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Abstract

Familial combined hyperlipidemia (FCH) is a common ge-
netic lipid disorder in Western societies. In a recent report
(Dallinga-Thie, G.M., X.D. Bu, M. van Linde-Sibenius Trip,
J.I. Rotter, A.J. Lusis, and T.W.A. de Bruin. J. Lipid Res.,
1996, 36:136-147) we have studied three restriction enzyme
polymorphisms: XmnlI, and Mspl sites 5’ of the apo AI gene
and SstI site in the 3’ untranslated region of exon 4 of the
apo CIII gene in 18 FCH pedigrees, including 18 probands,
178 hyperlipidemic relatives, 210 normolipidemic relatives,
and 176 spouses. DNA variations in the apo AI-CIII-AIV
gene cluster had a modifying effect on plasma triglycerides,
LDL cholesterol, and apolipoprotein CIII levels. In this
study, combinations of haplotypes were analyzed to further
characterize their interactions and effect on the expression
of severe hyperlipidemia in FCH subjects. A specific combi-
nation of haplotypes with one chromosome carrying the
X1M1S2 (1-1-2) haplotype and the other the X2M2S1 hap-
lotype (2-2-1) was significantly more frequent in hyperlipi-
demic relatives (6%) than in normolipidemic relatives (3%)
and spouses (0.5%). Associated with this combination of
haplotypes were significantly elevated plasma cholesterol (P <
0.0001), triglycerides (P < 0.0001), and apo CIII (P < 0.001)
levels when compared to the wild type combination of hap-
lotypes 1-1-1/1-1-1. The only spouse with this specific
combination of haplotypes showed a severe hyperlipidemic
phenotype, similar to FCH. Furthermore, nonparametric
sibpair linkage analysis revealed significant linkage be-
tween these markers in the gene cluster and the FCH phe-
notype (Mspl P = 0.0088, SstI P = 0.044, and XMS haplo-
type P = 0.037). The present findings confirm that the apo
AI-CIII-IV gene cluster contributes to the FCH phenotype,
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but this contribution is genetically complex. An epistatic in-
teraction between different haplotypes of the gene cluster
was demonstrated. The S2 allele on one haplotype was syn-
ergistic to the X2M2 allele on the other haplotype in its hy-
perlipidemic effect. Therefore, two different susceptibility
loci exist in the gene cluster, demonstrating the paradigm of
complex genetic contribution to FCH. (J. Clin. Invest. 1997.
99:953-961.) Key words: familial combined hyperlipidemia «
genetic linkage analysis « apolipoprotein B « apolipoprotein
CIII - gene—gene interaction

Introduction

Familial combined hyperlipidemia (FCH)! was described in
1973 by Goldstein et al. (1) as a distinctive genetic lipid disor-
der resulting in dramatically elevated plasma triglyceride lev-
els and a secondary effect on plasma cholesterol levels. The
prevalence of the disease in Western societies is about 1-2%
of the population, and in survivors of myocardial infarction un-
der the age of 60 yr it is ~ 10% (1), indicating a 10-fold in-
creased risk for myocardial infarction (2). Subsequent genetic
analyses indicated that the inheritance pattern was more com-
plex and non-Mendelian with a major gene acting on triglycer-
ide levels (3-5). The locus with the greatest evidence for in-
volvement is that of the apo AI-CIII-AIV gene complex on
chromosome 11, but even the results with this have been con-
fusing, controversial, and somewhat inconclusive (6). Herein,
we provide data demonstrating a complex interaction of high
risk haplotypes in this region. This, together with nonparamet-
ric linkage data, provide strong evidence for the involvement
of this genetic region in FCH, and begin to unravel the com-
plexity of its genetic contribution.

FCH is characterized by a variable expression of both hy-
percholesterolemia and hypertriglyceridemia, also known as
multiple type hyperlipidemia, in both probands and hyperlipi-
demic relatives (2, 7, 8). Lipoprotein metabolism is character-
ized by an overproduction of hepatic apo B100 containing li-
poproteins, resulting in increased plasma levels of VLDL and
LDL (9-11). Small dense LDL particles (atherogenic lipopro-
tein phenotype B) are frequently found in FCH (12-14), indi-
cating that defective regulation of apo B metabolism may be
important in the development of FCH.

The genetic defects underlying FCH are yet unknown. Be-
cause FCH is associated with elevated plasma levels of apo B,
cholesterol, and triglycerides, genetic factors influencing these
traits may be candidate genes for the development of FCH.

1. Abbreviation used in this paper: FCH, familial combined hyperlipi-
demia.
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Despite the observation that plasma apo B levels are elevated,
no associations were observed between markers near the apo
B gene and the FCH phenotype (15, 16). Another candidate is
the gene coding for the enzyme lipoprotein lipase (LPL) that is
involved in the catabolism of trigyceride-rich lipoprotein parti-
cles. In FCH, a decreased LPL activity has been found in 30%
of the affected individuals (17-19) that suggests that heterozy-
gosity for LPL mutations might contribute to the lipid pheno-
type in FCH. However, mutations of the LPL gene (19-22) ap-
pear to contribute to only a small fraction of FCH and by
sibpair analysis we have excluded LPL as a major cause of
FCH (Lusis, A.J., G.M. Dallinga-Thie, J.I. Rotter, and T.W.A.
de Bruin, manuscript in preparation).

