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Abstract

By the careful screening of familial dysbetalipoproteinemic
(FD) patients, five probands showing heterozygosity for the
APOE*3-Leiden allele were found. Genealogical studies re-
vealed that these probands share common ancestry in the 17th
century. In a group of 128 family members, spanning three
generations, 37 additional heterozygous APOE*3-Leiden gene
carriers were detected. Although with a variable degree of sever-
ity, all carriers exhibited characteristics of FD such as (a) ele-
vated levels of cholesterol in the very low density lipoprotein
(VLDL) and intermediate density lipoprotein (IDL) fractions,
(b) elevated ratios of cholesterol levels in these density frac-
tions over total plasma levels of triglycerides, and (c) strongly
increased plasma levels of apolipoprotein E (apoE). Multiple
linear regression analysis revealed that most of the variability
in expression of FD in APOE*3-Leiden allele carriers can be
explained by age. Body mass index showed a less significant
influence on the expression of FD. Gender had no effect on the
expression in E*3-Leiden allele carriers, nor did it influence the
age of onset of FD. In the group of APOE*3-Leiden allele car-
riers, we found that the E*2 allele enhances the expression of
FD, whereas the E*4 allele had the opposite effect. Isoelectric
focusing of plasma and of isolated VLDL, IDL, and high den-
sity lipoprotein density fractions showed that in E*3-Leiden
allele carriers the apoE3-Leiden variant largely predominates
over its normal apoE counterpart, especially in the VLDL and
IDL density fractions. We conclude that in APOE*3-Leiden
allele carriers FD is dominantly inherited with a high rate of
penetrance, i.e., the presence of normally functioning apoE mol-
ecules in the plasma does not prevent the age-related expres-
sion of this disease. (J. Clin. Invest. 1991. 88:643-655.) Key
words: body mass index » dominant expression » family studies »
high penetrance  type III hyperlipoproteinemia

Introduction

Familial dysbetalipoproteinemia (FD)' is a genetic disorder of
the lipoprotein metabolism predisposing to premature coro-
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nary and/or peripheral vascular disease (1). Patients with FD
are characterized by elevated plasma cholesterol and triglycer-
ides levels owing to the presence of S-migrating chylomicron
and very low density lipoprotein (VLDL) remnants enriched in
cholesterol and apolipoprotein E (apoE) (2-4). As a conse-
quence, the ratio of VLDL-~cholesterol to plasma triglyceride
levels is elevated. Approximately 50% of the patients show lipid
deposits like palmar streaks and tuberous xanthomas (1).

ApoE, one of the major protein constituents of chylomi-
cron and VLDL remnants, plays a central role in the receptor-
mediated endocytosis of these particles functioning as a high-
affinity ligand for hepatic lipoprotein receptors (5, 6). The pri-
mary metabolic defect in FD patients is due to mutant forms of
apoE on chylomicron and VLDL remnants leading to an im-
paired clearance of these remnant particles by the liver (1, 7, 8).

By isoelectric focusing, three common genetic variants of
apoE, designated E2, E3, and E4 according to their mobility
upon isoelectric focusing, can be recognized. They each differ
in isoelectric point by one charge unit, apoE4 being the most
basic and apoE2 the most acidic isoform. These isoforms are
encoded for by three codominant alleles, E*2, E*3, and E*4, at
a single APOE gene locus on chromosome 19 (9). The com-
mon apoE?2 is derived from the wild-type apoE3, by a cysteine
for arginine substitution at amino acid residue 158 [designated
as apoE2(Argl158 — Cys)], whereas apoE4 is derived from
apoE3 by an arginine for cysteine substitution at residue 112
[apoE4(Cys112 — Arg)].

The vast majority of FD patients are homozygous for the

apoE2(Argi58 —» Cys) variant (1). In vitro experiments

showed that this variant exhibits only 1% of the receptor bind-
ing capacity of normal apoE3 (10). Since homozygosity for the
apoE2(Argl58 — Cys) variant is required in order to develop
FD, this variant is associated with a recessive mode of inheri-
tance of FD. In Caucasian populations homozygosity for
apoE2(Argl158 — Cys) occurs with a frequency of 1%, whereas
the frequency of FD is about 1:2,500 (1). Thus, only a small
percentage of these E2E2 individuals will develop FD (1). This
indicates that, in general FD is a multifactorial disease, i.e.,
additional factors, either genetic or environmental, are re-
quired for its manifestation (11, 12).

Expression of FD has also been observed in individuals
heterozygous for the rare apoE variants, such as apoE3-
(Cysl12 — Arg; Argl42 — Cys) (13, 14), apoE2(Lys146 —
GIn) (15-17), and apoE1-Harrisburg(Lys146 — Glu), which
focuses one charge unit more acidic than E2 (18, 19). Family
studies have confirmed that heterozygosity for these rare vari-
ants is associated with the development of FD despite the pres-
ence of a “normal” APOE allele, indicating that with these
variants FD is dominantly inherited with a high degree of pene-
trance.

Previously, we have reported on a patient with FD exhibit-
ing heterozygosity for a rare apoE variant focusing at the E3
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position, lacking cysteine residues, and designated as apoE3-
Leiden (20, 21). By analyzing first-degree relatives, we were
able to show that in this family the apoE3-Leiden variant was
strongly associated with the occurrence of FD (21). Recently,
DNA and protein sequencing analyses revealed that the
APOE*3-Leiden allele was identical to the APOE*4(Cys112 —
Arg) allele, but included an in-frame repeat of 21 nucleotides
(coding for seven amino acids) in exon 4. Since it was impossi-
ble to define exactly the duplication unit because of identical
sequences at bp positions 3768-3772 and 3789-3793 of the
normal apoE sequence (numbering according to Paik et al.
[22]), the insertion leads to a tandem repeat of codons 120-126
or 121-127 (23, 24). The seven-amino acids insert introduces
one extra negatively charged glutamyl residue when compared
with the common apoE4(Cys112 — Arg) variant and thus
leads to a focusing on the apoE3 position.

In this article we describe four additional probands showing
FD in association with heterozygosity for apoE3-Leiden. Gene-
alogical studies revealed that the five probands share common
ancestry. A detailed characterization of the effect of heterozy-
gosity for the APOE*3-Leiden allele on lipoprotein levels has
been performed by studying family members of the five E3-
Leiden pedigrees. All APOE*3-Leiden allele carriers showed
clinical signs of FD, although with a variable degree of severity.
Because of the relatively large number of APOE*3-Leiden al-
lele carriers available (n = 42), we were able to estimate the
effects of age, body mass index (BMI), and gender on the ex-
pression of FD in apoE3-Leiden carriers by statistical analysis.
We also determined the influence of the accompanying “nor-
mal” APOE allele on the expression of FD in these E3-Leiden
subjects.

Methods

Subjects. The initial proband (CV) is a Caucasian male who was
previously described as a FD patient with heterozygosity for the apoE3-
Leiden variant (20). Subsequently, his first-degree relatives members
were studied and five more gene carriers were found, all exhibiting FD
(21). Later, four other, apparently unrelated probands with FD and
heterozygosity for apoE3-Leiden have been found in lipid clinics in
Nijmegen and Leiden.

Genealogical studies. Information presented to us by the five pro-
bands enabled us to perform genealogical studies. This was done by
checking the parish records from the 18th century and the civil registra-
tion, population, and census records from the 19th and 20th centuries
in a region southeast of The Hague. We learned that in this region there
is no high degree of consanguinity.

Collection of blood samples. From the five probands and 123 rela-
tives, EDTA blood samples were collected. Individuals were allowed to
consume a low calorie (fat free) breakfast. Plasma was separated from
the cells by centrifugation at 500 g for 10 min at room temperature and
used for lipid and lipoprotein analysis; the cells were used to isolate
genomic DNA.

