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ABSTRACT 

Multiple lines of evidence suggest that elevated plasma lipoprotein(a) (Lp(a)) 

concentrations are a significant risk factor for the development of a number of vascular 

diseases including coronary heart disease and stroke. Lp(a) consists of a low-density 

lipoprotein (LDL)-like moiety and an unique glycoprotein, apolipoprotein(a) (apo(a)), 

that is covalently attached to the apolipoproteinB-100 (apoB-100) component of LDL by 

a single disulfide bond. Many studies have suggested a role for Lp(a) in the process of 

endothelial dysfunction. Indeed, Lp(a) has been shown to increase both the expression of 

adhesion molecules on endothelial cells (EC), as well as monocyte and leukocyte 

chemotactic activity in these cells. We have previously demonstrated that Lp(a), through 

its apo(a) moiety, increases actomyosin-driven EC contraction which, as a consequence, 

increases EC permeability. In this thesis, we have demonstrated a role for the strong 

lysine-binding site in the kringle IV type 10 domain of apo(a) in increasing EC 

permeability, which occurs through a Rho/Rho kinase-dependent pathway. We have 

further validated these findings using mouse mesenteric arteries in a pressure myograph 

system. We also have dissected another major signaling pathway initiated by apo(a) that 

involves in a disruption of adherens junctions in EC. In this pathway, apo(a)/Lp(a) 

activates the PI3K/Akt/GSK3β-dependent pathway to facilitate nuclear translocation of 

beta-catenin. In the nucleus beta-catenin induced the expression of cyclooxygenase-2 

(COX-2) and the secretion of prostaglandin E2 (PGE2) from the EC. Finally, we have 

presented data to suggest a novel inflammatory role for apo(a) in which it induces the 

activation of nuclear factor-kappaB through promotion of the dissociation of IkappaB 

from the inactive cytoplasmic complex; this allows the nuclear translocation of 

NFkappaB with attendant effects on the transcription of pro-inflammatory genes. Taken 
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together, our findings may facilitate the development of new drug targets for mitigating 

the harmful effects of Lp(a) on vascular EC which corresponds to an early step in the 

process of atherogenesis. 
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PREFACE 

 This thesis was written in conformity with regulation VIII of the Queen’s 

University Graduate Program Guidelines (2008-2009). In accordance with this regulation 

Chapters 2, 3, and 4 are presented as separate manuscripts. All of the experiments 

presented in Chapters 2-4 were conducted by Taewoo Cho. Contributions from other 

authors are stated in the preface to each chapter.  
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CHAPTER 1  

General Introduction: Overview of Lipoprotein(a) and Endothelial Dysfunction  
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1.1 INTRODUCTION 

Lipoprotein(a) (Lp(a)) was discovered in 1963 by Berg [1], when searching for 

new serum types in humans. Rabbits were immunized with human β-lipoprotein from a 

single donor and the researchers noticed that they developed antisera that reacted with 

approximately 35% of human plasma samples, including the donor patient of the β-

lipoprotein. This new factor was called Lp(a) which has identical features to low density 

lipoprotein (LDL) in terms of lipid composition and the presence of apolipoproteinB-100 

(apoB-100). However, the presence of an unique glycoprotein, apolipoprotein(a) (apo(a)), 

that is covalently bound to apoB-100 by a single disulfide bond (Cys
4057

 of kringle IV 

type 9 (KIV9) of apo(a) to Cys
4326

 of apoB-100), clearly distinguishes Lp(a) from LDL 

and also confers the unique structural and functional properties [2].  Apo(a) is unlike 

other apolipoproteins in that it is hydrophilic and carbohydrate rich, and it projects into 

the aqueous phase when bound to apoB-100. Although the biological and pathological 

functions of Lp(a) remain to be elucidated, a meta-analysis of clinical studies supports the 

fact that Lp(a) is associated with increased risk of cardiovascular diseases (CVD), 

including coronary heart disease (CHD) and atherosclerosis [2, 3]. Moreover, as with 

most genetic risk factors that initiate risk at birth, it is a stronger CVD risk factor in young 

patients (≤ 60 years old), in those with highly elevated levels of Lp(a), and in those with 

additional atherogenic risk factors, particularly elevated LDL cholesterol [4, 5]. 

Unfortunately, there is no drug therapy that is currently available to specifically lower 

Lp(a) levels without affecting other lipoproteins. Therefore, it has been impossible to 

prospectively assess whether lowering plasma Lp(a) lowers the risk for CVD. Despite 

thousands of basic and clinical studies on Lp(a), a physiological role of Lp(a) and the
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FIGURE 1.1.  A general structure of Lp(a).  

Lp(a) is made of a lipoprotein particle containing apoB linked by a single disulfide bridge 

to apo(a). Apo(a) contains multiple repeats of a sequence that resembles plasminogen 

kringle IV (represented as 4) as well as sequences homologous to the kringle V (5) and 

protease regions of plasminogen (P). The kringle IV-like domain in apo(a) is classified 

into 10 types (41-10); the kringle IV type 2 (42) sequence is present in a variable number of 

identically repeated copies giving rise to Lp(a) isoform size heterogeneity. Lipoprotein 

core consists of triglyceride (TG), cholesteryl ester (CE), free cholesterol (FC), 

phospholipids (PL), and surrounded by an apoB, which resembles a similar structure to 

LDL. 
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underlying mechanisms through which it contributes to CVD are still unknown. However, 

based on its similarity to LDL and plasminogen, it has been proposed to have both 

proatherogenic and prothrombotic effects on vasculature, and as such Lp(a) has been 

identified as a potential link between atherosclerosis and thrombosis.  

 

1.2 STRUCTURE OF Lp(a) 

1.2.1 Structural Similarity Between Lp(a) and LDL   

Three major lipoproteins are often observed in atherosclerotic lesions and are 

considered to be atherogenic when elevated in the plasma: these include LDL 

(particularly, small dense LDL), remnant lipoproteins (also known as β-VLDL found in 

both type III hyperlipidemia and cholesterol-fed animals) (NOTE: these are also found in 

normal individuals, but at much lower levels) and Lp(a) [6]. There is a high degree of 

heterogeneity of this lipoprotein with respect to its structure and plasma concentration. 

Lp(a) concentrations vary over 1000-fold in human populations ranging from <0.1 mg/dL 

to >100mg/dL. There is also a significant size polymorphism of Lp(a), as the result of the 

existence of differently-sized alleles of the gene encoding apo(a) (see below). Studies 

have shown that elevated concentrations of plasma Lp(a) (> 30 mg/dL) are a risk factor 

for a variety of vascular diseases, including coronary artery disease, ischaemic stroke and 

venous thrombosis [7]. 

LDL particles consist of an inner lipid core of trigrlycerides and cholesteryl esters 

surrounded by a layer of phospholipids and unesterified cholesterol that is intimately 

associated with apoB-100 [8]. ApoB-100 is a highly insoluble, glycosylated 

(carbohydrate-rich), and non-exchangeable apolipoprotein that wraps around the lipid 

core of LDL particles. The carbohydrate content accounts for 8 – 10 % of the total 
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molecular weight (510 kDa) of apoB-100 [9]. Lp(a) is identical to LDL in both lipid 

composition as well as the presence of apoB-100. However, Lp(a) is clearly 

distinguishable from LDL by the presence of the unique glycoprotein apo(a) that is 

disulfide-linked to apoB-100 in LDL by a single disulfide bond (Figure 1.1; ref. 10). 

 

1.2.2 The Role of LDL in Atherosclerosis 

 

Atherosclerosis is a complex process that involves the following processes in the 

artery wall: deposition of plasma lipoproteins, the proliferation of cellular elements, and 

an inflammatory response. Atherosclerosis advances through a series of stages, beginning 

with fatty streak lesions composed of lipid-engorged macrophages and smooth muscle 

cells, termed foam cells, and ultimately ending in a complex plaque consisting of a core 

of lipid and necrotic cellular debris covered by a fibrous cap. Increased plasma 

concentrations of LDL and triglyceride-rich remnant lipoproteins are highly atherogenic, 

whereas high-density lipoproteins (HDL) are known to protect against lesion 

development [reviewed in ref. 11]. On the other hand, considerable evidence has been 

gathered to support the concept that normal LDL is not very harmful and is processed by 

routine lipid metabolism mechanisms without permanent deposition in vessel walls. 

However, oxidation of LDL within the vessel wall by free radicals leads to the production 

of a diverse array of biologically active compounds, including some that influence the 

functional integrity of vascular cells [12, 13]. Once the apolipoprotein B (apoB) 

component of LDL is altered by oxidation, it is not recognized by the LDL receptors, but 

is instead taken up by scavenger receptors. The scavenger receptors are not saturable, and 

cells with these receptors, such as macrophages and smooth muscle cells, become 

overloaded with LDL and become foam cells [12]. Oxidized LDL (oxLDL) also causes 
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endothelial dysfunction including enhanced permeability of the endothelial layer to 

monocytes/ macrophages and lipoproteins which then accumulate in the vessel wall [14]. 

 

1.2.3 Proatherogenic Effects of LDL and Lp(a) on Vascular Endothelial Cells (ECs)  

A number of early studies revealed that one of the first events in the arterial wall 

of cholesterol-fed animals is the adherence of mononuclear cells to ECs, as observed by 

electron microscopy and immunohistochemistry [15]. Later, it was found that 

mononuclear cell adherence is triggered by the expression of a number of adhesion 

molecules on endothelial cells such as vascular cell adhesion molecule-1 (VCAM-1), 

intracellular adhesion molecule-1 (ICAM-1), P-selectin, and E-selectin [16-18]. 

Accordingly, oxLDL have shown to increase three of these adhesion molecules including 

VCAM-1, ICAM-1, and P-selectin [19]. Although several lines of evidence to support the 

idea that oxidation of LDL increases its atherogenecity, native LDL was also found to 

increase VCAM-1 and E-selectin expression by inducing a rise in intracellular calcium 

levels [20]. In addition, native Lp(a) has been shown to enhance the expression of all of 

these four adhesion molecules [21 – 23] and also increase the expression of platelet-

derived growth factor in human umbilical vein endothelial cells (HUVECs) [24]. 

Moreover, the apo(a) component of Lp(a) has been shown to enhance the expression of 

ICAM-1 [22]. Thus, these related effects of native LDL, oxLDL, apo(a)/Lp(a) and 

oxidized Lp(a) on endothelial cell function may provide mechanisms by which 

apo(a)/Lp(a) contributes to the development of atherosclerotic lesions.  

 

 

 



7 

1.2.4 Structural Similarity Between Apo(a) and Plasminogen  

The serine protease zymogen plasminogen contains one copy each of five 

structural domains called kringles, designated as kringle 1 (K1) through kringle 5 (K5). 

Kringle domains are tri-looped protein structural motifs that consist of three invariant 

disulfide bonds, and they are present in a number of proteins directly involved in blood 

coagulation and fibrinolysis including prothrombin, Factors VII, IX, and X, plasminogen, 

and both tissue-type and urokinase-type plasminogen activators, as well as other proteins 

such as hepatocyte growth factor and apo(a) [2, 25]. The carboxyl-terminal region of 

plasminogen contains a trypsin-like protease domain that can be cleaved by urokinase 

plasminogen activator (uPA) and tissue-type plasminogen activator (tPA) to generate the 

active enzyme plasmin [25]. Apo(a) bears a striking homology with plasminogen and 

contains multiple repeats of a sequence that resembles plasminogen kringle 4 (KIV) as 

well as sequences homologous to the kringle 5 (KV) and protease (P) regions of 

plasminogen as shown in Figure 1.2. The sequence identity at the DNA level between 

plasminogen and apo(a) is 61 – 75% for the KIV domains, 84% for KV and 84% for the 

protease domain (Figure 1.2) [26]. Based on their amino acid sequence, the kringle IV-

like domains in apo(a) are classified into 10 types (KIV1-10); the KIV2 sequence is present 

in a variable number of identically repeated copies (3 to 30 repeats) giving rise to Lp(a) 

isoform size heterogeneity in vivo [27]. For example, a recombinant apo(a) [r-apo(a)] 

containing 17 kringle IV domains, a kringle V, and a protease-like region is called 17 

kringles (17K); the 17K corresponds to a physiologically-relevant apo(a) isoform. As 

such, apo(a) isoforms ranging in molecular mass from 280 kDa to greater than 800 kDa 

have been identified. Because of these small amino acid sequence differences, there are 

unique features displayed by many of the KIV domains. Each KIV types from KIV5 to 
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KIV8 contain weak-lysine binding sites (wLBS) which induces non-covalent association 

of apo(a) with apoB-100 while KIV10 contains a strong lysine binding site (sLBS) that is 

involved in the binding of apo(a)/Lp(a) to other physiological ligands such as fibrin 

[Figure 1.2, ref #28 and #29]. Moreover, KIV9 contains an unpaired cystene residue 

(Cys4057) that is covalently bound to a free cysteine (Cys4326) on apoB-100 when it is 

assembled to form the Lp(a) particle [2]. Finally, apo(a) contains inactive protease 

domain due to critical amino acid substitutions, including a substitution of the Arg-Val 

activation cleavage site in plasminogen by Ser-Ile in apo(a), which prevents cleavage of 

apo(a) by plasminogen activators [30].  

 

1.2.5 Prothrombotic/Anti-fibrinolytic Effects of apo(a)  

The structural similarity between apo(a) and plasminogen led to the hypothesis 

that Lp(a) possesses anti-fibrinolytic effects. Indeed, plasmin-dependent fibrin clot lysis 

and tPA-mediated plasminogen activation on the surface of fibrin were inhibited by 

Lp(a)/apo(a) in both in vitro and in vivo studies [31 – 33]. Although there are some 

controversies concerning the mechanisms by which Lp(a)/apo(a) mediates its inhibition 

towards tPA-mediated plasminogen activation, recently Hancock and coworkers [34] 

showed a convincing model that apo(a) forms a quaternary complex with plasminogen, 

tPA, and fibrin to allow direct inactivation. In addition, Feric and coworkers [34a] have 

shown that apo(a) inhibits an important positive feedback mechanism in fibrinolysis: the 

plasmin-mediated and fibrin-dependent conversion of native Glu-plasminogen to a 

modified form, Lys-plasminogen, that is a better substrate for plasminogen activators
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FIGURE 1.2.  Schematic representation of apo(a).  

The serine protease zymogen plasminogen contains a tail domain (T), five distinct kringle 

domains (KI to KV), and a latent trypsin-like protease domain (P). Apo(a) contains 

multiple copies of sequences that resembles plasminogen KIV, a single copy of sequences 

that is similar to KV and a catalytically inactive protease domain (P). The percent amino 

acid identities are shown in the middle of two proteins. The KIV domains in apo(a) are 

divided into ten distinct types (KIV types 1 to 10) and KIV type 2 domain present in a 

variable number of identically-repeated copies (n=3 to 30), which is accounted for the 

isoform size heterogeneity of Lp(a) in vivo. Apo(a) consists of two distinct lysine-binding 

sites (LBS), where KIV types 5 to 8 contains weak lysine-binding sites (wLBS) while 

KIV type 10 contains a strong LBS (sLBS). KIV type 9 consists of an unpaired cysteine 

residue (SH) which forms covalent bond with free cysteine in apoB-100.  
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FIGURE 1.3.  Potential proatherogenic and prothrombotic effects of Lp(a)  

 

Lipoprotein(a) [Lp(a)] has been considered to possess both proatherogenic effects as well 

as prothrombotic effects, because of its similarity towards LDL and plasminogen, 

respectively. The diagram shows the effects that are mediated by Lp(a)/apo(a) in vitro 

assays or in animal studies. Mechanisms that contain proatherogenic properties are listed 

on the left marked by red, whereas, mechanisms that contain prothrombotic properties are 

demonstrated on the right by blue. PL, phospholipids; TFPI, tissue factor pathway 

inhibitor; EC, endothelial cells; SMC, smooth muscle cell; PAI-1, plasminogen activator 

inhibitor-1.  
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Furthermore, inhibition of fibrinolysis may not be the only mechanism whereby elevated 

Lp(a) levels promote acute thrombotic events. Caplice et al. [35] have demonstrated the 

potential for direct prothrombotic effects of Lp(a), which was mediated through an 

inactivation of tissue factor pathway inhibitor (TFPI), a central regulator of TF-mediated 

thrombosis. Also, Lp(a) was found to down-regulate the activity of plasminogen activator 

inhibitor-1 (PAI-1) to mediate its anti-fibrinolytic effects toward vascular function [2]. 

Therefore, it has been highly speculated that Lp(a) accumulation in the arterial wall may 

promote the development of atherosclerosis through both proatherogenic and an 

antifibrinolytic (prothrombotic) effects arising from its similarities to both LDL and 

plasminogen, respectively (Fig. 1.3). This, in turn, has been suggested to provide a link 

between the fields of atherosclerosis and thrombosis, although the precise mechanism of 

Lp(a) action is still uncertain. 

 

1.3 Lp(a) AS A RISK FACTOR FOR CARDIOVASCULAR DISEASES  

Elevated plasma Lp(a) concentrations (> 30 mg/dL) are considered as a risk factor 

for variety of atherosclerotic diseases, including peripheral vascular disease, 

cerebrovascular disease, and CHD [2, 7, 36]. Although controversy has arisen as to 

whether Lp(a) is an independent risk factor for CHD, results from the Bruneck study by 

Kronenberg et al. [37] determined that contribution of elevated Lp(a) to early carotid 

atherosclerosis is dependent on elevated LDL cholesterol concentrations; the contribution 

of Lp(a) to advanced atherosclerosis was not. In the same study [37], it was also shown 

that small apo(a) sizes are an independent risk factor for advanced carotid atherosclerosis, 

and the risk was further increased by elevated Lp(a) levels. In some studies, small apo(a) 

isoform size (< 22 kringle IV repeats), not elevated Lp(a), were associated with lower 
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endothelium-dependent, flow-mediated dilation of the brachial artery [2]. Additionally, 

patients with acute coronary syndromes, the percentage of subjects with at least one small 

apo(a) isoform was significantly higher in those patients who presented with acute 

myocardial infarction versus those with unstable angina; small apo(a) isoform, but not 

elevated Lp(a) levels, was an independent predictor of acute myocardial infarction [7]. 

Rifai et al. [37a] demonstrated that elevated Lp(a) concentrations and small apo(a) 

isoforms  were associated with risk for angina; however, only the association between 

apo(a) size and risk remained significant in a multivariate model. Despite the fact that 

elevated plasma level of Lp(a) is recognized as a risk factor for cardiovascular diseases, 

the mechanisms how it exerts its functions on atherogenesis remains poorly understood.  

 

1.4 INSIGHTS INTO (PATHO)PHYSIOLOGICAL ROLE(S) FOR Lp(a)  

The presence of LDL-like and plasminogen-like moieties in Lp(a) may represent a 

unique link between the process of atherosclerosis and consequent thrombotic events. 

Indeed, both atherogenic and thrombotic mechanisms for Lp(a) have been reported 

(decribed above). However, it is important to address that a number of mechanisms that 

have been proposed for Lp(a) pathogenicity correspond to unique properties of this 

lipoprotein, which is not related to the proposed functions from structural similarities 

between LDL and plasminogen. This likely reflects primarily more complex primary 

structure of apo(a) compared to plasminogen, but may also relate to the extreme 

glycosylation modification and heterogeneity of apo(a) compared to plasminogen.  

A prime example of this phenomenon is a study from our group showing that both 

apo(a) and Lp(a) induce cytoskeletal rearrangements while native LDL and plasminogen 

did not have any impact on cultured human vascular endothelial cells [38]. In this study, 
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Lp(a), through apo(a) moiety, elicited increased vascular permeability via activation of 

actomyosin-dependent cellular contraction, which may contribute to endothelial 

dysfunction in vivo. Given that endothelial dysfunction is measured, in part, as impaired 

barrier function to enhance infiltration of atherogenic and inflammatory agents, it is 

interesting to consider how our results are consistent with the Bruneck study [37] where 

elevated Lp(a) levels in conjunction with increased level of LDL increase the risk of CHD. 

It is tempting to speculate that the impaired barrier dysfunction mediated by Lp(a) may 

induce the deposition of LDL in the arterial wall, which then initiates the early events of 

atherosclerosis. Recently, the actomyosin-driven increased vascular permeability by 

Lp(a)/apo(a) was mapped to one of the distinct kringle domain, KIV10, which contains a 

strong lysine binding site (sLBS) [see Chapter 2]. In this study, we have demonstrated 

that a recombinant apo(a) variant which lacks the function of sLBS by a single amino 

acid substitution (17K∆Asp) completely lacked the effects mediated by a physiologically 

relevant r-apo(a) (17K) in human umbilical vein endothelial cells (HUVECs). 

Furthermore, the sLBS in KIV10 was similarly required for the ability of apo(a) to 

increase vascular permeability of mouse mesenteric arteries ex vivo [see Chapter 4], 

suggesting a possible role for Lp(a) that may utilize sLBS of apo(a) to bind and mediate 

intracellular signaling cascade to enhanced vascular permeability in vivo.  

Lp(a) is synthesized by an unusual and limited species distribution since apo(a) is 

only present in humans and Old World monkeys [2, 7]. A unique form of Lp(a), 

containing apo(a) composed of a series of repeats of a kringle similar to plasminogen 

kringle 3, is present in the European hedgehog, and likely represents a case of convergent 

evolution [2]. Therefore, studies of Lp(a) in vivo have been limited to transgenic animal 
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models. Studies using apo(a) transgenic rabbits on a cholesterol-rich diet showed that 

these animals had a greater degree of coronary atherosclerosis than control rabbits [39]. In 

the same study, apo(a) deposition was coincide with the presence of accumulated intimal 

smooth muscle cells and decreased active transforming growth factor-β (TGF-β), in a 

manner similar to what was previously reported in transgenic mice [39].  Accordingly, 

O’Neil and coworkers [40] have reported in an in vitro study that Lp(a), through its 

apo(a) component, can stimulate the migration and proliferation of aortic smooth muscle 

cells via the inhibition of plasmin-mediated activation of TGF-β; this effect appears to be 

induced by KIV9 domain of apo(a).  

Several studies using apo(a) transgenic mice have provided insights into 

additional pathophysiological role(s) of Lp(a) as a risk factor for CVD. Oxidation of 

lipoproteins, and in particular oxidation of LDL, has been implicated as a critical factor in 

the initiation and progression of atherosclerosis. Thus, oxidized phospholipids (OxPL) are 

strongly considered to play a central role in mediating a variety of immune, pro-

inflammatory and plaque destabilizing processes that accelerate atherogenesis [11]. 

Schneider et al. [41] have recently generated a transgenic mouse expressing high (~700 

mg/dL) and low (~35 mg/dL) levels of apo(a) as well as human apoB-100. In contrast to 

wild-type mice, high apo(a)-expressing Lp(a) transgenic mice (most circulating LDL 

particles containing human apoB-100 are covently bound to apo(a) to form Lp(a) 

particles) have very high OxPL/apoB levels in even on a C57BL/6 background without 

hypercholesterolemia or atherosclerosis while the low-level apo(a)-expressing mice (most 

circulating LDL containing human apoB-100 are free of apo(a)) have quite low levels of 

OxPL/apoB [41]. Furthermore, transgenic mice only expressing human apoB-100 showed 



15 

very low levels of OxPL/apoB, indicating that the increase in proinflammatory OxPL is 

specific to Lp(a).  

