J c I The Journal of Clinical Investigation

Comparative analysis of the apo(a) gene, apo(a) glycoprotein, and
plasma concentrations of Lp(a) in three ethnic groups. Evidence for
no common "null” allele at the apo(a) locus.

A Gaw, E Boerwinkle, J C Cohen, H H Hobbs

J Clin Invest. 1994;93(6):2526-2534. https://doi.org/10.1172/JCI117263.

Research Article

Distributions of plasma lipoprotein(a) (Lp[a]) concentrations exhibit marked interracial differences. Apolipoprotein(a) (apo[a]), the unique
constituent of Lp(a), is highly polymorphic in length due to allelic variations in the number of kringle 4(K-4)-encoding sequences. Plasma
Lp(a) concentrations are inversely related to the number of K-4 repeats in the apo(a) alleles. To determine the contribution of this length
variation to the interracial variation in plasma Lp(a) levels, we compared apo(a) allele size, glycoprotein size, and plasma Lp(a)
concentrations in Caucasians, Chinese, and African Americans. Caucasians and African Americans had very different distributions of
plasma Lp(a) concentrations yet there was no significant difference in the overall frequency distributions of their apo(a) alleles. Over the
entire size spectrum of apo(a) alleles, the plasma Lp(a) levels were higher in African Americans than in Caucasians. Conversely,
Caucasians and Chinese had similar plasma Lp(a) concentrations but significantly different apo(a) allele size distributions. Therefore,
interracial differences in the plasma concentrations of Lp(a) are not due to differences in the frequency distributions of apo(a) alleles. We
also examined the relationship between apo(a) allele size and the presence of detectable plasma apo(a) protein in plasma. Apo(a) alleles
associated with no detectable plasma protein were not of uniformly large size, as had been expected, but were distributed over the entire
size spectrum. From this analysis, we conclude that there is no [...]

Find the latest version:

https://jci.me/117263/pdf



http://www.jci.org
http://www.jci.org/93/6?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI117263
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/117263/pdf
https://jci.me/117263/pdf?utm_content=qrcode

Comparative Analysis of the Apo(a) Gene, Apo(a) Glycoprotein,
and Plasma Concentrations of Lp(a) in Three Ethnic Groups
Evidence For No Common “Null” Allele at the Apo(a) Locus

Allan Gaw, * Eric Boerwinkle,* Jonathan C. Cohen,? and Helen H. Hobbs *
* Departments of Molecular Genetics and Internal Medicine and *Center for Human Nutrition, University of Texas Southwestern Medical
Center, Dallas, Texas 75235, and *Center for Demographic and Population Genetics, University of Texas Health Science Center,

Houston, Texas 77225

Abstract

Distributions of plasma lipoprotein(a) (Lp[a]) concentrations
exhibit marked interracial differences. Apolipoprotein(a)
(apo[a]), the unique constituent of Lp(a), is highly polymor-
phic in length due to allelic variations in the number of kringle
4(K-4)-encoding sequences. Plasma Lp(a) concentrations are
inversely related to the number of K-4 repeats in the apo(a)
alleles. To determine the contribution of this length variation to
the interracial variation in plasma Lp(a) levels, we compared
apo(a) allele size, glycoprotein size, and plasma Lp(a) concen-
trations in Caucasians, Chinese, and African Americans. Cau-
casians and African Americans had very different distributions
of plasma Lp(a) concentrations yet there was no significant
difference in the overall frequency distributions of their apo(a)
alleles. Over the entire size spectrum of apo(a) alleles, the
plasma Lp(a) levels were higher in African Americans than in
Caucasians. Conversely, Caucasians and Chinese had similar
plasma Lp(a) concentrations but significantly different apo(a)
allele size distributions. Therefore, interracial differences in
the plasma concentrations of Lp(a) are not due to differences in
the frequency distributions of apo(a) alleles.