Lipid and lipoprotein analysis. For the isolation of VLDL (d
< 1.006 g/ml), 2 ml of plasma was overlaid with a 2.5-ml solution of
NaCl (d = 1.006 g/ml) in a 5-ml tube fitting the 40 Ti swing-out rotor
(Beckman Instruments, Geneva, Switzerland). After centrifugation at
90,000 g for 16 h at 4°C, VLDL was aspirated from the top. High
density lipoprotein (HDL) was determined in the infranatant after pre-
cipitation of intermediate density lipoprotein (IDL) and low density
lipoprotein (LDL) (25). For the isolation of VLDL + IDL (d < 1.019
g/ml), 2 ml of plasma was brought to a background density of 1.019
g/ml with KBr and overlaid with a 3.5-ml solution of NaCl (d = 1.019
g/ml) in a 10.4-ml centrifuge tube fitting the 50 Ti fixed-angle rotor

644  de Knijffet al.

(Beckman Instruments). After centrifugation at 106,000 g for 16 h at
4°C, VLDL + IDL were aspirated from the top.

Plasma cholesterol and cholesterol in the VLDL (d < 1.006 g/ml),
VLDL + IDL (d < 1.019 g/ml), and HDL~cholesterol were measured
using the CHOD-PAP kit (no. 236691, Boehringer, Mannheim, FRG).
Plasma and lipoprotein triglycerides were measured using the GPO-
PAP kit (no. 701904, Boehringer, Mannheim). IDL~cholesterol was
calculated as the difference between VLDL-cholesterol (d < 1.006 g/
ml) and VLDL + IDL-cholesterol (d < 1.019 g/ml). LDL~cholesterol
(1.019 < d < 1.063 g/ml) was calculated using the formula: LDL-chol
= plasma chol — (VLDL~chol + IDL-chol + HDL-chol).

Agarose electrophoresis was performed as described by Demacker
et al. (26).

ApoE quantification, phenotyping, and genotyping. ApoE concen-
trations in plasma were measured by ELISA as described by Bury et al.
(27). In short, affinity-purified polyclonal goat anti~human apoE anti-
bodies, raised in our institution as described before (28), were used both
for coating and for preparing the antibody-peroxidase conjugate. The
pool plasmas of healthy individuals, used as internal standards, were
calibrated with a standard curve constructed with purified human
apoE as primary standard. Mean intra- and interassay coefficients of
variance were 4.3% and 8.2%, respectively.

The apoE phenotype was determined by isoelectric focusing of deli-
pidated plasma samples before and after cysteamine treatment fol-
lowed by immunoblotting as described (28). For apoE phenotyping in
the different lipoprotein fractions, VLDL, IDL, and HDL fractions
were isolated by density-gradient ultracentrifugation of freshly pre-
pared plasma by the method of Redgrave et al. (29) followed by exten-
sive dialysis of the fractions against phosphate-buffered saline (PBS).

For genotyping, genomic DNA was isolated from leukocytes by
standard methods (30). The 5' part of exon 4 of the APOE gene was
amplified by the polymerase chain reaction (PCR) using the primers
402 (nucleotides 3555-3574, coding strand) and 401 (nucleotides
3932-3913, noncoding strand) (22) (Fig. 1) giving a fragment of 378 bp
(or 399 bp in the case of the APOE*3-Leiden allele). This fragment
encodes the amino acid residues 6 1-174 of the mature protein (see Fig.
1 and reference 23).

After PCR, 5-ul aliquots were separated on a 2% agarose gel by
electrophoresis, and the gel was stained with ethidium bromide and
photographed. Thereafter the DNA was transferred to a membrane
(Biotrace, Gelman Sciences, Inc., Ann Arbor, MI) and hybridized with
a [y->?P)ATP-labeled synthetic allele-specific oligonucleotide probe di-
rected against the junction region of the APOE*3-Leiden gene duplica-
tion (23).

For allele-specific restriction endonuclease genotyping as described
first by Hixson and Vernier (31), 15 ul of PCR product was digested
with 7.5 U Hhal at 37°C for 16 h according to recommendations of the
supplier (Pharmacia, Uppsala, Sweden). Thereafter, the digested mate-
rial was separated on a 10% neutral polyacrylamide gel for 3 h at 10
V/cm, stained with ethidium bromide, and photographed.

Statistics. All statistical calculations were performed with the use of
the commercially available statistical package, Number Cruncher Sta-
tistical Systems, developed by Dr. J. L. Hinze (Kaysville, UT). In order
to avoid the possibility of ascertainment bias, the five probands were
omitted from all calculations. Since the studied population involves
family members (not randomly selected individuals), and most of the
measured parameters showed non-Gaussian distributions, differences
in these parameters between groups were calculated using either the
nonparametric analysis of variance (ANOVA) test of Kruskal-Wallis
(in the case of more than two groups) or the Mann-Whitney test (in the
case of two groups). Differences in gender distribution between two
groups were evaluated with x* analysis. Spearman’s rank correlation
was calculated to test for a linear correlation between age and BMI.
Multiple regression analysis to determine the independent effects of
age, BMI, and gender was performed on logarithmic transformed data
in order to avoid non-Gaussian distribution of the dependent variables.
P values lower than 0.05 were considered as indicative of significant
differences.
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Figure 1. Top: Schematic representation of the APOE gene. Narrow boxes indicate the nontranslated part and broad boxes indicate the translated
parts of the exons. Bottom: Enlarged 5’ part of exon 4 of the APOE gene showing the position of the two amplification primers 402/401 (— and
<). Lane A shows the 378-bp PCR product of normal apoE using these two amplification primers. The constant (§) and variable (v) Hhal re-
striction endonuclease cutting sites are indicated. The positions of the amino acid residues 61, 112, 158, and 174 are also indicated (¢). Lane B
represents the 378-bp PCR product of apoE4(Cys 112 — Arg) with the 72-bp Hhal restriction fragment length unique for this allele. Lane C
represents the 378-bp PCR product of apoE3 with the combination of the 91- and 48-bp Hhal restriction fragment lengths unique for this allele.
Lane D represents the 378-bp PCR product of apoE2(Arg 158 — Cys) with its unique combination of a 91- and 83-bp Hhal restriction fragment
lengths. Lane E shows the 399-bp PCR product of apoE3-Leiden. Since the apoE3-Leiden mutation adds 21 bp to the 72-bp Hhal restriction
fragment length normally found for the APOE*4(Cys 112 — Arg) allele, the resulting 93-bp fragment is a unique feature of this apoE variant.

