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Abstract

Rationale—L.ipoprotein(a) [Lp(a)] is a highly atherogenic low-density lipoprotein (LDL)-like
particle characterized by the presence of apoprotein(a) [apo(a)] bound to apolipoprotein B (apoB).
Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9) selectively binds LDL, we hypothesized
that it can also be associated with Lp(a) in plasma.

Objective—Characterize the association of PCSK9 and Lp(a) in 39 subjects with high Lp(a)
levels (range 39-320 mg/dl) and in transgenic mice expressing either human apo(a) only or human
Lp(a) (via co-expression of human apo(a) and human apoB).

Methods and Results—We show that PCSKJ is physically associated with Lp(a) in vivo
using three different approaches: (7) Analysis of Lp(a) fractions isolated by ultracentrifugation; (7i)
Immunoprecipitation of plasma using antibodies to PCSK9 and immunodetection of apo(a); (7/f)
ELISA quantification of Lp(a)-associated PCSK9. Plasma PCSK9 levels correlated with Lp(a)
levels, but not with the number of kringle V-2 repeats. PCSK9 did not bind to apo(a) only and the
association of PCSK9 with Lp(a) was not affected by the loss of the apo(a) region responsible for
binding oxidized phospholipids. Preferential association of PCSK9 with Lp(a) vs. LDL (1.7-fold
increase) was seen in subjects with high Lp(a) and normal LDL. Finally, Lp(a)-associated PCSK9
levels directly correlated with plasma Lp(a) levels but not with total plasma PCSK9 levels.
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Conclusions—Our results show, for the first time, that plasma PCSK® is found in association
with Lp(a) particles in humans with high Lp(a) levels and in mice carrying human Lp(a). Lp(a)-
bound PCSK9 may be pursued as a biomarker for cardiovascular risk.

Keywords

Low-density lipoprotein; Lipoprotein (a); Proprotein Convertase Subtilisin/Kexin type 9; lipids
and lipoprotein metabolism

INTRODUCTION

Elevated plasma levels of lipoprotein (a) [Lp(a)] are associated with increased risk of
myocardial infarction and stroke 1 both in the general population and in individuals with
familial hypercholesterolemia (FH) 2. Lp(a) is an LDL-sized particle composed of
apolipoprotein (a) [apo(a)] bound to apolipoprotein B-100 (apoB-100) through a single
disulfide bond 3. Apo(a) is structurally similar to a portion of plasminogen, and very
heterogeneous in size, depending on the copy-number of Kringle 1V type 2 repeats, ranging
from 1 to >40 3. Recent data suggest that Lp(a) levels in subjects with FH are higher
compared with those of non-affected relatives carrying similar apo(a) isoforms 4, and that
the LDL receptor (LDLR) is involved in the clearance of Lp(a), at least in the HepG2 cell
lines with supra-physiological LDLR density °. In contrast, several lines of prior evidence
suggest that Lp(a) clearance is not regulated by the LDLR: (/) catabolism of Lp(a) in FH
subjects is not different than that of controls &; (47) Lp(a) levels are not reduced by statin
treatment 7; (/i) LDLR deficient mice catabolize human Lp(a) similarly to WT mice &;(/v)
In homozygous FH patients without expression of LDLR, inhibition of PCSK9 did not affect
LDL but decreased Lp(a) by about 20% .

