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Abstract Plasma lipoprotein(a) [Lp(a)] concentration is re-
lated to risk of cardiovascular disease. The defining protein
component of Lp(a) particles, apolipoprotein(a) [apo(a)],
is encoded by the LPA gene. Apo(a) is extremely hetero-
geneous in size due to a common copy number variation,
leading to a variable number of kringle-IV type 2 (KIV2)-like
domains. Alleles with fewer KIV2 repeats, encoding smaller
apo(a) isoforms, are associated with higher plasma Lp(a) con-
centrations. Two principal methods to detect variation in KIV2
repeat number are electrophoresis with immunoblotting to de-
tect apo(a) protein isoforms or pulse-field electrophoresis of
unamplified genomic DNA to detect the variation of the LPA
gene. Both methods are technically challenging, laborious,
and time consuming. Here, we report a rapid method to deter-
mine the number of KIV2 repeats in LPA from genomic DNA
using quantitative real-time polymerase chain reaction (QqPCR).
With qPCR, we found KIV2 repeat number was correlated
with both apo(a) isoform size as determined by immunoblot-
ting (rs = 0.50, P<1 X 1076) and with plasma Lp(a) concen-
tration (rg = 0.30, P <1 X 10_6).M The qPCR technique
permits rapid evaluation of apo(a) size from genomic DNA,
and thus would provide an adjunctive genomic variable, in
addition to LPA single nucleotide polymorphisms, for evalu-
ating the genetic determinants of plasma Lp(a) concentration
in genetic epidemiology studies of cardiovascular disease out-
comes.—Lanktree, M. B., C. Rajakumar, J. H. Brunt, M. L.
Koschinsky, P. W. Connelly, and R. A. Hegele. Determination
of lipoprotein(a) kringle repeat number from genomic DNA:
copy number variation genotyping using qPCR. J. Lipid Res.
2009. 50: 768-772.
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Elevated plasma concentrations of lipoprotein(a) [Lp(a)]
have been associated with risk of myocardial infarction and
ischemic stroke (1-5). An interesting paradox is the ap-
parent lack of association in African Americans (4), despite
higher mean levels of Lp(a) than Caucasians (6). Myocar-
dial infarction and stroke are the result of not only athero-
genicity, or plaque formation, but also of thromboembolic
events resulting from plaque rupture (7). Lp(a) is unique
in its potential to be involved via either one or both of these
pathways. Lp(a) could interfere with plasminogen activa-
tion (8) or platelet function (9), or it could contribute to
inflammation (10) or endothelial dysfunction (11). Never-
theless, the lack of association in some populations has
led to controversy regarding the use of Lp(a) as a marker
of risk in common clinical practice.

Plasma levels of Lp(a) range over 1,000-fold between
individuals, yet the plasma Lp(a) in a particular individual
remains stable over a lifetime (12). Lp(a) is composed of
an apolipoprotein(a) [apo(a)] molecule connected via a
disulfide bond to the apolipoprotein B-100 of a proathero-
genic LDL cholesterol particle (13). The interindividual
variation in Lp(a) levels is 90% genetically determined
by the LPA locus, a large gene found on chromosome 6
(132 kb in reference sequence NC_000006.10 build 36.3;
6q27; MIM: 152200) (14). Apo(a) is the large protein en-
coded by LPA, and is composed of a signal peptide region,
many repeating kringle domains, and a protease domain
(13). LPA contains 10 types of kringles that differ in se-
quence but are homologous with plasminogen kringle IV
(KIV1-10), as well as a kringle homologous to plasmino-
gen kringle V (KV) (Fig. 1) (13). Moreover, apo(a) has a
variable number of repeats of one type of kringle domain,
kringle-IV type 2 (KIV2), the result of genomic duplication
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Fig. 1. A: Gene structure and linkage disequilibrium (LD) plot of LPA locus generated using HapMap CEPH (Centre d’Etude du
Poymorphisme Humain) data. Red boxes indicate areas of complete LD, white boxes indicate areas of recombination, and blue boxes
are uninformative areas. Exons are indicated by black boxes with every fifth exon labeled in top track. Physical position and exon numbers
are taken from National Centre for Biotechnology Information reference sequence build 36.3. Kringles with sequence homology with the
fourth plasminogen kringle (KIV) and fifth plasminogen kringle (KV) are indicated. Each kringle is encoded by two exons. B: Amino acid

alignment showing sequence homology between kringle repeats.