We also examined the relationship between apo(a) allele
size and the presence of detectable plasma apo(a) protein in
plasma. Apo(a) alleles associated with no detectable plasma
protein were not of uniformly large size, as had been expected,
but were distributed over the entire size spectrum. From this
analysis, we conclude that there is no common “null” allele at
the apo(a) locus. (J. Clin. Invest. 1994. 93:2526-2534.) Key
words: apolipoprotein(a) ¢ lipoprotein(a) ¢ polymorphism e
Caucasian ¢ Chinese ¢ African American

Introduction

Lipoprotein(a) (Lp[a]),! a cholesterol ester-rich lipoprotein,
is a derivative of low density lipoprotein (LDL), with distinct
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structural, epidemiological, and genetic properties (1, 2).
Lp(a) contains a particle of LDL to which is attached a large,
hydrophilic glycoprotein, apolipoprotein(a) (apo[a]). Plasma
levels of Lp(a) vary over a 1000-fold range among individuals
in a population but remain remarkably constant within an indi-
vidual over time (3). In both Caucasian and Oriental popula-
tions, elevated plasma levels of Lp(a) confer a 1.5-3-fold in-
crease in the risk of coronary atherosclerosis (4-7). Because of
the association between high plasma Lp(a) concentrations and
coronary artery disease, the factors controlling plasma Lp(a)
concentrations have been extensively studied over the last five
years.

Soon after the discovery of Lp(a), family studies suggested
that its plasma levels were highly heritable (8). The apo(a)
gene was implicated as a major determinant of plasma Lp(a)
levels when it was noted that the apo(a) glycoprotein varied in
size over a wide range and that its size tended to be inversely
related to plasma concentrations of Lp(a) (1, 9). The molecu-
lar mechanism responsible for this size variation is length poly-
morphism in the apo(a) gene (10). The apo(a) gene contains
several tandem repeats of a 5.5-kb sequence encoding a cys-
teine-rich protein motif resembling the kringle 4 (K-4) of plas-
minogen (11). The number of K-4 domain repeats in different
apo(a) alleles varies from 12 to 51 (12). Approximately 94% of
Caucasians have two apo(a) alleles that contain different num-
bers of K-4 repeats (10). This highly informative length poly-
morphism has been used in family studies to examine the rela-
tionship between apo(a) genotype and plasma concentrations
of Lp(a). It has been estimated that in Caucasians, ~ 90% of
the inter-individual variation in plasma Lp(a) levels is ex-
plained by sequence differences at, or closely linked to, the
apo(a) locus (13). To date, this finding has not been extended
to other racial groups, which is important since the distribu-
tions of plasma Lp(a) levels exhibit marked interracial vari-
ability.

In Caucasians and Chinese, the distribution of plasma
Lp(a)is highly skewed towards lowerlevels (2, 4, 14-16). How-
ever, in Africans and African Americans, the distribution curve
of plasma Lp(a) levels has a more Gaussian shape (1, 14-20)
and on average, African Americans have 2-3-fold higher
plasma concentrations of Lp(a) than either Caucasians or Chi-
nese. The factors responsible for the racial differences in distri-
bution of Lp(a) levels have not been identified, but previous
studies have suggested that differences in apo(a) isoform size
distributions are not solely responsible (14-16, 18). The use of
apo(a) isoforms in such studies is problematic, however, be-
cause standard immunoblotting methods cannot detect pro-
tein products from all apo(a) alleles. In fact, in only one out of
eleven ethnic groups in which apo(a) allele frequencies have
been calculated were the alleles in Hardy-Weinberg equilib-
rium (16, 18).



In this study, we used high resolution apo(a) genotyping
and phenotyping systems ( 12) to evaluate the relationship be-
tween apo(a) gene structure, apo(a) glycoprotein size, and
plasma concentrations of Lp(a) in three racial groups: Cauca-
sians, Chinese, and African Americans. This is the first study in
which apo(a) gene structure, apo(a) glycoprotein size, and
plasma Lp(a) levels have been simultaneously analyzed in any
population.

Methods

Plasma and lipoprotein analysis. Fasting blood samples were collected
into Na, EDTA tubes from a total of 381 unrelated individuals residing
within 50 miles of Dallas, TX. Plasma was isolated by low speed centrif-
ugation and stored at —70 °C. Plasma Lp(a) concentrations were mea-
sured within 2 mo of collection at GeneScreen (Dallas, TX) using an
enzyme-linked immunosorbent sandwich assay (ELISA) (21). The
capture antibody used in the assay was a polyclonal rabbit anti-human
Lp(a) antibody and the detection antibody was a mouse monoclonal
anti-human apo(a) antibody, IgG-1A2, provided by Dr. Gerd Uter-
mann (University of Innsbruck, Innsbruck, Austria). Total cholesterol
and triglyceride levels and plasma lipoprotein concentrations were as-
sayed on fresh plasma in the laboratory of Dr. Scott Grundy (UT South-
western Medical Center, Dallas, TX) according to the protocols of the
Lipid Research Clinics (22).