Due to the lack of understanding of the mechanism of Lp(a) clearance, therapeutic
approaches to enhance clearance to reduce Lp(a) have been limited. PCSK9 inhibitors have
been shown to reduce Lp(a) ~20-35%, but the mechanism for this effect has not been
established 10. Moreover, a recent study has reported reduction in plasma Lp(a) levels by
~80% by means of an antisense oligonucleotide that inhibits apo(a) production 11,

PCSKO is a serine protease mainly expressed by the liver and secreted into the circulation 12
which binds LDLR and inhibits its recycling to the plasma membrane, thus reducing the
number of LDLR on the cell surface and regulating LDL-C clearance and plasma LDL
levels 13, In addition, PCSK9 affects the assembly and secretion of apoB-containing
lipoproteins 1415, Although a significant correlation between plasma PCSK9 and LDL-C
levels has been reported 16, the correlation between PCSK9 and Lp(a) levels is less

clear 17: 18, Monoclonal antibodies (mAbs) that block PCSK9 have been recently approved
for clinical use in Europe and the US as a treatment for severe hypercholesterolemia 1°.
PCSK®9 inhibition reduces LDL-C levels by up to 65%, mainly by increasing hepatic LDLR
levels and increasing the efficiency of clearance of LDL particles 2. PCSK9 inhibition also
reduces Lp(a) levels by up to 35% in a dose-dependent manner through an unexplained
mechanism 21,
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Our laboratory was the first to report that plasma PCSK9 associates with LDL-sized
particles both in vivo and in vitro 22. Later, several laboratories including ours have refined
the knowledge on biology and function of PCSK9-LDL complexes in plasma 14 23. 24,
Quantification of PCSK?9 binding shows that up to 40% of plasma PCSK?9 can be found in
association with LDL, with a Kd of 160-320nM 3 23.24_ Although PCSK9 is known to
associate with LDL in plasma, it remains unknown whether PCSK9 also associates with
Lp(a), and whether this has physiological relevance for the production or removal of Lp(a)
from the plasma compartment.

To study PCSK®9 association with Lp(a), we isolated lipoproteins through various techniques
and characterized the interactions between PCSK9 and Lp(a) or apo(a), using plasma from
transgenic mice or from subjects with elevated Lp(a) (>30 mg/dl). We show that PCSK?9 is
physically associated with Lp(a) in mouse and human plasma. Additionally, PCSK9 binding
to Lp(a) did not occur through interaction with apo(a) and was not dependent on whether
Lp(a) carries oxidized phospholipids or not. Finally, in subjects with high Lp(a), PCSK9
preferentially associated with Lp(a) vs. LDL.

METHODS

Subjects and samples

Thirty-nine subjects from the outpatient clinic or undergoing lipoprotein apheresis at
OHSU's Center for Preventive Cardiology (IRB#00010649 and IRB#00015117) were
recruited on the basis of Lp(a) levels >30 mg/dl (mass concentration).

Statistical analyses

Data were analyzed with multiple linear regression models adjusting for age, sex, and lipid
lowering medication as covariates. The strength of associations between variables was
assessed by estimating coefficients and Wald test p-values from the multiple regression
models. r = univariate Spearman's correlation; p = p-value from multiple (adjusted)
regression.

See the supplemental section for plasma lipids and protein determinations, mass
spectrometry protein analysis, lipoprotein isolation, western blotting, immunoprecipitation,
animal preparations, quantitative sandwich-based ELISA, detailed statistical analyses, and
the detailed description of the lipid-lowering medications taken by each subject.

RESULTS

Characterization of PCSK9 association with Lp(a)

Because PCSK9 binds to LDL likely through its apoB moiety 14 24, we predicted that
plasma PCSK9 would also bind Lp(a), an LDL variant. First, we studied two subjects who
regularly undergo lipoprotein apheresis due to extremely high Lp(a) levels (>100 mg/dl).
Plasma lipoproteins were isolated using iodixanol-based ultracentrifugation (Figure 1A) and
tested for purity using agarose lipid gels (Figure 1B). The isolated LDL fraction produced
the expected beta band on agarose electrophoresis. The isolated Lp(a) fraction produced a
“sinking” pre-beta band, indicating purity and absence of LDL. Purity was further assessed
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for apoB (Figure 1C, upper panel) and apo(a) (Figure 1C, middle panel). Whereas both
fractions contained apoB-100, the Lp(a) fraction was highly enriched in apo(a), compared
with the LDL fraction.

