecular dynamic simulati ons were performed as described in the Supplementary Methods. The residue Cys303 
is highlighted in yellow, Cys343 in green, Ser307 in cyan and Cys307 residue in blue. A, Structure of wild-type 
KERA. C Structure of the KERA mutant p.Ser307Cys. B, A detailed view of the C-terminal part of wild type KERA 
highlighti ng the Cys303-Cys343 disulphide bond. D, Possible structural eff ects of the substi tuti on of a serine for a 
cysteine at residue 307 showing a favourable Cys303-Cys307 disulphide bond. Consequently, Cys343 is available 
for binding with cysteine residues of other proteins.

Proefschrift_Julian_Final_20171024_colourPARTs.indd   250 26/10/2017   17:24:05



251

KERA and atherosclerosis
KERA is associated with atheroscleroti c burden in humans 

KERA was not expressed in tonsil ti ssue (Figure 4A) and mammary artery segments 
(Figure 4C). KERA was nicely expressed in cornea (Figure 4B). Interesti ngly KERA was present 
in a human artery segment obtained from a pati ent who is a carrier of the KERA mutati on 
(Figure 4D). Additi onally we have tested arterial segments from 9 pati ents at diff erent stages 
of atherosclerosis progression (Figures S2B and S2C in File S1) and found that KERA was not 
expressed in 2 non-diseased arterial segments (Figure S2A in File S1) but was expressed in 
atheroscleroti c plaque regions. KERA was localised within the extracellular matrix, in close 
vicinity to the lipid core of the atheroscleroti c plaque. Domains rich in KERA showed a strong 
staining by anti bodies against CD3 and Chemokine (C-X-C moti f) ligand 1 (CXCL1), indicati ng 
the presence of lymphoid T helper (Th1) cells in additi on to the myeloid cells (Figures 5A – 
C). 

Figure 4. KERA is expressed in atheroscleroti c but not in non-diseased arteries.

A, KERA is not expressed in tonsil ti ssue; B: KERA is expressed in corneal ti ssue C: KERA is not expressed in mam-
mary artery. D: KERA is expressed in arterial segments obtained from a pati ent with the KERA mutati on.
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Figure 5. Co-localization of KERA with CXCL1 and CD3 positive type I helper T lymphocytes was assessed in human 
plaque segments. A: triple stain with KERA (blue), CXCL1 (red) and CD3 positive cells (brown). B: Spectral Imaging 
of triple staining. C: The yellow staining demonstrates that these cells are positive for all three components.

Kera expression is associated with atherosclerotic burden in Apoe-/- mice

Next we tested whether KERA protein expression was associated with atheroscle-
rotic burden in an established Apoe-/- mouse model for atherosclerosis, in which athero-
sclerosis was induced by perivascular collar placement. At different time points after collar 
placement the degree of atherosclerosis and KERA protein expression was analysed in ca-
rotid artery. KERA was detected in both early and advanced atherosclerotic lesions (Figures 
6A and B). Interestingly, the extent of atherosclerotic lesion formation, quantified by intima 
area, was over time significantly correlated with KERA protein expression (r2 = 0.69, P < 
0.0001) (Figures 6C and D).
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Figure 6. Expression of KERA in atherosclerotic tissue in Apoe-/- mice after induction of atherosclerosis by collar 
placement. A – B, Early (week = 2, A) and advanced (week = 8, B) atherosclerotic tissue from murine carotid 
arteries were stained for KERA (brown) and hematoxylin (blue). While present mainly near endothelial cells in 
early lesion, KERA is predominantly present in the matrix of the plaque at more advanced lesions. C – D, KERA 
expression overtime in Apoe-/- mice with collar placement show significant correlation with plaque size (r2 = 0.69, 
P<0.0001).

A B
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DISCUSSION
We identified a novel p.Ser307Cys mutation in the extracellular matrix protein KERA 

in a large pedigree with a Mendelian form of premature atherosclerosis by linkage analysis 
combined with next generation sequencing. The variant was absent from nearly 28,000 DNA 
samples. KERA encodes for a keratan sulfate proteoglycan expressed in the cornea, trachea 
and at lower levels in the intestine, skeletal muscle, ovary and lung, However no expression 
in the vasculature has been reported.23 Interestingly, the protein was absent from healthy 
artery segments, but heavily abundant within the lipid core of atherosclerotic lesions, which 
emphasizes that KERA might be a novel actor in the pathobiology underlying atheroscle-
rosis. This notion is further strengthened by the fact that in Apoe-/- mice, induction of ath-
erosclerosis in the carotid arteries by cuff placements significantly correlated with KERA 
expression in the plaques. 

The mutation introduces a cysteine at residue 307 in the carboxy-terminal of the 
gene and is flanked by similar residues at positions 303 and 343, which are assumed to 
be disulphide bonded in wild-type KERA. Molecular dynamic simulations suggested that 
the new Cys307 favours form a disulphide bond with Cys303, which may lead to improved 
stability of the protein fold and structure around this carboxy-terminal domain. In addition, 
during simulation Cys343 was found to be more solvent exposed in the mutant protein thus 
enabling novel protein-protein interactions. Collectively, the results from the molecular dy-
namic simulations favour a gain of function (GOF) for the p.Ser307Cys mutation. 

The concept of GOF is further substantiated by studies in patients with LOF muta-
tions in KERA. Thus far, autosomal recessive LOF mutations in KERA cause cornea plane type 
2 (CP2) (OMIM 121400; 217300), a rare disorder characterized by excessively flat and thin 
corneas. Worldwide about 100 cases have been described.24–28 An increased risk for ather-
osclerosis has not been reported in these individuals, but this might have been overlooked 
because previous studies may have focussed solely on the ophthalmological consequences 
of KERA mutations. However, in the 9 identified CP2 patients in the Netherlands, and in their 
first degree relatives, no symptoms of premature atherosclerosis were observed, suggesting 
that both partial or complete LOF for KERA does not confer a substantial increase in the risk 
of atherosclerosis. No corneal abnormalities were identified in 2 affected family members 
(IV:I and IV:2, Figure 2B) carrying the novel p.Ser305Cys mutation. The absence of opthalmic 
effects in the assumed GOF mutation carriers is in line with previous studies, showing that 
KERA mutations are not identified in subjects suffering from cornea plane type 1 (CP1), the 
autosomal dominant form of cornea plana.29 

The clinical diversity between heterozygous carriers of our novel GOF KERA variant, 
characterized by atherosclerosis risk, and homozygous carriers of LOF KERA variants, re-
sulting in CP2, might be related to the putative GOF effect of the novel mutation. The role 
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of KERA in atherosclerosis has not been investigated so far, but it is interesting to note that 
KERA has been shown to play a role in neutrophil migration.30 In mice, neutrophil migration 
is orchestrated by a chemical gradient of a wide range of chemokines including CXCL1 in the 
vessel wall.31 KERA is one of the regulators of the CXCL1 gradient.32 Interestingly, endothe-
lial CXCL1 has recently been shown to play a crucial role in hyperlipidemia-induced arterial 
leukocyte arrest.33 The receptor for CXCL1 CXCR2 is present on myeloid cells like neutrophils 
and monocyte/macrophages, which are directly involved in all aspects of atherosclerosis.30 
We hypothesize that the GOF mutation observed in the large PAS pedigree results in an aug-
mented binding of KERA to CXCL1, which may lead to increased neutrophil migration into 
the vessel wall. This notion is supported by recent observations in mice, where both arterial 
CXCL1 and leukocyte-specific CXCR2 expression are central to macrophage accumulation 
in established fatty streak lesions.34 Concomitantly in mice lacking Cxcl1, atherosclerosis is 
significantly reduced.35 Notably, in human artery segments we observe a co-localisation of 
KERA with CXCL1 and the lymphoid T cell marker CD3. Further functional studies are re-
quired to confirm our proposed model.

A number of considerations have to be taken into account while interpreting the 
data. Although the results from this study are suggestive of a role for KERA in atherosclero-
sis, a direct causative role has not been established thus far. 

A specific concern is that neither we, nor others did observe possible KERA GOF mu-
tations in other cases with premature atherosclerosis. However, the identification of this 
extremely rare variant, which is absent from nearly 56,000 alleles and the confirmation of 
the presence of KERA in the plaque in mice and men does suggest that KERA may be an 
active player in an, as of yet, not fully elucidated novel pathway in atherosclerosis. Further 
studies are warranted to confirm our findings and to establish whether KERA might be an 
attractive target for therapy.
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SUPPLEMENTAL METHODS

Definition of CVD

CVD was defined by the presence of at least one of the following features: (I) acute 
myocardial infarction (AMI), proven by at least two of the following criteria: (a) classical 
symptoms (chest pain that may radiate, oppressive pain, nausea, sweating and absence of 
chest-wall tenderness on palpation [1]), (b) specific electrocardiographic abnormalities, (c) 
elevated cardiac enzymes (e. g. troponin [2] and elevated creatine-kinase (CK) and its my-
ocardial band enzyme (CK-MB), levels [3]); (II) percutaneous coronary intervention (PTCA) 
(III) coronary artery bypass grafting (CABG) (IV) angina pectoris (AP), diagnosed as classical 
symptoms (recurrent attacks of retrosternal pain brought on by effort and emotion and 
relieved by rest and the administration of nitroglycerin [4]) in combination with at least 
one unequivocal result of one of the following: (a) exercise test, (b) nuclear scintigram, (c) 
dobutamine stress ultrasound, (d) a more than 70% stenosis on a coronary angiogram or 
(f) requiring treatment (V) ischemic stroke (CVA), demonstrated by CT- or MRI scan. Blood 
pressure was measured using an oscillometric blood pressure device (Omron 7051T< Hoof-
ddorp, The Netherlands). 

Studies in patients with Cornea Plana 2 and ophthalmologic evaluation on KERA muta-
tion carriers 

Complete loss of function (LOF) variants in KERA have been described to cause au-
tosomal recessive Cornea Plana 2 (CP2), a rare disorder characterised by an aberrant large 
corneal radius curvature, resulting in hypermetropia, astigmatism and poor acuity [5]. Two 
heterozygous carriers of the novel KERA mutation in the family under study (IV:1 and IV:2) 
underwent split lamp examination to assess whether stigmata of CP2 were present. The 
Dutch Cornea Physicians Network participated in the study to substantiate the prevalence 
of premature atherosclerosis in patients with CP2 and their first-degree relatives. Patients 
were contacted by their treating physicians to obtain data regarding CVD.

Immunohistochemistry of Human plaque

Coronary arteries were classified according to different stages of atherosclerosis us-
ing hematoxylin (Fluka Biochemica, Buchs, Switzerland) and eosin (Sigma Aldrich, St. Louis, 
MO, USA) stains according to standard protocols. Mammary arteries were included as neg-
ative control [6]. Tissue specimen were stained with antibodies against KERA (rabbit anti 
human KERA clone H-50, Sc-66941, Santa Cruz Biotechnology, Santa Cruz, CA, USA), smooth 
muscle cell α-actin (SMA) (mouse 1A4 antibody, DAKO, Glostrup, Denmark), macrophage 
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CD68 (mouse monoclonal anti human CD68 PG-M1, DAKO, Heverlee, Belgium), endotheli-
al cell CD34 (mouse anti human CD34Q, Bend10, ThermoFischer Scientific, Waltham, MA, 
USA), Chemokine (C-X-C motif) ligand 1 (CXCL1) (LS-B2843 antibody, LifeSpan Bioscience, 
Seattle, WA, USA) and T-cell CD3 (mouse anti-human anti-CD3, IgG monoclonal SP7, Ther-
moFischer Scientific). 

Sections were fixed in 4% paraformaldehyde and subsequently embedded in paraf-
fin. For immunostaining, paraffin sections were deparaffinised before endogenous perox-
idase quenching and heat-induced epitope retrieval (HIER) citrate buffer pH 6.0 (Thermo 
Scientific). After blocking with Ultra V Block (Thermo Fischer Scientific, Fremont, CA, USA) 
slides were incubated anti-KERA 1:1000 (rabbit anti human KERA clone H-50, SC-66941, San-
ta Cruz, USA) overnight at 4ºC. Staining was performed with anti-rabbit Horse Radish Perox-
idase (HRP) labelled IgG (ImmunoLogic, Duiven, The Netherlands) followed by Bright DAB+ 
visualization (ImmunoLogic, Duiven, The Netherlands). Counterstaining was performed us-
ing hematoxylin and slides were cover-slipped with VectaMount (Vector Laboratories, Bur-
lingname, CA, USA). Positive controls consisted of samples of human cornea and human 
tonsil. Negative controls consisted of experimental tissues stained without the addition of 
primary antibodies following the same protocol. Microscopy pictures were analysed by Ado-
be Photoshop CS4.

To explore cellular localization of KERA in human atherosclerotic lesions the sequen-
tial alkaline phosphatase (AP) double staining method was used as described elsewhere 
[7]. KERA was stained in combination with either smooth muscle cell α-actin (SMA) (mou-
se 1A4 antibody, DAKO, Glostrup, Denmark), macrophage CD68 (mouse monoclonal anti 
human CD68 PG-M1, DAKO, Heverlee, Belgium) or endothelial cell CD34 (mouse anti hu-
man CD34Q, Bend10, ThermoFischer Scientific, Waltham, MA, USA). Visualization was per-
formed with vector blue (Vector Laboratories) for KERA and vector red (Vector Laboratories) 
for CD68, CD34 and SMA. Co-localization of KERA, T-cells CD3 and Chemokine (C-X-C motif) 
ligand 1 (CXCL1) was performed in human atherosclerotic lesions by triple staining with 
rabbit anti-human CXCL1 (1:500; LS-B2843 antibody, LifeSpan Biosciences, Seattle. WA, USA) 
and rabbit anti human CD3 (1:5000;, IgG monoclonal SP7, ThermoFisher Scientific). After 
overnight incubation with KERA antibody the tissue slides were incubated with anti-rabbit 
HRP labelled IgG (ImmunoLogic) and visualized with Dyoblue 1:100 (Dyomics, Jena, Germa-
ny). Subsequently, a protein block with Ultra V Block was performed, followed by incubation 
with the CXCL1 antibody for 60 min, followed by incubation with anti-rabbit HRP labelled 
IgG and visualization with vector red (Vector Laboratories). Then antigen retrieval in HIER 
citrate buffer pH 6.0, was done, followed by overnight incubation with CD3 antibody. Fi-
nally, for visualization the tissue slides were incubated with anti-rabbit HRP labelled IgG 
followed by addition of DAB+ and cover slipped. Immuno-triple stained tissue slides were 
analysed using Nuance 3.0 Spectral Imaging (Caliper Life Sciences, Hopkinton, MA, USA), a 
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computer assisted optical technique to get unblended colours in the section based on their 
spectral characteristics. This allows detailed analysis of the triple stained cells as described 
elsewhere [8].

Mice plaque assessment

Cryostat sections of the aorta root (n = 7; 10 mm) were embedded in Tissue Tek 
(Sakura Finetek, Alphen a/d Rijn, The Netherlands). Tissue slides were washed in phosphate 
buffered saline (PBS) and blocked with 5% milk powder, followed by incubation with KERA 
1:1000 (clone H-50, SC-66941). As secondary antibody anti-rabbit HRP labelled IgG was used 
and visualization with vector red was performed. The slides were counterstained with he-
matoxyline. Microscopy pictures were analysed using Leica Owin Image analysis software 
(Leica Microsystems, Rijswijk).

Molecular Dynamics Modeling Simulations

To investigate the possible effects of the p.Ser307Cys mutation on the structure of 
KERA, molecular dynamics (MD) computer simulations were performed. A homology model 
based on s crystal structure of Decorin (PDB code: 2FT3) [9], a protein showing great ho-
mology to KERA, was obtained from the SWISS-Model repository (model date: 2012-09-21) 
[10,11]. Energy minimization and simulations were performed using the GROMOS11 bio-
molecular simulation software [12,13] in combination with the GROMOS 54A7 force-field 
parameter set to describe the protein and counter ions [14].

In a first step, the (steepest-descent) energy-minimized KERA structure was solvat-
ed in a cubic periodic box with lengths of 10.0 nm, containing approximately 30 000 SPC 
molecules [15], after which 40 chlorine ions were added to neutralize the net charge of the 
system. The system was heated up to 300 K (in five steps of 60 K) in NVT simulations of 20 
ps each, in which protein atoms were restrained to their energy-minimized position using 
gradually decreasing force constants. Subsequently, a data production simulation of 10 ns at 
300 K was performed, in which structural data were stored every 2 ps.

During MD a time step of 2 fs was used, and the volume of the system was kept 
constant at 1000 nm3. Newton’s equations of motion were integrated using a Leap-frog al-
gorithm [16]. Bond lengths were constrained using the SHAKE algorithm with a relative geo-
metric tolerance of 10−4 [17]. The temperature of the protein and solvent were maintained 
at their reference values by coupling to two separate Berendsen thermostats [18], both with 
a coupling time of 0.1 ps. Non-bonded interactions were treated using a triple-range cut off: 
interactions within 0.8 nm were evaluated at every time step, and interactions at a distance 
between 0.8 and 1.4 nm were evaluated every fifth step, together with the update of the 
pairlist. Long-range electrostatic interactions were represented by a reaction field [19], us-
ing a dielectric constant of 61.
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Additional MD simulations were performed of wild-type KERA in which the C303-C343 

sulphur bridge was removed (WTnS), of S307C KERA in which no sulphur bridges were pres-
ent between C-terminal residues C303, C307 and C343 (MUTnS), and of S307C KERA with 
a C303-C307 sulphur bridge (MUT). The starting coordinates of WTnS were identical to the 
starting coordinates of WT. The MUTnS production simulation started from an equilibrated 
WTnS coordinate set (taken after 2 ns of WTnS simulation), in which the S307C mutation 
was manually introduced using the MOE software package [20]. The starting structure of the 
MUT simulation was obtained by introducing the C303-C307 sulphur bridge into a coordi-
nate set taken from the MUTnS, in which the distance between the C303 and C307 sulphur 
atoms was minimal (0.30 nm). Subsequent energy minimization, thermal equilibrations and 
10 ns production simulations were performed according to the protocol described for WT.
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Table S1. Annotated Genes in linkage interval on chromosome 12

Gene Name location

DUSP6

GALNT4

POC1B

ATP2B1

CCER1

EPYC

KERA

LUM

DCN

BTG1

CLLU1OS

CLLU1

PLEKHG7

EEA1

NUDT4

UBE2N

MRPL42

SOCS2

CRADD

Dual Specificity Phosphatase 6

UDP-N-acetylgalactosaminyltransferase 4

POC1 centriolat protein homolog B 

ATPase, C++ transporting plasma membrane 1

Coiled-coil glutamate-rich protein 1

Epiphycan 1

Keratocan

Lumican

Decorin

B-cell translocation 1

Chronic lymphocytic leukemia up-regulated 1 opposite strand

Chronic lymphocytic leukemia up-regulated 1

Plecktstring homology domain containing family G 7

Early ensosome antigen 1

Nudix-type motif 4

Ubiquitin-conjugating enzyme E2N

Mitochondrial ribosomal protein L42

Suppressor of cytokine signalling 2

CASP2 and RIPK1 domain containing adaptor with death domain

Suppressor Of Cytokine Signaling 2

CASP2 and RIPK1 domain containing adaptor with death domain

89,754,816

89,920,535

89,933,039

89,979,826

91,343,992

91,355,456

91,442,268

91,495,232

91,537,035

92,532,054

92,811,870

92,815,735

93,128,265

93,164,285

93,769,701

93,800,088

93,859,270

93,961,598

94,069,151

Table S2 is found online at journals.plos.org/plosone
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Table S3. Demographics of additional relatives of the extensive pedigree.

