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Abstract Familial defective apolipoprotein B-100 is a genetic
disorder of apolipoprotein B-100 that causes moderate to severe
hypercholesterolemia. A single amino acid mutation in apolipo-
protein B diminishes the ability of low density lipoproteins to
bind to the low density lipoprotein receptor. Low density lipo-
proteins accumulate in the plasma because their efficient
receptor-mediated catabolism is disrupted. This mutation has
been identified in the United States, Canada, and Europe and
is estimated to occur at a frequency of ~ 1/500 in these popula-
tions. Thus, it appears that this newly described disorder may
be a significant genetic cause of hypercholesterolemia in Western
societies. — Innerarity, T. L., R. W. Mahley, K. H. Weisgra-
ber, T. P. Bersot, R. M. Krauss, G. L. Vega, S. M. Grundy,
W. Friedl, J. Davignon, and B. J. McCarthy. Familial defec-
tive apolipoprotein B-100: a mutation of apolipoprotein B that
causes hypercholesterolemia. J Lipid Res. 1990. 31: 1337-1349.
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In Western societies, atherosclerosis is the most com-
mon cause of death. Numerous epidemiological studies
have demonstrated that elevated levels of plasma choles-
terol, particularly cholesterol transported in low density
lipoproteins (LDL), are associated with increased cor-
onary heart disease (1-4). The fact that approximately
50% of the adult population of the United States
possesses LDL levels that place them at risk of athero-
genesis demonstrates the magnitude of the problem (1-5).
In addition to environmental factors such as diet, genetic
factors play a major role in determining the risk for
atherosclerosis (6-8). Investigations of genetic abnormali-
ties that affect plasma cholesterol levels have led to a
greater understanding of the function of apolipoproteins
and the LDL receptor and have underscored their impor-
tance in regulating plasma lipoprotein metabolism (6-11).
Well-studied examples of these abnormalities are genetic
defects in the LDL receptor and apolipoprotein (apo) E,
one of the ligands of this receptor. Patients with familial

hypercholesterolemia (FH) have defective or absent LDL
receptors and extremely elevated plasma levels of choles-
terol and LDIL and develop premature cardiovascular
disease (9). Patients with type III hyperlipoproteinemia
have apoE molecules with one of several amino acid
substitutions that prevent normal binding to lipoprotein
receptors (10, 11).

In this review article, we discuss a prevalent point
mutation in the human apoB-100 gene that also causes
hypercholesterolemia. This genetic disorder has been
designated familial defective apoB-100 (FDB). Apolipo-
protein B-100 is the exclusive protein constituent of LDL
and is the ligand on LDL recognized and bound by the
LDL receptor. This mutation in apoB-100 disrupts the
binding of LDL to the LDL receptor; thus, in one sense
the disorder is a counterpart to FH. Both disorders are
characterized by mutations that lead to a disruption of
normal function of either the LDL receptor (FH) or the
ligand (FDB), and both mutations disrupt LDL receptor-
mediated catabolism and result in hypercholesterolemia.

STRUCTURE OF APOLIPOPROTEIN B-100

In humans, most plasma cholesterol is transported in
LDL. This lipoprotein consists of a central core composed
of apolar neutral lipids (triglycerides and cholesteryl es-
ters) and an outer shell of phospholipids, unesterified
cholesterol, and a single apoB-100 molecule as its protein

Abbreviations: FH, familial hypercholesterolemia; LDL, low density
lipoproteins; apo, apolipoprotein; FDB, familial defective apolipopro-
tein B-100; VLDL, very low density lipoproteins; bp, base pair.
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component. Because the large size and insolubility of
apoB-100 in the absence of lipid and detergents make it
refractory to analysis by protein chemistry (12, 13), its
structure was elusive for many years. More recently, a
number of laboratories determined the structure of hu-
man apoB-100 by cloning and sequencing apoB cDNA
(14-17). Human apoB mRNA is 14.5 kilobases (kb) in
length and codes for a mature protein of 4536 amino acids
that has a molecular weight of about 550,000, including
about 10 % carbohydrate (14-17). The signal peptide con-
tains either 24 or 27 amino acids (18). Thrombin cleaves
apoB-100 of LDL at three sites, which serve as useful
landmarks in analyzing the functional domains of apoB-
100 (Fig. 1) (19). The apoB gene is 43 kb in length, con-
tains 28 introns and 29 exons, and is located near the tip
of the short arm of chromosome 2 (15, 20-22). The distri-
bution of the introns within the gene is unusual in that 24
of the 29 introns occur in the 5' terminal one-third of the
gene (22). Over half of the protein is coded by the ex-
tremely long exon 26, whose 7572 base pairs make it one
of the largest exons yet reported in the human genome (22).

FUNCTIONAL DOMAINS OF APOLIPOPROTEIN
B-100

Apolipoprotein B-100 has four well-recognized func-
tional activities. First, it is required for the synthesis,
assembly, and secretion of hepatic triglyceride-rich lipo-
proteins. Second, it binds to lipids and is a structural
component of very low density lipoproteins (VLDL) and
LDL. Third, it binds to heparin and various proteogly-
cans found in the arterial wall that may be involved in
binding LDL within atherosclerotic plaques. Finally,
apoB-100 interacts with the LDL receptor, mediating the
clearance of LDL from the plasma. Elucidation of the
functional domains involved in these activities has been
accelerated by the determination of the amino acid se-
quence of apoB-100.
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Fig. 1. Linear representation of apoB-100 showing the locations of the
heparin-binding sites (the boxes lettered A-G), the epitopes of four
monoclonal antibodies that inhibit LDL receptor binding (4G3, 3A10,
5E11, MB47), and the putative location of the receptor-binding region
(hatched box). The “3500” represents the amino acid substitution of glu-
tamine for arginine that is believed to cause familial defective apolipo-
protein B-100 (FDB).
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Apolipoprotein B-100 1s obligatory lor the scerction of
VDL from the liver (12, 13). Hwmnans with the genctic
disorder familial abetalipoprotememia or homozygous
hypobetalipoproteinemia secrete little (if any) apoB-100 in
the form of VLDL. Moreover, LDL, a metabolic product
of VLLDL, is absent in these patients. The genetic defect
that causes tamilial abetalipoproteinema is unknown, but
it is not linked to the gene for apoB (23). Recent work by
several laboratories has indicated that hypobetalipopro-
teinemia can be caused by mutations in the coding region
of the apoB-100 gene that result in premature translation
termination codons (24-31). As a consequence, greatly
reduced amounts of VLDL and LDL are found in the
plasma of these individuals, and their ipoproteins possess
a truncated form of apoB. From the analysis of a number
of these mutations, it appears that a minimum length of
apoB is necessary before any truncated apoB-containing
lipoproteins are detected in the plasma. Apparently, a
normal or nearly full-length apoB-100 is necessary to
achieve normal VLDL secretion (27, 29, 30).

A basic function of all apolipoproteins, including apoB-
100, is lipid transport. However, apoB-100 differs from
other apolipoproteins in its interactions with lipids. Most
apolipoproteins, such as A-I, A-II, and E, transfer freely
among various lipoprotein particles. The association of
these apolipoproteins with lipids is thought to be medi-
ated through amphipathic «-helices. In contrast, apoB-
100 does not exchange among lipoprotein particles and
has limited amphipathic helical structure. Rather, apoB-
100 may interact with lipids via its hydrophobic §-sheet
structure and by segments of hydrophobic amino acids
resembling abbreviated membrane-spanning regions of
receptors (14-17). These regions are located throughout
the apoB-100 molecule, and all three thrombolytic frag-
ments of apoB-100 have been shown to recombine with
lipids in microemulsions (32).

In atherosclerotic lesions, the association of apoB-
containing lipoproteins with acidic glycosaminoglycans or
specific proteoglycans suggests that this interaction may
be a contributing factor in the pathogenesis of athero-
sclerosis (33, 34). In vitro studies have demonstrated that
the apoB-100 of LDL particles binds with high affinity to
specific proteoglycans and to heparin (34-36). Recently,
those apoB-100-binding domains that interact with
heparin and proteoglycans have been located (34-36).
The seven distinct heparin-binding sites are situated
throughout the molecule (Fig. 1). Two of these heparin-
binding sites also interact with chondroitin-6-sulfate
arterial proteoglycans (34).

