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Abstract—The APOLIPOPROTEIN (APO)A1/C3/A4/A5 gene cluster on chromosome 11 has been hypothesized to be a
modifier of plasma triglycerides in FCH. In the present study, we extended previous association analyses of the gene
cluster to include APOA5, a newly discovered member of the cluster. Eight SNPs across the APOA1/C3/A4/A5 gene
region were analyzed in 78 FCH probands and their normolipidemic spouses as well as in 27 Dutch FCH families. Of
the individual SNPs tested in the case-control panel, the strongest evidence of association was obtained with SNPs in
APOA1 (P�0.001) and APOA5 (P�0.001). A single haplotype defined by a missense mutation in APOA5 was enriched
3-fold in FCH probands when compared with the normolipidemic spouses (P�0.001) and a second haplotype was
significantly enriched in the spouses (P�0.001). Family-based tests also indicated significant association of triglyceride
levels and LDL particle size with the investigated SNPs of APOC3 and APOA5. These findings suggest that genetic
variation in the APOA1/C3/A4/A5 gene cluster acts as a modifier of plasma triglyceride levels and LDL particle size
within FCH families and furthermore indicate that a number of haplotypes may contribute to FCH. (Circ Res. 2004;94:
993-999.)
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Familial combined hyperlipidemia (FCH; see Mendelian
Inheritance in Man [MIM-144250], which can be ac-

cessed online [OMIM] at http://www.ncbi.nlm.nih.gov/
Omim/) is a complex lipid disorder characterized by elevated
plasma triglyceride and cholesterol levels.1 The prevalence of
FCH is about 1% to 2% in Western societies, whereas in
survivors of myocardial infarction under 60 years of age, it is
enriched about 10-fold, indicating an important role in
coronary artery disease.1 FCH is often accompanied by an
overproduction of apolipoprotein (apo) B-100–containing
lipoproteins, accumulation of small, dense low-density li-
poprotein (LDL) particles, and reduced concentrations of
high-density lipoproteins (HDL).2–5 Although the disorder
was first recognized about 30 years ago, the underlying
genetic abnormalities in FCH remain unknown.

In a landmark study, Pennacchio and colleagues6 identified
APOA5, a new member of the APOA1/C3/A4 gene cluster
that modulates plasma triglycerides in mice as well as in
humans. Two distinct alleles of APOA5 were shown to be
independently associated with �30% increase in plasma

triglyceride levels in two independent populations.7 Several
additional studies have confirmed the association of APOA5
SNPs with increased plasma triglyceride levels in the general
population and in dyslipidemic populations.8–12

Strong linkage between the APOA1/C3/A4 gene cluster and
FCH was first reported in 1991 by Wojciechowski and
colleagues.13 We have previously reported modest evidence
for linkage of the region to FCH,14 although these results have
not been confirmed by other studies.15,16 Furthermore, asso-
ciation of the locus with FCH has been observed in cohorts
where there was no evidence for linkage.17–19 The differences
in the results among these studies may be explained by the
complex nature of FCH in which multiple genes and envi-
ronmental factors are thought to play a role. Population-based
differences as well as differences in ascertainment and
diagnosis of FCH between studies could also explain the
conflicting results.

To test whether variation in the APOA1/C3/A4/A5 gene
cluster is associated with FCH and its associated lipid
parameters, we used both a case-control and family-based
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approach. In the present study, we provide evidence confirm-
ing the association of the APOA1/C3/A4/A5 gene cluster with
FCH and report the novel finding of an association of the
cluster with LDL particle size. The results demonstrate that
the APOA1/C3/A4/A5 gene cluster is an important genetic
determinant of plasma triglyceride levels and LDL particle
size in FCH.

Materials and Methods
Subjects
The 82 FCH probands and 124 spouses were recruited through the
Lipid Clinics of the Utrecht and Maastricht University Hospitals, the
Netherlands. The clinical characteristics of the study populations are
listed in Tables 1 and 2. Twenty-seven FCH families from Utrecht
were ascertained through probands as previously described20 and in
the expanded Materials and Methods section in the online data
supplement available at http://circres.ahajournals.org. All subjects
gave informed consent, and the study protocol was approved by the
Human Investigation Review Committees of the University Hospi-
tals of Utrecht and Maastricht, the Netherlands, and the University of
California, Los Angeles.

Biochemical Analyses
Venous blood was drawn after an overnight fast, and plasma was
prepared by immediate centrifugation. Lipids and apolipoproteins
were quantified by methods as described.20 LDL particle diameters
were measured as described.21 Probands and hyperlipidemic rela-

tives who used lipid-lowering drugs were studied after their lipid-
lowering treatment was withheld for 3 weeks.

Dichotomization of Triglyceride Status
Triglyceride levels are age- and sex-dependent. Therefore, the
triglyceride trait of the FCH probands and family members was
dichotomized based on the 90th age- and sex-specific population
percentiles for triglyceride levels. Because no triglyceride percentiles
for the Dutch population are publicly available, we used Finnish
population percentiles for this qualitative approach. This method of
reclassification of Dutch FCH individuals is identical to the criteria
reported elsewhere.22 Because the Finnish triglyceride levels are, on
average, somewhat higher than the Dutch, the Finnish population
percentiles can be considered to be a more stringent criteria than if
population averages from the Netherlands were used. Using these
criteria, there were 152 affected individuals and 671 unaffected
individuals in the family study sample.

Genotyping
The XmnI, MspI, SstI, and the HinfI polymorphisms were genotyped
as described.20 APOA5 SNPS 1, 2, and 4 were genotyped by
pyrosequencing using the PSQ96 instrument and the SNP Reagent
kit (Pyrosequencing AB).23 APOA5 SNP3 was genotyped as de-
scribed.7 Primer design information and accession numbers for the
SNPs are given in the online data supplement.