Results

Probands. Besides the original proband (CV), four additional,
apparently unrelated, probands (GW, AB, JB, and JE) showing
heterozygosity for the APOE*3-Leiden allele have currently
been identified among Dutch FD patients. One of these (AB)
was previously reported as apoE3-Nijmegen (32). Table I repre-
sents the results of the lipid analysis and clinical characteristics
of the five probands at their first visit to a lipid clinic. Three
apoE3-Leiden probands show the signs and symptoms typical
for FD. The remaining two probands had the clinical signs
only. ApoE isoelectric focusing patterns of the five probands
are shown in Fig. 2. All probands showed only partial modifica-
tion with cysteamine, indicating heterozygosity for apoE3-Lei-
den (21). As shown in Fig. 2, four probands (GW, AB, JB, and
JE) have the apoE3E3-Leiden phenotype whereas the original
proband CV exhibits the apoE2E3-Leiden phenotype. The pres-
ence of the APOE*3-Leiden allele in these subjects was further
proved by genotyping using agarose electrophoresis of ampli-
fied DNA that corresponds to the §' part of exon 4 of the APOE
gene. All five probands exhibited a 399-bp band in addition to
the common 378-bp band indicating the presence of the 21-bp
insert reported for apoE3-Leiden (Fig. 3 A, reference 23). By
subsequent blotting and hybridization of this amplified DNA
fragment with a synthetic oligonucleotide probe directed
against the junction region of the APOE*3-Leiden gene dupli-
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Table I. Clinical Characteristics of the Five apoE3-Leiden
Probands at Their First Visit to the Lipid Clinic

FD probandi with apoE3-Leiden*

Ccv GW AB JB# JE

Age 42 46 41 55 64
CVD/PVD —-/- +/— —-/— —-/- +/-
Xanthomas® + + + - -
Plasma cholesterol

(mmol/liter) 11.1 14.6 14.6 7.0 8.6
Plasma triglycerides

(mmol/liter) 3.9 7.3 4.5 3.1 1.9
VLDL-chol/TG"

(mmol/mmol) 0.8 0.67 1.38 1.03 1.74
B8-VLDL! + + + + +
ApoE phenotype E2E3-L E3E3-L E3E3-L E3E3-L E3E3-L

All five probands are excluded from these statistical calculations.
Abbreviations: CVD, coronary vascular disease; E3-L, E3-Leiden;
PVD, peripheral vascular disease; TG, total plasma triglycerides. * All
probandi are males. ¥ Proband JB was on lipid-lowering drugs when
first examined by us. ¥ Xanthomas include palmar streaks and tuber-
ous xanthomas. ! VLDL-cholesterol measured in VLDL d < 1.006
g/ml. * As evaluated by agarose electrophoresis in VLDL d < 1.006
g/ml fraction.
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cation, it was shown that DNA from the probands does hybrid-
ize with this allele-specific oligonucleotide probe (Fig. 3 B).
Finally, digestion of this amplified DNA with Hhal restriction
endonuclease followed by polyacrylamide gel electrophoresis
enabled genotyping of apoE. Since the apoE3-Leiden mutation
adds 21 bp to the 72-bp Hhal fragment that is normally found
in individuals with the APOE*4 allele, the resulting 93-bp Hhal
fragment is typical for the APOE*3-Leiden allele (Figs. 1
and 4). ’

Genealogical studies. Although the five probands were
ascertained independently in two different lipid clinics (Leiden
and Nijmegen), we learned that they had relatives living in the
same area of The Netherlands. Based on information presented
to us by the probands, genealogy was done by checking the
parish records from the 18th century and the civil registration,
population, and census records from the 19th and 20th centu-
ries in a region southeast of The Hague. We learned that in this
region there is no high degree of consanguinity. This genealogi-

I I | | I “I/ |
VoA e8ys

Figure 3. Agarose gel electrophoresis of PCR products using the 402/
401 set of amplification primers followed by ethidium bromide stain-
ing (A) or by hybridization with a synthetic oligonucleotide probe di-
rected against the junction region of the E3-Leiden duplication (B).
The lanes represent the five apoE3-Leiden probands (lanes CV, GW,
JB, AB, and JE), a healthy control subject with apoE3E3 phenotype
(lane A) and a subject with the apoE4E3-Leiden phenotype (lane B).
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Figure 2. ApoE isoelectric focusing
(pH 5-7) patterns of delipidated
serum before (—) and after (+) cys-
teamine treatment of the five pro-
bands (indicated below the lane with
their initials), of a family member
of one of the probands (indicated
with B below the gel) and of two
healthy control subjects (indicated
with 4 and C below the gel). The
corresponding apoE phenotypes are
indicated above the lane. The ab-
breviation E3L was used to indicate
the APOE*3-Leiden allele.

cal study proved that the five probands share common ancestry
in the seventeenth century (Fig. 5). It was found that the grand-
father and grandmother of proband CV were related, giving the
possibility of homozygosity for the E3-Leiden variant in the
parental generation of this proband; the mother of proband
CV, however, was heterozygous for this variant.

Family studies. As well as the five probands, 123 family
members were studied (Appendix and Fig. 5). After apoE
phenotyping and genotyping, performed as described above for
the probands, 37 additional individuals were found to be het-
erozygous for the APOE*3-Leiden allele (solid symbols in Fig.
5). In all statistical calculations the five probands were ex-
cluded in order to avoid the possibility of ascertainment bias.
As indicated in Table II, there were no significant differences
between the group of APOE*3-Leiden allele carriers and the
group of noncarriers with respect to BMI (P = 0.656; NS), age
(P =0.778; NS) and gender distribution (x? = 1.020; P =0.315;
NS). This allowed us to compare both groups with respect to
lipoprotein levels without prior correction.

Agarose electrophoresis of VLDL (d < 1.006 g/ml) revealed
that all carriers showed B-migrating VLDL particles, whereas
B-VLDL could not be detected in any of the noncarriers (re-
sults not shown). In the group of noncarriers 14 individuals
were found with more or less severe hyperlipoproteinemia
other than FD based on lipoprotein analysis and agarose elec-
trophoresis (see Appendix).

AB JE B

L s L —— L — —

bp: A CV GW JB

114—
93
M-
83—

12—

Figure 4. Polyacrylamide gel electrophoresis of PCR products using
the 402/401 set of amplification primers followed by Hhal restriction
endonuclease digestion. The lanes represent the five apoE3-Leiden
probands (lanes CV, GW, JB, AB, and JE), a healthy control subject
with apoE3E3 phenotype (lane 4) and a subject with the apoE4E3-
Leiden phenotype (lane B).
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Figure 5. The extended apoE3-Leiden pedigree. I, II, III, and IV represent the successive generations. Each of the five families is indicated with
the initials of the proband. The probands are indicated with an arrow. The numbering of the individuals corresponds with the numbering given
in the appendix. (e/m) Subject (female/male) carrying the APOE*3-Leiden allele; (o/0) individuals not carrying the APOE*3-Leiden allele; (/@)
living subject, not studied; (¢) variable number of living subjects, not studied; (2/2) deceased subjects, not studied. The individuals in the inner
six generations (not numbered) were all deceased and could not be studied.

All mean plasma lipid and lipoprotein levels were signifi-
cantly different between both groups (Table III). In the carriers,
the ratio VLDL-cholesterol to plasma triglycerides and the
plasma level of IDL-cholesterol was much higher than in the
noncarrier group (mean values 0.67 vs. 0.30 and 1.41 vs. 0.24,
respectively). However, a range of overlap still exist (see Ap-
pendix). Regarding the ratio of (VLDL + IDL)-cholesterol to
plasma triglycerides, the range of overlap between both groups

was much smaller (see Appendix). All carriers display high
plasma apoE concentrations (> 11 mg/100 ml) (see Appendix).
Only one individual in the group of noncarriers showed an
apoE level above 11 mg/100 ml (see Appendix).

Effect of age, BMI, and gender. From our data it is clear that
there is a strong association between the presence of the
APOE*3-Leiden allele and the development of FD, although
there is a considerable variability in the expression of FD
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Table II. Comparison of the Group of APOE*3-Leiden Allele
Carriers (n = 37) and Noncarriers (n = 86) with respect
to BMI, Age, and Sex Distribution

Noncarriers Carriers
Mean SD Mean SD P*
BMI (kg/m?) 22.8 34 22.8 33 0.656
Age 399 18.6 39.8 19.8 0.778
No. of males/females 48/38 17/20 0.315%

All five probands are excluded from these statistical calculations.

* P value indicating the difference between the two groups as calcu-
lated with the Mann-Whitney test.

