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ABSTRACT  

 

Elevated plasma concentrations of lipoprotein(a) (Lp(a)) have been identified as 

an independent, causal risk factor for coronary heart disease. Lp(a) resembles low-density 

lipoprotein (LDL), but is distinguished by the covalent addition of apolipoprotein(a) 

(apo(a)) to the apolipoproteinB-100 (apoB-100) moiety of LDL. Apo(a) shares homology 

with the zymogen plasminogen and Lp(a)/apo(a) can inhibit plasminogen activation to 

the serine protease plasmin on the fibrin surface. In addition, apo(a)/Lp(a) can inhibit 

fibrinolysis through attenuation of Glu
1
-plasminogen to Lys

78
-plasminogen conversion: a 

key positive feedback mechanism in accelerating plasmin formation. Cellular receptors 

for Lp(a)/apo(a) are suggested to contribute to the pathophysiological mechanisms of 

Lp(a) such as inhibition of pericellular plasminogen activation as well as Lp(a) clearance 

from plasma. The roles and identities of these receptors, however, remain elusive. The 

work in this dissertation evaluates the roles of receptors implicated in the ability of 

apo(a)/Lp(a) to inhibit pericellular plasminogen activation as well as in Lp(a) clearance 

by hepatocytes. Apo(a)/Lp(a) was found to potently inhibit pericellular plasminogen 

activation on vascular and blood cells through attenuating Glu
1
- to Lys

78
-plasminogen 

conversion. For both these effects, critical roles for the strong lysine binding site in 

kringle IV type 10 as well as the kringle V domain within apo(a) were identified; there 

was also no dependency on apo(a) isoform size. We found that the urokinase receptor and 

integrins αMβ2 and αVβ3 all contribute to plasminogen activation and apo(a) mediated 

inhibition of plasminogen activation on the cell surfaces of vascular and blood cells, with 

only a minor role for receptors containing carboxyl-terminal lysines. In vivo evidence 

suggests a potential role for proprotein convertase subtilisin/kexin type 9 (PCSK9) in 

Lp(a) clearance through an unidentified receptor. Effects on the number of LDL-receptor 

(LDLR) molecules were found to underlie the ability of PCSK9 to modulate Lp(a) 

catabolism in hepatic cells and fibroblasts. This process was dependent on the apoB-100 

component of Lp(a) and on clathrin-mediated endocytosis. Taken together, our data 

contribute importantly to our understanding of the mechanisms of Lp(a) pathogenicity 

with regard to inhibition of pericellular plasminogen activation and highlight a novel role 

for PCSK9 activity and the LDLR in modulating Lp(a) catabolism. 
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1.1 LIPOPROTEIN(a) 

Lipoprotein(a) (Lp(a)) is an enigmatic lipoprotein that has been identified as a 

causal risk factor for coronary heart disease (CHD) [1,2]. Recent evidence suggests that 

Lp(a) is the strongest genetic risk factor for CHD [Reviewed in ref. 3]. Lp(a) is a 

complex lipoprotein that resembles low-density lipoprotein (LDL) in both lipid 

composition and the presence of apolipoproteinB-100 (apoB-100); however, Lp(a) is a 

unique lipoprotein class that contains a highly glycosolayted hydrophilic component 

called apolipoprotein(a) (apo(a)) (Fig. 1.1) [4]. Glycosylation accounts for approximately 

28% of apo(a) by mass, with both N- and O-linked glycans present on the molecule [5]. 

Apo(a) is predominantly synthesised in the liver [6], after which it becomes covalently 

attached to apoB-100 through a single disulfide bond to form an Lp(a) particle [7] (see 

Section 1.1.3).  

Analysis of the sequence of apo(a) in 1987, following cloning of apo(a) from 

liver, revealed striking similarities to the fibrinolytic zymogen plasminogen [8]. Apo(a) 

consists of multiple copies of a plasminogen-like kringle IV (KIV) domain, followed by 

single copies of plasminogen kringle V (KV) and protease-like domains (Fig. 1.2) [8,9]. 

Unlike plasminogen, the protease domain of apo(a) is inactive [10]. The apo(a) KIV 

domain is further classified into 10 distinct subtypes (KIV1 to KIV10) based on amino 

acid sequence [8]. Isoform size heterogeneity is observed within the population based on 

differing numbers of identically repeated copies of the sequence encoding KIV2 in LPA, 

the gene encoding apo(a) [11-13]. The number of KIV2 domains can vary from 3 to 

greater than 30 identically repeated copies [13].  
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The similarities between apo(a) and plasminogen represent a potential link 

between the areas of atherosclerosis and thrombosis. Plasmin, the active form of the 

zymogen plasminogen, is a key enzyme involved in fibrinolysis. Therefore, the 

plasminogen-like apo(a) moiety of Lp(a) has been linked to thrombotic events. On the 

other hand, the atherogenic LDL-like component of Lp(a) can contribute to the 

development and progression of atherosclerosis. However, many physiological/ 

pathophysiological proposed functions of Lp(a) have also been shown to be unique to this 

class of lipoprotein independent of its similarities to the LDL- and plasminogen-like 

properties.  
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Figure 1.1: Representation of the structure of Lp(a). Lipoprotein(a) (Lp(a)) resembles 

low-density lipoprotein (LDL) in both lipid composition and presence of 

apolipoproteinB-100 (apoB-100), but is distinguished from LDL by the presence of 

apolipoprotein(a) (apo(a)). The LDL-like moiety is composed of a central core containing 

triglycerides (TG) and cholesteryl esters (CE), surrounded by an outer shell of 

phospholipids (PL) and free cholesterol (FC). Apo(a) consists of multiple copies of a 

plasminogen-like kringle IV (KIV) domain, followed by single copies of a plasminogen-

like kringle V (KV) and protease (P) domains. KIV domains in apo(a) can be further 

classified into 10 distinct subtypes (KIV1 to KIV10) based on amino acid sequence with 

the number of identically repeated KIV2 domains varying in the population from 3 to 

>30. Lysine binding sites (LBSs) in KIV7 and KIV8 play a key role in non-covalent 

association with two Lys residues in the amino-terminal region of apoB-100. This initial 

non-covalent interaction between apo(a) and apoB-100 allows for disulfide bond 

formation between a free cysteine in KIV9 of apo(a) and apoB-100. Adapted from 

reference 4. 
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Figure 1.2: Structural similarities between plasminogen and apo(a). Plasminogen 

consists of an amino terminal tail sequence (T) followed by five kringle domains (KI-

KV) and a serine protease domain (P). Apo(a) contains a number of repeated domains 

which are highly similar to that of plasminogen kringle IV (KIV), followed by single 

copies of a plasminogen kringle V (KV) and protease-like (P) domains. Kringle IV 

domains of apo(a) can be grouped into 10 distinct types on the basis of amino acid 

sequence with each present in a single copy except for KIV type 2 (KIV2). The number of 

KIV2 domains ranges from 3 to greater than 30 identically repeated copies which gives 

rise to the Lp(a) isoform size heterogeneity observed in the population. Unlike 

plasminogen, the protease domain of apo(a) is catalytically inactive. The weak lysine 

binding sites (LBSs) and strong LBS of apo(a) (indicated with circles and asterisks 

resepctively) are important for many physiological interactions between apo(a) and 

various substrates. The cysteine (SH) present in KIV9 of apo(a) is required for disulfide 

bond formation to the C-terminal region of apoB-100. Adapted from reference 9. 
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Apo(a) consists of multiple kringle units that are tri-looped structures containing 

three invariant intramolecular disulfide bonds [9]. Kringle domains are generally found in 

many coagulation and fibrinolytic proteins and are recognized as binding motifs. Apo(a) 

KIV5-8 each contain “weak” lysine binding sites (LBS) whereas KIV10 contains a “strong” 

LBS based on its ability to bind to free lysine or lysine analogues [14]. Apo(a) also 

contains a weak LBS in the KV domain. The LBS acts as a pocket that allows for 

effective binding to lysine or lysine analogues. The pocket contains a cationic and anionic 

subsite at either end that acts by stabilizing the carboxylate and ammonium group of 

lysine respectively, separated by a hydrophobic trough [15]. The hydrophobic trough of 

the LBS pockets found in plasminogen and apo(a) are  generally composed of Trp or Phe 

and act to stabilize the aliphatic backbone of lysine [15]. The LBS present in the KIV10 

domain of apo(a) bears the greatest sequence similarity to that of plasminogen KIV [15]. 

The only exception is a conservative substitution of Arg
35

 in plasminogen KIV to Lys
35

 in 

apo(a) KIV10 [8]. Key amino acids in KIV10 that mediate binding to lysine include Arg
35

, 

Asp
54

, Phe
62

, and Asp
56

 [15]. Key amino acid substitutions in each of the KIV5-8 domains 

result in a lower affinity of these kringles for lysine and its analogues compared to KIV10. 

For example, KIV7 of apo(a) contains a Tyr at amino acid position 62 compared to a Phe 

at the corresponding position in KIV10. This results in a unique network of electrostatic 

interactions and hydrogen bonding in KIV7 leading to reduced flexibility and adaptability 

in accommodating lysine and its analogues compared to KIV10 [16]. Plasminogen not 

only contains a strong LBS present in KIV but also in KI (two orders of magnitude 

greater than KIV for lysine affinity) and a weak LBS present in KV [15, 17]. The LBSs 

present in plasminogen KI and KIV are generally responsible for binding to fibrin [15].  
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Plasma Lp(a) levels vary widely within the population from nearly undetectable 

to greater than 100 mg/dL [18]. The majority of apo(a) is found associated with Lp(a) 

particles in the plasma with very little free apo(a) detected [19]. The greater than 1000-

fold variation in plasma levels of Lp(a) observed in the population is predominantly 

determined (up to 90%) by the LPA gene [20]. The largest contributor (up to 60%) of this 

variation resides in the genetically determined isoform size heterogeneity of Lp(a) 

observed within the population [reviewed in ref. 3]. A general inverse relationship exists 

between Lp(a) plasma levels and apo(a) size [21, 22]. This phenomenon is due in part to 

less efficient secretion of larger apo(a) isoforms from hepatocytes [21]. This occurs as a 

result of the longer retention time for larger apo(a) species within the endoplasmic 

reticulum (ER) due to the additional time required to fold these species compared to 

smaller isoform sizes [23, 24]. The longer retention time results in increased quality 

control mediated degradation within the ER, leading to reduced secretion efficiency [23, 

24].  

Currently, there is no accepted pharmaceutical agent that can consistently or 

specifically lower elevated plasma Lp(a) levels. Of note, plasma Lp(a) levels are 

primarily dictated by the rate of production rather than catabolism. Currently, however, 

the route of catabolism of Lp(a) from the circulation is unclear. Understanding the 

catabolic fate of Lp(a) may prove vital in potentially lowering elevated plasma levels of 

the proatherogenic and antifibrinolytic/prothrombotic Lp(a) particle.  
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1.1.1 Lp(a) pathophysiology: potential mechanisms of action  

 The pathophysiological mechanism of how elevated Lp(a) levels contribute to 

atherothrombotic diseases remains largely speculative. Elevated levels of Lp(a), greater 

than 30-50 mg/dL, confer risk for a variety of atherosclerotic disorders including CHD 

[reviewed in ref. 2, 25], ischemic stroke [26-28], and peripheral vascular disease [29]. 

Lp(a) has been proposed to contribute to not only proatherogenic but also 

prothrombotic/antifibrinolytic processes (Fig. 1.3). Elevated levels of plasma Lp(a) result 

in accumulation of Lp(a) within the arterial wall at sites of atherosclerotic lesions [30]. 

Lp(a)/apo(a) can be retained within atherosclerotic lesions through interactions with 

components of the extracellular matrix (ECM) including fibronectin, fibrinogen, 

tetranectin, proteoglycans and DANCE [31, 32].  
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Figure 1.3: Proposed proatherogenic and prothrombotic mechanisms of Lp(a) action. 

Lp(a) has been identified as an independent risk factor for CHD as well as purely 

thrombotic events such as stroke and venous thromboembolism (VTE). Illustrated here 

are some processes that may be mediated by Lp(a) based on in vitro and in vivo studies. 

The mechanisms are categorized as either proatherogenic, illustrated in red on the left, or 

prothrombotic, illustrated in blue on the right.  PL, phospholipids; SMC, smooth muscle 

cells; EC, endothelial cells; TFPI, tissue factor pathway inhibitor; PAI-1, plasminogen 

activator inhibitor-1. Adapted from reference 33. 
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1.1.1.1 Development of atherosclerosis  

 

Atherosclerosis is a progressive, inflammatory disease resulting in the 

accumulation of lipids and fibrous elements in arteries [reviewed in ref. 34]. The 

progression of atherosclerotic lesions initially occurs through subendothelal lipoprotein 

retention. Accumulation of the retained lipoproteins is greater in individuals with 

elevated levels of circulating LDL and Lp(a). Lipoproteins in the subendothelium can 

interact with the ECM and are subsequently retained. The retained lipoproteins undergo 

modifications such as oxidization, aggregation, or lipolysis. The oxidized lipoproteins 

trigger a response from endothelial cells (ECs) resulting in the production of pro-

inflammatory molecules that recruit monocytes and lymphocytes to the arterial wall. In 

this milieu, monocytes are subsequently differentiated into macrophages and can engorge 

oxidized lipoproteins leading to foam cell formation [34]. Over time, foam cell death 

occurs resulting in formation of a necrotic core, which is evident in late stages of 

atherosclerosis. Macrophages can also release various cytokines and growth factors 

which promote smooth muscle cell (SMC) migration and proliferation. The SMCs 

undergo phenotypic switching from a quiescent to a proliferative state leading to 

migration from the medial layer to the intima. In the intima, SMCs synthesize ECM 

proteins, resulting in the formation of a fibrous cap over the plaque [35]. The plaque may 

become vulnerable over time through events including a reduction in SMCs proliferation 

and production of ECM proteins, secretion of proteases from macrophages, and by the 

calcification of advanced lesions. The weakening of the fibrous cap predisposes the 

lesion to plaque rupture or erosion leading to acute thrombosis and vascular occlusion. 

This, in turn, causes a myocardial infarction, unstable angina, or stroke due to reduced 
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blood flow [34].  High-density lipoprotein (HDL) has been shown to be protective against 

atherosclerosis through removal of excess cholesterol from peripheral tissues or by 

protecting lipoproteins from oxidation [34].  

 

1.1.1.2 Proposed proatherogenic/prothrombotic properties of Lp(a)   

 

The accumulation of Lp(a) at the site of atherosclerotic lesions can have many 

consequences for the process of lesion development. Lp(a) can be retained within the 

subendothelium to a greater extent than LDL as the apo(a) component of Lp(a) can 

contribute to binding to arterial wall components as mentioned above. Lp(a) can be 

readily oxidized in atherosclerotic lesions and engulfed by macrophages to form foam 

cells [36]. The apo(a) component of Lp(a) contains unique functions that promote 

atherogenesis that are not related to plasminogen or LDL homology, such as the ability to 

bind to oxidized phospholipids.  

Pro-inflammatory oxidized phospholipids have been shown to preferentially bind 

to Lp(a) compared to LDL [37]. It has been speculated that Lp(a) deposition at sites of 

lesions results in the targeting of pro-inflammatory oxidized phospholipid species to 

developing plaques. The site of oxidized phospholipid addition to apo(a) has been 

previously shown to occur in the KV domain potentially through covalent attachment to a 

lysine within this domain [38]. However, a later study determined that oxidized 

phospholipids are present upon removal of the KV domain of apo(a) [39]. Removal of the 

strong LBS in KIV10 of apo(a) abolishes the ability to bind to oxidized phospholipids 

[39]. The exact location and mechanism of addition for the oxidized phospholipid 

covalent attachment to apo(a) remains elusive. Interestingly, the KV domain of apo(a) 

can also stimulate macrophages to produce and secrete the pro-inflammatory cytokine 
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interleukin (IL)-8 [38]. The importance of oxidized phospholipids present on apo(a) in 

mediating this process is unknown. In addition, the oxidized phospholipid moiety on 

apo(a) can induce apoptosis in ER-stressed macrophages through a CD36-TLR2-

dependent mechanism which may contribute to plaque necrosis [40]. Overall, these 

findings illustrate that oxidized phospholipids associated with Lp(a) may contribute to the 

process of atherosclerosis.  

 Lp(a) can also contribute to endothelial dysfunction through multiple 

mechanisms. Endothelial dysfunction, in which the normal endothelium exhibits 

increased permeability as well as pro-coagulative and pro-inflammatory properties, is 

implicated in the early stages of atherosclerosis [41]. It has been demonstrated that Lp(a) 

can contribute to endothelial dysfunction through its ability to elicit cytoskeletal 

rearrangement in human umbilical vein endothelial cells (HUVECs) [42]. The 

rearrangement of the cytoskeleton results in the loss of cell-cell contact and subsequent 

increase in EC permeability [43]. This process may, in turn, result in increased LDL and 

Lp(a) deposition in the arterial wall. Furthermore, apo(a) can elicit independent pro-

inflammatory effects through stimulation of the nuclear translocation of β-catenin, 

resulting in increased prostaglandin synthesis, and stimulating the expression of pro-

inflammatory mediators such as cell adhesion molecules [44, 45]. Lp(a) can also impair 

vasodilation through reducing nitric oxide (NO) availability by inhibiting eNOS 

expression [46].  

Angiogenesis, which is the process of development of new blood vessels, is also a 

key contributor to the development of atherosclerosis. An important regulator of this 

process is the ability of various enzymes, such as matrix metalloproteinases (MMPs) and 
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plasmin, to degrade the ECM in order for remodeling to occur. The role of Lp(a) in 

angiogenesis remains controversial with a number of conflicting reports. For example, 

Lp(a)/apo(a) was able to stimulate EC growth and migration through decreasing the total 

and active transforming growth factor-β (TGF-β) levels secreted by these cells [47]. The 

ability of apo(a) to mediate this effect was shown to be dependent on the presence of the 

LBS in KIV10 of apo(a). In this study, the activation of the ECs was dependent on the 

integrin αVβ3 [46]. Conversely, Lp(a) can inhibit in vitro tube formation through 

inhibition of plasmin formation by apo(a) KV [48]. Further work is needed to explore the 

potential distinct mechanism of how Lp(a) elicits its affects on EC migration/proliferation 

and tube formation in vivo.  

As noted above, SMC migration and proliferation is also a key step in the 

development of atherosclerosis. Lp(a) has been found to be colocalized with 

macrophages and SMCs in patients with coronary atheroma [49]. Human apo(a) 

transgenic rabbits were found to promote SMC proliferation and dedifferentiation [50]. 

This study determined that the accumulation of SMCs in advanced atherosclerotic lesions 

was often associated with Lp(a) deposition [50]. Further, it has been demonstrated that 

apo(a)/Lp(a) can stimulate SMC migration and proliferation through the apo(a) KIV9 

domain [51]. The KIV9 domain inhibits the activation of TGF-β resulting in increased 

SMC migration and proliferation [51]. The ability of apo(a) to inhibit this process was 

dependent on the presence of plasminogen, suggesting that apo(a) may inhibit pericellular 

plasmin formation. 

The ability of apo(a) to inhibit plasminogen activation is directly correlated with 

prothrombotic/antifibrinolytic properties of Lp(a). A number of studies have shown that 
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apo(a)/Lp(a) can inhibit fibrinolysis and contribute to thrombus formation [52-56]. 

Apo(a) shares a high degree of structural similarity to plasminogen and therefore it is 

possible that apo(a) may bind to plasminogen receptors and result in a decrease in 

plasmin formation. More detail on the mechanism of how apo(a)/Lp(a) inhibits 

fibrinolysis and potentially pericellular plasminogen activation can be found in Section 

1.2.3. It has been shown that the apo(a) component of Lp(a) can interact with the 

plasminogen receptor αMβ2 resulting in the recruitment of inflammatory cells to 

atherosclerotic plaques [57]. Further work will be needed to identify the role of other cell 

surface plasminogen receptors in mediating apo(a)/Lp(a) pathogenicity.  

Mechanistically, there is some evidence to suggest that small apo(a) (<22 KIV 

domains) isoform sizes may in fact confer increased CHD risk (reviewed in ref. 1). Small 

apo(a) species have been shown to be associated more readily with small, dense LDL 

particles which are more atherogenic than larger, less dense LDL species [58]. There is 

also an inverse relationship between apo(a) size and fibrin binding affinity [53]. The 

increased affinity of smaller apo(a) isoforms to bind to fibrin may result in an increased 

risk for thrombotic events. Furthermore, an inverse relationship exists between small 

apo(a) isoforms and oxidized phospholipid binding which may contribute to the 

atherogenicity of these species [59].  

 Taken together, there is the potential for Lp(a)/apo(a) to contribute to the 

development and progression of atherosclerosis through multiple mechanisms that affect 

vascular cell phenotype. Lp(a)/apo(a) may also be implicated in purely thrombotic 

processes as demonstrated by its ability to inhibit fibrinolysis.  
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1.1.2 Lp(a) pathophysiology: evidence from clinical studies  

 Retrospective case-control studies consistently have shown that elevated levels of 

plasma Lp(a) are a risk factor for CHD [60-63]. However, these studies were criticized 

since they cannot be interpreted to prove a causal role for Lp(a) in CHD, rather than 

simply a marker for the process. Stronger evidence in this regard has come from 

prospective studies [reviewed in ref. 1, 2]. A large meta-analysis encompassing 36 

prospective studies and over 125,000 patients demonstrated that elevated plasma Lp(a) is 

an independent risk factor for CHD [60]. This study indicated that elevated Lp(a) 

concentrations are continuously associated with CHD risk and that risk is primarily 

associated with vascular outcomes [60]. This is in contrast to the previously held notion 

for the risk threshold of above 30 mg/dL for Lp(a) levels [3]. 

 Genetic studies have shown that elevated plasma Lp(a) levels are a causal risk 

factor for CHD [62, 63]. For example, a Mendelian randomization study design has been 

utilized to definitively demonstrate causality [63]. A Mendelian randomization study is a 

method used to measure the random variation in genes from parents to offspring and to 

estimate a casual effect from observational data generated by random assignment [63]. 

The Mendelian randomization study by Kamstrup and coworkers [63] demonstrated that 

small LPA allele size is strongly associated with both elevated Lp(a) levels and increased 

risk for myocardial infarction (MI), thereby demonstrating that elevated Lp(a) levels are a 

causal risk factor for CHD.   

Genome-wide linkage and association (GWA) studies further emphasized that the 

LPA gene is a major determinant for Lp(a) plasma levels [64, 65]. The association 

between gene variants and CHD in these GWA studies suggest that genetic variation in 
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LPA is the strongest predictor of CHD [66]. The major determinant of elevated Lp(a) 

levels is the number of KIV2 repeats encoded by LPA, and single nucleotide 

polymorphisms (SNPs) present in LPA. Clarke and colleagues [62] identified two SNPs 

that are strongly associated with both an increased risk for CHD as well as Lp(a) levels 

[62]. The SNPs identified were rs3798220, corresponding to an Ile to Met substitution at 

position 4399 in the protease domain of apo(a), and rs10455872, which is intronic [62]. 

The I4399M mutation was found to be strongly associated with elevated oxidized 

phospholipids [67] and individuals with this mutation showed greater benefit from aspirin 

treatment for the prevention of CHD [68]. The relationship of the SNPs identified with an 

increase in Lp(a) concentration as well as risk for CHD also support a causal role for 

elevated Lp(a) levels and CHD risk.  

It is clear that small Lp(a) isoform sizes (<22 KIV domains) confer risk for CHD. 

However, the relationship between apo(a) isoform size and risk for CHD independent of 

Lp(a) concentration remains controversial. Conflicting results have been reported on the 

risk associated with small LPA allele size independent of elevated plasma Lp(a) 

concentration. A meta-analysis of over 58,000 participants suggested that small isoforms 

of apo(a) (<22 KIV2 repeats) are associated with an increased risk for vascular disease, 

although an independent role for isoform size could not be concluded [26]. In fact, the 

only clinical study that demonstrated an independent role for Lp(a) isoform size and risk 

was the Bruneck study [reviewed in ref. 1]. Conversely, the two recent genetic studies 

described above revealed that the risk association for CHD in these specific studies was 

abolished following adjustment of LPA allele size to plasma concentration [62, 63]. 
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Taken together, it is still unclear if small LPA allele size confers risk for atherogenic or 

thrombogenic processes independent of plasma Lp(a) levels.  

  Interestingly, elevated Lp(a) levels have been shown to confer increased risk for 

thrombotic events such as venous thromboembolism (VTE) [69, 70] and ischemic stroke 

[26-28]. A more recent prospective population study revealed that Lp(a) was associated 

with coronary artery disease (CAD) but not with ischemic stroke [29]. However, an 

increased risk for reoccurrence of ischemic stroke was determined in patients with 

elevated Lp(a) levels [28]. Elevated levels of plasma Lp(a) (>30 mg/dL) have been 

shown to be a risk factor for VTE in children, with a small population size of 186 patients 

in this study [70]. Also, Lp(a) levels >300 mg/dL were found to be an independent risk 

factor for VTE in adults, again in a small study of 603 patients [69]. However, larger 

studies revealed that elevated plasma Lp(a) levels are not a risk factor for primarily 

thrombotic phenotypes including VTE [71-73]. Most recently, analysis of 21,483 women 

indicated no risk of VTE in patients with elevated plasma Lp(a) levels, except for those 

with Lp(a) concentrations in the top 1% [73].   

The role of elevated plasma Lp(a) levels has also been directly correlated with 

coronary artery calcification (CAC), which is an atherosclerotic process, and aortic valve 

stenosis (AVS), which is not an atherosclerotic process. However, the role for elevated 

Lp(a) levels as a risk factor for CAC remains controversial, with evidence both for [74, 

75] and against [76, 77] such a relationship. Three recent genetic studies revealed a clear 

causal association between elevated plasma Lp(a) levels and AVS [78-80]. Interestingly, 

a threefold increased risk of AVS was not only associated with small LPA allele size, but 

also with SNPs rs10455872 and rs3798220 [79]. The mechanism by which elevated 
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Lp(a) levels contribute to CAC and development of AVS is poorly understood and 

remains a subject for future investigation.  

Overall, current evidence suggests that elevated Lp(a) levels are an independent 

causal risk factor for CHD, with a more disputed role in purely thrombotic processes in 

vivo. The exact pathophysiological contribution of Lp(a) to the development and 

progression of CHD remains unclear, with recent evidence also suggesting a role for 

elevated plasma Lp(a) levels in the development of CAC and AVS. The role of apo(a) 

isoform size as an independent contributor to risk for atherothrombotic disorders also 

remains to be conclusively determined.  

 

1.1.3 Lp(a) assembly 

It is generally accepted that Lp(a) assembly occurs via a two-step mechanism [81, 

82]. First, an initial non-covalent interaction occurs between the weak LBS present in 

apo(a) and N-terminal lysine residues in apoB-100 [81, 82]. Using point mutations to 

systematically abolish the weak LBS in apo(a), it was identified that the weak LBS in 

KIV7 and KIV8 were essential in mediating the non-covalent step in Lp(a) assembly [81]. 

The non-covalent interaction is required to facilitate the disulfide linkage between the 

free cysteine in KIV9 of apo(a) and apoB-100 through correct alignment of the two 

molecules [81]. 

These preponderance of evidence suggests that Lp(a) assembly occurs 

extracellularly [7, 83-84], rather than within the cell [85-88]. For example, a previous 

study indicated that extracellular Lp(a) formation occurred within the medium of hepatic 

cells (HepG2) and that apo(a) was not associated covalently with apoB-100 within the 

cell [7]. Furthermore, extracellular Lp(a) assembly was demonstrated in primary cultures 
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of baboon hepatocytes, perhaps on the cell surface, with no indication of intracellular 

Lp(a) formation [83]. The latter study also identified the importance of LBS in assembly 

as the process was inhibited by the addition of the lysine analogue ε-aminocaproic acid 

(ε-ACA) to the cells [83].  

Spontaneous disulfide bond formation occurs extremely slowly in vitro between 

purified apo(a) and LDL despite the high affinity of the non-covalent interaction between 

apo(a) and apoB-100 [84]. However in the presence of a putative Lp(a) oxidase secreted 

by hepatic cells, the ability of apo(a) to form a disulfide bond with apoB-100 is greatly 

accelerated [84]. Interestingly, apo(a) adopts a closed conformation that becomes more 

open upon binding to lysine analogs which allows for more rapid disulfide bond 

formation between apo(a) and apoB-100 [84]. It is possible that non-covalent interaction 

between apo(a) and apoB-100 occurs within the cell followed by extracellular disulfide 

bond formation either on hepatic cell surface, in space of Disse, or within the plasma.  

The prevailing view of extracellular assembly of Lp(a) particles is difficult to 

reconcile with Lp(a) kinetic data generated in humans using stable isotope labeling. An 

early kinetic study reported that production rates for apo(a) and apoB-100 in Lp(a) are 

identical, and that Lp(a) is formed from newly-synthesized apo(a) and apoB-100, rather 

than the association of newly-synthesized apo(a) with circulating LDL as suggested by 

the extracellular Lp(a) assembly model [85]. A recent kinetic study in human subjects 

reported that the production rate of apoB-100 associated with Lp(a) particles is very 

different from apoB-100 associated with LDL or very-low-density lipoprotein (VLDL), 

but similar to the production rate of apo(a) itself [86]. This has been taken as evidence for 

intracellular assembly of Lp(a), which has not been directly observed except for a study 
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using a very small and non-physiological isoform of apo(a) [87]. However, the kinetic 

studies cannot exclude the possibility that Lp(a) forms extracellularly from a special pool 

of newly-synthesized apoB-100 containing lipoprotein. It is also possible that a pool of 

apoB-100 containing lipoprotein assembles non-covalently with apo(a) intracellularly and 

that the covalent complex forms upon secretion. Further studies are required to re-visit 

the site of Lp(a) assembly in the context of in vivo human kinetic data.
 

 

1.1.4 Lp(a) catabolism  

The mechanism of Lp(a) catabolism remains unclear despite many studies 

directed at studying how Lp(a) is cleared from plasma. Various reports have suggested 

that the liver plays a crucial role in catabolising Lp(a) with a more minor role for the 

kidney. A study by Cain [89] and coworkers determined that Lp(a) was found to be 

cleared predominantly by the liver (34.6%) with only a small fraction detected within the 

kidney (1.3%). These findings coincide with a previous report indicating that Lp(a) 

clearance in a rat model was 28.5% by the liver and 0.5% by the kidney indicating a clear 

role for hepatic rather than renal cells in the clearance of Lp(a) [90]. However, patients 

with renal disease have been shown to have elevated Lp(a) plasma levels [91, 92]. 

Frischmann and coworkers [93] used an in vivo turnover study in hemodialysis patients 

and determined that the increase in plasma Lp(a) levels observed is due to the rate of 

Lp(a) catabolism rather than production. Overall, these results indicate that the kidney 

plays an indirect role in Lp(a) clearance from plasma with potentially a more significant 

role in patients with kidney disease.  
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Of note, plasma Lp(a) levels have been shown to be dictated primarily by the rate 

of production rather than catabolism [94]. A study by Rader and coworkers determined 

that the catabolic rate of different isoforms of apo(a) were similar in vivo, whereas the 

production rate was significantly greater for the smaller isoform compared to the larger 

isoform of apo(a) [94]. Understanding how Lp(a) is cleared from the plasma presents a 

useful strategy to potentially lower elevated plasma Lp(a) levels.  

  

1.1.4.1 Potential receptors for Lp(a) catabolism  

A variety of receptors have been proposed to be involved in Lp(a) clearance likely 

through the apo(a) or the apoB-100 components of Lp(a)  [89, 95-109]. Initially, 

clearance of Lp(a) was assumed to occur in a similar manner to that of LDL through the 

LDL-receptor (LDLR). This is because Lp(a) contains an LDL-like moiety and therefore 

it was assumed that Lp(a) can be catabolised through binding of the apoB-100 component 

of Lp(a) to the LDLR similar to what is observed with LDL. However, statin therapy, 

which increases the number of hepatic LDLRs, generally has little to no effect on the 

clearance of Lp(a), but has a significant effect on LDL removal from plasma [reviewed in 

ref. 9]. Therefore, presence of the apo(a) component in Lp(a) may interfere with the 

binding of apoB-100 to the LDLR. This hypothesis was validated using a mouse model in 

which excess apo(a) was able to compete for clearance of radiolabeled Lp(a); this was 

interpreted to suggest that Lp(a) clearance is predominantly driven by the apo(a) rather 

than the apoB-100 component of Lp(a) [89]. However, a study by Tam and coworkers 

[95] determined that apo(a) complexed with LDL can bind to HepG2 cells via high and 

low affinity receptors. The results demonstrated that the apo(a) component was 

responsible for binding to low affinity plasminogen receptors on these cells, whereas the 
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apoB-100 component of Lp(a) appeared to mediate binding to the higher affinity LDLR 

[95]. Further studies need to be conducted to determine the physiological route of Lp(a) 

catabolism in plasma.  

In addition to the LDLR [95-103] and plasminogen receptors [53, 95], a number 

of other possible receptors have been identified which may play a role in Lp(a) 

catabolism. These include the low-density lipoprotein-related protein (LRP-1) [101], 

VLDL-receptor (VLDLR) [107], megalin/glycoprotein 330 (gp330) [108], and scavenger 

receptor class B type I (SR-BI) [109]. As noted above, the liver is the predominant organ 

which clears plasma levels of Lp(a) with only a minor role for the kidney [89, 90]. Only 

the LDLR, LRP-1, and SR-BI are prominently expressed in the liver which suggests a 

relatively minor role for the VLDLR and megalin/gp330 receptor in Lp(a) clearance in 

vivo [89, 109].  

  

1.1.4.2 The role for the LDLR in Lp(a) catabolism  

 The main physiological role for the LDLR is to bind and internalize LDL from the 

circulating plasma into hepatic cells. The LDLR is traditionally divided into five 

domains; (1) the ligand-binding domain (composed of seven cysteine-rich domains, R1-

R7); (2) two epidermal growth factor (EGF) subunits (EGF-A and EGF–B), a six-bladed 

β-propeller, and an EGF-C domain; (3) an O-linked sugar domain; (4) a transmembrane 

domain; (5) and a cytoplasmic tail (Fig 1.4) [110]. The ligand binding domain can bind to 

various lipoproteins through interactions with apoB-100 and apolipoprotein E (apoE) 

[111]. The apoB-100 component of LDL binds to the LDLR and the complex undergoes 

clathrin-mediated internalization [112]. In the acidic environment of sorting endosomes, 

the LDLR adopts a closed conformation which weakens the LDLR:LDL interaction 
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[112]. Subsequently, LDL is released from the LDLR and is transported to lysosomes for 

degradation, whereas the LDLR is recycled back to the cell membrane [112].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Representation of the domains of the LDLR. The LDLR is divided into five 

domains; (1) the ligand-binding repeats (composed of seven cysteine-rich domains, R1-

R7); (2) an EGF precursor homology domain (composed of an EGF-A and EGF–B, a six-

bladed β-propeller, and an EGF-C domain); (3) an O-linked sugar domain; (4) a 

transmembrane domain; and (5) a cytoplasmic tail. The ligand binding domain can bind 

to apoB-100 and apoE. The EGF-A domain is required for binding to PCSK9. Image 

adapted from reference 110. 
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The role of the LDLR in Lp(a) clearance remains controversial with many studies 

indicating a role [95-103, 113] while other studies reporting no role for this receptor 

[89,104-106, 114]. Certainly, the relative ineffectiveness of statin therapy on Lp(a) levels 

supports a minimal role, if any, for the LDLR in mediating Lp(a) clearance. Statins 

inhibit the rate limiting step in cholesterol biosynthesis, 3-hydroxy-3-methyl-glutaryl-

coenzyme A (HMG-CoA) reducatase, which is highly regulated by the supply of 

cholesterol [115]. This effectively reduces the production of cholesterol within the cell 

and results in the upregulation of LDLR hepatic levels with a concomitant lowering of 

plasma LDL levels.  

Several reports have shown a role for the LDLR in Lp(a) catabolism using both in 

vitro [95-98, 101] and in vivo methods [103]. Cell culture models using hepatic HepG2 

cells or fibroblasts illustrate that the LDLR can bind to Lp(a) and mediate Lp(a) uptake 

[95, 103]. Lp(a) and LDL can also compete with each other for binding to fibroblasts [98, 

103]. Familial hypercholesterolemia (FH) fibroblast cells with a defective LDLR were 

also shown to bind significantly less Lp(a) compared to wild-type fibroblasts [98, 102]. 

Another study using fibroblasts indicated, in a more indirect manner, that larger isoforms 

of Lp(a) bound to LRP-1 whereas smaller isoforms of Lp(a) bound to the LDLR in these 

cells [101]. These results may suggest that larger isoforms of apo(a) interfere to a greater 

extent with the ability of the apoB-100 component of Lp(a) to bind to the LDLR. The 

most significant finding illustrating the importance of the LDLR was conducted in vivo 

by Hofmann and coworkers using a mouse model [103]. In this study, overexpression of 

the LDLR in mice significantly increased the clearance of injected purified Lp(a) 

compared to wild-type mice [103].  
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 In contrast, several studies have reported that there is no role for the LDLR in 

Lp(a) clearance [89, 104, 114]. For example, Lp(a) clearance was not significantly 

reduced in LDLR
-/- 

mice compared to control mice whereas a significant decrease in LDL 

clearance was observed in the knockout mice [89]. In another study, radiolabeled Lp(a) 

was injected into FH homozygous human subjects with no signifcant difference in Lp(a) 

clearance in the FH patients compared to control subjects [104]. These in vivo models 

suggested that the apo(a) rather than the apoB-100 component of Lp(a) is responsible for 

its clearance from plasma in an LDLR-independent manner.  

 

1.1.4.3 Familial hypercholesterolemia and Lp(a) levels  

FH is an autosomal dominant disorder in which mutations in the LDLR cause 

elevated plasma LDL levels and premature CHD [116]. FH can also arise from mutations 

in the genes encoding the ligand apoB-100 or proprotein convertase subtilisin/kexin type 

9 (PCSK9) [116, 117]. Mutations within apoB-100 may result in the inability of LDL to 

be cleared from the plasma whereas gain-of-function (GOF) mutations of PCSK9 result 

in an increased ability to target the LDLR for degradation (see Section 1.1.4.5.1). 

