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Abstract

Plasma lipoprotein(a) (Lp(a)) concentrations vary consider-
ably between individuals. To examine the variation for products
of the same and different apolipoprotein(a) (apo(a)) alleles,
conditions were established whereby phenotyping immunoblots
could be used to estimate the concentration of Lp(a) associated
with the constituent apo(a) isoforms. In these studies 28 dis-
tinct isoforms were identified, each differing by a single kringle
IV unit. Tracking the isoforms through 10 families showed that
there could be up to 200-fold difference in the Lp(a) concentra-
tion associated with the same-sized isoform produced from dif-
ferent alleles. In contrast there was typically < 2.5-fold varia-
tion in the Lp(a) concentration associated with the same allele.
However, there were four occasions where the concentration
associated with a particular allele was reduced below the typi-
cal range from one generation to the next. A nonlinear, inverse
trend with isoform size was apparently superimposed upon the
other factors that determine Lp(a) concentration. Inheritance
of familial hypercholesterolemia or familial-defective apoB1j0
had little consistent effect upon Lp(a) concentration. In both
the families and in other unrelated individuals the distribution
of isoforms and their associated concentrations provided evi-
dence for the presence ofat least two and possibly more subpop-
ulations of apo(a) alleles with different sizes and expression.
(J. Clin. Invest. 1994. 93:1481-1492.) Key words: apolipopro-
tein(a) genotyping * apolipoprotein(a) isoforms * apolipopro-
tein(a) phenotyping * familial hypercholesterolemia * familial
defective apolipoprotein B10o

Introduction

Lipoprotein(a) [Lp(a)]1 is a plasma particle similar in size
and lipid composition to LDL, which, in addition to apoB1,0,
contains a second glycoprotein, apo(a), that bears a strong
resemblance to plasminogen (1, 2). The gene for apo(a) in-
cludes multiple copies ofa sequence homologous to that which
codes for the fourth of the triple-looped, so-called "kringle"
structures found in plasminogen (3). Analysis by pulsed-field
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1. Abbreviations used in this paper: FDB, familial-defective apoB100;
FH, familial hypercholesteremia; Lp, lipoprotein.

electrophoresis has revealed marked heterogeneity in the size of
the human apo(a) gene, with evidence for alleles containing
anything from 12 to over 40 copies of the kringle IV sequence
(4-6). There is also considerable heterogeneity in the apparent
size ofthe apo(a) protein in plasma, as shown by differences in
mobility during SDS electrophoresis (7-9). However, apo(a)
is a large, highly glycosylated protein and it is technically diffi-
cult to establish the presence of discrete size isoforms merely
from investigating a general population. In this study we have
examined the electrophoretic behaviour of apo(a) isoforms
within a number of extended kindred, in order to determine
the range of mobilities exhibited by the products of identical
alleles, to compare the products of different alleles and to iden-
tify unambiguously the different apo(a) size isoforms present.

Generally the concentration ofLp(a) in plasma is inversely
related to the size of its apo(a) component (7). However, there
is considerable variation within this trend and family studies
( 10, 11 ) indicate that plasma Lp(a) concentrations must be
influenced by a variety of inherited factors that are indepen-
dent of the size of the apo(a) gene. With so many potential
heterozygous phenotypes it is unlikely that population studies
will be able to provide detailed information about these factors,
and even family studies will be of limited value unless it is
possible to apportion the total Lp(a) concentration in each
subject accurately between the constituent Lp(a) species con-
taining the different apo(a) isoforms. In this study we have
determined the relationship between isoform size and the sig-
nal produced both in the Lp(a) assay and on apo(a) phenotyp-
ing blots, and have established conditions whereby the concen-
tration that can be attributed to each of the Lp(a) species in a
plasma sample can be reliably estimated. We were then able to
track the concentration associated with each allele through the
families, to compare the values for products of the same and
different alleles and to assess the effects ofvarious inherited and
environmental factors.

Methods

Samples. The subjects in this study comprised 169 members of 10
families, 154 unrelated hyperlipidemic patients attending Hammers-
mith or Charing Cross Hospital Lipid Clinics in London and 51 unre-
lated normolipidemic subjects drawn from laboratory colleagues and
spouses ofthe patients. A clinical diagnosis offamilial hypercholesterol-
emia (FH) was based on the presence oftype II hyperlipidemia, tendon
xanthomata, and a family history of premature heart disease. Seven of
the families were affected with FH and in all but the AS family, in
whom the mutation is not known, the clinical diagnosis was confirmed
by analysis ofgenomic DNA. Two families (AE and ES) were affected
with familial-defective apoB1OO (FDB), again detected by DNA analy-
sis ( 12).

Venous blood was collected into tubes containingEDTA and imme-
diately chilled. Plasma was separated by centrifugation within 2 h, di-
vided into 50-Ml portions, and kept at -70°C.