# BMI represents weight/height squared.

§ P value calculated by x? analysis comparing the difference in num-
ber of males and females between the two groups.

among the five probands and the other 37 APOE*3-Leiden
allele carriers. Additional factors that may influence the ex-
pression of FD in E2(Arg 158 — Cys) homozygotes include
age, BMI, and gender (1). Since a relatively large number of
APOE*3-Leiden allele carriers was available, we were able to
estimate the effects of these additional factors on the expression
of FD in these subjects by statistical analysis. For estimating the
effect of age on plasma lipid and lipoprotein levels in the
APOE*3-Leiden allele carriers and noncarriers, we divided
both groups into four age subclasses: 0-19, 20-39, 40-60, and
> 60 yr old. In the group of carriers we found a strong influence
of age on the ratio (VLDL + IDL)-cholesterol/plasma triglycer-
ides and an even more pronounced effect on plasma IDL-cho-
lesterol and plasma apoE concentration (Fig. 6 4, B, and C,
respectively). A similar, but much less evident, effect was found
in the group of noncarriers.

Table III. Comparison of the Group of APOE*3-Leiden Allele
Carriers (n = 37) and Noncarriers (n = 86) with Respect
to Plasma Lipid and Lipoprotein Levels

Noncarriers Carriers
Mean SD Mean SD pP*
Plasma triglycerides* 148 1.0 224 09 <0.001
Plasma cholesterol 544 1.3 7.14 2.1 <0.001
VLDL-cholesterol 048 04 1.65 1.1 <0.001
(VLDL + IDL)-cholesterol 0.73 0.5 296 1.7 <0.001
IDL-cholesterol 024 0.2 141 09 <0.001
LDL-cholesterol 334 1.1 285 0.8 0.010
HDL-cholesterol 143 03 1.33 0.3 0.034
VLDL-cholesterol/plasma
triglycerides 030 0.1 0.67 0.2 <0.001
(VLDL + IDL)-cholesterol/
plasma triglycerides 049 0.1 126 0.3 <0.001
ApoE 531 21 2276 17 <0.001

All five probands are excluded from these statistical calculations.

* P value indicating the difference between the two groups as calcu-
lated with the Mann-Whitney test.

% All levels are given in millimoles/liter (mmol/liter) except apoE
which is given in milligrams/100 ml.
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Both in the group of carriers and in the group of non-
carriers, we found a strong linear correlation between age and
BMI (Spearman’s correlation coefficients of 0.61 and 0.66 for
carriers and noncarriers, respectively; P < 0.001, results not
shown), indicating that BMI is strongly influenced by age. The
strong influence of age on BMI is also illustrated in Fig. 6 D for
the four age subclasses for both groups. Multiple linear regres-
sion analysis was used to estimate the influence of age, BMI,
and gender on the ratio (VLDL + IDL)-cholesterol/plasma tri-
glycerides, IDL-cholesterol, and plasma apoE concentration
(Table 1V). It is clear that in the group of carriers, age has a
strong influence on these parameters. BMI showed an addi-
tional influence on the expression of FD in this group, whereas
gender had no effect.

In case of individuals with homozygosity for the E2
(Argl158 — Cys) variant, a marked difference in the onset of
expression of FD exists between males and females owing to
the difference in hormonal status (1). In males the FD is nor-
mally expressed between 30 and 40 yr of age, whereas in fe-
males FD is expressed after the menopause. To investigate
whether this holds true also for the APOE*3-Leiden allele car-
riers, we compared the plasma lipid and lipoprotein levels be-
tween male and female carriers subdivided in two age classes:
< 45 and = 45 yr of age, respectively. In both age classes no
significant difference in levels of any plasma lipid and lipopro-
tein parameter measured was found between males and fe-
males (Table V), indicating that in the group of APOE*3-Lei-
den allele carriers there is no influence of gender on the age of
onset of FD.

Effect of the second APOE allele. All individuals with FD
found in this study are heterozygous for the APOE*3-Leiden
allele and thus, they are heterozygous for a common APOE
allele as well. We wondered whether this common APOE allele
influences the plasma lipid and lipoprotein levels in the
APOE*3-Leiden allele carriers. The results presented in Table
VI show that, in the group of APOE*3-Leiden allele carriers,
the E*2 allele enhances the expression of FD (which is reflected
by the higher lipid and lipoprotein levels), whereas the E*4
allele showed the opposite effect. This effect is consistent with
previous data obtained by Weintraub et al. (33). These results
could be less evident as the number of individuals with either
the E2E3-Leiden- or the E4E3-Leiden phenotype was rather
small (four and three, respectively; Table VI). In addition, there
could be some bias of the results since all E4E3-Leiden individ-
uals come from one generation in a single kindred, and three of
the four individuals with the E2E3-Leiden phenotype come
from one generation of another kindred (see Fig. 5 and
Appendix).

Irrespective of the common accompanying second allele in
the E*3-Leiden allele carriers, FD is dominantly inherited, i.e.,
the presence of normally functioning apoE molecules does not
prevent the expression of FD in these subjects. To evaluate
whether this might be due to a difference in distribution among
the different lipoprotein fractions between apoE3-Leiden and
the common apoE variant, we performed apoE phenotyping in
cysteamine-treated and untreated VLDL, IDL, and HDL frac-
tions. The cysteamine treatment enabled us to distinguish
“normal” apoE (either E2, E3, or E4) from apoE3-Leiden (Fig.
2) since apoE3-Leiden contains no cysteine residues (21). As
can be seen in Fig. 7 the majority of apoE protein in the VLDL
and IDL density fraction consists of the apoE3-Leiden variant.
In the case of both the E*2 and E*3 allele as second allele, the
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Figure 6. The ratio (VLDL + IDL)-cholesterol/plasma triglycerides (4), IDL-cholesterol level (B), plasma apoE level (C), and BMI (D) of the
APOE*3-Leiden allele carriers (o) and noncarriers (0). Each individual was assigned to one of the four age classes: 0-19 yr (n = 6 and 10, re-
spectively); 20-39 yr (n = 10 and 34, respectively); 40-59 yr (n = 17 and 27, respectively); and 60 yr or older (n = 4 and 15, respectively). The
figures between brackets in the legend represent the number of carriers and noncarriers, respectively. Mean values and standard deviation (indi-
cated in one direction) are shown. The five probands are excluded from these calculations.

HDL density fraction is relatively enriched with the common
apoE isoform as compared with its relative amount in the
VLDL and IDL density fraction (Fig. 7, 4 and B). In the case of
the E*4 allele, the relative contribution of the E4 variant to the
total amount of apoE protein does not differ between the
VLDL, IDL, and HDL density fraction (Fig. 7 C).

Discussion

FD has been reported earlier in association with heterozygos-
ity for E3(Cys112 — Arg; Argl42 — Cys), E2(Lys146 —
Gln), and El-Harrisburg(Lys146 — Glu) (13-19). Both
apoE3(Cysl12 — Arg; Argl42 — Cys) and apoEl-Harris-
burg(Lys146 — Glu) have been reported in one family each
(13, 14, 18), whereas apoE2(Lys146 — Gln) has been studied
in three apparently unrelated kindreds (17). With the exception
of three very lean APOE*2(Lys146 — Giln) allele carriers and
one individual with the APOE*1-Harrisburg(Lys146 — Glu)
allele who was on lipid-lowering diet, all family members show-
ing heterozygosity for one of these rare mutant forms of apoE
had manifest FD. Thus, for these variants FD is inherited in a
dominant fashion with a high penetrance. In addition to the
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rare variants described above, the apoE variants E2(Argl45 —
Cys) (8, 34, 35) and E2-Christchurch(Arg136 — Ser) (35, 36)
are also reported to be associated with the development of FD.
However, it is not known whether these mutants are associated
with either a dominantly or recessively inherited form of FD, as
family studies have yet to be performed.