Autosomal recessive hypercholesterolemia (ARH) is phenotypically similar to FH but is 

generally less severe [118, 119]. ARH is caused by a mutation in the gene encoding the 

putative adaptor protein, ARH, which is important for recruiting the LDLR:LDL complex 

into clathrin-coated pits [118, 119].  

There is contradictory evidence as for the role of the LDLR in Lp(a) catabolism 

from studies looking at endogenous levels of Lp(a) in FH subjects. Individuals that are 

heterozygous or homozygous for a mutation in the LDLR resulted in either an increase 

[99, 100, 113] or had no effect [105, 106] on Lp(a) plasma levels. However, the most 
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recent analysis of 1,960 patients with FH and 957 non-FH relatives revealed that Lp(a) 

plasma levels were significantly higher in FH patients compared to their unaffected 

relatives [99]. Overall, the aforementioned results underscore the contradictory evidence 

that exists for the role of the LDLR in Lp(a) catabolism.  

 

1.1.4.4 Other potential Lp(a) catabolic receptors 

LRP-1 [101] and SR-BI [109] are both expressed in the liver and have been 

shown to potentially regulate Lp(a) clearance. Previous studies found that Lp(a) can bind 

to LRP-1 [101, 108] but this was later disproven in subsequent studies [95, 114]. 

Recently, SR-BI was identified as a receptor for Lp(a) catabolism in vivo [109]. SR-BI 

was previously shown to bind to a variety of lipoproteins including HDL and LDL [120]. 

Yang and coworkers [109] determined that Lp(a) clearance was significantly greater in 

SR-BI transgenic mice and delayed in SR-BI knockout mice compared to control mice. 

However, 65% of the injected Lp(a) was cleared over 24 hours in the SR-BI knockout 

mice suggesting a role for other receptors in the clearance of Lp(a) [109].  

 VLDLR [107], megalin/gp330 receptor [101, 108], and the family of plasminogen 

receptors [53, 95] have all been shown to bind to Lp(a). However, VLDLR and 

megalin/gp330 are not expressed in the liver which is the predominant organ involved in 

plasma Lp(a) catabolism [89, 90]. As such, it is possible that the VLDLR and 

megalin/gp330 receptor may play a minor role in Lp(a) clearance in a non-hepatic setting, 

such as the kidney. Various studies have shown that apo(a) can compete for plasminogen 

for binding to cell surfaces [53, 95]. However, there is no evidence to suggest that 

plasminogen receptors play a role in Lp(a) uptake and degradation in hepatic cells.  
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Taken together, the mechanism of Lp(a) catabolism remains elusive. This may 

reflect the fact that the apo(a) gene is only found in humans and Old World monkeys. 

This complicates the interpretation of data generated for Lp(a) catabolism using 

traditional animal models [121]. Future experiments clearly need to focus on defining the 

mechanism for Lp(a) clearance from human plasma. This could pave the way for the 

development of therapeutic strategies that can be utilized to lower plasma Lp(a) levels.  

 

1.1.4.5 Therapeutic strategies to lower plasma Lp(a) levels  

There is currently no accepted pharmaceutical agent that can specifically reduce 

elevated levels of Lp(a). Many of the treatments that do exist lower both LDL and Lp(a) 

levels. It is important to identify a specific therapeutic agent that can lower elevated 

plasma Lp(a) at either the rate of production, assembly, or catabolism in order to address 

the benefits of Lp(a)-lowering on CHD risk in prospective studies.   

 Lp(a) levels are relatively resistant to traditional lipid-lowering strategies such as 

statin therapy, or diet and exercise [reviewed in ref. 9]. The most effective method of 

lowering Lp(a) is through lipid apheresis procedures [122]. Specific Lp(a)-apheresis for 

18 months in 30 subjects with normal LDL levels and elevated Lp(a) levels resulted in a 

clear regression in CHD and a significant decrease of 73% in Lp(a) levels [123]. 

However, Lp(a)-apheresis is costly, invasive and not a practical long term therapy option. 

Several strategies have or are currently being explored to determine their effectiveness in 

lowering plasma Lp(a) levels; these include statins, niacin, cholesteryl ester transfer 

protein (CETP) inhibitors, antisense oligonucleotide (ASO) approaches, and the use of 

monoclonal antibodies blocking PCSK9.  
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Niacin treatment is perhaps the most popular choice for lowering Lp(a) levels. 

Currently, the European Atherosclerosis Society recommends niacin treatment for 

individuals with Lp(a) levels >50 mg/dL [3]. Niacin can lower Lp(a) levels by 

approximately 20-30% [124, 125] but is also associated with severe side effects including 

flushing and hepatotoxicity [126]. Two clinical trials have recently been terminated as 

niacin treatment did not reduce the overall risk of cardiovascular disease [125, 127]. 

Specifically, Lp(a) levels were reduced in both trials, but this decrease could not be 

correlated with improved outcomes.  

CETP facilitates the transport of cholesteryl esters (CE) and triglycerides between 

lipoproteins and is important for lipoprotein metabolism in the circulation [128]. 

Inhibition of CETP function results in an increase in HDL-cholesterol and a decrease in 

LDL-cholesterol levels [129]. Recently, the CETP inhibitor, anacetrapib, has shown 

success in raising HDL levels as well as lowering plasma Lp(a) levels by approximately 

40% [130]. The mechanism by which anacetrapib can lower Lp(a) is unknown but may 

potentially involve a reduction in the efficiency of Lp(a) assembly due to alterations in 

LDL lipid composition.  

Promising results have also been found with the use of ASO therapy to lower 

Lp(a) levels [131, 132]. ASOs are short, single-stranded, synthetic oligonucleotides that 

are designed to specifically bind to and degrade a target messenger RNA (mRNA) [133]. 

Mipomersen, an ASO targeting apoB, resulted in the reduction in apoB synthesis and 

therefore the production of all apoB containing lipoproteins including VLDL, LDL, and 

Lp(a) [131]. Phase 2 clinical trials with mipomersen for 13 weeks revealed a significant 

reduction in Lp(a) levels [131]. Conversely, an ASO targeting the KIV2 domain of apo(a) 
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resulted in a significant decrease in Lp(a) levels in transgenic mice expressing human 

apo(a)/apoB-100 [132]. The use of ASO targeting either apoB or apo(a) may prove to be 

an attractive method for lowering of Lp(a) levels.   

 

1.1.4.5.1 PCSK9 Based Therapies 

PCSK9 was first discovered in 2003 and is the ninth and most recently identified 

member of the proprotein convertase family. Since its discovery, it has been under 

intense investigation in both basic research and clinical studies as it can drastically affect 

LDL cholesterol levels [134]. PCSK9 is highly expressed in the liver and to a lesser 

extent in the intestine and kidney [135]. The 692 amino acid glycoprotein contains a pro-

domain, followed by a catalytic domain, hinge region, and a C-terminal cysteine-

histidine-rich domain (CHRD) (Fig. 1.5) [136, 137]. The CHRD can be further classified 

into three modules, M1-M3 [138]. Once the signal peptide is cleaved from PCSK9, the 

zymogen proPCSK9 remains in the ER until intramolecular cleavage occurs [139]. The 

proPCSK9 cleaves itself at Gln
152

-Ser
153

 to generate the mature enzyme and prosegment 

[139, 140].  Interestingly, the prosegment remains non-covalently bound to the mature 

PCSK9 which renders it enzymatically inactive since the prosegment occupies the active 

site cleft [136]. The cleaved prosegment domain remains associated with PCSK9 and the 

complex is transported to the Golgi complex and subsequently secreted from the cell.   
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Figure 1.5: Representation of the domains of PCSK9 and its binding to the LDLR. A, 

PCSK9 zymogen contains a prosegment (pro), catalytic domain, hinge region (H), and a 

C-terminal Cys-His-rich domain (CHRD). The zymogen is autocatalytically cleaved 

within the ER at Q152↓S153. The cleaved prosegment (pro) remains attached to the mature 

PCSK9 which renders it catalytically inactive. B, Crystal structure of the ectodomain of 

the LDLR bound to PCSK9. The catalytic domain of PCSK9 (LDLR binding domain in 

PCSK9) interacts with the EGF-A domain of the LDLR (PCSK9 binding site in LDLR). 

A predicted weak hydrophobic interaction between Leu108 of the prosegment domain of 

PCSK9 and Leu626 of the β-propeller domain of the LDLR is also illustrated. The CHRD 

domain can be classified into three modules, M1-M3. Image modified from reference 

137. 
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The main physiological target of PCSK9 in lipoprotein homeostasis is the LDLR. 

In addition to the LDLR, PCSK9 is also an endogenous regulator of other lipoprotein 

receptors including the VLDLR [141], LRP-1 [142], and apolipoprotein E receptor 2 

(ApoER2) [141]. The catalytic domain of PCSK9 can bind to the EGF-A domain of the 

LDLR and target the complex for degradation (Fig. 1.5 and Fig. 1.6) [110, 143]. As 

mentioned above, when the LDLR binds to its ligand LDL, the complex is internalized 

through clathrin-coated vesicles, with the internalized LDL directed to lysosomes and the 

LDLR recycled back to the cell surface [144]. However, in the acidic environment of the 

endosome, the PCSK9:LDLR interaction becomes stronger and, through an as yet 

identified mechanism, the complex is targeted to lysosomes for degradation [145, 146]. 

The M2 module of PCSK9 has been shown to be required for PCSK9 to target the LDLR 

for degradation through the extracellular pathway [138]. Removal of the M2 module 

from PCSK9 still allows for extracellular binding to occur between PCSK9 and the 

LDLR, but the complex is unable to be targeted for lysosomal degradation. This suggests 

that PCSK9 interacts with a putative protein/receptor which allows for targeting of the 

complex for degradation. PCSK9 can also target the LDLR for degradation through an 

intracellular pathway without requiring secretion [147]. In this intracellular pathway, 

PCSK9 can interact with the LDLR in the trans Golgi network (TGN) and the complex is 

shuttled to lysosomes through clathrin-mediated endocytosis [148]. Interestingly, LDL 

acts as a regulator of PCSK9 activity by binding to the N-terminal region of PCSK9 

[149]. PCSK9 cannot function in targeting the LDLR for degradation when LDL is bound 

to PCSK9. [149].  
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Figure 1.6: Representation of the LDLR degradation pathway mediated by PCSK9. At 

low concentrations of PCSK9, or with a LOF PCSK9 mutant, LDLR levels are high, 

which allows for LDL to bind to the LDLR and enter into clathrin-coated vesicles. The 

LDL is released from the LDLR in the low acidic environment of the endosomes and is 

targeted for degradation whereas the LDLR is recycled. Conversely, at high 

concentrations of PCSK9, or with a gain-of-function (GOF) PCSK9 mutant, PCSK9 

binds to the LDLR and targets this complex for degradation in either an extracellular (cell 

surface) or intracellular pathway (trans Golgi network; TGN). This results in low levels 

of hepatic LDLR number and concomitant high plasma LDL levels. PCSK9 monoclonal 

antibodies (mAb) can bind to PCSK9 (extracellular pathway) and prevent its binding to 

the LDLR, thereby increasing hepatic LDLR number. Also, LDL can bind to PCSK9 and 

prevent PCSK9 from targeting the LDLR for degradation. The potential role of PCSK9 

and the LDLR in Lp(a) clearance remains undetermined. Image modified from reference 

137. 
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Natural GOF and loss of function (LOF) mutations of PCSK9 occur within the 

population that result in drastically elevated or lowered plasma LDL levels, respectively. 

The highly active PCSK9 GOF mutation D374Y results in a 10- to 25- fold increased 

binding affinity to the LDLR which leads to decreased hepatic LDLR levels and 

increased circulating LDL levels [136, 137]. Conversely, a patient heterozygous for the 

LOF Q152H mutation (corresponding to the site at which proPCSK9 is autocatalytically 

cleaved in the ER), exhibited up to 80% and 50% decreases in circulating PCSK9 and 

LDL levels respectively [150]. This is in keeping with reports that PCSK9-knockout 

mouse models exhibit an ~80% decrease in LDL levels [151]. On this basis, several 

pharmaceutical companies are developing strategies to decrease the ability of PCSK9 to 

bind to and target the LDLR for degradation.  

Several preclinical and clinical trials are underway to test various approaches to 

inhibit PCSK9 [reviewed in ref. 137]. The most promising approach has been with the 

use of monoclonal antibodies against PCSK9 which block PCSK9 from binding to the 

LDLR [152-156]. Recent clinical trials with a PCSK9 monoclonal antibody resulted in 

decreases of approximately 30% and 70% for Lp(a) and LDL levels respectively [152-

156]. The mechanism by which PCSK9 can regulate Lp(a) catabolism with respect to the 

involvement of the LDLR or other potential Lp(a) receptors that can be targeted by 

PCSK9 is unknown. The decrease of only ~30% for Lp(a) compared to the 70% decrease 

observed for LDL may suggest that Lp(a) may have more than one receptor responsible 

for its clearance, and that the LDLR is not the preferred route for catabolism of Lp(a).  

Targeting PCSK9 may present a useful method to lower elevated plasma Lp(a) 

levels. However, the mechanism of how PCSK9 can effect Lp(a) catabolism is unknown. 
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Identifiying the receptor(s) responsible for the PCSK9-mediated ability to lower Lp(a) 

levels is essential in advancing the therapeutic options to lower Lp(a) catabolism. 

 

1.2 PLASMINOGEN: STRUCTURE, FUNCTION, AND ACTIVATION 

Plasminogen is the zymogen form of the serine protease plasmin and is 

predominantly synthesised and secreted from the liver [157]. Plasminogen is composed 

of a tail domain, followed by five kringle domains (KI-KV) and a serine protease domain 

(Fig. 1.2). The kringle domains are important for mediating the interaction of 

plasminogen with substrates such as fibrin, cell surfaces, and plasminogen activators. 

Generally, these binding interactions are dependent on the lysine binding properties of 

plasminogen [reviewed in ref. 157].  

Native, circulating plasminogen is 791 amino acids with an N-terminal glutamic 

acid (Glu-plasminogen). The zymogen Glu-plasminogen can be activated to form Glu-

plasmin through proteolytic cleavage by plasminogen activators at Arg
561

-Val
562

 [47]. 

Following cleavage, the N-terminal heavy chain remains covalently linked to the 

carboxy-terminal light chain of plasminogen via two disulfide bonds. Cleavage of Arg
561

-

Val
562

 results in the catalytically active serine protease with the active site, His
603

, Asp
646

, 

Ser
741

, in the light chain of plasmin [158] (Fig. 1.7). Plasmin plays a key role in many 

physiological processes including fibrinolysis, cell migration and proliferation, 

angiogenesis, inflammation, wound healing, and tumor cell invasion and metastasis [157-

164].  
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Figure 1.7: Schematic representation of plasminogen activation and Glu- to Lys-

plasminogen conversion. Glu
1
-plasminogen is the native circulating form of 

plasminogen and is in a closed conformation. The closed conformation does not allow for 

rapid activation by plasminogen activators (PA) tissue-type plasminogen activator (tPA) 

or urokinase-type plasminogen activator (uPA). Once bound to fibrin or cell surfaces, 

Glu
1
-plasminogen adopts a more open, extended conformation which allows it to be more 

readily activated through cleavage at Arg
561

-Val
562

 by PA to form Glu-plasmin. Plasmin 

can cleave Glu
1
-plasminogen at Lys

77
-Lys

78
, releasing the N-terminal peptide fragment to 

form Lys
78

-plasminogen (contains an N-terminal Lys). Lys
78

-plasminogen is in a more 

extended, open conformation which allows for accelerated activation by PA to form 

Lys
78

-plasmin. Conversion of Glu
1
- to Lys

78
-plasminogen greatly accelerates the overall 

rate of plasminogen activation on the cell or fibrin surfaces or in solution. The active site 

(His
603

, Asp
646

, Ser
741

) of Glu- or Lys-plasmin is necessary for its catalytic activity. 
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The two main plasminogen activators are urokinase-type plasminogen activator 

(uPA) and tissue-type plasminogen activator (tPA). tPA is predominantly expressed in 

ECs and SMCs [165] whereas uPA is predominantly expressed in the kidney, lung, and 

tumor cell lines and does not bind to fibrin [166, 167]. The role of tPA and uPA varies 

within the vasculature, and is primarily dictated by the cells that express these activators. 

As such, tPA plays a key role in fibrinolysis or EC/SMC migration. Conversely, uPA 

plays a minor role in fibrinolysis and a more primary role in ECM degradation in the 

process of tumor cell invasion and metastasis [46-53].  

 

1.2.1 Positive feedback mechanisms in the process of plasminogen activation 

The rate of plasminogen activation can be greatly accelerated through a variety of 

positive feedback mechanisms. The circulating form of plasminogen, Glu-plasminogen, 

adopts a closed, spiral conformation that limits its accessibility to be activated by 

plasminogen activators [168, 169]. In order for accelerated plasminogen activation to 

occur, Glu-plasminogen must bind to the cell or fibrin surfaces. Once bound to these cell 

surfaces, Glu-plasminogen adopts a more open conformation and is therefore more 

accessible to plasminogen activators [168, 169]. As a result, an initial, small amount of 

Glu-plasminogen can be activated to form Glu-plasmin. Glu-plasmin remains bound to 

the cell and fibrin surfaces in order to prevent rapid inhibition through its natural inhibitor 

α2-antiplasmin [170]. The initial production of Glu-plasmin formed can then directly 

contribute to the positive feedback mechanism of plasminogen activation on these 

surfaces.   

Plasmin can proteolytically cleave Glu-plasminogen at the carboxyl side of Lys
62

, 

Arg
68

, or Lys
77

 to form a product termed “Lys-plasminogen” [170-172]. The most 
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common site of cleavage by plasmin is at Lys
77

-Lys
78

 resulting in an N-terminal Lys 

residue. Lys-plasminogen adopts a more extended/opened conformation that significantly 

lowers its half-life in plasma [173]. However, the benefit of converting Glu- to Lys-

plasminogen is that the more open conformation allows for greater accessibility to 

plasminogen activators in order to accelerate the rate of plasmin formation [174, 175]. In 

solution, the rate of tPA-mediated plasminogen activation increases 11-fold for Lys-

plasminogen compared to Glu-plasminogen, illustrating the importance of the open 

conformation in accelerating plasminogen activation [174-176].  

Cell surface receptors (see Section 1.2.2) play a crucial role in mediating 

plasminogen activation and the positive feedback mechanisms assocaiated with plasmin 

formation. Binding of Glu-plasminogen to cell surface receptors allows for a more open 

conformation that promotes cleavage by plasmin to form Lys-plasminogen [177]. Indeed, 

it has been reported that conversion of Glu- to Lys-plasminogen is necessary for optimal 

stimulation of plasminogen activation on HUVECs and monocytoid cells [178, 179]. 

Gong and coworkers illustrated the importance of Glu- to Lys-plasminogen conversion 

on HUVECs [178]. In this study, a mutant form of plasminogen was used, [D646E] Glu-

plasminogen, that does not contain plasmin activity but can still be cleaved by 

plasminogen activators [178]. This mutant was far less effective in the enhancement of 

plasminogen activation on HUVEC surfaces compared to wild-type plasminogen [178]. 

This underscores the importance of plasmin activity in cleaving Glu- to Lys-plasminogen 

for the enhancement of plasminogen activation.  

Furthermore, the initial production of Glu-plasmin can further contribute to the 

positive feedback mechanism of plasminogen activation through cleavage of both tPA 
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and uPA. Plasmin cleaves single-chain tPA (sc-tPA) at Arg
275

-Ile
276

 resulting in a two-

chain form with slightly better activity than sc-tPA [180]. Conversely, uPA is secreted as 

single-chain uPA (sc-uPA) with minimal activity until it is cleaved by plasmin at Lys
158

-

Ile
159

 resulting in a two-chained form (tc-uPA) [181]. Converting sc-uPA to the tc-uPA 

form lowers the KM for plasminogen from 20-50 µM to approximately 0.2 µM [182].  

Overall, the positive feedback mechanism of plasminogen activation is crucial for 

the enhanced production of plasmin. If in fact apo(a)/Lp(a) can inhibit pericellular 

plasminogen activation it would be imperative to determine if it is through inhibition of 

the positive feedback mechanism involving Glu- to Lys-plasminogen conversion.  

 

1.2.2 Plasminogen receptors  

Plasminogen receptors play a pivotal role in localizing plasmin generation on the 

cell surfaces. These plasminogen binding proteins play an essential role in both 

physiological and pathological processes as discussed above (see Section 1.2). 

Plasminogen receptors are broadly distributed on many cell types including monocytes 

[183], macrophages [184], ECs [185], fibroblasts [186], platelets [187], and carcinoma 

cells [188]. Plasminogen binding occurs with low affinity to these cellular receptors (KD 

~ 1 µM) but with high capacity, ranging from ~10
4
 sites on platelets [189] to >10

7
 sites 

on ECs [190].  

Many cell-surface plasminogen receptors contain a carboxyl-terminal lysine or an 

exposed lysine residue that can mediate their interaction with plasminogen through LBS 

within plasminogen kringles [reviewed in ref. 157]. The LBS present in KI, KIV, and KV 

have all been implicated in the ability of plasminogen to bind to fibrin [191], whereas 

interaction with ECs is primarily through the LBS present in KIV and KV of 



39 

 

plasminogen [192]. As such, plasminogen binding to cells can be blocked by the addition 

of the lysine analogue ε-ACA [189]. Furthermore, treatment of monocytoid cells with 

carboxypeptidase B (CpB), which removes carboxyl-terminal Arg or Lys residues from 

cell surfaces, resulted in a decrease in plasminogen binding and plasminogen activation 

by 60% and 95% respectively [193]. Plasminogen receptors are also important due to 

their ability to protect plasmin from its natural inhibitor α2-antiplasmin. Plasmin 

generated in solution is rapidly inhibited by α2-antiplasmin, whereas cell surface-bound 

plasmin is protected from its inhibitor.  

Plasminogen receptors identified to date can be categorized into three subtypes: i) 

those that contain an exposed carboxyl-terminal lysine; ii) those that undergo post-

translational cleavage to expose a carboxyl-terminal lysine; or iii) those that do not 

contain a carboxyl-terminal lysine. The majority of plasminogen receptors identified do 

contain a carboxyl-terminal lysine residue [157]. Some of the more well-known 

plasminogen receptors which contain a carboxyl-terminal lysine include enolase-1 

(present on monocytoid cells), S100A10 (present on ECs), TATA-binding protein-

interacting protein (present on monocytoid cells) and Plg-RKT (present on 

catecholaminergic cells) [157, 194]. An example of a receptor of the second subtype is 

annexin II, which is present on ECs [157]. Annexin II undergoes limited proteolysis on 

the cell surface that results in the exposure of a carboxyl-terminal lysine [195]. The 

modified annexin II can bind to plasminogen but is unable to protect plasmin from α2-

antiplasmin inhibition [195]. However, binding of annexin II with S100A10 to form a 

heteroterameric complex result in an increased ability of this complex to enhance 

plasminogen activation as S100A10 contains a carboxyl-terminal lysine [157]. The 
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annexin II S100A10 heterotetramer can also protect both plasmin and tPA from their 

natural inhibitors α2-antiplasmin and plasminogen activator inhibitor (PAI1) respectively 

[196]. Plasminogen receptors in the third subtype do not contain a carboxyl-terminal 

lysine. These include αMβ2 (present on phorbol 12-myristate 13-acetate (PMA)-

stimulated neutrophils) and glycoprotein IIb/IIIa (present on platelets) [157].  

Another important receptor for the production of plasmin is the glycosyl 

phosphatidylinositol (GPI)-anchored uPA receptor (uPAR). The primary ligand of uPAR 

is uPA, and this receptor plays a key regulatory role in mediating plasminogen activation 

and ECM degradation (Fig. 1.8) [197]. Binding of the zymogen form of uPA (sc-uPA) to 

uPAR promotes its cleavage by plasmin to form tc-uPA [198]. Conversion of sc-uPA to 

tc-uPA results in a more catalytically active enzyme that can accelerate plasminogen 

activation to a greater extent. Plasmin can also activate MMPs that can then degrade 

ECM components [199]. Activated tc-uPA can also cleave uPAR resulting in a soluble 

form of the receptor and a membrane-associated fragment [200]. The membrane-

associated fragment cannot bind to uPA, thereby inactivating the function of uPAR in 

uPA-mediated plasminogen activation [200]. uPAR can also interact with the ECM 

protein vitronectin which is a ligand for integrins such as αVβ3 [201, 202]. uPAR does not 

contain a transmembrane domain and therefore interacts with integrins, such as αVβ3, to 

transmit intracellular signals (reviewed in ref. 203). Interestingly, apo(a)/Lp(a) has been 

shown to stimulate cell growth and migration in ECs through the αVβ3 integrin [46] (see 

Section 1.1.1.2).    
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Figure 1.8: The role of the uPAR in the plasminogen activation system. The uPAR 

functions by binding to pro-uPA or active uPA to accelerate plasminogen activation. The 

inactive pro-uPA binds to uPAR followed by plasmin cleavage of pro-uPA to its active 

form. Active uPA then has increased catalytic activity to cleave the zymogen 

plasminogen to form plasmin. tPA can also cleave plasminogen to its active form 

plasmin. Binding of both uPA to uPAR as well as plasminogen to its cognate receptors 

greatly accelerates the rate of plasmin formation. The plasmin generated can then activate 

pro-matrix metalloproteinases (pro-MMPs) to their active form. Active MMPs and 

plasmin can degrade the ECM to promote cell proliferation and the release of growth 

factors sequestered from the ECM. uPA can also cleave uPAR at the D1-D2 domain and 

renders the membrane bound uPAR unable to bind to uPA thereby inactivating its 

function. uPAR can also interact with vitronectin, a component of the ECM, which can in 

turn interact with integrins. Binding of uPAR/uPA to integrins, through vitronectin, 

allows for intracellular signal transduction pathways to be activated. Plasmin can be 

inhibited by its natural inhibitor α2-antiplasmin whereas plasminogen activator inhibitor 

(PAI1 or PAI2) can inactivate uPA. The role of Lp(a)/apo(a) in potentially inhibiting 

pericellular plasminogen activation is unknown. Image modified from reference 203. 

 

 

 



42 

 

1.2.3 The role of Lp(a)/apo(a) in plasminogen activation  

The apo(a) component of Lp(a) has been previously shown to stimulate SMC 

migration and proliferation through inhibition of plasminogen activation [50, 51]; this, in 

turn, results in decreased activity of TGF-β [51]. This process was shown to be dependent 

on the ability of the KIV9 domain of apo(a) to mediate inhibition of  plasminogen 

activation [51]. Apo(a)/Lp(a) can also attenuate fibrinolysis through inhibition of tPA-

mediated plasminogen activation [55]. In the latter study, critical roles for the strong LBS 

in KIV10 and the amino terminal of apo(a) were identified as important in apo(a)-

mediated inhibition of plasminogen activation on fibrin [55]. Inhibition of plasminogen 

activation on the fibrin surface occurred because of reduced turnover number of the 

quaternary complex (cofactor, tPA, plasminogen, and apo(a)) compared to the ternary 

complex (cofactor, tPA, and plasminogen) [55]. Apo(a) has been shown to inhibit Glu- to 

Lys-plasminogen conversion, which contributes to the inhibition of fibrinolysis [56]. In 

the latter study, critical domains in KIV5-9 as well as KV were found to be required for 

maximal inhibition of the Glu- to Lys-plasminogen conversion [56]. As previously noted, 

conversion of Glu- to Lys-plasminogen is a critical positive feedback mechanism which 

greatly accelerates the production of plasmin on both fibrin and cell surfaces. 

The role of apo(a)/Lp(a) in inhibition of pericellular plasminogen on vascular cell 

surfaces has not been fully explored. Lp(a) and apo(a) can compete with plasminogen for 

binding to  EC and monocyte surfaces [54, 204]. Lp(a) was reported to inhibit the 

generation of plasmin on ECs, although the data were not shown and the role of apo(a) in 

this inhibition was not studied [54]. Further experimentation needs to be conducted to 

identify the direct role, if any, that apo(a)/Lp(a) has on the process of pericellular 
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plasminogen activation. The potential ability of Lp(a)/apo(a) to inhibit pericellular 

plasminogen activation may effect the dissolution of mural fibrin clots as well as cell 

migration and proliferation, angiogenesis, wound healing, and tumor cell invasion and 

metastasis. 

 

1.3 RATIONALE AND OBJECTIVES  

Elevated levels of Lp(a) are an independent risk factor for CHD. Determining the 

mechanism of how Lp(a) functions is imperative for developing strategies for the 

treatment of individuals who have elevated plasma levels. Identification of the receptor(s) 

responsible for the binding of Lp(a) to cells is key to understanding the route of Lp(a) 

catabolism, as well as the basis of its pathogenic mechanisms of action.  

Many studies have shown that apo(a)/Lp(a) can interfere with the process of 

fibrinolysis in part through attenuation of the positive feedback mechanism of Glu-

plasminogen to Lys-plasminogen conversion. However, the ability of apo(a)/Lp(a) to 

inhibit pericellular plasminogen activation and Glu- to Lys-plasminogen conversion on 

vascular cells is unclear at present.  

Determination of the receptor(s) responsible for Lp(a) catabolism may provide 

new therapeutic strategies to lower plasma Lp(a) levels in high risk patients. Studies 

using anti-PCSK9 monoclonal antibody have shown promise for reducing plasma Lp(a) 

levels. However, the mechanism by which PCSK9 can regulate Lp(a) levels is unknown, 

which may limit the utility of this approach.  

Our hypothesises is that apo(a)/Lp(a) can inhibit pericellular plasminogen 

activation through attenuation of Glu- to Lys-plasminogen conversion on vascular cells 

and that the ability of apo(a)/Lp(a) to inhibit this process will be dependent on the 
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competition of the apo(a) component of Lp(a) for binding to known plasminogen 

receptors. Moreover, we hypothesize that Lp(a) can be bound and internalized by the 

LDLR, and that this forms the basis by which inhibition of PCSK9 lowers plasma Lp(a) 

levels. 

To address these hypotheses, the research objectives of this dissertation are: 

1) To identify the role of apo(a)/Lp(a) in the inhibition of pericellular 

plasminogen activation on vascular cells; 

2) To elucidate the mechanism by which apo(a)/Lp(a) inhibits pericellular 

plasminogen activation on vascular cells; 

3) To identify candidate vascular receptor(s) that can bind to apo(a); 

4) To identify the mechanism by which PCSK9 can lower Lp(a) levels in hepatic 

cells.    

 

 

 

 

 

 

 

 

 

 

 



45 

 

1.4 REFERENCES 

 

1. Boffa MB, Koschinsky ML. Update on lipoprotein(a) as a cardiovascular risk factor 

and mediator. Curr Atheroscler Rep. 2013;(15)360-66. 

2. Tsimikas S, Hall JL. Lipoprotein(a) as a potential causal genetic risk factor of CVD: a 

rationale for increased efforts to understand its pathophysiology and develop targeted 

therapies. J Am Coll Cardiol. 2012;(60):716-21. 

3. Kronenberg F, Utermann G. Lipoprotein(a): resurrected by genetics. J Intern Med. 

2013;273(1):6-30.  

4. Koschinsky ML, Marcovina SM. Structure-function relationships in 

apolipoprotein(a): insights into lipoprotein(a) assembly and pathogenicity. Curr Opin 

Lipidol. 2004;15(2):167-74. 

5. Fless GM, ZumMallen ME, Scanu AM. Physicochemical properties of 

apolipoprotein(a) and lipoprotein(a-) derived from the dissociation of human plasma 

lipoprotein (a). J Biol Chem. 1986;261(19):8712-8. 

6. Kraft HG, Menzel HJ, Hoppichler F, Vogel W, Utermann G. Changes of genetic 

apolipoprotein phenotypes caused by liver transplantation. Implications for 

apolipoprotein synthesis. J Clin Invest. 1989;83(1):137-42. 

7. Koschinsky ML, Côté GP, Gabel B, van der Hoek YY. Identification of the cysteine 

residue in apolipoprotein(a) that mediates extracellular coupling with apolipoprotein 

B-100. J Biol Chem. 1993;268(26):19819-25. 

8. McLean JW, Tomlinson JE, Kuang WJ, Eaton DL, Chen EY, Fless GM, Scanu AM, 

Lawn RM. cDNA sequence of human apolipoprotein(a) is homologous to 

plasminogen. Nature. 1987;330(6144):132-7. 

9. Koschinsky ML, Marcovina SM: Lipoprotein(a). In Clinical Lipidology: A 

Companion to Braunwald's Heart Disease. Edited by Ballantyne CM. Philadelphia: 

Saunders (Elsevier); 2009:130-143. 

10. Gabel BR, Koschinsky MI. Analysis of the proteolytic activity of a recombinant form 

of apolipoprotein(a). Biochemistry. 1995;34(48):15777-84. 

11. van der Hoek YY, Wittekoek ME, Beisiegel U, Kastelein JJ, Koschinsky ML. The 

apolipoprotein(a) kringle IV repeats which differ from the major repeat kringle are 

present in variably sized isoforms. Hum Mol Genet. 1993;2(4):361-6. 

12. Lackner C, Cohen JC, Hobbs HH. Molecular definition of the extreme size 

polymorphism in apolipoprotein(a). Hum Mol Genet. 1993;2(7):933-40. 

13. Marcovina SM, Hobbs HH, Albers JJ. Relation between number of apolipoprotein(a) 

kringle 4 repeats and mobility of isoforms in agarose gel: basis for a standardized 

isoform nomenclature. Clin Chem. 1996;42(3):436-9. 

14. Rahman MN, Becker L, Petrounevitch V, Hill BC, Jia Z, Koschinsky ML. 

Comparative analyses of the lysine binding site properties of apolipoprotein(a) 

kringle IV types 7 and 10. Biochemistry. 2002;41(4):1149-55. 

15. Anglés-Cano E, Rojas G. Apolipoprotein(a): structure-function relationship at the 

lysine-binding site and plasminogen activator cleavage site. Biol Chem. 

2002;383(1):93-9. 

16. Ye Q, Rahman MN, Koschinsky ML, Jia Z. High-resolution crystal structure of 

apolipoprotein(a) kringle IV type 7: insights into ligand binding. Protein Sci. 

2001;10(6):1124-9. 



46 

 

17. Wu TP, Padmanabhan K, Tulinsky A, Mulichak AM. The refined structure of the 

epsilon-aminocaproic acid complex of human plasminogen kringle 4. Biochemistry. 

1991;30(43):10589-94. 

18. Utermann G. The mysteries of lipoprotein(a). Science. 1989;246(4932):904-10. 

19. Gries A, Nimpf J, Nimpf M, Wurm H, Kostner GM. Free and Apo B-associated Lpa-

specific protein in human serum. Clin Chim Acta. 1987;164(1):93-100. 

20. Boerwinkle E, Leffert CC, Lin J, Lackner C, Chiesa G, Hobbs HH. Apolipoprotein(a) 

gene accounts for greater than 90% of the variation in plasma lipoprotein(a) 

concentrations. J Clin Invest. 1992;90(1):52-60. 

21. Brunner C, Lobentanz EM, Petho-Schramm A, Ernst A, Kang C, Dieplinger H, 

Muller HJ, Utermann G: The number of identical kringle IV repeats in 

apolipoprotein(a) affects its processing and secretion by HepG2 cells. J Biol Chem. 

1996;13(271):32403-10. 

22. Utermann G, Menzel HJ, Kraft HG, Duba HC, Kemmler HG, Seitz C. Lp(a) 

glycoprotein phenotypes. Inheritance and relation to Lp(a)-lipoprotein concentrations 

in plasma. J Clin Invest. 1987;80(2):458-65. 

23. White AL, Rainwater DL, Lanford RE. Intracellular maturation of apolipoprotein(a) 

and assembly of lipoprotein(a) in primary baboon hepatocytes. J Lipid Res. 

1993;34(3):509-17. 

24. White AL, Lanford RE. Biosynthesis and metabolism of lipoprotein(a). Curr Opin 

Lipidol. 1995;6(2):75-80. 

25. Dubé JB, Boffa MB, Hegele RA, Koschinsky ML. Lipoprotein(a): more interesting 

than ever after 50 years. Curr Opin Lipidol. 2012;23(2):133-40. 

26. Erqou S, Thompson A, Di Angelantonio E, Saleheen D, Kaptoge S, Marcovina S, 

Danesh J. Apolipoprotein(a) isoforms and the risk of vascular disease: systematic 

review of 40 studies involving 58,000 participants. J Am Coll Cardiol. 

2010;55(19):2160-7.  

27. Li SY, Gao Y, Ma WN, Wang HC, Zhou G, Guo WC, Liu YH. The relationship 

between serum lipoprotein (a) levels and ischemic stroke risk: a cohort study in the 

Chinese population. Inflammation. 2014;37(3):686-93.  

28. Goldenberg NA, Bernard TJ, Hillhouse J, Armstrong-Wells J, Galinkin J, Knapp-

Clevenger R, Jacobson L, Marcovina SM, Manco-Johnson MJ. Elevated lipoprotein 

(a), small apolipoprotein (a), and the risk of arterial ischemic stroke in North 

American children. Haematologica. 2013;98(5):802-7.  

29. Gurdasani D, Sjouke B, Tsimikas S, Hovingh GK, Luben RN, Wainwright NW, 

Pomilla C, Wareham NJ, Khaw KT, Boekholdt SM, Sandhu MS. Lipoprotein(a) and 

risk of coronary, cerebrovascular, and peripheral artery disease: the EPIC-Norfolk 

prospective population study. Arterioscler Thromb Vasc Biol. 2012;32(12):3058-65. 

30. Rath M, Niendorf A, Reblin T, Dietel M, Krebber HJ, Beisiegel U. Detection and 

quantification of lipoprotein(a) in the arterial wall of 107 coronary bypass patients. 

Arteriosclerosis. 1989; 9(5):579-92. 

31. Kapetanopoulos A, Fresser F, Millonig G, Shaul Y, Baier G, Utermann G. Direct 

interaction of the extracellular matrix protein DANCE with apolipoprotein(a) 

mediated by the kringle IV-type 2 domain. Mol Genet Genomics. 2002; 267(4):440-6. 



47 

 

32. van der Hoek YY, Sangrar W, Côté GP, Kastelein JJ, Koschinsky ML. Binding of 

recombinant apolipoprotein(a) to extracellular matrix proteins. Arterioscler Thromb. 

1994;14(11):1792-8. 

33. Marcovina SM, Koschinsky ML. Evaluation of lipoprotein(a) as a prothrombotic 

factor: progress from bench to bedside. Curr Opin Lipidol. 2003;14(4):361-66. 

