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“Every solution of a problem raises new unsolved problems; the more so the deeper 
the original problem and the bolder its solution. The more we learn about the world, and 
the deeper our learning, the more conscious, specific, and articulate will be our knowledge 
of what we do not know, our knowledge of our ignorance. For this, indeed, is the main 
source of our ignorance -- the fact that our knowledge can be only finite, while our 
ignorance must necessarily be infinite.”

     Karl Popper, Conjectures and Refutations.
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Chapter 1

1 GENERAL INTRODUCTION

Multicellular organisms contain various compartments that differ with respect to 
fl uid and solute composition. Epithelial and endothelial cell sheets line the interfaces 
between compartments and their external milieu and play a key role in maintenance of 
compartmentalization. In contrast to epithelia, that may originate from all three germ layers 
of the embryo, endothelia originate specifi cally from the mesoderm and form the lining 
of the vascular system. The integral vascular system serves to guide the bloodstream that 
carries oxygen, nutrients, proteins, metabolites and cells of innate and adaptive immunity. 
The exchange between the bloodstream and the surrounding compartments is specifi cally 
localized at the endothelial interface. 

This introduction will describe a number of crucial functions of normal endothelial cells 
and their dependence on environmental factors. When vascular homeostasis is lost, these 
functions may contribute to the onset and development of pathogenesis.  

1.1 Endothelial cells and the vascular system
The fl ow of blood through the body requires an extensive system of blood vessels to 

ascertain both adequate transport capacity and effi cient exchange of transported gasses, 
nutrients, metabolites and cells between the bloodstream and organs or tissues. The vascular 
system consists of the macrovascular conduit vessels, the large arteries and veins, and 
the microcirculation that comprises vessels with a diameter less than 100 μm; arterioles, 
capillaries, and venules. With the exception of capillaries, blood vessels have a wall that is 
composed of three concentric layers of different composition (Figure 1). In direct contact with 
the blood-perfused lumen of the vessel is the tunica interna (intima), consisting of a single 
layer of endothelial cells and the basal membrane. Only in arteries, this layer is separated 
from the tunica media by the internal elastic lamina. The tunica media itself consists of 
multiple layers of contractile vascular smooth muscle cells. The most outer layer, the tunica 
externa (adventitia) is separated from the tunica media by the external elastic lamina and is 
mainly composed of connective tissue and fi broblasts. Capillaries consist of an endothelial 
layer and basal membrane that is surrounded by pericytes in the periphery or glial cells in 
the BBB. 

Endothelial cells at different sites of the vascular system all originate from the same 
precursor cell, the haemangioblast, and have many characteristics in common that contribute 
to vascular homeostasis. Nevertheless, positional differences in endothelial phenotype are 
considerable. In addition, being the interface between blood and tissue, endothelial cells are 
highly susceptible to environmental cues including signalling molecules, mechanical stimuli 
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and homotypic- and heterotypic interactions with cells in the vessel wall and the bloodstream. 
Therefore, endothelial cells are the main regulators of vascular homeostasis and are thus, in 
case of failure of regulatory mechanisms, often crucially involved in vascular disorders. 

1.2 Endothelial functions in vascular homeostasis. 

1.2.1 Hemostasis and fi brinolysis 
Under normal conditions, endothelial cells produce a variety of molecules involved in 

regulation of blood coagulation and platelet function, resulting in a net anticoagulant and 
antithrombotic luminal surface. Vessel damage or proinfl ammatory conditions may shift 
this balance towards a procoagulant and prothrombotic state. The serine protease thrombin 
has a crucial role in balancing coagulant and anti-coagulant pathways. The fi nal step of the 
coagulation cascade, the conversion of fi brinogen to fi brin, is catalyzed by thrombin. On 
the anti-coagulant side, the binding of thrombin to thrombomodulin prevents the former 
from being able to clot fi brinogen or to activate platelets (Esmon 1995). In addition, the 
activation of protein C is facilitated (Sadler, 1997). Activated protein C, in complex with 
endothelium-derived protein S inactivates two essential cofactors in the coagulation cascade, 

intima

media
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smooth muscle cell

endothelial cell

fibroblast
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Figure 1. Schematic drawing of a cross section of the normal vessel wall. Cell types and tissues constituting the 
concentric layers that can be distuinguished in the vesssel wall are indicated.
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factor VIIIa and Va (Esmon 2000). Glycosaminoglycans, abundantly present on the surface 
of endothelial cells, provide an important binding site for antithrombin and thus enhance 
thrombin inactivation. In addition, antithrombin is able to inhibit other serine proteases from 
the coagulation cascade, namely, factors XIIa, XIa, IXa and Xa. 