In addition, several others have also suggested that Lp(a) may not only bind to 

OxPL, which was transferred from oxLDL as well as from apoptotic cells, by a specific 

enzyme called lipoprotein-associated phospholipase A2 (Lp-PLA2) [4, 5]. Lp-PLA2, also 

known as platelet activating factor acetylhydrolase (PAF-AH), hydrolyzes and inactivates 

PAF, the potent pro-inflammatory phospholipid, as well as phospholipids containing 

oxidatively fragmented residues at the sn-2 position, resulting in cleavage of OxPL into 

an inactive lysophosphatidylcholine (lysoPC) and a free oxidized fatty acid [42]. 

Normally, Lp-PLA2 is bound to LDL through a non-covalent interaction with apoB-100 

[43]. Interestingly, individuals with elevated Lp(a) levels, the enzymatic activity of Lp-

PLA2 as well as the enzyme mass is significantly higher in Lp(a) than equimolar amounts 

of LDL. Moreover, small apo(a) isoforms exhibit higher apparent Km and Vmax values, an 

indication that apo(a) heterogeneity may influence the association of Lp-PLA2 with Lp(a) 

[44]. In coronary artery disease (CAD) patients with elevated Lp(a) levels, however, there 

was reduced Lp-PLA2 mass and specific activity on Lp(a), which may abolished the 

capability to degrade proinflammatory OxPL [44]. In addition, the enzyme specific 

activity was significantly increased after removal of apo(a) from Lp(a) particle by 

reductive cleavage, suggesting that apo(a) in CAD patients may play important role in 

mediating the clearance of OxPL from circulation. Furthermore, an earlier study 

demonstrated that Lp(a) binds to proteolglycans in the sub-endothelial matrix with much 

higher affinity than native LDL [45]. Taken together, it presents a possible atherogenic 

role of Lp(a) that elevated Lp(a) plasma concentrations in CAD patients may lead not 

only decreases the clearance of Lp(a)-bound OxPL but also binds with increased affinity 
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to proteoglycans in the sub-endothelial matrix, resulting in increased deposition of 

proinflammatory OxPL in the vascular wall.  

 

1.5 ENDOTHELIAL DYSFUNCTION  

1.5.1. Introduction  

Since the discovery in 1980 that acetylcholine requires the presence of endothelial 

cells to elicit vasodilation [46], the importance of the endothelial cell layer for vascular 

homeostasis has been increasingly appreciated. The endothelium, the largest organ in the 

body, is strategically located between the wall of blood vessels and the blood stream. It 

exerts control over an array of mechanical (pressure and shear stress) and hormonal 

(vasoactive substances) stimuli, all of which serve to maintain vascular tone and blood 

fluidity and restore homeostasis in the event of intimal injury [47]. The endothelium has a 

prominent role in angiogenesis, lipoprotein metabolism, capillary transport, vasomotion, 

vascular structure, and in the acute interactions between circulating blood and the vessel 

wall [48]. Therefore, dysfunction of the endothelium has been implicated in the 

pathophysiology of different forms of cardiovascular diseases, including hypertension, 

CAD, chronic heart failure, peripheral artery disease, diabetes, and chronic renal failure 

[48]. Normal vascular endothelium rapidly reacts to various stimuli to release factors that 

regulate vasomotor function, trigger inflammatory processes, and affect hemostasis. 

Among the endothelium-derived relaxing factors (EDRF) are nitric oxide (NO), 

prostacyclin (PGI2), different endothelium-derived hyperpolarizing factors (EDHF), and 

C-type natriuretic peptide; whereas, endothelin-1 (ET-1), angiotensin II (Ang II), 

thromboxane A2, and reactive oxygen species (ROS) are considered as endothelium-

derived contracting factors (EDCF) [Figure 1.4; ref 49,50]. 
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FIGURE 1.4. A brief overview of endothelial dysfunction.  

 

In the normal endothelium, it produces endothelium-derived relaxing factors (EDRFs) 

such as nitric oxide (NO), prostacyclin (PGI2), tissue-type plasminogen activator (tPA), 

and thrombomodulin (TM). When it gets injured by atherogenic lipoproteins or 

inflammatory cytokines, it becomes highly procoagulant, pro-inflammatory, and increases 

vascular permeability via an activation of actomyosin-dependent contraction. It also 

increases the expression of adhesion molecules including vascular cell adhesion molecule 

(VCAM) and E-selectin and produces endothelium-derived contracting factors (EDCFs) 

such as cytokines, endothelin-1 (ET-1), tissue factor (TF), and plasminogen activator 

inhibitor-1 (PAI-1).  
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Inflammatory agents include NO, ICAM-1, VCAM-1, E-selectin, PGE2 and NF-κB while 

modulation of hemostasis includes release of plasminogen activators (tPA and uPA), 

TFPI, von Willebrand factor, NO, PGI2, thromboxane A2, plasminogen-activator 

inhibitor-1 (PAI-1), and fibrinogen [Figure 1.4; ref 50,51]. Furthermore, vascular 

endothelium plays relevant roles in angiogenesis, vascular permeability, and fluid balance 

between intravascular and extravascular space [48].  

 

1.5.2 Cardiovascular Disease and Endothelial Dysfunction  

If normal endothelial function depends on constant fine tuning and adjustment of 

opposing forces and effects, dysfunction may best be defined as an imbalance between 

relaxing and contracting factors, between anti- and pro-coagulant mediators, between 

anti- and pro-inflammatory factors, or between growth-inhibiting and growth-promoting 

factors. Indeed, synthesis or release of protective factors can be impaired; synthesis or 

release of contracting, procoagulant, and growth-promoting substances can be increased 

[50]. Although endothelial dysfunction was first described in human hypertension in the 

forearm vasculature in 1990 as impairment of vasodilation [52], impaired endothelium-

dependent relaxation, as assessed by vasoconstrictive response to acetylcholine, has also 

been observed in humans with coronary atherosclerosis or hypercholesterolemia [53, 54].   

In addition to impaired vasodilation, it is apparent that the primary pathogenic 

processes observed in atherogenesis, which include enhancement of smooth muscle cell 

proliferation, platelet and leukocyte adhesion and aggregation, and finally inflammation, 

are precisely those inhibited by the endothelium [55].  
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1.5.3 Inflammation and Atherosclerosis  

  Since inflammation-based arterial changes were proposed as a mechanism of 

primary importance in atherogenesis, many hypotheses including Russell Ross’s 

commonly cited “response to injury” model of atherogenesis, have emerged [56]. In this 

model, injury to the endothelium due to mechanical trauma, sheer stress, infection, and/or 

an increase in ROS is believed to be the initial trigger for a local inflammatory response 

[56]. Furthermore, this initial trigger can become more involved with plaque formation, 

which is primarily mediated by endothelial cells, smooth muscle cells, platelets, 

lymphocytes, monocytes, and macrophages; followed by a broad generation of cytokines, 

growth factors, eicosanoids, proteases, and ROS from these cells.  

In healthy vasculature, the endothelial lining serves as a physical barrier and 

possesses intrinsic homeostatic functions that interfere with leukocyte and monocyte 

adherence. Several studies have shown that endothelial injury and activation lead to 

endothelial dysfunction, measured by decreased NO and increased LDL accumulation 

and oxidation that, in conjunction with macrophage accretion, create the fatty streak in 

the vessel wall [57 – 59]. Although the initial events following endothelial injury 

resemble an innate immune response to modified (oxidized or acetylated) LDL [59], it is 

apparent that characteristics of the adaptive immune response also give rise to chronic 

events such as increased expression of adhesion molecules, the P- /E-selectins, integrins, 

and chemokines. Evidently, oxLDL is scavenged by lectin-like oxidized LDL receptor 

[60], which is highly expressed in blood vessels in hypertension, diabetes, and 

dyslipidemia [61]. Uptake of oxLDL triggers a variety of actions including increased 

expression of adhesion molecules [19] and reduced NO availability via inhibition of 

eNOS expression [62]. Low NO availability has also shown to up-regulate VCAM-1 in 
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the endothelial cells via induction of NF-κB expression independent of elevated oxLDL 

levels [63]. Interestingly, studies involving Lp(a) also have shown to induce 

inflammatory effects on endothelial cells such as up-regulation of adhesion molecules 

[21], induction of the monocyte chmoattractant (CC chemokine I-309), which induces the 

recruitment of mononuclear phagocytes to the vascular wall [64, 65]. As the 

atherosclerotic plaque progresses, growth factors and cytokines secreted by macrophages 

and foam cells in the plaque stimulate vascular smooth muscle cell growth and interstitial 

collagen synthesis [66]. Reduction in NO availability also initiates the activation of 

matrix metalloproteinase (MMP)-2 and MMP-9 [67, 68] and further it reduces inhibition 

of platelet aggregation [69]. Thus, endothelial dysfunction with reduced NO 

bioavailability, increased oxidant excess, and expression of adhesion molecules 

contributes not only to initiation but also to progression of atherosclerotic plaque 

formation and triggering of cardiovascular events.  

 

1.6 MECHANISM OF ENDOTHELIAL BARRIER DYSFUNCTION  

1.6.1 The Role of Myosin Light Chain Kinase (MLCK) in Endothelial Contraction  

Increased actomyosin contractility is manifested by the formation of stress fibers, 

bundles of actin filaments associated with non-muscle myosin II. The signal triggering 

formation of stress fibers is characterized by phosphorylation of the regulatory domain of 

myosin, myosin light chain (MLC), which enables the myosin molecule to change 

conformation, interacts with actin and slide along actin filaments causing contractility. 

The activity of non-muscle myosin II is largely regulated by phosphorylation of its 

regulatory MLC at Ser
19

 [70] by a calcium-calmodulin (Ca
2+

/CaM)-dependent MLCK. 
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Although there has been some controversy over whether or not MLCK can be directly 

activated by Rho kinase-dependent pathway, the activation of MLCK to induce 

phosphorylation of MLC at Ser
19

 is by far the most efficient way to stimulate non-muscle 

cell contractile machinery [71]. Upon stimulation, the activity of a non-muscle 

endothelial cell MLCK (214 kDa: a significantly larger enzyme than the conventional 

smooth muscle MLCK isoforms, 130-160 kDa) is up-regulated by an increase in 

intracellular Ca
2+

/CaM availability, and it can be inhibited by protein kinase A (PKA) via 

Ser/Thr phosphorylation of MLCK [72]. However, MLCK may also be activated through 

a Ca
2+

-independent pathway in which MLCK is activated by Src, a tyrosine kinase, 

without an increase in intracellular [Ca
2+

] levels in a Rho GTPase dependent fashion; it 

forms a functional MLCK complex with p85 cortactin, which is an actin binding protein 

[73]. However, the activity of MLCK is lost when intracellular [Ca2+] is completely 

abolished; thus, a minimum level of [Ca
2+

] is required for MLCK activity with an 

increase in intracellular [Ca
2+

] is not essential for MLCK activity [73]. Interestingly, we 

have previously shown that Lp(a)/apo(a) can increase the phosphorylation of MLC and 

the activation of actomyosin-mediated endothelial cell contraction without an increase in 

intracellular [Ca
2+

] [38]. These effects were mediated through an activation of Rho/Rho 

kinase-dependent pathway [38]. Furthermore, Ras activated mitogen activated protein 

(MAP) kinase also phosphorylates MLCK, thereby enhancing MLC phosphorylation and 

resultant cell contraction [74]. A recent study by Liu et al. [75] demonstrates that apo(a) 

also stimulates MAP kinase-dependent pathway to increase EC migration and 

proliferation; however, the cross-talk between this pathway and the activation of Ca
2+

-

independent MLCK has yet to be elucidated. Therefore, upstream effectors enhancing the 

activity of MLCK can be activated by three different pathways, including elevated 
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intracellular [Ca
2+

]/CaM levels, Rho GTPase dependent activation of Src, and Ras-

dependent activation of MAP kinase activity in endothelial cells; where two latter 

pathways may be the possible pathways that Lp(a)/apo(a) exerts its function towards the 

activation of MLCK to enhance phosphorylation of MLC.  

 

1.6.2. Enhanced “Calcium-sensitization” Increases EC Permeability  

Enhanced vascular permeability occurs during acute inflammation and follows a 

paracellular pathway. Agonist-induced EC gap formation is often accompanied by 

changes in cytoskeletal
 
architecture, such as actin polymerization, stress fiber formation,

 

and isometric force development that is consistent with the involvement
 
of a contractile 

mechanism in EC barrier dysfunction [76]. The mechanism by which these agents are 

able to alter properties of the endothelium has received much attention. Histamine and 

thrombin induce a prolonged increase in permeability by “calcium sensitization,” which 

involves protein tyrosine phosphorylation and small GTPases Rho (Rho) activation, 

thereby modulating the extent of myosin light chain (MLC) phosphorylation [77]. 

Furthermore, it has been shown that the receptor-dependent activation of store-operated 

calcium entry and elevated intracellular [Ca
2+

] increase permeability, which is coupled 

with increased MLC phosphorylation [78, 79]. Thrombin is one of the potent effector that 

inactivates myosin light chain phosphatase (MLCP) via Rho/Rho kinase (RhoK)-

dependent pathway [80]. RhoK directly inactivates myosin phosphatase via 

phosphorylation of its regulatory domain (MYPT1) at Thr
696

; therefore, RhoK promotes 

an indirect MLCK-mediated MLC phosphorylation [80]. Also, TNF-α is one of the major 

agents which promotes cell contraction via activation of Rho and MLC phosphorylation 

thereby increasing the size of intercellular gaps [81]. A study done by Tiruppathi et al. 
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[82] demonstrated that TNF-α and thrombin have synergistic effects in increasing 

endothelial permeability by inducing Ca
2+

 influx by Src-dependent mechanisms. Most 

recently, we have shown that apo(a)/Lp(a) induces actin stress fiber formation in 

HUVECs, which may contribute to increased endothelial cell contractility and 

permeability [38]. Atherogenic lipoproteins such as oxLDL, apo(a), and Lp(a) were found 

to increase endothelial cell permeability via Rho and its downstream target RhoK by 

enhancing the phosphorylation of MLC [14, 38]. 

 

1.6.3. Requirement of Small GTPases in Increased EC Contractility and Permeability  

Earlier work by Hordijk and colleagues [83] showed that vascular endothelial 

(VE)-cadherin colocalizes with actin stress fibers
 
at the adherens junctions and forms 

homodimers with VE-cadherin from adjacent cells; inhibition of VE-cadherin results in 

loss of cell-cell adhesion and increased
 
endothelial permeability. The Rho small GTPases,

 

Rho, Rac, and Cdc42, are known to be involved in signal transduction linking 

extracellular stimuli to the organization of the actin
 
cytoskeleton, and activation of Rho, 

in particular, induces
 
the formation of stress fibers [84]. Interestingly, it was shown that 

activating
 
Rac also induces stress fiber formation and loss of VE-cadherin-mediated cell-

cell contact [85].
 
Consistently, p21-activated

 
protein kinase (PAK)-2, a member of the 

PAK family, which is a downstream effector of Rac and Cdc42, was shown to 

phosphorylate MLC and produce EC contraction [85]. Although Rho activity is necessary 

for Rac-dependent stress
 
fiber and intercellular gap formation, activated Rho by itself

 
just 

induces stress fiber formation without loss of cell-cell
 
contact [86]. Similarly, it was 

found that agonist-mediated Rho activity
 
is sufficient for induction of stress fibers, but 

both Rac
 
(and Rac-dependent reactive oxygen species (ROS) production) and Rho 
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activities are
 
required for loss of cell-cell contact [87]. In accordance with these studies, 

we previously have shown that apo(a) mediates F-actin stress fiber formation 

accompanied with VE-cadherin dispersion through the activation of the small GTPases 

Rac and Rho, but not Cdc42 [38]. Hence, the apo(a) component of Lp(a) may utilize one 

or two independent major signaling pathway(s) involving Rho and Rac to induce its 

effects on endothelial contractility and permeability.  

 

1.6.4. Relationship Between Increased EC Permeability and Adherens Junctions   

Endothelial cells possess several molecular mechanisms by which vascular 

permeability can be modulated. One example is to activate actomyosin contractile 

machinery, which links to the cadherin complex and induces cell retraction to create 

intercellular gaps (described above). Other mechanisms focus on adherens junction (AJ) 

organization and target VE-cadherin complex specifically – for instance, the 

phosphorylation and internalization of VE-cadherin are thought to affect endothelial 

permeability.  

VE-cadherin, similar to many other members of the cadherin family, is linked 

through its cytoplasmic tail to other AJ proteins including p120, β-catenin, and 

plakoglobin. β-catenin and plakoglobin bind to α-catenin, which interacts with several 

actin-binding proteins, including α-actinin, ajuba, zonula occludens-1 (ZO-1) and others 

[88]. It is generally accepted that the tyrosine phosphorylation of VE-cadherin and other 

components of AJ’s is associated with weakening of the junctions and impaired barrier 

function. Indeed, histamine [89], TNF-α [90], platelet-activating factor (PAF) [91], and 

vascular endothelial growth factor (VEGF) [92] were found to induce the tyrosine 
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phosphorylation of VE-cadherin and its binding partners (β-catenin, plakoglobin, and 

p120) by Src (a tyrosine kinase), and to stimulate increased EC permeability. Interestingly, 

the phosphorylation of specific tyrosine residues of VE-cadherin was also found in two 

studies to be mediated by ICAM-1 [93, 94]. There were, however, important differences 

in the findings of the studies: Allingham et al. [93] reported that the adhesion of 

neutrophils to endothelial cells via ICAM-1 induced the phosphorylation of Tyr
658

 and 

Tyr
731

 of VE-cadherin by Src and proline-rich tyrosine kinase 2 (PYK2), whereas in 

Turowski’s study [94], the engagement of ICAM-1 by antigen-activated lymphocytes 

induced the phosphorylation of Tyr645, Tyr731, and Tyr733, which was mediated by Rho 

GTPase, Ca
2+

, and dynamic actin but not by Src.  

Catenin proteins such as p120, β-catenin, and plakoglobin can also be tyrosine 

phosphorylated by the action of the same agents that stimulate VE-cadherin 

phosphorylation [92]. The phosphorylation of tyrosine residues of AJ component proteins 

facilitates the increase in EC permeability via a dissociation of VE-cadherin complex. 

Depending on extracellular stimuli, the liberated cytoplasmic β-catenin may develop a 

new role as an activator of transcription factors or can be degraded by a proteosomal 

pathway [see Chapter 3].  
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1.7 STATEMENT OF OBJECTIVES  

Elevated plasma concentrations of Lp(a) (>30 mg/dL) are strongly emerging to be 

an independent risk factor for the development of a variety of atherosclerotic disorders 

including CVD and CHD [2, 3]. The ability of Lp(a) to induce vascular inflammation and 

further to mediate impaired barrier function appears to be a common link among many 

diseases mentioned above. Since Lp(a) levels are primarily determined by genetics, it is 

highly resistant to conventional lipid lowering therapeutics such as statin therapy or 

dietary and exercise interventions. Therefore, the development of new target for lowering 

the effects of Lp(a) on endothelial dysfunction and further on atherosclerotic discorders 

may be an effective strategy rather than lowering its plasma concentration directly. As 

such, it is important to establish a better understanding through biochemical analysis of 

the molecular mechanisms involved in endothelial dysfunction mediated by Lp(a). The 

proposed research focuses on effects that Lp(a)/apo(a) exerts on vascular endothelial cells 

with a particular emphasis on the following objectives:  

1. To identify specific kringle domain(s) in apo(a) that mediate its effect on 

Rho/Rho kinase-dependent increase in stress fiber formation and vascular 

endothelial cell permeability using in vitro and ex vivo studies 

2. To determine the roles of an AJ protein, β-catenin: as a  component of 

adherens junction and/or an activator of transcription factors in apo(a)-induced 

impaired endothelial barrier function  

3. To dissect the members of signaling pathways that are involved in apo(a)-

mediated inflammatory and atherogenic responses in vascular endothelial cells 

including up-regulation of NF-κB nuclear translocation    
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CHAPTER 2 

Apolipoprotein(a), Through Its Strong Lysine-Binding Site in KIV10, Mediates 

Increased Endothelial Cell Contraction and Permeability Via A Rho/Rho 

Kinase/MYPT1-dependent Pathway 

 

 

 

 

2.1 PREFACE  

 This chapter contains a manuscript published in the Journal of Biological 
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2.2 SUMMARY 

 Substantial evidence indicates that endothelial dysfunction plays a critical role in 

atherogenesis. We previously demonstrated that apolipoprotein(a) (apo(a); the 

distinguishing protein component of the atherothrombotic risk factor lipoprotein(a)) 

elicits rearrangement of the actin cytoskeleton in human umbilical vein endothelial cells 

(HUVECs), characterized by increased myosin light chain (MLC) phosphorylation via a 

Rho/Rho kinasedependent signaling pathway. Apo(a) contains kringle (K)IV and KV 

domains similar to those in plasminogen: apo(a) contains 10 types of plasminogen KIV-

like sequences, followed by sequences homologous to the plasminogen KV and protease 

domains. Several of the apo(a) kringles contain lysine-binding sites (LBS) that have been 

proposed to contribute to the pathogenicity of Lp(a). Here we demonstrate that apo(a)-

induced endothelial barrier dysfunction is mediated via a Rho/Rho kinasedependent 

signaling pathway that results in increased MYPT1 phosphorylation and hence decreased 

MLC phosphatase activity, thus leading to an increase in MLC phosphorylation, stress 

fiber formation, cell contraction and permeability. In addition, studies using recombinant 

apo(a) variants indicated that these effects of apo(a) are dependent on sequences within 

the carboxylterminal half of the apo(a) molecule, specifically, the strong LBS in KIV10. In 

parallel experiments, the apo(a)-induced effects were completely abolished by treatment 

of the cells with the lysine analog ε-aminocaproic acid and the Rho kinase inhibitor 

Y27632. Taken together, our findings indicate that the strong LBS in apo(a) KIV10 

mediates all of our observed effects of apo(a) on HUVEC barrier dysfunction. Studies are 

ongoing to further dissect the molecular basis of these findings. 
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2.3 INTRODUCTION  

 Studies have shown that elevated concentrations of plasma lipoprotein(a) [Lp(a)] 

(>30 mg/dL or >100 nM) are a risk factor for a variety of vascular diseases, including 

coronary heart disease, ischemic stroke, and venous thrombosis [95,2]. Lp(a) is identical 

to low density lipoprotein (LDL) in both lipid composition as well as the presence of 

apolipoproteinB-100 (apoB- 100). However, Lp(a) is clearly distinguishable from LDL 

by the presence of the unique glycoprotein apolipoprotein(a) [apo(a)] that is disulfide-

linked to apoB-100 in LDL by a single disulfide bond [96]. Apo(a) bears a striking 

homology withplasminogen and contains multiple repeats of a sequence that resembles 

plasminogen kringle IV as well as sequences homologous to the kringle V and protease 

regions of plasminogen [26]. The protease domain in apo(a) cannot be activated by 

activators of plasminogen; therefore, it cannot develop protease activity and hence lacks 

fibrinolytic activity [97]. The kingle IV-like domain in apo(a) is classified into 10 types 

(KIV1-10); the KIV2 sequence is present in a variable number of identically repeated 

copies (from 3 to >40) giving rise to Lp(a) isoform size heterogeneity [27,98]. Kringle IV 

types 5-8 (KIV5-8) possess “weak” lysine-binding sites (LBS) [99] that mediate the non-

covalent interactions between apo(a) and apoB-100 that precede disulfide bond formation 

to form Lp(a). Another weak lysine-binding site is evident in kringle V (KV) and, as yet, 

its function is not known. Apo(a) also contains a “strong” LBS within kringle IV type 10 

(KIV10), which is thought to mediate binding of apo(a) and Lp(a) to other physiological 

ligands such as fibrin and extracellular matrix proteins [100,101]. While many potential 

mechanisms by which Lp(a) might promote atherogenesis have been proposed [95,2], the 

relevant mechanism(s) have yet to be definitively established. This uncertainty is likely a 

function of the complex, modular structure of apo(a).  
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The vascular endothelium forms a selective permeable barrier between the blood 

and the interstitial space of all organs and participates in the regulation of macromolecule 

transport and blood cell trafficking through the vessel wall. Failure of endothelial barrier 

function can occur when endothelial cells are exposed to inflammatory mediators, a key 

event in the initial stages of atherosclerosis. Loss of barrier function results from the 

opening of gaps between adjacent cells as a consequence of both a loss of cell adhesion 

and activation of the endothelial contractile machinery [102]. Generation of contractile 

forces by endothelial cells (ECs) can cause adjacent cells to retract from each other [103, 

76]. The importance of this actin-myosin based contractile apparatus for dynamic 

adaptation of endothelial barrier function under physiological conditions as well as for the 

development of barrier failure has been well established [76, 104, 105]. Various 

physiological agents such as tumor necrosis factor-α (TNF-α), thrombin, oxidized LDL 

(oxLDL), and lipoprotein(a) [Lp(a)] have been demonstrated to elicit some manifestations 

of endothelial barrier dysfunction [106, 107, 14, 38]. These agents alter the endothelial 

permeability by stimulating cell contraction through by reorganization of the cytoskeleton 

to increase the size of intercellular gaps and facilitate the entry of inflammatory cells and 

atherogenic lipoproteins.  

