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Abstract
Elevated plasma concentrations of lipoprotein(a) [Lp(a)] have been identified as
an independent risk factor for vascular diseases including coronary heart disease and
stroke.

In the current study, we have examined the binding and degradation of

recombinant forms of apolipoprotein(a) [r-apo(a)], the unique kringle-containing moiety
of Lp(a), using a cultured cell model. We found that the incubation of human hepatoma
(HepG2) cells with an iodinated 17 kringle-containing (17K) recombinant form of apo(a)
resulted in a two-component binding system characterized by a high affinity (Kd = 12
nM), low capacity binding site, and a low affinity (Kd = 249 nM), high capacity binding
site. We subsequently determined that the high affinity binding site on HepG2 cells
corresponds to the LDL receptor. In the HepG2 cell model, association of apo(a) with
the LDL receptor was shown to be dependent on the formation of Lp(a) particles from
endogenous LDL. Using an apo(a) mutant incapable of binding to the high affinity site
through its inability to form Lp(a) particles (17KΔLBS7,8), we further demonstrated that
the LDL receptor does not participate in Lp(a) catabolism. The low affinity binding
component observed on HepG2 cells, familial hypercholesterolemia (FH) fibroblasts and
human embryonic kidney (HEK) 293 cells may correspond to a member(s) of the
plasminogen receptor family, as binding to this site(s) was decreased by the addition of
the lysine analogue epsilon-aminocaproic acid. The lysine-dependent nature of the low
affinity binding site was further confirmed in HepG2 binding studies utilizing r-apo(a)
species with impaired lysine binding ability. We observed a reduction maximum binding
capacity for 17K r-apo(a) variants lacking the strong lysine binding site (LBS) in kringle
ii

IV type 10 (17KΔAsp) and the very weak LBS in kringle V (17KΔV). Degradation of
Lp(a)/apo(a) was found to be mediated exclusively by the low affinity component on
both HepG2 cells and FH fibroblasts. Fluorescence confocal microscopy, using the 17K
r-apo(a) variant fused to green fluorescent protein, further confirmed that degradation by
the low affinity component on HepG2 cells does not proceed by the activity of cellular
lysosomes.

Taken together, these data suggest a potentially significant route for

Lp(a)/apo(a) clearance in vivo.
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Chapter 1
Introduction
1.1 Structure of Lipoprotein(a) and Apolipoprotein(a)
Originally discovered by Kåre Berg in 1963 (1), lipoprotein(a) [Lp(a)] (Figure 11) is nearly identical to low-density lipoprotein (LDL) in both lipid composition and the
presence of apolipoproteinB-100 (apoB-100). Lp(a) is distinguishable from LDL by the
presence of a unique glycoprotein moiety called apolipoprotein(a) [apo(a)], which is
covalently attached to the apoB-100 component of LDL by a single disulfide bond (2).
Apo(a) has a unique structure compared to other apolipoproteins in that it is hydrophilic,
highly carbohydrate-rich and lacks amphipathic alpha helices (3,4). The cloning of
apo(a) from a liver cDNA library revealed a striking homology between the amino acid
sequence of apo(a) and that of the fibrinolytic serine protease zymogen plasminogen (5).
The similarity of apo(a) to plasminogen results in many shared properties of these two
molecules, including affinity for lysine residues in biological substrates (6,7). Unlike
plasminogen, apo(a) cannot form an active protease (8), which underlies the ability of
apo(a) to antagonize plasminogen function (9-11).
Human apo(a) possesses 10 subclasses of plasminogen kringle IV-like domains
(designated KIV types 1-10), which are differentiated from one another on the basis of
their amino acid sequence (Figure 1-2) (5). The various apo(a) KIV types have been
found to exhibit between 75-84% amino acid identity with plasminogen kringle IV (5).
Each of apo(a)’s 10 kringle IV-like domains exhibits a characteristic tri-looped structure,
with its 80 amino acid frame held by three conserved disulphide bonds (12). These
1

Figure 1-1. Structural Representation of Lipoprotein(a). Lp(a) constitutes a unique
class of plasma lipoproteins found in human plasma. It consists of an LDL-like moiety
covalently linked to apo(a) by a single disulfide bond. The LDL component of Lp(a)
consists of a phospholipid (PL) and free cholesterol (FC) monolayer, surrounding an
inner core of triglycerides (TG), cholesteryl esters (CE) and a single molecule of apoB100. The apo(a) component of Lp(a) surrounds the LDL-like moiety and is not
associated with the LDL homologue. Analysis of a liver cDNA sequence in 1987 by
McLean and colleagues (5) revealed a striking homology between apo(a) and the
fibrinolytic plasma proenzyme plasminogen. [Reproduced, with permission, from
Koschinsky ML (3).]
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Figure 1-2. Apolipoprotein(a) Domain Subclasses and their Functionalities. Apo(a)
possesses 10 subclasses of plasminogen kringle IV-like domains (designated KIV types
1-10), which can be differentiated from one another on the basis of amino acid sequence.
KIV1 and KIV3-10 are all represented in a single copy in apo(a), while KIV2 is present in a
variable number of copies (3 to >40), contributing to Lp(a) isoform size heterogeneity.
KIV5-8 each contain a weak lysine binding site (LBS), of which those in KIV7-8 associate
with the LDL-like component of Lp(a) through non-covalent interactions prior to
covalent Lp(a) assembly. KIV9 contains a free cysteine residue that is involved in
covalent linkage between apo(a) and apoB-100. KIV10 possesses a strong LBS and has
been found to interact with biological substrates such as fibrin. In the carboxyl-terminal
region of apo(a), there is a plasminogen KV-like domain, followed by a serine proteaselike domain. The protease domain in apo(a) is incapable of being cleaved by
plasminogen due to the presence of critical amino acid substitutions. As such, the
protease domain of apo(a) is inactive, which accounts for the ability of Lp(a) to
antagonize plasminogen function. [Figure adapted from Koschinsky and Marcovina
(13).]
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kringle domains are further separated by a region of approximately 30 amino acid
residues referred to as the interkringle region. This region functions in adjoining adjacent
kringles and may provide flexibility to the quaternary structure of apo(a) (14). Kringle
IV types 1 and 3-10 are all present in single copy in apo(a) (15), while the kringle IV type
2 (KIV2) sequence is present in identically repeated copies varying in number from 3 to
>40 (Figure 1-3) (16,17). The variable number of KIV2 repeats results in isoform
heterogeneity, which is the hallmark of apo(a) structure. The KIV2 repeat region thus
confers size heterogeneity to Lp(a) particles, with molecular masses of apo(a) in these
particles ranging in the human population from <200 to >800 kDa (18,19).

Several of

the apo(a) KIV domains are of particular interest in terms of functionality. The KIV5-8
domains of apo(a) each possess weak lysine binding sites (LBS) (Kd ~230 μM), and those
contained in KIV7-8 mediate the initial non-covalent interaction between apo(a) and Nterminal lysine residues (Lys680 and Lys690) in apoB-100 prior to covalent Lp(a)
assembly (20-22). Apo(a) KIV9 contains a free cysteine residue. Activity by an as yet
unidentified extracellular oxidase enzyme catalyzes the formation of the sole covalent
bond between apo(a) KIV9 and apoB-100 (2,23). Apo(a) KIV10 possesses a stronger LBS
(Kd ~30 μM), relative to those previously mentioned in KIV5-8; the LBS in KIV10 may
mediate interactions with key biological substrates including fibrin (20,24). The KV
domain contains a weak LBS and may account for the immunological and
proinflammatory properties of apo(a) that contributes to the progression of
atherosclerosis (25). Finally, the apo(a) glycoprotein contains a protease-like domain
which is catalytically inactive due to an arginine to serine substitution in apo(a) that
4
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Figure 1-3. Relationship Between Apo(a) and Plasminogen. The domain organization
of apo(a) is shown relative to that of the plasma proenzyme plasminogen. Plasminogen
consists of an amino-terminal tail domain (T), five different kringle domains
(sequentially numbered I through V) and a serine protease domain (P). Apo(a) contains
multiple copies of sequences resembling plasminogen KIV, followed by a single copy of
sequences resembling the plasminogen kringle V and protease domains. Apo(a) contains
10 subclasses of plasminogen KIV-like domains, numbered 1 through 10. Each KIV
domain is present in a single copy with the exception of KIV2, which can be repeated
between 3 and >40 times, accounting for the size heterogeneity of this lipoprotein. The
percent amino acid identity shared between the domains of plasminogen and apo(a) is
indicated above. [Figure adapted from Koschinsky ML (3).]
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removes the cleavage site recognized by plasminogen activators such as tissue-type
plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) (8).
Interestingly, the preceding study demonstrated that even if the normal cleavage site was
restored, the apo(a) protease domain remains catalytically inactive due to the deletion of
nine amino acids within a highly conserved region of many different serine proteases
(26).

1.2 Determination of Plasma Lipoprotein(a) Levels
Plasma Lp(a) concentrations vary over 1000-fold in the human population,
ranging from <0.1 to >100 mg/dL.

Evidence has suggested that the rate of Lp(a)

formation, as opposed to its removal from the circulation, appears to be the primary
determinant of plasma Lp(a) levels (27). In Caucasians, the apo(a) gene itself accounts
for ~90% of the observed variation in plasma Lp(a) levels (28), while only ~78% of the
variation in African Americans can be explained by the gene (29). Unlike LDL, Lp(a)
levels are relatively resistant to conventional lipid-lowering by diet or exercise, as well as
by most pharmacological interventions, including statin therapy (30). Niacin, or vitamin
B3, has been identified as the only pharmaceutical capable of consistently reducing Lp(a)
B

levels (31).

A clinical study testing the effectiveness of niacin as a treatment for

hypercholesterolemia found that subjects receiving daily doses of niacin displayed a 35%
reduction in Lp(a) plasma levels after the 26th week of treatment (31).
A general inverse correlation exists in the human population between apo(a)
isoform size and plasma Lp(a) concentrations (19,32,33). This correlation may arise
6

from the less efficient secretion of larger apo(a) isoforms from hepatocytes, reflecting
longer retention times in the endoplasmic reticulum and subsequent increased
intracellular degradation (34). However, the general inverse relationship cannot account
for ethnic variations in plasma Lp(a) levels and the existence of a threshold above 20
KIV repeats for which the correlation does not apply (35,36). Accordingly, the size of
the apo(a) gene alone cannot account for population-wide differences in Lp(a) levels. It
has been postulated that in addition to the size of the apo(a) gene, cis-acting elements
present in the apo(a) gene may influence transcription of this lipoprotein (37).
Alternately, the relationship between apo(a) isoform size and mRNA transcript stability,
translational efficiency and efficiency of assembly into Lp(a) particles may also
contribute to the inverse correlation; the contribution of theses processes to Lp(a) levels
remains to be determined (3).

1.3 Atherosclerosis and Lipoprotein(a) Pathogenicity
Atherosclerosis is a progressive disease characterized by the accumulation of
lipids and fibrous elements in the large arteries (38).

In Westernized societies,

atherosclerosis is the primary cause of heart disease and stroke, resulting in
approximately 50% of all deaths (38). The progression of atherosclerosis involves the
focal thickening of the arterial intima, resulting in the formation of atherosclerotic lesions
(39). Atherogenesis is stimulated by the invasion and retention of lipid-laden molecules,
such as LDL, in the intimal layer of the artery. These lesions consist of inflammatory and
immune cells, connective-tissue elements, lipids and cellular debris (40). As the lesions
7

become more advanced, a dense collection of smooth muscle cells (SMCs) proliferate
and migrate from the arterial media to the intima, where they produce extracellular
matrix (ECM) components that enclose a core of lipids and necrotic debris (38).
Eventually, advanced lesions can grow sufficiently large to block blood flow, where
rupture of the lesion often results in the formation of a thrombus and subsequently,
myocardial infarction or stroke. Interestingly, Lp(a) has also been observed in the arterial
intima at the site of atherosclerotic lesions using immunohistochemical methods (41),
where it preferentially accumulates compared to LDL alone (42). The extent to which
Lp(a) accumulates in lesions is directly correlated with plasma levels of this lipoprotein
(42). Since Lp(a) is similar to both plasminogen and LDL, researchers have suggested
that Lp(a) may contribute to the progression of atherosclerosis through either
proatherogenic or prothrombotic mechanisms (43).

Mechanisms that are potentially

proatherogenic include increases in macrophage foam cell formation, SMC proliferation
and migration, monocyte chemoattractant activity and endothelial cell (EC) adhesion
molecule expression (44,45). In terms of prothrombotic effects, apo(a) has been shown
to increase platelet responsiveness (46), while both in vitro and in vivo studies have
shown that Lp(a)/apo(a) can inhibit fibrin clot lysis (47-49), as well as tPA-mediated
plasminogen activation on the surface of fibrin (9,50).
Endothelial cells are the most proximal structure to direct blood flow in the
vasculature, functioning as a selectively permeable barrier between blood and tissues
(38). The movement of mildly oxidized LDL across ECs and into the arterial intima
triggers cellular activation, characterized by the production of a variety of adhesion
8

molecules, including vascular-cell adhesion molecule-1 (VCAM-1) (39). Up-regulation
of VCAM-1 has been observed in response to hypercholesterolemia and as a result of EC
interaction with an array of cytokines, including tumor necrosis factor-α (TNF-α) and
interleukins-1, 2, 3 and 6 (39). VCAM-1 molecules serve as adhesive sites, promoting
the recruitment of lymphocytes and monocytes to the inflammatory region. Lp(a) itself
has been found to induce monocyte chemotactic activity, mediated by the apo(a)dependent release of chemokine CCL1 (I-309) (51). Further studies have also shown that
Lp(a) stimulates the expression of intercellular adhesion molecule-1 (ICAM-1) (52),
VCAM-1 and E-selectin (53), promoting the binding of inflammatory cells to the
dysfunctional endothelium. As such, it has become well-accepted that Lp(a) promotes
endothelial dysfunction, an important early step in atherogenesis (54).
Once leukocytes are recruited to the ECs overlying the lesion, further cytokines
and growth factors are produced in the inflamed intima, inducing monocytes to infiltrate
arterial plaques and to differentiate into macrophages (39). The accumulated LDL is then
subjected to oxidative and enzymatic modifications within the intima, leading to particle
uptake by macrophages and the creation of foam cells. The inner core of the lesion is
thus comprised of foam cells and extracellular lipid droplets, while a cap of smooth
muscle cells and a collagen matrix forms the exterior component (39). Necrosis of
macrophage and smooth muscle cell-derived foam cells then leads to the formation of a
necrotic core and the accumulation of extracellular cholesterol (55). Most cases of
infarction involve the formation of an occlusive thrombus upon the rupture of a
vulnerable plaque. During plaque rupture, abundant immune cells within the lesion
9

produce cytokines and enzymes that weaken the fibrous cap, leading to rupture of the
plaque and the release of platelet-adhesive factors, phospholipids and tissue factors into
the blood (39).

The recruitment of tissue factors and platelets quickly trigger the

coagulation cascade, resulting in thrombus formation in the vessel lumen, with
consequent disruption in blood flow.
Although Lp(a) has been identified as a risk factor for coronary heart disease
(CHD), its mechanism of action remains poorly understood. Interactions between Lp(a)
and plaque elements may be mediated through binding of apo(a) to a number of matrix
components such as fibrin, fibronectin and laminin (56). Interestingly, the strong LBS in
KIV10 of apo(a) has recently been discovered to mediate increased endothelial cell
contraction and permeability via a Rho/Rho kinase-dependent pathway (57). In addition,
oxidative effects on Lp(a) might be increased by the inflammatory environment of
arterial lesions (54). The similarity of Lp(a) to LDL may further allow it to contribute to
cholesterol deposition, or it might mediate an antifibrinolytic effect due to its similarity to
plasminogen. Although apo(a) has been shown to inhibit tPA-mediated plasminogen
activation on the surface of fibrin, the mechanism has been controversial, with
competitive (58), uncompetitive (50,59) and an equilibrium template model (9) utilized to
describe the observed inhibition. It is also proposed that apo(a) upregulates plasminogen
activator inhibitor-1 (PAI-1) expression in ECs, thus preventing cleavage of the
plasminogen proenzyme (60). Also, Lp(a) has been found to inhibit smooth muscle cell
migration and proliferation by inhibiting plasmin formation, and thus the plasminmediated activation of transforming growth factor-β (TGF-β) (61,62).
10

Since

plasminogen activation and fibrinolysis are critical in many cellular processes, including
those involved in atherothrombosis, knowledge of the exact mechanisms by which
apo(a)/Lp(a) exert their downstream effects are crucial in cardiovascular disease
prevention.

1.4 Lipoprotein(a) Assembly
Lp(a) assembly, in its simplest terms, can be described as the 1:1 stoichiometric
association between apo(a) and the apoB-100 moiety of LDL to form covalent Lp(a)
particles (63).

