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ABSTRACT

Multiple lines of evidence suggest that elevatedspla lipoprotein(a) (Lp(a))
concentrations are a significant risk factor fog dtevelopment of a number of vascular
diseases including coronary heart disease andestigi(a) consists of a low-density
lipoprotein (LDL)-like moiety and an unique glycapein, apolipoprotein(a) (apo(a)),
that is covalently attached to the apolipoproteif®- (apoB-100) component of LDL by
a single disulfide bond. Many studies have suggeateole for Lp(a) in the process of
endothelial dysfunction. Indeed, Lp(a) has beemwshim increase both the expression of
adhesion molecules on endothelial cells (EC), adl a® monocyte and leukocyte
chemotactic activity in these cells. We have presip demonstrated that Lp(a), through
its apo(a) moiety, increases actomyosin-driven B@traction which, as a consequence,
increases EC permeability. In this thesis, we hdemonstrated a role for the strong
lysine-binding site in the kringle IV type 10 domabf apo(a) in increasing EC
permeability, which occurs through a Rho/Rho kindspendent pathway. We have
further validated these findings using mouse mesenarteries in a pressure myograph
system. We also have dissected another major gignpathway initiated by apo(a) that
involves in a disruption of adherens junctions i€.Hn this pathway, apo(a)/Lp(a)
activates the PI3K/Akt/GSK3dependent pathway to facilitate nuclear translonabf
beta-catenin. In the nucleus beta-catenin indubedetxpression of cyclooxygenase-2
(COX-2) and the secretion of prostaglandin E2 (PGiE2n the EC. Finally, we have
presented data to suggest a novel inflammatory fal@po(a) in which it induces the
activation of nuclear factor-kappaB through promotiof the dissociation of IkappaB
from the inactive cytoplasmic complex; this allovise nuclear translocation of

NFkappaB with attendant effects on the transcniptd pro-inflammatory genes. Taken



together, our findings may facilitate the developtmef new drug targets for mitigating
the harmful effects of Lp(a) on vascular EC whiairesponds to an early step in the

process of atherogenesis.
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CHAPTER 1

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



1.1INTRODUCTION

Lipoprotein(a) (Lp(a)) was discovered in 1963 byr@¢l], when searching for
new serum types in humans. Rabbits were immunizéd hamanb-lipoprotein from a
single donor and the researchers noticed that diesgloped antisera that reacted with
approximately 35% of human plasma samples, inctudire donor patient of thb-
lipoprotein. This new factor was called Lp(a) whités identical features to low density
lipoprotein (LDL) in terms of lipid composition aritle presence of apolipoproteinB-100
(apoB-100). However, the presence of an uniqueogiyatein, apolipoprotein(a) (apo(a)),
that is covalently bound to apoB-100 by a singleulfide bond (Cy®>’ of kringle IV
type 9 (KIVy) of apo(a) to Cy§2° of apoB-100), clearly distinguishes Lp(a) from LDL
and also confers the unique structural and funatigmoperties [2]. Apo(a) is unlike
other apolipoproteins in that it is hydrophilic acdrbohydrate rich, and it projects into
the aqueous phase when bound to apoB-100. Alththuegtbiological and pathological
functions of Lp(a) remain to be elucidated, a naatalysis of clinical studies supports the
fact that Lp(a) is associated with increased riskcardiovascular diseases (CVD),
including coronary heart disease (CHD) and athéezossis [2, 3]. Moreover, as with
most genetic risk factors that initiate risk athjit is a stronger CVD risk factor in young
patients ( 60 years old), in those with highly elevated Ievel Lp(a), and in those with
additional atherogenic risk factors, particularlyevated LDL cholesterol [4, 5].
Unfortunately, there is no drug therapy that isrently available to specifically lower
Lp(a) levels without affecting other lipoproteinBherefore, it has been impossible to
prospectively assess whether lowering plasma Liofagrs the risk for CVD. Despite

thousands of basic and clinical studies on Lp(aphwsiological role of Lp(a) and the



FIGURE 1.1. A general structure of Lp(a).

Lp(a) is made of a lipoprotein particle containaq@B linked by a single disulfide bridge
to apo(a). Apo(a) contains multiple repeats of qusace that resembles plasminogen
kringle IV (represented a$ as well as sequences homologous to the kring{b)\and
protease regions of plasminogd®).(The kringle IV-like domain in apo(a) is classeif
into 10 types4i-10); the kringle IV type 24;) sequence is present in a variable number of
identically repeated copies giving rise to Lp(a)fism size heterogeneity. Lipoprotein
core consists of triglyceride (TG), cholesteryl ees{CE), free cholesterol (FC),
phospholipids (PL), and surrounded by an apoB, Wwihisembles a similar structure to
LDL.



underlying mechanisms through which it contribute€VD are still unknown. However,
based on its similarity to LDL and plasminogenhés been proposed to have both
proatherogenic and prothrombotic effects on vaserda and as such Lp(a) has been

identified as a potential link between atherosdsrand thrombosis.

1.2STRUCTURE OF Lp(a)
1.2.1 Structural Similarity Between Lp(a) and LDL

Three major lipoproteins are often observed in rad®erotic lesions and are
considered to be atherogenic when elevated in tlsn@a: these include LDL
(particularly, small dense LDL), remnant lipoprotgi(also known as-VLDL found in
both type Il hyperlipidemia and cholesterol-fedraals) (NOTE: these are also found in
normal individuals, but at much lower levels) anpl(d) [6]. There is a high degree of
heterogeneity of this lipoprotein with respect t® structure and plasma concentration.
Lp(a) concentrations vary over 1000-fold in humapuydations ranging from <0.1 mg/dL
to >100mg/dL. There is also a significant size padyphism of Lp(a), as the result of the
existence of differently-sized alleles of the gesmeoding apo(a) (see below). Studies
have shown that elevated concentrations of plaspfa)l(> 30 mg/dL) are a risk factor
for a variety of vascular diseases, including cargrartery disease, ischaemic stroke and
venous thrombosis [7].

LDL particles consist of an inner lipid core ofgiliycerides and cholesteryl esters
surrounded by a layer of phospholipids and undédricholesterol that is intimately
associated with apoB-100 [8]. ApoB-100 is a highigsoluble, glycosylated
(carbohydrate-rich), and non-exchangeable apolgiepr that wraps around the lipid

core of LDL particles. The carbohydrate contentoacts for 8 — 10 % of the total



molecular weight (510 kDa) of apoB-100 [9]. Lp(a)identical to LDL in both lipid
composition as well as the presence of apoB-100weder, Lp(a) is clearly
distinguishable from LDL by the presence of thequei glycoprotein apo(a) that is

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

1.2.2 The Role of LDL in Atherosclerosis

Atherosclerosis is a complex process that invothesfollowing processes in the
artery wall: deposition of plasma lipoproteins, threliferation of cellular elements, and
an inflammatory response. Atherosclerosis advatizesigh a series of stages, beginning
with fatty streak lesions composed of lipid-engargeacrophages and smooth muscle
cells, termed foam cells, and ultimately endingainomplex plaque consisting of a core
of lipid and necrotic cellular debris covered byfiarous cap. Increased plasma
concentrations of LDL and triglyceride-rich remnéipbproteins are highly atherogenic,
whereas high-density lipoproteins (HDL) are knowa protect against lesion
development [reviewed in ref. 11]. On the other dyaconsiderable evidence has been
gathered to support the concept that normal LDhoisvery harmful and is processed by
routine lipid metabolism mechanisms without pernmnéeposition in vessel walls.
However, oxidation of LDL within the vessel wall Irge radicals leads to the production
of a diverse array of biologically active compounateluding some that influence the
functional integrity of vascular cells [12, 13]. @n the apolipoprotein B (apoB)
component of LDL is altered by oxidation, it is metognized by the LDL receptors, but
is instead taken up by scavenger receptors. Theesgar receptors are not saturable, and
cells with these receptors, such as macrophagessambth muscle cells, become

overloaded with LDL and become foam cells [12]. dzed LDL (oxLDL) also causes



endothelial dysfunction including enhanced permégbof the endothelial layer to

monocytes/ macrophages and lipoproteins which #cenmulate in the vessel wall [14].

1.2.3 Proatherogenic Effects of LDL and Lp(a) on Vascul&ndothelial Cells (ECs)

A number of early studies revealed that one offitlsé events in the arterial wall
of cholesterol-fed animals is the adherence of manlear cells to ECs, as observed by
electron microscopy and immunohistochemistry [1%fter, it was found that
mononuclear cell adherence is triggered by the esgion of a number of adhesion
molecules on endothelial cells such as vasculdratiesion molecule-1 (VCAM-1),
intracellular adhesion molecule-1 (ICAM-1), P-sélec and E-selectin [16-18].
Accordingly, oxLDL have shown to increase thredhase adhesion molecules including
VCAM-1, ICAM-1, and P-selectin [19]. Although sewattines of evidence to support the
idea that oxidation of LDL increases its athero@ége native LDL was also found to
increase VCAM-1 and E-selectin expression by indga rise in intracellular calcium
levels [20]. In addition, native Lp(a) has beenwhdo enhance the expression of all of
these four adhesion molecules [21 — 23] and alsce@se the expression of platelet-
derived growth factor in human umbilical vein ertddial cells (HUVECs) [24].
Moreover, the apo(a) component of Lp(a) has beemsio enhance the expression of
ICAM-1 [22]. Thus, these related effects of natikBL, oxLDL, apo(a)/Lp(a) and
oxidized Lp(a) on endothelial cell function may yide mechanisms by which

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



1.2.4 Structural Similarity Between Apo(a) and Plasminoge

The serine protease zymogen plasminogen contaies copy each of five
structural domains called kringles, designatedraggle 1 (K1) through kringle 5 (K5).
Kringle domains are tri-looped protein structurabtifs that consist of three invariant
disulfide bonds, and they are present in a numberaieins directly involved in blood
coagulation and fibrinolysis including prothrombkgctors VII, IX, and X, plasminogen,
and both tissue-type and urokinase-type plasminagémators, as well as other proteins
such as hepatocyte growth factor and apo(a) [2, PB¢ carboxyl-terminal region of
plasminogen contains a trypsin-like protease dontiaat can be cleaved by urokinase
plasminogen activator (UPA) and tissue-type plasgem activator (tPA) to generate the
active enzyme plasmin [25]. Apo(a) bears a strikmgnology with plasminogen and
contains multiple repeats of a sequence that rdesnbasminogen kringle 4 (KIV) as
well as sequences homologous to the kringle 5 ()l protease (P) regions of
plasminogen as shown in Figure 1.2. The sequeradiig at the DNA level between
plasminogen and apo(a) is 61 — 75% for the KIV dosya84% for KV and 84% for the
protease domain (Figure 1.2) [26]. Based on thmiina acid sequence, the kringle V-
like domains in apo(a) are classified into 10 tyd&d/ 1.10); the KIV, sequence is present
in a variable number of identically repeated cofgi$o 30 repeats) giving rise to Lp(a)
isoform size heterogeneity vivo [27]. For example, a recombinant apo(a) [r-apo(a)]
containing 17 kringle 1V domains, a kringle V, aadprotease-like region is called 17
kringles (17K); the 17K corresponds to a physiatafjy-relevant apo(a) isoform. As
such, apo(a) isoforms ranging in molecular mass f&80 kDa to greater than 800 kDa
have been identified. Because of these small amamb sequence differences, there are

unique features displayed by many of the KIV domaiBach KIV types from KIyto



KIV g contain weak-lysine binding sites (WLBS) which ureds non-covalent association
of apo(a) with apoB-100 while Ki) contains a strong lysine binding site (SLBS) tsat
involved in the binding of apo(a)/Lp(a) to otheryplological ligands such as fibrin
[Figure 1.2, ref #28 and #29]. Moreover, Kl¥ontains an unpaired cystene residue
(Cys'®® that is covalently bound to a free cysteine (€3% on apoB-100 when it is
assembled to form the Lp(a) particle [2]. FinalBpo(a) contains inactive protease
domain due to critical amino acid substitutionsluding a substitution of the Arg-Val
activation cleavage site in plasminogen by Seirllapo(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 plasgen led to the hypothesis
that Lp(a) possesses anti-fibrinolytic effects.ded, plasmin-dependent fibrin clot lysis
and tPA-mediated plasminogen activation on theaserfof fibrin were inhibited by
Lp(a)/apo(a) in bothn vitro andin vivo studies [31 — 33]. Although there are some
controversies concerning the mechanisms by whiga)lgpo(a) mediates its inhibition
towards tPA-mediated plasminogen activation, rdgeHtancock and coworkers [34]
showed a convincing model that apo(a) forms a goatg complex with plasminogen,
tPA, and fibrin to allow direct inactivation. In dition, Feric and coworkers [34a] have
shown that apo(a) inhibits an important positivedigack mechanism in fibrinolysis: the
plasmin-mediated and fibrin-dependent conversionnafive Glu-plasminogen to a

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

The serine protease zymogen plasminogen contaakdomain (T), five distinct kringle
domains (Kl to KV), and a latent trypsin-like prage domain (P). Apo(a) contains
multiple copies of sequences that resembles plagyamKIV, a single copy of sequences
that is similar to KV and a catalytically inactipeotease domain (P). The percent amino
acid identities are shown in the middle of two pne$s. The KIV domains in apo(a) are
divided into ten distinct types (KIV types 1 to 1&)d KIV type 2 domain present in a
variable number of identically-repeated copies (1t&30), which is accounted for the
isoform size heterogeneity of Lp(&) vivo. Apo(a) consists of two distinct lysine-binding
sites (LBS), where KIV types 5 to 8 contains wegsire-binding sites (WLBS) while
KIV type 10 contains a strong LBS (sLBS). KIV tyPeconsists of an unpaired cysteine
residue (SH) which forms covalent bond with fresteine in apoB-100.
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FIGURE 1.3. Potential proatherogenic and prothromlmtic effects of Lp(a)

Lipoprotein(a) [Lp(a)] has been considered to pssdmth proatherogenic effects as well
as prothrombotic effects, because of its similatityvards LDL and plasminogen,
respectively. The diagram shows the effects thatraediated by Lp(a)/apo(@) vitro
assays or in animal studies. Mechanisms that coptaiatherogenic properties are listed
on the left marked by red, whereas, mechanismscthrdtin prothrombotic properties are
demonstrated on the right by blue. PL, phosphdipi@FPI, tissue factor pathway
inhibitor; EC, endothelial cells; SMC, smooth mescekll; PAI-1, plasminogen activator
inhibitor-1.
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Furthermore, inhibition of fibrinolysis may not bige only mechanism whereby elevated
Lp(a) levels promote acute thrombotic events. Camt al. [35] have demonstrated the
potential for direct prothrombotic effects of Lp(ayhich was mediated through an
inactivation of tissue factor pathway inhibitor {1, a central regulator of TF-mediated
thrombosis. Also, Lp(a) was found to down-regulhte activity of plasminogen activator
inhibitor-1 (PAI-1) to mediate its anti-fibrinolytieffects toward vascular function [2].
Therefore, it has been highly speculated that Lp¢a@mulation in the arterial wall may
promote the development of atherosclerosis throbglth proatherogenic and an
antifibrinolytic (prothrombotic) effects arisingdm its similarities to both LDL and
plasminogen, respectively (Fig. 1.3). This, in funas been suggested to provide a link
between the fields of atherosclerosis and thronshb@dihough the precise mechanism of

Lp(a) action is still uncertain.

1.3 Lp(a) AS A RISK FACTOR FOR CARDIOVASCULAR DISEA SES

Elevated plasma Lp(a) concentrations (> 30 mg/dé)cansidered as a risk factor
for variety of atherosclerotic diseases, includingeripheral vascular disease,
cerebrovascular disease, and CHD [2, 7, 36]. Alghogontroversy has arisen as to
whether Lp(a) is an independent risk factor for CH&sults from the Bruneck study by
Kronenberget al. [37] determined that contribution of elevated Dpfa early carotid
atherosclerosis is dependent on elevated LDL ctest@dsconcentrations; the contribution
of Lp(a) to advanced atherosclerosis was not. énsdime study [37], it was also shown
that small apo(a) sizes are an independent rigkiféar advanced carotid atherosclerosis,
and the risk was further increased by elevated)Up(eels. In some studies, small apo(a)

isoform size (< 22 kringle IV repeats), not eledatg(a), were associated with lower
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endothelium-dependent, flow-mediated dilation cé thrachial artery [2]. Additionally,
patients with acute coronary syndromes, the peagendf subjects with at least one small
apo(a) isoform was significantly higher in thosetigrags who presented with acute
myocardial infarction versus those with unstablgia&; small apo(a) isoform, but not
elevated Lp(a) levels, was an independent predmt@cute myocardial infarction [7].
Rifai et al. [37a] demonstrated that elevated Lp(a) concentratiand small apo(a)
isoforms were associated with risk for angina; @esv, only the association between
apo(a) size and risk remained significant in a malttate model. Despite the fact that
elevated plasma level of Lp(a) is recognized askafactor for cardiovascular diseases,

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

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

The presence of LDL-like and plasminogen-like mein Lp(a) may represent a
unique link between the process of atherosclerast consequent thrombotic events.
Indeed, both atherogenic and thrombotic mechani®msLp(a) have been reported
(decribed above). However, it is important to addrthat a number of mechanisms that
have been proposed for Lp(a) pathogenicity cornedpm unique properties of this
lipoprotein, which is not related to the proposeddtions from structural similarities
between LDL and plasminogen. This likely reflectsnarily more complex primary
structure of apo(a) compared to plasminogen, buy migo relate to the extreme
glycosylation modification and heterogeneity of gaompared to plasminogen.

A prime example of this phenomenon is a study foamgroup showing that both
apo(a) and Lp(a) induce cytoskeletal rearrangemehiie native LDL and plasminogen

did not have any impact on cultured human vascraiothelial cells [38]. In this study,

12



Lp(a), through apo(a) moiety, elicited increasedcudar permeability via activation of
actomyosin-dependent cellular contraction, which ymeontribute to endothelial
dysfunctionin viva. Given that endothelial dysfunction is measuradpart, as impaired
barrier function to enhance infiltration of atheeogc and inflammatory agents, it is
interesting to consider how our results are coestswith the Bruneck study [37] where
elevated Lp(a) levels in conjunction with increasmckl of LDL increase the risk of CHD.
It is tempting to speculate that the impaired ardysfunction mediated by Lp(a) may
induce the deposition of LDL in the arterial wallhich then initiates the early events of
atherosclerosis. Recently, the actomyosin-drivecremsed vascular permeability by
Lp(a)/apo(a) was mapped to one of the distinctdteirdomain, KI\{p, which contains a
strong lysine binding site (SLBS) [see Chapterl@2]this study, we have demonstrated
that a recombinant apo(a) variant which lacks tivection of SLBS by a single amino
acid substitution (17RAsp) completely lacked the effects mediated by psyogically
relevant r-apo(a) (17K) in human umbilical vein etiwelial cells (HUVECS).
Furthermore, the sLBS in Kk was similarly required for the ability of apo(a) t
increase vascular permeability of mouse mesentatigriesex vivo[see Chapter 4],
suggesting a possible role for Lp(a) that may z2€ikLBS of apo(a) to bind and mediate
intracellular signaling cascade to enhanced vaspalaneabilityin vivo.

Lp(a) is synthesized by an unusual and limited iggedistribution since apo(a) is
only present in humans and Old World monkeys [2, AJunique form of Lp(a),
containing apo(a) composed of a series of repdats lgingle similar to plasminogen
kringle 3, is present in the European hedgehog)ikely represents a case of convergent

evolution [2]. Therefore, studies of Lp(&) vivo have been limited to transgenic animal
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models. Studies using apo(a) transgenic rabbits @holesterol-rich diet showed that
these animals had a greater degree of coronargoatierosis than control rabbits [39]. In
the same study, apo(a) deposition was coincide thghpresence of accumulated intimal
smooth muscle cells and decreased active trangigrigiowth factol (TGFb), in a
manner similar to what was previously reportedransgenic mice [39]Accordingly,
O’Neil and coworkers [40] have reported in Bnvitro study that Lp(a), through its
apo(a) component, can stimulate the migration antfgration of aortic smooth muscle
cells via the inhibition of plasmin-mediated activa of TGFb; this effect appears to be
induced by KI\§ domain of apo(a).

Several studies using apo(a) transgenic mice hawwided insights into
additional pathophysiological role(s) of Lp(a) agisk factor for CVD. Oxidation of
lipoproteins, and in particular oxidation of LDLasibeen implicated as a critical factor in
the initiation and progression of atherosclerobisis, oxidized phospholipids (OxPL) are
strongly considered to play a central role in midgp a variety of immune, pro-
inflammatory and plaque destabilizing processed Huxelerate atherogenesis [11].
Schneideret al [41] have recently generated a transgenic moxpeessing high (~700
mg/dL) and low (~35 mg/dL) levels of apo(a) as vasdlhuman apoB-100. In contrast to
wild-type mice, high apo(a)-expressing Lp(a) trarsg mice (most circulating LDL
particles containing human apoB-100 are coventlynbloto apo(a) to form Lp(a)
particles) have very high OxPL/apoB levels in eeena C57BL/6 background without
hypercholesterolemia or atherosclerosis while thelbevel apo(a)-expressing mice (most
circulating LDL containing human apoB-100 are fodeapo(a)) have quite low levels of

OxPL/apoB [41]. Furthermore, transgenic mice omgressing human apoB-100 showed
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very low levels of OxPL/apoB, indicating that theciease in proinflammatory OxPL is
specific to Lp(a).