KERA wild-type carrier

(n = 2)

KERA Mutant carrier

(n = 10)

Age 60/70 57.6 ± 11.6

Sex (male/female) 1/1 7/3

BMI (kg/m2) 26/33 32 ± 6

Total cholesterol (mmol/l) 7.2/4.3 5.3 [3.8 – 6.0]

low-density lipoprotein cholesterol (mmol/l) 5.2/2.4 3.2 [2.2 – 4.3]

high-density lipoprotein cholesterol (mmol/l) 1.3/0.9 1.2 [1.1 – 1.3]

Triglyceride (mmol/l) 1.4/2.2 1.3 [1.0 – 1.8]

Data are expressed as mean ± standard deviation. Lipid parameters are expressed as median with interquartile 
range (IQR). Pedigree members with an event use lipid lowering medication (see supplemental Figure 1). LDL = 
low density lipoprotein; HDL = high density lipoprotein.

Table S4. Age, BMI and plasma lipids for participants in the PAS cohort (N = 935).

Male/Female Age (years) BMI LDL-c HDL-c TG

708/227 43 ± 5 26.9 ± 1.2 3.11 ± 1.29 1.14 ± 0.32 2.06 ± 3.41

Data are expressed as number (N) and presented as mean ± standard deviation. BMI = body mass index in kg/m2; 
LDL-c = low-density lipoprotein cholesterol in mmol/l; HDL-c = high-density lipoprotein cholesterol in mmol/l; TG 
= plasma triglycerides in mmol/l. 
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Figure S1. Extended pedigree

The extended pedigree contains members that have been tested for the KERA variant (p.Ser305Cys, c.920C>G) 
including the core pedigree. In the pedigree we show carriership for the KERA mutati on for each relati ve and the 
type of event and the age at which the event occurred. The arrow indicates the index case. *These two female 
individuals, aged 51 and 56 years, are sti ll below the PAS age (<65 years), yet we have no clinical data available to 
mark their aff ecti on status. One brother of the index aged 73 has no signs of atheroscleroti c disease. AMI= acute 
myocardial infarcti on; TIA = transient ischemic att ack; PTCA = percutaneous transluminal coronary angioplasty; 
CVA = cerebrovascular accident; AP = angina pectoris; CABG = coronary artery bypass graft ; ACS = acute coronary 
syndrome; imaging evidence is defi ned as a calcium score above 90th percenti le for age and gender on coronary 

CT.

Figure S2. KERA expression in atheroscleroti c plaque segments.

A: KERA is not expressed in a healthy arterial segment. B and C: KERA (Blue) and CD68 (red) are present in the 

same plaque area in an early lesion (B) and in a late lesion (C).
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ABSTRACT
Cardiovascular disease (CVD) is a major cause of death in Western Societies. CVD 

risk is largely genetically determined. The molecular pathology is, however, not elucidated 
in a large number of families suffering from CVD. We applied exclusion linkage analysis and 
next generation sequencing to elucidate the molecular defect underlying premature CVD in 
a small pedigree, comprising two generations of which 6 members suffered from premature 
CVD. A total of three variants showed co-segregation with the disease status in the family. 
Two of these variants were excluded from further analysis based on the prevalence in rep-
lication cohorts, whereas a non-synonymous variant in MCF.2 Cell Line Derived Transform-
ing Sequence-like protein (MCF2L, c.2066A>G; p.(Asp689Gly); NM_001112732.1), located 
in the DH domain, was only present in the studied family. MCF2L is a guanine exchange 
factor that potentially links pathways that signal through Rac1 and RhoA. Indeed, in HeLa 
cells MCF2L689Gly failed to activate Rac1 as well as RhoA, resulting in impaired stress fiber 
formation. Moreover, MCF2L protein was found in human atherosclerotic lesions but not 
in healthy tissue segments. In conclusion, a rare functional variant in MCF2L, leading to 
impaired DH function, was identified in a small pedigree with premature CVD. The presence 
of MCF2L in human atherosclerotic plaque specimen lends further support to its potential 

role in atherosclerosis.
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INTRODUCTION
Cardiovascular Disease (CVD) is the major cause of morbidity and mortality across 

the globe. In combination with the strong influence of environmental factors, genetic de-
terminants are pivotal in the pathobiology of atherosclerosis, the underlying disease ul-
timately resulting in CVD events.1 This was demonstrated by a 30-60% heritability in twin 
studies, and the finding that a positive family history of premature CVD is an independ-
ent risk factor.2,3 Forty-six common variants with a minor allele frequency >5% were found 
to be associated with cardiovascular disease in genome wide association studies in recent 
years.4,5 Collectively these data showed that only 10% of CVD risk is attributable to common 
genetic variations, which supports the hypothesis that low frequency variants may help to 
explain the observed heritability.4–6 Thus, the complex heritability of CVD may be explained 
by common variants with effect sizes so small that they remain undetected in recent GWAS 
meta-analysis or by rare variants with an intermediate or large effect. Multi-generation ped-
igrees with a clear Mendelian form of premature CVD will be extremely instrumental in the 
identification of these novel pedigree-specific mutations with a large effect on CVD. So far, 
mutations in Low Density Lipoprotein receptor (LDLR), Low-Density Lipoprotein Receptor 
Related Protein 6 (LRP6) and Myocyte Enhancer Factor 2A (MEF2A), Keratocan (KERA), Gua-
nylyl Cyclase α1 subunit (GUCY1A3) and Chaperonin Containing TCP1, Subunit 7 (CCT7) have 
been published, although conflicting results have been reported for MEF2A.7–15 Collectively, 
the identification of informative pedigrees with a dominant form of premature CVD have 
proven to be instrumental in the identification of novel variants in genes involved in the 
pathobiology of CVD, which may ultimately result in the new therapeutic targets.

The aim of the current study was to identify the molecular defect in a small pedigree 
of Caucasian descent with an autosomal dominant form of CVD. By combining data from 
exclusion linkage analysis and next generation sequencing (NGS) we identified a non-synon-
ymous variant located in the DH-domain of MCF2L, a gene encoding for MCF.2 Cell Line De-
rived Transforming Sequence-like protein also known as the Guanine Nucleotide Exchange 
Factor DBS. 
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Methods

Recruitment of the Pedigree with Early Onset CVD

A female subject was referred to the outpatient clinic of the Academic Medical Center 
(Amsterdam, the Netherlands) for analysis after she suffered from an acute myocardial in-
farction (AMI) at the age of 39 years (Figure 1; index II.6). She was member of a small family 
with an autosomal dominant form of early onset CVD (Figure 1). A premature CVD event 
was defined according to the AHA/ACC criteria as having a documented CVD event before 
the age of 55 years (male) and 65 years (women).16 The affection status was assessed based 
on medical records and imaging as extensively described in the Supplemental Methods (Ta-
ble S1). The study complies with the declaration of Helsinki and the Institutional Review 
Board of the AMC of the University of Amsterdam approved the study and all participants 
provided written informed consent.

Blood was collected from the index and her relatives, after an overnight fast, in ED-
TA-coated tubes. Plasma was isolated after centrifugation at 1600xg, 4°C for 20 minutes and 
stored at -80°C for further analyses. Plasma cholesterol, low-density lipoprotein-cholesterol 
(LDL-c), high-density lipoprotein cholesterol (HDL-c) and triglycerides (TG) were analyzed 
using commercially available assays (Randox, Antrim, United Kingdom and Wako, Neuss, 
Germany) on a Cobas-Mira autoanalyzer (Roche, Basel, Switzerland). 

Exclusion linkage analysis and exome sequencing

Genomic DNA was extracted from whole blood on an Autopure LS system accord-
ing to the manufacturer’s protocol (Gentra, Systems, Minneapolis, USA). Human CytoS-
NP-12 DNA analysis BeadChip kits (Illumina, Eindhoven, The Netherlands) were used for 
genome wide single nucleotide polymorphism genotyping in 5 affected and 2 unaffected 
relatives (Figure 1) as described previously.17 The data quality was checked using Graphical 
Representation of Relationship errors (GRR) and PedCheck packages.18,19 Multipoint para-
metric linkage analyses was performed using a fully penetrant autosomal dominant model 
and mutant locus frequency (MAF) of 0.001 using the Allegro program including 110.000 
high-quality SNPs throughout the genome.20 The maximum theoretical LOD score for link-
age analysis in the core pedigree was 1.5. In parallel, exome sequencing using the DNA of 
the index case was performed using the Agilent SureSelect 38Mb exome with >100x cover-
age on the Illumina GAII platform (Illumina, Little Chesterford, United Kingdom)17 and used 
for exclusion linkage.21 Three missense variants in respectively MCF2L (NM_001112732.1), 
ZC3HC1 (NM_016478.3) and CAMSAP1 (NM_015447.3) were identified and confirmed with 
Sanger sequencing as previously described using the following primer pairs: MCF2L forward 
5’-TGC TTT TGC TTT GAT GGA TG-3’ and reverse 5’-CAT TCC AGC CCC CTG AAG-3’; ZC3HC1 
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Figure 1. The Identification of a Mutation in MCF2L.

A. Co-segregation of the MCF2L c.2066A>G p.(Asp689Gly) variant in a small pedigree with premature CVD. 
Squares represent males and circles represent females. Right half-filled symbols represent cases with premature 
CVD. The arrow indicated the index case. Left upper forth-part-filled symbols represent heterozygous carriership 
of the MCF2L c.2066A>G p.(Asp689Gly) variant. The Arabic number is an identifier for each individual, whereas 
the generation is marked with a roman number. DNA of all living 12 individuals was included in the genetic anal-
ysis. B. Schematic overview of the gene finding strategy. C. DNA Sanger sequencing chromatogram showing the 
heterozygote c. 2066 A > G; p.(Asp689Gly) MCF2L variant. D. Schematic overview of MCF2L (NP_001106203.2, 
1125 amino acids, molecular weight approximately 128 Da), indicating the DH-domain (guanine nucleotide ex-
change factor) and the PH-domain (DBL’s big sister). At the N-terminus, a Sec14 (Sec14p-like lipid binding domain) 
and Spectrin repeats (SPEC) are located. At the C-terminus a SH3 (Src homology 3 domain of DBL’s big sister) is 
present. 

forward: 5’-GAG AAA ACT CTC TTT TTC ATT CC-3’ and reverse 5’-CAC CCA AAT AAG CTA 
AGT GAA TAC-3’; CAMSAP1 5’-AAA CAG ATG CTA CCA ATC CCT TAC-3’ and reverse 5’-CCT 
CTT CCA AAG ATG CCA AC-3’.22 The data are registered in the LOVD database under screen-
ing number 00027156 (http://databases.lovd.nl/shared/screenings/0000027156)

Validation cohorts

Premature AtheroSclerosis (PAS) Cohort (Table S3): this cohort comprises 935 pa-
tients with early symptomatic atherosclerosis (CVD) before the age of 51 years. CAD was 
defined as myocardial infarction, coronary revascularization, or evidence of at least 70% 
stenosis in a major epicardial artery.23 Patients were recruited at the Cardiology and Vascular 
outpatient clinics of the AMC, Amsterdam, The Netherlands.24 

Sanquin Blood Bank common Controls: DNA samples from 1,440 healthy volunteers 
were recruited from a large cohort of blood donors, who were free of CVD, at one of the col-
lection sites of the Sanquin Blood Bank covering the northwest section of the Netherlands, 
which geographically overlaps the PAS case cohort.24 
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Cambridge Bioresource Collection: NHS Blood and Transplant enrolled DNA samples 

of 8,946 healthy volunteers in a resource for genotype-phenotype association studies.25 

MCF2L Constructs and Cell Transfections

A vector containing human MCF2L (pENTR221™/MCF2L; clone IOH23111, Invitro-
gen, Bleiswijk, The Netherlands) was used. A human MCF2L689Gly vector was generated 
by site-directed mutagenesis with the Quick QuickChange kit (Stratagen) using the prim-
er pairs: forward 5’-CGC CGC GGA GAT GGG TAA CCC ACT GAT GG-3’ and reverse 5’-GCG 
GCG CCT CTA CCC ATT GGG TGA CTA CC-3’ (QuickChange primer design tool (https://www.
genomics.agilent.com).26 Sequences were checked with Sanger Sequencing using the fol-
lowing primers: M13 forward 5’-GTT GTA AAA CGA CGG CCA GT-3’ and reverse 5’-CAC AGG 
AAA CAG CTA TGA CC-3’. Next, the wild type and mutant constructs were inserted into the 
destination vector pcDNA™-DEST40 (Invitrogen) using the Gateway® LR Clonase II® enzyme 
mix (Invitrogen) according to the manufacture’s protocol. 

Rac1-GTP pull down assay

HeLa cells were cultured in Iscove’s Modified Dulbecco’s medium (IMDM; Invitro-
gen) supplemented with 10% (v/v) heat-inactivated fetal calf serum, 1% glutamine and 
antibiotics and kept at 37 °C at 5% CO2 as previously described.27 Cells were transfected 
with pcDNA™-DEST40/MCF2L689Asp or pcDNA™-DEST40/MCF2L689Gly using TransIT®-LT1 
Transfection Reagent (Mirus, Ochten, The Netherlands). After 24h incubation, cells were ly-
sed in RIPA and subsequently centrifugation at 14,000 g for 5 min. GTP-bound Rac1 (Ras-re-
lated botulinum toxin substrate 1) was isolated with biotinylated CRIB-peptide coupled to 
streptavidine agarose beads during a 30 min. incubation at 4ºC.28 Beads were washed 4 
times in 50mM Tris, pH 7.4, 0.5 mM MgCl2, 150 mM NaCl, 1% (v/v) Triton X-100, supple-
mented with protease and phosphatase inhibitor cocktails (Roche, Woerden, The Nether-
lands). Rac1 was visualized by Western blotting using a mouse-anti-human Rac1 antibody 
(clone 102, BD bioscience, Breda, The Netherlands).

To image stress fibers, HeLa cells were plated on fibronectin (FN) (R&D systems Eu-
rope, Abingdon, United Kingdom) coated glass cover slips and transfected as described 
above. Next, cells were fixed with 3.7% formaldehyde and permeabilised with 0.5% Triton 
X-100, stained with rabbit-anti-human MCF2L, and visualized with Phalloidin-Texas Red (In-
vitrogen). F–actin was made visible with ALEXA488-labeled anti-rabbit IgG (Invitrogen). The 
nuclei were stained with DAPI (Invitrogen).29 Images were recorded with LSM510 META mi-
croscope (Carl Zeiss Micro Imaging, Inc., Germany). 
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Human plaque quantification

Specimens of tonsil (n=2), which is used as a negative control tissue, atherosclerotic 
artery specimen (n = 9), and non-diseased artery specimens (n = 9) were collected from pa-
tients at autopsy. Coronary arteries were classified according to different stages of athero-
sclerosis using hematoxylin (Fluka Biochemica, Buchs, Switzerland) and eosin (Sigma Aldrich, 
St. Louis, MO, USA) stains according to standard protocols. Tissue specimen were stained 
with antibodies against MCF2L (rabbit polyclonal anti-MCF2L, WH0023263M1, Sigma, Mu-
nich, Germany), smooth muscle cell α-actin (SMA) (mouse 1A4 antibody, DAKO, Glostrup, 
Denmark), macrophage CD68 (mouse monoclonal anti human CD68 PG-M1, DAKO, Hever-
lee, Belgium), endothelial cell marker CD34 (mouse anti human CD34Q, Bend10, ThermoFis-
cher Scientific, Waltham, MA, USA), CD11c as marker for antigen presenting cells (mouse 
monoclonal 5D11; Monosan, Uden, The Netherlands), CD8 as marker for T cells (mouse 
monoclonal anti-human CD8, CD8/144B; DAKO), and CD3 as marker for T-cells (anti-CD3, 
IgG monoclonal SP7; ThermoFischer Scientific). Secondary antibodies: swine polyclonal anti 
rabbit immunoglobulins/HRP 1:3000 (DAKO) and goat polyclonal anti mouse immunoglob-
ulins/HRP 1:1000 (DAKO). Additional information is available in the Supplemental Method 
section.

Statistical analysis

Results are expressed as mean ± Standard Deviation unless otherwise stated. Sta-
tistical differences were tested using Students t-Test statistics. Two-sided P values of < 0.05 
were considered statistically significant. All statistical analyses were performed with SPSS 
version 18.0. 
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RESULTS

Identification of the mutation in MCF2L (Figure 1)

The index case suffered from an AMI at the age of 39 years. She had been smoking 20. 
cigarettes/day before she had the event. Plasma lipids were all within the normal range (Ta-
ble 1). Upon expansion of the family it was noted that a total of five relatives did suffer from 
premature CVD, whereas 2 relatives were classified as “unaffected” according to the defini-
tion presented in Supplemental Methods (Figure 1A, Table S1). Multipoint linkage analysis 
for exclusion linkage was performed (Figure S1, Table S2), followed by exome sequencing 
using DNA from the index case. A total 453,100 variants were identified that met the com-
monly described quality criteria of which 4,510 were non-synonomous, indels or splice site 
variants.17 Of these, 961 variants were not found in the large public database (dbSNP129), 
8 Hapmap project exomes,30 and the 1000 Genome pilot project SNPs and indels.31 The vast 
majority of these variants (899 = 93%) were located within the genomic regions with LOD 
scores below -2 and were excluded from further analysis. From the remaining 62 variants, 
15 variants were predicted to have deleterious effects based on SIFT or Polyphen prediction 
software,32,33 from which 6 variants were proven to be false positive by Sanger sequencing, 
3 variants were not located near a reported gene and from the remaining 6 variants only 
3 were confirmed by Sanger sequencing to co-segregate with the phenotype within the 
pedigree: c.3647C>T (p.(Ser1216Leu); rs149524209) in Calmodulin Regulated Spectrin-As-
sociated Protein 1 (CAMSAP1, NM_015447.3); c.913A>G (p.(Ile305Val); rs139253452) in 
Nuclear-Interacting Partner of Anaplastic Lymphoma Kinase (ZC3HC1; NM_016478.3) and 
c.2066A>G (p.(Asp689Gly)) in MCF.2 Cell Line Derived Transforming Sequence-like Protein 
(MCF2L, NM_001112732.1). 

No CVD CVD

MCF2L mutation carrier 0 5*

Sex (N = male/female) 0/2 3/2

Age 61/- 59.4 ± 4.6

Age CVD N/A 46.0 ± 9.4

Smoking (N = Yes) Yes/no 2

BMI (kg/m2) 22/23 24.2 ± 1.6

Total cholesterol (mmol/l) 5.9/4.2 4.1 [3.9 – 4.7]

HDL cholesterol (mmol/l) 2.1/1.4 1.3 [1.2 – 1.5]

LDL cholesterol (mmol/l) 3.6/2.2 2.1 [1.9 – 2.7]

Triglyceride (mmol/l) 0.5/1.5 1.0 [0.8 – 2.4]

Table 1. Characteristics of the 
seven relatives used in Exclusion 
Linkage. 

Data are expressed as mean ± 
standard deviation or as number 
(N). Lipid values are expressed as 
median with interquartile range 
(IQR). Subjects were considered 
smokers if they were current 
smokers or when they quitted 
smoking within the last 5 years. 
N/A = not applicable; BMI = body 
mass index; LDL = low density 
lipoprotein; HDL = high density 
lipoprotein. * = Pedigree mem-
ber I-1 was not included since no 
clinical data was available.
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Next we tested whether the 3 variants were present in different replication cohorts. 

