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Abstract

The enormous interindividual variation in the plasma con-
centrations of the atherogenic lipoprotein(a) [Lp(a)] is al-
most entirely controlled by the apo(a) locus on chromosome
6q26-q27. A variable number of transcribed kringle4 re-
peats (K4-VNTR) in the gene explains a large fraction of
this variation, whereas the rest is presently unexplained. We
here have analyzed the effect of the K4-VNTR and of a
pentanucleotide repeat polymorphism (TTTTA)n (n = 6-
11) in the 5' control region of the apo(a) gene on plasma
Lp(a) levels in unrelated healthy Tyroleans (n = 130),
Danes (n = 154), and Black South Africans (n = 112). The
K4-VNTR had a significant effect on plasma Lp(a) levels
in Caucasians and explained 41 and 45% of the variation
in Lp(a) plasma concentration in Tyroleans and Danes,
respectively.

Both, the pentanucleotide repeat (PNR) allele frequen-
cies and their effects on Lp(a) concentrations were hetero-
geneous among populations. A significant negative correla-
tion between the number of pentanucleotide repeats and the
plasma Lp(a) concentration was observed in Tyroleans and
Danes. The effect of the 5' PNRPon plasma Lp(a) concen-
trations was independent from the K4-VNTR and explained
from 10 to 14% of the variation in Lp(a) concentrations in
Caucasians. No significant effect of the PNRPwas present
in Black Africans. This suggests allelic association between
PNRalleles and sequences affecting Lp(a) levels in Cauca-
sians. Thus, in Caucasians but not in Blacks, concentrations
of the atherogenic Lp(a) particle are strongly associated
with two repeat polymorphisms in the apo(a) gene. (J. Clin.
Invest. 1995. 96:150-157.) Key words: lipoprotein(a) * ath-
erosclerosis * kringle4 - population genetics * quantitative
trait

Introduction

The analysis of quantitative and complex traits in humans is still
a major challenge. The plasma concentration of lipoprotein(a)
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[Lp(a)]' is a remarkable example for a quantitative genetic
trait in humans (1). Concentrations vary over 1000-fold among
subjects in the population, but are very stable in healthy individ-
uals over time. The distribution of Lp(a) concentrations is het-
erogeneous across populations (1-3). Lp(a) consists of a low
density lipoprotein, (LDL) particle and a high molecular weight
glycoprotein designated apolipoprotein(a), [apo(a)] (1). The
latter exhibits a genetic size polymorphism with over 30 alleles,
which can be demonstrated at the DNA, RNA, and protein level
(4-8). This allelic variation is caused by a variable number of
tandemly repeated (VNTR) 5.6-kb modules, called kringles (6,
7), which are homologous to kringle4 from the plasminogen
gene (9).

Numerous studies have shown that elevated Lp(a) plasma
levels and small apo (a) isoforms are associated with premature
coronary heart disease and stroke and represent an inherited
risk for atherothrombotic disease (10, 11). Several in vitro
functions have been assigned to apo(a) and Lp(a). These in-
clude the function as an "interloper" into the fibrinolytic sys-
tem ( 12) and binding to fibrin ( 13). Furthermore, apo(a) inhib-
its the activation of transforming growth factor , in serum and
the aortic wall of mice expressing human apo(a) (14). This
may explain the potential of Lp(a) to enhance proliferation of
human vascular smooth muscle cells (15), a process which is
crucial in the formation of atherosclerotic plaques (16). The
involvement in the pathogenesis of atherosclerosis qualifies
apo(a) as a complex disease gene.

Sib pair linkage studies have demonstrated that Lp(a)
plasma levels in healthy subjects are almost entirely controlled
by variation at the apo(a) gene locus on chromosome 6q26-
27 (7, 17). In Caucasian populations, - 50% of this variation
is explained by the apo(a) gene size polymorphism, which is
inversely correlated to Lp(a) concentration (7, 17, 18). A major
effect of the apo(a) K4-VNTR has also been observed in Asian
populations (3, 4). Surprisingly, the impact of the K4 repeat
polymorphism on Lp(a) plasma levels is small in African
Blacks (2, 3), though the size polymorphism is extensive and
mean Lp(a) levels are higher in Blacks than in other ethnic
groups ( 1, 2, 19). With the exception of the K4 repeat polymor-
phism, no other variation in the apo(a) gene with an effect on
Lp(a) plasma levels has yet been identified in any population.

In an attempt to characterize the sequences, which control
apo(a) transcription, the 5' region of the apo(a) gene was
identified, cloned, and sequenced (20-22). Based on sequences
from two subjects, Wade et al. (21) postulated that variation

1. Abbreviations used in this paper: d.f., degree of freedom; Lp(a),
lipoprotein(a); PFGE, pulse field gel electrophoresis; PNR, penta-
nucleotide repeat; PNRP, pentanucleotide repeat polymorphism; VNTR,
variable number of tandem repeats.
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in the length of a pentanucleotide repeat (TTITfA)n (starting
1,373 bp upstream of the signal sequence) and/or a base substi-
tution (914 bp upstream of the ATG) might be responsible for
different promoter activities and thereby Lp(a) plasma levels.
This has prompted extensive population genetic studies of
apo(a) promoter variation in our laboratory. A specific PCR
assay was developed to amplify the region comprising the penta-
nucleotide repeats (PNR). This was used to analyze whether a
common polymorphism exists in the population, to determine
the numbers of repeats and the frequencies of PNRalleles, and
to study their potential impact on Lp(a) plasma concentrations
in different populations.

