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relationship with the kringle IV copy number variant. With 
these data, we demonstrate that only a fraction of  LPA  se-
quence diversity has been previously documented. Also, we 
identify several high frequency SNPs present in the African-
American sample but absent in the European-American 
sample. Finally, we show that SNPs within  PLG  are not in link-
age disequilibrium with SNPs in  LPA , and we show that krin-
gle IV copy number variation is not in linkage disequilibrium 
with either  LPA  or  PLG  SNPs.  Conclusions:  Together, these 
data suggest that  LPA  SNPs could independently contribute 
to Lp(a) levels in the general population. 

 Copyright © 2008 S. Karger AG, Basel 

 Introduction 

 Lipoprotein (a) [Lp(a)] particles, similar to low density 
lipoprotein (LDL) particles, contain a lipid core sur-
rounded by unesterified cholesterol, phospholipids, and 
apolipoprotein B-100 [reviewed in  1 ]. The factor distin-
guishing Lp(a) from LDL is the addition of the glycopro-
tein apolipoprotein(a), also known as LPA encoded by the 
gene  LPA , linked to apolipoprotein B-100 via a disulfide 
bond  [2] .  LPA  is expressed in the liver  [3] , and there is 
evidence that the assembly of apo(a) and apo B-100 to 
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 Abstract 

  Background/Aims:  Lp(a) levels have long been recognized 
as a potential risk factor for coronary heart disease that is al-
most completely under genetic control. Much of the genet-
ics impacting Lp(a) levels has been attributed to the highly 
polymorphic  LPA  kringle IV-2 copy number variant, and most 
of the variance in Lp(a) levels in populations of European-
descent is inversely correlated with kringle IV copy number. 
However, less of the variance is explained in African-descent 
populations for the same structural variation. African-de-
scent populations have, on average, higher levels of Lp(a), 
suggesting other genetic factors contribute to Lp(a) level 
variability across populations.  Methods:  To identify poten-
tial cis-acting factors, we re-sequenced the gene  LPA  for 
 single nucleotide polymorphism (SNP) discovery in 23 Euro-
pean-Americans and 24 African-Americans. We also re-
sequenced the neighboring gene plasminogen  (PLG)  and 
genotyped the kringle IV copy number variant in the same 
reference samples.  Results:  These data are the most com-
prehensive description of sequence variation in  LPA  and its 
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produce the final Lp(a) particle occurs on the surface of 
the hepatocytes  [4] . Lp(a) levels are thought to be rela-
tively constant throughout a person’s lifetime; however, 
there are reports that Lp(a) levels are correlated with age 
 [5] , and intra-individual levels can vary significantly with 
repeated measurements  [6, 7] .

  A remarkable feature of Lp(a) levels is its inter-indi-
vidual variability, ranging from barely detectable to  1 250 
nmol/l  [8] . LPA is the major determinant of this plasma 
Lp(a) variability. LPA is structurally homologous to plas-
minogen  [9] , and both of their respective genes ( LPA  and 
 PLG ) lie on chromosome 6q26 within approximately 40 
kilobases of one another, strongly suggesting that  LPA  
arose from a duplication event. Furthermore,  LPA  is 
found only in Old World primates and hedgehog, and ge-
nomic evidence suggests this has occurred through con-
vergent evolution  [10] .

  LPA, compared with plasminogen, contains an inac-
tive protease domain and a highly variable number of 
copies of the kringle IV-2 domain. It is the kringle IV-2 
repeat (two exons flanking one intron totaling 5.5 kb per 
repeat unit) in the  LPA  gene that gives rise to the poly-
morphic DNA structure and extreme variability in Lp(a) 
plasma levels. Estimates suggest that the number of krin-
gle IV-2 repeats alone contained within the Lp(a) com-
plex explains 61–69% of the variability observed in Lp(a) 
levels for European-descent populations  [11, 12] . Studies 
in non-European-descent populations estimate that the 
kringle IV-2 repeat explains less of the variance in Lp(a) 
levels (19–44%) compared with European-descent popu-
lations  [13–17] .

  High Lp(a) levels are an independent risk factor for 
coronary heart disease  [18]  and future cardiovascular 
events  [19] , but not for coronary artery calcification  [20] . 
Of the few studies that included African-descent popula-
tions, high Lp(a) levels are inconsistently associated with 
coronary artery disease risk  [21, 22] , yet African-descent 
populations have on average 2–3 times higher levels of 
Lp(a) compared with European-descent populations  [16, 
23] . The difference in Lp(a) levels between populations 
has yet to be explained. For European-descent popula-
tions, Lp(a) levels are inversely correlated with LPA krin-
gle IV-2 repeat copy number  [16, 24] . This inverse corre-
lation is less striking in African-descent populations  [13, 
16, 17] .