Another candidate is the gene region of the apo AI-CIII-
AIV gene cluster located on chromosome 11. In 1991 Woj-
ciechowski et al. (23) reported linkage between FCH (ana-
lyzed as a single disorder) and this cluster, but this finding has
not been confirmed (24). One possible explanation for these
variant findings is that this gene cluster does contribute to the
FCH phenotype but in a genetically complex manner. The apo-
lipoproteins encoded by this cluster are implicated in the me-
tabolism of HDL and triglyceride-rich lipoprotein particles.
Several associations between polymorphisms in this cluster
and parameters of lipid metabolism have been reported (25—
29) in patient groups and the general population. In a large
study using 18 well-characterized FCH kindreds, we evaluated
three polymorphisms in the apo AI-CIII-AIV gene cluster and
their associations with lipid and apolipoprotein phenotypes
were characterized (6). These findings strongly suggested that
the apo AI-CIII-AIV gene cluster is not the primary cause of
FCH but that this cluster has a specific modifying effect on
plasma triglyceride and LDL cholesterol levels. In the present
study a more detailed analysis of the combination of haplo-
types of this gene cluster was performed. The aim was to delin-
eate the haplotypes involved, to test whether particular combi-
nations of haplotypes are more frequent in FCH individuals,
and, if so, whether they result in a more severe lipid pheno-
type. We also performed nonparametric linkage analysis to
confirm the importance of the locus in FCH. The present data
indicated that two different susceptibility loci for FCH in this
gene cluster were present, with an S2-bearing haplotype acting
in a dominant fashion, and an X2M2 haplotype behaving as a
permissive trait. Furthermore, these two haplotypes exhibited
epistatic interaction leading to susceptibility to FCH.

Materials

Index subjects. 18 unrelated, Dutch Caucasian, index FCH patients were
recruited from the Lipid Clinic of the University Hospital, Utrecht,
The Netherlands. These subjects met the criteria described previously
(1,7, 30), including: (a) A primary hyperlipidemia with varying phe-
notypic expression, including a fasting plasma cholesterol concentra-
tion > 6.5 mmol/liter or > 95th percentile for age, defined according
to tables from the Lipid Research Clinics, and/or fasting plasma trigly-
ceride concentration > 2.3 mmol/liter, and elevated plasma apo B
concentrations exceeding the mean + 2 standard deviation for age
adjusted levels. (b) At least one first-degree relative with a different
hyperlipidemic phenotype from the proband. (¢) A positive family
history of premature coronary artery disease, defined as myocardial
infarction or cerebrovascular disease before the age of 60 yr in at
least one blood-related subject or the index patient. (d) Absence of
xanthomas. Exclusion criteria included diabetes, familial hypercho-
lesterolemia (absence of isolated elevated plasma LDL cholesterol
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levels and tendon xanthomas), and type III hyperlipidemia (apo E2/
E2 genotype). All subjects gave informed consent. The study proto-
col was approved by the Human Investigation Review Committee of
the University Hospital Utrecht, The Netherlands. An attempt was
made to collect all relatives and spouses of the index patients, without
any selection. In total, 95% of the living relatives over 18 yr old (in-
cluding 107 first degree -, 110 second degree -, and 171 third-degree
relatives) have been included in the present analysis. Hyperlipidemic
relatives (n = 178) were assigned the FCH phenotype when they met
the following criteria: plasma cholesterol levels > 6.5 mmol/liter and/
or plasma triglycerides > 2.3 mmol/liter. As a consequence, there
were 210 normolipidemic relatives. The spouse group (n = 176) rep-
resented an environment-, nutrition-, and age-matched control group
for the relatives; 58 spouses (25 men and 33 women) were hyperlipi-
demic according to the criteria described.

Analytical methods. Venous blood was drawn after an overnight
fast of 12-14 h and abstention from alcohol use for at least 48 h.
Plasma was prepared by immediate centrifugation for analytical anal-
ysis. Lipids and apolipoproteins were quantified by methods as de-
scribed elsewhere (6, 30, 31).

DNA genotyping. DNA was isolated from 10 ml of EDTA-aug-
mented blood following standard procedures (32) and amplified by
the PCR technique in a Thermal cycler apparatus (Pharmacia, Upp-
sala, Sweden) as described extensively (6). Three polymorphic mark-
ers, Xmnl (C-2500T), MspI (G-78A), both at the 5’ site of the apo Al
gene, and SstI (G3175C) in the 3’ untranslated region of the apo CIII
gene cluster were typed (6). Alleles were defined as 1 or 2 based on
absence or presence of the restriction site.

Statistical methods. Results are expressed as mean*SD. The sta-
tistical differences between the plasma parameters of the groups were
calculated using the unpaired Student’s ¢ test. Data for plasma triglyc-
eride, apo CIII, cholesterol, and apo B were analyzed unadjusted and
after log transformation. Frequencies of the three polymorphisms
were determined by gene counting and allele counting. Deviations of
the Hardy Weinberg equilibrium were tested with a x> goodness-
of-fit test. Linkage disequilibrium between the tested markers was
tested using the EHDOS program (33). Haplotypes and combina-
tions of haplotypes were assigned by examining the cosegregation of
individual alleles according to Mendelian inheritance within the 18
families. Allele and haplotype frequency distributions were assessed
by chi-square tests.