Methods

Population samples. EDTAblood was obtained from healthy, unrelated
individuals from three different populations. Samples from 130 unre-
lated Tyrolean blood donors were collected by the Blood Transfusion
Service of the University of Innsbruck (73 women and 57 men; mean
age: 39.9±11.2 yr). Blood samples were further obtained from 154
unrelated, ethnically homogeneous Danish men, who were randomly
selected from the National Register of all men born in 1948 (n = 1954).
All of them were 40 yr old when analyzed. 112 blood samples were
further collected from unrelated, apparently healthy Black South African
male policemen and from students attending the Medunsa University,
South Africa (mean age: 42.7±20.0 yr).

DNApreparation. Lymphocytes were prepared from 10 ml EDTA
blood by Ficoll-Paque centrifugation. The cell number was determined
using a Coulter counter (Coulter Electronics, Dunstable, United King-
dom) and adjusted to 2.107 cells/ml. Equal volumes of cell suspensions
and 1%LMPagarose were mixed. The mixture was rapidly poured into
plug-forming molds. The plugs were then digested with 2 mg/ml Prote-
ase K (Boehringer Mannheim, Mannheim, Germany) at 550C for 48 h.
After digestion the plugs were washed in TE buffer, then in TE with
PMSF(0.04 mg/ml) and finally again in TE. They were stored in 0.5
MEDTA, pH 8, at 40C or used immediately. One plug contains 7
pg of genomic DNA.

Analysis of the pentanucleotide repeat polymorphism (PNRP). The
5' control region, starting 1,373 bp before the signal codon and con-
mining the pentanucleotide repeat, was amplified by PCR(20). Before
PCRthe plugs were washed twice for half an hour in TE buffer, mixed
with 100 ul H20 bidest and melted for 5 min at 650C. The set of prim-
ers (MWG-Biotech, Ebersberg, Germany) used were the follow-
ing: Pro IA 5'GAATTCATTTGCGGAAAGATTG3' and Pro lB
S 'CTTCAACCGGGGTGAGAGTCTC3'. 50 pmol of each primer was
mixed with 5 /1 of lOx incubation buffer (Boehringer Mannheim), 5
/4 of 1 mMdNTP mix (Boehringer Mannheim), 5-8 /4 of the melted
plugs (0.2-0.3 I.g DNA), and 0.3 /4 of Taq Polymerase (Boehringer
Mannheim). The final reaction volume was 50 /l4. The reaction solution
was overlaid with 100 ,ul of mineral oil. The PCRreaction was per-
formed in a Biometra Thermocycler (Bio Rad Laboratories, Hercules,
CA) under the following conditions: first cycle: 94°C for 1.30 min; the
following 35 cycles: denaturation at 94°C for 40 s, annealing at 59°C
for 30 s, extension at 72°C for 40 s; final extension at 72°C for 5 min.
10 /4 of the PCRproduct was first tested on a 2.5% agarose gel and
then loaded on a 10% polyacrylamide gel. Electrophoretic conditions
were 4 h at 400 V, 150 mA, 30 W. The gels were stained with ethidium
bromide and photographed under ultraviolet light.

Sequencing of PCR-amplified PNRPfragments. DNA from four
individuals homozygous for the (TTTTA)n repeat (i.e., with 8, 9, 10
pentanucleotide repeats) was amplified by PCRusing primers PROIA
and PRO lB. Primer PRO IA was biotinylated. 20 /4 of the PCR
product was treated with Dynabeads M-280 Streptavidin (Dynal, Oslo,
Norway) for single strand separation. Each strand was sequenced using
Sequenase version 2.0 (United States Biochemical Corp., Cleveland,
OH) (23).

Analysis of apo(a) KpnI fragments. Plugs were digested with 2

x 40 UKpnI enzyme (Boehringer Mannheim) following the instructions
of the supplier. They were then size separated in the CHEFmapper
system (Bio Rad Laboratories) using its autoalgorithm to determine
the best parameters. Electrophoresis was performed in 1% LE agarose
(SeaKem; FMC, Rockland, ME) in 0.5% TAE buffer at 14'C. After
electrophoresis, the gel was stained with ethidium bromide. DNAwas
nicked with 60 mJ ultraviolet light in the Gene Linker (Bio Rad Labora-
tories) and transferred to Hybond-N membrane (Amersham Interna-
tional, Amersham, United Kingdom) using the alkaline buffer method.
To detect the KpnI alleles, the membrane was hybridized with a digoxi-
genin-labeled 340-bp PstI fragment derived from the apo(a) cDNA
construct clone Lambda a41 (9) as already described (7).