34. Lusis AJ. Atherosclerosis. Nature. 2000;407(6801):233-41. 

35. Gomez D, Owens GK. Smooth muscle cell phenotypic switching in atherosclerosis. 

Cardiovasc Res. 2012;95(2):156-64. 

36. Haberland ME, Fless GM, Scanu AM, Fogelman AM. Malondialdehyde modification 

of lipoprotein(a) produces avid uptake by human monocyte-macrophages. J Biol 

Chem. 1992;267(6):4143-51. 

37. Tsimikas S, Lau HK, Han KR, Shortal B, Miller ER, Segev A, Curtiss LK, Witztum 

JL, Strauss BH. Percutaneous coronary intervention results in acute increases in 

oxidized phospholipids and lipoprotein(a): short-term and long-term immunologic 

responses to oxidized low-density lipoprotein. Circulation. 2004;109(25):3164-70. 

38. Edelstein C, Pfaffinger D, Hinman J, Miller E, Lipkind G, Tsimikas S, Bergmark C, 

Getz GS, Witztum JL, Scanu AM. Lysine-physphatidylcholine adducts in kringle V 

impart unique immunological and potential pro-inflammatory properties to human 

apolipoprotein(a). J Biol Chem. 2003;278(52):52841-47. 

39. Leibundgut G, Scipione C, Yin H, Schneider M, Boffa MB, Green S, Yang X, Dennis 

E, Witztum JL, Koschinsky ML, Tsimikas S. Determinants of binding of oxidized 

phospholipids on apolipoprotein (a) and lipoprotein (a). J Lipid Res. 

2013;54(10):2815-30.  

40. Seimon TA, Nadolski MJ, Liao X, Magallon J, Nguyen M, Feric NT, Koschinsky 

ML, Harkewicz R, Witztum JL, Tsimikas S, Golenbock D, Moore KJ, Tabas I. 

Atherogenic lipids and lipoproteins trigger CD36-TLR2-dependent apoptosis in 

macrophages undergoing endoplasmic reticulum stress. Cell Metab. 2010;12(5):467-

82. 

41. Endemann DH, Schiffrin EL. Endothelial dysfunction. J Am Soc Nephrol. 

2004;15(8):1983-92. 

42. Cho T, Jung Y, Koschinsky ML. 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. 2008;283(45):30503-

12. 

43. Pellegrino M, Furmaniak-Kazmierczak E, LeBlanc JC, Cho T, Cao K, Marcovina 

SM, Boffa MB, Côté GP, Koschinsky ML. The apolipoprotein(a) component of 

lipoprotein(a) stimulates actin stress fiber formation and loss of cell-cell contact in 

cultured endothelial cells. J Biol Chem. 2004;279(8):6526-33.  

44. Cho T, Romagnuolo R, Scipione C, Boffa MB, Koschinsky ML. Apolipoprotein(a) 

stimulates nuclear translocation of β-catenin: a novel pathogenic mechanism for 

lipoprotein(a). Mol Biol Cell. 2013;24(3):210-21. 

45. Allen S, Khan S, Tam Sp, Koschinsky M, Taylor P, Yacoub M. Expression of 

adhesion molecules by lp(a): a potential novel mechanism for its atherogenicity. 

FASEB J. 1998;12(15):1765-76. 



48 

 

46. Mehta JL, Li DY, Chen HJ, Joseph J, Romeo F. Inhibition of LOX-1 by statins may 

relate to upregulation of eNOS. Biochem Biophys Res Commun. 2001;289(4):857-

61. 

47. Liu L, Craig AW, Meldrum HD, Marcovina SM, Elliott BE, Koschinsky ML. 

Apolipoprotein(a) stimulates vascular endothelial cell growth and migration and 

signals through integrin alphaVbeta3. Biochem J. 2009;418(2):325-36. 

48. Liu L, Boffa MB, Koschinsky ML. Apolipoprotein(a) inhibits in vitro tube formation 

in endothelial cells: identification of roles for Kringle V and the plasminogen 

activation system. PLoS One. 2013;8(1):e52287.  

49. Dangas G, Mehran R, Harpel PC, Sharma SK, Marcovina SM, Dube G, Ambrose JA, 

Fallon JT. Lipoprotein(a) and inflammation in human coronary atheroma: association 

with the severity of clinical presentation. J Am Coll Cardiol. 1998;32(7):2035-42. 

50. Ichikawa T, Unoki H, Sun H, Shimoyamada H, Marcovina S, Shikama H, Watanabe 

T, Fan J. Lipoprotein(a) promotes smooth muscle cell proliferation and 

dedifferentiation in atherosclerotic lesions of human apo(a) transgenic rabbits. Am J 

Pathol. 2002;160(1):227-36. 

51. O’Neil CH, Boffa MB, Hancock MA, Pickering JG, Koschinsky ML. Stimulation of 

vascular smooth muscle cell proliferation and migration by apolipoprotein(a) is 

dependent on inhibition of transforming growth factor-beta activation and on the 

presence of kringle IV type 9. J Biol Chem. 2004;279(53):55187-95. 

52. Sangrar W, Bajzar L, Nesheim ME, Koschinsky ML. Antifibrinolytic effect of 

recombinant apolipoprotein(a) in vitro is primarily due to attenuation of tPA-

mediated Glu-plasminogen activation. Biochemistry. 1995;34(15):5151-57. 

53. Hervio L, Durlach V, Girard-Globa A, Anglés-Cano E. Multiple binding with 

identical linkage: a mechanism that explains the effect of lipoprotein(a) on 

fibrinolysis. Biochemistry. 1995;34(41):13353-8. 

54. Hajjar KA, Gavish D, Breslow JL, Nachman RL. Lipoprotein(a) modulation of 

endothelial cell surface fibrinolysis and its potential role in atherosclerosis. Nature. 

1989;339(6222):303-5. 

55. Hancock MA, Boffa MB, Marcovina SM, Nesheim ME, Koschinsky ML. 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. 

2003;278(26):23260-9.  

56. Feric NT, Boffa MB, Johnston SM, Koschinsky ML. Apolipoprotein(a) inhibits the 

conversion of Glu-plasminogen to Lys-plasminogen: a novel mechanism for 

lipoprotein(a)-mediated inhibition of plasminogen activation. J Thromb Haemost. 

2008;6(12):2113-20. 

57. Sotiriou SN, Orlova VV, Al-Fakhri N, Ihanus E, Economopoulou M, Isermann B, 

Bdeir K, Nawroth PP, Preissner KT, Gahmberg CG, Koschinsky ML, Chavakis T. 

Lipoprotein(a) in atherosclerotic plaques recruits inflammatory cells through 

interaction with Mac-1 integrin. FASEB J. 2006;20(3):559-61.  

58. Zeljkovic A, Bogavac-Stanojevic N, Jelic-Ivanovic Z, Spasojevic-Kalimanovska V, 

Vekic J, Spasic S. Combined effects of small apolipoprotein (a) isoforms and small, 

dense LDL on coronary artery disease risk.  Arch Med Res. 2009;40(1):29-35. 

59. Tsimikas S, Clopton P, Brilakis ES, Marcovina SM, Khera A, Miller ER, de Lemos 

JA, Witztum JL. Relationship of oxidized phospholipids on apolipoprotein B-100 



49 

 

particles to race/ethnicity, apolipoprotein(a) isoform size, and cardiovascular risk 

factors: results from the Dallas Heart Study. Circulation. 2009;119(13):1711-9.  

60. Emerging Risk Factors Collaboration, Erqou S, Kaptoge S, Perry PL, Di 

Angelantonio E, Thompson A, White IR, Marcovina SM, Collins R, Thompson SG, 

Danesh J. Lipoprotein(a) concentration and the risk of coronary heart disease, stroke, 

and nonvascular mortality. JAMA. 2009;302(4):412-23.  

61. Kamstrup PR, Tybjærg-Hansen A, Nordestgaard BG. Extreme Lipoprotein(a) Levels 

and Improved Cardiovascular Risk Prediction. J Am Coll Cardiol. 2013;61(11):1146-

56. 

62. Clarke R, Peden JF, Hopewell JC, et al. Genetic variants associated with Lp(a) 

lipoprotein level and coronary disease. N Engl J Med. 2009;361(26):2518-28. 

63. Kamstrup PR, Tybjaerg-Hansen A, Steffensen R, Nordestgaard BG. Genetically 

elevated lipoprotein(a) and increased risk of myocardial infarction. JAMA. 

2009;301(22):2331-9. 

64. López S, Buil A, Ordoñez J, Souto JC, Almasy L, Lathrop M, Blangero J, Blanco-

Vaca F, Fontcuberta J, Soria JM. Genome-wide linkage analysis for identifying 

quantitative trait loci involved in the regulation of lipoprotein a (Lpa) levels. Eur J 

Hum Genet. 2008;16(11):1372-9. 

65. Zabaneh D, Kumari M, Sandhu M, et al. Meta analysis of candidate gene variants 

outside the LPA locus with Lp(a) plasma levels in 14,500 participants of six White 

European cohorts. Atherosclerosis. 2011;217(2):447-51. 

66. Teslovich TM, Musunuru K, Smith AV, et al. Biological, clinical and population 

relevance of 95 loci for blood lipids. Nature. 2010;466(7307): 707–13. 

67. Arai K, Luke MM, Koschinsky ML, Miller ER, Pullinger CR, Witztum JL, Kane JP, 

Tsimikas S. The I4399M variant of apolipoprotein(a) is associated with increased 

oxidized phospholipids on apolipoprotein B-100 particles. Atherosclerosis. 

2010;209(2):498-503. 

68. Chasman DI, Shiffman D, Zee RY, Louie JZ, Luke MM, Rowland CM, Catanese JJ, 

Buring JE, Devlin JJ, Ridker PM. Polymorphism in the apolipoprotein(a) gene, 

plasma lipoprotein(a), cardiovascular disease, and low-dose aspirin therapy. 

Atherosclerosis. 2009;203(2):371-6.  

69. Marcucci R, Liotta AA, Cellai AP, Rogolino A, Gori AM, Giusti B, Poli D, Fedi S, 

Abbate R, Prisco D. Increased plasma levels of lipoprotein(a) and the risk of 

idiopathic and recurrent venous thromboembolism. Am J Med. 2003;115(8):601-5. 

70. Nowak-Göttl U, Junker R, Hartmeier M, Koch HG, Munchow N, Assmann G, von 

Eckardstein A. Increased lipoprotein(a) is an important risk factor for venous 

thromboembolism in childhood. Circulation. 1999;100(7):743-8. 

71. Kamstrup PR, Tybjaerg-Hansen A, Nordestgaard BG. Genetic evidence that 

lipoprotein(a) associates with atherosclerotic stenosis rather than venous thrombosis. 

Arterioscler Thromb Vasc Biol. 2012;32(7):1732–41. 

72. Helgadottir A, Gretarsdottir S, Thorleifsson G et al. Apolipoprotein(a) genetic 

sequence variants associated with systemic atherosclerosis and coronary 

atherosclerotic burden but not with venous thromboembolism. J Am Coll Cardiol. 

2012;60(8):722-9. 



50 

 

73. Danik JS, Buring JE, Chasman DI, Zee RY, Ridker PM, Glynn RJ. Lipoprotein(a), 

polymorphisms in the LPA gene, and incident venous thromboembolism among 

21483 women. J Thromb Haemost. 2013;11(1):205-8. 

74. Qasim AN, Martin SS, Mehta NN, Wolfe ML, Park J, Schwartz S, Schutta M, Iqbal 

N, Reilly MP. Lipoprotein(a) is strongly associated with coronary artery calcification 

in type-2 diabetic women. Int J Cardiol. 2011;150(1):17-21. 

75. Raggi P, Cooil B, Hadi A, Friede G. Predictors of aortic and coronary artery calcium 

on a screening electron beam tomographic scan. Am J Cardiol. 2003;91(6):744-6. 

76. Guerra R, Yu Z, Marcovina S, Peshock R, Cohen JC, Hobbs HH. Lipoprotein(a) and 

apolipoprotein(a) isoforms: no association with coronary artery calcification in the 

Dallas Heart Study. Circulation. 2005;111(12):1471-9. 

77. Kullo IJ, Bailey KR, Bielak LF, Sheedy PF 2nd, Klee GG, Kardia SL, Peyser PA, 

Boerwinkle E, Turner ST. Lack of association between lipoprotein(a) and coronary 

artery calcification in the Genetic Epidemiology Network of Arteriopathy (GENOA) 

study. Mayo Clin Proc. 2004;79(10):1258-63. 

78. Thanassoulis G, Campbell CY, Owens DS, et al. Genetic associations with valvular 

calcification and aortic stenosis. N Engl J Med. 2013;368(6):503-512. 

79. Kamstrup PR, Tybjærg-Hansen A2, Nordestgaard BG3. Elevated lipoprotein(a) and 

risk of aortic valve stenosis in the general population. J Am Coll Cardiol. 

2014;63(5):470-7.  

80. Hung MY, Witztum JL, Tsimikas S. New therapeutic targets for calcific aortic valve 

stenosis: the lipoprotein(a)-lipoprotein-associated phospholipase A2-oxidized 

phospholipid axis. J Am Coll Cardiol. 2014;63(5):478-80. 

81. Becker L, Cook PM, Wright TG, Koschinsky ML. 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. 2004;279(4):2679-88.  

82. Gabel BR, May LF, Marcovina SM, Koschinsky ML. Lipoprotein(a) assembly. 

Quantitative assessment of the role of apo(a) kringle IV types 2-10 in particle 

formation. Arterioscler Thromb Vasc Biol. 1996;16(12):1559-67. 

83. White AL, Lanford RE. Cell surface assembly of lipoprotein(a) in primary cultures of 

baboon hepatocytes. J Biol Chem. 1994;269(46):28716-23. 

84. Becker L, Nesheim ME, Koschinsky ML. Catalysis of covalent Lp(a) assembly: 

evidence for an extracellular enzyme activity that enhances disulfide bond formation. 

Biochemistry. 2006;45(32):9919-28. 

85. Su W, Campos H, Judge H, Walsh BW, Sacks FM. Metabolism of apo(a) and 

apoB100 of Lp(a) in women: effect of postmenopausal estrogen replacement. J Clin 

Endocrinol Metab. 1998;83:3267-76.  

86. Frischmann ME, Ikewaki K, Trenkwalder E, Lamina C, Dieplinger B, Soufi M, 

Schweer H, Schaefer JR, König P, Kronenberg F, Dieplinger H. In vivo stable-isotope 

kinetic study suggests intracellular assembly of lipoprotein(a). Atherosclerosis. 

2012;225(2):322-7. 

87. Bonen DK, Hausman AM, Hadjiagapiou C, Skarosi SF, Davidson NO. Expression of 

a recombinant apolipoprotein(a) in HepG2 cells. Evidence for intracellular assembly 

of lipoprotein(a). J Biol Chem. 1997;272(9):5659-67. 



51 

 

88. Lobentanz EM, Krasznai K, Gruber A, Brunner C, Müller HJ, Sattler J, Kraft HG, 

Utermann G, Dieplinger H. Intracellular metabolism of human apolipoprotein(a) in 

stably transfected Hep G2 cells. Biochemistry. 1998;37(16):5417-25. 

89. Cain WJ, Millar JS, Himebauch AS, Tietge UJ, Maugeais C, Usher D, Rader DJ. 

Lipoprotein [a] is cleared from the plasma primarily by the liver in a process 

mediated by apolipoprotein [a]. J Lipid Res. 2005;46(12):2681-91. 

90. Ye SQ, Keeling J, Stein O, Stein Y, McConathy WJ. Tissue distribution of 

[3H]cholesteryl linoleyl ether-labeled human Lp(a) in different rat organs. Biochim 

Biophys Acta. 1988;963(3):534-40. 

91. Kostner KM, Clodi M, Bodlaj G, Watschinger B, Hörl W, Derfler K, Huber K. 

Decreased urinary apolipoprotein (a) excretion in patients with impaired renal 

function. Eur J Clin Invest. 1998;28(6):447-52. 

92. Kronenberg F, Kuen E, Ritz E, Junker R, König P, Kraatz G, Lhotta K, Mann JF, 

Müller GA, Neyer U, Riegel W, Reigler P, Schwenger V, Von Eckardstein A. 

Lipoprotein(a) serum concentrations and apolipoprotein(a) phenotypes in mild and 

moderate renal failure. J Am Soc Nephrol. 2000;11(1):105-15. 

93. Frischmann ME, Kronenberg F, Trenkwalder E, Schaefer JR, Schweer H, Dieplinger 

B, Koenig P, Ikewaki K, Dieplinger H. In vivo turnover study demonstrates 

diminished clearance of lipoprotein(a) in hemodialysis patients. Kidney Int. 

2007;71(10):1036-43.  

94. Rader DJ, Cain W, Ikewaki K, Talley G, Zech LA, Usher D, Brewer HB Jr. 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. 1994;93(6):2758-63. 

95. Tam SP, Zhang X, Koschinsky ML. Interaction of a recombinant form of 

apolipoprotein[a] with human fibroblasts and with the human hepatoma cell line 

HepG2. J Lipid Res. 1996;37(3):518-33. 

96. Floren CH, Albers JJ, Bierman EL. Uptake of Lp[a] lipoprotein by cultured 

fibroblasts. Biochem Biophys Res Commun. 1981;102(2):636-9.  

97. Havekes L, Vermeer BJ, Brugman T, Emeis J. Binding of Lp[a] to the low density 

lipoprotein receptor of human fibroblasts. FEBS Lett. 1981;132(2):169-73.  

98. Krempler F, Kostner GM, Roscher A, Haslauer F, Bolzano K, Sandhofer F. Studies 

on the role of specific cell surface receptors in the removal of lipoprotein[a] in man. J 

Clin Invest. 1983;71(5);1431-41. 

99. Alonso R, Andres E, Mata N, Fuentes-Jiménez F, Badimón L, López-Miranda J, 

Padró T, Muñiz O, Díaz-Díaz JL, Mauri M, Ordovás JM, Mata P; SAFEHEART 

Investigators. Lipoprotein(a) levels in familial hypercholesterolemia: An important 

predictor of cardiovascular disease independent of the type of LDL receptor mutation. 

J Am Coll Cardiol. 2014;63(19):1982-9. 

100. Kraft HG, Lingenhel A, Raal FJ, Hohenegger M, Utermann G. Lipoprotein(a) in 

homozygous familial hypercholesterolemia. Arterioscler Thromb Vasc Biol. 

2000;20(2):522-8. 

101. März W, Beckmann A, Scharnagl H, Siekmeier R, Mondorf U, Held I, Schneider 

W, Preissner KT, Curtiss LK, Gross W, Huttinger M. Heterogeneous lipoprotein[a] 

isoforms differ by their interaction with the low density lipoprotein receptor and the 



52 

 

low density lipoprotein receptor-related protein/alpha 2-macro-globulin receptor. 

FEBS Lett. 1993;325(3):271-5. 

102. Utermann G, Hoppichler F, Dieplinger H, Seed M, Thompson G, Boerwinkle E. 

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. 1989;86(11):4171-4. 

103. Hofmann SL, Eaton DL, Brown MS, McConathy WJ, Goldstein JL, Hammer RE. 

Overexpression of human low density lipoprotein receptors leads to accelerated 

catabolism of Lp(a) lipoprotein in transgenic mice. J Clin Invest. 1990;85(5):1542-7. 

104. Rader DJ, Mann WA, Cain W, Kraft HG, Usher D, Zech LA, Hoeg JM, Davignon 

J, Lupien P, Grossman M. The low density lipoprotein receptor is not required for 

normal catabolism of Lp(a) in humans. J Clin Invest. 1995;95(3):1403-8. 

105. Soutar AK, McCarthy SN, Seed M, Knight BL. Relationship between 

apolipoprotein(a) phenotype, lipoprotein(a) concentration in plasma, and low density 

lipoprotein receptor function in a large kindred with familial hypercholesterolemia 

due to the pro664----leu mutation in the LDL receptor gene. J Clin Invest. 

1991;88(2);483-92. 

106. Ghiselli G, Gaddi A, Barozzi G, Ciarrocchi A, Descovich G. Plasma 

lipoprotein(a) concentration in familial hypercholesterolemic patients without 

coronary artery disease. Metabolism. 1992;41(8);833-8. 

107. Argraves KM, Kozarsky KF, Fallon JT, Harpel PC, Strickland DK. The 

atherogenic lipoprotein Lp(a) is internalized and degraded in a process mediated by 

the VLDL receptor. J Clin Invest. 1997;100(9);2170-81. 

108. Niemeier A, Willnow T, Dieplinger H, Jacobsen C, Meyer N, Hilpert J, Beisiegel 

U. Identification of megalin/gp330 as a receptor for lipoprotein(a) in vitro. 

Arterioscler Thromb Vasc Biol. 1999;19(3):552-61. 

109. Yang XP, Amar MJ, Vaisman B, Bocharov AV, Vishnyakova TG, Freeman LA, 

Kurlander RJ, Patterson AP, Becker LC, Remaley AT. Scavenger receptor-BI is a 

receptor for lipoprotein(a). J Lipid Res. 2013;54(9):2450-7. 

110. Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, Cohen JC, 

Hobbs HH. Binding of proprotein convertase subtilisin/kexin type 9 to epidermal 

growth factor-like repeat A of low density lipoprotein receptor decreases receptor 

recycling and increases degradation. J Biol Chem. 2007;282(25):18602-12. 

111. Goldstein JL, Brown MS, Anderson RG, Russell DW, Schneider WJ. Receptor-

mediated endocytosis: concepts emerging from the LDL receptor system. Annu Rev 

Cell Biol. 1985;1:1-39. 

112. Rudenko G, Henry L, Henderson K, Ichtchenko K, Brown MS, Goldstein JL, 

Deisenhofer J. Structure of the LDL receptor extracellular domain at endosomal pH. 

Science. 2002;298(5602):2353-8. 

113. Mbewu AD, Bhatnagar D, Durrington PN, Hunt L, Ishola M, Arrol S, Mackness 

M, Lockley P, Miller JP. Serum lipoprotein(a) in patients heterozygous for familial 

hypercholesterolemia, their relatives, and unrelated control populations. Arterioscler 

Thromb. 1991;11(4):940-6. 

114. Reblin T, Niemeier A, Meyer N, Willnow TE, Kronenberg F, Dieplinger H, 

Greten H, Beisiegel U. Cellular uptake of lipoprotein[a] by mouse embryonic 



53 

 

fibroblasts via the LDL receptor and the LDL receptor-related protein. J Lipid Res. 

1997;38(10):2103-10. 

115. Istvan ES, Deisenhofer J. Structural mechanism for statin inhibition of HMG-CoA 

reductase. Science. 2001;292(5519):1160-4. 

116. Soutar AK, Naoumova RP. Mechanisms of disease: genetic causes of familial 

hypercholesterolemia. Nat Clin Pract Cardiovasc Med. 2007;4(4):214-25. 

117. Gaffney D, Reid JM, Cameron IM, Vass K, Caslake MJ, Shepherd J, Packard CJ. 

Independent mutations at codon 3500 of the apolipoprotein B gene are associated 

with hyperlipidemia. Arterioscler Thromb Vasc Biol. 1995;15(8):1025-9. 

118. Garcia CK, Wilund K, Arca M, Zuliani G, Fellin R, Maioli M, Calandra S, 

Bertolini S, Cossu F, Grishin N, Barnes R, Cohen JC, Hobbs HH. Autosomal 

recessive hypercholesterolemia caused by mutations in a putative LDL receptor 

adaptor protein. Science. 2001;292(5520):1394-8. 

119. He G, Gupta S, Yi M, Michaely P, Hobbs HH, Cohen, J.C. ARH is a modular 

adaptor protein that interacts with the LDL receptor, clathrin, and AP-2. J Biol Chem. 

2002;277(46):44044-9. 

120. Rhainds D, Brissette L. The role of scavenger receptor class B type I (SR-BI) in 

lipid trafficking. defining the rules for lipid traders. Int J Biochem Cell Biol. 

2004;36(1):39-77. 

121. Lawn RM. How often has Lp(a) evolved? Clin Genet. 1996;49(4):167-74. 

122. Jaeger BR, Richter Y, Nagel D, Heigl F, Vogt A, Roeseler E, Parhofer K, 

Ramlow W, Koch M, Utermann G, Labarrere CA, Seidel D; Group of Clinical 

Investigators. Longitudinal cohort study on the effectiveness of lipid apheresis 

treatment to reduce high lipoprotein(a) levels and prevent major adverse coronary 

events. Nat Clin Pract Cardiovasc Med. 2009;6(3):229-39. 

123. Safarova MS, Ezhov MV, Afanasieva OI, Matchin YG, Atanesyan RV, Adamova 

IY, Utkina EA, Konovalov GA, Pokrovsky SN. Effect of specific lipoprotein(a) 

apheresis on coronary atherosclerosis regression assessed by quantitative coronary 

angiography. Atheroscler Suppl. 2013;14(1):93-9. 

124. Illingworth DR1, Stein EA, Mitchel YB, Dujovne CA, Frost PH, Knopp RH, Tun 

P, Zupkis RV, Greguski RA. Comparative effects of lovastatin and niacin in primary 

hypercholesterolemia. A prospective trial. Arch Intern Med. 1994;154(14):1586-95. 

125. AIM-HIGH Investigators, Boden WE, Probstfield JL, Anderson T, Chaitman BR, 

Desvignes-Nickens P, Koprowicz K, McBride R, Teo K, Weintraub W. Niacin in 

patients with low HDL cholesterol levels receiving intensive statin therapy. N Engl J 

Med. 2011;365(24):2255-67. 

126. McCormack PL, Keating GM. Prolonged-release nicotinic acid: a review of its 

use in the treatment of dyslipidaemia. Drugs. 2005;65(18):2719-40. 

127. HPS2-THRIVE Collaborative Group. HPS2-THRIVE randomized placebo-

controlled trial in 25 673 high-risk patients of ER niacin/laropiprant: trial design, pre-

specified muscle and liver outcomes, and reasons for stopping study treatment. Eur 

Heart J. 2013;34(17):1279-91. 

128. Yamashita S, Hirano K, Sakai N, Matsuzawa Y. Molecular biology and 

pathophysiological aspects of plasma cholesteryl ester transfer protein. Biochim 

Biophys Acta. 2000;1529(1-3):257-75. 



54 

 

129. Gordon DJ, Probstfield JL, Garrison RJ, Neaton JD, Castelli WP, Knoke JD, 

Jacobs DR Jr, Bangdiwala S, Tyroler HA. High-density lipoprotein cholesterol and 

cardiovascular disease. Four prospective American studies. Circulation. 1989;79(1):8-

15. 

130. Cannon CP, Shah S, Dansky HM, Davidson M, Brinton EA, Gotto AM, 

Stepanavage M, Liu SX, Gibbons P, Ashraf TB, Zafarino J, Mitchel Y, Barter P; 

Determining the Efficacy and Tolerability Investigators. Safety of anacetrapib in 

patients with or at high risk for coronary heart disease. N Engl J Med. 

2010;363(25):2406-15 

131. Li N, Li Q, Tian XQ, Qian HY, Yang YJ. Mipomersen is a Promising Therapy in 

the Management of Hypercholesterolemia: A Meta-Analysis of Randomized 

Controlled Trials. Am J Cardiovasc Drugs. 2014;14(5):367-76. 

132. Merki E, Graham M, Taleb A, Leibundgut G, Yang X, Miller ER, Fu W, Mullick 

AE, Lee R, Willeit P, Crooke RM, Witztum JL, Tsimikas S. Antisense 

oligonucleotide lowers plasma levels of apolipoprotein (a) and lipoprotein (a) in 

transgenic mice. J Am Coll Cardiol. 2011;57(15):1611-21.  

133. Visser ME, Witztum JL, Stroes ES, Kastelein JJ. Antisense oligonucleotides for 

the treatment of dyslipidaemia. Eur Heart J. 2012;33(12):1451-8.  

134. Abifadel M, Varret M, Rabès JP, et al. Mutations in PCSK9 cause autosomal 

dominant hypercholesterolemia. Nat Genet. 2003;34(2):154-6. 

135. Seidah NG, Prat A. The biology and therapeutic targeting of the proprotein 

convertases. Nat Rev Drug Discov. 2012;11(5):367-83. 

136. Cunningham D, Danley DE, Geoghegan KF, et al. Structural and biophysical 

studies of PCSK9 and its mutants linked to familial hypercholesterolemia. Nat Struct 

Mol Biol. 2007;14(5):413-9.  

137. Seidah NG, Awan Z, Chrétien M, Mbikay M. PCSK9: a key modulator of 

cardiovascular health. Circ Res. 2014;114(6):1022-36. 

138. Saavedra YG, Day R, Seidah NG. The M2 module of the Cys-His-rich domain 

(CHRD) of PCSK9 protein is needed for the extracellular low-density lipoprotein 

receptor (LDLR) degradation pathway. J Biol Chem. 2012;287(52):43492-501. 

139. Benjannet S, Hamelin J, Chrétien M, Seidah NG. Loss- and gain-of-function 

PCSK9 variants: cleavage specificity, dominant negative effects, and low density 

lipoprotein receptor (LDLR) degradation. J Biol Chem. 2012;287(40):33745-55. 

140. Seidah NG, Benjannet S, Wickham L, Marcinkiewicz J, Jasmin SB, Stifani S, 

Basak A, Prat A, Chretien M. The secretory proprotein convertase neural apoptosis-

regulated convertase 1 (NARC-1): liver regeneration and neuronal differentiation. 

Proc Natl Acad Sci U S A. 2003;100(3):928-33.  

141. Poirier S, Mayer G, Benjannet S, Bergeron E, Marcinkiewicz J, Nassoury N, 

Mayer H, Nimpf J, Prat A, Seidah NG. The proprotein convertase PCSK9 induces the 

degradation of low density lipoprotein receptor (LDLR) and its closest family 

members VLDLR and ApoER2. J Biol Chem. 2008;283(4):2363-72.. 

142. Canuel M, Sun X, Asselin MC, Paramithiotis E, Prat A, Seidah NG. Proprotein 

convertase subtilisin/kexin type 9 (PCSK9) can mediate degradation of the low 

density lipoprotein receptor-related protein 1 (LRP-1). PLoS One. 2013;8(5):e64145.  

143. Lo Surdo P, Bottomley MJ, Calzetta A, Settembre EC, Cirillo A, Pandit S, Ni 

YG, Hubbard B, Sitlani A, Carfí A. Mechanistic implications for LDL receptor 



55 

 

degradation from the PCSK9/LDLR structure at neutral pH. EMBO Rep. 

2011;12(12):1300-5. 

144. Huang S, Henry L, Ho YK, Pownall HJ, Rudenko G. Mechanism of LDL binding 

and release probed by structure-based mutagenesis of the LDL receptor. J Lipid Res. 

2010;51(2):297-308. 

145. Benjannet S, Rhainds D, Essalmani R, et al. NARC-1/PCSK9 and its natural 

mutants: zymogen cleavage and effects on the low density lipoprotein (LDL) receptor 

and LDL cholesterol. J Biol Chem. 2004;279(47):48865-75. 

146. Nassoury N, Blasiole DA, Tebon Oler A, Benjannet S, Hamelin J, Poupon V, 

McPherson PS, Attie AD, Prat A, Seidah NG. The cellular trafficking of the secretory 

proprotein convertase PCSK9 and its dependence on the LDLR. Traffic. 

2007;8(6):718-32. 

147. Poirier S, Mayer G, Poupon V, McPherson PS, Desjardins R, Ly K, Asselin MC, 

Day R, Duclos FJ, Witmer M, Parker R, Prat A, Seidah NG. Dissection of the 

endogenous cellular pathways of PCSK9-induced LDLR degradation: Evidence for 

an intracellular route. J Biol Chem. 2009;284(42):28856-64. 

148. Poirier S, Prat A, Marcinkiewicz E, Paquin J, Chitramuthu BP, Baranowski D, 

Cadieux B, Bennett HP, Seidah NG. Implication of the proprotein convertase NARC-

1/PCSK9 in the development of the nervous system. J Neurochem. 2006;98(3):838-

50. 

149. Kosenko T, Golder M, Leblond G, Weng W, Lagace TA. Low density lipoprotein 

binds to proprotein convertase subtilisin/kexin type-9 (PCSK9) in human plasma and 

inhibits PCSK9-mediated low density lipoprotein receptor degradation. J Biol Chem. 

2013;288(12):8279-88.  

150. Mayne J, Dewpura T, Raymond A, Bernier L, Cousins M, Ooi TC, Davignon J, 

Seidah NG, Mbikay M, Chrétien M. Novel loss-of-function PCSK9 variant is 

associated with low plasma LDL cholesterol in a French-Canadian family and with 

impaired processing and secretion in cell culture. Clin Chem. 2011;57(10):1415-23.  

151. Rashid S, Curtis DE, Garuti R, Anderson NN, Bashmakov Y, Ho YK, Hammer 

RE, Moon YA, Horton JD. Decreased plasma cholesterol and hypersensitivity to 

statins in mice lacking Pcsk9. Proc Natl Acad Sci U S A. 2005;102(15):5374-9.  

152. McKenney JM, Koren MJ, Kereiakes DJ, Hanotin C, Ferrand AC, Stein EA. 

Safety and efficacy of a monoclonal antibody to proprotein convertase 

subtilisin/kexin type 9 serine protease, SAR236553/REGN727, in patients with 

primary hypercholesterolemia receiving ongoing stable atorvastatin therapy. J Am 

Coll Cardiol. 2012;59(25):2344-53. 

153. Roth EM, McKenney JM, Hanotin C, Asset G, Stein EA. Atorvastatin with or 

without an antibody to PCSK9 in primary hypercholesterolemia. N Engl J Med. 

2012;367(20):1891-900. 

154. Desai NR, Kohli P, Giugliano RP, et al. AMG145, a monoclonal antibody against 

proprotein convertase subtilisin kexin type 9, significantly reduces lipoprotein(a) in 

hypercholesterolemic patients receiving statin therapy: an analysis from the LDL-C 

Assessment with Proprotein Convertase Subtilisin Kexin Type 9 Monoclonal 

Antibody Inhibition Combined with Statin Therapy (LAPLACE)-Thrombolysis in 

Myocardial Infarction (TIMI) 57 trial. Circulation. 2013;128(9):962-9. 



56 

 

155. Raal FJ, Giugliano RP, Sabatine MS, et al. Reduction in lipoprotein(a) with 

PCSK9 monoclonal antibody evolocumab (AMG 145): a pooled analysis of more 

than 1,300 patients in 4 phase II trials. J Am Coll Cardiol. 2014;63(13):1278-88. 

156. Stein EA, Giugliano RP, Koren MJ, et al. Efficacy and safety of evolocumab 

(AMG 145), a fully human monoclonal antibody to PCSK9, in hyperlipidaemic 

patients on various background lipid therapies: pooled analysis of 1359 patients in 

four phase 2 trials. Eur Heart J. 2014;35(33):2249-59. 

157. Miles LA, Hawley SB, Baik N, Andronicos NM, Castellino FJ, Parmer RJ. 

Plasminogen receptors: the sine qua non of cell surface plasminogen activation. 

Front. Biosci. 2005;10:1754-62.  

158. Robbins KC, Summaria L, Hsieh B, Shah RJ. The peptide chains of human 

plasmin. Mechanism of activation of human plasminogen to plasmin. J Biol Chem. 

1967;242(10):2333-42. 

159. Das R, Pluskota E, Plow EF. Plasminogen and its receptors as regulators of 

cardiovascular inflammatory responses. Trends Cardiovasc Med. 2010;20(4):120-4. 

160. Busuttil SJ, Ploplis VA, Castellino FJ, Tang L, Eaton JW, Plow EF. A central role 

for plasminogen in the inflammatory response to biomaterials. J Thromb Haemost. 

2004;2(10):1798-805. 

161. Mignatti P, Rifkin DB. Plasminogen activators and matrix metalloproteinases in 

angiogenesis. Enzyme Protein. 1996;49(1-3):117-137. 

162. Saksela O. Plasminogen activation and regulation of pericellular proteolysis. 

Biochim Biophys Acta. 1985;823(1):35-65. 

163. Rømer J, Bugge TH, Pyke C, Lund LR, Flick MJ, Degen JL, Danø K. 

Plasminogen and wound healing. Nat Med. 1996;2(7):725. 

164. Ranson M, Andronicos NM, O'Mullane MJ, Baker MS. Increased plasminogen 

binding is associated with metastatic breast cancer cells: differential expression of 

plasminogen binding proteins. Br J Cancer. 1998;77(10):1586-97. 

165. Levin EG. Latent tissue plasminogen activator produced by human endothelial 

cells in culture: evidence for an enzyme-inhibitor complex. Proc Natl Acad Sci U S 

A. 1983;80(22):6804-8. 

166. Bernik MB, Kwaan HC. Plasminogen activator activity in cultures from human 

tissues. An immunological and histochemical study. J Clin Invest. 1969;48(9):1740-

53. 

167. Duffy MJ. Plasminogen activators and cancer. Blood Coagul Fibrinolysis. 

1990;1(6):681-7. 

168. Ramakrishnan V, Patthy L, Mangel WF. Conformation of Lys-plasminogen and 

the kringle 1-3 fragment of plasminogen analyzed by small-angle neutron scattering. 

Biochemistry. 1991;30(16):3963-9. 

169. Xue Y, Bodin C, Olsson K. Crystal structure of the native plasminogen reveals an 

activation-resistant compact conformation. J Thromb Haemost. 2012;10(7):1385-96. 

170. Plow EF, Freaney DE, Plescia J, Miles LA. The plasminogen system and cell 

surfaces: evidence for plasminogen and urokinase receptors on the same cell type. J 

Cell Biol. 1986;103(6 Pt 1):2411-20.  

171. Wiman B. Primary structure of peptides released during activation of human 

plasminogen by urokinase. Eur J Biochem. 1973;39(1):1-9. 



57 

 

172. Violand BN, Castellino FJ. Mechanism of the urokinase-catalyzed activation of 

human plasminogen. J Biol Chem. 1976;251(13):3906-12. 

173. Miyashita C, Wenzel E, Heiden M. Plasminogen: a brief introduction into its 

biochemistry and function. Haemostasis. 1988;18 Suppl 1:7-13. 

174. Claeys H, Vermylen J. Physico-chemical and proenzyme properties of NH2-

terminal glutamic acid and NH2-terminal lysine human plasminogen. Influence of 6-

aminohexanoic acid. Biochim Biophys Acta. 1974;342(2):351-9. 

175. Hoylaerts M, Rijken DC, Lijnen HR, Collen D. Kinetics of the activation of 

plasminogen by human tissue plasminogen activator. Role of fibrin. J Biol Chem. 

