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Abstract

In a large kindred of 66 individuals, 22 were identified as hetero-
zygous and 3 as homozygous for a mutation (pro,4 -o leu) in
the LDL-receptor gene that gives rise to familial hypercholes-
terolaemia (FH). All the heterozygotes had a raised level of
plasma total cholesterol and low density lipoprotein choles-
terol, but were remarkably free from premature coronary dis-
ease. Determination of apolipoprotein(a) (apo(a)) phenotype
and lipoprotein(a) (Lp(a)) concentration in plasma revealed
that in many instances, involving individuals with various
apo(a) phenotypes, there was no difference in plasma Lp(a)
concentration between an FH heterozygote and an unaffected
sibling with the same apo(a) phenotype. No significant differ-
ence in Lp(a) concentration was observed between groups of
FH and non-FH of the same apo(a) phenotype, although in
each case the mean value for the FH group was greater than
that for the non-FH group. There was also evidence for an
inherited trait that markedly increased Lp(a) concentration,
which did not segregate with apo(a) phenotype or the defective
LDL-receptor allele. The data provide no evidence for a strong
multiplicative interaction between the gene loci for apo(a) and
the LDL receptor. (J. Clin. Invest. 1991. 88:483-492.) Key
words: gene amplification - coronary heart disease * immuno-
blotting , high density lipoprotein - immunoassay

Introduction

Familial hypercholesterolaemia (FH)l is an inherited disorder
in which a mutation in the gene for the LDL receptor results in
defective catabolism of plasma LDL (1). Approximately 1 in
400 persons in most populations carries one defective gene for
the LDL receptor, but homozygotes, who are much more se-
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verely affected, are rare. The disorder is characterized by a
marked increase in the plasma concentration of LDL and the
presence of tendon xanthomata, and is often associated with a
family history of premature coronary heart disease (CHD) (2).

It has long been recognized that there is considerable varia-
tion in the severity of the symptoms amongst FH heterozy-
gotes, but the molecular basis of this is not fully understood.
One explanation undoubtedly lies in the diversity of defects in
the LDL receptor gene, in that more than 20 different muta-
tions have already been described while many more remain to
be identified (3).

Although LDL receptor gene defects can be broadly classi-
fied as "receptor-negative" or "receptor-defective" according
to their effect on the function of LDL receptors in cultured skin
fibroblasts from FH patients (1), there is not always a strong
correlation between residual receptor activity and the severity
of the disease in the patient (Soutar, A. K., G. R. Thompson,
and B. L. Knight, unpublished observations). It is not alto-
gether surprising that other factors may be involved, because
numerous genetic and environmental risk factors for CHD
have been identified in the general population (4). For exam-
ple, a high concentration of lipoprotein(a) (Lp(a)) in plasma is
associated with a considerable risk for development of prema-
ture CHD(5), and it has recently been suggested that some, if
not all, of the severity of CHDamongst FH heterozygotes de-
pends on the plasma concentration of Lp(a) (6). Lp(a) com-
prises an LDL-like lipoprotein particle to which another glyco-
protein, apolipoprotein (apoXa), is tightly associated (7). There
is considerable inherited phenotypic variation in the apparent
size of apo(a) between individuals (8, 9) and it has been found
that, in a Tyrolean population, there is a strong association
between apo(a) phenotype and the concentration of Lp(a) in
plasma (9). However, the mechanisms regulating Lp(a) metabo-
lism are poorly understood and it has not yet been fully estab-
lished what role the LDL receptor plays (10, 1 1). Data from a
heterogeneous group of clinically diagnosed FH heterozygotes
attending lipid clinics has shown that, within each apo(a) phe-
notype, the Lp(a) concentration in the plasma of FH heterozy-
gotes is, on average, threefold higher than normal (12). This
observation has led Utermann and colleagues to suggest that
premature CHDin FHdoes not result from a single gene defect
in the LDL receptor gene, but requires the interaction of at
least two genes (6, 12).

Wehave recently identified a mutation in the LDL receptor
gene of an FH homozygote of Asian-Indian origin, in which
substitution of a proline residue at amino acid residue 664 with
leucine (13) results in a receptor-defective phenotype. The pre-
cursor form of the mutant receptor is converted more slowly
than normal and the mature form on the cell surface binds
LDL less well than normal (14).
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The proband is a member of a large family in which there
are several first cousin marriages in each generation that has
resulted in four homozygotes and numerous heterozygotes in
the kindred. Wenow report our findings on the effect of this
mutation in the LDL receptor gene on the concentration of
plasma lipids and lipoproteins; in particular, we have focussed
on the possible relationship between LDL receptor function,
apo(a) phenotype and the concentration of Lp(a) in plasma.

Methods

Subjects. Blood samples were obtained from 66 members of the family
now resident in the UKor visiting from Zambia. The family is Muslim
and originates from Gujerat in the west coast area of India, they had
maintained their traditional, nonvegetarian diet, and none were
smokers. Each member of the family was assigned a number. A history
for symptoms of CHDand drug treatment was obtained, and the pres-
ence of tendon xanthomata was noted. There was no opportunity for
investigation of CHDin asymptomatic subjects. Only numbers 1 and
23 had symptomatic CHD; both were being treated with an inhibitor of
3-hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA) reductase, a 3-
blocker and a vasodilator; number 27 was also treated with an inhibitor
of HMG-CoAreductase. Two of the three homozygous FH subjects
were treated with two-weekly plasma exchange (numbers 16 and 42);
number 42 was also treated with probucol. The third homozygote
(number 56) had been off treatment for 1 modue to a suspected gastric
ulcer, but had been treated with weekly plasma exchange and an
HMG-CoAreductase inhibitor.