The spatial location of Lp(a) assembly was first classified as an

extracellular process based on in vitro studies utilizing human hepatoma (HepG2) cells,
stably transfected with a 17-kringle containing form of recombinant apo(a) [r-apo(a)]. In
these studies, only free apo(a) was observed in 17K-transfected cellular lysates, while
bona fide Lp(a) particles were detected in the corresponding conditioned medium (2).
Further analysis from a number of different groups subsequently confirmed these
findings by reconstituting Lp(a) in tissue culture from r-apo(a) and either purified LDL or
LDL present in the plasma (64,65). Overall, these findings suggested that the covalent
assembly of Lp(a) does not require the activity of enzymes within the intracellular
secretory pathway, including protein disulfide isomerase that catalyzes disulfide bond
formation in the ER during protein folding.
Lp(a) assembly proceeds as a two-step process in which initial non-covalent
interactions between apo(a) and apoB-100 precede specific disulfide bond formation
(Figure 1-4) (65). Early studies using a variety of r-apo(a) variants identified a key role
11

for KIV5-8; the ability of lysine and lysine analogues to inhibit Lp(a) formation further
suggested that the weak LBS in these kringles mediated Lp(a) assembly (66,67).
Additional studies using point mutations in r-apo(a) to abolish the weak LBS in KIV
types 6, 7 and 8 demonstrated that the LBS in KIV8, and to a lesser extent, KIV7, were
required for non-covalent Lp(a) assembly (68). The interaction between the weak LBS in
KIV7-8 and apoB-100 was found to be facilitated through specific N-terminal lysine
residues (Lys680 and Lys690) in apoB-100, where mutation of these residues to alanine
in a synthetic peptide abolished the lysine-dependent interaction with apo(a) (22).
The covalent linkage between apo(a) and apoB-100 is mediated by a seventh
unpaired cysteine at position 4057 in the published sequence of apo(a), located in apo(a)
KIV9 (2). Several studies employing site-directed mutagenesis suggest that Cys4326 in
apoB-100 is involved in disulfide bond formation with apo(a) (69,70). However, these
findings are in conflict with earlier data from biophysical and biochemical studies, which
propose the involvement of Cys3734 in apoB-100 in covalent binding to apo(a) (6,71,72).
Despite the discrepancy with respect to the participating cysteine residue in apoB-100,
the initial non-covalent interaction is thought to properly align the cysteines in both
apo(a) and apoB-100 prior to disulfide bond formation. Once aligned, disulfide bond
formation was initially thought to occur spontaneously. However recent findings have
suggested the presence of an extracellular oxidase enzyme in the conditioned medium of
HepG2 cells that enhances the rate of disulfide bond formation (23). This activity is
likely conferred by a protein because it is heat-sensitive and it is retained in the
concentrate following ultracentrifugation through a 5 kDa cutoff filter (23). However,
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Figure 1-4. Two-Step Model for Lp(a) Assembly. The first step in Lp(a) assembly
involves a high-affinity (Kd ~ 20 nM) non-covalent interaction between apo(a) and apoB100, where lysine binding sites in apo(a) KIV types 7 and 8 interact with N-terminal
lysine residues in apoB-100. This initial step can be inhibited by lysine and lysine
analogues, such as epsilon-aminocaproic acid (ε-ACA). The second step in the assembly
process involves disulfide bond formation between apo(a) and apoB-100 and has been
found in vitro to be regulated by the presence of an extracellular oxidase enzyme.
[Reproduced, with permission, from Koschinsky ML (3).]
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subsequent dialysis of the concentrate revealed a loss in specific activity, suggesting the
requirement for a small molecule cofactor (23). To date, the identity of the enzyme
remains unknown, however its kinetic properties have been well documented (23).

1.5 Lipoprotein(a) Catabolism
1.5.1 Overview
Currently, the pathway for Lp(a) catabolism remains largely unknown. However,
it seems that the process of Lp(a) catabolism does not contribute significantly to plasma
Lp(a) levels in humans (28,29). In fact, the source of most of the variability in plasma
Lp(a) concentrations has been attributed to the rate of Lp(a) production (27). The steps
of Lp(a) production that may be subject to regulation include synthesis, secretion and
Lp(a) formation.
Recent work by Becker and co-workers (23) has revealed that the rate of covalent
Lp(a) assembly is regulated by an extracellular oxidase enzyme, which may present a
possible target for the pharmacological lowering of plasma Lp(a) levels. However, until
the catabolic pathway for Lp(a) is determined, it is not possible to consider manipulating
Lp(a) uptake as a means to decrease plasma levels in vivo. Numerous efforts have thus
been made to characterize Lp(a) tissue uptake for the purpose of identifying the major
organ(s) responsible for clearance. The following sections will describe the findings
from in vivo studies which highlight the notion that the liver plays a primary role in Lp(a)
catabolism. Additionally, evidence from in vitro as well as clinical studies will be
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presented, which imply a minor contribution by the kidneys in the catabolism of Lp(a).
Finally, a thorough examination of candidate Lp(a) receptors will be summarized, where
the uptake mechanism and the nature of the receptor-ligand interactions will be
highlighted.

1.5.2 Hepatic Uptake of Lipoprotein(a)
Identification of the organ(s) regulating Lp(a) catabolism has resulted in
contradictory findings. To date, the most convincing evidence supporting liver-mediated
catabolism has emerged from two in vivo studies elegantly designed to directly measure
Lp(a) tissue uptake. Prior to examining these reports however, it should be noted that
Lp(a) is only present in humans, Old World Monkeys and the European hedgehog (73).
Since in vivo systems for Lp(a) study are limited, the following studies employ the use of
the rat and the mouse, both of which have become attractive models for analyzing Lp(a)
clearance despite the fact that neither species produces endogenous Lp(a). In the case of
the rat, reports previously demonstrated that human LDL was taken up by rat hepatic
receptors (74). For mice, the clearance of LDL has been shown to be faster than that of
Lp(a), and the relative fractional catabolic rate (FCR) of LDL compared to Lp(a) is
similar to that observed in humans (27,75,76). Additionally, low-density lipoprotein
receptor (LDLR) deficiency in both humans and mice reduces the LDL FCR to ~50% of
normal, while only reducing the Lp(a) FCR by ~10% (76).
The first study supporting hepatic Lp(a) uptake was performed in 1988 by Ye and
co-workers (74), who utilized a rat model to determine the sites and mathematical
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distribution of Lp(a) tissue uptake. After labeling human Lp(a) with a non-hydrolyzable
tritiated ether and injecting the substrate into the rat, it was noted that the greatest
proportion of uptake (28.5%) was in the liver, whereas the kidney accounted for less than
0.5% of the injected dose. The remaining label was recovered in the small intestines
(9.6%), lungs (0.94%), spleen (2.7%) and adrenals (0.19%) (74). The group never tested
the urine, feces or plasma to mathematically account for the entire quantity of injected
Lp(a).
Similarly, Cain and co-workers (76) performed experiments using
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cellobiose- (TC) labeled human Lp(a) in a heterologous mouse model.

I-tyramine
Since the

tyramine cellobiose ligand is incapable of being degraded intracellularly, the radiolabel
served to identify tissues mediating Lp(a) catabolism. Following tail vein injection and a
subsequent 24-hour incubation period, the animals were euthanized and tissue uptake of
radiolabeled Lp(a) was quantified.

Interestingly, highly comparable results were

obtained in this study when measured against the work of Ye et al. (74), as hepatic uptake
accounted for 21.3% of the injected dose, while the kidney only accounted for a small
fraction of tissue uptake (1.3%) (76). Combined values for the stomach, spleen, adrenals,
testes, heart, lungs and brain were <2% of the injected dose, while the remainder of the
radiolabeled material was recovered in the urine and plasma (76).
In a parallel study, this group also injected
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I-TC-apo(a) into the mouse and

found that approximately 35% of the injected dose was recovered in the liver, while over
20% was present in the urine (76). Since several studies have reported the presence of
apo(a) fragments in human urine (77,78), numerous groups have suggested that these
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fragments are formed extrarenally and are subsequently excreted by the kidney (78,79).
Interestingly, Mooser et al. (78) injected human Lp(a) into mice and detected only trace
amounts of apo(a) in the urine by ELISA; apo(a) fragments were not identified in either
the urine or the plasma by immunoblot analysis. Taken together, the above evidence
presents a convincing case that the liver is the main site of Lp(a) catabolism in vivo.

1.5.3 Lipoprotein(a) Clearance by the Kidney
Evidence suggesting a role for the kidney in Lp(a) catabolism began with a
variety of clinical observations in patients diagnosed with impaired kidney function.
Initially, Kostner et al. (77) identified a correlation between patients with renal disease
and elevated concentrations of plasma Lp(a). On average, plasma Lp(a) concentrations
were found to be significantly higher in patients (33.6 mg/dL), compared with control
subjects (22.3 mg/dL), where the degree of Lp(a) elevation was found to be inversely
correlated with the glomerular filtration rate (80). Additionally, since the quantity of
urinary apo(a) excretion is dependent on plasma Lp(a) levels, kidney patients were also
found to excrete less apo(a) when compared to the normal population (77). Interestingly,
the Kostner group also reported that the fraction of Lp(a) cleared by the kidney accounts
for a maximum of 1% of total plasma apo(a) catabolism (81), thus implying only a minor
role for the kidney in Lp(a) clearance.
Observations by Reblin and co-workers (82) have also supported a role for the
kidney in Lp(a) clearance. Utilizing a heterologous rat model, the group demonstrated
that when human Lp(a) is injected in rats, accumulation of apo(a) occurs in the proximal
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tubular cells of the kidney and apo(a) fragments are further excreted in the urine. Along
the same lines, Kronenberg and co-workers (83) demonstrated that in patients undergoing
coronary angioplasty, Lp(a) levels were lower in the renal vein (18.7 ± 20.3 mg/dL) than
those in the ascending aorta (20.1 ± 21.6 mg/dL), suggesting that Lp(a) is removed in the
renal circulation. Interestingly, the same group was unable to detect Lp(a) or intact
apo(a) in the urine from healthy probands, but detected smaller fragments using
antibodies against apo(a) (83). These observations coincide with those of Mooser et al.
(78), who intravenously injected purified, urinary human apo(a) fragments into mice and
observed the rapid appearance of these same fragments in the urine. Once again, this
suggests that urinary apo(a) fragments are formed extrarenally and are then excreted by
the kidney (79).
Further evidence supporting a role for the kidney in mediating Lp(a) clearance is
again evident in the work of Kronenberg and colleagues (84), who reported a general
reduction in total plasma Lp(a) in renal patients following kidney transplantation surgery.
On average, plasma concentrations were reduced from 25.9 ± 28.7 mg/dL to 17.9 ± 25.5
mg/dL 3 weeks after surgery. Interestingly, only patients with high-molecular weight
isoforms exhibited a significant decrease in Lp(a) plasma concentrations (84). One
mechanism potentially responsible for the initial Lp(a) elevation could have been due to a
lack of protein retention by the kidney, resulting in a compensatory increase in liver gene
expression (84). Since apo(a) is synthesized exclusively by hepatocytes, Kostner and coworkers (77) suggested that an overall increase in protein synthesis by the liver may be
required to compensate for the reduced ability of the kidney to retain protein during
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glomerular filtration. However, the Lp(a) fractional catabolic rate has been reported to be
significantly lower in kidney function-impaired patients (0.164 ± 0.114 d-1) than in
healthy controls (0.246 ± 0.067 d-1) (p = 0.042) (85). Accordingly, since elevated plasma
Lp(a) concentrations are correlated with a loss of renal function, as opposed to a
reduction in formation, the hypothesis linking renal deficiency to enhanced protein
synthesis has been proven to be misleading.
Additional evidence suggesting that the kidney plays a role in Lp(a) clearance is
apparent in clinical studies involving hemodialysis patients, where impaired renal
function has been found to reduce Lp(a) clearance, while the rate of Lp(a) formation
remains unchanged (85). As mentioned above, these findings also indicate a longer
plasma Lp(a) retention time in hemodialysis patients than in controls with normal kidney
function (85).
Overall, the above studies suggest a minor contribution by the kidneys in Lp(a)
catabolism in individuals with normal renal function. Unfortunately, direct evidence for
renal uptake of Lp(a) in humans is lacking and thus a regulatory role for the kidney in
mediating plasma Lp(a) levels remains uncertain (86).

19

1.6 Lipoprotein(a) Catabolic Receptors
1.6.1 Candidate Receptors: An Overview
Several receptors that mediate the cellular binding and internalization of
lipoproteins possessing apoB-100 have been postulated as candidate receptors for Lp(a)
clearance. These receptors include the LDL receptor (LDLR) (87-90), the LDL receptorrelated protein/α2-macroglobulin receptor (LRP/α2MR) (91), the very low-density
lipoprotein receptor (VLDL) (92) and the megalin/gp330 receptor (93). Additionally,
since the apo(a) component of Lp(a) is heavily glycosylated (94) and shares a high amino
acid identity with plasminogen (5), the asialoglycoprotein receptor (ASGPR) (76,86) and
members of the plasminogen receptor family (95,96) have further been examined as
potential catabolic receptors specific for the apo(a) component of the Lp(a) particle. The
following section will review the candidate receptors (Figure 1-5) in terms of their
physiological role and as potential players in Lp(a)/apo(a) clearance.

1.6.2 LDL Receptor
The similarity of Lp(a) to LDL, both in terms of lipid composition and the
presence of apoB-100, has triggered the widespread analysis of the LDLR as a clearance
pathway for Lp(a). Under normal physiological conditions, the LDLR is expressed at a
high level on the surface of the liver and accounts for over 70% of the total-body uptake
of LDL (97). The LDLR represents a high affinity pathway for the removal of LDL from
the circulating plasma by recognizing the apoB-100 component of LDL, which is
embedded in the outer phospholipid of the lipoprotein particle (98). Alternately, the
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Figure 1-5. Schematic Representation of Proposed Pathways for Lp(a) Catabolism.
Apo(a) is synthesized and secreted by the liver, after which it associates with LDL in a
1:1 molar ratio to form circulating Lp(a) (black arrows). Although the detailed
mechanism for Lp(a) catabolism remains largely unknown, the liver seems to be the
major organ involved in Lp(a) clearance (solid red arrow) (74,76). Additionally, the
kidney (dashed arrow) and a variety of peripheral tissues (dashed arrow) have been
suggested as potential contributors to the removal of circulating Lp(a). For all routes of
catabolism, candidate clearance receptors are listed. [Reproduced, with permission, from
Albers et al. (86).]
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LDLR can recognize the apolipoprotein E (apoE) component found in chylomicron
remnants and VLDL remnants (99).
Following synthesis in the rough endoplasmic reticulum and modification in the
Golgi apparatus, LDL receptor complexes cluster in clathrin-coated pits on membrane
surfaces (100). Upon binding to LDL-cholesterol, the coated pits invaginate to form
endocytic vesicles, which then fuse to form larger organelles known as endosomes (100).
In the acidic environment of the endosome, a conformational change occurs in the
receptor that triggers its dissociation from LDL (100).

The receptor is then either

degraded in the endosome, or recycled via an endocytic vesicle to the membrane surface
where the neutral pH causes it to revert back to its native conformation (100). The
dissociated LDL is then delivered to a lysosome, where the protein component is
hydrolyzed to amino acids and the cholesteryl esters are hydrolyzed by an acidic lipase,
thereby liberating free cholesterol (100).
The contribution of the LDLR to Lp(a) catabolism is controversial based on data
from both in vitro and in vivo systems. Some studies examining the interaction between
Lp(a) and the LDLR in cell culture have provided in vitro evidence supporting a role for
the LDLR in Lp(a) catabolism (88,90).

Perhaps the most striking evidence for a

physiological role for the LDLR in Lp(a) clearance comes from a study by Hofmann and
co-workers (101), who utilized transgenic mice overexpressing the LDLR. The group
injected human Lp(a) into these mice and observed a marked increase in Lp(a) clearance
in the transgenic mice compared to the wild type mice (101). These findings were further
supported by Utermann and co-workers (102), who reported that plasma Lp(a) levels
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were

elevated

3-fold

in

patients

with

the

heterozygous

form

of

familial

hypercholesterolemia (FH), a condition where individuals possess one mutant copy of the
LDLR gene.
Convincing evidence arguing against a significant contribution by the LDLR in
Lp(a) clearance comes from the analysis of the FCR of Lp(a) in subjects who were either
homozygous or heterozygous for FH (103). In this study, the catabolism of Lp(a) was
not significantly different in homozygous FH patients (0.251 d-1), heterozygous FH
patients (0.254 d-1) and control subjects (0.287 d-1), thus suggesting that the LDLR is not
a physiologically relevant route for Lp(a) catabolism in humans.

Further evidence

refuting a role for the LDLR in Lp(a) clearance is apparent in the work of Cain and coworkers (76), who utilized LDLR -/- knockout mice to measure the FCR of 125I-TC-human
Lp(a). In an elegant experiment, the group noted that the catabolic rate of LDL was
significantly slowed in LDLR -/- mice, but that plasma Lp(a) clearance in the knockout
mice was similar to that observed in wild type mice. Interestingly, the group also
discovered that the introduction of a molar excess of apo(a) significantly inhibited Lp(a)
clearance in wild type mice, thus providing strong evidence to suggest that the apo(a)
moiety of Lp(a) is the major ligand mediating hepatic clearance of Lp(a) (76).

1.6.3 LDL Receptor-Related Protein / α2-Macroglobulin Receptor
Chylomicrons are synthesized by the intestine to transport dietary triglyceride and
cholesterol (104). While in circulation, the triglycerides in these particles are hydrolyzed
by lipoprotein lipase (LPL), producing cholesterol-enriched chylomicron remnants (104).
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These remnants are cleared rapidly and efficiently from the plasma by the liver, and their
cholesterol converted to bile acids and excreted, or used in membrane or hepatic
lipoprotein biosynthesis (104). Very low-density lipoproteins (VLDLs) are synthesized
in the liver and like chylomicrons, fulfill a lipid transport function (105).

The

triglycerides in these particles are also acted on by LPL in the plasma and generate small,
cholesterol-enriched lipoproteins known as intermediate-density lipoproteins (IDLs)
(105).

LDL particles are the end product of VLDL catabolism and are the major

cholesterol-transporting lipoprotein in the plasma (104).

Approximately half of the

VLDL remnants are cleared directly by the liver through an apoE-mediated process
(105), while the remainder are converted to LDL containing only apoB-100 and are
cleared as described in the preceding section.
The LDL receptor-related protein (LRP), also referred to as the α2-macroglobulin
receptor (α2MR), represents a second class of hepatic receptor that participates in lipid
metabolism by recognizing chylomicron remnants associated with apoE (105). The LRP
interacts with apoE-containing lipoproteins, but not with apoB-containing LDL (104).
Since a definitive role for the LDLR in Lp(a) clearance has been elusive, the LRP has
been suggested as a potential catabolic receptor for Lp(a). Work by Marz and co-workers
(91) has observed through ligand blotting that high molecular weight isoforms of apo(a)
preferentially bind to the LRP over the LDLR, thus suggesting a role for the LRP in
Lp(a) clearance. Additionally, van Barlingen and co-workers (106) demonstrated that
Lp(a) could be enriched with apoE and that this resulted in increased lipoprotein lipaseenhanced binding to proteoglycans. Because heparin sulfate proteoglycans sequester
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remnant lipoproteins in the perisinusoidal space of the liver (107), coupled with the fact
that the LRP binds and mediates the catabolism of LPL (108), it has been suggested that
the LRP is a potential clearance receptor for Lp(a) (106).