Determination of Lp(a) concentrations. Plasma Lp(a) levels were
measured using an enzyme-linked immunosorbent sandwich assay
(ELISA) (24). The capture antibody was a polyclonal rabbit anti-
human Lp(a) antibody and the detection antibody was our mouse mono-
clonal anti-human apo(a) antibody, IgG-1A2.

Statistical methods. Allele frequencies were estimated by gene
counting. x2 statistics was used to test for Hardy-Weinberg equilibrium
and to compare the distribution of KpnI alleles within phenotypes of
the PNRP. To avoid a too high number of empty cells the phenotypes
of the PNRP were combined before x2 analysis according to their
smaller allele number (i.e., in the Tyrolean samples phenotypes with at
least one allele 7, phenotypes with at least one allele 8, phenotypes with
at least one allele 9, and phenotypes with at least one allele 10 or 11
were combined) into 4 and 5 groups in the Caucasians and the African
Blacks, respectively. Comparisons of PNR allele frequencies in the
different samples were also carried out using a Monte-Carlo simulation
method (25). To stratify PNRphenotypic groups for the confounding
effects of the KpnI size polymorphism, we have estimated the average
Lp(a) concentration for binned KpnI alleles. The average apo(a) KpnI
allele associated Lp(a) concentrations were calculated for each popula-
tion. For this analysis we used data from 224 Tyroleans, 154 Danes,
and 239 Blacks, where both, KpnI alleles and Lp(a) concentrations,
had been determined. An additive model for the effect of apo(a) alleles
on plasma Lp(a) levels was assumed (7). Because of the large number
of apo(a) size alleles, these were binned before analysis (26). Each
bin contains the KpnI fragments, which correspond to the originally
described protein isoforms (4). Accordingly, the bins will be designated
F, B, SI, S2, S3, S4. These correspond to KpnI fragments with 11-13,
14-16, 17-19, 20-22,23-25, and 26-52 kringle4 repeats, respectively
(7). Mean Lp(a) concentrations were estimated for the binned alleles
as follows. The mean Lp(a) concentration of S4/S4 homozygotes was
9.5 mg/dl. The S4 allele associated mean Lp(a) concentration was
therefore 4.75 mg/dl. The Lp(a) concentration associated with KpnI
alleles with 23-25 KIV repeats (S3 isoform group) was calculated next
from the combined groups of S3/S3 homozygotes and S3/S4 heterozy-
gotes (the number of S3/S3 homozygotes was too low for separate
analysis). The S3 specific mean concentration was calculated from the
following equation: G3 = ([S31 + [S3])p + ([S3] + [S4]) (1 - p),
therefore [S3] = (G3 -(1 - p) [S4])/(p + 1). G3 is the mean Lp(a)
concentration of the group of S3/S3 and S4/S3 phenotypes. [S3] and
[S4] are the S3 and S4 specific Lp(a) concentrations. p is the frequency
of S3/S3 homozygotes within this group. 1 - p is the frequency of S3/
S4 heterozygotes within this group. The apo(a) allele-associated Lp(a)
concentrations for the S1, S2, B, and F alleles were calculated accord-
ingly. The effect of the K4 repeat polymorphism on Lp(a) levels was
determined as outlined (2, 7).

To estimate the effect of the PNRPon Lp(a) plasma levels, two
methods were used. First, expected Lp(a) concentrations were calcu-
lated for each pentanucleotide repeat phenotype from the frequencies
of KpnI alleles within a phenotype and from the KpnI allele-associated
Lp(a) concentrations. The impact of the pentanucleotide repeat alleles
on the variation of Lp(a) concentration was estimated from the differ-
ence between measured and expected Lp(a) concentrations [ALp(a)]
by R2 statistics of the analysis of variance (27). The distribution of the
ALp(a) concentration was found to be normal in all three populations.

Second, numbers of KpnI and pentanucleotide repeat alleles were
tested as independent variables in a multivariate regression analysis. All
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Figure 1. Histograms demonstrating the frequency distributions of
Lp(a) plasma concentrations in the three study populations (Blacks,
Tyroleans, and Danes).

calculations were performed with the SPSS for Windows release 5.0
package (SPSS Inc., Chicago, IL).