and deletion of the two exons that encode for the KIV2
kringle (~5 kb in size at the genomic DNA level) (13).
The repeating KIV2 domains are an example of a common
and functional copy number variation. The National Cen-
tre for Biotechnology Information reference sequence (ref-
erence#: NC_000006.10 build 36.3) contains 6 repeats of
the kringle KIV2 domain, but the number of KIV2 repeats
ranges from 5 to >50 in human populations (15). The ge-
netically determined KIV2 repeat size affects the final size
of the apo(a) protein, with larger isoforms being compro-
mised with respect to protein folding, transport, and secre-
tion. Null alleles have been identified, in which one allele has
an exceedingly large number of KIV2 repeats and does not
produce a secreted protein (16). Thus, the number of apo(a)
KIV2 repeats is inversely proportional to plasma Lp(a) levels,
determining between 20-40% of the variation in Lp(a) lev-
els (17, 18). The biochemical effect of the kringle repeat
number on the function of circulating Lp(a) is unknown.

Many studies have identified increased atherogenesis
and coronary artery disease risk in individuals with fewer
apo(a) KIV2 repeats (19-21). Regardless, many current
studies attempting to find either genetic associations with
Lp(a) levels or associations between Lp(a) levels and dis-
ease endpoints are reported without KIV2 repeat identifi-

cation (22). The large size of the genomic repeat (~5 kb)
precludes repeat number identification using standard se-
quencing or genotyping techniques. Current methods used
to identify the number of KIV2 repeats examine either the
apo(a) protein size using electrophoresis with immunoblot-
ting (15), or the number of tandem repeats using pulse-field
electrophoresis of genomic DNA (23). Both of these tech-
niques are time and labor intensive and require a high
degree of technical skill. Quantitative real-time polymerase
chain reaction (qPCR) has been used to verify the number
of synthetic gene constructs successfully integrated into a
plant genome after transformation (24). Similarly, qPCR
has been used to verify copy number variations in humans
(25). Thus, we hypothesized that qPCR could be used
quickly and accurately to identify the number of KIV2 re-
peats in LPA from genomic DNA.

MATERIALS AND METHODS

Study subjects

Two hundred fifty-seven Alberta Hutterites were included in
the study as previously described (18). The study was approved
by ethical review panels of the Universities of Alberta and Toronto.
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TABLE 1. Primer and probe sequences for Taqman reactions

Target Primer and Probe Sequences

LPA Exon 4 Forward primer: GTCAGGTGGGAGTACTGCAA
Reverse primer: CGACGGCAGTCCCTTCTG
Probe: CCTGACGCAATGCTCA

LPA Exon 5 Forward primer: GCACATACTCCACCACTGTCA

Reverse primer: GCGAGTGTGGTGTCATAGATGA
Probe: CTTGGCAGGTTCTTCC

Biochemical analyses

Blood was collected after a 12- to 14-h fasting period, and
plasma Lp(a) concentrations were determined using a sandwich
enzyme-linked immunoadsorbent assay using monoclonal anti-
bodies 3A5 and 5C4 as previously described (18). Apo(a) iso-
forms had been previously identified by resolving total plasma
protein by 4% PAGE in the presence of SDS, followed by a sen-
sitive chemiluminescent immunoblotting system (18). Alleles
were then separated into 16 groups by apo(a) size (18). Genomic
DNA was extracted from peripheral leukocytes using established
protocols. A multiplexed qPCR was carried out using TagMan®
probes for LPA KIV2 and an endogenous single-copy control
gene in the Applied Biosystems 7900HT Fast Real-Time PCR sys-
tem. Custom TagMan® gene expression LPA probes in exons 4
and 5 were designed using Applied Biosystems FileBuilder 3.1
(sequences are given in Table 1). TagMan® RNase P (RNAP)
control reagent was used as single-copy reference gene (Part
Number 4316844). Reaction volumes contained: 5 ul. of water,
1.25 uL. of 20X TagMan® primer/probe mix for LPA, 1.25 ul.
of 20X TagMan® primer/probe mix for RNAP, 12.5 uL of 2X
gene expression GX master mix (Applied Biosystems), and 4 ul.
of genomic DNA at a concentration of 5-7 ng/ul. Thermocycler
conditions were as follows: 95°C hot-start for 10 min, followed by
40 cycles of 95°C for 15 s, 60°C for 1 min.