Statistical Analyses
Pairwise linkage disequilibrium (LD) was estimated using the
Genetic Equilibrium option of the MENDEL 5.0 program.24 Statis-
tical analyses of association in probands and spouses were performed
using the SAS computer program.25 One-sided Fisher’s exact prob-
ability values are reported because association of the investigated
SNPs has been observed in other studies (see reviews26,27). A
Bonferroni correction was used to account for multiple testing. SNPs
in strong LD with each other were not considered as independent
tests, thus the observed probability value was multiplied by the
number of groups of SNPs in complete LD. ANOVA was used to
initially assess genotypic differences in mean triglyceride levels
across the three genotypic groups. However, due to a low number of
homozygotes, individuals who were either heterozygous or homozy-
gous for the minor allele were grouped together. Unpaired t tests
were then used to assess genotypic differences in the spouse and
proband groups separately. Triglyceride values of the spouses and
probands were not adjusted for age and sex because these factors
accounted for only a small part of the variation in triglyceride levels
(R2�0.05).

For spouses and probands from the 27 FCH families, SNP
haplotypes were constructed using the GENEHUNTER program.28

TABLE 1. Clinical Characteristics of Probands and Spouses

Trait
FCH

Probands Spouses TG Probands

Male/female, n 51/31 50/74 24/27

Age, years 52�11 51�11 49�12

Total cholesterol, mmol/L 7.10�2.66 5.54�1.02 7.25�3.04

Triglycerides, mmol/L 4.63�8.99 1.33�0.61 6.10�10.94

HDL-C, mmol/L 0.92�0.26 1.22�0.39 0.92�0.28

LDL-C, mmol/L 4.39�1.62 3.72�0.92 3.98�1.47

apoB, g/L 1.39�0.34 1.00�0.25 1.36�0.35

Body mass index, kg/m2 27.62�3.57 25.37�3.83 28.00�4.10

Waist-to-hip ratio 0.94�0.08 0.86�0.09 0.94�0.09

Values are expressed as mean�SD.

TABLE 2. Clinical Characteristics of the FCH Family Members

Trait
Hyperlipidemic

Individuals
Normolipidemic

Individuals
Spouse
Controls

Male/female, n 173/125 144/151 87/121

Age, years 48�16 34�16 48�15

Total cholesterol, mmol/L 7.37�2.37 4.95�0.81 5.70�1.06

Triglycerides, mmol/L 3.57�6.78 1.27�0.41 1.64�1.04

HDL-C, mmol/L 1.14�0.32 1.21�0.32 1.25�0.34

LDL-C, mmol/L 4.66�1.36 3.13�0.74 3.73�0.99

apoB, g/L 1.32�0.30 0.83�0.21 1.02�0.28

PPD* (Å) 265.21�10.91 274.42�6.91 273.44�7.19

Body mass index, kg/m2 26.14�3.57 23.09�3.16 25.33�3.76

Waist-to-hip ratio 0.89�0.09 0.82�0.08 0.85�0.10

*Peak LDL particle size.
Values are expressed as mean�SD.
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When using pedigree data, Mendelian errors were identified with the
PedCheck program.29 For haplotype construction, APOA5 SNP2 was
chosen as the representative marker for APOA5 SNPs 1, 2, and 4 due
to extensive LD; however, for clarity, all three SNPs are shown in
Figure 2B. The haplotypes identified in the 27 families were then
used to assign the haplotypes in the spouses and probands. Haplo-
types present in fewer than 10 individuals were binned. Fisher’s
exact test was used to compare the haplotype distributions of FCH
probands and spouse controls and to test for enrichment of each
haplotype versus all other haplotypes.

The SNPs were tested for linkage or association in the FCH
families through use of the gamete competition test30 and the
haplotype-based haplotype relative risk test (HHRR).31 The gamete
competition test was performed using OPTION 8 of MENDEL 5.024

and the HHRR analysis was performed using the HRRLAMB
program.32 The gamete competition provides a parametric extension
of the transmission/disequilibrium test (TDT) and views transmis-
sion of marker alleles from heterozygous parents to affected children
as a contest between the alleles, making effective use of full pedigree
data.30 The gamete competition method is not purely a test of
association, because the null hypothesis is no association and no
linkage, and thus, linkage could result in a significant probability
value. Using the gamete competition test, the SNPs were tested for
association or linkage with FCH and a binary triglyceride trait as
well as with the following quantitative traits: triglyceride levels, total
cholesterol, BMI, WHR, LDL levels, HDL levels, LDL particle size,
apoA-I levels, apoB levels, and apoC-III levels. Due to nonnormal-
ity, triglycerides were log transformed before all analyses. The
HHRR is an extension of the TDT, which includes one affected
individual per pedigree when there is no linkage to the region, yet it
is also able to incorporate data from triads in which the parents are
either homozygous or have missing genotypes.32 All genotyped
SNPs were tested for association with FCH and a binary triglyceride
trait using this method.

Results
Pairwise Linkage Disequilibrium
Setting a criterion of P�0.001, the observed pattern of LD
was the same in spouses and probands (online Tables I and II,
available at http://circres.ahajournals.org, in the online data
supplement). APOA5 SNPs 1, 2, and 4 were found to be in
strong LD with each other and with the SstI polymorphism of
APOC3. Both of the APOA1 polymorphisms, XmnI and MspI,
were in LD with each other and with APOA5 SNP3. HinfI
was not in significant LD with any of the polymorphisms
studied (online Tables I and II).