Interestingly, these

observations have been strengthened by the work of Devlin and co-workers (109), who
demonstrated that the KIV5-8 fragment of apo(a) inhibits the hepatic clearance of
cholesterol-rich remnant lipoproteins in a transgenic mouse line. This in vivo observation
suggests that apo(a) potentially competes with the LRP or the LDLR for remnant
lipoprotein clearance (109).
The most convincing evidence against the LRP as candidate receptor for Lp(a)
clearance comes from the work of Cain and co-workers (76), who utilized apoE deficient
mice (ApoE -/-) and examined the fractional catabolic rate of Lp(a) in this knockout
mouse model. In ApoE -/- mice, Cain et al. (76) found that Lp(a) plasma clearance was
slightly accelerated compared to that in wild type mice, and there was a small increase in
hepatic uptake. Interestingly, these in vivo observations coincided with earlier findings
from in vitro experiments, in which the addition of α2-macroglobulin failed to decrease
total specific binding of apo(a) to cultured HepG2 cells (110). Taken together, these
studies suggest that Lp(a) catabolism is not primarily facilitated through the acquisition
of apoE and the subsequent degradation by the LRP/α2MR.

1.6.4 VLDL Receptor
The VLDL receptor (VLDLR) is a member of the LDL receptor family and
functions as a peripheral remnant lipoprotein receptor, binding apoE-containing
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triglyceride rich lipoproteins (111). Unlike the LDLR, the VLDLR is barely detectable in
the liver and is instead expressed abundantly in fatty acid-active tissues (heart, skeletal
muscle and fat), the brain and macrophages (112). Evidence suggesting a role for the
VLDLR in Lp(a) clearance is presented in the work of Argraves et al. (92), who
demonstrated that fibroblasts expressing the VLDLR were able to mediate the
endocytosis and lysosomal degradation of Lp(a) more effectively than fibroblasts lacking
this receptor. Additionally, the group determined through LDL competition studies that
the apo(a) component of Lp(a) mediates binding to the VLDLR (92). Nonetheless,
previous studies (74,76) have downplayed a primary role for this receptor in vivo due to
its non-hepatic distribution, although it remains a possibility that a small fraction of Lp(a)
is catabolized by this remnant lipoprotein receptor.

1.6.5 Megalin/gp330 Receptor
Megalin/glycoprotein 330 (gp330) is a member of the LDLR family and is
expressed in a number of resorptive, polarity-differentiated epithelia that are heavily
engaged in receptor-mediated endocytosis (93). The receptor is most abundant in the
kidney, lung, thyroid, brain, yolk sac, inner ear and mammary gland (113). Ligands
include elements of lipoprotein metabolism, such as LDL, apoE and apoB-100 (114,115),
and of the blood clotting and fibrinolytic systems, including plasminogen and
plasminogen activator-inhibitor complexes (116).

Since megalin/gp330 is highly

abundant in the kidney and has previously been shown to bind both plasminogen and
apoB-100 (114,116), it has been postulated as a catabolic receptor for Lp(a) in this organ
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(93). Interestingly, work by Niemeier and co-workers (93) has revealed that the uptake
and degradation of radiolabeled Lp(a) by a megalin/gp330 expressing cell line was, on
average, 2-fold higher than that of control cells. The group also demonstrated that
purified megalin/gp330, immobilized on a sensor chip, directly bound Lp(a) in a Ca2+dependent manner (93). Together, these results suggest a potential clearance mechanism
for Lp(a) and may account for the kidney-mediated degradation of Lp(a).

1.6.6 Asialoglycoprotein Receptor
The asialoglycoprotein receptor (ASGPR) is a hetero-oligomeric endocytic
receptor predominantly expressed on the surface of hepatocytes (117). The primary
physiological function of the receptor is to remove and degrade desialylated circulating
proteins, thus making it a candidate receptor for Lp(a) due to the extensive sialylation of
the apo(a) component (94). Since sialic acid residues usually cap the non-reducing
terminal of glycoproteins, the enzymatic removal of these residues by neuraminidases
exposes galactose residues, which are readily recognized by the ASGPR (117). The
distribution of mammalian neuraminidases is quite vast, as this group of enzymes has
been characterized in hepatocytes, erythrocytes, monocytes and platelets, as well as in the
blood plasma (118). In the event that apo(a) becomes desialylated, it may become a
potential ligand for the ASGPR. In order to assess the role of the ASGPR in Lp(a)
clearance, Cain and co-workers (76) injected mice with asialofetuin, a known ligand of
the ASGPR, simultaneously with radiolabeled Lp(a). They reported that plasma Lp(a)
clearance was essentially unaffected by the presence of the competing ligand.
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In

contrast, the addition of an unlabeled molar excess of asialofetuin significantly reduced
its own clearance, thus acting as a positive control for the experiment and confirming the
notion that the ASGPR does not play a significant role in Lp(a)/apo(a) catabolism (76).

1.6.7 The Plasminogen Receptor Family
Plasminogen (Pg) receptors represent a ubiquitous class of proteins, whose
expression has been characterized in a number of cell types, including smooth muscle
cells, endothelial cells, fibroblasts and monocytes (119).

Binding analysis of

plasminogen to a number of cell types has revealed a very high capacity for binding,
where up to 107 receptors per cell have been identified depending on the cell type (120122). To date, three potential functions of these receptors have been identified. Firstly,
the receptors serve as a means of localizing the plasminogen zymogen to the cell surface
prior to its activation (119). Secondly, the rate of plasminogen activation has been found
to be enhanced when the zymogen is bound to its cell surface receptor (123). Finally,
plasmin bound to the plasminogen receptor appears to be protected from inactivation by
α2-antiplasmin (120).
The interactions of plasminogen with specific plasmin substrates, inhibitors and
regulatory molecules are mediated by lysine binding sites within the plasminogen
molecule (119). Plasminogen binding to its cellular receptors thus requires these LBS to
be unoccupied (119).

Correspondingly, studies have shown that the binding of

radiolabeled plasminogen to human umbilical vein endothelial cells (HUVECs) is
inhibited in a dose-dependent manner by the lysine analogue ε-aminocaproic acid (ε28

ACA) (123). Interestingly, no single protein molecule can account for the entire capacity
of any given cell to bind plasminogen (124).

The implied heterogeneity of the

plasminogen receptor family has been demonstrated in studies employing the use of
carboxypeptidase B (CpB), an enzyme which catalytically removes carboxyl terminal
arginines and lysines. Felez and colleagues (125) observed that CpB treatment reduced
plasminogen binding to monocytoid cells by 60%, while cell surface-dependent
enhancement of plasminogen activation was reduced by >95%.

This suggests that

although several distinct molecules may contribute to plasminogen binding, the subset of
plasminogen receptors responsible for the enhancement of plasminogen activation have
an exposed carboxyl-terminal lysine that is sensitive to CpB. Additionally, Hawley and
co-workers (124) demonstrated that CpB treatment of monocytes, followed by ligand
blotting with
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I-plasminogen, revealed α-enolase, actin and annexin II as potential

plasminogen-binding proteins. Curiously, each binding partner was inhibited by CpB
treatment to a varying extent.

Accordingly, it is entirely possible that although

plasminogen receptors are heterogeneous with respect to their sequences, those that
function as profibrinolytic plasminogen receptors on cell surfaces maintain a specific
arrangement of lysine residues in the carboxyl-terminal (124).
Since the apo(a) component of Lp(a) possesses a number of LBS and shares a
high degree of amino acid identity with plasminogen (5), the plasminogen receptor
family has been proposed to play a role in Lp(a) clearance.

Much of this early

speculation was based on in vitro evidence identifying Lp(a) as a potential plasminogen
receptor family binding partner. Correspondingly, an early study by Miles and co29

workers (126) demonstrated that Lp(a) competes with plasminogen for receptors on the
endothelial cell surface. Similarly, Hajjar et al. (95) reported that Lp(a) interferes with
endothelial cell fibrinolysis by inhibiting plasminogen binding and thus plasmin
formation. Currently, the most direct link between the plasminogen receptor and Lp(a)
clearance has come from the work of Tam and co-workers, (110) who demonstrated that
plasminogen receptors present in both HepG2 cells and human fibroblasts are capable of
mediating the uptake and degradation of both Lp(a) and apo(a). Collectively, the above
studies suggest a potential role for the plasminogen receptor in Lp(a) clearance.
However, whether or not the plasminogen receptor family represents a significant
catabolic route in vivo remains unclear.

1.7 Hypothesis
The major hypotheses which form the basis of this thesis are as follows:
1) Specific sequences in apo(a) mediate the non-covalent association of Lp(a)
with hepatocytes.
2) Interactions between apo(a) and its catabolic receptor(s) are lysine-dependent.

1.8 Rationale and Research Objectives
The classification of elevated plasma concentrations of Lp(a) as an independent
risk factor for coronary heart disease and stroke has provided the rationale for studies that
focus on the plasma reduction of this lipoprotein. Since the catabolic pathway for Lp(a)
clearance remains largely unknown, it is not possible to consider manipulating uptake as
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a means to reduce plasma Lp(a) levels. Prior to beginning this thesis, it was evident in
the literature that the liver is the major organ involved in Lp(a) clearance, and that the
apo(a) moiety of Lp(a) is the major ligand mediating catabolism (76). Accordingly, the
specific objectives of this research project were developed as follows:
1) To perform in vitro binding analysis of a variety of apo(a) variants to HepG2
cells and FH fibroblasts.
2) To analyze the strong and weak lysine binding sites in apo(a) and to determine
their role in the plasma clearance of Lp(a).
3) To visualize and quantify the degradation of apo(a) in HepG2 cells and FH
fibroblasts.
4) To isolate and characterize the receptor(s) directly responsible for
Lp(a)/apo(a) catabolism.
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Chapter 2
Experimental Procedures
2.1 Cell Culture
Human hepatoma (HepG2) cells were obtained from ATCC (#HB-8065,
Manassas, VA, USA) and were grown in minimal essential media (MEM; Gibco,
Burlington, ON, Canada) supplemented with 10% (v/v) fetal bovine serum (FBS; ATCC)
and 1% (v/v) antibiotic solution (Gibco). Human embryonic kidney (HEK) 293 cells
(127) were maintained in MEM containing 5% (v/v) FBS (HyClone, Logan, UT, USA)
and 1% (v/v) antibiotic solution (Gibco). Primary, familial hypercholesterolemic (FH)
fibroblasts, obtained from a 9 year old LDL receptor defective Caucasian male, were
purchased from Coriell Institute (#GM03040, Camden, NJ, USA) and were grown in
MEM (Gibco) supplemented with 15% (v/v) FBS (HyClone), 2 mM L-glutamine and 1%
(v/v) antibiotic solution (Gibco). FH fibroblasts were obtained at passage 17 and were
used up to passage 26. All cells were grown at 37ºC in 5% CO2 and the medium was
exchanged every 2nd or 3rd day.

2.2 Construction and Expression of Recombinant Apo(a) Variants
Construction of plasmids in the pRK5 expression vector that encode the following
r-apo(a) variants have been previously described: 17K (wild type) (94), 17KΔAsp(D56A)
(10), 17KΔLBS7,8 (68), 17KΔCys and KIV5-8 (128) and 17KΔV (9). All expression
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plasmids were used to generate stably expressing HEK 293 cell lines as previously
described (94).

2.3 Purification of Recombinant Apo(a) Variants
All recombinant apo(a) variants were purified from the conditioned medium of
stably expressing HEK 293 cell lines by lysine-Sepharose affinity chromatography as
previously described (9). Briefly, conditioned medium (Opti-MEM) harvested every 3
days from the stably transfected cells grown in roller bottles was collected and loaded
over a 50-mL column containing lysine-Sepharose CL-4B resin (Amersham Biosciences,
Baie d’Urfe, QC, Canada), pre-equilibrated with phosphate buffered saline (PBS; 137
mM NaCl, 2.68 mM KCl, 10.14 mM Na2HPO4, 1.38 mM KH2PO4, pH 7.4). The column
was washed thoroughly with PBS containing 500 mM NaCl and was eluted with 200 mM
ε-aminocaproic acid (ε-ACA) in the same buffer.

Fractions were analyzed

spectrophotometrically at 280 nm and protein-containing fractions were pooled and
dialyzed three times against HEPES buffered saline (HBS; 20 mM HEPES pH 7.4
containing 150 mM NaCl) for 2 h at 4ºC. The resulting solution was pre-concentrated
using polyethylene glycol 20’000 (Fluka Analytical, Oakville, ON, Canada) and 1 mL
aliquots were centrifuged at maximum speed for 5 min using a Beckman Micromax
Thermo IEC centrifuge.

The precipitated protein pellet was discarded and the

supernatants were collected and concentrated using an Amicon Ultra centrifugal filter
device (Millipore, Etobicoke, ON, Canada) with a molecular weight cutoff of 30 kDa.
The protein concentration was determined spectrophotometrically (corrected for Rayleigh
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scattering) for all apo(a) variants, with the exception of the 17K-GFP fusion construct,
using the following molecular weights and molar extinction coefficients: 17K wild type
(Mr ~ 278,219; ε280 nm = 2.07 mg-1 mL cm-1); 17KΔAsp (D56A) (Mr ~ 278,219; ε280 nm =
2.07 mg-1 mL cm-1); 17KΔLBS7,8 (Mr ~ 278,219; ε280

nm

= 2.07 mg-1 mL cm-1);

17KΔCys (Mr ~ 278,219; ε280 nm = 2.07 mg-1 mL cm-1); 17KΔV (Mr ~ 269,978; ε280 nm =
2.11 mg-1 mL cm-1); KIV5-8 (Mr ~ 56,000; ε280

nm

= 2.10 mg-1 mL cm-1) (9). The

concentration of the 17K-GFP protein was determined using the Bio-Rad protein assay.
All proteins were assessed for purity by SDS-PAGE, with the use of 2.5-15% gradient
gels, under reduced (containing 10 mM dithiothreitol) and non-reduced conditions,
followed by silver staining. All purified recombinant apo(a) variants exhibited single
bands, with an upward shift in mobility in the reduced samples as has been previously
reported (94). Aliquots of the purified proteins were stored at -70ºC prior to use.

2.4 Lipoprotein-Depleted Serum
Lipoprotein-depleted serum (LPDS) was prepared by adjustment of the fetal
bovine serum (ATCC) density from 1.006 g/mL to 1.21 g/mL with NaBr according to the
following equation:
NaBr (g) =

mL FBS × ( ρFinal - ρInitial)
(1 - 0.245 × ρFinal)

where ρFinal = 1.21 g/mL, ρInitial = 1.006 g/mL and 0.245 mL/g represents the partial
specific volume of NaBr.
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Sealable centrifuge tubes (Beckman Coulter, Mississauga, ON, Canada) were
filled with the heavy FBS solution, soldered shut and spun at 60,000 rpm for 20 h (4ºC)
in a Beckman L8-70 Ultracentrifuge equipped with the Type 70.1 Ti Rotor. The serum
was resolved into two distinct layers, where the less dense lipoprotein-containing fraction
was carefully removed with a syringe.

The lipoprotein-free layer was dialyzed

extensively against HBS at 4ºC and aliquots were stored at -20ºC prior to use.

2.5 Protein Iodination
Recombinant lipoproteins were radiolabeled with Na125I (Perkin Elmer,
Woodbridge, ON, Canada) by the chemical oxidation method (129). Prior to iodination,
300 to 500 μg of recombinant protein was added to 150 μL of iodination buffer (200 mM
Tris-HCl pH 7.4 containing 100 mM NaCl). Two IODO-BEADS (Pierce, Ottawa, ON
Canada) were then washed once with 1 mL of iodination buffer for 1 min and were then
suspended in 500 μL of iodination buffer and 1 mCi of Na125I. Following a 5 min
incubation at room temperature, the radioactive iodine solution was added to the
previously prepared recombinant protein solution. The resulting mixture was incubated
at room temperature for 10 min and was subsequently quenched by the addition of 10 μL
of 1 M sodium metabisulfite. The radiolabeled sample was separated from the free
iodine label using a 10 mL Econo-Pac 10DG desalting column (Bio-Rad, Mississauga,
ON, Canada) equilibrated with HBS.

Fractions (500 μL) were collected and 5 μL

aliquots were measured for associated radioactivity using a 1275 MiniGamma counter
(LKB Wallac, Turku, Finland).

Protein-containing fractions were pooled and the
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concentration was determined spectrophotometrically (corrected for contributions from
Rayleigh scattering). Radiolabeled samples were stored at 4ºC for a maximum period of
3 weeks prior to use.

2.6 Bicinchoninic Acid Protein Quantification Assay
Protein standards ranging in concentration from 0 to 2000 μg/mL were prepared
by diluting 10 mg/mL of BSA (New England BioLabs, Mississauga, ON, Canada) in
HBS. Each unknown protein sample (10 μL), in addition to 10 μL of each standard, were
then added in duplicate to the wells of a 96-well plate (Costar, Lowell, MA, USA). The
bicinchoninic acid (BCA) detection reagent was then immediately prepared by mixing
BCA Reagent A (Pierce) with BCA Reagent B (Pierce) in a 50:1 volumetric ratio. The
resulting detection reagent (200 μL) was added to each well and the biuret reaction was
allowed to proceed for 30 min at 37ºC. Following incubation, the light blue to violet
samples were measured in the linear absorbance range at 562 nm using a SpectraMax
M2e Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) running SoftMax Pro
Software (Molecular Devices). A linear standard curve was constructed using the BSA
standards and the unknown protein concentrations were determined by mathematical
interpolation.