Apo (a) isoform determination by immunoblotting. Apo (a) iso-
form analysis was performed using a modification of the immunoblot-
ting method described by Kamboh et al. (23). A 12.5-ul aliquot of
plasma was mixed with 30 ul reducing buffer (1:2:10 ratio of 8-mercap-
toethanol, 0.5% [wt/vol] bromophenol blue in 5% [vol/vol] glycerol,
5% [wt/vol] SDS) and boiled for 5 min. A 10-ul aliquot was loaded
onto a 2% agarose gel (15 X 25 cm) in 90 mM Tris-HCl, 90 mM boric
acid, 2 mM Na,EDTA and 0.1% (wt/vol) SDS. Electrophoresis was
performed in a horizontal gel apparatus (BRL Life Technologies,
Gaithersburg, MD) in 45 mM Tris-HCl, 45 mM boric acid, 2 mM
Na,EDTA and 0.1% (wt/vol) SDS for 17 h at 120 V at 4°C. After
electrophoresis, proteins were transferred to a supported nitrocellulose
membrane (Hybond ™-C extra, Amersham, Arlington Heights, IL) by
electroblotting using a Hoefer Transphor Cell (Hoefer Scientific In-
struments, San Francisco, CA) at 90 V for 3 h in 10 mM Tris-HCl, 40
mM glycine and 5% (vol/vol) methanol at 4 °C. The membrane was
incubated in TBS (0.5 M NaCl and 35 mM Tris-HCl, pH 7.4), 5%
(wt/vol) powdered skimmed milk and 0.2% (vol/vol) Tween 20 for 1
h before a 30-min incubation in TBS plus 1% (vol/vol) NP-40 and 400
pg/ml mouse monoclonal anti-human apo(a)-specific antibody IgG-
1A% (21), which had been conjugated to horseradish peroxidase (24).
IgG-1A?is directed against the common K-4 repeat, i.e., the type A and
type B K-4 repeat, (reference 11 and Dr. Gerd Utermann, personal
communication). The membrane was washed four times in 100 ml
washing buffer (TBS plus 1% [vol/vol] NP-40, 0.5% [wt/vol] deoxy-
cholic acid and 0.1% [wt/vol] filtered SDS) and then developed by
using ECL™ Western blot detection reagent (Amersham) and sub-
jected to autoradiography using X-OMAT™ AR film (Eastman Ko-
dak Co., Rochester, NY) for 1-10 min.

To determine the sensitivity of the assay, serial dilutions of plasmas
with apo(a) alleles of various size were examined by immunoblotting.
All isoforms with plasma Lp(a) concentration of > 0.1 mg/dl were
detected (data not shown). The sensitivity of the immunoblotting de-
tection system was the same irrespective of apo(a) isoform size. In
addition, on a subset of 15 plasma samples, we also performed immuno-
blotting using a monoclonal anti-peptide antibody (10C5) directed
against an epitope in the protease domain of the apo(a) glycoprotein.
Both antibodies gave signals of equal relative intensity and no isoforms
that were undetectable by 1A?2 were revealed using 10C5.

Apo(a) genotype determination by pulsed-field gel electrophoresis
and genomic blotting Apo(a) alleles were examined using a modifica-
tion of the pulse-field gel electrophoresis procedures described by
Lackner et al. (10). Leukocytes were isolated from whole blood using
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LeucoPrep tubes (Becton, Dickinson & Co., Lincoln Park, NJ), em-
bedded in agarose plugs, and stored at 4°C in 0.5 M Na, EDTA, pH
8.0. A 3-mm segment of the agarose—cellular plug was washed in 1
X TE (1 mM Na, EDTA, 10 mM Tris-HCl, pH 8.0) and incubated
twice for 2 h each with 100 U Kpnl or Hpal (New England Biolabs,
Beverly, MA) in 70 gl of the buffer suggested by the manufacturer (10,
12). The plugs were subjected to transverse alternating gel electrophore-
sis using a GeneLine II™ apparatus (Beckman Instruments, Inc., Ful-
lerton, CA). The pulse times were 4 s for 30 min followed by 6-s pulses
(150 V/350 mAmps) for 18 h. Low range PFG markers (New England
Biolabs) were used as size standards. The size-fractionated DNA was
blotted to a nylon membrane (ICN Biomedicals, Irvine, CA) and hy-
bridized with an [a-3?P]dCTP radiolabeled human apo(a) K-4-spe-
cific single-stranded fragment ( 10). The filters were washed for 1 h and
exposed to Kodak X-OMAT™ AR film with an intensifying screen
(Lightening Plus Dupont Co., Wilmington, DE) for 16 h at —70°C.
The apo(a) alleles were designated by the estimated number of K-4-
encoding sequences per allele (apo(a) K-12 to apo(a) K-51) (12).