In addition, several others have also suggestetdLih@) may not only bind to
OxPL, which was transferred from oxLDL as well asnii apoptotic cells, by a specific
enzyme called lipoprotein-associated phospholiges€éLp-PLA,) [4, 5]. Lp-PLA, also
known as platelet activating factor acetylhydrolé2AF-AH), hydrolyzes and inactivates
PAF, the potent pro-inflammatory phospholipid, asllwas phospholipids containing
oxidatively fragmented residues at the2 position, resulting in cleavage of OxPL into
an inactive lysophosphatidylcholine (lysoPC) andfree oxidized fatty acid [42].
Normally, Lp-PLA is bound to LDL through a non-covalent interactieith apoB-100
[43]. Interestingly, individuals with elevated Lp(vels, the enzymatic activity of Lp-
PLA; as well as the enzyme mass is significantly highémp(a) than equimolar amounts
of LDL. Moreover, small apo(a) isoforms exhibit heg apparenk,, andVnmax values, an
indication that apo(a) heterogeneity may influetieeassociation of Lp-PLAwith Lp(a)
[44]. In coronary artery disease (CAD) patientdwatevated Lp(a) levels, however, there
was reduced Lp-PLAmass and specific activity on Lp(a), which may lsbhed the
capability to degrade proinflammatory OxPL [44]. &ddition, the enzyme specific
activity was significantly increased after remowa#l apo(a) from Lp(a) particle by
reductive cleavage, suggesting that apo(a) in CAbepts may play important role in
mediating the clearance of OxPL from circulatiorurtRermore, an earlier study
demonstrated that Lp(a) binds to proteolglycanthésub-endothelial matrix with much
higher affinity than native LDL [45]. Taken togethé& presents a possible atherogenic
role of Lp(a) that elevated Lp(a) plasma conceiunatin CAD patients may lead not

only decreases the clearance of Lp(a)-bound OxRlalso binds with increased affinity
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to proteoglycans in the sub-endothelial matrix,ultgsg in increased deposition of

proinflammatory OxPL in the vascular wall.

1.5ENDOTHELIAL DYSFUNCTION
1.5.1. Introduction

Since the discovery in 1980 that acetylcholine meguthe presence of endothelial
cells to elicit vasodilation [46], the importancétbe endothelial cell layer for vascular
homeostasis has been increasingly appreciatedefith@helium, the largest organ in the
body, is strategically located between the walblofod vessels and the blood stream. It
exerts control over an array of mechanical (pressamd shear stress) and hormonal
(vasoactive substances) stimuli, all of which sexvenaintain vascular tone and blood
fluidity and restore homeostasis in the event tivial injury [47]. The endothelium has a
prominent role in angiogenesis, lipoprotein meteno] capillary transport, vasomotion,
vascular structure, and in the acute interactiagta/éen circulating blood and the vessel
wall [48]. Therefore, dysfunction of the endothetiuhas been implicated in the
pathophysiology of different forms of cardiovascuthseases, including hypertension,
CAD, chronic heart failure, peripheral artery dseadiabetes, and chronic renal failure
[48]. Normal vascular endothelium rapidly reactv#@mious stimuli to release factors that
regulate vasomotor function, trigger inflammatorsogesses, and affect hemostasis.
Among the endothelium-derived relaxing factors (BEPRare nitric oxide (NO),
prostacyclin (PG), different endothelium-derived hyperpolarizingtias (EDHF), and
C-type natriuretic peptide; whereas, endothelinEIl-{), angiotensin 1l (Ang II),
thromboxane A and reactive oxygen species (ROS) are considaseéndothelium-

derived contracting factors (EDCF) [Figure 1.4;46{50].
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FIGURE 1.4. A brief overview of endothelial dysfuntion.

In the normal endothelium, it produces endotheluemnived relaxing factors (EDRFS)

such as nitric oxide (NO), prostacyclin (BiGltissue-type plasminogen activator (tPA),
and thrombomodulin (TM). When it gets injured byhexbgenic lipoproteins or

inflammatory cytokines, it becomes highly procoamt) pro-inflammatory, and increases
vascular permeability via an activation of actomgetependent contraction. It also
increases the expression of adhesion moleculesdimg) vascular cell adhesion molecule
(VCAM) and E-selectin and produces endotheliumaazticontracting factors (EDCFs)
such as cytokines, endothelin-1 (ET-1), tissueofa¢TF), and plasminogen activator
inhibitor-1 (PAI-1).
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Inflammatory agents include NO, ICAM-1, VCAM-1, Elsctin, PGk and NFkB while

modulation of hemostasis includes release of plasgen activators (tPA and uPA),
TFPI, von Willebrand factor, NO, P&l thromboxane 4 plasminogen-activator
inhibitor-1 (PAI-1), and fibrinogen [Figure 1.4; fr&0,51]. Furthermore, vascular
endothelium plays relevant roles in angiogenesiscular permeability, and fluid balance

between intravascular and extravascular space [48].

1.5.2 Cardiovascular Disease and Endothelial Dysfunction

If normal endothelial function depends on constar@ tuning and adjustment of
opposing forces and effects, dysfunction may bestiéfined as an imbalance between
relaxing and contracting factors, between anti- anotcoagulant mediators, between
anti- and pro-inflammatory factors, or between dgtewmhibiting and growth-promoting
factors. Indeed, synthesis or release of protedaeceors can be impaired; synthesis or
release of contracting, procoagulant, and growtmating substances can be increased
[50]. Although endothelial dysfunction was firstsdelbed in human hypertension in the
forearm vasculature in 1990 as impairment of vdatdn [52], impaired endothelium-
dependent relaxation, as assessed by vasocongtiieBponse to acetylcholine, has also
been observed in humans with coronary atheroseteoo$iypercholesterolemia [53, 54].

In addition to impaired vasodilation, it is appédrémat the primary pathogenic
processes observed in atherogenesis, which ingdotdancement of smooth muscle cell
proliferation, platelet and leukocyte adhesion agdregation, and finally inflammation,

are precisely those inhibited by the endotheliub].[5
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1.5.3 Inflammation and Atherosclerosis

Since inflammation-based arterial changes weapgsed as a mechanism of
primary importance in atherogenesis, many hypotheseluding Russell Ross’s
commonly cited “response to injury” model of athgenesis, have emerged [56]. In this
model, injury to the endothelium due to mechaniima, sheer stress, infection, and/or
an increase in ROS is believed to be the initiglger for a local inflammatory response
[56]. Furthermore, this initial trigger can becomere involved with plaque formation,
which is primarily mediated by endothelial cellsnaoth muscle cells, platelets,
lymphocytes, monocytes, and macrophages; followed broad generation of cytokines,
growth factors, eicosanoids, proteases, and ROf tinese cells.

In healthy vasculature, the endothelial lining ssnas a physical barrier and
possesses intrinsic homeostatic functions thatfere with leukocyte and monocyte
adherence. Several studies have shown that en@bthglry and activation lead to
endothelial dysfunction, measured by decreased N®ilcreased LDL accumulation
and oxidation that, in conjunction with macrophageretion, create the fatty streak in
the vessel wall [57 — 59]. Although the initial et® following endothelial injury
resemble an innate immune response to modifiedled or acetylated) LDL [59], it is
apparent that characteristics of the adaptive imem@sponse also give rise to chronic
events such as increased expression of adhesi@tutes, the P- /E-selectins, integrins,
and chemokines. Evidently, oxLDL is scavenged Mmtitelike oxidized LDL receptor
[60], which is highly expressed in blood vessels hgpertension, diabetes, and
dyslipidemia [61]. Uptake of oxLDL triggers a vaseof actions including increased
expression of adhesion molecules [19] and reduc@d aMailability via inhibition of

eNOS expression [62]. Low NO availability has afdmwn to up-regulate VCAM-1 in
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the endothelial cells via induction of NdB expression independent of elevated oxLDL
levels [63]. Interestingly, studies involving Lp(adlso have shown to induce
inflammatory effects on endothelial cells such asregulation of adhesion molecules
[21], induction of the monocyte chmoattractant (€i@mokine 1-309), which induces the
recruitment of mononuclear phagocytes to the vascwiall [64, 65]. As the
atherosclerotic plague progresses, growth factodscgtokines secreted by macrophages
and foam cells in the plaque stimulate vascularatmmuscle cell growth and interstitial
collagen synthesis [66]. Reduction in NO availapilalso initiates the activation of
matrix metalloproteinase (MMP)-2 and MMP-9 [67, &8ld further it reduces inhibition
of platelet aggregation [69]. Thus, endothelial fdgstion with reduced NO
bioavailability, increased oxidant excess, and esgion of adhesion molecules
contributes not only to initiation but also to pregsion 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 Erathelial Contraction
Increased actomyosin contractility is manifestedhsy formation of stress fibers,
bundles of actin filaments associated with non-rieusayosin Il. The signal triggering
formation of stress fibers is characterized by phosylation of the regulatory domain of
myosin, myosin light chain (MLC), which enables theyosin molecule to change
conformation, interacts with actin and slide aladin filaments causing contractility.
The activity of non-muscle myosin Il is largely t#ated by phosphorylation of its

regulatory MLC at Séf [70] by a calcium-calmodulin (5CaM)-dependent MLCK.
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Although there has been some controversy over weheaih not MLCK can be directly
activated by Rho kinase-dependent pathway, thevamin of MLCK to induce
phosphorylation of MLC at SEtis by far the most efficient way to stimulate nooiscle
cell contractile machinery [71]. Upon stimulatiothe activity of a non-muscle
endothelial cell MLCK (214 kDa: a significantly gr enzyme than the conventional
smooth muscle MLCK isoforms, 130-160 kDa) is upulated by an increase in
intracellular C&'/CaM availability, and it can be inhibited by priot&inase A (PKA) via
Ser/Thr phosphorylation of MLCK [72]. However, MLCiKay also be activated through
a C&*-independent pathway in which MLCK is activated $yc, a tyrosine kinase,
without an increase in intracellular [Ealevels in a Rho GTPase dependent fashion; it
forms a functional MLCK complex with p85 cortactimhich is an actin binding protein
[73]. However, the activity of MLCK is lost when tiacellular [C4"] is completely
abolished; thus, a minimum level of [€ais required for MLCK activity with an
increase in intracellular [¢§ is not essential for MLCK activity [73]. Interésgly, we
have previously shown that Lp(a)/apo(a) can inadéas phosphorylation of MLC and
the activation of actomyosin-mediated endothel@l contraction without an increase in
intracellular [C4"] [38]. These effects were mediated through anvatitin of Rho/Rho
kinase-dependent pathway [38]. Furthermore, Rawaaetl mitogen activated protein
(MAP) kinase also phosphorylates MLCK, thereby ewivay MLC phosphorylation and
resultant cell contraction [74]. A recent studylby et al. [75] demonstrates that apo(a)
also stimulates MAP kinase-dependent pathway torease EC migration and
proliferation; however, the cross-talk between théghway and the activation of €a
independent MLCK has yet to be elucidated. Theesfopstream effectors enhancing the

activity of MLCK can be activated by three diffetepathways, including elevated
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intracellular [C4"]/CaM levels, Rho GTPase dependent activation @f @nd Ras-
dependent activation of MAP kinase activity in etiddial cells; where two latter
pathways may be the possible pathways that Lp@)&exerts its function towards the

activation of MLCK to enhance phosphorylation of ®IL

1.6.2. Enhanced “Calcium-sensitization” Increases EC Peraglity

Enhanced vascular permeability occurs during acdtemmation and follows a
paracellular pathway. Agonist-induced EC gap foromatis often accompanied by
changes in cytoskeletafchitecture, such as actin polymerization, stfés formation,
and isometric force development that is consistgtit the involvemenotf a contractile
mechanism in EC barrier dysfunction [76]. The mai$ia by which these agents are
able to alter properties of the endothelium hagived much attention. Histamine and
thrombin induce a prolonged increase in permeghljt “calcium sensitization,” which
involves protein tyrosine phosphorylation and sn@lfPases Rho (Rho) activation,
thereby modulating the extent of myosin light chdMLC) phosphorylation [77].
Furthermore, it has been shown that the receptoertient activation of store-operated
calcium entry and elevated intracellular fJancrease permeability, which is coupled
with increased MLC phosphorylation [78, 79]. ThramIs one of the potent effector that
inactivates myosin light chain phosphatase (MLCR3 Rho/Rho kinase (RhoK)-
dependent pathway [80]. RhoK directly inactivatesyosin phosphatase via
phosphorylation of its regulatory domain (MYPT1)Tatr°®® therefore, RhoK promotes
an indirect MLCK-mediated MLC phosphorylation [8@]lso, TNF- is one of the major
agents which promotes cell contraction via actoratf Rho and MLC phosphorylation

thereby increasing the size of intercellular gegiH.[A study done by Tiruppatht al.
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[82] demonstrated that TNF-and thrombin have synergistic effects in incregsin
endothelial permeability by inducing €ainflux by Srcdependent mechanisms. Most
recently, we have shown that apo(a)/Lp(a) inducesn astress fiber formation in
HUVECs, which may contribute to increased endo#helcell contractility and
permeability [38]. Atherogenic lipoproteins suchoax$.DL, apo(a), and Lp(a) were found
to increase endothelial cell permeability via Rhwl ats downstream target RhoK by

enhancing the phosphorylation of MLC [14, 38].

1.6.3. Requirement of Small GTPases in Increased EC Coutility and Permeability
Earlier work by Hordijk and colleagues [83] showttht vascular endothelial
(VE)-cadherin colocalizes with actin stress fibatsghe adherens junctions and forms
homodimers with VE-cadherin from adjacent celldjilition of VE-cadherin results in
loss of cell-cell adhesion and increasedothelial permeability. The Rho small GTPases,
Rho, Rac, and Cdc42, are known to be involved ignai transduction linking
extracellular stimuli to the organization of thdaiacytoskeleton, and activation of Rho,
in particular, inducethe formation of stress fibers [84]. Interestingtywas shown that
activatingRac also induces stress fiber formation and losgestadherin-mediated cell-
cell contact [85]Consistently, p21-activatgatotein kinase (PAK)-2, a member of the
PAK family, which is a downstream effector of RanodaCdc42, was shown to
phosphorylatdILC and produce EC contraction [85]. Although Rlubivaty is necessary
for Rac-dependent strefser and intercellular gap formation, activatedoRiy itselfjust
induces stress fiber formation without loss of -celll contact [86]. Similarly, it was
found that agonist-mediated Rho actividysufficient for induction of stress fibers, but

both Rac(and Rac-dependent reactive oxygen species (RO&jugtion) and Rho
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activities ar@equired for loss of cell-cell contact [87]. In acdance with these studies,
we previously have shown that apo(a) mediates iR-astress fiber formation

accompanied with VE-cadherin dispersion throughabtvation of the small GTPases
Rac and Rho, but not Cdc42 [38]. Hence, the apm{ajponent of Lp(a) may utilize one
or two independent major signaling pathway(s) imwve Rho and Rac to induce its

effects on endothelial contractility and permedpili

1.6.4. Relationship Between Increased EC Permeability ahdherens Junctions

Endothelial cells possess several molecular meshemiby which vascular
permeability can be modulated. One example is tivaie actomyosin contractile
machinery, which links to the cadherin complex amduces cell retraction to create
intercellular gaps (described above). Other meamagifocus on adherens junction (AJ)
organization and target VE-cadherin complex spedliff — for instance, the
phosphorylation and internalization of VE-cadheare thought to affect endothelial
permeability.

VE-cadherin, similar to many other members of tadherin family, is linked
through its cytoplasmic tail to other AJ proteinscluding pl120,b-catenin, and
plakoglobin.b-catenin and plakoglobin bind ta-catenin, which interacts with several
actin-binding proteins, including-actinin, ajuba, zonula occludens-1 (ZO-1) and &the
[88]. It is generally accepted that the tyrosin@gghorylation of VE-cadherin and other
components of AJ’s is associated with weakeninghefjunctions and impaired barrier
function. Indeed, histamine [89], TN&{90], platelet-activating factor (PAF) [91], and

vascular endothelial growth factor (VEGF) [92] wei@nd to induce the tyrosine
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phosphorylation of VE-cadherin and its binding pars p-catenin, plakoglobin, and
p120) by Src (a tyrosine kinase), and to stimulateeased EC permeability. Interestingly,
the phosphorylation of specific tyrosine residué¥/B-cadherin was also found in two
studies to be mediated by ICAM-1 [93, 94]. Thergaydowever, important differences
in the findings of the studies: Allingharmat al [93] reported that the adhesion of
neutrophils to endothelial cells via ICAM-1 inductte phosphorylation of T§¥ and

731

Tyr™*" of VE-cadherin by Src and proline-rich tyrosinendse 2 (PYK2), whereas in

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

31 and Tyf** which was mediated by Rho

induced the phosphorylation of Pt Tyr’
GTPase, C4, and dynamic actin but not by Src.

Catenin proteins such as pl2f¢catenin, and plakoglobin can also be tyrosine
phosphorylated by the action of the same agents #temulate VE-cadherin
phosphorylation [92]. The phosphorylation of tyresresidues of AJ component proteins
facilitates the increase in EC permeability viaissdciation of VE-cadherin complex.
Depending on extracellular stimuli, the liberatgdoplasmicb-catenin may develop a

new role as an activator of transcription factorscan 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 mgétk)strongly emerging to be
an independent risk factor for the development ohaety of atherosclerotic disorders
including CVD and CHD [2, 3]. The ability of Lp(&) induce vascular inflammation and
further to mediate impaired barrier function apgetar be a common link among many
diseases mentioned above. Since Lp(a) levels arm@aply determined by genetics, it is
highly resistant to conventional lipid lowering tapeutics such as statin therapy or
dietary and exercise interventions. Therefore dieelopment of new target for lowering
the effects of Lp(a) on endothelial dysfunction dadher on atherosclerotic discorders
may be an effective strategy rather than lowerisgplasma concentration directly. As
such, it is important to establish a better undeding through biochemical analysis of
the molecular mechanisms involved in endotheliadfaiyction mediated by Lp(a). The
proposed research focuses on effects that Lp(dap&erts on vascular endothelial cells
with a particular emphasis on the following objees:

1. To identify specific kringle domain(s) in apo(a)athmediate its effect on
Rho/Rho kinase-dependent increase in stress fibenation and vascular
endothelial cell permeability using vitro andex vivostudies

2. To determine the roles of an AJ protéircatenin: as a component of
adherens junction and/or an activator of transiomptactors in apo(a)-induced
impaired endothelial barrier function

3. To dissect the members of signaling pathways tteainaolved in apo(a)-
mediated inflammatory and atherogenic responseasaular endothelial cells

including up-regulation of NkB nuclear translocation
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CHAPTER 2
Apolipoprotein(a), Through Its Strong Lysine-Binding Site in KIV 1o, Mediates
Increased Endothelial Cell Contraction and Permealiity Via A Rho/Rho

Kinase/MYPT1-dependent Pathway

2.1 PREFACE

This chapter contains a manuscript published iRdthenal of Biological
Chemistryin 2008 (Cho, T., Jung, Y., and Koschinsky, M(2008)J. Biol. Chem283
30503 — 12).

Experimental design, data collection, and manpspreparation was performed
by Taewoo Cho, with editorial assistance and guwddrom Dr. Marlys L. Koschinsky

and Dr. Michael Boffa.
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2.2 SUMMARY

Substantial evidence indicates that endotheliafudhction plays a critical role in
atherogenesis. We previously demonstrated that ipmpobtein(a) (apo(a); the
distinguishing protein component of the atherothsotit risk factor lipoprotein(a))
elicits rearrangement of the actin cytoskeletohuman umbilical vein endothelial cells
(HUVECS), characterized by increased myosin ligidic (MLC) phosphorylation via a
Rho/Rho kinasedependent signaling pathway. Apogafains kringle (K)IV and KV
domains similar to those in plasminogen: apo(ajaios 10 types of plasminogen KIV-
like sequences, followed by sequences homologotisetplasminogen KV and protease
domains. Several of the apo(a) kringles contaimésinding sites (LBS) that have been
proposed to contribute to the pathogenicity of )pftdere we demonstrate that apo(a)-
induced endothelial barrier dysfunction is mediated a Rho/Rho kinasedependent
signaling pathway that results in increased MYPThagphorylation and hence decreased
MLC phosphatase activity, thus leading to an ineeeen MLC phosphorylation, stress
fiber formation, cell contraction and permeabilibty.addition, studies using recombinant
apo(a) variants indicated that these effects o{agpare dependent on sequences within
the carboxylterminal half of the apo(a) molecufgdfically, the strong LBS in K. In
parallel experiments, the apo(a)-induced effecteeveempletely abolished by treatment
of the cells with the lysine analoggaminocaproic acid and the Rho kinase inhibitor
Y27632. Taken together, our findings indicate ttie strong LBS in apo(a) KIV10
mediates all of our observed effects of apo(a) lVBC barrier dysfunction. Studies are

ongoing to further dissect the molecular basisese findings.
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2.3 INTRODUCTION

Studies have shown that elevated concentratioqdasia lipoprotein(a) [Lp(a)]
(>30 mg/dL or >100 nM) are a risk factor for a edyi of vascular diseases, including
coronary heart disease, ischemic stroke, and vetoosibosis [95,2]. Lp(a) is identical
to low density lipoprotein (LDL) in both lipid conogition as well as the presence of
apolipoproteinB-100 (apoB- 100). However, Lp(a)isarly distinguishable from LDL
by the presence of the unique glycoprotein apolipigin(a) [apo(a)] that is disulfide-
linked to apoB-100 in LDL by a single disulfide lwbfi96]. Apo(a) bears a striking
homology withplasminogen and contains multiple egpeof a sequence that resembles
plasminogen kringle IV as well as sequences honmisdo the kringle V and protease
regions of plasminogen [26]. The protease domairapn(a) cannot be activated by
activators of plasminogen; therefore, it cannoteligy protease activity and hence lacks
fibrinolytic activity [97]. The kingle IV-like domia in apo(a) is classified into 10 types
(KIV1-10); the KIV2 sequence is present in a vaeabumber of identically repeated
copies (from 3 to >40) giving rise to Lp(a) isofosmze heterogeneity [27,98]. Kringle IV
types 5-8 (KIV5-8) possess “weak” lysine-bindintesi(LBS) [99] that mediate the non-
covalent interactions between apo(a) and apoB-i@0precede disulfide bond formation
to form Lp(a). Another weak lysine-binding siteeigident in kringle V (KV) and, as yet,
its function is not known. Apo(a) also containss&dng” LBS within kringle 1V type 10
(KIV 10), which is thought to mediate binding of apo(ayl &p(a) to other physiological
ligands such as fibrin and extracellular matrixtpnes [100,101]. While many potential
mechanisms by which Lp(a) might promote atherogertes/e been proposed [95,2], the
relevant mechanism(s) have yet to be definitiveiialelished. This uncertainty is likely a

function of the complex, modular structure of apo(a
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The vascular endothelium forms a selective perneebaitrier between the blood
and the interstitial space of all organs and pgdies in the regulation of macromolecule
transport and blood cell trafficking through thessel wall. Failure of endothelial barrier
function can occur when endothelial cells are egdae inflammatory mediators, a key
event in the initial stages of atherosclerosis.sLos§ barrier function results from the
opening of gaps between adjacent cells as a coeseguof both a loss of cell adhesion
and activation of the endothelial contractile maehy [102]. Generation of contractile
forces by endothelial cells (ECs) can cause adjamls to retract from each other [103,
76]. The importance of this actin-myosin based i@mntie apparatus for dynamic
adaptation of endothelial barrier function undeygblogical conditions as well as for the
development of barrier failure has been well esthbd [76, 104, 105]. Various
physiological agents such as tumor necrosis factgrNF- ), thrombin, oxidized LDL
(oxLDL), and lipoprotein(a) [Lp(a)] have been deratated to elicit some manifestations
of endothelial barrier dysfunction [106, 107, 148].3These agents alter the endothelial
permeability by stimulating cell contraction thrdulgy reorganization of the cytoskeleton
to increase the size of intercellular gaps andifat@ the entry of inflammatory cells and
atherogenic lipoproteins.