Case-Control Association Studies With
Individual SNPs
The allele frequencies of the eight polymorphisms in APOA1/
C3/A4/A5 were compared between FCH probands and their
spouses (Figure 1). The XmnI, MspI, SstI, and HinfI poly-
morphisms were chosen on the basis of previously reported
associations with FCH.14,20,33 The studied APOA5 SNPs were
chosen on the basis of reported associations with triglyceride
levels (SNPs 1 and 4)6 and the likelihood of altering the level
of expression or function of apoAV (SNPs 2 and 3). APOA5
SNP2 is located in the putative Kozak sequence of APOA5
and thus, may alter the level of APOA5 expression. APOA5
SNP3 results in a nonsynonymous substitution of tryptophan
for serine and therefore may alter apoAV function. With the
exception of HinfI, the minor alleles were about 2-fold
increased in the probands over controls, although only XmnI,
MspI, SstI, and APOA5 SNP3 reached statistical significance

(corrected P�0.001, P�0.001, P�0.01, and P�0.001, re-
spectively). The minor alleles of XmnI, MspI, and APOA5
SNP3 were associated with higher triglyceride levels in FCH
probands, although only XmnI reached statistical significance
(4.47�3.5 versus 3.25�2.3 mmol/L; P�0.02 for carriers
versus noncarriers; data not shown). The four FCH probands
that were homozygous for the minor allele of APOA5 SNP3
exhibited a marked increase in plasma triglycerides over
probands homozygous for the major allele (7.46�5.7 versus
4.45�10.3 mmol/L, respectively), although due to a small
number of homozygotes, statistical significance was not
reached. In contrast to the other polymorphisms studied, the
frequency of the minor allele of HinfI was significantly
increased in spouse controls (P�0.004). Within FCH pro-
bands, carriers of the minor allele of HinfI exhibited lower
plasma triglycerides (3.15�1.40 versus 5.12�10.7 mmol/L,
for carriers versus noncarriers), although this decrease was
not significant (P�0.39).

In a subset of 40 hypertriglyceridemic probands (see
Materials and Methods), the frequency of the rare alleles of
XmnI, MspI, and APOA5 SNP3 were three times more
frequent in probands than in spouse controls (P�0.000003,
P�0.0001, and P�0.0001, respectively); however, no asso-
ciations with SstI, HinfI, or APOA5 SNPs 1, 2, or 4 were
observed.

Haplotype Distributions in FCH Cases
and Controls
The locations of the SNPs used to define each haplotype are
shown in Figure 2A. The six haplotypes shown in Figure 2B
represent 95% of those observed in spouses and probands.
The haplotype distribution of the probands was significantly
different from that of the spouse controls (P�0.0001). Of the
six haplotypes, there was significant association of haplo-
types 3 and 6 with FCH (Figure 2B). When compared with
the spouse controls, the frequency of haplotype 3, which
carries the minor alleles of XmnI, MspI, and APOA5 SNP3,
was 3-fold enriched in the probands (P�0.001). Interestingly,
no difference in the frequency of haplotype 4, which carries
the minor alleles of XmnI and MspI but not of APOA5 SNP3,
was observed between the spouses and the probands (P�0.4).
Consistent with the increased frequency of the minor allele of
HinfI in normolipidemic spouses, the frequency of the hap-
lotype that carries this allele was also significantly increased
in spouses (P�0.001).

Haplotype-Based Haplotype Relative Risk Test
Next, we investigated the associations of the eight SNPs and
their haplotypes on the 27 Dutch FCH families, which avoids
some potential problems with population association. Sug-
gestive evidence of association of the XmnI polymorphism
with FCH was observed (P�0.03). For the binary triglyceride
trait, evidence of association was observed with HinfI
(P�0.04) and APOA5 SNP2 (P�0.05) (Table 3).

Gamete Competition Test
The gamete competition test was also used to investigate the
contribution of this locus to FCH. Significant evidence of
preferential transmission to those with FCH was observed
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with the minor allele of the SstI polymorphism (P�0.01). In
hypertriglyceridemic individuals, evidence of preferential
transmission of the minor alleles of SstI (P�0.001), APOA5
SNPs 2 and 4 (P�0.002 and P�0.004, respectively), and the
major allele of HinfI (P�0.003) was observed. Similar results
were obtained with quantitative triglyceride levels (Table 3,
right). SstI and APOA5 SNPs 1, 2, and 4 were also strongly
associated with LDL particle size (P�0.004, P�0.005,
P�0.0001, and P�0.0004, respectively). Because a number
of studies have demonstrated that waist-to-hip ratio (WHR) is
strongly correlated with LDL particle size, we tested for
association of the SNPs with WHR.34–38 Only the minor allele
of SstI showed evidence of preferential transmission to
individuals with a high WHR (P�0.01, data not shown).
There was also evidence of association of APOA5 SNP2 and
SNP4 with HDL levels (P�0.008 and P�0.02), but no
evidence of association was observed with total cholesterol,
LDL, apoA-I, apoB, or apoC-III levels (data not shown).

Discussion
Our results indicate that variation in the APOA1/C3/A4/A5
gene cluster is associated with a difference in both plasma

triglyceride levels and LDL particle size in FCH. This study
is of particular importance because linkage and association
results of the APOA1/C3/A4 gene cluster in FCH have not
always been consistent. Although we and others have previ-
ously reported both linkage and association of this locus with
FCH, several other studies have not observed the same
results.13,16 The discrepancies among studies regarding the
involvement of this gene cluster in FCH may be explained
both by the complexity of its contribution to FCH as well as
the potential genetic heterogeneity underlying the disease.

Although the association of APOA5 SNPs with triglyceride
levels has been firmly established, no direct effect on LDL
particle size has previously been reported, although it has
been associated with WHR, a strong predictor of LDL
particle size.9 By using a quantitative gamete competition
test, we were able to investigate the effects of APOA1/C3/
A4/A5 variation on several lipid parameters within FCH
families. The presence of sdLDL particles, which often
accompanies the FCH phenotype, has been postulated to be a
consequence of VLDL overproduction, and has been associ-
ated with CAD.39,40 Indeed, it has been shown that the most
consistent lipid abnormality among FCH patients is the

Figure 1. Allele frequencies of the 8 polymorphisms within the APOA1/C3/A4/A5 gene cluster. Results are represented as the fre-
quency of the minor allele in normolipidemic spouses (white bars), FCH probands (black bars), and hypertriglyceridemic FCH probands
(striped bars). Probability values were tested by Fisher’s exact test. Bonferroni-corrected probability values are shown in parentheses.
*P�0.05, **P�0.005, and ***P�0.0005.
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persistence of sdLDL.41 Therefore, genes influencing LDL
particle size might be key factors contributing to the devel-
opment of FCH, and by extension, the development of
coronary artery disease (CAD). It has been shown that the
minor allele of the SstI polymorphism may help to predict
coronary artery disease within FCH families.42 Additionally,
we have previously reported evidence that the APOA1/C3/A4
gene cluster is a shared genetic determinant of LDL particle
size in FCH families and families enriched for CAD.43

Consistent with this finding, polymorphisms within APOC3
as well as APOA5 were significantly associated with LDL
particle size (P�0.004 and P�0.0001, respectively) (Table
3), providing evidence that these genes could contribute to the
production and/or development of sdLDL, and thereby may
be significant risk factors for the development of CAD.