A key event in the regulation of endothelial barrier function is actomyosin-driven 

contraction. EC contraction is initiated by Thr18/Ser19 phosphorylation of the 20-kDa 

regulatory myosin light chain (MLC), which is tightly associated with Factin filament 

reorganization [76,70]. Inflammatory agonists such as thrombin and histamine produce 

rapid increases in MLC phosphorylation, stress fiber formation, and increased endothelial 

permeability via Rho/Rho kinase-dependent mechanisms [77]. Rho-kinase (RhoK) has 

been proposed to mediate the inhibition MLC phosphatase (MLCP) via direct 
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phosphorylation of its regulatory subunit (MYPT1) at Thr
696

, leading to a net 

enhancement of MLC phosphorylation in response to various agonists [108, 109]. The 

permeabilityaugmenting activity of Rho in response to thrombin appears to be mainly 

mediated by RhoK through its ability to phosphorylate MYPT1, the regulatory subunit of 

MLCP, thus inactivating this phosphatase [78]. We previously have demonstrated that 

native Lp(a), through its apo(a) component, elicits rearrangement of the actin 

cytoskeleton in human umbilical vein endothelial cells (HUVECs) and human coronary 

artery endothelial cells (HCAECs), characterized by increased central stress fiber 

formation, dispersion of vascular endothelial (VE)-cadherin, and increased cell 

permeability [38], while treatment with LDL or plasminogen had no effect. These effects 

were mediated by increased MLC phosphorylation via a Rho/RhoK-dependent signaling 

pathway; however, the exact mechanisms involved in apo(a)-induced increases in 

endothelial cell contraction and permeability is not known. In the present study, we first 

tested the hypothesis that apo(a)-induced stress fiber formation and increased 

permeability is regulated by Rho/RhoK-driven phosphorylation of MLCP at Thr
696

. Next, 

we utilized a battery of recombinant apo(a) (r-apo(a)) variants in which individual 

domains were mutated or systematically deleted to define the sequences in apo(a) that 

mediate endothelial barrier dysfunction. We demonstrate a key functional role for the 

strong LBS in KIV10 of apo(a) in mediating a Rho/RhoK/MYPT1 signaling transduction 

pathway to enhance MLC phosphorylation via inactivation of MLCP, which thereby 

increases EC contraction and permeability. Taken together, these results suggest a novel 

mechanism by which the apo(a) component of Lp(a) can promote endothelial barrier 

dysfunction during atherogenesis. 
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2.4 EXPERIMENTAL PROCEDURES  

2.4.1 Expression and Purification of Recombinant Apo(a)  

All of the recombinant apo(a) variants used, with the exception of apo(a) KIV1-4, 

were cloned and stably expressed in human embryonic kidney (HEK) 293 cells as 

previously described [110,111]. An expression plasmid encoding the KIV1-4 r-apo(a) 

variant was generated using the parental 17K r-apo(a) expression plasmid pRK5ha17 (26). 

Apo(a) KIV1-4 is purified as previously described with some modifications (27). First, 

conditioned media (CM) containing the recombinant protein was passed over a 5-mL 

ConA-Sepharose (Amersham Biosciences) micro-column instead of a 20-mL lectin-

Sepharose column. The column was washed with HBS containing 0.5M NaCl, and bound 

proteins were eluted by the addition of two elution buffers (HBS containing 0.25 M and 

0.5 M methyl-α-D-glucopyranoside (Sigma- Aldrich)). Second, the Heparin-agarose step 

was deleted and the purified KIV1-4 was concentrated using centrifugal concentrators 

(Millipore, 30 kDa NMWL membrane). A schematic diagram of the r-apo(a) variants 

employed is presented in Fig. 2.1, along with a silver-stained SDS-PAGE gel 

demonstrating that all of the variants are of the expected molecular weight. 

 

2.4.2 Double Immunofluorescence 

For double immunofluorescence studies, cells were seeded on gelatin-precoated 

(1h, 0.1% gelatin (Fisher Scientific) at 37 ºC) glass coverslips at a density of 25,000 

cells/well in 24-well tissue culture dishes and grown to near confluence. Before treatment 

with apo(a) variants, cells were washed three times with sterile PBS and serum-starved 

for 15 min at 37 ºC in EBM-2 (Clonetics). This solution was then replaced with fresh 

EBM-2 containing 200 nM apo(a) variants, and the cells were incubated at 37 ºC for 20 
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min. At this time, the cells were prepared for double immunofluorescence as follows. 

Cells were fixed with 3.7% paraformaldehyde solution in PBS for 5 min, washed once 

with PBS, and permeabilized with 1.4% formaldehyde containing 0.1% Nonidet P-40 

(NP-40) in PBS for 1.5 min, and then washed with PBS for three times. For F-actin 

staining, cellswere incubated with tetramethylrhodamine isothiocyanate (TRITC)-

phalloidin (Sigma- Aldrich) diluted 1:100 in saponin buffer (0.1% saponin, 20mM KPO4, 

10mM PIPES, 5mM EGTA, 2mM MgCl2, pH 6.8). For simultaneous staining of F-actin 

and VE-cadherin, cells were incubated with anti-VE-cadherin monoclonal antibody 

(Research Diagnostics) diluted 1:350 in saponin buffer for 1 h at room temperature. 

Following three washes with PBS, cells were incubated for 1 h with 1:500-diluted goat 

anti-mouse Alexa488-conjugated antibody (Molecular Probes) and TRITC-phalloidin in 

saponin buffer in dark. Following three washes with PBS, coverslips were mounted to 

slides using an anti-fade mounting solution (Dako) and examined using a Zeiss Axiovert 

S100 inverted fluorescence microscope equipped with a 40X oil immersion lens. Images 

were captured using a high sensitivity Cooke SensiCam and SlideBook software 

(Intelligent Imaging Innovations Inc.). 

 

2.4.3 Transendothelial Permeability Assay 

Cells were seeded (300 µL) at a final concentration of 25,000 cells/mL onto 

Transwell inserts (0.4-µm pore size; BD Biosciences) precoated with 7 µg/ml fibronectin 

(1 h, 37 ºC) and placed into 24-well Transwell companion plates (BD Biosciences) 

containing 700 µL of the complete medium (EGM-2; Clonetics). Cells were grown for 3-

4 days with one change of medium before the experiment. The level of confluence of the 



34 

 

 

 

 

FIGURE 2.1.  Recombinant apo(a) variants used in this study. 

 

Panel A. Schematic diagram shows the topology of r-apo(a) variants. 17K represents a 

physiologically relevant apo(a) isoform and contains all of the kringle domains present in 

all apo(a) isoforms. The numbering of KIV types is provided at the top. Black dot in 

KIV10 domain in 17K∆Asp represents a single amino acid substitution which abolishes 

the strong LBS in this kringle. The bar over KIV9 presents an unpaired cysteine residue in 

this kringle. Panel B. One microgram of each of the purified r-apo(a) variants was 

subjected to SDS-PAGE on a 2.5-15% polyacrylamide gradient gel. The gel was silver-

stained. The migration of molecular weight standards in indicated to the left of the gel. 
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cells was checked before the treatment by fixation and Coomassie blue staining of the 

cells in one of the Transwell inserts. When the cells were near confluence, medium in the 

top well was replaced with EGM-2 containing 1 mg/ml fluorescein isothiocyanate-

dextran (FITCdextran; molecular weight, 40,000) in a final volume of 100 µL; some wells 

also received 400 nM apo(a) variants or 1 µg/ml TNF-α (as a positive control). The 

medium in the bottom well was replaced with 600 µL of fresh EGM-2. At specific time 

points, 50 µL of medium from bottom well was removed and replaced with 50 µL of fresh 

EGM-2. The removed sample was diluted with 950 µL of PBS, and fluorescence intensity 

was measured with a fluorimeter (PerkinElmer Life Sciences LS-50B) using an excitation 

wavelength of 492 nm and emission wavelength of 520 nm. 

 

2.4.4 Myosin Light Chain Phosphorylation 

MLC phosphorylation was analyzed by SDS-PAGE followed by western blotting. 

HUVECs were grown to near confluence in 6-well tissue culture plates and treated with 

400 nM apo(a) variants for different times. The incubations were terminated by addition 

of 1.5 mL of ice-cold 10% trichloroacetic acid (TCA). Cells were scraped into micro-

centrifuge tubes and centrifuged for 20 min at 14,000g. Supernatants were discarded, and 

pellets were washed three times (20 min at 14,000g) with water to remove residual TCA. 

Resulting pellets were resuspended in 1% SDS and then sonicated overnight at 4 ºC. 

Samples were subjected to SDS-PAGE on a 15% polyacrylamide gel, and resolved 

proteins were transferred to Immobilon P membranes (Millipore) in transfer buffer (25 

mM Tris, 192 mM glycine, 10% methanol). Membranes were blocked with 6% skim milk 

powder in 1X NET (150 mM NaCl, 5 mM EDTA, 50 mM Tris, 0.05% Triton X-100; pH 

7.4) overnight at room temperature, washed once in 1X NET, and probed for either 
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phosphorylated MLC with 1:750- diluted anti-phospho-MLC antibody (Thr
18

/Ser
19

, Santa 

Cruz Biotechnology) or for total MLC with 1:200-diluted total MLC antibody (FL-172, 

Santa Cruz Biotechnology) for 1h at room temperature. Membranes were then washed 

three times with 1X NET and incubated with 1:2500 dilutions of the appropriate 

horseradish peroxidase-conjugated secondary antibodies(Santa Cruz Biotechnology) in 

1X NET for 1 h at room temperature. Membranes were then washed three times with 1X 

NET. Finally, membranes were developed with chemiluminescence (ECL) Western 

blotting detection reagents (Amersham Biosciences) and exposed to X-ray film. Blots 

were scanned using a flatbed laser scanner, and the density of the immunoreactive bands 

was determined using Corel Photopaint Version 10. The amount of phosphorylated MLC 

was normalized to the total MLC signal in the respective samples. 

 

2.4.5 Myosin Light Chain Phosphatase Phosphorylation 

HUVECs were grown to confluence in a 6-well tissue culture plates. HUVECs 

were lysed in a lysis buffer (50mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium 

deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 µg/mL aprotinin, 1 µg/mL 

leupeptin, 1 µg/mL pepstatin, 1 mM Na3VO4, 1 mM NaF). SDS-PAGE using a 7% 

polyacrylamide gel was followed by western blot as described in manufacturers’ protocol 

(Upstate Biotechnology). Membranes were probed either by using anti-MYPT1 rabbit 

polyclonal IgG or antiphopho-MYPT1 (Thr696) rabbit polyclonal IgG (Upstate). Washed 

membranes were incubated with appropriate anti-rabbit horseradish peroxidase-

conjugated secondary antibody (1:2500 dilutions, Santa Cruz Biotechnology). Then, 

membranes were developed using enhanced chemiluminescence (Millipore or Amersham 
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Biosciences) western blotting detection reagents for phospho-MYPT1 or total-MYPT1, 

respectively. Densitometry of the bands was performed using Corel Photopaint Version 

10. The amount of phosphorylated MYPT1 was normalized to the total MYPT1 signal in 

the respective samples. 

 

2.4.6 Rho Activation Assay 

Rho activation was determined as described in the manufacturers’ protocol 

(Upstate Biotechnology). Briefly, HUVEC’s were grown to approximately 90% 

confluence in 100-mm tissue culture plates and treated with 200 nM 17K or 17K∆Asp for 

designated times. Cells were washed with ice-cold TBS twice. At this time, ice-cold Mg
2+

 

lysis buffer (MLB; 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 50 mM 

MgCl2, 1 mM EDTA, 2% glycerol, 25 mM NaF, 1 mM Na3VO4) was added and the cell 

lysates were scraped into microfuge tubes on ice. After 15 minutes at 4°C with agitation, 

the lysates were incubated with Rhotekin RBD-agarose for 45 min. After brief 

centrifugation, supernatant were collected and 2X SDS-PAGE sample buffer was added. 

The pelleted agarose beads were washed 3 times with MLB and were resuspended in 2X 

Laemmli reducing sample buffer. SDS-PAGE using 12% polyacrylamide gel was 

followed by western blot analysis as described in manufacturers’ protocol (Upstate 

Biotechnology). Membranes were probed either by using mouse IgG1 anti-Rho (-A, -B, -

C) for the pelleted samples or mouse polyclonal anti- β-actin (Sigma) for the supernatants. 

Washed membranes were incubated with appropriate anti-mouse horseradish peroxidase-

conjugated secondary antibody (1:2500 dilutions, Santa Cruz Biotechnology). 

Membranes were developed using ECL reagents (Amersham Biosciences). 
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2.5 RESULTS  

2.5.1 Recombinant Apo(a) Stimulates F-actin Stress Fiber Formation in HUVECs 

Previous studies have demonstrated that apo(a) and Lp(a) increases F-actin stress 

fiber formation. To illustrate which domain or domains in apo(a) stimulate these effects, 

we have expressed and purified a battery of r-apo(a) variants representing systematic 

deletions and mutations of key domains in the molecule. 17K r-apo(a) (17K) contain all 

of the domains found in apo(a) and in fact represents a physiologically relevant isoform 

with 8 copies of KIV2 domains [108]. 17K∆Asp contains an amino acid substitution that 

abolishes the strong lysine-binding site (LBS) in KIV10 while 17K∆V represents a 

deletion of entire KV domain (Fig. 2.1). Following a brief 15-min serum starvation, 

confluent HUVECs displayed few actin stress fibers and possessed VE-cadherin 

molecules organized as slender lines along the margins of the cells (Fig. 2.2 A). Actin 

stress fibers were formed mostly along the cell borders and were generally absent in the 

central regions of the cells. The stimulatory effect of various 17K concentrations (100nM 

– 400nM) was observed after 5 min of incubation, and was sustained until 30 min of 

incubation (data not shown). Therefore, a 20-min incubation of 200 nM r-apo(a) was used 

for subsequent immunofluorescent experiments. Treatment with 200 nM 17K resulted in 

an increased number of F-actin stress fibers traversing the cells and, concomitantly, a 

dispersed VE-cadherin appearance with evident intercellular gap formation (Fig. 2.2 B). 

For an Lp(a) isoform containing a 17-kringle form of apo(a), a molar concentration of 

100 nM corresponds to a mass concentration of ~ 30 mg/dL, which is often cited as the 

apparent risk threshold for Lp(a) concentrations. Therefore, the effects of apo(a) observed 

here occur at physiologically-relevant concentrations. We next examined the ability of 

each of our r-apo(a) deletion constructs to enhance stress fiber formation and VE-
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cadherin dispersion (Fig. 2.2 C-F). We first tested variants encompassing the amino-

terminal (KIV1-4) and carboxyl-terminal (KIV5-P) domains of 17K r-apo(a). Only KIV5-P 

had increased both stress fiber formation and VE-cadherin dispersion while KIV1-4 had no 

effect, suggesting a possible role of carboxyl-terminal end of this molecule (Fig. 2.2 C,D). 

In addition to 17K and KIV5-P, two other variants (KIV5-10 and KIV10-P) containing 

carboxyl-terminal sequences elicited stress fiber formation leading to endothelial 

intercellular gap formation (Fig. 2.2 E,F). Interestingly, KIV10 was the only kringle that 

was commonly shared in all four positive effectors (17K, KIV5-P, KIV5-10, and KIV10-P). 

Accordingly, the 17K∆Asp variant in which the strong LBS in KIV10 was mutated had no 

effect on stress fiber formation and VE-cadherin dispersion (Fig. 2.3 C). 17K∆V, which 

lacks KV and its weak LBS, had similar effects on stress fiber formation and VE-cadherin 

dispersion to 17K (Fig. 2.3 D). 

 

2.5.2 F-Actin Stress Fiber Stimulation and VEcadherin Dispersion by Apo(a) Leads 

to Increase in Vascular Endothelial Permeability and Is Mediated by a Rho 

Kinase and Lysine-dependent Pathway 

 

We hypothesized that the increase in stress fiber formation and loss of cell-cell 

contact via disruption of VE-cadherin organization following an r-apo(a) exposure leads 

to enhanced trans-endothelial permeability. Consistent with this hypothesis, treatment of 

HUVEC monolayers with 200 nM 17K resulted in an increase in trans-endothelial 

diffusion of FITC-dextran that peaked after 1 hour and was maintained at this level for 8 

hours (Fig. 4A); Tumor necrosis factor-α (TNF-α) and plasminogen were used as positive 

and negative controls, respectively (16,19). In accordance with the results seen for stress 

fiber formation and VE-cadherin dispersion, all the deletion constructs that contain KIV10
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FIGURE 2.2.  KIV10 is required for apo(a)-induced cytoskeletal reorganization  

 

HUVECs were serum starved for 15 min (Panel A) and then treated with 200nM of r 

apo(a) variants (17K, KIV1-4, KIV5-P, KIV5-10, and KIV10-P) for 20 minutes (Panels B-F, 

respectively). Cells were fixed, permeabilized, and stained for F-actin (left) and VE-

cadherin (right) using TRITC-phalloidin and a monoclonal anti-VE-cadherin antibody 

followed by an Alexa-488-linked secondary antibody, respectively. 
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FIGURE 2.3.  The strong lysine binding site in KIV10 is required for stimulation of 

F-actin stress fibers and VE-cadherin dispersion.  
 

HUVECs were serum-starved for 15 min (Panel A) and then treated with 200nM of r-

apo(a) variants (17K, 17KΔAsp, and 17KΔV) for 20 min (Panels B- D, respectively). 

Cells were then fixed, permeabilized, and stained for F-actin (left) and VEcadherin (right) 

using TRITC-phalloidin and a monoclonal anti-VE-cadherin antibody followed by an 

Alexa-488-linked secondary antibody, respectively. The data in Panels A and B is 

identical to that in the corresponding Panels in Fig. 2.2. 
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(KIV5-P, KIV5-10, and KIV10-P) resulted in a significant increase in transendothelial 

permeability after 1 h of treatment where KIV1-4 had no effect (Fig. 4B,C). Consistent 

with its lack of effects on stress fiber formation and VE-cadherin dispersion, 17K∆Asp 

did not increase EC permeability. Interestingly, 17K∆V resulted in a delayed increase in 

permeability, only reaching significance after 4 h (Fig 4D). In keeping with the apparent 

dependence on the strong LBS in KIV10 for the effects of apo(a), addition of 80 mM ε-

ACA, a lysine analogue, totally abolished 17K-induced EC permeability (Fig 4E), as did 

the addition of a pharmacological RhoK inhibitor (Y27632, 5 µM). These findings  

indicate that apo(a) increases EC permeability via a pathway dependent on cell-surface 

lysines and intracellular signaling through RhoK. 

 

2.5.3 Enhancement of MLC Phosphorylation by r-Apo(a) Variants Is Time-

Dependent and Is Mediated by a Rho Kinase and Lysine-dependent Pathway 

 

Phosphorylation of MLC at Thr
18

/Ser
19

 is required for myosin II activation and 

stress fiber formation, leading to an increase in EC contraction and permeability [76]. We 

have previously shown that treatment with apo(a) resulted in rapid increase in MLC 

phosphorylation in a Rho/RhoK-dependent manner [38]. In determining which the 

domain(s) in apo(a) mediate an increase in MLC phosphorylation, HUVECs were 

exposed to r-apo(a) and the extent of MLC phosphorylation was analyzed by western blot 

analysis. As can be seen in Fig. 2.5A, treatment with 200 nM 17K showed maximal MLC 

phosphorylation (~3-fold higher than untreated control cells) between 2 and 5 min of 

stimulation; 17K concentrations below 100nM did not, however, induce MLC 

phosphorylation (data not shown). Thrombin (0.5 U/ml) and plasminogen (400 nM) were
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FIGURE 2.4.  Kringle IV type 10 containing r-apo(a) variants increase endothelial 

cell permeability in a lysine- and a Rho kinase-dependent manner.  
 