Statistical methods. The overall shape of the distribution of plasma
Lp(a) concentrations was compared between populations using the
two-sample Kolmogorov-Smirnov test (25). The distributions of
plasma Lp(a), were clearly not normally distributed, therefore, non-
parametric rank-sum tests and Kruskal-Wallis tests (25) were used to
compare median Lp(a) levels between racial groups.

Because of the large number of apo(a) phenotypes relative to the
numbers of individuals in this sample, traditional chi-square goodness-
of-fit test and chi-square tests of independence were inappropriate. A
goodness-of-fit test to Hardy-Weinberg expectations was carried out
using a computerized permutation algorithm described by Guo and
Thompson (26). Comparisons of apo(a) isoform and phenotype fre-
quencies among races were carried out using a Monte Carlo simulation
method to derive P values for Fisher’s exact test (27).

The relationship between the apo(a) polymorphism and plasma
Lp(a) concentrations was analyzed in several ways. The contribution
of the apo(a) genotypes to the inter-individual variance in plasma
Lp(a) concentrations was estimated using the adjusted R? from an
analysis of variance (28). The Spearman’s rank correlation (25) be-
tween the sum of the number of K-4 repeats represented in an individ-
ual’s genotype and their plasma Lp(a) level was calculated. These rank
correlations were compared between populations using Fisher’s z-
transformation.

Results

Venous blood was obtained from 174 unrelated American
Caucasians (86 men, 88 women), 101 unrelated Chinese (46
men, 55 women), and 106 unrelated African-Americans (20
men, 86 women). All subjects were selected at random from
healthy individuals living in the Dallas-Fort Worth area. The
only selection criteria were that all Caucasians and African
Americans had to be born in the United States and all Chinese
had to be born in Mainland China or Taiwan. Some data from
103 of the 174 Caucasians were included in a prior publication
(10). Four Caucasians, 17 Chinese and 12 African Americans
were postmenopausal at the time of sampling. A description of
the characteristics of the three samples is given in Table L.
There was no significant difference in the ages, or plasma levels
of total cholesterol or LDL-cholesterol(C) of the three groups.
The African Americans had slightly lower plasma concentra-
tions of triglyceride and higher concentrations of high density
lipoprotein HDL (C) than the other two racial groups.

The distribution of plasma Lp(a) concentrations in each of
the three racial groups is shown in Fig. 1. The characteristics of
the distributions of plasma Lp(a) levels were compared in the
three populations (Table II). In all populations, the plasma
Lp(a) concentrations varied over a wide range. As reported
previously, (14-16, 18) the plasma levels of Lp(a) were more
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Table I. Description of the Samples from Each
of the Three Populations

Table II. Description of Plasma Lp(a) Concentrations in U.S.
Caucasians, Chinese, and African Americans

Plasma levels (mg/dl)

Race n Age Chol.* Triglyceride LDL-C HDL-C
yr
Caucasian 174 3849 195+62 130+93 119+34  50+14
Chinese 101 44+16 190+34 141108 117430 5113
African
American 106  39+10  195+39 100+56 126+37  55+13

* All values are given as means+SD.

highly skewed towards the lower range in the Chinese (skew
= 3.77) and Caucasians (skew = 1.33) than in the African
Americans (skew = 0.84). There was only a marginal statistical
difference between the overall distribution of plasma Lp(a)
levels (Kolmogorov-Smirnov, P = 0.06) between the Chinese
and Caucasians; the distributions in both populations were sig-
nificantly different from the African Americans. (P < 0.001).
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Figure 1. Frequency distributions of plasma Lp(a) concentrations in
three populations. Plasma Lp(a) levels were measured in 381 subjects
by a sandwich ELISA, as described in Methods. The width of each
bar corresponds to a plasma Lp(a) concentration interval of 7.8 mg/
dl.
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Standard
Race Mean Median deviation Skew Kurtosis Min. Max.
mg/dl  mg/dl mg/dl mg/dl  mgydl
Caucasian 17.9 9.0 19.1 1.33 422 <1 88.0
Chinese 14.7 8.0 21.1 3.77 22.27 <1 156.0
African

American  37.7 33.0 26.9 0.84 333 <1 120.0

In the Caucasians and Chinese, > 45% of the individuals had
plasma Lp(a) concentrations less than 9 mg/dl whereas only
12% of the African Americans had plasma Lp(a) levels in this
range. In the African Americans, the distribution of plasma
Lp(a) concentrations was relatively uniform up to ~ 50 mg/
dl, whereas in the other two populations there was a dramatic
decrease over this range (Fig. 1).

