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Abstract

Abetalipoproteinemia (ABL) is a recessive disorder in which
affected individuals have extremely low or undetectable levels
of serum apo B-containing lipoproteins. Using restriction frag-
ment length polymorphisms, we have studied two families,
each with two children with classical ABL born of normal
parents. In each of these families, the two affected children
have inherited different apo B alleles from at least one parent,
whereas the siblings would be anticipated to share common
alleles if this disorder were due to an apo B gene mutation.
This linkage study shows that in these families, the apo B gene
is discordant with ABL and therefore the disorder is caused by
a defect in another gene, which is important for the normal
synthesis or secretion of apo B-containing lipoproteins from
both the liver and intestine.

Introduction

Inherited inability to secrete apo B-containing lipoproteins is
exemplified by abetalipoproteinemia (ABL)' and homozygous
hypobetalipoproteinemia (HBL). Patients with classical ABL
are characterized by extremely low or undetectable plasma
concentrations of apo B and of the apo B-containing lipopro-
teins (1, 2). The clinical features are fat malabsorption and
acanthocytosis, both of which are present from birth, and a
progressive spinocerebellar degeneration and retinopathy,
which typically develop in the second decade of life. The latter
features can be prevented by the administration of large oral
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doses of vitamin E (100 mg/kg per d) (3). Obligatory heterozy-
gotes are phenotypically normal and have normal concentra-
tions of the serum lipoproteins and apo B. Family studies and
a high degree of consanguinity indicate the autosomal reces-
sive inheritance of a rare gene (2). The molecular defect caus-
ing ABL remains unknown.

Conversely, HBL is an autosomal codominant disorder;
obligate heterozygotes have half the normal plasma apo B and
apo B-containing lipoproteins and may be asymptomatic or
show some of the features of ABL. Homozygous HBL is, how-
ever, indistinguishable both biochemically and clinically from
ABL. The difference in the mode of inheritance in ABL and
HBL has aided in the differential diagnosis of these two dis-
orders (4). There is good evidence from molecular genetic
studies that HBL is caused by a defect in the apo B gene itself.
Low levels of apo B mRNAin liver biopsies from patients with
HBL have been reported, suggesting a defect in production in
these individuals (5). Young et al. have described an individ-
ual, from a large kindred, with compound heterozygous HBL.
In this case one apo B allele produced a truncated apo B, apo
B-37, and the other allele caused low levels of apo B-I00 in the
plasma. In this kindred, both alleles cosegregate with HBL (6,
7). Wehave also studied two patients with HBL and docu-
mented the presence of premature termination codons in the
coding sequence of the apo B gene, resulting in the production
of short apo B proteins (7a).

As raised apo B levels are associated with hyperlipidemia
and risk of myocardial infarction (8), factors controlling apo B
synthesis in the liver and intestine are important to our under-
standing of the development of dyslipoproteinemia. It may
therefore be possible to improve our understanding of the
control of apo B synthesis by studying patients with rare in-
born errors in the synthesis and secretion of apo B-containing
lipoproteins. In this study, we have used restriction fragment
length polymorphisms (RFLP) to perform linkage analysis on
two families, each with two children with ABL. Our results
provide the first clear genetic evidence that in these two fami-
lies, ABL is not caused by a defect in the gene for apo B.

Methods

Patients. Two families, each with two affected children, were studied.
These patients had the classical recessive form of ABL. The J family
has been previously reported (case 1 and 2 of references 3, 9, and 10).
Family Mhas not been previously reported. C.M. presented in infancy
with fat malabsorption and acanthocytosis. Her brother was diagnosed
at birth by examination of cord blood.
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Lipid determinations. Whole blood was collected into EDTAand
the plasma was stored at -20'C before estimating the lipid, lipopro-
tein, and apo B concentrations. For samples within the normal range,
apo B was assayed immunochemically using a polyclonal antiserum
(Orion Diagnostics, Espoo, Finland) that correlates well with the re-
sults obtained with radioimmunodiffusion. For samples with apo B
levels < 50 mg/dl, an ELISA assay was used (1 1). Samples of standards
(LDL-apoB) ranged from 0 to 0.5 mg/dl; this accounts for the small
amounts of apo B detected in the patients using this method. Total
cholesterol and total triglyceride concentrations were estimated by
routine enzymatic methods using commercial kits supplied by
Boehringer-Mannheim Corp. (London, UK) and Metachem Diagnos-
tics (Rugby, UK), respectively.