A key event in the regulation of endothelial barfignction is actomyosin-driven
contraction. EC contraction is initiated by Y#8er® phosphorylation of the 20-kDa
regulatory myosin light chain (MLC), which is tigitassociated with Factin filament
reorganization [76,70]. Inflammatory agonists sashthrombin and histamine produce
rapid increases in MLC phosphorylation, stressrffbemation, and increased endothelial
permeability via Rho/Rho kinase-dependent mechanigf]. Rho-kinase (RhoK) has

been proposed to mediate the inhibition MLC phosge (MLCP) via direct
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phosphorylation of its regulatory subunit (MYPT1} @hr*°® leading to a net
enhancement of MLC phosphorylation in responseaous agonists [108, 109]. The
permeabilityaugmenting activity of Rho in responsethrombin appears to be mainly
mediated by RhoK through its ability to phosphotglMYPT1, the regulatory subunit of
MLCP, thus inactivating this phosphatase [78]. Wevpusly have demonstrated that
native Lp(a), through its apo(a) component, elicrsarrangement of the actin
cytoskeleton in human umbilical vein endotheliallcéHUVECs) and human coronary
artery endothelial cells (HCAECSs), characterized ibgreased central stress fiber
formation, dispersion of vascular endothelial (Magherin, and increased cell
permeability [38], while treatment with LDL or plaghogen had no effect. These effects
were mediated by increased MLC phosphorylationaviRho/RhoK-dependent signaling
pathway; however, the exact mechanisms involvedapo(a)-induced increases in
endothelial cell contraction and permeability ig koown. In the present study, we first
tested the hypothesis that apo(a)-induced strebsr fiformation and increased
permeability is regulated by Rho/RhoK-driven phasptation of MLCP at TH*®. Next,
we utilized a battery of recombinant apo(a) (r-app(variants in which individual
domains were mutated or systematically deletedeftne the sequences in apo(a) that
mediate endothelial barrier dysfunction. We demasta key functional role for the
strong LBS in KI\{p of apo(a) in mediating a Rho/RhoK/MYPT1 signalingnsduction
pathway to enhance MLC phosphorylation via ina¢tbra of MLCP, which thereby
increases EC contraction and permeability. Takgetteer, these results suggest a novel
mechanism by which the apo(a) component of Lp(a) paomote 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, witd éxception of apo(a) KIV1-4,
were cloned and stably expressed in human embrykidicey (HEK) 293 cells as
previously described [110,111]. An expression pidsencoding the KlY4 r-apo(a)
variant was generated using the parental 17K regp(pression plasmid pRK5hal7 (26).
Apo(a) KIV14 is purified as previously described with some rfiodiions (27). First,
conditioned media (CM) containing the recombinardtgin was passed over a 5-mL
ConA-Sepharose (Amersham Biosciences) micro-colunstead of a 20-mL lectin-
Sepharose column. The column was washed with HB&wtong 0.5M NacCl, and bound
proteins were eluted by the addition of two elutmrifers (HBS containing 0.25 M and
0.5 M methyl- -D-glucopyranoside (Sigma- Aldrich)). Second, thepHrin-agarose step
was deleted and the purified Ki¥ was concentrated using centrifugal concentrators
(Millipore, 30 kDa NMWL membrane). A schematic diagm of the r-apo(a) variants
employed is presented in Fig. 2.1, along with avesistained SDS-PAGE gel

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

2.4.2 Double Immunofluorescence

For double immunofluorescence studies, cells weedled on gelatin-precoated
(1h, 0.1% gelatin (Fisher Scientific) at 37 °C)sglacoverslips at a density of 25,000
cells/well in 24-well tissue culture dishes andvgnao near confluence. Before treatment
with apo(a) variants, cells were washed three timigis sterile PBS and serum-starved
for 15 min at 37 °C in EBM-2 (Clonetics). This s was then replaced with fresh

EBM-2 containing 200 nM apo(a) variants, and thésagere incubated at 37 °C for 20
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min. At this time, the cells were prepared for deulmmmunofluorescence as follows.
Cells were fixed with 3.7% paraformaldehyde solutio PBS for 5 min, washed once
with PBS, and permeabilized with 1.4% formaldehyaataining 0.1% Nonidet P-40
(NP-40) in PBS for 1.5 min, and then washed withSPBr three times. For F-actin
staining, cellswere incubated with tetramethylrhrooee isothiocyanate (TRITC)-
phalloidin (Sigma- Aldrich) diluted 1:100 in saporbuffer (0.1% saponin, 20mM KRO
10mM PIPES, 5mM EGTA, 2mM MgglpH 6.8). For simultaneous staining of F-actin
and VE-cadherin, cells were incubated with anti-s&¢therin monoclonal antibody
(Research Diagnostics) diluted 1:350 in saponirfeoufor 1 h at room temperature.
Following three washes with PBS, cells were incetdefor 1 h with 1:500-diluted goat
anti-mouse Alexa488-conjugated antibody (Moleciasbes) and TRITC-phalloidin in
saponin buffer in dark. Following three washes WRRS, coverslips were mounted to
slides using an anti-fade mounting solution (Da#o)l examined using a Zeiss Axiovert
S100 inverted fluorescence microscope equipped avdBX oil immersion lens. Images
were captured using a high sensitivity Cooke SemsiCand SlideBook software

(Intelligent Imaging Innovations Inc.).

2.4.3 Transendothelial Permeability Assay

Cells were seeded (300L) at a final concentration of 25,000 cells/mL onto
Transwell inserts (0.4m pore size; BD Biosciences) precoated withgZml fibronectin
(2 h, 37 °C) and placed into 24-well Transwell campn plates (BD Biosciences)
containing 700 L of the complete medium (EGM-2; Clonetics). Cellsre grown for 3-

4 days with one change of medium before the exparinThe level of confluence of the
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FIGURE 2.1. Recombinant apo(a) variants used in ik study.

Panel A. Schematic diagram shows the topologyagfata) variants. 17K represents a
physiologically relevant apo(a) isoform and consaafi of the kringle domains present in
all apo(a) isoforms. The numbering of KIV typepisvided at the top. Black dot in

KIV 10 domain in 17K Asp represents a single amino acid substitutiorciwvbabolishes

the strong LBS in this kringle. The bar over Klpfesents an unpaired cysteine residue in
this kringle. Panel B. One microgram of each ofghéfied r-apo(a) variants was
subjected to SDS-PAGE on a 2.5-15% polyacrylamrdelignt gel. The gel was silver-
stained. The migration of molecular weight standandndicated to the left of the gel.
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cells was checked before the treatment by fixahod Coomassie blue staining of the
cells in one of the Transwell inserts. When thésoekre near confluence, medium in the
top well was replaced with EGM-2 containing 1 mg/fluorescein isothiocyanate-
dextran (FITCdextran; molecular weight, 40,000aifinal volume of 100 L; some wells
also received 400 nM apo(a) variants or dml TNF- (as a positive control). The
medium in the bottom well was replaced with 6@0of fresh EGM-2. At specific time
points, 50 L of medium from bottom well was removed and repthwith 50 L of fresh
EGM-2. The removed sample was diluted with 98@f PBS, and fluorescence intensity
was measured with a fluorimeter (PerkinElmer Lit@eBces LS-50B) using an excitation

wavelength of 492 nm and emission wavelength ofr&20

2.4.4 Myosin Light Chain Phosphorylation

MLC phosphorylation was analyzed by SDS-PAGE foloviby western blotting.
HUVECs were grown to near confluence in 6-wellusgulture plates and treated with
400 nM apo(a) variants for different times. Theuibations were terminated by addition
of 1.5 mL of ice-cold 10% trichloroacetic acid (TCACells were scraped into micro-
centrifuge tubes and centrifuged for 20 min at Q8¢ Supernatants were discarded, and
pellets were washed three times (20 min at 14,00ay) water to remove residual TCA.
Resulting pellets were resuspended in 1% SDS aed $onicated overnight at 4 °C.
Samples were subjected to SDS-PAGE on a 15% polgawcide gel, and resolved
proteins were transferred to Immobilon P membrgiMilipore) in transfer buffer (25
mM Tris, 192 mM glycine, 10% methanol). Membranesavblocked with 6% skim milk
powder in 1X NET (150 mM NacCl, 5 mM EDTA, 50 mM $%yi0.05% Triton X-100; pH

7.4) overnight at room temperature, washed onc&XnNET, and probed for either
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phosphorylated MLC with 1:750- diluted anti-phosgflaC antibody (Tht¥Ser*®, Santa
Cruz Biotechnology) or for total MLC with 1:200-died total MLC antibody (FL-172,
Santa Cruz Biotechnology) for 1h at room tempegtiMiembranes were then washed
three times with 1X NET and incubated with 1:250Qutcbns of the appropriate
horseradish peroxidase-conjugated secondary am#(&@hnta Cruz Biotechnology) in
1X NET for 1 h at room temperature. Membranes weea washed three times with 1X
NET. Finally, membranes were developed with chemihescence (ECL) Western
blotting detection reagents (Amersham Bioscieneeg) exposed to X-ray film. Blots
were scanned using a flatbed laser scanner, andetigty of the immunoreactive bands
was determined using Corel Photopaint Version 1& dmount of phosphorylated MLC

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

2.4.5 Myosin Light Chain Phosphatase Phosphorylation
HUVECs were grown to confluence in a 6-well tissudture plates. HUVECs

were lysed in a lysis buffer (50mM Tris-HCI pH 7.4% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, d/mL aprotinin, 1 g/mL
leupeptin, 1 g/mL pepstatin, 1 mM N&O,, 1 mM NaF). SDS-PAGE using a 7%
polyacrylamide gel was followed by western blodascribed in manufacturers’ protocol
(Upstate Biotechnology). Membranes were probedeeitly using anti-MYPT1 rabbit
polyclonal 1gG or antiphopho-MYPT1 (THP) rabbit polyclonal IgG (Upstate). Washed
membranes were incubated with appropriate antiiralblorseradish peroxidase-
conjugated secondary antibody (1:2500 dilutionsnt&aCruz Biotechnology). Then,

membranes were developed using enhanced chemilsceines (Millipore or Amersham
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Biosciences) western blotting detection reagentspfmspho-MYPT1 or total-MYPT1,
respectively. Densitometry of the bands was peréafrasing Corel Photopaint Version
10. The amount of phosphorylated MYPT1 was norredlito the total MYPT1 signal in

the respective samples.

2.4.6 Rho Activation Assay

Rho activation was determined as described in tlufiacturers’ protocol
(Upstate Biotechnology). Briefly, HUVEC's were growto approximately 90%
confluence in 100-mm tissue culture plates anddcewith 200 nM 17K or 17KAsp for
designated times. Cells were washed with ice-c@8 Twice. At this time, ice-cold Mg
lysis buffer (MLB; 25 mM HEPES, pH 7.5, 150 mM NaQPs6 Igepal CA-630, 50 mM
MgCl2, 1 mM EDTA, 2% glycerol, 25 mM NaF, 1 mM NéD,) was added and the cell
lysates were scraped into microfuge tubes on ifier A5 minutes at 4°C with agitation,
the lysates were incubated with Rhotekin RBD-agarésr 45 min. After brief
centrifugation, supernatant were collected and DS®AGE sample buffer was added.
The pelleted agarose beads were washed 3 timedMkihand were resuspended in 2X
Laemmli reducing sample buffer. SDS-PAGE using 1p#yacrylamide gel was
followed by western blot analysis as described ianuafacturers’ protocol (Upstate
Biotechnology). Membranes were probed either bpgisnouse Igganti-Rho (-A, -B, -
C) for the pelleted samples or mouse polyclonalt aréctin (Sigma) for the supernatants.
Washed membranes were incubated with appropridienause horseradish peroxidase-
conjugated secondary antibody (1:2500 dilutions,nt&a Cruz Biotechnology).

Membranes were developed using ECL reagents (Araer&iosciences).
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2.5 RESULTS
2.5.1 Recombinant Apo(a) Stimulates F-actin Stress Fildesrmation in HUVECs
Previous studies have demonstrated that apo(aljgfa) increases F-actin stress
fiber formation. To illustrate which domain or dom&in apo(a) stimulate these effects,
we have expressed and purified a battery of r-gpedaiants representing systematic
deletions and mutations of key domains in the maécl7K r-apo(a) (17K) contain all
of the domains found in apo(a) and in fact represanphysiologically relevant isoform
with 8 copies of KI\4 domains [108]. 17KAsp contains an amino acid substitution that
abolishes the strong lysine-binding site (LBS) itVky while 17K V represents a
deletion of entire KV domain (Fig. 2.1). Followirsy brief 15-min serum starvation,
confluent HUVECs displayed few actin stress fibexsd possessed VE-cadherin
molecules organized as slender lines along the insaaf the cells (Fig. 2.2 A). Actin
stress fibers were formed mostly along the celdbms and were generally absent in the
central regions of the cells. The stimulatory dffefcvarious 17K concentrations (100nM
— 400nM) was observed after 5 min of incubationd &ras sustained until 30 min of
incubation (data not shown). Therefore, a 20-maulbation of 200 nM r-apo(a) was used
for subsequent immunofluorescent experiments. Tireat with 200 nM 17K resulted in
an increased number of F-actin stress fibers tsawgrthe cells and, concomitantly, a
dispersed VE-cadherin appearance with evidentdelietar gap formation (Fig. 2.2 B).
For an Lp(a) isoform containing a 17-kringle forapo(a), a molar concentration of
100 nM corresponds to a mass concentration of m@@IL, which is often cited as the
apparent risk threshold for Lp(a) concentratiortser€fore, the effects of apo(a) observed
here occur at physiologically-relevant concentragioWe next examined the ability of

each of our r-apo(a) deletion constructs to enhastoess fiber formation and VE-
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cadherin dispersion (Fig. 2.2 C-F). We first testediants encompassing the amino-
terminal (KIVi.4) and carboxyl-terminal (KI%P) domains of 17K r-apo(a). Only K&
had increased both stress fiber formation and \WHedan dispersion while KI\4 had no
effect, suggesting a possible role of carboxyl-ieahend of this molecule (Fig. 2.2 C,D).
In addition to 17K and KI¥:P, two other variants (KI¥o and KlV,o-P) containing
carboxyl-terminal sequences elicited stress fibermation leading to endothelial
intercellular gap formation (Fig. 2.2 E,F). Intdregly, KIV10 was the only kringle that
was commonly shared in all four positive effectgK, KIVs-P, KIVs.1 and KiVig-P).
Accordingly, the 17K Asp variant in which the strong LBS in K{ywas mutated had no
effect on stress fiber formation and VE-cadherigpdrsion (Fig. 2.3 C). 17K/, which
lacks KV and its weak LBS, had similar effects tness fiber formation and VE-cadherin

dispersion to 17K (Fig. 2.3 D).

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

to Increase in Vascular Endothelial Permeability dris Mediated by a Rho

Kinase and Lysine-dependent Pathway

We hypothesized that the increase in stress fibendtion and loss of cell-cell
contact via disruption of VE-cadherin organizatfoilowing an r-apo(a) exposure leads
to enhanced trans-endothelial permeability. Coeststvith this hypothesis, treatment of
HUVEC monolayers with 200 nM 17K resulted in anrewse in trans-endothelial
diffusion of FITC-dextran that peaked after 1 hand was maintained at this level for 8
hours (Fig. 4A); Tumor necrosis factortTNF- ) and plasminogen were used as positive

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

fiber formation and VE-cadherin dispersion, all ttedetion constructs that contain Khv/
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FIGURE 2.2. KIV 1o is required for apo(a)-induced cytoskeletal reorgaization

HUVECs were serum starved for 15 min (Panel A) #meh treated with 200nM of r
apo(a) variants (17K, KI\, KIVs-P, KiIVs.4g and KiVig-P) for 20 minutes (Panels B-F,
respectively). Cells were fixed, permeabilized, atdined for F-actin (left) and VE-
cadherin (right) using TRITC-phalloidin and a molooal anti-VE-cadherin antibody
followed by an Alexa-488-linked secondary antiboegpectively.
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FIGURE 2.3. The strong lysine binding site in KI\{ is required for stimulation of
F-actin stress fibers and VE-cadherin dispersion.

HUVECs were serum-starved for 15 min (Panel A) #neh treated with 200nM of r-
apo(a) variants (17K, 17KAsp, and 17KV) for 20 min (Panels B- D, respectively).
Cells were then fixed, permeabilized, and staimed=factin (left) and VEcadherin (right)
using TRITC-phalloidin and a monoclonal anti-VE-badn antibody followed by an
Alexa-488-linked secondary antibody, respectivelyne data in Panels A and B is
identical to that in the corresponding Panels m Bi2.
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(KIVs-P, KlIVs.1e and KIVio-P) resulted in a significant increase in transémelaal
permeability after 1 h of treatment where Klvhad no effect (Fig. 4B,C). Consistent
with its lack of effects on stress fiber formatiand VE-cadherin dispersion, 17Ksp
did not increase EC permeability. InterestinglyK1¥ resulted in a delayed increase in
permeability, only reaching significance after 4Hng 4D). In keeping with the apparent
dependence on the strong LBS in Kd\or the effects of apo(a), addition of 80 mM
ACA, a lysine analogue, totally abolished 17K-inddd&C permeability (Fig 4E), as did
the addition of a pharmacological RhoK inhibitor2#632, 5 M). These findings
indicate that apo(a) increases EC permeabilityavigathway dependent on cell-surface

lysines and intracellular signaling through RhoK.

2.5.3 Enhancement of MLC Phosphorylation by r-Apo(a) Varts Is Time-
Dependent and Is Mediated by a Rho Kinase and Lgsitependent Pathway

Phosphorylation of MLC at ThtSer® is required for myosin Il activation and
stress fiber formation, leading to an increase@déntraction and permeability [76]. We
have previously shown that treatment with apo(aulted in rapid increase in MLC
phosphorylation in a Rho/RhoK-dependent manner.[38] determining which the
domain(s) in apo(a) mediate an increase in MLC phosy/lation, HUVECs were
exposed to r-apo(a) and the extent of MLC phosghtion was analyzed by western blot
analysis. As can be seen in Fig. 2.5A, treatmetit 200 nM 17K showed maximal MLC
phosphorylation (~3-fold higher than untreated omintells) between 2 and 5 min of
stimulation; 17K concentrations below 100nM did ,ndiowever, induce MLC

phosphorylation (data not shown). Thrombin (0.5 Y/amd 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-degndent manner.

HUVECs were treated with serum-depletedmedium ¢(ohnor serum-depleted medium
containing 200nM r-apo(a) variants for the indicatieme periods. Transendothelial
permeability was determined fluorometrically as ald®d under “Experimental
Procedures”. Results represent the mean + S. Eirfdapendent measurements. All the
data were normalized to initial permeability ancerthto the control. The asterisks
represent the increases in EC permeability in tresgnce of 17K r-apo(a) that are
significantly different (p < 0.05) from those inetlabsence of 17K. Other symbols over
the plots represent significant differences (p 85) for r-apo(a) variants represented by
the corresponding plot symbols in each Panel (asvshin the legends). Panel A:
Comparison of 17K treatment with TNF{positive control) and plasminogen (negative
control). Panel B: Comparison of 17K treatment wih/s-P and KIVi.4. Panel C:
Comparison of 17K, KIYi, and KIVio-P treatments. Panel D: Comparison of 17K,
17K V and 17K Asp. Panel E: 17K treatment was carried out ingiesence of 5M
Y27632 (cell were pretreated with this compoundifiey or 80 mM ACA. In Panels B-E,
the 17K data is identical to that in Panel A.



used as positive and negative controls, respegti@iely. 2.5A). After 5 min of 17K
treatment, the extent of MLC phosphorylation deseelaat a level that remained higher
than the levels observed in the control. In agregmeth the F-actin/VE-cadherin and
permeability data, both KB4, and KIVi-P elicited a significant increase in MLC
phosphorylation while KIY., and 17K Asp did not (Fig. 2.5 B,C). Kl¥; treatment
resulted in maximal MLC phosphorylation at 2 minigvhreduced rapidly to a level
similar to that of untreated cells while K{yP did not result in increased MLC
phosphorylation until 10 min of treatment, afterievhtime it remained at a level
comparable to that elicited by 17K (Fig. 2.5B). KiMand 17K Asp did not induce MLC
phosphorylation, indicating a critical role for therong LBS in KI\fjp in MLC
phosphorylation (Fig. 2.5 B,C). Consistent withedagted increase in EC permeability
(Fig. 2.4D), 17KV elicited a transient increase in MLC phosphoiglatthat was
slightly lower than that elicited by 17K (Fig. 2.b@&n apo(a) variant that lacks the weak
LBS in KV domain elicited the same effect on MLCogbhorylation as did 17KV (data
not shown); along with the transient increase tlitby KlVs.1q this suggests a specific
role for the weak LBS in KV in sustaining the ML@gsphorylation state induced by
apo(a). Treatment with-ACA completely inhibited 17K-induced increase inL®l
phosphorylation in a dose-dependent manner (F&D)2.0n the other hand, thrombin-
induced MLC phosphorylation was not affected atogll80 mM -ACA treatment (data
not shown). Inhibition of RhoK by Y27632 totally @ished the 17K-mediated
enhancement of MLC phosphorylation (Fig 2.5D); bition of RhoK also completely
blocked KliVsi0 and KlVio-P-mediated increases in MLC phosphorylation (dad&

shown). Kawano and coworkers [113] have suggebidRhoK activation increases

44



>

Plasminogen

I

w

Fold Change
Normalized to Control)
o

a a
* *

—— 17K
—8— Thrombin

—aA— Plasminogen

17K

Thrombin

TOTAL

@

Fold Change
Normalized to control)
o
L

2 5 10 20 40

Time (min.)