Since plasma Lp(a) concentrations in the three popula-
tions were not normally distributed, the median rather than
mean plasma Lp(a) concentrations was used to compare lev-
els. There was no significant difference in median plasma
Lp(a) levels in the Caucasian and Chinese populations (Krus-
kul-Wallis, P = 0.21). In the African Americans, the average
plasma concentration of Lp(a) was 2-3-fold higher than in the
other two racial groups.

The K-4 encoding region of the apo(a) alleles was analyzed
using pulsed-field gel electrophoresis and genomic blotting
(12). The alleles were classified according to the estimated to-
tal number of K-4 repeats contained within their sequences
(apo(a)12-apo(a)51). The observed genotype frequencies in
each of the racial groups was consistent with Hardy-Weinberg
expectations (26). The distributions of apo(a) alleles in the
three populations are shown in Fig. 2. In both the Caucasians
and African Americans, the distributions of apo(a) alleles were
remarkably symmetrical and they were not significantly differ-
ent from each other (Fisher exact test, P = 0.17). However, the
distributions of apo(a) alleles in the Caucasians and African
American were significantly different from the Chinese (P
<0.001). In the Chinese population, the mean size of the
apo(a) alleles was significantly larger than in the other two
groups.

Due to the large number of different sized alleles in these
populations, post hoc statistical comparisons of the frequencies
of individual alleles must be viewed with caution. Nonetheless,
some striking differences were apparent. A single apo(a) allele,
apo(a)-33, comprised 20% of the alleles in the Chinese sample,
whereas the most frequent allele in either the Caucasians or the
African Americans contributed only 10% to the alleles in these
populations. The high frequency of a single apo(a) allele in the
Chinese suggests that the heterozygosity index in this popula-
tion should be lower. This was indeed the case. The observed
frequency of individuals homozygous for apo(a) alleles of
identical size was highest in the Chinese (5.5%) and lowest in
the Caucasians (2.9%) with the African Americans having an
intermediate level (4.7%).

The relationship between apo(a) allele genotypes and
plasma concentrations of Lp(a) was examined in each popula-
tion (Fig. 3). The apo(a) genotypes are represented on the
floor (x and y axes) of the 3-D diagram. The vertical bars (z
axis) represent the median plasma concentrations of Lp(a) for
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Figure 2. Frequency distributions of apo(a) alleles in three popula-
tions. Apo(a) allele size (number of K-4 repeats) was estimated using
pulsed-field gel electrophoresis and genomic blotting, as described in
the Methods.

all individuals with a given apo(a) genotype. Although the pat-
terns of apo(a) genotypes differed among the three popula-
tions, there was a similar inverse relationship between the size
of the apo(a) alleles and the plasma concentration of Lp(a), as
indicated by the decrease in the height of the bars from left to
right. The Spearman rank correlation values for the relation-
ship between the sum of the apo(a) allele sizes (i.e., total num-
ber of K-4 repeats ) and the plasma levels of Lp(a) were remark-
ably similar in the three populations: —0.49 (Caucasians and
African Americans) and —0.53 (Chinese). The Chinese group
had a significantly different “footprint pattern” on the floor of
the graph from the other two populations, reflecting the differ-
ence in apo(a) allele frequencies (noted above). The Cauca-
sians and African Americans had more similar “footprint pat-
terns”, but had distinctly different “skyline patterns,” that is,
for almost all apo(a) genotypes, the African Americans had
higher median plasma Lp(a) levels than the Caucasians. While
not apparent from this figure, it should be noted that the vari-
ance in plasma Lp(a) levels for each genotype was higher in
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African Americans (¢ = 664) than in the Caucasians (o2
= 166) or Chinese (¢ = 133).