The gamete competition test provided only modest results
with the combined hyperlipidemia trait (P�0.01 for SstI) and
with a binary triglyceride trait (P�0.001). This result is compa-
rable to that obtained in a similar study of 115 FCH families in
which the minor allele of SstI (alternatively named APOC3c.386G)
was associated with combined hyperlipidemia (P�0.014) and
with a binary triglyceride trait (P�0.049).12 However, in that
study, the minor allele of APOA5 SNP3 (alternatively named
APOA5c.56G) was significantly associated with FCH (P�0.003),
whereas in the present study, this SNP was not significantly
associated with FCH in our family study sample (P�0.6). The
differences in these results are most likely due to differences in
FCH diagnostic criteria, because when an age- and sex-adjusted
criterion is applied to the triglyceride trait, a significant associ-
ation is observed for this SNP (P�0.05).

In the case-control study, the investigated SNPs were
associated with FCH, and with binary and quantitative
triglyceride traits within FCH probands. APOA5 SNP1 has
been associated with increased VLDL-cholesterol in a popu-
lation of 627 dyslipidemic individuals and with increased
VLDL-apo B in 16 FCH families.8,11 Although these traits
were not available for analysis in the present study, no
significant differences in total cholesterol, LDL-cholesterol,

Figure 2. A, APOA1/C3/A4/A5 genomic structure and location of polymorphisms. Exons are depicted as gray boxes. Arrows below the
name of each gene indicate the transcriptional orientation of each gene. Location of each SNP is given in parentheses. B, Comparison
of APOA1/C3/A4/A5 haplotype distributions in spouses and FCH probands (Fisher’s exact value of P�0.0001). Major alleles of each
SNP are represented as 1 and minor alleles are represented as 2. Asterisks indicate significant differences in frequencies between
spouses and FCH probands.

TABLE 3. Family-Based Association of Polymorphisms in the
APOA1/C3/A4/A5 Gene Cluster With FCH, Triglycerides, and LDL
Particle Size

Haplotype-Based
Haplotype

Relative Risk Gamete Competition

FCH TG† FCH TG† TG-Q‡ PPD§

Xmn I 0.03* 0.9 0.2 0.04* 0.4 0.8

Msp I 0.3 0.5 0.2 0.04* 0.3 0.6

Sst I 0.9 0.1 0.01* 0.001** 0.01* 0.004**

HinfI 0.6 0.04* 0.4 0.003** 0.002** 0.1

A5snp1 0.7 0.1 0.5 0.07 0.03* 0.005**

A5snp2 0.10 0.05* 0.08 0.002** 0.01* 0.0001**

A5snp3 0.6 0.2 0.6 0.05* 0.2 0.4

A5snp4 0.3 0.07 0.2 0.004** 0.003** 0.0004**

*P�0.05, **P�0.005.
†Age- and sex-dependent binary triglyceride trait; ‡Quantitative triglyceride

levels; §Peak LDL particle diameter.
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HDL-cholesterol, or plasma apoB were observed between
carriers and noncarriers in the case-control sample. However,
these negative results could be due to the limited size of our
case-control data set.

It has been postulated that additional genetic factors are
necessary for expression of the triglyceride-raising effect of
APOA5 variants.10,11 Consistent with this hypothesis, an increase
in plasma triglyceride levels was observed only in FCH pro-
bands who carried the minor allele of APOA5 SNP3, whereas
spouse controls who carried the minor allele did not exhibit
increased triglyceride levels, suggesting that the dyslipidemic
background present in FCH individuals augments the triglycer-
ide-raising effect of this allele. A similar result was observed in
a study by Ribalta et al11 in which proband carriers of the
APOA5 SNP1 (alternatively named �1131T�C) allele exhibited
higher plasma triglyceride levels than that of noncarrier pro-
bands (2.52�1.34 versus 1.76�0.90 mmol/L), whereas this
effect on triglyceride levels was not observed in normolipidemic
relatives (0.82�0.47 versus 0.94�0.44 mmol/L, for carriers
versus noncarriers, respectively).11 Therefore, analysis of mul-
tilocus associations with other FCH candidate genes may help to
elucidate possible gene-gene interactions that affect plasma
triglyceride levels within FCH individuals. One such possible
candidate is the gene encoding the peroxisome proliferator-ac-
tivated receptor � (PPARA). PPARA gene expression has been
shown to affect the expression of APOA1, APOC3, and
APOA5.44,45 Indeed, variation near the PPARA locus has been
shown to have a modifying effect on plasma concentrations of
apoC-III in FCH subjects, raising the possibility of an additional
effect on plasma apoAV, which could subsequently influence
triglyceride levels.46