Statistical methods

The total number of LPA KIV2 repeats as determined by
immunoblotting was calculated by adding the predicted size of
the two alleles if visualized, or doubling the allele count if only a
single spot was observed. Cycle thresholds (Ct) were identified
using the relative quantification manager software (Applied Bio-
systems). The repeat number as determined by qPCR was calcu-
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Fig. 2. Correlation observed between the two probes found within

the kringle-IV type 2 (KIV2) repeat: Acycle thresholds (Ct) Cr4,
the probe found in exon 4, and AC5, the probe found in exon 5.
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Fig. 3. The relationship between apolipoprotein(a) [apo(a)] iso-
form as identified by PAGE and immunoblotting and ACr from
quantitative real-time polymerase chain reaction (qPCR).

lated by determining the difference in Cr between multiplexed
target and control probes (ACr). The ACywas calculated for both
the exon 4 (ACt4) and exon 5 (ACtb) probes for all individuals.
The average difference between ACr4 and ACt5 (AACt) was cal-
culated for all samples, and individuals whose AAC was greater
than two standard deviations from the mean were excluded from
the analysis. The average of ACr4 and AC15 (ACt) was then used
for further analysis as the relative kringle repeat number. Finally,
the nonparametric Spearman Rank Order Correlation (r;) was
calculated in SAS (v9.1) to identify the correlation between ACr4
and ACt5, the correlation between the previously identified Lp(a)
protein isoform size and relative KIV2 kringle repeat number, and
the correlation between the plasma Lp(a) concentrations and rela-
tive KIV2 kringle repeat number.

RESULTS

Lower ACy values were observed for LPA probes than
RNAP probes, as one would expect given the greater
amounts of LPA repeat DNA than the single-copy RNAP
DNA. ACr values ranged from 2.5 to 6.2 cycles faster
for the LPA probe than the RNAP probe. The difference
between ACt4 and ACtb was greater than 2 standard
deviations for eight individuals, who were excluded from
subsequent analysis. A strong correlation was found be-
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Fig. 4. The relationship between plasma of lipoprotein(a) [Lp(a)]
concentration and ACr from qPCR.




tween the probes targeted to exons four and five, which
are located in the KIV2 repeat (r, = 0.85, P <1 X 1076
Fig. 2). A positive correlation between ACt and Lp(a) iso-
form size identified by PAGE and immunoblotting was
identified (r, = 0.50, P < 1 X 10~° Fig. 3). An inverse
relationship between ACt and the square root of plasma
Lp(a) concentration was also observed (r; = 0.30, P <
1 X105 Fig. 4). The correlation between the square
root of plasma Lp(a) concentration and Lp(a) isoform
size as identified by PAGE and immunoblotting (ry =
0.19, P = 0.0054) was weaker than the relationship ob-
served using qPCR.

DISCUSSION

We demonstrate proof-of-concept that the relative num-
ber of KIV2 repeats can be identified by comparing the
relative quantity of LPA target DNA compared with RNAP
reference DNA using multiplexed real-time qPCR of ge-
nomic DNA. The ACt was correlated with Lp(a) isoform
size as determined by PAGE and immunoblotting (ry =
050, P<1 X 10_6). As well, the ACt was correlated with
plasma Lp(a) concentration in a sample of Alberta Hut-
terites (r; = 0.30, P< 1 X 10~ °). The association between
KIV2 repeat number using immunoblotting and Lp(a) con-
centration was similar to that reported in the literature (26).
However, Lp(a) concentration was better correlated with the
E of qPCR than it was with immunoblotting.