Figure 1C (lower panel) shows that the intact form of PCSK9 is found in the Lp(a) fraction.
To determine whether PCSKQ is physically part of the Lp(a) particle, we used native gel
electrophoresis and immunoblotting. The LDL fraction shows an upper band containing both
apoB and PCSK®, confirming the previously reported association of PCSK9 with

LDL 23.24 The Lp(a) fraction shows a band containing apoB, apo(a), and PCSK9,
suggesting that PCSK9 is also associated with the Lp(a) particle (Figure 1D, middle and
lower panels).

Next we performed immunoprecipitation of PCSK9 from plasma of two subjects with either
only one or two visible apo(a) isoforms. Figure 1E shows that immunoprecipitation of
PCSK9 from human plasma also pulled down apo(a), regardless of the apo(a) isoform. We
then studied whether PCSK?9 associates with Lp(a) via apo(a) and if the association is linked
to the presence of oxidized phospholipids on Lp(a). We used plasma from transgenic mice
expressing either recombinant apo(a) containing 8 kringle IV repeats (8K-1V) alone (apo(a)
mice), or recombinant (8K-1V) apo(a) together with human apoB-100 (Lp(a) mice), or
recombinant (8K-1V) apo(a) with a ligand-binding site (LBS) mutation in KIV-10 that does
not allow for the binding of oxidized phospholipids (Lp(a)-LBS mice) 2°.
Immunoprecipitation of PCSK9 from plasma of Lp(a) mice shows both apoB and apo(a)
bands, supporting the concept that PCSK9 associates with Lp(a) (Figure 1F, left panel). The
association of PCSK9 with Lp(a) was not affected by the ability of Lp(a) to bind oxidized
phospholipids (Figure 1F, middle panel). In contrast, immunoprecipitation of PCSK9 from
plasma of apo(a) mice pulled down apoB but not apo(a), suggesting that PCSK9 does not
directly interact with apo(a) (Figure 1F, right panel).

Quantitative assessments of PCSK9 levels and correlations in subjects with high Lp(a)

levels

We studied thirty-nine subjects with high Lp(a) levels (Lp(a) mass concentration range
39-320 mg/dl). A summary of the relevant data is shown in Table 1. Within our cohort,
PCSK9 correlated with LDL-C only in subjects not taking lipid-lowering medications
(Figure 2A). We also show a significant correlation between total plasma PCSK9 and Lp(a)
levels after adjusting for age and sex (r=0.5, p<0.0001) (Figure 2B), however the number of
kringle 1VV-2 repeats did not correlate with PCSK9 levels (Figure 2C). ApoB significantly
correlated with LDL-C levels (Figures 2D) but not with Lp(a) levels (not shown). It was
recently suggested that the calculated LDL-C levels represent a combination of the
cholesterol concentration on LDL and Lp(a), with up to 30% of Lp(a) mass concentration
being reflected in the LDL-C calculation 26, LDL-C correlated with Lp(a) levels only in
subjects not on lipid-lowering medications (Figure 2E). Plasma PCSK9 and Lp(a) levels did
not correlate with apoA-I, apoA-11, apoA-1V, apoC-I, apoC-I11, apoC-Il1, apoE, or apoM
levels (not shown).
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Association of PCSK9 with Lp(a) in subjects with high Lp(a) levels