One of the most interesting functional regions of
apoB-100 is the receptor-binding domain. Of the ap-
proaches used in an attempt to locate this domain, the
most informative has been derived from the use of mono-
clonal antibodies (37-40). Several antibodies raised
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against LDL or apoB-100 have the ability to abolish the
binding of LDL to its receptor. Mapping the epitopes of
these inhibitory antibodies has helped to narrow down the
region of apoB-100 involved in mediating receptor bind-
ing. Four monoclonal antibodies to apoB-100 that totally
inhibit LDL receptor binding have epitopes near the
thrombin cleavage site at residue 3249 (T3/T2 junction)
of apoB-100 (Fig. 1). Monoclonal antibodies to apoB-100
with epitopes outside this region had little or no effect on
LDL receptor binding (37-40). Another approach ex-
amined which monoclonal antibodies to apoB-100 bound
to LDL that were already bound to the LDL receptor.
These experiments demonstrated that apoB-100 monoclo-
nal antibodies with epitopes in the region of residues
3000-4000 bound poorly, if at all, to receptor-bound
LDL. While these studies broadly defined the receptor-
binding region of apoB-100, its precise location remains
to be determined (40).

MUTATIONS OF APOLIPOPROTEIN B-100

The sequencing of five complete and several partial
apoB-100 DNA sequences, in conjunction with direct pro-
tein sequencing, has permitted an estimation of the
naturally occurring variations of sequence in apoB-100
(41). The latest compilation of the number of variants of
apoB-100 lists 75 nucleotide differences, 54 of which
would cause amino acid substitutions (42). Of these 75
differences, 12 have been confirmed by at least two labora-
tories and therefore almost certainly represent bona fide
variants. Studies of apoB-100 gene variants by restriction
fragment length polymorphism or by monoclonal anti-
bodies (see below) have confirmed that several of the
variants defined by sequencing represent different apoB
alleles. On the other hand, it appears that some apparent
nucleotide differences may reflect sequencing errors (42).

Before the structure of apoB-100 was established,
genetically determined polymorphisms of LDL-associ-
ated apoB-100 were evident from immunological studies.
An immunochemical polymorphism designated as the an-
tigen group (Ag) has been detected in apoB-100 by human
antisera obtained from multiply transfused patients.
These antisera identify five antithetical pairs of epitopes
on LDL-associated apoB-100: Ag(a,/d), Ag(x/y), Ag(t/z),
Ag(c/g), and Ag(h/i) (43-45). Recently developed mono-
clonal antibodies recognize two of these sites (46, 47).
The monoclonal antibodies MB19 and H11G3 detect apoB
polymorphisms that are identical to the Ag(c/g) and the
Ag(a,/d) polymorphisms, respectively. Four of the Ag
polymorphisms have recently been identified as single
amino acid substitutions in the primary structure of
apoB-100. The Ag(c/g)/MBI19 polymorphism is associated
with an interchange of isoleucine for threonine at amino
acid 71 (46), while the Ag(a,;/d)/H11G3 polymorphism is
caused by a substitution of alanine for valine at residue

591 (47). The Ag(h/i) epitope corresponds to a substitu-
tion of glutamine for arginine at residue 3611 (48, 49), and
the Ag(t/z) immunochemical polymorphism exhibits per-
fect association with a glutamic acid-for-lysine substitu-
tion at residue 4154 (50).

A number of studies have examined whether common
DNA or antigenic polymorphisms of apoB-100 are asso-
ciated with altered lipid levels or atherosclerosis (51-59).
For example, an association between an Xbal restriction
fragment length polymorphism of apoB-100 and myocar-
dial infarction was found by Hegele et al. (51), and in a
Finnish population the Ag(c/g) polymorphism was asso-
ciated with elevated cholesterol levels (55). While many
studies have demonstrated an association between a parti-
cular apoB-100 polymorphism and elevated lipid levels
(81-56), in other populations this association was not evi-
dent (57-59). Therefore, none of these association studies
demonstrate that the apoB-100 polymorphism examined
is the cause of the altered phenotype (elevated lipid levels
or increased risk for atherosclerosis). Instead, in the
population studies in which a positive association is
observed, the apoB-100 polymorphism is probably in
linkage disequilibrium with a functionally important
mutation elsewhere within the apoB gene. However, we
have identified a mutation within the apoB-100 gene that
appears to disrupt the function of apoB-100 in humans
and to cause hypercholesterolemia.

FAMILIAL DEFECTIVE APOLIPOPROTEIN B-100

Screening studies were undertaken to determine
whether mutations in the apoB gene could directly affect
plasma lipid levels. Low density lipoproteins were isolated
from a large number of individuals and tested for func-
tional differences—in vivo receptor-mediated catabolism
or in vitro binding of LDL to the LDL receptor. The first
evidence of defective-binding LDL came from in vivo turn-
over studies (60). This functional test measured the rate
at which intravenously injected radioactive LDL were
cleared from the plasma by the LDL receptor pathway.
Clearance rates of autologous and normal homologous
LDL from the plasma were determined in 13 subjects who
had moderate primary hypercholesterolemia. In 10 of
these subjects, the autologous and homologous LDL were
cleared from the plasma at the same rate, whereas in the
remaining 5, the subjects’ own LDL were catabolized sig-
nificantly more slowly than were normal LDL. The LDL
from one of these latter individuals (G.R.} was striking in
that it had a plasma clearance rate of about 50 % of nor-
mal (Fig. 2A). Since between two-thirds and three-
fourths of normal LDL are cleared from the plasma by
the hepatic LDL receptor pathway, these results suggested
that the LDL from these five patients (especially G. R.)
were poor ligands for the LDL receptor (60).
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Fig. 2. Detection of FDB. (A) Plasma decay curves of G.R. LDL and normal LDL intravenously injected into subject G.R. (reproduced from
the Journal of Clinical Investigation. 1986. 78: 1410-1414; by permission of the American Society for Clinical Investigation. (B) Ability of G.R. LDL
and normal LDL to compete with normal **I-labeled LDL for binding to LDL receptors on normal human fibroblasts (reproduced from ref. 61).
(C) Ability of G.R. LDL and affected family members’ LDL (lower curve) and normal LDL (upper curve) to compete with normal LDL for bind-
ing to apoB-100 monoclonal antibody MB47 (reproduced from ref. 62), (D) Differential hybridization of polymerase chain reaction-amplified DNA
from the G.R. kindred with allele-specific oligonucleotide probes. Probe A identifies wild-type DNA; probe B recognizes DNA with the mutation
in the codon for amino acid 3500 of the human apoB gene. Also included are DNA of plasmids p46a and p43, representing the wild-type and mu-

tant allele sequences, respectively (modified from ref. 63).

To test this possibility directly, LDL from these five
subjects were tested for their ability to bind to LDL recep-
tors on cultured human fibroblasts in a competitive bind-
ing assay. As shown in Fig. 2B, the LDL from subject
G.R. were not as effective as normal LDL in competing
with normal human '*I-labeled LDL for receptor bind-
ing. The LDL from subject G.R. had only about 32 % of
normal receptor-binding activity. In addition, the abnor-
mal LDL were much less effective than normal LDL in
competing with '**I-labeled normal LDL for cellular up-
take and degradation and in stimulating intracellular
cholesteryl ester formation in normal human fibroblasts.
Thus, in vitro tissue culture assays for receptor binding
agreed with the in vivo turnover studies, indicating that
the LDL from subject G.R. bind defectively to the LDL
receptor. Studies of this proband’s relatives indicated that
the disorder, which we designated familial defective apo-
lipoprotein B-100 (FDB), is transmitted as an autosomal
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co-dominant trait and that the affected subjects are
heterozygotes (61).