HUVECs were treated with serum-depletedmedium (control) or serum-depleted medium 

containing 200nM r-apo(a) variants for the indicated time periods. Transendothelial 

permeability was determined fluorometrically as described under “Experimental 

Procedures”. Results represent the mean ± S. E. four independent measurements. All the 

data were normalized to initial permeability and then to the control. The asterisks 

represent the increases in EC permeability in the presence of 17K r-apo(a) that are 

significantly different (p < 0.05) from those in the absence of 17K. Other symbols over 

the plots represent significant differences (p < 0.05) for r-apo(a) variants represented by 

the corresponding plot symbols in each Panel (as shown in the legends). Panel A: 

Comparison of 17K treatment with TNF-α (positive control) and plasminogen (negative 

control). Panel B: Comparison of 17K treatment with KIV5-P and KIV1-4. Panel C: 

Comparison of 17K, KIV5-10, and KIV10-P treatments. Panel D: Comparison of 17K, 

17K∆V and 17K∆Asp. Panel E: 17K treatment was carried out in the presence of 5 µM 

Y27632 (cell were pretreated with this compound for 1h) or 80 mM εACA. In Panels B-E, 

the 17K data is identical to that in Panel A. 
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used as positive and negative controls, respectively (Fig. 2.5A). After 5 min of 17K 

treatment, the extent of MLC phosphorylation decreased at a level that remained higher 

than the levels observed in the control. In agreement with the F-actin/VE-cadherin and 

permeability data, both KIV5-10 and KIV10-P elicited a significant increase in MLC 

phosphorylation while KIV1-4 and 17K∆Asp did not (Fig. 2.5 B,C). KIV5-10 treatment 

resulted in maximal MLC phosphorylation at 2 min which reduced rapidly to a level 

similar to that of untreated cells while KIV10-P did not result in increased MLC 

phosphorylation until 10 min of treatment, after which time it remained at a level 

comparable to that elicited by 17K (Fig. 2.5B). KIV1-4 and 17K∆Asp did not induce MLC 

phosphorylation, indicating a critical role for the strong LBS in KIV10 in MLC 

phosphorylation (Fig. 2.5 B,C). Consistent with a delayed increase in EC permeability 

(Fig. 2.4D), 17K∆V elicited a transient increase in MLC phosphorylation that was 

slightly lower than that elicited by 17K (Fig. 2.5C). An apo(a) variant that lacks the weak 

LBS in KV domain elicited the same effect on MLC phosphorylation as did 17K∆V (data 

not shown); along with the transient increase elicited by KIV5-10, this suggests a specific 

role for the weak LBS in KV in sustaining the MLC phosphorylation state induced by 

apo(a). Treatment with ε-ACA completely inhibited 17K-induced increase in MLC 

phosphorylation in a dose-dependent manner (Fig. 2.5D). On the other hand, thrombin-

induced MLC phosphorylation was not affected at all by 80 mM ε-ACA treatment (data 

not shown). Inhibition of RhoK by Y27632 totally abolished the 17K-mediated 

enhancement of MLC phosphorylation (Fig 2.5D); inhibition of RhoK also completely 

blocked KIV5-10- and KIV10-P-mediated increases in MLC phosphorylation (data not 

shown). Kawano and coworkers [113] have suggested that RhoK activation increases 
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FIGURE 2.5.  Kringle IV type 10 containing r-apo(a) variants increase MLC 

phosphorylation in a lysine-, Rho kinase-, and MLCK-dependent manner.  

 

HUVECs were serum starved for 15 min and then treated with 200nM r-apo(a) variants 

for indicated time periods. Total cellular proteins were harvested and subjected to western 

blot analysis using anti-phospho-MLC (p-MLC) and anti-total MLC antibody (Total-

MLC). Graphs in each panel show mean band density (normalized to the control) ± S. E. 

of at least three independent experiments and representative western blots are shown 

below. The asterisks represent increases in MLC phosphorylation in the presence of 17K 

r-apo(a) that are significantly different (p < 0.05) from those in the absence of 17K. Other 

symbols over the plots represent significant differences (p < 0.05) from the normalized 

control of individual r-apo(a) variant represented by the corresponding plot symbols in 

each Panel (as shown in the legends). Panel A: Comparison of 17K treatment with TNF-α 

(positive control) and plasminogen (negative control). Panel B: Comparison of 17K 

treatment with deletion mutants (KIV1-4, KIV10-P, KIV5-10). Panel C: Comparison of 17K 

treatment with point mutants (17K∆V and 17K∆Asp). Panel D: 17K treatment was 

carried out in the presence of ML-7 or Y27632 (5 µM each; cells were pretreated with 

each compound for 1 hr) or εACA (80 mM). 
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MLC phosphorylation by two potential mechanisms: direct phosphorylation of MLC 

Thr
18

/Ser
19

 and indirectly via phosphorylation of the regulatory subunit of myosin 

phosphatase (MYPT1) at Thr
696

. ML-7 (a MLCK inhibitor) totally blocked the 

phosphorylation of MLC induced by 17K, indicating that only MLCK and not RhoK is 

responsible for the enhanced MLC phosphorylation elicited by apo(a) (Fig. 2.5D). 

 

2.5.4 Elevated MLCP Phosphorylation at Thr
696

 By r-apo(a) Variants Is Is Mediated 

by a Rho Kinase and Lysine-dependent Pathway 

 

RhoK inactivates myosin phosphatase via phosphorylation of its 130 kDa 

regulatory subunit (MYPT1) at Thr
696

 (28); as such, RhoK serves to promote, albeit 

indirectly, MLCK-mediated MLC phosphorylation. Therefore, we assessed whether 

apo(a) could influence the extent of MYPT1 phosphorylation at Thr696 in HUVECs. 

Treatment with 200 nM 17K resulted in a significant increase in MYPT1 phosphorylation 

at Thr
696

 in a timedependent manner with maximum at 2 min (Fig. 2.6A); the extent of 

MYPT1 phosphorylation then decreased to basal levels or below after ~8 min (Fig. 2.6A). 

Consistent with their effects on HUVEC permeability and MLC phosphorylation, KIV5-10, 

KIV10-P, and 17K∆V also stimulated MLCP phosphorylation at Thr
696

, in a manner 

similar to 17K (Fig. 2.6 B,C). Similarly, KIV1-4 and 17K∆Asp failed to induce any effect 

on MYPT1 phosphorylation (Fig. 2.6C). Inhibition of RhoK completely abolished 17K-

induced MYPT1 phosphorylation as expected (Fig. 2.6D), as well as that mediated by 

KIV5-10 and KIV10-P (data not shown). The addition of ε-ACA completely abolished 17K-

induced MYPT1 phosphorylation (Fig. 2.6D), in agreement with the importance of the 

strong LBS in mediating this effect as revealed by the results with KIV1-4 and 17K∆Asp. 
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2.5.5 17K, but not 17K∆Asp, Activates Rho 

Having shown that apo(a), in a manner dependent on the strong LBS in KIV10, 

induces MLCP inactivation through RhoK phosphorylation of MYPT1, we directly 

assessed if apo(a) is able to activate Rho. HUVECs were treated with either 17K or 

17K∆Asp and cell lysates were prepared at different times for the measurement of the 

relative amount of active (GTP-bound) Rho. In agreement with the preceding data, 17K, 

but not the 17K∆Asp variant, stimulated the formation of GTP-bound Rho, with the peak 

amounts of GTP-Rho observed between 5 and 10 minutes of apo(a) treatment (Fig. 2.7). 

These data confirm that apo(a), through its strong LBS in KIV10, induces cytoskeleton 

rearrangement and a subsequent increase in EC permeability through a 

Rho/RhoK/MYPT1-dependent pathway. 
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FIGURE 2.6. Kringle IV type 10 containing r-apo(a) variants increase MYPT1 

phosphorylation in a lysine- and Rho kinase-dependent manner.  

 

HUVECs were serum starved for 15 min and then treated with 200 nM r-apo(a) variants 

for indicated time periods. Total cellular proteins were harvested and subjected to western 

blot analysis using anti-phospho-MYPT1 (p-MYPT1) and anti-total-MYPT1 (Total-

MYPT1). Graphs in each panel show mean band density (normalized to the control) ± S. 

E. of three independent experiments and representative western blots are shown below. 

The asterisks represent increases in MYPT1 phosphorylation in the presence of 17K r-

apo(a) that are significantly different (p < 0.05) from those in the absence of r-apo(a) 

variants. Other symbols over the plots represent significant differences (p < 0.05) from 

the normalized control of each r-apo(a) variant represented by the corresponding plot 

symbols in each Panel (as shown in the legends). Panel A: Comparison of 17K treatment 

with TNF-α (positive control) and plasminogen (negative control). Panel B: Comparison 

of 17K treatment with deletion mutants (KIV1-4, KIV10-P, KIV5-10). Panel C: Comparison 

of 17K treatment with point mutants (17K∆V and 17K∆Asp). Panel D: 17K treatment 

was carried out in the presence of Y27632 (5 µM; cells were pretreated with this 

compound for 1 hr) or εACA (80 mM). 
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FIGURE 2.7. Stimulation of Rho activation by apo(a) requires the sLBS in KIV10.  

 

HUVECs were serum starved for 15 min and treated with 200 nM 17K or 200 nM 

17K∆Asp for the indicated time periods. Total cellular proteins were harvested and 

subjected to a Rho-GTP pull down assay as described in “Experimental Procedures”. 

Then, western blot analyses were performed using anti-Rho for GTP-Rho as well as anti-

β-actin as a loading control. Representative western blots of three independent 

experiments for both 17K and 17K∆Asp are shown. 
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2.6 DISCUSSION  

Elevated plasma concentrations of Lp(a) have been considered as a risk factor for 

the development of a variety of atherogenic disorders, including coronary heart disease 

[95,2]. Considerable evidence has emerged to suggest that Lp(a) is a proatherogenic 

effector [95,2]; however, the exact mechanisms by which it exerts its pathogenic effects 

remain unclear. Because plasma Lp(a) levels are relatively resistant to most 

pharmacological lipid lowering therapy or dietary interventions [114,115], it is critical to 

elucidate the mechanisms of Lp(a) action as they may be potential targets for therapeutic 

interventions. One means to evaluate which of the functions of Lp(a) are most significant 

in vivo is to determine what functional domains of apo(a) mediate the respective 

functions. Indeed, it has already been demonstrated that mice expressing an apo(a) variant 

lacking the strong LBS in KIV10 are less susceptible to atherosclerosis than mice 

expressing wild-type apo(a) [115]. We show in the current study that this LBS is 

absolutely required to mediate the effects of apo(a) on actin cytoskeletal rearrangements 

in cultured HUVECs that culminate in enhanced endothelial permeability, a critical early 

event in the atherosclerotic process.  

Lp(a) has been shown to affect a variety of endothelial cell functions. Lp(a) has 

been shown to trigger mononuclear cell adherence by inducing the expression of a 

number of adhesion molecules on endothelial cells such as vascular cell adhesion 

molecule-1, intracellular adhesion molecule-1, P-selectin, and E-selectin [20,22,23]. 

Apo(a) also induces the expression of the CC chemokine I-309, a monocyte 

chemoattractant, in endothelial cells [64]. Elevated Lp(a) concentrations in plasma also 

appear to evoke endothelial dysfunction in vivo: clinical studies have demonstrated 

impaired endothelium-dependent vasodilation in hypercholesterolemic children with high 
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Lp(a) [117]. Similarly, elevation in Lp(a) levels has been associated with impairment of 

receptor-mediated endothelial vasodilation in adult subjects [118,119]. Our own studies 

using cultured human umbilical vein or coronary artery endothelial cells revealed a novel 

effect of Lp(a) that was mediated by its apo(a) component: impairment of the barrier 

function of endothelial cells through cell contraction occurring as a consequence of a 

rearrangement of the actin cytoskeleton [38]. We determined that apo(a) resulted in an 

increase in MLC phosphorylation through a Rho/RhoK-dependent pathway. This was the 

first report of an intracellular signaling pathway in endothelial cells that was triggered by 

Lp(a). The present study considerably extends these findings.  

Endothelial cells are equipped with contractile apparatus, which is involved in cell 

shape change, motility, and endothelial permeability regulation. The process of EC 

contraction and intercellular gap formation appears to be controlled by actin-myosin 

interaction via Ca
2+

/CaM-depenent MLC phosphorylation [70]. Inhibition of MLCP via a 

Rho-dependent mechanism contributes to increased MLC phosphorylation, endothelial 

contraction, and permeability [78]. Phosphorylation of the MYPT1 regulatory site by 

RhoK induces inhibition of MLCP activity [108,109]. Using site-specific antibodies to 

phospho-MYPT1 at Thr
696

 and total MYPT1, we demonstrated that 17K stimulation 

enhanced MYPT1 phosphorylation (Fig. 2.6). Direct involvement of the Rho-RhoK-

MYPT1 pathway in 17K-induced MLC phosphorylation and cytoskeletal remodeling was 

clearly demonstrated in our study, because pharmacological inhibition of RhoK by 

Y27632 abolished the 17K-induced increases in MYPT1 phosphorylation at Thr
696

 (Fig. 

2.6) MLC phosphorylation at Ser
18

/Thr
19

 (Fig. 2.5), and EC permeability (Fig. 2.4). 

Moreover, we have demonstrated, for the first time, that apo(a) elicits an increase in Rho 

activation (Fig. 2.7). Consistent with these data, we previously have demonstrated that 
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Rho inactivation by C3-exotoxin-induced ADP-ribosylation or overexpression of 

dominant-negative Rho attenuated 17K-induced stress fiber formation and VE-cadherin 

dispersion [38]. Furthermore, the addition of pharmacological MLCK inhibitor (ML-7) 

completely abolished 17K-induced MLC phosphorylation, which suggests the direct 

phosphorylation of MLC by RhoK is not possible. Interestingly, 17K had failed to 

increase intracellular Ca
2+

 levels [38], indicating that the activity of MLCK would not be 

altered by apo(a). Taken together, 17K-induced endothelial barrier dysfunction is 

mediated by indirect activation of myosin II via Rho-RhoK-MYPT1 pathway that 

inactivates MLCP. This results in an increase in MLC phosphorylation and stress fiber 

formation and thus an increase in EC permeability.  

In the present study, we have established a novel finding that the strong LBS in 

apo(a) kringle IV type 10 is absolutely required for apo(a)-mediated changes in 

cytoskeletal rearrangements. We showed that all KIV10 containing r-apo(a) variants (17K, 

KIV5-P, KIV5-10, and KIV10-P) stimulated F-actin stress fiber formation, VE-cadherin 

dispersion, MLC phosphorylation, MYPT1 phosphorylation, and EC permeability while 

variants lacking KIV10 or its strong LBS (KIV1-4 and 17K∆Asp, respectively) and 

plasminogen had no effect on any of these parameters. Furthermore, addition of ε-ACA 

completely abolished all of 17K-induced effects, indicating that the role of lysine-binding 

sites within apo(a) molecule is essential.  

In addition to the strong LBS in KIV10, apo(a) contains weaker LBS in KIV5- 8 and 

KV. Based on the properties of variants that lack these domains (KIV10-P and 17K∆V, 

respectively), none of these weak LBS appear to play a crucial role in the effects of 

apo(a) on endothelial cells, although these variants displayed somewhat reduced 

potencies with respect to some parameters (Figs. 2.4-2.6). We have previously shown that 
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the 17K∆V variant is unable to inhibit tPA-mediated plasminogen activation in the 

context of fibrin [34]. Moreover, the KV domain may affect the conformation of the 

apo(a) molecule: baboon Lp(a) does not bind to lysine-Sepharose despite the presence of 

a functional strong LBS in KIV10 and baboon apo(a) lacks KV [120]. In the current study, 

it appears that it is the weak LBS in KV that accounts for the contribution of this kringle 

to the maximal effects of apo(a) since treatment with a variant containing a point 

mutation in the KV wLBS showed very similar effects on MLC phosphorylation and EC 

permeability as treatment with 17K∆V (data not shown). Nonetheless, it is the strong 

LBS in KIV10 that is absolutely required for the effects of apo(a) on the HUVEC 

cytoskeleton. Our working hypothesis is that apo(a) interacts in a lysine-dependent 

manner with an as yet unidentified receptor in endothelial cells to facilitate downstream 

signaling events. Given the short time (less than 5 minutes) required to observe effects of 

apo(a) on the cytoskeleton, it is unlikely that changes in gene expression are involved. 

The most obvious possibility is that apo(a) binds to one of the plasminogen receptors. 

These receptors exist primarily to modulate pericellular plasminogen activation, and are 

represented by both protein (α-enolase, the S100A10 component of the annexin A2-

S100A10 heterotetramer) and non-protein (gangliosides) cell-surface moieties [121,122]. 

Of the protein receptors, only annexin A2 has been linked to Rho activation or the actin 

cytoskeleton [123]. Certain gangliosides are components of lipid rafts, which can serve to 

cluster active Rac and Rho [124-126]. Both of these GTPases were found to be critical for 

mediating the effects of apo(a) in our previous work [38]. However, we have shown that 

plasminogen has absolutely no effect on actin cytoskeleton reorganization, signaling to 

the actin cytoskeleton, or cell permeability (ref. 38 and Figs. 2.4-2.6). Therefore, it is  
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FIGURE 2.8. Proposed model demonstrating signaling events involved in apo(a)-

mediated endothelial cell contraction and increased permeability.  

 

Binding of apo(a) to a putative receptor results in activation of Rho, which binds to and 

activates its downstream effector Rho kinase (RhoK). MLC is activated through 

phosphorylation of the MLC by Ca
2+

/calmodulin-activated MLC kinase (MLCK). RhoK 

enhances MLC phosphorylation through inactivation of MLC phosphatase by direct 

phosphorylation of its 130 kDa regulatory subunit (MYPT1). Rho-K is also able to 

promote VE-cadherin dispersion. This, together with increased stress fiber formation, 

combines to promote loss of cell-cell contact and thus decreased endothelial barrier 

function (i.e. increased vascular permeability). The effects of apo(a) are blocked by the 

lysine analogue ε-ACA. 
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clear that apo(a) either interacts with a plasminogen receptor in a different manner than 

plasminogen itself to mediate these effects, or apo(a) acts through a novel receptor.  

In summary, we have characterized the biochemical pathways leading to EC 

barrier dysfunction induced by apo(a) in a manner dependent on the sLBS in KIV10. Our 

working model is as follows (Figure 2.8): apo(a), through its sLBS in KIV10, binds to an 

as-yet identified receptor which leads to increased MLC phosphorylation, stress fiber 

formation, and EC contraction in a Rho/RhoK/MYPT1-dependent pathway; where the 

activity of MLCK is not disrupted. Concomitantly, apo(a) induces a dispersion of VE-

cadherin, which is the likely cause of the increased endothelial permeability elicited by 

apo(a). The VE-cadherin dispersion would be promoted mechanically by contraction of 

the actin cytoskeleton. In addition, apo(a) may promote the disassembly of adherens 

junctions through modulation of intracellular signaling pathways. In this regard, our 

preliminary data shows that 17K mediates the dissociation of α- and γ-catenins from 

VEcadherin complex while β-catenin translocates into the nucleus (data not shown). Our 

identification of KIV10 as the domain in apo(a) that mediates cytoskeletal reorganization 

in endothelial cells may provide a novel therapeutic target for the early stages of 

atherosclerosis 
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CHAPTER 3 

Apolipoprotein(a) Stimulates Nuclear Translocation of ββββ-Catenin:  

A Novel Pathogenic Mechanism for Lipoprotein(a) 

 

 

 

 

3.1 PREFACE  

 This chapter contains a submitted manuscript in fall 2009 (Cho, T., Theuerle, J. D., 

and Koschinsky, M. L. (2009)) 

 Experimental design, data collection, and manuscript preparation was performed 

by Taewoo Cho, with editorial assistance and guidance from Dr. Marlys L. Koschinsky 

and Dr. Michael Boffa.  
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3.2 SUMMARY  

Elevated plasma concentrations of lipoprotein(a) [Lp(a); >30mg/dL] are a risk 

factor for the development of a variety vascular diseases including CHD. This 

relationship may be attributable, in part, to the contribution of Lp(a) to the process of 

endothelial dysfunction. We have previously demonstrated that apolipoprotein(a) [apo(a); 

the distinguishing kringle-containing protein component of Lp(a)] elicits cytoskeletal 

rearrangements in human umbilical endothelial cells (HUVECs), characterized by 

activation of the contractile machinery and disruption of adherens junctions resulting in 

increased cellular permeability; these effects on endothelial function have been mapped to 

a strong lysine-binding site within one of the kringle domains in apo(a). We now report 

that apo(a) induces both nuclear β-catenin-mediated COX-2 expression and Prostaglandin 

E2 (PGE2) secretion, events which play a key role in inflammation and vascular 

remodeling events. Treatment of both HUVECs and human coronary artery endothelial 

cells (HCAECs) with apo(a) elicited the disruption of membrane VE-cadherin/β-catenin 

complexes, decreased β-catenin phosphorylation, and increased phosphorylation of Akt 

and GSK-3β, in a concentration-dependent and a time-dependent manner, all resulting in 

an apo(a)-triggered nuclear translocation of β-catenin. Transfection of endothelial cells 

with β-catenin-directed small interfering RNA (siRNA) abrogated the apo(a)-mediated 

effects on COX-2 expression and PGE2 secretion. A phosphatidylinositol-3 kinase 

inhibitor (LY294002) as well as the lysine analogue ε-aminocaproic acid attenuated both 

apo(a)-mediated activation of the Akt/GSK-3β/β-catenin pathway as well as the increased 

COX-2 expression and PGE2 secretion. Furthermore, in both HUVECs and HCAECs, the 

β-catenin-mediated effects of apo(a) on COX-2 expression were not observed when a 
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mutated version of apo(a) was used in which the strong lysine binding site present in 

kringle IV type 10 has been removed by site-directed mutatgenesis. Taken together, our 

findings suggest a novel mechanism by which apo(a) can induce proinflammatory and 

proatherosclerotic effects through modulation of vascular endothelial cell function. 

 

3.3 INTRODUCTION 

Results from epidemiological studies have underscored an association between 

circulating lipoprotein(a) [Lp(a)] levels and risk for cardiovascular disease [95,2,127,128]. 

Lp(a) contains a low-density lipoprotein (LDL) moiety as well as a unique glycoprotein 

apolipoprotein(a) [apo(a)] which is covalently linked to apolipoproteinB-100 (apoB-100) 

in LDL by a single disulfide bond [96]. Apo(a) shares a high degree of homology with the 

fibrinolytic proenzyme plasminogen and contains contiguous repeats of a sequence that 

closely resembles the plasminogen kringle IV domain, followed by domains homologous 

to the kringle V and protease domains of of plasminogen [26]. The kringle IV domains of 

apo(a) are divided into 10 types. Apo(a) contains a strong lysine binding site (LBS) 

within the kringle IV type 10 (KIV10) sequence, which mediates the binding of apo(a) and 

Lp(a) to physiological ligands such as fibrin and extracellular matrix proteins [100,101]. 

Moreover, the strong LBS within KIV10 of apo(a) is found to be absolutely required for 

apo(a)-mediated vascular endothelial dysfunction characterized by increased endothelial 

cell contraction and permeability via a Rho/Rho kinase-dependent pathway [Chapter 2].   

Vascular endothelial cells represent the primary target of many physiological and 

pathological agents such as thrombin, inflammatory cytokines, oxidized LDL (oxLDL), 

and Lp(a) [106,14,38]. Many studies have shown that Lp(a), through its apo(a) 

component, exerts different effects on cells involved in the development of 
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atherosclerotic lesions. For example, Lp(a)/apo(a) stimulates vascular smooth muscle cell 

(SMC) proliferation and migration by inhibition of transforming growth factor-β (TGF-β) 

activation [40,75]. Additionally, Lp(a)/apo(a) enhances actin stress fiber formation and 

loss of cell-cell contact mediated in vascular endothelial cells; this is mediated by the 

apo(a) component of Lp(a) and leads to increased contraction of vascular endothelial cell 

monolayers [38]. Apo(a), through its strong LBS, induces disruption of adherens 

junctions measured by VE-cadherin dispersion, resulting in increased EC permeability 

[Chapter 2]. The composition of adherens junctions, where VE-cadherins associates with 

α-, β-, and γ-catenins, is a key determinant of the ability of the cell to regulate endothelial 

permeability and junction stability [129]. The effect of apo(a) on the composition of 

adherens junctions has not yet been investigated.  

