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The apolipoprotein(a) gene: Linkage disequilibria at three
loci differs in African Americans and Caucasians
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Abstract

Lipoprotein(a) (Lp(a)) is an independent, genetically regulated cardiovascular risk factor. Lp(a) plasma levels are largely determined by
the apolipoprotein(a) (apo(a)) component, and differ across ethnicity. Although a number of polymorphisms in the apo(a) gene have been
identified, apo(a) genetic regulation is not fully understood. To study the relation between apo(a) gene variants, we constructed haplotypes and
assessed linkage equilibrium in African Americans and Caucasians for three widely studied apo(a) gene polymorphisms (apo(a) size, +93 C/T
and pentanucleotide repeat region (PNR)). Apo(a) size allele frequency distributions were different across ethnicity (p < 0.01). For African
Americans, PNR frequencies were similar across apo(a) sizes, suggesting linkage equilibrium. For Caucasians, the PNR and the PNR–C/T
haplotype frequencies differed for large and small apo(a), with the T and PNR 9 alleles associated with large apo(a) size (p < 0.0002); also,
the PNR 9 allele was more common on a T allele, while PNR 8 was more common on a C allele. On a C allele background, small PNR
alleles were more common and the PNR 10 allele less common among African Americans than Caucasians (p < 0.001). The ethnic difference
in apo(a) size distribution remained controlling for C/T and PNR alleles (p = 0.023). In conclusion, allele and haplotype frequencies and the
nature of the linkage disequilibrium differed between African Americans and Caucasians at three apo(a) gene polymorphisms.
© 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Apolipoprotein(a), apo(a), is the defining component of
lipoprotein(a), Lp(a), an independent, genetically regulated
risk factor for cardiovascular disease [1–6]. The apo(a) gene,
a major predictor of Lp(a) plasma levels, has a limited species
distribution and has been detected only in humans, Old World
primates and in the hedgehog, although in the latter, apo(a)
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is molecularly distinct from the first two [1,7,8]. Multiple
genetic variants have been described for the apo(a) gene,
among which a size variation, due to a variable number of
repeats coding for a so-called kringle region [kringle 4 (K4)]
to a major extent impact plasma Lp(a) levels [9–11]. Fur-
ther, Lp(a) levels vary across African American–Caucasian
ethnicity, with levels generally higher among the former
[12–17]. Although the apo(a) size polymorphism is an impor-
tant predictor of Lp(a) levels with an inverse relationship
between apo(a) size and Lp(a) levels, the latter vary consider-
ably among individuals carrying apo(a) isoforms of the same
size, implicating the presence of other predictors [15,18,19].
Beyond the apo(a) size variation, two other polymorphisms,
an 1 kb upstream pentanucleotide repeat region (PNR) with
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5 to 12 TTTTA repeats in the 5′-flanking region of the gene,
and a C/T polymorphism at +93 in the promotor region have
been studied widely [20–25]. We have previously reported on
the PNR, C/T, and apo(a) gene size polymorphisms as predic-
tors of allele-specific apo(a) levels and dominance pattern in
Caucasians and African Americans [13,26]. However, there
is a void of information on haplotypes. Although a number
of apo(a) polymorphisms have been described, information
based on the three studied polymorphisms would provide
insight into the relationship between these common gene vari-
ants, and provide a basis to deduce haplotype distributions in
the two ethnic groups.