Venous blood was collected into tubes containing EDTAand imme-
diately chilled. Plasma was separated by centrifugation within 2 h, and
a sample immediately frozen on dry ice for determination of the apo(a)
phenotype, Lp(a), apo AI, and apo B concentration. The remainder of
the plasma was maintained at 4VC for determination of total plasma
cholesterol, LDL and HDLcholesterol, and apo E phenotype. The cells
were frozen on dry ice for subsequent isolation of DNA.

Detection of the pro4 -- leu mutation in the LDL receptor gene.
Genomic DNAwas isolated from frozen blood cells essentially as de-
scribed by Grimberg et al. (15), except that digestion with proteinase K
was at 370C in a shaking incubator for 12-16 h. A tenfold dilution in
water of the DNAsolution so obtained was heated at 940C for 20 min
to denature the proteinase K. A fragment of 492 bp encompassing
exons 13 and 14 of the LDL receptor gene was amplified and digested
with PstI essentially as described previously for genomic DNA(13),
with the exception that the oligonucleotide primers were present in the
amplification reaction at a concentration of 2.0 ltg/ml and were as
follows:
5'-aatgtcgac GTCATCTTC CTTCCTTGCTGCCTGT-3';
5'-tatgtcga CAGAAACAAGGCGTGTGCCAC-3'.

The lower case letters denote non-LDL receptor-specific sequences
that were included to provide recognition sites for the restriction en-
zyme Sall. The concentration of genomic DNA(10,ul of the tenfold
dilution per 100 Ml incubation mix) in the amplification reaction was
2-5 pg/ml.

Determination of plasma lipids and lipoproteins. The sample of
plasma frozen at the time blood was collected was thawed, divided into
small portions (- 20 ,l), and stored frozen at -70°C until required.
Thus, determinations of Lp(a), apo B, and apo AI concentrations or
apo(a) phenotype were always performed on samples that had been
frozen and thawed twice. There was no apparent difference between
values obtained with fresh samples and with samples treated in
this way.

Lp(a) concentration was assayed with a "Tint Elize Lp(a)" enzyme
immunoassay kit (Biopool AB, Umea', Sweden) using the dilutions and
procedures recommended by the manufacturer. The assay gave no sig-
nal with plasminogen at a concentration less than 1 mg/ml in the undi-
luted plasma. Samples that gave values close to or above that of the
highest standard were reassayed with one-half of the normal volume of

diluted sample in the reaction well. 10 samples assayed in this way gave
plasma values that were the same (101.5±1.9%, mean±SE) as those
obtained by the standard procedure.

The plasma apo B and apo Al concentrations were determined
with commercially available kits, using the procedure recommended
by the manufacturer (Boehringer Mannheim CBR-program; Mann-
heim, FRG).

Plasma lipid determinations were made within 1 wk of blood col-
lection. Plasma that had been stored at 40C (5 ml) was centrifuged at d
1.006 g/ml for 16 h at 80C in a 50.3 rotor (Beckman Instrs., Inc.,
Fullerton, CA), and the VLDL fraction obtained by tube slicing. VLDL
was stored frozen at -20'C for subsequent determination of apo E
phenotype.

Plasma HDLcholesterol was determined by assaying the concen-
tration of cholesterol in the supernatant obtained after heparin-man-
ganese precipitation (16) of the d > 1.006 g/ml fraction of plasma,
while LDL cholesterol was determined as the difference between the
cholesterol concentration in the d > 1.006 g/ml fraction and HDL
cholesterol.

Because it was not possible to obtain fasting samples from all
members of the family, fasting plasma triglyceride levels could not be
determined.

Determination of apo(a) and apo Ephenotypes. Apo(a) phenotype
was determined by procedures based on those described by Kraft et al.
(17). Samples of frozen plasma (25 Ml) were lyophilized and delipidated
overnight with acetone-ethanol (1:1, vol/vol). The precipitates were
washed once with diethyl ether, dried, and dissolved by boiling for 10
min with 50 ,l of sample buffer (2 ml of 5%SDSwith 200 ,l of fl-mer-
captoethanol and 300 ul of bromophenol blue in glycerol). Samples
were centrifuged for 5 min in a Beckman microfuge and portions of the
supernatant were subjected to discontinuous SDS-PAGEat room tem-
perature according to the method of Laemmli (18), using 20 cm X 20
cm vertical, 1 mmthick gels with a 3%polyacrylamide running gel and
a 2.5% polyacrylamide stackinggel. The volume of supernatant applied
was broadly related to the concentration of Lp(a) in the original
plasma, with 20 ,l added for concentrations up to 10 mg/dl, 15 Ml for
concentrations of 10-20 mg/dl, 10 ul for concentrations of 20-40 mg/
dl, and 5 Ml for higher concentrations. To detect faint minor bands,
phenotyping was repeated with 30 Ml of lyophilized and delipidated
supernatant. Larger sample volumes resulted in a distorted pattern and
reduced sensitivity. Samples were run through the stacking gel at 150 V
and then through the runninggel at 200 V for 1 h after the dye front had
reached the end of the gel. Proteins were transferred to nitrocellulose
membranes as described by Beisiegel et al. (19) and the membranes
were blocked by incubation for 30 min at 370C in 25 ml of 10 mM
Tris-HCl buffer, pH 7.4, containing 150 mMNaCl, 0.2% Nonidet P40,
and 50 mg/ml bovine serum albumin. Membranes were then incu-
bated on a rocking platform for 2 h at room temperature with 20 ml of
blocking buffer containing 1/400 dilution of sheep anti-Lp(a) antibody
(6.0 mgantibody/ml; Immuno, Vienna) and washed in 10 mMTris-
HCI buffer, pH 7.4, containing 150 mMNaCl, 0.1% SDS, 0.25% so-
dium deoxycholate, and 0.2% Nonidet P40. The antibody preparation
did not detect apo B. Bound antibody was detected by incubation for I
h at room temperature with 1/200 dilution of peroxidase-linked anti-
goat IgG antiserum (610 U/ml; ICN Immunobiologicals, Lisle, France)
in blocking buffer, followed by washing as above and development in
substrate solution (0.4 mg4-chloro- I-naphthol/ml in 10 mMTris HCI,
pH 7.4, containing 150 mMNaCl and 0.03% H202). The distances
travelled in the running gel by the bands of apo(a) were expressed as a
ratio to that travelled by apo B, determined by comparison with stan-
dard apo(a) samples whose mobility had previously been characterized
on 5% polyacrylamide gels. The reproducibility of these values was
checked by running a variety of samples on six separate gels. The dis-
tances travelled relative to apo B (±SD) were 0.442±0.0 10 (range 0.43-
0.46), 0.501±0.020 (range 0.48-0.53), 0.605±0.005 (range 0.60-0.61),
0.716±0.082 (range 0.71-0.73), and 0.856±0.028 (range 0.82-0.88).