β-catenin plays an important role in EC function. As a major component of the 

cell-cell adherens junctions, β-catenin links members of the cadherin family of 

transmembrane cell-cell adhesion receptors to the actin cytoskeleton [130]. In quiescent 

cells, β-catenin is associated with VE-cadherin in complexes mainly at the plasma 

membrane, maintaining β-catenin in the cytoplasm at low levels. When liberated into the 

cytoplasm, β-catenin either translocates to the nucleus or becomes incorporated into a 

cytoplasmic complex with adenomatosis polyposis coli (APC), axin/conductin proteins, 

and glycogen synthase kinase-3β (GSK-3β), which phosphorylates β-catenin on Ser-33, 

37/Thr-41 sites, leading to its subsequent ubiquitination and proteasomal degradation 

[131]. If GSK-3β is inactivated by phosphorylation at Ser 9, the degradation of β-catenin 

is attenuated, and nuclear translocation of β-catenin is favoured [131]. Within the nucleus, 

β-catenin functions as an activator of T-cell factor (TCF)/lymphoid enhancer factor (LEF) 
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transcription factors to stimulate transcription of variety of growth-related genes, 

including c-myc [132], cyclin D1 [133], and cyclooxygenase-2 (COX-2) [134-136].  

COX enzymes catalyze the synthesis of prostaglandins (PGs) from arachidonic 

acid. COX-1 is expressed constitutively in most tissues and appears to be responsible for 

the production of PGs that control normal physiologic functions including platelet 

aggregation [137]. In contrast, COX-2 is not detected in most normal tissues, but is 

rapidly induced by both inflammatory and mitogenic stimli, resulting in increased PG 

synthesis involved in pathological processes including acute and chronic inflammatory 

states [137]. With the highest capacity to synthesize prostacyclin (PGI2) in the arterial 

endothelium, prostaglandin E2 (PGE2) is another major metabolite produced by COX-2 in 

endothelial cells, which influence vascular tone, regional blood flow, vascular 

permeability and remodelling, proliferation and angiogenesis [138].  

We have previously demonstrated that apo(a) elicits cytoskeletal rearrangements 

in both human umbilical endothelial cells (HUVECs) and human coronary artery 

endothelial cells (HCAECs), characterized by activation of the contractile machinery and 

disruption of adherens junctions, resulting in increased cellular permeability [38]; these 

effects have been mapped to a strong lysine-binding site within apo(a) KIV10  [Chapter 2]. 

We now report that apo(a) also induces both dissociation of β-catenin from VE-cadherin 

as well as nuclear β-catenin accumulation, which induces COX-2 expression as well as 

PGE2. We demonstrate a role for apo(a) modulation of the PI3K/Akt/GSK-3β pathway in 

mediating β-catenin nuclear translocation. Consistent with our previous study [Chapter 2], 

the β-catenin-mediated effects of apo(a) on COX-2 expression  and PGE2 secretion were 

not observed when a mutated form of apo(a) lacking the strong LBS in KIV10 was used. 
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3.4 EXPERIMENTAL PROCEDURES  

3.4.1  Expression and Purification of Recombinant Apo(a)  

A 17-kringle (17K)-containing form of recombinant apo(a) [r-apo(a)], as well as a 

mutant form of 17K  r-apo(a) 17K∆Asp) containing an Asp � Ala substitution at amino 

acid position 56 that  abolishes the strong LBS in the KIV10 domain (Fig. 1) were 

constructed and expressed as previously described [110,111]. Both r-apo(a) species were 

purified from the conditioned medium (CM) of stably expressing human embryonic 

kidney (HEK) 293 cell lines by lysine-Sepharose (Amersham Biosciences) affinity 

chromatography as previously reported [111].  

 

3.4.2  Cell Culture  

Human umbilical vein endothelial cells (HUVECs) and human coronary artery 

endothelial cells (HCAECs) were obtained from Clonetics and grown in complete 

medium (endothelial basal medium EBM-2 and endothelial growth medium EGM-2 

(Clonetics) containing 2% fetal calf serum) as specified by the manufacturer. Cells were 

used at passages 3 – 6.  

 

3.4.3 Double Immunofluorescence   

For double immunofluorescence studies, cells were plated onto gelatin-precoated 

(1 h, 0.1% gelatin (Fisher Scientific) at 37 ºC) glass coverslips at a density of 25,000 

cells/well in 24-well tissue culture dishes and grown to near-confluence. Before treatment 

with r-apo(a), cells were serum-starved for 15 min at 37ºC in EBM-2 (Clonetics). This 

solution was then replaced with fresh EBM-2 containing 200 nM apo(a) variants, and the 

cells were incubated at 37 ºC for 10 or 40 min. Cells were then prepared for double 



62 

immunofluorescence as follows. Cells were fixed with 3.7% paraformaldehyde solution 

in phosphate buffered solution (PBS) for 5 min, washed once with PBS, and 

permeabilized with 1.4% formaldehyde containing 0.1% Nonidet P-40 (NP-40) in PBS 

for 1.5 min, and then washed three times with PBS. Cells were incubated for 1 h at room 

temperature with both an anti-VE-cadherin monoclonal antibody (Research Diagnostics) 

and an anti-β-catenin antibody raised in rabbits (Sigma), each diluted 1:350 in saponin 

buffer (0.1% saponin, 20mM KPO4, 10mM PIPES, 5mM EGTA, 2mM MgCl2, pH 6.8). 

Following three washes with PBS, cells were stained for 1 h with 1:500-diluted goat anti-

mouse Alexa488-conjugated antibody and goat anti-rabbit Alexa568-conjugated antibody 

(Molecular Probes) in saponin buffer in the dark. Following three washes with PBS, 

coverslips were mounted on slides using an anti-fade mounting solution (Dako) and 

examined using a Zeiss Axiovert S100 inverted fluorescence microscope equipped with a 

40X oil immersion lens. Images were captured using a high sensitivity Cooke SensiCam 

and SlideBook software (Intelligent Imaging Innovations Inc.).  

 

3.4.4 Protein Preparation and Analysis   

For western blotting of total cellular extracts, HUVECs and HCAECs were lysed 

in lysis buffer (50 mM Tris-HCl pH 7.4, 1% (v/v) NP-40, 0.25% sodium deoxycholate, 

150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 µg/mL aprotinin, 1 µg/mL leupeptin, 1 

µg/mL pepstatin, 1 mM Na3VO4, and 1 mM NaF) and added to 6X SDS sample buffer as 

previously described (10). Samples were subjected to SDS-PAGE using polyacrylamide 

gels of an appropriate percentage and resolved proteins were transferred to Immobilon P 

membranes (Millipore) in transfer buffer (25 mM Tris, 192 mM glycine, 10% (v/v) 
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methanol). The membranes were blocked in 4% (w/v) milk in TBST (10 mM Tris pH 7.4, 

150 mM NaCl, 0.5% (v/v) Tween 20) for 30 min and then incubated overnight at 4ºC 

with primary antibody in blocking buffer against either anti COX-2 (polyclonal antibody; 

Cayman), COX-1 (monoclonal antibody; Cayman), Akt (phosphorylated at Ser473 and 

Thr
308

 as well as total Akt; Cell Signalling), phosphorylated-GSK-3β (phosphorylated at 

Ser
9
; Cell Signalling), phosphorylated-β-catenin (phosphorylated at Ser

33/37
/Thr 

41
; Cell 

Signalling) and β-actin (Sigma). A detailed protocol for each antibody was followed as 

described in the corresponding manufacturer’s protocol. Blots were subsequently 

incubated with HRP-conjugated donkey anti-mouse, goat anti-rabbit, and bovine anti-goat 

(Santa Cruz) IgG, as appropriate, and visualized using enhanced chemiluminescence 

(ECL) western blot detection reagents (Amersham Biosciences) and exposed to X-ray 

film. Densitometric analysis of the bands was performed using Corel Photopaint Vers. 11.  

For the preparation of nuclear extracts, cells were suspended in hypotonic buffer 

A (10 mM HEPES pH 7.6, 10 mM KCl, 0.1 mM MgCl2, 0.1 mM DTT, 0.1 mM EDTA, 

0.5 mM PMSF, and 1 mM each of pepstatin, aprotinin, and leupeptin) for 10 min in ice 

and vortexed for 10s. Nuclei were pelleted by centrifugation and washed with buffer A 

before suspension in buffer B (10 mM HEPES pH 7.6, 400 mM NaCl, 1.5 mM MgCl2, 

0.1 mM EDTA, 0.1 mM, 0.5 mM PMSF, 1 µM each of pepstatin, aprotinin, and leupeptin, 

and 5% (v/v) glycerol) for 30 min on ice. The supernatants containing nuclear proteins 

were collected by centrifugation at 12,000 g for 20 min (23). Samples were added to SDS 

sample buffer and subjected to SDS-PAGE using the appropriate percentage 

polyacrylamide gel. Membranes were probed using either anti-β-catenin (BD 

Transduction Laboratories) or anti-RNA-polymerase II (Millipore) monoclonal antibodies 



64 

in 4% (v/v) milk in TBST. Washed membranes were incubated with HRP-conjugated 

anti-mouse IgG secondary antibody (Santa Cruz) and developed using ECL reagents.  

Inhibitors including a Rho Kinase Inhibitor (Y27632), PI3K inhibitor (LY294002), 

Src inhibitor (PP1 Analog II) were purchased from Calbiochem and used to pretreat the 

cells as described in the Figure Legends. 

 

3.4.5 Immunoprecipitation   

HUVECs were grown in 6-well tissue culture plates and lysed in 

immunoprecipitation buffer (62.5 mM Tris-HCl pH 8.0, 100 mM NaCl, 1% (v/v) Nonidet 

P-40, 0.1% Tween 20, 1 mM Na3VO4, 1 mM PMSF) for 30 min on ice. A monoclonal 

antibody against VE-cadherin (1 µg; Hycult Biotechnology) was added to protein A-

Sepharose beads (20 µl; Sigma) and incubated with gentle rocking overnight at 4°C. The 

protein A-Sepharose beads were pelleted by brief centrifugation and washed with 

immunoprecipitation buffer; 0.3 mg of cell lysate proteins were added to the protein A-

Sepharose beads for 2 h at 4°C after which the beads were washed and the pellet then 

resuspended in 20 µl of 2X Laemmli buffer. Twenty microliter aliquots of 

immunoprecipitated protein were separated on 7% polyacrylamide SDS-PAGE gels and 

immunoblotted with antibodies to VE-cadherin or β-catenin (BD Transduction 

Laboratories). 

 

3.4.6 Transfection of siRNA   

Approximately, 25,000 cells per well of 6-well plates were grown to 50–70% 

confluence. Transfection with small interfering siRNAs (RNA) was performed using 
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transfection reagent and medium supplied by Santa Cruz Biotechnology, utilizing in a 

final β-catenin siRNA duplex or control siRNA concentration of 50 nM. After 7 h 

incubation, an equal volume of fresh complete medium was added without removing the 

transfection mixture, according to the manufacturer’s protocol. After 18 h, the transfected 

cells were starved for 15 min in EBM-2 before treatment with apo(a).  

 

3.4.7 Prostaglandin E2 Assay   

HUVECs and HCAECs were grown to confluence in 6-well tissue culture plates. 

Cells were starved for 15 min in EBM-2 and treated with 200 nM recombinant apo(a) 

(17K or 17K∆Asp) or 2 ng/mL interleukin-1β. Conditioned medium (CM) was collected 

at different time points and the corresponding cells were lysed with lysis buffer. The 

lysates were subjected to western blot analysis using COX-2 and COX-1 antibodies as 

described above. CM samples were immediately frozen at -70°C for PGE2 assay the 

following day. PGE2 levels in the CM were measured using a PGE2 enzyme 

immunoassay (EIA) kit (Cayman) according to the manufacturer’s specifications.  

 

3.5 RESULTS  

3.5.1 Apo(a), Through Its Strong LBS, Stimulates VE-cadherin/ββββ-catenin Complex 

Dissociation  

 

We have previously demonstrated that apo(a), via its strong LBS in KIV10, 

mediates VE-cadherin dispersion and actinomyosin-derived EC contraction, resulting in 

increased endothelial permeability [Chapter 2, 38]. To illustrate a direct effect of apo(a) 

on disruption of adherens junctions, we have investigated the dissociation of β-catenin 

from the complex by immunostaining and immunoprecipitation (Fig. 3.2) in response to 
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treatment of EC with two different forms of apo(a) (Fig. 3.1): 17K contains all of the 

domains found in all apo(a) isoforms and, in fact, represents a physiologically relevant 

isoform [110]; 17K∆Asp is identical to 17K except for a single amino acid substitution 

that abolishes the strong LBS in KIV10 [Chapter 2]. 

 Following a brief, 15-min, serum starvation, confluent HUVECs displayed 

organized β-catenin and VE-cadherin as slender lines along the margin of the cells (Fig. 

3.2A), representing their localization in adherens junctions. Treatment with 200nM 17K 

caused time-dependent dispersion of both β-catenin and VE-cadherin and the formation 

of intercellular gaps (Fig. 3.2A). Consistent with an important role of the strong LBS in 

KIV10 of apo(a) in mediating EC responses [Chapter 2], 17K∆Asp did not alter β-catenin 

or VE-cadherin dissociation nor the gap formation in EC monolayer. In order to 

definitively assess dissociation of β-catenin from adherens junctions, we performed a 

quantitative analysis using immunoprecipitation. We immunoprecipitated VE-cadherin in 

lysates of treated cells and then subjected the immunoprecipitated material to western blot 

analysis using anti-β-catenin antibodies. These analyses demonstrated that 17K, in a 

concentration-dependent manner, induced a marked decrease of β-catenin in the VE-

cadherin complex (Fig. 3.2B); 17K concentrations of 200nM or higher resulted in a 

significant increase in β-catenin complex dissociation. Therefore, 200nM apo(a) was used 

for subsequent experiments. 

The tyrosine phosphorylation of VE-cadherin and other components of adherens 

junctions is associated with weak junctions and impaired barrier function. Many studies 

have reported that permeability-increasing agents such as histamine [89], tumor necrosis 

factor-α (TNF-α) [90], and VEGF [92] induce the tyrosine phosphorylation of 
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FIGURE 3.1.  Recombinant apo(a) variants used in this study.  

 

Schematic diagram shows the topology of the r-apo(a) variants. 17K represents a 

physiologically relevant apo(a) isoform and contains all of the kringle domains present in 

all apo(a) isoforms. The numbering of KIV types is provided at the top. A dot in KIV10 of 

17K∆Asp presents a single amino acid substitution, which abolish strong lysine binding 

sites. The bar over KIV9 presents an unpaired cysteine, which forms a single disulfide 

bond with apolipoproteinB-100.  
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VE-cadherin and its binding partners, β-catenin, plakoglobin and p120. Although the 

mechanism of VE-cadherin complex phosphorylation has not yet been fully clarified, Src 

plays a major role in phosphorylating tyrosine residues of proteins in the complex [129]. 

To investigate whether Src plays a role in dissociation of β-catenin induced by 17K, we 

incubated HUVECs with a potent pharmacological inhibitor of Src (PP1) prior to 

treatment with apo(a). Indeed, PP1 blocked 17K-mediated dissociation of β-catenin from 

VE-cadherin complex (Fig. 3.2B).  

 

3.5.2 Apo(a), Through Its Strong LBS, Mediates ββββ-catenin Nuclear Accumulation in 

HUVECs   

After dissociation from membrane-associated adherens junctions into the 

cytoplasm, β-catenin either translocates to the nucleus or becomes incorporated into an 

APC complex that favours protein degradation [130,131]. Exposing HUVECs to 17K 

stimulated time-dependent translocation of β-catenin to the nucleus within 40 min of 

treatment (Fig. 3.3A). Concomitantly, the level of β-catenin in the cytoplasmic extract 

decreased as the time of 17K treatment increased. On the other hand, 17K∆Asp showed 

no effect on β-catenin nuclear translocation. Interleukin-1β (2 ng/mL) and plasminogen 

(400 nM) were used as positive and negative controls, respectively, and showed the 

expected increase and lack of effect on β-catenin translocation.  

 Incubation of HUVECs with a PI3K inhibitor (LY294002) or and εACA, a lysine 

analog, prior to 17K treatment completely abolished the 17K-mediated effects. Treatment 

with the Src inhibitor PP1 resulted in a reduction in 17K-mediated nuclear translocation 

of β-catenin, indicating that tyrosine phosphorylation by Src is partially involved in the



69 

 

 

 

 

FIGURE 3.2A. A strong lysine binding site in KIV10 is required for stimulation of 

VE-cadherin/ββββ-catenin complex dissociation.  
 

HUVECs were serum-starved for 15 min and then treated with 200 nM  of r-apo(a) 

variants (17K or 17K∆Asp) for the indicated times. Cells were then fixed, permeabilized, 

and stained for VE-cadherin and β-catenin, as indicated, as described in “Experimental 

Procedures”.  
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FIGURE 3.2B. A strong lysine binding site in KIV10 is required for stimulation of 

VE-cadherin/ββββ-catenin complex dissociation. 
 

HUVECs were pretreated with 10 µM PP1 for 1 hour; control cells were not pretreated 

with PP1. Then, all cells were either treated or not treated with 200 nM 17K for 10 min. 

Cell lysates were prepared and subjected to immunoprecipitation with VE-cadherin; 

immunoprecipitates were subjected to western blot analysis using either β-catenin or VE-

cadherin antibodies, in order to assess the extent of association of these two proteins.The 

intensity of the respective bands was measured densitometrically; the graph shows mean 

band density (normalized to the control) ± S. E. of three independent experiments with 

the asterisks representing significant differences (p < 0.05) compared to the control. 
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process of β-catenin trafficking (Fig. 3.3B). Interestingly, the Rho kinase inhibitor 

Y27632 did not prevent 17K-mediated β-catenin translocation (data not shown), although 

it was a potent inhibitor for 17K-mediated Rho/Rho kinase-dependent increase in EC 

contraction and permeability in our previous study [Chapter 2]. These findings, 

collectively, indicate that 17K utilizes a Rho/Rho kinase-independent signalling pathway 

involving PI3K to mediate β-catenin nuclear translocation.  

 

3.5.3 17K, but not 17K∆∆∆∆Asp, Induces COX-2 Expression in HUVECs   

β-catenins present in the nucleus act as a transcription cofactor with the TCF/LEF 

family of DNA binding proteins to modify expression of many inflammatory genes 

including COX-2 [134-136]. To determine whether apo(a) mediates COX-2 expression, 

HUVECs were exposed to 17K and the extent of COX-2 expression was analyzed by 

western blot analysis. As shown in Fig. 3.4A, 200 nM 17K induced COX-2 protein 

expression in a time dependent manner. 17K increases COX-2 expression to a maximal 

extent at 7 h of stimulation whereas 17K concentrations below 100 nM did not influence 

COX-2 expression (data not shown). After 7 h of 17K treatment, COX-2 expression 

declined yet remained at a level far above that observed in the control (Fig. 3.4A). 

Interleukin-1β (2 ng/mL) was used as positive control (Fig. 3.4B), and resulted in a 

maximal extent of COX-2 inhibition that was approximately 6-fold higher than that 

observed with 17K. Consistent with β-catenin nuclear translocation, 17K∆Asp had failed 

to increase COX-2 expression while the treatment with LY294002 completely inhibited 

17K-mediated effects in HUVECs (Fig. 3.4C) while expression of the constitutively-

expressed enzyme COX-1 was not modified after treatment with 17K (data not shown).                             

 An increase in COX-2 protein levels in endothelial cells leads to up-regulation of
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FIGURE 3.3.  A strong lysine binding site in KIV10 enhances nuclear ββββ-catenin 

translocation in HUVECs.  
 

Panel A. HUVECs were serum starved for 15 min and then treated with 200 nM 17K or 

17K∆Asp for the indicated times. Total nuclear proteins were harvested and subjected to 

western blot analysis using anti-β-catenin or anti-RNA pol II antibodies. IL-1β and 

plasminogen were used as positive and a negative control, respectively. Panel B. Cells 

were pretreated with LY294002 (5 µM, 1h) and PP1 (10 µM, 1h), and then were 

incubated with 17K (200 nM) for the indicated time periods (0 – 40 min). In some 

experiments, ε-ACA (80 mM) was included with the 17K. Graphs in each panel show 

mean band density (normalized to the control) ± S. E. of three independent experiments; 

representative western blots are shown below the graphs. Symbols over the plots 

represent significant differences (p < 0.05) compared to the control for different 

treatments represented by the corresponding plot symbols in each Panel (as shown in the 

graph legends). 
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PGE2 production and secretion to induce inflammatory and atherogenic effects [138]. 

17K, as well as IL-1β, up-regulated PGE2 release to the media in HUVECs (Fig. 3.4D). 

17K∆Asp did not have any effects on PGE2 release, in agreement with its lack of effects 

on COX-2 expression (Fig. 3.4D). Furthermore, LY294002 completely abolished PGE2 

release mediated by 17K (Fig. 3.4D).  

 

3.5.4 Apo(a)-mediated Accumulation of ββββ-catenin in the Nucleus Modulates COX-2 

Expression and Aactivity Towards PGE2 Production 

  

To determine whether β-catenin was directly involved in regulating COX-2 

expression by apo(a), HUVECs were first transfected  with β-catenin siRNA or with a 

non-specific siRNA and then exposed to different concentrations of apo(a) (200 nM or 

600 nM). Transfection of HUVECs with siRNA directed against β-catenin virtually 

eliminated detectable levels of nuclear β-catenin compared to cells transfected with non-

specific siRNA (Fig. 3.5A). Treatment of the cells transfected with non-specific siRNA 

with 17K resulted in an increase in nuclear β-catenin while treatment of the cells 

transfected with β-catenin siRNA did not result in the appearance of nuclear β-catenin. 

Accordingly, transfection of the cells with β-catenin siRNA abolished the 17K-mediated 

increase in COX-2 expression while the non-specific siRNA did not (Fig. 3.5A). 

Moreover, the β-catenin siRNA completely abolished the 17K-dependent increase in 

PGE2 secretion (Fig. 3.5B). These results are an indication that increased COX-2 

expression leading to enhanced PGE2 secretion is directly mediated by 17K-induced 

nuclear translocation of β-catenin. Consistent with previous findings, the 17K-mediated 
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increase in COX-2 expression was also completely abolished with a treatment of εACA 

(Fig. 3.5C).   

 

3.5.5 Apo(a) Reduces ββββ-catenin Degradation to Facilitate ββββ-catenin Nuclear 

Translocation 

 

β-catenin accumulation in the nucleus requires not only its release from 

membrane complexes with VE-cadherin (Fig. 3.2B) but also decreased degradation in the 

cytoplasm by the ubiquitin/proteosome pathway involving GSK-3β [130,131]. 

Phosphorylation of GSK-3β at Ser
9
, which inhibits its kinase activity, results in an 

increased accumulation of β-catenin in the nucleus [131]. Therefore, we assessed whether 

apo(a) could influence the extent of phosphorylation of GSK-3β at this inhibitory site. 

Treatment of HUVECs with 200 nM 17K resulted in a significant increase in GSK-3β at 

Ser
9
 in a time-dependent manner with a maximum effect at 10 min (Fig. 3.6A). 

Consistent with other findings in this study, the 17K-mediated increase in 

phosphorylation of GSK-3β was completely abrogated by εACA and LY294002, and 

17K∆Asp resulted in no changes in phosphorylation state of GSK-3β compared to the 

control (Fig 3.6A).  

We then explored the hypothesis that exposure of endothelial cells to apo(a) 

modulates β-catenin degradation by diminishing phosphorylation of β-catenin on Ser33/37 

Thr
41

 since these sites are constantly phosphorylated by active GSK-3β. 17K treatment in 

HUVECs indeed significantly decreased the phosphorylation of β-catenin on these sites 

after 5 min (Fig. 3.6B), a time period when 17K significantly increased inactivating 

phosphorylation of GSK-3β (Fig. 3.6A). These data suggest that apo(a) facilitates the
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FIGURE 3.4. 17K induces COX-2 activation and PGE2 secretion.  