Results

Lp(a) plasma levels and KpnI alleles. To assess the impact of
the PNRPon Lp(a) levels, it was necessary to first determine
the frequencies and effects of the K4 repeat polymorphism in
the same population samples. This enabled us to stratify for K4
repeat variation, which is known to have a marked effect on
Lp(a) concentrations (7, 17). In our analysis KpnI alleles,
apo(a) isoform phenotypes, and Lp(a) plasma levels were de-
termined in unrelated subjects from three ethnically defined
populations: 130 Tyroleans, 154 Danes, and 112 Black South
Africans. A detailed description of the relation between apo(a)

K4 repeats, apo(a) isoforms, and Lp(a) concentrations in the
studied populations will be given elsewhere (Lingenhel, A., M.
Trommsdorff, R. Delport, H. Verwaak, H. G. Kraft, and G.
Utermann, manuscript in preparation). The distribution of
Lp (a) concentrations in each population is shown in Fig. 1 and
the mean and median Lp(a) levels are given in Table I. The
range of Lp(a) concentrations was similar in all three popula-
tions. The distributions were skewed toward lower concentra-
tions in all four populations but less so in the African than in
the Caucasian groups. Skewness was highest in the Danes
(2.06) and lowest in Blacks (0.99) (Table I). Average Lp(a)
levels were significantly higher in Blacks than in Caucasians.
Lp(a) concentrations in the South African Blacks were lower
than in the Blacks from the Sudan (2) and from Zaire (28)
previously studied by us and others. No correlation of Lp(a)
concentration with age or sex was noted in any of the popula-
tions. Therefore unadjusted Lp(a) concentrations were used in
further analysis.

Apo(a) K4 repeat phenotypes (KpnI fragments) were deter-
mined in all study subjects by pulse field gel electrophoresis
(PFGE)/Southern blotting of KpnI-digested genomic DNA(6,
7). The distribution of KpnI alleles was broad in all populations
(Fig. 2). There were a total of 38 alleles represented by the
pooled population sample. The smallest apo(a) allele had 11
and the largest had 52 K4 repeats. In each population alleles of
repeat length of - 30 K4 repeats were most common.

The number of K4 repeats in the apo(a) gene correlated
inversely with Lp(a) plasma concentrations (data not shown).
Using the R2 from the analysis of variance 35.7-45.6% of the
variation in Lp(a) concentrations was explained by the K4
repeat polymorphism in the three populations. This effect was
not significant in Blacks. Thus, as in a previous study where
we used apo (a) isoform size as a measure, the impact of the K4
repeat number was smaller in Blacks than in other populations.

Frequencies of pentanucleotide repeat alleles. The region
starting at -1,373 bp upstream of the AUGcodon and compris-
ing the pentanucleotide repeats (20) was amplified by PCR
using primers PRO IA and PROlB (see Methods) from geno-
mic DNAof all subjects from the three populations. PCRprod-
ucts from at least one subject in each population were sequenced
and found to be identical except for the pentanucleotide repeat
number. In the pooled sample we detected 6 different alleles
containing 6, 7, 8, 9, 10, or 11 pentanucleotide repeats with
PCRproduct lengths ranging from 86 to 111 bp (Fig. 3). The
most common allele had 8 (TTIlTlA) repeats. Alleles with 9 or
10 repeats were also common, whereas the alleles with 7 or 11
repeats were rare (Table II). An unimodal pattern of allelic
distributions was present in all populations (Fig. 4). Allele
frequency distributions in the Caucasians were highly skewed
(Fig. 4).

Table L Plasma Lp(a) Concentrations (mg/dl) in the Three Populations Studied

Lp(a) concentration Range

Population Mean SD Median Minimum Maximum Skewness Percentage explained*

Tyroleans 19.2 22.6 9.25 0.4 111 1.679 41.1'
Danes 16.6 21.3 7.11 1.0 128 2.064 45.6t
Blacks 32.7 24.3 27.0 0.3 126 0.990 35.7n

* The percentage of the total variance of Lp(a) concentration explained by the K4 polymorphism was estimated from the R2 of the analysis of
variance of log transformed Lp(a) values. I P < 0.001. n, not significant.
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Figure 2. Histograms demonstrating the frequency distributions of
apo(a) KpnI alleles (K4-VNTR alleles) in the three population samples
studied. The number of K4 repeats was determined using PFGEand
genomic blotting, as outlined in reference 7.

The allele frequency distribution was not significantly dif-
ferent between the Caucasian samples (i.e., the Tyroleans and
the Danes) (X2 = 3.8; degree of freedom [d.f.] = 3; P = 0.2).
The allele frequency distribution was significantly different be-
tween the Tyroleans and the Blacks (X2 = 30.07; d.f. = 4; P
< 0.0001) and between the Danes and the Blacks (X2 = 37.32;
d.f. = 4; P < 0.0001). In Africans smaller alleles were more
frequent, and an allele with only six (lTl-ITA) repeats was
present only in Africans (Table II and III).

In all samples the PNR allele frequencies were in Hardy-
Weinberg equilibrium (Table HI). This was confirmed by a
Monte-Carlo simulation test. The observed heterozygosity
ranged from 43% in Danes to 50% in Tyroleans. Thus, in all

Figure 3. Ethidium bromide-stained polyacrylamide gel demonstrating
the pentanucleotide repeat polymorphism. The 5' apo(a) region (nt
-1442 to nt -1343 [20]) was amplified by PCRand subjected to
polyacrylamide gel electrophoresis. PNRphenotypes are indicated be-
low. The middle lane contains a marker.

three ethnic groups, a commonPNRPexists in the apo(a) pro-
moter region.