1982;257(6):2912-9. 

176. Fredenburgh JC, Nesheim ME. Lys-plasminogen is a significant intermediate in 

the activation of Glu-plasminogen during fibrinolysis in vitro. J Biol Chem. 

1992;267(36):26150-6. 

177. Christensen U, Mølgaard L. Positive co-operative binding at two weak lysine-

binding sites governs the Glu-plasminogen conformational change. Biochem J. 

1992;285 ( Pt 2):419-25. 

178. Gong Y, Kim SO, Felez J, Grella DK, Castellino FJ, Miles LA. Conversion of 

Glu-plasminogen to Lys-plasminogen is necessary for optimal stimulation of 

plasminogen activation on the endothelial cell surface. J Biol Chem. 2001; 276(22): 

19078-83. 

179. Miles LA, Castellino FJ, Gong Y. Critical role for conversion of Glu-plasminogen 

to Lys-plasminogen for optimal stimulation of plasminogen activation on cell 

surfaces. Trends Cardiovasc Med. 2003;13(1):21-30. 

180. Loscalzo J. Structural and kinetic comparison of recombinant human single- and 

two-chain tissue plasminogen activator. J Clin Invest. 1988;82(4):1391-7. 

181. Günzler WA, Steffens GJ, Otting F, Kim SM, Frankus E, Flohé L. The primary 

structure of high molecular mass urokinase from human urine. The complete amino 

acid sequence of the A chain. Hoppe Seylers Z Physiol Chem. 1982;363(10):1155-65. 

182. Collen D, Zamarron C, Lijnen HR, Hoylaerts M. Activation of plasminogen by 

pro-urokinase. II. Kinetics. J Biol Chem. 1986;261(3):1259-66. 

183. Miles LA, Plow EF. Receptor mediated binding of the fibrinolytic components, 

plasminogen and urokinase, to peripheral blood cells. Thromb Haemost. 

1987;58(3):936-42. 

184. Silverstein RL, Friedlander RJ Jr, Nicholas RL, Nachman RL. Binding of Lys-

plasminogen to monocytes/macrophages. J Clin Invest. 1988;82(6):1948-55. 

185. Hajjar KA, Harpel PC, Jaffe EA, Nachman RL. Binding of plasminogen to 

cultured human endothelial cells. J Biol Chem. 1986;261(25):11656-62. 

186. Gonzalez-Gronow M, Gawdi G, Pizzo SV. Characterization of the plasminogen 

receptors of normal and rheumatoid arthritis human synovial fibroblasts. J Biol 

Chem. 1994;269(6):4360-6. 

187. Miles LA, Ginsberg MH, White JG, Plow EF. Plasminogen interacts with human 

platelets through two distinct mechanisms. J Clin Invest. 1986;77(6):2001-9. 

188. Durliat M, Komano O, Correc P, Bertrand O, Cochet S, Caignard A, Martin F, 

Burtin P. Plasminogen receptors on rat colon carcinoma cells. Br J Cancer. 

1992;66(1):51-6. 



58 

 

189. Miles LA, Plow EF. Binding and activation of plasminogen on the platelet 

surface. J Biol Chem. 1985;260(7):4303-11. 

190. Miles LA, Levin EG, Plescia J, Collen D, Plow EF. Plasminogen receptors, 

urokinase receptors, and their modulation on human endothelial cells. Blood. 

1988;72(2):628-35. 

191. Lucas MA, Fretto LJ, McKee PA. The binding of human plasminogen to fibrin 

and fibrinogen. J Biol Chem. 1983;258(7):4249-56. 

192. Wu HL, Wu IS, Fang RY, Hau JS, Wu DH, Chang BI, Lin TM, Shi GY. The 

binding of plasminogen fragments to cultured human umbilical vein endothelial cells. 

Biochem Biophys Res Commun. 1992;188(2):703-11. 

193. Félez J, Miles LA, Fábregas P, Jardí M, Plow EF, Lijnen RH. 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. 1996;76(4):577-84. 

194. Andronicos NM, Chen EI, Baik N, Bai H, Parmer CM, Kiosses WB, Kamps MP, 

Yates JR 3rd, Parmer RJ, Miles LA. Proteomics-based discovery of a novel, 

structurally unique, and developmentally regulated plasminogen receptor, Plg-RKT, a 

major regulator of cell surface plasminogen activation. Blood. 2010;115(7):1319-30.  

195. Cesarman GM, Guevara CA, Hajjar KA. An endothelial cell receptor for 

plasminogen/tissue plasminogen activator (t-PA). II. Annexin II-mediated 

enhancement of t-PA-dependent plasminogen activation. J Biol Chem. 

1994;269(33):21198-203. 

196. Fitzpatrick SL, Kassam G, Choi KS, Kang HM, Fogg DK, Waisman DM. 

Regulation of plasmin activity by annexin II tetramer. Biochemistry. 

2000;39(5):1021-8. 

197. Ploug M, Ellis V. Structure-function relationships in the receptor for urokinase-

type plasminogen activator. Comparison to other members of the Ly-6 family and 

snake venom alpha-neurotoxins. FEBS Lett. 1994;349(2):163-8. 

198. Ellis V, Behrendt N, Danø K. Plasminogen activation by receptor-bound 

urokinase. A kinetic study with both cell-associated and isolated receptor. J Biol 

Chem. 1991;266(19):12752-8. 

199. Carmeliet P, Moons L, Lijnen R, Baes M, Lemaître V, Tipping P, Drew A, 

Eeckhout Y, Shapiro S, Lupu F, Collen D. Urokinase-generated plasmin activates 

matrix metalloproteinases during aneurysm formation. Nat Genet. 1997;17(4):439-44. 

200. Høyer-Hansen G, Rønne E, Solberg H, Behrendt N, Ploug M, Lund LR, Ellis V, 

Danø K. Urokinase plasminogen activator cleaves its cell surface receptor releasing 

the ligand-binding domain. J Biol Chem. 1992;267(25):18224-9. 

201. Behrendt N, Ronne E, Dano K. Domain interplay in the urokinase receptor. 

Requirement for the third domain in high affinity ligand binding and demonstration of 

ligand contact sites in distinct receptor domains. J Biol Chem. 1996;271(37):22885-

94. 

202. Wei Y, Waltz DA, Rao N, Drummond RJ, Rosenberg S, Chapman HA. 

Identification of the urokinase receptor as an adhesion receptor for vitronectin. J Biol 

Chem. 1994;269(51): 32380-8. 

203. Smith HW, Marshall CJ. Regulation of cell signalling by uPAR. Nat Rev Mol 

Cell Biol. 2010;11(1):23-36. 



59 

 

204. Miles LA, Fless GM, Levin EG, Scanu AM, Plow EF. A potential basis for the 

thrombotic risks associated with lipoprotein(a). Nature. 1989;339(6222):301-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

 

                                             CHAPTER 2: Inhibition of 

plasminogen activation by apolipoprotein(a): role of carboxyl-

terminal lysines and identification of inhibitory domains in 

apolipoprotein(a) 

CHAPTER 2 

 

 

 

Inhibition of plasminogen activation by apolipoprotein(a): role 

of carboxyl-terminal lysines and identification of inhibitory 

domains in apolipoprotein(a) 

 

 

 

  



61 

 

2.1 SUMMARY 

  

Apolipoprotein(a) [apo(a)], the distinguishing protein component of 

lipoprotein(a), exhibits sequence similarity to plasminogen and can inhibit binding of 

plasminogen to cell surfaces. Plasmin generated on the surface of vascular cells plays a 

role in cell migration and proliferation, two of the fibroproliferative inflammatory events 

that underlie atherosclerosis. The ability of apo(a) to inhibit pericellular plasminogen 

activation on vascular cells was therefore evaluated. Two isoforms of apo(a), 12K and 

17K, were found to significantly decrease tPA-mediated plasminogen activation on 

HUVECs and THP-1 monocytes and macrophages. Lp(a) purified from human plasma 

decreased plasminogen activation on THP-1 monocytes and HUVECs but not on THP-1 

macrophages. Removal of kringle V or the strong lysine binding site in kringle IV10 

completely abolished the inhibitory effect of apo(a). Treatment with carboxypeptidase B 

(CpB) to assess the roles of carboxyl-terminal lysines in cellular receptors lead in most 

cases to decreases in plasminogen activation as well as plasminogen and apo(a) binding; 

inhibition of plasminogen activation by apo(a) was unaffected, however. Our findings 

directly demonstrate that apo(a) inhibits pericellular plasminogen activation in all three 

cell types, although binding of apo(a) to cell-surface receptors containing carboxyl-

terminal lysines does not appear to play a major role in the inhibition mechanism. 
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2.2 BACKGROUND 

Lipoprotein(a) [Lp(a)] was first discovered in 1963 by Kåre Berg [1] and has 

since been under intense investigation in both basic research and clinical studies [2]. 

Lp(a) has a complex structure consisting of an LDL moiety, which contains apoB-100, 

and the unique glycoprotein apolipoprotein(a) [apo(a)] [3]. The levels of Lp(a) vary over 

1000 fold within the human population ranging from less than 1 to greater than 100 

mg/dL [4]. Lp(a) possesses both proatherogenic and prothrombotic properties due to the 

LDL-like moiety and apo(a) component of the lipoprotein respectively [5, 6]. Elevated 

plasma concentrations of Lp(a) have been identified as an independent risk factor for 

cardiovascular diseases such as coronary heart disease, ischemic stroke, and peripheral 

arterial disease [7-11].
 
Lp(a) has also been associated with purely thrombotic events, such 

as venous thromboembolism [12]. The molecular cloning of a cDNA encoding apo(a) 

revealed that it contains remarkable homology to the fibrinolytic zymogen plasminogen 

[13].
 
 

Apo(a) contains repeated copies of a sequence similar to that of plasminogen 

kringle IV (KIV) followed by sequences similar to the kringle V (KV) and protease 

domain of plasminogen [13]. The kringle IV-like domain in apo(a) can be further 

classified into ten subtypes (KIV1 to KIV10), according to differences in amino acid 

sequence. The number of KIV2 repeats determines the isoform size heterogeneity of 

apo(a) [14, 15] with the number of repeats ranging from 3 to >30 [16]. The protease 

domain in apo(a), unlike that of plasminogen, does not exhibit plasmin-like activity and 

is not proteolytically active [17]. Both apo(a) and plasminogen contain lysine binding 

sites (LBSs) which mediate their respective interactions with various cell surface 
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receptors or the fibrin surface. Apo(a) KIV types 5 to 8 each contain a weak LBS, with 

KIV types 7 and 8 forming a noncovalent association with apoB-100 [18-20]. This 

precedes covalent formation of the Lp(a) particle by facilitating disulfide bond formation 

between a free cysteine in KIV9 of apo(a) and the C-terminus of apoB-100 [21, 22]. 

Apo(a) KIV10 contains a strong LBS that resembles the LBS present in plasminogen 

kringle 4 [23].
 
Apo(a) may therefore potentially interfere with plasminogen binding to or 

activation on vascular cells.
 

Plasminogen is the zymogen form of the serine protease plasmin. The active 

enzyme plays a key role in the processes of fibrinolysis, cell migration and proliferation, 

angiogenesis, and inflammation [24-29].
 
Plasminogen activation is mediated through 

proteolytic cleavage of Arg
561

-Val
562 

of plasminogen by tissue-type plasminogen 

activator (tPA) or urokinase-type plasminogen activator (uPA). This process occurs more 

readily on the cell surface and following conversion of native Glu-plasminogen to Lys-

plasminogen [30-32]. Apo(a) has been shown to inhibit plasminogen activation on the 

fibrin surface through KV and the strong LBS in KIV type 10 [33]. Moreover, apo(a) 

directly inhibits Glu- to Lys-plasminogen conversion on the fibrin surface with critical 

roles identified for kringle IV types 5-9 and KV [34]. An apo(a)-mediated decrease in 

plasmin generation, dependent on apo(a) KIV9, has also been shown in the context of 

smooth muscle cells (SMCs) which results in the inhibition of activation of transforming 

growth factor β (TGF-β) [35]; this leads to the stimulation of SMC migration and 

proliferation [35-37]. 

The strong LBS present in plasminogen allows for its binding and subsequent 

activation to occur on various receptors containing carboxyl-terminal lysines including 
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annexin A2 S100A10 heterotetramer, enolase-1, and Plg-RKT [38].
  

For example, 

treatment of monocytoid cells with carboxypeptidase B (CpB), which removes carboxyl 

terminal lysines, leads to a decrease of 64% for plasminogen binding and greater than 

95% for plasminogen activation [39]. On catecholaminergic cells, binding of 

plasminogen decreased following CpB treatment by approximately 70% whereas a 

decrease of 90% was observed for plasminogen activation [40]. In another study. binding 

of plasminogen to human umbilical vein endothelial cells (HUVECs) was also inhibited 

by ε-aminocaproic acid (ε-ACA), a lysine analogue, by 70-80% [29].
 

CpB and active thrombin-activatable fibrinolysis inhibitor (TAFIa) have also been 

shown to reduce plasminogen activation by 80% on the annexin A2 S100A10 

heterotetramer in vitro [41]. In a rat primary hepatocyte model, TAFI knockdown 

increased the amount of plasmin formed on the cells and promoted proliferation, 

suggesting the ability of TAFIa to decrease plasminogen binding to hepatocytes [42]. 

Previous studies have suggested that apo(a) may inhibit pericellular plasminogen 

activation based on the observation that apo(a) decreases plasminogen binding to 

endothelial cells and monocytes [43]. Moreover, Lp(a) was reported to inhibit the 

generation of plasmin activity on endothelial cell surface and not in the fluid phase [44]. 

The effect of apo(a) on plasminogen activation on vascular cells has not otherwise been 

explored. Most notably, the role of CpB with respect to the effect of apo(a) and 

plasminogen binding and activation has not been shown for relevant vascular and blood 

cells such as endothelial cells, monocytes and macrophages.  
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2.3 METHODS 

 

2.3.1 Construction, expression, and purification of recombinant apo(a)  

 The construction and expression in human embryonic kidney (HEK293) cells of 

the r-apo(a) variants utilized in this study (KIV5-8, 12K, 12ΔV, 17K, 17KΔLBS10, and 

17KΔV) has been previously described [17, 33, 34, 45-4]. Variants were purified from 

conditioned medium, harvested from stably-expressing cell lines, using lysine-Sepharose 

affinity chromatography as previously described [17, 33, 34, 45-48]. Protein 

concentrations were determined spectrophotometrically [17, 33, 34, 45-48] and assessed 

for purity by SDS-PAGE under non-reduced and reduced conditions followed by silver 

staining.  

 

2.3.2 Isolation of Lp(a) 

 Blood was collected from one healthy volunteer homozygous for a 16K apo(a) 

isoform. Blood was collected into BD Vacutainer blood collection tubes containing 

sodium polyanethol sulfonate and acid citrate dextrose. Plasma was obtained through 

centrifugation of whole blood at 3,000 × g for 15 min at 4°C. Phenylmethylsufonyl 

fluoride (PMSF) was added to a final concentration of 0.1 mM and the plasma was 

rotated at 4°C for 15 min. The plasma was adjusted to a density of 1.02 g/mL with solid 

sodium bromide and centrifuged at 45,000 × g for 24 hrs at 6°C. The top fraction was 

removed and the infranatant was adjusted to a density of 1.21 g/mL with solid sodium 

bromide. The sample was centrifuged at 45, 000 g for 24 hrs at 6°C and the top layer was 

isolated and extensively dialyzed against 20 mM Tris-HCl, pH 7.4, containing 150 mM 

NaCl, 0.01% NaN3, and 0.01% EDTA (Buffer A). The sample was then subjected to gel-
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filtration chromatography over Sepharose CL-4B (Sigma-Aldrich) (2.5 cm × 80 cm 

column) using buffer A containing 0.1% (v/v) Tween 20 and 0.1 M proline. Fractions 

were collected and samples with an absorbance over 0.1 at 280 nm were subjected to 

western blot analysis using an anti-apo(a) antibody to determine Lp(a) containing 

fractions. Samples containing Lp(a) were pooled and diluted 3-fold with distilled water 

and loaded onto a DEAE-Sepharose Fast Flow (Pharmacia) ion exchange column (2.5 × 3 

cm column). Lp(a) was eluted with an NaCl concentration gradient (50 to 300 mM NaCl 

in 20 mM Tris-HCl, pH 7.4). Lp(a) containing fractions, as determined by western blot 

analysis, were pooled and dialyzed against HEPES-buffered saline (HBS; 20 mM HEPES 

pH 7.4, 150 mM NaCl). Concentration was determined by bicinchoninic acid assay 

(Pierce) using BSA as a standard. The integrity of the purified Lp(a) was assessed by 

SDS-PAGE under non-reducing and reducing conditions followed by silver staining.  

 

2.3.3 Cell culture 

 HUVECs were obtained from Clonetics and grown in EGM Complete Medium 

(Clonetics). All HUVEC experiments were conducted using cells at passage five. Human 

acute monocytic leukemia (THP-1) cells were grown in RPMI complete growth medium 

1640 (GIBCO) adjusted to contain 4.5 g/L glucose (Sigma-Aldrich), 10 mM HEPES 

(Fisher Scientific), 1.0 mM sodium pyruvate (GIBCO), 0.05 mM 2-mercaptoethanol 

(Sigma-Aldrich) and supplemented with 10% FBS (GIBCO) and 1% antibiotic-

antimycotic (GIBCO). Cells were maintained at a density of 0.3- 1 × 10
6
 cells/ mL and 

subculturing was performed by centrifuging cells at 100 × g for 5 min and resuspending 

in the appropriate volume of fresh medium. PMA (Sigma-Aldrich) was added to THP-1 
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cells at a final concentration of 0.1 μM for 72 hours to differentiate them into 

macrophage-like cells.  

 

2.3.4 Plasminogen activation assay  

 HUVECs were grown to confluency in a 96-well microtiter plate (Corning). THP-

1 cells were seeded at a density of 150 000 – 200 000 cells per well and differentiated for 

72 hours with 0.1 μM PMA. THP-1 monocytes were seeded at a density of 200 000 cells 

per well. Cells were washed three times with HBS containing 0.4% (w/v) BSA (HBS-

BSA) prior to adding reaction mixture. Reaction mixtures contained: 60 nM plasma 

derived plasminogen (purified as per (49)), 15 nM tPA (Alteplase; Kingston General 

Hospital Pharmacy), H-D-Val-Leu-Lys-7-amido-4-methylcoumarin (Bachem), and 

various concentrations of apo(a) (0, 100, 400, or 800 nM) in HBS-BSA. RPMI complete 

growth medium minus FBS and antibiotic and supplemented with 0.4% (w/v) BSA 

(RPMI-0.4%BSA) was used instead of HBS-BSA for THP-1 macrophages. Control 

experiments were conducted in the absence of tPA. Plasmin formation was monitored 

over 2 hours at 37°C at an excitation wavelength of 370 nm and an emission wavelength 

of 470 nm and emission cutoff filter of 455 nm using a plate reading fluorescence 

spectrometer (SpectraMax M5
e
, Molecular Devices). The rate of plasminogen activation 

was taken as the initial slope of the plot of RFU against min
2
 from 10 to 40 mins. Rates 

obtained for each individual experiment performed in triplicate were normalized to the 

rate of plasminogen activation in the absence of apo(a). Plasminogen activation in the 

absence of cells was performed with the same reaction mixture described above. 

Plasminogen activation with Lp(a) was conducted as above with minor changes; 25 nM 
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of plasma derived plasminogen, instead of 60 nM, was utilized with 75 nM of Lp(a) or 

apo(a).  

 

2.3.5 Cell binding assay 

 Assays utilized purified r-apo(a) fluorescently labeled using Alexa Fluor 488 

protein labeling kit (Invitrogen) or fluorescein isothiocyanate-labeled human 

plasminogen (Molecular Innovations). Briefly, cells were washed three times with HBS-

BSA and fluorescently labeled plasminogen or r-apo(a), at a concentration of 400 nM, 

was incubated with cells for one hour at 37°C. Following incubation, cells were washed 

twice with HBS-BSA and the fluorescence was measured at an excitation wavelength of 

494 nm and emission wavelength of 519 nm and cutoff of 515 nm using a plate reading 

fluorescence spectrometer. For THP-1 macrophages, the buffer used was RPMI-BSA 

instead of HBS-BSA. Experiments in which two to three acid wash steps (0.2 M acetic 

acid pH 2.5, 0.5 M NaCl) were included prior to measuring the fluorescence showed that 

at least 80% of the labeled proteins were surface-bound (as opposed to internalized; 

Suppl. Fig. 2.1). Binding of apo(a) and plasminogen to the cells appeared to be specific 

and reversible (Suppl. Fig. 2.2). 

 

2.3.6 Carboxypeptidase treatment  

 CpB (Calbiochem) treatment of HUVECs and THP-1 monocytes was performed 

in HBS-BSA and for THP-1 macrophages in RPMI-BSA. Cells were washed three times 

and incubated with CpB for one hour at 37°C. Cells were then washed three times 

followed by assay of plasminogen activation or apo(a)/plasminogen binding as described 

above. The activity of CpB was measured using anisylazoformylarginine (Calbiochem).  
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2.3.7 Statistical methods 

 Comparisons between data sets were performed using one-way ANOVA with 

SPSS version 22 software. Statistical significance was presumed at p<0.05.   
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2.4 RESULTS 

 

2.4.1 Apo(a) directly inhibits plasminogen activation on THP-1 monocytes, THP-1 

macrophages, and HUVECs  

 We examined two different isoforms of apo(a) (12K and 17K) and both were 

found to inhibit pericellular plasminogen activation in THP-1 monocytes (Fig. 2.1A, B). 

Both isoforms exhibit a similar concentration-dependent effect on inhibition. At 800 nM, 

12K and 17K inhibited plasminogen activation by 57% and 46% respectively. At 800 

nM, 12K was not significantly more effective at inhibiting activation compared to 17K. 

Removal of kringle V in both 12K and 17K not only abolished the inhibitory effect of 

apo(a) but, surprisingly, caused an increase in plasminogen activation (up to 3.6- and 2.4-

fold, respectively; Fig. 2.1A, B). Similarly, inactivation of the strong LBS in apo(a) 

(17KΔLBS10 variant) led to a maximal 2.1 fold increase in plasminogen activation (Fig. 

2.1A). The weak LBSs of apo(a), present in the KIV5-8 variant, do not exhibit a 

significant inhibitory effect at any of the tested concentrations (Fig. 2.1B). These results 

indicate that apo(a) can directly inhibit pericellular plasminogen activation in THP-1 

monocytes and imply roles for kringle V and the strong LBS in KIV type 10 in mediating 

this effect. 

 Comparing plasminogen activation in the presence or absence of THP-1 

monocytes revealed a 74% decrease in activation in the absence of cells, and this rate was 

not affected by 17K, 12K or KIV5-8 (Fig. 2.1A, B). However, 17KΔLBS10, 17KΔV, and 

12KΔV shows a significant increase in plasminogen activation with increasing 

concentration similar to that in the presence of cells, suggesting that the cell-independent 
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stimulation of plasminogen activation by these variants largely accounts for the increase 

in plasminogen activation occurring in the presence of cells. 

Treatment of THP-1 cells for 72 hours with a phorbol ester results in the 

differentiation of these cells into macrophage-like cells [50]. Apo(a) inhibits plasminogen 

activation on THP-1 macrophages in a dose-dependent manner, with a maximal 

inhibition of 57% and 65% for 12K and 17K, respectively, observed at 800 nM (Fig. 

2.1C, D). At 800 nM, 12K and 17K were not significantly different in its ability to inhibit 

activation. Both the strong LBS in KIV type 10 of 17K (17KΔLBS10) (Fig. 2.1C) and the 

kringle V domain (12KΔV) (Fig. 2.1D) are required for the inhibitory effect of apo(a); as 

with the THP-1 monocytes, both of these variants resulted in increased, rather than 

decreased, plasminogen activation. For the 17KΔLBS10 and 12KΔV variant, this increase 

again can be ascribed to stimulation of cell-independent plasminogen activation (Fig. 

2.1C, D). In the absence of THP-1 macrophages, the rate of plasminogen activation was 

significantly lower (71%) and was unaffected by the presence of 12K and 17K, as was 

the case for THP-1 monocytes.  

Similar experiments were also performed with HUVECs, and with similar results. 

Apo(a) directly inhibits pericellular plasminogen activation on the surface of HUVECs. A 

maximal inhibitor effect of 48%, for 12K, and 58%, for 17K was observed at a 

concentration of 800 nM (Fig. 2.1E, F). At 800 nM, 12K was not significantly more 

effective at inhibiting activation compared to 17K. As with THP-1 monocytes and 

macrophages, loss of the strong LBS in KIV10 or the loss of KV resulted in a cell-

independent increase in plasminogen activation (Fig. 2.1E, F). 



72 

 

Taken together, the effect of apo(a) on cell-dependent plasminogen activation is 

remarkably similar for all three cell types tested; moreover, the effect of loss or mutation 

of specific domains of apo(a) is consistent in all three cell types. These results indicate a 

potential common mechanism through which apo(a) inhibits pericellular plasminogen 

activation in each cell type.  

To demonstrate that activation of plasminogen observed was dependent on the 

added tPA and plasminogen and not from the cells themselves or contamination of the r-

apo(a), experiments were conducted in the absence of tPA or plasminogen. Omission of 

either of these components virtually eliminated detectable plasminogen activation in the 

presence of all three cell types, either in the presence or absence of various r-apo(a) 

variants (Fig. 2.2).  
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Figure 2.1: Effect of apo(a) on pericellular plasminogen activation. THP-1 monocytes 

(A, B), THP-1 macrophages (C, D), or HUVECs (E, F) were incubated with various 

concentrations of r-apo(a) (from 100 nM to 800 nM) as well as plasma-derived 

plasminogen (60 nM), tPA (15nM), and H-D-Val-Leu-Lys-AMC; control reactions 

lacked apo(a) or cells. Plasmin generation was monitored over 2 hours at 37°C and the 

slope of RFU from 10-40 min vs min
2 

was determined. The data represent the means ± 

standard deviations from 3 - 16 independent experiments performed in triplicate for cells 

and 3 - 6 independent experiments for no cells. Asterisks: p<0.05 versus absence of 

apo(a) on cells; daggers: p<0.05 versus absence of cells.   
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Figure 2.2: Plasminogen activation in the absence of tPA on THP-1 monocytes, THP-1 

macrophages, and HUVECs. Plasminogen activation experiments were conducted as 

described in the legend to Fig. 2.1, but in the absence of plasminogen and tPA A: Effect 

of plasminogen activation in the absence of plasminogen and tPA for plasminogen alone, 

12K, 12KΔV, 17K, 17KΔLBS10, 17KΔV, and KIV5-8 at 400 nM each on THP-1 

monocytes. B: Effect of plasminogen activation in the absence of tPA for plasminogen 

alone, 17K, 17KΔLBS10, and 17KΔV at 400 nM each on THP-1 macrophages and 

HUVECs. Data represent the means ± standard deviations from 3-7 independent 

experiments performed in triplicate. In all cases, the relative plasminogen activation was 

significantly different (p<0.05) from control (in the presence of plasminogen and tPA 

combined). 
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2.4.2 Lp(a) inhibits plasminogen activation on THP-1 monocytes and HUVECs but 

not on THP-1 macrophages  

 We examined the ability of Lp(a), purified from human plasma, to inhibit 

pericellular plasminogen activation. Experiments were conducted using 25 nM 

plasminogen and 75 nM of Lp(a) or apo(a). Lp(a) and 17K significantly inhibited 

plasminogen activation by 15% and 35% on THP-1 monocytes respectively (Fig. 2.3A). 

However, Lp(a) did not inhibit plasminogen activation on THP-1 macrophages whereas a 

decrease of 24% was observed with 17K (Fig. 2.3B). Conversely, both Lp(a) and 17K 

could inhibit plasminogen activation to the same extent, 30% and 28% respectively, on 

HUVECs (Fig 2.3C). As observed above, plasminogen activation was largely abolished 

in the absence of tPA or cells, and was not altered with the addition of Lp(a) or 17K (Fig. 

2.3) 
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Figure 2.3: Effect of Lp(a) on plasminogen activation on THP-1 monocytes, THP-1 

macrophages, and HUVECs. Plasminogen activation experiments were performed as 

described in the legend to Fig. 2.1 with slight modifications: 25 nM of plasminogen and 

75 nM of Lp(a)/ apo(a) was utilized. A: Effect of Lp(a) on plasminogen activation in the 

presence or absence of THP-1 monocytes and tPA. B: Effect of Lp(a) on plasminogen 

activation in the presence or absence of THP-1 macrophages and tPA. C: Effect of Lp(a) 

on plasminogen activation in the presence or absence of HUVECs and tPA. The data 

represent the means ± standard deviations from 3 - 6 independent experiments performed 

in duplicate. Asterisks: p<0.05 versus plasminogen alone in the presence of cells and 

tPA; daggers: p<0.05 versus Lp(a) in the presence of cells and tPA. 
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2.4.3 Role of carboxyl terminal lysines in cell-dependent plasminogen activation and 

its inhibition by apo(a)  

 It has been previously reported that CpB treatment of U937 monocytoid cells 

reduced plasminogen binding by 64% and cell-enhanced plasminogen activation by 95% 

[39]. These results have been interpreted to mean that plasminogen binding to these 

residues on cell-surface receptors is required for the acceleration of plasminogen 

activation by cells. Treatment of THP-1 monocytes with various concentrations of CpB 

ranging from 0.1 to 100 U/mL results in a significant decrease in plasminogen activation 

(by a modest 16%) at 100 U/ mL (Fig 2.4A, B). Addition of 17K, at 400 nM, at any 

concentration of CpB results in a decrease in plasminogen activation at all concentrations 

of CpB; CpB no longer has any significant effect at any concentration in the presence of 

17K (Fig. 2.4A). Similar results were observed for THP-1 macrophages (Fig. 2.4C), 

except that CpB treatment had a greater effect of plasminogen activation, with significant 

decreases occurring at 50 and 100 U/mL both in the presence and absence of 17K (Fig. 

2.4C). Receptors with carboxyl terminal lysines also influence plasminogen activation on 

HUVECs as a decrease of 24% is observed following treatment with 100 U/mL CpB; a 

decrease in plasminogen activation owing to CpB was also observed in the presence of 

17K although statistical significance was not reached (Fig. 2.4E).  

 

2.4.4 Role of carboxyl terminal lysines in plasminogen and apo(a) binding by cells 

  To attempt to rationalize the effect of CpB on the plasminogen activation on the 

surface of cells, and its inhibition by apo(a), we examined the ability of plasminogen and 

apo(a) to bind  to THP-1 monocytes, macrophages, and HUVECs, after CpB treatment or 

in the presence of the lysine analogue ε-ACA. Plasminogen and apo(a) binding (using 
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400 nM) decreased by 18% and 51% respectively following CpB treatment (100 U/mL) 

on THP-1 monocytes (Fig. 2.4B). Binding of plasminogen and apo(a) decreased by 84% 

and 79% respectively with the addition of 200 mM ε-ACA (Fig. 2.4B). Similarly, in 

THP-1 macrophages, the addition of ε-ACA reduced plasminogen and apo(a) binding by 

91% and 73% respectively (Fig. 2.4D). However, a more modest decrease in 

plasminogen and apo(a) is observed following CpB treatment at 100 U/mL (9% and 13% 

respectively) (Fig. 2.4D). Plasminogen binding to HUVECs also decreases following 

CpB (100 U/mL) treatment and the addition of ε-ACA by 29% and 75% respectively 

(Fig. 2.4F). Surprisingly, however, apo(a) binding actually increases by 25% and 3% 

following CpB (100 U/mL) treatment and the addition of ε-ACA respectively (Fig. 2.4F). 

These results indicate that apo(a) binding is partially mediated through receptors with 

carboxyl terminal lysines on THP-1 macrophages and monocytes but not on HUVECs. 

However, since CpB treatment had little or no effect on the ability of apo(a) to inhibit 

plasminogen activation, these lysine-dependent binding events play a minor role, if any, 

in inhibition of plasminogen activation by apo(a). 
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Figure 2.4: Effect of removal of carboxyl terminal lysines using CpB on plasminogen 

activation and plasminogen and apo(a) binding. A, C, E: Effect of CpB treatment in 

plasminogen activation on THP-1 monocytes (A), THP-1 macrophages (C), or HUVECs 

(E) in the presence or absence of r-apo(a). Cells were washed three times followed by 

incubation with CpB, at various concentrations, for one hour at 37°C. Cells were then 

washed three times following which plasminogen activation was measured as described 

in the legend to Fig 2.1. Asterisks: p<0.05 versus absence of CpB for plasminogen 

activation in absence of apo(a); daggers: p<0.05 versus absence of CpB for plasminogen 

activation in presence of apo(a). B, D, F: Effect on plasminogen and apo(a) binding 

following CpB treatment of THP-1 monocytes (B), THP-1 macrophages (D), or 

HUVECs (F). Cells treated with CpB were washed three times and incubated with 

fluorescently labeled plasminogen or 17K at 400 nM, in the presence or absence of 200 

mM ε-ACA for one hour at 37°C. Cells were washed two times and the amount of bound 

fluorescent proteins was measured using a plate-reading fluorimeter. The data represent 

the means ± standard deviations from 4 - 11 independent experiments performed in 

triplicate for plasminogen activation and 3-7 independent experiments for binding 

experiments. Asterisks: p<0.05 versus absence of CpB (or ε-ACA) for plasminogen; 

daggers: p<0.05 versus absence of CpB (or ε-ACA) for apo(a).  
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2.5 DISCUSSION 

  

 It is generally accepted that apo(a) can inhibit pericellular plasminogen activation 

on vascular and blood cells, although the mechanism is not understood. As well, the 

domains in apo(a) which may potentially mediate this inhibitory effect and the relative 

role of apo(a) in various cell types is unknown. The present study contributes to the 

understanding of the role of apo(a) in inhibiting pericellular plasminogen activation on 

vascular and blood cells, specific domains in apo(a) which mediate this inhibitory effect, 

as well as the role of carboxyl terminal lysines in plasminogen activation and 

plasminogen and apo(a) binding.  

 In this study, we have provided direct evidence that (i) apo(a) inhibits pericellular 

plasminogen activation on HUVECs, THP-1 monocytes, and THP-1 macrophages; (ii) 

the kringle V domain and strong LBS in kringle IV type 10 play a crucial role in 

inhibiting activation whereas kringle 5-8 does not; (iii) Lp(a), at ~7 mg/ dL or 75 nM, can 

inhibit plasminogen activation on THP-1 monocytes and HUVECs but not on THP-1 

macrophages (iv) plasminogen binding to the cells and cell-dependent plasminogen 

activation are dependent to a partial extent on receptors containing carboxyl-terminal 

lysines on all cell types; (v) apo(a) binding to THP-1 monocytes and macrophages is 

partially dependent of these receptors, but apo(a) binding to HUVECs is independent of 

these receptors and of lysine binding in general; and (vi) the binding by apo(a) to 

carboxyl-terminal lysine-containing sites does not appear to account for its ability to 

inhibit plasminogen activation.  

A previous study has shown that Lp(a)/apo(a) can compete with plasminogen for 

binding on the endothelial cell surface and hence inhibit plasminogen activation [44].
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Binding of plasminogen to the cell surface initiates pericellular plasminogen activation 

through interaction with its respective plasminogen activators: tPA and uPA. Both tPA 

and uPA have been shown to be expressed in a variety of cell types, including endothelial 

cells for tPA [51] and lung, kidney, and several tumor cell lines for uPA [52, 53].
 
It has 

been shown that tPA can directly bind to various cell types other than endothelial cells, 

such as platelets, monocytes, and monocytoid cells [30, 39, 54, 55]. Lp(a) was reported to 

inhibit plasminogen activation on the surface of resting platelets by inhibiting 

plasminogen and tPA binding [56]. Therefore, the effects of apo(a) and Lp(a) on tPA-

mediated pericellular plasminogen activation on vascular cells were evaluated. 

Plasminogen receptors are a heterogeneous and ubiquitously present group of cell 

surface proteins [38]. Plasminogen receptors have been shown to contain carboxyl-

terminal lysine residues that bind plasminogen [38]. Removal of these carboxyl-terminal 

lysines destroys the ability of this subset of receptors to bind to plasminogen and support 

its activation [38]. However, not all plasminogen receptors contain a carboxyl-terminal 

lysine, with examples of this type being actin, amphoterin, αVβ3, αMβ2, and αIIbβ3 [57]. 

Binding of plasminogen to these receptors presumably converts plasminogen from its 

native closed conformation into a more open and highly activatable form [38]. The initial 

plasmin generated on the cell surface begins to catalyze the positive feedback mechanism 

of converting Glu- to Lys-plasminogen, the latter of which is itself more readily 

activatable [32]. Furthermore, the plasmin generated on the surface of the cells is 

protected from its natural inhibitor α2-antiplasmin [31]. In the context of fibrin, carboxyl 

terminal lysines have been shown to play a crucial role in regulating plasminogen 
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activation [25, 58]. Hence, the role of carboxyl-terminal lysines on the cell surface was 

also of interest in this study.
 
 

 Our studies, for the first time, have directly demonstrated that apo(a) is capable of 

inhibiting pericellular plasminogen activation. We showed this to be the case with two 

different recombinant apo(a) species, 12K and 17K, representing physiologically-relevant 

apo(a) isoforms. Interestingly, the 12K and 17K were similar in their ability to inhibit 

pericellular plasminogen activation. This suggests that the number of KIV type 2 repeats 

do not dictate the level of inhibition which is in agreement with the findings of Hancock 

and co-workers in the context of fibrin [33]. On the other hand, studies using a wider 

array of apo(a) sizes in the context of an intact Lp(a) particle have reported an inverse 

relationship between isoform size and the ability of Lp(a) to inhibit fibrinolysis and 

interfere with plasminogen binding to fibrin [59, 60], while larger Lp(a) isoforms were 

found to bind with less affinity to THP-1 monocytes [61]. Therefore, additional studies 

are required to assess the possibility that inhibition of pericellular plasminogen activation 

by apo(a)/Lp(a) is also isoform-size dependent. 

 The concentration of circulating plasminogen in plasma is 2.2 μM [62] whereas 

the concentration of Lp(a) varies from 1 to greater than 100 mg/dL, which is 

approximately equal to 0.01 to 1 μM [4].
 