DNAextraction and digestion. DNAwas extracted by the Triton
X-100 method (12) and digested with Hinc II, Pvu II, Xba I, Eco RI
and Msp I (2-10 Uflg DNA) under conditions recommended by the
manufacturers (Anglian Biotech. Ltd., Colchester, UK). The DNA
fragments were separated by size on a 1% (Pvu II, Hinc II, Xba I, and
Msp I) or 0.7% (Eco RI) agarose gel and transferred to Hybond-N
(Amersham International, Amersham, UK) by Southern blotting as
previously described (13).

DNAprobes. The probes used were a 3.5-kb Eco RI unique frag-
ment (pAB3.5C) of the apo B gene to detect the Xba I RFLP (14), a
2-kb Hind III unique fragment (BH2) to detect the Msp I and Eco RI
RFLP, and a 959-bp cDNA probe to detect the Pvu II and Hinc II
RFLP (15). The labeling of probes, hybridization, and washings were
carried out as previously described (16). A map of the apo B gene
showing the position of the variable sites and fragment sizes of the Pvu
II, Hinc II, Xba I, and Eco RI RFLPappears in Fig. 1. The hypervari-
able region identified at the 3' untranslated end of the gene was de-
tected using the enzyme Msp I.

Results

Two pairs of siblings with the classical, recessively inherited
form of ABL and their parents (in both cases unrelated) were
studied. In Family J, there is an unaffected older daughter. The
relevant biochemical findings are given in Table I. The diag-
nosis of the classical form of ABLwas made on the basis of the
plasma lipid and apo B concentrations of the parents, which
were within the normal range and the absence of clinical and
hematological abnormalities in the parents. The relatively low
cholesterol and apo B concentrations observed in the parents
in the Mfamily are at the lower end of the normal range and
may result from the low-fat diet adopted by this family.

Figs. 2 and 3 show the pedigrees of the two families studied.
In both cases, it is possible to distinguish unambiguously all
four parental chromosomes. In the J family (Fig. 2) we have
used five RFLP of the apo B gene to deduce the parental
haplotypes. The affected son, M.J., is homozygous for all five
polymorphisms. This allows us to deduce the four parental

haplotypes and hence determine the phase of the RFLP vari-
able sites of the parental chromosomes. Both affected children
have inherited the apo B gene defined by haplotype IV from
their father, whereas one child (M.J.) has inherited haplotype
II and his sibling (S.J.) haplotype I from their mother. The
unaffected sister N.J. has inherited haplotypes II and III.

In the M family (Fig. 3) we have made use of the length
polymorphism identified by Msp I to distinguish all four pa-
rental chromosomes. The mother has alleles M2and M3and
the father has alleles Ml and M2. The two Msp I sites span a
hypervariable region in the 3' untranslated region of the gene,
which consists of a varying number of repeats of a AT-rich,
30-bp consensus sequence (17). P.M. has inherited allele M2
from the father and allele M2 from the mother; C.M. has
inherited allele Ml from the father and allele M3 from the
mother.

Thus, in both families, the children have inherited different
alleles of the apo B gene from one or both parents. These
observations are incompatible with the hypothesis that a mu-
tation in, or close to, the gene for apo B causes classical reces-
sive ABL in these families.