It has long been recognized that Lp(a) concentrations
are associated with the genetic variation in the LPA locus
on chromosome 6 (27). However, as seen in Fig. 1, strong
linkage disequilibrium exists throughout the kringle re-
gion of LPA. Thus, the reason a SNP in the LPA locus
is associated with plasma Lp(a) concentration could be
through linkage disequilibrium between the SNP and the
number of KIV2 repeats. This hypothesis could be easily
evaluated using our qPCR assay. The newest generation
of microarray-based genotyping platforms (i.e., Affymetrix
Human SNP Array 6.0 or [llumina Human 1M-duo beadchip)
have been successful identifying copy number variations.
However, computational techniques have been focused on
identifying low-copy changes (0, 1, 2, 3, 4 copies) and de-
lineation of large-copy changes as seen in the LPA locus
(5-50 copies) have not been possible. Therefore, our qPCR
method can be considered as an adjunctive technique for
characterizing the genetic variation in the LPA locus.

One potential limitation of comparing Cr values be-
tween different primer/probe sets is the possibility of var-
iation in primer/probe set efficiency between individuals
creates differences in Cr, rather than relative differences in
the quantity of starting target DNA. To mitigate the influ-
ence of primer/probe set efficiency, highly conserved exon
sequence harboring no SNPs were selected for primer and
probe sequences. Second, primer/probe sets were targeted
to both of the exons within KIV2 and tested in indepen-
dent reactions. Ideally, a perfect correlation would be ob-
served between the two probes. In practice, a strong cor-
relation was observed between the two probes (r, = 0.85,

P <1 X 10"° and eight individuals were removed from the
study due to disagreement between the probes (AACt > 2
standard deviations).

An initial concern was that qPCR would not be suffi-
ciently sensitive to differentiate between alleles that vary
by a single repeat (e.g., 9 versus 10 repeats). Upon exam-
ination of the data, no discrete incremental groupings
were apparent. Therefore, we analyzed the ACrt directly
instead of attempting to group ACr into copy number call
bins. An important limitation of the qPCR technique is
that it measures the total number of KIV2 repeats, not
the number of KIV2 repeats in an allele specific fashion.
An individual with 10 KIV2 repeats inherited from her
mother and 20 KIV2 repeats from her father could possibly
have a different biochemical phenotype than an individual
who inherited 15 KIV2 repeats from both parents. Unfor-
tunately, qPCR would not be able to differentiate between
these two individuals. An individual who carries a null
Lp(a) allele, would appear to be homozygous for the active
allele using immunoblotting, but the qPCR would correctly
identify the person as having a large number of KIV2
repeats. The individual in the lower right corner of Fig. 3
could be such an individual (A—CT = 6.2, one spot of size 3
was visualized on the immunoblot).

These limitations are balanced by the fact that real-time
qPCR provides a fast and cost-effective method of identify-
ing the relative total number of KIV2 repeats from geno-
mic DNA samples that have been stored indefinitely. Thus,
apo(a) KIV2 repeat size detected by qPCR is a potentially
important new assay that could be used in adjunct to de-
termination of plasma Lp(a) concentration. Future studies
testing genetic association with either plasma Lp(a) con-
centration or cardiovascular disease endpoints might now
include this rapid, cost-effective assessment of the apo(a)
KIV2 repeat polymorphism in addition to the SNP arrays
that have recently been used to study the locus at the geno-
mic DNA level A

Dr. Carl Breckenridge performed the apo(a) immunoblot as-
says. Dr. Hegele is a Career Investigator of the Heart and
Stroke Foundation of Ontario and holds the Edith Schulich
Vinet Canada Research Chair (Tier I) in Human Genetics
and the Jacob J. Wolfe Distinguished Medical Research Chair.
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