Nonparametric sibpair linkage analysis. The methodology of ro-
bust sibpair analysis was used to test the hypothesis that there is link-
age between FCH as a qualitative trait and polymorphic markers in
the apo AI-CIII-AIV gene cluster (34, 35). The basis for this ap-
proach is to compare the presence or absence of the FCH trait
between siblings as a function of the alleles they share identical-
by-descent (IBD). The sibpair IBD method does not require a priori
assumptions about the mode of inheritance, an advantage in the anal-
ysis of genetically complex multigenic disease. In this method, the
proportion of genes IBD between the members of each pair of sibs is
estimated for each of the marker loci. The expected frequency of the
shared alleles between affected sibs is 0.50, when linkage to FCH is
not present. A distortion from this frequency is expected when link-
age to FCH, as a qualitative trait, is present. The actual sibpair link-
age analyses were performed by the SIBPAL program (SAGE ver-
sion 2.4) (35). In this analysis, FCH was defined as: plasma
cholesterol > 90% level for age, and/or plasma triglyceride > 2.3
mmol/liter, and/or plasma apo B above 75th percentile for age. Be-
cause a specific locus hypothesis was being tested, a P value of 0.05 or
less was considered to be significant.

Results

Subject characteristics. Clinical and biochemical characteris-
tics of the hyperlipidemic FCH relatives including the 18 pro-
bands, their normolipidemic relatives, and spouse controls are



Table I. Characteristics of the Studied Population

Variable Hyperlipidemic individuals* Normolipidemic individuals Spouses
No. 196 210 176
Age (y) 47+15¢ 32+13 48+15%
Gender (M/F) 115/811 105/105% 68/109
BMI, kg/m? 26.20+3.55¢ 23.97+6.92 25.18+3.77!
Waist-hip ratio (WHR) 0.88+0.09% 0.81+0.08 0.84+0.10
Chol (mmol/liter) 7.38+2.15% 4.94+0.80 5.66+1.05%
LDL-Chol (mmol/liter) 4.73+1.32% 3.13+0.71 3.67+0.98%
HDL-Chol (mmol/liter) 1.13+0.33¢ 1.25+0.31 1.28+0.36
TG (mmol/liter) 3.29+4.92% 1.23+0.39 1.63+1.11%
Apo B (mg/100 ml) 130+29¢ 82+21 99+28%
Apo Al (mg/100 ml) 133x27 13323 138=23l
Apo CIIT (mg/100 ml) 12.1+4.8* 7.6+2.4 9.0+3.3

Values are expressed as mean=SD. P values were determined using the ¢ test. *This includes the 18 probands and 178 hyperlipidemic relatives (total
number, n = 196). ‘Hyperlipidemic relatives and normolipidemic relatives and spouses P < 0.001; Ynormolipidemic relatives and spouses, P < 0.001;
Inormolipidemic relatives and spouses, P < 0.03; Thyperlipidemic relatives (x*> = 11.1, P < 0.0009), normolipidemic relatives (x> = 4.8, P < 0.03) ver-

sus spouses.

summarized in Table I. The group of hyperlipidemic relatives
and probands was characterized by an increased BMI com-
pared to their normolipidemic relatives and spouses. Addi-
tional differences also included an increased waist-hip ratio
(WHR) and an enrichment in number of male subjects. Nor-
molipidemic relatives were significantly younger than hyper-
lipidemic relatives and spouses. It cannot be excluded that in
some normolipidemic individuals the FCH phenotype had not
yet been fully expressed. Hyperlipidemic family members had
significantly (P < 0.0001) higher plasma cholesterol, triglycer-
ides, LDL cholesterol, apo B, and apo CIII concentrations
than normolipidemic relatives and spouses. HDL cholesterol
levels were significantly lower (P < 0.0001) compared to both
normolipidemic relatives and spouses. No difference was ob-
served in plasma apo Al levels between hyperlipidemic and
normolipidemic relatives; however, in spouses the plasma apo
Al levels were significantly (P < 0.03) higher than in normo-
lipidemic relatives.

Polymorphisms of the apo AI-CIII-AIV gene cluster. In this
study three restriction sites were studied: XmnlI located 2.5-kb
upstream of the start of the apo Al gene, Mspl at —78 bp from
the transcription start of the apo Al gene, and SstI located in
the noncoding region of exon 4 of the apo CIII gene. The ob-
served frequencies for all three polymorphisms behaved within
the limits of the Hardy Weinberg law. No differences in the
gene frequencies between males and females were observed
and this allowed us to combine data from men and women.
The Mspl locus and the Xmnl locus were in strong linkage dis-
equilibrium (6), such that those subjects who carried the X2 al-
lele invariably had the M2 minor allele. The frequency of the
M2 allele was higher than that of the X2 allele because 21 sub-
jects carried a M2 allele but no X2 allele.

The genotype frequencies of the minor alleles of XmnlI
(P < 0.05), Mspl (P < 0.05), and SstI (P < 0.025) loci were
higher in hyperlipidemic relatives and probands than in
spouses (Fig. 1). The difference in genotype frequency in the
normolipidemic relatives versus the spouses only reached sig-
nificance for Mspl (P < 0.05), although a similar magnitude of

effect was seen for Xmnl. Further haplotype analysis, by spe-
cific assignment of the alleles from the coinheritance in the 18
families, showed that from the eight theoretically possible
combinations of alleles only five were observed in the present
study population (Table II). The potential haplotypes 2-1-2
(XmnlI, Mspl, SstI), 1-2-2, and 2-2-2 were not observed, indi-
cating that the S2 minor allele never combined with the X2
and M2 alleles on one chromosome in this sample. The fre-
quency of the common wild type haplotype (1-1-1) showed a
gradual reduction from 0.795 in spouses to 0.744 in normolipi-
demic relatives down to 0.666 in hyperlipidemic relatives (P <
0.05). This reduced occurrence of the common haplotype in
FCH subjects was caused by a specific, significant increase of
the 2-2-1 (P < 0.05), 1-2-1 (P < 0.05), and 1-1-2 (P < 0.01)
haplotypes. The 2-2-1 haplotype also had a significantly
higher frequency in normolipidemic relatives (P < 0.05) than
in spouses.
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40 ZANL
EiSpouse
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Figure 1. Relative frequencies of the minor alleles of Xmnl, Mspl,
and Sstl restriction enzyme polymorphisms. HL, hyperlipidemic rela-
tives (n = 178) and probands (n = 18). NL, normolipidemic relatives
(n = 210) and spouses (n = 176). P values were determined using
x>-test. XmnlI: HL relatives versus spouses P < 0.025. Mspl: HL rela-
tives versus spouses P < 0.01, NL relatives versus spouses P < 0.05.
Sstl: HL relatives versus spouses P < 0.05.
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Table 1. Frequencies of Haplotypes in the FCH Population