Discussion

Previous studies in patients with ABL provide no clear evi-
dence as to whether this condition is caused by a mutation of
the apo B gene itself or whether it results from an abnormality
in a gene or genes necessary for the biosynthesis and secretion
of apo B-containing lipoproteins. Two groups have failed to
detect apo B epitopes in intestine (18, 19), which suggests a
defect in apo B synthesis, whereas others, using similar tech-
niques, have reported the presence of apo B protein using
antibodies in both intestine (20) and liver (20, 21). Lackner et
al. have also detected increased amounts of normal-sized apo
B mRNAin liver biopsies of ABL patients in addition to the
absence of gross deletions or insertions in the apo B gene of
these patients (21). Wehave also examined the gross structure
of the apo B gene in the four patients reported here and a
further five unrelated ABL patients. We have hybridized
Southern blots of DNAfrom these patients, digested with a
number of restriction enzymes, with DNAprobes that span
the apo B gene. No gross alterations of gene structure could be
detected in any of the samples (not shown). Together, these
data suggest that ABLmay not be caused by a defect in the apo
B gene and that it may be a heterogeneous disorder caused by
defects of genes that are separately involved in regulating the
synthesis, assembly, or secretion of apo B-containing lipopro-
teins.
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Figure 1. A map of the apo B gene illustrating the DNAprobes used in the identification of the RFLPand the variable restriction enzyme sites
(*). P, Pvu II; H, Hinc IU; X, Xba I, and R, Eco RI. The fragment sizes of the alleles for each RFLPare shown.
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Table I. Serum Lipid, Apo, and Vitamin E Concentrations
in Patients with ABL and their First-Degree Relatives

Cholesterol Triglyceride Apo B Vitamin E

mmol/liter mg/dl pmol/liter

Mr. J. 6.6 1.4 112 23.6
Mrs. J. 4.8 0.6 74 24.3
N.J. 3.5 1.1 83 17.4
M.J. 0.9 <0.1 0.24 1.5*
S.J. 0.6 <0. 1 0.09 0.6*

Mr. M 4.0 2.0 84 25.1
Mrs. M. 3.7 0.7 61 23.0
C.M. 0.9 <0.1 0.57 4.5*
P.M. 0.9 <0.1 0.31 3.4*

Normal range 3.8-6.8 0.4-1.8 60-140 11.5-35.0

* Patients received vitamin E therapy in addition to other fat-soluble
vitamins and a low-fat diet.

This study demonstrates for the first time that ABL can be
caused by defects of a gene or genes that do not code for apo B
and are not closely linked to it. In a recessive disorder like
ABL, affected siblings should inherit the same defective gene
from both the mother and father. Analysis of RFLP haplo-
types in the affected siblings from both of the families studied
here rules out a mutation in or near the apo B gene as the cause
of ABL in these kindreds.

Many of the steps in the biosynthesis of apo B-containing
lipoproteins in the liver and intestine have yet to be explained.
Pulse-chase experiments in a hepatoma cell line (HepG2)
show that the time taken from the start of apo B mRNAtrans-
lation on the ribosome to the secretion of apo B from the cell
in a lipoprotein particle is - 30 min (22). During this time,
protein folding, disulfide bond formation, and lipoprotein as-
sembly must take place. Apo B is 0- and N-linked glycosylated
and other posttranslational events including acylation and
phosphorylation take place (23-25). There are therefore sev-
eral potential points in this process at which defects in proteins
that carry out these steps may block or alter the rate of produc-
tion of apo B-containing lipoproteins. Such defects would re-
sult in the features of recessively inherited ABL found in our
patients. It remains to be seen whether in different patients
with ABL the defect is in different genes, resulting in the same
phenotype. The possibility remains that defects in the coding
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Figure 3. Pedigree of the Mfamily. DNAwas digested with the en-
zyme Msp I and hybridized with the genomic probe BH2. Msp I al-
leles in this family are numbered 1-3. There is an invariant band of
2.6 kb. Alleles M2and M3are not easy to distinguish. The broad
doublet in the second track, from Mrs. M., indicates that she is
M2M3, P.M. is homozygous for the M2allele, Mr. M. is MIM2, and
C.M. is MIM3. Family members are numbered 1-4. o, male; o, fe-
male.

region of apo B or upstream promoter regions of apo B may
account for this clinical syndrome.

An efficient strategy has recently been proposed to map
defects causing recessive disorders, by studying the affected
offspring of consanguinous marriages (26). This approach may
be applicable to determine the gene defect in ABL. It is possi-
ble that common variations in the gene or genes whose func-
tions appear to be vital for the normal secretion of apo B
containing lipoproteins, may also be involved in the abnormal
secretion of apo B-containing lipoproteins in patients with
some common forms of dyslipoproteinemia.

P1HIX2RIM2 1I
P1HlX2RIM2 IV

Figure 2. Pedigree of the J family. DNAwas digested with the en-
zymes Pvu 11 (P), Xba I (X), Hinc 11 (H), Eco RI (R), and Msp I (M).
The unambiguously deduced haplotypes are designated I-IV. o,
male; o, female.