Lp(a) assay. Plasma Lp(a) concentration was assayed with a Tint
Elize Lp(a) immunoassay kit (Biopool AB, Umea, Sweden; C.V. 3.7%
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at 25 mg/dl) using the standard supplied by the manufacturer. This is a
"sandwich" ELISA assay using anti-apo(a) antibodies. With a few
selected samples the antibody-coated plates supplied with the kit were
also used as the basis for assaying the apoB,1o content of Lp(a). Sam-
ples were diluted and the Lp(a) was bound to the anti-apo(a) on the
wells in the same way as for the routine assay. The apoB,00 component
was then detected with a rabbit antibody against human apoB,00 fol-
lowed by a peroxidase-conjugated goat antibody against rabbit immu-
noglobulins. Each incubation was for 1 h using 1:3000 final dilution of
antibodies (Dako Ltd., High Wycombe, UK). Peroxidase activity was
assayed using the reagents supplied with the kit and the Lp(a)-apoB
content determined by comparison with purified Lp(a) standards
( 13 ). Other apoB-containing lipoproteins at the concentrations found
in normal and FH plasma were not detected in this procedure.

Apo(a) phenotyping. Apo(a) phenotype was determined by immu-
noblotting as described in detail previously ( 14) with the following
modifications. The lyophilized, delipidated samples from 25-,41 por-
tions of plasma were dissolved in 100 gl of sample buffer (2 ml of 5%
SDS with 200 Ml offl-mercaptoethanol and 300 Ml ofbromophenol blue
in glycerol) at 100IC for 10 min. Proteins were separated in 20 X 20 cm
vertical 1 mm thick gels containing 1% SDS. The running gel was 3%
polyacrylamide containing 0.5% agarose, poured at 550C between glass
plates preheated to 80'C. The stacking gel was 3% polyacrylamide,
polymerized using UV-illuminated riboflavin as catalyst. The volume
of sample added was broadly related to the Lp(a) concentration ofthe
original plasma (50 Ml for concentrations up to S mg/dl, 40 ,ul for 5-10
mg/dl, 30 Ml for 10-30 mg/dl, 20 ,ul for 30-80 mg/dl, and 10 Ml for
concentrations higher than 80 mg/dl). Samples were run through the
stacking gel at 150 V, then through the running gel at a constant 7 mA
overnight followed by a constant 200 V for 1 h after the dye front had
reached the bottom of the gel. Proteins were transferred to nitrocellu-
lose membranes and the bands of apo(a) detected as described be-
fore ( 14).

Apportioning the Lp(a) concentration. Developed phenotyping im-
munoblots were scanned with a Joyce-Loebl Chromoscan III densitom-
eter (Gateshead, UK) using a 530-nm filter. In the majority ofcases the
density peaks corresponding to the two apo(a) bands were well sepa-
rated and the area beneath each was determined by automatic integra-
tion of the trace between the points of inflexion on either side, taking
the intensity at the inflexion point nearer the sample well as back-
ground. Where there was no clear separation between peaks the relative
areas were estimated manually, either by triangulation or by weighing
cut-out traces, with the assumption that the dominant peak was sym-
metrical. For each sample the areas (AI, A2) were expressed as a pro-
portion (M) of their sum (i.e., M, = AI/(AI + A2) etc.). Repeated
determinations of the same sample showed that the variation in the
estimate ofthese proportions was 7.7% for samples on the same gel (SD
of 32 observations on three gels). The reproducibility between gels was

estimated from scans ofthe phenotyping standards run on 20 separate
gels. The variations in the estimates of the proportions of the two
apo(a) bands in each standard (including the close bands in standard
D) were not significantly different, with an overall average SD of
12.0%. As described below the proportions derived from immunoblots
(M) represent the proportions of the apo(a) molecules present,
whereas the assay gives values related to apo(a) protein. Thus the pro-
portion of molecules (M) was converted to a proportion of apo(a)
protein (P) using the Lp(a)/apoB ratios (R) appropriate for the iso-
forms, given by the line in Fig. 4 a (i.e., PI = MIRI/(MIRI + M2R2)
etc.). This was then multiplied by the total, assayed, Lp(a) concentra-
tion to give an estimate ofthe concentration associated with the apo(a)
isoform. Dividing by R then gives the concentration as Lp(a)-apoB.
Overall the equation reduces to

Lp(a)-apoB,(mg/ml) MR, + M2R Lp(a)(mg/ dl)

Apo(a) genotyping. KpnI restriction fragments of genomic DNA
were prepared from white blood cells, separated by pulsed-field electro-
phoresis, blotted and hybridized with a kringle IV probe (MP-1, kindly
supplied by Dr. H. Hobbs) essentially as described by Lackner et al.
(4). Electrophoresis was performed at 14°C in a BioRad CHEF-DRII
apparatus (Bio-Rad Laboratories, Richmond, CA) at 180 V for 30 min
with 4 s switching followed by 17.5 h with 6-10-s ramped switching.
The size ofthe fragments was determined by comparison with lambda-
phage concatomers (FMC BioProducts, Rockland, ME).