Platelet aggregation is inhibited by prostacyclin (PGI2) and nitric oxide (NO) that are 
constitutively released by endothelial cells. In response to agents released during coagulation, 
e.g. bradykinin and thrombin, or during platelet aggregation, e.g.  ADP, synthesis of PGI2 
and NO is increased, resulting in an attenuation of intravascular thrombus formation. On the 
other side of the balance, platelet aggregation is stimulated by two important activators that 
are both released by endothelial cells, being platelet-activating factor (PAF) (Zimmerman 
et al., 1990) and von Willebrand factor (vWF), which is both constitutively deposited to 
the endothelial extracellular matrix and available as an inducible pool from Weibel Pallade 
bodies (van Mourik et al., 2002).  

Fibrinolysis, the degradation of fi brin-rich clots to soluble fi brin degradation products, 
is carried out by the serine protease plasmin. Activators of its zymogen plasminogen are 
released from endothelial cells. Tissue-type plasminogen activator (tPA) is constitutively 
released, while urokinase synthesis requires endothelial activation. Whereas plasminogen 
activation by tPA is of importance in clot lysis, uPA-derived plasmin is predominantly involved 
in remodelling of the subendothelial matrix. Activity of both plasminogen activators is 
controlled by plasminogen activator inhibitor-1 (PAI-1) which is also secreted by endothelial 
cells (van Meijer et al., 1995). 

1.2.2 Leukocyte traffi cking
Endothelial cells regulate recruitment of leukocytes to sites of infl ammation or tissue 

damage. Upon activation by infl ammatory stimuli, endothelial cells release cytokines and 
growth factors to attract and activate leukocytes. In addition, exposure of various cell 
adhesion molecules on the endothelial surface mediates leukocyte attachment and may, in 
a multistep adhesion cascade, ultimately result in their transmigration over the endothelium 
(Springer, 1994). 

L-selectin, constitutively expressed on the leukocyte membrane, mediates capturing of 
leukocytes and their rolling along the endothelial surface. Interactions are further enhanced 
when E- and P- selectins are induced on the endothelial membrane as a result of infl ammatory 
stimulation (McEver et al., 1989; Bevilacqua et al., 1989). In addition, the rolling leukocytes 
encounter pro-infl ammatory chemokines that are secreted by the endothelial cells and 
immobilized on their surface. This sensing of the pro-infl ammatory endothelial surface by the 
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rolling leukocyte, together with signal transduction via L-selectin and P-selectin glycoprotein 
ligand-1 (PSGL-1), results in activation of leukocyte integrins (Hynes, 1992; Stewart et al., 
1995).  The leukocyte integrins subsequently bind the endothelial surface via members of 
the Ig superfamily; intercellular adhesion molecules 1- and 2 (ICAM-1, ICAM-2) and/or 
vascular cell adhesion molecule-1 (VCAM-1). As a result, low affi nity binding by selectins 
is strengthened by integrin-dependent fi rm adhesion, leading to an arrest and spreading of 
the leukocytes. Subsequently, leukocytes migrate to endothelial junctions and transmigrate 
over the endothelial monolayer. This process, also known as diapedesis, is facilitated by 
junctional adhesion molecule-1 (JAM-1) and regulated sequentially by platelet/endothelial 
cell adhesion molecule-1 (PECAM-1) and CD99 that are both expressed on leukocytes as 
well as on endothelial cells (Ostermann et al., 2002; Muller and Randolph, 1999; Schenkel et 
al., 2002). Finally, evidence is accumulating that leukocytes may, in addition to paracellular 
routes, follow a transcellular route to pass the endothelium (Feng et al., 1998; Carman and 
Springer, 2004).                  