Apo E phenotype was determined as described by Warnick et
al. (20).
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Figure 1. Detection of the
prow -, leu mutation
in the LDL receptor gene.
A fragment of the LDL
receptor gene (492 bp)
encompassing exons 13
and 14 was amplified
from genomic DNAand
digested with PstI. The
amplified, digested frag-
ments were separated by
electrophoresis on a 2%
(wt/vol) agarose gel and
stained with ethidium
bromide. hmz, Homozy-
gote; htz, heterozygote;
nor, normal.

Results

Genomic DNAfrom each member of the family was analyzed
for the presence of the prow4-. leu mutation in the LDL recep-

tor gene by amplification and restriction enzyme digestion of a

fragment comprising exons 13 and 14 together with short
flanking sequences from introns on either side. The C T
mutation introduces a PstI site in exon 14, so that the mutant
492-bp fragment is digested by this enzyme to give bands of 1 16
and 376 bp (Fig. 1). Subjects in whomonly the digested bands
were observed were identified as homozygous for the mutant
allele, while subjects in whom half the original 492-bp frag-
ment remained after digestion were identified as heterozygotes.
The LDL receptor genotypes of the subjects from whom a

blood sample was analyzed are shown in the pedigree of this
kindred in Fig. 2. Out of 65 blood relatives of the original
proband M.M. (No. 56 in the pedigree) and their spouses, 2
further homozygotes and 22 heterozygotes were identified.
Also designated on the pedigree are obligate heterozygotes
from whomsamples were unobtainable, anda deceased homo-
zygote sibling of No. 56, previously identified on the basis of
clinical diagnosis.

The details of the lipid and lipoproteina analyses, together
with relevant clinical information, are provided-in Appendix 1.
In all the members of the family who were heterozygous for the
pro6" leu mutation in the LDL receptor gene, the concen-

trations of total plasma cholesterol, LDL cholesterol, and
plasma apo B were significantly higher than in the non-FH

r 6 5 26- 28 3132 4 72 7371- 2425 9 33343578 79i120 21187W 48?

Figure 2. Pedigree of the relatives of MM. Subjects (o, male; o, fe-
male) from whoma blood sample was obtained were assigned a

number; those without a number were not available for study. Indi-
viduals who are heterozygous (w, o) and homozygous (i, e) for the
pro"4-. leu mutation in the LDL receptor gene are shown; obligate

FH heterozygotes (o) are also shown, as is one deceased homozygote
(a) identified previously on the basis of clinical diagnosis. Those in-
dividuals known to be no longer alive are denoted by a diagonal line;
the cause of death, where known, is stated (Acc, accidental death;
CHD, coronary heart disease; TB, tuberculosis). Broken lines indicate
where siblings not available for study have been omitted for clarity.
Individuals marked with an asterisk (*) have an Lp(a) concentration
in plasma that is greater than the expected value for their apo(a) phe-
notype (see text for details).
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800 800 Figure 3. Total plasma
cholesterol, plasma apo

_*| B, and LDL cholesterol
Ax600 .p ~ 600 p|L concentrations in the
_

00 5 600 300 normal and FH members
iz _ .of the kindred. For the0-

40 normal subjects, theV 400 1 tii 400 ' 200 £ mean value±the standard
OR o | z z S o _4deviation for plasma total0 u~0

d 200 a j cholesterol was

200 a 200 o 100 * 189.6±35.8 mg/dl, for
Vn LDL cholesterol was

L . . r L °0 93.1±26.2 mg/dl, and for
0 0 0

1 1a00 plasma apo B was
Normal FH Htz FH Hmz Normal FH Htz FH Hmz Normal FH Htz 89.8±21.3 mg/dl. The

values include data from
one subject (7 in Fig. 2)

in the third trimester of pregnancy. For the 22 FH heterozygotes (Htz) with the prom- -. leu mutation, the mean value for total plasma choles-
terol was 343.3±55.1 mg/dl, for LDL cholesterol was 208.5±39.5 mg/dl, and for plasma apo B was 155±33.0 mg/dl. The values for the hetero-
zygotes include data from three individuals who were receiving lipid-lowering therapy (see Methods for details). The mean value for total plasma
cholesterol for the three homozygotes (Hmz) was 655±36.2 mg/dl, and for LDL cholesterol was 618±35.8 mg/dl. The values for the homozygotes
were those made at the time of referral, before treatment; values for plasma apo B were not available. For each of the parameters, there was a
significant difference in the mean values between normal and FH heterozygotes and between heterozygotes and homozygotes (Student's t test,
P < 0.001).