Results

Identification ofapo(a) isoforms. Apo(a) isoforms were sepa-
rated on 3% polyacrylamide gels containing 0.5% agarose to
improve their rigidity. Unexpectedly, the mobility of the
apo(a) bands in relation to apoB,10 was greater on these gels
than on the 5% polyacrylamide gels that we had employed be-
fore. Thus in these studies we have not related mobility to
apoB1,O, as previously, but as a percentage ofthat ofthe fastest
of our apo(a) standards. To guard against minor inconsisten-
cies between gels the mobilities of the apo(a) bands were al-
ways determined by comparison with known standards run on
each gel. The mobilities of these standards are given in the
legend to Fig. 1, which shows a gel exhibiting over 15 clearly
distinguishable isoforms. Multiple determinations of the same
samples on different gels gave values that were within 1 mobil-
ity unit of their means (i.e., ± 1% of the mobility of the fastest
standard).

- 38
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_ _- ~~~79-70090
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Figure 1. Mobilities of apo(a) isoforms.
Isoforms were separated on 3% polyacryl-
amide gels containing 0.5% agarose. The
gel shows a range of size isoforms, including
the samples (A-E) used as standards to
determine mobility (minor bands at
- 90% mobility are breakdown products).
Electrophoretic mobility was expressed as
a percentage of the fastest band observed,
which was the lower band in standard C.
The mobilities of the bands used as stan-
dards (mean±SE from 25 gels) were
90.4±0.2% and 78.7±0.5% (standard E),
100% and 75.6±0.5% (standard C),
72.8±0.5% and 69.1±0.5% (standard D),
56.9±0.7%, and 49.0±0.8% (standard B)
and 38.2±0.9% (standard A), and are
marked. The mobility of apoB1jO is also in-
dicated.
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The mobilities ofthe apo(a) isoforms in plasma were deter- b). The line describing the curve was used to calculate a con-
Lined for 169 members of 10 separate families. Full pedigree sensus mobility for each isoform, shown as the arrows in Fig. 2
iagrams, including apportioned Lp(a) values, are available on c. This figure also demonstrates the mobilities of the isoforms
!quest. Seven of the families were affected with FH and two observed in a more general population. The values again fell
rith FDB. In all but two cases the inheritance of the apo(a) into discreet groups which generally coincided with the consen-
;oforms followed the expected Mendelian pattern. Only 13 sus mobilities obtained from the isoforms in the families. The
objects exhibited a single band phenotype, ofwhich two were two isoforms presumed to be missing from the families were
omozygous for the same-sized isoform. The rest could be ex- observed in this population, as well as one predicted to be two
lained by the inheritance ofone poorly expressed allele(proba- units larger. In all there was evidence for 28 apo(a) isoforms,
ly coding for the 57 isoform) in six members ofthe AS family progressing in size by the same sized unit. For current purposes
nd one null or poorly expressed allele in four members ofthe each isoform is referred to by its mobility, rounded to the near-
IM family (designated n.d. on the pedigree diagrams). The est whole number.
pread of mobility values for isoforms that were presumed, Genomic DNA from selected subjects exhibiting a range of
rom qualitative inspection of the immunoblots, to have been phenotypic isoforms was subjected to pulsed-field electrophore-
Lerived from the same inherited allele was no greater than that sis after digestion with Kpn 1. The fragments, containing the
hown for multiple determinations of the same sample. repeated kringle sequences, were detected by Southern blotting

For each allele in the families, the values of mobility were and hybridization with a human apo(a) kringle IV probe. As-
ombined and the means plotted as shown in Fig. 2 a. These suming in each case that the larger isoform was the product of
nean values fell into a series of clearly defined groups, the the larger gene, the size of the DNA fragment was directly re-
elationship between which was best expressed on a semiloga- lated to the isoform observed in plasma (Fig. 3 c). The slope of
ithmic plot. The points formed a smooth curve if the mean the line indicated that each isoform was separated by a unit that
nobility of each group, plotted as a logarithm, was separated corresponded to 5.6 kb of genomic DNA.
rom the next by one, or in some cases two, linear units (Fig. 2 Apportioning the plasma Lp(a) concentration. The easiest

way to estimate the concentration ofLp(a) associated with the
two apo(a) isoforms in a given subject would be to apportion
the total Lp(a) concentration assayed in plasma according to

a), Family isoformns the proportion ofeach isoform determined from densitometric
scans of the immunoblots used for phenotyping. However, a

510° direct calculation is unlikely to be accurate, since unreduced
. .hpMEW9_4 Lp(a) isusedintheassayandreduced, unfoldedapo(a)forthe