The CAMSAP1 variant was found in 13 healthy volunteers of the Dutch Sanquin Blood Bank 
cohort (0.9%) and the ZC3HC1 variant was found in 6 individuals of the PAS cohort (0.6%), 
in 3 healthy volunteers of the Sanquin Cohort (0.2%) and in 5 volunteers of the Cambridge 
Biobank Resource (0.06%; Table S3). Thus, both variants were eliminated for further studies. 

MCF2L c.2066A>G; p.(Asp689Gly) variant was not found in any of the replication 
cohorts. MCF2L is located on chromosome 13q34 and harbours a highly conserved Rho-
GEF Dbl-Homology (DH) domain encoding the GEF activity specific for Rho family mem-
bers and a pleckstrin homology domain (PH) that binds inositol phosphates (Figure 1D). The 
c.2066G>A; p.(Asp689Gly) variant is located in a highly conserved region of the DH domain. 
MCF2L is a guanine-nucleotide exchange factor from the Rho family that are signalling mole-
cules of Rho proteins. MCF2L is ubiquitously expressed in circulating blood cells. Total white 
blood cell MCF2L mRNA expression in heterozygous carriers of the variant was lower as 
compared to the control (Figure S2, P<0.05). Noteworthy, mRNA expression of Ras-related 
C3 botulinum toxin substrate 1) RAC1 and (Ras homolog gene family) RHOA was decreased, 
but this did not reach statistical significance (Figure S2).

MCF2L689Gly Variant is Impaired in Activating the Rac1 Pathway 

As a guanine-nucleotide exchange factor (GEF), MCF2L has been described to acti-
vate the small GTPases Rac1 and RhoA.34 We used a classical Rac1 pull down assay to assess 
the ability of MCF2L to activate Rac1. HeLa cells were transfected with either wild-type MC-
F2L689Asp or mutant MCF2L689Gly and Rac1.GTP was measured (Figure 2). MCF2L expres-
sion resulted in an activation of Rac1, whereas MCF2L689Gly failed to activate Rac1. Next to 
Rac1, MCF2L may also activate RhoA, which is specifically involved in the formation of stress 
fibers by bundling the F-actin filaments. In the next experiment we tested whether MCF2L 
expression resulted in RhoA activation by studying stress fiber formation. Indeed expression 
of wild-type MCF2L689Asp in HeLa cells resulted in increased stress fiber formation and cell 
rounding, both characteristics of RhoA activation (Figure 3). In contrast, MCF2L689Gly ex

ubiquitously expressed in circulating blood cells. Total white blood cell
MCF2L mRNA expression in heterozygous carriers of the variant was
lower as compared with the control (Supplementary Figure S2,
Po0.05). Noteworthy, mRNA expression of Ras-related C3 botuli-
num toxin substrate 1 RAC1 and Ras homolog gene family RHOA
was decreased, but this did not reach statistical significance
(Supplementary Figure S2).

MCF2L689Gly variant is impaired in activating the Rac1 pathway
As a GEF, MCF2L has been described to activate the small GTPases
Rac1 and RhoA.34 We used a classical Rac1 pull-down assay to assess
the ability of MCF2L to activate Rac1. HeLa cells were transfected with
either wild-type MCF2L689Asp or mutant MCF2L689Gly and Rac1.
GTP was measured (Figure 2). MCF2L expression resulted in the
activation of Rac1, whereas MCF2L689Gly failed to activate Rac1.
Next to Rac1, MCF2L may also activate RhoA, which is specifically
involved in the formation of stress fibers by bundling the F-actin
filaments. In the next experiment, we tested whether MCF2L
expression resulted in RhoA activation by studying stress fiber
formation. Indeed, the expression of wild-type MCF2L689Asp in
HeLa cells resulted in increased stress fiber formation and cell
rounding, both characteristics of RhoA activation (Figure 3). In
contrast, MCF2L689Gly expression failed to induce the formation of
stress fibers or cell rounding (Figure 3). Together, these experiments
show that MCF2L689Gly is not involved in activating both Rac1
and RhoA.

MCF2L is present in atherosclerotic segments in humans
MCF2L was profoundly detected in human coronary artery segments
from patients with different grades of atherosclerosis (Figure 4a) but
not in non-diseased arteries (Figure 4b). Human tonsil tissue served as
a positive control (Supplementary Figure S3A). Staining without the
secondary antibody in either atherosclerotic lesions or tonsil tissue was
negative (Figure 4c and Supplementary Figure S3B). MCF2L did not
co-localize with CD68, a marker for macrophages, CD34 (endothelial
cell marker) or smooth muscle cells actin (Figure 4d and f), but co-
localized with antigen-presenting cells such as CD11c, CD3 type I
helper cells and CD8 cytotoxic T cells within the atherosclerotic plaque
(Figure 4g and i).

DISCUSSION
The aim of the current study was to identify the genetic defect
underlying premature CVD in a small pedigree with an autosomal
dominant form of CVD. We identified a rare variant in MCF2L at
position 689 where an aspartic acid was changed to a glycine. The
variant was not present in 10 376 healthy controls nor in 935 patients
with premature CVD. The MCF2L c.2066A4G; p.(Asp689Gly)
variant is located in the DH domain. Interestingly, MCF2L was absent
in healthy artery segments, but abundantly detected in atherosclerotic
lesions and co-localized with CD3 type I helper T cells and CD8
cytotoxic T cells.
MCF2L belongs to the Dbl family, which are guanine nucleotide

exchange factors (GEFs) in particular Rho guanosine tri-phosphatase
(Rho-GTPases). MCF2L contains a Dbl homology- (DH-), a pleck-
strin homology- (PH-) domain and a CRAL-TRIO domain
(Figure 1d).35 The DH domain is crucial for MCF2L function. The
specific function of the PH-domain is largely unknown, but initial
studies suggest a supportive function for the binding to the plasma
membrane.34 MCF2L provides the shift of GDP to GTP, resulting in
the activation of Rho-GTPases. It is the MCF2L-DH domain that has
been shown to play an important role in the interaction with and
activation of the small GTPases RhoA, Rac1 and CDC42.36,37 RhoA
functions as a molecular switch to regulate the assembly of actin stress
fibers.38,39 Here, we showed in vitro that the MCF2L689Gly variant
was defective in activating Rac1 and consequently no actin stress fibers
were formed, which is highly indicative of impaired RhoA activation
by the MCF2L variant. These defects may result in increased
permeability and perturbed cell migration in the presence of the
MCF2L689Gly variant. Noteworthy, abnormal activity of Rho-family
GTPases has been reported in cardiovascular disorders.40 Endothelial
dysfunction reflected by reduced vasodilation is a critical factor
contributing to the pathogenesis of CVD.
GEFs together with Rho kinases play a pivotal role in leukocyte

migration.41 The first step of leukocyte attachment involves rolling of
the leukocytes over the endothelium mediated by different selectins.
The subsequent clustering to adhesion molecules like ICAM-1 and
VCAM-1 induces intracellular signalling of the endothelium involving
RhoA and Rac1 activation. Although it is unclear whether abnormal
RhoA or Rac1 activation, as observed in the presence of the MCF2L
c.2066A4G; p.(Asp689Gly) variant, may interfere with leukocyte
transendothelial migration, we observed that RAC1 and RHOAmRNA
expressions in circulating blood cells was altered in MCF2L
c.2066A4G; p(Asp698Gly) carriers as compared with healthy controls.
Furthermore, we observed increased MCF2L protein in atherosclerotic
tissue segments that co-localized with CD3 and CD8, markers
for T cells. Further studies are required to study to what extent
circulating cell behavior is underlying the pathogenesis that is observed
in this family.
The application of a combined exclusion linkage analysis and next-

generation sequencing approach has been proven instrumental to
identify novel mutations.21 In the past, owing to technical constraints,
most of the pedigree studies have focused on the identification of
molecular defects in pathways with an established role in athero-
sclerosis. This resulted in the identification of MEF2A and LRP6.7–10

Next-generation sequencing has provided us with an opportunity to
sequence large numbers of genes in an unbiased approach without
knowledge of the underlying biological process. This unbiased
approach is likely to give a great impetus to our understanding of
the pathology of complex diseases such as CVD. The identification of
the novel variant in MCF2L has proven that our approach is a
successful method to identify rare variants in smaller families.

Figure 2 MCF2L689Gly does not activate Rac1. The MCF2L-689Gly variant
does not activate Rac1. Hela cells were transiently transfected with wild-type
MCF2L689Asp or the mutant MCF2L689Gly constructs. Rac1 protein was
measured in cell lysates. Rac1-GTP was measured as described in methods
section. Wild-type MCF2L689Asp but not MCF2L689Gly activates
endogenous Rac1. Beta-actin was used as a loading control.

MCF2L variant and premature atherosclerosis
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Figure 2. MCF2L689Gly Does Not Activate Rac1

MCF2L-689Gly variant does not activate Rac1. Hela Cells 
were transiently transfected with wild-type MCF2L689Asp 
or the mutant MCF2L689Gly constructs. Rac1 protein 
was measured in cell-lysates. Rac1-GTP was measured as 
described in methods section. Wild type MCF2L689Asp but 
not MCF2L689Gly activates endogenous Rac1. Beta-actin was 
used as a loading control.
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pression failed to induce the formation of stress fibers or cell rounding (Figure 3). 

Together, these experiments show that MCF2L689Gly is impaired in activating both Rac1 
and RhoA.

MCF2L is present in atherosclerotic segments in humans

MCF2L was profoundly detected in human coronary artery segments from patients 
with different grades of atherosclerosis (Figure 4A) but not in non-diseased arteries (Fig-
ure 4B). Human tonsil tissue served as a positive control (Figure S3A). Staining without the 
secondary antibody in either atherosclerotic lesions or tonsil tissue was negative (Figure 4C 
and Figure S3B). MCF2L did not co-localize with CD68, a marker for macrophages, CD34 (en-
dothelial cell marker) or smooth muscle cells actin (SMA) (Figures 4D - F) but was co-local-
izing with antigen presenting cells such as CD11c, CD3 type I helper cells and CD8 cytotoxic 
T-cells within the atherosclerotic plaque (Figures 4G – 4I).

Figure 3. MCF2L689Asp But Not MCF2L689Gly Induces the RhoA phenotype. 

Wild-type MCF2L689Asp and MCF2L689Gly were expressed in HeLa cells. Immunofluorescence imaging showed 
that wild type MCF2L689Asp gives a RhoA phenotype with round cells and pronounced stress fibers (F-Actin, 
green, white square). MCF2L689Gly did not show an effect on the cell phenotype. The cells stay flat and do not 
show stress fibers (F-Actin green). F-Actin expression and wild type MCF2L689Asp are co-localized as shown in 
the merged images (DAPI, blue). ROI= region of interest. 

Limitations
A major limitation of the current study is, however, that only
circumstantial evidence for the role of this variant in the CVD
phenotype could be gathered. With the use of exclusion linkage, we
originally identified three rare variants in three different genes, but
only one of them was uniquely present in the family. We did not
identify this variant in other cases with premature atherosclerosis.

However, the presence of MCF2L protein in diseased tissue and the
observation that the variant led to impaired MCF2L-DH-domain-
dependent actin stress fiber formation does suggest that MCF2L
may play a role in the underlying pathobiology of premature
atherosclerosis.
In conclusion, we have identified a functional variant in MCF2L

using exclusion linkage analysis and next-generation sequencing in a

Figure 3 MCF2L689Asp but not MCF2L689Gly induces the RhoA phenotype. Wild-type MCF2L689Asp and MCF2L689Gly were expressed in HeLa cells.
Immunofluorescence imaging showed that wild-type MCF2L689Asp gives a RhoA phenotype with round cells and pronounced stress fibers (F-Actin, green,
white square). MCF2L689Gly did not show an effect on the cell phenotype. The cells stay flat and do not show stress fibers (F-Actin green). F-Actin
expression and wild-type MCF2L689Asp are co-localized as shown in the merged images (DAPI, blue). ROI, region of interest.
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Figure 4 MCF2L protein is detected in atherosclerotic but not in non-diseased coronary arterial segments and co-localized with CD3 and CD8 Cells. (a)
Single staining of MCF2L (brown) in human atherosclerotic tissue. (b) Absence of MCF2L in a normal healthy coronary artery tissue segments. (c) Negative
control in atherosclerotic tissue using only the secondary antibody. No background signal is observed. (d) No co-localization of MCF2L (blue) with CD68
(red). (e) No co-localization with smooth muscle alpha-actin (SMA red). (f) No co-localization with CD34 (red). (g) Co-localization of MCF2L (purple) with
CD11c antigen-presenting cells, (h) with CD3 type I helper cells and (i) CD8 cytotoxic T cells.
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Figure 4. MCF2L protein is detected in Atherosclerotic but not in Non-diseased Coronary Arterial Segments and 
Co-localized with CD3 and CD8 Cells

A. Single staining of MCF2L (brown) in human atherosclerotic tissue. 

B. Absence of MCF2L in a normal healthy coronary artery tissue segments. 

C. Negative control in atherosclerotic tissue using only the secondary antibody No background signal is observed. 

D No co-localization of MCF2L (blue) with CD68 (red); 

E: no co-localization with smooth muscle alpha-actin (SMA red); 

F: no co-localization with CD34 (red); 
Limitations
A major limitation of the current study is, however, that only
circumstantial evidence for the role of this variant in the CVD
phenotype could be gathered. With the use of exclusion linkage, we
originally identified three rare variants in three different genes, but
only one of them was uniquely present in the family. We did not
identify this variant in other cases with premature atherosclerosis.

However, the presence of MCF2L protein in diseased tissue and the
observation that the variant led to impaired MCF2L-DH-domain-
dependent actin stress fiber formation does suggest that MCF2L
may play a role in the underlying pathobiology of premature
atherosclerosis.
In conclusion, we have identified a functional variant in MCF2L

using exclusion linkage analysis and next-generation sequencing in a

Figure 3 MCF2L689Asp but not MCF2L689Gly induces the RhoA phenotype. Wild-type MCF2L689Asp and MCF2L689Gly were expressed in HeLa cells.
Immunofluorescence imaging showed that wild-type MCF2L689Asp gives a RhoA phenotype with round cells and pronounced stress fibers (F-Actin, green,
white square). MCF2L689Gly did not show an effect on the cell phenotype. The cells stay flat and do not show stress fibers (F-Actin green). F-Actin
expression and wild-type MCF2L689Asp are co-localized as shown in the merged images (DAPI, blue). ROI, region of interest.
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Figure 4 MCF2L protein is detected in atherosclerotic but not in non-diseased coronary arterial segments and co-localized with CD3 and CD8 Cells. (a)
Single staining of MCF2L (brown) in human atherosclerotic tissue. (b) Absence of MCF2L in a normal healthy coronary artery tissue segments. (c) Negative
control in atherosclerotic tissue using only the secondary antibody. No background signal is observed. (d) No co-localization of MCF2L (blue) with CD68
(red). (e) No co-localization with smooth muscle alpha-actin (SMA red). (f) No co-localization with CD34 (red). (g) Co-localization of MCF2L (purple) with
CD11c antigen-presenting cells, (h) with CD3 type I helper cells and (i) CD8 cytotoxic T cells.
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DISCUSSION
The aim of the current study was to identify the genetic defect underlying premature 

CVD in a small pedigree with an autosomal dominant form of CVD. We identified a rare var-
iant in MCF2L at position 689 where an aspartic acid was changed to a glycine. The variant 
was not present in 10,376 healthy controls nor in 935 patients with premature CVD. The 
MCF2L c.2066A>G; p.(Asp689Gly) variant is located in the DH domain. Interestingly, MCF2L 
was absent in healthy artery segments, but abundantly detected in atherosclerotic lesions 
and co-localized with CD3 type I helper T-cells and CD8 cytotoxic T-cells. 

MCF2L belongs to the Dbl family, which are guanine nucleotide exchange factors 
(GEFs) in particular Rho Guanosine Tri-Phosphatase (Rho-GTPases). MCF2L contains a Dbl 
homology- (DH-), a pleckstrin homology- (PH-) domain and a CRAL-TRIO domain (Figure 
1D).35 The DH domain is crucial for MCF2L function. The specific function of the PH-domain 
is largely unknown, but initial studies suggest a supportive function for the binding to the 
plasma membrane.34 MCF2L provides the shift of GDP to GTP, resulting in the activation of 
Rho-GTPases. It is the MCF2L-DH domain that has been shown to play an important role in 
the interaction with and activation of the small GTPases RhoA, Rac1 and CDC42.36,37 RhoA 
functions as a molecular switch to regulate the assembly of actin stress fibers.38,39 Here we 
showed in vitro that the MCF2L689Gly variant was defective in activating Rac1 and conse-
quently no actin stress fibers were formed which is highly indicative for an impaired RhoA 
activation of the MCF2L variant. These defects may result in increased permeability and per-
turbed cell migration in the presence of the MCF2L689Gly variant. Noteworthy, abnormal 
activity of Rho-family GTPases has been reported in cardiovascular disorders.40 Endothelial 
dysfunction reflected by reduced vasodilation is a critical factor contributing to the patho-
genesis of cardiovascular disease. 

GEFs together with Rho kinases play a pivotal role in leukocyte migration.41 The first 
step of leukocyte attachment involves rolling of the leukocytes over the endothelium me-
diated by different selectins. The subsequent clustering to adhesion molecules like ICAM-1 
and VCAM-1 induces intracellular signalling of the endothelium involving RhoA and Rac1 
activation. Although it is unclear if abnormal RhoA or Rac1 activation, as observed in the 
presence of the MCF2L c.2066A>G; p.(Asp689Gly) variant, may interfere with leukocyte 
transendothelial migration, we observed that RAC1 and RHOA mRNA expressions in circu-
lating blood cells was altered in MCF2L c.2066A>G; p(Asp698Gly) carriers as compared to 
healthy controls. Furthermore we observed increased MCF2L protein in atherosclerotic tis-
sue segments that co-localized with CD3 and CD8, markers for T-cells. Further studies are 
required to study to what extend circulating cell behaviour is underlying the pathogenesis 
that is observed in this family.
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The application of a combined exclusion linkage analysis and next generation se-

quencing approach has been proven instrumental mutation to identify novel mutations.21 In 
the past, due to technical constraints, most of the pedigree studies have focused on iden-
tification of molecular defects in pathways with an established role in atherosclerosis. This 
resulted in the identification of MEF2A and LRP6.7–10 Next generation sequencing has pro-
vided us with an opportunity to sequence large numbers of genes in an unbiased approach 
without knowledge of the underlying biological process. This unbiased approach is likely 
to give a great impetus to our understanding of the pathology of complex diseases such 
as CVD. The identification of the novel variant in MCF2L has proven that our approach is a 
successful method to identify rare variants in smaller families. 

A major limitation of the current study is, however, that only circumstantial evidence 
for the role of this variant in the CVD phenotype could be gathered. With the use of ex-
clusion linkage we originally identified 3 rare variants in 3 different genes, but only one of 
them was uniquely present in the family. We did not identify this variant in other cases with 
premature atherosclerosis. 

However, the presence of MCF2L protein in diseased tissue and the observation that 
the variant led to impaired MCF2L-DH-domain dependent actin stress fiber formation does 
suggest that MCF2L may play a role in the underlying pathobiology of premature athero-
sclerosis.