Effect of the PNRPon Lp(a) concentrations in Caucasians.
First we analyzed the effect of the PNRPon plasma Lp(a)
concentrations in the sample of healthy, unrelated Tyroleans.
Wecategorized the individuals according to their PNRpheno-
type and compared the mean Lp(a) concentrations between
these groups. Although the mean Lp(a) values were markedly
different in the PNRphenotypes (i.e., 27.1 mg/dl for the 8/10
phenotype and 5.0 mg/dl for the 9/ 10 phenotype) no systematic
correlation between the number of ('lTTl A) repeats and the
mean Lp(a) levels was noted (data not shown). This analysis
did not consider possible differences in K4 repeat allele frequen-
cies between PNRphenotypes, especially for small cells and
the strong effect of the K4 repeat polymorphism on Lp(a)
levels. Therefore, in a next step the effect of the KpnI alleles
on Lp(a) concentrations was taken into account. Two types of
analyses were performed. First, we calculated an expected
Lp(a) concentration for each PNRtype from the frequencies
of the KpnI alleles within the PNRphenotypic groups and from
the mean apo(a) KpnI allele-associated Lp(a) concentration
(see Methods). Wethen calculated the difference (Aconc) be-
tween the measured and the expected mean Lp(a) concentra-
tions for each PNRphenotype (Table IV). This value reflects
the effect of the PNRPon Lp(a) concentrations. A significant
negative correlation between the PNRPand the Aconc was
noticed (R = -0.323; P < 0.001). This association is graphi-
cally illustrated in Fig. 5. The ALp(a) concentration within a

Table II. Frequencies of PNRAlleles at the 5' Control Region of
the apo(a) Gene

Caucasians

Tyroleans Danes Pooled Blacks
PRNallele (n = 130) (n = 154) (n = 284) (n = 112)

6 0.000 0.000 0.000 0.018
7 0.004 0.003 0.003 0.085
8 0.661 0.666 0.664 0.734
9 0.185 0.146 0.164 0.085

10 0.127 0.182 0.156 0.040
11 0.023 0.003 0.012 0.036
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Table III. Observed and Expected Frequencies of PNR
Phenotypes in the Three Studied Populations*

Blackst Tyroleans Danesl'

PNRtype Observed Expected Observed Expected Observed Expected

6/6 0 0.036
6/7 0 0.340
6/8 3 2.930
6/9 0 0.340
6/10 0 0.160
6/11 1 0.144
7/7 0 0.800 0 0.002 0 0.001
7/8 14 13.850 1 0.642 0 0.615
7/9 2 1.600 0 0.181 0 0.135
7/10 1 0.755 0 0.152 1 0.168
7/11 1 0.680 0 0.019 0 0.002
8/8 60 59.800 47 42.050 73 68.300
8/9 14 10.160 19 23.750 26 29.900
8/10 7 6.520 13 19.890 33 37.330
8/11 5 5.870 4 2.567 0 0.615
9/9 0 0.800 5 3.350 7 3.280
9/10 1 0.755 8 5.618 5 8.180
9/11 2 0.680 0 0.725 0 0.135

10/10 0 0.178 0 2.353 8 5.100
10/11 0 0.320 0 0.588 1 0.168
11/11 0 0.144 0 0.039 0 0.001

* To test for Hardy-Weinberg equilibrium, phenotypes had to be com-
bined in order to avoid too many cells (see Methods). I -X2= 1.067,
d.f. = 4, P = 0.8; §x2 = 0.885, d.f. = 3, P = 0.8; "'x2 = 2.786, d.f.
= 3, P = 0.5.

series of types with increasing repeat numbers decreases from
+7.2 mg/dl (phenotype 8/8) to -14.6 mg/dl (phenotype 8/11).

Second, we performed a multivariate linear regression anal-
ysis considering K4 repeat variation and the PNR. This also
demonstrated significant independent effects of the K4-VNTR
and of the number of pentanucleotides on Lp (a) concentrations
(P = 0.0001).

Both types of analyses therefore indicate that the PNRpoly-
morphism has an effect on Lp(a) levels which is independent
from the apo(a) size polymorphism. The magnitude of this
effect was estimated in the Tyrolean sample using the R2 statis-
tics from the analysis of variance. Lp (a) concentrations were
log transformed before analysis to normalize for their non-
Gaussian distribution (29). The PNRalleles explain 14.3% of
the variation of Lp(a) plasma levels. Together, the KpnI and
the PNRalleles explain 55.4% of the variation of Lp(a) concen-
tration in the Tyrolean population.

To confirm our results in an independent sample from the
same geographic area we analyzed KpnI and PNRalleles and
Lp(a) levels in subjects with coronary heart disease (n = 100)
from the same Austrian area (Tyrol) by the same statistical
procedures. The significant inverse correlation of the penta-
nucleotide repeat allele size with Lp(a) concentration was con-
firmed in this population sample, where the PNRPexplained
8%of the variation in Lp(a) levels (data not shown).