Lastly, we were also able to place APOA5 within the
context of a previously defined FCH susceptibility haplotype
at this locus. Previously, we reported the identification of two
possible susceptibility haplotypes, one which carries the
minor alleles of XmnI and MspI (X2M2S1) and the other
which carries the minor allele of SstI (X1M1S2).14 With the
addition of APOA5 SNP3, the X2M2S1 haplotype has now
been dichotomized into two haplotypes, indicated by haplo-
types 3 and 4 in Figure 2B. In the present study, only the
haplotype carrying the minor allele of APOA5 SNP3 (haplo-
type 3) was enriched in FCH probands, suggesting that the
previous association with the X2M2S1 haplotype was due to
LD with APOA5 SNP3. This finding indicates that it may be
the presence of APOA5 SNP3 (S19W) that is important in the
development of FCH rather than the XmnI and MspI poly-
morphisms. This hypothesis is further supported by the
findings of Eichenbaum-Voline et al12 who reported a signif-
icant preferential transmission of the APOA5 SNP3 minor
allele to FCH individuals. With the inclusion of APOA5
SNPs, the second susceptibility haplotype, the X1M1S2
haplotype, is also now dichotomized into two haplotypes:
haplotype 5, which carries the SstI minor allele as well as the
minor alleles of APOA5 SNPs 1, 2, and 4, and haplotype 6,
which carries the SstI minor allele and common alleles at all
other loci (Figure 2B). Both haplotypes 5 and 6 are enriched
in FCH probands, although the low frequency of these
haplotypes in our data sample limits our ability to detect a
statistically significant association.

Although the primary purpose of this study was to inves-
tigate the role of APOA5 in FCH, the contribution of APOC3
cannot be overlooked. The SstI polymorphism has been
shown to be significantly associated with a decrease in LDL
particle size in men and has been consistently associated with
increased plasma triglyceride levels in several popula-
tions.19,47–51 The SstI polymorphism of APOC3 was associ-
ated with FCH in our case-control and family study samples,
and with LDL particle size in FCH families. The SstI minor
allele also exhibited preferential transmission to affected
individuals in British FCH families.12 Taken together, these
data strongly suggest that APOC3 contributes significantly to
FCH, and in particular, to LDL particle size.

In conclusion, although it is likely that variation within the
APOA1/C3/A4/A5 gene region primarily affects triglyceride
levels, the novel association with LDL particle size provides
additional evidence of the contribution of this locus to FCH. The
data also demonstrate the existence of a specific haplotype that
is associated with FCH and further support the notion that
APOA5 acts as a modifier of FCH. Thus, incorporation of these
data into a multilocus genome scan approach may enhance the
signals of existing FCH loci and may also lead to the identifi-
cation of other novel loci that contribute to FCH.

Acknowledgments
This study was supported by NIH grant HL-28481 (to R.M.C.,
A.J.L., and P.P.). R.M. was supported by the National Human
Genome Research Institute (NHGRI) of NIH grant T32 HG02536.
T.W.A.d.B. was supported by the Netherlands Organization for
Scientific Research (NOW) grant 900-95-297. H.A. was supported
by a Post-Doctoral Fellowship in Medical Genetics through NIH
Training Grant 5-T32-GM08243-15. R.M.K. was supported by NIH
grants HL-18574, HL-66691, and HL-69757. J.S.S. was supported
by National Institute of Mental Health grant MH59490. We would
like to thank the patients and relatives who participated in this study.

References
1. Goldstein JL, Schrott HG, Hazzard WR, Bierman EL, Motulsky AG.

Hyperlipidemia in coronary heart disease, II: genetic analysis in 176
families and delineation of a new inherited disorder, combined hyperlip-
idemia. J Clin Invest. 1973;52:1544–1568.

2. Kissebah AH, Alfarsi S, Adams PW. Integrated regulation of very low
density lipoprotein triglyceride and apolipoprotein-B kinetics in man:
normolipemic subjects, familial hypertriglyceridemia and familial
combined hyperlipidemia. Metabolism. 1981;30:856–868.

3. Brunzell JD, Albers JJ, Chait A, Grundy SM, Grozsek E, McDonald GB.
Plasma lipoproteins in familial combined hyperlipidemia and monogenic
familial hypertriglyceridemia. J Lipid Res. 1983;24:147–155.

4. Cortner JA, Coates PM, Bennett MJ, Cryer DR, Le NA. Familial
combined hyperlipidaemia: use of stable isotopes to demonstrate overpro-
duction of very low-density lipoprotein apolipoprotein B by the liver.
J Inherit Metab Dis. 1991;14:915–922.

5. Venkatesan S, Cullen P, Pacy P, Halliday D, Scott J. Stable isotopes show a direct
relation between VLDL apoB overproduction and serum triglyceride levels and
indicate a metabolically and biochemically coherent basis for familial combined
hyperlipidemia. Arterioscler Thromb. 1993;13:1110–1118.

6. Pennacchio LA, Olivier M, Hubacek JA, Cohen JC, Cox DR, Fruchart JC,
Krauss RM, Rubin EM. An apolipoprotein influencing triglycerides in humans
and mice revealed by comparative sequencing. Science. 2001;294:169–173.

7. Pennacchio LA, Olivier M, Hubacek JA, Krauss RM, Rubin EM, Cohen
JC. Two independent apolipoprotein A5 haplotypes influence human
plasma triglyceride levels. Hum Mol Genet. 2002;11:3031–3038.

8. Aouizerat BE, Kulkarni M, Heilbron D, Drown D, Raskin S, Pullinger CR,
Malloy MJ, Kane JP. Genetic analysis of a polymorphism in the human
apoA-V gene: effect on plasma lipids. J Lipid Res. 2003;44:1167–1173.

9. Martin S, Nicaud V, Humphries SE, Talmud PJ. Contribution of APOA5
gene variants to plasma triglyceride determination and to the response to

998 Circulation Research April 16, 2004

 by guest on N
ovem

ber 7, 2016
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


both fat and glucose tolerance challenges. Biochim Biophys Acta. 2003;
1637:217–225.

10. Evans D, Buchwald A, Beil FU. The single nucleotide polymorphism
�1131T�C in the apolipoprotein A5 (APOA5) gene is associated with
elevated triglycerides in patients with hyperlipidemia. J Mol Med. 2003;
81:645–654.

11. Ribalta J, Figuera L, Fernandez-Ballart J, Vilella E, Castro Cabezas M,
Masana L, Joven J. Newly identified apolipoprotein AV gene predisposes
to high plasma triglycerides in familial combined hyperlipidemia. Clin
Chem. 2002;48:1597–1600.