  Genetic factors may play a role in the difference ob-
served for Lp(a) levels in European- and African-descent 
populations. For all populations studied to date, Lp(a) 
levels are highly heritable  [11, 14, 25, 26] , and most  [11, 14, 
26]  but not all studies  [25]  suggest that the  LPA  locus itself 

is the major determinant of Lp(a) levels. While the krin-
gle IV-2 repeat polymorphism accounts for over half of 
the variance in Lp(a) levels, the remaining variance re-
mains unexplained. Current evidence suggests that ge-
netic variations (other than the kringle IV-2 repeat poly-
morphism) within or closely linked to  LPA  are respon-
sible for Lp(a) level variation rather than trans-acting 
factors  [27] . Thus, it may be these yet-undescribed cis-
acting factors play a substantial role in shaping the Lp(a) 
trait distribution among human populations.

  To begin the process of identifying these cis-acting ge-
netic factors, we genotyped the kringle IV-2 repeat and 
re-sequenced the  LPA  and  PLG  genes in 23 European- and 
24 African-American samples of presumably healthy men 
and women for single nucleotide polymorphism (SNP) 
discovery. With these data, we are able to describe here for 
the first time the natural variation contained within  LPA 
 as well as linkage disequilibrium across this locus contain-
ing the polymorphic kringle IV-2 repeat and across the 
flanking gene  PLG . Collectively, these data and observa-
tions lay the foundation for the design and interpretation 
of the next generation Lp(a) genetic association studies.

  Materials and Methods 

 Sequencing 
  LPA  and  PLG  were re-sequenced by SeattleSNPs, a member of 

NHLBI’s Program for Genomic Applications. A total of 47 sam-
ples from Coriell Cell Repositories were re-sequenced: 23 Euro-
pean-Americans (NA12560, NA12547, NA10845, NA10853, 
NA10860, NA10830, NA10842, NA10851, NA07349, NA10857, 
NA10858, NA10848, NA12548, NA10844, NA10854, NA10861, 
NA10831, NA10843, NA10850, NA07348, NA10852, NA06990, 
NA07019) and 24 African-Americans (members of the African-
American panel of 50: NA17101-NA17116; NA17133-NA17140). 
The unrelated European-American samples represent 23 DNA 
samples from the original Centre d’Etude du Polymorphisme Hu-
main (CEPH) reference panel, which consists of 61 large, presum-
ably healthy families from the United States or France ascertained 
for the purpose of gene mapping  [28] . Recent studies have sug-
gested that genetic variation observed in both the CEPH and Af-
rican-American panel DNA samples is representative of other 
U.S. populations of European- or African-descent  [29–33] .

  Sequencing was performed on an ABI3730 using standard Big 
Dye terminator chemistry.  We targeted the genomic sequence of 
 LPA  for re-sequencing, but excluded the variable kringle regions 
and other regions because these genomic sequences mapped to 
several regions of  LPA  of similar sequence (as was the case for the 
kringle region) or did not uniquely map to  LPA . From a target of 
136,345 bp, we were able to re-sequence 56,071 bp (41%) for vari-
ation discovery. For  PLG , approximately 24.5 kb of sequence was 
targeted from a total of 55.3 kb of sequence containing the gene. 
We also targeted the  � 40 kb of sequence between  LPA  and  PLG  
for variation discovery. All DNA variation and genotype data for 
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 LPA  and  PLG  were deposited in GenBank (accession numbers 
DQ452068 and AY192161, respectively), dbSNP, and the Seattle-
SNPs website (http://pga.gs.washington.edu). Location, rs num-
bers (where available), and sequence context of the DNA varia-
tions annotated in this discovery effort for  LPA  and  PLG  are also 
given in Supplementary tables 1 and 2 (www.karger.com/doi/
10.1159/000143403), respectively.  Figure 1  describes the sequence 
coverage for both  LPA  (a) and  PLG  (b) compared with the genom-
ic sequence targeted for variation discovery.