The higher variance in plasma Lp(a) levels in the African
Americans is made more obvious if the total number of K-4
repeats is related to the plasma concentrations of Lp(a) (Fig.
4). In all three populations distribution of plasma Lp(a) levels
vs. total number of K-4 repeats was triangular in appearance.
The relationship between apo(a) allele size and plasma Lp(a)
level is not linear over the entire range. The relationship ap-
pears to be biphasic; Caucasian and Chinese individuals with
Z 65 K-4 repeats had uniformly low plasma concentrations of
Lp(a) (Fig.4). The variability in plasma Lp(a) concentrations
was greater among individuals with fewer rather than more K4
repeats, and the variability was greatest in the African Ameri-
cans. This effect may be explained in part by the fact that those
individuals with fewer K-4 repeats comprise more than one
group of individuals—those with one large and one small
apo(a) allele, or those with two medium sized alleles. In con-
trast, almost all the individuals with a larger total number of
K-4 repeats (e.g., > 65) constituted a more uniform group be-
cause their K-4 complement could only result from the addi-
tion of two large alleles, and not a very small plus a very large
allele because such alleles (< 12 or > 51 K-4 repeats) were not
observed in this study.

We next examined the relationship between apo(a) allele
size and the presence of detectable apo(a) glycoprotein in
plasma. The apo(a) isoforms were analyzed by immunoblot-
ting in the entire Chinese group, in all but six of the African
Americans, and in 155 of the 174 Caucasians. Immunoblotting
data were not obtained in 25 subjects (six African Americans
and 19 Caucasians) because blood samples were obtained from
these individuals before the development of the more sensitive
immunoblotting technique. The alleles were classified into two
groups based on whether or not there was clearly detectable
plasma apo(a) protein present on immunoblotting. We
showed by the analysis of serial dilutions of plasma samples of
known Lp(a) concentration that apo(a) alleles associated with
a plasma concentration of Lp(a) = 0.1 mg/dl were invariably
detectable. Only those apo(a) alleles in which no protein prod-
uct was identified by immunoblotting (i.e., associated with
plasma Lp(a) concentrations < 0.1 mg/dl) are refered to as
“null” alleles and are included in Fig. 5. Since future refine-
ment of the immunoblotting technique may reveal protein
products that are presently undetectable, we have qualified our
designation of null alleles by using quotation marks.

The frequency of apo(a) alleles with undetectable protein
products was highest in the Caucasians (28.6% ), and was simi-
lar in the African Americans and Chinese, 14.0% and 13.4%,
respectively). The frequency of individuals who had no detect-
able apo(a) protein by immunoblotting was 5.7% in the Cau-
casians, 2.0% in the Chinese and 2.8% in the African Ameri-
cans. In all three populations, the frequency distribution of
alleles associated with trace to no detectable apo(a) protein
(i.e., < 0.1 mg/dl Lp[a]) was similar to the frequency distribu-
tion of alleles associated with detectable apo(a) protein (i.e.,
> 0.1 mg/dl Lp[a]). Thus, despite the overall relationship be-
tween apo(a) allele size and plasma Lp(a) level in all three
populations, the frequency of low expressing alleles was not
skewed towards the larger alleles, as might have been expected
based on the overall relationship between apo(a) allele size and
plasma level of Lp(a).

Finally, we examined the relationship between apo(a) al-
lele size and plasma level of Lp(a) in the subset of individuals
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Figure 4. Relationship between the sum of K-4 repeats in the apo(a)
alleles and plasma Lp(a) concentration in three populations. The
total number of K-4 repeats from each individual, obtained by sum-
ming both apo(a) allele sizes, is plotted against the individual plasma
Lp(a) concentrations.

who had one allele which expressed no, or only trace, amounts
of immunodectable apo(a) protein. For this analysis, we as-
sume that essentially all of the plasma Lp(a) measured by the
ELISA is the product of a single expressing allele (Fig. 6).
Again, in the Caucasians, there was a distinct triangular rela-
tionship between Lp(a) level and the size of the expressing
allele. Apo(a) alleles with less than 25 K-4 repeats showed
much greater variability in the associated plasma Lp(a) levels.
Apo(a) alleles with greater than 28 K-4 repeats consistently
were associated with plasma Lp(a) levels less than 10 mg/dl.
There were too few individuals with single expressing alleles in
the Chinese or African Americans to make any definitive com-
ments about the relationship to plasma Lp(a) level, although
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the pattern in both groups also appears to be triangular, espe-
cially in the African American subset (Fig. 6).