40 50 60 70 8o 90 100 immunoblots. Thus different antigenic determinants will be
Relative Mobility exposed in the two procedures and it cannot be assumed that

the relationship between apo(a) size and the signal produced
b). Relationship between family isolonns will be the same for each. To examine this, samples were se-

lected that had a reasonably high Lp(a) concentration in
plasma (> 8 mg/dl) and in which essentially all the apo(a) was
present in a single isoform. Each plasma sample was assayed
for Lp(a) using the standard assay kit, which detects the
apo(a) component. They were also assayed for the apoB100
component with an ELISA procedure employing anti-Lp(a)
as the capture antibody and anti-apoBl00 as the detecting anti-
body. The ratio ofthe values for Lp(a) to those for Lp(a)-apoB

:__,__,_,__,__,_,__, fell linearly as the size ofthe apo(a) component decreased (Fig.
40 50 50 70 80 90100 4 a). One sample was selected for each isoform and portions

Relative Mobility (%) containing equal amounts ofLp(a)-apoB were run on the nor-
mal phenotyping gels. The intensity of the apo(a) bands de-

c). Population isoformns tected, determined by densitometric scanning, was essentially
unaffected by the size of the apo(a) isoform (Fig. 4 b).

20 The effect of Lp(a) concentration on the response of the
DIF.I , blotting procedure was determined by running different sam-
L 104a - - I ple volumes on the gels (Fig. 5). In each case, covering a wide

0 range of band intensities, the signal produced was directly re-
40 50 so 70 80 90 100 lated to the amount of sample applied, up to at least 2 Atg of

Relative Mobility (%) Lp(a) per lane (Fig. 5 a). Importantly, in more typical samples
where two isoforms were detected, the ratio of the intensities

Figure 2. Electrophoretic mobility of apo(a) isoforms from different remained constant as the concentration varied (Fig. 5 b).
3lleles. (a) Mean values of relative mobility for the products ofeach Froma hescobsevastonseitcaneoncluded that t rai
ipo(a) allele in the families. (b) Values in each group of isoforms in of tese ofterbans observedon thephenotin
the families were combined and the means plotted as a logarithm
against an arbitrary linear scale. (c) Relative mobility of apo(a) iso- immunoblots will give a reliable estimate of the proportion of
forms in the hyperlipidemic and normal subjects (see Methods). The the apo(a) molecules present in the original sample, incepen-
irrows indicate the mobilities of the predicted isoforms derived from dent of their size, and to apportion the total Lp(a) concentra-
the line in b. tion correctly this proportion should be adjusted to take into
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Figure 3. Relationship between apo(a) isoform and allele size. (a)
Phenotyping blot of plasma samples containing the apo(a) isoforms
indicated beneath (some overloaded to visualize the minor bands).
(b) Kpnl restriction fragments of genomic DNA from the same sub-
jects. Fragments were separated by pulsed-field electrophoresis and
detected after Southern blotting with probe MP-1. (c) The size of the
Kpn I fragments, determined by comparison with lambda-phage con-

catomers, related to the apo(a) size isoform detected in plasma.

account the different response ofthe assay to Lp(a) containing
apo(a) of different sizes. This was achieved using the line de-
scribing the points in Fig. 4 a, as described in detail in the
Methods section.

Lp(a) concentrations associated with different apo(a) al-
leles. For each of the family members the plasma Lp(a) con-

centration was apportioned as described. It was immediately
obvious that although there was a general inverse trend be-
tween isoform size and its associated Lp(a) concentration, the
relationship was not by any means absolute. For instance, in
the LD family (Fig. 6), the concentration of the smaller 90
species was much lower than that ofthe larger 73 species. Simi-
larly, in the DL family the concentration ofthe 55 species was
over 10-fold higher than that ofthe smaller 76 species or ofthe
similarly-sized 57 and 53 species (Fig. 6).

Isoform
(% mobility of most rapidly migrating Isoform)

Figure 4. Response of Lp(a) assay (a) and phenotyping blots (b) to
apo(a) size. (a) Plasma samples containing essentially single apo(a)
isoforms were assayed for Lp(a) content using the standard kit and
for Lp(a)-apoB,1o content using a modified form of the kit as de-
scribed in Methods. Values for Lp(a) (mg/dl) are expressed relative
to the corresponding Lp(a)-apoB1oo content (Ig/ml). The equation
of the line of best fit was Lp(a)/(Lp(a)-apoB) = 2.42 - 1.04 loglo
(isoform relative mobility). (b) One single-isoform sample was se-

lected for each size and 30-,Ml portions containing 150 ng of Lp(a)-
apoB were subjected to the standard phenotyping procedure. Values
shown are the area (arbitrary units) under the apo(a) density peaks
obtained by scanning the developed blots, and are the averages of
results from two separate gels, each containing all the samples.