  Preparation of Genomic DNA for Kringle Genotyping 
 We genotyped the kringle repeat in the 47 individuals that 

were re-sequenced for  LPA  and  PLG  variation discovery. GM cells 
were obtained from the Coriell Cell Repository and have the same 
identification number as the DNA samples listed for re-sequenc-
ing with the exception that the initials ‘GM’ denote cell lines while 
initials ‘NA’ denote DNA samples.

  GM cells were propagated in RPMI-1640 with 10% FCS, har-
vested and washed with Mg2 + -free PBS, and mixed with an equal 
volume of pre-warmed 1% InCert agarose (FMC) at the final cell 
concentration of 10 7 /ml. The agarose was added to pre-cooled dis-
posable plug molds (BioRad, Hercules, CA) at 100  � l/mold. After 
gel plugs forming, 1–6 plugs were treated with 1 ml ESP (0.5  M  
EDTA pH 9.5, 2% SLS, 2 mg/ml Proteinase K) for 48 h at 50   °   C and 
with fresh ESP for another 24 h. Plugs were stored in fresh ESP at 
4   °   C.

  Southern Blot Hybridization for Kringle Genotyping 
 DNA plugs were washed with TE buffer (1.8 ml/plug) and 

1 m M  PMSF for 30 min twice, followed by TE (5 ml/plug) wash for 
30 min twice and TE (1 ml/plug) wash once for 30 min. After the 
TE washes, only 1/2 of a plug from each cell line was used in re-
striction enzyme digest. DNA plugs were first washed in 150  � l of 
restriction enzyme reaction buffer (1! NEBuffer 1, New England 
Biolabs) for 30 min. All washes were carried out at 4   °   C with slow 
shaking. DNA plugs were then incubated with 100  � l Kpn I digest 
solution (1! NEBuffer 1, 1 mg/ml BSA, 40 U Kpn I) at 37   °   C for 
2 h. After digest, DNA plugs were run with size standards (NEB 
lambda DNA and MidRange I) on 1% agarose gel in the TAE buf-
fer (40 m M  Tris-acetate, and 1 m M  EDTA, pH 8.0) by pulsed-field 
gel electrophoresis (PFGE) and the running condition of 6 V/cm, 
120 ° C, 2.9–17.3 s ramping pulse time for 27 h at 14   °   C. After PFGE, 
the gels were stained with 0.5 �g/ml of EtBr for 30 min, treated 
with UV light on the UV transilluminator 2000 (BioRad) for
90 s, followed by denaturing buffer (3  M  NaCl and 0.5 N NaOH) 
for 30 min, neutralizing buffer (0.5  M  Tris-HCl pH 7.5, 1.5  M  NaCl) 
for 30 min and 10! SSC (1.5  M  NaCl and 0.15  M  sodium citrate) 
for 30 min with shaking. Fractionated DNA was then blotted to 
the Hybond-N membrane (GE Healthcare, RPN1520N) for 4 h 
and immobilized by baking at 65   °   C for 2 h and cross-linking with 
the UV Stratalinker 2400 (Stratagene) for 30 s. The probe was gen-
erated by PCR (primers: 5 � -TCCAGCAATTGGCAAATGTA-3 �  
and 5 � -CTGCCCTGAAAAACTTGCTC-3 � ) that amplifies an 
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  Fig. 1.  A view of sequence coverage of  LPA  ( a ) and  PLG  ( b ) for genetic variation discovery in 47 DNA samples. 
Genome sequence targeted for re-sequencing is color-coded so that grey represents introns, blue represents cod-
ing sequence, and green represents untranslated regions. Targeted sequence not scanned for variation discovery 
is represented in pink. SNPs are marked by bars color-coded to represent the location and type of SNP (black 
for flanking, brown for intronic, red for nonsynymous, yellow for synonymous, and green for untranslated re-
gion), and the length of the bar represents the frequency of each SNP in the total population of 47 samples. 
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874-bp fragment of the human kringle IV-2 repeats. PCR product 
was purified from an agarose gel using the QIAquick gel extrac-
tion kit (QIAGEN). 200 ng of the probe DNA and 10 ng of lambda 
DNA were labeled with  32 P-dCTP using the Megaprime DNA la-
beling system (GE Healthcare, RPN1606). The membranes were 
pre-hybridized with 15 ml hybridization buffer (0.5  M  NaHPO4, 
pH 7.5, 1 m M  EDTA, and 7% SDS) for 2 h at 50   °   C and then incu-
bated with denatured  32 P-labeled probe DNA in 25 ml hybridiza-
tion buffer at 50   °   C overnight, followed by a series of washes with 
100 ml 2! SSC and 1% SDS at room temperature for 15 min, 500 
ml 1! SSC and 1% SDS at 58   °   C for 30 min, and 500 ml 0.5! SSC 
and 1% SDS at 58   °   C for 30 min. The membranes were exposed to 
Kodak X-ray films overnight at –80   °   C. The X-ray films were de-
veloped and the hybridized bands were sized using the Multi-Im-
ager software (BioRad).