The molar concentration of plasminogen 

circulating in the blood is generally greater than that of apo(a); however apo(a) has been 

shown to accumulate within atherosclerotic lesions and carotid plaques, likely due to its 

ability to interact with a wide variety of extracellular matrix elements [63-65].
 

Importantly, we showed that the ability of apo(a) and Lp(a) to inhibit pericellular 

plasminogen activation was strictly dependent on the presence of cells (Figs. 2.1, 2.3). 
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This likely reflects the ability of apo(a) to influence binding of plasminogen and/or tPA 

to the cells, although in our own binding studies we were not able to conclusively 

determine the extent to which apo(a) and plasminogen compete for binding to the cells 

(Suppl. Fig. 2.3). 

 Previous studies have identified specific domains of apo(a) that mediate its 

inhibitory effect on plasminogen activation as well as Glu-plasminogen to Lys-

plasminogen conversion on the fibrin surface [33, 34]. Ablation of the strong LBS in 

kringle IV type 10 was shown to substantially reduce the inhibitory effect of apo(a) 

whereas removal of kringle V abolished the effect in plasminogen activation on fibrin 

[33]. Critical roles for kringle IV types 5-9 and kringle V were identified in inhibiting 

Glu- to Lys-plasminogen conversion on fibrin [34]. Interestingly, apo(a) from baboons 

and rhesus monkeys do not contain kringle V and are not prone to atherosclerosis [66, 

67]. In the case of baboons, the absence of KV renders the Lp(a) particle incapable of 

binding to lysine despite the presence of an intact strong LBS in KIV10 [66]. On the other 

hand, in our previous studies of SMCs, we found that KIV9, but not the strong LBS in 

KIV10, mediated a decrease in TGF-β activation in a mechanism that was dependent on 

the presence of plasminogen (and thus, presumably, an effect on plasminogen activation) 

[35]. Therefore, there may be cell-type differences in the mechanisms through which 

apo(a)/Lp(a) interferes with plasminogen activation. This may in turn reflect different 

cohorts of plasminogen – or apo(a) – receptors on difference cell types.  

We show here that the strong LBS in kringle IV type 10 as well as kringle V are 

essential for the inhibitory effects of apo(a) on pericellular plasminogen activation on 

THP-1 monocytes, THP-1 macrophages, and HUVECs. In fact, removal of theses 
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domains had the unexpected effect of enhancing plasminogen activation on the vascular 

cells tested. We suspect that these effects are related to the ability of apo(a) to bind to 

plasminogen in solution [46]. Indeed, from experiments conducted in the presence and 

absence of cells, it appears this enhancing effect of 17KΔLBS10, 17KΔV and 12KΔV is 

unaffected by the presence or absence of cells. However, 12K and 17K r-apo(a) do not 

enhance plasminogen activation in the absence of cells. Accordingly, we must 

hypothesize that 17KΔLBS10 and 12KΔV bind plasminogen in such a way that promotes 

its solution-phase activation, while intact 12K or 17K do not. 

The ability of Lp(a) to inhibiting plasminogen activation was also evaluated (Fig. 

2.3). Lp(a) was found to inhibit plasminogen activation, to the same extent as 17K, on 

HUVECs and to a much lesser extent on THP-1 monocytes. Plasminogen activation was 

not inhibited with the low concentration of Lp(a) utilized, ~7 mg/ dL, on THP-1 

macrophages. We were restricted to a relatively low concentration of Lp(a) by the 

concentration of the preparation. The concentration utilized is less than the cardiovascular 

risk factor of Lp(a) levels >50 mg/ dL and could account for the lack of effect on THP-1 

macrophages, possibly due to more rapid uptake of Lp(a) by these cells for example by 

the apo(a)/Lp(a) receptor identified by Keesler and coworkers [48].  

The importance of carboxyl terminal lysine receptors was determined in vascular 

and blood cells. Overall, CpB treatment had modest but significant decreasing effects on 

plasminogen activation and on plasminogen and apo(a) binding (Fig. 2.4), with CpB 

treatment never decreasing binding or activation to below 50% of control. The exception 

to this was in HUVECs, where apo(a) bound in a manner completely independent of 

carboxyl-terminal lysines (Fig. 2.4F). Addition of the lysine analogue ε-ACA had a more 
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profound effect on plasminogen or apo(a) binding, which may suggest that some binding 

sites may have represented internal, as compared to carboxyl-terminal, lysine residues. 

Because of its profound effects on plasminogen conformation, we were unable to assess 

the effects of ε-ACA on plasminogen activation. Nonetheless, the available data suggest 

that the inhibition of plasminogen activation by apo(a) is not dependent on carboxyl-

terminal lysines, since CpB treatment of the cells had only a small effect, if any, on the 

extent of the inhibition. If carboxyl-lysines played a role (such as mediating the binding 

of apo(a), plasminogen, or tPA required for the inhibition) inhibition by apo(a) would 

have been eliminated, when in fact it was only minimally impacted (Fig. 2.4A, C, E). 

Indeed, in HUVECs, where apo(a) is able to inhibit plasminogen activation over 50%, 

apo(a) binding is completely independent of carboxyl-terminal lysines (Fig. 2.4). It is 

reasonable to hypothesize, then, that if lysines do play a role, they would be internal 

lysines in cell-surface receptors.  

Apo(a) has been shown in this current study to play a crucial role in regulating 

plasminogen activation on vascular cells attributable to kringle V and the strong LBS site 

in kringle IV type 10. What remains to be determined are the identities of the receptors 

that presumably mediate these effects. Moreover, it must be evaluated if the inhibition of 

plasminogen activation by apo(a) results from competition between these proteins for 

binding sites on cells and/or is a consequence of the ability of apo(a) to inhibit 

plasminogen activation via interference with the positive feedback mechanism of Glu- to 

Lys-plasminogen conversion.  
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2.7 SUPPORTING INFORMATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2.1: Effect of acid washing on the binding of 17K apo(a) or 

plasminogen to THP-1 monocytes. (A), THP-1 macrophages (B), or HUVECs (C). After 

incubating fluorescently-labeled apo(a) or plasminogen (400 nM) with the cells, we 

conducted a series of acid washes in order to assess whether we are detecting bound or 

internalized plasminogen or apo(a). The acid wash (two or three washes with 0.2 M 

acetic acid pH 2.5, 0.5 M NaCl) will remove any surface bound plasminogen or apo(a). 

Upon acid wash of the three cell types, a substantial decrease in the amount of bound 

plasminogen/apo(a) was detected indicating that the majority is surface bound and not 

internalized. The minimal amount detected following acid wash could either be residual 

bound plasminogen/ apo(a) (i.e. non-specific binding) or a small amount that was 

internalized. The results shown are the mean ± s.e.m. of 3 – 6 independent experiments. 

Asterisks: p < 0.05 versus absence of acid wash. 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2.2: Apo(a) competition binding experiments. Binding of 

Alexa-labeled 17K apo(a) (400 nM) to THP-1 monocytes (A), THP-1 macrophages (B), 

or HUVECs (C) was conducted in the absence or presence of unlabeled 17K apo(a) (400 

to 1600 nM; i.e. up to a 4-fold molar excess). Based on our experiments with ε-ACA, we 

believe that at least 80% of the apo(a) binding is specific in THP-1 monocytes and 

macrophages (see Fig. 2.4B, D). As ε-ACA did not inhibit apo(a) binding to HUVECs 

(nor did CpB), we were not able to make the same estimation, although an acid-wash step 

similarly eliminated at least 80% of the binding (see above). We thus attempted to “self-

compete” the binding to HUVECs of Alexa-labeled apo(a) with unlabeled apo(a). The 

results show a decrease in labeled apo(a) binding in THP-1 monocytes or macrophages, 

although the extent of the decrease was small at the relatively small molar excesses that 

we attempted. The results shown are the mean ± s.e.m. of 3 – 6 independent experiments. 

Asterisks: p < 0.05 versus absence of unlabeled apo(a).  
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Supplementary Figure 2.3: Plasminogen competition binding experiments. Effect of 

unlabeled plasminogen on the binding of Alexa-labeled 17K apo(a) to THP-1 monocytes 

(A), THP-1 macrophages (B), or HUVECs (C). Effect of unlabeled 17K apo(a) on the 

binding of Alexa-labeled plasminogen to THP-1 monocytes (D), THP-1 macrophages 

(E), or HUVECs (F). Binding experiments were conducted with 400 nM Alexa-labeled 

17K apo(a) or plasminogen in the absence or presence of unlabeled plasminogen or 17K 

apo(a). Assessment of the effect of plasminogen on apo(a) binding is perilous because of 

the ability of apo(a) and plasminogen to  bind [Sangrar, W., B. R. Gabel, M. B. Boffa, J. 

B. Walker, M. A. Hancock, S. M. Marcovina, A. J. Horrevoets., M. E. Nesheim, and M. 

L. Koschinsky. 1997. The solution phase interaction between apolipoprotein(a) and 

plasminogen inhibits the binding of plasminogen to a plasmin-modified fibrinogen 

surface. Biochemistry. 36: 10353-10363] such that addition of an unlabeled excess of one 

may not decrease the binding of the other. In any event, whether the competitor genuinely 

competes for a binding site or merely prevents binding to the cell surface through a 

solution-phase interaction cannot be distinguished. Lack of competition may indicate 

binding to different binding sites. The data show that unlabeled plasminogen does not 

compete for binding of labeled apo(a), while unlabeled apo(a) does compete for binding 

of labeled plasminogen. It is possible that the putative apo(a)/plasminogen complex binds 

to apo(a) binding sites but not to plasminogen binding sites, or that apo(a) binds to sites 

that either do or do not binding to plasminogen. The results shown are the mean ± s.e.m. 

of 3 – 6 independent experiments. Asterisks: p<0.05 versus absence of unlabeled 

competitor. 
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3.1 SUMMARY 

Lipoprotein(a) [Lp(a)] is an enigmatic lipoprotein which has been identified as an 

independent, causal risk factor for coronary heart disease. Lp(a) consists of a low-density 

lipoprotein (LDL) moiety covalently linked to the unique glycoprotein apolipoprotein(a) 

[apo(a)]. Apo(a) is homologous to the fibrinolytic zymogen plasminogen and thus may 

interfere with plasminogen activation. Conversion by native Glu-plasminogen by plasmin 

to the more readily activatable Lys-plasminogen greatly accelerates plasminogen 

activation and is necessary for optimal stimulation of plasminogen activation on 

endothelial cells. Lp(a)/apo(a) has been previously shown to inhibit pericellular 

plasminogen activation on vascular cells, but the mechanism underling these observations 

is unknown. We therefore explored whether apo(a) can inhibit pericellular Glu- to Lys-

plasminogen conversion on cell surfaces. A physiologically relevant recombinant version 

of apo(a) (17K) significantly inhibits plasmin-mediated Glu- to Lys-plasminogen 

conversion on human umbilical vein endothelial cells (HUVECs) and smooth muscle 

cells (SMCs). All isoforms of apo(a) that were analyzed, ranging in size from 3 to 21 

kringle IV type 2 repeats, were able to inhibit conversion to a similar extent. Removal of 

the kringle V and protease domain of apo(a) strongly reduces the ability of apo(a) to 

inhibit conversion on HUVECs and SMCs. Removing the strong lysine binding site in 

KIV10 of apo(a) abolishes its ability to inhibit conversion on HUVECs and, to a lesser 

extent, on SMCs. These results indicate a novel mechanism in which apo(a) inhibits the 

positive feedback mechanism that accelerates plasmin formation on vascular cells. 
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3.2 BACKGROUND 

Plasma lipoprotein(a) [Lp(a)] levels vary dramatically within the human 

population, ranging between individuals from undetectable to greater than 100 mg/dL [1, 

2]. Elevated levels of Lp(a) – greater than 30-50 mg/dL – have been established as a 

causal, independent risk factor for atherothrombotic disorders including coronary heart 

disease (CHD) [3-5]. Lp(a) is similar in lipid composition to low-density lipoprotein 

(LDL) and contains apolipoproteinB-100 (apoB-100) [6]. However, Lp(a) constitutes a 

distinct lipoprotein class in that it also contains the unique glycoprotein apolipoprotein(a) 

[apo(a)] [7]. Apo(a) is evolutionarily related to the fibrinolytic proenzyme plasminogen 

[8]: apo(a) consists of multiple copies of a plasminogen kringle IV (KIV)-like domain 

followed by a plasminogen kringle V (KV)-like domain and an inactive protease domain 

[9]. Unlike plasminogen, apo(a) consists of multiple copies of KIV that are classified as 

10 distinct subtypes based on amino acid sequence (KIV1 to KIV10) [8]. Apo(a) isoform 

size is genetically determined based on variation in allele size of LPA (the gene encoding 

apo(a)) which results in varying numbers of identically repeating copies of KIV2 [10-12]. 

The number of identically repeated copies of KIV2 can vary from 3 to >40 which gives 

rise to the isoform size heterogeneity of Lp(a) observed in the human population [12]. 

Lp(a)/apo(a) has been previously reported to inhibit both in vitro and in vivo 

fibrin clot lysis [13-15] and plasminogen activation on fibrin or degraded fibrin [16]. This 

is partially attributable to the ability of apo(a) to inhibit the positive feedback mechanism 

of Glu-plasminogen to Lys-plasminogen conversion [17]. Recently, it has been shown 

that Lp(a)/apo(a) can inhibit pericellular plasminogen activation on human umbilical vein 

endothelial cells (HUVECs), human acute monocytic leukemia (THP-1) cells, and THP-1 
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cells differentiated into macrophages [18]. Plasmin generation is crucial for fibrinolysis, 

angiogenesis, cell migration and proliferation, wound healing, and tumor cell invasion 

and metastasis [19-24].  

Binding of native Glu-plasminogen to fibrin or cell surfaces greatly accelerates 

plasminogen activation [25-26]. Glu-plasminogen exhibits a tight, spiral structure [27] 

and is thought to adopt a more open conformation that is more readily activated when 

bound to fibrin or cell surfaces [28]. Glu-plasminogen can also be converted by plasmin 

cleavage at Lys
77

 to form Lys-plasminogen which can be more readily activated by 

plasminogen activators as it is in a more open, extended conformation compared to the 

native circulating Glu-plasminogen [25, 27]. Lys-plasminogen can also bind with a 

higher affinity to substrates such as fibrin which further accelerates plasmin formation 

[29-31]. Conversion of Glu- to Lys-plasminogen is also necessary for optimal activation 

of plasminogen on HUVECs and monocytoid cells [26, 32]; stimulation of Glu- to Lys-

plasminogen conversion is the main mechanism by which cell surfaces accelerate 

plasminogen activation. Once Lys-plasminogen is formed, it is more readily converted to 

plasmin in solution by tPA or uPA [26, 32, 33].  

In the present study, we evaluated the mechanism by which apo(a) can inhibit 

pericellular plasminogen activation on HUVECs and smooth muscle cells (SMCs), 

focusing specifically on the effect of apo(a) on plasmin-mediated Glu- to Lys-

plasminogen conversion on these cell surfaces. 
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3.3 METHODS 

 

3.3.1 Cell culture 

Human umbilical vein endothelial cells (HUVECs) were obtained from Clonetics 

and maintained in EBM-2 media supplemented with the EGM-2 bulletkit (Lonza). 

Smooth muscle cells (SMCs) were obtained from Clonetics and maintained in smooth 

muscle basal medium (SmBM) medium (Lonza) supplemented with the SmGM-2 bullet 

kit (Lonza). Human embryonic kidney cells (HEK293) cells were maintained in MEM 

(GIBCO) containing 5% fetal bovine serum (FBS; GIBCO) and 1% antibiotic-

antimycotic (GIBCO). Baby hamster kidney (BHK-21) cells were maintained in DMEM 

(GIBCO) containing 5% newborn calf serum (NCS; Sigma) and 1% antibiotic-

antimycotic (GIBCO). All cells were maintained in a humidified incubator at 37°C and 

95% air/5% CO2 atmosphere. All experiments were conducted at passage five for both 

HUVECS and SMCs. 

 

3.3.2 Construction, expression, and purification of recombinant apo(a) 

The recombinant apo(a) (r-apo(a)) variants used in this study are shown 

schematically in Fig. 3.1. The construction and expression of the r-apo(a) variants have 

been previously described [9, 16, 34-36]. Briefly, the expression plasmids used to express 

the r-apo(a) variants were constructed in the pRK5 vector containing a cytomegalovirus 

promoter and SV40 transcription termination signal. Expression plasmids encoding the 

recombinant apo(a) (r-apo(a)) variants 12K, 12KΔV, 14K, 17K, 17KΔLBS10, 17KΔP, 

17KΔV, 23K, and 30K were transfected into HEK293 and stably-expressing cell lines 

derived. Recombinant proteins were purified from cell-conditioned medium using lysine-
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Sepharose affinity chromatography. Protein concentrations were determined using 

absorbance measurements taken at 280 nm and extinction coefficients corresponding to 

each respective variant as previously described [9, 16, 34-36]. Purity of the proteins was 

confirmed by SDS-PAGE under non-reduced and reduced conditions followed by silver 

staining. 
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Figure 3.1: Recombinant-apo(a) constructs utilized in study. The domain structure of 

the full-length r-apo(a) constructs is presented, where KIV and KV denote kringle 

homologous to plasminogen kringles 4 and 5, respectively, and P represents the 

plasminogen-like protease domain. The bar indicates the location of the free-cysteine by 

which apo(a) is covalently bound to apoB-100 in the Lp(a) particle. Mutations and 

deletions of specific domains are schematized, with the circle representing an Asp.→ Ala 

mutation at position 57 of KIV10 that abolishes the strong LBS in this kringle. 
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3.3.3 Construction, expression, purification, and labeling of recombinant 

plasminogen 

The construction and expression of plasminogen has been previously described 

[16, 36]. Briefly, full length plasminogen cDNA was inserted into the multiple-cloning 

site of the pNUT expression vector, followed by site-directed mutagenesis to achieve a 

recombinant variant of plasminogen containing a serine to cysteine mutation (S741C) in 

the active site. The plasmid was then transfected into BHK-21 cells to produce a stably-

expressing cell line. Recombinant plasminogen in cell-conditioned medium was purified 

using affinity chromatography over lysine-Sepharose. Purified plasminogen was 

fluorescently labeled using the cysteine-specific fluorescent probe, 5-

iodoacetamidofluorescein (5’-IAF). Protein concentrations were determined using 

absorbance measurements taken at 280 nm (extinction coefficient of 1.6 M
-1 

cm
-
1) and 

corrected for the contribution of fluorescein (A280 = 0.19×A495). Purity of the protein was 

confirmed by SDS-PAGE under non-reduced and reduced conditions followed by silver 

staining. 

 

3.3.4 Measurement of Plasmin-Mediated Conversion of Glu-Plasminogen to Lys-

Plasminogen 

Passage five HUVECs and SMCs were grown to confluence in a 24-well cell 

culture plate and washed two times with Hanks buffered salt solution (HBSS; 0.137 M 

NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM 

MgSO4, 4.2 mM NaHCO3, 1 g/L glucose, pH 7.4) containing 0.1% (w/v) BSA (HBSS-

BSA). The cells were treated with 200 μL of a solution containing 50 nM fluorescently 

labelled recombinant-Glu-plasminogen, 5 nM Lys-plasmin (Haematologic Technologies 
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Inc.), and various concentrations of r-apo(a) (ranging from 0 to 400 nM) in HBSS-BSA. 

Reactions were terminated by rapidly washing the cells once with HBSS-BSA then 

adding 100 μL of reducing sample buffer (31.2 mM Tris, pH 7.2, 2% SDS, 10% sucrose, 

0.002% bromophenol blue, 15 mM dithiothreitol, 10mM EDTA, 10 mM benzamidine, 2 

mM phenylmethylsulfonyl fluoride, 10 μg/ml soybean trypsin inhibitor (Sigma), 0.02% 

NaN3, 5 units/ml Trasylol, 50 mM ε-aminocaproic acid (ε-ACA)). This technique has 

been previously shown to capture greater than 90% of the cell-associated plasminogen 

with minimal contamination by unbound plasminogen [26]. Samples were subjected to 

7% SDS-PAGE under reducing conditions. The resulting gels were exposed under a cy2 

lens using the FluoroChem Q system (AlphaInnotech) to visualize Glu- and Lys-

plasminogen utilizing the fluorescent tag on plasminogen. Band intensities were 

determined using Alpha View software (AlphaInnotech). Percent conversion values were 

calculated by dividing the Lys-plasminogen band intensity with the sum of the Glu- and 

Lys-plasminogen band intensities. Experiments were performed in the absence of cells in 

a 1.5 mL amber tube (Eppendorf) at 37°C, with the same concentrations of plasminogen, 

plasmin, and r-apo(a) as above. At specific time points, a sample of the solution was 

removed followed by the addition of reducing sample buffer in a 1:1 ratio. The samples 

were then subjected to SDS-PAGE and imaging as above. 

 

3.3.5 Statistical Methods 

 Comparisons between data sets were performed using two-tailed Student t-test 

assuming unequal variance. Statistical significance was presumed at p<0.05.  
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3.4 RESULTS 

Previous work has shown that plasmin-mediated conversion of Glu- to Lys-

plasminogen is necessary for optimal stimulation of plasminogen activation on HUVECs 

[26]. We have previously reported that apo(a) can inhibit plasminogen activation as well 

as the conversion of Glu- to Lys-plasminogen on the fibrin surface [16, 17]. We have also 

reported that apo(a) can inhibit pericellular plasminogen activation on the surface of 

vascular cells [18]. In this study, we determined the effect of apo(a) on pericellular Glu- 

to Lys-plasminogen conversion by plasmin. We utilized a recombinant variant of 

plasminogen that contains a Ser to Cys mutation in the active site such that no plasmin 

activity develops upon cleavage of the variant with plasminogen activators [36]. 

Therefore, no plasmin beyond that added to the reaction is formed which prevents 

positive feedback in the conversion reaction. Moreover, the mutation allows labeling of 

the recombinant plasminogen with a fluorophore containing a sulfhydryl-directed 

functional group, allowing for detection specifically of the Glu-plasminogen substrate 

and its Lys-plasminogen product following electrophoretic separation of the reactions. 

We used a washing technique that specifically captures the cell-associated plasminogen 

forms with minimal contamination from the reactants in the cell medium [26].  

HUVECs and SMCs were treated with 50 nM labeled recombinant plasminogen, 

5 nM plasmin, and various concentrations of r-apo(a) and at specific time points the 

reaction was terminated through the addition of reduced sample buffer directly to the 

cells. Following resolution of Glu- and Lys-plasminogen by SDS-PAGE, the extent of 

conversion was determined by dividing the Lys-plasminogen band intensity with the sum 

of the Glu- and Lys-plasminogen bands intensities. Shown in Fig. 3.2 are representative 



108 

 

gels showing the effect of apo(a) on Glu- to Lys-plasminogen conversion on the surface 

of HUVECs (Fig. 3.2A), SMCs (Fig. 3.2B), and in the absence of cells (Fig. 3.2C). 
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Figure 3.2: Inhibition of plasmin-mediated Glu- to Lys-plasminogen conversion by 

apo(a). Reactions contained 50 nM fluorescently labeled Glu-plasminogen (in which the 

active site serine is mutated to a cysteine and fluorescently labeled), 5 nM plasmin, and 

various concentrations of r-apo(a). At specific time points, the cells were washed and 

reactions were terminated by the addition of SDS-PAGE sample buffer. In the absence of 

cells, sample buffer was added in a 1:1 ratio to reaction mixture to terminate reactions at 

specific time points. Samples were subjected to SDS-PAGE and Glu- and Lys-

plasminogen bands were observed and quantified by fluorescence image analysis 

Representative gels are shown for the effect of apo(a) on Glu- to Lys-plasminogen 

conversion on (A) HUVECs, (B) SMCs, and (C) in the absence of cells. Glu- and Lys-

plasminogen (Pg) are the upper and lower bands, respectively, on the gels.  
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We performed both a titration of the physiologically relevant 17K r-apo(a) variant 

as well as a time course of the conversion reaction on HUVECs. Conversion in the 

absence of apo(a) is initially rapid, with the rate slowing considerably after 30 minutes 

(Fig. 3.3A). Addition of 17K r-apo(a) results in a dose-dependent decrease in the extent 

of conversion at all time points, with the maximal effect of 17K r-apo(a) being an almost 

60% decrease in conversion at 400 nM 17K at 20 minutes. 

We next utilized a series of r-apo(a) containing deletions of either specific 

domains or point mutations (Fig. 3.1) in order to assess which sequences of apo(a) 

mediate the ability of 17K to inhibit Glu- to Lys-plasminogen conversion on HUVECs. 

Removal of the protease domain and kringle V domain of 17K resulted in at least a 50% 

decrease in the ability to inhibit conversion on HUVECs (Fig. 3.3B). Removal of the 

strong lysine binding site (LBS) in kringle IV type 10 (17KΔLBS10) abolishes the ability 

of 17K to inhibit Glu- to Lys-plasminogen conversion on HUVECs (Fig. 3.3B). 

In order to determine if the effect of deleting certain domains is isoform-

dependent, we analyzed the inhibitory effect of 12KΔV in comparison to 12K. As with 

17K and 17KΔV, kringle V in 12K is required for maximal inhibition on HUVECs (Fig. 

3.3C), with the loss of this kringle resulting in at least a 50% decrease in the extent of 

inhibition. 
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Figure 3.3: Inhibition by apo(a) of Glu- to Lys-plasminogen conversion on HUVECs. 

HUVECs were grown to confluence in a 24 well plate and conversion experiments were 

conducted as described in the legend to Fig. 3.2. Percent conversion values were 

calculated by dividing the Lys-plasminogen band intensity with the sum of the Glu- and 

Lys-plasminogen band intensities. (A) Titration of 17K r-apo(a) on HUVECs. Data 

shown are the means ± standard error of the mean (SEM) from at least seven independent 

experiments. **: p<0.01 for each concentration of 17K (100, 200, and 400 nM) in 

comparison to plasminogen alone. (B) Examination of a series of domain 

deletions/mutations (see Fig. 3.1), each at 400 nM. Data shown are the means ± SEM 

from at least three independent experiments. **: p<0.01 for 17K in comparison to 

plasminogen alone. #:p<0.05 and ##: p<0.01 for 17KΔP in comparison to plasminogen 

alone. ǂ: p<0.05 and ǂ ǂ:p<0.01 for 17KΔV in comparison to plasminogen alone. (C) 

Comparison of the effects of 12K and 12KΔV. Data show are the means ± SEM from at 

least three independent experiments. *:p<0.05 and **: p<0.01 for 12KΔV in comparison 

to plasminogen alone. ǂ: p<0.05 and ǂ ǂ:p<0.01 for 12KΔV in comparison to 12K. 
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A series of r-apo(a) variants containing different numbers of KIV2 repeats (Fig. 

3.1) was utilized in order to assess whether apo(a) isoform size contributes to the 

inhibitory effect of Glu- to Lys-plasminogen conversion on HUVECs. All isoforms tested 

were able to inhibit Glu- to Lys-plasminogen conversion to a similar extent (Fig. 3.4), 

with no trend with respect to size apparent.  
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Figure 3.4: Effect of r-apo(a) isoform size on Glu- to Lys-plasminogen conversion on 

HUVECs. Conversion experiments were conducted as described in the legend to Fig. 3.2 

in the presence of 400 nM r-apo(a) variants differing in the number of KIV2 repeats (see 

Fig. 3.1). Data shown are the means ± SEM from at least three independent experiments. 

**: p<0.01 for all isoforms tested (12K, 14K, 17K, 23K, and 30K) at each time points 10, 

20, 30, 60 and 100 nM in comparison to plasminogen alone.  
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The ability of apo(a) to inhibit Glu- to Lys-plasminogen conversion on SMCs was 

also evaluated. The same dose-dependent decrease in Glu- to Lys-plasminogen 

conversion is observed on SMCs as was seen on HUVECs following the addition of 17K 

(Fig. 3.5A). Compared to on HUVECs, there is a more rapid initial increase in the rate of 

conversion in the absence of apo(a), and the maximal inhibitory effect of 17K occurs 

sooner and is greater in magnitude. Removal of the strong LBS significantly abrogates 

the inhibitory effect of 17K (Fig. 3.5B), but unlike in HUVECs this variant retains some 

inhibitory effect in SMCs, at least at early time points.  
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Figure 3.5: Inhibition by apo(a) of Glu- to Lys-plasminogen conversion on SMCs. 

Conversion experiments were conducted as described in the legend to Fig. 3.2. (A) 

Titration of 17K r-apo(a) on SMCs Data shown are the means ± SEM from at least four 

independent experiments. **: p<0.01 for each concentration of 17K (100, 200, and 400 

nM) in comparison to plasminogen alone. (B) Comparison of 17K and KIVΔLBS10 (each 

at 400 nM). Data shown are the means ± SEM from at least four independent 

experiments. **: p<0.01 for 17KΔLBS10 in comparison to plasminogen alone. ǂǂ:p<0.01 

for 17KΔLBS10 in comparison to 17K.  
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Previous work has also shown that plasminogen activation and Glu- to Lys-

plasminogen conversion is greatly accelerated on fibrin or cell surfaces compared to in 

solution [17, 18]. In our assays, the percent Glu- to Lys-plasminogen conversion for 

HUVECs or SMCs compared to the reaction in solution was reduced by 73% and 82% 

respectively at the 10 min time point (Fig. 3.6). Interestingly, 17K retains the ability to 

inhibit Glu- to Lys-plasminogen conversion in the absence of cells, with the percentage 

decrease being of a similar magnitude to that observed on cells (Fig. 3.6). 
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Figure 3.6: Comparison of Glu- to Lys-plasminogen conversion in the presence or 

absence of cells. Conversion experiments were conducted as described in the legend to 

Fig. 3.2. Data shown are the means ± SEM from at least three independent experiments. 

*:p<0.05 for comparison of plasminogen alone between HUVECs and SMCs. ǂ: p<0.05 

and ǂǂ:p<0.01 for comparison of plasminogen alone and 17K in the absence of cells.  
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3.5 DISCUSSION 

 It has been previously shown that Lp(a)/apo(a) can inhibit pericellular 

plasminogen activation on HUVECs, THP-1 monocytes, and THP-1 cells differentiated 

into macrophages [18]. However, the mechanism by which Lp(a)/apo(a) can inhibit this 

process is unknown. Lp(a)/apo(a) can inhibit plasminogen activation on the fibrin 

surface, in part, through inhibiting plasmin-mediated Glu- to Lys-plasminogen 

conversion [17]. This mechanism has also been shown to be crucial for the ability of cell 

surfaces to accelerate plasminogen activation [26, 32]. In this scenario, binding of Glu-

plasminogen (closed conformation) to cells increases the rate at which plasmin cleaves 

the protein to form Lys-plasminogen (open conformation), which is then activated at a 

much higher rate by plasminogen activators in solution. Glu-plasminogen is in a closed, 

spiral conformation that limits accessibility of the plasmin cleavage site at Lys
77

 as well 

as the tPA/uPA cleavage site at Arg
562

; conversion to Lys-plasminogen results in an open, 

extended conformation that relieves the latter conformational barrier. Presumably, 

binding of Glu-plasminogen to lysine-containing cell surface receptors similarly results in 

a more open conformation that promotes cleavage by plasmin to form Lys-plasminogen. 

Note that this model contrasts with earlier models that assumed that cell surfaces 

constitute a template to which Glu-plasminogen and plasminogen activators bind to form 

a ternary complex that accelerates plasminogen activation, in a manner analogous to the 

role of fibrin surfaces [26, 32]. 

Therefore, the current study set out to determine if apo(a) inhibits pericellular 

plasminogen activation specifically through inhibition of plasmin-mediated Glu- to Lys-

plasminogen conversion. We found that, indeed, apo(a) can act as a potent inhibitor of 
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Glu- to Lys-plasminogen conversion on two vascular cell types: HUVECs and SMCs. 

The magnitude of the reduction (over 2-fold) is in keeping with our recent report of the 

effect of apo(a) on plasminogen activation on vascular and blood cells [18]. Together 

these findings suggest that inhibition of Glu- to Lys-plasminogen conversion is crucial to 

the overall mechanism of plasminogen activation inhibition by apo(a).  

We found that Glu- to Lys-plasminogen conversion is significantly accelerated in 

the presence of cells compared to that observed in solution. Moreover, in the current 

study, apo(a) was able to inhibit conversion in the absence of cells. These results 

contradict previous findings which demonstrated that apo(a) accelerates Glu- to Lys-

plasminogen conversion in the absence of fibrin [17]. The differences observed could be 

due to the contrast in the ratio of plasminogen:plasmin:apo(a) in the two systems. 

Nonetheless, apo(a) was not able to accelerate pericellular plasminogen activation in the 

absence of cells as was observed in the current study [18].  

In order to gain mechanistic insights, we investigated the importance of specific 

domains of apo(a) which mediate its inhibitory capabilities in Glu- to Lys-plasminogen 

conversion. In the current study, we identified a crucial role for the strong LBS present in 

KIV type 10 in the inhibition of Glu- to Lys-plasminogen conversion. A mutant form of 

apo(a) lacking this LBS was completely unable to inhibit conversion on HUVECs and 

was considerably reduced in its ability to inhibit conversion on SMCs. As well, key roles 

were identified for the protease and KV domains. Removal of these domains resulted in a 

reduced ability of apo(a) to inhibit Glu- to Lys-plasminogen conversion on both cell 

types. The strong LBS and KV domain have been previously shown to be crucial for 

inhibiting plasminogen activation on HUVECs and THP-1 monocytes and macrophages, 
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with removal of either of these elements rendering apo(a) completely incapable of 

inhibition [18]. In addition, we found that apo(a) (at a concentration of 100 nM) inhibits 

plasminogen activation on SMCs and that removal of the KIV10 strong LBS abolished 

this effect (R.R. and M.L.K., unpublished data). It is notable, however, that removal of 

the KIV10 LBS and KV does not always abolish the ability of apo(a) to inhibit Glu- to 

Lys-plasminogen conversion (Figs. 3.3, 3.5) suggesting that other mechanisms may also 

contribute to inhibition of pericellular plasminogen activation. We previously found that 

apo(a) can bind to plasminogen in solution [34, 37] which may inhibit the ability of tPA 

to cleave plasminogen in solution. 

Previous results have shown that the protease domain of apo(a) is crucial for its 

ability to bind to plasminogen in solution, whereas the strong LBS in KIV10 had no effect 

on this interaction [34]. The role of KV in this solution phase interaction is not known. In 

the present study, removal of the strong LBS abolishes the inhibition of Glu- to Lys-

plasminogen conversion on HUVECs and to a less extent on SMCs whereas removal of 

the protease domain only partially decreases inhibition of conversion on HUVECs. These 

results suggest that the predominant mechanism of the ability of apo(a) to inhibit 

conversion is not due to the interaction of apo(a) and plasminogen in solution. 

Furthermore, previous studies have shown that apo(a) can bind to Glu-plasminogen with 

high affinity (KD ~0.3 µM) but to Lys-plasminogen with much lower affinity (KD >50 

µM) [37]. It is likely that apo(a) is inhibiting conversion either (i) through binding to 

Glu-plasminogen on the cell surface and inhibiting its ability to be cleaved by plasmin; or 

(ii) through preventing Glu-plasminogen from binding to the cell surface. Lp(a) has been 

previously shown to compete with plasminogen for binding to various cells [38]. Our 
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own work showed that 17K apo(a) could decrease binding of plasminogen to HUVECs 

and THP-1 cells, although plasminogen could not decrease 17K binding [18]. The role of 

the solution phase interaction between apo(a) and plasminogen on these effects is 

unclear. In light of the limited effect of removal of the protease domain in the current 

work, it is clear that there are complexities in the binding of apo(a) and plasminogen – 

both to each other and to cells – that will require a more detailed analysis with our r-

apo(a) variants.   

 Various apo(a) isoform sizes were also analyzed in order to determine the 

importance of the number of KIV2 domains in inhibiting conversion. Smaller isoforms of 

apo(a) – <22 KIV domains – have been identified as a risk factor for CHD [39]. While 

one study found that smaller isoforms are a risk factor for early atherosclerosis 

irrespective of Lp(a) concentration [40], the extent to which small apo(a) isoforms are a 

truly independent risk factor remains unclear. Lp(a) species containing smaller apo(a) 

isoforms bind more avidly to fibrin [41] and appear to cause hypofibrinolysis [42]. It has 

also been shown that smaller isoforms of Lp(a) bind with higher affinity to the surface of 

THP-1 monocytes [43]. However, the five isoforms analyzed in this study, ranging in size 

from 12 to 30 KIV domains, were able to inhibit conversion to similar extents on 

HUVECs. These results corroborate previous findings that showed no effect of isoform 

size on the ability of apo(a) to inhibit plasminogen activation on vascular cells [18] and 

Glu- to Lys-plasminogen conversion on fibrin surface [17].  

 We have described here a novel mechanism underlying the ability of apo(a) to 

inhibit pericellular plasminogen activation: attenuation of plasmin-mediated Glu- to Lys-

plasminogen conversion on the vascular cell surface. The effect of apo(a) on conversion 
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appears to account for most, if not all, of the inhibitory effect of apo(a) on plasminogen 

activation. Therefore, our data generally support a model where the major effect of cell 

surfaces on plasminogen activation is to promote Glu- to Lys-plasminogen conversion 

[26, 32]. In the context of vascular cells, our findings would reflect the ability of apo(a) 

to influence dissolution of mural fibrin clots as well as cell migration and proliferation, 

angiogenesis, wound healing, and tumor cell invasion and metastasis. 
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4.1 SUMMARY 

 

Lipoprotein(a) (Lp(a)) is an independent risk factor for numerous cardiovascular 

disorders including coronary heart disease. Apolipoprotein(a) (apo(a)), the unique 

glycoprotein component of Lp(a), contains sequences homologous to plasminogen. 

Plasminogen activation is markedly accelerated in the presence of cell surface receptors 

and can be inhibited in this context by apo(a). We evaluated here the role of potential 

receptors in regulating plasminogen activation and the ability of apo(a) to mediate 

inhibition of plasminogen activation on vascular cells as well as plasminogen and apo(a) 

binding to cells. The urokinase-type plasminogen activator receptor (uPAR) modulates 

plasminogen activation as well as plasminogen and apo(a) binding on human umbilical 

vein endothelial cells (HUVECs), human acute monocytic leukemia (THP-1) cells, and 

THP-1 macrophages as determined through uPAR knockdown and overexpression. 