Haplotypes
X-M-S* Hyperlipidemic relatives Normolipidemic relatives Spouses
n =392 n =420 n =352
1-1-1 0.666 0.744 0.795
2-1-1 0.006 0.003 0.000
1-2-1 0.038* 0.014 0.020
1-1-2 0.106 0.058 0.062
2-2-1 0.1847 0.1811 0.124
2-2-2 0.000 0.000 0.000

P values were tested using Chi-square test. *X, Xmnl, M, Mspl, S, SstI.

fHyperlipidemic and normolipidemic relatives P < 0.05; *hyperlipidemic
and normolipidemic relatives P < 0.01; lhyperlipidemic relatives and
spouses P < 0.05; Inormolipidemic relatives and spouses P < 0.05.

In order to associate phenotypic variations with genotype
variation, we analyzed the effect of the combination of haplo-
types, because each individual has two copies of chromosome
11. Table III summarizes all the combination of haplotypes
that were assigned by inheritance in the present FCH family
population. Again, a gradual decline in frequency of the wild
type combination of haplotypes (i.e., the homozygous 1-1-1/
1-1-1 haplotype combination) was observed, with a gradient
from 0.62 in spouses, to 0.55 in normolipidemic relatives, and
down to 0.42 in hyperlipidemic relatives (P < 0.05). This de-
crease in wild type frequency was accompanied by an in-
creased frequency of the 1-1-1/1-2-1 and 1-1-1/2-2-1 combi-
nation of haplotypes in both hyperlipidemic and normolipidemic
relatives compared to the spouses. However, the most dra-
matic and only significant difference (P < 0.01) was the in-
crease in frequency of the specific combination of haplotypes
1-1-2/2-2-1 (Table III). In the group of spouses, representing
the normal population, only 1 of 176 individuals expressed this
specific combination of haplotypes, compared to 7 individuals
in the group of normolipidemic relatives, and 12 individuals in
the group of hyperlipidemic relatives and probands. It must be
emphasized that this specific combination of haplotypes (1-1-2/

Table I11. Frequency of the Different Combination of
Haplotypes Observed in the FCH Population

Normo-
Combined haplotype Hyperlipidemic lipidemic
X-M-S/X-M-S relatives relatives Spouses

no. % no. % no. %
1-1-1/1-1-1 83 0.42%* 115 0.55 110 0.62
1-1-1/1-2-1 11 0.06 6 0.03 3 0.02
1-1-1/1-1-2 24 0.12 17 0.08 17 0.10
1-1-1/2-2-1 59 0.30 61 0.30 40 0.23
2-2-1/2-2-1 0 3 0.015 0
1-1-2/2-2-1 12 0.06* 7 0.03 1 0.005
1-1-2/1-1-2 3 0.015 0 2 0.01
2-1-1/2-2-1 2 0.010 1 0.005 0
1-2-1/2-2-1 1 0.005 0 2 0.01
1-2-1/1-2-1 1 0.005 0 1 0.005

P values were tested by chi-square test. *Hyperlipidemic relatives and
spouses, P = 0.041; *hyperlipidemic relatives and spouses, P = 0.01.
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Figure 2. Schematic drawing of the common combination of haplo-
types 1-1-1/1-1-1 (A) and the rare combination of haplotypes 1-1-2/
2-2-1 (B), depicting the findings that S2 is located on a different
chromosome than the X2M2.

2-2-1) is characterized by the fact that the S2 allele invariably
resides on a different allele than the M2 and X2 minor alleles,
who are in linkage disequilibrium as shown herein and previ-
ously (6). Fig. 2 provides a schematic representation of these
findings. The present analysis (Table III) revealed a six-fold
increased frequency of the 1-1-2/2-2-1 combination of haplo-
types in normolipidemic relatives and a 12-fold increase in hy-
perlipidemic relatives. Therefore, the specific 1-1-2/2-2-1
combination of haplotypes was identified with high susceptibil-
ity for expression of the FCH phenotype.