  Statistical Analysis 
 Tajima’s D was calculated according to Tajima  [34] . Pair-wise 

linkage disequilibrium was calculated for diallelic sites  1 10% 
MAF using r 2  available on the Genome Variation Server (http://
gvs.gs.washington.edu/GVS/). Linkage disequilibrium between 
diallelic sites and kringle copy number was also calculated for re-
peat sizes with  1 10% frequency in the African-American (repeats 
10, 11, 14, and 15) and European-Americans (repeats 10, 15, and 
16) samples by dichotomizing the repeat allele distribution as ei-
ther having the repeat or not for each allele. Sequence conserva-
tion across species was explored using the Evolutionary Con-
served Region (ECR) Browser (http://ecrbrowser.dcode.org/) at 
default settings and the VISTA Browser (http://genome.lbl.gov/
vista/index.shtml).

  Results 

 Kringle Copy Number 
 The  LPA  kringle repeat was genotyped in 24 African-

American and 23 European-American samples. Among 

the African-American samples, the mean and median 
kringle copy number was 13.5 and 20, and the copy num-
ber ranged from 6 to 25 repeats. The European-American 
samples were similar with respect to mean and median 
copy number (13.6 and 23) and range (5 to 22). The most 
frequent copy number was 16 for the European-Ameri-
cans representing 20% of the chromosomes for that sam-
ple. For African-Americans, the copy numbers 10 and 14 
were equally frequent in that sample each representing 
13% of the chromosomes assayed. As expected based on 
the existing literature  [35–37] , both populations had high 
heterozygosities for the kringle copy number: 0.90 for the 
European-American sample and 0.91 for the African-
American sample.

  Sequence Diversity of LPA 
 Among the 47 samples re-sequenced, a total of 275 di-

allelic markers were annotated in 56,071 bp of sequence 
resulting in an average density of one diallelic marker ev-
ery 204 bp ( table 1 a). Only 87 (31.64%) of the markers an-
notated here have previously been reported in dbSNP 
(Build 126). This collection of diallelic markers consists 
of both single nucleotide polymorphisms (95.6%) and in-
sertion-deletion polymorphisms (4.4%). The 12 inser-
tion-deletions annotated with  LPA  range in size from 1 
to 4 bp with a mean (median) size of 2 bp (3 bp). The den-
sity of diallelic markers as well as the size distribution of 
insertion-deletions is consistent with previously de-
scribed candidate genes  [38, 39] .

  As expected, the African-American sample had a 
greater number of diallelic markers (232) compared with 
the European-American sample (124), and approximate-
ly 30% of the markers shared between the two samples 
( table 1 a). Nucleotide diversity (as measured by  � ) was 
also higher in the African-American sample compared 
with the European-American sample ( table 1 a). Both the 
African-American and the European-American sample 
had Tajima’s D values consistent with neutrality  [40] .

  In comparing the allele frequencies of the  LPA  mark-
ers  between  European-American   and   African-Ameri-
can samples, we find that there are 26 high frequency 
(MAF  1 10%) markers in the African-American sample 
that are monomorphic in the European-American sam-
ple (supplementary fig. 1 (www.karger.com/doi/10.1159/
000143403). At the extreme, intronic  LPA  SNPs 76022 
(rs7755463) and 79217 (rs10601217) both have a minor al-
lele frequency of 0.38 in the African-American sample 
and are monomorphic in the European-American sam-
ple. Conversely, three  LPA  markers are common among 
the European-American sample but monomorphic in the 

Table 1. Sequence variation

Population S Common
SNPs
(MAF >10%)

�
(Tajima’s D)

a LPA
African-American (n = 24) 232 78 40.74 (–0.8505)
European-American (n = 23) 124 71 31.07 (0.3466)

Total 275 101

b PLG
African-American (n = 24) 173 83 17.18 (0.26)
European-American (n = 23) 111 77 14.48 (1.43)

Total 193 99

S = Number of diallelic sites; MAF = minor allele frequency.
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African-American sample. In comparing allele frequen-
cies between the two population samples for 275  LPA  
markers, 30 SNPs had a MAF difference of  6 17%, and 
this MAF difference is statistically significant for each 
SNP comparison at p  !  0.01. Two SNPs had a MAF dif-
ference of  1 35% between the two population samples, 
and this difference is statistically significant at p  !  0.0001 
for these two SNP comparisons. Overall, the correlation 
(R 2 ) between European-American and African-Ameri-
can sample allele frequencies at  LPA  is 0.58, which is 
higher compared with an earlier estimate of 0.37 in an 
analysis of 50 candidate genes in the same two population 
samples  [41] .