In previous studies (20, 21) we have shown that dominant
expression of FD also occurs in the family of an FD patient
who has the apoE3-Leiden mutation. Recently, DNA and pro-
tein sequence analysis revealed that the molecular basis of
apoE3-Leiden is due to a partial gene duplication leading to an
in-frame insertion of 21 nucleotides forming a tandem repeat
of the codons 120-126 or 121-127 (23, 24). In this paper, four
additional, apparently unrelated patients with FD carrying the
APOE*3-Leiden allele in a heterozygous form were ascer-
tained. Genealogical studies revealed that the probands share
common ancestry in the 17th century (Fig. 5). Using the fami-
lies of all five probands, we were able to perform the most
extensive family study thus far described with respect to a domi-
nantly inherited form of FD. In this family study we obtained a
total of 42 individuals carrying the APOE*3-Leiden allele
among a total number of 128 family members. We could
clearly prove that the apoE3-Leiden variant is invariably asso-
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Table 1V. Multiple Linear Regression Analysis of Age, BMI, and Sex for Log-transformed Plasma Lipid and Lipoprotein Levels

in the Group of APOE*3-Leiden Allele Carriers

Dependent Independent
variable variable p* rt Ft Pl

LN([VLDL + IDL]-cholesterol/ Age 0.71 <0.0001
plasma triglycerides) BMI -0.38 0.0273
Sex' 0.32 0.0654

All variables 0.69 11.52 <0.0001

Ln(IDL-~cholesterol) Age 0.69 0.0001
BMI -0.28 0.1293

Sex 0.24 0.1970

All variables 0.73 11.57 <0.0001

Ln(apoE) Age 0.50 0.0029
BMI 0.01 0.9793

Sex -0.17 0.3558

All variables 0.66 9.67 <0.0001

All five probands are excluded from these statistical calculations. * p value represents the partial correlation coefficient. * r value represents the
multiple correlation coefficient. ® F value obtained from F-statistic. ! P value indicating the probability for z-statistics (partial correlation) or
F-statistic. " For sex, a numerical code (1 = females; 2 = males) was entered in this analysis.

ciated with the expression of FD in all five families, although
with a variable degree of severity.

In subjects with homozygosity for apoE2(Arg158 — Cys)
FD only rarely develops (1-4%) and is commonly assumed to
be highly influenced by additional factors such as age, BMI,
nutritional status and gender (1). As in all subjects exhibiting
heterozygosity for the APOE*3-Leiden allele express clinical
symptoms of FD, we wondered whether in these subjects the
expression of FD is also influenced by these additional factors.
The relatively high number of FD subjects ascertained in this
study (37 individuals in addition to the five probands), together
with the absence of significant differences between the apoE3-
Leiden carriers and noncarriers with respect to age, BMI, and
gender distribution (Table II), gave us the unique opportunity
to estimate the possible association of the expression of FD
with these factors by means of statistical analysis.

We found that in APOE*3-Leiden allele carriers the devel-
opment of FD is strongly correlated with age (Fig. 6, A-C) as is
BMI (Fig. 6 D). Multiple regression analysis revealed that there
was a weak effect of BMI on the expression of FD in addition to
the highly significant effect of age (Table IV). Because of the
strong correlation between BMI and age, part of the effect of
age on the expression of FD could be derived from the effect of
BMI. Although the E3-Leiden heterozygotes resembles the
E2(Argl58 — Cys) homozygotes with respect to the effect of
age on the expression of FD, we found that in E*3-Leiden allele
carriers there is, strikingly, no influence of gender on the ex-
pression and on age of onset of FD (Table V).

A number of studies conducted by Mahley and co-workers
(10, 37-40) strongly suggest that the conformation of the 130-
150 a-helical region of apoE, the putative receptor-binding do-
main, can be easily modulated, leading to a change in receptor-

Table V. Comparison of Males and Females Carrying the APOE*3-Leiden Allele with Respect to Plasma Lipid and Lipoprotein Levels

after Subdivision in Two Age Classes

<45 yr old 245 yr old
Males Females Males Females
(n=13) (n=17 (n=4) (n=13)
Mean SD Mean P* Mean SD Mean SD P*
Plasma triglycerides* 2.14 0.77 1.80 0.66 0.405 2.30 0.96 2.57 0.96 0.610
Plasma cholesterol 6.25 1.93 6.02 1.50 0.905 7.70 1.54 8.45 2.15 0.571
VLDL-cholesterol 1.62 0.97 1.19 0.92 0.332 1.79 1.61 1.88 1.31 0.651
IDL-cholesterol 1.05 0.72 0.73 0.29 0.342 1.76 0.36 1.96 1.05 0.734
VLDL-cholesterol/
plasma triglycerides 0.71 0.21 0.59 0.27 0.285 0.68 0.32 0.68 0.26 1.000
(VLDL + IDL)-cholesterol/
plasma triglycerides 1.16 0.33 1.01 0.22 0.362 1.52 0.12 1.43 0.31 0.308
ApoE 18.45 4.99 19.88 6.20 0.501 21.53 2.23 29.00 8.03 0.113

All five probands are excluded from these statistical calculations. * P value indicating the difference between the males and females in
each group as calculated with the Mann-Whitney test. * All levels are given in millimoles/liter (mmol/liter) except apoE which is given in mil-
ligrams/100 ml.
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Table VI. Comparison of the Different ApoE Phenotypes
with Respect to Mean Plasma Lipid and Lipoprotein Levels
in the Group of APOE*3-Leiden Allele Carriers

ApoE phenotype
E2E3-L  E3E3-L  E4E3-L P*

Number of subjects 4 30 3
Plasma triglycerides* 2.98 2.24 1.27 0019
Plasma cholesterol 9.25 7.07 5.05 0.025
VLDL-~cholesterol 2.98 1.58 0.58 0.024
(VLDL-IDL)-cholesterol 5.01 2.85 1.25 0.017
IDL-cholesterol 2.04 1.39 0.66 0.100
VLDL-cholesterol/

plasma triglycerides 0.96 0.66 0.46 0.014
(VLDL + IDL)-cholesterol/

plasma triglycerides 1.60 1.25 0.98 0.035
ApoE 30.75 22.62 13.55 0.008

All five probands are excluded from these statistical calculations.
* P value indicating the difference between the three phenotypes as

calculated with the Kruskal-Wallis test.
¥ All levels are given as mean values in millimoles/liter (mmol/liter)

except apoE which is given in milligrams/100 ml.

binding activity. For instance, an increase in receptor-binding
activity of apoE2(Argl158 — Cys) can be obtained in vitro by
cleavage with thrombin (38) or by cysteamine treatment (a
reagent that converts cysteine to a positively charged lysine
analogue) (10, 38). The binding activity of apoE2(Argl58 —
Cys) may also be modulated in vivo to some extent, by chang-
ing the lipid composition of the lipoprotein particle (40). Their
results suggest that the conformation of apoE2(Argl 58 — Cys)
is sensitive to its environment and that the cysteine at residue
158 has a secondary, rather than a direct, effect on receptor-
binding activity. Mahley et al. (41) hypothesize that this prop-
erty could explain the requirement for additional environmen-

-+
IDL
Figure 7. Isoelectric focusing pattern (pH 5-7) of VLDL, IDL, and
HDL of subjects with the apoE2E3-Leiden phenotype (4), the
apoE3E3-Leiden phenotype (B), and the apoE4E3-Leiden phenotype
(C) before (—) and after (+) cysteamine treatment.

-+
VLDL

tal and/or genetic factors for the expression of FD. Only when
exacerbating factors are present, does the receptor-binding ac-
tivity of 8-VLDL decrease and, eventually, will result in the
development of FD.