members of the family (Fig. 3). There was a small but signifi-
cant increase in LDL cholesterol concentration with increasing
age in the non-FH members of the family, but not in the FH
heterozygotes (Fig. 4). The mean value for the concentration of
HDL cholesterol and apo Al in plasma was lower in the FH
heterozygotes than in the non-FH subjects, but the difference
in mean HDL cholesterol concentration observed between
non-FH males and females was not observed in the FHhetero-
zygotes (Fig. 5). The majority of the subjects were apo E pheno-
type E3/E3, although 11 subjects were apo E3/E4 and 1 was
apo E2/E3 (see Appendix 1).

The apo(a) phenotype of each subject was determined by
identification of bands, separated by SDS-gel electrophoresis of
plasma, by immunoblotting with a specific antibody to Lp(a).
Two clearly separate apo(a) bands were detected in samples
from 52 of the 66 subjects, while only one band could be de-
tected in the remaining 14 samples even when gels were loaded
with as much Lp(a) as was consistent with maintaining suffi-
cient resolution. From the pedigree, 10 of these could be de-
duced to be heterozygous for an apparently null allele, while
the remaining 4 subjects could have been either homozygous
for the single band or heterozygous for a null allele. As shown
in Fig. 6, the mobility of the apo(a) bands relative to that of apo

Figure 4. Effect of age
on plasma LDL choles-

{ . * . * terol in normal and FH
200 - *members of the
lP***-* . *kindred. There was a

I o GO ___~ small but significant ef-
100 -000 fect of increasing age on
J fO°0

0 the concentration of
LDL cholesterol in

o plasma in the normalo 20 40 60 80 subjects (r = 0.304, n
AM. (yr.)

= 39), but not for the
FH heterozygotes (r = 0.005, n = 22). The LDL cholesterol value for
subject 7 (non-FH) who was in the third trimester of pregnancy, was
omitted for determination of the correlation coefficient.

B fell into nine clearly defined groups each of which repre-
sented an apo(a) phenotypic band identified according to the
median mobility of the group. Comparison with samples in
which apo(a) phenotype had been determined by Utermann
and colleagues (12) showed that phenotypes 42-51 correspond
to S4, 61-65 to S3, 71 to S2, and 92 to S1. Wehave also
identified nine other phenotypes ranging from 39 to 1 14 in
plasma samples from the general population (Knight, B. L.,
Y. F. N. Perombelon, and A. K. Soutar, unpublished observa-
tions). In this kindred, apo(a) phenotype was apparently in-
herited according to a Mendelian mode of inheritance.

The concentration of Lp(a) in the plasma of the non-FH
heterozygotes and FH homozygotes of each apo(a) phenotype
is shown in Fig. 7. The subjects are grouped according to the
phenotypic apo(a) band of highest mobility which, in the major-
ity of cases, made the dominant contribution to plasma apo(a).
The highest Lp(a) concentrations were seen in subjects with a
phenotypic apo(a) band 92. Otherwise, there was no obvious
association between Lp(a) concentration and apo(a) pheno-
type. This was most clearly demonstrated in subjects in whom
there was an apparently null allele, where a single apo(a) pheno-
typic band determined the plasma concentration. The majority
of the FH subjects were apo(a) phenotype 61 in combination
with another slower migrating band, and it was only within this
group that it was possible to make statistical comparisons be-
tween FH and normal subjects. As shown in Table I, although
the mean value for plasma Lp(a) concentration of FHheterozy-
gotes was greater than that of non-FH subjects of each pheno-
type, there was no statistically significant difference, even when
the data for all FH and non-FH subjects with a dominant phe-
notypic apo(a) band 61 were combined. In subjects with apo(a)
phenotype 51/48, a homozygous FH subject had a concentra-
tion of Lp(a) almost twofold that of the heterozygote, but this
difference was not observed with the other two homozygotes,
with apo(a) phenotype 61/51 and 92/42. In the group with the
dominant 92 apo(a) phenotypic band that was associated with
a very high concentration of Lp(a) in plasma, there was no
apparent difference between FH and non-FH subjects.
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concentration, the mean value±the standard deviation for normal males was 109.9±11.9 mg/d, for normal females was 135.6±37.0 mg/dl, for
FH heterozygous males was 102.2±18.6 mg/dl, and for heterozygous females was 118.25±25.0 mg/dl. The only difference observed at a signifi-
cant level was between the apo Al concentration in normal males and normal females (Student's t test, P < 0.05). Hmz, homozygous.

Within the groups shown in Table I in. which sufficient
subjects were available to make a comparison, there was no
apparent effect of increasing age on the plasma concentration
of Lp(a), nor was there a significant difference between males
and females.