Wewould like to thank the patients and their relatives for their cooper-
ation with this study. Wealso wish to thank Dr. Pauline Manfield for
referring family M.

This work was supported by the Charing Cross Sunley Research
Centre and grants from the British Heart Foundation (RG5) and the
Medical Research Council.

References

1. Kayden, H. J. 1972. Abetalipoproteinemia. Annu. Rev. Med.
23:285-296.

Discordance of the Apolipoprotein B Gene and Abetalipoproteinemia 1805

I



2. Herbert, P. N., G. Assmann, A. M. Gotto, Jr., and D. S. Freder-
ickson. 1983. Familial lipoprotein deficiency: abetalipoproteinemia,
hypobetalipoproteinemia and Tangiers Disease. In The Metabolic
Basis of Inherited Disease. J. B. Stanbury, J. B. Wyngaarten, D. S.
Frederickson, J. L. Goldstein, and M. S. Brown, editors. McGraw-Hill
Book Co., NewYork. 589-62 1.

3. Muller, D. P. R., J. K. Lloyd, and 0. H. Wolff. 1983. Vitamin E
and neurological function. Lancet. i:225-228.

4. Biemer, J. J., and R. McCammon. 1975. The genetic relation-
ship of abetalipoproteinaemia and hypoabetalipoproteinaemia: a re-
port of the occurrence of both diseases within the same family. J. Lab.
Clin. Med. 85:556-565.

5. Ross, R. S., R. E. Gregg, S. W. Law, J. C. Monge, S. M. Grant, K.
Higuchi, T. J. Triche, J. Jefferson, and H. B. Brewer, Jr. 1988. Homo-
zygous hypobetalipoproteinemia: a disease distinct from abetalipopro-
teinemia at the molecular level. J. Clin. Invest. 81:590-595.

6. Young, S. G., S. J. Bertics, L. K. Curtiss, and J. L. Witztum.
1987. Characterization of an abnormal species of apolipoprotein B,
apolipoprotein B-37, associated with familial hypobetalipoproteine-
mia. J. Clin. Invest. 79:1831-1841.

7. Young, S. G., S. J. Bertics, L. K. Curtis, B. W. Dubois, and J. L.
Witztum. 1987. Genetic analysis of a kindred with familial hypobeta-
lipoproteinemia. Evidence of two separate gene defects: one associated
with an abnormal apolipoprotein B species, apolipoprotein B-37, and a
second associated with low plasma concentrations of apolipoprotein
B-100. J. Clin. Invest. 79:1842-1851.

7a.Collins, D. R., T. J. Knott, R. J. Pease, et al. 1988. Truncated
variants of apolipoprotein B cause hypobetalipoproteinaemia. Nucleic
AcidRes. 16:8361-8375.

8. Whayne, T. F., P. Alavpovic, M. D. Carny, E. T. Lee, P. S.
Anderson, and E. Schechrer. 1981. Plasma apolipoprotein B and
VLDL-, LDL-, and HDL-cholesterol as risk factors in the development
of coronary artery disease in male patients examined by angiography.
Atherosclerosis. 39:411-424.

9. Muller, D. P. R., J. K. Lloyd, and A. C. Bird. 1977. Long-term
management of abetalipoproteinaemia: possible role for vitamin E.
Arch. Dis. Child. 52:209-214.

10. Muller, D. P. R., and J. K. Lloyd. 1982. Effect of large doses of
vitamin E on the neurological sequalae of patients with abetalipopro-
teinemia. NYAcad. Sci. 393:133-142.

11. Thrift, R. N., T. M. Forte, B. E. Cahoon, and V. G. Shore.
1986. Characterisation of lipoproteins produced by the human liver
cell line HepG2 under defined conditions. J. Lipid Res. 27:236-250.

12. Kunkel, L. M., K. D. Smith, S. H. Boyer, D. S. Borgaonkar,
S. S. Wachtel, 0. J. Miller, W. R. Breg, W. Jones, Jr., and J. M. Rary.
1977. Analysis of human Y-chromosome-specific reiterated DNAin
chromosome variants. Proc. Natl. Acad. Sci USA. 74:1245-1249.