In contrast to the apoE2(Argl 58 — Cys) variant, the apoE
variants E3(Cys112 — Arg; Argl42 — Cys), E2(Lys146 —
GIn), and E1-Harrisburg(Lys146 — Glu) are almost absolutely
associated with FD, even at young age (13-19). These variants
have a common molecular defect, i.e., a substitution of a basic
amino acid residue for a neutral or acidic residue in the pre-
dicted a-helical receptor binding domain of apoE (residues
130-150). It is suggested that the basic amino acid residues in
this particular domain provide direct ionic interaction with the
LDL receptor (42). Mahley et al. (41) suggest that loss of any
positively charged amino acid residue within the putative a-he-
lical segment affects the binding of apoE by reducing the ionic
interaction. This reduction probably is not easily influenced by
environmental factors like lipid composition of the lipoprotein
particle. As a consequence, they hypothesize that mutations in
the 130-150 segment of apoE result in “permanent” receptor-
binding defects. This hypothesis is sustained by experiments
using apoE variants made by site-directed mutagenesis (39).

The present results convincingly show that the apoE3-Lei-
den variant is also invariably associated with the development
of FD, although age exerts a significant effect on the severety of
hyperlipidemia (Fig. 6, A-C), as in E2(Arg158 — Cys) homo-
zygotes. Previously we have shown that apoE3-Leiden pos-
sesses a reduced receptor-binding activity (20, 21). Recently it
was found that upon cleavage with thrombin, the 22-kD frag-
ment of apoE3-Leiden possesses a nearly normal binding activ-
ity (23). This suggests that, owing to the insertion of seven
amino acids, close to the receptor-binding domain, and consti-
tuting nearly two turns of the a-helix, the structure of the entire
protein is changed in such a way that the carboxyl-terminal
domain irreversibly prevents the receptor-binding region of
apoE to interact with the LDL receptor, and as a consequence,
interferes with the binding activity, the latter being sensitive to
environmental factors such as age.

ApoE3-Leiden, described in this paper, as well as the
E3(Cys112 — Arg; Argl42 — Cys), E2(Lys146 — Gln), and
E1-Harrisburg(Lys146 — Glu), represent binding-defective
apoE mutants that are associated with dominantly inherited
FD, i.e., the subjects who are heterozygous for these variant
alleles display FD, irrespective of the presence of normal apoE
molecules. In that chylomicron and VLDL remnants possess
several apoE molecules per particle, it may be expected that
both normal and mutant apoE molecules are present on each
particle. This raises the question as to why the normal apoE
molecules do not prevent the expression of FD in these sub-
jects. Mahley et al. (41) postulates two mechanisms for the
phenomenon of dominantly inherited FD: (a) the mutant
apoE disrupts the organization of the apoE molecules on the
surface of the lipoprotein, including that of the normal apoE
molecules; (b) the presence of defective apoE molecules reduce
the effective concentration of active apoE molecules on the
surface of the particles, thereby reducing its affinity for the
receptor. There is some evidence that plasma levels of apoF
may become rate-limiting in the clearance of remnant lipopro-
teins (43). Thus, a low efficient concentration of normally ac-
tive apoE molecules on the remnant particles might be the
underlying molecular defect of dominantly inherited forms
of FD.

In subjects with the E3(Cys112 — Arg; Argl42 — Cys)
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variant, equal amounts of normal and variant apoE3 were
found in the VLDL density fraction (14). In contrast, our re-
sults clearly show that in plasma of all apoE3-Leiden subjects,
the apoE3-Leiden variant largely predominates over its normal
apoE counterpart (Fig. 2). Preliminary results, obtained by
quantitative isoelectric focusing/immunoblotting using >*I-la-
beled rabbit anti-goat anti-apoE antibodies followed by count-
ing the radioactivity in the respective bands after cysteamine
modification, showed that ~ 75% of the total plasma apoE
consists of apoE3-Leiden (results not shown). Separate analysis
of the different lipoprotein fractions revealed that this predomi-
nance is most pronounced in the VLDL and IDL density frac-
tions (Fig. 7), except in the case of apoE4 as the normal variant.
ApoE4 distributes preferentially to VLDL (44), which should
be ascribed to the arginine at residue 112 (45). Similarly, the
preferential association of apoE3-Leiden with VLDL and IDL
density fractions may be apoE3-Leiden is apoE4-like in that it
contains arginine at residue 112. In fact, this predomination of
apoE3-Leiden renders the chylomicron and VLDL remnants
into “apparent’” homozygosity for apoE3-Leiden. Whether the
“extent of homozygosity,” i.e., the relative amount of active
apoE on these particles is associated with the degree of severity

of FD expression is currently under investigation. We found
that the APQE*2(Argl58 — Cys) allele as second allele in
apoE3-Leiden subjects enhances the expression of FD, whereas
the opposite was true for the APOE*4(Cys112 — Arg) allele
(Table VI). This observation indicates that the second com-
mon APOE allele in apoE3-Leiden subjects does influence the
development of FD.

The present paper reinforces the concept that FD is a geneti-
cally heterogeneous disease entity with a recessive mode of in-
heritance in case of the common E2(Argl58 — Cys) variant
and with a dominantly inherited form in case of rare apoE
mutants. It is shown that these dominantly inherited forms of
FD display high rates of penetrance, making early diagnosis in
these families feasible. From a clinical point of view, we recom-
mend that all patients with elevated plasma cholesterol and
triglyceride levels concomitant with increased cholesterol/tri-
glyceride ratios in the VLDL fraction be analyzed for apoE
phenotype and/or genotype. In case of E2E2 homozygosity this
analysis will only sustain the FD diagnosis. However, when
suspected FD patients do not exhibit the common E2E2 homo-
zygosity, the patients might carry a rare APOE allele, and thus
family studies are indicated.

APPENDIX
Individual Data
Plasma Plasma VLDL- IDL- LDL- HDL- Plasma ApoE Clinical
No. BMI Age Sex triglycerides cholesterol cholesterol Ratio cholesterol cholesterol cholesterol ApoE (-VLDL phenotype symptoms Remarks
kg/m?*  yr mmol/liter mg/dl
Family proband CV
I-1 224 82 F 2.50 10.28 1.35 1.97 3.58 3.98 1.37 34.37 + 3/3L* X I
II-1 249 60 M 4.07 7.15 1.32  0.51 0.74 3.92 1.17 9.75 - 3/3 II
-2 240 57 M 2.27 7.85 1.26 1.49 2.13 347 0.99 23.14 + 3/3L X,C I, Med
II-3 194 55 F 4.25 12.82 5.11 2.05 3.62 2.77 1.32 39.69 + 2/3L I
1I-4 232 52 F 1.48 6.59 1.24 1.40 0.83 2.83 1.69 19.26 + 2/3L X I, Med
-5 221 50 F 3.63 10.43 3.16 1.60 2.66 343 1.18 35.93 + 2/3L I
-6 215 48 M 2.82 6.74 2.30 1.01 0.55 2.77 1.12 23.35 + 2/3L X III, Med
II-7 220 46 F 1.13 5.75 0.37 0.62 0.33 3.62 1.43 4.81 - 3/3
II-8 230 4 M 2.18 7.99 1.78 1.56 1.63 3.51 1.07 23.24 + 3/3L X I
Im-1 204 34 F 1.48 5.48 0.38 0.51 0.37 3.38 1.35 5.97 - 3/3
m-2 247 25 M 3.09 4.90 1.09 044 0.26 2.88 0.67 3.99 - 3/3
m-3 203 23 F 1.09 5.47 0.21 039 0.1 2.80 2.25 7.43 - 4/2
I11-4 28 M 1.03 4.89 0.33 0.72 0.41 2.45 1.70 6.56 - 3/2
Im-s 220 23 M 0.90 3.88 0.35 042 003 2.38 1.12 3.96 - 3/2
m-6 204 19 M 0.64 3.48 020 034 0.02 2.11 1.15 5.06 - 4/2
-7 226 21 F 0.75 3.97 0.24 0.39 0.05 2.27 1.41 7.41 - 4/2
Family proband GW
I-1 82 M 1.21 4.78 0.37 0.41 0.13 2.83 1.45 4.07 - 3/3
I-2 78 F 3.32 9.95 2.72 1.50 2.27 3.67 1.29 27.90 + 3/3L C 11
-1 270 51 F 1.44 8.67 0.66 1.27 1.17 491 1.93 30.02 + 3/3L I
-2 207 47 M 1.69 5.37 040 047 0.39 3.26 1.32 3.85 - 3/3
-3 203 45 F 1.02 5.37 0.21 0.58 0.38 2.77 2.01 3.16 - 3/3
-4 268 46 M 3.55 1.77 2.07 1.03 1.60 291 1.19 22.39 + 3/3L X,C I, Med
II-5 263 41 M 2.93 5.41 0.76 0.34 0.24 347 0.94 2.53 - 4/3
II-6 256 43 F 1.83 4.81 0.37 0.67 0.85 2.06 1.53 5.54 - 3/3
I1-7 40 F 1.43 4.96 0.53 0.78 0.58 2.82 1.03 18.32 + 3/3L I
Im-1 264 28 F 0.96 4.80 0.15 0.31 0.15 2.70 1.80 4.36 - 3/3
-2 20.1 24 F 1.52 5.33 0.39 091 0.99 2.35 1.60 15.99 + 3/3L 1
-3 168 19 F 0.63 3.96 0.15 0.25 0.01 2.06 1.74 7.12 - 3/3
m-4 203 21 M 2.42 5.08 0.69 040 0.28 2.99 1.12 5.03 - 3/3
652  de Knijff et al.