The lack of a direct effect of the LDL receptor defect on the
plasma concentration of Lp(a) is clearly demonstrated by com-
paring siblings or parents and children in the branches of the
family shown in Fig. 8. In family B, for example, siblings 43,
70, and 37 are all apo(a) phenotype 61/55, as are siblings 33
and 35, and there is no increase in Lp(a) concentration in the
FHheterozygotes compared with the non-FH individual. Simi-
larly, in family C there is no effect of FH on Lp(a) concentra-
tion discernable in siblings 20, 21, and 18 with apo(a) pheno-
type 71/61, nor in siblings 77 and 19 with apo(a) phenotype
92/61, nor siblings 2 and 3 with apo(a) phenotype 92/N. In
family C it is also possible to compare the Lp(a) concentration
in a homozygote with a heterozygote of the same apo(a) pheno-
type, in that siblings 16 and 17 are both apo(a) phenotype 92/
42 and have virtually identical Lp(a) concentrations in plasma.

In contrast, in family A it is possible to discern an apparent
association between the defective LDL receptor gene and Lp(a)
concentration in that homozygous FH42 has an Lp(a) concen-
tration almost twice that of her heterozygous FH father 12 with
the same phenotype. However, an unaffected sibling of the FH
heterozygote father with the same apo(a) phenotype does not
have an Lp(a) concentration that is half that of his affected
brother.

It is clear from the data shown in Fig. 7 and from the fami-
lies shown in Fig. 8 that some subjects, both FH and non-FR,
have an Lp(a) concentration in plasma that is markedly higher
than that of most of the subjects with the same phenotype in
this kindred. For example, subject 53 in family C, who is an FR
heterozygote, has an Lp(a) concentration almost three times
that of his two FR heterozygote siblings with the same apo(a)
phenotype, and the concentration of Lp(a) in 77 with apo(a)
phenotype 92/61, is twice that in 15 with apo(a) phenotype
92/5 1; in the second example, both subjects have the dominant
92 band in combination with a minor band. Because several of

the close relatives of 77 also have anomalously high levels of
Lp(a) in plasma, while those of 15 with the same apo(a) pheno-
type do not, the possibility exists that some inherited factor not
linked to apo(a) phenotype or LDL receptor function influ-
ences plasma Lp(a) concentration.

In order to investigate this further, those members of the
kindred in whomLp(a) concentration was greater than the "ex-
pected" value for an individual with this apo(a) phenotype
were identified. The "expected" value for an individual was
calculated as twice the Lp(a) concentration of a subject with an
apparently null allele in combination with the dominant pheno-
typic band in the individual in question. Thus, for example, the
"expected" value for an individual with apo(a) phenotype 61 in
combination with another band of lower mobility would be
twice that of an individual with apo(a) phenotype 61/N. All
individuals with Lp(a) concentration greater than the expected
value are marked with an asterisk (*) in the pedigree shown in
Fig. 2. The effect was observed in both normal and heterozy-
gous FH individuals, and was not limited to any particular
phenotype. In total, 12 of 40 non-FH, 13 of 22 FH heterozy-
gotes, and 3 of 3 FHhomozygotes were identified. In each case
where a child had an anomalously high concentration of Lp(a)
in plasma, the effect was seen in at least one parent, and where
one or both parents had an anomalously high Lp(a) concentra-
tion, at least one of the children was also affected. Three fami-
lies were identified in which neither parents nor children were
affected. The effect was not restricted to blood relatives in that
several of the spouses appeared to have anomalously high Lp(a)
levels. These observations suggest, but do not confirm, that at
least some of the apparent increase in Lp(a) concentration ob-
served in a number of FR heterozygotes in this particular
kindred may not be due to the defective LDL receptor gene but
to some other inherited factor. It is of interest to note that both
the parents of homozygous FR 42 of apo(a) phenotype 51/48,
in whomthere is an apparent dose effect of the LDL receptor
gene on Lp(a) concentration, have an anomalously high Lp(a)
concentration themselves. Although it was not possible to ob-
tain fasting plasma from all the subjects in this study, the data
shown in Appendix 1 suggests that some members of the family
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(equivalent of 2.5 Al of

Bplasma applied, contain-
ing - 1 Ag of Lp(a); lane

42 45 48 51 55 61 65 72 92 Apo B e,sample52,phenotype
65/4(euivaentof 5 Ml,

2;t;; ; ; ; ; ; ; ~~~~~~~~~~~~~~~~~~1.5Aig of Lp(a); lane f20 sample 71, phenotype 61/
45 (equivalent of 7.5 Al,
1.1 MIg of Lp(a); lane g,

15 sample 36, phenotype 61/
42 (equivalent of 5 Ml, 1
Mgof Lp(a); lane h, sam-

E 10 ple 18, phenotype 71/61
Z_ (equivalent of 15 Ml, 3.6

_ i.!.: Aig of Lp(a); lane i, sample
15, phenotype 92/51

5 (equivalent of 15 Ml, 8 Mg
of Lp(a). Lanesh andi
were deliberately over
loaded to show the minor

40 50 60 70 90 100 bands. The samples inlanes d-g were chosen to
illustrate the bands and

Relative mobility (% of ApoB) their pattern of a more
prominent higher molec-

ular weight band is not typical of the majority of samples in which the lower molecular weight band predominates, as in lanes h and i. The
band that runs with a mobility of 90 in each lane is of an unknown protein which is detected by some, but not all preparations of the commercial
antibody. (B) The relative mobilities to apo B of the apo(a) bands in each sample were determined by comparison with standards run on the
same gel. The figure shows the number of bands of each mobility observed in samples from the 41 normal subjects (open columns), the 22 FH
heterozygotes (half-shaded columns), and the 3 homozygotes (fully-shaded columns). The arrows show the mean mobility of each identified
apo(a) phenotypic band (see text for details).

may be hypertriglyceridemic. However, of the 14 potentially of 66 individuals of whomone-third have inherited one normal
hypertriglyceridemic subjects, only five had an anomalously and one defective allele for the LDL receptor. The defective
high concentration of Lp(a) in plasma. Of these, two were FH allele was identified by gene amplification and has been de-
homozygotes, one was a heterozygote, and two were non-FH. scribed previously in several members of the kindred (13).