The PNRPwas analyzed further in a second Caucasian pop-
ulation sample, namely Danes, applying the same approaches
as described above. Pentanucleotide repeat number correlated
also negatively with plasma Lp(a) concentrations in the Danes

Table IV. Impact of the PNRPon Plasma Lp(a) Concentrations
(mg/dl) in Three Populations Expressed as Deviation (A)
from the Expected Lp(a) Level* within a PNRPhenotype

Blacks Tyroleans Danes

PNRphenotype ALp(a) n ALp(a) n ALp(a) n

6/8 -16.6 3 -
6/11 -7.2 1 -
7/
7/8 4.3 14 -29.00 1
7/10 -39.4 1 -2.45 1
7/11 -12.9 1
8/8 5.4 60 7.20 58 3.31 73
8/9 -5.8 14 0.97 27 4.65 26
8/10 4.2 7 3.10 22 -5.52 33
8/11 2.1 5 -18.20 6
9/9 -9.85 6 -7.81 7
9/10 20.9 1 -8.30 7 -4.38 6
9/11 -3.2 2 -

10/10 - -14.6 3 -14.7 7
10/11 - 4.7 1

Percentage
explainedt 6.8 14.3 10.2
P 0.285 0.046 0.040

* ALp(a): Lp(a) concentration measured - Lp(a) concentration calcu-
lated using the allele-specific Lp(a) concentration as described in Meth-
ods. t The percentage explained was calculated using the R2 statistics
from the analysis of variance (see Methods).

(Table IV and Fig. 5). Multivariate regression analysis consid-
ering K4 repeats and PNR confirmed the association (P
= 0.0017). In the Danish population the PNRpolymorphism
explains - 10% of the variation in plasma Lp(a) concentra-
tions.

The relation between apo(a) PNRs and plasma Lp(a) be-
came even clearer when the sum of the PNRs in an individual
rather than the PNRphenotype was taken as a measure. Fig. 6
illustrates the pooled data from the two Caucasian samples. It
is obvious that an almost linear negative correlation exists be-
tween the number of PNRs and plasma Lp(a) concentrations.

Effect of the PNRPon Lp(a) plasma levels in South African
Blacks. Wenext extended our analysis to a non-Caucasian ethnic
group: a population sample of South African Blacks. All analyses
were performed as described for Caucasians. No significant effect
of the PNRPon Lp(a) levels was detected in this sample of
Black Africans. The graphic representations in Figs. 5 and 6
demonstrate that no systematic relation between repeat number
and Lp(a) concentrations exists in this population.

Stability of the PNRPduring meiosis. Weanalyzed the PNRP
in 13 nuclear families to determine the meiotic stability of these
repeats. Within 64 meioses we did not find a change in the
number of repeats. The pentanucleotide repeat in the apo(a)
promoter region thus seems to belong to a group of relatively
stable repeats in the human genome. This is consistent with the
unimodal distribution of allele frequencies in the three different
ethnic groups, which all have allele 8 as the most frequent.

Discussion
PNRallele frequencies. Here we demonstrate the existence of
a common PNRP in the 5' region of the apo(a) gene. This
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Figure 6. Histogram illustrating the relation between the sum of 5'
apo(a) PNRs and plasma Lp(a) concentration in the pooled Caucasian
samples (Tyroleans and Danes) and in the South African Blacks.

Figure 5. Histograms illustrating the impact of the pentanucleotide re-

peat polymorphism on Lp(a) plasma concentrations in the three study
populations. ALp(a) denotes the difference between measured and ex-

pected Lp(a) concentrations. Only phenotypes with n > 3 are shown
(for details see text). Note that in the Caucasian samples PNRs with
higher repeat numbers (n = 9, 10, 11 ) are associated with Lp(a) concen-

trations below expectation.

polymorphism probably evolved by duplication or by slippage
mutation during DNAreplication, as suggested for other repeti-
tive sequences in the human genome (30-32). Allele frequen-
cies at this locus are significantly different between Tyroleans
and Blacks and Danes and Blacks (X2 = 30.07; d.f. = 4; P
< 0.0001 and x2 = 37.32; d.f. = 4; P < 0.0001, respectively).
In the Black population sample, alleles with lower repeat num-

bers were more frequent and we detected an allele with only
six repeats not present in the Caucasian samples. As the African
population is believed to be older than the Caucasian popula-
tions (33), this distribution difference may reflect the combined
effect of mutation, migration, and genetic drift.

Tandem arrays of simple repeated sequences are widespread
among eukaryotes. The specific (T'T'TA)n repeat is also pres-
ent in other human genes, e.g., in the ,/-globin gene, where 4,
5, or 6 repeats are found about 1,400 bp upstream of the signal
sequence. This variation has no effect on ,B-globin promoter
activity (31, 34). The PNRPin the /-globin gene seems to be
a mutation hotspot and undergoes frequent duplication/deletion
events. This is in contrast to the PNRPin the apo(a) gene,
which is stable through meiosis, as shown by analysis of 64
meioses.