0 2 5 10 20 40min

e T s

O ga o

MG T ———

—— 17K
—— 17KAAsp
—X—17KAV

17K
17KAAsp
17KAV

TOTAL

2 5 10 20 40

Time (min.)

0 2 5 10 20 40 min

o D s
-

TR A,

——— —~ -

45

41
3
£
£ 34
23 —— 17K
s e
-L‘:) T 24 —8—KIVie-P
= N
<= —a—KIVs.10
=
g —X—=KIVi4
z
0 T T T T T 1
0 2 5 10 20 40
Time (min.)
0 2 5 10 20 40 min
17K . D e
KIVi-P e w0 GEEe S TovR
KIVs-10 =
KIVi4 S ——— —
TOTAL S W W ————
4 -
H
o E 37 ——17K
E" © —X—+gACA(40mM)
S32- —o—+ACA (80mM)
=8
S =
= =
£l
=3
z
0 1
0 2 5 10 20 40
Time (min.)
0 2 5 10 20 40 min
17K T e
+ML7
+Y27632
+eACA (40mM) cemm smm ST -
+eACA (80mM) e com - -
TOTAL - D G e e e




FIGURE 2.5. Kringle IV type 10 containing r-apo(a) variants increase MLC
phosphorylation in a lysine-, Rho kinase-, and MLCkdependent manner.

HUVECs were serum starved for 15 min and then éceatith 200nM r-apo(a) variants
for indicated time periods. Total cellular protewesre harvested and subjected to western
blot analysis using anti-phospho-MLC (p-MLC) andtidatal MLC antibody (Total-
MLC). Graphs in each panel show mean band densign{alized to the control) + S. E.
of at least three independent experiments and septative western blots are shown
below. The asterisks represent increases in MLGmitarylation in the presence of 17K
r-apo(a) that are significantly different (p < 0)@®m those in the absence of 17K. Other
symbols over the plots represent significant défees (p < 0.05) from the normalized
control of individual r-apo(a) variant representadthe corresponding plot symbols in
each Panel (as shown in the legends). Panel A: @osgm of 17K treatment with TNF-
(positive control) and plasminogen (negative cdhtrBanel B: Comparison of 17K
treatment with deletion mutants (KiV, KIV 1¢-P, KIVs.10). Panel C: Comparison of 17K
treatment with point mutants (17K and 17K Asp). Panel D: 17K treatment was
carried out in the presence of ML-7 or Y27632 (8 each; cells were pretreated with
each compound for 1 hr) coACA (80 mM).



MLC phosphorylation by two potential mechanismsedi phosphorylation of MLC

Thr¥/Sef® and indirectly via phosphorylation of the regutgtossubunit of myosin
phosphatase (MYPT1) at TA? ML-7 (a MLCK inhibitor) totally blocked the
phosphorylation of MLC induced by 17K, indicatingat only MLCK and not RhoK is

responsible for the enhanced MLC phosphorylatiatitet! by apo(a) (Fig. 2.5D).

2.5.4 Elevated MLCP Phosphorylation at TA® By r-apo(a) Variants Is Is Mediated
by a Rho Kinase and Lysine-dependent Pathway

RhoK inactivates myosin phosphatase via phosphaooglaof its 130 kDa
regulatory subunit (MYPT1) at Tfif (28); as such, RhoK serves to promote, albeit
indirectly, MLCK-mediated MLC phosphorylation. Tledore, we assessed whether
apo(a) could influence the extent of MYPT1 phosptaion at Thf*® in HUVECs.
Treatment with 200 nM 17K resulted in a significardrease in MYPT1 phosphorylation
at Thf® in a timedependent manner with maximum at 2 mig.(E.6A); the extent of
MYPT1 phosphorylation then decreased to basal $emebelow after ~8 min (Fig. 2.6A).
Consistent with their effects on HUVEC permeabitityd MLC phosphorylation, KI¥/,
KIV 10-P, and 17KV also stimulated MLCP phosphorylation at $frin a manner
similar to 17K (Fig. 2.6 B,C). Similarly, KI\s and 17K Asp failed to induce any effect
on MYPTL1 phosphorylation (Fig. 2.6C). Inhibition BhoK completely abolished 17K-
induced MYPT1 phosphorylation as expected (FigD2.@&s well as that mediated by
KIV 5.10and KIVio-P (data not shown). The addition eACA completely abolished 17K-
induced MYPT1 phosphorylation (Fig. 2.6D), in agrnemt with the importance of the

strong LBS in mediating this effect as revealedhgyresults with KI\., 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 dependerntherstrong LBS in KliY,

induces MLCP inactivation through RhoK phosphoiglatof MYPT1, we directly
assessed if apo(a) is able to activate Rho. HUViE#€e treated with either 17K or
17K Asp and cell lysates were prepared at differenesirfor the measurement of the
relative amount of active (GTP-bound) Rho. In agreet with the preceding data, 17K,
but not the 17K Asp variant, stimulated the formation of GTP-bourttb, with the peak
amounts of GTP-Rho observed between 5 and 10 nsirmitepo(a) treatment (Fig. 2.7).
These data confirm that apo(a), through its strbB& in KIV1o, induces cytoskeleton
rearrangement and a subsequent increase in EC gaiitye 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-depena manner.

HUVECs were serum starved for 15 min and then eceatith 200 nM r-apo(a) variants
for indicated time periods. Total cellular protewesre harvested and subjected to western
blot analysis using anti-phospho-MYPT1 (p-MYPT1)daanti-total-MYPT1 (Total-
MYPT1). Graphs in each panel show mean band de(rstynalized to the control) + S.
E. of three independent experiments and represemtaestern blots are shown below.
The asterisks represent increases in MYPTL1 phoglation in the presence of 17K r-
apo(a) that are significantly different (p < 0.G8m those in the absence of r-apo(a)
variants. Other symbols over the plots represamtifstant differences (p < 0.05) from
the normalized control of each r-apo(a) variantreéspnted by the corresponding plot
symbols in each Panel (as shown in the legendgglPa Comparison of 17K treatment
with TNF- (positive control) and plasminogen (negative aaitiPanel B: Comparison
of 17K treatment with deletion mutants (KLY, KIV 15-P, KIVs.10). Panel C: Comparison
of 17K treatment with point mutants (17K and 17K Asp). Panel D: 17K treatment
was carried out in the presence of Y27632 (8; cells were pretreated with this
compound for 1 hr) orACA (80 mM).
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FIGURE 2.7. Stimulation of Rho activation by apo(a)equires the sLBS in KIVo.

HUVECs were serum starved for 15 min and treateth 200 nM 17K or 200 nM

17K Asp for the indicated time periods. Total cellulanmoteins were harvested and
subjected to a Rho-GTP pull down assay as desciibé&xperimental Procedures”.
Then, western blot analyses were performed usitigRdro for GTP-Rho as well as anti-
-actin as a loading control. Representative westblots of three independent
experiments for both 17K and 17Ksp are shown.
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2.6 DISCUSSION

Elevated plasma concentrations of Lp(a) have beesidered as a risk factor for
the development of a variety of atherogenic dis@dmcluding coronary heart disease
[95,2]. Considerable evidence has emerged to stidhes Lp(a) is a proatherogenic
effector [95,2]; however, the exact mechanisms bychvit exerts its pathogenic effects
remain unclear. Because plasma Lp(a) levels aratively resistant to most
pharmacological lipid lowering therapy or dietanyerventions [114,115], it is critical to
elucidate the mechanisms of Lp(a) action as they Ineapotential targets for therapeutic
interventions. One means to evaluate which of timetions of Lp(a) are most significant
in vivo is to determine what functional domains abpo(a) mediate the respective
functions. Indeed, it has already been demonstthtgdnice expressing an apo(a) variant
lacking the strong LBS in KI) are less susceptible to atherosclerosis than mice
expressing wild-type apo(a) [115]. We show in therent study that this LBS is
absolutely required to mediate the effects of gpofaactin cytoskeletal rearrangements
in cultured HUVECSs that culminate in enhanced ehelidl permeability, a critical early
event in the atherosclerotic process.

Lp(a) has been shown to affect a variety of endwtheell functions. Lp(a) has
been shown to trigger mononuclear cell adherencantycing the expression of a
number of adhesion molecules on endothelial calishsas vascular cell adhesion
molecule-1, intracellular adhesion molecule-1, R&®, and E-selectin [20,22,23].
Apo(a) also induces the expression of the CC chemoK-309, a monocyte
chemoattractant, in endothelial cells [64]. Eledalg(a) concentrations in plasma also
appear to evoke endothelial dysfunction vivo: clinical studies have demonstrated

impaired endothelium-dependent vasodilation in hgfpelesterolemic children with high
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Lp(a) [117]. Similarly, elevation in Lp(a) levelas been associated with impairment of
receptor-mediated endothelial vasodilation in adubjects [118,119]. Our own studies
using cultured human umbilical vein or coronaregrtendothelial cells revealed a novel
effect of Lp(a) that was mediated by its apo(a) ponent: impairment of the barrier
function of endothelial cells through cell contiant occurring as a consequence of a
rearrangement of the actin cytoskeleton [38]. Weereined that apo(a) resulted in an
increase in MLC phosphorylation through a Rho/Riagfendent pathway. This was the
first report of an intracellular signaling pathwiayendothelial cells that was triggered by
Lp(a). The present study considerably extends thedmgs.

Endothelial cells are equipped with contractileapus, which is involved in cell
shape change, motility, and endothelial permegbilégulation. The process of EC
contraction and intercellular gap formation appe@arsbe controlled by actin-myosin
interaction via C&/CaM-depenent MLC phosphorylation [70]. InhibitiohMLCP via a
Rho-dependent mechanism contributes to increase@ [hosphorylation, endothelial
contraction, and permeability [78]. Phosphorylatioihthe MYPT1 regulatory site by
RhoK induces inhibition of MLCP activity [108,109Using site-specific antibodies to
phospho-MYPT1 at TH and total MYPT1, we demonstrated that 17K stiniofat
enhanced MYPT1 phosphorylation (Fig. 2.6). Direntolvement of the Rho-RhoK-
MYPT1 pathway in 17K-induced MLC phosphorylatiordasytoskeletal remodeling was
clearly demonstrated in our study, because pharwogical inhibition of RhoK by
Y27632 abolished the 17K-induced increases in MYPMasphorylation at TA (Fig.
2.6) MLC phosphorylation at S&fThr'® (Fig. 2.5), and EC permeability (Fig. 2.4).
Moreover, we have demonstrated, for the first tithaf apo(a) elicits an increase in Rho

activation (Fig. 2.7). Consistent with these date, previously have demonstrated that
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Rho inactivation by C3-exotoxin-induced ADP-ribcstydbn or overexpression of
dominant-negative Rho attenuated 17K-induced sfiibes formation and VE-cadherin
dispersion [38]. Furthermore, the addition of phacoiogical MLCK inhibitor (ML-7)
completely abolished 17K-induced MLC phosphorylatiavhich suggests the direct
phosphorylation of MLC by RhoK is not possible. drgstingly, 17K had failed to
increase intracellular Galevels [38], indicating that the activity of MLCWould not be
altered by apo(a). Taken together, 17K-induced #natial barrier dysfunction is
mediated by indirect activation of myosin Il via ®RhoK-MYPT1 pathway that
inactivates MLCP. This results in an increase inQVjhhosphorylation and stress fiber
formation and thus an increase in EC permeability.

In the present study, we have established a naveihfy that the strong LBS in
apo(a) kringle IV type 10 is absolutely requiredr fapo(a)-mediated changes in
cytoskeletal rearrangements. We showed that alki¢@ntaining r-apo(a) variants (17K,
KIVs-P, KIVs.10 and KlVig-P) stimulated F-actin stress fiber formation, VédtHoerin
dispersion, MLC phosphorylation, MYPT1 phosphorgaj and EC permeability while
variants lacking Kl\{, or its strong LBS (KIV,4 and 17K Asp, respectively) and
plasminogen had no effect on any of these paramdt@rthermore, addition ofACA
completely abolished all of 17K-induced effectgliaating that the role of lysine-binding
sites within apo(a) molecule is essential.

In addition to the strong LBS in Kk, apo(a) contains weaker LBS in KJ\§ and
KV. Based on the properties of variants that ldekse domains (KI\-P and 17KV,
respectively), none of these weak LBS appear tg plarucial role in the effects of
apo(a) on endothelial cells, although these veasiadisplayed somewhat reduced

potencies with respect to some parameters (Fig2.8). We have previously shown that
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the 17K V variant is unable to inhibit tPA-mediated plaspgen activation in the
context of fibrin [34]. Moreover, the KV domain maffect the conformation of the
apo(a) molecule: baboon Lp(a) does not bind tongxSepharose despite the presence of
a functional strong LBS in KIV10 and baboon apdéaks KV [120]. In the current study,
it appears that it is the weak LBS in KV that aausuor the contribution of this kringle
to the maximal effects of apo(a) since treatmernthvad variant containing a point
mutation in the KV wLBS showed very similar effects MLC phosphorylation and EC
permeability as treatment with 17K (data not shown). Nonetheless, it is the strong
LBS in KIVjo that is absolutely required for the effects of @poon the HUVEC
cytoskeleton. Our working hypothesis is that apddagracts in a lysine-dependent
manner with an as yet unidentified receptor in ¢nelal cells to facilitate downstream
signaling events. Given the short time (less thamrtutes) required to observe effects of
apo(a) on the cytoskeleton, it is unlikely that s in gene expression are involved.
The most obvious possibility is that apo(a) bindsohe of the plasminogen receptors.
These receptors exist primarily to modulate pelidai plasminogen activation, and are
represented by both protein-énolase, the S100A10 component of the annexin A2-
S100A10 heterotetramer) and non-protein (ganglesidell-surface moieties [121,122].
Of the protein receptors, only annexin A2 has Hedm®d to Rho activation or the actin
cytoskeleton [123]. Certain gangliosides are conepts of lipid rafts, which can serve to
cluster active Rac and Rho [124-126]. Both of thé3®ases were found to be critical for
mediating the effects of apo(a) in our previous k&8]. However, we have shown that
plasminogen has absolutely no effect on actin &gleson reorganization, signaling to

the actin cytoskeleton, or cell permeability (1#8.and Figs. 2.4-2.6). Therefore, it is
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FIGURE 2.8. Proposed model demonstrating signaling@vents involved in apo(a)-
mediated endothelial cell contraction and increasefdermeability.

Binding of apo(a) to a putative receptor result@aativation of Rho, which binds to and
activates its downstream effector Rho kinase (RhoM)LC is activated through
phosphorylation of the MLC by G4calmodulin-activated MLC kinase (MLCK). RhoK
enhances MLC phosphorylation through inactivatidnMLC phosphatase by direct
phosphorylation of its 130 kDa regulatory subumtYPT1). Rho-K is also able to
promote VE-cadherin dispersion. This, together witbreased stress fiber formation,
combines to promote loss of cell-cell contact ahdstdecreased endothelial barrier
function (i.e. increased vascular permeability)eTdifects of apo(a) are blocked by the
lysine analogue-ACA.
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clear that apo(a) either interacts with a plasmémogeceptor in a different manner than
plasminogen itself to mediate these effects, o(apacts through a novel receptor.

In summary, we have characterized the biochemieghvpays leading to EC
barrier dysfunction induced by apo(a) in a manregethdent on the sLBS in K{y Our
working model is as follows (Figure 2.8): apo(dyough its sLBS in KlY,, binds to an
as-yet identified receptor which leads to increabdC phosphorylation, stress fiber
formation, and EC contraction in a Rho/RhoK/MYPTdpdndent pathway; where the
activity of MLCK is not disrupted. Concomitantlyp@a) induces a dispersion of VE-
cadherin, which is the likely cause of the increlasadothelial permeability elicited by
apo(a). The VE-cadherin dispersion would be proohetechanically by contraction of
the actin cytoskeleton. In addition, apo(a) maynmte the disassembly of adherens
junctions through modulation of intracellular siing pathways. In this regard, our
preliminary data shows that 17K mediates the diatioa of - and -catenins from
VEcadherin complex while-catenin translocates into the nucleus (data notven Our
identification of KIVy as the domain in apo(a) that mediates cytoskeletabanization
in endothelial cells may provide a novel therapeutirget for the early stages of

atherosclerosis
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CHAPTER 3
Apolipoprotein(a) Stimulates Nuclear Translocationof b-Catenin:

A Novel Pathogenic Mechanism for Lipoprotein(a)

3.1 PREFACE

This chapter contains a submitted manuscript i2f209 (Cho, T., Theuerle, J. D.,
and Koschinsky, M. L. (2009))

Experimental design, data collection, and manpsgprneparation was performed
by Taewoo Cho, with editorial assistance and guwddrom Dr. Marlys L. Koschinsky

and Dr. Michael Boffa.
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3.2 SUMMARY

Elevated plasma concentrations of lipoprotein(g)(fl); >30mg/dL] are a risk
factor for the development of a variety vasculasedses including CHD. This
relationship may be attributable, in part, to tlemtabution of Lp(a) to the process of
endothelial dysfunction. We have previously dem@tstl that apolipoprotein(a) [apo(a);
the distinguishing kringle-containing protein compat of Lp(a)] elicits cytoskeletal
rearrangements in human umbilical endothelial c€HJVECSs), characterized by
activation of the contractile machinery and disimuptof adherens junctions resulting in
increased cellular permeability; these effects maoghelial function have been mapped to
a strong lysine-binding site within one of the Iglen domains in apo(a). We now report
that apo(a) induces both nucléacatenin-mediated COX-2 expression and Prostagiandi
E2 (PGER) secretion, events which play a key role in infltaation and vascular
remodeling events. Treatment of both HUVECs and drurtoronary artery endothelial
cells (HCAECSs) with apo(a) elicited the disruptiohmembrane VE-cadherinicatenin
complexes, decreasddcatenin phosphorylation, and increased phosphooplaf Akt
and GSK-®, in a concentration-dependent and a time-dependanner, all resulting in
an apo(a)-triggered nuclear translocatiorbafatenin. Transfection of endothelial cells
with b-catenin-directed small interfering RNA (siRNA) abated the apo(a)-mediated
effects on COX-2 expression and PGgecretion. A phosphatidylinositol-3 kinase
inhibitor (LY294002) as well as the lysine analogd@minocaproic acid attenuated both
apo(a)-mediated activation of the Akt/GSK/B-catenin pathway as well as the increased
COX-2 expression and PG&ecretion. Furthermore, in both HUVECs and HCAEGs,

b-catenin-mediated effects of apo(a) on COX-2 exgpoeswere not observed when a
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mutated version of apo(a) was used in which thengtidysine binding site present in
kringle IV type 10 has been removed by site-dirgctautatgenesis. Taken together, our
findings suggest a novel mechanism by which apoéa) induce proinflammatory and

proatherosclerotic effects through modulation cfotdar endothelial cell function.

3.3 INTRODUCTION

Results from epidemiological studies have undeest@n association between
circulating lipoprotein(a) [Lp(a)] levels and riéér cardiovascular disease [95,2,127,128].
Lp(a) contains a low-density lipoprotein (LDL) mbieas well as a unique glycoprotein
apolipoprotein(a) [apo(a)] which is covalently letkto apolipoproteinB-100 (apoB-100)
in LDL by a single disulfide bond [96]. Apo(a) skara high degree of homology with the
fibrinolytic proenzyme plasminogen and containstiguous repeats of a sequence that
closely resembles the plasminogen kringle IV domitowed by domains homologous
to the kringle V and protease domains of of plasigén [26]. The kringle IV domains of
apo(a) are divided into 10 types. Apo(a) containstrang lysine binding site (LBS)
within the kringle IV type 10 (KIYg) sequence, which mediates the binding of apo(@) an
Lp(a) to physiological ligands such as fibrin andracellular matrix proteins [100,101].
Moreover, the strong LBS within Kiy of apo(a) is found to be absolutely required for
apo(a)-mediated vascular endothelial dysfunctioaratterized by increased endothelial
cell contraction and permeability via a Rho/Rhaoalsie-dependent pathway [Chapter 2].

Vascular endothelial cells represent the primargeiof many physiological and
pathological agents such as thrombin, inflammatytpkines, oxidized LDL (oxLDL),
and Lp(a) [106,14,38]. Many studies have shown thpfa), through its apo(a)

component, exerts different effects on cells inedlvin the development of
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atherosclerotic lesions. For example, Lp(a)/aps{iaulates vascular smooth muscle cell
(SMC) proliferation and migration by inhibition gansforming growth factoo-(TGF-)
activation [40,75]. Additionally, Lp(a)/apo(a) emftees actin stress fiber formation and
loss of cell-cell contact mediated in vascular ¢hdlal cells; this is mediated by the
apo(a) component of Lp(a) and leads to increasattaion of vascular endothelial cell
monolayers [38]. Apo(a), through its strong LBSdunes disruption of adherens
junctions measured by VE-cadherin dispersion, tesuin increased EC permeability
[Chapter 2]. The composition of adherens junctiovisere VE-cadherins associates with
a-, b-, andg-catenins, is a key determinant of the abilitylef tell to regulate endothelial
permeability and junction stability [129]. The effeof apo(a) on the composition of
adherens junctions has not yet been investigated.

b-catenin plays an important role in EC function. &snajor component of the
cell-cell adherens junctionsh-catenin links members of the cadherin family of
transmembrane cell-cell adhesion receptors to ¢hie aytoskeleton [130]. In quiescent
cells, b-catenin is associated with VE-cadherin in compgexeainly at the plasma
membrane, maintaininig-catenin in the cytoplasm at low levels. When lgted into the
cytoplasm,b-catenin either translocates to the nucleus or lnesoincorporated into a
cytoplasmic complex with adenomatosis polyposis ®IPC), axin/conductin proteins,
and glycogen synthase kinade-85SK-3), which phosphorylatels-catenin on Ser-33,
37/Thr-41 sites, leading to its subsequent ubigaiton and proteasomal degradation
[131]. If GSK-J is inactivated by phosphorylation at Ser 9, thgrdéation otb-catenin
is attenuated, and nuclear translocatiob-chtenin is favoured [131]. Within the nucleus,

b-catenin functions as an activator of T-cell fagfbCF)/lymphoid enhancer factor (LEF)
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transcription factors to stimulate transcription wériety of growth-related genes,
includingc-myc[132], cyclin D1[133], and cyclooxygenase-2 (COX-2) [134-136].