2.7 Bio-Rad Protein Assay
Protein quantification was performed in an analogous manner to the BCA assay
with the following exceptions. Protein standards were prepared from a 1 mg/mL BSA
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stock solution and ranged in concentration from 0 to 0.5 mg/mL. The dye reagent
concentrate (Bio-Rad) was diluted 1:4 in HBS and acted as the assay detection reagent.
Each protein sample (10 μL) and 200 μL of diluted concentrate were added in duplicate
to the wells of a 96-well plate.

Following incubation for at least 5 min at room

temperature, absorbance measurements were performed at 595 nm.

2.8 Ligand Binding Assay
Binding experiments were performed using confluent HepG2 cells, HEK 293
cells or FH fibroblasts in 12- or 24-well tissue culture plates (Costar). Prior to each
experiment, the growth media was removed and replaced overnight with MEM
containing 10% lipoprotein-depleted serum (LPDS) prepared as described above. Cells
were pre-chilled on crushed ice for 30 min, at which point the medium was removed and
varying concentrations of

125

I-recombinant apo(a) variants (17K, 17KΔAsp, 17KΔV,

17KΔCys, 17KΔLBS7,8 and KIV5-8) were added.

In some experiments, varying

concentrations of ε-ACA were included in the reaction to test the lysine-dependency of
binding to the cell surface. After incubation for 3 h at 4°C, the binding reaction was
terminated by removing the medium, and the cells were washed twice with ice-cold PBS
containing 0.2% BSA, followed by 2 final washes with PBS alone. The cells were then
dissolved in 1 M NaOH and the associated radioactivity was determined using a Model
1275 MiniGamma counter (LKB Wallac). Total cellular protein was measured using the
Pierce BCA protein assay described above. Total binding was analyzed by plotting the
total counts/mg cell protein versus the total counts corresponding to free ligand. Non37

specific binding was calculated by incubating the cells in the same manner as described
above with various concentrations of

125

I-BSA. Total

125

I-BSA counts/mg cell protein

was plotted versus the total counts corresponding to free BSA. The slope of the plot was
determined by linear regression, and the corrected specific counts bound/mg cell protein
was determined as follows:
⎛ Total Counts Bound / mg Cell Protein ⎞
(1) Total Binding Slope = ⎜
⎟
Total Counts Free
⎠
⎝
⎛ BSA Counts Bound / mg Cell Protein ⎞
(2) Non - Specific Binding Slope = ⎜
⎟
BSA Counts Free
⎠
⎝
(3) Specific Binding = ((Total Binding Slope ) − (Non - Specific Binding Slope )) × Total Counts Free

Substitution of equations (1) and (2) into (3) yields the final calculation for specific
binding:
⎛ Total Counts Bound / mg Cell Protein BSA Counts Bound / mg Cell Protein ⎞
−
⎟ × Total Counts Free
⎜
Total Counts Free
BSA Counts Free
⎠
⎝

The specific binding curve was subjected to non-linear regression analysis utilizing the
program GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA), enabling the
calculation of the Kd and Bmax values.
2.9 Apo(a) Degradation Assay
Cellular degradation of recombinant apo(a) was performed in a manner analogous
to the ligand binding assay described above, with the following modifications. Confluent
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HepG2 cells or FH fibroblasts were incubated with varying concentrations of 125I-labeled
r-apo(a) (17K, 17KΔLBS7,8) at 37ºC for the indicated time periods.

Following

incubation, the medium was removed from each cell monolayer and the cells were
washed with PBS as described earlier.

Apo(a) degradation was determined by

measurement of the trichloroacetic acid- (TCA) soluble radioactivity released into the
medium. TCA-soluble radioactivity was analyzed for water-soluble (small peptides and
amino acids) and chloroform-soluble (iodine) radioactivity as previously described by
Goldstein and co-workers (130). Briefly, 2 volumes of ice cold 10% TCA were added to
1 volume of cellular medium in order to precipitate intact proteins. After incubation at
4ºC for 30 min, the precipitated protein was removed by centrifugation and 1 mL of the
resulting supernatant was combined with 10 μL of 40% (w/w) KI and 40 μL of 30%
(w/w) H2O2. The samples were mixed thoroughly and incubated at room temperature for
5 min, during which time the hydrogen peroxide converted [125I] iodide ions to [125I]
iodine. Next, 2 volumes of chloroform were added to each sample to extract the free
[125I] iodine into the organic phase by vortex agitation.

After 15 min at room

temperature, aliquots from the upper aqueous layer were counted to determine total
radioactivity released into the medium. A correction was applied for non-specific ligand
degradation by subtracting TCA-soluble counts in a cell-free environment from total
radioactivity for each data point. Total protein normalization was performed using the
BCA assay as described above, where cell monolayers were dissolved in 1 M NaOH
following extensive PBS washing.
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2.10 LysoTracker Lysosomal Degradation
HepG2 cells (250,000) were seeded on a Delta T dish (Bioptechs, Butler, PA,
USA) and were grown to sub-confluency. Prior to the experiment, the growth medium
was replaced overnight with phenol red-free MEM (Gibco) containing 10% LPDS. The
cells were then incubated for 2 h at 37°C in phenol red-free MEM supplemented with 50
nM of the LysoTracker Red DND-99 probe (Molecular Probes #L7528, Burlington, ON,
Canada). Following three PBS washes, 500 nM of 17K-GFP in phenol red-free MEM
was added to the dish. The protein was allowed to bind to the cell surface for 1 h at 4ºC.
Fluorescence imaging was then performed at 37ºC for varying times up to 4 h using a
Leica TCS SP2 Multiphoton Confocal Microscope (Leica Microsystems, Bannockburn,
IL, USA). Images were captured using the Leica Confocal Software and time-lapse
movies were created using Image-Pro Plus 6.0 (MediaCybernetics, Bethesda, MD, USA)
and ImageJ (NIH, Bethesda, MD, USA).

2.11 Statistical Analysis
All statistical analyses were performed using the unpaired two-tailed Student’s ttest.
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Chapter 3
Results
3.1 Binding of Recombinant Apo(a) to Cultured Human Hepatoma Cells
Previous studies analyzing the in vivo tissue uptake of Lp(a) have demonstrated
that the liver is the primary metabolic organ mediating the catabolism of this lipoprotein
(74,76). Additionally, reports have indicated that the apo(a) component of Lp(a) is the
primary ligand that mediates Lp(a) hepatic uptake and plasma clearance (76). Taken
together, these findings suggest an interplay between hepatic cell surface receptors and
apo(a) in the process of Lp(a) catabolism. As such, we began our investigation by
developing an in vitro biophysical assay to quantify the cell surface binding properties of
r-apo(a) variants to cultured human hepatoma (HepG2) cells. However, since we utilized
a non-equilibrium method for binding analysis, it was first necessary to ensure that
binding was saturable in our cell system. As anticipated, the binding of an iodinated 17kringle containing recombinant form of apo(a) (17K) to HepG2 cells was found to be
saturable as a function of time (Figure 3-1). This experiment was conducted by applying
a 120 nM concentration of 125I-17K to the cells and allowing the system to equilibrate at
4ºC for set time periods. Following radioactive measurements, a direct plot of bound
apo(a) ligand versus time illustrated that a plateau was reached in the system at
approximately the 3 h mark. Since binding was found to be saturable as a function of
time, the 3 h time point was utilized as the minimum incubation period for all subsequent
binding assays.
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Figure 3-1. Time-Dependent Binding of 125I-17K to HepG2 Cells. Confluent cell
monolayers were incubated overnight in MEM containing 10% lipoprotein-depleted
serum (LPDS). The cells were pre-chilled on crushed ice for 30 min, the medium was
removed and a constant concentration of 125I-17K (120 nM) was added to the cells in
MEM. After incubation at 4˚C for the indicated time periods, 2 PBS washes containing
0.2% BSA were performed, followed by 2 final washes with sterile PBS. The cells were
lysed with 1 M NaOH and the radioactivity associated with the cells was subsequently
determined. The results represent the mean ± SEM of two independent experiments
performed in duplicate.
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In order to characterize the binding of apo(a) to HepG2 cells, increasing
concentrations of

125

I-17K were added to the cells for 3 h at 4˚C. The resulting plot of

specifically bound r-apo(a) versus the concentration of free ligand produced a curve
which resembled a rectangular hyperbola (Figure 3-2). Upon Scatchard transformation of
the saturation curve, a non-linear plot was obtained which suggests a deviation from
single-site binding (Inset; Figure 3-2). The resulting Scatchard plot appeared concave,
where as the ligand concentration increased, the plot curved down towards the origin.
The specific binding curve was further subjected to non-linear regression analysis; the
plot was resolved into two-components using Equation (1):
(1) v =

B max 1[ L] B max 2[ L]
+
K d 1 + [ L ] Kd 2 + [ L ]

One of the binding components had a Kd of 12 nM, and the other had a Kd of 249 nM.
The maximum binding capacities (Bmax) of the high and low affinity sites were further
B

calculated to be 0.0463 and 0.436 pmol r-apo(a)/mg cell protein, respectively. Taken
together, these data indicated the presence of both a high affinity, low capacity binding
site as well as a low affinity, high capacity binding site.
Previous observations by Tam and co-workers (3) have suggested that free apo(a)
is capable of binding to hepatocyte cell surfaces and that this interaction is largely lysinedependent. Since our cell binding model contained at least two classes of binding sites,
we proposed that binding to one of these sites might be entirely lysine-dependent.
Accordingly,

competition

binding

assays

were

performed

where

increasing

concentrations (0-50 mM) of the lysine analogue, ε-ACA, were added to the
43

125

I-17K

0.3

0.035
0.030

[Bound] / [Free]

0.2

0.1

0.025
0.020
0.015
0.010
0.005
0.000
0.0

125

I-Apo(a) Bound (pmoles / mg cell protein)

0.4

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

[Bound] nM

0.0
0

100

200

300

400

500

600

[17K] nM
Figure 3-2. Binding of 125I-17K to HepG2 Cells. Experiments were performed using
confluent cell monolayers in 24-well tissue culture plates. Binding at 4ºC was measured
for 3 h as described in the Experimental Procedures section. The curve represents
specific binding (total minus non-specific binding); non-specific binding was quantified
using 125I-lableld BSA. The results represent the mean ± SEM of three independent
experiments performed in duplicate. The inset contains a representative Scatchard plot of
the binding curve. For simplicity, only mean values are presented in the Scatchard plot.
The Scatchard plot is displayed as a visual aid only, as binding parameters were
calculated by subjecting the specific binding curve to non-linear regression analysis.
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binding reaction.

Following radioactive measurements, we found that ε-ACA

concentrations as low as 2.5 mM were capable of abolishing approximately 40% of
specific binding of r-apo(a) to cultured HepG2 cells (Figure 3-3). Interestingly, the
extent of ε-ACA inhibition of specific binding was essentially the same for all
concentrations tested.
Despite the observation that ε-ACA reduced the cell surface binding of apo(a), the
extent of inhibition caused by ε-ACA corresponding to each of the two individual classes
of binding sites identified in Figure 3-2 remained unclear. Therefore, specific apo(a)
domain analysis was required in order to identify the specific lysine binding sites (LBS)
in apo(a) involved in cell surface binding.

3.2 Critical Domains in Apo(a) that Mediate its Binding to Cultured HepG2 Cells
To elucidate the specific sequences in apo(a) required for binding to HepG2 cells,
a series of r-apo(a) variants (both deletion and point mutations) were utilized in the ligand
binding assay (Figure 3-4).

For use in quantitative r-apo(a) binding analysis, the

following apo(a) variants were expressed in human embryonic kidney (HEK) 293 cells
and purified from the conditioned medium as described in the Experimental Procedures:
17K, 17KΔAsp, 17KΔV, 17KΔLBS7,8, 17KΔCys and KIV5-8. Each of the r-apo(a)
variants were further subjected to SDS-PAGE analysis followed by silver staining to
assess sample purity.
We examined the effects of r-apo(a) species with reduced lysine binding capacity
to bind to HepG2 cells. Purified r-apo(a) variants, namely the 17KΔAsp and 17KΔV
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Figure 3-3. The Effects of ε-ACA on the Binding of 125I-17K to HepG2 Cells.
Competition binding assays were carried out at 4ºC for 3 h as described in the
Experimental Procedures section. HepG2 cell monolayers were incubated with 400 nM
125
I-labeled-17K in the presence of the indicated concentrations of ε-ACA. Specific
binding in the absence of ε-ACA was arbitrarily set at 100%. The results represent the
mean ± SEM of two independent experiments performed in duplicate.
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Figure 3-4. Schematic Representation of Recombinant Apo(a) Variants Utilized in
the Proposed Studies. The 17K recombinant apo(a) construct shown on the top line
represents a physiologically relevant apo(a) isoform and contains 17 kringle IV-like
repeats, where 1-10 indicates the 10 subclasses of plasminogen kringle IV-like domains,
KV denotes the V-like sequences and P represents the inactive protease domain. The bar
over KIV9 indicates the position of the free cysteine residue in apo(a) that is involved in
covalent linkage with apoB-100 in the Lp(a) particle. The black circle ( ) within a
kringle indicates the disruption of a lysine binding site via site directed mutagenesis,
while the triangle ( ) represents the mutation of a cysteine to a tyrosine residue. The
GFP domain indicates the presence of a sequence encoding a green fluorescent protein
fluorophore isolated from the jellyfish Aequorea victoria.
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(lacking the strong LBS in KIV10 and the very weak LBS in KV respectively), were
iodinated and increasing concentrations of either ligand were incubated with confluent
HepG2 cells for 3 h at 4ºC. Following radioactive measurements, the quantity of bound
r-apo(a) was determined and plotted against the concentration of free ligand (Figure 35A). Compared to the 17K binding curve, we observed a reduction in specific binding
capacity for both the 17KΔAsp and 17KΔV apo(a) variants. To test whether or not we
had successfully eliminated the binding to one class of sites, we performed Scatchard
transformational analysis on the saturation curves (Figure 3-5B). Like the 17K Scatchard
plot, the 17KΔAsp and 17KΔV plots appeared concave in nature, once again indicating
the presence of multiple classes of ideal binding sites. We further characterized the
affinities and capacities of these sites by subjecting each binding curve to non-linear
regression analysis using the two-site model (Table 3-1). The average reduction in Bmax
B

between the two binding components for the 17KΔAsp and 17KΔV apo(a) variants was
approximately 38% and 63% respectively, compared to the 17K control. Curiously, Kd
values for both the high and low affinity sites remained relatively unchanged, as the
17KΔAsp and 17KΔV apo(a) variants showed comparable binding affinities to that of the
17K r-apo(a) control.
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Figure 3-5. Binding Analysis of 125I-17KΔAsp and 125I-17KΔV to HepG2 Cells. (A)
Binding of iodinated 17K ( ), 17KΔAsp ( ) and 17KΔV ( ) to HepG2 cells was
performed for 3 h at 4ºC as described in the Experimental Procedures. The results
represent the mean ± SEM of three independent experiments performed in duplicate. (B)
Scatchard transformation of the binding curves in Panel A are shown. For ease of
presentation, only representative plots are shown.
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Table 3-1. Binding Affinities and Capacities of Recombinant Apo(a) Variants to
HepG2 Cells. Calculated Kd and Bmax values were determined from non-linear
regression analysis of the data in Figures 3-2, 3-5A, 3-6A and 3-7A. Values are based on
three independent experiments ± standard error.
B

Kd Low (nM)

Bmax Low
(pmol r-apo(a)/mg
cell protein)

Kd Hi (nM)

Bmax Hi
(pmol r-apo(a)/mg
cell protein)

17K wt

249 ± 57

0.436 ± 0.017

12 ± 10

0.046 ± 0.027

17KΔAsp

231 ± 76

0.289 ± 0.024

2±4

0.027 ± 0.014

17KΔV

208 ± 48

0.175 ± 0.011

1±1

0.015 ± 0.005

KIV5-8

217 ± 86

0.632 ± 0.060

1±2

0.073 ± 0.038

17KΔLBS7,8

84 ± 10

1.042 ± 0.040

---

---

17KΔCys

506 ± 275

1.385 ± 0.230

16 ± 16

0.164 ± 0.107

Apo(a)
Variant

B
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B

Although a reduction in maximum binding capacity was observed with the
17KΔAsp and 17KΔV apo(a) variants, these experiments tested the functionalities of
only two of the six characterized LBS in apo(a). In order to thoroughly examine the
remaining four LBS, we attempted to quantify the binding of the KIV5-8 variant to
cultured HepG2 cells, where each of the KIV5-8 sequences contains a weak LBS. Cells
were incubated for 3 h at 4ºC in the presence and absence of 50 mM ε-ACA and specific
binding as a function of increasing concentrations of 125I-labeled KIV5-8 was determined.
The binding curves shown in Figure 3-6 demonstrate a dramatic reduction in specific
binding for reactions supplemented with 50 mM ε-ACA.

Interestingly, Scatchard

transformation of the binding curves resulted in two very distinct plots. In the case of the
KIV5-8 control, we observed a concave curve, signifying binding of the KIV5-8 variant to
multiple classes of sites. However, the Scatchard plot for KIV5-8 supplemented with 50
mM ε-ACA appeared linear, indicating single-site binding.