A consistent pattern could be seen throughout the families.
Products of different alleles coding for the same-sized apo(a)
proteins were present at widely different concentrations. In
contrast, the concentrations of products of identical alleles
showed a much smaller variation. This is clearly illustrated in
the AS family (Fig. 6). The Lp(a) concentration associated
with the 76 isoform present in five siblings (nos. 27, 13, 4, 11,
and 20) varied - 2.5-fold over the range 69-154 ,gg of Lp(a)-
apoB/ml. This was - 10-fold higher than the concentration
associated with the same-sized 76 isoform introduced with sub-
ject AS8. Likewise in the JK family (Fig. 6) the concentration
associated with the same 57 species varied over a 2.5-fold
range, whereas those associated with the different 51 species
differed over 25-fold. Numerous similar examples can be seen

in Fig. 7, which shows the values for each identified allele in the
families studied.

In the great majority of cases the concentration of the
Lp(a) species followed the inheritance of the apo(a) allele.
Again taking the AS family as an example (Fig. 6), the 79 allele
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Figure 5. Quantitation of apo(a) band density on immunoblotting.
Plasma samples were lyophilized, delipidated and resuspended in 100
Ml of sample buffer. Portions were diluted to 0.75, 0.5, and 0.25 of
the original concentration using similarly treated lipoprotein-deficient
serum as diluent. For each sample the same volume of each dilution
was subjected to the standard immunoblotting procedure and the
densities of the apo(a) bands determined by scanning. Samples used
were: (i) (l ) phenotype 100/76, Lp(a) concentration 90 mg/dl, 10
Ml applied; (ii) (i) phenotype 57/49, 20 mg/dl, 32 ul applied; (iii)
(A ) phenotype 83/53, 59 mg/dl, 16 AL applied; (iv) (v) phenotype
70/57, 16 mg/dl 32 Ml applied. (a) Density of the stronger bands of
samples i (100 isoform, * ) and iii (83 isoform, ) and weaker bands
of samples ii (45 isoform, *) and iv (70 isoform, v). (b) Ratio of the
density of the weaker to that of the stronger band.

present in subject 19 was expressed at a similarly high concen-

tration over the next three generations; the high-concentration
76 isoform in subject AS 19 was inherited over the next two
generations and the low-concentration 76 isoform in subject
AS8 by his son.

To obtain some indication of the typical spread of concen-
trations associated with a given allele, the values observed for
the same allele in different individuals were combined. For this
purpose, unaffected subjects and those affected with FH or

FDB were treated separately. Where there were three or more

comparable values each was expressed as a percentage of the
median (Fig. 8 a) and where there were only two they were

expressed as a percentage oftheir mean (Fig. 8 b). In both cases

the great majority of values fell within 50% and 150% of the
median or mean, in a population with a standard deviation of
- 21%. Only two of the pairs were outside this range and five
of the values < 50% of the median. These are marked on the
pedigree diagrams in Fig. 10 and were excluded from subse-
quent calculations.

Effect ofFH and FDB. Nine of the families used in this
study are affected with FH or FDB and after apportioning the
Lp(a) concentration it was possible to examine the effects of

these disorders on the products ofindividual alleles. The results
in the FH families were inconsistent. For instance, in the AS
family (Fig. 6) the Lp(a) concentration associated with the 76
allele showed little difference between the four FH subjects
(nos. 27, 1, 1 1, and 20, mean 112I2g/ml) and the three non-FH
subjects (nos. 19, 13, and 18, mean 102 ,g/ml), whereas in the
JK family values for the 57 allele in the FH subjects (nos. 1, 12,
3, and 6, mean 30.1 gg/ml) were above those of the normals
(nos. 5 and 4, mean 17.5 ,tg/ml). In total, there were 24 in-
stances where a comparison could be made between alleles
expressed in non-FH and heterozygous FH individuals and 10
between normal and FDB individuals. The mean values for the
affected subjects were expressed as a ratio of the mean for the
corresponding unaffected subjects (Fig. 9). In all but two cases,
where the ratios were exceptionally high (9.3 for the 51 allele in
the MM family and 4.6 for one 59 allele in the TH family, Fig.
10), they fell within the range that could be explained by the
observed 50-150% variation in the expression ofa given allele.
Overall (excluding the two exceptional values) the ratios were
1.15±0.08 (SE of 21 values) for heterozygous FH to non-FH
subjects and 0.98±0.1 1 (SE of 10 values) for FDB to non-FDB
subjects. Neither ratio was significantly different from 1.0 (P
> 0.05).

If there were a significant effect of FH upon the plasma
concentration of Lp(a) it might be expected to be most pro-
nounced in homozygous individuals. In the families described
here there are seven such subjects that are informative, but
again there was no consistent effect upon Lp(a) concentration.
All the values in homozygous FH individuals were within the
typical range, except for the 51 allele in TH7, which was only a
quarter of that of her father (TH4) (Fig. 10).