  Nineteen coding SNPs were annotated in  LPA , 14 of 
which were nonsynonymous ( table 2 ). Typically, the aver-
age candidate gene has an equal  [39]  or fewer  [42]  number 
of nonsynonymous SNPs compared with synonymous 
SNPs. The overall observed ratio of nonsynonymous to 
synonymous substitutions in this study was 2.8:   1. For Af-
rican-Americans, the observed ratio was 2.6:   1 while the 

observed ratio in European-Americans was 7:   0. If the ex-
pectation is that half of the coding SNPs are nonsynon-
myous (that is, a ratio of 1:   1 for each population sample), 
the observed ratio of nonsynonymous and synonymous 
SNPs in the African-American sample is not significant-
ly different from expected (Fisher’s exact; p = 0.305). 
However, for the European-American sample, there is 
evidence that an excess of nonsynonymous SNPs may ex-
ist compared with that expected (Fisher’s exact p = 
0.059).

  Linkage Disequilibrium within LPA 
 To describe linkage disequilibrium (LD) across  LPA , 

we first calculated pair-wise LD (r 2 ) for all SNPs with a 
MAF  1 10% for each population sample ( table 3 ). As ex-
pected based on population history and demography 
 [43] , the European-American sample in general had a 
greater proportion of SNP comparisons with perfect (ap-
proximately 7%) or strong (12%) LD compared with the 
African-American sample. Likewise, the proportion of 

Table 2. Coding variation in LPA

Site1 (residue) Nucleotide change
(rs number)

Amino acid
change

Allele freq. 
(AA)

Allele freq.
(EA)

Predicted effect
(PolyPhen)

Predicted effect
(SIFT)

60672 (892) A > G Ser to Gly 0.02 0.00 benign tolerated
66185 (990) G > A Arg to Gln 0.00 0.04 possibly damaging intolerant
77653 (1298) G > C Trp to Ser 0.02 0.00 probably damaging intolerant
80733 (1349) G > A Thr to Thr 0.07 0.00 n/a n/a
80758 (1358) C > G2 (rs7765803) Leu to Val 0.58 0.36 benign tolerated
80800 (1372) C > G3 (rs7765781) Leu to Val 0.57 0.36 benign tolerated
82124 (1399) A > C4 Thr to Pro 0.04 0.15 possibly damaging intolerant
82191 (1421) G > A4 Arg to Gln 0.02 0.02 benign tolerated
90066 (1523) T > C5 Cys to Cys 0.02 0.00 n/a n/a

109817 (1586) G > A Val to Ile 0.03 0.00 benign tolerated
109854 (1598) T > C5 Met to Thr 0.05 0.00 benign tolerated
118667 (1679) C > T6 (rs1801693) Thr to Met 0.14 0.39 benign tolerated
118757 (1709) T > A Val to Asp 0.02 0.00 benign tolerated
119328 (1719) C > T Asp to Asp 0.09 0.00 n/a n/a
119421 (1750) T > C His to His 0.02 0.00 n/a n/a
121754 (1776) C > T Asp to Asp 0.03 0.00 n/a n/a
121755 (1777) A > G Ile to Val 0.03 0.00 benign tolerated
124522 (1822) G > C Gly to Ala 0.08 0.00 benign tolerated
135459 (2016) C > T Arg to Cys 0.18 0.25 probably damaging intolerant

AA =African-American; EA = European-American; freq = frequency.
1 SNPs are numbered based on the GenBank accession number DQ452068.
2 Kringle IV type 7 polymorphisms originally described by Prins et al. [63].
3 Kringle IV type 8 polymorphism originally described by Prins et al. [67].
4 Kringle IV type 8 polymorphism originally described by Ogorelkova et al. [53].
5 Kringle IV type 9 polymorphisms originally described by Ogorelkova et al. [53].
6 Kringle IV-37 polymorphism originally described by van der Hoek et al. [65] and Kraft et al. [64].
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SNP comparisons with low LD (24%) was lower than that 
observed for the African-descent population.