Effect of combined haplotypes on quantitative phenotypes.
Associations between the spectrum of combinations of haplo-
types and quantitative phenotypic lipid and apolipoprotein
traits in hyperlipidemic relatives, normolipidemic relatives,
and spouses are summarized in Tables IV, V, and VI. Those
hyperlipidemic individuals who were typed with the rare, spe-
cific high risk 1-1-2/2-2-1 combination of haplotypes had sig-
nificantly higher plasma cholesterol, triglycerides (P < 0.0001),
and apo CIII concentrations (P < 0.001) than the hyperlipi-
demic individuals with the common wild type combination of
haplotypes 1-1-1/1-1-1 (Table IV, Fig. 2). In the group of
spouses, only one individual was found who had the high risk
combination of haplotypes. This individual had markedly ele-
vated plasma cholesterol, LDL cholesterol, triglycerides, apo
B, and apo CIII levels, actually comparable to the levels found
in the hyperlipidemic FCH group. In seven normolipidemic
relatives with this specific high risk combination of haplotypes,
plasma cholesterol, triglycerides, apo B, and apo CIII concen-
trations were higher than the normolipidemic individuals with
the 1-1-1/1-1-1 combination of haplotypes, but the difference
was not significant. Subsequently, an analysis was done to as-
sess the effect of the individual haplotypes in isolation (Tables
V and VI). The hyperlipidemic FCH individuals who had ei-
ther the 1-1-1/2-2-1 (Table V) or the 1-1-1/1-1-2 (Table VI)
single high risk combination of haplotypes did not show signif-
icant phenotypic variation, compared to the hyperlipidemic in-
dividuals with the wild type 1-1-1/1-1-1 combination of
haplotypes, although a trend for higher plasma cholesterol,
LDL cholesterol, and TG concentrations with a greater vari-



Table 1V. High Risk Combination: Effect of the High Susceptibility Risk Combination of Haplotypes XIM182/X2M2S1 (1-1-2/
2-2-1) Compared with the XIM1S1/X1M1S1(1-1-1-/1-1-1) Combination of Haplotypes on Plasma Traits

Traits Hyperlipidemic relatives Normolipidemic relatives Spouses
1-1-1/1-1-1 1-1-2/2-2-1 1-1-1/1-1-1 1-1-2/2-2-1 1-1-1/1-1-1 1-1-2/2-2-1

No. 83 12 115 7 111 1

Chol (mmol/liter) 7.12+1.19 10.8+6.25% 4.86+0.85 5.16*0.52 5.50£1.06 7.18
LDLch (mmol/liter) 4.72+1.31 3.94+1.22% 3.08£0.75 3.06+0.40 3.54+1.00 5.28
HDLch (mmol/liter) 1.16=0.34 1.08%+1.45 1.23+0.28 1.43%+0.24 1.27%0.38 1.36
TG (mmol/liter) 2.62+1.78 12.7+16.7* 1.22+0.39 1.31+0.38 1.54*0.88 11.19
Apo B (mg/dl) 129+28 140+12 80+21 82+2 9628 133
Apo Al (mg/dl) 13325 14237 131%21 14717 136+23 147
Apo CIII (mg/dl) 11.9+45 17.8+9.8¢ 74424 8.34+1.72 8.6+32 14.6

P values were determined using the ¢ test. Values are expressed as mean=+SD. *Significant difference at P < 0.0001; *significant difference at P <

0.05; ¥significant difference at P < 0.001.

ability (SD) was observed. Spouses with the 1-1-1/1-1-2 com-
bination of haplotypes, with only a single high risk haplotype,
were characterized by a significantly increased plasma apo
CIII concentration (25%, Table VI), reflecting the previously
described effect of the S2-allele (6).

Individuals expressing the homozygous 2-2-1 (X2M2) hap-
lotype were found only in the normolipidemic group (n = 3)
and no specific phenotypic variations were found (data not
shown). In contrast, individuals who carried two copies of the
1-1-2/1-1-2 (S2S2) were present only in the hyperlipidemic
group (n = 3) and in spouses (n = 2). A trend for higher
plasma cholesterol (10%), TG (50%), and apo CIII (25%)
concentrations was observed, but this was not statistically sig-
nificant (Table VII).

Nonparametric sibpair linkage analysis. A robust nonpara-
metric sibpair analysis method of Haseman and Elston (34)
was performed on a substantial number of pairs for each poly-
morphic marker (Table VIII) against the presence of the FCH
phenotype as a qualitative trait. The underlying basis for this
approach is to compare the qualitative variation in a trait be-
tween siblings as a function of marker alleles they share identi-
cal by descent. No mode of inheritance is assumed. As can be
seen, there was an excess sharing, greater than 50%, of either
individual alleles of the three loci within the apo AI-CIII-AIV
gene cluster, as well as with the various combinations of haplo-
types (XMS). The data represent evidence for linkage of the

apo AI-CIII-AIV gene cluster (Mspl [P = 0.0088], SstI [P =
0.044], and the XMS haplotype [P = 0.037]) to the presence of
the FCH phenotype.

Discussion

Individuals diagnosed with FCH have a substantial increased
risk of myocardial infarction under the age of 60 yr. It is, there-
fore, an important challenge to further elucidate the genetic
defects underlying FCH. Previous association studies and one
linkage study have suggested that variations of the apo Al-
CIII-AIV gene cluster contribute importantly to FCH (6, 23,
25) but other studies have disputed this conclusion (24, 36). A
recent, large association study using three polymorphisms in
the apo AI-CIII-AIV gene cluster in a set of FCH families in-
dicated that variations in this cluster modify the plasma con-
centrations of cholesterol and triglycerides as well as apo B
and apo CIII levels in both normolipidemic and hyperlipi-
demic individuals (6). The results reported herein of the non-
parametric linkage analysis in the same set of families indi-
cated that the region of the apo AI-CIII-AIV gene complex
showed linkage to the FCH phenotype. However, the genetic
contribution of the gene cluster was found to be complex.
Analysis of inherited haplotypes within the families showed
that the rare allele of the SstI polymorphism (i.e., S2) was in-
variably located on a different haplotype than the rare alleles

Table V. Single Haplotype X2M?2: Effect of the Single High Risk Haplotype Combination XIM1S1/X2M2S1 (1-1-1/2-2-1) on
Plasma Traits Compared with the Wild Type XIMI1S1/XIM1S1 (1-1-1/1-1-1)