In conclusion, we have identified a functional variant in MCF2L using exclusion link-
age analysis and next generation sequencing in a pedigree with premature CVD. Further 
studies are warranted to confirm our findings and to establish whether MCF2L may be an 
interesting target for therapy.
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SUPPLEMENTAL METHODS AND MATERIAL

Patient selection

CVD was defined by the presence of at least one of the following features: (I) myocar-
dial infarction, proven by at least two of the following criteria: (a) classical symptoms (chest 
pain that may radiate, oppressive pain, nausea, sweating and absence of chest-wall ten-
derness on palpation), (b) specific electrocardiographic abnormalities, (c) elevated cardiac 
enzymes (e. g. troponin and elevated creatine-kinase (CK) and its myocardial band enzyme 
(CK-MB), levels); (II) percutaneous coronary intervention or other invasive procedures; (III) 
coronary artery bypass grafting; (IV) angina pectoris, diagnosed as classical symptoms (re-
current attacks of retrosternal pain brought on by effort and emotion and relieved by rest 
and the administration of nitroglycerin) in combination with at least one unequivocal result 
of one of the following: (a) exercise test, (b) nuclear scintigram, (c) dobutamine stress ul-
trasound, (d) a more than 70% stenosis on a coronary angiogram or (f) requiring treatment 
(V) ischemic stroke, demonstrated by CT- or MRI scan; (VI) documented transient ischemic 
attack. Blood pressure was measured using an oscillometric blood pressure device (Omron, 
Hoofddorp, The Netherlands). 

RNA isolation and RT-PCR analysis

Total cellular RNA from the buffy coat fraction was extracted using TriZol (Life Tech-
nologies, The Netherlands) according to manufacturer’s protocol and reverse transcribed 
using random primers and iScript reverse transcriptase (BioRad). The conditions were 5 min 
25°C, 30 in 42°C, 5 min 85°C. mRNA expression levels were measured using SensiFast Sybr 
Green master mix (GE-Biotech) on CFX386 system (BioRab, the Netherlands). Primers were 
designed using Primer3 software and were exon-intron boundary crossing (Table S1). RT-
PCR conditions were: 10 min 95°C followed by 40 cycles 15’ 95°C 30’ 60°C and finally a melt 
reaction going from 65°-95°C in 5’ per grade. Gene expression was calculated using the 
2ΔΔCt method using 36B4 as reference gene. 

Immunohistochemistry

Sections were fixed in 4% paraformaldehyde and subsequently embedded in paraffin. 
For immunostaining, paraffin sections were deparaffinised before endogenous peroxidase 
quenching. After blocking with Ultra V Block (Thermo Fischer Scientific, Fremont, CA, USA) 
slides were incubated with anti-MCF2L 1:250 (rabbit polyclonal anti-MCF2L, WH0023263M1, 
Sigma, Munich, Germany) overnight at 4ºC. Staining was performed with anti-rabbit Horse 
Radish Peroxidase (HRP)-labelled IgG (ImmunoLogic, Duiven, The Netherlands) followed by 
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Bright DAB+ visualization (ImmunoLogic, Duiven, The Netherlands). Counterstaining was 
performed using hematoxylin and slides were cover-slipped with VectaMount (Vector Lab-
oratories, Burlingname, CA, USA). Positive controls consisted of samples of human tonsil. 
Negative controls consisted of experimental tissues stained without the addition of primary 
antibodies following the same protocol. Microscopy pictures were analyzed using Adobe 
Photoshop CS4.

To explore cellular localization of MCF2L in human atherosclerotic lesions the sequen-
tial alkaline phosphatase (AP) double staining method was used as described elsewhere [1]. 
MCF2L was stained in combination with either smooth muscle cell α-actin (SMA) (1:500; 
mouse 1A4 antibody, DAKO, Glostrup, Denmark), macrophage CD68 (1:100; mouse mono-
clonal anti human CD68 PG-M1, DAKO, Heverlee, Belgium), endothelial cell CD34 (1:1000; 
mouse anti human CD34Q, Bend10, ThermoFischer Scientific, Waltham, MA, USA), antigen 
presenting cells (CD11c; 1:50; mouse monoclonal 5D11, Monosan, Uden, The Netherlands), 
CD8 lymphocytes (1:50; mouse monoclonal anti-human CD8, CD8/144B, DAKO, Heverlee, 
Belgium) and rabbit anti human CD3 (1:5000;, IgG monoclonal SP7, ThermoFisher Scientif-
ic). 

Visualization was performed with vector blue (Vector Laboratories) for MCF2L and 
vector red (Vector Laboratories) for SMA, CD68, CD34, CD3, CDC11c and CD8 and cover 
slipped. 

Figure S1. Results of linkage analysis using Allegro software. 
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Figure S2. mRNA expression of MCF2L, RAC1 and RHOA in total circulating white blood cells in 4 heterozygous 
carriers of the MCF2L c.2066A>G; p.(Asp689Gly) variant and one non-carrier relative. RNA expression was ana-
lyzed in three white blood cell RNA fractions per person. MCF2L expression was significantly decreased (P<0.05) 
in carriers of the variant.

B
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Table S1. Clinical characteristics of the relatives.

Patient Sex Type of 
CVD

Age 
CVD

Medication MCF2L

c.2066A>G; 
p.(Asp-
689Gly)

Hypertension

(years)

Smoking BMI

(kg/m2)

I-1 F None N/A None No No Yes 23

II:3 F None N/A None No No No 22

II:1 F PTCA 62 Lipitor 40 mg Yes No No 22

II:2 M AP 46 Inegy 40 mg Yes No Yes 25

II:4† M AMI 43 Lipitor 40 mg Yes No No 23

II:5 M CABG 40 Lipitor 20 mg Yes No Yes 26

II:6 F AMI/

PTCA

39 Zocor 20 mg Yes No No 24

PTCA = Percutaneous Transluminal Coronary Angioplasty; AP = Angina Pectoris; AMI = Acute Myocardial Infarc-
tion; CABG = coronary artery bypass surgery; BMI = body mass index (kg/cm2). † = index case. Subjects were 
considered smokers if they were current smokers or when they quitted smoking within the last 5 years. Hyperten-
sion was defined as a systolic blood pressure > 140 mmHg and/or diastolic blood pressure > 80 mmHg or the use 
of anti-hypertensive lowering drugs. Diabetes mellitus was defined as fasting plasma glucose ≥ 7.0 mmol/l or 2h 
plasma glucose ≥ 11.1 mmol/l as defined by the World Health Organization (WHO).

Tabel S2. Linkage intervals with LODscore > -2 (NCBI137/hg19).

Chr# Start SNP END SNP Interval

Chr7 64406438 rs10949950 65357776 rs35850374 951338

Chr7 66689728 rs11761805 67026320 rs4576304 336592

Chr7 117378355  rs739798 132945754 rs10215367 15567399

Chr9 136927656 rs1076148 141213431 End 4285775

Chr11 123289850 rs2156443 131697483 rs11603321 8407633

Chr13 112349868 rs9560166 113839747 rs515863 1489879

Chr14 0 start 20709688 rs7156806 20709688

Chr17 64816464 rs4791032 65343997 rs9904424 527533

Chr18 429354 rs17564131 4780620 rs6506247 4351266

Chr20 2340973 rs6082889 9378671 rs1997696 7037698

Chr21 43448796 rs220229 44715784 rs762391 1266988

Chr22 0 start 17254399 rs2190742 17254399

SUM (bp)= 82186188
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Table S3. Clinical characteristics of participants in the PAS cohort (n = 935).

Male/Female Age (years) BMI LDL-c HDL-c TG

708/227 43 ± 5 26.9 ± 1.2 3.11 ± 1.29 1.14 ± 0.32 2.06 ± 3.41

Data are expressed as number (N) and presented as mean ± standard deviation. BMI = body mass index in kg/
m2; LDLc = low-density lipoprotein cholesterol; HDL-c = high-density lipoprotein cholesterol; TG = plasma tri-
glycerides. All lipid data are expressed as mmol/l.

Table S4. Genotyping in replication cohort.

Cohort name n CAMSAP1 ZC3HC1 MCF2L

PAS 935 n/a* 6 1†

Sanquin 1440 13 3 0

CBR 8000 n/a* 5 0

PAS = Premature AtheroSclerosis; Sanquin = Sanquin Blood Bank; CBR = Cambridge Bioresource and n/a = not 
applicable. * = Genotyping was not performed due to a high frequency in the Sanquin cohort. † = Pedigree Index 
case, other pedigree members were not included in the database. 
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ABSTRACT
Introduction. The underlying pathobiology of premature atherosclerosis is poorly un-

derstood. Genetic factors explain a portion of the risk of developing premature atheroscle-
rosis. Therefore, families with a Mendelian form of premature atherosclerosis will enable 
us to identify novel pathways involved in disease pathobiology. We set out to unravel the 
molecular pathology of a kindred with an autosomal dominant form of inherited premature 
atherosclerosis.

Methods and Results. Whole exome sequencing was performed in a pedigree com-
prising 2 generations of 7 family members who suffered from premature atherosclerosis. A 
non-synonymous variant in SUSD2 (c.G583T; p.Glu195stop) was identified. The variant was 
absent in the published databases. SUSD2 was present in healthy aortic specimen in suben-
dothelial cell layer and around small blood vesicles in the vaso vasorum, but its expression 
was lower in more advanced diseased state. A common variant, rs8141797, p.Asn466Ser, 
was associated with significantly decreased risk of Ischemic Heart disease in the CARDIo-
GRAMplusC4D as well as the Copenhagen City Heart Study with an overall odds ratios for 
ischemic heart disease of 0.93(0.88-0.97). 

Conclusion. A rare non-synonymous variant in SUSD2 was identified in a pedigree 
with premature atherosclerosis. A common variant in SUSD2 was associated with decreased 
odds of ischemic heart disease, suggesting a role for SUSD2 in the underlying pathobiology.
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INTRODUCTION
Coronary artery disease (CAD) remains the global leading cause of morbidity and 

mortality worldwide. Over the past decades, progress in prevention and treatment of CAD 
has substantially reduced CAD mortality, of which plasma low density lipoprotein cholester-
ol (LDL-C) lowering using HMG-CoA reductase inhibitors is considered the cornerstone of 
treatment.1 With the recent development of PCSK9 inhibitors, dramatic plasma LDL-C low-
ering and is now achievable in nearly all patients.2 Potent LDL-C lowering in clinical outcome 
trials resulted in significantly reduced CAD risk compared to placebo, however residual CAD 
risk remains substantial. To date, in a recent study recurrent CAD risk was still 12.6% after 3 
years follow-up, despite median on-treatment plasma LDL-C levels as low as 0.78 mmol/l.3 
In parallel, there is a shift in clinical presentation of CAD events over the past decade, from 
myocardial infarction with ST elevation (STEMI) to a majority presenting with non-ST ele-
vated myocardial infarction (NSTEMI) and corresponding changes in atherosclerotic plaque 
morphology.4 This development is suggested to be related to a better and earlier identifica-
tion and treatment of CAD risk factors, predominantly by statin treatment. Taken together, 
these findings call for a critical reassessment of the underlying pathophysiology beyond 
LDL-C in CAD development.

Based on twin studies we know that a substantial part of CAD risk may have a genetic 
origin and a positive family history of CAD in first degree family members has been identified 
as an independent CAD risk factor.5 To date, large scale Genome Wide Association Studies 
(GWAS) have identified over 58 variants associated with CAD risk, which together explain 13 
% of the total heritability of CAD.6 Despite these efforts, a large part of the estimated genetic 
burden of CAD remains unknown and many of the identified loci have no pathophysiological 
link to CAD. Family based genetic studies form an alternative strategy to identify novel CAD 
associated loci, especially in the absence of traditional CAD risk factors. This approach has 
resulted in the identification of novel pathways contributing to CAD development,7 well be-
fore these loci were identified in large-scale GWAS studies.8 

The aim of the current study was to identify the molecular defect in a large pedigree 
with a high burden of atherosclerosis, despite relatively low plasma LDL-C levels and CAD 
risk factors. We hypothesized that in families with normal plasma LDL-C levels alternative 
pathophysiological processes contribute to CAD risk. We used whole exome sequencing to 
identify a nonsense mutation in Sushi Domain Containing Protein 2 (SUSD2) that co-segre-
gated with the CAD phenotype in this family. Additional genetic and histological analyses 
were performed to further establish the role of SUSD2 in the development of atheroscle-
rosis. 
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METHODS

Recruitment of the pedigree with premature atherosclerosis

The index case, a male subject (figure 1, II-7) suffered from a myocardial infarction at 
the age of 45. The positive family history of CAD is suggestive for an autosomal dominant in-
heritance pattern and the index and his relatives were referred to the outpatient clinic of the 
Academic Medical Center (AMC) in Amsterdam for further studies, including whole genome 
sequence analysis. All family members were of Caucasian descent. Blood was obtained in 
EDTA containing tubes after an overnight fast and plasma was isolated by centrifugation at 
3000 RPM and stored at -80⁰ C for analysis. Levels of total cholesterol, LDL-C, HDL-C and 
triglycerides were measured in all participants. All participants were analyzed for CAD risk 
factors. Hypertension was defined as a systolic blood pressure >140 mm Hg, and/or >90mm 
Hg diastolic blood pressure or the use of blood pressure lowering drugs. Diabetes Mellitus 
was defined as a fasting glucose >7.0 mmol/L or use of glucose lowering drugs. A history of 
cardiovascular disease was verified based on medical records. All family members over 30 
years of age, without a medical history of cardiovascular disease were invited for an optional 
low dose CT-scan of the coronaries to assess coronary artery calcification scores as a meas-
ure of subclinical atherosclerosis as described jn detail elsewhere.9,10 Data are expressed 
as Agatston score and as the percentile adjusted for age and sex. The study complies with 
the Declaration of Helsinki and the Institutional Review Board of the AMC of the University 
of Amsterdam approved the study and all participants provided written informed consent.

Exome sequencing and mutation analysis

Genomic DNA was extracted from whole blood on an Autopure LS system according 
to the manufacturer’s protocol (Gentra Systems, Minneapolis, MN. USA). Key individuals 
in the family were selected for genetic analyses using whole exome sequencing using the 
Agilent SureSelect 38Mb exome with >100x coverage on the Illumina GAII platform (Illu-
mina, Little Chesterford, UK.) exactly as described in detail earlier.10 Based on the obser-
vations in the pedigree we assumed an autosomal dominant mode of inheritance. In the 
final analysis only protein altering variants were included I.e. missense, nonsense, splice 
donor or acceptor alterations and frameshift causing indels and filtered for variants with a 
Minor Allele Frequency (MAF) <0.01, based on the Exome Variant Server (EVS, http://evs.
gs.washington.edu/EVS/ ), ExAC database11 and Genome Of the Netherlands (GO-NL, http://
www.nlgenome.nl ) databases. Variants were selected if present in the affected but not in 
the unaffected relatives. Functional consequences of the selected variants were predicted 
using software tools (PolyPhen2, SIFT, MutationTaster). Identified variants were confirmed 
by Sanger sequencing.10 Primers pairs are provided in supplemental table 3. 
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Association of common variants in SUSD2 in a large population cohort

We accessed the publicly available CARDIoGRAMplusC4D meta-analysis (Coronary 
Artery DIsease Genome wide Replication and Meta-analysis [CARDIoGRAM] plus The Cor-
onary Artery Disease [C4D] Genetics) dataset to assess the association between common 
genetic variation in SUSD2 and coronary artery disease risk. This dataset is publicly available 
at http://www.cardiogramplusc4d.org. The CARDIoGRAMplusC4D meta-analysis includes 
data from the CARDIoGRAM and C4D genome wide association studies (GWAS), covering 
genetic data of 60,801 CAD cases and 123,504 control subjects. Genotypes were imputed 
based on the 1000 genomes reference panel, and detailed methods and results have been 
previously published.6 For association testing we used the CAD dataset that was analysed 
with an additive model. Data from the additive model were extracted for variants within 
5,000 basepairs of the start and end positions of SUSD2, (chr 22; 24577444 – 24585074, 
according to GRCh37/hg19). The thus obtained unadjusted association P-values were Bon-
ferroni corrected for the number of SNPs tested.12

Replication analysis of SUSD2 common variant in the Copenhagen City Heart Study

The study was approved by institutional review boards and Danish ethics commit-
tees and was conducted according to the principles of the Declaration of Helsinki. Written 
informed consent was obtained from all individuals. We included individuals in two similar 
prospective studies of the Danish general population, The Copenhagen General Population 
Study(CGPS) and The Copenhagen City Heart Study(CCHS).13 All individuals were white and 
of Danish descent. Combining individuals in the CGPS and the CCHS yielded a total of 21,876 
individuals. During a median follow-up of 11 years (0-39) which ended in November 2014, 
IHD developed in 3,195 individuals, MI developed in 1,490 individuals, and 6,236 died. Indi-
viduals with prevalent events at baseline were excluded from further analyses (815 individ-
uals with IHD and 395 with MI). In both studies, follow-up was 100% complete, that is we 
did not lose track of even a single individual. DNA was available on all individuals, and lipid 
values were available on more than 98%. The CGPS was initiated in 2003, and enrolment 
is ongoing. Individuals were selected with the use of the National Danish Civil Registration 
System to reflect the adult Danish population aged 20 to 100 years or older. Data were 
obtained from a questionnaire, a physical examination, and from collection of blood sam-
ples. We included 11,683 consecutive individuals in the current analyses. During a median 
follow-up of 10 years (0-11 years) (which ended in November 2014), 864 incident IHD, 392 
had an incident MI, and 1471 died.In the CCHS, we included 10,193 individuals with DNA 
available from the 1991-94 examination in the current analyses. Individuals were recruited 
and examined as in the CGPS. During a median follow-up of 28 years (0-39 years) (which 
ended in November 2014), 2331 had incident IHD, 1098 had an incident MI, and 4765 died.
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Endpoints

Information on diagnoses of IHD (ICD8: 410 to 414 and ICD10: I20 to I25) and MI 
(ICD8: 410 and ICD10: I21 to I22) were obtained from the National Danish Patient Registry 
and the National Danish Causes of Death Registry from January 1, 1977 (date of establish-
ment of the National Danish Patient Registry) through November 14th, 2014 (last update of 
registry). The National Danish Patient Registry has information on all patient contacts with 
all clinical hospital departments and outpatient clinics in Denmark, including emergency 
wards (from 1994). The National Danish Causes of Death Registry contains data on the caus-
es of all deaths in Denmark, as reported by hospitals and general practitioners. A diagnosis 
of MI followed the changing definitions over time and required a typical rise and fall of 
biochemical markers (troponin or CK-MB),14 with evidence of myocardial ischemia or patho-
logical findings resembling an acute, healing or healed MI, with later changes as indicated.15 
A review of the overall validity of the National Danish Patient Registry found a validity of the 
diagnosis of MI to be 90-98%.16 In the present study, information from the registries was 
gathered at regular intervals of approximately three years. In the CCHS, diagnoses of MI 
from the registries were individually adjudicated by two cardiologists up until 1994. Because 
a random sample of 200 cases at that time showed that >99% were correctly diagnosed, 
further individual confirmation of MI diagnoses was no longer performed.17

Laboratory analyses and assessment of other covariates

Plasma levels of total cholesterol, HDL cholesterol, and triglycerides were meas-
ured in the nonfasting state using standard hospital assays (Konelab, Helsinki, Finland, and 
Boehringer Mannheim, Mannheim, Germany). LDL cholesterol was calculated using the 
Friedewald equation if triglycerides were 4 mmol/L(<350 mg/dL) or less, and were oth-
erwise measured directly (Konelab). Body mass index was measured weight in kilograms 
divided by measured height in meters squared (kg/m2). Hypertension was systolic blood 
pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, and/or self-reported use of an-
tihypertensive medication. Diabetes was self-reported disease and/or self-reported use of 
anti-diabetic medication, and/or non-fasting plasma glucose >11.0 mmol/L (198 mg/dL). 
Physical activity was >4 hours per week of light physical activity in leisure time. Smoking 
was current smokers. Alcohol consumption was consumption of >14/21 units of alcohol 
per week in women/men (1 unit=12g alcohol). Hormone replacement therapy in women 
was self-reported. Lipid-lowering therapy was self-reported and mainly statins were used 
(>97%). Genotyping of SUSD2 N466S (rs8141797) was by TaqMan based assays (Applied 
Biosystems, Foster City, CA, USA). 
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Human plaque collection and immunohistochemistry 

Specimens of kidney tissue were used as a positive control tissue for SUSD2 staining. 
Atherosclerotic artery specimen (n = 5) were collected from the biobank of Leiden Univer-
sity Medical Center and classified according to the modified American Heart Association 
(AHA) classification as proposed by van Dijk et al.  with different degree of atherosclerosis 
and kindly provided to us from Dr J.H. Lindeman (UMCL, Leiden, The Netherlands).18 For 
immunostaining, the slides were deparaffinised in 100% xylene and rehydrated in 100% 
ethanol according to standard procedures. Antigen retrieval was performed HIER citrate 
buffer pH6.0 buffer for 20 min at 98OC. Next a protein block with Superblock (ScyTek, West 
Logan, USA) for 10 min was done followed by incubation with rabbit anti-human SUSD2 
antibody (1:250, NBP1-88589; Novus) for 60 minutes. For visualization slides were incu-
bated with goat anti-rabbit Alexa 568 (1:500; Thermo-Fisher Scientific: A11036) and cover 
slipped with prolong gold Mountant with DAPI (Thermo Fisher Scientific).  The slides were 
imaged with the DM6 Microscope (Leica) and processed with LAS-X software (Leica mi-
crosystems). Quantification was done using Image-J software. Co-localisation of SUSD2 with 
smooth muscle cell actin (SMA), endothelial cell marker von willebrand protein and pericyte 
marker NG2 was tested using the following antibodies: SMA1 (mouse anti human clone 
1A4; DAKO M0851), NG2 (rabbit anti-human; Millipore Ab5320) and von Willebrand (mouse 
anti-human). For visualization, the slides were incubated with brightvision (Immunologic) 
secondary antibodies: SMA and von Willebrand with anti-mouse horse radish peroxidase 
(DPVM-HRP) NG2 and SUSD2 with anti-rabbit horse alkali phosphatase (DPVR-AP) followed 
by incubation with the respective colors: von Willebrand perma green, NG2: perma blue, 
SMA1 perma yellow and SUSD2 perma red was used according to instructions of the manu-
facturer (Diagnostic BioSystems).  