2. Methods

2.1. Study population

Subjects were recruited from a multiethnic patient popu-
lation scheduled for diagnostic coronary arteriography either
at Harlem Hospital Center in New York City or at the Mary
Imogene Bassett Hospital in Cooperstown, NY. Briefly, a
total of 648 patients, 401 men and 247 women, ethnically
self-identified as 344 Caucasians, 232 African Americans,
and 72 Other, were enrolled. Data on apo(a) allele sizes
were available in 430 subjects (263 Caucasians, 167 African
Americans). The +93 C/T and PNR polymorphisms were
determined from DNA samples in 354 subjects (215 Cau-
casians and 139 African Americans), with complete data
available in 264 subjects (160 Caucasian and 104 African
American). The design of the Harlem–Bassett study, the
recruitment procedure and the clinical characteristics of the
subjects have been described previously [13,15,27]. The
study was approved by the Institutional Review Boards
at Harlem Hospital, the Mary Imogene Bassett Hospital,
Columbia University College of Physicians and Surgeons,
and University of California Davis. Informed consent was
obtained from all participants. Details of the determination
of the apo(a) size, C/T and PNR repeat polymorphisms are
given elsewhere [13,26,28].

2.2. Allele frequency distributions

The complete apo(a) size genotype distributions for Cau-
casians and African Americans are given in the online
Appendix tables. The homozygotes as well as subjects with
size difference of 1 K4 repeat are shown in bold and under-
lined, respectively. For the C/T and PNR polymorphisms,
allele frequencies were compared between Caucasians and
African Americans by χ2 analysis. For the gene size polymor-
phism, the large number of alleles necessitated a modifica-
tion. First, an overall comparison was done by computing the
cumulative frequency distributions for the two ethnic groups
using the Kolmogorov–Smirnov test [29]. Secondly, allele
sizes were grouped into four ranges reflecting the largest eth-
nic differences in the cumulative frequency distribution and

proportions in the ranges compared using χ2 analysis.

2.3. Haplotypes

To estimate the apo(a) size distribution on T and C alle-
les or on PNR alleles (or PNR distribution on the T allele),
it was necessary to determine haplotypes. As haplotypes are
ambiguous in subjects heterozygous at two or at all three loci
we estimated haplotypes for double and triple heterozygotes
as described in detail in the Appendix. Briefly, the primary
data are the number of subjects with each multi-locus geno-
type. To estimate the haplotype frequencies from the primary
data, we derived formulas for the probability of observing
each multi-locus genotype from haplotype frequencies. For-
mally, there are two cases: (1) with homozygous genotypes
at all loci and (2) with one or more heterozygous loci. For
subjects homozygous at either or both of two loci (or at two
or three of three loci), haplotypes were determined without
the need for estimation. To perform haplotype estimation
for subjects with heterozygous loci, we developed soft-
ware, available online at http://www.biomath.info/poolfit.
For incomplete data, haplotypes over unobserved loci were
added up as described in detail in the Appendix. The com-
plexity in enumerating the possible haplotype pairs for
each multi-locus genotype, the weighting and the multiple
subgroups made this estimation problem intractable with
available commercial software packages, prompting us to
modify POOLFIT, an existing program which we had devel-
oped for fitting lipoprotein tracer data by nonlinear weighted
least squares, writing special code for haplotypes, available
online at http://www.biomath.info/poolfit.

As the T allele frequency was very low in African
Americans, C/T haplotypes were not calculated for this
group. In order to avoid very low haplotype frequencies that
would be poorly estimated, grouping of PNR or apo(a) size
alleles, respectively, was performed. Estimated haplotype
frequencies were used to resolve ambiguities regarding
double or triple heterozygotes prior to testing for linkage
disequilibrium.

2.4. Linkage disequilibrium

Linkage disequlibrium between the C/T and PNR loci
in Caucasians was studied by comparing the PNR allele
distributions on a C vs. T allele background. For subjects
homozygous at either or both loci, haplotypes were known
unambiguously and the distributions could be determined
directly. For example, the 22 Caucasian subjects homozy-
gous for the C allele with a PNR 8/9 genotype contributed 22
PNR 8 and 22 PNR 9 alleles on the C allele background. For
double heterozygotes, the haplotype frequencies, estimated
as described above, were used: if fC8, fC9, fT8, fT9 are the fre-
quencies of the four possible haplotypes for subjects double
heterozygous subjects with a C/T and a PNR 8/9 genotype,
the fraction of C alleles in the double heterozygotes that carry
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