Non-linear regression

analysis of the KIV5-8 binding curve further revealed high and low affinity Kd values of 1
± 2 nM and 217 ± 86 nM, respectively. Interestingly, the calculated Kd value from the
binding curve produced in the presence of ε-ACA was found to be 260 ± 37 nM, which
closely resembles the low affinity binding component (Kd = 249 nM) on HepG2 cells.
The preceding result suggested that the LBS in the KIV5-8 variant are critical for
binding to the high affinity site on HepG2 cells. Since the LBS in KIV7 and KIV8 are
responsible for the initial non-covalent interaction between apoB-100 and apo(a) prior to
covalent Lp(a) assembly (20-22), we assessed the binding to HepG2 cells of a full length
apo(a) variant lacking these functional LBS domains (17KΔLBS7,8). We also examined
51

0.6

0.5

0.4

0.3

0.2

0.1

125

I-Apo(a) Bound (pmoles / mg cell protein)

A

0.0
0

200

400

600

800

1000

[KIV5-8] nM

B

C

0.18

0.0020

0.16

0.0015

0.12

[Bound] / [Free]

[Bound] / [Free]

0.14

0.10
0.08
0.06

0.0010

0.0005

0.04
0.02

0.0000

0.00
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0.0

2.2

[Bound] nM

0.1

0.2

0.3

0.4

0.5

0.6

[Bound] nM

Figure 3-6. Effects of ε-ACA on the Binding of 125I-KIV5-8 to HepG2 Cells. (A)
Binding of 125I-labeled KIV5-8 to the cells, in the presence ( ) and absence ( ) of 50 mM
ε-ACA, was performed for 3 h at 4ºC as described in the Experimental Procedures.
Binding curves shown in Panel A are representative plots from three independent
experiments. The values shown represent the mean of a single experiment performed in
duplicate. (B & C) The bottom panels represent the Scatchard transformations for the
binding curves shown in Panel A.
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the binding of an apo(a) variant which lacks the free cysteine residue in KIV9
(17KΔCys), thus disrupting covalent bond formation with apoB-100 during the second
step of Lp(a) assembly.

The binding of these iodinated species to HepG2 cell

monolayers is shown in Figure 3-7. Scatchard transformational analysis of the saturation
binding curves revealed that the 17KΔCys species was capable of binding to both the
high and low affinity sites (Kd

HI

= 16 ± 16 nM, Kd

LOW

= 506 ± 275 nM), while the

17KΔLBS7,8 apo(a) variant was only capable of binding to the low affinity site (Kd LOW =
84 ± 10 nM). Overall, these results suggest that a non-covalent Lp(a) particle (mediated
by the binding of KIV7 and KIV8 to specific lysine residues in apoB-100) is required for
association with the high affinity component and that the identity of this site may in fact
be the LDLR. Interestingly, the data further imply that the non-covalent LDL-apo(a)
complex is stable enough to allow for binding to the high affinity component in the
absence of disulfide bond formation between apo(a) and apoB-100.

3.3 Binding of 125I-17K to Cultured FH Fibroblasts and HEK 293 Cells
To investigate whether or not LDL was required in the binding of r-apo(a) to the
high affinity component, we examined the association of r-apo(a) with fibroblasts derived
from a Caucasian male diagnosed with familial hypercholesterolemia (FH). Since these
cells possess genetically defective LDL receptors (unlike HepG2 cells), we were able to
directly assess a role for the LDLR in our two component binding system. Binding of
125

I-labeled 17K was performed for 3 h at 4ºC and a specific binding curve was generated

(Figure 3-8A). The Scatchard transformation (Figure 3-8B) produced a linear plot, and
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Figure 3-7. Binding of 125I-17KΔLBS7,8 and 125I-17KΔCys Assembly Mutants to
HepG2 Cells. (A) Binding of 125I-labeled 17KΔLBS7,8 ( ) and 17KΔCys ( ) was
performed for 3 h at 4ºC as described in the Experimental Procedures. Binding curves
presented in the top panel represent the mean values of three independent experiments
performed in duplicate ± SEM. (B & C) The bottom panels represent the corresponding
Scatchard transformations for the aforementioned binding curves. For ease of
presentation, only mean values are used in the Scatchard plots.
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non-linear regression analysis of the saturation curve estimated a Kd of 190 ± 29 nM and
a Bmax of 2.4 ± 0.15 pmol r-apo(a)/mg cell protein. Once again, the calculated Kd value
B

was found to resemble the low affinity binding component (Kd = 249 nM) previously
observed on HepG2 cells. We also performed ε-ACA competition assays using FH
fibroblasts to assess the lysine dependency of low affinity binding in these cells. We
found that ε-ACA concentrations between 2.5 and 50 mM abolished approximately 30%
of r-apo(a) specific binding (Figure 3-9), indicating a greater non-lysine dependent
binding component corresponding to this site. Interestingly, the extent of inhibition by εACA in FH fibroblasts (30%) was found to be similar to that observed in HepG2 cells
(40%), although experiments in the HepG2 cell system included contributions from both
the high and low affinity sites.
In the next series of experiments, we analyzed the binding of r-apo(a) to wild type
HEK 293 cells, a cell line incapable of endogenous LDL production and expression of
the LDLR. Accordingly, HEK 293 cells were pre-incubated with LPDS overnight and
specific binding as a function of increasing concentrations of

125

I-17K was determined.

The resulting saturation curve is shown in Figure 3-10, where a plateau was observed at
approximately 0.4 pmol r-apo(a)/mg cell protein.

Scatchard transformation of the

binding curve resulted in a linear plot (Inset; Figure 3-10) and non-linear regression
analysis further revealed that

125

I-17K bound exclusively to a site with a Kd of 240 ± 58

nM, resembling the low affinity component (Kd = 249 nM) in the HepG2 cell model.
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Figure 3-8. Binding of I-17K to Cultured Human FH Fibroblasts. (A) Experiments
were performed using confluent cell monolayers in 24-well tissue culture plates. Binding
at 4ºC for 3 h was measured as described in the Experimental Procedures. The curve
represents specific binding (total minus non-specific binding); non-specific binding was
quantified using 125I-lableld BSA. The results represent the mean ± SEM of three
independent experiments performed in duplicate. (B) A representative Scatchard
transformation of the data in Panel A is shown. For ease of presentation, only mean
values are included.
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Figure 3-9. The Effects of ε-ACA on the Binding of 125I-17K to FH Fibroblasts.
Competition binding assays were carried out at 4ºC for 3 h as described in the
Experimental Procedures chapter. Human FH fibroblast cell monolayers were incubated
with 100 nM 125I-labeled-17K in the presence of the indicated concentrations of ε-ACA.
Specific binding in the absence of ε-ACA was arbitrarily set at 100%. The results
represent the mean ± SEM of four independent experiments carried out in duplicate.

57

0.3

0.006

0.2

0.005
[Bound] / [Free]

125
I-Apo(a) Bound (pmoles / mg cell protein)

0.4

0.1

0.004
0.003
0.002
0.001
0.000
0.0

0.0
0

100

200

300

0.2

0.4
0.6
[Bound] nM

400

0.8

500

1.0

600

[17K] nM

Figure 3-10. Binding of 125I-17K to Cultured HEK 293 Cells. Experiments were
performed using confluent cell monolayers in 24-well tissue culture plates. Binding at
4ºC for 3 h was measured as described in the Experimental Procedures. The curve
represents specific binding (total minus non-specific binding); non-specific binding was
quantified using 125I-lableld BSA. The data shown are the mean of one representative
experiment performed in duplicate. The inset contains the Scatchard transformation of
the binding curve.
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3.4 Cellular Degradation of 125I-Labeled Recombinant Apo(a)
To assess the catabolic potential of both the high and low affinity binding sites on
HepG2 cells, we quantified the degradation of iodinated 17K and 17KΔLBS7,8 at 37ºC
over a 4 h period.

Degradation was determined by measurement of the total

trichloroacetic acid- (TCA) soluble radioactivity released to the medium at each time
point. TCA-soluble radioactivity was further analyzed for water-soluble radioactivity,
where iodotyrosine counts served as a direct measurement of degraded r-apo(a). Over
time, we observed an increasing amount of degradation of both the 17K and
17KΔLBS7,8 species (Figure 3-11A), however no significant differences (p = 0.48) were
found to exist between the two curves. Additionally, we attempted to evaluate the ability
of the low affinity site in the FH fibroblast cell line to degrade

125

I-17K (Figure 3-11B).

Once again, we observed increasing degradation of apo(a) as a function of time, thus
suggesting that the low affinity site is capable of both binding and degrading apo(a).

3.5 Non-Lysosomal Degradation of 17K-GFP by HepG2 Cells
In order to determine if apo(a) undergoes lysosomal degradation, we utilized
fluorescence confocal microscopy to examine the interaction between r-apo(a) and
cellular lysosomes. Cells were first incubated with 50 nM of the LysoTracker Red probe
to fluorescently label acidic cellular components, including the lysosomes and transport
vesicles. A 17K isoform of apo(a), fused to a green fluorescent protein fluorophore
(17K-GFP), was then allowed to bind to the cell surface for 1 h at 4ºC. Imaging was
subsequently performed for 4 h at 37ºC, where time-lapse photographs were captured
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once per minute. At time zero, we observed an increase in apo(a) binding to the HepG2
cell surface, where most apo(a) was located extracellularly (Figure 3-12). After 120 min
of incubation, apo(a) continued to accumulate on cell surface receptors and some 17KGFP was observed to translocate across the cellular membrane.

Interestingly, we

observed apo(a) association and dissociation throughout the entire cell culture dish,
indicating that binding was reversible.

At the 150 and 180 min time points, peak

catabolic activity was observed, as the amount of apo(a) associated with the membrane
became reduced, however minimal co-localization was observed. Following 240 min of
incubation, catabolic activity was reduced in the region of interest, as most of the initially
bound apo(a) had been actively degraded or had dissociated from the cell surface. Once
again, minimal co-localization was observed between apo(a) and cellular lysosomes.
Overall, these observations suggest that cellular lysosomes play a minimal, if any, role in
the degradation of apo(a) in HepG2 cells following a series of binding and internalization
events.
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Figure 3-11. Degradation of 125I-17K and 125I-17KΔLBS7,8 by HepG2 Cells and FH
Fibroblasts. (A) Degradation of iodinated 17K (
) and 17KΔLBS7,8 (
) by
HepG2 cells was performed as described in the Experimental Procedures. Degradation
was calculated as TCA-soluble radioactivity released to the medium after incubation at
37ºC for the indicated time intervals. A cell free blank control experiment was also
performed to account for any non-specific ligand degradation. (B) Degradation of 125I17K by FH fibroblasts was performed as described above and in the Experimental
Procedures chapter. Results are the mean ± SEM of four independent experiments
performed in duplicate.
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Figure 3-12. Non-Lysosomal Degradation of 17K-GFP by HepG2 Cells. HepG2
cellular lysosomes were stained with LysoTracker red and incubated with 500 nM 17KGFP as described in the Experimental Procedures. Lysosomal degradation, defined by
yellow co-localization in the overlay, was examined in the region of interest (ROI, yellow
circle) at each of the indicated time points. The ROI was arbitrarily selected prior to the
experiment as the focal point for the confocal microscope. Images are representative of
three independent experiments.
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Chapter 4
Discussion
4.1 Analysis of Apo(a) Binding to HepG2 Cells
In the present study, we utilized the human hepatoma cell line, HepG2, in order to
analyze the binding and degradation of a recombinant 17-kringle containing form of
apo(a) (17K). The HepG2 cell model was deemed appropriate for our in vitro work
based on its ability to express the LDLR, the LRP and the plasminogen receptor family,
along with their respective ligands (131-133). Additionally, the HepG2 cell line has been
used extensively in lipoprotein binding studies, where other groups have attempted to
measure the association of apo(a), LDL and Lp(a) with hepatocyte cell surface receptors
(110,134-136).
In our study, we found that the binding analysis of 17K r-apo(a) to HepG2 cells
yielded a two-component binding system through which apo(a) could be internalized and
degraded. Scatchard analysis of the binding curve revealed a concave-shaped plot which
represents a deviation from ideal binding. The reason for the concave shape can be
explained by the existence of more than one class of ideal binding sites with distinctive
Kd and Bmax values. For low quantities of bound ligand, the higher affinity sites become
B

preferentially occupied because the higher affinity Kd value predominates.

As the

amount of bound ligand increases, binding to the lower affinity sites predominates
because the high affinity sites are mostly occupied. Since the slope of the Scatchard plot
is equal to the negative reciprocal of the Kd, binding to the higher affinity sites is
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represented by a steeper negative slope on the curve, while binding to the lower affinity
sites is reflected by a flatter, less negative slope. Besides the existence of more than one
class of apo(a) binding sites on HepG2 cells, it should be noted that the concave behavior
of the Scatchard plot could also represent a negatively cooperative binding system or
lattice-ligand interactions. However, previous studies analyzing the binding of apo(a) to
HepG2 cells have confirmed that apo(a) acts as a ligand for two classes of binding sites,
one with a Kd of 10 nM, and the other with a Kd of 305 nM (110). Using non-linear
regression analysis, we observed a similar binding profile in our system, as the first class
of receptors was found to conform to a high affinity (Kd = 12 nM), low capacity binding
site (0.0463 pmol r-apo(a)/mg cell protein), while the second class of receptors consisted
of a number of low affinity (Kd = 249 nM), high capacity (0.436 pmol r-apo(a)/mg cell
protein) binding sites. Although the calculated Kd values agree with the findings of Tam
and co-workers (110), we report a 9.4-fold difference in Bmax between the high and low
B

capacity binding components, in comparison to the 3-fold difference previously observed.
One explanation for this inconsistency could be based on the differences in computational
methods utilized to calculate the Kd and Bmax values. Interestingly, analysis of the
B

binding data from Tam and colleagues (110) using our non-linear regression algorithm
revealed the same 9.4-fold Bmax ratio between the high and low capacity binding
B

components, suggesting that differences in mathematical measurement in fact caused the
discrepancy. In our study, we utilized non-linear regression analysis of the binding curve
to elucidate the reported binding values. However, Tam and colleagues (110) calculated
their binding parameters by resolving the two-component Scatchard plot using the
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methods of Rosenthal (137).

Since the y-axis of the Scatchard plot represents the

concentration of bound ligand divided by the concentration of free ligand, the inversion
of small free ligand concentrations can greatly distort errors, resulting in larger bound
ligand values. Accordingly, it is likely that Tam and colleagues (110) overestimated the
Bmax of the high affinity binding site, thus contributing to their smaller calculated
B

distribution between the high and low affinity sites.

4.2 Apo(a) Clearance is not Mediated by the High Affinity LDL Receptor
The high affinity binding site was identified as the LDL receptor based on apo(a)
domain analysis and ligand binding assays performed in HEK 293 cells and human FH
fibroblasts. In the HepG2 cell system, we determined that one amino acid substitution in
each of the KIV7 (E56G) and KIV8 (E56G) domains, which abolish the weak LBS
present in each of these kringles (68), was indirectly required for high affinity binding.
By inhibiting the non-covalent interactions between apo(a) and apoB-100 with the
17KΔLBS7,8 mutant, apo(a) was unable to interact with LDL which, in turn, prevented
the subsequent association of Lp(a) with the LDLR. Although these experiments were
performed in serum-free medium, we propose that a vanishingly small amount of LDL
was produced endogenously by the HepG2 cells during the 3 h incubation, while a trace
amount of LDL could have remained bound to the LDLR prior to the incubation with
iodinated r-apo(a). To confirm the role of LDL and the LDLR in our system, we
analyzed the binding of r-apo(a) to HEK 293 cells, a line which lacks endogenous LDL
production and expression of the LDLR. Interestingly, we observed binding to one class
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of sites resembling the low affinity component on HepG2 cells. Similarly, binding
analysis in FH fibroblasts, a line with genetically defective LDLRs, also revealed the
presence of a single binding component similar to the one identified on HepG2 cells.
Interestingly, binding analysis in normal fibroblasts revealed a two-component binding
system only when iodinated apo(a) was supplemented with LDL, suggesting participation
by the LDLR (110). In addition, the 12 nM Kd value that we had calculated for the high
affinity binding site was identical to the Kd value found by Izem and co-workers (135),
for the binding of 125I-LDL to HepG2 cells. Taken together, these results suggest that our
HepG2 binding data captured the interaction between the LDL component of Lp(a)
formed in our assay, and the LDLR.
Our proposed model for apo(a) high affinity binding is consistent with the
findings of Kostner (136), who observed that the interaction between Lp(a) and HepG2
cells is mediated through the LDLR in what was previously described as a “hitch-hiking”
process. Although we propose that in our system, apo(a) covalently interacts with apoB100 prior to uptake by the LDLR, we believe that this mechanism is irrelevant in vivo and
that this observation reflects an artifact in our in vitro system. Since apo(a) binding
assays were performed in serum-free medium, our cell system did not accurately reflect
the fact that LDL is in vast excess of apo(a)/Lp(a) in vivo. In addition, the 3 h incubation
time at 4ºC only enabled the HepG2 cells to produce vanishingly small amounts of LDL
within the time-frame of our study.

Accordingly, we were likely observing the

interaction between apo(a) and a small number of LDL particles secreted by HepG2 cells
prior to the experiment. These particles probably persisted through the pre-experimental
66

wash included in our binding protocol by remaining bound to the LDLR following the
aspiration of MEM supplemented with 10% LPDS. Interestingly, previous work by Tam
and co-workers (110) has shown that the pretreatment of HepG2 cells with heparin
removes residually bound LDL, thus abolishing apo(a) binding to a high affinity site (Kd
= 10 nM) on HepG2 cells.
In vivo, the optimal concentration of LDL in healthy individuals is approximately
100 mg/dL (138), a value which is between 4- and 5-fold greater than average plasma
Lp(a) levels (139). Based on mathematical distributions, we would expect a majority of
LDLR binding sites in vivo to be occupied by LDL, as opposed to Lp(a).

More

importantly, the work of Cain and co-workers (76) has demonstrated that the FCR of
Lp(a) remains unchanged in LDLR -/- knockout mice, thus strongly refuting a catabolic
role for this receptor. Correspondingly, our in vitro data is consistent with these findings,
as the 17K and 17KΔLBS7,8 r-apo(a) variants displayed no significant difference from
each other (p = 0.48) in degradation, thus implying that the LDLR plays a very minimal,
if any, role in Lp(a) catabolism.