Family proband GW (Continued)

Plasma Plasma VLDL- IDL- LDL- HDL- Plasma ApoE Clinical
No. BMI Age Sex triglycerides cholesterol cholesterol Ratio cholesterol cholesterol cholesterol ApoE S-VLDL phenotype symptoms Remarks
Im-5 205 18 F 1.32 3.28 0.33 0.26 0.01 1.73 1.21 2.95 - 3/3
m-6 174 17 M 0.74 3.20 0.21 0.35 0.05 1.57 1.37 2.64 - 3/3
m-7 215 22 M 2.14 5.36 0.69 0.42 0.20 3.32 1.15 3.26 - 4/3
-8 249 21 F 1.70 6.18 0.55 0.47 0.25 3.65 1.73 3.61 - 4/3
m9 176 19 F 2.25 6.16 0.69 032 003 4.13 1.31 3.58 - 3/3
Family proband JE
II-1 301 8 F 3.92 9.04 2.10 143 3.51 2.31 1.12 44.11 + 3/3L 111
II-2 277 74 F 2.28 7.04 1.04 1.26 1.83 3.10 1.07 30.45 + 3/3L 111
II-3 268 73 F 1.79 6.02 0.71 0.62 0.40 3.75 1.16 9.47 - 3/3
-4 247 71 M 1.44 5.92 0.48 0.57 0.34 3.94 1.16 7.55 - 3/3
II-5 269 70 F 5.80 8.29 291 0.63 0.75 3.59 1.04 15.70 - 4/3 II
-6 275 70 F 1.04 5.30 0.18 0.52 0.36 3.22 1.54 9.84 - 3/3
II-7 235 68 M 0.98 6.11 0.21 0.52 030 3.92 1.68 8.99 - 3/3
II-8 249 65 F 343 9.40 0.96 0.55 0.91 6.18 1.35 9.09 - 4/3 I
9 274 64 M 1.99 8.62 2.37 2.01 1.62 342 1.21 25.09 + 3/3L C 1
II-10 62 F 2.44 6.06 0.82 0.45 0.27 3.67 1.30 5.24 - 3/3
Im-1 284 52 M 3.52 6.48 1.33 0.37 3.90 1.29 6.24 - 3/3 I
-2 265 47 F 1.68 5.46 0.42 0.92 1.12 1.94 1.98 18.24 + 3/3L 11
-3 242 42 F 1.87 6.01 1.35 1.01 0.54 2.50 1.62 22.21 + 3/3L 1
-4 252 46 M 1.82 6.46 1.20 1.38 1.31 2.60 1.35 20.71 + 3/3L 111
II-5 304 40 F 0.82 5.74 0.27 0.35 0.02 3.89 1.56 4.13 - 4/2
Im-6 26.1 46 F 2.22 5.85 1.35 1.09 1.06 2.32 1.12 23.03 + 3/3L 111, Med
-7 238 49 M 5.18 5.20 1.56 0.36 0.32 2.56 0.76 7.78 - 4/4 v
II-8 226 45 F 1.25 6.00 0.39 0.54 0.29 3.84 1.48 5.15 - 4/3
Mm99 223 41 M 1.51 5.35 0.56 0.51 0.21 2.88 1.70 6.48 - 3/3
II-10 259 43 M 1.01 5.26 0.38 0.64 0.27 3.23 1.38 4.87 - 4/3
Im-11 214 36 M 0.54 2.68 0.07 0.54 0.22 1.57 0.82 4.89 - 3/3
II-12 33 F 1.14 4.08 0.43 0.41 0.04 2.32 1.29 4.19 - 4/3
m-13 235 39 M 2.24 5.96 0.89 0.58 0.40 3.59 1.08 4.22 - 4/3
I-14 212 37 F 0.67 4.20 0.22 0.49 0.11 2.21 1.66 3.47 - 4/3
m-15 220 40 M 0.52 4.56 0.18 0.65 0.16 2.63 1.59 5.60 - 4/3
II-16 215 38 F 0.58 5.74 024 066 0.14 3.66 1.70 6.54 - 3/3
I-17 234 41 M 1.96 8.87 0.57 0.51 0.42 6.45 1.43 7.48 - 4/3 II
Im-18 294 38 F 1.09 6.79 0.36 040 0.08 4.86 1.49 6.24 - 4/3
Im-19 223 38 M 0.70 4.58 0.13 0.54 0.25 2.41 1.79 7.14 - 3/3
Im-20 217 33 M 1.87 4.94 1.52 1.06 0.47 1.88 1.07 18.14 + 3/3L 111
Im-21 233 30 M 1.86 6.25 1.83 1.41 0.80 2.48 1.14 17.89 + 3/3L 11
Iv-lr 205 19 M 2.69 5.84 2.13 1.04 0.66 1.92 1.13 17.73 + 3/3L I
Iv-2 24 M 1.14 5.70 0.60 055 0.03 3.78 1.29 6.57 - 4/3
IV-3 215 23 F 1.79 6.56 0.53 0.41 0.21 3.74 2.08 6.91 - 4/3
IvV-4 20 M 3.67 4.51 0.84 0.28 0.18 2.45 1.04 6.26 - 4/3
Family probandi AB and JB
I-1 257 83 F 1.30 5.27 0.28 0.45 0.31 3.28 1.40 4.29 - 3/3
I2 254 8 F 1.60 7.68 0.57 0.46 0.16 5.75 1.20 6.48 - 4/3 II, Med
I3 331 74 F 2.61 6.38 0.99 0.50 0.32. 341 1.66 7.09 - 3/3 Med
I-4 248 72 M 2.04 8.52 0.85 0.63 0.44 6.11 1.12 4.47 - 4/3 I
.5 278 71 M 3.03 6.79 1.20 0.50 0.33 4.44 0.82 7.09 - 4/3
II-1 241 S6 M 3.65 9.82 4.15 1.67 1.93 2.95 0.79 23.53 + 3/3L 11
-2 254 55 M 3.14 7.06 1.80 1.28 2.23 2.00 1.03 30.07 + 3/3L III, Med
-3 253 49 F 0.53 4.90 0.09 0.28 0.06 3.07 1.68 2.59 - 4/3
-4 245 53 M 0.60 4.74 0.12 0.53 0.20 3.15 1.27 4.25 - 4/3
II-5 225 52 F 1.17 6.11 0.20 0.38 0.25 3.61 2.05 6.98 - 3/3
-6 225 69 M 0.82 4.52 0.11 0.96 0.68 2.71 1.02 3.91 - 4/2
II-7 287 52 F 1.59 6.24 0.69 1.27 1.33 2.74 1.48 19.28 + 3/3L III, Med
-8 242 51 M 1.93 6.23 0.62 0.57 0.48 3.56 1.57 4.17 - 4/3
II-9 208 47 M 1.44 6.68 0.55 1.53 1.65 3.15 1.33 18.76 + 3/3L I
II-10 227 49 F 1.02 5.66 0.23 0.42 0.20 3.80 1.43 6.10 - 4/3
II-11 235 4 M 1.20 5.28 0.37 0.41 0.12 3.33 1.46 5.12 - 4/3
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Family probandi AB and JB (Continued)