Atypical values. There were 10 occasions, outlined above,
when the Lp(a) concentration associated with an allele was
outside the apparently typical range. These and the relevant
parts of the pedigrees are shown in Fig. 10. Unfortunately in
many cases there was too little information to establish whether
the product of the other allele in the same subject was also
affected. If, as is probable, it is assumed that their siblings have
inherited identical alleles, it can be concluded that both alleles
were poorly expressed in subjects MM43, KE7, and AE 18.
This possibility cannot be excluded for subjects MM79 and
TH9. Similarly it is possible that both alleles were overex-
pressed in subject ES7. However, there can be no such explana-
tion for the atypical concentrations associated with one of the
alleles in subjects TH7, MM36, MM5, or MM6, in whom the
expression of the other allele was within the expected range. In
each case there was a reduction in concentration from one
generation to the next.

Lp(a) concentration associated with different apo(a) al-
leles. The Lp(a) concentration associated with the apo(a) al-
leles identified in the families is shown in Fig. 11 a. A clearer
indication ofthe range of values was obtained using a logarith-
mic scale, along which the expected 3-fold variation in oh
served expression of identical alleles would remain constant.
On this scale (Fig. 11 b) there was a generally inverse linear
progression of Lp(a) concentration with apo(a) isoform size.
For each apo(a) isoform there was a 10-1 50-fold difference in
values, the range being greater for the larger apo(a) isoforms
than for the smaller. There were two areas where there ap-
peared to be a greater density of points, shown as the shaded
areas in Fig. 11 b. In both these clusters the points for each
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Figure 6. Variation in Lp(a) concentration associated with the same apo(a) allele. The whole available pedigrees are shown for the DL and LD
families. The diagrams of the JK and AS families have been simplified to illustrate the range of Lp(a) concentrations associated with various
apo(a) alleles described in the text; complete diagrams are available on request. Heterozygous FH subjects are represented by half-blacked sym-
bols and homozygous FH subjects as fully blacked symbols. Apo(a) phenotype is shown in italics under the symbols, with the apportioned
plasma Lp(a)-apoB concentration (,gg/ml) beneath the associated isoform. Within each family values for the products ofthe same allele in dif-
ferent individuals are shown in the same typeface (bold, italic, or underlined). Single uninformative values are in plain text.

isoform were contained within a 3-4-fold range and each was

above the exponential line of best fit. In contrast, the values
below the line resulted from a more diffuse spread ofisoforms.

To discover whether the clustering of points was of more
general significance, the Lp(a) concentration was apportioned
between the apo(a) isoforms for 154 unrelated subjects attend-
ing Lipid Clinics in London, who might be expected to exhibit
a preponderance ofthe highly expressed alleles ofinterest. Val-
ues for subjects with a clinical diagnosis of heterozygous FH
were separated from those of subjects who were hyperlipidae-
mic but not FH. Both groups exhibited a similar pattern of
points (Fig. 12, a and b), and the exponential lines of best fit
were virtually identical, both to each other and to the line de-
rived from the values in the families. Again there were two
apparent populations of isoforms with values above the line
and a greater spread with values below. Values for a limited
selection of normal subjects (Fig. 12 c) were more evenly dis-
tributed, although some clustering ofpoints was still apparent.
There was a smaller proportion of the small isoforms asso-
ciated with the highest Lp(a) concentrations in the normal
subjects, but in this case there was an indication that there
could be more than one population with values below the line.
Fig. 13 shows the total numbers of each isoform in all of the
samples studied, separated into those with associated Lp(a)-

apoB concentrations above and below the exponential line of
best fit observed for the families. Those with values above the
line fell into at least two distinct populations, while those with
values below the line showed no clear evidence for more than a
single population, though the possibility of more cannot be
excluded.

Discussion

The method used in this study for separating apo(a) isoforms
was a refinement of standard procedures, with 0.5% agarose
added to provide rigidity to 3% polyacrylamide gels and a num-

ber of improvements to the preparation of the samples. Sensi-
tivity was such that two isoforms could be detected in 94% of
subjects in a general population, suggesting a frequency of
< 3% for any null allele. When using known samples as stan-
dards the method gave consistent values for apo(a) mobility
with an error that was usually well within the span observed for
the different isoform groupings.

The apo(a) alleles were tracked through a number offami-
lies on the assumption that the inheritance ofapo(a) isoforms
of the same mobility reflected the inheritance of the same al-
lele. This is a common assumption which is supported by the
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general correspondence that has been observed between iso-
form mobility and the size ofthe genomic DNA fragment con-

taining the Kringle IV repeats in subjects apparently homozy-
gous for the same-size allele (4). On this basis the inheritance
ofthe apo(a) alleles through the families followed the expected

pattern in all but two cases, where there had been apparent
recombination.