12. Eichenbaum-Voline S, Olivier M, Jones EL, Naoumova RP, Jones B, Gau
B, Patel HN, Seed M, Betteridge DJ, Galton DJ, Rubin EM, Scott J,
Shoulders CC, Pennacchio LA. Linkage and association between distinct
variants of the APOA1/C3/A4/A5 gene cluster and familial combined
hyperlipidemia. Arterioscler Thromb Vasc Biol. 2004;24:167–174.

13. Wojciechowski AP, Farrall M, Cullen P, Wilson TM, Bayliss JD, Farren B,
Griffin BA, Caslake MJ, Packard CJ, Shepherd J, Thakker R, Scott J.
Familial combined hyperlipidaemia linked to the apolipoprotein AI-CII-AIV
gene cluster on chromosome 11q23-q24. Nature. 1991;349:161–164.

14. Dallinga-Thie GM, van Linde-Sibenius Trip M, Rotter JI, Cantor RM, Bu
X, Lusis AJ, de Bruin TWA. Complex genetic contribution of the apoAI-
CIII-AIV gene cluster to familial combined hyperlipidemia. J Clin Invest.
1997;97:953–961.

15. Wijsman EM, Brunzell JD, Jarvik GP, Austin MA, Motulsky AG, Deeb
SS. Evidence against linkage of familial combined hyperlipidemia to the
apolipoprotein AI-CIII-AIV gene complex. Arterioscler Thromb Vasc
Biol. 1998;18:215–226.

16. Tahvanainen E, Pajukanta P, Porkka K, Nieminen S, Ikavalko L, Nuotio
I, Taskinen MR, Peltonen L, Ehnholm C. Haplotypes of the ApoA-I/C-
III/A-IV gene cluster and familial combined hyperlipidemia. Arterioscler
Thromb Vasc Biol. 1998;18:1810–1817.

17. Hayden MR, Kirk H, Clark C, Frohlich J, Rabkin S, McLeod R, Hewitt
J. DNA polymorphisms in and around the Apo-A1-CIII genes and genetic
hyperlipidemias. Am J Hum Genet. 1987;40:421–430.

18. Xu CF, Talmud P, Schuster H, Houlston R, Miller G, Humphries S. Asso-
ciation between genetic variation at the APO AI-CIII-AIV gene cluster and
familial combined hyperlipidaemia. Clin Genet. 1994;46:385–397.

19. Tybjaerg-Hansen A, Nordestgaard BG, Gerdes LU, Faergeman O,
Humphries SE. Genetic markers in the apo AI-CIII-AIV gene cluster for
combined hyperlipidemia, hypertriglyceridemia, and predisposition to
atherosclerosis. Atherosclerosis. 1993;100:157–169.

20. Dallinga-Thie GM, Bu X, van Linde-Sibenius Trip M, Rotter JI, Lusis AJ,
de Bruin TWA. Apolipoprotein A-I/C-III/A-IV gene cluster in familial
combined hyperlipidemia: effects on LDL-cholesterol and apoli-
poproteins B and C-III. J Lipid Res. 1996;37:136–147.

21. Allayee H, Dominguez KM, Aouizerat BE, Krauss RM, Rotter JI, Lu J,
Cantor RM, de Bruin TW, Lusis AJ. Contribution of the hepatic lipase
gene to the atherogenic lipoprotein phenotype in familial combined hy-
perlipidemia. J Lipid Res. 2000;41:245–252.

22. Pajukanta P, Allayee H, Krass KL, Kuraishy A, Soro A, Lilja HE, Mar R,
Taskinen MR, Nuotio I, Laakso M, Rotter JI, de Bruin TW, Cantor RM,
Lusis AJ, Peltonen L. Combined analysis of genome scans of Dutch and
Finnish families reveals a susceptibility locus for high-density lipoprotein
cholesterol on chromosome 16q. Am J Hum Genet. 2003;72:903–917.

23. Pielberg G, Olsson C, Syvanen AC, Andersson L. Unexpectedly high
allelic diversity at the KIT locus causing dominant white color in the
domestic pig. Genetics. 2002;160:305–311.

24. Lange K, Cantor R, Horvath S, Perola M, Sabatti C, Sinsheimer J, Sobel
E. Mendel version 4.0: a complete package for the exact genetic analysis
of discrete traits in pedigree and population data sets. Am J Hum Genet.
2001;69(suppl):A1886. Abstract.

25. SAS Institute I. SAS/STAT User’s Guide. Cary, NC: SAS Institute, Inc;
1999–2000.

26. Groenendijk M, Cantor RM, de Bruin TW, Dallinga-Thie GM. The
apoAI-CIII-AIV gene cluster. Atherosclerosis. 2001;157:1–11.

27. Pennacchio LA, Rubin EM. Apolipoprotein A5, a newly identified gene
that affects plasma triglyceride levels in human and mice. Arterioscler
Thromb Vasc Biol. 2002;23:529–534.

28. Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES. Parametric and
nonparametric linkage analysis: a unified multipoint approach. Am J Hum
Genet. 1996;58:1347–1363.

29. O’Connell JR, Weeks DE. PedCheck: a program for identification of
genotype incompatibilities in linkage analysis. Am J Hum Genet. 1998;
63:259–266.

30. Sinsheimer JS, Blangero J, Lange K. Gamete-competition models. Am J
Hum Genet. 2000;66:1168–1172.

31. Terwilliger JD, Ott J. A haplotype-based “haplotype relative risk”
approach to detecting allelic associations. Hum Hered. 1992;42:337–346.

32. Terwilliger JD. A powerful likelihood method for the analysis of linkage
disequilibrium between trait loci and one or more polymorphic marker
loci. Am J Hum Genet. 1995;56:777–787.

33. Groenendijk M, De Bruin TW, Dallinga-Thie GM. Two polymorphisms
in the apo A-IV gene and familial combined hyperlipidemia. Atheroscle-
rosis. 2001;158:369–376.