COX enzymes catalyze the synthesis of prostaglan(®Gs) from arachidonic
acid. COX-1 is expressed constitutively in mossues and appears to be responsible for
the production of PGs that control normal physiaofunctions including platelet
aggregation [137]. In contrast, COX-2 is not detdctn most normal tissues, but is
rapidly induced by both inflammatory and mitogesiamli, resulting in increased PG
synthesis involved in pathological processes inolgidcute and chronic inflammatory
states [137]. With the highest capacity to synteegirostacyclin (PG) in the arterial
endothelium, prostaglandin E2 (PG another major metabolite produced by COX-2 in
endothelial cells, which influence vascular tonegional blood flow, vascular
permeability and remodelling, proliferation and mggnesis [138].

We have previously demonstrated that apo(a) elayteskeletal rearrangements
in both human umbilical endothelial cells (HUVECahd human coronary artery
endothelial cells (HCAECSs), characterized by a¢tbraof the contractile machinery and
disruption of adherens junctions, resulting in @ased cellular permeability [38]; these
effects have been mapped to a strong lysine-binsltiegwithin apo(a) K\, [Chapter 2].
We now report that apo(a) also induces both dissioci ofb-catenin from VE-cadherin
as well as nucledr-catenin accumulation, which induces COX-2 expaessis well as
PGE. We demonstrate a role for apo(a) modulation efRIBK/Akt/GSK-2 pathway in
mediatingb-catenin nuclear translocation. Consistent with grewvious study [Chapter 2],
the b-catenin-mediated effects of apo(a) on COX-2 exqpoes and PGEsecretion were

not observed when a mutated form of apo(a) lackiegstrong LBS in KlY, was used.
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3.4 EXPERIMENTAL PROCEDURES
3.4.1 Expression and Purification of Recombinanpé(a)

A 17-kringle (17K)-containing form of recombinarga(a) [r-apo(a)], as well as a
mutant form of 17K r-apo(a) 17KAsp) containing an Asp Ala substitution at amino
acid position 56 that abolishes the strong LBStha KV, domain (Fig. 1) were
constructed and expressed as previously descridgj]11]. Both r-apo(a) species were
purified from the conditioned medium (CM) of stabdéxpressing human embryonic
kidney (HEK) 293 cell lines by lysine-Sepharose @sham Biosciences) affinity

chromatography as previously reported [111].

3.4.2 Cell Culture

Human umbilical vein endothelial cells (HUVECs) ahdman coronary artery
endothelial cells (HCAECs) were obtained from Clige and grown in complete
medium (endothelial basal medium EBM-2 and end@hegrowth medium EGM-2
(Clonetics) containing 2% fetal calf serum) as #jet by the manufacturer. Cells were

used at passages 3 - 6.

3.4.3 Double Immunofluorescence

For double immunofluorescence studies, cells wéateg onto gelatin-precoated
(2 h, 0.1% gelatin (Fisher Scientific) at 37 °Cagyl coverslips at a density of 25,000
cells/well in 24-well tissue culture dishes andvgnao near-confluence. Before treatment
with r-apo(a), cells were serum-starved for 15 @ir87°C in EBM-2 (Clonetics). This
solution was then replaced with fresh EBM-2 contggr200 nM apo(a) variants, and the

cells were incubated at 37 °C for 10 or 40 min.I<elere then prepared for double
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immunofluorescence as follows. Cells were fixedw8t7% paraformaldehyde solution
in phosphate buffered solution (PBS) for 5 min, ek once with PBS, and
permeabilized with 1.4% formaldehyde containing?®.Monidet P-40 (NP-40) in PBS
for 1.5 min, and then washed three times with RB&ls were incubated for 1 h at room
temperature with both an anti-VE-cadherin monodl@mibody (Research Diagnostics)
and an antb-catenin antibody raised in rabbits (Sigma), eaititetl 1:350 in saponin
buffer (0.1% saponin, 20mM KRO10mM PIPES, 5mM EGTA, 2mM Mgég&lpH 6.8).
Following three washes with PBS, cells were staiioed. h with 1:500-diluted goat anti-
mouse Alexa488-conjugated antibody and goat ahbitaAlexa568-conjugated antibody
(Molecular Probes) in saponin buffer in the darklldwing three washes with PBS,
coverslips were mounted on slides using an an@-fawunting solution (Dako) and
examined using a Zeiss Axiovert S100 inverted #8oence microscope equipped with a
40X oil immersion lens. Images were captured usiriggh sensitivity Cooke SensiCam

and SlideBook software (Intelligent Imaging Inndeas Inc.).

3.4.4 Protein Preparation and Analysis

For western blotting of total cellular extracts, VECs and HCAECs were lysed
in lysis buffer (50 mM Tris-HCI pH 7.4, 1% (v/v) N&O, 0.25% sodium deoxycholate,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, dg/mL aprotinin, 1ng/mL leupeptin, 1
ng/mL pepstatin, 1 mM N&O,4, and 1 mM NaF) and added to 6X SDS sample buffer a
previously described (10). Samples were subjecefiS-PAGE using polyacrylamide
gels of an appropriate percentage and resolve@ipsowere transferred to Immobilon P

membranes (Millipore) in transfer buffer (25 mM §ri192 mM glycine, 10% (v/v)
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methanol). The membranes were blocked in 4% (willK im TBST (10 mM Tris pH 7.4,
150 mM NaCl, 0.5% (v/v) Tween 20pr 30 min and then incubated overnight at 4°C
with primary antibody in blocking buffer againstregr anti COX-2 (polyclonal antibody;
Cayman), COX-1 (monoclonal antibody; Cayman), Ahdsphorylated at SEF and
Thr*® as well as total Akt; Cell Signalling), phosphatgd-GSK-8 (phosphorylated at
Ser; Cell Signalling), phosphorylateutcatenin (phosphorylated at $&/Thr *%; Cell
Signalling) andb-actin (Sigma). A detailed protocol for each antipavas followed as
described in the corresponding manufacturer's paitoBlots were subsequently
incubated with HRP-conjugated donkey anti-mousat gati-rabbit, and bovine anti-goat
(Santa Cruz) IgG, as appropriate, and visualizadguenhanced chemiluminescence
(ECL) western blot detection reagents (Amershans&ences) and exposed to X-ray
film. Densitometric analysis of the bands was penked using Corel Photopaint Vers. 11.
For the preparation of nuclear extracts, cells veergpended in hypotonic buffer
A (10 mM HEPES pH 7.6, 10 mM KClI, 0.1 mM MgCD.1 mM DTT, 0.1 mM EDTA,
0.5 mM PMSF, and 1 mM each of pepstatin, aprotiamg leupeptin) for 10 min in ice
and vortexed for 10s. Nuclei were pelleted by ékrgation and washed with buffer A
before suspension in buffer B (10 mM HEPES pH 4@) mM NacCl, 1.5 mM MgGl
0.1 mM EDTA, 0.1 mM, 0.5 mM PMSF,dM each of pepstatin, aprotinin, and leupeptin,
and 5% (v/v) glycerol) for 30 min on ice. The supgants containing nuclear proteins
were collected by centrifugation at 12,09@r 20 min (23). Samples were added to SDS
sample buffer and subjected to SDS-PAGE using tlpprogpriate percentage
polyacrylamide gel. Membranes were probed usingheeit antib-catenin (BD

Transduction Laboratories) or anti-RNA-polymeras@Millipore) monoclonal antibodies
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in 4% (v/v) milk in TBST. Washed membranes wereulrated with HRP-conjugated

anti-mouse IgG secondary antibody (Santa Cruz)daweloped using ECL reagents.
Inhibitors including a Rho Kinase Inhibitor (Y2763PI3K inhibitor (LY294002),

Src inhibitor (PP1 Analog Il) were purchased fromllftochem and used to pretreat the

cells as described in the Figure Legends.

3.4.5 Immunoprecipitation

HUVECs were grown in 6-well tissue culture platesxddalysed in
immunoprecipitation buffer (62.5 mM Tris-HCI pH 8§ 000 mM NacCl, 1% (v/v) Nonidet
P-40, 0.1% Tween 20, 1 mM R&,4, 1 mM PMSF) for 30 min on ice. A monoclonal
antibody against VE-cadherin (ig; Hycult Biotechnology) was added to protein A-
Sepharose beads () Sigma) and incubated with gentle rocking ovehnigt 4°C. The
protein A-Sepharose beads were pelleted by brietribegation and washed with
immunoprecipitation buffer; 0.3 mg of cell lysateotins were added to the protein A-
Sepharose beads for 2 h at 4°C after which thesheade washed and the pellet then
resuspended in 20mM of 2X Laemmli buffer. Twenty microliter aliquotsof
immunoprecipitated protein were separated on 7%gooylamide SDS-PAGE gels and
immunoblotted with antibodies to VE-cadherin dr-catenin (BD Transduction

Laboratories).

3.4.6 Transfection of SIRNA

Approximately, 25,000 cells per well of 6-well pEatwere grown to 50-70%

confluence. Transfection with small interfering NiRs (RNA) was performed using
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transfection reagent and medium supplied by Samta 8iotechnology, utilizing in a
final b-catenin siRNA duplex or control siRNA concentratiof 50 nM. After 7 h
incubation, an equal volume of fresh complete nmedivas added without removing the
transfection mixture, according to the manufactarprotocol. After 18 h, the transfected

cells were starved for 15 min in EBM-2 before tneant with apo(a).

3.4.7 Prostaglandin E2 Assay

HUVECs and HCAECs were grown to confluence in 6hissue culture plates.
Cells were starved for 15 min in EBM-2 and treatath 200 nM recombinant apo(a)
(17K or 17KDAsp) or 2 ng/mL interleukindi. Conditioned medium (CM) was collected
at different time points and the correspondingscelere lysed with lysis buffer. The
lysates were subjected to western blot analysisgu€iOX-2 and COX-1 antibodies as
described above. CM samples were immediately fraten/0°C for PGE assay the
following day. PGE levels in the CM were measured using a PGHizyme

immunoassay (EIA) kit (Cayman) according to the afaaturer’s specifications.

3.5 RESULTS

3.5.1 Apo(a), Through Its Strong LBS, Stimulates VE-cadin@ b-catenin Complex
Dissociation

We have previously demonstrated that apo(a), \Wasitong LBS in Kl\{,
mediates VE-cadherin dispersion and actinomyosiivele EC contraction, resulting in
increased endothelial permeability [Chapter 2, 38).illustrate a direct effect of apo(a)
on disruption of adherens junctions, we have ingastd the dissociation df-catenin

from the complex by immunostaining and immunopriaion (Fig. 3.2) in response to
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treatment of EC with two different forms of apo(&)jg. 3.1): 17K contains all of the
domains found in all apo(a) isoforms and, in faepresents a physiologically relevant
isoform [110]; 17KDAsp is identical to 17K except for a single amiredasubstitution
that abolishes the strong LBS in KiMChapter 2].

Following a brief, 15-min, serum starvation, coefit HUVECs displayed
organizedb-catenin and VE-cadherin as slender lines alongrhggin of the cells (Fig.
3.2A), representing their localization in adhergnctions. Treatment with 200nM 17K
caused time-dependent dispersion of Hdoitatenin and VE-cadherin and the formation
of intercellular gaps (Fig. 3.2A). Consistent wéh important role of the strong LBS in
KIV 10 of apo(a) in mediating EC responses [Chapter ZKDAsp did not alteb-catenin
or VE-cadherin dissociation nor the gap formation EC monolayer. In order to
definitively assess dissociation bfcatenin from adherens junctions, we performed a
guantitative analysis using immunoprecipitation. Wienunoprecipitated VE-cadherin in
lysates of treated cells and then subjected theummaprecipitated material to western blot
analysis using anti-catenin antibodies. These analyses demonstratgd1K, in a
concentration-dependent manner, induced a markeckate ofb-catenin in the VE-
cadherin complex (Fig. 3.2B); 17K concentrations260nM or higher resulted in a
significant increase ib-catenin complex dissociation. Therefore, 200nM(apwas used
for subsequent experiments.

The tyrosine phosphorylation of VE-cadherin andeottomponents of adherens
junctions is associated with weak junctions andaimgd barrier function. Many studies
have reported that permeability-increasing agemts gs histamine [89], tumor necrosis

factora (TNF-a) [90], and VEGF [92] induce the tyrosine phosplatign of
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FIGURE 3.1. Recombinant apo(a) variants used in 1B study.

Schematic diagram shows the topology of the r-gpe@iants. 17K represents a
physiologically relevant apo(a) isoform and consaafi of the kringle domains present in
all apo(a) isoforms. The numbering of KIV typegrsvided at the top. A dot in Khjof
17KDAsp presents a single amino acid substitution, iailsolish strong lysine binding
sites. The bar over Klypresents an unpaired cysteine, which forms a esidgulfide
bond with apolipoproteinB-100.
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VE-cadherin and its binding partnefs;catenin, plakoglobin and p120. Although the
mechanism of VE-cadherin complex phosphorylatios inat yet been fully clarified, Src
plays a major role in phosphorylating tyrosine dass of proteins in the complex [129].
To investigate whether Src plays a role in disgamaof b-catenin induced by 17K, we
incubated HUVECs with a potent pharmacological bitor of Src (PP1) prior to
treatment with apo(ajndeed, PP1 blocked 17K-mediated dissociatioh-oatenin from

VE-cadherin complex (Fig. 3.2B).

3.5.2 Apo(a), Through Its Strong LBS, Mediate-catenin Nuclear Accumulation in

HUVECs

After dissociation from membrane-associated adiser@gmctions into the
cytoplasm,b-catenin either translocates to the nucleus or finesoincorporated into an
APC complex that favours protein degradation [130,1¥Yposing HUVECs to 17K
stimulated time-dependent translocationbe€atenin to the nucleus within 40 min of
treatment (Fig. 3.3A). Concomitantly, the levellstatenin in the cytoplasmiextract
decreased as the time of 17K treatment increasedh®other hand, 11Asp showed
no effect onb-catenin nuclear translocation. Interleukin-®@ ng/mL) and plasminogen
(400 nM) were used as positive and negative catna@spectively, and showed the
expected increase and lack of effectecatenin translocation.

Incubation of HUVECs with a PI3K inhibitor (LY298Q) or andeACA, a lysine
analog, prior to 17K treatment completely abolistiesl 17K-mediated effects. Treatment
with the Src inhibitor PP1 resulted in a reductiorl7K-mediated nuclear translocation

of b-catenin, indicating that tyrosine phosphorylatlmnSrc is partially involved in the
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VE Cadherin -catemn

FIGURE 3.2A. A strong lysine binding site in KIVyg is required for stimulation of
VE-cadherin/b-catenin complex dissociation.

HUVECs were serum-starved for 15 min and then éckatith 200 nM of r-apo(a)
variants (17K or 17RAsp) for the indicated times. Cells were then fixpdrmeabilized,
and stained for VE-cadherin alhdcatenin, as indicated, as described in “Experiadent
Procedures”.
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FIGURE 3.2B. A strong lysine binding site in KlVyo is required for stimulation of
VE-cadherin/b-catenin complex dissociation.

HUVECs were pretreated with 18 PP1 for 1 hour; control cells were not pretreated
with PP1. Then, all cells were either treated drtreated with 200 nM 17K for 10 min.
Cell lysates were prepared and subjected to imnmewcgptation with VE-cadherin;
immunoprecipitates were subjected to western biatysis using eithdo-catenin or VE-
cadherin antibodies, in order to assess the erfestsociation of these two proteins.The
intensity of the respective bands was measuredtderetrically; the graph shows mean
band density (normalized to the control) + S. Ethwée independent experiments with
the asterisks representing significant differer(pes 0.05) compared to the control.
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process ofb-catenin trafficking (Fig. 3.3B). Interestingly, ehRho kinase inhibitor
Y27632 did not prevent 17K-mediatbecatenin translocation (data not shown), although
it was a potent inhibitor for 17K-mediated Rho/Rkiaase-dependent increase in EC
contraction and permeability in our previous stuihapter 2]. These findings,
collectively, indicate that 17K utilizes a Rho/Rkinase-independent signalling pathway

involving PI3K to mediaté-catenin nuclear translocation.

3.5.3 17K, but not 17HDAsp, Induces COX-2 Expression in HUVECs

b-catenins present in the nucleus act as a tramiseripofactor with the TCF/LEF
family of DNA binding proteins to modify expressiaf many inflammatory genes
including COX-2 [134-136]. To determine whether @g)omediates COX-2 expression,
HUVECs were exposed to 17K and the extent of COx@ression was analyzed by
western blot analysis. As shown in Fig. 3.4A, 200 @7K induced COX-2 protein
expression in a time dependent manner. 17K incse@&2X-2 expression to a maximal
extent at 7 h of stimulation whereas 17K conceatnatbelow 100 nM did not influence
COX-2 expression (data not shown). After 7 h of 1ffgatment, COX-2 expression
declined yet remained at a level far above thatwoiesl in the control (Fig. 3.4A).
Interleukin-b (2 ng/mL) was used as positive control (Fig. 3,48)d resulted in a
maximal extent of COX-2 inhibition that was approstely 6-fold higher than that
observed with 17K. Consistent wikacatenin nuclear translocation, 1DKsp had failed
to increase COX-2 expression while the treatmemh Wwi¥294002 completely inhibited
17K-mediated effects in HUVECs (Fig. 3.4C) whilepesssion of the constitutively-
expressed enzyme COX-1 was nutdified after treatment with 17K (data not shown)

An increase in COX-2 protein levels in endothetiells leads to up-regulation of
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FIGURE 3.3. A strong lysine binding site in KIVjp enhances nuclearb-catenin
translocation in HUVECS.

Panel A.HUVECs were serum starved for 15 min and thertéceavith 200 nM 17K or
17KDAsp for the indicated times. Total nuclear proteiese harvested and subjected to
western blot analysis using abtieatenin or anti-RNA pol Il antibodies. Ilbland
plasminogen were used as positive and a negativgotorespectivelyPanel B.Cells
were pretreated with LY294002 (&M, 1h) and PP1 (10vM, 1h), and then were
incubated with 17K (200 nM) for the indicated timperiods (0 — 40 min). In some
experimentsge-ACA (80 mM) was included with the 17K. Graphs iach panel show
mean band density (normalized to the control) £.Sf three independent experiments;
representative western blots are shown below tlaphgr Symbols over the plots
represent significant differences (p < 0.05) coragato the control for different
treatments represented by the corresponding ptobsig in each Panel (as shown in the
graph legends).



PGE production and secretion to induce inflammatorg atherogenic effects [138].
17K, as well as IL-f, up-regulated PGErelease to the media in HUVECs (Fig. 3.4D).
17KDAsp did not have any effects on PQ3€lease, in agreement with its lack of effects
on COX-2 expression (Fig. 3.4D). Furthermore, LYQ92 completely abolished PGE

release mediated by 17K (Fig. 3.4D).

3.5.4 Apo(a)-mediated Accumulation ob-catenin in the Nucleus Modulates COX-2
Expression and Aactivity Towards PGE2 Production

To determine whetheb-catenin was directly involved in regulating COX-2
expression by apo(a), HUVECs were first transfectedh b-catenin siRNA or with a
non-specific SIRNA and then exposed to differemaoamtrations of apo(a) (200 nM or
600 nM). Transfection of HUVECs with siRNA directexbainstb-catenin virtually
eliminated detectable levels of nucléacatenin compared to cells transfected with non-
specific sSiRNA (Fig. 3.5A). Treatment of the celtansfected with non-specific SIRNA
with 17K resulted in an increase in nucldacatenin while treatment of the cells
transfected withb-catenin siRNA did not result in the appearancewdlearb-catenin.
Accordingly, transfection of the cells witlrcatenin siRNA abolished the 17K-mediated
increase in COX-2 expression while the non-spec#iBNA did not (Fig. 3.5A).
Moreover, theb-catenin siRNA completely abolished the 17K-depemdacrease in
PGE secretion (Fig. 3.5B). These results are an itidicathat increased COX-2
expression leading to enhanced B@&Ecretion is directly mediated by 17K-induced

nuclear translocation df-catenin. Consistent with previous findings, th&47ediated
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increase in COX-2 expression was also completetfigied with a treatment #ACA

(Fig. 3.5C).

3.5.5 Apo(a) Reduce#-catenin Degradation to Facilitaté-catenin Nuclear
Translocation

b-catenin accumulation in the nucleus requires nply ats release from
membrane complexes with VE-cadherin (Fig. 3.2B)dlsb decreased degradation in the
cytoplasm by the ubiquitin/proteosome pathway iaveg GSK-3 [130,131].
Phosphorylation of GSKEB at Se?, which inhibits its kinase activity, results in an
increased accumulation bfcatenin in the nucleus [131]. Therefore, we asskssether
apo(a) could influence the extent of phosphorytatid GSK-3 at this inhibitory site.
Treatment of HUVECs with 200 nM 17K resulted inignfficant increase in GSKiBat
Sef in a time-dependent manner with a maximum effactl@ min (Fig. 3.6A).
Consistent with other findings in this study, theé/Kimediated increase in
phosphorylation of GSKi3 was completely abrogated ®ACA and LY294002, and
17KDAsp resulted in no changes in phosphorylation stdt&SK-3b compared to the
control (Fig 3.6A).

We then explored the hypothesis that exposure dbthelial cells to apo(a)
modulatesb-catenin degradation by diminishing phosphorylatidi-catenin on S’
Thr*! since these sites are constantly phosphorylateittiye GSK-B. 17K treatment in
HUVECSs indeed significantly decreased the phosghtion of b-catenin on these sites
after 5 min (Fig. 3.6B), a time period when 17Knmsfgantly increased inactivating

phosphorylation of GSKi38 (Fig. 3.6A). These data suggest that apo(a) fatek the
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FIGURE 3.4. 17K induces COX-2 activation and PGEsecretion.