Apo(a) variants lacking either the kringle V or the strong lysine binding site in kringle IV 

type 10 are not able to bind to uPAR to the same extent as wild-type apo(a). Plasminogen 

activation is also modulated, albeit to a lower extent, through the MAC-1 (αMβ2) integrin 

on HUVECs and THP-1 monocytes. Integrin αVβ3 can regulate plasminogen activation 

on THP-1 monocytes and to a lesser extent on HUVECs. The ability of apo(a) to inhibit 

plasminogen activation is abolished after blocking either the αM, β2, or αVβ3 integrins on 

HUVECs and THP-1 monocytes. These results indicate cell type-specific roles for uPAR, 

αMβ2, and αVβ3 in promoting plasminogen activation and in mediating the inhibitory 

effects of apo(a) on this process. 
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4.2 BACKGROUND 

 

Elevated levels of plasma lipoprotein(a) (Lp(a)) have been identified as an 

independent risk factor for cardiovascular disorders such as coronary heart disease 

(CHD), ischemic stroke, and peripheral arterial disease (PAD) [1-5]. The structure of 

Lp(a) is similar to that of LDL, in that it contains apolipoprotein B-100 (apoB-100) as 

well as an identical lipid content [6], but differs from LDL by virtue of the unique 

glycoprotein apolipoprotein(a). Cloning of apo(a) revealed a high degree of sequence 

similarity to that of the plasma zymogen plasminogen [7]. Apo(a) contains repeated 

copies of a sequence similar to that of plasminogen kringle IV (KIV) followed by 

sequences similar to the kringle V (KV) and protease domain of plasminogen. Unlike that 

of plasminogen, the protease domain in apo(a) is catalytically inactive [8]. Apo(a) KIV 

can also be further classified into 10 subtypes (KIV1 to KIV10) based on amino acid 

sequence. Each KIV subtype is present in single copy number except for KIV2 which is 

present in identical repeated copies from 3 to >40 giving rise to the isoform size 

heterogeneity present in apo(a) [9, 10]. Apo(a) is covalently linked to apoB-100 via a 

single disulfide bond whose formation is preceded by interactions between apoB-100 and 

the weak lysine binding sites (LBSs) of apo(a) kringle IV types 6-8 [11, 12].  

The homology between plasminogen and apo(a) has been suggested to underlie 

the pathogenic effects of Lp(a) whereby the apo(a) component interferes with the 

plasminogen activation system [13]. Plasmin, generated through plasminogen activation, 

is a key component not only of fibrinolysis but also of cell migration and proliferation, 

angiogenesis, inflammation, wound healing, and tumor cell invasion and metastasis [14-

20]. Apo(a) and plasminogen both contain LBSs which mediate their respective 
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interactions with fibrin and various cell surface receptors [21]. Plasminogen activation is 

inherently inefficient, and biologically meaningful rates of plasmin formation require a 

cofactor in the form of fibrin or a cellular surface [22, 23]. Apo(a) is able to inhibit 

plasminogen activation within the fibrin clot, leading to impaired fibrinolysis [24]. 

Moreover, Lp(a) and apo(a) have been recently shown to be capable of inhibiting 

pericellular plasminogen activation on monocytes, macrophages, and vascular endothelial 

cells (ECs) [25]. To date, however, the identity of lysine-containing receptors that bind 

apo(a) and mediate its inhibition of plasminogen activation remain obscure. Apo(a) has 

been shown to stimulate cell growth and migration in ECs through integrin αVβ3 and 

Lp(a) can recruit inflammatory cells through MAC-1 (αMβ2) integrin; direct binding of 

apo(a) to the latter integrin has been demonstrated [26, 27].  

The uPA receptor (uPAR) has been shown to be a key regulator in mediating 

plasminogen activation and extracellular matrix (ECM) degradation [28]. The glycosyl 

phosphatidylinositol (GPI)-anchored uPAR can bind to uPA with high affinity (1 nM) as 

well as the ECM protein vitronectin, a ligand of αVβ3 [29, 30]. Activation of pro-uPA to 

its active form is mediated through the binding of pro-uPA to uPAR [28, 31].  

A variety of receptors have been identified on different cell types which can 

mediate both plasminogen activation as well as plasmin binding [14, 32]. Most 

plasminogen receptors are synthesized with a carboxyl terminal lysine or expose a lysine 

on the cell surface which can mimic a carboxyl-terminal lysine. The receptors that bind 

plasminogen are redundant and broadly distributed on various cells with binding sites 

ranging from 10
5
 to 10

7
 per cell [33]. Known receptors for plasminogen on vascular cells 

include annexin A2/p11, actin, αVβ3 integrin, histone H2B, αMβ2 integrin, Plg-RKT, α-
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enolase, αIIbβ3, and the TAT-binding protein-interacting protein [14, 32-40]. 

Collectively, these receptors serve to accelerate plasminogen activation as well as to 

protect plasmin from its natural physiological inhibitor, α2-antiplasmin.  

In the present study, we describe the role of various specific receptors – namely 

uPAR, αMβ2, and αVβ3 – in regulating plasminogen activation as well as plasminogen and 

apo(a) binding.  
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4.3 METHODS 

 

4.3.1 Construction, expression, and purification of recombinant apo(a) 

  The construction and expression of the various r-apo(a) variants have been 

previously described. The pRK5 expression vectors encoding 10K, 12K, 12ΔV, 17K, 

17KΔLBS10 and 17KΔV were stably transfected into human embryonic kidney (HEK) 

293 cells as previously described [8, 41-46]. All r-apo(a) variants were purified from 

conditioned media by lysine-Sepharose affinity chromatography as previously described 

[8, 41-46]. All r-apo(a) protein concentrations were determined spectrophotometrically 

and assessed for purity by SDS-PAGE under non-reduced and reduced conditions 

followed by silver staining.  

 

4.3.2 Cell culture  

Human umbilical vein endothelial cells (HUVECs) and human acute monocytic 

leukemia (THP-1) cells were cultured, and the latter cell line differentiated into 

macrophage-like cells, as described previously [25]. 

 

4.3.3 Plasmid Mutagenesis  

A plasmid containing the cDNA encoding carboxyl-terminally GFP tagged 

human uPAR, in the pCMV-AC-GFP vector, was purchased from Origene (catalog 

number RG201222). The plasmid was mutated to introduce a stop codon immediately 

upstream of the GFP tag via site directed mutagenesis, thereby restoring the natural 

carboxyl-termine Thr reside in uPAR. Site directed mutagenesis of the plasmid was 

conducted using the QuikChange II-E kit (Stratagene) as per the manufacturer’s 

recommendations with the following primers: forward 5’-TCT CCT CTG GAC CTA 
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GCG TAC GCG GCC G-3’ and reverse 5’-CGG CCG CGT ACG CTA GGT CCA GAG 

GAG A-3’. Base pairs AC were mutated to TA as indicated to introduce the stop codon. 

The resultant plasmid was used in overexpression experiments. 

 

4.3.4 Transient transfection 

HUVECs, THP-1 monocytes, and THP-1 macrophages were transfected with 

uPAR siRNA or control siRNA (Santa Cruz Biotechnology) at a concentration of 40-80 

nM with transfection reagent and medium from Santa Cruz Biotechnology following the 

manufacturer’s protocols. Transfection mixture was removed following 5-6 hour 

incubation and replaced with complete medium. Cells were assayed 72 hours following 

transfection. Percent knockdown was determined using qRT-PCR (see below). HUVECs, 

THP-1 monocytes, and THP-1 macrophages were transiently transfected with uPAR 

plasmid using Lipofectamine LTX and Plus Reagent (Invitrogen) as per the 

manufacturer’s protocol. HUVECs were transfected with 0.3 µg/mL of DNA and 

incubated with transfection mixture for 4 hours, after which the cells were incubated in 

fresh medium for 48 hours prior to assay. THP-1 monocytes and macrophages were 

transfected with 0.75 µg/mL of DNA and incubated with transfection mixture for 24 

hours, after which the cells were incubated in fresh medium for 48 hours prior to assay. 

Overexpression of uPAR was verified with western blot analysis.  

 

4.3.5 Plasminogen activation and cell binding assays  

Plasminogen activation experiments were performed as previously described [25], 

and utilized the fluorogenic plasmin substrate H-D-Val-Leu-Lys-7-amido-4-

methylcoumarin (Bachem). The rate of plasminogen activation was taken between 10 and 
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40 min from the slope of relative fluorescent units (RFU) against min
2
. Rates obtained for 

each individual experiment performed in triplicate were normalized to the rate of 

plasminogen activation in the absence of apo(a). For experiments using blocking 

monoclonal antibodies, prior to assay of plasminogen activation, cells were washed three 

times with blocking solution (10 mM Tris-HCl, pH 7.4,, 0.14 mM NaCl, 0.1% (w/v) 

BSA, 1 mM CaCl2, and 1 mM MgCl2) followed by incubation with mouse anti-human 

integrin αVβ3 (Millipore), mouse-anti human CD18 clone IB4 (Labs Inc Biotechnology), 

and/or mouse-anti human CD11b clone 44aacb (Imgenex) for one hour at 37°C. Cells 

were then washed three times with blocking solution followed by plasminogen activation 

assay as described above.  

 Cell binding assays used purified apo(a), fluorescently labeled using Alexa Fluor 

488 protein labeling kit (Invitrogen), or fluorescein isothiocyanate-labeled human 

plasminogen (purchased from Molecular Innovations) as previously described [25]. 

 

4.3.6 qRT-PCR 

Determination of uPAR knockdown efficiency was determined through iScript 

one-step RT-PCR kit with SYBR® green (Biorad). Total RNA was isolated from the 

transfected cells using RNeasy Plus Mini kit (QIAGEN). RT-PCR was executed using 

the following conditions: reverse transcription at 50°C for 30 min followed by heat 

inactivation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 30 sec 

and annealing/extension at 59°C for 1 min. The data were analyzed using Bio-Rad CFX 

Manager software version 3.1. The following primers were used: uPAR forward: 5’-GCC 

CAA TCC TGG AGC TTG A-3’; uPAR reverse: 5’-TCC CCT TGC AGC TGT AAC 
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ACT-3’; GAPDH forward: 5’-CTG CTC CTC CTG TTC GAC AGT-3’; GAPDH 

reverse: 5’-CCG TTG ACT CCG ACC TTC AC-3’.  

 

4.3.7 Western Blotting 

Determination of uPAR overexpression was determined through western blot 

analysis. Cells were lysed (50 mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 

150 mM NaCl, 1 mM EDTA) and samples (50 μg total protein per lane) were subjected 

to SDS-PAGE on 12% polyacrylamide gels under non-reducing conditions, after which 

the resolved proteins were transferred to an Immobilon-P transfer membrane (Millipore). 

Blocking of the membrane and incubation with primary and secondary antibodies was 

performed in 5% (w/v) non-fat dry milk in Tris-buffered saline with Tween (TBST; 50 

mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20) and washing was performed with 

TBST. The primary antibody was polyclonal rabbit anti-human uPA Receptor (American 

Diagnostica) and secondary antibody was goat-anti rabbit IgG (Santa Cruz 

Biotechnology). SuperSignal West Femto Maximum Sensitivity Substrate (Pierce 

Biochemical) was used for the detection of bands, which were visualized with a 

FluorChem Q system (Alpha Innotech).  

 

4.3.8 Statistical analysis 

Comparisons were performed using the two-tailed Student's t-test assuming 

unequal variances. 
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4.4 RESULTS 

 

4.4.1 Effect of uPAR knockdown on plasminogen activation on HUVECs, its 

inhibition by apo(a), and plasminogen and apo(a) binding  

Analysis of uPAR mRNA expression indicates that uPAR knockdown was 

approximately 80% effective in HUVECs (Fig. 4.1A). Plasminogen activation decreases 

approximately 20-30% with the addition of 12K r-apo(a) (Fig. 4.1B). Removal of the 

strong LBS in KIV10 (17KΔLBS10) or the kringle V domain (17KΔV) paradoxically 

increases the rate of plasminogen activation. As we have previously described [25], this 

effect is attributable to increased solution-phase (i.e. cell-independent) plasminogen 

activation promoted by these variants that does not occur with wild-type apo(a). The KV 

domain and strong LBS in KIV10 have also been previously shown to be required for 

optimal ability for apo(a) to inhibit plasminogen activation on the fibrin surface [24].  

 Knockdown of uPAR expression using siRNA results in a 22% decrease in 

plasminogen activation on HUVECs (Fig. 4.1B). However, no further significant 

decrease in activation is observed in the presence of apo(a) in the setting of uPAR 

knockdown. By contrast, uPAR knockdown had no effect on the increase in cell-

independent plasminogen activation elicited by 17KΔLBS10 or 17KΔV (Fig. 4.1B). 

 Binding of plasminogen and apo(a) also decreased on HUVECs following uPAR 

knockdown (Fig. 4.1C-E). On the other hand, uPAR knockdown had no effect on 

17KΔLBS10 or 17KΔV binding. Note that comparable binding was observed for wild-

type apo(a) and the variants 17KΔLBS10 and 17KΔV in the absence of uPAR knockdown 

(data not shown), a result in keeping with previous findings which indicated that 17K and 

17KΔLBS10 can bind equally well to HUVECs [47]. Interestingly, the lysine analogue ε-
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ACA only decreased binding of plasminogen by about 50% (Fig. 4.1D) but appeared to 

increase 17K binding (Fig. 4.1E). Both apo(a) and plasminogen binding became 

insensitive to ε-ACA in the context of uPAR knockdown (Fig. 4.1D, E). 
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Figure 4.1: Effect of uPAR knockdown in HUVECs on plasminogen activation and r-

apo(a) and plasminogen binding. Passage 5 HUVECs were transfected with uPAR 

siRNA for 72 hours followed by plasminogen activation and cell binding analysis. (A) 

Quantitative RT-PCR data showing a decrease in uPAR gene expression following uPAR 

knockdown. (B) The effect of uPAR knockdown on plasminogen activation on HUVECs 

was assessed in the absence of apo(a) or in the presence of the indicated quantities of 12K 

r-apo(a) or the mutants variants 17KΔLBS10 or 17KΔV. (C) Effect of uPAR knockdown 

on the binding of plasminogen and r-apo(a) to HUVECs, expressed as the percent change 

in binding as a result of uPAR knockdown. (D and E) Binding data for plasminogen and 

17K r-apo(a), respectively along with the effects of ε-ACA on the binding with uPAR 

knockdown. Error bars indicate standard error of the mean (SEM) with n≥3 independent 

experiments performed in triplicates. *: p<0.05 **: p<0.01.  
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4.4.2 Effect of overexpression of uPAR in HUVECs on plasminogen activation, its 

inhibition by apo(a), and plasminogen and apo(a) binding  

uPAR was successfully overexpressed in HUVECs as can be observed from the 

western blot against uPAR presented in Fig. 4.2A. Overexpression of uPAR results in a 

31% increase in plasminogen activation (Fig. 4.2B) in the absence of apo(a). As was 

observed in Fig. 4.1B, apo(a) inhibited plasminogen activation. However, in the presence 

of apo(a) there was no increase in plasminogen activation in the context of 

overexpression of uPAR (Fig. 4.2B). These results corroborate our findings with uPAR 

knockdown: in both situations it is apparent that apo(a) regulates plasminogen activation 

via uPAR. Removal of the strong LBS in apo(a) abolishes the inhibitory effect on 

plasminogen activation, and overexpression of uPAR results in no significant change in 

plasminogen activation in the presence of this mutant (Fig. 4.2B). Overexpression of 

uPAR leads to increases in the binding of plasminogen, 12K, 17K and both mutants of 

17K (Fig. 4.2C). Interestingly, the effect of uPAR overexpression on plasminogen 

binding to HUVECs is markedly reduced by the addition of ε-ACA (Fig. 4.2D) but not 

the effect of uPAR overexpression on 17K binding (Fig. 4.2E). 
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Figure 4.2: Effect of uPAR overexpression in plasminogen activation and r-apo(a) and 

plasminogen binding on HUVECs. Passage 5 HUVECs were transfected with uPAR for 

48 hours followed by plasminogen activation and cell binding analysis. (A) Western blot 

showing uPAR overexpression in HUVECs with β-actin as loading control. (B) 

Plasminogen activation was measured in the presence or absence of the indicated 

concentrations of 12K r-apo(a) or the 17KΔLBS10 variant. (C) Effect of uPAR 

overexpression on the binding of plasminogen and r-apo(a) variants to HUVECs, 

expressed as a fold change in binding as a result of uPAR overexpression compared to 

control. (D and E) Binding data for plasminogen and 17K r-apo(a), respectively, along 

with the effects of ε-ACA on the binding with uPAR overexpression. Error bars indicate 

SEM with n≥3 independent experiments performed in triplicates. *: p<0.05 **: p<0.01.  
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4.4.3 Effect of overexpression of uPAR in THP-1 monocytes on plasminogen 

activation, its inhibition by apo(a), and plasminogen and apo(a) binding  

uPAR was successfully overexpressed in THP-1 monocytes as can be observed 

from the western blot against uPAR shown in Fig. 4.3A. Overexpression of uPAR in 

these cells leads to a more than two-fold increase in plasminogen activation (Fig. 4.3B). 

Plasminogen activation is reduced with the addition of increasing concentrations of 12K 

or 17K whereas the inhibitory effect is abolished with the removal of KV or the strong 

LBS (Fig. 4.3B, C). In contrast to the results in HUVECs, an increase in plasminogen 

activation is observed following uPAR overexpression in the presence of apo(a) versus 

control. However, the extent of the increase declines at higher concentrations of 12K, but 

still remains significantly higher with 800 nM 12K. Similarly, increasing concentrations 

of 17K did not blunt the increase in activation observed upon uPAR overexpression 

(compare Figs. 4.3B and 4.3C). Addition of increasing concentrations of 12KΔV or 

17KΔLBS10 attenuated the extent to which uPAR overexpression increased plasminogen 

activation compared to wild-type 12K or 17K (Fig. 4.3B, C).  

 Overexpression of uPAR substantially increases plasminogen, 12K and 17K 

binding in THP-1 monocytes (Fig. 4.3D), whereas only a non-significant increase in 

binding of 17KΔLBS10 and 17KΔV was observed. As with HUVECs, the mutants can 

bind to THP-1 monocytes in a manner comparable to wild-type apo(a) (data not shown). 

Addition of ε-ACA dramatically decreased binding of both plasminogen and 17K to 

THP-1 monocytes (Fig. 4.3E, F), in contrast to what we observed on HUVECs (Fig. 

4.2D, E). 
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Figure 4.3: Effect of uPAR overexpression in plasminogen activation and r-apo(a) and 

plasminogen binding on THP-1 monocytes. THP-1 monocytes were transfected with 

uPAR for 48 hours followed by plasminogen activation and cell binding assay. (A) 

Western blot showing uPAR overexpression in THP-1 monocytes with β-actin as loading 

control. The data are shown for the effect of uPAR overexpression on plasminogen 

activation on THP-1 monocytes in the presence of various concentrations of 12K and 

12KΔV (B) and 17K and 17KΔLBS10 (C). (D) Effect of uPAR overexpression on the 

binding of plasminogen and r-apo(a) variants to THP-1 monocytes, expressed as the fold 

change in binding as a result of uPAR overexpression. (E and F) Binding data for 

plasminogen and 17K r-apo(a), respectively, along with the effects of ε-ACA on the 

binding with uPAR overexpression. Error bars indicate SEM with n≥3 independent 

experiments performed in triplicates. *: p<0.05 **: p<0.01. 
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4.4.4 Effect of overexpression of uPAR in THP-1 macrophages on plasminogen 

activation, its inhibition by apo(a), and plasminogen and apo(a) binding  

An increase in the expression of uPAR is known to occur following 

differentiation of THP-1 monocytes into macrophages [48]. Western blot analysis of 

lysates from control THP-1 macrophages (Fig. 4.4A) indicates a more prominent band 

than was observed in control HUVECs or THP-1 monocytes (Figs. 4.2A and 4.3A). 

Accordingly, plasminogen activation increased by a lesser extent following uPAR 

overexpression (Fig. 4.4B) (1.6-fold versus a 2-fold increase in THP-1 monocytes). As 

was observed in THP-1 monocytes, increasing concentrations of 12K decreased 

plasminogen activation but in THP-1 macrophages had a reduced effect on the extent to 

which plasminogen activation was enhanced by uPAR overexpression (Fig. 4.4B). 

Interestingly, addition of increasing concentrations of 17KΔLBS10 did not increase 

plasminogen activation as was observed in the other cell types (Fig. 4.4B) and higher 

concentrations of 17KΔLBS10 seemed to blunt the effect of uPAR overexpression on 

plasminogen activation. Also in contrast to THP-1 monocytes, binding of 17KΔLBS10 

and 17KΔV was impacted by uPAR overexpression to a similar extent as 17K (Fig. 

4.4C). The effect of ε-ACA on plasminogen and apo(a) binding was similar to that seen 

in THP-1 monocytes (Fig. 4.4D, E).  
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Figure 4.4: Role of uPAR in plasminogen activation and r-apo(a) and plasminogen 

binding on THP-1 macrophages as determined through uPAR overexpression. THP-1 

monocytes were differentiated into macrophage like cells with PMA for 72 hours 

followed by transfection of uPAR for 48 hours. (A) Western blot showing the successful 

overexpression of uPAR in THP-1 macrophages with β-actin as loading control. (B) The 

data are shown for the effect of uPAR overexpression on plasminogen activation on 

THP-1 macrophages in the presence of various concentrations of 12K r-apo(a) or the 

variants 17KΔLBS10. (C) Effect of uPAR overexpression on the binding of plasminogen 

and r-apo(a) variants to THP-1 macrophages, expressed as the fold change in binding as a 

result of uPAR overexpression. (D and E) Binding data for plasminogen and 12K r-

apo(a), respectively, along with the effects of ε-ACA on the binding with uPAR 

overexpression. Error bars indicate SEM with n≥3 independent experiments performed in 

triplicates. *: p<0.05 **: p<0.01. 
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4.4.5 Role of MAC-1 in regulating plasminogen activation on HUVECs and THP-1 

monocytes  

MAC-1 consists of the integrin subunits αM and β2. Both αM and β2 on HUVECs 

were blocked individually with monoclonal antibodies; this resulted in a reduction in 

plasminogen activation by a small but significant extent (Fig. 4.5A). Addition of 12K r-

apo(a) resulted in a decrease in plasminogen activation compared to control, but addition 

of either monoclonal antibody resulted in no further significant decrease in plasminogen 

activation. These data suggest that the effect of 12K is mediated in part through MAC-1. 

Essentially identical results were obtained when the experiments were conducted using 

THP-1 monocytes (Fig. 4.5B).  
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Figure 4.5: Role of αM and β2 in plasminogen activation on HUVECs and THP-1 

monocytes. The αM and β2 receptors were blocked with mouse-anti human CD18 and 

mouse-anti human CD11b, respectively, for 1 hour at 37°C. Plasminogen activation data 

for HUVECs (A) and THP-1 monocytes (B) are shown in the presence or absence of 

different concentrations of r-apo(a). Error bars indicate SEM with n≥3 independent 

experiments performed in triplicates. *: p<0.05 **: p<0.01 
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4.4.6 Role of integrin αVβ3 in regulating plasminogen activation on HUVECs and 

THP-1 monocytes  

Blocking αVβ3 with a monoclonal antibody reduced plasminogen activation by a 

very small but significant extent (10%) in HUVECs (Fig. 4.6A). Addition of the antibody 

in the presence of 17K resulted in no further effect. Using THP-1 monocytes, blocking of 

αVβ3 had a much greater effect on plasminogen activation (Fig. 46B). Apo(a) reduced 

plasminogen activation in a dose-dependent manner on these cells; the inhibitory effect of 

αVβ3 blockade disappeared at the higher concentrations of apo(a). These findings suggest 

a key role for this integrin in stimulating plasminogen activation on THP-1 monocytes 

and in mediating the inhibitory effects of apo(a) on pericellular plasminogen activation 

on these cells.  
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Figure 4.6: Role of αVβ3 in regulating pericellular plasminogen activation in THP-1 

monocytes and HUVECs. Cells were treated with mouse anti-human integrin αVβ3 

monoclonal antibody for one hour at 37°C to block this receptor. Plasminogen activation 

was then measured in HUVECs (A) or THP-1 monocytes (B). Error bars indicate SEM 

with n≥3 independent experiments performed in triplicates. *: p<0.05 **: p<0.01 
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4.5 DISCUSSION 

 Plasminogen receptors play a key role in regulating plasminogen activation 

leading to cell migration and proliferation, angiogenesis, inflammation, wound healing, 

and tumor cell invasion and metastasis [14-20]. To date, various plasminogen receptors 

have been identified on different vascular and blood cells and have been shown to be 

heterogeneous in nature. The roles of these receptors in apo(a)-mediated inhibition of 

plasminogen activation is less well-understood. The αMβ2 and αVβ3 integrins have been 

shown to mediate the effects of Lp(a) and apo(a), respectively, on recruitment of 

inflammatory cells and stimulation of cell growth and migration in ECs [26, 27]. 

Lp(a)/apo(a) has been previously shown to reduce plasminogen binding to monocytes 

and ECs [21, 49-51]. Moreover, binding of apo(a) to unidentified plasminogen receptors 

on hepatoma cells, fibroblasts, and platelets has been documented [52, 53]. It has been 

recently shown that Lp(a)/apo(a) can affect plasminogen activation on vascular cells [25]. 

However, the roles of specific plasminogen receptors in this process have yet to be 

explored. We have shown here that uPAR and the αMβ2 and αVβ3 integrins regulate 

plasminogen activation, and can mediate the ability of apo(a) to inhibit pericellular 

plasminogen activation.  

 We demonstrate that the GPI-anchored uPAR accelerates tPA-mediated 

plasminogen activation on the cell surface of HUVECs (Figs. 4.1 and 4.2), THP-1 

monocytes (Fig. 4.3), and THP-1 macrophages (Fig. 4.4) as determined through either 

uPAR overexpression or knockdown. uPAR has been previously shown to bind to uPA, 

vitronectin, and β3 integrins [54]. However, plasminogen, apo(a), and tPA have not 

previously been shown to bind to uPAR. Studies have indicated that apo(a) can bind to 
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the ECM protein fibronectin but not to vitronectin [55]. uPAR is involved in the 

remodeling of the ECM through regulation of plasminogen activation. This occurs 

through uPA binding to uPAR in close proximity to the cell surface where plasminogen 

binds to its respective receptors, thereby accelerating plasmin formation [54]. Our current 

results indicate that uPAR can directly regulate tPA-mediated plasminogen activation on 

vascular cells since knockdown or overexpression of uPAR altered the rate of 

plasminogen activation (Figs. 4.1-4.4). Furthermore, binding of both plasminogen and 

apo(a) increased following uPAR overexpression in HUVECs, THP-1 monocytes, and 

THP-1 macrophages. The mechanism underlying each of these observations remains to 

be fully elucidated: it is not clear if tPA, plasminogen or apo(a) directly bind uPAR or 

another protein (such as an integrin) to which uPAR may be bound.  

 We have recently directly demonstrated that apo(a) can inhibit plasminogen 

activation on the surface of ECs, monocytes and macrophages [25]. The mechanism by 

which apo(a) may inhibit plasminogen activation on the cell surface has not been fully 

explored to date. Previous studies indicated that apo(a) could decrease the binding of 

plasminogen to the cell surface by competition for binding sites [21, 49-51]. A key role 

for the strong LBS in KIV10 in binding to U937 monocytoid cells has been described 

[56]. Our previous study found only modest, cell-type-specific effects of 

carboxypeptidase B treatment on apo(a) and plasminogen binding as well as on 

plasminogen activation and its inhibition by apo(a) [25]. The current study integrates 

these findings by demonstrating roles in plasminogen activation and its inhibition by 

apo(a) of three receptors that lack carboxyl-terminal lysine residues: uPAR, MAC-1 and 
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αVβ3. It is possible, however, that these receptors contain internal lysines that modulate 

plasminogen activation and plasminogen and apo(a) binding.  

In our previous findings we also identified key roles for apo(a) KV and the strong 

LBS in KIV10, in that mutations in these sequences abolished the inhibitory effect of 

apo(a) and cell-surface plasminogen activation [25]. In HUVECs, uPAR knockdown or 

overexpression results in a decrease or increase, respectively, in plasminogen binding and 

activation as well as apo(a) binding (Figs. 4.1 and 4.2). Inhibition of plasminogen 

activation by apo(a) is dependent on kringle V and the strong LBS in KIV10 (Figs. 4.1 

and 4.2). Previous studies have underscored the importance of both kringle V and the 

KIV10 strong LBS in inhibiting fibrinolysis [24]. While overexpression of uPAR 

increases plasminogen activation on HUVECs, this increase is abolished in the presence 

of apo(a) (Fig. 4.2). These results indicate that apo(a) can inhibit plasminogen activation 

via uPAR on HUVECs with critical roles for kringle V and the strong LBS in KIV10 in 

mediating this effect. It appears that the LBSs are not crucial for apo(a) to bind to uPAR 

on HUVECs since addition of the lysine analogue ε-ACA does not influence the ability 

of uPAR overexpression to increase apo(a) binding (Fig. 4.2). The role of uPAR seems to 

be cell-specific, since the effects of overexpression of uPAR in either THP-1 

macrophages or monocytes are distinct from those documented in HUVECs. This 

suggests that uPAR is potentially interacting with another cell-specific receptor which 

varies the ability of apo(a) to both bind to and to inhibit plasminogen activation via 

uPAR. Both plasminogen and apo(a) binding increase following uPAR overexpression in 

all cell types studied (Figs.. 4.2C, 4.3D, 4.4C). However, the kringle V domain and the 
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strong LBS in KIV10 of apo(a) contribute to uPAR binding in HUVECs and THP-1 

monocytes but not in THP-1 macrophages.  

Interestingly, however, apo(a) does not inhibit plasminogen activation via uPAR 

on either THP-1 monocytes or macrophages (Fig. 4.3B, 4.3C, and 4.4B) as was shown 

using HUVECs. This is demonstrated by the percentage difference in plasminogen 

activation upon uPAR expression being unaffected by the addition of increasing 

concentrations of apo(a). The findings are surprising given the fact that apo(a) binding 

increased with uPAR overexpression in THP-1 monocytes and macrophages. These 

results suggest that the ability of apo(a) to inhibit plasminogen activation, through the 

uPAR, in THP-1 monocytes and macrophages is dependent on uPAR interacting with 

another cell-specific protein (such as an integrin). 

Analysis of the role of the MAC-1 receptor on apo(a)-mediated plasminogen 

activation on HUVECs and THP-1 cells was also performed. The αMβ2 integrin is a 

prominent plasminogen receptor in neutrophils and has been reported to bind to apo(a) in 

monocytes through the β2 integrin component [27]. Based on this report, plasminogen 

activation was analyzed in THP-1 monocytes and HUVECs in order to elucidate the 

contribution of this receptor to plasminogen activation on these cells. Results obtained 

using a monoclonal antibody targeting either the αM or β2 subunits indicate a small but 

significant role for the αMβ2 integrin in regulating plasminogen activation in the two cell 

types studied. However, blocking either αM or β2 did not further decrease plasminogen 

activation in the presence of increasing concentrations of apo(a), indicating that the effect 

of apo(a) on plasminogen activation may, in part, be mediated by the αMβ2 integrin.  
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Another candidate receptor, αVβ3 integrin, has been previously shown to elicit 

apo(a)/Lp(a) induced focal adhesion kinase (FAK) and mitogen-activated protein kinase 

(MAPK) activation in HUVECs [26]. In this study, apo(a) was shown to signal through 

αVβ3 resulting in downstream FAK and MAPK activation, stimulating EC migration and 

proliferation. We found that blocking the αVβ3 receptor with a monoclonal antibody in 

either THP-1 monocytes or HUVECs leads to a decrease in plasminogen activation with 

no difference in activation following the addition of apo(a). These results indicate that the 

αVβ3 integrin also plays a significant role in regulating plasminogen activation as well as 

enhancing the ability of apo(a) to inhibit plasminogen activation. 

In conclusion, we have shown for the first time, the role of specific receptors in 

binding of apo(a) to vascular cell surfaces and in mediating the inhibitory effects of 

apo(a) on pericellular plasminogen activation. Our results suggest against an exclusive 

role for a particular receptor in mediating these effects, and instead are consistent with a 

model in which there are several contributing receptors in regulating plasminogen 

activation on various cell types. Moreover, there appear to be cell-type-specific 

differences in the roles of particular receptors. Recent, intriguing evidence suggest that 

Lp(a) levels <80 mg/dL is a significant risk factor for different forms of cancer including 

hepatocellular carcinoma, pancreatic cancer, and leukemia with no association of Lp(a) 

levels as a risk factor for lung cancer [57]. It is possible that apo(a) may inhibit 

plasminogen activation on cancerous cells via uPAR and reduce metastasis through 

attenuating cancer cell migration. It is tempting to speculate that Lp(a)/apo(a) may 

potentially play a role in inhibiting cancer progression. Our findings contribute 

significantly to unravelling the molecular basis of the physiological and 
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pathophysiological role of Lp(a)/apo(a) in the vasculature. Future work should explore 

the potential ability of Lp(a)/apo(a) to inhibit cancer metastasis and invasion through 

uPAR and the plasminogen activation system.  
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5.1 SUMMARY 

Elevated levels of Lipoprotein(a) (Lp(a)) have been identified as an independent 

risk factor for coronary heart disease. Plasma Lp(a) levels are reduced by monoclonal 

antibodies targeting proprotein convertase subtilisin/kexin type 9 (PCSK9). However, the 

mechanism of Lp(a) catabolism in vivo and the role of PCSK9 in this process are 

unknown. We report that Lp(a) internalization by hepatic HepG2 cells and primary 

human fibroblasts was effectively reduced by PCSK9. Overexpression of the low-density 

lipoprotein (LDL) receptor (LDLR) in HepG2 cells dramatically increased the 

internalization of Lp(a). Internalization of Lp(a) was markedly reduced following 

treatment of HepG2 cells with a function-blocking monoclonal antibody against the 

LDLR or the use of primary human fibroblasts from an individual with familial 

hypercholesterolemia; in both cases, Lp(a) internalization was not affected by PCSK9. 

Optimal Lp(a) internalization in both hepatic and primary human fibroblasts was 

dependent on the LDL rather than the apolipoprotein(a) component of Lp(a). Lp(a) 

internalization was also dependent on clathrin-coated pits and Lp(a) was targeted for 

lysosomal and not proteasomal degradation.  Our data provide strong evidence that the 

LDLR plays a role in Lp(a) catabolism and that this process can be modulated by PCSK9. 

These results provide a direct mechanism underlying the therapeutic potential of PCSK9 

in effectively lowering Lp(a) levels. 
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5.2 BACKGROUND 

Lipoprotein(a) [Lp(a)] has been identified as an independent, causal risk factor for 

cardiovascular disease including coronary heart disease (CHD) [1, 2]. Lp(a) is similar to 

low-density lipoprotein (LDL) in lipid core composition and the presence of 

apolipoprotein B-100 (apoB), but also contains a unique glycoprotein apolipoprotein(a) 

(apo(a)) that has strong structural homology with the fibrinolytic zymogen plasminogen 

[3]. Apo(a) contains multiple copies of plasminogen-like kringle IV (KIV) sequences, 

followed by sequences closely resembling plasminogen kringle V (KV) and an inactive 

protease domain [3, 4]. The KIV domain can be further sub-divided into ten types (KIV1-

10) differing from each other in amino acid sequence. In Lp(a) particles, apo(a) is 

disulfide linked to the apoB component of the LDL-like moiety through a free cysteine 

residue in KIV9 [5]; formation of Lp(a) requires initial non-covalent interactions between 

lysine residues in apoB with weak lysine binding sites present in apo(a) KIV7 and KIV8 

[6]. Additionally, apo(a) contains a strong lysine binding site present in KIV10 which is 

important for its ability to interact with substrates such as fibrin [7].  

Apo(a) can contain from 3 to >40 identically repeated KIV2 domains which gives 

rise to the isoform size heterogeneity reported in the population [8]. A general inverse 

relationship between the size of apo(a) and Lp(a) plasma concentration has been well-

established, with Lp(a) levels varying widely in the population [8]. It has been reported 

that the variation in concentration of Lp(a) is primarily controlled by  the level of 

synthesis rather than catabolism [9, 10] with up to 90% of the variation being genetically 

determined based on variation in LPA, the gene encoding apo(a), including its size 

heterogeneity [11].  
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Many of the details of Lp(a) catabolism remain obscure. Various receptors have 

been suggested to mediate Lp(a) catabolism by the liver which include the LDL receptor 

(LDLR) [12-15], very low-density lipoprotein receptor (VLDLR) [16], low density 

lipoprotein receptor-related protein 1 (LRP-1) [17], megalin/gp330 [18], scavenger 

receptor class B type 1 (SR-B1)
 
[19] and plasminogen receptors [12]. The role of the 

LDLR remains highly controversial, however. Hofmann and coworkers reported that 

Lp(a) clearance was significantly increased in mice overexpressing LDLR [20]. 

Additionally, several other studies both in vitro and in vivo have shown that the LDLR is 

capable of mediating Lp(a) binding and uptake [13-15]. A recent cross-sectional analysis 

of 1,960 patients with familial hypercholesterolemia (FH) revealed that Lp(a) levels were 

significantly higher in patients with a null LDLR allele compared to control subjects [21], 

a finding that is in agreement with an earlier report on this topic [22]. Conversely, Cain 

and colleagues reported that while plasma clearance of Lp(a) in mice occurs primarily 

through the liver and is mediated by apo(a), the catabolism of Lp(a) in Ldlr
-/- 

mice was 

similar to that in wild-type mice [23]. Similar results were observed in metabolism 

studies of Lp(a) in human subjects with FH [24].  

Recent studies have shown that Lp(a) levels in plasma can be reduced up to 30% 

using a proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitory monoclonal 

antibody [25-29]. In patients treated with a PCSK9 monoclonal antibody, the extent of 

Lp(a) lowering correlated with the extent of LDL lowering, although a more robust effect 

was observed for LDL levels which decreased  up to ~70% [27, 28]. 

PCSK9 is an important regulator of hepatic LDLR number, and consists of a pro-

domain, followed by a catalytic domain, a hinge region, and a carboxyl-terminal 
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cysteine/histidine-rich domain [30-32]. PCSK9 is synthesized as an inactive proenzyme 

that undergoes intramolecular autocatalytic cleavage in the endoplasmic reticulum (ER) 

[31, 32]. The cleaved prosegment remains associated with PCSK9, maintaining PCSK9 

in a catalytically inactive form, and the complex is transported to the Golgi apparatus and 

subsequently secreted. PCSK9 acts as an endogenous regulator of LDLR levels and has 

been implicated in some cases of FH due to the dominant gain-of-function (GOF) 

mutations identified in the population [33].
 