Three individuals who are homozygous for the defective LDL
Discussion receptor allele were also identified, each a child of consanguin-

ous marriage. Without exception, the heterozygous individuals
In this study, the plasma lipid and lipoprotein concentrations had a raised plasma cholesterol concentration compared with
have been determined in a large Muslim Asian-Indian kindred the unaffected relatives, and there was no suggestion of any
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Figure 7. Concentration of Lp(a) in plasma of individuals in the
kindred with different apo(a) phenotypes. Plasma Lp(a) concentration
was determined by an ELISA method as described in the Methods.
Apo(a) phenotype was assigned on the basis of the relative mobility
of apo(a) and apo B after fractionation of whole plasma by SDS-
PAGE, as described in the legend to Fig. 6. Subjects are grouped ac-
cording to their apo(a) variant with greater electrophoretic mobility;
for the majority, this was the dominant phenotypic apo(a) band. An
apparently null phenotype is denoted as N. Single numbers denote
phenotypes that could be either homozygous for the same phenotypic
band or heterozygous for a null phenotype.

suppression of the expression of the defective allele in any of
the family members as described recently in a Puerto Rican
kindred with familial hypercholesterolemia (21). However, the
mean value for LDL cholesterol in the heterozygotes, the large
majority of whom were receiving no lipid-lowering therapy,
was 343.3±55 mg/dl and for the three homozygotes before
treatment was 650±27.2 mg/dl; these values are at the lower
end of the reported range for heterogeneous groups of FH het-
erozygotes and homozygotes (22). Furthermore, although the
mean values for HDL cholesterol and plasma apo Al were
lower in the FH heterozygotes than in the unaffected individ-
uals, they were not significantly so. These observations may in
part explain the remarkable lack ofevidence of premature coro-
nary heart disease in the affected individuals in this kindred. Of
22 heterozygotes with one defective LDL receptor allele, only

two had symptomatic CHDand each was in the seventh decade
of life. None of the heterozygotes identified by genotyping had
clearly defined tendon xanthomata, although they were present
in all three homozygotes. Thus, although one of the original
objectives of this study was to determine whether there was any
variation in the severity of CHDsymptoms in FH heterozy-
gotes with precisely the same inherited defect in the LDL recep-
tor, this was clearly not possible.

The second objective of this study was to examine the rela-
tionship between FH and Lp(a) concentration, because it has
recently been suggested that heterozygous FH patients have a
plasma concentration of Lp(a) that is, on average, threefold
that of normal individuals with the same apo(a) phenotype
(12). Wedid not observe this phenomenon in the kindred de-
scribed in this paper, despite the similar genetic background of
many of the individuals due to consanguinous marriage. In-
deed, in many instances it was possible to identify pairs of
siblings of the same apo(a) phenotype, one heterozygous for the
defective LDL receptor allele and the other apparently nor-
mal, in whomthe plasma Lp(a) concentration was virtually
identical.

For the kindred described in this paper, the classification of
apo(a) phenotype that has been described previously (9) was
not adequate to distinguish between subjects with clearly dif-
ferent phenotypic bands, and thus for this study we have classi-
fied apo(a) phenotype simply by measuring the relative electro-
phoretic mobility of the apo(a) bands. Because the values fell
into discreet groups rather than as a continuous spectrum, we
are confident that these represent different phenotypic bands.
In a recent study, Gaubatz et al. (23) were able to detect one or
two separate apo(a) bands in more than 99% of 692 samples
assayed, and identified 11 different phenotypic bands. No sig-
nificant difference in Lp(a) concentration between groups of
FHand normal with the same apo(a) phenotype was observed,
although the mean value for the FH heterozygotes was fre-
quently greater than that of the non-FH individuals. In one
family, an FH heterozygote and his FHhomozygote daughter,
each with apo(a) phenotype 51/48, there appeared to be a possi-
ble gene dosage relationship between the defective LDL recep-
tor allele and plasma Lp(a) concentration. However, an unaf-

Table I. Relationship between Apo(a) Phenotype, Lp(a) Concentration in Plasma, and LDL Receptor Genotype in the Kindred

Lp(a) phenotype LDL receptor genotype n Lp(a) P* LDL cholesterol P*

mean±SDmg/100 ml mean±SDmg/100 ml

61/42 Normal 2 5.7 - 64.5
FH heterozygotes 2 16.1 199.5

61/48 Normal 1 11.1 - 92
FHi heterozygotes 1 16.9 220

61/51 Normal 5 12.9±9.1 >0.1 NS 94.8±25.1 <0.01
FH heterozygotes 4 24.9±11.4 161±20.04
FH homozygotes 1 13.2 273

61/55 Normal 3 6.7±1.4 >0.25 NS 97.6±26.1 <0.01
FH heterozygotes 7 9.3±6.3 220.6±47.2

61/anotherl Normal 16 9.07±6.0 >0.1 NS 88.6±22.4 <0.001
FH heterozygotes 16 13.69±9.6 200.1±41.8