 

HUVECs were treated with serum-depleted medium containing 17 K (200 nM) or IL-1β 

(2 ng/mL) for the up to 24 h. At specific time points, cell lysates were prepared and 

subjected to western blot analysis using COX-2 antibody (Panels A and B) while the 

corresponding media was collected to measure PGE2 levels (Panel C). HUVECs were 

treated for 7 h with 200 nM 17K or 17K∆Asp, or with 200 nM 17K and 5 µM LY294002 

(after a 1 h pretreatment with LY294002). Cell lysates were prepared and subjected to 

western blot analysis using COX-2 antibody (Panel D) and the corresponding media were 

collected to measure PGE2 levels (Panel E). Graphs in each panel show mean band 

density (normalized to the control) ± S. E. of three independent experiments and 

representative western blots of three independent experiments are shown. The asterisks 

represent significant differences (p < 0.05) compared to controls. 
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entry of β-catenins into the nucleus by modulating disruption of adherens junction and by 

inactivating the degradation process of β-catenin in the cytosol.  

 Protein kinase B (PKB/Akt), a serine/threonine kinase located downstream of 

PI3K, has been implicated as phosphorylating GSK-3β at the Ser9 inhibitory site [139]. 

Treatment of HUVECs with 17K significantly increased Akt phosphorylation at Ser
473

 in 

a regulatory domain within 5 – 10 min (Fig. 3.7A). Phosphorylation of Akt at Thr
308

 in a 

catalytic domain is also required to mediate full activation of this kinase; 17K 

significantly enhanced phosphorylation at Thr
308

 after 10 min of treatment (Fig. 3.7B). To 

demonstrate that 17K-mediated activation of Akt is responsible for the accumulation of β-

catenin in the nucleus and increased COX-2 expression, we pretreated HUVECs with the 

PI3K inhibitor LY294002 for 1h before the apo(a) treatment. The rapid increase of Akt 

and GSK-3β phosphorylation and the decrease of β-catenin phosphorylation, followed by 

β-catenin nuclear translocation with subsequent increase in COX-2 expression and PGE2 

secretion, were all entirely suppressed by LY294002 treatment in HUVECs (Figs. 3.3, 3.4, 

3.6, 3.7). Taken together, these data support the hypothesis that apo(a)-induced activation 

of PI3K enhances COX-2 expression and PGE2 secretion via PI3K/Akt/GSK-3β-

dependent pathway to facilitate β-catenin nuclear translocation.  
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FIGURE 3.5. The role of ββββ-catenin in regulation of COX-2 expression by apo(a).  
 

HUVECs were transfected with β-catenin siRNA or non-specific siRNA as described in 

“Experimental Procedures” and then stimulated for 7 hours with 17K. Panel A. 

Representative western blots for β-catenin nuclear translocation and COX-2 expression in 

three independent experiments are analysed. Panel B. COX activity as measured by 

secretion of PGE2 into culture media of cells treated for 0 or 7 h with apo(a) that had been 

transfected with β-catenin siRNA or non-specific sRNA. Shown are the means ± S. E. of 

3 independent experiments, each performed in duplicate. The asterisks represent 

significant differences (p < 0.05) compared to the control. Panel C. Representative 

western blot (of three independent experiments) showing the effect of 17K treatment on 

COX-2 expression in the presence or absence of ε−ACA (80 mM). 
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FIGURE 3.6. Strong lysine binding site in KIV10 in apo(a) mediates inactivation of 

GSK-3ββββ, which attenuates phosphorylation of ββββ-catenin and enhances nuclear ββββ-

catenin accumulation.  
 

HUVECs were stimulated with either 17K or 17K∆Asp. In some experiments, cells were 

preincubated with LY294002 (5 µM) for 1 h or were treated with ε−ACA (80 mM) along 

with 17K. Panel A. Total cellular proteins were harvested and subjected to western blot 

analysis using specific anti-phospho-GSK-3β (Ser
9
)  or β-actin antibodies.The graph 

shows the normalized band densitometry (mean ± S. E.) obtained from three independent 

experiments, where asterisks represent significant increases (p < 0.05) compared to the 

control. Representative western blots are shown below the graph. Panel B. Representative 

western blots (of three independent experiments) of showing phosphorylated GSK-3β (p-

GSK-3β), phosphorylated β-catenin (p-β-catenin; on Ser
33

/Ser
37

/Thr
41

), and nuclear β-

catenin in the lysates of 17K-stimulated HUVECs are shown at indicated time points. 
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3.6 DISCUSSION  

Strong, emerging evidence supports the assertion that elevated concentrations of 

plasma Lp(a) (>30 mg/dL or >100 nM) are a risk factor for a variety of vascular diseases, 

including coronary heart disease, ischemic stroke, and venous thrombosis [95,2]. The 

ability of Lp(a) to induce vascular inflammation and further to mediate endothelial 

dysfunction, appears to be a common link among many diseases mentioned above. Many 

studies have suggest Lp(a) as a pro-atherogenic effector [95,2,127,128] and the most of 

pathological effects by which it contributes to vascular dysfunction are mediated through 

the unique glycoprotein moiety, apo(a). Indeed, Lp(a), through apo(a), induces 

intracellular adhesion molecule-1 (ICAM-1) and stimulates the expression of a monocyte 

chemoattractant (CC chemokine I-309) in HUVECs [22,64,65]. Lp(a)/apo(a) also 

mediated increase in proliferation and migration of both SMCs and ECs [40,75]. 

Moreover, we previously have demonstrated that the apo(a) component of Lp(a) induces 

cytoskeleton rearrangements that promote an increase in EC contraction and permeability 

[38]. Since LDL and plasminogen have no effects in this regard [38], it is clear that the 

apo(a) portion of Lp(a) is the active moiety. Therefore, the activation of apo(a)-induced 

inflammatory responses including gene expression is expected to be important for the 

cascade of events that culminates in the formation of atheromatous plaques; however, the 

mechanisms involved in vascular response to Lp(a), through its apo(a) component, are 

likely to be quite complex and remain to be elucidated.  

In the present study, we have explored the mechanisms underlying effects of 

apo(a) on vascular endothelium by focusing on two proteins, β-catenin and COX-2. 

Overexpression of COX-2 leads to increased amounts of prostanoids which plays key 
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FIGURE 3.7. Apo(a) activates the PI3K/Akt pathway in manner dependent upon the 

strong lysine binding in KIV10.  
 

HUVECs were serum starved for 15 min and treated with 200 nM 17K or 17K∆Asp, or 

with 17K plus ε-ACA (80 mM) for the indicated time periods. Total cellular proteins 

were harvested and subjected to western blot analysis using specific anti-phospho-Akt 

(Ser
473

) antibody (Panel A) or anti-phospho-Akt (Thr
308

) antibody (Panel B). In some 

experiments, cells were pre-treated with LY294002 (5 µM) for 1 h. The graphs show the 

band intensities (means ± S. E.; normalized to total Akt as determined by western blot 

analysis) obtained from three independent experiments, where asterisks represent 

significant increases (p < 0.05) compared to the control. Representative western blots are 

shown below the graphs.  
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roles in inflammation and vascular remodelling [137]. We hypothesized that apo(a) can 

directly mediate changes in these proteins that affect vascular responses because apo(a) 

exposure increased the EC permeability by inducing disruption of adherens junctions 

[Chapter 2, 38], which could release β-catenin for subsequent nuclear translocation and 

induction of gene expression including COX-2.  

We demonstrate here that apo(a) treatment (17K; 200 nM) enhances the disruption 

of the VE-cadherin/β-catenin complex and nuclear translocation of β-catenin and hence 

results in up-regulation of COX-2 expression and PGE2 secretion in HUVECs. 

Importantly, parallel experiments in HCAECs resulted in the identical effects of apo(a) 

(data not shown). Nuclear translocation of β-catenin involves phosphorylation of 

serine/threonine and tyrosine residues that regulate its turnover [131] and its association 

with VE-cadherin [140], respectively. Tyrosine phosphorylation of β-catenin by Src 

mediates its dissociation from VE-cadherin and from the cytoskeleton [140]. Indeed, 

inhibition of Src by a pharmacological inhibitor, PP1, blocked apo(a)-mediated 

dissociation from the VE-cadherin/β-catenin complex and also partially attenuated the 

nuclear translocation of β-catenin (Figs. 3.2B, 3.3B). Furthermore, PP1 treatment did not 

have any effects on 17K-mediated increase in activation of PI3K/Akt/GSK-3β signalling 

pathway (data not shown), indicating that Src is only involved in dissociation of β-catenin 

from the plasma membrane in response to apo(a). Biological consequences of disrupting 

the membrane VE-cadherin/β-catenin complexes at endothelial cell contacts include 

increased vascular permeability. Consistent with this notion, we have previously reported 

apo(a) induces enhanced EC permeability by mediating EC contractile machinery 
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[Chapter 2, 38], thereby promoting infiltration of plasma atherogenic agents into the 

subendothelium, a beginning step of atherogenesis.  

In addition to disruption of VE-cadherin/β-catenin complexes, treatment of 

vascular endothelial cells with apo(a) attenuates the phosphorylation of β-catenin at 

Ser33/37/Thr41 by GSK-3β and thus, causes a decrease in the degradation of β-catenin. Akt 

is a critical regulator of phosphatidylinositol-3 kinase (PI3K)-mediated inactivation of 

GSK-3β [139]. Upon agonist stimulation, the PH domain of Akt binds to the lipid 

products of PI3K, and Akt is recruited to plasma membrane, where it is sequentially 

phosphorylated at Thr
308

 and Ser
473

 by upstream kinases referred to as 3-

phosphoinositide-dependent protein kinase 1 (PDK1) and PDK2, respectively, to yield a 

fully activated kinase [141,142]. We show that apo(a) increases phosphorylation of both 

sites for a full activation of Akt to phosphorylate GSK-3β at Ser
9
. Ser

9
 phosphorylation 

completely abolishes the activity of GSK-3β. This favours β-catenin nuclear translocation 

by reducing the degradational signal mediated by the phosphorylation of β-catenin at 

serine/threonine residues by GSK-3β (Fig. 3.6B). Moreover, addition of a 

pharmacological inhibitor of PI3K, LY294002, decreased Akt activation and GSK-3β 

inactivation mediated by apo(a), enhanced phosphorylation and degradation of β-catenin, 

reduced nuclear β-catenin accumulation, and decreased COX-2 expression and PGE2 

secretion. Our findings are consistent with a recent study in mouse cardiac endothelial 

cells (MCEC), demonstrating that tobacco smoke-induced nuclear translocation of β-

catenin to induce COX-2 expression is mediated by a PI3K/Akt/GSK-3β pathway [136]. 

However, we could not find any evidence for a role of epithelial growth factor receptor 

(EGFR) nor the integrin receptor αvβ3 as a mediator of β-catenin functions (data not 
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shown) as indicated in other studies [129,136], suggesting the possibility that apo(a) binds 

to a novel receptor on the surface of endothelium. One candidate class of receptors that 

activates both Rho kinase and PI3K pathways are G-protein-coupled receptors (GPCRs) 

of the Gα12/13 subfamily [143]. Agonist stimulation of these GPCRs triggers a 

conformational change in the receptor, which catalyses the dissociation of GDP from the 

α subunit followed by GTP-binding to Gα and the dissociation of Gα from Gβγ subunits. 

The Gα-GTP and Gβγ subunits independently activate downstream effectors to generate 

specific cellular responses. For example, activation of Gα12/13 by lysophosphatidic acid 

(LPA) stimulates the small GTPase Rho to increase stress fiber formation and focal 

adhesion assembly, myosin light chain (MLC) phosphorylation and actomyosin 

contraction [144] while Gβγ subunits activate PI3K, which results in the stimulation of 

the Akt survival pathway [143,145]. Similarly, apo(a) induces Rho/Rho kinase/MYPT1-

dependent increase of EC actomysin contraction [Chapter 2, 38] while also activating 

PI3K/Akt-dependent pathways. Notably, since inhibition of Rho kinase had no effect on 

nuclear translocation of β-catenin in HUVECs, the pathway by which apo(a) influences 

β-catenin translocation must be independent of the Rho/Rho kinase pathway. 

 Many studies have demonstrated the importance of β-catenin as a key coactivator 

of TCF/LEF and inducer of the expression of many genes such as c-myc, cyclin D1, and 

COX-2 [132-136]. We illustrate here that apo(a)-mediated COX-2 protein expression 

requires nuclear β-catenin translocation, as expression of β-catenin siRNA abolished the 

induction of COX-2 by apo(a). Our findings suggest another novel mechanism by which 

apo(a) contributes to atherogenesis other than activation of Rho/Rho kinase-dependent 

pathway [38]. Up-regulation of COX-2 expression increases the secretion of PGE2, a 
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potent regulator of vascular inflammation. PGE2 affect numerous mechanisms that have 

been implicated in carcinogenesis and atherogenesis. For example, PGE2 can stimulate 

cell proliferation and motility while inhibiting immune surveillance and apoptosis [146]. 

Moreover, initial studies from several reports of mice lacking PGE2 synthase-1 (mPGES-

1), an inducible enzyme that is primarily coupled to COX-2 [147], define a significant 

role for this enzyme in mediating pain, inflammation, fever, arthritis, atherosclerosis, 

stroke, and cancer, suggesting it as a novel anti-inflammatory therapeutic target [148,149]. 

One of the main effects of PGE2 generation is to stimulate its own receptors to facilitate a 

positive feed-back loop, re-activating TCF/LEF and β-catenin-mediated transcription that 

leads to increased expression of a variety of genes, such as MMP-9 [150], angiopoietin 

[151], and c-myc [132], which are associated with matrix degradation, remodelling, 

angiogenesis, and vascular cell proliferation. Furthermore, many studies have 

demonstrated that PGE2 activates angiogenic signal transduction pathways. For example, 

PGE2-mediated activation of EP2 and EP4 receptors leads to enhanced adenylate cyclise 

activity and cyclic adenosine monophosphate (cAMP) production. cAMP, in turn, 

activates protein kinase A (PKA)-CREB dependent expression of genes including 

amphiregulin, a ligand of epithelial growth factor receptor, which stimulates EGFR-Ras-

mitogen-activated protein kinase (MAPK) signalling [152]. Therefore, the function of 

PGE2 may be relevant to recent findings of our group that apo(a) induces proliferation 

and migration of HUVECs by activating mitogen-activated protein kinases (MAPKs) 

including ERK, p38, JNK [75].  

Our research thus far has given rise to the important finding that the strong LBS in 

apo(a) kringle IV type 10 is absolutely required for apo(a)-mediated changes in 
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cytoskeletal rearrangements and enhanced EC contraction and permeability [Chapter 2]. 

Consistent with this finding, we show here that β-catenin-mediated effects of apo(a) on 

increased COX-2 expression which results in PGE2 secretion were not evident when a 

mutated apo(a) (17K∆Asp) was used in which the strong LBS in KIV10 has been removed 

by a single amino acid substitution. Furthermore, 17K∆Asp has failed to increase 

phosphorylation of any PI3K downstream effectors leading to inactivation of GSK-3β. In 

addition, treatment with ε-aminocaproic acid (ε-ACA), a lysine analogue, completely 

abolished all of apo(a)-induced effects, emphasizing the role of strong LBS in apo(a). 

Plasminogen, which shares a striking homology with apo(a) and contains an LBS with 

similar lysine affinity to apo(a) KIV10 (in plasminogen kringle 4), was found to have no 

effect on β-catenin nuclear translocation (Fig 3.2 and Fig 3.3), consistent with our 

previous results [Chapter 2, 38]. Therefore, it is clear that the LBS in apo(a) is able to 

mediate effects that plasminogen with its multiple LBS cannot. However, whether apo(a) 

works through known plasma membrane receptors or binds to a novel receptor to exert its 

function is not known and is under investigation by our group.  

In conclusion, we have characterized a signal transduction pathway whereby 

apo(a), through its strong LBS in KIV10, increases activation of PI3K/Akt/GSK-3β 

pathways, stimulates accumulation of β-catenin in the nucleus, and upregulates COX-2 

expression with the result being an increase in secretion of PGE2 (Figure 3.8). It will be 

interesting to assess if apo(a) is able to modulate the expression of other genes involved 

in the atherosclerotic process through this pathway. Concomitantly, apo(a) mediates Src-

dependent disruption of VE-cadherin/β-catenin complex, which would contribute to EC 

permeability, a process that could enhance infiltration of atherogenic agents. Our 
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FIGURE 3.8. A novel signalling pathway involved in apo(a)-mediated vascular 

endothelial cell permeability.  
 

Apo(a), through its strong LBS in KIV10, binds to a putative receptor results in activation 

of a PI3K/Akt/GSK-3β signalling pathway to increase β-catenin nuclear translocation, 

COX-2 expression, and PGE2 secretion.  Furthermore, apo(a) mediates loss of cell-cell 

contact and stimulates β-catenin translocatin by disrupting the VE-cadherin/β-catenin 

complex, in a Src-dependent manner.  
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identification of the role of strong LBS in KIV10 in apo(a)-mediated increased 

permeability [Chapter 2, 38] and enhanced expression of inflammatory effectors 

including COX-2 and PGE2 in vascular endothelial cells likely represents novel 

mechanisms by which apo(a) contributes to the initiation and evolution of cardiovascular 

diseases. 
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CHAPTER 4 

Apolipoprotein(a) Induces Endothelial Permeability in Intact Blood Vessels: 

Role for Activation of a Pro-Inflammatory Pathway Involving NF-κκκκB 
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4.2 SUMMARY  

Endothelial dysfunction represents a common link among many diseases 

associated with elevated plasma concentrations of Lp(a) (greater than 30 mg/dL or 100 

nM) ranging from chronic inflammation to a variety of vascular diseases including 

coronary heart disease and ischemic stroke. We have previously demonstrated that 

apolipoprotein(a) [apo(a); the distinguishing kringle-containing protein component of 

Lp(a)] elicits cytoskeletal rearrangements in human umbilical endothelial cells 

(HUVECs), characterized by activation of the contractile machinery and disruption of 

adherens junctions resulting in increased cellular permeability. We have also 

demonstrated that apo(a) stimulates a PI3K/Akt/GSK-3β-dependent pathway to induce 

both nuclear β-catenin-mediated COX-2 expression and prostaglandin E2 (PGE2) 

secretion, events which play a key role in inflammation and vascular remodeling events. 

We now report that apo(a) increases permeability of mounted mouse mesenteric arteries 

as detected by entry of a potent vasoconstrictor, phenylephrine (PE), to induce 

vasoconstriction. Furthermore, we have discovered a crucial link in the signaling pathway 

elicited by apo(a) that results in activation of PI3K/Akt: specifically, apo(a) results in the 

inhibition of PTEN activity via its phosphorylation on Ser/Thr residues. Finally, NF-κB 

was determined to be activated and translocated into the nucleus upon treatment by apo(a), 

which we demonstrated to induce dissociation and degradation of its inhibitory subunit, 

IκBα. These effects may be mediated through an activation of PI3K/Akt pathway. Taken 

together, our findings suggest a novel mechanism by which apo(a) can induce 

proinflammatory and proatherosclerotic effects through impairment of vascular 

endothelial cell function. 
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4.3 INTRODUCTION  

Control of vascular permeability is a tightly regulated process in various organ 

beds and is a key aspect of angiogenesis, tumor metastasis, and inflammation. Several in 

vitro studies indicate that the atherogenic lipoprotein, lipoprotein(a) [Lp(a)]  through its 

unique component, apolipoprotein(a) [apo(a)] activates intracellular signal transduction 

pathways involving inflammation which leads to enhanced vascular permeability and 

other manifestations of endothelial dysfunction [38, Chapters 2 and 3] Lp(a) contains a 

low-density lipoprotein (LDL) moiety as well as the unique glycoprotein 

apolipoprotein(a) [apo(a)]. Apo(a) is covalently attached to apolipoproteinB-100 (apoB-

100) component of its LDL-like moiety via a single disulfide bond [96]. Apo(a) is highly 

homologous to the fibrinolytic proenzyme plasminogen and contains contiguous repeats 

of a sequence that closely resembles the plasminogen kringle IV domain, followed by 

domains homologous to the kringle V and protease domains of of plasminogen [26]. The 

kringle IV domains of apo(a) are classified into 10 types and the varying numbers of 

apo(a) KIV2 domain account for Lp(a) isoform size heterogeneity. Recent studies from 

our lab show that a strong lysine binding site (LBS) within the kringle IV type 10 (KIV10) 

domain mediates the activation of Rho/Rho kinase-dependent signalling pathways to 

induce vascular permeability [38, Chapter 2].  Furthermore, apo(a) is found to be 

involved in disruption of adherens junctions and nuclear accumulation of one of the 

junctional proteins, β-catenin, via PI3K/Akt/GSK3β-dependent signalling pathway. This 

results in induction of the expression of cyclooxygenase-2 (COX-2) and secretion of 

prostaglandin E2 (PGE2) [Chapter 3].  



91 

Several lines of evidence suggest that PTEN (phosphatase and tensin homolog 

deleted on chromosome 10) interacts indirectly with β-catenin by binding scaffolding 

proteins containing a PDZ domain, and thus participates in regulating cell-cell junctions 

and vascular permeability [153,154]. PTEN is a lipid phosphatase that specifically 

dephosphorylates the D3 position of the inositol ring of the lipid second messenger, 

phosphatidylinositol 3,4,5-trisphosphate (PIP3) [155]. PIP3 plays a critical role in the 

regulation of cell survival and growth signalling through activation of 

phospatidylinositol-dependent kinases (PDK’s) and their downstream target, PKB/Akt 

[156]. A number of studies have recently demonstrated that overexpression of PTEN 

results in abrogation of Akt activity [157]. Consistent with this, both the cellular levels of 

PIP3 and of Akt phosphorylation/activity are constitutively elevated in PTEN-deficient 

mouse embryonic fibroblasts [158]. Thus, PTEN is an upstream negative regulator of Akt 

through inactivation of PIP3. In a recent report, the carboxyl-terminal region of PTEN 

was shown to modulate its protein stability [159]. Moreover, phosphorylation of the 

carboxyl-terminal residues Ser
380

, Thr
382

, and Thr
383

 results in a six-fold increase in PTEN 

half-life, which suggests that phosphorylation on these residues, plays an important role 

in regulating PTEN function [159].  

The Nuclear Factor – kappa B (NF-κB) signal transduction pathway operates at 

the center of a variety of different signalling events in the living cell [160,161]. For 

example, NF-κB is an essential regulator of the expression of numerous genes involved in 

the function and development of the immune system, the recruitment of leukocytes from 

the circulation into the extravascular space, and inflammatory and acute-phase responses. 

Unlike most transcriptional activators, NF-κB resides in the cytoplasm and must 
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translocate to the nucleus to function. The cellular partitioning of NF-κB is tightly 

regulated by its inhibitory subunits, IκB proteins (IκBα, -β, -ε), which are complexed 

with NF-κB in the cytoplasm to mask its nuclear localization signal (NLS) [162]. In 

response to specific signals, NF-κB (principally a p65/p50 heterodimer) is released from 

the inactive cytoplasmic complex. Liberation of NF-κB is initiated by IκB 

phosphorylation on two serine residues, Ser
32

 and Ser
36

, in IκBα and on corresponding 

sites in IκBβ, followed by targeting by the E3 ubiquitin ligase complex for ubiquitination 

and degradation of these inhibitory subunits [163].  