To validate the association of PCSK9 with Lp(a), and to quantify Lp(a)-associated PCSK9 in
these subjects, we developed a sensitive ELISA method, illustrated in Figure 3A and
described in the Methods. 27 In this assay, PCSK9 was first bound to a monoclonal anti-
PCSK9 antibody on a microtiter well plate, then Lp(a) was detected with an anti-apo(a)
antibody. Lp(a)-associated PCSK9 levels strongly correlated with plasma Lp(a) levels
(r=0.65, p<0.0001) (Figure 3B), but not with total plasma PCSK9 levels (Figure 3C). Next,
we wanted to quantify the relative distribution of plasma PCSK9 between Lp(a), LDL, and
the apoB-free compartment in these subjects. Using an ELISA to measure apoB-associated
PCSK9 assay we compared the amount of PCSK9 found in Lp(a) to the amount of PCSK9
in LDL, as illustrated in Figure 3D. Our results showed a significant (p<0.001) 1.7-fold
(median) increase in PCSK9 associated with Lp(a)-apoB vs. LDL-apoB (after normalization
to total apoB in each fraction; Figure 2E). To examine whether PCSK9 association with
Lp(a) affects the absolute amount of PCSK?9 in the apoB compartment, we compared apoB-
associated and apoB-free PCSK9 in 12 subjects with low levels of Lp(a) (Lp(a) mass
concentration of <2-15 mg/dl), as explained in the Methods. We saw no differences in the
levels of apoB-associated and apoB-free PCSK9 between the two groups (Figure 3F). We
have estimated the proportion of Lp(a) particles that contains PCSK9 based on the following
results in our subjects with extremely elevated Lp(a) levels:(/) 37% of plasma PCSK9 is
associated with apoB (Figure 3F); (/) 25% of plasma PCSK9 is associated with the Lp(a)
(based on PCKSQ distribution between LDL and Lp(a) as shown in Figure 3E); (///) Mean
plasma PCSK9 level was 464 ng/ml (6.19 nM); and (/) mean plasma apo(a) level was 270
nM. A calculation based on these data (0.25x6.19/270) allows us to estimate that, on
average, only one in every 175 Lp(a) particles carries PCSKO.

DISCUSSION

PCSK9 is found in association with LDL particles in plasma 22 23, Since PCSK9 binds apoB
but only associates with LDL 14 24, we hypothesized that Lp(a), a particle of size and
composition similar to LDL, may also be a carrier of PCSK9 in the circulation. PCSK9 is
found in plasma mainly in two monomeric forms: (7)a 62-kDa protein representing the full-
length (intact) protein (minus the pro-domain); and (77) a 55-kDa fragment, product of
cleavage of the 62-kDa form by the protease furin. Furin-cleaved PCSK9 is generally
considered less active than the intact form 28, We and others have shown that a significant
portion of intact PCSK9 is found associated with LDL, whereas most of the furin-cleaved
form is in the apoB-free fraction 29 30, Here, we show for the first time that the intact form
of PCSKQ is also found associated with the Lp(a) particle. Our results show that PCSK9 is
associated with Lp(a) both in plasma of subjects with elevated Lp(a) levels and in transgenic
mice expressing human Lp(a), though the association is not related to the presence of
oxidized phospholipids and does not occur through apo(a).

PCSK9 and LDL-C levels are directly correlated both because PCSK9 increases LDL-C
through the degradation of hepatic LDLR 31 and because PCSK9 is bound to LDL and may
leave the circulation concomitantly with LDL 22, In contrast, the correlation of PCSK9 with
Lp(a) is not well established 17: 18, In our cohort, we found a correlation between PCSK9
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and Lp(a) levels but not with the size of main apo(a) repeat, kringle V-2 of plasminogen.
Thus, the correlation between PCSK9 and Lp(a) is driven by the concentration of Lp(a), not
the size of apo(a). It was previously shown that statins and ezetimibe both increase plasma
PCSKQ levels while lowering LDL-C, thus interfering with the correlation between PCSK9
and LDL-C levels 32. In our cohort, LDL-C levels correlated with PCSK9 and Lp(a) levels
only in subjects not on lipid-lowering medication. A positive correlation between the
concentration of Lp(a) and LDL cholesterol has been reported previously 33, but the
mechanism underlying this association is unknown.