* The statistical significance of the differences between the means for normal and FH heterozygotes in each group was determined with Student's
t test. *1 mooff all treatment. I Includes all subjects, including those listed above, with one dominant 61 phenotypic band, either together with
a minor band or with no detectable second band.
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Figure 8. Plasma Lp(a) concentration and apo(a) phenotype in three
branches of the family. Plasma apo(a) phenotype and Lp(a) concen-
tration were determined as described in the legends to Figs. 6 and 7.
Members of the kindred are identified by numbers within the symbols
(o, female; o, male). Half-shaded symbols represent heterozygotes for
the pro"4 - leu mutation in the LDL receptor gene; fully-shaded
symbols are homozygotes. Deceased individuals are denoted with a
diagonal line; the cause of death is shown, where known (CHD, cor-
onary heart disease). The broken lines denote where other siblings
have been omitted for clarity.

fected sibling of the father, also with the same apo(a) pheno-
type, had an Lp(a) concentration very similar to that of his FH
heterozygote brother, which reduces the significance of the ob-
served gene dose effect. Furthermore, no such gene dose effect
was observed in the immediate families of the other two homo-
zygous FH individuals. Taken together, these data do not pro-
vide strong support for the suggestion of Utermann et al. (12)
that there is a strong multiplicative interaction between the
gene loci for the LDL receptor and apo(a) in determining Lp(a)
concentration in plasma. Indeed, the effect of such an interac-
tion might be expected to be particularly dominant within this
kindred, where other genetic and environmental differences
are at a minimum compared with a heterogeneous group of
clinically-diagnosed F`H heterozygotes. It is of interest that Ne-
ven et al. (24) failed to observe an increase in plasma Lp(a)
concentration in individuals with an inherited defect in LDL
receptor function compared with unaffected relatives in a fam-
ily of Rhesus monkeys.

It is not altogether surprising that a simple direct effect of
reduced LDL receptor activity on plasma Lp(a) concentration
was not observed in this kindred, because the question of
whether or not Lp(a) is catabolized via receptor-mediated up-
take remains controversial. Armstrong et al. (10) have recently
confirmed their earlier observation (25) that Lp(a) binds to
LDL receptors on cultured cells with much lower affinity than
LDL and have shown that human Lp(a) is cleared less well than

human LDL by LDL receptor-dependent processes in rat liver.
In marked contrast, Hofman et al. (1 1) found that human
Lp(a) binds with apparent high affinity to isolated LDL recep-
tors, competes equally with LDL for binding to LDL receptors
on cultured cells, and is cleared more rapidly from the circula-
tion of transgenic mice expressing high levels of the human
LDL receptor gene than from the circulation of normal mice.
Although Lp(a) may be catabolized in part by LDL receptor-
dependent means, several lines of independent evidence sug-
gest that this is not an important determinant of Lp(a) concen-
tration in human plasma. Firstly, drugs that stimulate LDL
receptor activity and reduce plasma LDL do not affect the
Lp(a) concentration (26), and secondly, early studies on the
turnover of Lp(a) in human subjects have suggested that Lp(a)
concentration in plasma correlates strongly with its production
rate but not with its fractional catabolic rate (27). In a recent
study, we also observed no difference in the fractional catabolic
rate for Lp(a) between a group of normal and FHheterozygotes
with matched apo(a) phenotype (28).

One feature that emerged from the data in this paper was
that some individuals in the kindred had an anomalously high
Lp(a) concentration compared with the majority of individuals
with that particular apo(a) phenotype, and there was some evi-
dence that this could be an inherited trait. Although the trait
was more common in FH individuals than in unaffected rela-
tives, and was observed in all three homozygotes, it did not
segregate in the pedigree with either the abnormal LDL recep-
tor allele or with apo(a) phenotype. Because several of the
nonblood relative spouses were also identified in this group it is
possible that it is a relatively common trait, at least amongst
this particular racial group. It would be of interest to carry out a
similar study on other large kindreds with or without a defec-
tive LDL receptor allele. Because so little is known about the
regulation of Lp(a) metabolism it is difficult to speculate about
the nature of the mechanism operating to increase Lp(a) con-
centration in these individuals. Although apo(a) phenotype has
been observed to have a strong influence on Lp(a) concentra-
tion in plasma, in a recent study Boerwinkle et al. (29) observed
that it only amounts to - 40%of the variance in Lp(a) concen-
tration observed in a large population, suggesting that other
genetic and environmental factors are also important. The sig-
nificant risk of premature CHDassociated with an increased
concentration of Lp(a) in plasma and the resistance of Lp(a)
concentration to reduction by drug treatment suggests that it is
worthwhile to identify these factors.

Appendix 1. Details of subjects.

Each member of the kindred from whoma blood sample was
obtained was assigned an identification number (numbers 57-
69 were not allocated). aPlasma samples not necessarily from
fasted individuals. bCHDpresent; patient receiving treatment
with HMG-CoAreductase inhibitor, f3-blocker, and vasodila-
tor. cIn third trimester of pregnancy. "Clinically diagnosed FH
homozygote treated by two-weekly plasma exchange (PE).
Lipid and lipoprotein parameters determined 2 wk after PE.
Values obtained at time of referral (untreated) shown in brack-
ets. eClinically diagnosed FH heterozygote treated with HMG-
CoAreductase inhibitor. 'Clinically diagnosed FHhomozygote
treated with two-weekly plasma exchange and protocol. Lipid
and lipoprotein parameters determined 1 wk after PE. Values
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obtained at time of referral (untreated) shown in brackets. qn CoA reductase inhibitor. Values obtained at time of referral
second trimester of pregnancy. "Clinically diagnosed FH ho- (untreated) shown in brackets. Clearly defined tendon xantho-
mozygote. Off treatment for 1 mo due to gastric ulcer, mata were only present in the three clinically diagnosed FH
previously treated with weekly plasma exchange and an HMG- homozygotes. 'nd, Not determined.