GOF mutations lead to increased affinity of 

PCSK9 for the LDLR which results in a more rapid degradation of the LDLR and thus 

higher plasma LDL [34]. Conversely, loss-of-function mutations in PCSK9 result in 

dramatically lowered plasma LDL [33]. It is not yet known if PCSK9 mutation influence 

Lp(a) concentrations. PCSK9 can target the LDLR for degradation as well as the 

VLDLR, LRP-1, and apolipoprotein E receptor 2 (apoER2; LRP8) [35, 36]. However, 

plasma LDL is predominately cleared through the LDLR [37, 38].
 

 In the current study, using a human hepatocellular carcinoma model system, we 

sought to understand the mechanistic basis of the ability of PCSK9 inhibitory antibodies 

to lower plasma Lp(a) concentrations, in the context of the ongoing controversy about the 

role of the LDLR in Lp(a) catabolism.  
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5.3 METHODS 

 

5.3.1 Cell Culture 

Human embryonic kidney (HEK293) cells were maintained in MEM (GIBCO) 

containing 5% fetal bovine serum (FBS; GIBCO) and 1% antibiotic-antimycotic 

(GIBCO). Human hepatocellular carcinoma (HepG2) cells were obtained from the 

American Type Culture Collection (ATCC) and maintained in MEM supplemented with 

10% FBS (ATCC) and 1% antibiotic-antimycotic (GIBCO). Primary familial 

hypercholesterolemic (FH) fibroblasts were obtained from Coriell Institute (catalogue 

numbers GM01386, GM01355, and GM00701) and maintained in MEM containing 10% 

FBS (ATCC). Experiments with FH fibroblasts were performed between passages 5 and 

20.  

 

5.3.2 Construction, Expression, and Purification of Recombinant Apo(a) 

The construction of expression plasmids encoding the various recombinant apo(a) 

(r-apo(a)) variants utilized in this study (17K, 17KΔLBS10, and 17KΔLBS7,8), their 

transfection HEK293 cells and the purification of r-apo(a) from conditioned medium 

were previously described [6]. Briefly, the conditioned medium was subjected to lysine-

Sepharose affinity chromatography and r-apo(a) was eluted using the lysine analogue ε-

aminocaproic acid (ε-ACA). Following concentration and buffer exchange, protein 

concentrations were determined spectrophotometrically. The purity of r-apo(a) was 

assessed using SDS-PAGE followed by silver staining.   
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5.3.3 Construction, Expression, and Purification of Recombinant PCSK9 

PCSK9 and PCSK9 D374Y expression plasmids in pIRES2-EGFP (Clontech) 

were previously-described [31, 32]. The PCSK9 cDNAs were excised from pIRES2-

EGFP using AfeI and AgeI restriction endonucleases and ligated into pcDNA4C 

(Invitrogen), previously digested with EcoRV and AgeI, such that the expressed protein 

would contain a carboxyl-terminal 6× His tag. HEK293 cells at 1.8 x10
6
 cells/well of a 6-

well plate were seeded and transfected 24 hrs later with 2 µg of expression plasmid using 

MegaTran 1.0 (Origene) with a 3:1 ratio of reagent to DNA as per the manufacturer’s 

instructions. Stable cells were selected with zeocin (150 µg/mL) 48 hrs post transfection. 

Stable cells were seeded into triple flasks with OPTI-MEM (Invitrogen) and conditioned 

medium was collected every 3 days with the addition of phenylmethylsulfonyl fluoride at 

a final concentration of 1 mM to the harvest. The harvested medium was adjusted to 50 

mM phosphate buffer pH 8.0, 0.5 M NaCl, 1 mM β-mercaptoethanol, 5 mM imidazole, 

and 10% glycerol, applied to a Ni Sepharose excel (GE Healthcare) column, washed and 

eluted with 15 mM and 400 mM imidazole respectively. The eluted pool (4 column 

volumes) was extensively dialyzed against PCSK9 storage buffer (25 mM HEPES, pH 

7.9, 150 mM NaCl, 0.1 mM CaCl2, and 10% glycerol). The dialyzed samples were then 

concentrated with PEG-20,000 (Sigma) and dialyzed against storage buffer. 

Concentrations were determined through bicinchoninic acid assay (BCA assay; Pierce) 

using BSA as a standard. Purity of PCSK9 was assessed through SDS-PAGE followed by 

silver staining and stored in aliquots at -70°C until use.  
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5.3.4 Labeling of PCSK9 

Purified PCSK9 was dialyzed against 0.1 M Na2CO3 pH 8.6, 0.2 M NaCl. PCSK9 

was then incubated with a 5-fold molar excess of Alexa Fluor 488 carboxylic acid, 

succinimidyl ester mixed isomers dissolved in dimethyl sulfoxide at 10 mg/mL 

(Invitrogen). The reaction mixture was rocked for 4 hrs at 4°C to ensure complete 

labeling. The reaction was quenched with the addition of 0.01 volumes of 1 M Tris, pH 

8.0 followed by incubation for 30 min at 4°C. Free dye was removed through extensive 

dialysis against 25 mM HEPES, pH 7.5, 300 mM NaCl, 50 mM KH2PO4, 0.1 mM CaCl2, 

and 10% glycerol. PCSK9 was concentrated using an Amicon Ultra-4 centrifugal filter 

with a 10 kDa membrane cutoff (Millipore). Concentration was determined 

spectrophotometrically with a moles dye per mole protein ratio of 2.8. 

 

5.3.5 Transient Transfection 

HepG2 cells were transfected with clathrin heavy chain siRNA or scrambled 

control siRNA (Santa Cruz Biotechnology) at a concentration of 80 nM as per the 

manufacturer’s protocol. The transfection mixture was incubated on cells for 8 hrs 

followed by the addition of complete medium. Cells were assayed 48-72 hours post 

transfection. Percent knockdown was determined using qRT-PCR (see below). HepG2 

cells were transiently transfected with v5 (empty vector), LDLR, or LDLRΔCT [36] 

using MegaTran 1.0 (Origene) as per the manufacturer’s protocol. Briefly, HepG2 cells 

were seeded at a density of 2 x10
5
 cells/6-well in antibiotic free media and transfected 24 

hrs later with 1.3 µg of cDNA with a 3:1 ratio of reagent to DNA. Cells were assayed 72 

hours post transfection.  
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5.3.6 qRT-PCR 

Determination of clathrin heavy chain knockdown efficiency was determined 

through iTaq one-step RT-PCR kit with SYBR® green (Bio-Rad). The following primers 

were used: clathrin heavy chain forward: 5’-GGC CCA GAT TCT GCC AAT TCG TTT-

3’; clathrin heavy chain reverse: 5’-TGA TGG CGC TGT CTG CTG AAA TTG-3’; 

GAPDH forward: 5’-GGA GCC AAA AGG GTC ATC ATC-3’; GAPDH reverse: 5’-

GTT CAC ACC CAT GAC GAA CAT G-3’.  

 

5.3.7 Internalization Assays 

HepG2 cells (in some cases stably transfected with an expression vector for 

PCSK9) were seeded at 2 x 10
5
 cells/well in a 24 well plate (precoated with 1 mg/mL 

gelatin), in media containing 10% LPDS for 16 hours. Cells were washed twice with 

OptiMEM (GIBCO) and treated with Lp(a) purified from human plasma (5-10 µg/mL) or 

r-apo(a) variants (100-200 nM) in the presence of 0, 1, 10, or 20 µg/mL purified 

recombinant PCSK9 in Opti-MEM for 4 hours at 37°C. For experiments using LDLR-

blocking monoclonal antibodies, cells were pre-treated for 30 min with 50 µg/mL of 5G2 

or 7H2 followed by incubation with Lp(a) or apo(a) in the continued presence of 50 

µg/mL antibody for 2 hrs at 37°C. In some experiments, cells were co-treated with 10 

µg/mL lactacystin (Cayman) or 150 µg/mL E-64d (Cayman) or vehicle (dimethyl 

sulfoxide) along with Lp(a) or apo(a) for 4 hrs at 37°C. For all internalization 

experiments, HepG2 cells were extensively washed: 3× with PBS-0.8% BSA, 2× with 

PBS-BSA-0.2M ε-ACA for 5 min each, 2× with 0.2 M acetic acid pH 2.5 containing 0.5 

M NaCl for 10 min each, 2× with PBS. The cells were then lysed with lysis buffer (50 
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mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 

0.1% SDS, 1 mM PMSF, and 150 µg/mL benzamidine).  

For experiments with fibroblasts, cells were seeded in a 24 well plate at 1.4 x 10
5
 

cells/well in medium containing 10% LPDS for 16 hrs. Cells were washed twice with 

OptiMEM and treated with Lp(a) (5 µg/mL) or apo(a) (100 nM) in the presence or 

absence of 20 µg/mL PCSK9 in OptiMEM for 4 hours at 37°C. Cells were extensively 

washed (3× with PBS-0.8% BSA, 2× with PBS containing 10 µg/mL heparin for 10 min, 

1× PBS-BSA-0.2M ε-ACA for 5 min, 2× with 0.2 M acetic acid pH 2.5 containing 0.5 M 

NaCl for 10 min, 1× with 0.5 M HEPES pH 7.5, 100 mM NaCl for 10 min, and 1× with 

PBS) then lysed with lysis buffer. Concentrations of lysate samples were determined by 

BCA assay with BSA as a standard and analyzed by Western blotting.  

 

5.3.8 Western Blotting 

Cell lysates were subjected to SDS-PAGE on 5-15% (Lp(a)-treated cells) or 7-

15% (apo(a)-treated cells) polyacrylamide gradient gels respectively. The gels were 

transferred onto PVDF membranes (Millipore) and immunoblotted with either mouse-

anti human apo(a) a5 antibody [39], mouse-anti human β-actin (Sigma), or rabbit-anti 

human LDLR (GeneTex). Bands were visualized with SuperSignal® West Femto 

Maximum Sensitivity Substrate (Thermo Scientific) and quantified using Alpha View 

software (Alpha Innotech). 

 

5.3.9 LDLR Degradation Assay 

HepG2 cells were seeded at 2 x 10
5
 cells/well in a 24 well plate in medium 

containing 10% LPDS for 16 hours. PCSK9 (20 µg/mL) with 0, 100, 250 µg/mL of 
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plasma-purified Lp(a) or LDL or 0, 100, 250 nM apo(a) was added in OptiMEM and the 

cells incubated for 4 hours. Cells were washed three times with PBS and lysed. 

Concentrations of samples were determined by BCA assay and LDLR levels were 

analyzed by Western blotting.  

 

5.3.10 Binding Study 

Saturation binding curves were generated by incubating LDL or Lp(a), at 0.5 

mg/mL, with increasing amounts of PCSK9-Alexa 488 (25-1200 nM) in binding buffer 

(25 mM HEPES pH 7.4, 150 mM NaCl, 2 mM CaCl2, 1% BSA) for one hour at 37°C. 

Glycerol was added to the samples to a final concentration of 10% and the samples were 

subjected to electrophoresis on 0.7% agarose gels (UltraPure Agarose, Invitrogen) for 2 

hours at 40 V in 90 mM Tris pH 8.0, 80 mM borate, 2 mM calcium lactate. In-gel 

scanning and quantification of the anount of labeled PCSK9 free and bound to Lp(a) or 

LDL was achieved with a FluorChem Q imager (Alpha Innotech). Dissociation constants 

(KD) were determined by fitting the data to an equation describing a rectangular 

hyperbola by nonlinear regression using Graph Pad Prism 6.  

 

5.3.11 Purification of LDL and Lp(a) and Preparation of Lipoprotein-Deficient 

Serum (LPDS) 

Blood was collected from a healthy human volunteer (with written informed 

consent) with no detectable Lp(a) into BD Vacutainers containing sodium polyanethol 

sulfonate and acid citrate dextrose. The blood was centrifuged at 2,000 × g for 15 min at 

4°C and LDL was isolated from plasma through sequential ultracentrifugation (1.02 

g/mL < d < 1.063 g/mL); the centrifugation steps were at 45,000 × g for 18 hrs at 4°C. 
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The isolated LDL was extensively dialyzed against 150 mM NaCl, 5.6 mM Na2HPO4, 1.1 

mM KH2PO4, 0.01% EDTA (pH 7.4). Lipoprotein-depleted serum (LPDS) was prepared 

through addition of NaBr to FBS (ATCC) to a final density of 1.21 g/mL followed by 

ultracentrifugation as described above. The top fraction was removed and the infranatant 

fraction containing LPDS was extensively dialyzed against HEPES-buffered saline 

(HBS; 20 mM HEPES pH 7.4, 150 mM NaCl). Lp(a) was prepared from a single donor 

with high Lp(a) and a single 16-kringle apo(a) isoform as previously described [40]. 

Concentrations of LDL and Lp(a) were determined by BCA assay using BSA as a 

standard. 

 

5.3.12 Purification of LDLR-Blocking Monoclonal Antibodies 

Anti-human LDLR monoclonal antibodies 5G2 and 7H2 (a gift from Dr. Ross 

Milne, University of Ottawa Heart Institute) were purified from ascites fluid using 

Protein G Sepharose 4 Fast Flow affinity chromatography according to manufacturer’s 

recommendations (GE Healthcare). Concentrations of antibodies were determined using 

BCA assay with BSA as a standard.  

 

5.3.13 Statistical Methods 

Comparisons between data sets were performed using two-tail Student's t-test 

assuming unequal variances. 
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5.4 RESULTS 

 

5.4.1 PCSK9 inhibits Lp(a) and apo(a) internalization 

PCSK9 can target the LDLR for degradation in an intracellular pathway by 

targeting the LDLR from the trans Golgi network directly to lysosomes [41]. Conversely, 

extracellular PCSK9 targets the LDLR for degradation through binding of PCSK9 to the 

EGF-A domain of the LDLR and subsequently targeting the complex to lysosomes for 

degradation [42, 43].
 
Herein, we evaluated the role of both the intra- and extracellular 

PCSK9-mediated degradation of LDLR in Lp(a)/apo(a) internalization by HepG2 cells. 

Overexpression of PCSK9, which would stimulate both the intracellular and extracellular 

pathway of targeting the LDLR for degradation, resulted in a significant decrease in the 

amount of Lp(a) internalized by HepG2 cells (Fig. 5.1A). Similar results were obtained 

for the internalization of a physiologically relevant recombinant apo(a) (r-apo(a)) species 

(17K) that contains 8 identically repeated KIV2 domains (Fig. 5.1B). Addition of a lysine 

analog, ε-ACA, markedly inhibits the uptake of both Lp(a) and r-apo(a) (Fig. 5.1A, B) 

although PCSK9 still significantly reduced uptake of Lp(a). Likewise, mutating the 

strong lysine binding site present in KIV10 of 17K (17KΔLBS10 variant) results in a 

significant decrease in its ability to be internalized (Fig. 5.1B). Interestingly, however, 

PCSK9 is able to significantly decrease internalization of this variant but not 

internalization of either 17K or 17KΔLBS10 in the presence of ε-ACA (Fig. 5.1B).  

To specifically determine the role of the extracellular PCSK9 degradation 

pathway, HepG2 cells were exposed to exogenous, purified PCSK9 or a gain-of-function 

(GOF) mutant of PCSK9 (D374Y) in the presence of Lp(a) or apo(a). Treatment of 

HepG2 cells with various concentrations of wild type (WT) PCSK9 resulted in a 
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significant decrease in Lp(a) and 17K internalization (Fig. 5.1C, D). The GOF mutant 

was found to have a more robust effect on Lp(a) (at 1 µg/mL) and 17K (at 1 and 10 

µg/mL) internalization compared to WT PCSK9. 
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Figure 5.1: PCSK9 reduces the internalization of both Lp(a) and apo(a) in HepG2 

cells. A and B, HepG2 cells stably transfected with empty vector or PCSK9-v5 were 

grown for 16 hrs in LPDS media followed by treatment with either 10 µg/mL Lp(a) (A) 

or 200 nM apo(a) (B) in the presence or absence of 200 mM ε-ACA for 4 hours. The cells 

were extensively washed to remove any bound Lp(a)/apo(a) and lysed to determine the 

relative amount that was internalized, using β-actin as an internal control. Error bars 

indicate standard error of the mean (SEM) with n≥3 independent experiments. *: p<0.05 

**: p<0.01. C and D, HepG2 cells were grown in LPDS media for 16 hrs followed by 

treatment with various concentrations of PCSK9 or PCSK9 D374Y in the presence of 

either 10 µg/mL Lp(a) (C) or 200 nM 17K (D). The cells were extensively washed to 

remove any bound Lp(a)/apo(a) and lysed to determine the relative amount that was 

internalized, using β-actin as an internal control. Error bars indicate SEM with n≥3 

independent experiments. *: p<0.05; **: p<0.01.  
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5.4.2 PCSK9 does not bind to Lp(a) 

It has been previously reported that PCSK9 can bind to LDL in vitro consistent 

with a one-site binding model with a KD ~ 325 nM [44]. Furthermore, the binding of 

PCSK9 to LDL inhibits its ability to target the LDLR for degradation in HuH7 human 

hepatoma cells [44]. Hence, we determined whether Lp(a) can bind to PCSK9 in vitro 

and if Lp(a)/apo(a) can inhibit the ability of exogenous PCSK9 to target the LDLR for 

degradation. We found that LDL can bind to PCSK9 in vitro with a KD of ~ 130 nM, a 

value close to that previously reported [44] (Fig. 5.2A, B). On the other hand, little or no 

binding of Lp(a) to PCSK9 was detected (Fig. 5.2A, C). Treatment of HepG2 cells with 

exogenous PCSK9 results in a substantial decrease in LDLR levels, while co-treatment of 

PCSK9 with LDL results in recovery of LDLR levels (Fig. 5.2D). These findings are also 

in agreement with previously reported data [42]. However, co-treatment of Lp(a) or 17K 

with PCSK9 results in no significant recovery in LDLR levels (Fig. 5.2E, F). Together, 

these results suggest that Lp(a) does not bind to PCSK9 and therefore cannot block the 

ability of PCSK9 to target the LDLR for degradation.  
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Figure 5.2: PCSK9 binds to LDL in vitro but not to Lp(a). LDLR levels are recovered 

from PCSK9 degradation by treatment with LDL but not Lp(a) or apo(a). Various 

concentrations of PCSK9-Alexa 488 were incubated with 0.5 mg/mL of purified LDL or 

Lp(a) for one hour at 37°C. A and B, Samples containing PCSK9 and either LDL (A) or 

Lp(a) (B) were resolved on 0.7% agarose gels. C, Bound and free levels of PCSK9 were 

quantified and fit to a saturation curve by nonlinear regression using Graph Pad Prism 6 

to give a mean KD for LDL of 127.6 ± 39.8 nM (n= 3). D-F, HepG2 cells were grown for 

16 hrs in LPDS media followed by treatment with various concentrations of LDL (D), 

Lp(a) (E), or 17K r-apo(a) (F) in the presence or absence of 20 µg/mL PCSK9 for 4 

hours. The relative LDLR levels were determined and normalized to β-actin. Error bars 

indicate SEM with n≥3 independent experiments. *: p<0.05; **: p<0.01 compared to 

control in the absence or presence of PCSK9.  
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5.4.3 Lp(a)/apo(a) internalization involves clathrin-mediated endocytosis and 

internalized Lp(a)/apo(a) is targeted to lysosomes 

PCSK9 has been previously shown to target the LDLR for degradation via 

clathrin heavy chain-mediated endocytosis and subsequent targeting to lysosomes [45, 

46]. We therefore determined whether Lp(a) and apo(a) undergo the same degradation 

pathway. Knockdown of clathrin heavy chain in HepG2 cells results in a significant 

decrease in Lp(a) and apo(a) internalization (Fig. 5.3). In both cases, while PCSK9 

treatment results in a dose-dependent decrease in internalization in the absence of clathrin 

heavy chain knockdwon, no further decrease resulting from PCSK9 is observed in the 

presence of clathrin heavy chain knockdown (Fig. 5.3). These results indicate that the 

PCSK9-regulated internalization of Lp(a)/apo(a) is dependent on clathrin coated pits. 

The degradation pathway that Lp(a)/apo(a) undergoes was further evaluated 

through inhibitors of both the lysosomal and proteosomal pathway. Treatment of HepG2 

cells with a lysosomal inhibitor, E-64d, resulted in the intracellular accumulation of Lp(a) 

and apo(a) (Fig. 5.4). However, treatment with a proteosomal inhibitor, lactacystin, 

results in no accumulation of Lp(a) or apo(a). These results indicate that Lp(a)/apo(a) is 

internalized through clathrin-mediated endocytosis and is subsequently targeted for 

lysosomal degradation.  
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Figure 5.3: Lp(a) and apo(a) internalization is dependent on clathrin coated pits in 

HepG2 cells. A and B, HepG2 cells were transfected with control or clathrin heavy chain 

siRNA for 48 hours followed by incubation of cells in LPDS media for 16 hrs. HepG2 

cells were then treated with 5 µg/mL Lp(a) (A) or 200 nM 17K (B) in the presence or 

absence of PCSK9 for 4 hours. Internalization of Lp(a)/apo(a) was measured as in the 

Legend to Fig. 5.1. Error bars indicate SEM with n≥3 independent experiments. *: 

p<0.05; **: p<0.01. Insets: clathrin heavy chain mRNA was quantified using qRT-PCR 

following siRNA treatment to determine knockdown efficiency. 
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Figure 5.4: Lp(a) and apo(a) degradation in HepG2 cells occurs in lysosomes and not 

proteosomes. A and B, HepG2 cells were grown for 16 hrs in LPDS media followed by 

treatment with either DMSO, E-64d (150 µg/mL), or lactacystin (10 µM) in the presence 

or absence of 20 µg/mL PCSK9 as well as Lp(a) (A) or 17K (B) for 4 hours. 

Internalization of Lp(a)/apo(a) was measured as in the Legend to Fig. 5.1. Error bars 

indicate SEM with n≥3 independent experiments. *: p<0.05; **: p<0.01. 
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5.4.4 PCSK9 regulates Lp(a) internalization through the LDLR 

Previous studies have shown that apo(a) can be internalized into HepG2 cells 

through the LDLR or through lysine-dependent interactions with plasminogen receptors 

[12]. We therefore wanted to examine which of these routes might be sensitive to 

PCSK9. Apo(a) is not itself a ligand for LDLR, but r-apo(a) added to HepG2 cell 

medium binds non-covalently to apoB-containing lipoproteins secreted by the HepG2 

cells which allows it to be internalized by the LDLR in a “piggybacking” manner [12]. 

The weak LBS in KIV type 7 and 8 mediate these non-covalent interactions and 

therefore, for internalization studies, we utilized a r-apo(a) variant in which both these 

LBS were mutated (17KΔLBS7,8) [6]. We found that 17KΔLBS7,8 was poorly 

internalized in HepG2 cells (Fig. 5.5A); although its internalization did not appear to be 

affected by PCSK9, this conclusion has to be tempered by the fact that the internalization 

of this species is at our limit of detection. 

To determine more directly if the LDLR plays a role in Lp(a)/apo(a) 

internalization, the LDLR or the LDLR lacking its carboxyl tail (LDLRΔCT) were 

overexpressed in HepG2 cells. The ΔCT deletion occurs where the autosomal recessive 

hypercholesterolemia (ARH) adaptor protein binds and is important for recruiting the 

complex into clathrin-coated pits [47, 48]. Overexpression of LDLR in HepG2 cells 

results in a dramatic increase in Lp(a) internalization (Fig. 5.5B) and only a modest and 

not statistically significant increase in apo(a) internalization (Fig. 5.5C). Treatment of the 

cells overexpressing LDLR or LDLRΔCT with PCSK9 leads to a significant decrease in 

Lp(a) internalization (Fig. 5.5B).  



185 

 

Treatment of HepG2 cells with a blocking monoclonal LDLR antibody was also 

utilized to confirm that the LDLR is involved in Lp(a) catabolism and its regulation by 

PCSK9. Two LDLR-blocking monoclonal antibodies, 5G2 and 7H2, were used which 

were previously shown to specifically block the binding of LDL to the LDLR in cultured 

human fibroblasts [49]. Lp(a) internalization was markedly decreased by the addition of 

either antibody and PCSK9 had no effect on Lp(a) internalization in the presence of the 

antibodies (Fig. 5.5D). Furthermore, we found that 7H2 likewise markedly decreased 

17K internalization (Fig. 5.5E). On the other hand, PCSK9 did not decrease 17K 

internalization in the presence of the antibody, and internalization of 17KΔLBS7,8 

appeared to be insensitive to both PCSK9 and the antibody (Fig. 5.5E). These results 

indicate that the LDLR mediates internalization of Lp(a) through the LDL component 

and in a manner that is regulated by PCSK9. 
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Figure 5.5: The LDLR contributes to Lp(a) and apo(a) internalization in HepG2 cells. 

A, HepG2 cells were grown in LPDS media for 16 hrs followed by treatment with 

various concentrations of PCSK9 in the presence of 17K or 17KΔLBS7,8 (200 nM). 

Internalization of apo(a) was measured as in the Legend to Fig. 5.1. Error bars indicate 

SEM with n≥3 independent experiments. **: p<0.01. B and C, HepG2 cells were 

transfected with expression plasmids encoding either LDLR or LDLRΔCT for 48 hours 

and were then grown for 16 hrs in LPDS media. The cells were incubated with 10 µg/mL 

Lp(a) (B) or 200 nM apo(a) (C) in the presence or absence of 20 µg/mL PCSK9 for 4 

hours after which internalization of Lp(a)/apo(a) was measured. Error bars indicate SEM 

with n≥3 independent experiments. *: p<0.05; **: p<0.01. D and E, HepG2 cells were 

grown in LPDS media for 16 hrs followed by pretreatment with monoclonal LDLR 

blocking antibodies (mAb’s 5G2 or 7H2; 50 µg/mL) for 30 min. Cells were then 

incubated with 5 µg/mL Lp(a) (D) or 100 nM apo(a) (E) in the presence or absence of 10 

µg/mL PCSK9 and in continuing presence of mAb’s for 2 hours, after which 

internalization of Lp(a)/apo(a) was measured. Error bars indicate SEM with n≥4 

independent experiments. *: p<0.05 and **: p<0.01 for comparison of absence of 

antibody and PCSK9. 
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The role for the LDLR was also explored using primary fibroblasts isolated from 

individuals with or without FH. The three cell lines studied were GM01386 (fully 

functional LDLR), GM01355 (clinically affected with severe hypercholesterolemia with 

LDLR activity found to be partially negative), and GM00701 (LDLR activity <1% 

compared to normal cells). Lp(a) internalization is substantially decreased in cells 

deficient in LDLR, and the internalization was unaffected by PCSK9 in these cells (Fig. 

5.6A). Conversely, no significant difference in 17K internalization is observed between 

LDLR-deficient and normal fibroblasts and there is no effect in any cell line of PCSK9 

treatment (Fig. 5.6B). PCSK9 was able to dramatically decrease LDLR content of those 

fibroblasts that contained immunoreactive receptor (Fig. 5.6C). These findings 

underscore the requirement for apo(a) to couple to apoB-containing lipoproteins in order 

to internalize through the LDLR in a PCSK9-regulable manner as these cells do not 

express apoB-containing lipoproteins.  
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Figure 5.6: Lp(a), but not apo(a), internalization decreases in FH fibroblasts lacking 

LDLR. A and B, FH Fibroblasts used were GM01386 (fully functional LDLR), 

GM01355 (clinically affected with severe hypercholesterolemia with LDLR activity 

found to be partially negative), and GM00701 (LDLR activity <1% compared to normal 

cells). The FH fibroblasts were grown in LPDS media for 16 hrs followed by incubation 

with 5 µg/mL Lp(a) (A) or 100 nM apo(a) (B) in the presence or absence of 10 µg/mL 

PCSK9 for 4 hours. Internalization of Lp(a)/apo(a) was measured as in the Legend to Fig. 

5.1. Error bars indicate SEM with n≥5 independent experiments. *: p<0.05; **: p<0.01 

for comparison of control in the absence of PCSK9 and ε-ACA. C, The LDLR content of 

the respective fibroblast cell lines in the presence or absence of PCSK9 treatment was 

assessed by Western blot analysis using a monoclonal antibody against LDLR. 
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5.5 DISCUSSION  

Elevated plasma Lp(a) levels have been recently shown to be effectively reduced 

with the use of two different monoclonal antibodies against PCSK9 [25-29]. This therapy 

was conceived to lower LDL levels as inhibition of PCSK9 leads to upregulation of the 

LDLR. The ability of the therapy to lower plasma Lp(a) challenges the existing dogma 

that the LDLR does not play a major, if any, role in Lp(a) catabolism. Therefore, our aim 

was to directly assess the ability of PCSK9 to influence Lp(a) uptake in a cellular model 

and to explore the role of LDLR in this process.  

We found that PCSK9 was indeed able to inhibit Lp(a) internalization in HepG2 

cells (Fig. 5.1). This effect was observed whether PCSK9 was ectopically overexpressed 

(and hence active both intracellularly and extracellularly) or added as a purified protein to 

the culture medium along with Lp(a) (hence acting exclusively extracellularly). Notably, 

we also found that PCSK9 can stimulate internalization of apo(a) itself (Fig. 5.1). 

However, we conclude that the effect of PCSK9 on apo(a) internalization is dependent on 

the ability of free apo(a) to associate with apoB-containing lipoprotein particles in the 

culture medium, with internalization of the resultant complex being sensitive to PCSK9. 

This conclusion is based on the fact that internalization of apo(a) by fibroblasts, which do 

not express apoB, is insensitive to PCSK9 (Fig. 5.6). Moreover, internalization of the 

17KΔLBS7,8 variant, which cannot associate non-covalently with apoB-containing 

lipoproteins [6], appears to be insensitive to the effects of PCSK9 (Fig. 5.5). Given these 

findings, and a previous report that demonstrated that apoB-100, not apo(a), is the ligand 

in Lp(a) for LDLR [12], we suspected that the LDLR, the major target of PCSK9, is 

mediating the PCSK9-sensitive component of Lp(a) internalization.  
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Importantly, apo(a), due to its structural similarities to plasminogen, may also 

potentially bind to and be internalized by plasminogen receptors, which contain carboxyl-

terminal lysine residues [12]. Previous results have shown that removal of the strong 

lysine binding site in r-apo(a) (the 17KΔLBS10 variant) results in an inability to 

effectively bind to fibrin surfaces [7]. In the current study, 17KΔLBS10 internalization is 

significantly reduced, but not abolished, compared to wild-type 17K in HepG2 cells (Fig. 

5.1). Treatment of HepG2 cells with the lysine analogue ε-ACA resulted in a significant 

decrease in both Lp(a) and apo(a) internalization, and PCSK9 was still able to inhibit 

Lp(a) (but not apo(a)) internalization in the presence of ε-ACA. Thus, removal of the 

strong LBS in apo(a) affects its ability to be internalized through lysine-dependent 

plasminogen receptors but not through non-covalent interactions with apoB and 

subsequent binding to LDLR. However, treatment with ε-ACA abolishes both the ability 

of apo(a) or Lp(a) to bind to lysine-dependent plasminogen receptors as well as the 

ability of apo(a) to couple to the apoB component of LDL [50]; the latter effect accounts 

for the inability of PCSK9 to inhibit apo(a) uptake in the presence of ε-ACA (Fig. 5.1B).  

Recently, it has been reported that LDL can bind to PCSK9 and inhibit its ability 

to target the LDLR for degradation [44]. We therefore analyzed if Lp(a) can bind to 

PCSK9 in order to determine if (i) less Lp(a) is being internalized due to its ability to 

bind to PCSK9 and thus prevent its internalization; or (ii) Lp(a) binding to PCSK9 leads 

to a reduced ability for PCSK9 to target the LDLR for degradation, or other receptors, 

limiting the ability of Lp(a) to be internalized through those receptors. Through in vitro 

binding experiments, we have shown that PCSK9 cannot bind to Lp(a) (Fig. 5.2). As 

well, both Lp(a) and apo(a) do not inhibit the ability of PCSK9 to target the LDLR for 
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degradation in HepG2 cells. The exact site at which the apoB component of LDL binds to 

PCSK9 is currently unknown. Therefore, it is possible that the apo(a) component of Lp(a) 

is interfering with the interaction of PCSK9 and apoB.  

We also explored the degradation pathway of Lp(a)/apo(a) through PCSK9. 

Previous work has shown that PCSK9 can target the LDLR for degradation through 

clathrin-mediated endocytosis and is targeted for lysosomal degradation [43, 44]. We 

show here, through knockdown of clathrin heavy chain, that Lp(a) and apo(a) are also 

internalized through clathrin-mediated endocytosis. Treatment with PCSK9 results in no 

further decrease in Lp(a)/apo(a) internalization following clathrin heavy chain 

knockdown. This indicates that the receptors that internalize Lp(a)/apo(a) which can be 

regulated by PCSK9 are dependent on clathrin-mediated endocytosis. Furthermore, 

treatment with a lysosomal inhibitor, E-64d, but not a proteosomal inhibitor, results in a 

significant accumulation of intracellular Lp(a) and apo(a) with or without PCSK9 

treatment. Both of these inhibitors are highly selective, potent, and irreversible inhibitors 

of their respective target proteases [51, 52]. E-64d inhibits calpain and the cysteine 

proteases cathepsins F, K, B, H, and L and acts by forming a thioester bond with the thiol 

of the active site cysteine without affecting cysteine residues in other enzymes. 

Lactacystin covalently modifies the amino-terminal threonine of specific catalytic 

subunits of the proteasome. Taken together, these results indicate that Lp(a)/apo(a) 

internalization alone or through PCSK9 occurs, in part, through clathrin-mediated 

endocytosis and Lp(a)/apo(a) is subsequently targeted for lysosomal degradation. We 

next determined which receptor is involved in Lp(a) catabolism which can be regulated 

by PCSK9. 
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The role for the LDLR in Lp(a) catabolism has been controversial. Compared to 

LDL, plasma Lp(a) concentrations are much less responsive to conventional lipid-

lowering therapies including statins. Indeed, some studies have shown increased in 

plasma Lp(a) with statins, others no effect, and others decreases [53]. More recent, larger 

studies have found that statins modestly but significantly reduce Lp(a) in subjects with 

dyslipidemia or heterozygous FH [54, 55]. Moreover, in some studies of FH kindreds 

with a null LDLR, elevated plasma Lp(a) levels are observed in affected individuals [21, 

22, 56], although this result has not been unanimously observed [22, 57, 58]. Although 

overexpression of LDLR in mice significantly increased Lp(a) clearance [20], plasma 

clearance studies in Ldlr
-/- 

mice and human FH patients reported no significant difference 

in Lp(a) clearance compared to the presence of normal LDLR, although a non-significant 

decrease in fractional catabolic rate in the absence of LDLR of about 10% was reported 

in both studies [23, 24]. Plausible evidence therefore exists to indicate that the LDLR 

does participate in Lp(a) catabolism, which may account for the ability of PCSK9 

inhibitors to lower plasma Lp(a). Accordingly, we directly examined the role of the 

LDLR in regulation of Lp(a) catabolism by PCSK9. 

The following lines of evidence from our study very strongly support the concept 

of the LDLR being a PCSK9-regulable clearance receptor for Lp(a). (i) The GOF PCSK9 

mutant D374Y, which can target the LDLR for degradation more rapidly, was more 

effective than WT PCSK9 in inhibiting both Lp(a) and apo(a) internalization in HepG2 

cells (Fig. 5.1C, D). (ii) Overexpression of LDLR (and LDLRΔCT) dramatically increase 

Lp(a) clearance (Fig. 5.5B). Addition of PCSK9 in the context of LDLR overexpression 

decreased internalization, but the difference did not reach statistical significance. It is 
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possible that the dose of PCSK9 added was not sufficient to influence the very high 

concentrations of ectopically-expressed LDLR. (iii) Addition of blocking monoclonal 

antibodies against LDLR decreased Lp(a) internalization and PCSK9 had no effect in the 

setting of LDLR blockade with the antibodies (Fig. 5.5D). (iv) Human fibroblasts lacking 

LDLR showed decreased internalization of Lp(a) that was unaffected by the addition of 

PCSK9 (Fig. 5.6A).  

It is notable that the LDLR lacking the cytoplasmic tail, which interacts with the 

ARH adaptor protein to promote endocytosis, retains a considerable fraction of the wild-

type receptor’s ability to internalize Lp(a) (Fig. 5.5B). It has been previously shown that 

PCSK9 cannot target the LDLR for degradation in primary hepatocytes isolated from 

Arh
-/-

 mice [59]. However, PCSK9 can target the LDLR for degradation upon removal of 

the cytoplasmic tail in CHO cells [60], and the ARH adaptor protein is not necessary in 

PCSK9 mediated LDLR degradation in fibroblasts [46]. These results suggest a potential 

PCSK9-interacting partner in mediating endocytosis of the LDLR-PCSK9 in HepG2 

cells.    

Less of an increase is observed with apo(a) internalization following LDLR 

overexpression (Fig. 5.5C) indicating the requirement for apo(a) coupling to apoB for 

recognition by this receptor. Although HepG2 cells were deprived of LDL by growth in 

LPDS, these cells do express apoB and secrete apoB-containing lipoprotein particles in 

the LDL density range [12]. Formation of non-covalent complexes between these 

particles and apo(a) could be rate-limiting and therefore may account for why less of an 

increase in internalization is observed for apo(a) compared to Lp(a) with LDLR 

overexpression. Our results also show that Lp(a) internalization is significantly reduced 
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in human FH fibroblasts with a defective LDLR compared to fibroblasts with WT LDLR 

function (Fig. 5.6A). Fibroblasts do not express apoB and, not surprisingly therefore, the 

internalization of apo(a) is not affected by PCSK9 in either the control or LDLR 

defective fibroblast cells (Fig. 5.6B). Collectively, these results definitively indicate a 

role for the LDLR in internalization of Lp(a) through the apoB component rather than 

apo(a).  

PCSK9 has been reported to downregulate other members of the LDLR, 

specifically the VLDLR and the apoE2 receptor [35]. It is not known if these are ligands 

for Lp(a) in vivo, but it does not appear that they are playing a role in Lp(a) 

internalization in our experiments, at least with respect to the PCSK9-dependent 

component. This conclusion stems from our observations that Lp(a) internalization is 

insensitive to PCSK9 in the presence of antibodies that block the LDLR (Fig. 5.5D) or in 

fibroblasts lacking functional LDLR (Fig. 5.6A).  