Cell culture experiments

Human arterial endothelial cells (HAEC) (Lonza, Walkersville, USA) were maintained 
at 370C and 5% CO2 in EGM2 (Lonza medium supplemented with 5% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin (P/S)). Lung epithelial cell lines A549 and H292 (ATCC) 
were maintained at 370C and 5% CO2 in RPMI-1640 medium supplemented with 10% FBS 
and 1% P/S. Human pericytes (Promocell, C12980) were maintained at 370C and 5% CO2 in 
pericyte culture medium (Promocell C-28040) supplemented with 20% FBS and 1% P/S in 
collagen type I (Sigma) coated flasks. Total RNA was isolated from the cells using Tripure (Ro-
che, Basel, Switzerland) according to the standard protocol provided by the manufacture. 
cDNA was generated using random hexamers and SuperscriptII Reverse Transcriptase kit (In-
vitrogen, CA). qPCR was performed using Sensifast SyberGreen Master Mix (Bioline, Austral-
ia). Reactions were performed in triplicates using specific primers (hSUSD2: forward-GAG 
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CGA GTT GGT GAA CGA GA and reverse-GGC ATT CCT GTC TCC TCG TAG). Relative quanti-
fication of the gene expression was performed using the acidic ribosomal protein (36B4: 
forward- ACG GGT ACA AAC GAG TCC TG and reverse – GCC TTG ACC TTT TCA GCA AG) as 
internal control.  qPCR results were calculated using the comparative Ct method.

Statistical Analysis

Results are expressed as mean ± SD. Comparison between two groups was done with 
unpaired two-tailed Student’s T-test statistics. Differences with P values below 0.05 were 
considered significant. All data were analysed using Graphpad Prism software version 7. 

Data from the CGPS and CCHS were analyzed using Stata SE 13. Chi-square test eval-
uated Hardy-Weinberg equilibrium. To compare characteristics in individuals by disease 
status or genotype, Mann–Whitney U test or Cuzick’s test for trend was used to compare 
continuous covariates, and Pearson’s chi-square test to compare categorical covariates. For 
trend tests, SUSD2 genotype was coded 0, 1, 2, and so forth. The genotype associated with 
the lowest LDL cholesterol level was used as the reference (coded 0). Cox proportional haz-
ards regression models using age as time scale and delayed entry (left truncation) which im-
plies that age is automatically adjusted for, were used to estimate hazard ratios for IHD, MI, 
and mortality as a function of SUSD2 genotype. Multifactorial adjustments were for well-
known risk factors for IHD: age, gender, body mass index, hypertension, diabetes mellitus, 
physical activity, smoking, alcohol consumption, and lipid-lowering therapy. Only incident 
events were included, comprising a total of 3195 individuals with IHD and 1490 with MI.
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RESULTS

Identi fi cati on of the nonsense mutati on in SUSD2 

The family was identi fi ed through the index pati ent (II-7) who suff ered from a myo-
cardial infarcti on at the age of 45 years. Further, in depth analysis of the pedigree revealed 
a strong CAD phenotype suggesti ve for a dominant patt ern of inheritance of the disease 
(Figure 1). The index pati ent had normal plasma lipid levels and has a history of smoking. In 
the family 5 individuals suff er from atherosclerosis. Baseline characteristi cs for all relati ves 
are presented in table 1. Exome sequencing of the DNA from individuals II-3 (myocardial 
infarcti on age 39) and II-7 (myocardial infarcti on age 45) who are considered as aff ected 
CAD phenotype and II-4 who is considered a healthy control (normal cardiac CT scan at age 
55, despite LDL-C of 5 mmol/L) was performed to identi fy a rare variant that co-segregates 
with the CAD phenotype in the family. One hundred and twenty-four variants were identi -
fi ed that met the fi ltering criteria, of which 12 heterozygous variants were selected to test 
for co-segregati on based on in-silico predicti on tools. These variants were sequenced for 
co-segregati on analysis in two additi onally aff ected individuals (II-1, II-6) and three unaff ect-
ed individuals (I-1, I-3, and II-9 (supplemental table 1). Individuals II-2 and II-8 were classi-
fi ed as an undetermined phenotype and left  out of the co-segregati on analysis. 

Figure 1 Co-segregati on of the SUSD2 variant in the pedigree.

Black square: atherosclerosis present. Gray square: subclinical atherosclerosis (CT analysis). Red square: mutati on 
is present. Red dot: no mutati on carrier. Blue point: used for exome sequencing. CVD= cardiovascular disease; MI 
myocardial infarcti on. CT = computer tomography scan
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Only two variants showed a full co-segregation with the phenotype in the family. 

1) A nonsense variant (c.G583T:p.Glu195Stop) in Sushi Domain Containing 2 (SUSD2) that 
introduces a premature stop codon at approximately 20% of the length of the protein. 2) A 
missense variant c.T737G: p.Ile246Arg in RNA 3’-Terminal Phosphate Cyclase (RTCA).  Very 
little is known about the biological function of RTCA, but it has been observed that RTCA 
may play a role in cellular RNA processing.19 SUSD2 has been implicated in the pathobiolo-
gy of various cancer types and interestingly, was found to be expressed around arteries and 
implicated to regulate vascular function. 20,21 Taken together, we identified two variants 
that co-segregated with a phenotype of severe CAD in the pedigree. The decision to further 
explore the mutation in SUSD2 was based on available data regarding a putative function of 
the protein in the pathophysiology of the disease and because the mutation in SUSD2 was a 
nonsense mutation generating a shorter protein.

Table 1. Clinical characteristics of the core pedigree included in the genetic analysis 

Patient Sex
Type of 
CVD

Age of 
CVD* Smoking

hyperten-
sion BMI 

SUSD2 p.
Glu195Stop

I-1

I-2

I-3

II-I

II-2

II-3

II-4

II-5

II-6

II-7

II-8

II-9

F

M

F

M

M

M

F

M

F

M

M

M

None

AMI

None

AMI

CT(87)

AMI

CT(0)

AMI

CT(89)

AMI

CT(77)

CT(0)

-

55

-

49

58

39

55

38

53

45

50

44

Quit <5 y

NA

No

Yes

No

Yes

Quit<5y

NA

Quit<5y

Yes

Yes

Yes

Yes

NA

No

No

No

No

No

NA

No

No

No

no

NA

NA

21

30

27

30

24

NA

26

26

25

31

-/-

NA

-/-

+/-

-/-

+/-

-/-

NA

+/-

+/-

+/-

-/-

AMI= Acute Myocardial Infarction; TIA = Transient Ischemic Attack; CT(x) = Calcium score with x the percentile of 
coronary artery calcification on Computed Tomography corrected for age and sex; BMI = body mass index (kg/
cm²); NA = not available *Age of first cardiovascular event, or if negative, age of Cardiac CT scan performed.
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SUSD2 expression in human arterial wall 
segments 

SUSD2 was expressed in tubular cells 
in the kidney where it co-localised with 
chondroiti n sulfate proteoglycan 4 (CSPG4 
or NG2), a marker for pericytes and CD34, 
a marker for endothelial cells (Supplemental 
Figure 1). Interesti ngly, SUSD2 was present 
in human aorti c ti ssue, where it is localized 
in the sub-endothelial lining underneath the 
endothelial cells that are visualized with von 
Willebrand protein (Figure 2A). SUSD2 is 
also present in the vaso vasorum where it lo-
cated around vessel together with NG2, sug-
gesti ng the presence of SUSD2 in perivascu-
lar cells and von Willebrand protein (Figure 
2B). In aorti c specimen with non-progressive 
inti mal lesions as well as more progressive 
inti mal lesions such as early fi broatheroma, 
thin cap fi broatheroma and plaque rupture 
SUSD2 expression was present in the shoul-
der region of the plaque. Quanti fi cati on of 
fl uorescent SUSD2 stain with Image J soft -
ware revealed that SUSD2 expression was 
lower as compared to healthy ti ssue (1 ver-
sus 0.544 ± 0.173).

In line with the immunohistochem-
istry data we confi rmed that SUSD2 mRNA 
expression in a human pericyte cell line 
was high and comparable to the expression 
in lung epithelial cells (positi ve control). In 
contrast, SUSD2 expression in a human aor-
ti c endothelial cell line was low (Figure 3).

 

Figure 2 A. Localisati on of SUSD2 expression in healthy 
aorti c ti ssue. SUSD2 (red) co-localizes with NG2 (blue), 
a marker for pericytes. Von Willebrand protein (green) 
is used as marker for endothelial cells and SMA1 (yel-
low) as marker for smooth muscle cells.  B. Localisati on 
of SUSD2 around a vessel in the vaso vasorum region.  
C. SUSD2 expression in the atheroscleroti c plaque 
shoulder region
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Common variants in SUSD2 and its association with CAD risk

To provide further support for a role for SUSD2 in the underlying disease patholo-
gy of CAD, we accessed the CARDIoGRAMplusC4D dataset to search for common variants 
in SUSD2 that were associated with CAD in 60.801 CAD cases and 123.504 controls.  49 
variants were identified in or at close proximity of the SUSD2 locus. Five SNPs were associ-
ated with increased risk for CAD with a P-value below the applied Bonferroni correction for 
multiple testing of 49 SNPS (p < 0.00102; supplemental table 4) Interestingly, the strongest 
association (p=3.9 10-5) was observed for rs8141797 (p.Asn466Ser) a nonsynonymous SNP 
located in a conserved region in exon 9 in the von Willebrand domain. The minor allele 
frequency was 8% in CARDIoGRAMplusC4D. To confirm this observation, we analysed the 
rs8141797 variant in >21,000 individuals from two studies of the Danish general population, 
The Copenhagen General Population Study and The Copenhagen City Heart Study. Baseline 
characteristics according to disease status are shown in supplemental Table 4. Risk factors 
were equally distributed among individuals with and without events (ischemic heart disease 
and/or myocardial infarction) including the use of lipid-lowering therapy. Of the 21,876 par-
ticipants, 3948 developed ischaemic heart disease and 1833 had a myocardial infarction. 
The minor allele frequency of SUSD2 rs8141797 in the Copenhagen Studies was 6%. Base-
line characteristics according to the SUSD2 genotype are presented in Table 3. There was no 
difference in gender, BMI, smoking, hypertension and physical activity among the groups. 
SUSD2 p.Asn466Ser; N466S) genotype was associated with a modest 3% (0.1 mmol/L) re-
duction in LDL cholesterol levels (P for trend across genotypes=0.001) which was reflected in 
total cholesterol (P for trend=0.003). These findings were consistent between the two stud-
ies (data not shown). Furthermore, there was a corresponding modest stepwise reduction 
in risk of ischemic heart disease as a function of genotype after adjustment for age, sex and 
cohort (P for trend of hazard ratios=0.04, Figure 4A) which was attenuated after multifacto-

Figure 3

expression of SUSD2 mRNA in different human cell 
lines. HAEC = human arterial endothelial cells; A549 
cells: lung epithelial cells; H292: lung epithelial cells
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rial adjustment (Figure 4B) Finally, to maximize statistical power, we combined the estimates 
for the association betweenSUSD2 N466S genotype and IHD in the Copenhagen Studies 
with publicly available data from the CARDIoGRAMplusC4D consortium, yielding a total of 
206,181 individuals of which 64,811 had ischemic heart disease. In meta-analysis, odds ra-
tios for IHD per SUSD2 N466S S-allele were 0.87(0.87-0.98) in the Copenhagen Studies, and 
0.93(0.90-0.96) in CARDIoGRAMplusC4D. The overall odds ratios for ischemic heart disease 
were 0.93(0.88-0.97) using a fixed effects model (I2 = 15%, P=0.28), and 0.92(0.88-0.97) us-
ing a random effects model (figure 5).

Figure 4 Risk of ischemic heart disease, myocardial infarction and all-cause mortality as a function of SUSD2 
p.Asn466Ser (p.N466S) (rs8141797) genotype.  In Figure 4A the data were adjusted for for age, sex, and cohort. 
In Figure 4B data were adjusted for age, sex, cohort and other risk factors for IHD, BMI, smoking, low physical 
activity, alcohol consumption, diabetes, hypertension, and lipid-lowering therapy. N = number of individuals; HR = 
hazard ratio. P-values are tests for trend of hazard ratios.

Figure 5 Meta-analysis of the odds ratio for ischemic heart disease per S-allele of the SUSD2 p.N466S (rs8141797)
versus N-allele. Analysis include 21,876 individuals from the Copenhagen general Population Study and the CAR-
DIoGRAMC4D consortia at www.cardiogramplusc4d.org separately, and combined into fixed effects and random 
effect models. Odds ratios were adjusted for age, sex, and study in the Copenhagen Studies and for study-specific 
covariates in CARDIoGRAMC4D. I2 = percent between study variability due to heterogeneity between studies. P = 
heterogeneity assessed by Q statistics. 
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Table 2 Characteristics of the individuals

No SUSD2 mutation carriers SUSD2 mutation carriers

Sex (N= male/female) 3/2 4/1

BMI 25.8 ± 4.3 27.4 ± 2.4

Total cholesterol (mmol/l) 6.0 [4.5 – 7.7] 4.7 [3.9 – 5.2]

LDL cholesterol (mmol/l) 4.0 [2.5 – 5.5] 2.8 [1.7 – 3.4]

HDL cholesterol (mmol/l) 1.5 [1.1 – 2.0] 1.2 [1.0 – 1.8]

Triglycerides (mmol/l) 1.1 [0.6 – 1.7] 1.5 [1.0 – 2.6]

Statin use (N=yes/no) 1/4 3/2

Lipid values are expressed as a median with interquartile rage (IQR). Pedigree members with an event use lipid 
lowering medication. LDL = low density lipoprotein; HDL = high density lipoprotein.

Table 3. Baseline characteristics as a function of SUSD2 p.Asn466Ser genotype

SUSD2 Asn466Ser genotype

(rs8141797) P for trend

NN NS SS

Number of individuals (%) 19,439 2,376 61

Age, years 57 (47 - 68) 57 (47 - 67) 56 (43 - 68) 0.14

Women, N (%) 10,504 (54) 1,241 (52) 33 (54) 0.25

Body mass index, kg/m2 25 (23 - 28) 25 (23 - 28) 25 (22 - 28) 0.88

Smoking, N (%) 7,078 (36) 896 (38) 25 (41) 0.36

Low physical activity, N (%) 11,551 (60) 1,393 (59) 30 (49) 0.16

Alcohol consumption, N (%) 12,623 (65) 1,576 (67) 39 (64) 0.37

Diabetes, N (%) 842 (4) 88 (4) 1 (2) 0.22

Hypertension, N (%) 10,826 (56) 1,302 (55) 30 (49) 0.45

Total cholesterol, mmol/L 5.8 (5.0 - 6.6) 5.7 (4.9 - 6.5) 5.8 (4.9 - 6.6) 0.003

LDL cholesterol, mmol/L 3.4 (2.7 - 4.1) 3.3 (2.7 - 4.0) 3.3 (2.7 - 4.3) 0.001

HDL cholesterol, mmol/L 1.52 (1.22 - 1.90) 1.50 (1.20 - 1.90) 1.55 (1.24 - 1.90) 0.58

Triglyceride, mmol/L 1.49 (1.04 - 2.19) 1.48 (1.02 - 2.19) 1.44 (1.04 - 2.04) 0.47

Lipid-lowering therapy, N (%) 877 (5) 90 (4) 1 (2) 0.15

Values are median (interquartile range), number of individuals (percent). Smoking was current smokers. Physical 
inactivity was <4 hours per week of light physical activity in leisure time. Alcohol consumption was more than 
14/21 units of alcohol per week in women/men respectively (1 unit = 12 g alcohol). Diabetes was self-reported 
disease, use of anti-diabetic medication, and/or non-fasting plasma glucose >11.0 mmol/L (198 mg/dL). Hyper-
tension was systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, and/or use of antihyperten-
sive medication. P-values by Cuzick’s extension of a Wilcoxon rank-sum test or Pearson’s χ2-test
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DISCUSSION
We identified a novel nonsense mutation (p.Glu195Stop), leading to an early trun-

cation, in SUSD2 in a pedigree with a Mendelian form of premature atherosclerosis using 
whole exome sequencing. The variant was predicted to be deleterious by different predic-
tion programs and was absent in the ExAc, ESP and Go-NL databases. SUSD2 is a type 1 
membrane protein with an extracellular, a transmembrane and a cytosolic domain, contains 
820 amino acids and is located on chromosome 22.22 SUSD2 originates from the same ances-
tral Protein C as Mucin 4 (MUC4).22,23 Both proteins share the adhesion-associated (AMOP) 
domain encoding amino acids 285-433   and von Willebrand domain (VWD) encoding amino 
acids 446-667. In addition, SUSD2 has a somatomedin-B (SMB_2) domain (amino acid 28-
66) and a Sushi domain (amino acids 723-780) suggestive for a role in cell-cell adhesion 
and/or cell-matrix adhesion. SUSD2 protein has a number of putative N-glycosylated sites 
on asparagine and O-linked glycosylation sites on serine or threonine. The common variant 
p.Asn466Ser (rs8141797) is a missense mutation changing a putative N-linked glycosylation 
site into a O-linked glycosylation site in the von Willebrand domain. In the CARDIoGramC4D 
carriership of the minor allele was associated with decreased risk for cardiovascular disease. 
Replication in the Copenhagen City Heart Study was able to reproduce these results as is 
summarized in Figure 5. Of note, in the CGPS and CCHS carriership of the minor allele was 
also associated with plasma lower LDL cholesterol levels which may impact on the risk pre-
diction. Further experiments have to be done to explore the effect of different glycosylation 
sites on the function of SUSD2 and its role in the pathobiology of atherosclerotic disease. 