Effect of the PNRPon Lp(a) plasma levels. Whenanalyzing
the relation of the PNRPto Lp(a) levels, we faced the problem
of detecting a possible effect of the PNRPin view of the known
strong effect of the K4 repeat polymorphism (7, 17). Random
deviations of K4 repeat allele frequencies in PNRtypes might

result in spurious effects or might mask true effects. Further
allelic associations between K4 repeats and PNRalleles might
also suggest an impact of PNRalleles which in fact only reflects
the known effect of the K4 repeat. Theoretically, several ap-
proaches are possible to overcome this problem. PNRPgroups
may be matched for KpnI allele frequencies or phenotypes. An
even more rigorous approach would be to analyze the PNRP
and its effect on Lp(a) levels in subjects with identical KpnI
alleles. This would require analyzing very large samples for the
KpnI polymorphism by PFGEand Southern blotting. Due to
the large number of apo(a) KpnI phenotypes, this approach is
hardly possible.

Wehave chosen to perform a mathematical matching for
KpnI types in our analysis of the data. Wecalculated expected
Lp(a) concentrations for each PNRphenotypic class from the
KpnI allele frequencies in the respective cells and from the
mean Lp(a) concentrations associated with binned KpnI alleles
(see Methods). The expected value should be identical with
the one observed if the PNRPhad no effect on the trait. Any
significant deviation from the expected value reflects the effect
of the factor under analysis, e.g., the PNRP. Whenwe analyzed
randomly selected subgroups from the Tyrolean sample for de-
viation of observed from expected values (data not shown) or

applied the same procedure to estimate the effect of a Met/Thr
polymorphism in kringle37 on Lp(a) levels (35), no significant
deviations were found.

In contrast, observed Lp(a) concentrations in the PNRP
groups did deviate significantly from expectation in two of the
ethnic groups analyzed (Table IV). Importantly this deviation
was not random but ordered, e.g., there was a clear inverse
correlation of the pentanucleotide repeat number with Lp(a)
levels in both samples (Figs. 5 and 6). In both populations
(Tyroleans and Danes) in which the impact of the PNRPhad
been detected by the original analyses, regression analysis also
showed a significant independent effect. Again no association
of the PNRPwith Lp(a) levels was seen in Blacks.
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Association studies are prone to several sources of bias.
Therefore stringent criteria have to be fulfilled before an associ-
ation may be considered real. The most stringent criterion is
the reproducibility of results (36). This criterion is fulfilled
here. Weconsider it strong evidence against a chance result, that
the same relation was obtained in two different ethnic groups
(Tyroleans and Danes) and in two independent samples from
the same ethnic group (Tyroleans from Austria).

Weare aware that the significance level in each population
singly is not high with a possibility for a false positive associa-
tion of just below 1:20. For all three samples (Danes and the
two independent Tyrolean samples) combined, the probability
of a false positive result decreases to < 1:8,000. A further argu-
ment for a true association is the identical trend of the associa-
tion with PNRlength in the two Caucasian populations (and in
the two Tyrolean samples, data not shown). In both Danes and
Austrians the highest repeat lengths (10, 11) were associated
with the lower Lp(a) concentrations. False positive results are
unlikely to produce the same type of association in different
samples. Whereas association studies in general have to be met
with some scepticism, we believe that in this special situation
even a relatively low significance is acceptable. Because the
apo(a) gene locus determines > 90% of the variation in Lp(a)
plasma levels, there is a high a priori probability that a sequence
variation in the gene will be associated with Lp(a) levels, i.e.,
any sequence in the apo(a) gene is a candidate sequence. To-
gether, these arguments make us believe that the observed asso-
ciation is real.

As pointed out by Rosenberg and Kidd (37) and Kidd (36),
a real association will be found under three conditions. First,
the marker studied is the etiologically relevant variable. This is
not likely to be the case for the PNRPstudied here. First we
are not aware of a situation where a short repeat sequence in a
gene affects transcriptional activity with the only exception of
the trinucleotide repeat expansion in the fragile X mental retar-
dation syndrome (FRA-X). It has been shown that the extensive
expansion of trinucleotide repeats 5 ' of the FMR-1 gene results
in a decrease in FMR-1 mRNAlevels (38, 39). However, no
such relation has been reported for the normal range of repeats
of the FMR-1 locus or other loci. The second and stronger
argument is the absence of an association in Blacks (Figs. S
and 6). If the observed association reflects a causal relationship,
it is expected to be present in all ethnic groups, which is not
the case. Furthermore, we and others did not find an effect of
PNRnumber on transcriptional activity in a reporter gene assay
when individual 1.4 kb 5' apo(a) sequences containing the
PNRwere expressed in HepG2 cells (40) (Bopp, S., S. Kochl,
H. J. Muller, and G. Utermann, unpublished observations).