We characterized the LDL and the apoB-100 from
FDB heterozygotes in an attempt to detect any major
structural abnormalities. No significant difference in lipid
composition was observed between normal LDL and FDB
LDL. Nor was there any detectable difference in the size
or shape of these particles, either by electron microscopy
of negatively stained LDL or by nondenaturing poly-
acrylamide gradient gel electrophoresis. Likewise, density
gradient ultracentrifugation of the normal and abnormal
LDL demonstrated no major differences. Furthermore,
an examination of intact apoB-100 and its thrombolytic
and tryptic fragments by SDS-PAGE and immunoblots
using monoclonal antibodies to apoB-100 provided no evi-
dence of any major deletions or insertions in the apoB-100
from FDB heterozygotes (T. L. Innerarity and R. M.
Krauss, unpublished data).
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Based on this evidence, the LDL from the FDB hetero-
zygotes were found to be essentially normal, except for the
defect in receptor binding. Thus, it seemed likely that the
mutation was located in or near the receptor-binding do-
main of apoB-100. We probed for the mutation in intact
LDL by using four apoB-100-specific monoclonal anti-
bodies, all of which block LDL binding to the LDL recep-
tor. Three of these reacted equally well with normal and
defective LDL, whereas the monoclonal antibody MB47
bound with an enhanced affinity to LDL from G.R. and
other FDB heterozygotes (62). In a solid-phase radioim-
munoassay, the abnormal LDL were more effective com-
petitors for MB47 than normal LDL were (Fig. 2C). This
MB47 assay was refined so that the isolation of LDL was
not necessary and plasma samples could be examined
directly (62). In every individual with abnormal LDL,
the plasma radioimmunoassay demonstrated that the
MB47 antibody bound to these LDL with a higher affini-
ty than to normal LDL. The absolute association of this
enhanced MB47 binding with abnormal LDL suggested
that the mutation in apoB-100 occurs in the region of the
MB47 epitope. The MB47 epitope is definitely located in
the cyanogen bromide fragment containing residues 3442
to 3569 (K. H. Weisgraber, unpublished data), and most
likely in the vicinity of residues 3490 -to 3510 (39).

To identify the mutation responsible for the receptor-
binding defect, genomic DNA clones spanning nucleo-
tides 7500 to 11916 of apoB-100 from the original proband
were sequenced. This region, which codes for amino acids
2488 to 3901, includes the receptor-binding domain iden-
tified by the foregoing monoclonal antibody studies and
the MB47 epitope. Only one unique mutation was found:
in codon 3500 of apoB-100, CGG was changed to CAG,
causing a glutamine-for-arginine substitution at this site
within one allele but not the other (63). A rapid assay for
examining DNA was developed to exarnine the kindred
for this mutation. This procedure, using the polymerase
chain reaction combined with allele-specific oligenucleo-
tide probes, distinguishes between the mutant and normal
alleles and provides a reliable assay to detect the point
mutation in apoB-100 at codon 3500. Analysis of the R.
family kindred with this assay detected the mutant allele
only in family members who were both hypercholester-
olemic and possessed binding-defective LDL (Fig. 2D)
(63). In every case in which this mutation has been iden-
tified in apoB-100 genomic DNA (11 probands, see below),
In vitro receptor binding experiments have shown that the
isolated LDL bind defectively to the LDL receptor. It
should be pointed out that even though the concordance
between this mutation and the functional defect is ab-
solute, the final proof that the relationship is causal awaits
the functional testing of expressed full-length apoB-100
gene constructs differing only in this codon.

CONSEQUENCES OF THE MUTATION IN
APOLIPOPROTEIN B-100 ON BINDING TO THE
LOW DENSITY LIPOPROTEIN RECEPTOR

Because there is only one copy of apoB-100 per LDL
particle, the FDB heterozygotes have two populations of
LDL: one containing normal apoB-100 and the other con-
taining defective apoB-100. We devised a procedure to
purify the population of LDL particles containing defec-
tive apoB-100 by taking advantage of the observation that
several of the FDB subjects were heterozygous for the
MBI19 polymorphism. The monoclonal antibody MB19
detects a common, functionally neutral apoB polymor-
phism and binds to the LDL of one apoB allotype with an
11-fold higher affinity than to the other (64, 65). Thus,
using MB19 immunoaffinity chromatography and LDL
from a subject heterozygous for both FDB and the MBI9
polymorphism made it possible to isolate an LDL fraction
enriched in defective receptor-binding activity. The en-
riched defective LLDL possessed less than 10% of the
receptor-binding activity of normal LDL. Because the
defective LDL used in the procedure were contaminated
with a small amount of normal LDL (5-7 %), these results
indicate that the defective LDL actually displayed only
about 3-5% of the binding activity of normal LDL (66).
Thus, somewhat surprisingly, if the single amino acid
substitution of glutamine for arginine is the responsible
mutation, as all the evidence indicates, then in a protein
consisting of 4536 amino acids this substitution is suffi-
cient to virtually abolish the receptor binding of LDL to
the LDL receptor.

Results from physical biochemistry measurements in-
dicate that the 3500 mutation causes a localized perturba-
tion of the structure of apoB-100. The average secondary
structure of normal and FDB LDL are identical as deter-
mined by circular dichroism. However, carbon-13 NMR
studies have indicated that the microenvironments of
about six lysines on LDL-associated apoB-100 from FDB
subjects are altered so that their pK values change from
8.9 to 10.5. Lysine residues are known to be involved in
apoB-100 binding to the LDL receptor (67). It is therefore
possible, and perhaps even likely, that the glutamine-for-
arginine substitution at residue 3500 alters the pK of
lysine residues that lie in the vicinity of the mutation and
the receptor-binding domain (68). These results, taken
together with observations that monoclonal antibodies
with epitopes that span about a thousand amino acids
(approximately residues 3000 to 4000) of the apoB-100
molecule can disrupt receptor binding (40), suggest that
an elaborate geometry may be involved in the binding of
LDL to the LDL receptor. It follows that the disruption
of receptor binding by this mutation probably involves an
alteration in the conformation of the secondary or tertiary
structure of the apoB-100 receptor-binding domain.
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GENETIC DISORDERS ANALOGOUS TO
FAMILIAL DEFECTIVE APOLIPOPROTEIN B-100

Genetic disorders analogous to FDB have been de-
scribed in swine. Hypercholesterolemia and atherosclero-
sis in these animals have been shown to be associated with
variant alleles of apoB-100 (69-71). For example, pigs
homozygous for the immunologically defined marker for
and apoB polymorphism termed Lpb) possess a two- to
fourfold elevation of plasma LDL. The LDL from these
pigs had an abnormal composition and, when injected
into cither control or Lpb5 mutant pigs, had a retarded
clearance from the plasma. In addition, the Lpb5 pigs
had reduced in vitro LDL receptor-binding activity.
However, LDL from these animals exhibit less defective
binding to LDL receptors than do LDL from FDB
heterozygotes, indicating that the mutation in the pig
LDL is not as functionally severe as in the 3500 muta-
tion. Moreover, when the receptor-binding region of pig
Lpb5 apoB-100 DNA was sequenced, no mutations were
found that were unique to this allele (69-71). Presumably,
the mutation that causes the functional abnormalities and
resulting hypercholesterolemia in these animals is in some
other region of the molecule. If that is true, then muta-
tions outside the receptor-binding domain of apoB-100
have the potential to alter the receptor-mediated catabo-
lism of LDL significantly (69-71).