It was previously reported that up to 40% of PCSKQ is associated with LDL whereas the rest
is found in the apoB-free compartment 23: 24, In subjects with high Lp(a) levels, PCSK9
shows a preferential association with Lp(a) relative to LDL. However, it appears that Lp(a)-
associated PCSK9 has an LDL derivation rather than being recruited from the apoB-free
compartment. One explanation for the preferential association of PCSK9 with Lp(a) is
linked to the approximately 1.5-fold longer half-life of Lp(a) compared with LDL 5,

In conclusion, our results support a scenario where: (7)) PCSK9 is found in association with
Lp(a) in subjects with high Lp(a) levels (>30 mg/dl); (77) the association does not depend on
the capacity of Lp(a) to carry oxidized phospholipids; (/77) apo(a) alone is not sufficient for
the association of Lp(a) with PCSK9; and (iv) PCSK9 preferentially associates with Lp(a) at
the expense of LDL. It is currently being debated whether plasma PCSK9 levels are
predictive of CVD events 17: 34, Since PCSK9 bound to Lp(a) is mainly in the intact and
active form, its plasma level should be investigated as a potential biomarker for CVD.

Limitations of the study

This study is based on data from 39 unique patients with extremely elevated Lp(a) levels. It
remains to be determined whether PCSK9 binds Lp(a) in subject with normal Lp(a) levels.
The study does not allow us to attribute a functional role to the PCSKO that is part of Lp(a)
or to provide a mechanistic insight into why therapeutic antibodies blocking PCSK9 also
lower Lp(a) levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lp(a) lipoprotein (a)
PCSK9 proprotein convertase subtilisin/kexin 9
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Novelty and Significance

What |'s Known?

Elevated plasma levels of Lp(a) are associated with increased risk of MI and
stroke.

Plasma PCSK9 controls degradation of hepatic LDLR and regulates plasma
cholesterol levels.

Anti-PCSK9 antibodies effectively reduce both LDL cholesterol and Lp(a)
levels.

A significant portion of plasma PCSK?9 associates with the LDL particle.

What New | nformation Does This Article Contribute?

PCSKQ is associated with plasma Lp(a) in both humans with elevated Lp(a)
levels and in Lp(a)-expressing transgenic mice.

PCSKO9 levels correlate with Lp(a) levels, but not with the number of
kringle 1V-2 repeats.

PCSK9 does not directly bind apo(a), and its association with Lp(a) is not
related to the presence of oxidized phospholipids.

In subjects with extremely elevated Lp(a), PCSK9 is found more on Lp(a)
than on LDL.

LDL-bound PCSK9 represents a large portion of plasma PCSK9. Here we show that
PCSKQ is also associated with Lp(a) in subjects with high Lp(a) levels, but this
association is not due to direct binding to apo(a), and the capacity of Lp(a) to carry
oxidized phospholipids does not play a role in this association . We also show that
PCSKO9 preferentially associates with Lp(a) than LDL, and that Lp(a)-bound PCSK® is
mainly in the intact and active form. These findings may inform studies to assess the
value of Lp(a)-bound PCSK9 in CVD prediction.
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Figure 1. Characterization of PCSK9 association with Lp(a)
(A) lipoprotein isolation via iodixanol-based gradient ultracentrifugation. (B) agarose gel

electrophoresis of LDL and Lp(a) fractions isolated as described in A, followed by neutral
lipid staining. (C) Reducing gel immunoblot of LDL and Lp(a) fractions isolated as
described in A. (D) Non-reducing PAGE of LDL and Lp(a) fractions isolated as described in
A, followed by Coomassie protein staining (upper panel) and immunoblot (lower panel). (E)
Immuno-precipitation of apo(a) using anti-PCSK9 antibody from plasma of subjects with
one (left panel) or two (right panel) visible apo(a) isoforms. (F) Immuno-precipitation of
apo(a) (upper panel) and apoB (lower panel) using anti-PCSK9 antibody from plasma of
Lp(a) (left panel), Lp(a)-LBS mutant (middle panel), and apo(a) transgenic mice (right
panel).
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Figure 2. Quantitative assessments of PCSK9 levels and correlations in subject with high Lp(a)
levels