Discussion

This is the first study in which the apo(a) gene structure,
apo(a) glycoprotein size, and plasma concentration of Lp(a)
have been compared in any population. The apo(a) genotype
frequencies in all three racial groups were in accordance with
Hardy-Weinberg equilibrium, which is consistent with the sam-
ples studied being representative of the populations from
which they were drawn. This is in contrast to the findings of
previous studies that examined the size distribution of apo(a)
alleles indirectly by examining the apo(a) isoforms (16, 18). In
those studies, not all apo(a) allele protein products were de-
tected, as indicated by the high estimated frequency of null
alleles and the large number of subjects with only a single visi-
ble isoform. Direct analysis of the apo(a) gene obviates the
problems associated with nondetection of apo(a) allele protein
products when trying to assess the apo(a) genotype frequency.

Caucasian

Alleles associated with <0.1mg/di Lp(a) (n=88)
[ Atleles associated with 20.1mg/d1 Lp(a) (n=220)

Chinese

(n=27)
W (n=175)

Relative Frequency

o
Il

African-American

197 22 (n28)
M (n=172)

5 .
oA

10 15 20 25 0 35 40

Apo(a) Alleles
(No. of K-4 Repeats)

Figure 5. Frequency distributions of expressing and non-expressing
apo(a) alleles in three populations. Apo(a) allele and isoform sizes
were both determined in each subject. The relative frequencies of
apo(a) alleles associated with detectable protein (i.e., = 0.1 mg/dl
plasma Lp[a]) and non-detectable protein (i.e., < 0.1 mg/dl plasma
Lp[a]) are plotted according to race. In all populations, the non-ex-

pressing alleles are spread throughout the entire spectrum of apo(a)
allele sizes.
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Figure 6. Relationship between the size of a single expressing apo(a)
allele and plasma Lp(a) concentration in three populations. A num-
ber of individuals in each racial group had only a single expressing
apo(a) allele (Caucasians, n = 68; Chinese, n = 23; African Ameri-
cans, n = 27). The sizes (number of K-4 repeats) of these apo(a)
alleles are plotted against the corresponding plasma Lp(a) concen-
trations revealing a similar pattern for each racial group as that illus-
trated in Fig. 4.

Consequently, in this study two apo(a) alleles of different sizes
were observed in 97% of Caucasians, 95% of Chinese and 94%
of African Americans.

A major finding of this study is that the differences in
plasma concentrations of Lp(a) in Caucasians, Chinese, and
African Americans are not due to in differences in the apo(a)
allele size distributions. This conclusion is evident from the
following observations: (a) the Caucasians and Chinese had
very similar distributions of plasma Lp(a) levels and yet had
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significantly different apo(a) allele distributions; and (b) the
African Americans had a distinctly different plasma Lp(a) dis-
tribution from the other two groups, yet their apo(a) allele size
distribution was not significantly different from the Cauca-
sians. The similarity in the distribution of apo(a) alleles in
Caucasians and African Americans cannot be solely attributed
to genetic admixture, since it has been estimated that only
~25% of the genes in African Americans are Caucasian in
origin (29). Admixture may contribute to the observed modest
skewing of African American plasma Lp(a) concentrations to
lower levels (Fig. 1).

It is striking that the relationship between apo(a) allele size
and plasma Lp(a) level was so similar in all three ethnic
groups. The uniformity of this relationship suggests a funda-
mental underlying biological mechanism. Interestingly, we
found that the relationship between apo(a) allele size and
plasma level of Lp(a) was almost identical with previous re-
ports based on the analysis of the apo(a) isoforms (14-16, 18).
The reason for this concordance has been elucidated by our
simultaneous analyses of the apo(a) gene and isoforms. It had
been anticipated, given the inverse relationship between
apo(a) allele size and plasma Lp(a) level, that the apo(a) al-
leles associated with no detectable circulating apo(a) would
have been of larger size, but this was not the case. The apo(a)
alleles which were associated with little to no apo(a) protein
had a very similar size distribution to those alleles with detect-
able protein products. Therefore, the apo(a) alleles undetected
by immunoblotting in prior studies (14-16, 18) did not bias
the relationship between apo(a) allele size and plasma Lp(a)
level.

There are two possible explanations for the fact that apo(a)
alleles associated with little or no plasma apo(a) protein are
distributed throughout the entire size spectrum. First, the
apo(a) alleles associated with very low concentrations of
plasma protein may be the result of several different mutations
that interfere with apo(a) synthesis or secretion. Given the
cysteine-rich nature of this protein, it is likely that even rather
conservative amino acid substitutions could disrupt proper
folding and subsequent transport of this protein out of the he-
patocyte (30). Alternatively, there may be a few common mu-
tations in the apo(a) gene which arose early in the gene’s evolu-
tion and now are associated with apo(a) alleles of widely vary-
ing sizes due to subsequent recombination at the locus.