PREVALENCE OF FAMILIAL DEFECTIVE
APOLIPOPROTEIN B-100

The development of rapid immunoassays and DNA de-
tection assays has permitted the screening of the general
population to determine prevalence of heterozygosity for
this disorder. Qur screening efforts have centered on four
widely dispersed geographical regions: San Francisco,
Dallas, Montreal, and Salzburg, Austria. Not only were
the samples from different regions, but the plasma cho-
lesterol levels of the subject population were dramatically
different (Fig. 3). The ethnically homogenous Salzburg
population was part of a coronary study and consisted of
110 subjects with coronary disease (as determined by
EKG or coronary angiography) and 130 controls, of
whom 117 were matched for age and sex (72). Most of the
San Francisco and Dallas sample groups were moderately
hypercholesterolemic, whereas a majority of the French
Canadians from Montreal were moderately to severely
hypercholesterolemic, and many were FH heterozygotes.
A total of 1100 individuals were screened for FDB by one
or more of the following procedures: the competitive
binding of plasma LDL to the LDL receptors on cultured
human fibroblasts, the binding of monoclonal antibody
MB47 to LDL in a competitive radioimmunoassay using
whole plasma, and the detection of a single base change
at codon 3500 using allele-specific probes on polymerase
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Fig. 3. The plasma cholesterol distribution of the subjects tested for FDB from the different geographic regions. The average cholesterol distribu-

tion in the United States is shown as the curve in each panel.
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TABLE 1. Prevalence of familial defective apolipoprotein B-100 in four populations

Number of Assay Tissue Affected Total Affected
Region Samples MB47 DNA Culture Probands Subjects
Montreal 343 143 333 33 1 1
Salzburg 236 12 224 13 2 8
San Francisco 388 165 212 261 4 18
Dallas 133 38 80 119 4 14
Total 1100 358 849 426 11 41

chain reaction-amplified genomic DNA.

This extensive screening resulted in the discovery of 11
probands who were heterozygous for FDB; all four re-
gions were represented in the 11 (Table 1). Family studies
of these probands identified a total of 41 individuals
heterozygous for FDB. No homozygotes for FDB have
thus far been found. Since the populations sampled were
for the most part hypercholesterolemic, it is not possible
to calculate the frequency of this disorder with precision.
However, it is possible to obtain a rough estimate of the
frequency of this disorder in the populations sampled.
From the extensive, multi-centered Lipid Research Clinic
(LRC) Population Studies, the cholesterol distribution of
a random group of 48,482 Americans has been compiled
and grouped by age and sex (5). In terms of cholesterol
levels, it is possible to correct the bias of our sample
group by comparing them with this large, random popu-
lation (Table 2). This cholesterol frequency normaliza-
tion depends on the reasonable assumption that the
cholesterol distribution of the total unselected population

in Salzburg, Dallas, San Francisco, and Montreal is
similar to that of the LRC population. Based on this
assumption, the derived frequency of this disorder is
about 1/500 in our sampled population (Table 2). Consis-
tent with this approximation are the results from a study
of 745 hyperlipidemic individuals from the United King-
dom and Scandinavia, which identified 10 probands with
FDB. The frequency of this disorder in this group was
3%, and the overall frequency in the population was esti-
mated to be 1/600. If this estimate is correct for the
general population, then the prevalence of this disorder is
equivalent to that of FH (1/500), making it one of the most
common single-gene mutations responsible for causing a
clinical abnormality.

The apparent relatively high frequency of this mutation
and the occurrence of the mutation in several different
populations raise questions concerning its origin. Fur-
thermore, the fact that the mutation occurs at a hypermu-
table CG dinucleotide suggests that the mutation could be
recurrent, as has been shown for mutations at CG

TABLE 2. Procedure used to estimate the frequency of familial defective apolipoprotein B-100 heterozygotes in the populations sampled

Number of Individuals

This Study LRC Study”

Group® Probands Total in Group Total in Group Study Total Frequencyb
(Age/Sex/Chol) [¢5) 1n (11I) av) (FG)
30-34/M/>254 1 22 122 48,482 0.000114
45-49/M/234-257 1 32 344 48,482 0.000222
45-49/M/>276 1 30 115 48,482 0.000079
55-59/M/262-275 1 15 81 48,482 0.000111
65-69/M/210-232 1 5 188 48,482 0.000775
65-69/M/>274 1 9 38 48,482 0.000087
35-39/F/>245 1 18 101 48,482 0.000116
50-54/F/ > 285 1 17 100 48,482 0.000121
60-64/F/ > 296 1 30 54 48,482 0.000037
60-64/F/> 296 1 30 54 48,482 0.000037
65-69/F/277-296 1 6 41 48,482 0.000141

FTP = 0.00184

“From ref. 5.

bFrequencies (FG, frequency of the defect in each age/sex/cholesterol group) were calculated according to the following formula: (I/1I) x (III/IV)
= FG; where I = number of probands from our study in each LRC age/sex/cholesterol group; II = number of individuals from our study in the
same age/sex/cholesterol group as the proband; III = number of individuals in the LRC study in the same age/sex/cholesterol group as the proband;
IV = total number of individuals in the LRC study. FTP = LFG,; ... FGy;; FTP = frequency of FDB in the total population we sampled, which
is the sum of the frequencies of all of the age/sex/chalesterol groups. FG, is the frequency in age/sex/cholesterol group 1, e.g., 0.000114. If no proband
occurs in an age/sex/cholesterol group, the frequency for that group is zero.
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doublets in other genes, e.g., factor VIII (73). For these
reasons, we have conducted a detailed haplotype analysis
in eight kindreds in which the proband is heterozygous
for the mutation in codon 3500.

The haplotype markers used for this analysis are illus-
trated in Fig. 4. Eight of the 10 DNA markers used are
conventional diallelic markers, ie., restriction fragment
length polymorphisms or insertion/deletion polymor-
phisms, and the other two are minisatellite hypervariable
multi-allelic markers. The hypervariable region at the 3'
end of the gene comprises 17 resolvable alleles containing
different numbers of 15-base pair (bp) repeats (18, 74).
That at the 5' end comprises seven alleles of the sequence
d(TG),, where n is between 12 and 18. The use of eight
diallelic markers and these two hyperviariable regions
provides very high resolving power for distinguishing
many haplotypes. In the absence of linkage disequili-
brium, the theoretical number of alleles that can be distin-
guished is more than 30,000 (ie., 2% x 7 + 17). In a
study of eight kindreds, all 85 subjects proved to be
heterozygous for at least one marker, and all but two were
heterozygous for two or more markers (75).

An example of a haplotype analysis of one kindred is il-
lustrated in Fig. 5. Of the 18 individuals studied, five
were heterozygous for the Argssoo— Gln mutation. In this
particular family, all individuals were heterozygous for at
least three of the 10 markers, and thus the inheritance of
each haplotype can be unequivocally deduced. Further-
more, the haplotype upon which the 3500 mutation is
superimposed may be deduced from the data. In this
family and in six others studied by the same methods, the
haplotype of the mutant allele proved to be identical
(Table 3). The haplotype of the eighth proband examined

differed only for the 3' HVR marker, where the number
of repeats was 46 rather than 48. We attribute this either
to recombination between the 3500 mutation and the 3’
HVR or, what is more likely, to slippage during DNA
replication, which has been observed in studies of the in-
heritance of other minisatellite markers (76). Genotype
analysis of six other mutant probands in the absence of
pedigree data yielded data consistent with this same ma-
Jor haplotype for the mutant allele (75).

Given the high resolution of this haplotype analysis, the
fact that seven of eight probands carry identical mutant
haplotypes argues strongly against the possibility of recur-
rent mutations. These data are much more consistent
with a founder effect, although it does not rigorously
prove that this is the case. Furthermore, the fact that the
populations from which these probands were drawn are
predominantly, if not exclusively, Caucasian implies that
the putative “founder” was a member of this ethnic group.