HUVECs were treated with serum-depleted mediumaioimtg 17 K (200 nM) or IL-i

(2 ng/mL) for the up to 24 h. At specific time ptEncell lysates were prepared and
subjected to western blot analysis using COX-2baaly Panels A and Bwhile the
corresponding media was collected to measure,H8Ils Panel Q. HUVECs were
treated for 7 h with 200 nM 17K or 1'DAsp, or with 200 nM 17K and BM LY294002
(after a 1 h pretreatment with LY294002). Cell kgsawere prepared and subjected to
western blot analysis using COX-2 antibo@gafiel D and the corresponding media were
collected to measure PGHevels Panel B. Graphs in each panel show mean band
density (normalized to the control) £ S. E. of threndependent experiments and
representative western blots of three independeperenents are shown. The asterisks
represent significant differences (p < 0.05) coraddo controls.



entry ofb-catenins into the nucleus by modulating disrupttbadherens junction and by
inactivating the degradation proces$etatenin in the cytosol.

Protein kinase B (PKB/Akt), a serine/threoninedse located downstream of
PI3K, has been implicated as phosphorylating G8KaBthe Serinhibitory site [139].
Treatment of HUVECs with 17K significantly increasakt phosphorylation at SEF in
a regulatory domain within 5 — 10 min (Fig. 3.7Rhosphorylation of Akt at TA¥ in a
catalytic domain is also required to mediate fuditiaation of this kinase; 17K
significantly enhanced phosphorylation at *fhafter 10 min of treatment (Fig. 3.7B). To
demonstrate that 17K-mediated activation of Akesponsible for the accumulationlnf
catenin in the nucleus and increased COX-2 exmessie pretreated HUVECs with the
PI3K inhibitor LY294002 for 1h before the apo(agdatment. The rapid increase of Akt
and GSK-® phosphorylation and the decreaséd-afatenin phosphorylation, followed by
b-catenin nuclear translocation with subsequentesme in COX-2 expression and RGE
secretion, were all entirely suppressed by LY294082tment in HUVECs (Figs. 3.3, 3.4,
3.6, 3.7). Taken together, these data supportythethesis that apo(a)-induced activation
of PI3K enhances COX-2 expression and RPGEcretion via PISK/AK/GSK{$

dependent pathway to facilitdtecatenin nuclear translocation.
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FIGURE 3.5. The role ofb-catenin in regulation of COX-2 expression by apo(a

HUVECs were transfected with-catenin siRNA or non-specific SIRNA as described i
“Experimental Procedures” and then stimulated forhdurs with 17K.Panel A.
Representative western blots fcatenin nuclear translocation and COX-2 expression
three independent experiments are analySahel B. COX activity as measured by
secretion of PGEinto culture media of cells treated for 0 or 7 ithvapo(a) that had been
transfected wittb-catenin siRNA or non-specific SRNA. Shown are tieans + S. E. of
3 independent experiments, each performed in datplicThe asterisks represent
significant differences (p < 0.05) compared to ttemtrol. Panel C. Representative
western blot (of three independent experimentsjvaigpthe effect of 17K treatment on
COX-2 expression in the presence or absenecsACA (80 mM).
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FIGURE 3.6. Strong lysine binding site in KIVj in apo(a) mediates inactivation of
GSK-3b, which attenuates phosphorylation ofb-catenin and enhances nucleab-
catenin accumulation.

HUVECs were stimulated with either 17K or 1I3Ksp. In some experiments, cells were
preincubated with LY294002 (®M) for 1 h or were treated wite-ACA (80 mM) along
with 17K. Panel A.Total cellular proteins were harvested and subgetd western blot
analysis using specific anti-phospho-GSK-8Sef) or b-actin antibodies.The graph
shows the normalized band densitometry (mean +)SMEained from three independent
experiments, where asterisks represent significamreases (p < 0.05) compared to the
control. Representative western blots are showovb#ie graphPanel B.Representative
western blots (of three independent experimentshofving phosphorylated GSK>Ip-
GSK-3), phosphorylated-catenin (pp-catenin; on Séf/Sef’/Thr*Y), and nucleab-
catenin in the lysates of 17K-stimulated HUVECssrewn at indicated time points.



3.6 DISCUSSION

Strong, emerging evidence supports the assert@nellbvated concentrations of
plasma Lp(a) (>30 mg/dL or >100 nM) are a risk dador a variety of vascular diseases,
including coronary heart disease, ischemic str@kel venous thrombosis [95,2]. The
ability of Lp(a) to induce vascular inflammation dariurther to mediate endothelial
dysfunction, appears to be a common link among niisgases mentioned above. Many
studies have suggest Lp(a) as a pro-atherogerecteff[95,2,127,128] and the most of
pathological effects by which it contributes to ealsr dysfunction are mediated through
the unique glycoprotein moiety, apo(a). Indeed, a)p(through apo(a), induces
intracellular adhesion molecule-1 (ICAM-1) and silates the expression of a monocyte
chemoattractant (CC chemokine [-309) in HUVECs 62%5]. Lp(a)/apo(a) also
mediated increase in proliferation and migration bafth SMCs and ECs [40,75].
Moreover, we previously have demonstrated thatfiw(a) component of Lp(a) induces
cytoskeleton rearrangements that promote an inefi@aSC contraction and permeability
[38]. Since LDL and plasminogen have no effectshis regard [38], it is clear that the
apo(a) portion of Lp(a) is the active moiety. THere, the activation of apo(a)-induced
inflammatory responses including gene expressioexpgected to be important for the
cascade of events that culminates in the formaifatheromatous plaques; however, the
mechanisms involved in vascular response to Lgfepugh its apo(a) component, are
likely to be quite complex and remain to be elutzda

In the present study, we have explored the mechanisnderlying effects of
apo(a) on vascular endothelium by focusing on twotgins, b-catenin and COX-2.

Overexpression of COX-2 leads to increased amafrgsostanoids which plays key

79



w0

1.
3
E 25
'! ——1TE
s : —O—1THAfap
=
Z —f—+ GACA
o 15
1
0s
(0]
L] z 5 10 a0
Time {min.)
0 2 5 10 20 40min
r 17K
pAkt @ Serd73|  ~ N — 1TKAAsp
L + LY294002
+ cACA
AKETOMAl | s s s s s s
45
4 =
3k 4
N
E 5 ——TE
- —o— 17TKARE D
E ] —i— ik A CA

n

=
a

L=

Tiirrver {miin.)

0 2 5 10 20 40min

r PR —— 17K

pAkt @ Thr308 17TKAASp
L + LY294002

+ cACA

Akt Total s mew s s s

80



FIGURE 3.7. Apo(a) activates the PI3K/Akt pathway n manner dependent upon the
strong lysine binding in KIV 10.

HUVECs were serum starved for 15 min and treatetd 200 nM 17K or 17BAsp, or
with 17K pluse-ACA (80 mM) for the indicated time periods. Totallular proteins
were harvested and subjected to western blot aralgsng specific anti-phospho-Akt
(Sef™ antibody Panel A or anti-phospho-Akt (TRP® antibody Panel B. In some
experiments, cells were pre-treated with LY2940®211) for 1 h. The graphs show the
band intensities (means + S. E.; normalized to #ka as determined by western blot
analysis) obtained from three independent expetisnewhere asterisks represent
significant increases (p < 0.05) compared to th@roh Representative western blots are
shown below the graphs.



roles in inflammation and vascular remodelling [[L3Ke hypothesized that apo(a) can
directly mediate changes in these proteins tha&caffascular responses because apo(a)
exposure increased the EC permeability by indudisguption of adherens junctions
[Chapter 2, 38], which could releabecatenin for subsequent nuclear translocation and
induction of gene expression including COX-2.

We demonstrate here that apo(a) treatment (17KnR00enhances the disruption
of the VE-cadherif-catenin complex and nuclear translocatiorbafatenin and hence
results in up-regulation of COX-2 expression and EPGecretion in HUVECSs.
Importantly, parallel experiments in HCAECs resdlta the identical effects of apo(a)
(data not shown). Nuclear translocation lpfcatenin involves phosphorylation of
serine/threonine and tyrosine residues that reguiatturnover [131] and its association
with VE-cadherin [140], respectively. Tyrosine ppberylation of b-catenin by Src
mediates its dissociation from VE-cadherin and frima cytoskeleton [140]. Indeed,
inhibition of Src by a pharmacological inhibitor,PP, blocked apo(a)-mediated
dissociation from the VE-cadherntatenin complex and also partially attenuated the
nuclear translocation df-catenin (Figs. 3.2B, 3.3B). Furthermore, PP1 tnesit did not
have any effects on 17K-mediated increase in aaivaf PI3K/Akt/GSK-3 signalling
pathway (data not shown), indicating that Src ity amvolved in dissociation db-catenin
from the plasma membrane in response to apo(ajoddeal consequences of disrupting
the membrane VE-cadhermntatenin complexes at endothelial cell contactdude
increased vascular permeability. Consistent witk tiotion, we have previously reported

apo(a) induces enhanced EC permeability by medialt€ contractile machinery
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[Chapter 2, 38], thereby promoting infiltration pfasma atherogenic agents into the
subendothelium, a beginning step of atherogenesis.

In addition to disruption of VE-cadherbmtatenin complexes, treatment of
vascular endothelial cells with apo(a) attenuates phosphorylation ob-catenin at
Ser*?IThr* by GSK-3 and thus, causes a decrease in the degradatioaiénin. Akt
is a critical regulator of phosphatidylinositol-3n&se (PI3K)-mediated inactivation of
GSK-3 [139]. Upon agonist stimulation, the PH domain of Akhds to the lipid
products of PI3K, and Akt is recruited to plasmambeane, where it is sequentially
phosphorylated at Tf and Sel® by upstream kinases referred to as 3-
phosphoinositide-dependent protein kinase 1 (PDdfi) PDK2, respectively, to yield a
fully activated kinase [141,142]. We show that @&)aficreases phosphorylation of both
sites for a full activation of Akt to phosphorylaBSK-3 at Set. Sef phosphorylation
completely abolishes the activity of GSK-3This favourd-catenin nuclear translocation
by reducing the degradational signal mediated key ghosphorylation ob-catenin at
serine/threonine residues by GSK-3(Fig. 3.6B). Moreover, addition of a
pharmacological inhibitor of PI3K, LY294002, decsed Akt activation and GSKb3
inactivation mediated by apo(a), enhanced phospditaoy and degradation dkcatenin,
reduced nucleab-catenin accumulation, and decreased COX-2 exmpressnd PGE
secretion. Our findings are consistent with a recady in mouse cardiac endothelial
cells (MCEC), demonstrating that tobacco smoke-tedunuclear translocation @
catenin to induce COX-2 expression is mediated BY3K/Akt/GSK-3D pathway [136].
However, we could not find any evidence for a rolespithelialgrowth factor receptor

(EGFR) nor the integrin recept@nbs; as a mediator ob-catenin functions (data not
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shown) as indicated in other studies [129,136]gesting the possibility that apo(a) binds
to a novel receptor on the surface of endotheliOme candidate class of receptors that
activates both Rho kinase and PI3K pathways areo&im-coupled receptors (GPCRS)
of the ajpn3 subfamily [143]. Agonist stimulation of these GPELRriggers a
conformational change in the receptor, which cadythe dissociation of GDP from the
a subunit followed by GTP-binding togGand the dissociation ofafrom Gog subunits.
The Ga-GTP and &g subunits independently activate downstream effedim generate
specific cellular responses. For example, activabd Gai,/13 by lysophosphatidic acid
(LPA) stimulates the small GTPase Rho to incredsess fiber formation and focal
adhesion assembly, myosin light chain (MLC) phosplation and actomyosin
contraction [144] while 8g subunits activate PI3K, which results in the station of
the Akt survival pathway [143,145]. Similarly, app(induces Rho/Rho kinase/MYPT1-
dependent increase of EC actomysin contraction a2, 38] while also activating
PI3K/Akt-dependent pathways. Notably, since inlaoitof Rho kinase had no effect on
nuclear translocation df-catenin in HUVECs, the pathway by which apo(ajuahces
b-catenin translocation must be independent of th&/Rho kinase pathway.

Many studies have demonstrated the importandeaaftenin as a key coactivator
of TCF/LEF and inducer of the expression of mangegesuch as-myg cyclin D1, and
COX-2 [132-136]. We llustrate here that apo(a)-ragztl COX-2 protein expression
requires nucleab-catenin translocation, as expressiorbafatenin siRNA abolished the
induction of COX-2 by apo(a). Our findings suggasbther novel mechanism by which
apo(a) contributes to atherogenesis other thawadicth of Rho/Rho kinase-dependent

pathway [38]. Up-regulation of COX-2 expressionregases the secretion of PGER
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potent regulator of vascular inflammation. PGHfect numerous mechanisms that have
been implicated in carcinogenesis and atherogenEésisexample, PGEcan stimulate
cell proliferation and motility while inhibiting imune surveillance and apoptosis [146].
Moreover, initial studies from several reports atenlacking PGE synthase-1 (MPGES-
1), an inducible enzyme that is primarily coupled@OX-2 [147], define a significant
role for this enzyme in mediating pain, inflammatidever, arthritis, atherosclerosis,
stroke, and cancer, suggesting it as a novel aftimnmatory therapeutic target [148,149].
One of the main effects of PGHeneration is to stimulate its own receptors tlifate a
positive feed-back loop, re-activating TCF/LEF dndatenin-mediated transcription that
leads to increased expression of a variety of gesiesh as MMP-9 [150], angiopoietin
[151], and c-myc [132], which are associated with matrix degradgticemodelling,
angiogenesis, and vascular cell proliferation. lemnhore, many studies have
demonstrated that PGEctivates angiogenic signal transduction pathwkgs.example,
PGE-mediated activation of ERand ER receptors leads to enhanced adenylate cyclise
activity and cyclic adenosine monophosphate (cAMIP)duction. cAMP, in turn,
activates protein kinase A (PKA)-CREB dependentresgion of genes including
amphiregulin, a ligand of epithelial growth facteceptor, which stimulates EGFR-Ras-
mitogen-activated protein kinase (MAPK) signallifido2]. Therefore, the function of
PGE may be relevant to recent findings of our grouat thpo(a) induces proliferation
and migration of HUVECs by activating mitogen-aat®d protein kinases (MAPKS)
including ERK, p38, JNK [75].

Our research thus far has given rise to the impbftading that the strong LBS in

apo(a) kringle IV type 10 is absolutely requiredr fapo(a)-mediated changes in

84



cytoskeletal rearrangements and enhanced EC cbatrand permeability [Chapter 2].
Consistent with this finding, we show here thatatenin-mediated effects of apo(a) on
increased COX-2 expression which results in PG&cretion were not evident when a
mutated apo(a) (17BAsp) was used in which the strong LBS in K¢\Whas been removed
by a single amino acid substitution. Furthermor@KRAsp has failed to increase
phosphorylation of any PI3K downstream effectoesllag to inactivation of GSKI8 In
addition, treatment witte-aminocaproic acidetACA), a lysine analogue, completely
abolished all of apo(a)-induced effects, emphagizhre role of strong LBS in apo(a).
Plasminogen, which shares a striking homology wajplo(a) and contains an LBS with
similar lysine affinity to apo(a) Kly (in plasminogen kringle 4), was found to have no
effect on b-catenin nuclear translocation (Fig 3.2 and Fig),3&®nsistent with our
previous results [Chapter 2, 38]. Therefore, itlsar that the LBS in apo(a) is able to
mediate effects that plasminogen with its multipBS cannot. However, whether apo(a)
works through known plasma membrane receptorsmaistio a novel receptor to exert its
function is not known and is under investigationdoy group.

In conclusion, we have characterized a signal thactson pathway whereby
apo(a), through its strong LBS in KJ¥ increases activation of PI3K/Akt/GSK>3
pathways, stimulates accumulationtatatenin in the nucleus, and upregulates COX-2
expression with the result being an increase inesen of PGE (Figure 3.8). It will be
interesting to assess if apo(a) is able to moduteteexpression of other genes involved
in the atherosclerotic process through this patbv@mncomitantly, apo(a) mediates Src-
dependent disruption of VE-cadhehrgatenin complex, which would contribute to EC

permeability, a process that could enhance infitiraof atherogenic agents. Our
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FIGURE 3.8. A novel signalling pathway involved inapo(a)-mediated vascular
endothelial cell permeability.

Apo(a), through its strong LBS in Kby, binds to a putative receptor results in activatio
of a PISK/AK/GSK-® signalling pathway to increagecatenin nuclear translocation,
COX-2 expression, and PGEecretion. Furthermore, apo(a) mediates losslbicell
contact and stimulateB-catenin translocatin by disrupting the VE-cadhiércatenin
complex, in a Src-dependent manner.

86



identification of the role of strong LBS in KLY in apo(a)-mediated increased
permeability [Chapter 2, 38] and enhanced exprasb inflammatory effectors
including COX-2 and PGE in vascular endothelial cells likely representsveio
mechanisms by which apo(a) contributes to theatith and evolution of cardiovascular

diseases.
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CHAPTER 4
Apolipoprotein(a) Induces Endothelial Permeabilityin Intact Blood Vessels:

Role for Activation of a Pro-Inflammatory Pathway Involving NF-kB

4.1 PREFACE

This chapter contains a manuscript that is readyetsubmitted to a scientific
journal in 2009 (Cho, T., Koschinsky, M. L., and HemminBsG. (2009))

Experimental design, data collection, and manpseprneparation was performed
by Taewoo Cho, with editorial assistance and guwddrom Dr. Marlys L. Koschinsky
and Dr. Michael Boffa.

Mouse Mesenteric Artery Myography was performedbgwoo Cho with
editorial assistance and technical guidance fromrDenise G. Hemmings at University

of Alberta.
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4.2 SUMMARY

Endothelial dysfunction represents a common linkoagn many diseases
associated with elevated plasma concentrationsp(d)L(greater than 30 mg/dL or 100
nM) ranging from chronic inflammation to a variedf vascular diseases including
coronary heart disease and ischemic stroke. We Ipageiously demonstrated that
apolipoprotein(a) [apo(a); the distinguishing kiexgontaining protein component of
Lp(a)] elicits cytoskeletal rearrangements in humambilical endothelial cells
(HUVECS), characterized by activation of the cociita machinery and disruption of
adherens junctions resulting in increased cellufmrmeability. We have also
demonstrated that apo(a) stimulates a PI3K/Akt/GBKiependent pathway to induce
both nucleab-catenin-mediated COX-2 expression and prostagand? (PGE)
secretion, events which play a key role in inflartioraand vascular remodeling events.
We now report that apo(a) increases permeabilittnofinted mouse mesenteric arteries
as detected by entry of a potent vasoconstrictérenplephrine (PE), to induce
vasoconstriction. Furthermore, we have discoverediaal link in the signaling pathway
elicited by apo(a) that results in activation oBIRIAkt: specifically, apo(a) results in the
inhibition of PTEN activity via its phosphorylatiaon Ser/Thr residues. Finally, NéB
was determined to be activated and translocatediet nucleus upon treatment by apo(a),
which we demonstrated to induce dissociation argtatkation of its inhibitory subunit,
IkBa. These effects may be mediated through an aaivati PI3K/Akt pathway. Taken
together, our findings suggest a novel mechanismwbych apo(a) can induce
proinflammatory and proatherosclerotic effects tiglo impairment of vascular

endothelial cell function.
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4.3 INTRODUCTION

Control of vascular permeability is a tightly regtdd process in various organ
beds and is a key aspect of angiogenesis, tumastasts, and inflammation. Seveiral
vitro studies indicate that the atherogenic lipoprotepaprotein(a) [Lp(a)] through its
unique component, apolipoprotein(a) [apo(a)] atésantracellular signal transduction
pathways involving inflammation which leads to emted vascular permeability and
other manifestations of endothelial dysfunction,[8®apters 2 and 3]p(a) contains a
low-density lipoprotein (LDL) moiety as well as theinique glycoprotein
apolipoprotein(a) [apo(a)]. Apo(a) is covalentlyaahed to apolipoproteinB-100 (apoB-
100) component of its LDL-like moiety via a singlssulfide bond [96]. Apo(a) is highly
homologous to the fibrinolytic proenzyme plasminogasnd contains contiguous repeats
of a sequence that closely resembles the plasminkgegle IV domain, followed by
domains homologous to the kringle V and proteaseaiios of of plasminogen [26]. The
kringle IV domains of apo(a) are classified into pes and the varying numbers of
apo(a) KIV, domain account for Lp(a) isoform size heteroggndiecent studies from
our lab show that a strong lysine binding site (LB&hin the kringle 1V type 10 (KlY)
domain mediates the activation of Rho/Rho kinaggeddent signalling pathways to
induce vascular permeability [38, Chapter 2]. FRennore, apo(a) is found to be
involved in disruption of adherens junctions anctlear accumulation of one of the
junctional proteinsh-catenin, via PI3K/Akt/GSKB-dependent signalling pathway. This
results in induction of the expression of cycloosygse-2 (COX-2) and secretion of

prostaglandin E(PGE) [Chapter 3].
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Several lines of evidence suggest that PTEN (phaiagk and tensin homolog
deleted on chromosome 10) interacts indirectly viitbatenin by binding scaffolding
proteins containing a PDZ domain, and thus pasdieip in regulating cell-cell junctions
and vascular permeability [153,154]. PTEN is adiphosphatase that specifically
dephosphorylates the D3 position of the inositalgriof the lipid second messenger,
phosphatidylinositol 3,4,5-trisphosphate (BIP155]. PIR plays a critical role in the
regulation of cell survival and growth signallinghraugh activation of
phospatidylinositol-dependent kinases (PDK’s) aheirt downstream target, PKB/Akt
[156]. A number of studies have recently demonstiathat overexpression of PTEN
results in abrogation of Akt activity [157]. Contgist with this, both the cellular levels of
PIP; and of Akt phosphorylation/activity are constiualy elevated in PTEN-deficient
mouse embryonic fibroblasts [158]. Thus, PTEN isipatream negative regulator of Akt
through inactivation of P In a recent report, the carboxyl-terminal reg@nPTEN
was shown to modulate its protein stability [15®loreover, phosphorylation of the
carboxyl-terminal residues S&%, Thr®, and Thi®*results in a six-fold increase in PTEN
half-life, which suggests that phosphorylation bese residues, plays an important role
in regulating PTEN function [159].

The Nuclear Factor — kappa B (MB) signal transduction pathway operates at
the center of a variety of different signalling eteein the living cell [160,161]. For
example, NF«B is an essential regulator of the expression afienous genes involved in
the function and development of the immune systémfecruitment of leukocytes from
the circulation into the extravascular space, afldmmatory and acute-phase responses.