Traits Hyperlipidemic relatives Normolipidemic relatives Spouses

1-1-1/1-1-1 1-1-1/2-2-1 1-1-1/1-1-1 1-1-1/2-2-1 1-1-1/1-1-1 1-1-1/2-2-1
No. 83 59 112 61 111 40
Chol (mmol/liter) 7.12+1.19 7.52+2.82 4.86+0.85 5.06+0.78 5.51£1.07 5.88+0.97
LDLch (mmol/liter) 4.72+1.31 4.82+1.44 3.08x0.75 3.27+0.54 3.55*1.01 3.83+0.84
HDLch (mmol/liter) 1.16%0.34 1.18+0.32 1.23+0.28 1.27+0.38 1.26+0.38 1.33£0.33
TG (mmol/liter) 2.62*1.78 3.89%10.2 1.22+0.39 1.20£0.36 1.55+0.87 1.62+0.82
Apo B (mg/100 ml) 129+28 13125 8021 86+12 97+19 102%15
Apo AI (mg/100 ml) 133+25 137+27 13221 13126 135+23 145+25%
Apo CIII (mg/100 ml) 11.9+45 12.5+8.1 7.4x2.4 7.9+2.5 8.6+3.2 9.2+3.7

P values were determined using the ¢ test. Values are expressed as mean*SD. *Significant difference at P < 0.03.
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Table V1. Single Haplotype S2: Effect of the Single High Risk Combination of Haplotypes XIMI1S1/XIM1S2 (1-1-1/1-1-2) on
Plasma Traits as Compared with the Wild Type XIM1S1/XIM1S1 (1-1-1/1-1-1) Combination of Haplotypes

Traits Hyperlipidemic relatives Normolipidemic relatives Spouses

1-1-1/1-1-1 1-1-1/1-1-2 1-1-1/1-1-1 1-1-1/1-1-2 1-1-1/1-1-1 1-1-1/1-1-2
No. 83 24 112 17 111 17
Chol (mmol/liter) 7.12+1.19 7.02+1.23 4.86+0.85 5.01=0.61 5.50£1.06 6.03+0.98
LDLch (mmol/liter) 472131 4.72x1.10 3.08+0.75 3.27+0.54 3.54£1.00 3.94+0.95
HDLch (mmol/liter) 1.160.34 1.08%+0.21 1.23+0.28 1.20%0.26 1.27%0.38 1.27+0.33
TG (mmol/liter) 2.62+1.78 2.61+1.18 1.22+0.39 1.20%0.36 1.54+0.88 1.72%+0.90
Apo B (mg/100 ml) 129+29 128+28 80*21 87+17 9628 108+2
Apo Al (mg/100 ml) 134%25 13022 131+22 136+25 136+23 138+23
Apo CIII (mg/100 ml) 11.9x45 12.0£4.2 7424 8.0x£2.2 8.6+3.2 10.5+2.8%

P values were determined using the ¢ test. Values are expressed as mean*SD. *Significant difference at P < 0.02.

of the Xmnl and Mspl (i.e., X2 and M2) polymorphisms. A
specific, high risk, combination of haplotypes in the apo Al-
CIII-AIV gene cluster was delineated that had a 12-times
higher frequency in subjects with the FCH phenotype than in
spouses. This specific combination of haplotypes (1-1-2/2-2-1)
represents the first identification of a gene region with high
susceptibility of FCH, in support of the results of the nonpara-
metric linkage analysis. Presence of the high risk combination
of haplotypes aggravated the hypercholesterolemia and hyper-
triglyceridemia in probands and hyperlipidemic relatives, in-
creased their plasma concentrations of apo CIII and apo B,
and was therefore associated with a more severe FCH pheno-
type.

The Mspl polymorphism is located in the promoter region
of the apo Al gene at —78, whereas the Xmnl polymorphism is
located about 2,500 bp upstream from the apo Al gene. These
polymorphisms are in strong linkage disequilibrium and in the
hyperlipidemic subjects in the Dutch families, the frequency of
both rare alleles was significantly increased (6). The Mspl
polymorphism has been reported to be associated with ele-
vated plasma apo Al and HDL levels (37-39), but we were un-
able to confirm this association in either FCH relatives or the
group of spouses (6). The Mspl site contributed to quantitative
variations in plasma concentrations of apo B-containing lipo-
proteins, i.e., plasma LDL cholesterol in spouses, and total apo B
in FCH probands. The Xmnl polymorphic site contributed to
variations in plasma apo B concentrations in the group of

spouses, and total cholesterol and TG in FCH probands (6).
The SstI polymorphism is located in the noncoding region of
exon 4 of the apo CIII gene. The minor S2 allele has been asso-
ciated with hypertriglyceridemia (40-42) and elevated apo
CIII levels, but this was not observed in all studies (43, 44). We
previously reported that spouses who carry the S2 allele have
significantly higher plasma cholesterol (10%), triglyceride
(40%), apo B (14%), and apo CIII (23%) concentrations (6).
Hyperlipidemic relatives from FCH families who carry the S2
allele show elevated plasma TG (56%) and apo CIII (21%)
concentrations. The genotype frequency of the S2-allele was
significantly higher in the group of hyperlipidemic relatives
and probands only (by twofold; Fig. 1), with a lower, but simi-
lar frequency in normolipidemic relatives and spouses. In con-
trast, frequencies of the M2 and X2 alleles were higher in both
the group of normolipidemic relatives and hyperlipidemic rela-
tives compared to spouses.