SUSD2 protein is highly expressed in human kidney, lung. Very little is known about 
the function of SUSD2. Published studies so far report on a function for SUSD2 in breast can-
cer cell proliferation and neovascularisation and angiogenesis as SUSD2 is highly expressed 
in breast cancer tumors.20,22,24 However, analysis of lung and liver cell cancers reveal op-
posite results whereby SUSD2 expression was significantly downregulated in lung cancer, 
renal kidney cancer and melanomas,25,26 suggesting that the function of SUSD2 may be com-
plex and tissue dependent. Additionally, in epithelial ovarian cancer low SUSD2 expression 
was associated with a shorter median survival compared to patients with tumors with high 
SUSD2 expression, which is mediated through its tumor-suppressive properties.27 

The current knowledge about the function of SUSD2 in atherosclerosis is not known. 
Our study is the first to show the presence of SUSD2 in aortic vascular tissue in the sub-en-
dothelial space and in the perivascular region of vessels. In plaque areas, the expression of 
SUSD2 is reduced which might fit with the observation that carriers of the p.Glu195Stop 
mutation in SUSD2 have premature atherosclerosis. The underlying mechanism, howev-
er remains to be elucidated. Interestingly it has been shown in breast tumorigenesis that 
SUSD2 interacts with Galectin-1 (LGALS1), a small 14 kDa protein belonging to the lectin 
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family, that is produced by different cell types and is found to be present on endothelial 
cells and smooth muscle cells.20,28 Galectin-1 has multiple functions in T-cell homeostasis, 
and inflammation. Human aortic endothelial cells express Galectin-1 and stimulation of the 
cells with minimally oxidized LDL or LPS resulted in a large increase in galectin-1 protein ex-
pression on the apical surface of the cell.29 Furthermore galectin-1 staining in human coro-
nary endarterectomy samples in culture coincides with smooth muscle cell proliferation.30,31 
Galectin-1 has also been found in atherosclerotic tissue in Apoe-/- mice.32 Of interest, it has 
been observed that Lipoprotein (a) (Lp(a)) may bind to galectin-1.33 Altogether these data 
may suggest that the interaction of SUSD2 and galectin-1 may explain part of the function of 
SUSD2 in vascular cell homeostasis. 

An alternative putative link between SUSD2 and atherosclerosis is through the direct 
effect of SUSD2 on pericytes function and perivascular homeostasis.34 SUSD2 has been found 
in endometrial mesenchymal stem cells with a pericyte identity located in the perivascular 
region35,36 and expression of SUSD2 (alternatively named W5C5) was directly associated 
with a switch towards an anti-inflammatory cytokine and chemokine profile.21 Furthermore, 
SUSD2 expressing breast cancer cells in co-culture promoted macrophage differentiation 
towards M2 phenotype and SUSD2 expression in tissue was associated with increased levels 
of M2 macrophages.24

Here we report the first association of SUSD2 with coronary artery disease in hu-
mans. More research is required to further understand the functional role of SUSD2 in the 
pathobiology of atherosclerosis.
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Supplemental Table 1 Results of the filtering strategy to identify novel variants.

Gene variant ExAc ESP Go-Nl Polyphen SIFT
Mutation 
Taster

ANP32D

ARHGAP1

DLC1

ITGB7

LUM

NLN

RFX4

RTCA

SPTLC3

SUSD2

ZNF662

ZNF678

chr12, c.222G; p.Asn74Lys

chr11, c.G298A;p.Asp100Asn

chr 8, c.C404T; p.Ser134Leu

chr 12, c.C2365T; p.Arg789Cys

chr 12, c.T596C; p.Leu199Pro

chr 5, c.G2032A; p. Gly678Ser

chr12, c.T1229C; p.Val410Ala

chr 1, c.T737G; p.Ile246Arg

chr 20, c.A824G, p.Asp275Ser

chr 22, c.G583T; p.Glu195Stop

chr 3, c.108_109GAins, p.Arg37spfs*20

chr 1, c.1075T; p.Gln359Stop

0.12%

<0.01%

0.13%

0.06%

0.23%

0.07%

0.01%

0.01%

<0.01%

NA

NA

NA

0.16%

NA

0.20%

0.13%

0.45%

0.01%

0.03%

0.03%

NA

NA

NA

NA

0.40%

NA

0.20%

0.40%

0.10%

NA

0.10%

0.40%

NA

NA

NA

NA

Deleterious

deleterious

benign

deleterious

deleterious

deleterious

deleterious

deleterious

deleterious

deleterious

NA

deleterious

deleterious

NA

Tolerant

Tolerant

deleterious

Tolerant

Tolerant

deleterious

Tolerant

deleterious

NA

deleterious

deleterious

deleterious

deleterious

probably 

deleterious

deleterious

deleterious

deleterous

deleterious

deleterious

NA

deleterious

Supplemental Table 2 Co-segregation of the selected variants in the pedigree

Gene variant

I-1

unaffected

I-3

unaffected

II-1

Affected

II-3

Affected

II-4

unaffected

II-6

Affected

II-7

Affected

II-9

Unaffected

ANP32D; p.Asn74Lys

ARHGAP1, p.Asp100Asn

DLC1, p.Ser134Leu

ITGB7, p.Arg789Cys

LUM; p.Leu199Pro

NLN; p. Gly678Ser

RFX4; p.Val410Ala

RTCA; p.Ile246Arg 

SPTLC3; p.Asp275Ser

SUSD2; p.Glu195Stop
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Supplemental Table 3 Primer sequences used for testing the mutations

Gene variant forward reverse

ANP32D chr12, c.222G; p.Asn74Lys TACTTTCGGAGAACCCAGCA GAGTTAGGGGCCTCCTTGTC

ARHGAP1 chr11, c.G298A;p.Asp100Asn ACTCCTCGTCCAGTGCTCTC GAAAGCAAGCTGTCCCTGTC

DLC1 chr 8, c.C404T; p.Ser134Leu TGGCAAAAGCGTGTTATCTC TGGGCATTGAGATTGAGTACAG

ITGB7 chr 12, c.C2365T; p.Arg789Cys TGGACAGGCTGGACACAC CCAGTTCCCACTGTCCTCC

LUM chr 12, c.T596C; p.Leu199Pro GTGTTGTGCAGCCCAGG CCACAACAACCTGACAGAGTC

NLN chr 5, c.G2032A; p. Gly678Ser TTTCCTTCACCCCTACCCTC ACTCCCTTCAGTTTCCAGGC

RFX4 chr12, c.T1229C; p.Val410Ala GACGTAGCTCTTGTTAAATACAACTG TTGGCCAAGTTCACAGAGG

RTCA chr 1, c.T737G; p.Ile246Arg TGAGGGTTGAAACACTATCAGG AAAACTATAAACTTAAG-
CAAGAAACCC

SPTLC3 chr 20, c.A824G, p.Asp275Ser CAATTCCCATCTCCATCAGC CCAGAGGTTAACAAGCCAGG

SUSD2 chr 22, c.G583T; p.Glu195Stop TCAGCGTCCTTTTCTGCTGT TCCGAATCCTCAATCTCTGC

ZNF662 chr 3, c.108_109GAins, p.Arg-
37spfs*20 GGGATTACTGTGTGCCATGC AGAGAAGAAATGCAATCCCAC

ZNF678 chr 1, c.1075T; p.Gln359Stop GCAAAGCCTTTACCCAGTTCT AAGGTTCTGCCACATTCTTCA

Supplemental Table 4 Extended list of Common variants in SUSD2 analysed in C4D cohort

marker name bp_hg19 effect_allele_freq model beta se_dgc p_dgc het_pvalue

rs12484381 24577121 0.904068 FIXED 0.056732 0.015373 0.000224 0.195737

rs117587385 24577204 0.954232 FIXED 0.056058 0.024414 0.021668 0.868551

rs184280519 24577382 0.050782 FIXED 0.0363 0.034451 0.292038 0.157394

rs3788368 24577986 0.900595 FIXED 0.054206 0.015011 0.000305 0.223115

rs2236623 24578659 0.786831 FIXED 0.020315 0.011326 0.072856 0.057809

rs142559566 24578965 0.021182 FIXED 0.003852 0.049595 0.938091 0.683792

rs9680526 24579503 0.981083 FIXED -0.03579 0.036965 0.332924 0.132846

rs13433653 24579945 0.910819 FIXED -0.01194 0.016218 0.461676 0.529225

rs111311684 24580322 0.98108 FIXED -0.03421 0.036876 0.35356 0.138633

rs1985047 24580381 0.924196 FIXED 0.068508 0.016976 5.45E-05 0.268162

rs2877203 24580485 0.879205 FIXED 0.040177 0.014012 0.004139 0.042958

rs1985494 24580694 0.9226 FIXED 0.010025 0.022573 0.656958 0.170777

rs78586898 24580807 0.019676 FIXED 0.058206 0.049846 0.242922 0.005721

rs3752498 24580924 0.899544 FIXED 0.052382 0.014986 0.000474 0.262424

rs6004080 24581182 0.981076 FIXED -0.03441 0.036878 0.350767 0.139523

rs3752497 24581207 0.92652 FIXED 0.069317 0.017127 5.18E-05 0.189295

rs8141797 24582041 0.924692 FIXED 0.069799 0.016971 3.91E-05 0.181163

rs34516619 24582542 0.986576 FIXED 0.0113 0.044785 0.800797 0.551262

rs2070469 24582739 0.910457 FIXED -0.01312 0.016182 0.417573 0.47808
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rs34083847 24583038 0.969276 FIXED -0.0084 0.027142 0.756924 0.557007

rs17642338 24583138 0.030284 FIXED 0.070841 0.04078 0.08236 0.407157

rs112820354 24583829 0.980961 FIXED -0.035 0.03684 0.342113 0.106312

rs2070470 24583879 0.789341 FIXED 0.019065 0.01133 0.09243 0.093639

rs35474538 24584551 0.975093 FIXED -0.00502 0.029108 0.863156 0.599214

rs73167545 24584805 0.019682 FIXED 0.05877 0.049848 0.238407 0.005567

rs5760244 24584970 0.78614 FIXED 0.018089 0.011319 0.110019 0.108785

rs9624412 24585313 0.786687 FIXED 0.01877 0.011319 0.097263 0.096515

rs9624413 24585575 0.787461 FIXED 0.018388 0.011352 0.105263 0.091954

rs9624414 24585594 0.880599 FIXED 0.04035 0.014072 0.004138 0.057175

Supplemental Figure 1 Expression of SUSD2 in kidney tubular cells.

SUSD2 expression in tubular kidney cells. SUSD2 (red) partly co-localizes with NG2 (blue) a marker for pericytes. 
SMA1, a marker for smooth muscle cells is stained yellow and CD34, a marker for endothelial cells is green. No 
co-localisation could be observed with CD34.
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SUMMARY
The aim of the studies described in this thesis was to assess the relevance of varia-

tions in known and novel genes for CVD associated endpoints in order to ultimately identify 
therapeutic targets for the treatment of atherosclerosis. The type of research is truly trans-
lational; it nourishes on the data derived from our outpatient clinics and hospital wards. De-
spite the vast arsenal of drugs and interventions currently available, residual cardiovascular 
disease risk remains high. We focused on genetics as a tool for the identification of new tar-
gets for therapies. Cardiovascular disease and cholesterol levels are both driven for a large 
part by genetic factors, of which a majority is still unknown. In analogy to the effective LDL-C 
lowering therapies, once initiated on the basis of epidemiologic and genetic studies, HDL-C 
and triglycerides (TG) have emerged as new therapeutic targets. In part I, we studied new 
genetic variants in relation to HDL and TG levels in families. Next, we moved to therapeutic 
targets currently in development that are derived from previous genetic studies in part II. 
Finally, in part III we discuss new potential targets in unknown pathways, identified in rare 
families with an autosomal pattern of cardiovascular disease in the absence of traditional 
risk factors. 

In Part I we focused on the identification of new genetic variants associated with 
HDL-C and triglyceride levels. These studies were largely conducted in families that were 
referred to our outpatient clinic for the analysis of the origin of an observed autosomal 
dominant form of extreme HDL-C or triglyceride levels. 

In Chapter 2 we studied the effects of genetic variation in LRP1 on HDL metabo-
lism. LRP1 is generally considered a modulator of triglyceride rich lipoprotein metabolism 
and is associated with both HDL-C and triglyceride levels in GWA studies. In addition, an 
LRP1 variant was shown to be associated with apoA-I levels, but not with apoB levels in the 
Copenhagen Heart study. In these large-scale studies, common (intronic) variants with a 
small effect on the clinical endpoint are investigated. We, however, focused on the clinical 
consequences of rare exonic variations that were found in families with extreme forms of 
dyslipidemia. These two rare LRP1 variants were associated with low HDL-C and moderately 
high triglyceride levels. In vitro analysis of the rare variants indicated that loss-of-function of 
LRP1 resulted in a lower cell surface expression of ABCA1 and SR-B1, two transcellular pro-
teins with a known effect in HDL metabolism, suggesting that LRP1 influences HDL metabo-
lism in humans directly; the observed low HDL-C phenotype associated with LRP1 mutations 
is therefore considered not only to result from alterations in TG metabolism. 

Chapter 3 describes several families with rare variants in ABCA8, which was previ-
ously identified as a locus associated with HDL-C levels in GWAS. The mechanism underlying 
the observed association is not known and the fact that we identified mutations that were 
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considered to have an effect on ABCA8 function allowed for studies to address the role of 
ABCA8 in human lipid metabolism. The ABCA8 variants in the families were associated with 
low HDL-C levels and in additional studies we showed that ABCA8b knockout mice display 
lower HDL-C levels. As ABCA8 is part of the same protein family as the classical HDL protein 
ABCA1, we hypothesized there could be similarities in the function of these proteins. ABCA1 
and ABCA8 colocalized at the cellular membrane and have a similar intracellular localization 
pattern. In functional tests, we showed that ABCA8 has a role in transmembrane efflux of 
cholesterol to apoA-I, but this effect was not as potent as the effect observed for ABCA1. 
The exact mechanism how ABCA8 induces cholesterol efflux is not known and this warrants 
for further studies. ABCA8 could potentially be pivotal in the transports of lipids to specific 
membrane domains, hereby contributing to the lipid composition of these membrane do-
mains and creating regions from which ABCA1 can then transport lipids to ApoA-I. 

In Chapter 4 we switched from HDL to triglyceride metabolism and reported two 
new loss-of-function variants in APOC3. The APOC3 variants are associated with low apoC-III 
protein levels, high HDL and low triglyceride rich lipoprotein levels.  Two recent Mendelian 
randomization studies confirm our findings and clearly show that genetic loss-of function 
variants in APOC3 are indeed associated with a favorable lipid profile and, most importantly, 
to a reduction in coronary artery disease (CAD) events and overall mortality.

In Part II we focused on new therapeutic targets for the treatment of cardiovascular 
disease that influence HDL, triglyceride and Lp(a) metabolism. In Chapter 5 and 6 we con-
tinued our studies on apoC-III, now established as an important therapeutic target based 
on the abovementioned genetic studies. In the EPIC-Norfolk prospective population study, 
2711 individuals were studied of whom 832 developed CAD during follow-up. 

In Chapter 5, we measured apoC-III plasma levels in baseline samples and estab-
lished that apoC-III levels predict CAD risk, independent from cardiovascular risk factors. 
ApoC-III is a key regulator of triglyceride rich lipoproteins and a determinant of many lipo-
protein levels. We next questioned which of these processes mediate the association on 
coronary artery disease risk and found that elevated levels of remnant lipoproteins, small 
dense LDL and low-grade inflammation largely explained this association. Taken together, 
this study provides further support for apoC-III as a therapeutic target.  

One of the major, unresolved issues regarding apoC-III metabolism is the distribution 
of apoC-III among circulating lipoproteins. Several studies have identified specific subgroups 
of subjects at increased CAD risk based on the number of apoC-III containing LDL or HDL par-
ticles, but their association with CAD risk has been inconsistent. In Chapter 6 we measured 
lipoprotein associated apoC-III levels in the same EPIC-Norfolk cohort, using a new ELISA 
based method that enables high throughput analysis in large sample sizes. The apoCIII-apoB 
and apoCIII-apoAI measures reflect the amount of apoC-III on saturating levels of apoB-100 
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and apoA-I, which is a measure of the average apoC-III content per lipoprotein. The indices 
of ‘total apoCIII-apoB’ and ‘total apoCIII-apoAI’ are derived by multiplying these measures 
with plasma apoB and apoA-I levels and reflect the total apoC-III content in the respective 
lipoprotein pools. apoCIII-ApoAI and apoCIII-apoB were not associated with CAD risk in mul-
tivariable adjusted analysis, and did not provide additional value over total plasma apoC-III. 
The index of ‘total apoCIII-apoB’, but not ‘total apoCIII-apoAI’ was predictive for CAD risk, 
which is in line with previous reports. Finally, we identified Lp(a) associated apoC-III as a 
significant predictor of CAD risk after adjustment of other risk factors, and a potential new 
CAD risk marker. 

Chapters 7 and 8 studied HDL and in Chapter 7 the key question was whether apoA-I, 
the main apolipoprotein in HDL is a better predictor of CAD risk compared to HDL-C. This 
issue has become relevant as several therapies that increase HDL-C did not translate to 
clinical benefit. A potential explanation could be that not the cholesterol content of HDL 
(HDL-C) per se should be targeted, but rather the functionality of HDL. One of the suggest-
ed parameters that might be a better representation of HDL’s function is apoA-I. However, 
in three large independent prospective studies we showed that apoA-I levels did not offer 
predictive value over HDL-C levels. In fact, in several quartiles there was even an association 
with increased cardiovascular risk, which can be related to increased levels of cardiovascular 
risk factors that were associated with apoA-I levels. 

In Chapter 8 we studied the effects of the CETP inhibitor, TA-8995, on a measure of 
HDL functionality: cholesterol efflux capacity (CEC). Previous studies have shown that CEC is 
a strong predictor of cardiovascular risk, independent from HDL-C. Here we showed in a ran-
domized controlled trial that treatment with TA-8995 resulted in potent increases in total, as 
well as ABCA1 and non-ABCA1 driven CEC. Whether increasing CEC results in cardiovascular 
disease reduction has never been demonstrated to date and requires formal testing in a car-
diovascular outcome trial.  TA-8995 is one of the few drugs that can be used for such a study. 