4.3 Low Affinity Apo(a) Binding Appears Ubiquitous and Heterogeneous
The low affinity binding component on HepG2 cells (Kd = 249 nM) was found to
resemble, at least in terms of affinity, the single binding component observed on HEK
293 cells (Kd = 240 nM) and on human FH fibroblasts (Kd = 226 nM). In the present
study, we demonstrated that low affinity binding was inhibited by the lysine analogue εACA. However, we were unable to completely abolish specific binding to this site using
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KIV5-8 supplemented with ε-ACA, or with the 17KΔAsp and 17KΔV mutants. It should
be pointed out that experiments using KIV5-8 do not specifically test the LBS within these
kringles in the context of the full length 17K apo(a) variant, which might make a
difference in low affinity binding. Additionally, the discrepancy between the reported
KIV5-8 Bmax Hi value (Table 3-1), and the ε-ACA-dependent reduction in KIV5-8 specific
binding (Figure 3-6), was likely due to the wide variation observed in Bmax among KIV5-8
B

experimental repeats. Since KIV5-8 represents a truncated r-apo(a) variant, the number of
tyrosine residues available for iodination are less abundant. Accordingly, the signal to
noise ratio is much smaller for KIV5-8, in comparison to full length r-apo(a) variants, thus
offering an explanation for the variation in KIV5-8 Bmax between experiments. In order to
B

curb this problem in the future, binding samples could be counted for a longer period of
time in the gamma counter, thus reducing the magnitude of error associated with each
measurement, particularly at low concentrations of KIV5-8 ligand.
We have generated data to support the possibility that the low affinity site may
represent a ubiquitous receptor class, as we identified this binding component in three
separate human cell lines. Interestingly, our findings suggest that some apo(a) mutants
with impaired lysine binding ability can bind to the low affinity site better than others, as
shown with the 17KΔAsp (Bmax = 0.289 ± 0.024 pmol r-apo(a)/mg cell protein) and
B

17KΔV (Bmax = 0.175 ± 0.011 pmol r-apo(a)/mg cell protein) apo(a) variants. A possible
B

explanation for this discrepancy could be based on the notion that the low affinity
component is itself, comprised of multiple distinct low affinity sites with similar Kd
values. Mathematically, each class would individually conform to the Scatchard model,
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however their sum would not. Unfortunately, the Scatchard transformation would be
unable to discriminate between these individual classes of sites. Since each site would
hypothetically possess a similar Kd value, the resulting Scatchard plot would superficially
appear as a single binding component, yet consist of multiple finite sites. Accordingly,
analysis of the Bmax values for each LBS mutant might be the only method for comparing
B

the ability of each r-apo(a) variant to interact with the low affinity component. To
simplify these studies, ligand binding assays could be performed with HEK 293 cells or
FH fibroblasts to eliminate the non-linear regression estimation of the high affinity
component.
Another explanation for the variation in binding between the 17KΔAsp and
17KΔV mutants could be based upon the conformational differences between these
apo(a) species. Previous work by Becker and co-workers (140) has demonstrated that in
the presence of ε-ACA, apo(a) undergoes a conformational change from a closed to an
open structure that is characterized by an increase in the radius of gyration, an alteration
of domain stability and an enhancement of covalent Lp(a) formation. Although ε-ACA is
a well characterized inhibitor of Lp(a) assembly, low concentrations of this ligand (100
μM) were found to significantly enhance Lp(a) formation by altering the conformation of
apo(a) (140). Interestingly, this group further determined that the closed conformation of
apo(a) is maintained by intermolecular interactions between sequences within the aminoand carboxyl-terminal halves of the molecule, where a major role for the LBS in KIV10
was identified (141). Since the 17KΔAsp apo(a) variant lacks the strong LBS in KIV10, it
is entirely possible that this construct was unable to remain in a closed conformation, thus
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altering its binding ability to cell surfaces. Additionally, loss of the entire KV domain in
the 17KΔV mutant could have even greater structural implications, thus explaining its
reduced binding capacity to HepG2 cells, compared to the 17KΔAsp mutant.
Conversely, Becker and colleagues (141) previously observed that kringle domains
within the KIV5-8 region were unable to adopt a closed conformation that could be
converted to an open form upon binding to ε-ACA. These findings are consistent with
our theory in that the reduction in KIV5-8 binding was likely due to a disruption in apo(a)
non-covalent interactions with apoB-100, rather than due to a change in structural
conformation. In order to assess the conformational theory, analytical ultracentrifugation
experiments could be performed, where comparison of the sedimentation coefficients
between the KIV5-8, 17KΔAsp and 17KΔV constructs could be utilized to validate or
refute the observed differences in binding.

4.4 Evidence for the Plasminogen Receptor Family as the Low Affinity Binding Site
The ability of plasminogen to compete with apo(a)/Lp(a) for binding to the
plasminogen receptor family (95,110,126) has created much speculation about the role of
these receptors in Lp(a) clearance. It is currently unknown, however, if these interactions
serve a catabolic function for Lp(a) in vivo. The interactions between plasminogen and
its specific substrates, inhibitors and receptors have been found to be mediated by lysine
binding sites within the plasminogen molecule (119). Accordingly, plasminogen binding
to a number of cell types, including monocytes, endothelial cells and fibroblasts, has been
shown to be abolished by high concentrations of ε-ACA (121,123,142).
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In the present study, we demonstrated that apo(a) can bind to a low affinity
component in three distinct cell lines, where specific binding was found to be reduced by
ε-ACA. Additionally, we have compiled preliminary data to suggest that the low affinity
component on FH fibroblasts is capable of apo(a) degradation, suggesting that this
receptor may play a significant catabolic role in vivo. These observations agree with the
work of Tam and colleagues (110), who demonstrated that free apo(a) can be cleared by a
plasminogen receptor present on human fibroblasts. In order to validate this initial
observation, additional apo(a) degradation assays need to be performed using a greater
quantity of FH fibroblasts, perhaps in 6-well plates, as the variability in our data set
(Figure 3-11B) is likely due to the relatively low amount of cells available to participate
in degradation. Regardless, the ubiquitous nature of the receptor in question, along with
its sensitivity to ε-ACA and plasminogen, has led us to believe that the identity of the low
affinity component may represent a member of the plasminogen receptor family.
Interestingly, work by Miles and Plow (143) has shown that gangliosides (sialic acid
containing glycosphingolipids) inhibit plasminogen binding to certain cells in a
structurally specific manner.

In addition,

125

I-plasminogen binds specifically and

saturably to insolubilized gangliosides, thus potentially mediating the interaction between
plasminogen and cell surface receptors (143). Since a panel of gangliosides have been
shown to reduce plasminogen binding to varying degrees, it would be interesting to preincubate cells with a range of gangliosides and then perform the apo(a) degradation assay
to test if catabolism could be inhibited under these conditions.
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The heterogeneity of plasminogen receptors could further act as an explanation
for the discrepancy in the capacity of the low affinity binding component observed
between the 17KΔAsp and 17KΔV apo(a) variants. Since membrane proteins expressing
C-terminal basic residues promote plasminogen binding (124), a number of different
proteins could fall into this broad receptor class. In the event that the low affinity
component comprises multiple binding sites, each with a relatively similar Kd value, it is
possible that individual apo(a) species bind to separate plasminogen receptors on the
same cell type. While current attempts to purify and isolate these protein receptors have
been met with a number of complications, recent work by Miles and colleagues (144)
have

identified

a

previously

uncharacterized

multidimensional protein identification technology.

plasminogen

receptor

utilizing

The group first biotinylated

membrane proteins with exposed Asp or Glu residues, and then subjected membrane
extracts to affinity chromatography on plasminogen-Sepharose.

Biotinylated

plasminogen-binding proteins were further captured on immobilized avidin, eluted,
digested and identified by mass spectrometry. In theory, a similar approach could be
utilized with apo(a), where potential binding partners could be identified by apo(a)Sepharose affinity chromatography, followed by mass spectrometry.

4.5 Physiological Relevance of Apo(a) Binding to Endothelial Cells
The presence of plasminogen receptors on endothelial cell (EC) surfaces is critical
for the regulation of fibrinolysis.

Much of this regulation is achieved through the

controlled assembly of proteins including plasminogen, tissue-type plasminogen activator
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(tPA) and urokinase-type plasminogen activator (uPA) (145). Because of the close
structural homology between Lp(a) and plasminogen, Lp(a) has been found to interfere
with the binding of plasminogen to ECs, thus disrupting plasminogen activation (95).
Furthermore, Lp(a) has been found to bind non-covalently to fibrin and ECs, (Kd = 6-600
nM) where these interactions were inhibited up to 35% by lysine analogues such as εACA (146). Based on our findings, it is quite reasonable to suggest that the low affinity
binding component observed on HepG2 cells and FH fibroblasts is also present on ECs.
If this in fact were the case, then the ubiquitous receptor on ECs might contribute to
apo(a) uptake and degradation, although no direct evidence currently exists in the
literature detailing such a mechanism. Furthermore, the Lp(a) binding site on ECs could
also play a role in the deposition of Lp(a) on EC surfaces and as a result, enhance the
atherogenic effects of Lp(a). Additionally, Lp(a) could possibly attenuate fibrinolysis by
occupying plasminogen binding sites on ECs, thus inhibiting the tPA-mediated
conversion of plasminogen to plasmin.

4.6 Apo(a) Clearance is not Mediated by the LRP/α2MR
It has been proposed that the LRP/α2MR plays a prominent role in the plasma
clearance of Lp(a) (91). We have provided evidence to exclude the LRP/α2MR as the
low affinity site for apo(a) based on the binding and degradation analysis of r-apo(a) in
FH fibroblasts. Since fibroblasts are incapable of synthesizing apoB-100, only free
apo(a) can act as a ligand for these cell surface receptors. Accordingly, because apoE
cannot facilitate the interaction between apoB-100 and the LRP/α2MR in this cell line, it
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is improbable for apo(a) to be cleared in this manner. Our findings are consistent with
the work of Cain and co-workers (76) who observed that Lp(a) plasma clearance was
only slightly accelerated in ApoE -/- mice, thus refuting a catabolic role for the LRP.
Along the same lines, Tam and co-workers (110) have demonstrated that antibodies
against the binding domain of the LRP/α2MR had no significant effect on r-apo(a)
binding to human fibroblasts. In contrast, a study by Marz et al. (91) suggested that the
LRP may play a role in the clearance of high molecular weight Lp(a) isoforms. An
explanation for this discrepancy could be based on the possibility that their preparation of
Lp(a) might have contained apoE, thus facilitating its own subsequent uptake and
clearance by the LRP.

4.7 Maintenance of Lp(a) Levels In Vivo
Using in vitro cell culture models, we have demonstrated that the plasma
clearance of Lp(a) in vivo may be mediated by a low affinity receptor present on HepG2
cells and FH fibroblasts. Fluorescence confocal microscopy has further enabled us to
confirm that apo(a) binding is reversible and that degradation is carried out by a
lysosomal-independent process in HepG2 cells. To date, the physiological mechanism
for the determination of plasma Lp(a) levels, along with the pathophysiology of Lp(a),
remain unclear. Although apo(a) isoform size is inversely correlated with plasma Lp(a)
levels, even individuals with the same apo(a) isoform size have been found to exhibit
widely varying Lp(a) concentrations (75). In addition, the substantial variation in Lp(a)
levels among these individuals was found to be caused by differences in Lp(a) production
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rates, not catabolism (75).

These observations have led us to believe that the

maintenance of Lp(a) levels likely occurs at the level of the apo(a) gene itself, through
the action of cis- or trans-acting factors (147). Alternately, the apo(a) size polymorphism
could modulate apo(a) gene transcription, mRNA stability, protein translation, posttranslational stability or secretion from hepatocytes (27). In contrast to Lp(a), LDL
plasma regulation has been well characterized in the human population because of
genetic diseases such as familial hypercholesterolemia (FH), in which subjects have
deficiencies in LDL receptor function. Since FH leads to a loss-of-function phenotype in
vivo, this has been useful in the understanding of LDL metabolism. Perhaps once a
clearer picture of the physiological role of Lp(a) is established, researchers will be in a
better position to speculate on how plasma Lp(a) levels are determined.

4.8 Conclusions
The present study has demonstrated the binding of apo(a)/Lp(a) to distinct high
and low affinity receptor classes on HepG2 cell surfaces. Binding to the high affinity
component was found to require the formation of an Lp(a) particle. However only the
formation of non-covalent interactions between LDL and apo(a) were identified as a
prerequisite for high affinity receptor binding. We have further characterized the high
affinity site as the LDL receptor, which was shown indirectly to play a minimal role, if
any, in Lp(a) degradation. The second receptor class was characterized as a low affinity,
lysine-dependent

binding

component,

capable

of

internalizing

and

degrading

Lp(a)/apo(a). The receptor class was found to be ubiquitous, as we observed binding to
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this site in HepG2 cells, FH fibroblasts and HEK 293 cells. We have proposed that this
low affinity binding component may belong to the plasminogen receptor family. Overall,
our data suggest that Lp(a) plasma clearance in vivo is regulated by a low affinity, high
capacity receptor(s) belonging to the plasminogen receptor family, however the precise
identity of this novel receptor(s) remains unknown.

76

References

1. Berg, K. (1963). A new serum type system in man--the lp system. Acta
Pathol.Microbiol.Scand. 59, 369-382.
2. Koschinsky, M. L., Cote, G. P., Gabel, B., and van der Hoek, Y. Y. (1993).
Identification of the cysteine residue in apolipoprotein(a) that mediates
extracellular coupling with apolipoprotein B-100. J.Biol.Chem. 268, 1981919825.
3. Koschinsky, M. L. (2006). Novel insights into Lp(a) physiology and
pathogenicity: more questions than answers? Cardiovasc.Hematol.Disord.Drug
Targets. 6, 267-278.
4. Fless, G. M., ZumMallen, M. E., and Scanu, A. M. (1986). Physicochemical
properties of apolipoprotein(a) and lipoprotein(a-) derived from the dissociation
of human plasma lipoprotein (a). J.Biol.Chem. 261, 8712-8718.
5. McLean, J. W., Tomlinson, J. E., Kuang, W. J., Eaton, D. L., Chen, E. Y., Fless,
G. M., Scanu, A. M., and Lawn, R. M. (1987). cDNA sequence of human
apolipoprotein(a) is homologous to plasminogen. Nature 330, 132-137.
6. Guevara, J., Jr., Jan, A. Y., Knapp, R., Tulinsky, A., and Morrisett, J. D. (1993).
Comparison of ligand-binding sites of modeled apo[a] kringle-like sequences in
human lipoprotein[a]. Arterioscler.Thromb. 13, 758-770.
7. LoGrasso, P. V., Cornell-Kennon, S., and Boettcher, B. R. (1994). Cloning,
expression, and characterization of human apolipoprotein(a) kringle IV37.
J.Biol.Chem. 269, 21820-21827.
8. Gabel, B. R. and Koschinsky, M. I. (1995). Analysis of the proteolytic activity of
a recombinant form of apolipoprotein(a). Biochemistry 34, 15777-15784.
9. Hancock, M. A., Boffa, M. B., Marcovina, S. M., Nesheim, M. E., and
Koschinsky, M. L. (2003). Inhibition of plasminogen activation by lipoprotein(a):
critical domains in apolipoprotein(a) and mechanism of inhibition on fibrin and
degraded fibrin surfaces. J.Biol.Chem. 278, 23260-23269.
10. Sangrar, W., Gabel, B. R., Boffa, M. B., Walker, J. B., Hancock, M. A.,
Marcovina, S. M., Horrevoets, A. J., Nesheim, M. E., and Koschinsky, M. L.
(1997). The solution phase interaction between apolipoprotein(a) and
77

plasminogen inhibits the binding of plasminogen to a plasmin-modified
fibrinogen surface. Biochemistry 36, 10353-10363.
11. Feric, N. T., Boffa, M. B., Johnston, S. M., and Koschinsky, M. L. (2008).
Apolipoprotein(a) inhibits the conversion of Glu-plasminogen to Lysplasminogen: a novel mechanism for lipoprotein(a)-mediated inhibition of
plasminogen activation. J.Thromb.Haemost. 6, 2113-2120.
12. Scanu, A. M. and Edelstein, C. (1995). Kringle-dependent structural and
functional polymorphism of apolipoprotein (a). Biochim.Biophys.Acta 1256, 1-12.
13. Koschinsky, M. L. and Marcovina, S. M. (2004). Structure-function relationships
in apolipoprotein(a): insights into lipoprotein(a) assembly and pathogenicity.
Curr.Opin.Lipidol. 15, 167-174.
14. Phillips, M. L., Lembertas, A. V., Schumaker, V. N., Lawn, R. M., Shire, S. J.,
and Zioncheck, T. F. (1993). Physical properties of recombinant apolipoprotein(a)
and its association with LDL to form an LP(a)-like complex. Biochemistry 32,
3722-3728.
15. van der Hoek, Y. Y., Wittekoek, M. E., Beisiegel, U., Kastelein, J. J., and
Koschinsky, M. L. (1993). The apolipoprotein(a) kringle IV repeats which differ
from the major repeat kringle are present in variably-sized isoforms.
Hum.Mol.Genet. 2, 361-366.
16. Lackner, C., Cohen, J. C., and Hobbs, H. H. (1993). Molecular definition of the
extreme size polymorphism in apolipoprotein(a). Hum.Mol.Genet. 2, 933-940.
17. Marcovina, S. M., Hobbs, H. H., and Albers, J. J. (1996). Relation between
number of apolipoprotein(a) kringle 4 repeats and mobility of isoforms in agarose
gel: basis for a standardized isoform nomenclature. Clin.Chem. 42, 436-439.
18. Fless, G. M., Rolih, C. A., and Scanu, A. M. (1984). Heterogeneity of human
plasma lipoprotein (a). Isolation and characterization of the lipoprotein subspecies
and their apoproteins. J.Biol.Chem. 259, 11470-11478.
19. Utermann, G., Menzel, H. J., Kraft, H. G., Duba, H. C., Kemmler, H. G., and
Seitz, C. (1987). Lp(a) glycoprotein phenotypes. Inheritance and relation to Lp(a)lipoprotein concentrations in plasma. J.Clin.Invest 80, 458-465.
20. Rahman, M. N., Becker, L., Petrounevitch, V., Hill, B. C., Jia, Z., and
Koschinsky, M. L. (2002). Comparative analyses of the lysine binding site
properties of apolipoprotein(a) kringle IV types 7 and 10. Biochemistry 41, 11491155.
78