ES Famnil

.
* a A °_40m

v Q 1,t, ) Di ro

0

* Figure 7. Lp(a) concentration asso-
8 ciated with each apo(a) allele in the

families. Apportioned values for
0 Lp(a)-apoB concentration are given

for the different apo(a) alleles in
each family. The symbols represent
values for heterozygous FH or FDB
(AE and ES families) subjects (.),

g homozygous FH subjects (o) or un-

!C(0DO, affected subjects (o). Symbols * or

-'F t indicate alleles that are possibly
identical. t indicates values derived
from the same or at most two alleles.

The mean mobility values for the products of the alleles in
the families fell into discrete groups rather than a broad contin-
uum, confirming the presence ofspecific isoforms. The spacing
between the groups indicated that most were separated by the
same-sized unit, which was shown to correspond to 5.6 kb of
genomic DNA, the size of a single kringle IV repeat (4). There
was no evidence for isoforms separated by less than a whole
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Figure 8. Spread of plasma Lp(a) concentrations asso

same apo(a) allele. Apportioned values for Lp(a)-apa
tion associated with the same apo(a) allele in similarl
viduals were expressed as a percentage oftheir median
or mean (pairs). Values for unaffected individuals ar

fected with heterozygous FH or FDB were treated sej

zygous FH subjects were not included. SD calculation<
values below 50% of the median (a) and the two extri

kringle IV unit, nor for any minor differences
retic mobility related to differences in glycosyl;
28 consecutive isoforms were observed. Lackn
(5) have reported that an allele containing 12
peats produced a Kpn restriction fragment o
which it can be predicted that the isoforms id(
samples contained between 14 and 41 kringle IV
studies we have resisted the temptation to numl
isoforms, preferring to identify them at this sta
related to mobility. Eventually some common
will need to be adopted, the simplest ofwhich w
number of kringle IV repeats present. Althoul
determined for the apo(a) alleles there is still too
tion for such a nomenclature to be universally
apo(a) isoforms themselves. There was an exL

dence between isoform mobility and allele size i
ples that we have compared, but it will be import

Family

Figure 9. Effect of FH (.) or FDB (i) on Lp(a) concentration. In
instances where unaffected and heterozygous FH or FDB subjects
had inherited the same apo(a) allele, the apportioned Lp(a)-apoB
concentration for the affected individuals (mean or single as appro-

priate) was expressed as a ratio of that for the unaffected individuals.
The mean (±SE) ratio was 1.15±0.08 for the Fl subjects and
0.98±0.1 1 for the FDB subjects.

this over a much wider range of samples from different ethnic
populations.

An advantage of phenotyping over genotyping is that the
blots can be used to provide information about Lp(a) concen-

trations. In this paper we have described the way in which the
150% Lp(a) concentration in plasma can be apportioned between

the constituent apo(a) isoforms. This could not be achieved
accurately simply from densitometric scans of the blots since

ciated with the the assay responded to the amount of apo(a) protein present
B concentra- and the immunoblotting to the number of apo (a) molecules.
y affected indi- Because of uncertainties over the standard supplied with the
'(3 or more) assay the apportioned values have been presented as Lp(a)-
nd for those af- apoB concentration, which is a measure of the number of

arately. Homo- Lp(a) particles. It is not yet known if the deleterious effects of

eme pairs (b). Lp(a) are related to the number of particles present or to the
number of kringles. If particles are more important, assays
based on the recognition of repeated elements could give mis-
leading values without knowledge of the isoform sizes.

in electropho- In the majority of cases the concentration of Lp(a) asso-

ation. Overall, ciated with the same allele expressed in different subjects was
Ler and Hobbs contained within a 3-fold range, in a population with an SD of
kringle IV re- 21% ofthe mean. In these family studies both Lp(a) concentra-
If 42 kb, from tion and phenotyping were performed in duplicate, which re-
entified in our duces the error in the determination of the apportioned values
units. In these to - 9% (SD). Thus much ofthe variation can be attributed to
ber the apo(a) differences between individuals. Although not large in relation
ige by a figure to the overall range, this variation (SD of 19% of the mean)
nomenclature suggests that factors outside the apo(a) gene locus can have a

iould be by the significant influence upon Lp(a) concentration. Since Lp(a)
gh this can be contains apoB100, one of these factors could be the disruption
little informa- of the interaction between LDL receptors and their ligand
applied to the through the inheritance of FH or FDB. Previous studies have
act correspon- shown little effect of FH upon plasma Lp(a) concentrations,
n the few sam- but these were limited to comparing affected and unaffected
tant to confirm siblings who had inherited the same Lp(a) phenotype (14).
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Figure 10. Simplified pedigree diagrams illustrating the atypical Lp(a) values. Heterozygous FH or FDB (AE and ES families) subjects are rep-