As the last chapter of this part, we move on to Lp(a) as a new target for therapy 
in Chapter 9. Elevated Lp(a) levels have long since been identified as a cardiovascular risk 
factor and recent genetic studies have provided clear support for a causal association. Pro-
gress in Lp(a) research has severely been hampered by a lack of effective strategies to lower 
Lp(a). Here, we report the effect of apo(a) antisense therapy with IONIS APO(a)Rx in 64 pa-
tients and APO(a)-LRx, the updated, more potent ligand conjugated antisense (LICA, hence 
LRx) compound, in 58 volunteers. Treatment resulted in sustained Lp(a) reductions of ±70% 
for APO(a)Rx and >90% for APO(a)-LRx . Antisense therapy was generally well tolerated and 
especially the new APO(a)-LRx compound was associated with a low number of reported 
side-effects. Sustained Lp(a) reductions >90% were unprecedented prior to this study and 
this therapy finally provides the tools for a cardiovascular outcome trial to test the promise 
of Lp(a) as a therapeutic target. One of the first clues was already provided. The atherogen-
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ic effect of Lp(a) is thought to be related to the content of oxidized phospholipids which 
has strong pro-inflammatory effects on monocytes and endothelium. We showed that Lp(a) 
lowering resulted in a significant reduction of the inflammatory profile of monocytes, a pro-
cess that is reverted after Lp(a) levels return to baseline in the washout phase. 

Finally, in Part III we studied families with an observed autosomal dominant form 
of early cardiovascular disease, in the absence of traditional cardiovascular risk factors. In 
Chapter 10 we described a family comprising 4 generations of whom 11 members suffered 
from early cardiovascular disease. Using traditional linkage analysis, we observed a 4.4Mb 
interval on chromosome 12 with a parametric LOD-score of 3.31. Upon sequencing, we 
identified a rare non-synonymous variant in KERA. KERA codes for keratocan (KERA), an 
extracellular proteoglycan with an unknown role in atherosclerosis. Interestingly, KERA was 
not expressed in human healthy arterial wall segments, but was found in the vicinity of 
atherosclerotic plaque regions. In a follow-up study in mice, we found that the extent of 
atherosclerotic lesion formation was significantly associated with KERA protein expression 
over time.

In a different, smaller family we identified a rare variant in MCF2L using a combina-
tion of exclusion linkage analysis and whole exome sequencing, which is reported in Chapter 
11. The protein was not found in healthy arterial wall segments but was found in diseased 
human atherosclerotic plaque segments. MCF2L is a guanine exchange factor that interacts 
with Rho/Rac proteins and is involved in cellular signaling pathways. We showed in in-vitro 
studies that the identified variant was defective in activating Rac1 and intracellular actin 
stress fibers failed to develop, indicating this variant results in impaired Rac1 activation. 
Based on these findings potential mechanisms of action are a role in endothelial function 
and / or regulation of leucocyte migration. Follow up studies are needed to further under-
stand the role of MCF2L in atherosclerosis and confirm our findings. 

In Chapter 12 we report the ongoing work on a third family with early-onset cardi-
ovascular disease. In this family, we used whole exome sequencing to identify a non-sense 
variant in SUSD2, coding for sushi domain containing protein 2. Further support for an asso-
ciation with cardiovascular disease is derived from GWA studies. In CARDIoGRAMplusC4D 
common variants in SUSD2 were associated with cardiovascular disease after Bonferroni 
correction for the number of tested SNPs. SUSD2 is expressed in the arterial wall and spe-
cifically in pericytes, regulatory cells, wrapped around endothelial cells. Additional studies 
investigating the role of SUSD2 in atherosclerosis and endothelial homeostasis are ongoing. 
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General Discussion and Future Perspectives

Current therapeutic targets in development: HDL vs TRL

In retrospect, it is worthwhile to look back on our review on HDL targeted therapies 
in 2013 and reflect on the optimistic nature of the review.1 In the last 4 years, a number of 
clinical trials have been conducted and they all failed to show a beneficial on (surrogate) 
cardiovascular endpoints.2–5 The start of this PhD project coincided with the publication of 
the hallmark Mendelian randomization paper by Voight et al, who applied a Mendelian ran-
domization design to test whether HDL-C and TG levels are causally related with incident 
CAD outcome measures.6 Genetic association studies have consistently shown a direct and 
causal role of triglyceride (rich lipoproteins) in atherosclerosis development.7–9 Two impor-
tant clinical targets stand out: apoC-III and ANGPTL3 for which antisense therapies are cur-
rently in advanced stages of development.10,11 Clinical outcome studies are eagerly awaited 
to evaluate the clinical potential of these new compounds. Coming back to HDL genetics, it 
is often overlooked in the initial Mendelian randomization study6 that there was one HDL 
locus that was associated with reduced CAD risk: CETP, an association that was recently con-
firmed in a large genetic study.12 Recently, Merck announced that the REVEAL (Randomized 
EValuation of the Effects of Anacetrapib through Lipid modification) outcomes study of the 
CETP inhibitor anacetrapib met its primary endpoint, significantly reducing major coronary 
events.13 As argued in previous chapters of this thesis, CETP inhibitors both increase HDL-C 
and decrease LDL-C levels and therefore do not answer the validity of HDL-C as a thera-
peutic target.  In fact, only one locus is associated with CAD risk and HDL-C levels, without 
affecting other lipoproteins: SCARB1 coding for the scavenger receptor class BI (SR-BI), a 
major HDL receptor.14 In this study individuals with a loss-of-function mutation in SR-BI dis-
played higher HDL-C levels, and increased CAD risk, possibly due to impaired reverse cho-
lesterol transport.  This study provides the first evidence in support of a causal association 
between HDL and cardiovascular risk and for it to be in the opposite direction as expected 
from epidemiological studies is ironic, to say the least. This indicates that HDL-C is not a stat-
ic measure but reflects the net result of the dynamic process of HDL synthesis, remodeling 
and catabolism/uptake. It clearly highlights the need for a better functional understanding 
of HDL-metabolism in humans as we have pursued in part I of this thesis. 

The old kid on the block: Lp(a)

Although it has first been identified as early as the 50’s, no verdict on the effect on 
cardiovascular outcome is available, largely due to a lack of selective drugs that lower Lp(a) 
effectively. The combination of the available genetic studies15,16 and our work on apo(a) an-
tisense in chapter 10, build a case for a large outcome trial. Currently a phase II study for the 
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updated LICA antisense compound is recruiting (NCT03070782) and a subsequent cardio-
vascular outcome study is eagerly anticipated. 

Identifying new (non-lipid) targets for the treatment of atherosclerosis

The availability of statins, ezetimibe and PCSK9 inhibitors enable us to adequately 
lower LDL-C levels in virtually all patients. Despite these efforts residual CAD risk remains 
high. For instance, in a recent study recurrent CAD risk was still 12.6% after 3 years fol-
low-up, despite median on-treatment LDL-C levels as low as 0.78 mmol/L.17 An explanation 
for this large residual risk could very well be related to other lipoprotein risk factors at play 
like triglyceride rich lipoproteins and Lp(a), independent from LDL-C. As argued in the previ-
ous paragraph there are therapies in advanced stages (apoC-III, ANGPTL3, Lp(a) ) of develop-
ment to test this hypothesis. In parallel, efforts are undertaken to identify additional targets 
for therapy to enable further CVD risk lowering. In light of this, it is important to emphasize 
that these therapies should target the current pivotal processes in disease progression. Es-
pecially since there is a transition in clinical presentation of CAD events observed in the past 
decade: from myocardial infarction with ST elevation (STEMI) to a majority presenting with 
non-ST elevated myocardial infarction (NSTEMI) and a corresponding shift in atherosclerotic 
plaque morphology is observed.18 This development is suggested to be related to a better 
identification and treatment of CAD risk factors, notably through LDL-C lowering by statins. 
Taken together, these findings call for a critical reassessment of the underlying pathophysi-
ology in CAD development, beyond LDL-C. Data derived from large genetic association stud-
ies might provide these new targets in the future, but to date, no target has been reached 
in clinic yet, and as such, results on the new CAD associated loci are disappointing. Most 
of the new variants identified in GWAS are located in regions of genes with an established 
role in CAD, which can be regarded as a proof that GWAS is indeed a valid tool for target 
identification.19 The role of the majority of the variants identified, however, is not known, 
which requires extensive additional studies.20 As an alternative strategy we propose to study 
families with a heritable pattern of severe atherosclerosis in the absence of cardiovascular 
risk factors, especially LDL-C, as we do in Part 3 of this thesis. Such families with normal 
LDL-C may very well be a better representation of the average CAD patient in 2017 than the 
‘old’ CAD cases that were enrolled in the large association studies originating from the ‘90s. 
Another option would be to perform association studies in cases preselected on low LDL-C 
levels to identify alternative pathways that contribute to atherosclerosis. 

It is interesting to note that several new CAD associated loci are highly expressed in 
vasculature/endothelial cells12  which is in line with some of our own data in part III of this 
thesis. Phenotype association studies also point to the role of endothelium in the develop-
ment of atherosclerosis.21,22 It certainly fits with the increasing appreciation of the active con-
tribution of the endothelium to leucocyte infiltration and plaque development. Biochemical 
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techniques progress and iPSC and Blood Outgrowth Endothelial Cells (BOEC) can provide us 
patient-derived endothelial cells that can be used in 3D flow systems that mimic the human 
vasculature.23 In a future world where any combination of lipoprotein abnormalities can be 
treated with statin/PCSK9, apoC-III/ANGPTL3 or Lp(a) based therapies, this might very well 
be a fruitful area for the discovery of new non-lipid related treatment targets.  
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Het doel van dit proefschrift was om genetische varianten in reeds bekende en in  

onbekende genen op te sporten in relatie tot het voorkomen van hart en vaatziekten, met 
als uiteindelijk doel nieuwe aanknopingspunten voor behandeling te vinden. Startpunt voor 
dit onderzoek zijn patienten uit de poliklinieken en afdelingen van ons ziekenhuis. Voor deze 
patienten geldt dat ondanks alle vooruitgang de laatste decennia de recidive voor een nieuw 
cardiovasculair event ongekend hoog blijft. In dit proefschrift gebruiken wij de humane ge-
netica als basis om nieuwe doelen voor therapie te ontdekken. Het ontstaan van hart en 
vaatziekten en de hoeveelheid cholesterol in het bloed zijn beiden voor een groot deel door 
genetische factoren bepaald. Van die genetische factoren is een groot deel niet bekend. 
De zeer effectieve LDL-Cholesterol verlagende behandelingen die nu beschikbaar zijn, zijn 
ooit ontdekt op basis van epidemiologische en genetische studies en gelden nu als bak-
en voor de ontdekking van nieuwe behandelopties. Op eenzelfde manier gelden HDL-Cho-
lesterol en triglycerides nu als potentieel nieuwe behandelopties. In deel I beschrijven wij 
nieuwe genetische varianten  die voorkomen in families met extreme HDL-C of triglyceride 
waarden. Vervolgens verleggen we de aandacht in deel II naar nieuwe behandelingen die nu 
in ontwikkeling zijn, op basis van eerdere genetisch onderzoek. Tot slot, in deel III, bestuder-
en wij  nieuwe erfelijke varianten in families met een dominant overervend patroon van hart 
en vaatziekten, zonder dat er sprake is van bekende risicofactoren voor hart en vaatziekten.

 
In Deel I ligt de nadruk op het ontdekken van nieuwe genetische varianten die ge-

associeerd zijn met HDL-C of triglyceriden. Deze studies zijn uitgevoerd in families die zijn 
verwezen naar ons ziekenhuis voor nadere diagnostiek van een erfelijk patroon van extreme 
HDL-C of triglyceride waarden. 

In Hoofdstuk 2 beschrijven we het effect van genetische varianten in LRP1 op het me-
tabolisme van HDL. LRP1 wordt over het algemeen gezien als een regulator van triglyceride 
rijke lipoproteines (TRL). LRP1 is echter zowel geassocieerd met HDL-C als met triglyceride 
waarden in genoom brede associatie studies. Wij toonden aan dat een veelvoorkomende 
LRP1 variant niet met apoB, maar wel met apoA-I was geassocieerd in de Copenhagen Heart 
Study. Daarnaast beschrijven wij de klinische gevolgen van zeldzame LRP1 varianten in fam-
ilies met extreme dyslipidemie. Twee mutaties waren daarbij geassocieerd met laag HDL-C 
en relatief verhoogde triglyceride waarden. In vervolgonderzoek toonden we vervolgens op 
cellulair niveau aan dat verlies aan LRP1 functie leidt tot een lagere expressie aan het cel 
oppervlak van ABCA1 en SR-B1, twee belangrijke cellulaire transporters voor HDL metabo-
lisme. Deze studies laten zien dat LRP1 ook direct HDL metabolisme beïnvloed en niet alleen 
indirect via veranderingen in triglyceride metabolisme. 
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Hoofdstuk 3 beschrijft een aantal families met een zeldzame variant in ABCA8, wat 

in eerdere onderzoeken beschreven is als een locus dat geassocieerd is met HDL-C. Het 
mechanisme achter deze associatie was onbekend. Wij rapporteren drie families met een 
zeldzame ABCA8 variant die geassocieerd is met HDL-C waarden in deze families. In vervolg 
studies lieten we zien dat muizen zonder ABCA8b lagere HDL-C waarden hebben dan wild-
type muizen. Aangezien ABCA8 onderdeel uitmaakt van dezelfde eiwit-familie als ABCA1, 
veronderstelden wij een overlappende functionaliteit. Zowel ABCA1 en ABCA8 waren op 
dezelfde plekken op de celmembraan aanwezig en beide eiwitten spelen een rol in het 
membraan transport van cholesterol naar apoA-I. Het exacte werkingsmechanisme is on-
bekend en zal in toekomstige studies worden onderzocht. Een mogelijkheid is dat ABCA8 
een belangrijke rol speelt in het transport van cholesterol naar specifieke celmembraan 
compartimenten waarvandaan ABCA1 vervolgens cholesterol naar apoA-I verplaatst. 

Hoofdstuk 4 markeert de overgang van HDL naar triglyceride metabolisme. Hierin 
rapporteerden we twee  nieuwe APOC3 varianten, die geassocieerd waren met laag apoC-III 
eiwit, hoog HDL en lage triglyceride rijke lipoproteine waarden. Deze bevindingen werden 
recent bevestigd in twee Mendeliaanse randomizatie studies die duidelijk lieten zien dat 
APOC3 mutaties geassocieerd zijn met een gunstig lipiden profiel en vooral een verlaging in 
het voorkomen van hart en vaatziekten en uiteindelijke lagere sterfte.

In Deel II ligt de nadruk op nieuwe therapieen voor de behandeling van hart en vaatz-
iekten gericht op HDL, triglyceride en Lp(a). In Hoofdstuk 5 en 6 wordt doorgegegaan op 
apoC-III, nu als belangrijk therapeutische target op basis van de bovengenoemde genet-
ische studies. In het prospectieve EPIC-Norfolk onderzoek zijn 2711 mensen gevolgd, waa-
van tijdens de vervolgtijd 832 coronaire hartziekte ontwikkelden. In Hoofdstuk 5 hebben we 
apoC-III waarden in plasma gemeten in monsters, afgenomen bij het begin van het onder-
zoek. Belangrijskte bevinding was dat apoC-III voorspellend was voor het ontstaan van coro-
naire hartziekte, onafhankelijk van bekende hart en vaatziekte risico factoren. Aangezien 
apoC-III een belangrijke determinant is van (triglyceride rijke) lipoproteines was de vervolg 
vraag welke van deze processen bepalend waren voor de associatie met coronaire hartziek-
ten. Daarbij vonden we dat met name de effecten op triglyceride rijke lipoproteines, kleine 
LDL deeltjes en laaggradige ontsteking bepalend waren. Samengenomen ondersteunt deze 
studie apoC-III als therpeutisch target voor de behandeling van hart en vaatziekten.  

Een belangrijk overgebleven vraagstuk is hoe dit samenvalt met de specifieke verde-
ling van apoC-III over de circulerende lipoproteines. Verschillende eerdere studies hebben 
risicogroepen beschreven aan de hand van de hoeveelheid apoC-III in HDL of juist in de 
apoB-fractie, zonder dat daar een eenduidige conclusie aan te verbinden was. In Hoofdstuk 
6   hebben we lipoproteine geassocieerde apoC-III waarden gemeten in hetzelfde EPIC-Nor-
folk cohort als bovenbeschreven. Daarbij is gebruik gemaakt van een nieuw ontwikkelde 

Proefschrift_Julian_Final_20171024_colourPARTs.indd   324 26/10/2017   17:24:11



325

Nederlandse samenvatting
meetmethode op basis van ELISA waarmee voor het eerst dergelijke bepalingen efficient in 
grote aantallen monsters kan worden gemeten. ApoCIII-apoB en apoCII-apoAI zijn daarin de 
hoeveelheid apoC-III in verzadigde hoeveelheden apoB en apoA-I respectievelijk, grofgeze-
gd weerspiegelt dit de gemiddelde hoeveelheid apoC-III per lipoproteine. Daarnaast hebben 
we deze waarden vermenigvuldigd met de totale hoeveelheid apoB en apoA-I, daarmee een 
index van ‘totaal apoCIII-apoB’ en ‘totaal apoCIII-apoAI’ creeerend.  Deze indexen zijn een 
benadering van de totale hoeveelheid  apoC-III in de apoB en apoA-I fractie. ApoCIII-apoB 
en apoCIII-apoAI waren niet geassocieerd met het risico op coronaire hartziekten in multi-
variate analyse. De index van ‘totaal apoCIII-apoB’ maar niet van ‘totaal apoCIII-apoAI’ was 
geassocieerd met coronaire hartziekten wat grotendeels overeenkomt met eerdere onder-
zoeken. Tot slot was een nieuwe bepaling, apoCIII in Lp(a), een nieuwe onafhankelijke risico-
factor voor het voorspellen van coronaire hartziekten. 

Hoofdstuk 7 en 8 gaan over HDL en in Hoofdstuk 7 is de hoofdvraag in hoeverre 
apoA-I een betere voorspeller is van hart en vaatziekten in vergelijking met HDL-C. Dit is 
met name relevant gezien de tegenvallende resultaten van recente HDL-C verhogende ther-
apieen. Een mogelijke verklaring is dat niet zozeer het verhogen van de cholesterol hoeveel-
heid in HDL (HDL-C) tot doel moet zijn, maar het verbeteren van functionele aspecten van 
HDL. Een parameter die mogelijk een betere weerspiegeling van HDL functionaliteit kan zijn 
is apoA-I, het belangrijkste apolipoproteine in HDL. Echter, we vonden in drie grootschalige 
prospectieve studies geen bewijs dat apoA-I hart en vaatziekten risico beter voorspelde 
dan HDl-C. Het was zelfs zo dat in sommige quartielen apoA-I geassocieerd was met een 
toegenomen kans op hart en vaatziekten, een bevinding die gerelateerd lijkt te zijn met 
verhoogde cardiovasculaire risicofactoren die ook geassocieerd waren met apoA-I. 

In Hoofdstuk 8 beschrijven we het effect van de nieuwe CETP remmer TA-8995 
op cholesterol efflux capaciteit (CEC), een maat voor HDL functionaliteit. Eerdere studies 
toonden dat CEC een sterke onafhankelijke voorspeller is van hart en vaatziekten, onafhan-
kelijk van HDL-C. In deze studie toonden we aan dat behandeling met TA-8995 leidde tot een 
forse toename in totaal, ABCA1 en niet-ABCA1 gedreven CEC ten opzichte van placebo. Of 
het verhogen van CEC ook leidt tot een afname in hart en vaatziekten is nooit in onderzoek-
en aangetoond. TA-8995 zou gebruikt kunnen worden voor dergelijke studies.