Although it is likely that other mutations that disrupt
LDL receptor binding and cause familial defective apoB-
100 will be found, we predict that the mutation in the co-
don for residue 3500 will be by far the most common one
that causes a ligand-binding abnormality. We base this
prediction on the following observations. Using an in
vitro receptor binding assay, we examined LDL from over
400 individuals from our population study for binding ac-
tivity. We found six unrelated probands with severely
binding-defective LDL. The DNA from these individuals
was examined for the glutamine-for-arginine substitution
at residue 3500, and all six were heterozygous for this
mutation. Thus, unlike the situation with FH, in which

' no single mutation predominates in the general popula-

tion (9), it appears that in FDB the 3500 mutation is by

Hincll Arg33®__ Gin
Pvull
(TIG) n s|P ApliLl Alill Xi;al Aﬁpl EcoRl 3'HVR
' N
-3256
2kb
§(TG), HVR Mini-sateliite length polymorphism Al RFLP associated with immunochemical
polymorphism Ag(at/d) and H11G3
sP Insertion/deletion of 9 bp in coding ALAS® _, vaL
region for signal peptide
Apat RFLP assoclated with antibody Xbai RFLP, neutrai substitution THR2468
MB1 polymorphism THR" = ILE Mspl RFLP, ARGSG“ — GLN
Hincll RFLP in intron 4 EcoRl RFLP, GLU““ 5 LYS
Pval RFLP I intron 4 3 HVR Mini-satellite length polymorphism

Fig. 4. Haplotype markers for the human apoB gene. The 5' hypervariable region (TG), is 3256 bp 5' of the transcription start site, and the 3'
hypervariable region (3' HVR) is 491 bp 3' of the translational termination site. SP represents a 9-bp insertion/deletion in the signal peptide. All
other sites are restriction fragment length polymorphisms (RFLP) caused by single-base substitutions. (Modified from ref. 75).
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iD JG EB RS CL lS JM LS MS WS KL JL TN BS S§ KI §J 1] RW
51TG), 14/15 14/14 14/15 15/15 15/14 14/14 14/15 14714 15/14 14/14 15/14 14/15 15/15 15/15 15/14 14/15 14/15 14/15
sp A S L I S o R s A S AN ¥ SR SR T S S SR 2
ApaLl A R R A di /AN /L R N vV S SR R LR 2
Hincll S T A S AV AV A A T S
Pvull S Y S S S L S S . A A /L VA S A &
Alul S A S S L LR R R (ol L SR /LR S
Xbal S S S L I S S S S AN ' SR /A &
Arg — Gln S R A S S L TS L A Y A S 2
Mspl B L L R & & 2 T v & Y A S o O o A A AT 7 T S Y TN Py
EcoRI S L T AR 2 SRR 7 SH Y M L A S A SR - AN S SR SRS 5
3" HVR 34/46 34/36 36/38 38/48 38/48 34/34 34738 36/48 38/48 34/48 30/48 36/38 30/38 30/38 30/36 36/38 36/38 36/38
C (myan) 208 271 213 210 197 188 172 257 231 253 247 141 243 182 174 154 171 219
LDL-C (mg/dl) 122 193 146 136 122 112 102 168 183 190 171 78 178 105 115 8 98 147
LDL-IC,, (ng/ml) 31 23 23 28 66 19 18 54 99 74 94 27 23 22 32 28 24 24
Age 40 69 42 39 68 40 6 52 66 19 42 2 37 38 21 18 19 23
Fig. 5. Haplotype analysis of one of the kindreds with Argsses—GIn mutation. The half-solid symbols represent subjects heterozygous for the

Argy300—Gln mutation. For the seven single-base substitution restriction fragment length polymorphisms, the ( +) represents digestion at the restriction site.
For the single-peptide (SP) insertion/deletion, the ( + ) represents the presence of the 9-bp insertion/deletion and the (- ) its absence. The num-
bers for the 5' (TG), and the 3' HVR represent the number of TG dinucleotides or 15-bp repeats, respectively. C (mg/dl), total plasma cholester-
ol. LDL-C (mg/dl), LDL cholesterol. LDL-IC50 (mg/ml), the concentration of unlabeled LDL needed to displace 50% of normal '*I-labeled

LDL from LDL receptors on normal human fibroblasts (see ref. 61 for the procedure).

far the most common one. It is also possible that muta-
tions of apoB-100 that cause less severe receptor-binding
abnormalities would not be readily detected by an in vitro
receptor binding assay.

CLINICAL FEATURES

The identification of 41 FDB heterozygotes has given us
an opportunity to examine the impact of this defect on
plasma lipid levels and other clinical features. Most FDB
heterozygotes did not possess the characteristic clinical

features of FH heterozygotes, which include cholesterol
deposition in the tendons (xanthomas) and the eyes (arcus
cornea). Only the proband from the Montreal population
had arcus corneae and tendon xanthomas in the extensor
tendons of the hand. However, eight of 10 individuals
identified as FDB heterozygotes from a hyperlipidemic
population from the United Kingdom and Scandinavia
had arcus corneae and xanthomas (77).

Except for one family in our study, there were no major
differences in the mean plasma triglyceride, VL.LDL, and
high density lipoprotein levels between affected and unaf-

TABLE 3. Summary of the haplotype analysis of eight kindreds in which the proband was heterozygous for the Arggsoo = Gln mutation
Kindred Number 5 (TG), SP ApaLl Hincll Pvull Alul Xbal Mspl EcoRI 3" HVR
1,2, 3,4,5,6,7 14 + + - - - - + - 48

8 14 + + - - - - + - 46
Innerarity et al. Familial defective apolipoprotein B-100 1345

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

fected family members. The most readily detected mani-
festation of the FDB gene defect is hypercholesterolemia.
As shown in Fig. 6A, the hypercholesterolemia in the
subjects identified in our study is moderate. The average
plasma cholesterol level of 269 mg/dl for the 41 FDB
heterozygotes we studied is considerably lower than the
mean plasma cholesterol levels of large groups of FH
heterozygotes ( ~ 360 mg/dl) (9). The plasma cholesterol
level of each FDB subject was compared with the average
plasma cholesterol level of the age- and sex-matched con-
trols from the LRC Population Studies (Fig. 6B). Familial
defective apoB-100 heterozygotes had an average plasma
cholesterol level 81 mg/dl higher than the 50th percentile
levels of the age- and sex-matched LRC controls. For
comparison, 44 unaffected family members of the pro-
band families had an average plasma cholesterol level
only 7 mg/d] higher than that of the LRC controls. In ad-
dition, FDB heterozygotes had an average plasma LDL
cholesterol level of 199 mg/dl. This was 71 mg/dl higher

500
= A.
T 450 ~ —
)
400 a
£ 350 [ 8 M °
e 8 o o .
& 300 . 8 ° 4
® B o 8 8
o 250 o - a : g o . -
®c = @ e ]
£ 200F - g ¢ -8 ]
o *
o 150 | T
E |
o 100 -
8
a 50 —
0 [ B | ! L | ] 11
1 2 3 4 5 6 7 8 9-11
Families
300
Py B.
t |
B 250
£
= 200+ -
° o
> 150 R N ; o x .
O 6 .
b a
[« . o a
£ 100 [— i ° Q
(&) o R . o
] 50 - o & ° & -~
E o ; 8 e,
0 ]

8 0 F e
[+ N o J
-50 | TR W S S S P
1 2 3 4 5 6 7 8 9-11
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Fig. 6. The effect of FDB on cholesterol levels. (A) The plasma
cholesterol levels of all FDB heterozygotes. The dashed line represents
the average cholesterol level in the United States. (B) The plasma
cholesterol concentration of each FDB heterozygote was compared with
the 50th percentile of his or her age- and sex-matched LRC controls.
Each point represents the plasma concentration above (or below) the
control, which is shown as a dashed line.

1346 Journal of Lipid Research Volume 31, 1990

than that of the LRC controls, whereas the average
plasma LDL level of unaffected family members was only
4 mg/dl higher than that of the controls. Therefore, the
increased plasma cholesterol level of these FDB heterozy-
gotes was due to an elevation of plasmna LDL, as expected.
Whether a comparison is made with the large LRC con-
trol group or with unaffected family members, it is clear
that this single amino acid mutation causes a major in-
crease in plasma LDL cholesterol. Moreover, the 10 FDB
heterozygotes in the Tybjaerg-Hansen et al. study (77)
had a mean plasma cholesterol level of 369 mg/dl, which
1s remarkably similar to the mean cholesterol level of FH
heterozygotes. Their average plasma cholesterol levels
were 163 mg/dl higher than those of the LRC age- and
sex-matched controls. From these two studies, it is clear
that, with the exception of mutations in the LDL receptor,
no other genetic mutation causes such a large increase in
plasma LDL cholesterol.