34. Sherrard B, Simpson H, Cameron J, Wahi S, Jennings G, Dart A. LDL
particle size in subjects with previously unsuspected coronary heart
disease: relationship with other cardiovascular risk markers. Atheroscle-
rosis. 1996;126:277–287.

35. Katzel LI, Krauss RM, Goldberg AP. Relations of plasma TG and HDL-C
concentrations to body composition and plasma insulin levels are altered in
men with small LDL particles. Arterioscler Thromb. 1994;14:1121–1128.

36. Rainwater DL, Mitchell BD, Comuzzie AG, Haffner SM. Relationship of
low-density lipoprotein particle size and measures of adiposity. Int J Obes
Relat Metab Disord. 1999;23:180–189.

37. Terry RB, Wood PD, Haskell WL, Stefanick ML, Krauss RM. Regional
adiposity patterns in relation to lipids, lipoprotein cholesterol, and lipoprotein
subfraction mass in men. J Clin Endocrinol Metab. 1989;68:191–199.

38. Peeples LH, Carpenter JW, Israel RG, Barakat HA. Alterations in low-
density lipoproteins in subjects with abdominal adiposity. Metabolism.
1989;38:1029–1036.

39. Austin MA, King MC, Vranizan KM, Krauss RM. Atherogenic
lipoprotein phenotype: a proposed genetic marker for coronary heart
disease risk. Circulation. 1990;82:495–506.

40. Packard CJ, Demant T, Stewart JP, Bedford D, Caslake MJ, Schwertfeger G,
Bedynek A, Shepherd J, Seidel D. Apolipoprotein B metabolism and the
distribution of VLDL and LDL subfractions. J Lipid Res. 2000;41:305–318.

41. Ayyobi AF, McGladdery SH, McNeely MJ, Austin MA, Motulsky AG, Brunzell
JD. Small, dense LDL and elevated apolipoprotein B are the common charac-
teristics for the three major lipid phenotypes of familial combined hyperlipid-
emia. Arterioscler Thromb Vasc Biol. 2003;23:1289–1294.

42. Voors-Pette C, de Bruin TW. Excess coronary heart disease in Familial
combined hyperlipidemia, in relation to genetic factors and central
obesity. Atherosclerosis. 2001;157:481–489.

43. Allayee H, Aouizerat BE, Cantor RM, Dallinga-Thie GM, Krauss RM,
Lanning CD, Rotter JI, Lusis AJ, de Bruin TWA. Families with familial
combined hyperlipidemia and families enriched for coronary artery
disease share genetic determinants for the atherogenic lipoprotein pheno-
type. Am J Hum Genet. 1998;63:577–585.

44. Pineda Torra I, Gervois P, Staels B. Peroxisome proliferator-activated
receptor � in metabolic disease, inflammation, atherosclerosis and aging.
Curr Opin Lipidol. 1999;10:151–159.

45. Vu-Dac N, Gervois P, Jakel H, Nowak M, Bauge E, Dehondt H, Staels B,
Pennacchio LA, Rubin EM, Fruchart-Najib J, Fruchart JC. Apoli-
poprotein A5, a crucial determinant of plasma triglyceride levels, is
highly responsive to peroxisome proliferator-activated receptor � activa-
tors. J Biol Chem. 2003;278:17982–17985.

46. Eurlings PM, van der Kallen CJ, Geurts JM, Flavell DM, de Bruin TW. Identi-
fication of the PPARA locus on chromosome 22q13.3 as a modifier gene in
familial combined hyperlipidemia. Mol Genet Metab. 2002;77:274–281.

47. Russo GT, Meigs JB, Cupples LA, Demissie S, Otvos JD, Wilson PW, Lahoz C,
Cucinotta D, Couture P, Mallory T, Schaefer EJ, Ordovas JM. Association of the
Sst-I polymorphism at the APOC3 gene locus with variations in lipid levels,
lipoprotein subclass profiles and coronary heart disease risk: the Framingham
offspring study. Atherosclerosis. 2001;158:173–181.

48. Shoulders CC, Harry PJ, Lagrost L, White SE, Shah NF, North JD,
Gilligan M, Gambert P, Ball MJ. Variation at the apo AI/CIII/AIV gene
complex is associated with elevated plasma levels of apo CIII. Athero-
sclerosis. 1991;87:239–247.

49. Dammerman M, Sandkuijl LA, Halaas JL, Chung W, Breslow JL. An
apolipoprotein CIII haplotype protective against hypertriglyceridemia is
specified by promoter and 3� untranslated region polymorphisms. Proc
Natl Acad Sci U S A. 1993;90:4562–4566.

50. Stocks J, Paul H, Galton D. Haplotypes identified by DNA restriction-
fragment-length polymorphisms in the A-1 C-III A-IV gene region and
hypertriglyceridemia. Am J Hum Genet. 1987;41:106–118.

51. Waterworth DM, Talmud PJ, Bujac SR, Fisher RM, Miller GJ,
Humphries SE. Contribution of apolipoprotein C-III gene variants to
determination of triglyceride levels and interaction with smoking in
middle-aged men. Arterioscler Thromb Vasc Biol. 2000;20:2663–2669.

Mar et al Association of APOA1/C3/A4/A5 With FCH 999

 by guest on N
ovem

ber 7, 2016
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


Lusis
Ronald M. Krauss, Janet S. Sinsheimer, Rita M. Cantor, Tjerk W.A. de Bruin and Aldons J. 