21. Gabel, B. R., McLeod, R. S., Yao, Z., and Koschinsky, M. L. (1998). Sequences
within the amino terminus of ApoB100 mediate its noncovalent association with
apo(a). Arterioscler.Thromb.Vasc.Biol. 18, 1738-1744.
22. Becker, L., McLeod, R. S., Marcovina, S. M., Yao, Z., and Koschinsky, M. L.
(2001). Identification of a critical lysine residue in apolipoprotein B-100 that
mediates noncovalent interaction with apolipoprotein(a). J.Biol.Chem. 276,
36155-36162.
23. Becker, L., Nesheim, M. E., and Koschinsky, M. L. (2006). Catalysis of covalent
Lp(a) assembly: evidence for an extracellular enzyme activity that enhances
disulfide bond formation. Biochemistry 45, 9919-9928.
24. Harpel, P. C., Gordon, B. R., and Parker, T. S. (1989). Plasmin catalyzes binding
of lipoprotein (a) to immobilized fibrinogen and fibrin. Proc.Natl.Acad.Sci.U.S.A
86, 3847-3851.
25. Edelstein, C., Pfaffinger, D., Hinman, J., Miller, E., Lipkind, G., Tsimikas, S.,
Bergmark, C., Getz, G. S., Witztum, J. L., and Scanu, A. M. (2003). Lysinephosphatidylcholine adducts in kringle V impart unique immunological and
potential pro-inflammatory properties to human apolipoprotein(a). J.Biol.Chem.
278, 52841-52847.
26. Huntington, J. A. (2003). Mechanisms of glycosaminoglycan activation of the
serpins in hemostasis. J.Thromb.Haemost. 1, 1535-1549.
27. Rader, D. J., Cain, W., Ikewaki, K., Talley, G., Zech, L. A., Usher, D., and
Brewer, H. B., Jr. (1994). The inverse association of plasma lipoprotein(a)
concentrations with apolipoprotein(a) isoform size is not due to differences in
Lp(a) catabolism but to differences in production rate. J.Clin.Invest 93, 27582763.
28. Boerwinkle, E., Leffert, C. C., Lin, J., Lackner, C., Chiesa, G., and Hobbs, H. H.
(1992). Apolipoprotein(a) gene accounts for greater than 90% of the variation in
plasma lipoprotein(a) concentrations. J.Clin.Invest 90, 52-60.
29. Mooser, V., Scheer, D., Marcovina, S. M., Wang, J., Guerra, R., Cohen, J., and
Hobbs, H. H. (1997). The Apo(a) gene is the major determinant of variation in
plasma Lp(a) levels in African Americans. Am.J.Hum.Genet. 61, 402-417.
30. Marcovina, S. M., Koschinsky, M. L., Albers, J. J., and Skarlatos, S. (2003).
Report of the National Heart, Lung, and Blood Institute Workshop on
Lipoprotein(a) and Cardiovascular Disease: recent advances and future directions.
Clin.Chem. 49, 1785-1796.
79

31. Illingworth, D. R., Stein, E. A., Mitchel, Y. B., Dujovne, C. A., Frost, P. H.,
Knopp, R. H., Tun, P., Zupkis, R. V., and Greguski, R. A. (1994). Comparative
effects of lovastatin and niacin in primary hypercholesterolemia. A prospective
trial. Arch.Intern.Med. 154, 1586-1595.
32. Gavish, D., Azrolan, N., and Breslow, J. L. (1989). Plasma Ip(a) concentration is
inversely correlated with the ratio of Kringle IV/Kringle V encoding domains in
the apo(a) gene. J.Clin.Invest 84, 2021-2027.
33. Utermann, G., Kraft, H. G., Menzel, H. J., Hopferwieser, T., and Seitz, C. (1988).
Genetics of the quantitative Lp(a) lipoprotein trait. I. Relation of LP(a)
glycoprotein phenotypes to Lp(a) lipoprotein concentrations in plasma.
Hum.Genet. 78, 41-46.
34. White, A. L., Guerra, B., and Lanford, R. E. (1997). Influence of allelic variation
on apolipoprotein(a) folding in the endoplasmic reticulum. J.Biol.Chem. 272,
5048-5055.
35. Kraft, H. G., Lingenhel, A., Pang, R. W., Delport, R., Trommsdorff, M.,
Vermaak, H., Janus, E. D., and Utermann, G. (1996). Frequency distributions of
apolipoprotein(a) kringle IV repeat alleles and their effects on lipoprotein(a)
levels in Caucasian, Asian, and African populations: the distribution of null
alleles is non-random. Eur.J.Hum.Genet. 4, 74-87.
36. Alaoui, M., Merle, C., Garnotel, R., Jolly, D., Durlach, V., and Gillery, P. (2003).
Study of apo(a) length polymorphism and lipoprotein(a) concentrations in
subjects with single or double apo(a) isoforms. Clin.Chem.Lab Med. 41, 634-639.
37. Huby, T., Afzal, V., Doucet, C., Lawn, R. M., Gong, E. L., Chapman, M. J.,
Thillet, J., and Rubin, E. M. (2003). Regulation of the expression of the
apolipoprotein(a) gene: evidence for a regulatory role of the 5' distal
apolipoprotein(a) transcription control region enhancer in yeast artificial
chromosome transgenic mice. Arterioscler.Thromb.Vasc.Biol. 23, 1633-1639.
38. Lusis, A. J. (2000). Atherosclerosis. Nature 407, 233-241.
39. Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery
disease. N.Engl.J.Med. 352, 1685-1695.
40. Stary, H. C., Chandler, A. B., Dinsmore, R. E., Fuster, V., Glagov, S., Insull, W.,
Jr., Rosenfeld, M. E., Schwartz, C. J., Wagner, W. D., and Wissler, R. W. (1995).
A definition of advanced types of atherosclerotic lesions and a histological
classification of atherosclerosis. A report from the Committee on Vascular
Lesions of the Council on Arteriosclerosis, American Heart Association.
Circulation 92, 1355-1374.
80

41. Reblin, T., Meyer, N., Labeur, C., Henne-Bruns, D., and Beisiegel, U. (1995).
Extraction of lipoprotein(a), apo B, and apo E from fresh human arterial wall and
atherosclerotic plaques. Atherosclerosis 113, 179-188.
42. Pepin, J. M., O'Neil, J. A., and Hoff, H. F. (1991). Quantification of apo[a] and
apoB in human atherosclerotic lesions. J.Lipid Res. 32, 317-327.
43. Hajjar, K. A. and Nachman, R. L. (1996). The role of lipoprotein(a) in
atherogenesis and thrombosis. Annu.Rev.Med. 47, 423-442.
44. Marcovina, S. M. and Koschinsky, M. L. (2003). Evaluation of lipoprotein(a) as a
prothrombotic factor: progress from bench to bedside. Curr.Opin.Lipidol. 14,
361-366.
45. Anuurad, E., Boffa, M. B., Koschinsky, M. L., and Berglund, L. (2006).
Lipoprotein(a): a unique risk factor for cardiovascular disease. Clin.Lab Med. 26,
751-772.
46. Rand, M. L., Sangrar, W., Hancock, M. A., Taylor, D. M., Marcovina, S. M.,
Packham, M. A., and Koschinsky, M. L. (1998). Apolipoprotein(a) enhances
platelet responses to the thrombin receptor-activating peptide SFLLRN.
Arterioscler.Thromb.Vasc.Biol. 18, 1393-1399.
47. Sangrar, W., Bajzar, L., Nesheim, M. E., and Koschinsky, M. L. (1995).
Antifibrinolytic effect of recombinant apolipoprotein(a) in vitro is primarily due
to attenuation of tPA-mediated Glu-plasminogen activation. Biochemistry 34,
5151-5157.
48. Biemond, B. J., Friederich, P. W., Koschinsky, M. L., Levi, M., Sangrar, W., Xia,
J., Buller, H. R., and ten Cate, J. W. (1997). Apolipoprotein(a) attenuates
endogenous fibrinolysis in the rabbit jugular vein thrombosis model in vivo.
Circulation 96, 1612-1615.
49. Palabrica, T. M., Liu, A. C., Aronovitz, M. J., Furie, B., Lawn, R. M., and Furie,
B. C. (1995). Antifibrinolytic activity of apolipoprotein(a) in vivo: human
apolipoprotein(a) transgenic mice are resistant to tissue plasminogen activatormediated thrombolysis. Nat.Med. 1, 256-259.
50. Loscalzo, J., Weinfeld, M., Fless, G. M., and Scanu, A. M. (1990).
Lipoprotein(a), fibrin binding, and plasminogen activation. Arteriosclerosis 10,
240-245.
51. Haque, N. S., Zhang, X., French, D. L., Li, J., Poon, M., Fallon, J. T., Gabel, B.
R., Taubman, M. B., Koschinsky, M., and Harpel, P. C. (2000). CC chemokine I81

309 is the principal monocyte chemoattractant induced by apolipoprotein(a) in
human vascular endothelial cells. Circulation 102, 786-792.
52. Takami, S., Yamashita, S., Kihara, S., Ishigami, M., Takemura, K., Kume, N.,
Kita, T., and Matsuzawa, Y. (1998). Lipoprotein(a) enhances the expression of
intercellular adhesion molecule-1 in cultured human umbilical vein endothelial
cells. Circulation 97, 721-728.
53. Allen, S., Khan, S., Tam, S., Koschinsky, M., Taylor, P., and Yacoub, M. (1998).
Expression of adhesion molecules by lp(a): a potential novel mechanism for its
atherogenicity. FASEB J. 12, 1765-1776.
54. Marcovina, S. M. and Koschinsky, M. L. (2002). A critical evaluation of the role
of Lp(a) in cardiovascular disease: can Lp(a) be useful in risk assessment?
Semin.Vasc.Med. 2, 335-344.
55. Glass, C. K. and Witztum, J. L. (2001). Atherosclerosis. the road ahead. Cell 104,
503-516.
56. van der Hoek, Y. Y., Sangrar, W., Cote, G. P., Kastelein, J. J., and Koschinsky,
M. L. (1994). Binding of recombinant apolipoprotein(a) to extracellular matrix
proteins. Arterioscler.Thromb. 14, 1792-1798.
57. Cho, T., Jung, Y., and Koschinsky, M. L. (2008). Apolipoprotein(a), through its
strong lysine-binding site in KIV(10'), mediates increased endothelial cell
contraction and permeability via a Rho/Rho kinase/MYPT1-dependent pathway.
J.Biol.Chem. 283, 30503-30512.
58. Edelberg, J. M., Gonzalez-Gronow, M., and Pizzo, S. V. (1990). Lipoprotein(a)
inhibition of plasminogen activation by tissue-type plasminogen activator.
Thromb.Res. 57, 155-162.
59. Leerink, C. B., van Ham, A. D., Heeres, A., Duif, P. F., Bouma, B. N., and van
Rijn, H. J. (1994). Sulfhydryl compounds influence immunoreactivity, structure
and functional aspects of lipoprotein(a). Thromb.Res. 74, 219-232.
60. Etingin, O. R., Hajjar, D. P., Hajjar, K. A., Harpel, P. C., and Nachman, R. L.
(1991). Lipoprotein (a) regulates plasminogen activator inhibitor-1 expression in
endothelial cells. A potential mechanism in thrombogenesis. J.Biol.Chem. 266,
2459-2465.
61. Grainger, D. J., Kemp, P. R., Liu, A. C., Lawn, R. M., and Metcalfe, J. C. (1994).
Activation of transforming growth factor-beta is inhibited in transgenic
apolipoprotein(a) mice. Nature 370, 460-462.
82

62. Grainger, D. J., Kirschenlohr, H. L., Metcalfe, J. C., Weissberg, P. L., Wade, D.
P., and Lawn, R. M. (1993). Proliferation of human smooth muscle cells
promoted by lipoprotein(a). Science 260, 1655-1658.
63. Albers, J. J., Kennedy, H., and Marcovina, S. M. (1996). Evidence that Lp[a]
contains one molecule of apo[a] and one molecule of apoB: evaluation of amino
acid analysis data. J.Lipid Res. 37, 192-196.
64. Frank, S., Krasznai, K., Durovic, S., Lobentanz, E. M., Dieplinger, H., Wagner,
E., Zatloukal, K., Cotten, M., Utermann, G., Kostner, G. M., and . (1994). Highlevel expression of various apolipoprotein(a) isoforms by "transferrinfection": the
role of kringle IV sequences in the extracellular association with low-density
lipoprotein. Biochemistry 33, 12329-12339.
65. Trieu, V. N. and McConathy, W. J. (1995). A two-step model for lipoprotein(a)
formation. J.Biol.Chem. 270, 15471-15474.
66. Ernst, A., Helmhold, M., Brunner, C., Petho-Schramm, A., Armstrong, V. W.,
and Muller, H. J. (1995). Identification of two functionally distinct lysine-binding
sites in kringle 37 and in kringles 32-36 of human apolipoprotein(a). J.Biol.Chem.
270, 6227-6234.
67. Gabel, B. R., May, L. F., Marcovina, S. M., and Koschinsky, M. L. (1996).
Lipoprotein(a) assembly. Quantitative assessment of the role of apo(a) kringle IV
types 2-10 in particle formation. Arterioscler.Thromb.Vasc.Biol. 16, 1559-1567.
68. Becker, L., Cook, P. M., Wright, T. G., and Koschinsky, M. L. (2004).
Quantitative evaluation of the contribution of weak lysine-binding sites present
within apolipoprotein(a) kringle IV types 6-8 to lipoprotein(a) assembly.
J.Biol.Chem. 279, 2679-2688.
69. McCormick, S. P., Ng, J. K., Taylor, S., Flynn, L. M., Hammer, R. E., and
Young, S. G. (1995). Mutagenesis of the human apolipoprotein B gene in a yeast
artificial chromosome reveals the site of attachment for apolipoprotein(a).
Proc.Natl.Acad.Sci.U.S.A 92, 10147-10151.
70. Callow, M. J. and Rubin, E. M. (1995). Site-specific mutagenesis demonstrates
that cysteine 4326 of apolipoprotein B is required for covalent linkage with
apolipoprotein (a) in vivo. J.Biol.Chem. 270, 23914-23917.
71. Guevara, J., Jr., Spurlino, J., Jan, A. Y., Yang, C. Y., Tulinsky, A., Prasad, B. V.,
Gaubatz, J. W., and Morrisett, J. D. (1993). Proposed mechanisms for binding of
apo[a] kringle type 9 to apo B-100 in human lipoprotein[a]. Biophys.J. 64, 686700.
83

72. Guevara, J., Jr., Valentinova, N. V., Garcia, O., Gotto, A. M., Yang, C. Y., Legal,
S., Gaubatz, J., and Sparrow, J. T. (1996). Interaction of apolipoprotein[a] with
apolipoproteinB-100 Cys3734 region in lipoprotein[a] is confirmed
immunochemically. J.Protein Chem. 15, 17-25.
73. Lawn, R. M. (1996). How often has Lp(a) evolved? Clin.Genet. 49, 167-174.
74. Ye, S. Q., Keeling, J., Stein, O., Stein, Y., and McConathy, W. J. (1988). Tissue
distribution of [3H]cholesteryl linoleyl ether-labeled human Lp(a) in different rat
organs. Biochim.Biophys.Acta 963, 534-540.
75. Rader, D. J., Cain, W., Zech, L. A., Usher, D., and Brewer, H. B., Jr. (1993).
Variation in lipoprotein(a) concentrations among individuals with the same
apolipoprotein (a) isoform is determined by the rate of lipoprotein(a) production.
J.Clin.Invest 91, 443-447.
76. Cain, W. J., Millar, J. S., Himebauch, A. S., Tietge, U. J., Maugeais, C., Usher,
D., and Rader, D. J. (2005). Lipoprotein [a] is cleared from the plasma primarily
by the liver in a process mediated by apolipoprotein [a]. J.Lipid Res. 46, 26812691.
77. Kostner, K. M., Clodi, M., Bodlaj, G., Watschinger, B., Horl, W., Derfler, K., and
Huber, K. (1998). Decreased urinary apolipoprotein (a) excretion in patients with
impaired renal function. Eur.J.Clin.Invest 28, 447-452.
78. Mooser, V., Seabra, M. C., Abedin, M., Landschulz, K. T., Marcovina, S., and
Hobbs, H. H. (1996). Apolipoprotein(a) kringle 4-containing fragments in human
urine. Relationship to plasma levels of lipoprotein(a). J.Clin.Invest 97, 858-864.
79. Mooser, V., Marcovina, S. M., White, A. L., and Hobbs, H. H. (1996). Kringlecontaining fragments of apolipoprotein(a) circulate in human plasma and are
excreted into the urine. J.Clin.Invest 98, 2414-2424.
80. Kronenberg, F., Kuen, E., Ritz, E., Junker, R., Konig, P., Kraatz, G., Lhotta, K.,
Mann, J. F., Muller, G. A., Neyer, U., Riegel, W., Reigler, P., Schwenger, V., and
von, E. A. (2000). Lipoprotein(a) serum concentrations and apolipoprotein(a)
phenotypes in mild and moderate renal failure. J.Am.Soc.Nephrol. 11, 105-115.
81. Kostner, K. M., Maurer, G., Huber, K., Stefenelli, T., Dieplinger, H., Steyrer, E.,
and Kostner, G. M. (1996). Urinary excretion of apo(a) fragments. Role in apo(a)
catabolism. Arterioscler.Thromb.Vasc.Biol. 16, 905-911.
82. Reblin, T., Donarski, N., Fineder, L., Brasen, J. H., Dieplinger, H., Thaiss, F.,
Stahl, R. A., Beisiegel, U., and Wolf, G. (2001). Renal handling of human
apolipoprotein(a) and its fragments in the rat. Am.J.Kidney Dis. 38, 619-630.
84