Because of the frequency distribution of the SstI polymor-
phism in FCH families, the possibility emerged that the S2 mi-
nor allele was located on a different haplotype than the X2 and
M2 minor alleles. This was indeed confirmed by the analysis of
the observed haplotypes constructed from the three polymor-
phic markers by observing the cosegregation of alleles among
the family members. As expected, haplotypes that contained a
minor allele were more frequent in hyperlipidemic relatives or
normolipidemic relatives. The minor S2 allele never cosegre-
gated with X2 and/or M2 alleles on the same chromosome.

Table VII. S2 Homozygosity: Effect of Two Copies of the S2-Bearing Haplotype X1M1S2/XIM1S2 (1-1-2/1-1-2) on Plasma
Traits as Compared with the Wild Type XIM1S1/X1M1S1 (1-1-1/1-1-1) Combination of Haplotypes

Traits Hyperlipidemic relatives Spouses

1-1-1/1-1-1 1-1-2/1-1-2 1-1-1/1-1-1 1-1-2/1-1-2
No. 83 3 111 2
Chol (mmol/liter) 7.12%1.19 7.82x1.77 5.50*1.06 6.69+0.45
LDLch (mmol/liter) 4.72+1.31 4.32+1.80 3.54+1.00 4.88+0.10
HDLch (mmol/liter) 1.16+0.34 1.07+0.34 1.27x0.38 1.24+0.14
TG (mmol/liter) 2.62*+1.78 3.66%2.77 1.54+0.88 1.27£0.46
Apo B (mg/100 ml) 129+29 126+5 9628 133+36
Apo AI (mg/100 ml) 134+25 139+31 136+23 142+7
Apo CIII (mg/100 ml) 11.9+45 14.0+7.6 8.6+3.2 9.7+1.8

Values are expressed as mean*SD.
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Table VIII. Nonparametric Test for Sibpair Linkage Analysis

Number of Frequency of

Polymorphic marker affected sibpairs shared alleles P value
(x=SD)*

Xmnl 196 0.517x0.18 0.092

Mspl 193 0.533+0.19 0.0088

Sstl 172 0.521%0.15 0.044

XMS haplotype? 184 0.533%0.25 0.037

Linkage between the presence of the FCH phenotype, as a qualitative
trait, in affected sibpairs and genetic variation at the apo AI-CIII-AIV
gene cluster was analyzed. The frequency of shared alleles and shared
haplotypes (XMS) in affected FCH siblings identical-by-descent was
tested for deviations of the normal, expected distribution (0.50). *Null
hypothesis: proportion of shared alleles = 0.500; *XMS haplotype, the
various combinations of haplotypes.

Therefore, haplotypes of further interest were (X-M-S): 2-2-1,
2-1-1, or 1-2-1, together present in 22.8% of hyperlipidemic
relatives, 19.8% of normolipidemic relatives, and in 14.4% of
spouses (P < 0.01; 1.6 to 1.4 times more frequent in relatives).
The 2-2-1 haplotype was the most commonly found minor al-
lele haplotype. The other haplotype of interest was the 1-1-2
combination, with a significantly increased (1.7 times) fre-
quency in hyperlipidemic relatives compared to spouses. A
specific, high risk, combination of haplotypes was then identi-
fied: one chromosome containing the M2, X2, and S1 alleles
(2-2-1) and the other chromosome containing the X1, M1, and
S2 allele (1-1-2). This relatively rare combination of haplo-
types was 12 times more frequent in the group of hyperlipi-
demic FCH relatives and probands compared to spouses. The
high-risk combination of haplotypes was associated with a
dramatic increase in plasma cholesterol (52%), triglycerides
(485%), and apo CIII (50%) concentrations (P < 0.05). In the
group of spouses (n = 176) only one individual was found with
this combination of haplotypes, suggesting that the population
frequency is ~ 1:200. This latter individual was also character-
ized by elevated plasma cholesterol (31%), triglycerides (sev-
enfold), and apo CIII (73%) concentrations, similar to the
FCH phenotype.

Interestingly, the present observations show that the two
different haplotypes (2-2-1 and 1-1-2) contribute to plasma
lipid traits in a different fashion (Table IX). Each of these con-
tributing high risk haplotypes was also analyzed in isolation,
i.e., in combination with the wild type haplotype (1-1-1). The
effect of the S2 allele in this combination (1-1-1/1-1-2) was
significant on plasma apo CIIII concentrations in the group of
spouses, but not on other lipid traits, either in spouses or rela-
tives. Five subjects who were homozygous for S2 (1-1-2/1-1-2)
were found, three within the group of hyperlipidemic relatives
and two in the spouse group, showing higher plasma total cho-
lesterol, TG (not the two spouses), and apo CIII concentra-
tions. The 1-1-2 haplotype therefore behaved like a dominant
allele on certain traits that are part of the FCH phenotype (see
Table IX). A different situation was found with the 2-2-1 hap-
lotype. No significant effects of the 1-1-1/2-2-1 combination
of haplotypes on plasma traits were found. Three individual
X2M2 (2-2-1/2-2-1) homozygous subjects were identified,
each belonging to the group of normolipidemic relatives. The
data therefore indicate that the 2-2-1 haplotype does not act

Table IX. Model of Genetic Susceptibility to FCH Conferred
by Apo AI-CIII-A1V Gene Cluster Haplotypes

Effect on FCH
Haplotype (XmmI-Mspl-SstI) expression
Wild type: 1-1-1/1-1-1 resistant
X2M2: 2-2-1* permissive
S2: 1-1-2% susceptible
High risk: (X2M2S1/X1M182): 2-2-1/1-1-2 highly susceptible