Lipoproteine (a), Lp(a), wordt als laatste van de nieuwe therapieen in ontwikkeling 
beschreven in Hoofdstuk 9. Verhoogde Lp(a) waarden zijn al decennia bekend als risico-
factor voor hart en vaatziekten en een causaal verband tussen Lp(a) en hart en vaatziek-
ten wordt ondersteund door recente genetische onderzoeken. Het grootste struikelblok in 
onderzoek naar Lp(a) is het gebrek aan een effectieve therapie om Lp(a) te verlagen. In 
Hoofdstuk 9  beschrijven we een placebo gecontroleerd randomized controlled trial naar 
apo(a) antisense therapie met IONIS APO(a)Rx in 64 patienten en met APO(a)-LRx, een nieuwe 
verfijnde variant op basis van Ligand conjugatie, in 58 pateinten.  Antisense behandeling 
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resulteerde in Lp(a) verlaging tot ±70% voor APO(a)Rx en >90% voor APO(a)-LRx ten opzichte 
van placebo. Over het algemeen ging behandeling gepaard met weinig bijwerkingen en met 
name voor de nieuwe APO(a)-LRx behandling was het bijwerkingen profiel minimaal. Lp(a) 
verlaging van meer dan 90% zijn nooit eerder vertoond en deze therapie opent de mogelijk-
heden tot een grootschalige studie naar de effecten van Lp(a) verlaging op het voorkomen 
van hart en vaatziekten. Een eerste aanwijzing is al in deze studie te vinden. Geoxideerde 
fosfolipiden op het Lp(a) zijn waarschijnlijk verantwoordelijk voor het schadelijke effect op 
hart en bloedvaten, wat zich onder andere uit als een verhoogde ontstekingsactiviteit in 
monocyten. Lp(a) verlaging in deze studie ging gepaard met een afname van de ontsteking-
sacitiviteit van monocyten, hetgeen weer omkeerde met het ‘normaliseren’ van Lp(a) naar 
uitgangswaarden na stoppen van de behandeling. 

In Deel III van dit proefschrift gaan we verder in op families met een autosomaal 
dominant patroon van hart en vaatziekten op jonge leeftijd, zonder bekende hart en vaatz-
iekte risicofactoren. In Hoofdstuk 10 beschrijven we een uitgebreide familie van wie 11 fam-
ilieleden op jonge leeftijd hart en vaatziekten kregen. Met klassieke linkage analyse vonden 
we een 4.4 Mb interval op chromosoom 12 met een parametrische LOD score van 3.31. Na 
het bepalen van de exacte base volgorde in deze regio ontdekten we een zeldzame variant 
in KERA, wat codeert voor keratocan (KERA). KERA is een extracellulair eiwit  met een on-
bekende rol in atherosclerose. Middels kleuringen op humane vaatwand secties zagen we 
dat KERA niet tot expressie komt in gezonde vaatwand, maar wel in aangedane regios met 
atherosclerose. In een vervolgstudie in muizen werd dit bevestigd en vonden we een direct 
verband tussen de mate van atherosclerotische plaque ontwikkeling en de expressie van 
het KERA eiwit. 

In een andere, kleinere familie hebben we een variant gevonden in MCF2L op basis 
van exclusie linkage analyse en exome sequencing, hetgeen we beschrijven in Hoofdstuk 
11. Net als KERA heeft MCF2L geen bekende rol in atherosclerosie, kwam het niet tot ex-
pressie in gezond, maar wel in aangedane vaatwand gebieden met atherosclerose. MCF2L 
is een zogenoemde guanine uitwissel factor dat interactie heeft met Rho/Rac eiwitten en 
daardoor betrokken is bij intracellulaire signaalpaden. In-vitro studies toonden dat de gene-
tische variant uit de familie niet in staat was tot modulatie van RAC1 wat zich uitte door een 
gebrek aan vorming van actine stress vezels. Op basis van deze bevindingen is de hypothese 
dat MCF2L via een effect op endotheel homeostase en leucocyt migratie uiteindelijk tot ver-
snelde atherosclerose leidt. Verdere studies zijn nodig om onze bevindingen te bevestigen 
en dit proces verder te begrijpen. 

Tot slot beschrijven we in Hoofdstuk 12 bevindingen van een lopend onderzoek in 
een derde familie met vroegtijdige hart en vaatziekten. Hier pasten we exome sequencing 
toe om een premature stop variant in SUSD2 te vinden, wat codeert voor sushi domain bev-
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attend eiwit 2 (SUSD2). Ondersteunende bevindingen komen uit de CARDIoGRAMplusC4D 
GWA studie, waarin veelvoorkomende varianten in SUSD2 geassocieerd waren met hart en 
vaatziekten, na Bonferroni correctie voor het aantal geteste SNPs. SUSD2 komt tot expressie 
in de vaatwand en dan niet in het endotheel maar in de juist daaronder gelegen pericyten, 
steuncellen met een regulerend karakter. Onderzoek naar deze pericyten en de effecten van 
SUSD2 op atherosclerose zijn in volle gang. 
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Department of Chemistry and Pharmaceutical Sciences, VU University, Amsterdam
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Department of Pathology, Academic Medical Center, Amsterdam
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Department of Biochemistry, Yong Loo Lin School of Medicine, National University of Singapore, Singapore

Joseph L. Witztum
Department of Medicine, Division of Endocrinology and Metabolism, University of California San Diego, La Jolla, 
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Karin J.C. Wolters
Department of Pediatrics, Section of Molecular Genetics, University Medical Centre Groningen, Groningen

Daniel Wu
Translational Laboratories for Genetic Medicine, A*STAR Institute, and Yong Loo Lin School of Medicine, National 
University of Singapore, Singapore

Shuting Xia
Ionis Pharmaceuticals, Carlsbad, CA, US

Gopala Krishna Yakala
Translational Laboratories for Genetic Medicine, A*STAR Institute, and Yong Loo Lin School of Medicine, National 
University of Singapore, Singapore

Xiaohong Yang
Vascular Medicine Program, Division of Cardiology, Department of Medicine, University of California San Diego, 
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Rosie Z. Yu
Ionis Pharmaceuticals, Carlsbad, CA, US
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Centre for Molecular Medicine and Therapeutics and Child and Family Research Institute, University of British 
Columbia, Canada
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PHD PORTFOLIO
Name PhD student:  J.C. van Capelleveen
PhD period:   Nov ’12 – Aug ‘16
Name PhD supervisor:  G.K. Hovingh

Year ECT

Courses

AMC World of Science 2012 0.7

Scientific Writing in English for Publication 2013 1.5

Practical Biostatistics 2013 1.1

Crash Course 2012 0.2

Genetic epidemiology 2013 1.1

Basic Course Legislation for Clinical Research (BROK) 2013 1

Gene Targeting and Transgenic Strategies 2014 0.5

Radiation Protection 2014 1.7

Educational Skills Training 2015 0.4

Seminars and Master classes

Weekly Journal Club, dept Vascular Medicine, AMC 2012-16 4

Weekly Clinical Education in Vascular Medicine, dept Vascular Medicine, AMC 2012-16 4

Ruysch/Spinoza Lectures, AMC 2012-16 1

Masterclass dr. Janet Powell, Imperial College London 2012 0.2

Masterclass dr. Helen Hobbs, University of Texas Southwestern Medical 
Center, Dallas.

2013 0.2

Masterclass dr. Alan Tall, Columbia University, New York 2014 0.2

Masterclass dr. Ira Tabas, Columbia University, New York 2015 0.2

Masterclass dr. Eric Lander, Broad Institute of Harvard and MIT, Boston 2015 0.2

Masterclass dr. Christopher Newton-Cheh, Massachusetts General Hospital, 
Broad Institute of Harvard and MIT, Boston

2016 0.2

Oral Presentations

A loss-of-function variant in OSBPL1A predisposes to low plasma HDL choles-
terol levels and impaired cholesterol efflux capacity. 

2016 0.5

EAS 2016 

Potent lipoprotein(a) lowering with IONIS-APO(a)-Rx lowers monocyte migra-
tion and activation.  

2016 0.5

Lp(a) Satellite Meeting EAS 2016
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Poster Presentations

Theobromine-enriched cocoa increases HDL-C: a double blind, placebo con-
trolled cross-over study

2014 0.5

IAS HDL Workshop 2014, Rome, Italy 

Mutations in ABCA8 are associated with low HDL-C 2014 0.5

Rembrandt Symposium 2014, Noordwijkerhout, The Netherlands

Individuals with ABCA1 and LCAT mutations are characterized by increased 
arterial stiffness and arterial outward remodeling.

2015 0.5

ISA 2015, Amsterdam, The Netherlands

Cardiovascular Conference 2015, The Netherlands

Effects of the Cholesteryl Ester Transfer Protein Inhibitor, TA-8995, on Choles-
terol Efflux Capacity and HDL Particle Subclasses

2015 0.5

Rembrandt Symposium 2015, Noordwijkerhout, The Netherlands

Apolipoprotein C-III levels and incident coronary artery disease risk: The 
EPIC-Norfolk prospective population study. 

2016 0.5

EAS 2016 Innsbruck, Austria

Gordon Research Conference+Seminar Waterville Valley, NH

Cardiovascular Conference 2016, The Netherlands 

(Inter)national Conferences

IAS HDL Workshop 2014, Rome, Italy 2014 0.75

European Atherosclerosis Society Congress 2014, Madrid, Spain 2014 0.75

Annual Cardiovascular Conference, The Netherlands 2014-2016 0.75

Rembrandt symposium Noordwijkerhout, The Netherlands 2014-2015 0.5

International Symposium on Atherosclerosis 2015, Amsterdam, The Nether-
lands

2015 0.75

EAS Lp(a) Satelite Meeting, Innsbruck, Austria, 2016 2016 0.5

European Atherosclerosis Society Congress, Innsbruck, Austria 2016 2016 0.75

Gordon Research Seminar + Conference on Lipoprotein Metabolism, Water-
ville Valley, NH, USA. 2016

2016 1.5
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ABOUT THE AUTHOR

Geboren en getogen op het Friese platteland wist Julian na 15 jaar exact wat hij nooit 
meer wilde. Een tussenstap in Noord-Holland op het Murmellius Gymnasium maakte de 
weg vrij om in 2004 als 17 jarige geneeskunde te gaan studeren aan het AMC in Amsterdam. 
Na een eerste propedeuse jaar(cum laude) lonkte het studentenleven in studenten- en stu-
dievereniging MFAS, wat daarna nog voort kon worden gezet als student-assistent anatomie 
en embryologie. Al vroeg ontluikte ook een wetenschappelijk belangstelling. Aanvankelijk 
als lucratief zomerbaantje status onderzoek in Norwich, UK onder de immer enthousiast-     
merende paraplu van Suthesh (geen introductie nodig). Daarna onder auspicien van dezelf-
de hr Sivapalaratnam en dr Mieke Trip een wetenschappelijke stage in Leicester, UK op het 
lab van Goodall en Samani, waar de vonk echt oversprong onder de bezielende begeleiding 
van Alison Goodall. Bij terugkomst in Nederland monde dit uit in een PhD project voorstel, 
dat gehonoreerd werd door de AMC graduateschool met een PhD beurs voor 4 jaar onder-
zoek te starten in 2012. Hetgeen, onder begeleiding van toen net stafarts vasculaire ge-
neeskunde Kees Hovingh, Geesje Dallinga-Thie en Erik Stroes resulteerde in het proefschrift 
dat nu voor u ligt. Julian is inmiddels begonnen aan de opleiding tot internist aan het AMC 
en heeft het eerste jaar daarvan in het Flevo ziekenhuis in Almere reeds afgerond. 

Julian woont zestien verdiepingen hoog samen met Simone in Amsterdam. Dat de 
woning uitzicht biedt op het AMC (grotendeels het zicht ontnomen door de Arena) geeft 
te denken. Julian wil later een hond en twijfelt nog naar welke promotor hij hem zal gaan 
vernoemen. 
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Dankwoord
Hoewel dit manuscript uiteindelijk alleen mijn naam draagt, vloeit alles hierin beschreven 
voort uit de samenwerking met velen. Ik wil iedereen die zich betrokken voelt bij dit project 
hartelijk danken en hoop dat zij net als ik met enorm veel plezier terugkijken op deze peri-
ode. De lijst mensen die ik dankbaar ben voor dit eindresultaat is niet in een document te 
vangen. Hieronder toch een poging, zonder de ambitie om volledig te zijn.

Dank aan alle patiënten en familieleden die onbaatzuchtig hebben deelgenomen aan  de 
beschreven onderzoeken met het gemeenschappelijke doel de behandeling van hart en 
vaatziekten te verbeteren. 

Beste Kees, of: Geweldig geniale, gekke, altijd enthousiaste, mechalomane, soms ietwat 
teleurgestelde, maar immer motiverende Kees. DANK, voor alles! Van het meeschrijven aan 
het scholarship tot aan het einde toe stimuleren en motiveren van eigen creatieve ideeen. 
Je hebt mij gevormd tot de onderzoeker die ik nu ben. Van ‘gefundenes fressen’ tot het 
‘low-hanging fruit’: uiteindelijk is the taste of the pudding toch weer in the eating! Doe me 
een lol, zie er op toe dat die naïeve onderzoekers van je in het laatste jaar ook daadwerkelijk 
hun stukken afmaken. 

Beste Geesje, stille kracht, wellicht ondergewaardeerd in klinische ogen; je bent onmisbaar 
geweest voor dit promotietraject: altijd bereikbaar met een, bovenal kritische, maar zeker 
ook constructieve beschouwing van mijn projecten. Zonder jou was dit boek er niet in deze 
vorm geweest. Niets blijft mij meer bij dan onze tocht naar Miranda van Eck. Vanaf Leiden 
Centraal, op een OV fiets, ik trappend jij achterop, 2km door de stromende regen en daarna 
nog terug… Gees, ik ben je zeer erkentelijk.

Beste Erik, DANK! Voor het lenen van je messcherpe brein. Op de belangrijke momenten 
was je bereikbaar en had dan altijd tijd; binnen een minuut begreep je het project, de vol-
gende minuut was je me voorbij en kwijt. Als ik van de fantastische ervaringen er een mag 
uit pikken is het de Lp(a) anti-sense studie, wat een rollercoaster en wat een resultaat. 

Beste John, schaduw-promotor vanaf de start tot aan het eind. We zijn begonnen op HDL 
en genetica en uitgekomen op een efflux-interventie van Nederlandse makelij. Dank, voor 
je steun, geduld en hulp met schrijven.  Wie kan dat zeggen, tijdens een PhD ook nog een 
minor in handschriftkunde te halen.
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Dankwoord
Geachte leden van mijn promotiecommissie, hartelijk dank voor het lezen en beoordelen 
van mijn proefschrift en de bereidheid zitting te nemen in de commissie. 

Jorge en Alinda, (en met jullie Miranda, Han(s) , Stefan en iedereen van het lab G1) Dank jul-
lie wel. Jorge voor je nimmer aflatende bijdrage aan de genetica en mijn onderricht daarin, 
Alinda voor eigenlijk alles daar omheen (van efflux experimenten tot ELISA en fibroblas-
ten). Alles hierboven gezegd geldt dubbel en dwars voor jullie, zonder jullie bijdrage was dit 
proefschrift er nooit geweest.

Mijn eerste mail begon ik met ‘geachte mevrouw Los’, waar lieve Ko veel meer op zijn plaats 
was geweest. Diep respect heb ik voor je arbeidsethos, werkplezier en levenswijze. Als we 
het hebben over ‘standing on the shoulders of giants’ bewijzen jij (en Klaartje) dat die gi-
ganten helemaal niet zo groot hoeven zijn. Dit is het zoveelste boekje wat er zonder jullie 
werk nooit was geweest.  

Beste Janine en Anton-Jan, ik weet eigenlijk niet eens meer hoe de samenwerking is ont-
staan, maar wel dat ik altijd enorm heb genoten van onze discussies en vooral van jullie 
vette endotheel technieken. Ik ben heel benieuwd of jullie samen met Caroline de (kwaad)
aardigheid van neuronal guidance cues in mensen gaan aantonen. Caroline succes met je 
werk in Amsterdam en Leiden!

Lieve collega’s van F4 en Maurice. Dank voor alle kroketten, taarten, bitterballen en  vrij 
mibo’s maar vooral het altijd voor elkaar klaar staan. Om met Boris te spreken: keep the 
soul alive en laat F4 F4 zijn, ook na de verhuizing. Loek, kamergenoot bij nacht en ontij, 
met liefde nam ik je telefoon aan of appte je vertwijfeld waar je bleef als er een patiënt 
op je zat te wachten (toegegeven, qua agendavoering waren je patiënten aan je gewaagd). 
Struinen is een wetenschappelijk bewezen productiviteitsstrategie! 1, 2 (maar heet dan wel 
micro-pauze). Joost en Nick, vrienden en collega’s van voor en na F4, mooie tijd daar in die 
koffiekamer. Soof, diep respect voor wat jij allemaal voor elkaar hebt geboxt. Kang, for keep-
ing faith, Thijs voor stijladvies, Rutger voor 100% collegialiteit. Jeffrey dank voor alle hulp 
en melige momenten bij de TEM experimenten op Sanquin. Siroon, met je indrukwekkend 
brein, het ga je goed daar in het zuiden. 

1. https://www.nrc.nl/nieuws/2017/07/12/piep-piep-tijd-om-even-te-stoppen-met-werken-
11921017-a1566358

2. Park AE, Zahiri HR, Hallbeck MS, Augenstein V, Sutton E, Yu D, Lowndes BR, Bingener J. Intraoperative “micro 
breaks” with targeted stretching enhance surgeon physical function and mental focus. Ann Surg. 2017 
Feb;265(2):340-346. 
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Alle medewerkers van het trialbureau. Waanzinnig hoe jullie die schier onuitvoerbare studie-
protocollen tot een goed einde wisten te brengen. Bovenal dank aan Linda, Sarah, Johan en 
Michelle voor jullie flexibiliteit en inzet bij de logistieke uitdagingen van de antisense studie. 

Dear Roshni and Laia, the ABCA8 project was initiated in my second week as a PhD student 
and finally got accepted and published in ATVB right before printing of this thesis. Thank you 
for your patience, guidance and perseverance in bringing this story home. 

Dear prof Tsimikas and prof Witztum, dear Sam and Joe. Thank you very much for the confi-
dence and opportunity to work with you on several projects and for sharing your incredible 
knowledge on lipoproteins. 

Joyce dank voor alle humor, gezelligheid en ondersteuning, vooral toen alles juist niet wilde 
vlotten. Tanja, dank voor de begeleiding door de  administratieve doolhoven en bureaucra-
tische loopgraven die moesten leiden naar deze dag. 

Suthesh en Mieke, onmisbaar in de aanloopperiode voor dit proefschrift, als begeleiders 
van de wetenschappelijke stage en grondleggers van de PAS; toch weer een vervolg op PAS! 

Lief 111e bestuur, 11 jaar geleden alweer en nog steeds samen, dank voor deze prachtige 
vriendschap. 

Fantastische collega’s in het Flevo ziekenhuis, dank voor jullie geduld en begrip. Judith, wat 
een opleider!
 
Liefste Simone, beeldschone draak, hemeltergende engel, wat een heerlijk leven samen. 
Zelfs in de hectische aanloop naar deze dag. Over een jaar lachen we erom. 

Julian
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