13. Barni, N., P. J. Talmud, P. Carlsson, M. Azoulay, C. Darnfors,
D. Harding, D. Weil, K. H. Grzeschik, G. Bjursell, C. Junien, R.
Williamson, and S. E. Humphries. 1986. The isolation of genomic
recombinants for the human apolipoprotein B gene, and the mapping

of three commonDNApolymorphisms of the gene: a useful marker
for human chromosome 2. HumGenet. 73:313-319.

14. Talmud, P. J., N. Barni, A. M. Kessling, P. Carlsson, C. Darn-
fors, G. Bjursell, D. Galton, V. Wynn, H. Kirk, M. Hayden, and S. E.
Humphries. 1987. Apolipoprotein B gene variants are involved in the
determination of serum cholesterol levels: a study in normolipidaemic
individuals. Atherosclerosis. 67:81-89.

15. Darnfors, C., J. Nilsson, A. A. Protter, P. Carlsson, P. J. Tal-
mud, S. E. Humphries, J. Whalstrom, 0. Wikland, and G. Bjursell.
1986. RFLPs for the human apolipoprotein B gene. HincII and PvuII.
Nucleic Acid Res. 14:7135.

16. Kessling, A. M., B. Horsthemke, and S. E. Humphries. 1985. A
study of DNApolymorphisms around the human apolipoprotein AI
gene in hyperlipidaemic and normal individuals. Clin. Genet. 28:296-
306.

17. Knott, T. J., S. C. Wallis, R. J. Pease, L. M. Powell, and J. Scott.
1986. A hypervariable region 3' to the human apolipoprotein B gene.
Nucleic Acid Res. 14:9215-9216.

18. Glickman, R. M., P. H. Green, R. S. Lees, S. E. Lux, and A.
Kilgore. 1979. Immunofluorescent studies of apolipoprotein B in in-
testinal mucosa, absence in abetalipoproteinemia. Gastroenterology.
76:288-292.

19. Levy, E., Y. L. Marcel, R. W. Milne, V. L. Grey, and C. C. Roy.
1987. Absence of intestinal synthesis of apolipoprotein B-48 in two
cases of abetalipoproteinemia. Gastroenterology. 93:1119-1126.

20. Dullaart, R. F. P., B. Speelberg, H. J. Schuurman, R. W. Milne,
L. W. Havekes, Y. L. Marcel, H. J. Gauze, M. M. Hulshof, and D. W.
Erkelens. 1986. Epitopes of apolipoprotein B-100 and B-48 in both
liver and intestine. Expression and evidence of local synthesis in reces-
sive abetalipoproteinemia. J. Clin. Invest. 78:1397-1404.

21. Lackner, K. J., J. C. Monge, R. E. Gregg, J. M. Hoeg, T. J.
Triche, S. W. Law, and H. B. Brewer, Jr. 1986. Analysis of the apoli-
poprotein B gene and messenger ribonucleic acid in abetalipoprotein-
emia. J. Clin. Invest. 78:1707-1712.

22. Olofson, S. V., G. Bjursell, K. Bostrom, P. Carlsson, J. Elovson,
A. A. Protter, M. A. Reuben, and G. Bonders. 1987. Apolipoprotein B:
structure, biosynthesis and role in the lipoprotein assembly process.
Atherosclerosis. 68:1-17.

23. Cardin, A. D., K. R. Witt, J. Chao, H. S. Margolius, V. H.
Donaldson, and R. L. Jackson. 1984. Degradation of apolipoprotein
B-100 low of human plasma density lipoproteins by tissue and plasma
kallilreins. J. Biol. Chem. 259:8522-8528.

24. Vauhkonen, M., J. Viitala, J. Parkkinin, and H. Rauvala. 1985.
High-mannose structure of apolipoprotein-B from low-density lipo-
proteins of human plasma. Eur. J. Biochem. 152:43-48.

25. Huang, G., D. M. Lee, and S. Singh. 1988. Identification of the
thiol ester linked lipids in apolipoprotein B. Biochemistry. 27:1395-
1400.

26. Lander, E. S., and D. Botstein. 1987. Homozygosity mapping: a
way to map human recessive traits with the DNAof inbred children.
Science (Wash. DC). 236:1567-1570.

1806 Talmud, Lloyd, Muller, Collins, Scott, and Humphries