Unlike most transcriptional activators, NMB resides in the cytoplasm and must
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translocate to the nucleus to function. The cellyartitioning of NFkB is tightly
regulated by its inhibitory subunitskB proteins (kBa, -b, -€), which are complexed
with NFkB in the cytoplasm to mask its nuclear localizatmgnal (NLS) [162]. In
response to specific signals, KB- (principally a p65/p50 heterodimer) is releasemhf
the inactive cytoplasmic complex. Liberation of KB- is initiated by kB
phosphorylation on two serine residues,*$and Sef’, in IkBa and on corresponding
sites in kBb, followed by targeting by the E3 ubiquitin ligasemplex for ubiquitination
and degradation of these inhibitory subunits [163].

In the present study, we show that apo(a) indwessular permeability in intact
mouse mesenteric arteries as assessed by the ehtey strong vaso-constrictor,
phenylephrine (PE). Consistent with our previomsvitro studies, the strong LBS in
KIV 10 domain of apo(a) is required for this increaseungability, via a Rho/Rho kinase-
dependent pathway. Furthermore, we demonstrateapafa) activates the PI3K/Akt
signalling pathway through suppression of PTENvégti leading to dissociation of VE-
cadherinb-catenin complexes in endothelium.

Our data also show that apo(a) induces a stroflgmmatory signal through
stimulation of nuclear translocation of NB. Moreover, accumulation of NKB in the
nucleus is completely inhibited by the PI3K inhasit.Y294002, suggesting that apo(a)
utilizes PI3K/Akt signalling pathway to induce ahet inflammatory response besides
increased expression of COX-2 and BGW®e show for the first time the existence of a

link between apo(a), PTEN, phosphorylation evesms, nuclear Nf&B accumulation.
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FIGURE 4.1. Recombinant apo(a) variants used in tisi study.

Schematic diagram shows the topology of the r-gpe@iants. 17K represents a
physiologically relevant apo(a) isoform and consaafi of the kringle domains present in
all apo(a) isoforms. The numbering of KIV typegprsvided at the top. A dot in Kijof
17KDAsp presents a single amino acid substitution, wtabolishes the strong lysine
binding site in this kringle. The bar over KJyresents an unpaired cysteine, which forms
the disulfide bond with apolipoproteinB-100 in thg(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 recombinarga(a) [r-apo(a)], as well as a
mutant form of 17K r-apo(a) 17KAsp) containing an Asp Ala substitution at amino
acid position 56 that abolishes the strong LBSha KIV;, domain (Fig. 4.1) were
constructed and expressed as previously descridgj]11]. Both r-apo(a) species were
purified from the conditioned medium (CM) of stabéxpressing human embryonic
kidney (HEK) 293 cell lines by lysine-Sepharose @sham 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) evpurchaseffom Jackson
Laboratories and housed in Health Sciences LalbgrAtomal Services at the University
of Alberta. The mice were killed by cervical diskbion and a section of mesentery distal
to the pylorus was excised and placed in ice-cdtPBS-physiological saline solution
[HEPES-PSS (pH 7.5), 142 mM NaCl, 4.7 mM KCI, 1.4M MgSQ, 1.18 mM
KH,POy, 1.56 mM CaCl, 10 mM HEPES, 5.5 mM glucose], where two mesenteri
arteries were dissected free of adipose and comeetssue, placed on a ice-cold
HEPES-PSS for two independent experiments for @yefor one mouse. The proximal
end of artery was mounted and tied to a glass danResidual blood was gently flushed
from the vessel lumen with HEPES-PSS, and theldstd of each vessel was mounted
to a second cannula, which was occluded to preflenwt Intraluminal pressures were
controlled in the two-chamber arteriograph (Livi@gstems Instrumentation, Burlington,

VT) through a servo-controlled peristaltic pumpttheas connected to the cannula via a
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pressure transducer. After mounting was completbd, temperature of the 2.5-ml
HEPES-PSS bath was increased and maintained at 37di@ital filar eyepiece (Lasico,
Los Angeles, CA) mounted on a compound microscops used to measure arterial
lumen diameters [164].

The lumen of the mounted vessel was washed withBE=PSS (200 of total
volume), and the intra-luminal treatment was penied using 200 nM r-apo(a) variants
(17K or 17KDAsp; each with 300l in total volume) with a flow rate of 2@0L/min for 5
min after the apo(a) began to enter the artergy afhich time flow was halted for 30 min.
After this 30 min interval, flow was restarted &@DnL of 1 nM PE and then 4061 of
HEPES-PSS (as a wash) were infused at a flow fa®2®rd_/min. The diameters of the
mounted vessels were recorded every 5 min duriegtlurse of experiments; therefore,
the Control (a measurement 5 min after initial tstdrthe flow before apo(a) entry into
the lumen), r-apo(a)-PE (a measurement 5 min afteestart of the flow), and r-
apo(a)+PE (a measurement, 5 min after PE entryti@dumen) were recorded from one
vessel. These experiments were repeated using dliffeeent vessels from 3 different
mice. Some vessels were pretreated with Rho kimdsbitor (Y27632; 10nM) for 30
min and followed by intra-luminal treatment withapo(a)-PE and r-apo(a)+ PE as
described above. At the end of each experimerd) fioncentration of M PE and 1
mM papaverin were added to outside of the vessem&asure the full vascular

constriction and relaxation, respectively.
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4.4.3 Cell Culture

Human umbilical vein endothelial cells (HUVECs) wempurchased from
Clonetics and grown in complete medium (endotheliasal medium EBM-2 plus
endothelial growth medium EGM-2 (Clonetics) conitagn 2% fetal calf serum) as

specified by the manufacturer’s protocol. Cellsevesed at passages 3 — 6.

4.4.4 Protein Preparation and Analysis

For the preparation of nuclear extracts, cells veergpended in hypotonic buffer
A (10 mM HEPES pH 7.6, 10 mM KCI, 0.1 mM MgCD.1 mM DTT, 0.1 mM EDTA,
0.5 mM PMSF, and &M each of pepstatin, aprotinin, and leupeptin) ¥0rmin in ice
and vortexed for 10 s. Nuclei were pelleted by gkmation and washed with buffer A
before suspension in buffer B (10 mM HEPES pH 4@) mM NacCl, 1.5 mM MgGl
0.1 mM EDTA, 0.1 mM, 0.5 mM PMSF,dM each of pepstatin, aprotinin, and leupeptin,
and 5% (v/v) glycerol) for 30 min on ice. The supdants containing nuclear proteins
were collected by centrifugation at 12,0§@r 20 min [136]. Samples were subjected to
SDS-PAGE and resolved proteins were transferreéchioobilon P membrane (Millipore)
in transfer buffer (25 mM Tris, 192 mM glycine, 10%v) methanol). Membranes were
blocked for 30 min in a blocking buffer [4% (w/v)ilknin Tris-buffered Saline containing
0.5% Tween 20 (TBST)]. Membranes were probed usitger anti-NF-kB (Cell
Signalling) or anti-RNA-polymerase Il (Millipore) emoclonal antibodies in blocking
buffer. Washed membranes were incubated with HRiugated anti-mouse I1gG
secondary antibody (Santa Cruz) and Immunoreadbiaeds were visualized using

enhanced chemiluminescence (ECL) detection reag€Atsersham Biosciences)
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followed by exposure to X-ray film. Densitometrinadysis of the bands was performed
using Corel Photopaint Version 11.

For western blotting of total cellular extracts, VIECs were lysed in lysis buffer
(50 mM Tris-HCI pH 7.4, 1% (v/v) NP-40, 0.25% sadiuleoxycholate, 150 mM NacCl, 1
mM EDTA, 1 mM PMSF, Ing/mL aprotinin, 1Ing/mL leupeptin, Ing/mL pepstatin, 1
mM NaV0O,4, and 1 mM NaF) and and lysates were subjected BBSE as previously
described [Chapter 2]. The membranes were bloake8G min in a blocking buffer and
then incubated overnight at 4°C with primary ardijpon blocking buffer against anti-
phosphorylated (S&) IkBa or total kBa (Cell Signalling), anti-phosphorylated
(Ser®IThr®??% PTEN or total PTEN (Cell Signalling), anti-eNO$ anti-iNOS (Cell
Signalling), andb-actin (Sigma). Protocols for each antibody werdescribed specified
by the respective manufacturers. Blots were sulesgtyincubated with HRP-conjugated
donkey anti-mouse or goat anti-rabbit (Santa Ctg@, as appropriate, and developed
and quantified as described above.

Inhibitors including a Rho Kinase Inhibitor (Y27632PI3 Kinase inhibitor
(LY294002) were purchased from Calbiochem and tsquetreat the cells as described

in the Figure Legends.
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4.5 RESULTS

45.1 Apo(a), through its strong LBS, facilitates the emt of phenylepherin by
increasing vascular permeability in intact blood se&els

We have previously demonstrated that apo(a), sasitong LBS in KI\j,
mediates VE-cadherin dispersion and actinomyosgsethaEC contraction, resulting in
increased endothelial permeabilityvitro [38, Chapter 2]. To more accurately model the
effects of apo(a) on vascular permeabilityvivo, we have investigated the response of
intact, dissected mesenteric arteries from C57Blé@dale mice to treatment with two
different forms of apo(a): 17K and 1DAsp [Fig. 4.1; Chapter 2]. In these experiments,
vascular permeability is measured as vascocorisfrich response to exposure of the
lumen to phenylephrine (PE), @anadrenergic receptor agonist; PE acts on the vascul
smooth muscle cells and the endothelial layer isnatly impermeant to this agent. PE
elicited strong constriction when added directlytite outside (smooth muscle) of the
mounted vessel; however, it had no effect when @dddnside of the lumen (data not
shown). When 17K treatment was followed by the toldiof PE inside of the lumen, the
constriction of the vessel showed significant 3l timld increaser{ght pane| Figure 4.2;
25% constriction from baseline diameter) compaedbdth control left pane] Figure
4.2; 5% constriction from baseline diameter) arel 1K treatment without the addition
of PE (niddle panel Figure 4.2; 7% constriction from baseline diametevhereas
17KDAsp showed no changes in constriction (Fig. 4.29tally, Y27632 completely
blocked the effect mediated by 17K, suggesting ifi& increases permeability of mouse
mesenteric artery endothelial cells in a Rho/Rhoage-dependent manner, which is
consistent with previous vitro assays [38, Chapter 2]. Interestingly, 17K treatime

alone, without added PE, increased arterial catgn by 7 %,
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FIGURE 4.2. Arterial pressure flow myography.

Mesenteric arteries from C57BL/6J female mice wissected and mounted between
two cannula in a two-chamber arteriograpétt panelbar graphs (Control) show the
normalized percent constriction from baseline diemef mesenteric arteries before the
intraluminal treatments of apo(&liddle panelbar graphs (PSS — PE) and show the
normalized percent constriction from baseline di@mef each intraluminal treatment
(Black bar: 400 nM 17K; grey bar: 400 nM 1DKsp; white bar: 400 nM 17K + 16M
Y27632) before the intraluminal addition of 188 PE. Right panebar graphs (PSS +
PE) present percent constriction from baseline dtamafter the addition ofiM PE.
(See Experimental Procedures 4.4.2 for detailetbpod). The intraluminal flow was run
at 20nL/min. Where indicated, vessels were pretreatet ®RHo kinase inhibitor (16M
Y27632) for 30 minutes; the inhibitor was also ntained throughout each experiment.
The graphs show the means + S. E obtained frore thdependent experiments, where
asterisks represent significant increases (p <)@fiér the addition of PE (17K+PE)
compared to both control and 17K-PE.
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although this was not significantly different wheompared to control (Fig. 4.2).
17KDAsp showed no constriction at all in the absencBBfwhile Y27632 abolished the

effects mediated by 17K in the absence of PE @&R).

45.2. Apo(a) Suppresses PTEN Activity Through Phosphotiga of
Serine/Threonine Residues

We have previously determined that apo(a) inducesuption of adherens
junctions and stimulatds-catenin nuclear translocation via a PI3K/Akt/G $K3athway,
resulting in induction of the expression COX-2 ahd synthesis of PGHChapter 3].
Activation of PTEN may prevent phosphorylation pfosine residues ob-catenin and
PI3K signalling events that are required to modulgermeability of endothelial
monolayers [166,95]. PTEN is known to be negativelgulated by phosphorylation of
residues S&f° and Thi®*8[159]. Therefore, we assessed the effect of agogajment
of cultured HUVECs on PTEN phosphorylation. Ten umtés of 17K treatment resulted
in increased phosphorylation of &8rand Thi*#*®¥in HUVECs (Fig. 4.3). Consistent
with previous studies [Chapter 3], interleukib-@ ng/ml) increased phosphorylation of
PTEN at the S&° Thr®*?*®sijtes, whereas 1MAsp did not have any effect on PTEN

phosphorylation. (Fig. 4.3).

4.5.3 Apo(a) Induces Nuclear Translocation of NKB via Inactivation of Its
Inhibitory Subunit, 1kBa

When the inhibitory subunitkBa, of the inactive cytoplasmic NMB complex is
phosphorylated, ubiquitinated and degraded by theeasome, released NMB is free to

translocate into the nucleus [163]. Exposing HUEHEQ 17K stimulated time-dependent
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translocation of NHB to the nucleus as early as 5 min of treatmerg. @i4A). Nuclear
accumulation of NF«B was increased 3-fold when normalized to the ot time zero
and this increase was sustained until 40 min of tteatment. Concomitantly, 17K
increased phosphorylation of cytoplasmic inhibitsgpunit, kBa on Sef? (Fig. 4.4B).
Furthermore, phosphorylation okBa on Sef’ is completely abolished when PI3K
inhibitor, LY294002, was added to HUVECs (Fig. 44Buggesting the involvement of
PI13K/Akt pathway in apo(a)-induced nuclear accuriiafeof NFkB.

Inducible nitric oxide synthase (iNOS) is one lod NFKkB-regulated genes that is
highly expressed when endothelial cells are expasddflammatory stimuli including
tumor necrosis factoa- (TNF-a) [160]. Although 17K did not induce expression of
INOS over a time period of 12 hrs, the expressiberaothelial nitric oxide synthase

(eNOS) was significantly increased after 17K treatbof HUVECSs (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 treateth \200 nM 17K or 200 nM
17KDAsp for the indicated time periods. Total cellularoteins were harvested and
subjected to western blot analysis using specifi-ghospho-PTEN (S&F°, Thr*82383
antibody. II-b (2 ng/mL) was used as a positive control. Theplgsashow the band
intensities (means + S. E.; normalized to total RT& determined by western blot
analysis) obtained from three independent expetisnewhere asterisks represent
significant increases after 17K treatment (p < Pdnpared to the control; squares show
significant increases after ILbltreatment (p < 0.05) compared to control. Reprasiee
western blots are shown below the graphs.
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FIGURE 4.4. Apo(a) stimulates nuclear translocatiorof NF-kB via inactivation of
IkBa.

A. HUVECs were serum starved for 15 min and thentéckavith 200 nM 17K for the
indicated times. Total nuclear proteins were hdetsand subjected to western blot
analysis using anti-NkB or anti-RNA pol Il antibodies. Graphs show meaandb
density (normalized to the control) £ S. E. of #hréendependent experiments;
representative western blots are shown below traphgr Asterisks over the bars
represent significant differences (p < 0.05) coraddo the controB. Top panekhows a
representative western blot of 200 nM 17K treatnfesrh two independent experiments
using anti-phosphokBa (Ser?) antibody and antikiBa (total) antibody.Bottom panel
shows representative western blots of 17K treatmeith PI3K inhibitor (5 nmiM
LY294002) using anti-phospho (S8rand anti-totalkBa antibodly.



FIGURE 4.5. Apo(a) enhances the expression of eN®8t not iINOS.

HUVECs were treated with serum-depleted mediumasoimtg 17K (200 nM) for up to
12 h. At specific time points, cell lysates werepgared and subjected to western blot
analysis using either eNOS or INOS antibody. Cpwesding cell lysates were also
subjected to western blot analysis udingctin antibody. Representative western blots of
two independent experiments are shown.
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4.6 DISCUSSION

Endothelial dysfunction represents a common linloagnmany diseases induced
by elevated plasma concentrations of Lp(a) (greidan 30 mg/dL or 100 nM) ranging
from chronic inflammation to atherosclerosis andluding coronary heart disease,
ischemic stroke, and venous thrombosis [95, 2]clinical studies from Sorensen and
coworkers [117], it was demonstrated that impagadothelium-dependent vasodilation
was evident in hypercholesterolemic children witighh Lp(a). Similarly, impaired
receptor-mediated endothelial vasodilation was feskin adult subjects with elevated
Lp(a) levels [118,119]. Previously, we have demi@atet that apo(a) component of Lp(a)
induces impaired vascular barrier function in adth HUVECs via activation of
Rho/Rho kinase-dependent pathway to increase ditessformation and VE-cadherin
dispersion [38]. However, the mechanisms by whiot(a) activates and alters vascular
endotheliumin vivo have not been clearly elucidated.

Here, we show that apo(a) induces an increasesoua permeability in intact-
blood vessel system using mouse mesenteric ar{@igs4.2). Although apo(a) alone did
not significantly increase vascular constrictianfaicilitated the entry of a strong vaso-
constrictor (PE) by increasing the permeability toé endothelium in these vessels.
Consistent within vitro studies [38, Chapter 2], apo(a) induced perméghila a Rho
kinase-dependent and a lysine-dependent pathwag.isTthe firstex vivostudy in intact
arteries showing that apo(a) elicits endotheliadfdgction. As these observations were
made using mouse vessels, it is possible that ppafald bind to a receptor that is not
specific to humans. Lp(a)/apo(a) is present onhhimans and Old World monkeys
[167,168]. A different form is found in hedgehod$9] that contains highly repeated

copies of a plasminogen kringle three-like domaistead of KIV in humans and
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baboons, with complete absence of protease doregiresces; as such, hedgehog apo(a)
likely represents a case of convergent evolutidheOstudies have used human apo(a) or
Lp(a) transgenic mice or rabbits to assess thenfiatatherogenic effects of Lp(a)/apo(a).
[41,170]. Intriguingly, a form of apo(a) lacking ehstrong LBS in KI\{, was less
effective in promoting atherosclerosis in mice thaitd-type apo(a) [171], a finding
consistent with our observation that this LBS igquieed for apo(a) to elicit endothelial
dysfunction. As such, we believe that our mouse ehad appropriate and sheds
important new light on the mechanisms by which Maf@o(a) cause vascular disease.

PTEN was originally identified as a gene that istated in multiple sporadic
tumour types as well as in patients with cancedigpmsition syndromes such as Cowden
disease [166]. PTEN is a lipid phosphatase thaathesly regulates the PI3K signalling
pathway. Recently, we have demonstrated that apo(@jliates the activation of
PI3K/Akt signalling pathway to indude-catenin nuclear trafficking [Chapter 3], which
led to our hypothesis that apo(a) increases addivatf PI3K via a down-regulation of its
upstream regulator, PTEN.

We demonstrated here for the first time that apo(@gtivates PTEN by causing
phosphorylation of serine/threonine residues of BWEEN tail, suggesting a direct
pathway to modulate PTEN activity. Casein kinas@zK2) is the one of the major
kinases that reduces catalytic activity of PTENhwibnsequent activation of PI3K/Akt
pathway [172]. CK2-mediated phosphorylation alsab#izes PTEN in a monomeric
“closed” conformation with low affinity forb-catenin/scaffolding protein complexes
[173]. Reactive oxygen species (ROS) are anotlagomeffector that may down-regulate

the activity of PTEN in several pathways. First, Ray directly oxidize and inactivate
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PTEN by forming disulfide bonds between &Jsand Cy$' residues within the active
site [174,175]. Second, ROS/NADPH-mediated inattivaof PTEN activity may be
modulated through oxidative activation of internadi protein kinases such as Src and
p38MAPK. Although it is known that ROS produced MDPH oxidase are crucial for
Src activation in endothelial cells [176], and thativated Src decreases the stability and
the activity of PTEN, how this occurs is not cle@ur previous [75, Chapter 3] and
present findings suggest that induction of sermednine phosphorylation and
inactivation of PTEN modulated by apo(a) may baulatgd through CK2 because active
Src and p38MAPK increase phosphorylation and citahygtivity of CK2 [176,177]. For
example, active Src has been found to be implicatedpo(a)-mediated disruption of
adherens junctions and in reductiorbec¢atenin nuclear accumulation [Chapter 3]. Also,
apo(a) induces activation of signalling pathwaysolwing p38MAPK to mediate
enhanced migration and proliferation of cultured \HBECs [75]. Therefore, further
investigation of the effect of apo(a) in endothedalls, focusing on the involvement of
ROS and CK2, would give us better understandintgoaf apo(a) is able to elicit impaired
endothelial barrier function.

We have shown that apo(a), through its strong LB&pidly activate the
PISK/Akt/GSK-D pathway with consequent Ser/Thr phosphorylationbefatenin,
leading to its decreased degradation in the cysopland its increased accumulation in
the nucleus [Chapter 3]. Consistently, DASp, which lacks the strong LBS in Kly
domain, did not show any induction of phosphorglatof PTEN at S&f° Thr82/%83
residues. Therefore, PTEN inactivation mediatedubh the strong LBS in apo(a)

appears to stimulate trafficking bfcatenin from membrane to the nucleus.

107



It was noted very early on that the majority of tin@nscriptionally regulated
genes expressed in endothelial cells (ECs) in respto inflammatory mediators such as
LPS, IL-1, or TNFa contained NH«B binding sites in their promoter regions [161].
Examples of NFkB—regulated genes include vascular cell adhesidecute (VCAM)-1,
E-selectin, cytokines, tissue factor, plasminogestivator inhibitor (PAI)-1,
cyclooxygenase-2 (COX-2), and inducible nitric axidynthase (INOS) [160,161].
Similarly, Lp(a)/apo(a) plays an important role inflammation and the generation of
atherosclerosis; Lp(a)/apo(a) increases the expres$ VCAM-1 [16], E-selectin and P-
selectin [17], COX-2 [Chapter 3], and mediates tbgpression of monocyte
chemoattractant activity (CC chemokine 1-309) in VELCs [64]. Also, high levels of
NF-kB are found to be present in smooth muscle cellshef atherosclerotic lesion,
especially in those derived from the intima [178}ggesting an important role in
atherosclerosis. Although both Lp(a)/apo(a) and KBFare important mediators of
inflammation and atherogenesis, how these two m®tmay coordinate inflammatory
signals together in endothelial cells has neven lstadied.