  Linkage Disequilibrium between LPA and PLG 
 Plasminogen ( PLG ) immediately flanks  LPA  with only 

 � 40 kb of sequence between the two genes. Because  LPA  
is transcribed in the opposite direction compared with 
 PLG,  it is feasible that the two genes share a common reg-
ulatory element such as the transcription control region 
located between  PLG  and  LPA   [44–46] . Also, given the 
proximity of the two genes,  LPA  SNPs may be in strong 
LD with  PLG  SNPs, a factor that will affect the interpre-
tation of genetic association studies correlating specific 
genetic variants to human disease or phenotypes. Be-
cause of the potential influence of  PLG  on  LPA  associa-
tion studies, it is useful to characterize the LD structure 
of the genomic sequence that contains both  LPA  and  PLG . 
To do this, we first re-sequenced and characterized ge-
netic variation in  PLG  and the sequence between  LPA  and 
 PLG  among the same samples characterized for  LPA  (23 
European-Americans and 24 African-Americans). We 
then calculated pair-wise LD (r 2 ) across the region con-
taining both  LPA  and  PLG .

  In re-sequencing 24,465 bp of the sequence for  PLG,  a 
total of 193 diallelic sites were annotated in the Europe-
an- and African-American samples combined ( table 1 b). 
Like  LPA , the African-American sample had more sites 
(173) compared with the European-American sample 
(111), and the resulting estimates of nucleotide diversity 
for both population samples was consistent with neutral-
ity ( table 1 b).  PLG  had nearly equal numbers of synony-
mous (10) and nonsynonymous (7) SNPs in the combined 
samples, and neither the African-American nor Europe-
an-American sample had a significant excess of nonsyn-
onymous SNPs (5 and 3, respectively) compared with 
synonymous SNPs (3 and 8, respectively) in  PLG .

  We calculated pair-wise LD (r 2 ) for the combined  LPA /
 PLG  datasets for each population sample separately for all 
common SNPs (MAF  1 10%;  fig. 2  and  table 3 ). For the 
African-American sample, none of the  LPA  SNPs were in 
strong LD with  PLG  SNPs. Unlike the African-American 
sample, the European-American sample did have a few 
 LPA  SNPs in strong LD with  PLG  SNPs. More specifi-
cally  PLG  SNPs 1412 (rs4252051) and 1417 (rs4252052) 
were correlated with or ‘tagged’  PLG  SNP 1470 (rs4252053) 
and  LPA  SNPs 3264, 17836, 73803, and 82124. Interest-
ingly,  PLG  SNP 1470 and  LPA  SNP 82124 were 116 kb 
apart, and the latter SNP was a nonsynonymous SNP in 
 LPA  exon 6 while the former SNP (as well as the other two 
 PLG  SNPs) was in the  PLG  5 �  flanking region that is con-
served with rhesus macaque.

  Association between LPA and PLG SNPs and Kringle 
Copy Number 
 There is a well-established inverse relationship between 

the highly variable kringle size polymorphism and Lp(a) 
levels in humans  [47–49] . Not so well-established are as-
sociations between specific  LPA  SNPs and Lp(a) levels in 
humans. For the few reported studies with significant as-
sociations between  LPA  SNPs and Lp(a) levels  [50–54]  or 
clinical phenotypes  [55–57] , none has had the complete or 
near complete  LPA  sequence data to assess whether or not 
the genotyped SNP is in LD with kringle IV-2 repeat copy 
number in their population sample. Thus, it is unclear 
whether an  LPA  SNP associated with Lp(a) levels is due 
the well-established association between the kringle IV-2 
repeat polymorphism and Lp(a) levels or a novel SNP as-
sociation. Because we have both re-sequencing data for 
SNP discovery and kringle copy number in the same sam-
ples, we are able to establish whether or not kringle copy 
number is associated with specific  LPA  or  PLG  SNPs in 
European- or African-Americans.