A second cause underlying a real association is that the
sample is a stratified mixture derived from two or more popula-
tions, which have different allele frequencies of the marker and
of the trait. This situation can be rejected for the Caucasian
populations studied here. Both Caucasian samples are ethnically
homogeneous and have little or no recent admixture.

The third possibility is that linkage exists between the
marker sequence and a sequence with etiologically relevant
variation and that there exists linkage disequilibrium between
the two sites. This situation most likely applies here and is
compatible with the finding that the association was present in
Caucasians but not in Blacks. For an association which reflects
a linkage disequilibrium between the marker under study and
a causal mutation, it is not expected that it is present in different
ethnic groups, especially if these have diverged long ago in

human evolution. Therefore it is not surprising that the associa-
tion which was present in two Caucasian populations (Danes
and Austrians) was not found in Blacks. However, it is surpris-
ing to find evidence for allelic association at the apo(a) gene
locus at all. The apo(a) gene contains a variable but large
number of identical 5.6-kb repeats coding for so called kringle4
structures. These are flanked upstream by a single K4 with a
different sequence, a large 14-kb intron, the signal sequence
and the 5' promoter region containing the PNRP. Downstream
the variable K4 repeat region is flanked by a constant region
of so called unique kringles, one kringle 5, and the protease
domain (9). It is difficult to envisage that strong allelic associa-
tions exist over the entire apo(a) gene, e.g., 5' and 3' of the
K4 repeat. The association of Lp (a) levels with sequence varia-
tion in the 5' region of the gene may therefore suggest that the
causal sequence variation is also located here. This narrows
the region to be searched for such sequence variation. After
submission of this manuscript Zysow et al. (40) reported that
a C/T transition in the 5 ' untranslated region of the apolipopro-
tein(a) gene at position +93 from the transcription start affects
apo (a) promoter activity in a reporter gene assay. It is presently
unknown whether this sequence variation is in allelic associa-
tion with PNRalleles. It is tempting to speculate that the C/T
polymorphism is the causal sequence variation responsible for
the effect observed here. Our data also indicate that the observed
effect may be caused to a large degree by apo(a) alleles with
higher PNRnumbers (9-11), which are less frequent in the
populations. We have observed that PNRs with high repeat
numbers (9-1 1 ) are in allelic association with K4 repeats with
low repeat numbers (Trommsdorff, M., H. G. Kraft, and G.
Utermann, unpublished observations). This indicates that a few
alleles with high pentanucleotide and low K4 repeat numbers
may be associated with low Lp(a) levels. However, there is no
evidence that a single PNRtype or a single apo(a) allele has
a very strong impact and explains the entire impact of the PNRP.

The surprisingly clear inverse relation between plasma
Lp (a) concentrations and the added number (from both alleles)
of PNRs in the 5 ' apo(a) region is striking and might contradict
this notion. It might together suggest a direct and additive effect
of PNR alleles on Lp(a) concentrations. As outlined, such a
direct effect is not compatible with the complete absence of an
effect in Blacks (Figs. 5 and 6). How then can this almost
linear relation in Caucasians be explained? One possibility is
that a mutation affecting Lp(a) concentrations occurred on a
"Caucasian" allele with an extreme PNRnumber. Changes in
repeat length during evolution then resulted in the spread of
this mutation and in a frequency gradient along PNR alleles.
Most likely this mutation occurred on an allele with a high PNR
number (e.g., 10 or 11 repeats) and had a negative effect on
Lp(a) concentrations (see Fig. 5).

The relation of apo(a) gene variation to the concentrations
of its products apo(a) and Lp(a) is presently unparalleled: an
extreme size polymorphism in the coding region of the gene,
which results from a variable number of large transcribed re-
peats together with a repeat polymorphism in the 5' untranslated
promoter region, explains a large fraction of the variation in
plasma Lp(a) concentrations in Caucasians.

The relationship between the K4 length variation and plasma
Lp(a) concentrations seems to be causal. White et al. (41, 42)
have carefully studied the intracellular processing, secretion,
and assembly of apo(a)/Lp(a) in baboons. In primary cultures
of baboon hepatocytes they found that the transition times of
apo(a) through the endoplasmic reticulum and the secretion
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rates from the cells are a function of apo (a) size (41 ). Transfec-
tion experiments with recombinant human apo (a), which dif-
fered only in K4 repeat number, have also provided direct evi-
dence that differences in K4 repeat number are sufficient to
cause differences in secretion rates of recombinant apo (a) from
HepG2 cells (Brunner, Ch., H. J. Muller, and G. Utermann,
manuscript in preparation). No such evidence exists for the
PNRP. Apo(a) promoter fragments which differ in PNRnum-
ber exhibit comparable activities in HepG2 cells (Bopp, S., S.
Kochl, F. Acquati, P. Magnaghi, A. Peth-Schramm, H. G.
Kraft, G. Utermann, H. J. Muller, and R. Taramelli, manuscript
submitted for publication). The sequences responsible for the
PNR-associated effect still need to be identified.
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