Rebecca Mar, Päivi Pajukanta, Hooman Allayee, Martine Groenendijk, Geesje Dallinga-Thie,
Levels and LDL Particle Size in Familial Combined Hyperlipidemia

 Gene Cluster With TriglycerideAPOLIPOPROTEIN A1/C3/A4/A5Association of the 

Print ISSN: 0009-7330. Online ISSN: 1524-4571 
Copyright © 2004 American Heart Association, Inc. All rights reserved.
is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231Circulation Research 

doi: 10.1161/01.RES.0000124922.61830.F0
2004;94:993-999; originally published online March 4, 2004;Circ Res. 

 http://circres.ahajournals.org/content/94/7/993
World Wide Web at: 

The online version of this article, along with updated information and services, is located on the

 http://circres.ahajournals.org/content/suppl/2004/04/13/94.7.993.DC1.html
Data Supplement (unedited) at:

  
 http://circres.ahajournals.org//subscriptions/

is online at: Circulation Research  Information about subscribing to Subscriptions:
  

 http://www.lww.com/reprints
 Information about reprints can be found online at: Reprints:

  
document. Permissions and Rights Question and Answer about this process is available in the

located, click Request Permissions in the middle column of the Web page under Services. Further information
Editorial Office. Once the online version of the published article for which permission is being requested is 

 can be obtained via RightsLink, a service of the Copyright Clearance Center, not theCirculation Researchin
 Requests for permissions to reproduce figures, tables, or portions of articles originally publishedPermissions:

 by guest on N
ovem

ber 7, 2016
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/content/94/7/993
http://circres.ahajournals.org/content/suppl/2004/04/13/94.7.993.DC1.html
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circres.ahajournals.org//subscriptions/
http://circres.ahajournals.org/


Expanded Material and Methods 

Detailed Ascertainment Criteria 
 

The probands met the following criteria:  (1) a primary combined hyperlipidemia with 

varying phenotypic expression, including a fasting plasma cholesterol > 6.5 mmol/l, or > 90th 

percentile for age, defined according to tables from the Lipid Research Clinics, and fasting 

plasma triglycerides >2.3 mmol/l;  (2) at least one first degree relative with a different 

hyperlipidemic phenotype;  (3) a positive family history of premature CAD defined as a 

myocardial infarction or cardiovascular disease before 60 years of age.  Additional singleton 

FCH probands in the case-control study sample were single individuals diagnosed as FCH when 

the following criteria were met:  (1) evidence of documented premature coronary artery disease 

in the family or in the patient and  (2) documented evidence of multiple lipoprotein phenotype 

present among first-degree relatives.  Exclusion criteria for the probands included diabetes, 

obesity (BMI > 30), tendon xanthomas indicative of familial hypercholesterolemia, or type III 

hyperlipidemia (apoE2/E2).  Relatives were assigned the FCH phenotype when they met the 

following criteria: fasting plasma cholesterol > 6.5 mmol/l, and/or fasting plasma triglycerides > 

2.3 mmol/l.  Using these criteria, there were 275 affected individuals and 548 unaffected 

relatives in the study sample.  The spouses (n=208) represent a population-, environment-, 

nutrition-, and age-matched control group for the probands and their hyperlipidemic relatives.  

Additional normolipidemic spouses of FCH family members were included in the control study 

sample.   

SNP Primer Information and Accession Numbers 

Primers for PCR were designed using the Primer3 program, available at the Whitehead 

Institute for Biomedical Research Web site.  Detection primers for pyrosequencing were 



designed through the use of the SNP primer Design Software, version 1.01 (Pyrosequencing 

AB).  Oligo Analyzer 2.5, available at the Integrated DNA Technologies Web site, was used to 

calculate the melting temperature of the primers and to check all the primers for primer dimers 

and hairpins to prevent possible background signals in the SNP genotyping 3.  APOA5 SNPS 1, 

2, 3 and 4 were previously identified 1 and are available at the dbSNP home page under 

accession numbers ss3199915, ss4383596, ss4383597, and ss3199914, respectively.   

 

 

 



Supplementary Tables 
 
Table I.  Pairwise Linkage Disequilibrium in Normolipidemic Spouses. 
 
 XmnIa MspIb SstIc HinfId A5snp1e A5snp2f A5snp3g A5snp4h 
XmnIa  0.000001 NS NS NS NS 0.0003 NS 
MspIb   NS NS NS NS 0.000001 NS 
SstIc    NS 0.000001 0.000001 NS 0.00003 
HinfId     NS NS 0.04 NS 
A5snp1e      0.000001 NS 0.000001
A5snp2f       NS 0.000001
A5snp3g        NS 
A5snp4h         
 
Table II.  Pairwise Linkage Disequilibrium in FCH probands. 
 
 XmnIa MspIb SstIc HinfId A5snp1e A5snp2f A5snp3g A5snp4h 
XmnIa  0.000001 NS 0.02 NS NS 0.000001 NS 
MspIb   NS NS NS NS 0.000001 NS 
SstIc    NS 0.000001 0.000001 NS 0.000001
HinfId     NS NS NS NS 
A5snp1e      0.000001 NS 0.000001
A5snp2f       NS 0.000001
A5snp3g        NS 
A5snp4h         
 
Pairwise linkage disequilibrium between SNPs was estimated using the Genetic Equilibrium 
option of MENDEL 5.0.   Fisher’s exact P-values are shown above (spouses) and below 
(probands) the gray boxes.  NS = not significant 
aAPOA1 -2500C>T  
bAPOA1 -75G>A 
cAPOC3 3238G>C 
dAPOA4 347A>T 
eAPOA5 -1131T>C 
fAPOA5 -3A>G 
gAPOA5 S19W 
hAPOA5 exon3+476G>A 
 
 



References for Online Data Supplements 
 

1. Pennacchio LA, Olivier M, Hubacek JA, Krauss RM, Rubin EM, Cohen JC. Two 

independent apolipoprotein A5 haplotypes influence human plasma triglyceride levels. 

Hum Mol Genet. 2002;11:3031-8. 

Electronic Database Information 

URLs for data presented herein are as follows: 

Integrated DNA Technologies,  http://www.idtdna.com/ (for Oligo Analyzer 2.5) 

Whitehead Institute for Biomedical Research,  http://www-

genome.wi.mit.edu/genome_software/other/primer3.html (for the Primer3 program) 

dbSNP Home Page, http://www.ncbi.nlm.nih.gov/SNP/ 
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