The transcriptional activity of NKB (p50/p65 heterodimer) can be regulated by
at least 2 pathways [179]. The p50/p65 heterodicomstitutes an inactive cytoplasmic
ternary complex with the inhibitor proteirkBa, which masks the nuclear localization
sequences of p50/p65 heterodiméBa can be rapidly phosphorylated and degraded
after stimulation with LPS or cytokines, allowinganscriptionally active p50/p65
heterodimers to translocate to the nucleus to aetiva set of genes related to
inflammation and proliferation. An alternative patly to regulate p65 is derived from its

association with the unprocessed p105 (becomesvpBf processed) to form an inactive
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p105/p65/kBa cytoplasmic complex. Processing of p105 resulta mapid degradation
of the kBa and a formation of transcriptionally active p5@pBeterodimer. In both
pathways, phosphorylation okBa and p105 by a protein kinase(s) is essentialer t
subsequent degradation dfBa and processing of pl05, respectively. A cytokine-
responsive KBa kinase (called IKKa and b) has been recently identified and it
phosphorylates two serine residues {S8and Sef’) of IkBa [180]. The present
experiments using cultured HUVECs clearly demonstthat stimulation with apo(a)
caused a rapid phosphorylation of 8eand possibly S&% of IkBa, followed by NFkB
activation and its nuclear translocation, whereghesphorylation of these residues is a
prerequisite for ubiquitination and subsequent degtion of kBa by 20S proteasome
[181]. Interestingly, Romashkova and coworkers [118&e demonstrated that activated
Akt also leads to NkB activation and NKkB-dependent expression of anti-apoptotic
genes, thus protecting cells from apoptosis durprgliferation. Moreover, our
preliminary data show that apo(a)-induced R&--activation is mediated through
PISK/Akt pathway since LY294002, the PI3K inhibitocompletely blocks the
phosphorylation ofKBa at Set® (Fig. 4.4B), indicating a possible role for Akt the
activation of NFkB signalling.

Equally important as the mechanisms leading tokBFactivation are the ways in
which its activity can be down-regulated. Appargntthis is of relevance for an organism
to avoid overshooting reactions of the immune raspo Indeed, self-limiting feedback
mechanisms have been described that can act omakdseels. First, receptors that
trigger NFkKB can be internalized and degraded or shed fromcéhlesurface [183].

Second, NH«B-dependent transcriptional activation and re-sgsithof kBa leads to
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FIGURE 4.6. Apo(a)-mediated inflammatory signallingpathway in HUVECs.

Apo(a), through its strong LBS in Kby, binds to a putative receptor results in activatio
of a PIBK/Akt/GSK-3 signalling pathway [Chapter 3]. In the currentdstuwe found a
role for PTEN in this pathway, where apo(a) resuitsinactivation of PTEN by
phosphorylation on its Ser/Thr residues. Furtheenapo(a) induces the activation and
nuclear translocation of a potent inflammatory ag&+kB, by inducing degradation
signal (phosphorylation at Sér of its inhibitory subunit, kBa. The phosphorylation of
IkBa may be mediated by the activation of PKB/Akt olKK Black boxes represent the
findings from this study where grey boxes includevipus findings or a previously-
described pathway.
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termination of NFB activity in the nucleus and re-shuttling to thgoplasm [184].
However, the quantitative contribution and balabetween activating and repressing
signals in the course of down-regulation of KB-activity in HUVECs by apo(a) are
poorly understood. It will be of central importanéer the understanding of these
inflammatory responses to further investigate thpesitive and negative regulatory
mechanisms.

In conclusion, ouex vivoexperiments in intact arteries confirm omrvitro data,
demonstrating that apo(a) increases endotheliah@aility, a crucial early step in the
atherosclerotic process. As in omr vitro experiments with cultured HUVECSs, these
effects are dependent on the strong LBS in apo(&):Kand an a Rho/Rho kinase
dependent intracellular signalling pathway. Thisiding underscores one of the
hypothesized pathophysiological roles of apo(a)vascular system, wherein apo(a)
facilitates the entry into the vessel wall of atiggnic agents such cytokines, monocytes,
and lipoproteins by inducing impaired EC permeapili

From a mechanistic standpoint, we propose thatregppn of PTEN activity is
an important step in endothelial dysfunction causgdapo(a). This effect is also
mediated through the strong LBS in the K§Momain. PTEN inactivation by apo(a) adds
to our previous finding that apo(a) activates PRK/GSK-3b to promoteb-catenin-
dependent gene regulation in endothelial cells p@#ra3]. Moreover, the apo(a)-
mediated activation of PI3K/Akt pathway stimulatélse activation and nuclear
translocation of NFkB by phosphorylation of its inhibitory subunit¢Ba (Fig. 4.6),
which represents a completely novel pro-inflammgtoand thus potentially pro-

atherogenic, function of apo(a).
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Chapter 5

General Discussion
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Based on the results of many epidemiological sgjdip(a) has been classified as
an risk factor for the development of vascular aéss including CvD, CHD, and CAD
[2, 3]. Since the conventional therapies that foaws lowering Lp(a) plasma
concentrations have proven to be relatively indffed?2], future therapeutics may aim at
the level of inhibiting the harmful vascular effeaif Lp(a). Therefore, therapeutics can
be envisaged that might inhibit binding to the @hdbum or interfere with the signalling
cascade that induces endothelial dysfunction. $uetapeutics would prevent the Lp(a)-
induced increase in EC permeability, thereby, pmémg this key initiation step of
atherogenesis. Although the signalling cascadesdothelial cells that are activated by
Lp(a)/apo(a) are similar to what other atherogemd inflammatory agents use to elicit
dysfunctional endothelium, the unique property anttion of the strong lysine binding
site in KIVyo of apo(a) on endothelium may become a specifgetairom a therapeutic
perspective. Inhibition of apo(a)-mediated effdaysapplying high dosage @&ACA in
vivo models may create other important problems suclpragention of fibrinolysis,
initiation of apoptosis, or attenuation of otherpontant receptor-mediated signal
transduction pathways, which might require lysineding capability on the ligands.
Therefore, the generation of such therapeutics iregjua detailed biochemical
understanding of the process by which Lp(a) indweredothelial dysfunction. The body
of work presented in this thesis constitutes aiBggmt advance in our understanding of
the molecular processes that underlie the novehafligg events mediated by
Lp(a)/apo(a) on endothelial dysfunction: specificalbn impaired endothelial barrier
function. The results obtained will be discussethinithe context of a novel signalling

cascade that is mediated through Lp(a)/apo(a)sowar endothelial cells (Fig. 5.1).
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5.1 A NOVEL SIGNALLING CASCADE STIMULATED IN ENDOTH ELIAL
CELLS BY Apo(a)

It was previously demonstrated from our laboratbgt Lp(a) and apo(a) utilize a
Rho/Rho kinase-dependent and Rac-dependent pattovayduce vascular endothelial
dysfunction, characterized by actomyosin-depende@t contraction and enhanced
vascular endothelial permeability [38]. Apo(a) icda the activation of contractile
machinery in endothelial cell via Rho/Rho kinaspatelent pathway to increase the
phosphorylation of myosin light chain (MLC), theyeactivating myosin and stimulating
its interaction with filamentous actin to effectcirased stress fiber assembly and
contractility (Fig. 5.1). In our previous study, vehowed that Lp(a)/apo(a) exerts its
function towards the activation of MLC without anciease in intracellular [€3,
suggesting that inhibition of MLC phosphatase aigtivs the one of the key step to
induce phosphorylation of MLC [38]. However, a dirénhibition of MLCK by its
inhibitor, ML-7, completely abolishes the phospHatipn states observed in apo(a)
treatment, suggesting that a minimum activity of GKis required for this alternate
intracellular [C&']-independent events to be established. The wodsgmted in this
thesis directly demonstrates that apo(a), thoughRho/Rho kinase-dependent pathway,
inhibits the function of MLC phosphatase, which hagitical intrinsic role in regulating
the activation of MLC. Another consequence of thegeskeletal rearrangements is the
reorganization of vinculin, a structural molecubatt links the stress-fibers from inside of
the cells to the extracellular matrix, and the dispn of VE-cadherin, a member of
adherens junctions that forms a homodimer with Bkerin from adjacent endothelium

to form a selective endothelial barrier (Fig. 5.1).
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Endothelial-cell junctions present a particuladgmplex network of adhesion
proteins that are linked to intracellular cytoskaleand signalling partners [88]. These
proteins are organized into distinct structureteddiight junctions and adherens junctions
(AJ’'s). VE-cadherin and catenins includitgcatenin, p120, and plakoglobin, are the
major components of AJ’'s and form into complexethwiach other when the EC barrier
function is normal. Upon treatment of endotheliallc with apo(a), a rapid dissociation
of catenins from VE-cadherin complex is observedt tls associated with a Src-
dependent phosphorylation of tyrosine residues ath B/E-cadherin and the catenins.
[Chapter 2] Furthermore, the roletfcatenin is altered from being a major component of
AJ’'s to an activator of transcription factors irmdilng the TCF/LEF family. Hence,
nuclearb-catenin modulates the expression of specific tagygaes.

Apo(a) also induces the activation of a PI3K-dejfgm pathway by inhibiting
PTEN via its phosphorylation at Ser/Thr residuestivation of PI3K stimulates its lipid
kinase activity via activation of p110 subunit riéisig in the addition of phosphate on the
D3 position of phosphatidyl-inositol and productiof phosphatidyl-inositol-3,4,5sP
(PIPs). The pleckstrin homology (PH) domain of Akt has &finity for PIR and the
binding of PIR triggers Akt translocation to the plasma membr85]. Furthermore,
the increasing levels of phosphoinositides functam intracellular second-messenger
molecules leading to activation of Pl-dependentages (PDK1 and PDK2). PDKs
activate upon their membrane translocation by phaspation on Thi”® and Set’ of
Akt for maximal activity [141,142]. Here we haveosin that apo(a) mediates the full
activation of Akt by increased phosphorylation orothb sites, whereas this

phosphorylation was completely removed upon treatméth PI3K inhibitor, LY294002,
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indicating the role of Akt as a direct downstrearget of PI3K (Fig. 5.1). Furthermore,
we also have found that apo(a)-mediated activatioAkt downregulates the activity of
GSK-3, one of the major downstream targets of Akt. Ndlyn& SK-3b constitutes part
of a complex (APC, axin/conductin, GSK-,3andb-catenin), in which GSK43 promotes
the b-catenin ubiquitination and its subsequent protewso degradation [131].
Inactivation of GSK-B upon apo(a) treatment thus has the effect of allgwytoplasmic
b-catenin to escape targeting for degradation, h@nomoting its translocation into the
nucleus.. This mechanism is crucial for maintenasicenitogenic quiescence: whén
catenin is released in the cytosol from the inactbomplex, it translocates into the
nucleus and complexes with TCF/LEF transcriptioctdes, which act as transcriptional
activators of many genes including cell regulatprgteins ¢-my¢ cyclin D1), matrix
proteins (fibronectin), proteases (MMPs), and pritammatory enzymes (COX-2), and
cytokines (interleukin-8) [132-136]. Apo(a), indeedltivates the translocation of
catenin into the nucleus via PI3K/Akt/GSK-8ependent pathway and induces
expression of an potent inflammatory agent, COX+2] its consequent P@Eecretion
(Fig. 5.1). The crucial role df-catenin in the effect of apo(a) was confirmed ignging
b-catenin by specific small interfering RNA that tked expression COX-2. Interestingly,
tobacco smoke, one of the classical risk factorsdD, was also found to cooperate
with cytokines to alterb-catenin tracfficking in vascular endothelium reésg in
increased permeability and induction of COX-2 egprenin vitro andin vivo [136].
Furthermore, a recent report by Bedel and coworKE88] also has demonstrated that

oxLDL utilizes a pathway involving E-cadhefintatenin/TCF to induce SMC
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proliferation with concomitant PI3K/Akt activatiomnd GSK-B phosphorylation,
emphasizing the importance of this pathway in atpenesis.

Another major category of endothelial dysfunctibesides impaired barrier
function is the switch of endothelial cells to ao{mflammatory from an anti-
inflammatory phenotype. Inflammation is considetedbe a critical initial step in the
development of atherosclerosis. Pro-inflammatorgnges in the endothelial phenotype,
known as “endothelial activation”, involve upredida of cellular adhesion molecules
for leukocytes and platelets, an increase in emdialHeukocyte interactions and
permeability of the endothelium to leukocytes, aaterations in the secretion of
autocrine/paracrine factors, such as monocyte ch#raotants, which are pivotal to
inflammatory responses. Many studies have demdadtthat NFkB activation plays a
key role in endothelial activation [reviewed in #f87]. In normal arterial endothelial
cells, NFkB is present as an inactivéB-bound complex in the cytoplasm [160]. Upon
activation of the cells by injurious or pro-inflanatory stimuli, NFkB is released from
this complex and enters the nucleus to activatee gexpression. Apo(a) induces
inactivation of kB by increase in phosphorylation of serine residuelsich induce
dissociation of NF«B from its inactive complex to facilitate the numtdranslocation of
NF-kB (Fig. 5.1). Although many signals that lead ttivetion of NFkB converge on
the ROS-dependent activation of a complex thatainatan kB kinases (IKKs) [161],
the activation of an Akt-dependent pathway may &islnice a direct phosphorylation of

IkB on serine residues to mediate KiB-activation [Figure 5.1; ref #182].
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FIGURE 5.1 Novel pathways mediated by Lp(a)/apo(an vascular endothelium

Lp(a)/apo(a), through its strong LBS in Kiky binds to a putative receptor results in
activation of three different upstream signalingazales: 1) Rho/RhoK-dependent, 2)
Rac-dependent, 3) PI3K/Akt/GSKadlependent signalling pathways [ref#38 and
Chapters 2,3,4]. Activation of Rho/RhoK-dependemi &ac-dependent pathways leads
to enhanced stress fiber formation and VE-cadheiahins complex dissociation, which
is followed by increased vascular endothelial peoildy. Cytoplasmic b-catenin
translocates into the nucleus for an up-regulatioconsequent COX-2 and Pggrotein
expression via PI3K/Akt/GSKiBdependent pathway. PI3K is activated in accordance
with inactivation of PTEN. Akt may inactivate inae NFkB complex by
phosphorylatingkBa directly or Lp(a)/apo(a) may activate IKKs, a nrajoactivator of
IkBs, for NFkB activation; thereby, it increases accumulatioNétkB in the nucleus
for targeted gene expression. Boxed signaling nutdscindicate pathways that are
previously found [38] and are presented in thissithe Circled P represents the
phosphorylation while the question marks (?) regméediterature-suggested signaling
molecules.
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5.2 THE ROLE OF STRONG LYSINE BINDING SITE IN KIV 10 OF Apo(a)

Apo(a) is a very large and complex molecule witlhiny functional domains. This
complex structure likely underscores the numeraisrgial pathogenic mechanisms that
have been ascribed to Lp(a). This complexity alsavigdes an opportunity, however: if
we are able to map the functions of apo(a) to @adar domains, we will then be in a
position to determine, in animal models expressmgant forms of apo(a), which of the
many proposed mechanisms are relewamivo. We will also be in a position to develop
therapeutics specifically targeted against domairapo(a) and the downstream effectors
that apo(a) acts upon or influences. We have gtk battery of recombinant apo(a)
variants that encompass systematic deletions ardtions of the domains in apo(a), as
well as a series that spans over 95% of the knqefad size polymorphs. For our studies
of the domains in apo(a) that influence endotheljefunction, we selected a range from
as large as a physiologically-relevant 17 krindl@K) apo(a) to as small as Kj¥P,
which only contains one of each copy of KIV, KV,ofgase domain. Also, we have
utilized an mutant form of apo(a) constrt7KDAsp) that contains a single amino acid
substitution which abolishes the function of sLBEKIVo completely. Using these
various constructs of recombinant apo(a), we hamanhstrated that even the smallest
construct KIjg-P increased acto-myosin-mediated EC contractiosh emhanced EC
permeability while the amino-terminal end of apofmes not have any effect on EC
permeability. Interestingly, application efACA, a lysine analogue, completely inhibited
apo(a)-mediated intracellular signalling cascadeduding Rho/Rho kinase-dependent

and PI3K/Akt/GSK-B®-dependent signal transduction pathways (Fig. 3=Gjjthermore,

apo(a) containing a single amino acid substitutibiKDASp, inactivating the sLBS in

119



KIV 10, completely lacked the effects that were medidtgavild-type apo(a), indicating
the absolute requirement of lysine-dependent iotiena to induce the activation of
outside-in signal transduction pathways mediatingoghelial activation. Recently, we
also have demonstrated the same role of sLBS i(appa endothelial permeability using
an ex vivosystem consisting of intact mouse mesentericiastem these experiments,
apo(a), through its sLBS, induces increased EC eabiiity as measured by the entry of
a potent vaso-constrictor to induce constrictiorthef arteries, emphasizing the role of
sLBS in apo(a) on a vascular system. As mentiomede this novel finding of the role
of SLBS in apo(a) may point the way to an altereapharmacological strategy: namely,
towards interfering with the effects of Lp(a) orsealar endothelial cells in initiation of
atherogenesis, rather than lowering plasma Lp(ar@atrationger se However, more
studies are required to firmly indicate the rolesbBS in vascular systein vivo. Further
studies may include an application of these nommal mutant apo(a) in transgenic mice.
Interestingly, expression of human apo(a) resultednore severe fatty streaks in the
aortae of mice fed a high-fat diet, while expressid a form of apo(a) lacking the sLBS
in KIV 10 did not have this effect [116]. Further studieshese animals, looking more
closely at markers of endothelial dysfunction sashthose investigated in cultured cells

in this thesis, are clearly of interest.

5.3 SEARCHING FOR A NOVEL RECEPTOR

The activation of intracellular signalling transtion pathways by Lp(a)/apo(a),
leading to endothelial dysfunction, may illuminagt@me of the possible candidates for a
receptor. A recent study by Liu et al. [75] showhkdt lower concentrations of apo(a)

increase the activation of MAP kinase-dependentvpays to induce EC proliferation
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and migration. This study also indicated that tffects of apo(a) on endothelial cells
were mediated through integrimbs. However, treating endothelial cells with apo(a)
along with a blocking antibody against integégbs, we could find no evidence of the
involvement of integrina,b; towards the activation of PI3K-dependent signgllin
pathways (data not shown). There are two possdslifor this result: first, we used a
different, commercially available, blocking antilyofbr integrin a,bs rather than the
blocking antibody (LM609 [75], a gift from Dr. DaviCheresh) that was used in Liu’s
study. The commercially-available antibody promdi€ti apoptosis at the concentrations
that Liu had used for LM609. Second, apo(a) mayi@edEC migration in conjunction
with integrins in lower concentrations; however.tla higher concentrations of apo(a)
required to induce vascular permeability, apo(a)y mat utilize integrins and uses a
different receptor to specifically induce alterasoin adherens junctions and induce
actomyosin-derived EC contraction.

Barbieri and coworkers [136] demonstrated thatatob smoke and ILkL
increases PI3K/Akt-dependent expression of COX€ RGE through epithelial growth
factor receptor (EGFR), a known pro-inflammatoryceamtor tyrosine kinase that is
implicated in many situations involving endotheliajury. However, the activation of
PI3K-dependent pathways mediated by apo(a) in @edat cells was not altered by
incubation with an EGFR inhibitor. We also appligeitussis-toxin, an inhibitor of &
and s subunits of G-protein-coupled receptor (GPCR)E® monolayers and apo(a)
still was able to activate Rho/Rho kinase-dependentractile machinery. However, a
recent review described receptors that have thigyatm induce both Rho/Rho kinase-

dependent and PI3K/Akt-dependent pathways at three dame. These receptors are G-
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potein coupled receptors of the (513 subfamily, where the &GTP and &g subunits
independently activate downstream effectors such Ré®/Rho kinase-dependent
actomyosin activation and PI3K/Akt-dependent calivizal signals, respectively [143].
PI3Kgis one of the subtypes of class | PI3Ks that dosta catalytic subunit (p110g) and
a regulatory subunit (p101), and it can be activéte the &g subunit of @,/13 proteins,
and thus, mediates the signal from GPCRs [188]réfbee, an investigation of a specific
subtype activation of PI3K family mediated by apafaendothelial cells would give us a
better understanding towards this putative Lp(@yap receptor. Confirmation that a
member of this receptor family mediates the effecfs Lp(a) awaits further

experimentation.

5.4 CONCLUDING REMARKS

In a large series of clinical studies performeddte, a very strong correlation was
found between plasma concentrations of Lp(a) aacctimtent of oxidized phospholipids
on apoB-100 patrticle [189]. Also, the correlatidn@xPL/apoB to Lp(a) is found to be
very strong in individuals with small apo(a) isafts (r = 0.95) and modest in individuals
with large isoforms [189], consistent with earlpdings that smaller apo(a) isoforms are
positively correlated with increased risk in CHDIa@AD [2]. Furthermore, many studies
have suggested different physiological roles aterkht plasma concentrations. At a
lower plasma level, Lp(a) exerts its vaso-protextives: First, Lp(a) not only transfers to
OxPL from other lipoproteins and apoptotic cell$ &dlso, mediate the clearance of OxPL
by Lp-PLA; [4,5,41]. Second, Lp(a) modulates wound healingyhich Lp(a) increases

EC proliferation and migration and also inhibitsé formation in fibrin gels [75]. At
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elevated concentrations, apo(a) promotes a prarmflatory and permeable EC
phenotype: Lp(a) increases vascular permeabilityabvating various inflammatory
signals [Chapter 2, 3, 4]. At higher concentratigth CAD, apo(a) of OxPL-bound Lp(a)
appears to attenuate the activity of Lp-BLMdicating a reduction in OxPL clearance.
Furthermore, it binds to sub-endothelial matrixhaigh affinity [45] that may result in
increased concentration of OxPL on the vessel wdHo, Lp(a) may induce a direct
prothrombotic effect by inhibiting tissue factor tipaay inhibitor (TFPI) [35].
Unpublished data from our laboratory shows thatratextreme high concentration of
Lp(a) (600nM) promotes EC apoptosis. As such, wtdading the role of Lp(a) between
apo(a) isoform size and the plasma concentrationgne us a better insight in terms of

why only the limited species contain Lp(a) in thenculation.
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