83. Kronenberg, F., Trenkwalder, E., Lingenhel, A., Friedrich, G., Lhotta, K.,
Schober, M., Moes, N., Konig, P., Utermann, G., and Dieplinger, H. (1997).
Renovascular arteriovenous differences in Lp[a] plasma concentrations suggest
removal of Lp[a] from the renal circulation. J.Lipid Res. 38, 1755-1763.
84. Kronenberg, F., Konig, P., Lhotta, K., Ofner, D., Sandholzer, C., Margreiter, R.,
Dosch, E., Utermann, G., and Dieplinger, H. (1994). Apolipoprotein(a)
phenotype-associated decrease in lipoprotein(a) plasma concentrations after renal
transplantation. Arterioscler.Thromb. 14, 1399-1404.
85. Frischmann, M. E., Kronenberg, F., Trenkwalder, E., Schaefer, J. R., Schweer, H.,
Dieplinger, B., Koenig, P., Ikewaki, K., and Dieplinger, H. (2007). In vivo
turnover study demonstrates diminished clearance of lipoprotein(a) in
hemodialysis patients. Kidney Int. 71, 1036-1043.
86. Albers, J. J., Koschinsky, M. L., and Marcovina, S. M. (2007). Evidence mounts
for a role of the kidney in lipoprotein(a) catabolism. Kidney Int. 71, 961-962.
87. Wiklund, O., Angelin, B., Olofsson, S. O., Eriksson, M., Fager, G., Berglund, L.,
and Bondjers, G. (1990). Apolipoprotein(a) and ischaemic heart disease in
familial hypercholesterolaemia. Lancet 335, 1360-1363.
88. Floren, C. H., Albers, J. J., and Bierman, E. L. (1981). Uptake of Lp (a)
lipoprotein by cultured fibroblasts. Biochem.Biophys.Res.Commun. 102, 636-639.
89. Mbewu, A. D., Bhatnagar, D., Durrington, P. N., Hunt, L., Ishola, M., Arrol, S.,
Mackness, M., Lockley, P., and Miller, J. P. (1991). Serum lipoprotein(a) in
patients heterozygous for familial hypercholesterolemia, their relatives, and
unrelated control populations. Arterioscler.Thromb. 11, 940-946.
90. Havekes, L., Vermeer, B. J., Brugman, T., and Emeis, J. (1981). Binding of LP(a)
to the low density lipoprotein receptor of human fibroblasts. FEBS Lett. 132, 169173.
91. Marz, W., Beckmann, A., Scharnagl, H., Siekmeier, R., Mondorf, U., Held, I.,
Schneider, W., Preissner, K. T., Curtiss, L. K., Gross, W., and . (1993).
Heterogeneous lipoprotein (a) size isoforms differ by their interaction with the
low density lipoprotein receptor and the low density lipoprotein receptor-related
protein/alpha 2-macroglobulin receptor. FEBS Lett. 325, 271-275.
92. Argraves, K. M., Kozarsky, K. F., Fallon, J. T., Harpel, P. C., and Strickland, D.
K. (1997). The atherogenic lipoprotein Lp(a) is internalized and degraded in a
process mediated by the VLDL receptor. J.Clin.Invest 100, 2170-2181.
85

93. Niemeier, A., Willnow, T., Dieplinger, H., Jacobsen, C., Meyer, N., Hilpert, J.,
and Beisiegel, U. (1999). Identification of megalin/gp330 as a receptor for
lipoprotein(a) in vitro. Arterioscler.Thromb.Vasc.Biol. 19, 552-561.
94. Koschinsky, M. L., Tomlinson, J. E., Zioncheck, T. F., Schwartz, K., Eaton, D.
L., and Lawn, R. M. (1991). Apolipoprotein(a): expression and characterization of
a recombinant form of the protein in mammalian cells. Biochemistry 30, 50445051.
95. Hajjar, K. A., Gavish, D., Breslow, J. L., and Nachman, R. L. (1989).
Lipoprotein(a) modulation of endothelial cell surface fibrinolysis and its potential
role in atherosclerosis. Nature 339, 303-305.
96. Miles, L. A., Fless, G. M., Scanu, A. M., Baynham, P., Sebald, M. T., Skocir, P.,
Curtiss, L. K., Levin, E. G., Hoover-Plow, J. L., and Plow, E. F. (1995).
Interaction of Lp(a) with plasminogen binding sites on cells. Thromb.Haemost.
73, 458-465.
97. Spady, D. K., Bilheimer, D. W., and Dietschy, J. M. (1983). Rates of receptordependent and -independent low density lipoprotein uptake in the hamster.
Proc.Natl.Acad.Sci.U.S.A 80, 3499-3503.
98. Goldstein, J. L. and Brown, M. S. (1974). Binding and degradation of low density
lipoproteins by cultured human fibroblasts. Comparison of cells from a normal
subject and from a patient with homozygous familial hypercholesterolemia.
J.Biol.Chem. 249, 5153-5162.
99. Innerarity, T. L., Mahley, R. W., Weisgraber, K. H., and Bersot, T. P. (1978).
Apoprotein (E--A-II) complex of human plasma lipoproteins. II. Receptor binding
activity of a high density lipoprotein subfraction modulated by the apo(E--A-II)
complex. J.Biol.Chem. 253, 6289-6295.
100. Brown, M. S. and Goldstein, J. L. (1986). A receptor-mediated pathway for
cholesterol homeostasis. Science 232, 34-47.
101. Hofmann, S. L., Eaton, D. L., Brown, M. S., McConathy, W. J., Goldstein, J. L.,
and Hammer, R. E. (1990). Overexpression of human low density lipoprotein
receptors leads to accelerated catabolism of Lp(a) lipoprotein in transgenic mice.
J.Clin.Invest 85, 1542-1547.
102. Utermann, G., Hoppichler, F., Dieplinger, H., Seed, M., Thompson, G., and
Boerwinkle, E. (1989). Defects in the low density lipoprotein receptor gene affect
lipoprotein (a) levels: multiplicative interaction of two gene loci associated with
premature atherosclerosis. Proc.Natl.Acad.Sci.U.S.A 86, 4171-4174.
86

103. Rader, D. J., Mann, W. A., Cain, W., Kraft, H. G., Usher, D., Zech, L. A., Hoeg,
J. M., Davignon, J., Lupien, P., Grossman, M., and . (1995). The low density
lipoprotein receptor is not required for normal catabolism of Lp(a) in humans.
J.Clin.Invest 95, 1403-1408.
104. Mahley, R. W. (1985). Atherogenic lipoproteins and coronary artery disease:
concepts derived from recent advances in cellular and molecular biology.
Circulation 72, 943-948.
105. Mahley, R. W. and Ji, Z. S. (1999). Remnant lipoprotein metabolism: key
pathways involving cell-surface heparan sulfate proteoglycans and apolipoprotein
E. J.Lipid Res. 40, 1-16.
106. van Barlingen, H. H., Kleinveld, H. A., Erkelens, D. W., and de Bruin, T. W.
(1997). Lipoprotein lipase-enhanced binding of lipoprotein(a) [Lp(a)] to heparan
sulfate is improved by apolipoprotein E (apoE) saturation: secretion-capture
process of apoE is a possible route for the catabolism of Lp(a). Metabolism 46,
650-655.
107. Mahley, R. W., Ji, Z. S., Brecht, W. J., Miranda, R. D., and He, D. (1994). Role of
heparan sulfate proteoglycans and the LDL receptor-related protein in remnant
lipoprotein metabolism. Ann.N.Y.Acad.Sci. 737, 39-52.
108. Nykjaer, A., Bengtsson-Olivecrona, G., Lookene, A., Moestrup, S. K., Petersen,
C. M., Weber, W., Beisiegel, U., and Gliemann, J. (1993). The alpha 2macroglobulin receptor/low density lipoprotein receptor-related protein binds
lipoprotein lipase and beta-migrating very low density lipoprotein associated with
the lipase. J.Biol.Chem. 268, 15048-15055.
109. Devlin, C. M., Lee, S. J., Kuriakose, G., Spencer, C., Becker, L., Grosskopf, I.,
Ko, C., Huang, L. S., Koschinsky, M. L., Cooper, A. D., and Tabas, I. (2005). An
apolipoprotein(a) peptide delays chylomicron remnant clearance and increases
plasma remnant lipoproteins and atherosclerosis in vivo.
Arterioscler.Thromb.Vasc.Biol. 25, 1704-1710.
110. Tam, S. P., Zhang, X., and Koschinsky, M. L. (1996). Interaction of a
recombinant form of apolipoprotein[a] with human fibroblasts and with the
human hepatoma cell line HepG2. J.Lipid Res. 37, 518-533.
111. Takahashi, S., Sakai, J., Fujino, T., Hattori, H., Zenimaru, Y., Suzuki, J.,
Miyamori, I., and Yamamoto, T. T. (2004). The very low-density lipoprotein
(VLDL) receptor: characterization and functions as a peripheral lipoprotein
receptor. J.Atheroscler.Thromb. 11, 200-208.
87

112. Takahashi, S., Kawarabayasi, Y., Nakai, T., Sakai, J., and Yamamoto, T. (1992).
Rabbit very low density lipoprotein receptor: a low density lipoprotein receptorlike protein with distinct ligand specificity. Proc.Natl.Acad.Sci.U.S.A 89, 92529256.
113. Farquhar, M. G. (1995). The unfolding story of megalin (gp330): now recognized
as a drug receptor. J.Clin.Invest 96, 1184.
114. Stefansson, S., Chappell, D. A., Argraves, K. M., Strickland, D. K., and Argraves,
W. S. (1995). Glycoprotein 330/low density lipoprotein receptor-related protein-2
mediates endocytosis of low density lipoproteins via interaction with
apolipoprotein B100. J.Biol.Chem. 270, 19417-19421.
115. Willnow, T. E., Goldstein, J. L., Orth, K., Brown, M. S., and Herz, J. (1992). Low
density lipoprotein receptor-related protein and gp330 bind similar ligands,
including plasminogen activator-inhibitor complexes and lactoferrin, an inhibitor
of chylomicron remnant clearance. J.Biol.Chem. 267, 26172-26180.
116. Kanalas, J. J. and Makker, S. P. (1991). Identification of the rat Heymann
nephritis autoantigen (GP330) as a receptor site for plasminogen. J.Biol.Chem.
266, 10825-10829.
117. Tozawa, R., Ishibashi, S., Osuga, J., Yamamoto, K., Yagyu, H., Ohashi, K.,
Tamura, Y., Yahagi, N., Iizuka, Y., Okazaki, H., Harada, K., Gotoda, T.,
Shimano, H., Kimura, S., Nagai, R., and Yamada, N. (2001). Asialoglycoprotein
receptor deficiency in mice lacking the major receptor subunit. Its obligate
requirement for the stable expression of oligomeric receptor. J.Biol.Chem. 276,
12624-12628.
118. Achyuthan, K. E. and Achyuthan, A. M. (2001). Comparative enzymology,
biochemistry and pathophysiology of human exo-alpha-sialidases
(neuraminidases). Comp Biochem.Physiol B Biochem.Mol.Biol. 129, 29-64.
119. Miles, L. A., Dahlberg, C. M., and Plow, E. F. (1988). The cell-binding domains
of plasminogen and their function in plasma. J.Biol.Chem. 263, 11928-11934.
120. Plow, E. F., Freaney, D. E., Plescia, J., and Miles, L. A. (1986). The plasminogen
system and cell surfaces: evidence for plasminogen and urokinase receptors on
the same cell type. J.Cell Biol. 103, 2411-2420.
121. Miles, L. A. and Plow, E. F. (1987). Receptor mediated binding of the fibrinolytic
components, plasminogen and urokinase, to peripheral blood cells.
Thromb.Haemost. 58, 936-942.
88

122. Miles, L. A., Levin, E. G., Plescia, J., Collen, D., and Plow, E. F. (1988).
Plasminogen receptors, urokinase receptors, and their modulation on human
endothelial cells. Blood 72, 628-635.
123. Miles, L. A. and Plow, E. F. (1985). Binding and activation of plasminogen on the
platelet surface. J.Biol.Chem. 260, 4303-4311.
124. Hawley, S. B., Green, M. A., and Miles, L. A. (2000). Discriminating between
cell surface and intracellular plasminogen-binding proteins: heterogeneity in
profibrinolytic plasminogen-binding proteins on monocytoid cells.
Thromb.Haemost. 84, 882-890.
125. Felez, J., Miles, L. A., Fabregas, P., Jardi, M., Plow, E. F., and Lijnen, R. H.
(1996). Characterization of cellular binding sites and interactive regions within
reactants required for enhancement of plasminogen activation by tPA on the
surface of leukocytic cells. Thromb.Haemost. 76, 577-584.
126. Miles, L. A., Fless, G. M., Levin, E. G., Scanu, A. M., and Plow, E. F. (1989). A
potential basis for the thrombotic risks associated with lipoprotein(a). Nature 339,
301-303.
127. Graham, F. L., Smiley, J., Russell, W. C., and Nairn, R. (1977). Characteristics of
a human cell line transformed by DNA from human adenovirus type 5.
J.Gen.Virol. 36, 59-74.
128. Gabel, B. R. and Koschinsky, M. L. (1998). Sequences within apolipoprotein(a)
kringle IV types 6-8 bind directly to low-density lipoprotein and mediate
noncovalent association of apolipoprotein(a) with apolipoprotein B-100.
Biochemistry 37, 7892-7898.
129. Fredenburgh, J. C. and Nesheim, M. E. (1992). Lys-plasminogen is a significant
intermediate in the activation of Glu-plasminogen during fibrinolysis in vitro.
J.Biol.Chem. 267, 26150-26156.
130. Goldstein, J. L., Basu, S. K., and Brown, M. S. (1983). Receptor-mediated
endocytosis of low-density lipoprotein in cultured cells. Methods Enzymol. 98,
241-260.
131. Sorci-Thomas, M., Hendricks, C. L., and Kearns, M. W. (1992). HepG2 cell LDL
receptor activity and the accumulation of apolipoprotein B and E in response to
docosahexaenoic acid and cholesterol. J.Lipid Res. 33, 1147-1156.
132. Kancha, R. K. and Hussain, M. M. (1996). Up-regulation of the low density
lipoprotein receptor-related protein by dexamethasone in HepG2 cells.
Biochim.Biophys.Acta 1301, 213-220.
89

133. Zhou, Q. W., Xie, J. L., Xin, L., Ye, Q., Li, Z. P., and Gan, R. B. (2003).
[Expression and characterization of Kringle 1-5 domains of human plasminogen].
Sheng Wu Hua Xue.Yu Sheng Wu Wu Li Xue.Bao.(Shanghai) 35, 761-767.
134. Hofer, G., Steyrer, E., Kostner, G. M., and Hermetter, A. (1997). LDL-mediated
interaction of Lp[a] with HepG2 cells: a novel fluorescence microscopy approach.
J.Lipid Res. 38, 2411-2421.
135. Izem, L., Rassart, E., Kamate, L., Falstrault, L., Rhainds, D., and Brissette, L.
(1998). Effect of reduced low-density lipoprotein receptor level on HepG2 cell
cholesterol metabolism. Biochem.J. 329 ( Pt 1), 81-89.
136. Kostner, G. M. (1993). Interaction of Lp(a) and of apo(a) with liver cells.
Arterioscler.Thromb. 13, 1101-1109.
137. Rosenthal, H. E. (1967). A graphic method for the determination and presentation
of binding parameters in a complex system. Anal.Biochem. 20, 525-532.
138. Kavey, R. E., Daniels, S. R., Lauer, R. M., Atkins, D. L., Hayman, L. L., and
Taubert, K. (2003). American Heart Association guidelines for primary
prevention of atherosclerotic cardiovascular disease beginning in childhood.
Circulation 107, 1562-1566.
139. Danesh, J., Collins, R., and Peto, R. (2000). Lipoprotein(a) and coronary heart
disease. Meta-analysis of prospective studies. Circulation 102, 1082-1085.
140. Becker, L., Webb, B. A., Chitayat, S., Nesheim, M. E., and Koschinsky, M. L.
(2003). A ligand-induced conformational change in apolipoprotein(a) enhances
covalent Lp(a) formation. J.Biol.Chem. 278, 14074-14081.
141. Becker, L., Cook, P. M., and Koschinsky, M. L. (2004). Identification of
sequences in apolipoprotein(a) that maintain its closed conformation: a novel role
for apo(a) isoform size in determining the efficiency of covalent Lp(a) formation.
Biochemistry 43, 9978-9988.
142. Hajjar, K. A., Harpel, P. C., Jaffe, E. A., and Nachman, R. L. (1986). Binding of
plasminogen to cultured human endothelial cells. J.Biol.Chem. 261, 11656-11662.
143. Miles, L. A., Dahlberg, C. M., Levin, E. G., and Plow, E. F. (1989). Gangliosides
interact directly with plasminogen and urokinase and may mediate binding of
these fibrinolytic components to cells. Biochemistry 28, 9337-9343.
144. Miles, L. A., Andronicos, N. M., Chen, E. I, Baik, N., Bai, H., Kamps, M. P.,
Yates III, J. R., and Parmer, R. J. (7-14-2009). PLG-RKT, a novel, structurally
unique, and developmentally regulated transmembrane receptor for plasminogen.
90

Symposium Presented at The International Society on Thrombosis and
Haemostasis, Boston, Massachusetts.
145. Dudani, A. K. and Ganz, P. R. (1996). Endothelial cell surface actin serves as a
binding site for plasminogen, tissue plasminogen activator and lipoprotein(a).
Br.J.Haematol. 95, 168-178.
146. Liu, J. N., Kung, W., Harpel, P. C., and Gurewich, V. (1998). Demonstration of
covalent binding of lipoprotein(a) [Lp(a)] to fibrin and endothelial cells.
Biochemistry 37, 3949-3954.
147. Kraft, H. G., Kochl, S., Menzel, H. J., Sandholzer, C., and Utermann, G. (1992).
The apolipoprotein (a) gene: a transcribed hypervariable locus controlling plasma
lipoprotein (a) concentration. Hum.Genet. 90, 220-230.

91