The impact of this mutation on atherosclerosis cannot
be determined with certainty from the limited number of
FDB subjects identified. However, Tybjaerg-Hansen et al.
(77) reported that seven of 10 of their FDB heterozygotes
had coronary heart disease. Because all these subjects had
previously been classified as hypercholesterolemic, and
hypercholesterolemia is clearly multifactorial, it cannot be
taken as prima facie evidence that the FDB mutation
alone predisposes these individuals to accelerated athero-
sclerosis. Thus, a direct causal relationship between this
mutation and atherosclerosis has not been established.
Nevertheless, despite these caveats, it is not unreasonable
to propose that the considerable increase in cholesterol
level associated with this mutant allele does increase the
risk of premature heart disease. Hi

We thank Kay Arnold and Maureen Balestra for the tissue cul-
ture assays and analysis of the data, Luis Soria and Kurt
Haubold for the DNA analysis, and Yvonne Newhouse and
Steve Russell for the MB47 RIA. Leah Paule wrote the data
base program for the computer analysis. We also acknowledge
Charles Benedict and Tom Rolain for illustrations, Al Averbach
and Sally Gullatt Sechafer for editorial assistance, and joan
Ketchmark and Kerry Humphrey for manuscript preparation.
We also thank Karen Poksay, Stanley C. Rall, Jr., and Mark R.
Wardell for reading this manuscript. The research in this article
was supported in part by NIH grant HL-41633.

Manuscript received 22 February 1990 and in revised form 3 May 1990.

REFERENCES

1. Grundy, 8. M., P. Greenland, A. Herd, J. A. Huebsch,
R. J. Jones, J. H. Mitchell, and R. C. Schlant. 1987. Car-
diovascular and risk factor evaluation of healthy American
adults. A statement for physicians by an ad hoc committee
appointed by the Steering Committee, American Heart
Association. Circulation. 75: 1340A-1362A.

2. Levy, D.,, and W. B. Kannel. 1988. Cardiovascular risks:

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

new insights from Framingham. Am. Heart J. 166: 266-272,
Davignon, ]J., and J. A. Little. 1988. Time to take a stance
on cholesterol and lipoproteins. Can. J. Cardiol. 4 (Suppl.
A): 1A-3A.

Tyroler, H. A. 1987. Review of lipid-lowering clinical trials
in relation to observational epidemiologic studies. Circula-
tion. 76: 515-522.

Lipid Research Clinics Program. 1980. Population Studies
Data Book. Vol. I, The Prevalence Study. U.S. Department
of Health arld Human Services, Public Health Service, Na-
tional Institutes of Health (NIH Publication No. 80-1527),
Washington, DC.

Lusis, A. J. 1988. Genetic factors affecting blood lipopro-
teins: the candidate gene approach. J Lipid Res. 29:
397-429.

Breslow, J. L. 1988. Apolipoprotein genetic variation and
human disease. Physiol. Rev. 68: 85-132.

Breslow, J. L. 1989. Genetic basis of lipoprotein disorders.
J Clin. Invest. 84: 373-380.

Goldstein, J. L., and M. S. Brown. 1989. Familial hyper-
cholesterolemia. In The Metabolic Basis of Inherited
Disease. 6th ed. C. R. Scriver, A. L. Beaudet, W. S. Sly,
and D. Valle, editors. McGraw-Hill, New York. 1215-1250.
Mahley, R. W. 1988. Apolipoprotein E: cholesterol trans-
port protein with expanding role in cell biology. Science.
240: 622-630.

Mabhley, R. W,, and S. C. Rall, Jr. 1989. Type III hyper-
lipoproteinemia (dysbetalipoproteinemia): the role of apo-
lipoprotein E in normal and abnormal lipoprotein metab-
olism. In The Metabolic Basis of Inherited Disease. 6th ed.
C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, edi-
tors. McGraw-Hill, New York. 1195-1213.

Kane, J. P. 1983. Apolipoprotein B: structural and meta-
bolic heterogeneity. Annu. Rev. Physiol. 45: 637-650.
Kane, J. P, and R. J. Havel. 1989. Disorders of the
biogenesis and secretion of lipoproteins containing the B
apolipoproteins. In The Metabolic Basis of Inherited Dis-
ease. 6th ed. C. R. Scriver, A. L. Beaudet, W. S. Sly, and
D. Valle, editors. McGraw-Hill, New York. 1139-1164.
Chen, S. H, C. Y. Yang, P. F. Chen, D. Setzer, M. Tani-
mura, W. H. Li, A. M. Gotto, Jr, and L. Chan. 1986. The
complete cDNA and amino acid sequence of human apo-
lipoprotein B-100. J. Biol. Chem. 261: 12918-12921.
Knott, T. J., R. J. Pease, L. M. Powell, S. C. Wallis, S. C.
Rall, Jr., T. L. Innerarity, B. Blackhart, W. H. Taylor, Y.
Marcel, R. Milne, D. Johnson, M. Fuller, A. J. Lusis, B. J.
McCarthy, R. W. Mahley, B. Levy-Wilson, and J. Scott.
1986. Complete protein sequence and identification of
structural domains of human apolipoprotein B. Nature. 323:
734-738.

Law, S. W,, S. M. Grant, K. Higuchi, A. Hospattankar, K.
Lackner, N. Lee, and H. B. Brewer, Jr. 1986. Human liver
apolipoprotein B-100 ¢cDNA: complete nucleic acid and
derived amino acid sequence. Proc. Natl. Acad Sci. USA. 83:
8142-8146.

Cladaras, C., M. Hadzopoulou-Cladaras, R. T. Nolte, D.
Atkinson, and V. I. Zannis. 1986. The complete sequence
and structural analysis of human apolipoprotein B-100:
relationship between apoB-100 and apoB-48 forms. EMBO
J. 5: 3495-3507.

Boerwinkle, E., and L. Chan. 1989. A three codon inser-
tion/deletion polymorphism in the signal peptide region of
the human apolipoprotein B (APOB) gene directly typed by
the polymerase chain reaction. Nucleic Acids Res. 17: 4003.
Cardin, A. D, K. R. Witt, J. Chao, H. S. Margolius, V. H.
Donaldson, and R. L. Jackson. 1984. Degradation of apoli-

Innerarity et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

poprotein B-100 of human plasma low density lipoproteins
by tissue and plasma kallikreins. J Biol Chem. 259:
8522-8528.

Huang, L. S, D. A. Miller, G. A. P. Bruns, and J. L.
Breslow. 1986. Mapping of the human APOB gene to chro-
mosome 2p and demonstration of a two-allele restriction
fragment length polymorphism. Proc. Natl. Acad. Sci. USA.
83: 644-648.

Law, S. W, N. Lee, J. C. Monge, H. B. Brewer, Jr., A Y.
Sakaguchi, and S. L. Naylor 1985. Human apoB-100 gene
resides in the p23— pter region of chromosome 2. Biochem.
Biophys. Res. Commun. 131: 1003-1012.

Blackhart, B. D,, E. H. Ludwig, V. R. Pierotti, L. Caian,
M. A. Onasch, S. C. Wallis, L. Powell, R. Pease, T. J.
Knott, M. L. Chu, R. W. Mahley, J. Scott, B. J. McCarthy,
and B. Levy-Wilson. 1986. Structure of the human apolipo-
protein B gene. ] Biol Chem. 261: 15364-15367.

Talmud, P. J,, J. K. Lloyd, D. P. R. Muller, D. R. Collins,
J. Scott, and S. Humphries. 1988. Genetic evidence from
two families that the apolipoprotein B gene is not involved
in abetalipoproteinemia. J. Clin. Invest. 82: 1803-1806.
Young, S. G., S. T. Northey, and B. J. McCarthy. 1988. Low
plasma cholesterol levels caused by a short deletion in the
apolipoprotein B gene. Science. 241: 591-593.

Collins, D. R., T. J. Knott, R. J. Pease, L. M. Powell, S. C.
Wallis, S. Robertson, C. R. Pullinger, R. M. Milne, Y. L.
Marcel, S. E. Humphries, P. J. Talmud, J. K. Lloyd, N. E.
Miller, D. Muller, and J. Scott. 1988. Truncated variants of
apolipoprotein B cause hypobetalipoproteinaemia. Nucleic
Acids Res. 16: 8361-8375.