(A) Linear regression analysis of LDL-C and PCSKO levels, adjusted to age, sex, and
interaction with lipid-lowering medications. Blue regression analysis (r0, p0) = subjects
without lipid-lowering medication, red regression analysis (r1, pl) = subjects on lipid-
lowering medication. (B) Linear regression analysis of Lp(a) and PCSK9 levels, adjusted to
age and sex. (C) Linear regression analysis of PCSK9 levels and the average humber of
kringle 1V-2 repeats, adjusted to age and sex. (D) Linear regression analysis of LDL-C and
apoB levels, adjusted to age and sex. (E) Linear regression analysis of LDL-C and Lp(a)
levels, adjusted to age, sex, and interaction with lipid-lowering medications. Blue regression
analysis (r0, p0) = without lipid-lowering medication, red regression analysis (r1, p1) = on
lipid-lowering medication. For all panels, blue = subjects without lipid-lowering medication,
red = subjects on lipid-lowering medication, black regression lines represents the combined
regression of both blue and red dots and indicate no interaction with lipid-lowering
medications.
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Figure 3. Association of PCSK9 with Lp(a) in subjects with high Lp(a) levels
(A) Hlustration of the ELISA method used to detect Lp(a)-bound PCSK9. (B) Linear

regression analysis of levels of Lp(a) and Lp(a)-bound PCSK9, adjusted for age and sex. (C)
Linear regression analysis of levels of PCSK9 and Lp(a)-bound PCSK9, adjusted for age
and sex. (D) Hlustration of the ELISA method used to detect apoB-associated PCSK9 in
LDL and Lp(a) fractions. (E) Fold increase in levels of Lp(a)-bound PCSK9 over LDL-
bound PCSK9, measured as apoB-bound PCSK9 (ELISA) and normalized for apoB level in
each fraction. (F) Percentage of apoB-associated PCSK9 in plasma of subjects with high
Lp(a) levels vs. those with low Lp(a) levels (groups matched for plasma LDL-C levels). All
panels: blue = subjects without lipid-lowing medication, red = subjects on lipid-lowering
medication, black regression lines represent the combined regression of both blue and red
dots and indicate no interaction with lipid-lowering medications.
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Characteristics of High-Lp(a) subjects: Number of subjects: 39 (females = 25, on lipid-lowering medications =

25). RLU=Relative Light Units.

LDL

Minimum | Median | Maximum | Mean | Std. Deviation | Std. Error of Mean
Age 20 62 83 58.9 16 2.3
Lp(a) (mg/dl) 39 98 320 132 78 13
Apo(a) nM 117 219 664 270 146 25
Average Kringle V2 repeats 3.8 10 27 11 5.2 0.8
ApoA-I (mg/dl) 65 118 208 117 27 43
ApoA-11 (mg/dl) 13 30 86 32 16 25
ApoA-1V (mg/dl) 55 13 45 16 10 17
apoB (mg/dl) 52 173 313 183 71 11
ApoC-1 (mg/dl) 0.2 28 12 3.2 2.7 0.4
ApoC-11 (mg/dl) 1.0 2.9 11 35 1.9 0.3
ApoC-111 (mg/dl) 2.9 10 17 9.8 3.8 0.6
ApoE (mg/dl) 35 9.7 18 9.3 33 05
ApoM (mg/dl) 0.5 1.2 2.0 13 0.4 0.06
LDL (mg/dI) 54 141 257 140 485 78
PCSKO9 (ng/ml) 168 438 916 464 197 31.6
Lp(a)-bound PCSK9 (RLU) 713 1834 8924 2622 1943 343
Fold increase in PCSK9 on Lp(a) compare to 0.2 1.7 9.2 24 2.1 0.4
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