 In the present study, we show that apo(a) induces vascular permeability in intact 

mouse mesenteric arteries as assessed by the entry of a strong vaso-constrictor, 

phenylephrine (PE). Consistent with our previous in vitro studies, the strong LBS in 

KIV10 domain of apo(a) is required for this increased permeability, via a Rho/Rho kinase-

dependent pathway. Furthermore, we demonstrate that apo(a) activates the PI3K/Akt 

signalling pathway through suppression of PTEN activity, leading to dissociation of VE-

cadherin/β-catenin complexes in endothelium.  

 Our data also show that apo(a) induces a strong inflammatory signal through 

stimulation of nuclear translocation of NF-κB. Moreover, accumulation of NF-κB in the 

nucleus is completely inhibited by the PI3K inhibitor LY294002, suggesting that apo(a) 

utilizes PI3K/Akt signalling pathway to induce another inflammatory response besides 

increased expression of COX-2 and PGE2. We show for the first time the existence of a 

link between apo(a), PTEN, phosphorylation events, and nuclear NF-κB accumulation.  
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FIGURE 4.1. Recombinant apo(a) variants used in this study.  

Schematic diagram shows the topology of the r-apo(a) variants. 17K represents a 

physiologically relevant apo(a) isoform and contains all of the kringle domains present in 

all apo(a) isoforms. The numbering of KIV types is provided at the top. A dot in KIV10 of 

17K∆Asp presents a single amino acid substitution, which abolishes the strong lysine 

binding site in this kringle. The bar over KIV9 presents an unpaired cysteine, which forms 

the disulfide bond with apolipoproteinB-100 in the Lp(a) particle. 
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4.4 EXPERIMENTAL PROCEDUES  

4.4.1 Expression and Purification of Recombinant Apo(a)  

A 17-kringle (17K)-containing form of recombinant apo(a) [r-apo(a)], as well as a 

mutant form of 17K  r-apo(a) 17K∆Asp) containing an Asp � Ala substitution at amino 

acid position 56 that  abolishes the strong LBS in the KIV10 domain (Fig. 4.1) were 

constructed and expressed as previously described [110,111]. Both r-apo(a) species were 

purified from the conditioned medium (CM) of stably expressing human embryonic 

kidney (HEK) 293 cell lines by lysine-Sepharose (Amersham Biosciences) affinity 

chromatography as previously reported [111].  

 

4.4.2 Animal and Arterial Pressure Flow Myography   

Virgin C57BL/6J female mice (2–4 months of age) were purchased from Jackson 

Laboratories and housed in Health Sciences Laboratory
 
Animal Services at the University 

of Alberta. The mice were killed by cervical dislocation and a section of mesentery distal 

to the pylorus was excised and placed in ice-cold HEPES-physiological saline solution 

[HEPES-PSS (pH 7.5), 142 mM NaCl, 4.7 mM KCl, 1.17 mM MgSO4, 1.18 mM 

KH2PO4, 1.56 mM CaCl2, 10 mM HEPES, 5.5 mM glucose], where two mesenteric 

arteries were dissected free of adipose and connective tissue, placed on a ice-cold 

HEPES-PSS for two independent experiments for one day for one mouse. The proximal 

end of artery was mounted and tied to a glass cannula. Residual blood was gently flushed 

from the vessel lumen with HEPES-PSS, and the distal end of each vessel was mounted 

to a second cannula, which was occluded to prevent flow. Intraluminal pressures were 

controlled in the two-chamber arteriograph (Living Systems Instrumentation, Burlington, 

VT) through a servo-controlled peristaltic pump that was connected to the cannula via a 
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pressure transducer. After mounting was completed, the temperature of the 2.5-ml 

HEPES-PSS bath was increased and maintained at 37°C. A digital filar eyepiece (Lasico, 

Los Angeles, CA) mounted on a compound microscope was used to measure arterial 

lumen diameters [164].  

The lumen of the mounted vessel was washed with HEPES-PSS (200 µL of total 

volume), and the intra-luminal treatment was performed using 200 nM r-apo(a) variants 

(17K or 17K∆Asp; each with 300 µL in total volume) with a flow rate of 20 µL/min for 5 

min after the apo(a) began to enter the artery, after which time flow was halted for 30 min. 

After this 30 min interval, flow was restarted and 300 µL of 1 µM PE and then 400 µL of 

HEPES-PSS (as a wash) were infused at a flow rate of 20µL/min. The diameters of the 

mounted vessels were recorded every 5 min during the course of experiments; therefore, 

the Control (a measurement 5 min after initial start of the flow before apo(a) entry into 

the lumen), r-apo(a)-PE (a measurement 5 min after a restart of the flow), and r-

apo(a)+PE (a measurement, 5 min after PE entry into the lumen) were recorded from one 

vessel. These experiments were repeated using three different vessels from 3 different 

mice. Some vessels were pretreated with Rho kinase inhibitor (Y27632; 10 µM) for 30 

min and followed by intra-luminal treatment with r-apo(a)-PE and r-apo(a)+ PE as 

described above. At the end of each experiment, final concentration of 1 µM PE and 1 

µM papaverin were added to outside of the vessel to measure the full vascular 

constriction and relaxation, respectively.  
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4.4.3 Cell Culture  

Human umbilical vein endothelial cells (HUVECs) were purchased from 

Clonetics and grown in complete medium (endothelial basal medium EBM-2 plus 

endothelial growth medium EGM-2 (Clonetics) containing 2% fetal calf serum) as 

specified by the manufacturer’s protocol. Cells were used at passages 3 – 6.  

 

4.4.4 Protein Preparation and Analysis  

For the preparation of nuclear extracts, cells were suspended in hypotonic buffer 

A (10 mM HEPES pH 7.6, 10 mM KCl, 0.1 mM MgCl2, 0.1 mM DTT, 0.1 mM EDTA, 

0.5 mM PMSF, and 1 µM each of pepstatin, aprotinin, and leupeptin) for 10 min in ice 

and vortexed for 10 s. Nuclei were pelleted by centrifugation and washed with buffer A 

before suspension in buffer B (10 mM HEPES pH 7.6, 400 mM NaCl, 1.5 mM MgCl2, 

0.1 mM EDTA, 0.1 mM, 0.5 mM PMSF, 1 µM each of pepstatin, aprotinin, and leupeptin, 

and 5% (v/v) glycerol) for 30 min on ice. The supernatants containing nuclear proteins 

were collected by centrifugation at 12,000 g for 20 min [136]. Samples were subjected to 

SDS-PAGE and resolved proteins were transferred to Immobilon P membrane (Millipore) 

in transfer buffer (25 mM Tris, 192 mM glycine, 10% (v/v) methanol). Membranes were 

blocked for 30 min in a blocking buffer [4% (w/v) milk in Tris-buffered Saline containing 

0.5% Tween 20 (TBST)]. Membranes were probed using either anti-NF-kB (Cell 

Signalling) or anti-RNA-polymerase II (Millipore) monoclonal antibodies in blocking 

buffer. Washed membranes were incubated with HRP-conjugated anti-mouse IgG 

secondary antibody (Santa Cruz) and Immunoreactive bands were visualized using 

enhanced chemiluminescence (ECL) detection reagents (Amersham Biosciences) 
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followed by exposure to X-ray film. Densitometric analysis of the bands was performed 

using Corel Photopaint Version 11. 

For western blotting of total cellular extracts, HUVECs were lysed in lysis buffer 

(50 mM Tris-HCl pH 7.4, 1% (v/v) NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 

mM EDTA, 1 mM PMSF, 1 µg/mL aprotinin, 1 µg/mL leupeptin, 1 µg/mL pepstatin, 1 

mM Na3VO4, and 1 mM NaF) and and lysates were subjected SDS-PAGE as previously 

described [Chapter 2]. The membranes were blocked for 30 min in a blocking buffer and 

then incubated overnight at 4ºC with primary antibody in blocking buffer against anti-

phosphorylated (Ser
32

) IκBα or total IκBα (Cell Signalling), anti-phosphorylated 

(Ser
380

/Thr
382/383

) PTEN or total PTEN (Cell Signalling), anti-eNOS or anti-iNOS (Cell 

Signalling), and β-actin (Sigma). Protocols for each antibody were as described specified 

by the respective manufacturers. Blots were subsequently incubated with HRP-conjugated 

donkey anti-mouse or goat anti-rabbit (Santa Cruz) IgG, as appropriate, and developed 

and quantified as described above.  

Inhibitors including a Rho Kinase Inhibitor (Y27632), PI3 Kinase inhibitor 

(LY294002) were purchased from Calbiochem and used to pretreat the cells as described 

in the Figure Legends. 
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4.5 RESULTS  

4.5.1 Apo(a), through its strong LBS, facilitates the entry of phenylepherin by 

increasing vascular permeability in intact blood vessels 

 

We have previously demonstrated that apo(a), via its strong LBS in KIV10, 

mediates VE-cadherin dispersion and actinomyosin-based EC contraction, resulting in 

increased endothelial permeability in vitro [38, Chapter 2]. To more accurately model the 

effects of apo(a) on vascular permeability in vivo, we have investigated the response of 

intact, dissected mesenteric arteries from C57BL/6J female mice to treatment with two 

different forms of apo(a): 17K and 17K∆Asp [Fig. 4.1; Chapter 2]. In these experiments, 

vascular permeability is measured as vascoconstriction in response to exposure of the 

lumen to phenylephrine (PE), an α-adrenergic receptor agonist; PE acts on the vascular 

smooth muscle cells and the endothelial layer is normally impermeant to this agent. PE 

elicited strong constriction when added directly to the outside (smooth muscle) of the 

mounted vessel; however, it had no effect when added to inside of the lumen (data not 

shown). When 17K treatment was followed by the addition of PE inside of the lumen, the 

constriction of the vessel showed significant 3 to 4 fold increase (right panel, Figure 4.2; 

25% constriction from baseline diameter) compared to both control (left panel, Figure 

4.2; 5% constriction from baseline diameter) and the 17K treatment without the addition 

of PE (middle panel, Figure 4.2; 7% constriction from baseline diameter), whereas 

17K∆Asp showed no changes in constriction (Fig. 4.2). Notably, Y27632 completely 

blocked the effect mediated by 17K, suggesting that 17K increases permeability of mouse 

mesenteric artery endothelial cells in a Rho/Rho kinase-dependent manner, which is 

consistent with previous in vitro assays [38, Chapter 2]. Interestingly, 17K treatment 

alone, without added PE, increased arterial constriction by 7 %, 
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FIGURE 4.2. Arterial pressure flow myography.  
 

Mesenteric arteries from C57BL/6J female mice were dissected and mounted between 

two cannula in a two-chamber arteriograph. Left panel bar graphs (Control) show the 

normalized percent constriction from baseline diameter of mesenteric arteries before the 

intraluminal treatments of apo(a). Middle panel bar graphs (PSS – PE) and show the 

normalized percent constriction from baseline diameter of each intraluminal treatment 

(Black bar: 400 nM 17K; grey bar: 400 nM 17K∆Asp; white bar: 400 nM 17K + 10 µM 

Y27632) before the intraluminal addition of 100 µM PE. Right panel bar graphs (PSS + 

PE) present percent constriction from baseline diameter after the addition of 1 µM PE. 

(See Experimental Procedures 4.4.2 for detailed protocol). The intraluminal flow was run 

at 20 µL/min. Where indicated, vessels were pretreated with Rho kinase inhibitor (10 µM 

Y27632) for 30 minutes; the inhibitor was also maintained throughout each experiment. 

The graphs show the means ± S. E obtained from three independent experiments, where 

asterisks represent significant increases (p < 0.05) after the addition of PE (17K+PE) 

compared to both control and 17K-PE.  
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although this was not significantly different when compared to control (Fig. 4.2). 

17K∆Asp showed no constriction at all in the absence of PE while Y27632 abolished the 

effects mediated by 17K in the absence of PE (Fig. 4.2).  

 

4.5.2. Apo(a) Suppresses PTEN Activity Through Phosphorylation of 

Serine/Threonine Residues  

 

We have previously determined that apo(a) induces disruption of adherens 

junctions and stimulates β-catenin nuclear translocation via a PI3K/Akt/GSK3β pathway, 

resulting in induction of the expression COX-2 and the synthesis of PGE2 [Chapter 3]. 

Activation of PTEN may prevent phosphorylation of tyrosine residues on β-catenin and 

PI3K signalling events that are required to modulate permeability of endothelial 

monolayers [166,95]. PTEN is known to be negatively regulated by phosphorylation of 

residues Ser
380

 and Thr
382/383

 [159]. Therefore, we assessed the effect of apo(a) treatment 

of cultured HUVECs on PTEN phosphorylation. Ten minutes of 17K treatment resulted 

in increased phosphorylation of Ser
380

 and Thr
382/383

 in HUVECs (Fig. 4.3). Consistent 

with previous studies [Chapter 3], interleukin-1β (2 ng/ml) increased phosphorylation of 

PTEN at the Ser
380

, Thr
382/383

 sites, whereas 17K∆Asp did not have any effect on PTEN 

phosphorylation. (Fig. 4.3).  

 

4.5.3 Apo(a) Induces Nuclear Translocation of NF-κκκκB via Inactivation of Its 

Inhibitory Subunit, IκκκκBαααα  

 

When the inhibitory subunit, IκBα, of the inactive cytoplasmic NFκB complex is 

phosphorylated, ubiquitinated and degraded by the proteasome, released NF-κB is free to 

translocate into the nucleus [163].  Exposing HUVECs to 17K stimulated time-dependent 
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translocation of NF-κB to the nucleus as early as 5 min of treatment (Fig. 4.4A). Nuclear 

accumulation of NF-κB was increased 3-fold when normalized to the control at time zero 

and this increase was sustained until 40 min of the treatment. Concomitantly, 17K 

increased phosphorylation of cytoplasmic inhibitory subunit, IκBα on Ser32 (Fig. 4.4B). 

Furthermore, phosphorylation of IκBα on Ser
32

 is completely abolished when PI3K 

inhibitor, LY294002, was added to HUVECs (Fig. 4.4B), suggesting the involvement of 

PI3K/Akt pathway in apo(a)-induced nuclear accumulation of NF-κB. 

 Inducible nitric oxide synthase (iNOS) is one of the NF-κB-regulated genes that is 

highly expressed when endothelial cells are exposed to inflammatory stimuli including 

tumor necrosis factor-α  (TNF-α) [160]. Although 17K did not induce expression of  

iNOS over a time period of 12 hrs, the expression of endothelial nitric oxide synthase 

(eNOS) was significantly increased after 17K treatment of HUVECs (Fig. 4.4C).  
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FIGURE 4.3. Apo(a) inhibits PTEN activity through its phosphorylation of 

serine/thereonine residues.  
 

HUVECs were serum starved for 15 min and treated with 200 nM 17K or 200 nM 

17K∆Asp for the indicated time periods. Total cellular proteins were harvested and 

subjected to western blot analysis using specific anti-phospho-PTEN (Ser
380

, Thr
382/383

) 

antibody. Il-1β (2 ng/mL) was used as a positive control.  The graphs show the band 

intensities (means ± S. E.; normalized to total PTEN as determined by western blot 

analysis) obtained from three independent experiments, where asterisks represent 

significant increases after 17K treatment (p < 0.05) compared to the control; squares show 

significant increases after IL-1β treatment (p < 0.05) compared to control. Representative 

western blots are shown below the graphs. 
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FIGURE 4.4. Apo(a) stimulates nuclear translocation of NF-κκκκB via inactivation of 

IκκκκBαααα.  

 

A. HUVECs were serum starved for 15 min and then treated with 200 nM 17K for the 

indicated times. Total nuclear proteins were harvested and subjected to western blot 

analysis using anti-NF-κB or anti-RNA pol II antibodies. Graphs show mean band 

density (normalized to the control) ± S. E. of three independent experiments; 

representative western blots are shown below the graphs. Asterisks over the bars 

represent significant differences (p < 0.05) compared to the control. B. Top panel shows a 

representative western blot of 200 nM 17K treatment from two independent experiments 

using anti-phospho-IκBα (Ser32) antibody and anti-IκBα (total) antibody. Bottom panel 

shows representative western blots of 17K treatment with PI3K inhibitor (5 µM 

LY294002) using anti-phospho (Ser
32

) and anti-total IκBα antibody.  
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FIGURE 4.5. Apo(a) enhances the expression of eNOS but not iNOS.   

 

HUVECs were treated with serum-depleted medium containing 17K (200 nM) for up to 

12 h. At specific time points, cell lysates were prepared and subjected to western blot 

analysis using either eNOS or iNOS antibody. Corresponding cell lysates were also 

subjected to western blot analysis using β-actin antibody. Representative western blots of 

two independent experiments are shown.   
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4.6 DISCUSSION  

Endothelial dysfunction represents a common link among many diseases induced 

by elevated plasma concentrations of Lp(a) (greater than 30 mg/dL or 100 nM) ranging 

from chronic inflammation to atherosclerosis and including coronary heart disease, 

ischemic stroke, and venous thrombosis [95, 2]. In clinical studies from Sorensen and 

coworkers [117], it was demonstrated that impaired endothelium-dependent vasodilation 

was evident in hypercholesterolemic children with high Lp(a). Similarly, impaired 

receptor-mediated endothelial vasodilation was observed in adult subjects with elevated 

Lp(a) levels [118,119]. Previously, we have demonstrated that apo(a) component of Lp(a) 

induces impaired vascular barrier function in cultured HUVECs via activation of 

Rho/Rho kinase-dependent pathway to increase stress fiber formation and VE-cadherin 

dispersion [38]. However, the mechanisms by which apo(a) activates and alters vascular 

endothelium in vivo have not been clearly elucidated. 

Here, we show that apo(a) induces an increase in vascular permeability in intact-

blood vessel system using mouse mesenteric arteries (Fig. 4.2). Although apo(a) alone did 

not significantly increase vascular constriction, it facilitated the entry of a strong vaso-

constrictor (PE) by increasing the permeability of the endothelium in these vessels. 

Consistent with in vitro studies [38, Chapter 2], apo(a) induced permeability via a Rho 

kinase-dependent and a lysine-dependent pathway. This is the first ex vivo study in intact 

arteries showing that apo(a) elicits endothelial dysfunction. As these observations were 

made using mouse vessels, it is possible that apo(a) would bind to a receptor that is not 

specific to humans. Lp(a)/apo(a) is present only in humans and Old World monkeys 

[167,168]. A different form is found in hedgehogs [169] that contains highly repeated 

copies of a plasminogen kringle three-like domain, instead of KIV in humans and 
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baboons, with complete absence of protease domain sequences; as such, hedgehog apo(a) 

likely represents a case of convergent evolution. Other studies have used human apo(a) or 

Lp(a) transgenic mice or rabbits to assess the potential atherogenic effects of Lp(a)/apo(a). 

[41,170]. Intriguingly, a form of apo(a) lacking the strong LBS in KIV10 was less 

effective in promoting atherosclerosis in mice than wild-type apo(a) [171], a finding 

consistent with our observation that this LBS is required for apo(a) to elicit endothelial 

dysfunction. As such, we believe that our mouse model is appropriate and sheds 

important new light on the mechanisms by which Lp(a)/apo(a) cause vascular disease.  

PTEN was originally identified as a gene that is mutated in multiple sporadic 

tumour types as well as in patients with cancer predisposition syndromes such as Cowden 

disease [166]. PTEN is a lipid phosphatase that negatively regulates the PI3K signalling 

pathway. Recently, we have demonstrated that apo(a) mediates the activation of 

PI3K/Akt signalling pathway to induce β-catenin nuclear trafficking [Chapter 3], which 

led to our hypothesis that apo(a) increases activation of PI3K via a down-regulation of its 

upstream regulator, PTEN.   

We demonstrated here for the first time that apo(a) inactivates PTEN by causing 

phosphorylation of serine/threonine residues of the PTEN tail, suggesting a direct 

pathway to modulate PTEN activity. Casein kinase-2 (CK2) is the one of the major 

kinases that reduces catalytic activity of PTEN with consequent activation of PI3K/Akt 

pathway [172]. CK2-mediated phosphorylation also stabilizes PTEN in a monomeric 

“closed” conformation with low affinity for β-catenin/scaffolding protein complexes 

[173].  Reactive oxygen species (ROS) are another major effector that may down-regulate 

the activity of PTEN in several pathways. First, ROS may directly oxidize and inactivate 
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PTEN by forming disulfide bonds between Cys
124

 and Cys
71

 residues within the active 

site [174,175]. Second, ROS/NADPH-mediated inactivation of PTEN activity may be 

modulated through oxidative activation of intermediate protein kinases such as Src and 

p38MAPK. Although it is known that ROS produced by NADPH oxidase are crucial for 

Src activation in endothelial cells [176], and that activated Src decreases the stability and 

the activity of PTEN, how this occurs is not clear. Our previous [75, Chapter 3] and 

present findings suggest that induction of serine/threonine phosphorylation and 

inactivation of PTEN modulated by apo(a) may be regulated through CK2 because active 

Src and p38MAPK increase phosphorylation and catalytic activity of CK2 [176,177]. For 

example, active Src has been found to be implicated in apo(a)-mediated disruption of 

adherens junctions and in reduction of β-catenin nuclear accumulation [Chapter 3]. Also, 

apo(a) induces activation of signalling pathways involving p38MAPK to mediate 

enhanced migration and proliferation of cultured HUVECs [75]. Therefore, further 

investigation of the effect of apo(a) in endothelial cells, focusing on the involvement of 

ROS and CK2, would give us better understanding of how apo(a) is able to elicit impaired 

endothelial barrier function.   

We have shown that apo(a), through its strong LBS, rapidly activate the 

PI3K/Akt/GSK-3β pathway with consequent Ser/Thr phosphorylation of β-catenin, 

leading to its decreased degradation in the cytoplasm and its increased accumulation in 

the nucleus [Chapter 3]. Consistently, 17K∆Asp, which lacks the strong LBS in KIV10 

domain, did not show any induction of phosphorylation of PTEN at Ser
380

, Thr
382/383

 

residues. Therefore, PTEN inactivation mediated through the strong LBS in apo(a) 

appears to stimulate trafficking of β-catenin from membrane to the nucleus.  
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It was noted very early on that the majority of the transcriptionally regulated 

genes expressed in endothelial cells (ECs) in response to inflammatory mediators such as 

LPS, IL-1, or TNF-α contained NF-κB binding sites in their promoter regions [161]. 

Examples of NF-κB–regulated genes include vascular cell adhesion molecule (VCAM)-1, 

E-selectin, cytokines, tissue factor, plasminogen activator inhibitor (PAI)-1, 

cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) [160,161]. 

Similarly, Lp(a)/apo(a) plays an important role in inflammation and the generation of 

atherosclerosis; Lp(a)/apo(a) increases the expression of VCAM-1 [16], E-selectin and P-

selectin [17], COX-2 [Chapter 3], and mediates the expression of monocyte 

chemoattractant activity (CC chemokine I-309) in HUVECs [64]. Also, high levels of 

NF-κB are found to be present in smooth muscle cells of the atherosclerotic lesion, 

especially in those derived from the intima [178], suggesting an important role in 

atherosclerosis. Although both Lp(a)/apo(a) and NF-κB are important mediators of 

inflammation and atherogenesis, how these two proteins may coordinate inflammatory 

signals together in endothelial cells has never been studied.  