Leppert, M., J. L. Breslow, L. Wu, S. Hasstedt, P. O’Con-
nell, M. Lathrop, R. R. Williams, R. White, and J. M.
Lalouel. 1988. Inference of a molecular defect of apolipo-
protein B in hypobetalipoproteinemia by linkage analysis in
a large kindred. J. Clin. Invest. 82: 847-851.

Krul, E. 8., M. Kinoshita, P. Talmud, S. E. Humphries, S.
Turner, A. C. Goldberg, K. Cook, E. Boerwinkle, and G.
Schonfeld. 1989. Two distinct truncated apolipoprotein B
species in a kindred with hypobetalipoproteinemia. Arter:-
osclerosis. 9: 856-868.

Young, S. G, S. T. Hubl, D. A. Chappell, R. S. Smith, F.
Claiborne, S. M. Snyder, and J. F. Terdiman. 1989. Fami-
lial hypobetalipoproteinemia associated with a mutant spe-
cies of apolipoprotein B (B46). N. Engl. J Med 320:
1604-1610.

Talmud, P, L. King-Underwood, E. Krul, G. Schonfeld,
and 8. Humpbhries. 1989. The molecular basis of truncated
forms of apolipoprotein B in a kindred with compound
heterozygous hypobetalipoproteinemia. J. Lipid Res. 30:
1773-1779.

Young, S. G., S. T. Hubl, R. S. Smith, S. M. Snyder, and
J. F Terdiman. 1990. Familial hypobetalipoproteinemia
caused by a mutation in the apolipoprotein B gene that
results in a truncated species of apolipoprotein B (B-31). A
unique mutation that helps to define the portion of the apo-
lipoprotein B molecule required for the formation of
buoyant, triglyceride-rich lipoproteins. J. Clin. Invest. 85:
933-942.

Huang, L. S., M. E. Ripps, S. H. Korman, R. J. Deck-
elbaum, and J. L. Breslow. 1989. Hypobetalipoproteinemia
due to an apolipoprotein B gene exon 21 deletion derived
by Alu-Alu recombination. J. Biol Chem. 264: 11394-11400.
Corsini, A., C. H. Spilman, T. L. Innerarity, K. S. Arnold,
S. C. Rall, Jr, J. K. Boyles, and R. W. Mahley. 1987.
Receptor binding activity of lipid recombinants of apolipo-

Familial defective apolipoprotein B-100 1347

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

protein B-100 thrombolytic fragments. [ Lipid Res. 28:
1410-1423.

Hollander, W. 1976. Unified concept of the role of acid
mucopolysaccharides and connective tissue proteins in the
accumulation of lipids, lipoproteins, and calcium in the
atherosclerotic plaque. Exp. Mol Pathol. 25: 106-120.
Camejo, G., S. O. Olofsson, F. Lopez, P. Carlsson, and G.
Bondjers. 1988. Identification of apoB-100 segments medi-
ating the interaction of low density lipoproteins with
arterial proteoglycans. Arteriosclerosis. 8: 368-377.
Weisgraber, K. H., and S. C. Rall, Jr. 1987. Human apoli-
poprotein B-100 heparin-binding sites. J. Biol. Chem. 262:
11097-11103.

Hirose, N., D. T. Blankenship, M. A. Krivanek, R. L.
Jackson, and A. D. Cardin. 1987. Isolation and characteri-
zation of four heparin-binding cyanogen bromide peptides
of human plasma apolipoprotein B. Biochemistry. 26:
5505-5512.

Marcel, Y. L., T. L. Innerarity, C. Spilman, R. W. Mabhley,
A. A Protter, and R. W. Milne. 1987. Mapping of human
apolipoprotein B antigenic determinants. Arteriosclerosis. 7:
166-175.

Innerarity, T. L., K. H. Weisgraber, S. C. Rall, Jr, and
R. W. Mabhley. 1987. Functional domains of apolipoprotein
E and apolipoprotein B. Acta Med. Scand. (Suppl) 715: 51-
59.

Pease, R. J., R. W. Milne, W. K. Jessup, A. Law, P. Pro-
vost, J. C. Fruchart, R. T. Dean, Y. L. Marcel, and J. Scott.
1990. Use of bacterial expression cloning to localize the epi-
topes for a series of monoclonal antibodies against apolipo-
protein B-100. J. Biol. Chem. 265: 553-568.

Milne, R., R. Théolis, Jr., R. Maurice, R. J. Pease, P. K.
Weech, E. Rassart, J. C. Fruchart, J. Scott, and Y. L.
Marcel. 1989. The use of monoclonal antibodies to localize
the low density lipoprotein receptor-binding domain of
apolipoprotein B. J. Biol. Chem. 264: 19754-19760.
Ludwig, E. H., B. D. Blackhart, V. R. Pierotti, L. Caiati,
C. Fortier, T. Knott, J. Scott, R. W. Mahley, B. Levy-
Wilson, and B. J. McCarthy. 1987. DNA sequence of the
human apolipoprotein B gene. DNA. 6: 363-372.

Yang, C. Y., Z. W. Gu, 8. A. Weng, T W. Kim, S. H.
Chen, H. J. Pownall, P. M. Sharp, S. W. Liu, W. H. Li,
A. M. Gotto, Jr,, and L. Chan. 1989. Structure of apolipo-
protein B-100 of human low density lipoproteins. Arterioscler-
osis. 9: 96-108.

Berg, K., C. Hames, G. Dahlén, M. H. Frick, and I
Krishan. 1976. Genetic variation in serum low density lipo-
proteins and lipid levels in man. Proc. Natl Acad. Sei. USA.
73: 937-940.

Berg, K., L. M. Powell, S. C. Wallis, R. Pease, T. J. Knott,
and J. Scott. 1986. Genetic linkage between the antigenic
group (Ag) variation and the apolipoprotein B gene: assign-
ment of the Ag locus. Proc. Natl Acad. Sci. USA. 83:
7367-7370.

Berg, K. 1986. DNA polymorphism at the apolipoprotein
B locus is associated with lipoprotein level. Clin. Genet. 30:
515-520.

Young, S. G., and S. T. Hubl. 1989. An ApalLl restriction
site polymorphism is associated with the MB1!9 polymor-
phism in apolipoprotein B. J. Lipid Res. 30: 443-449.
Wang, X., P. Schlapfer, Y. Ma, R. Bitler, ]. Elovson, and
V. N. Schumaker. 1988. Apolipoprotein B: the Ag(a,/d) im-
munogenetic polymorphism coincides with a T-to-C substi-
tution at nucleotide 1981, creating an Alu I restriction site.
Arteriosclerosis. 8: 429-435.

1348 Journal of Lipid Research Volume 31, 1990

48.

49.

31

52.

54.

55.

56.

37.

58.

59.

60.

61.

Xu, C.,, N. Nanjee, M. J. Tikkanen, J. K. Huttunen, P.
Pietinen, R. Batler, F. Angelico, M. Del Ben, B. Mazzarel-
la, R. Antonio, N. G. Miller, S. Humphries, and P. J.
Talmud. 1989. Apolipoprotein B amino acid 3611 substitu-
tion from arginine to glutamine creates the Ag (h/i) epi-
tope: the polymorphism is not associated with differences in
serum cholesterol and apolipoprotein B levels, Hum. Genet.
82: 322-326.

Huang, L. S, J. de Graaf, and J. L. Breslow. 1988. ApoB
gene Mspl RFLP in exon 26 changes amino acid 3611 from
Arg to Gln. J. Lipid Res. 29: 63-67.

Ma, Y., V. N. Schumaker, R. Butler, and R. S. Sparkes.
1987. Two DNA restriction fragment length polymorphisms
associated with Ag(t/z) and Ag(g/c) antigenic sites of hu-
man apolipoprotein B. Arteriosclerosis 7: 301-305.

Hegele, R. A, L. S. Huang, P. N. Herbert, C. B. Blum,
J. E. Buring, C. H. Hennekens, and J. L. Breslow. 1986.
Apolipoprotein B-gene DNA polymorphisms associated
with myocardial infarction. N Engl. ] Med 315:
1509-1515.