See also tables II and III, and Fig. 2 for haplotype codes. * Any combi-
nation, except 1-1-2; *fany combination, except 2-2-1.

in a dominant fashion, in contrast to its 1-1-2 counterpart.
However, the haplotype 2-2-1 did not appear to act in a reces-
sive fashion either, because the homozygous state was neutral
with regards to its effect on lipids. The data can be interpreted
that the wild type 1-1-1 haplotype is a resistance locus for hy-
perlipidemia, and that the 2-2-1 allele renders the locus per-
missive to the hyperlipidemic effect of other genes, one being
the S2 allele when it occurs on the other haplotype. Such an in-
terpretation is supported by the previous observation that the
presence of any minor allele (X2, M2, S2), analyzed in isola-
tion, resulted in a more hyperlipidemic phenotype compared
to 1-1-1 (6). In other words, the 2-2-1 allele enhances pene-
trance of the hyperlipidemia and hyperlipoproteinemia associ-
ated with FCH. This might explain the mechanism of the dra-
matic synergism between 2-2-1 haplotype and the 1-1-2
haplotype with regard to the expression of FCH. The data in-
dicate that the genetic contribution to the FCH phenotype is
complex and that at least two different and separate predispos-
ing genetic susceptibility regions exist within the apo AI-CIII-
AIV gene cluster, one characterized by the 2-2-1 allele, and
the other by the 1-1-2 allele (Table IX). Both maternal and
paternal chromosomes may therefore contribute to expression
of the FCH phenotype. The data confirm a paradigm of com-
plex genetic contribution of the apo AI-CIII-AIV gene cluster
to the expression of FCH.

The presence of multiple susceptibility regions within a
gene cluster is not unprecedented, because in insulin-depen-
dent diabetes mellitus (IDDM) a comparable phenomenon
has been described (45-47). Both the DR3 and DR4 HLA
linked alleles predispose to IDDM. Susceptibility for IDDM is
greatly increased when they occur together as DR3/DR4 het-
erozygotes, compared to HLA DR3/DR3 or HLA DR4/DR4
homozygotes, the latter of which also show increased suscepti-
bility to IDDM. The characteristic is that each of the DR3 and
DR4 alleles separately contributes to susceptibility (45-47).
The effect of the high risk haplotypes on the presence of FCH,
or severity of hyperlipidemia, appears to be analogous but
with distinctive differences, as outlined above. The X2M2S1
allele has no effect by itself and no clear dosage effect, in con-
trast to the X1M1S2 allele. The more pronounced effect of the
S2 allele on the risk to express FCH might be caused by the
fact that the SstI polymorphic site is in strong linkage disequi-
librium with specific mutations in the promoter region of the
apo CIII gene (42). Mutations in the promoter region could af-
fect the level of transcription of the genes in the cluster. Two
polymorphisms located within an insulin responsive element
(48) might be responsible for this effect. Carriers of these mu-
tations are at increased risk for severe hypertriglyceridemia
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(42). However, two recently published studies (49, 50) sug-
gested that the observed association between hypertriglyceri-
demia and the S2 allele could not be explained by linkage dis-
equilibrium between the Sstl polymorphism and variations in
the insulin response element of the apo CIII gene promoter.
Apo CIII is an apolipoprotein that plays a role in the elimina-
tion of remnants of TG-rich lipoproteins. We showed that im-
paired elimination of postprandial lipoproteins in FCH sub-
jects is associated with increased plasma apo CIII concentrations
(30). The presently identified gene variations most likely do
not represent the major gene defect in FCH, which is thought
to be responsible for the hypersecretion of apo B containing li-
poproteins. The concept that arises from this and a previous
study (6) is that the apo AI-CIII-AIV gene cluster is a modi-
fier gene, capable of increasing the penetrance of FCH in a
susceptible individual against the background of the yet un-
known major gene(s).

Nonparametric sibpair linkage analysis on the qualitative
trait of FCH phenotype, based on age- and gender-adjusted
plasma cholesterol, triglycerides, and apo B levels was used to
evaluate formally the involvement of the gene cluster in FCH.
Sibpair linkage analysis (34, 35) is a nonparametric method
that is used to compare variations in a qualitative, or quantita-
tive, trait between siblings as a function of the marker alleles
they share identical-by-descent. With complex traits such as
hypertension (51) and determinants of LDL particle size (52),
linked genetic loci could be identified using this methodology.
In contrast, LOD score-linkage analysis (33) requires specifi-
cation of a genetic model, which is difficult to establish when
studying complex diseases like FCH. The current findings that
Mspl, and SstI polymorphic sites, as well as the haplotypes,
showed significant linkage with the presence of the FCH phe-
notype further established the involvement of this cluster as a
susceptibility gene for FCH. The present data indicate the
presence of two susceptibility alleles within or nearby this clus-
ter that appear to be in linkage disequilibrium either with the
X2M2 allele or with the S2 minor allele.

In conclusion, a specific and relatively rare combination of
haplotypes in the apo AI-CIII-AIV gene cluster had a 12-
times higher prevalence in subjects with FCH compared with
spouses, who showed a frequency of ~ 1 in 200. This high sus-
ceptibility haplotype aggravated the hypercholesterolemia, hy-
pertriglyceridemia, and hyperlipoproteinemia in both probands
and hyperlipidemic relatives. The data demonstrate the pres-
ence of two separate susceptibility alleles for FCH in the gene
cluster, confirming a paradigm of complex genetic contribu-
tion of the apo AI-CIII-AIV gene cluster to FCH.
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