Subject Sex Age Total chol. Total TGa LDL chol. HDL chol. Total apoB Total apoAI Total Lp(a) Apo(a) ApoE LDL-R
(yr) (mg/dl) (mg/dl) (mg/dl) (mg/dl) (mg/dl) (mg/dl) (mg/dl) pheno. pheno. mutation

1 MW 55
2 M 24
3 F 18
4 M 33
5 F 6
6 F 7
7 Fc 30
8 M 2
9 M 20

431 380 223 31
290 132 177 31
196 147 84 52
383 193 220 57
158 252 97 81
193 134 65 69
305 212 186 93
312 72 177 55
142 86 59 41

10 M 60 227 150 130 40
11 M 50 204 272 nd& nd
12 M 38 373 188 217 35
13 M 31 194 306 102 33
14 M 29 242 84 127 48
15 F 44 215 112 114 35
16 Fd 14 (12) 545 (624) 258 (96) 332 (577) 14 (26)
17 M 10 411 78 274 40
18 M 12 325 76 198 36
19 F 36 345 166 216 29

20 F 17
21 F 13
22 F 36
23 Fb 62
24 M 13
25 F 6
26 F 6
27 F" 64
28 M 6
29 F 27

30 F 2'7
31 F 5
32 F 6
33 F 14
34 M 12
35 F 10
36 M 45
37 F 40
38 M 4
39 M 37

40 F 30
41 F 45
42 Fr 16
43 F" 33
44 M 23
45 F 19
46 M 19
47 F 25
48 F 4
49 F 70

50 F 26
51 M 43
52 M 35
53 M 32
54 F 37
55 F 29
56 Mh 26

70 F 33
71 F 7
72 F 11
73 F 3
74 M 38
75 F 30
76 M 37
77 F 38
78 F 18
79 M 14

198 93 6.3
126 89 42.4

77 118 40.3
155 138 16.9
82 178 2.6
62 172 5.4

128 258 8.4
120 132 10.8
60 96 3.5

61/N
92/N
92/N
61/48
48/N
61/N
45/N
61/42
61/42

112 104 7.2 48
nd 103 5.3 61/55

174 95 26.2 51/48
101 100 4.5 61/N
113 114 19.7 51/48
102 114 55.4 92/51
292 41 120.5 (107.8) 92/42
166 103 107.6 92/42
137 105 24.3 71/61
149 94 105.7 92/61

175 82 82 43 76 110 27.4
149 98 76 39 69 101 18.3
292 97 183 33 158 131 26.6
306 143 175 41 142 118 11.4
189 156 91 44 91 110 4.3
139 365 61 29 71 94 3.6
219 115 119 39 106 112 21.1
246 131 135 42 119 131 39.3
160 56 62 60 67 89 3.0
209 67 92 63 87 158 11.1

155 145 72
157 114 69
187 152 80
292 68 172
159 74 70
157 140 69
360 128 222
361 137 218
184 287 86
225 263 129

163
243
339 (678)
444
202
188
198
172
315
404

35
33
50
35
38
38
26
34
35
24

116 70 44
413 121 34
125 (61) 220 (634) 23 (31.3)
161 256 57
179 97 34
215 85 55
204 88 53

52 49 65
164 233 34
273 238 21

403 148 95 39
189 86 168 26
208 245 97 63
306 83 244 33
354 55 296 49
252 71 183 46
393 (693) 383 (78) 273 (643) 27 (26)

185 55 104 51
177 57 89 59
214 81 112 66
187 61 96 55
183 105 91 48
347 61 162 32
191 238 109 33
187 90 124 31
198 121 110 52
146 159 64 49

80 109 14.2
79 122 4.4
88 147 9.5

131 91 4.8
82 112 7.9
81 116 8.2

180 89 21.4
191 131 7.4
99 122 11.0

146 96 11.3

79
131
203
236
116
118
107

76
169
222

71/61
71/61
61/51
61/55
65/61
65/51
51/42
61/51
61
61/48

45/42
65/N
65/61
61/55
61/42
61/55
61/42
61/55
61/51
61/51

124 3.6 65/55
129 9.0 51/N

79 29.7 (48.3) 51/48
180 3.9 61/55
112 13.1 55/51
198 27.7 61/51
124 1.3 55/N
165 12.2 65/51
82 11.6 61/51
86 16.5 65/42

92 121 18.6 51/48
158 119 5.5 61
117 99 32.0 65/48
138 96 22.8 61/55
133 107 8.8 61/55
104 110 6.0 61/55
185 76 13.2 (nd) 61/51

78 117 6.5
60 132 14.5
86 148 10.7
73 124 3.1
75 130 16.6

141 130 22.0
79 95 14.0
89 92 106.0
79 142 12.2
46 111 2.3

61/55
61/45
61/45
55/45
48/45
61/51
42
92/61
61/51
61/51
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3/4
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3

3/4
3/4
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3

3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3
2/3
3/4

3/4
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3

3/3
3/3
3/3
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3/4
3/3
3/3
3/3
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3/3
3/3
3/3
3/3
3/4
3/4
3/4
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