Table 3. Strength of linkage disequilibrium (r2) for common SNPs (minor allele frequency >10%) in LPA and 
across LPA/PLG in African-Americans and European-Americans

Gene(s) African-Americans (n = 24) European-Americans (n = 23)

# pair-wise
comparisons

perfect
LD1

strong
LD2

weak
LD3

# pair-wise
comparisons

perfect
LD1

strong
LD2

weak
LD3

LPA 2,926 6% 9% 40% 2,485 7% 12% 24%
LPA/PLG 15,225 2% 3% 7% 10,878 4% 9% 35%

LD = Linkage disequilibrium.
1 Perfect LD: r2 = 1.0; 2 strong LD: r2 ≥ 0.80; 3 weak LD: r2 < 0.10.
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European-Americans

a

b

0 0.1 1

LD min/max shading scale

Plot legend:

LD method: r2 (min: 0.1, max 1) 

  Fig. 2.  Pair-wise linkage disequilibrium (r 2 ) calculated across  LPA  
and  PLG  in two populations. Common SNPs (minor allele fre-
quency  1 10%) are numbered across the top of the figure, and sam-
ples are numbered to the left side of the figure. SNPs are num-
bered according to their chromosomal position based on NCBI 
Build 36. Each square represents the individual’s genotype for a 

specific SNP, and each square is color-coded so that blue repre-
sents being homozygous for the common allele, red represents 
being heterozygous, and yellow represents being homozygous for 
the rare allele. Gray represents missing data.  a  African-Ameri-
cans.  b  European-Americans. 
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  Since the kringle polymorphism is multi-allelic, we di-
chotomized the repeat distribution as having the repeat 
or not for common repeats (frequency  1 10%) in either the 
African-American or European-American samples. In 
the African-American sample, no kringle repeat was in 
strong LD (r 2   6  0.80) with any  LPA  or  PLG  SNPs in this 
dataset. The highest r 2  in African-Americans was 0.57 for 
kringle repeat 14 and  LPA  SNP 72373. Similar to the Af-
rican-American population, no kringle repeat was in 
strong LD with either  LPA  or  PLG  SNPs in the European-
American samples. The highest r 2  in European-Ameri-
cans was 0.42 for kringle repeat 10 and  LPA  SNP 74970. 
Thus, for either population sample, no single  LPA  or  PLG  
SNP was in strong LD with specific kringle copy number 
polymorphisms.

  Discussion 

 We describe here the first in-depth characterization of 
the natural sequence variation present in the candidate 
gene  LPA  and its relationship with the well-known, high-
ly polymorphic kringle IV-2 repeat. Previous reports of 
SNP discovery in  LPA  have been published; however, 
many of these reports describe only a fraction of natural 
variation in the  LPA  reference sequence. The majority of 
reports, in fact, concentrated polymorphism discovery 
efforts to the promoter/5 �  upstream region  [58–61]  or to 
coding regions of  LPA   [52, 53, 62–70] . A few SNPs in the 
intronic or flanking region of  LPA  have also been de-
scribed  [71] .

  In re-sequencing 47 presumably healthy individuals 
(23 European-Americans and 24 African-Americans), we 
discovered and characterized vastly more  LPA  variation 
compared with that published in the current literature or 
reported in dbSNP (Build 126). Based on previous SNP 
discovery efforts using the same DNA samples and sub-
sequent large-scale genotyping efforts in various U.S. 
populations  [30–33] , we expect that these results are rep-
resentative for Americans of European- and African-de-
scent. These data, although unlinked to either Lp(a) levels 
or cardiovascular phenotypes, are important and neces-
sary for the study of Lp(a)’s role in human disease for sev-
eral reasons. First, as described above, all published vari-
ation discovery efforts for  LPA  save for two  [50, 53]  in-
cluded only European-descent populations. Given the 
well-known difference in Lp(a) levels between these two 
populations  [16, 23] , our data can serve as the foundation 
in understanding these differences at the DNA sequence 
level. Indeed, we demonstrate that only 30% of  LPA  SNPs 

are shared between the two samples, and we have identi-
fied several high-frequency SNPs in the African-Ameri-
can sample that are monomorphic in the European-
American sample warranting further study in samples 
linked to phenotypes. Also, within populations, these 
data can help determine why LPA kringle IV-2 alleles 
with the same size are associated with very different Lp(a) 
levels among unrelated individuals  [71, 72] .