resented by half-blacked symbols, and homozygous FH subjects by fully blacked symbols. Apo(a) phenotype is shown in italics immediately
under the symbol with the associated Lp(a)-apoB concentration (Aig/ml) beneath. Within each diagram values for the products ofthe same allele
in different individuals are shown in the same typeface (plain or bold, italic or underlined). For clarity, uninformative values have been omitted.
*The five values below 50% of the median for those in similarly affected individuals, as shown in Fig. 8 a. tThe values outside 50-150% of the
means in similarly affected individuals, as shown in Fig. 8 b. tValues that differ by more than threefold between affected and unaffected indi-
viduals (MM and TH families) or homozygous and heterozygous FH individuals (TH family).
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* 3~~~ * Figure 11. Mean Lp(a)-apoB concentrations as-
.0~~.4I! * * sociated with each apo(a) isoform, in the families.
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.*. ~~~was calculated for each apo(a)-allele product.
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lefective LDL concentration was reduced from one generation to the next.
*eapoB), and The apo (a) gene appears to have undergone extensive recombi-
he Lp(a) spe- nation (15) and is still subject to mutations that can alter the
hen no consis- allele size (0o). Thus it is not unlikely that mutations could
giving rise to also be occurring that affect the rate ofLp(a) synthesis. Indeed,

ly greater (P the changes observed here are reminiscent of the "anticipa-
bthe alleles in tion" phenomenon, which has recently been attributed in frag-

the removal of ile X syndrome and myotonic dystrophy to the presence of
shad any ma- unstable DNA sequences associated with the genes (16).
th our in vivo The concentration of Lp(a) species containing the same-
abolic rate for sized apo(a) isoforms produced from different alleles varied as

subjects ( 13). much as 200-fold. This is far greater than the variation for the
mtration ofan products of identical alleles and indicates that there must be a
'he majority of variety of different controlling influences at the apo(a) locus.
th alleles were Recent haplotype analysis using four polymorphic sites has re-
nal post-trans- vealed that there are usually multiple alleles of each size (15e),
ases the other and the results presented here suggest that many of these could
aese the Lp(a) contain sequence differences that affect transcription or later
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Figure 12. Lp(a)-apoB concentrations associated with the apo(a) isoforms in FH (a), hyperlipidemic (b) and normal (c) subjects. Apportioned
Lp(a)-apoB values were obtained for 98 FH subjects and 56 hyperlipidaemic (non-FH) subjects attending Lipid Clinics in London and for 51
normal subjects (see Methods). In each case the solid line represents the exponential line of best fit for the points shown, and the broken line
the exponential line of best fit from the mean family values given in Fig. l b.
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processing. If so, this raises the possibility that there may be
distinct subpopulations of apo(a) alleles. The clustering of
points on the diagrams relating Lp(a) concentration to apo(a)
isoform supports such a possibility. In particular the frequency
distribution of isoforms associated with high concentrations of
Lp(a) suggests the presence of at least two groups, each con-

taining a range of sizes with similar regulatory elements. There
was a lower proportion of the highly expressed, small isoform
group in the limited number of normal subjects studied, indi-
cating that there could have been a fortuitous, if not unex-

pected, selection in the families and lipid clinic populations
that allowed the presence of the subgroups to be revealed. On
the other hand, a recent larger study of over 800 normal white
subjects showed a bimodal distribution ofapo(a) isoforms (9).
Interestingly the frequency of the small isoforms was much
lower in a population of black subjects (9). Thus the presence

of these putative subgroups may vary between different ethnic
populations, providing a possible explanation for the marked
differences observed in the distribution of Lp(a) concentra-
tions (17).

The apportioned values for Lp(a) concentration followed
the general inverse trend with isoform size that has been de-
duced from phenotyping studies (7). As was observed previ-
ously for single isoform subjects ( 18) and also for the abun-
dance ofapo(a)-mRNA in human liver ( 19), the relationship
between concentration and size was not linear. It is possible
that the trend reflected the cumulative effect of a series of sub-
populations. However, the smooth rise, even within the pre-

dicted subpopulations, suggests that it is more likely to result
from an effect of size upon mRNA and protein stability, which
is superimposed upon the other factors that give rise to the
variation in concentrations observed for each sized isoform.

The ability to identify potential subpopulations and atypi-
cally expressed alleles provides a basis on which to examine
more closely the factors that determine plasma Lp(a) concen-

Figure 13. Total numbers of each apo(a) isoform. Values shown are

the total number of isoforms with associated Lp(a)-apoB concentra-
tions above (a) or below (b) the exponential line ofbest fit that was
obtained in the family studies (Fig. 11 b). They include the separate
isoforms identified in the families and in the Lipid Clinic and normal
populations (see Methods).

trations. This will be facilitated at the gene level by the recent
identification of the apo(a)-promoter region and of polymor-
phisms along the gene ( 15, 20, 21 ). It will also be important to
investigate the environmental and genetic causes of the varia-
tion in Lp(a) concentration associated with the same apo(a)
allele. Although this is not statistically the major determinant
of the final concentration (10), even a small difference in an

already high value could have significant physiological effects.
Elucidation of the factors that can influence Lp(a) concentra-
tions, within this limited range, could have considerable clini-
cal implications.
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