It is interesting that the plasma levels of Lp(a) in the Chi-
nese population were not lower than the Caucasians, given the
shift of the apo(a) alleles to the larger sizes (Fig. 2). This is
probably due to the fact that a much larger percentage of
apo(a) alleles in the Caucasian population were associated
with little to no circulating apo(a) protein.

Despite the overall inverse relationship between apo(a) al-
lele sizes and plasma concentrations of Lp(a) in all three popu-
lations, there were notable exceptions to this general trend.
Apo(a) alleles containing fewer K-4 repeats tend to be asso-
ciated with higher plasma concentrations of Lp(a) but they can
also be associated with little to no detectable plasma apo(a).
There is considerably less variation in the plasma levels asso-
ciated with apo(a) alleles at the high end of the size spectrum.
In both the Caucasians and the Chinese, the apo(a) alleles
containing more than 28 K-4 repeats were uniformly asso-
ciated with low plasma levels of Lp(a) (i.e., < 10 mg/dl) (Fig.
6). This is consistent with the observation that apo(a) isoforms
of large size are processed inefficiently and secreted at very low



levels in primary cultures of baboon hepatocytes (31). How-
ever, it must be noted that in the African Americans, some very
large alleles are associated with significant amounts of plasma
Lp(a) protein (> 20 mg/dl). Therefore, there is no intrinsic
property of large apo(a) isoforms that precludes their synthesis
and secretion.

A possible confounding factor in this study is the relative
excess of women in the African American sample. In all popula-
tions studied to date there has been no significant difference
between plasma Lp(a) levels in men and women. The one
exception is postmenopausal women where plasma concentra-
tions of Lp(a) are increased by an average of 15% (32). To
ensure that the higher plasma Lp(a) levels in the African Amer-
ican population were not due to a relative excess of women in
the sample, the median plasma Lp(a) levels were compared in
the African American men and women and were found to be
not statistically different (30.5 men vs. 33.5 mg/dl women).
Similarly, when the sample was stratified to exclude African
American postmenopausal women and compared with the to-
tal female group of African Americans, the median level was
almost identical (32.5 vs. 33.5). Therefore, we are confident
that the results of this study are not biased significantly by the
differences in sex ratios.

In previous studies, the contributions of apo(a) allele size
polymorphism to inter-individual variations in plasma Lp(a)
levels have been calculated. However, these calculations are
based on the ratio between the variance in apo(a) allele size
and the variance in plasma Lp(a) level. As noted previously,
for almost every genotype, the plasma concentrations of Lp(a)
vary much more in the African Americans than in either of the
two other populations. Accordingly, the size polymorphism
appears to contribute much less to the inter-individual variabil-
ity in plasma concentrations of Lp(a) in the African Ameri-
cans due to the greater variance in plasma Lp(a) levels in this
population. Therefore, the significance of such calculations is
not clear.

A compelling question that remains unanswered by this
study is why African Americans have higher plasma concentra-
tions of Lp(a) than Caucasians despite the similar apo(a) allele
distributions. We can definitively state that the higher plasma
concentrations of Lp(a) in African Americans are not due to a
higher frequency of apo(a) alleles with fewer K-4 repeats. Nor
can we explain the higher plasma Lp(a) levels in African Ameri-
cans by their relatively lower frequency of “null” alleles.
Rather, high Lp(a) levels in African Americans appear to be
due to a more general mechanism. For almost every apo(a)
genotype, the African Americans had higher median plasma
levels of Lp(a) than did Caucasians or Chinese. To date, little is
known about the genetics of plasma Lp(a) concentrations in
African Americans. In Caucasians, the apo(a) gene, or se-
quences linked to it, contribute > 90% to the inter-individual
variation in plasma Lp(a) levels (13). The relative contribu-
tion of the apo(a) locus to plasma levels of Lp(a) in individ-
uals of African descent has not been determined. The fact that
the relationship between apo(a) allele size and plasma Lp(a)
level is similar in the African Americans and the Caucasians
suggests that sequences at the apo(a) locus contribute impor-
tantly to plasma levels of Lp(a) in the African American popu-
lation. If indeed the apo(a) gene is a major determinant of
plasma Lp(a) levels in African Americans, there appear to be
additional factors, genetic or nongenetic, that modify the effect
of the apo(a) allele size in this group.
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