The transcriptional activity of NF-κB (p50/p65 heterodimer) can be regulated by 

at least 2 pathways [179]. The p50/p65 heterodimer constitutes an inactive cytoplasmic 

ternary complex with the inhibitor protein, IκBα, which masks the nuclear localization 

sequences of p50/p65 heterodimer. IκBα can be rapidly phosphorylated and degraded 

after stimulation with LPS or cytokines, allowing transcriptionally active p50/p65 

heterodimers to translocate to the nucleus to activate a set of genes related to 

inflammation and proliferation. An alternative pathway to regulate p65 is derived from its 

association with the unprocessed p105 (becomes p50 when processed) to form an inactive 
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p105/p65/IκBα cytoplasmic complex. Processing of p105 results in a rapid degradation 

of the IκBα and a formation of transcriptionally active p50/p65 heterodimer. In both 

pathways, phosphorylation of IκBα and p105 by a protein kinase(s) is essential for the 

subsequent degradation of IκBα and processing of p105, respectively. A cytokine-

responsive IκBα kinase (called IKK-α and -β) has been recently identified and it 

phosphorylates two serine residues (Ser
32

 and Ser
36

) of IκBα [180]. The present 

experiments using cultured HUVECs clearly demonstrate that stimulation with apo(a) 

caused a rapid phosphorylation of Ser32, and possibly Ser36, of IκBα, followed by NF-κB 

activation and its nuclear translocation, where the phosphorylation of these residues is a 

prerequisite for ubiquitination and subsequent degradation of IκBα by 20S proteasome 

[181]. Interestingly, Romashkova and coworkers [182] have demonstrated that activated 

Akt also leads to NF-κB activation and NF-κB-dependent expression of anti-apoptotic 

genes, thus protecting cells from apoptosis during proliferation. Moreover, our 

preliminary data show that apo(a)-induced NF-κB activation is mediated through 

PI3K/Akt pathway since LY294002, the PI3K inhibitor, completely blocks the 

phosphorylation of IκBα at Ser
32

 (Fig. 4.4B), indicating a possible role for Akt in the 

activation of NF-κB signalling.  

Equally important as the mechanisms leading to NF-κB activation are the ways in 

which its activity can be down-regulated. Apparently, this is of relevance for an organism 

to avoid overshooting reactions of the immune response. Indeed, self-limiting feedback 

mechanisms have been described that can act on several levels. First, receptors that 

trigger NF-κB can be internalized and degraded or shed from the cell surface [183]. 

Second, NF-κB-dependent transcriptional activation and re-synthesis of IκBα leads to  
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FIGURE 4.6. Apo(a)-mediated inflammatory signalling pathway in HUVECs.  
 

Apo(a), through its strong LBS in KIV10, binds to a putative receptor results in activation 

of a PI3K/Akt/GSK-3β signalling pathway [Chapter 3]. In the current study, we found a 

role for PTEN in this pathway, where apo(a) results in inactivation of PTEN by 

phosphorylation on its Ser/Thr residues. Furthermore, apo(a) induces the activation and 

nuclear translocation of a potent inflammatory agent, NF-κB, by inducing degradation 

signal (phosphorylation at Ser
32

) of its inhibitory subunit, IκBα. The phosphorylation of 

IκBα may be mediated by the activation of PKB/Akt or IKKs. Black boxes represent the 

findings from this study where grey boxes include previous findings or a previously-

described pathway.  
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termination of NF-κB activity in the nucleus and re-shuttling to the cytoplasm [184]. 

However, the quantitative contribution and balance between activating and repressing 

signals in the course of down-regulation of NF-κB activity in HUVECs by apo(a) are 

poorly understood. It will be of central importance for the understanding of these 

inflammatory responses to further investigate these positive and negative regulatory 

mechanisms. 

In conclusion, our ex vivo experiments in intact arteries confirm our in vitro data, 

demonstrating that apo(a) increases endothelial permeability, a crucial early step in the 

atherosclerotic process. As in our in vitro experiments with cultured HUVECs, these 

effects are dependent on the strong LBS in apo(a) KIV10 and an a Rho/Rho kinase 

dependent intracellular signalling pathway. This finding underscores one of the 

hypothesized pathophysiological roles of apo(a) in vascular system, wherein apo(a) 

facilitates the entry into the vessel wall of atherogenic agents such cytokines, monocytes, 

and lipoproteins by inducing impaired EC permeability.  

From a mechanistic standpoint, we propose that suppression of PTEN activity is 

an important step in endothelial dysfunction caused by apo(a). This effect is also 

mediated through the strong LBS in the KIV10 domain. PTEN inactivation by apo(a) adds 

to our previous finding that apo(a) activates PI3K/Akt/GSK-3β to promote β-catenin-

dependent gene regulation in endothelial cells [Chapter 3]. Moreover, the apo(a)-

mediated activation of PI3K/Akt pathway stimulates the activation and nuclear 

translocation of NF-κB by phosphorylation of its inhibitory subunit, IκBα (Fig. 4.6), 

which represents a completely novel pro-inflammatory; and thus potentially pro-

atherogenic, function of apo(a).   
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Based on the results of many epidemiological studies, Lp(a) has been classified as 

an risk factor for the development of vascular diseases including CVD, CHD, and CAD 

[2, 3]. Since the conventional therapies that focus on lowering Lp(a) plasma 

concentrations have proven to be relatively ineffective [2], future therapeutics may aim at 

the level of inhibiting the harmful vascular effects of Lp(a). Therefore, therapeutics can 

be envisaged that might inhibit binding to the endothelium or interfere with the signalling 

cascade that induces endothelial dysfunction. Such therapeutics would prevent the Lp(a)-

induced increase in EC permeability, thereby, preventing this key initiation step of 

atherogenesis. Although the signalling cascades in endothelial cells that are activated by 

Lp(a)/apo(a) are similar to what other atherogenic and inflammatory agents use to elicit 

dysfunctional endothelium, the unique property and function of the strong lysine binding 

site in KIV10 of apo(a) on endothelium may become a specific target from a therapeutic 

perspective. Inhibition of apo(a)-mediated effects by applying high dosage of ε-ACA in 

vivo models may create other important problems such as prevention of fibrinolysis, 

initiation of apoptosis, or attenuation of other important receptor-mediated signal 

transduction pathways, which might require lysine binding capability on the ligands. 

Therefore, the generation of such therapeutics requires a detailed biochemical 

understanding of the process by which Lp(a) induces endothelial dysfunction. The body 

of work presented in this thesis constitutes a significant advance in our understanding of 

the molecular processes that underlie the novel signalling events mediated by 

Lp(a)/apo(a) on endothelial dysfunction: specifically, on impaired endothelial barrier 

function. The results obtained will be discussed within the context of a novel signalling 

cascade that is mediated through Lp(a)/apo(a) in vascular endothelial cells (Fig. 5.1).  
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5.1 A NOVEL SIGNALLING CASCADE STIMULATED IN ENDOTHELIAL 

CELLS BY Apo(a)  

 It was previously demonstrated from our laboratory that Lp(a) and apo(a) utilize a 

Rho/Rho kinase-dependent and Rac-dependent pathway to induce vascular endothelial 

dysfunction, characterized by actomyosin-dependent EC contraction and enhanced 

vascular endothelial permeability [38]. Apo(a) induces the activation of contractile 

machinery in endothelial cell via Rho/Rho kinase-dependent pathway to increase the 

phosphorylation of myosin light chain (MLC), thereby activating myosin and stimulating 

its interaction with filamentous actin to effect increased stress fiber assembly and 

contractility (Fig. 5.1). In our previous study, we showed that Lp(a)/apo(a) exerts its 

function towards the activation of MLC without an increase in intracellular [Ca
2+

], 

suggesting that inhibition of MLC phosphatase activity is the one of the key step to 

induce phosphorylation of MLC [38]. However, a direct inhibition of MLCK by its 

inhibitor, ML-7, completely abolishes the phosphorylation states observed in apo(a) 

treatment, suggesting that a minimum activity of MLCK is required for this alternate 

intracellular [Ca
2+

]-independent events to be established. The work presented in this 

thesis directly demonstrates that apo(a), though the Rho/Rho kinase-dependent pathway, 

inhibits the function of MLC phosphatase, which has a critical intrinsic role in regulating 

the activation of MLC. Another consequence of these cytoskeletal rearrangements is the 

reorganization of vinculin, a structural molecule that links the stress-fibers from inside of 

the cells to the extracellular matrix, and the dispersion of VE-cadherin, a member of 

adherens junctions that forms a homodimer with VE-cadherin from adjacent endothelium 

to form a selective endothelial barrier (Fig. 5.1).  
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 Endothelial-cell junctions present a particularly complex network of adhesion 

proteins that are linked to intracellular cytoskeletal and signalling partners [88]. These 

proteins are organized into distinct structures called tight junctions and adherens junctions 

(AJ’s). VE-cadherin and catenins including β-catenin, p120, and plakoglobin, are the 

major components of AJ’s and form into complexes with each other when the EC barrier 

function is normal. Upon treatment of endothelial cells with apo(a), a rapid dissociation 

of catenins from VE-cadherin complex is observed that is associated with a Src-

dependent phosphorylation of tyrosine residues of both VE-cadherin and the catenins. 

[Chapter 2] Furthermore, the role of β-catenin is altered from being a major component of 

AJ’s to an activator of transcription factors including the TCF/LEF family. Hence, 

nuclear β-catenin modulates the expression of specific target genes. 

 Apo(a) also induces the activation of a PI3K-dependent pathway by inhibiting 

PTEN via its phosphorylation at Ser/Thr residues. Activation of PI3K stimulates its lipid 

kinase activity via activation of p110 subunit resulting in the addition of phosphate on the 

D3 position of phosphatidyl-inositol and production of phosphatidyl-inositol-3,4,5-P3 

(PIP3). The pleckstrin homology (PH) domain of Akt has an affinity for PIP3 and the 

binding of PIP3 triggers Akt translocation to the plasma membrane [185]. Furthermore, 

the increasing levels of phosphoinositides function as intracellular second-messenger 

molecules leading to activation of PI-dependent kinases (PDK1 and PDK2). PDKs 

activate upon their membrane translocation by phosphorylation on Thr
308

 and Ser
473

 of 

Akt for maximal activity [141,142]. Here we have shown that apo(a) mediates the full 

activation of Akt by increased phosphorylation on both sites, whereas this 

phosphorylation was completely removed upon treatment with PI3K inhibitor, LY294002, 
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indicating the role of Akt as a direct downstream target of PI3K (Fig. 5.1). Furthermore, 

we also have found that apo(a)-mediated activation of Akt downregulates the activity of 

GSK-3β, one of the major downstream targets of Akt. Normally, GSK-3β constitutes part 

of a complex (APC, axin/conductin, GSK-3β, and β-catenin), in which GSK-3β promotes 

the β-catenin ubiquitination and its subsequent proteasomal degradation [131]. 

Inactivation of GSK-3β upon apo(a) treatment thus has the effect of allowing cytoplasmic 

β-catenin to escape targeting for degradation, hence promoting its translocation into the 

nucleus.. This mechanism is crucial for maintenance of mitogenic quiescence: when β-

catenin is released in the cytosol from the inactive complex, it translocates into the 

nucleus and complexes with TCF/LEF transcription factors, which act as transcriptional 

activators of many genes including cell regulatory proteins (c-myc, cyclin D1), matrix 

proteins (fibronectin), proteases (MMPs), and pro-inflammatory enzymes (COX-2), and 

cytokines (interleukin-8) [132-136]. Apo(a), indeed, activates the translocation of β-

catenin into the nucleus via PI3K/Akt/GSK-3β-dependent pathway and induces 

expression of an potent inflammatory agent, COX-2, and its consequent PGE2 secretion 

(Fig. 5.1). The crucial role of β-catenin in the effect of apo(a) was confirmed by silencing 

β-catenin by specific small interfering RNA that blocked expression COX-2. Interestingly, 

tobacco smoke, one of the classical risk factors for CHD, was also found to cooperate 

with cytokines to alter β-catenin tracfficking in vascular endothelium resulting in 

increased permeability and induction of COX-2 expression in vitro and in vivo [136]. 

Furthermore, a recent report by Bedel and coworkers [186] also has demonstrated that 

oxLDL utilizes a pathway involving E-cadherin/β-catenin/TCF to induce SMC 
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proliferation with concomitant PI3K/Akt activation and GSK-3β phosphorylation, 

emphasizing the importance of this pathway in atherogenesis. 

 Another major category of endothelial dysfunction besides impaired barrier 

function is the switch of endothelial cells to a pro-inflammatory from an anti-

inflammatory phenotype. Inflammation is considered to be a critical initial step in the 

development of atherosclerosis. Pro-inflammatory changes in the endothelial phenotype, 

known as “endothelial activation”, involve upregulation of cellular adhesion molecules 

for leukocytes and platelets, an increase in endothelial-leukocyte interactions and 

permeability of the endothelium to leukocytes, and alterations in the secretion of 

autocrine/paracrine factors, such as monocyte chemoattractants, which are pivotal to 

inflammatory responses. Many studies have demonstrated that NF-κB activation plays a 

key role in endothelial activation [reviewed in ref #187]. In normal arterial endothelial 

cells, NF-κB is present as an inactive, IκB-bound complex in the cytoplasm [160]. Upon 

activation of the cells by injurious or pro-inflammatory stimuli, NF-κB is released from 

this complex and enters the nucleus to activate gene expression. Apo(a) induces 

inactivation of IκB by increase in phosphorylation of serine residues, which induce 

dissociation of NF-κB from its inactive complex to facilitate the nuclear translocation of 

NF-κB (Fig. 5.1). Although many signals that lead to activation of NF-κB converge on 

the ROS-dependent activation of a complex that contains an IκB kinases (IKKs) [161], 

the activation of an Akt-dependent pathway may also induce a direct phosphorylation of 

IκB on serine residues to mediate NF-κB activation [Figure 5.1; ref #182].  
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FIGURE 5.1 Novel pathways mediated by Lp(a)/apo(a) in vascular endothelium.  

Lp(a)/apo(a), through its strong LBS in KIV10, binds to a putative receptor results in 

activation of three different upstream signaling cascades: 1) Rho/RhoK-dependent, 2) 

Rac-dependent, 3) PI3K/Akt/GSK-3β-dependent signalling pathways [ref#38 and 

Chapters 2,3,4]. Activation of Rho/RhoK-dependent and Rac-dependent pathways leads 

to enhanced stress fiber formation and VE-cadherin/catenins complex dissociation, which 

is followed by increased vascular endothelial permeability. Cytoplasmic β-catenin 

translocates into the nucleus for an up-regulation of consequent COX-2 and PGE2 protein 

expression via PI3K/Akt/GSK-3β-dependent pathway. PI3K is activated in accordance 

with inactivation of PTEN. Akt may inactivate inactive NF-κB complex by 

phosphorylating IκBα directly or Lp(a)/apo(a) may activate IKKs, a major inactivator of 

IkBs, for NF-κB activation; thereby, it increases accumulation of NF-κB in the nucleus 

for targeted gene expression. Boxed signaling molecules indicate pathways that are 

previously found [38] and are presented in this thesis. Circled P represents the 

phosphorylation while the question marks (?) represent literature-suggested signaling 

molecules.  
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5.2 THE ROLE OF STRONG LYSINE BINDING SITE IN KIV10 OF Apo(a)  

 Apo(a) is a very large and complex molecule with many functional domains. This 

complex structure likely underscores the numerous potential pathogenic mechanisms that 

have been ascribed to Lp(a). This complexity also provides an opportunity, however: if 

we are able to map the functions of apo(a) to particular domains, we will then be in a 

position to determine, in animal models expressing mutant forms of apo(a), which of the 

many proposed mechanisms are relevant in vivo. We will also be in a position to develop 

therapeutics specifically targeted against domains in apo(a) and the downstream effectors 

that apo(a) acts upon or influences. We have generated a battery of recombinant apo(a) 

variants that encompass systematic deletions and mutations of the domains in apo(a), as 

well as a series that spans over 95% of the known apo(a) size polymorphs. For our studies 

of the domains in apo(a) that influence endothelial dysfunction, we selected a range from 

as large as a physiologically-relevant 17 kringle (17K) apo(a) to as small as KIV10-P, 

which only contains one of each copy of KIV, KV, protease domain. Also, we have 

utilized an mutant form of apo(a) construct (17Κ∆Asp) that contains a single amino acid 

substitution which abolishes the function of sLBS in KIV10 completely. Using these 

various constructs of recombinant apo(a), we have demonstrated that even the smallest 

construct KIV10-P increased acto-myosin-mediated EC contraction and enhanced EC 

permeability while the amino-terminal end of apo(a) does not have any effect on EC 

permeability. Interestingly, application of ε-ACA, a lysine analogue, completely inhibited 

apo(a)-mediated intracellular signalling cascades including Rho/Rho kinase-dependent 

and PI3K/Akt/GSK-3β-dependent signal transduction pathways (Fig. 5.1). Furthermore, 

apo(a) containing a single amino acid substitution, 17K∆Asp, inactivating the sLBS in 
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KIV10, completely lacked the effects that were mediated by wild-type apo(a), indicating 

the absolute requirement of lysine-dependent interaction to induce the activation of 

outside-in signal transduction pathways mediating endothelial activation. Recently, we 

also have demonstrated the same role of sLBS in apo(a) on endothelial permeability using 

an ex vivo system consisting of intact mouse mesenteric arteries. In these experiments, 

apo(a), through its sLBS, induces increased EC permeability as measured by the entry of 

a potent vaso-constrictor to induce constriction of the arteries, emphasizing the role of 

sLBS in apo(a) on a vascular system. As mentioned above, this novel finding of the role 

of sLBS in apo(a) may point the way to an alternative pharmacological strategy: namely, 

towards interfering with the effects of Lp(a) on vascular endothelial cells in initiation of 

atherogenesis, rather than lowering plasma Lp(a) concentrations per se. However, more 

studies are required to firmly indicate the role of sLBS in vascular system in vivo. Further 

studies may include an application of these normal and mutant apo(a) in transgenic mice. 

Interestingly, expression of human apo(a) resulted in more severe fatty streaks in the 

aortae of mice fed a high-fat diet, while expression of a form of apo(a) lacking the sLBS 

in KIV10 did not have this effect [116]. Further studies in these animals, looking more 

closely at markers of endothelial dysfunction such as those investigated in cultured cells 

in this thesis, are clearly of interest.  

 

5.3 SEARCHING FOR A NOVEL RECEPTOR  

 The activation of intracellular signalling transduction pathways by Lp(a)/apo(a), 

leading to endothelial dysfunction, may illuminate some of the possible candidates for a 

receptor. A recent study by Liu et al. [75] showed that lower concentrations of apo(a) 

increase the activation of MAP kinase-dependent pathways to induce EC proliferation 
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and migration. This study also indicated that the effects of apo(a) on endothelial cells 

were mediated through integrin αvβ3. However, treating endothelial cells with apo(a) 

along with a blocking antibody against integrin αvβ3, we could find no evidence of the 

involvement of integrin αvβ3 towards the activation of PI3K-dependent signalling 

pathways (data not shown). There are two possibilities for this result: first, we used a 

different, commercially available, blocking antibody for integrin αvβ3 rather than the 

blocking antibody (LM609 [75], a gift from Dr. David Cheresh) that was used in Liu’s 

study. The commercially-available antibody promoted EC apoptosis at the concentrations 

that Liu had used for LM609. Second, apo(a) may induce EC migration in conjunction 

with integrins in lower concentrations; however, at the higher concentrations of apo(a) 

required to induce vascular permeability, apo(a) may not utilize integrins and uses a 

different receptor to specifically induce alterations in adherens junctions and induce 

actomyosin-derived EC contraction. 

 Barbieri and coworkers [136] demonstrated that tobacco smoke and IL-1β 

increases PI3K/Akt-dependent expression of COX-2 and PGE2 through epithelial growth 

factor receptor (EGFR), a known pro-inflammatory receptor tyrosine kinase that is 

implicated in many situations involving endothelial injury. However, the activation of 

PI3K-dependent pathways mediated by apo(a) in endothelial cells was not altered by 

incubation with an EGFR inhibitor. We also applied pertussis-toxin, an inhibitor of Gαi 

and Gαs subunits of G-protein-coupled receptor (GPCR), to EC monolayers and apo(a) 

still was able to activate Rho/Rho kinase-dependent contractile machinery. However, a 

recent review described receptors that have the ability to induce both Rho/Rho kinase-

dependent and PI3K/Akt-dependent pathways at the same time. These receptors are G-
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potein coupled receptors of the Gα12/13 subfamily, where the Gα-GTP and Gβγ subunits 

independently activate downstream effectors such as Rho/Rho kinase-dependent 

actomyosin activation and PI3K/Akt-dependent cell survival signals, respectively [143]. 

PI3Kγ is one of the subtypes of class I PI3Ks that contains a catalytic subunit (p110g) and 

a regulatory subunit (p101), and it can be activated by the Gβγ subunit of Gα12/13 proteins, 

and thus, mediates the signal from GPCRs [188]. Therefore, an investigation of a specific 

subtype activation of PI3K family mediated by apo(a) in endothelial cells would give us a 

better understanding towards this putative Lp(a)/apo(a) receptor. Confirmation that a 

member of this receptor family mediates the effects of Lp(a) awaits further 

experimentation.  

 

5.4 CONCLUDING REMARKS 

In a large series of clinical studies performed to date, a very strong correlation was 

found between plasma concentrations of Lp(a) and the content of oxidized phospholipids 

on apoB-100 particle [189]. Also, the correlation of OxPL/apoB to Lp(a) is found to be 

very strong in individuals with small apo(a) isoforms (r = 0.95) and modest in individuals 

with large isoforms [189], consistent with early findings that smaller apo(a) isoforms are 

positively correlated with increased risk in CHD and CAD [2]. Furthermore, many studies 

have suggested different physiological roles at different plasma concentrations. At a 

lower plasma level, Lp(a) exerts its vaso-protective roles: First, Lp(a) not only transfers to 

OxPL from other lipoproteins and apoptotic cells but also, mediate the clearance of OxPL 

by Lp-PLA2 [4,5,41]. Second, Lp(a) modulates wound healing, in which Lp(a) increases 

EC proliferation and migration  and also inhibits tube formation in fibrin gels [75]. At 
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elevated concentrations, apo(a) promotes a pro-inflammatory and permeable EC 

phenotype: Lp(a) increases vascular permeability by activating various inflammatory 

signals [Chapter 2, 3, 4]. At higher concentration with CAD, apo(a) of OxPL-bound Lp(a) 

appears to attenuate the activity of Lp-PLA2, indicating a reduction in OxPL clearance. 

Furthermore, it binds to sub-endothelial matrix with high affinity [45] that may result in 

increased concentration of OxPL on the vessel wall. Also, Lp(a) may induce a direct 

prothrombotic effect by inhibiting tissue factor pathway inhibitor (TFPI) [35]. 

Unpublished data from our laboratory shows that at an extreme high concentration of 

Lp(a) (600nM) promotes EC apoptosis. As such, understanding the role of Lp(a) between 

apo(a) isoform size and the plasma concentration may give us a better insight in terms of 

why only the limited species contain Lp(a) in their circulation.  
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