Aalto-Setdld, K., H. Gylling, E. Helve, P. Kovanen, T. A,
Miettinen, H. Turtola, and K. Kontula, 1989. Genetic
polymorphism of the apolipoprotein B gene locus influences
serum LDL cholesterol level in familial hypercholester-
olemia. Hum. Genet. 82: 305-307.

Leren, T. P, K. Berg, I. Hjermann, and P. Leren. 1988.
Further evidence for an association between the Xbal poly-
morphism at the apolipoprotein B locus and lipoprotein
level. Clin. Genet. 34: 347-351.

Law, A., L. M. Powell, H. Brunt, T. J. Knott, D. G.
Altman, J. Rajput, S. C. Wallis, R. J. Pease, L. M.
Priestley, J. Scott, G. J. Miller, and N. E. Miller. 1986.
Common DNA polymorphism within coding sequence of
apolipoprotein B gene associated with altered lipid levels.
Lancet. 1: 1301-1303.

Aalto-Setala, K., M. J. Tikkanen, M. R. Taskinen, M.
Nieminen, P. Holmberg, and K. Kontula. 1988. Xbal and
¢/g polymorphisms of the apolipoprotein B gene locus are
associated with serum cholesterol and LDL-cholesterol
levels in Finland. Atherosclerosis. 74: 47-54.

Talmud, P. J., N. Barni, A. M. Kessling, P. Carlsson, C.
Darnfors, G. Bjursell, D. Galton, V. W. A. H. Kirk, M. R.
Hayden, and S. E. Humphries. 1987. Apolipoprotein B
gene variants are involved in the determination of serum
cholesterol levels: a study in normo- and hyperlipidemic in-
dividuals. Atherosclerosis. 67: 81-89.

Darnfors, C., O. Wiklund, J. Nilsson, B. Gerard, P.
Carlsson, S. Johansson, G. Bondjers, and G. Bjursell. 1989.
Lack of correlation between the apolipoprotein B Xbal
polymorphism and blood lipid levels in a Swedish popula-
tion. Atherosclerosis. 75: 183-188.

Wiklund, O., C. Darnfors, G. Bjursell, J. Nilsson, T
Linden, S. O. Olofsson, L. Wilhelmsen, and G. Bondjers.
1989. Xbal restriction fragment length polymorphism of
apolipoprotein B in Swedish myocardial infarction patients.
Eur ] Clin. Invest. 19: 255-258.

Ferns, G. A. A, D. Robinson, and D. J. Galton. 1988. DNA
haplotypes of the human apoprotein B gene in coronary
atherosclerosis. Hum. Genet. 81: 76-80.

Vega, G. L., and S. M. Grundy. 1986. In vivo evidence for
reduced binding of low density lipoproteins to receptors as
a cause of primary moderate hypercholesterolemia. J. Clin.
Invess. 78: 1410-1414.

Innerarity, T. L., K. H. Weisgraber, K. S. Arnold, R. W.
Mahley, R. M. Krauss, G. L.. Vega, and S. M. Grundy.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

62.

63.

64.

65.

66.

67.

68.

69.

1987. Familial defective apolipoprotein B-100: fow density
lipoproteins with abnormal receptor binding. Proc. Natl.
Acad. Sci. USA. 84: 6919-6923.

Weisgraber, K. H., T. L. Innerarity, Y. M. Newhouse,
S.G. Young, K. S. Arnold, R. M. Krauss, G. L. Vega,
S. M. Grundy, and R. W. Mabhley. 1988. Familial defective
apolipoprotein B-100: enhanced binding of monoclonal an-
tibody MB47 to abnormal low density lipoproteins. Proc.
Natl. Acad. Sci. USA. 85: 9758-9762.

Soria, L. F.,, E. H. Ludwig, H. R. G. Clarke, G. L. Vega,
S. M. Grundy, and B. J. McCarthy, 1989. Association be-
tween a specific apolipoprotein B mutation and familial
defective B-100. Proc. Natl. Acad. Sci. USA. 86: 587-591.
Young, S. G., S. J. Bertics, L. K. Curtiss, D. C. Casal,
and J. L. Witztum. 1986. Monoclonal antibody MB19 de-
tects genetic polymorphism in human apolipoprotein B.
Proc. Natl. Acad. Sci. USA. 83: 1101-1105.

Young, S. G., S. J. Bertics, T. M. Scott, B. W. Dubois, W. F.
Beltz, L. K. Curtiss, and J. L. Witztum. 1987. Apolipopro-
tein B allotypes MB19;, and MBI19; in subjects with cor-
onary artery disease and hypercholesterolemia. Arterio-
sclerosts. 7: 61-65.

Innerarity, T. L., M. E. Balestra, K. S. Arnold, R. W.
Mahley, G. L. Vega, S. M. Grundy, and 8. G. Young. 1988.
Isolation of defective receptor-binding low density lipopro-
teins from subjects with familial defective apolipoprotein B-
100. Arteriosclerosis. 8: 551a.

Weisgraber, K. H., T. L. Innerarity, and R. W. Mabhley.
1978. Role of the lysine residues of plasma lipoproteins in
high affinity binding to cell surface receptors on human
fibroblasts. /. Biol. Chem. 253: 9053-9062.

Lund-Katz, S., T. L. Innerarity, L. K. Curtiss, R. M.
Krauss, and M. C. Phillips. 1989. C**-NMR evidence that
substitution of Gln for Arg 3500 in familial defective apoB-
100 disrupts the conformation of the receptor binding do-
main. Arieriosclerosis. 9: 715a.

Lowe, S. W.,, W. J. Checovich, J. Rapacz, and A. D. Attie.
1988. Defective receptor binding of low density lipoprotein

Innerasrity et al.

70.

71.

72

73.

74.

75.

76.

77.

from pigs possessing mutant apolipoprotein B alleles. /.
Biol Chem. 263: 15467-15473.

Checovich, W. J., W. L. Fitch, R. M. Krauss, M. P. Smith,
J. Rapacz, C. L. Smith, and A. D. Attie. 1988. Defective
catabolism and abnormal composition of low-density lipo-
proteins from mutant pigs with hypercholesterolemia.
Biochemistry. 27: 1934-1941.

Rapacz, J., J. Hasler-Rapacz, K. M. Taylor, W. J. Che-
covich, and A. D. Attie. 1986. Lipoprotein mutations in
pigs are associated with elevated plasma cholesterol and
atherosclerosis. Science. 234: 1573-1577.

Friedl, W., E. H. Ludwig, B. Paulweber, F. Sandhofer, and
B. J. McCarthy. 1990. Hypervariability in a minisatellite 3'
of the apolipoprotein B gene in patients with coronary heart
disease compared with normal controls. J Lipid Res. 31:
659-665.

Youssoufian, H., S. E. Antonarakis, W. Bell, A. M. Griffin,
and H. H. Kazazian, Jr. 1988. Nonsense and missense
mutations in hemophilia A: estimate of the relative muta-
tion rate at CG dinucleotides. Am. J Hum. Genet. 42:
718-725.

Ludwig, E. H., W. Friedl, and B. ]J. McCarthy. 1989. High-
resolution analysis of a hypervariable region in the human
apolipoprotein B gene. Am. J Hum. Genet. 45: 458-464.
Ludwig, E. H., and B. J. McCarthy. 1990. Haplotype anal-
ysis of the human apolipoprotein B mutation associated
with familial defective apolipoprotein B-100. Am. J. Hum.
Genet. In press.

Jeffreys, A. J., N. J. Royle, V. Wilson, and Z. Wong. 1988.
Spontaneous mutation rates to new length alleles at tandem
repetitive hypervariable loci in human DNA. Naiure. 332:
278-281.

Tybjaerg-Hansen, A., J. Gallagher, J. Vincent, R. Houl-
ston, P. Talmud, A. M. Dunning, M. Seed, A. Hamsten,
S. E. Humphries, and N. B. Myant. 1990. Familial defec-
tive apolipoprotein B-100: detection in the United Kingdom
and Scandinavia, and clinical characteristics of ten cases.
Atherosclerosis. 80: 235-242.

Familial defective apolipoprotein B-100 1349

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