  Second, these data provide the genotype data for  LPA  
and  PLG  variation necessary for calculating linkage dis-
equilibrium within these candidate genes as well as across 
the genomic region containing both these genes. Similar 
to previous reports  [37] , we do find strong pair-wise link-
age disequilibrium for SNPs found on relatively opposite 
ends of  LPA . In general, though, we find that most  LPA 
 pair-wise comparisons for either European-American or 
African-American sample resulted in moderate to weak 
LD ( fig. 1 ). Also, we found that  LPA  is not in strong link-
age disequilibrium with its neighboring relative,  PLG . Fi-
nally, contrary to previous reports  [64] , specific  LPA  
SNPs are not correlated with specific  LPA  kringle IV-2 
copy numbers. Kraft and colleagues  [64]  presented evi-
dence for linkage disequilibrium between  LPA  SNP 
118667 (Met to Thr) and kringle repeat 18 in a sample of 
Austrians. In our European-American dataset, kringle 
repeat 18 occurred at a frequency of only 4% and was ex-
cluded from the calculations.  LPA  SNP 118667 is not in 
strong linkage disequilibrium with the kringle repeats 
10, 15, and 16 in the European-American sample tested 
here (r 2  = 0.10, 0.04, and 0.01, respectively).

  The characterization of linkage disequilibrium and 
the inclusion of the kringle IV-2 copy number variation 
are necessary for the interpretation of previous  LPA  ge-
netic association studies. For example, Kraft et al.  [54]  
reported a significant association with the +93 C/T poly-
morphism ( LPA  SNP 2995; rs1853021) and Lp(a) concen-
trations in Africans but not Europeans. The lack of asso-
ciation in the European population has often been inter-
preted as a consequence of the linkage disequilibrium 
between +93 C/T polymorphism and intermediate size 
kringle IV-2 repeats in that population  [54] . We offer an 
alternative explanation: the +93 C/T polymorphism in 
African-Americans is in linkage disequilibrium (r 2  = 1) 
with the nonsynonymous 77653 (Trp to Ser), among oth-
er  LPA  SNPs, described here ( table 2 ).  LPA  SNP 77653 was 
predicted by SIFT and PolyPhen to be intolerant/proba-
bly damaging and was not found among European-
Americans. In contrast, no nonsynonymous or potential-
ly functional SNPs were in linkage disequilibrium with 
+93 C/T polymorphism in the European-American sam-
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ple presented here. Based on these new data, we propose 
that the association with the +93 C/T polymorphism and 
Lp(a) levels in Africans may be due to the nonsynony-
mous  LPA  SNP 77653. Further  LPA  SNP discovery efforts 
in diverse populations will be needed to interpret and de-
sign studies that include individuals of other racial/eth-
nic backgrounds  [37, 73] .

  Despite the amount of sequence represented in this 
study, a weakness of this approach lies in the fact that we 
did not attempt to re-sequence the  LPA  kringle IV-2 re-
peat region for variation discovery as it was difficult to 
locate enough unique sequence for successful primer de-
sign. Based on previous reports of sequence conservation 
in European-descent populations  [52, 62, 70] , we do not 
expect the lack of coverage in this area to significantly 
impact our overall analyses and conclusions. Because 
there are no data available on kringle IV-2 repeat varia-
tion in African-descent populations, we cannot predict 
whether or not the addition of this information would 
alter our conclusions drawn for the African-American 
samples here.

  Other limitations include the fact that only a small 
proportion of the sequence scanned for variation discov-
ery includes flanking sequence for either  LPA  or  PLG . 
Thus, there could be SNPs distal to these re-sequenced 
flanking regions that are in strong LD with  LPA  or  PLG  
SNPs or kringle copy numbers. Finally, this study is lim-
ited to a small sample of European-Americans and Afri-
can-Americans. While the study is powered to detect 
common genetic variation, the study is underpowered to 

detect SNPs with minor allele frequencies between 1 and 
5%  [74] . Further re-sequencing in greater numbers of in-
dividuals is required to complete the catalogue of rare 
genetic variations  [75, 76] .

  Despite these limitations, we were able to catalogue 
common variation in  LPA  and  PLG  in the same DNA 
samples and describe the level of linkage disequilibrium 
between both of these candidate genes important in car-
diovascular research. We also demonstrate that kringle 
copy number variation in  LPA  is not in strong linkage 
disequilibrium with  LPA  or  PLG  SNPs, which provides 
invaluable data for the interpretation of association stud-
ies for these candidate genes. Collectively, these data 
demonstrate that similar to the genome-wide effort of 
cataloguing and integrating copy-number variation into 
SNP datasets  [77] , effort must be made to catalogue and 
integrate kringle IV-2 repeat polymorphism and sequence 
variation data for  LPA  in all populations for future ge-
netic association studies relevant to cardiovascular dis-
ease.
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