Plasma Plasma VLDL- IDL- LDL- HDL- Plasma ApoE Clinical
No. BMI Age Sex triglycerides cholesterol cholesterol Ratio cholesterol cholesterol cholesterol ApoE S-VLDL phenotype symptoms Remarks
II-12 213 46 M 0.65 5.53 0.21 0.58 0.17 3.87 1.28 4.52 - 4/3
II-13 41 F 0.69 5.21 0.16 030 0.05 3.02 1.98 3.50 - 4/3
II-14 246 42 M 2.16 4.34 0.67 040 0.20 2.60 0.87 3.54 - 4/3
II-15 263 40 M 2.52 10.05 1.97 1.94 293 3.93 1.22 27.25 + 3/3L I
II-16 247 37 F 1.17 5.29 0.21 0.34  0.19 2.83 2.06 4.39 - 3/3
II-17 248 53 M 0.83 5.68 039 048 0.01 4.06 1.22 7.59 - 3/2
II-18 243 48 F 2.96 8.69 2.86 1.40 1.28 3.15 1.40 28.68 + 3/3L I
I-19 281 49 M 2.28 6.08 1.03 0.48 0.06 4.34 0.65 4.73 - 3/3
II-20 247 46 F 2.18 8.81 1.75 1.39 1.27 3.73 2.06 26.06 + 3/3L I
II-21 240 45 M 1.26 6.72 0.54 0.66 0.29 4.17 1.72 4.62 - 4/3 11
II-22 200 44 F 0.98 6.60 044 050 0.05 4.07 2.04 342 - 4/3
II-23 257 42 M 2.05 9.00 0.95 0.60 0.27 6.11 1.67 6.31 - 4/3 I
II-24 259 41 M 4.57 14.68 6.29 1.97 2.70 4.19 1.50 44.83 + 3/3L X III, Med
II-25 203 38 F 0.69 4.28 0.14 1.38 2.94 - 4/3
II-26 269 39 M 1.87 71.74 0.87 0.58 0.22 5.27 1.38 5.62 - 4/3 11
II-27 275 36 M 1.41 7.69 0.79 1.04 0.67 4.90 1.33 5.60 - 4/3 II
II-28 224 34 M 0.47 5.05 0.11 032  0.04 3.23 1.67 2.58 - 4/3
1I-29 236 33 F 0.67 6.62 0.18 0.51 0.16 444 1.84 6.05 - 4/3
II-30 198 29 F 2.83 8.80 2.52 1.27 1.06 3.17 2.05 27.51 + 3/3L 111
-1 196 27 F 0.70 4.65 0.10 0.26 0.08 2.39 2.08 5.95 - 3/3
m-2 178 24 F 1.45 4.81 0.37 0.42 0.24 2.53 1.67 5.23 - 3/3
m-3 200 23 F 1.25 4.43 0.72 0.87 0.37 1.97 1.37 14.30 + 3/3L I
Im-4 196 26 F 1.14 5.46 0.44 087 055 2.59 1.88 12.74 + 4/3L I
-5 250 25 M 1.37 5.17 0.61 0.83 0.53 2.85 1.18 15.82 + 4/3L III
m-6 196 23 M 0.95 3.94 0.45 1.09 0.59 1.72 1.18 11.11 + 3/3L I
Im-7 196 20 F 0.40 3.67 0.06 045 0.12 1.77 1.72 4.76 - 3/3
m-8 196 18 M 0.66 3.64 0.18 053 0.17 2.00 1.29 241 - 4/3
nm9 190 17 M 1.31 4.51 0.70 1.23 091 1.87 1.03 12.10 + 4/3L I
Im-10 223 21 F 1.09 4.02 0.25 0.45 0.24 1.76 1.77 2.20 - 4/3
m-11 194 20 M 0.71 3.86 0.18 0.51 0.18 2.17 1.33 2.18 3/3
m-12 173 15 M 0.66 4.70 0.11 0.74 0.38 2.44 1.77 2.50 - 3/3
Im-13 187 11 M 2.30 6.29 1.17 1.08 1.31 2.70 1.11 20.90 + 3/3L I
I-14 166 9 M 1.66 5.34 1.04 1.30 1.12 2.21 0.97 14.72 + 3/3L 111
II-15 15.6 7 M 2.62 5.27 1.41 0.75 0.56 2.03 1.27 15.90 + 3/3L I
Im-16 157 5 M 0.70 3.98 0.61 0.43 3.55 4.30 - 3/3
m-17 217 25 M 0.90 4.89 0.32 046 0.09 298 1.50 5.76 - 3/2
Im-18 220 23 F 2.56 7.16 2.39 1.34 1.04 2.09 1.64 28.11 + 2/3L 111
Im-19 233 19 M 2.56 5.75 2.29 0.85 2.66 0.92 18.17 + 3/3L 111
Im-20 215 23 M 1.22 4.71 0.46 0.45 0.09 3.13 1.03 3.60 - 3/3
M-21 226 20 M 3.89 9.96 4.17 0.90 5.24 1.21 26.88 + 3/3L 111
m-22 204 20 M 0.86 4.32 0.21 026 0.01 2.71 1.39 4.18 - 3/3
111-23 14 M 0.95 4.03 0.19 1.34 3.50 - 4/3
111-24 12 M 0.98 4.89 0.29 1.69 5.12 - 3/3

Clinical variables of the 128 family members of the extended Dutch ApoE3-Leiden pedigree. The subject numbering corresponds with the one
presented in the pedigree (Fig. 5). Subject number, BMI, age, sex, total plasma triglycerides, total plasma cholesterol, VLDL~cholesterol, ratio
(VLDL + IDL)-cholesterol/total plasma triglycerides, IDL-cholesterol, LDL~cholesterol, HDL-cholesterol, plasma apoE concentration, presence
(+) or absence (=) of 8-VLDL evaluated by agarose electrophoresis (3-VLDL), apoE phenotype, clinical symptoms of the individuals observed
at their first visit to lipid clinic, and remarks are shown. Abbreviations used under clinical symptoms are: X, xanthomas including palmar streaks,
tendinous xanthomas, and tuberous xanthomas; C, coronary vascular disease. Abbreviations used under remarks are: II, III, IV, subject was
classified as having either type Ila or IIb, type III, or type IV hyperlipoproteinemia, based on the observed lipid and lipoprotein levels, agarose
electrophoresis, and other clinical symptoms; Med, subject using lipid lowering drugs. * 3L, apoE3-Leiden.
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