It is notable that Lp(a) lowering by PCSK9 inhibitory antibodies is of a lower 

magnitude (~30%) compared to LDL (~70%) [25-29]. Because LDL concentrations are 

higher than Lp(a) on a particle number basis, LDL can compete with Lp(a) for binding to 

the LDLR. Considering the concentration of plasma LDL is generally far greater than that 

of Lp(a), it increases its likelihood of clearance through the LDLR compared to Lp(a). It 

is also notable that all study subjects receiving PCSK9 inhibitory antibodies were also 

receiving an optimal dose of statin [27], and an Lp(a) lowering effect was still observed. 

In this setting, by increasing hepatic LDLR to supraphysiological levels, there is a 

profound lowering of LDL levels which may in turn allow for the clearance of Lp(a) 

through the LDLR. This was also observed in vivo in which Lp(a) catabolism 



196 

 

significantly increased in mice overexpressing LDLR [20]. Our results clearly suggest 

that the effects of PCSK9 inhibitory antibodies on Lp(a) levels in vivo are the 

consequence of greater LDLR-mediated catabolism of Lp(a). Therefore, although the 

LDLR may not be a major route of clearance of Lp(a) under most circumstances, its 

importance increases in the setting of therapy to increase LDLR numbers, particularly by 

the use of inhibitory antibodies against PCSK9.  
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 Elevated levels of Lp(a) have been identified as an independent risk factor for 

CHD [1, 2]. However, the pathophysiological mechanisms by which Lp(a) mediates its 

harmful effects are not entirely understood. The aim of this work was to identify the 

mechanism of how Lp(a) can effect pericellular plasminogen activation, and to extend 

our understanding of Lp(a) catabolism. The role of Lp(a)/apo(a) in pericellular 

plasminogen activation was evaluated in vascular and blood cells. In addition, the role of 

novel apo(a) receptors in the context of plasminogen activation was assessed. 

Furthermore, the mechanism by which Lp(a)/apo(a) is catabolised and how this may 

potentially be regulated by PCSK9 was investigated. We found that Lp(a)/apo(a) can 

inhibit pericellular plasminogen activation through attenuating Glu- to Lys-plasminogen 

conversion. As well, a variety of receptors- uPAR, αMβ2, and αVβ3- were implicated in 

regulating plasminogen activation and mediating the ability of apo(a) to inhibit 

plasminogen activation on vascular and blood cells. Finally, we determined that Lp(a) 

catabolism can be regulated by PCSK9 through LDLR-dependent uptake of Lp(a).  

 

6.1 LP(a)/APO(a) INHIBITS PERICELLULAR PLASMINOGEN ACTIVATION  

Previous reports have established that apo(a) inhibits tPA-mediated fibrin clot 

lysis [3] and tPA-mediated plasminogen activation on the fibrin surface [4-7]. Apo(a) 

was found to inhibit fibrin clot lysis with tPA-mediated activation of Glu-plasminogen 

and to a less extent with either uPA as a plasminogen activator or with Lys-plasminogen 

[3]. These findings illustrate that the key inhibitory ability of apo(a) is to attenuate the 

conversion of Glu- to Lys-plasminogen on fibrin clots. Apo(a) was reported by our group 

to inhibit plasminogen activation through what was described as an equilibrium template 
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model with tPA, plasminogen, apo(a), and fibrin interacting in a quaternary complex [4]. 

Additionally, apo(a) was shown to attenuate the conversion of Glu-plasminogen to Lys-

plasminogen on the fibrin surface [8]. Apo(a)-mediated inhibition of fibrinolysis, as well 

as Glu- to Lys-plasminogen conversion, was not dependent on apo(a) isoform size [4, 8]. 

Critical roles for the KV domain and the strong LBS in KIV10 were shown for both 

optimal inhibitory effects of apo(a) on fibrin mediated plasminogen activation as well as 

Glu- to Lys-plasminogen conversion [4, 8]. A N-terminally truncated version of apo(a) 

(missing KIV types 1-4) was unable to inhibit tPA-mediated Glu-plasminogen activation 

on the fibrin surface to the same extent as the full length version indicating that KIV 

types 1-4 of apo(a) are required for maximal inhibition of plasminogen activation [4]. 

However, the N-terminal domain of apo(a) was not required for apo(a) mediated 

inhibition of Glu- to Lys-plasminogen conversion on the fibrin surface [8]. Removal of 

the protease domain of apo(a) did not affect its ability to inhibit tPA-mediated Glu-

plasminogen activation on the fibrin surface indicating that the interaction between 

apo(a) and plasminogen in solution is not required for this process [4]. Together these 

findings illustrate that there are common domains necessary for the ability of apo(a) to 

inhibit both plasminogen activation and Glu- to Lys-plasminogen conversion on the 

fibrin surface, although there are contrasting roles for some apo(a) domains in these two 

processes. This may reflect the fact that different enzymes are required in catalyzing the 

reactions for plasminogen activation (tPA) and for Glu- to Lys-plasminogen conversion 

(plasmin). A corresponding level of understanding of the ability of apo(a) to inhibit 

plasminogen activation and Glu- to Lys-plasminogen conversion on cell surfaces is 

critical as this is one of the potential pathophysiological roles for Lp(a). Plasmin 
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generated via cell surface receptors contributes not only to fibrinolysis and thrombolysis 

[9-11], but also to events involved in atherogenesis, cell migration and proliferation, 

angiogenesis, inflammation, wound healing, and cancer [12-20].  

 As a result, the role of apo(a) in potentially inhibiting pericellular plasminogen 

activation was explored in Chapter 2. As we report for the first time, the addition of 

apo(a) resulted in a significant dose-dependent decrease in plasminogen activation. A 

greater than 50% decrease in plasminogen activation was observed in the presence of the 

maximum concentration of apo(a) utilized on HUVECs, THP-1 monocytes, and THP-1 

macrophages; the extent of the ability of apo(a) to inhibit plasminogen activation was 

similar in the three cell lines utilized. Critical roles for the KV domain and the strong 

LBS in KIV10 were required for optimal inhibitory ability of apo(a). These findings are in 

agreement with previous studies conducted on the fibrin surface with regard to the role of 

apo(a) isoform size and critical domains necessary for optimal inhibition of plasminogen 

activation and Glu- to Lys-plasminogen conversion on fibrin surface [4, 8].  

We have shown that low concentrations of Lp(a) are effective at reducing 

plasminogen activation on HUVECs and THP-1 monocytes but not on THP-1 

macrophages. Apo(a) was found to be more potent than Lp(a) for inhibition of 

plasminogen activation on THP-1 macrophages and HUVECs suggesting that the apo(a) 

component of Lp(a) is responsible for the inhibitory ability. These results are expected as 

apo(a) shares homology with plasminogen [21] and thus may compete with plasminogen 

for binding sites on cellular receptors. Similar to THP-1 monocytes, Lp(a) was able to 

inhibit plasminogen activation to the same extent as apo(a) on the fibrin surface [4]. This 

indicates that the differences in the receptors present on distinct cell types directly play a 
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role in the potency of Lp(a) for inhibition of plasminogen activation. For example, Lp(a) 

may potentially bind to non-plasminogen receptors through its LDL component to 

different extents on various cell types thereby diluting the effect of the apo(a) component 

of Lp(a) to inhibit  plasminogen activation. In addition, different cell surfaces may bind 

and internalize Lp(a) to greater extents. For example, rapid uptake of Lp(a) has 

previously been shown in THP-1 macrophages [22]. This may explain the variation in the 

ability of Lp(a) to inhibit plasminogen activation on different cell surfaces. Although, 

higher concentrations of Lp(a) may have the ability to decrease plasminogen activation 

on THP-1 macrophages but were restricted to the relatively low concentration of the 

preparation.  

The inhibitory ability of plasminogen activation by apo(a) in the current study 

was examined using the plasminogen activator tPA and not uPA. tPA was used as it is 

expressed in ECs and has been previously shown to bind to various cell types including 

monocytes, platelets, and monocytoid cells [23-26]. It would be interesting to determine 

if apo(a) is able to inhibit pericellular plasminogen activation using uPA as an activator. 

The uPAR plays a key role in uPA-mediated plasminogen activation [27] and it is 

possible that apo(a) not only interferes with plasminogen/uPA binding to cell surface 

receptors (such as uPAR) but also in the positive feedback mechanism of converting sc-

uPA to its active tc-uPA form. Previous findings illustrated that apo(a), plasminogen, 

tPA, and fibrin interact as a quaternary complex which can attenuate the rate of 

plasminogen activation [4]. However, the current study did not quantitatively evaluate if 

the same mechanism occurs on the cell surface. Therefore, future experiments are needed 

to determine if apo(a) inhibits pericellular plasminogen activation through either: (i) 
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binding as a quaternary complex on the cell surface, (ii) simply competing with 

plasminogen for cell-surface binding sites, (iii) binding of apo(a) to plasminogen in 

solution and prevention of its subsequent activation, or (iv) a combination of the 

aforementioned events. If in fact inhibition of plasminogen activation is occurring 

through binding as a quaternary complex, than differences may be observed based on the 

cell-type (dependency of certain receptors such as uPAR) and the enzyme catalysing the 

reaction (tPA versus uPA). If apo(a) and plasminogen are exclusively competing for cell 

surface receptors, than the ability of apo(a) to inhibit plasminogen activation will be 

dictated by the receptors present on different cell types and not necessarily the type of 

plasminogen activator. If inhibition is occurring through simply binding of plasminogen 

and apo(a) in solution than no difference in the enzyme catalyzing the reaction or cell-

type should dictate the ability of apo(a) to inhibit plasminogen activation.  

 The mechanism of how apo(a) can inhibit pericellular plasminogen activation was 

explored in Chapter 3. The native circulating form of plasminogen, Glu-plasminogen, is 

in a closed conformation that does not allow for rapid activation to plasmin by 

plasminogen activators [28, 29]. However, binding of Glu-plasminogen to cell surface 

receptors results in a more open conformation and accessibility to plasminogen activators 

or plasmin [30]. Cleavage of Lys
77

-Lys
78

 by plasmin results in the removal of the N-

terminal tail domain and formation of Lys-plasminogen [31]. Unlike Glu-plasminogen, 

Lys-plasminogen adopts a more extended, open conformation [28, 29]. This open form is 

a much better substrate for plasminogen activators. Previous results have identified that 

Glu- to Lys-plasminogen conversion is the primary driver of plasminogen activation on 
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ECs [32]. As well, our group has shown that apo(a) can inhibit Glu- to Lys-plasminogen 

conversion on the fibrin surface [8].  

The inhibitory effect of apo(a) on pericellular plasminogen activation may 

potentially occur through attenuating Glu- to Lys-plasminogen conversion. In the current 

study, we have shown that apo(a) is a potent inhibitor of Glu- to Lys-plasminogen 

conversion on both HUVECs and SMCs. Isoform size of apo(a) did not affect its ability 

to inhibit Glu- to Lys-plasminogen conversion. The domains of apo(a) that are required to 

inhibit Glu- to Lys-plasminogen conversion are similar to that observed in Chapter 2 with 

respect to the ability of Lp(a)/apo(a) to inhibit pericellular plasminogen activation as well 

as to previous findings of Lp(a)/apo(a)-mediated inhibition of plasminogen activation and 

Glu- to Lys-plasminogen conversion on the fibrin surface [4, 8]. We have shown that 

removal of the strong LBS in KIV10 abolished the ability of apo(a) to inhibit Glu- to Lys-

plasminogen conversion on vascular cells. The protease domain as well as the KV 

domain were also identified as necessary for the maximal ability of apo(a) to inhibit Glu- 

to Lys-plasminogen conversion on vascular cells. The importance of these domains was 

also illustrated with respect to their requirement for apo(a)-mediated inhibition of 

pericellular plasminogen activation on fibrin [4], as well as vascular and blood cells 

(Chapter 2). The KV domain was also required for the ability of apo(a) to inhibit Glu- to 

Lys-plasminogen conversion on the fibrin surface [8]. However, it is unknown if the LBS 

present in KV is required for the ability of apo(a) to inhibit this process. Apo(a) partially 

retained the ability to inhibit Glu- to Lys-plasminogen conversion in the absence of the 

protease domain on vascular cells. Previous results have shown that apo(a) can bind to 

plasminogen through the protease domain of apo(a) in solution [33]. As a result, the 
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predominant mechanism for which apo(a) inhibits Glu- to Lys-plasminogen conversion 

on vascular cells may not be through the binding of apo(a) to plasminogen in solution.  

 Binding of Lp(a)/apo(a) to cell surface receptors is assumed to occur 

predominantly through LBSs in apo(a) KIV types 5-8, KIV type 10, or KV in a similalr 

manner as plasminogen. Plasminogen has previously been shown to bind to cell surface 

receptors containing a carboxyl-terminal lysine residue [12]. Carboxyl-terminal lysines 

present on cell-surface receptors are responsible to a greater extent for plasminogen 

activation than for plasminogen binding. A previous study that removed carboxyl-

terminal lysine residues on monocytoid cells resulted in a ~60% decrease in plasminogen 

binding and >95% decrease in plasminogen activation [26]. However, a previous report 

illustrated that apo(a) can effectively bind to ECs even with removal of the strong LBS 

present in KIV10 [34]. It has generally been assumed that Lp(a)/apo(a) can potentially 

disrupt the physiological functions of plasminogen by virtue of the high level of 

homology between the two, including the lysine-binding function. Nevertheless, apo(a) 

may bind to different cell surface receptors than plasminogen, or to receptors proximal to 

plasminogen receptors that result in steric hindrance of the ability of plasminogen to bind 

to cell surface receptors. The role of carboxyl-terminal lysine-containing receptors on the 

ability of apo(a) and plasminogen to compete for binding sites on vascular and blood 

cells was therefore explored.  

 As described in Chapter 2, removal of carboxyl-terminal lysines, through 

treatment with CpB, resulted in a small decrease in plasminogen activation on HUVECs, 

THP-1 monocytes, and THP-1 macrophages. A concomitant decrease in plasminogen 

binding was observed using these three cell lines. The addition of the lysine analogue ε-
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ACA resulted in almost complete abolishment of the ability of plasminogen to bind to the 

cell surfaces. Conversely, apo(a) binding slightly decreased following CpB treatment in 

THP-1 monocytes and THP-1 macrophages, but not on the surface of HUVECs. Apo(a) 

binding was abolished by the addition of ε-ACA to THP-1 monocytes and THP-1 

macrophages; this was not observed using HUVECs. These results suggest that apo(a) 

binding to ECs is most likely not dependent on receptors containing a carboxyl-terminal 

lysine residue, but that internal lysines in receptors may play a role.  

  Competition binding experiments were also conducted in order to determine if 

apo(a) or plasminogen can compete with one another for binding sites on vascular and 

blood cells. It is important to note that apo(a) and plasminogen can bind to each other in 

solution and may result in a “piggy-back” effect whereby apo(a) can still bind to cell or 

fibrin surfaces when plasminogen is bound to it, or vice versa [33]. The potential 

confounding effects of piggy-backing complicates the interpretation of competition 

experiments. We found that unlabelled plasminogen was unable to compete for binding 

of fluorescently labelled apo(a) to vascular and blood cells. However, unlabelled apo(a) 

effectively competed with fluorescently labelled plasminogen for binding to the cell 

surface. These results suggest that apo(a) can bind to plasminogen in solution, and that 

the complex retains the ability to bind to the cell surface through apo(a), but not through 

plasminogen. This may be a potential mechanism by which apo(a) interferes with both 

plasminogen activation and Glu- to Lys-plasminogen conversion. The lack of 

competition for one another may also indicate that apo(a) and plasminogen bind to 

different receptors. A previous study has shown that Lp(a) can compete with 

plasminogen for binding sites on monocytes and endothelial cells [35]. Plasminogen and 
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Lp(a) have similar affinities for plasminogen receptors (KD~1-3 µM), but plasminogen 

can bind to approximately 10 times more binding sites than Lp(a) [35]. These results 

indicate that Lp(a) has the potential to compete with plasminogen for binding to cellular 

receptors, but Lp(a)/apo(a) can only bind to a subset of plasminogen receptors. Further 

experiments are required in order to convincingly determine if apo(a) and plasminogen 

are competing for the same cellular receptor(s) or if they are predominantly binding to 

independent receptor(s). In vitro experiments can be conducted to determine if apo(a) can 

bind to known plasminogen receptors such as Plg-RKT and/or annexin II S100A10 [22, 

36]. 

 In conclusion, Lp(a)/apo(a) can inhibit pericellular plasminogen activation on 

vascular and blood cells through attenuating Glu- to Lys-plasminogen conversion. Apo(a) 

can potently inhibit tPA-mediated conversion of plasminogen to plasmin as well as 

plasmin mediated Glu- to Lys-plasminogen conversion, a key mechanism in accelerating 

the rate of plasminogen activation. The KV domain and the strong LBS in KIV10 were 

necessary for optimal inhibitory effect of apo(a) on plasminogen activation and Glu- to 

Lys-plasminogen conversion. The protease domain of apo(a) was required for maximal 

inhibition of Glu- to Lys-plasminogen conversion on vascular cells.  

These findings extend our knowledge on the effect of Lp(a)/apo(a) on 

antifibrinolytic/prothrombotic and atherosclerotic processes. The ability of Lp(a)/apo(a) 

to inhibit pericellular plasminogen activation can ultimately lead to a prothrombotic state 

through inhibition of fibrinolysis in vivo. Lp(a)/apo(a) mediated inhibition of pericellular 

plasminogen activation can have additional implications within the vasculature. For 

example, plasmin generated on the surface of vascular and blood cells play a key role in 
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the dissolution of mural thrombi [10]. Mural thrombi are formed following plaque 

disruption and subsequent exposure of thrombogenic components within the plaque 

architecture to that of the blood within the lumen. The thrombus formed can then remain 

attached to the damaged endothelium and contribute to the development of 

atherosclerosis [10]. Ideally, the mural thrombus forms a plug at the site of the weakened 

fibrous cap and damaged endothelium and is subsequently dissolved by plasmin. 

However, the mural thrombus can also be incorporated into the atherosclerotic plaque 

through reorganization of the vascular cells if the thrombus is not dissolved [10]. This 

would ultimately result in plaque growth and further progression of atherosclerosis. We 

have shown here that Lp(a)/apo(a) can significantly reduce the formation of plasmin on 

vascular and blood cells which potentially has significant implications in promoting the 

stability of a mural thrombus and ultimately leading to the progression of atherosclerosis.  

 

6.2 RECEPTORS INVOLVED IN APO(a) MEDIATED INHIBITION OF 

PLASMINOGEN ACTIVATION  

Plasminogen receptors are expressed on many cell types with no single receptor 

responsible for binding of plasminogen on the cell surface [12]. Plasminogen binding 

occurs with low affinity to these cellular receptors (Kd ~ 1 µM) but with high capacity, 

ranging from ~10
4
 sites on platelets to >10

7
 sites on ECs [12]. Various plasminogen 

receptors have been identified which accelerate the rate of plasminogen activation [12]. 

The uPAR assists in uPA-mediated plasminogen activation by clustering uPA on the cell 

surface in close proximity to plasminogen receptors [37]. Binding of sc-uPA to uPAR 

allows for cleavage of sc-uPA by plasmin to its active two-chained form (tc-uPA) [38, 

39]. As well, uPAR can also bind to vitronectin and β3 integrins [40, 41]. uPAR does not 
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contain a transmembrane domain and therefore transmits intracellular signals through 

interacting with various integrins, such as αVβ3 [41]. The role of uPAR in the context of 

tPA mediated plasminogen activation and the ability of Lp(a)/apo(a) to inhibit this 

process was explored in Chapter 4. Knockdown of uPAR in HUVECs resulted in a 

significant decrease in plasminogen activation as well as plasminogen and apo(a) 

binding. The ability of apo(a) to inhibit plasminogen activation was partially attributable 

to the interaction with uPAR. Importantly, the KV domain and the strong LBS in KIV10 

were required for apo(a) to bind to uPAR and to inhibit plasminogen activation. Similar 

to the results in Chapter 2, ε-ACA did not decrease binding of apo(a) on the cell surface 

of HUVECs, but did so on THP-1 monocytes and THP-1 macrophages.  

Overexpression of uPAR was also conducted in HUVECs, THP-1 monocytes, and 

THP-1 macrophages to validate the role of uPAR in tPA-mediated plasminogen 

activation. Overexpression of uPAR in these cells resulted in an increase in plasminogen 

activation. Interestingly, apo(a) was able to inhibit uPAR-mediated plasminogen 

activation on HUVECs, but not on THP-1 monocytes or THP-1 macrophages. These 

results underscore the variation in the identity and role of plasminogen/apo(a) receptors 

on various cell types. Apo(a) and plasminogen binding increased with uPAR 

overexpression in HUVECs, THP-1 monocytes, and THP-1 macrophages. The KV 

domain and strong LBS in KIV10 of apo(a) were required for maximal binding of apo(a) 

to uPAR on HUVECs and THP-1 monocytes, but not on THP-1 macrophages. 

Interestingly, apo(a) did not inhibit plasminogen activation via uPAR on THP-1 

monocytes or THP-1 macrophages even though an increase in apo(a) binding was 

observed following uPAR overexpression. These findings suggest that the ability of 
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apo(a) to inhibit plasminogen activation through uPAR is dependent on uPAR interacting 

with another cell-type specific protein such as an integrin. However, these findings do not 

directly address whether uPAR can in fact bind directly to tPA, plasminogen, or apo(a). 

Future experiments are needed to identify whether plasminogen or apo(a) can bind 

directly to uPAR or through interaction with another protein to which uPAR is bound. A 

more direct approach, using in vitro binding experiments, should be conducted with 

purified uPAR and apo(a) or plasminogen to determine if in fact they can bind with each 

other. 

As noted above, uPAR can also interact with different integrins. Previous studies 

have shown that apo(a) can stimulate EC growth and migration through integrin αVβ3 

[42], and that Lp(a) can bind to αMβ2 integrin and recruit inflammatory cells [43]. Based 

on these observations, the role of integrins αMβ2 and αVβ3 was explored in the ability of 

apo(a) to modulate the plasminogen activation system (Chapter 4). Plasminogen 

activation was reduced in the presence of a monoclonal antibody targeting either integrin 

αM or integrin β2 on THP-1 monocytes and HUVECs. A monoclonal antibody targeting 

αVβ3 also resulted in a minor decrease in plasminogen activation on HUVECs with a 

more substantial decrease observed using THP-1 monocytes. Addition of the highest 

concentration of apo(a) with THP-1 monocytes or HUVECs resulted in no difference in 

plasminogen activation in the absence or presence of monoclonal antibodies targeting αM, 

β2, or αVβ3 integrins. The collective data indicate that apo(a) may inhibit plasminogen 

activation to an extent through these receptors. In general, these findings confirm 

previous reports that indicate that a large subset of receptors contributes to plasminogen 

activation on various cell types. The receptors tested in the present study contributed to 
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plasminogen activation and the ability of apo(a) to inhibit this process; however, there is 

no single plasminogen receptor responsible for plasminogen activation or the ability of 

apo(a) to inhibit this process. 

As mentioned above, the ability of apo(a) to inhibit pericellular plasminogen 

activation not only contributes to inhibition of fibrinolysis and thrombolysis [9-11], but 

also to events involved in atherogenesis, cell migration and proliferation, angiogenesis, 

inflammation, wound healing, and cancer [12-20]. This provides a basis for the suggested 

link between Lp(a) and atherosclerotic and thrombotic processes as well as nonvascular 

diseases such as cancer. The direct role of Lp(a)/apo(a) in these cellular processes, with 

respect to plasminogen activation, has yet to be fully elucidated, either in 

pathophysiological contexts (at high Lp(a) concentrations) or as a protective agent in 

normal physiology (at low Lp(a) concentrations). It would be interesting to determine if 

Lp(a)/apo(a) can directly inhibit plasminogen activation leading to attenuation of cancer 

metastasis and invasion. Recent intriguing evidence suggest that Lp(a) levels <80 mg/dL 

are a significant risk factor for different forms of cancer including hepatocellular 

carcinoma, pancreatic cancer, and leukemia with no association of Lp(a) levels as a risk 

factor for lung cancer [44]. It is possible that apo(a) can inhibit plasminogen activation on 

cancer cells. This would lead to less plasmin formation and subsequently delay 

degradation of the ECM, thereby preventing uncontrolled tissue remodelling. 

Considering that the uPAR plays a critical role in uPA-mediated plasminogen activation 

in the context of cell remodelling [41] and that apo(a) may regulate plasminogen 

activation via uPAR (Chapter 4), it is tempting to speculate that Lp(a)/apo(a) may play a 

role in impeding cancer progression. This may present a novel mechanism and potential 
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therapeutic option to delay cancer metastasis and invasion by the ability of Lp(a)/apo(a) 

to inhibit plasmin formation. This may present a protective physiological function of 

Lp(a). Future work should explore the potential ability of Lp(a)/apo(a) to inhibit cancer 

metastasis and invasion.  

 

6.3 PCSK9 MEDIATED LP(a) CATABOLISM AND THE ROLE FOR THE LDLR 

 The most commonly used therapeutic option for treatment of individuals with 

elevated plasma Lp(a) has been through niacin therapy  [45]. However, treating patients 

with niacin has been associated with often intolerable side effects [46]. Additionally, 

recent evidence suggests that niacin therapy may not further decrease cardiovascular risk, 

including that associated with elevated Lp(a) levels, compared to administration of statin 

therapy alone [47, 48]. Nevertheless, niacin can lower Lp(a) levels by 20-30% and is still 

recommended for administration to high-risk patients with elevated Lp(a) levels over 50 

mg/dL [45].  

A recent therapeutic approach to lowering Lp(a) levels is through blocking the 

function of PCSK9 [reviewed in ref. 49], although the mechanism by which PCSK9 may 

regulate Lp(a) levels is unknown. In Chapter 5, we present strong evidence that PCSK9 

can decrease Lp(a) internalization in HepG2 hepatic cells and human primary fibroblasts 

through the LDLR. In this study, we showed that exogenous treatment of HepG2 cells 

with PCSK9 effectively and potently reduced the extent of Lp(a) and apo(a) 

internalization. These results are intriguing in that they corroborate in vivo findings 

demonstrating a role for PCSK9 in lowering Lp(a) levels [49]. Blocking PCSK9 with a 

monoclonal antibody results in ~30% and ~70% decrease in Lp(a) and LDL levels in 

humans respectively [50-52]. Clearly, LDL is a better ligand for the LDLR compared to 
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Lp(a). As a result, the decrease in Lp(a) levels observed through PCSK9 inhibition may 

be due in part to a drastic decrease in LDL levels and subsequently less competition for 

Lp(a) clearance via the LDLR. It is important to note that niacin treatment and blocking 

PCSK9 function is not specific in lowering Lp(a) as a significant decrease in LDL levels 

are also observed [46, 49].  

The decrease observed for Lp(a) and apo(a) internalization in HepG2 cells 

following PCSK9 treatment may be the result of binding of Lp(a) to PCSK9 in solution, 

thereby preventing catabolism through the LDLR. This follows from a recent report that 

the apoB-100 component of LDL can bind to PCSK9 in solution, preventing the complex 

from catabolism through the LDLR [53]. As such, we conducted in vitro experiments to 

determine if PCSK9 can bind to Lp(a) and prevent the ability of Lp(a) to be catabolised 

through the LDLR similar to that observed for LDL. We found that Lp(a) does not bind 

to PCSK9 in vitro, nor does it protect the LDLR from degradation unlike what was 

observed for LDL suggesting that the apo(a) component of Lp(a) may interfere with the 

ability of PCSK9 to interact with apoB-100. It would be interesting to determine if the 

inability of Lp(a) to bind to PCSK9 is isoform size-dependent. Lp(a) has been previously 

shown to display differences in affinity to mononuclear cells with larger isoforms binding 

to the cell surface with lower affinity than small isoforms suggesting that smaller 

isoforms may potentially bind to other ligands such as PCSK9 [54]. Future work should 

be invested into determining if smaller Lp(a) isoforms can bind to PCSK9 in vitro. If 

binding of smaller isoforms of Lp(a) to PCSK9 does occur than it may prevent the 

function of PCSK9 to target the LDLR for degradation, which would lead to increased 

levels of LDL and potentially Lp(a).  
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The next step was to determine which receptor is responsible for the ability of 

PCSK9 to regulate Lp(a) catabolism. The GOF D374Y PCSK9 mutant is more active 

than wild-type PCSK9 at targeting the LDLR complex for degradation [55]. Interestingly, 

treatment with the GOF PCSK9 mutant D374Y resulted in a more robust effect in 

reducing Lp(a) and apo(a) internalization in HepG2 cells suggesting a role for the LDLR. 

Three other independent experiments were conducted in order to determine if the LDLR 

does in fact play a role in the effect of PCSK9 in Lp(a)/apo(a) catabolism. We found that 

overexpression of the LDLR in HepG2 cells resulted in a significant increase in Lp(a) 

internalization with a non-significant increase observed using apo(a). PCSK9 did not 

significantly reduce Lp(a) or apo(a) internalization with LDLR overexpression, possibly 

attributed to the significant enhancement in LDLR protein levels without increasing the 

concentration of PCSK9. These results suggest that the apoB-100 component of Lp(a) is 

responsible for the ability of Lp(a) to be catabolised by the LDLR. In another experiment, 

monoclonal antibodies targeting the LDLR were used to block the receptor to determine 

if an effect on Lp(a) catabolism is observed. A significant decrease in both Lp(a) and 

apo(a) internalization in HepG2 cells was observed using two different LDLR 

monoclonal antibodies, again suggesting a role for the LDLR. As a third line of evidence, 

human fibroblasts with either defective or no LDLR activity were utilized to determine 

the contribution of the LDLR to Lp(a) catabolism. We showed that Lp(a) internalization 

was significantly reduced in human primary fibroblasts with a defective or null LDLR 

compared to fibroblasts with normal LDLR activity. Crucially, apo(a) internalization was 

not affected by PCSK9 using either fibroblasts with normal LDLR or defective LDLR 
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activity. These results demonstrate conclusively that the effects of PCSK9 on Lp(a) 

catabolism are specifically attributable to the effect of PCSK9 on the LDLR.  

The inability of apo(a) internalization to be modulated by PCSK9 in fibroblasts 

may indicate the importance for the non-covalent attachment of apo(a) to LDL. Unlike 

HepG2 cells, fibroblasts do not endogenously express apoB-100 and apo(a) is therefore 

unable to “piggy-back” on LDL in fibroblasts. The results indicate the importance for 

apo(a) to associate with apoB-100 in order for internalization through the LDLR to occur. 

Interaction between apo(a) and apoB-100 secreted by HepG2 cells is required to 

modulate apo(a) internalization by either PCSK9 treatment or the addition of monoclonal 

LDLR blocking antibodies. The importance of the apo(a) interaction with apoB-100 for 

LDLR-dependent uptake was further illustrated utilizing the 17KΔLBS7,8 variant which 

has been previously shown to be unable to associate with apoB-100 [56]. Removal of the 

weak LBS in each of the KIV type 7 and 8 domains resulted in a significant decrease in 

the ability of this variant to be internalized compared to wild-type apo(a). Together, these 

results suggest that the non-covalent interaction between apo(a) and apoB-100 is 

necessary for internalization to occur through the LDLR and hence to be modulated by 

PCSK9.  

The mechanism by which Lp(a)/apo(a) degradation occurs through PCSK9 was 

also explored in Chapter 5. The results indicate that Lp(a)/apo(a) internalization occurs 

through clathrin-mediated endocytosis in hepatic cells. Treatment of HepG2 cells with a 

lysosomal inhibitor, but not a proteasomal inhibitor, resulted in intracellular accumulation 

of Lp(a)/apo(a) consistent with a lysosomal degradation pathway. Collectively, these 

results suggest that Lp(a)/apo(a) internalization occurs through clathrin-coated pits and is 
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subsequently targeted for lysosomal degradation consistent with the LDLR 

internalization pathway. Future work should be conducted in order to determine if a co-

receptor or protein is required for binding to the Lp(a):LDLR complex in order to target 

Lp(a) into clathrin coated pits for subsequent lysosomal degradation. This is suggested 

based on a report that a PCSK9 mutant lacking the M2 domain is unable to target the 

PCSK9:LDLR complex for degradation, but can still effectively bind to the LDLR [57]. 

It would also be interesting to determine if the LDLR is recycled following 

internalization with Lp(a) similar to the LDL:LDLR complex, or if the Lp(a):LDLR 

complex is targeted for degradation as has been described for the PCSK9:LDLR 

complex.   

 There still remain many questions with regard to how Lp(a) is catabolised in 

humans. The results in Chapter 5 indicate that PCSK9 can mediate Lp(a) catabolism 

through the LDLR, at least in a cell culture model. The LDLR may not necessarily 

represent the main Lp(a) receptor responsible for its clearance in vivo. Traditional statin 

therapy, which results in an increase in hepatic LDLR number, generally has minimal or 

no effect on Lp(a) levels. However, the LDLR may play a role in Lp(a) clearance in 

situations in which LDLR levels are furthere elevated, such as with the use of PCSK9 

inhibitors with statins [49]. The role of the LDLR and PCSK9 must be explored in Lp(a) 

catabolism utilizing in vivo models. Currently, the role for the LDLR remains 

controversial with many studies conducted indicating a role for this receptor on Lp(a) 

catabolism [58-67], while others showing no role for this receptor [68-72]. A potential 

reason for the contradictory findings is that commonly used animal models, such as mice, 

do not contain the LPA gene, and may not be equipped with the optimal tools for Lp(a) 
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catabolism [73]. Therefore, caution must be used when studying Lp(a) catabolism using 

in vivo models other than in humans and Old World monkeys, which have the LPA gene 

[73]. Future experiments are required to determine if mouse models are appropriate for 

examining the role of the LDLR in Lp(a) clearance. For example, the role of the LDLR in 

binding and degradation of Lp(a) can be determined through ex vivo experiments using 

wild-type and LDLR
-/- 

mice in the presence or absence of PCSK9. The findings can then 

be compared to those in Chapter 5 to determine if mice are an appropriate model for 

evaluating Lp(a) catabolism.  

It would be interesting to study Lp(a) clearance in mice overexpressing human 

apo(a) and apoB-100 with or without the addition of either purified PCSK9 or a 

monoclonal antibody targeting the endogenous PCSK9. Additionally, determination of 

the role of the LDLR, or other receptors that can be targeted by PCSK9 in Lp(a) 

catabolism using knockout mouse models of these receptors. In this regard, PCSK9 has 

been shown to target not only the LDLR but also VLDLR, ApoER2, and LRP-1 for 

degradation [74, 75]. Since the liver has been shown to be the primary route for Lp(a) 

clearance [68, 76], study of the role of ApoER2 and LRP-1 should be prioritized since 

these receptors are expressed in the liver, unlike VLDLR.  

Additional novel receptor(s) that are not regulated by PCSK9 may also be 

responsible for Lp(a) clearance. A more substantial decrease in LDL compared to Lp(a) 

levels is observed following PCSK9 inhibition which suggests that other receptors, in 

addition to the LDLR, can contribute to the clearance of Lp(a); these receptors would not 

be regulated by PCSK9. If in fact the LDLR, or other receptors targeted by PCSK9, are 
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the sole receptor(s) responsible for Lp(a) clearance, than similar lowering results should 

be observed to that of LDL for PCSK9 based therapies, which is not the case.  

Owing to the high degree of homology between apo(a) and plasminogen [21], it is 

therefore possible that Lp(a) can be cleared from the circulation by plasminogen 

receptors via the apo(a) component of Lp(a). Previous studies have shown that 

Lp(a)/apo(a) can compete for binding to plasminogen receptors [77, 78]. Additionally, 

apo(a) has been shown to be taken up by FH fibroblasts through plasminogen receptors 

[58]. There may potentially be a role for the receptors identified in Chapter 4- uPAR and 

integrins αMβ2 and αVβ3- in Lp(a) clearance. However, the role for this class of 

plasminogen receptors in Lp(a) binding and potentially its clearance from plasma in vivo 

is unknown. Previous work has shown that uPAR can interact with LRP and undergo 

clathrin-mediated endocytosis [79]. It may therefore be possible that Lp(a) interacts with 

uPAR and the Lp(a):uPAR:LRP complex is subsequently catabolised. Future work is 

needed to explore the possibility that Lp(a) is cleared through the apo(a) component by 

plasminogen receptors or other yet to be identified receptors. These findings will enable 

the generation of more specific therapeutic targets for lowering elevated Lp(a) plasma 

levels through modulation of Lp(a) catabolism.   

 

6.4 CONCLUDING REMARKS 

Lp(a) has been identified as an independent, causal risk factor for CHD, although 

the pathophysiological and physiological roles of Lp(a) remain elusive [1, 2]. The roles 

of Lp(a) isoform size, independent of Lp(a) concentration, and the impact on CHD still 

remain controversial. Lp(a) contains multifunctional properties attributable to both the 
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LDL and apo(a) components that result in a multitude of different mechanisms dependent 

on the vascular setting. For example, we have shown in the current study that elevated 

levels of Lp(a)/apo(a) can inhibit plasmin formation on vascular cells, which may 

promote atherosclerosis in the context of a mural thrombi. Conversely, a decrease in 

plasmin formation on cancer cells may be beneficial as it can potentially play a role in 

inhibiting cancer metastasis and invasion [44]. Lp(a) therefore possesses the ability to 

promote atherosclerosis and thrombosis as well as nonvascular processes, such as cancer, 

depending on the concentration and vascular setting. 

Lp(a) is a challenging lipoprotein to study as it is only present in humans and Old 

World monkeys, which questions the validity of common in vivo models used to study 

Lp(a) [73]. The physiological role of Lp(a) is difficult to determine as knockout models 

are not feasible. The harmful effects of Lp(a) may be significantly reduced with the 

proper management for individuals with elevated plasma levels. Blocking the function of 

PCSK9 may present an effective method for reducing elevated levels of Lp(a) through 

increasing Lp(a) catabolism. Future work at reducing the rate of apo(a) synthesis, through 

ASO therapy, may offer a strategy to specifically lower Lp(a) levels at the rate of 

production and may provide an attractive therapeutic option. Many questions remain in 

determining the mechanisms of action and deciphering the harmful and potential 

protective roles of Lp(a). Further elucidation of the multiple roles of Lp(a) will allow for 

the evaluation the effects of targeting Lp(a) levels on cardiovascular and nonvascular 

outcomes.  
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