1.2.3 Vascular tone
In the vessel wall, the tunica media is mainly composed of multiple layers of vascular 

smooth muscle cells (VSMC), the contractile state of which is controlled by sympathetic 
nerves, circulating hormones and the overlying endothelium. Endothelial cells release 
various vasoactive compounds such as nitric oxide (NO) and prostacyclin (PGI2) that are 
both involved in regulation of the resting vascular tone. NO diffuses to the adjacent VSMC 
layer where it activates soluble guanylate cyclase, resulting in increased levels of cGMP and 
subsequent vasorelaxation. PGI2 induces vasorelaxation via the prostacyclin receptor and an 
increase in cAMP levels. (Andrews et al., 2002) The predominant NO synthase in the vessel 
wall is endothelial nitric oxide synthase (eNOS), which converts l-arginine to l-citruline and 
NO. Activity of the eNOS protein is affected by various agents like acetylcholine, bradykinin, 
histamine or VEGF that, via receptor-mediated stimulation, affect its expression, its cellular 
localization, and its post-translational modifi cations. Shear stress is also a potent stimulator 
of eNOS activity (Arnal et al., 1999; Dimmeler et al., 1999; Govers and Rabelink, 2001).   

1.2.4 Permeability of the endothelial barrier 
The endothelium presents a large interface between blood and tissues, the area of which 

amounts to an estimated 350 m2 (Pries et al., 2000). As such, it functions as a selective barrier 
for transport of water and solutes. Transmembrane integrin complexes that interact with the 
subendothelial matrix in so-called focal adhesion points, mediate adhesion and spreading of 
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endothelial cells to form continuous layers. In these layers, cells are linked by specialized 
structures consisting of transmembrane adhesive proteins that are anchored to a network 
of intracellular proteins. These intracellular proteins in turn, connect to the cytoskeleton 
and function as a platform for intracellular signalling. Based on composition, function and 
ultrastructural characterization, three types of intercellular junctions can be distinguished in 
endothelial cells; adherence junctions (AJs), tight junctions (TJs) and gap junctions (GJs). 

Vascular endothelial cadherin (VE-cadherin), is specifi cally expressed in endothelial 
cells in all types of vessels and is thought to be of fundamental importance in the regulation 
of the endothelial barrier function. Like other cadherins, VE-cadherin is thought to dimerize 
laterally in cis and to form Ca2+-dependent interactions in trans, via its N-terminal repeats, 
thus establishing adherence junctions. The cytoplasmic tail of VE-cadherin interacts with β-
catenin and plakoglobin, which in turn bind α-catenin that anchors the complex to the actin 
cytoskeleton. In additon, VE-cadherin is able to bind p120-catenin that does not associate 
with actin but may be involved in AJ stability and regulation of Rho GTPase activity 
(Reynolds and Roczniak-Ferguson, 2004). P120-catenin, like β-catenin and plakoglobin, 
may translocate to the nucleus and modulate gene transcription (Bazzoni and Dejana, 2004). 
In addition to its role in junction formation, expression of VE-cadherin was found to protect 
endothelial cells from apoptotic stimuli and to attenuate cell growth via interaction with 
the vascular endothelial growth factor receptor 2 (VEGFR2), thus contributing to vascular 
homeostasis (Dejana, 2004).  

Tight junctions are characterized in transmission electron microscopy as points where 
closely apposed plasma membranes on adjacent cells apparently fuse. These so-called ‘kissing 
points’ coincide with intermembrane strands that can be visualized in detail using freeze-
fracture electron microscopy (Figure 2). This technique exposes membrane leafl ets and shows 
transmembrane tight junction components as strands of particles or complementary imprints 
(Tsukita and Furuse, 1999). Tight junction strands are critically dependent on members of 
the claudin family of four pass transmembrane molecules for their formation and barrier 
properties (Furuse et al., 2001; Simon et al., 1999; Van Itallie et al., 2001; Yu et al., 2003). 
Claudins bind each other in homotypic- and heterotypic manner both within- and between TJ 
strands, thus forming a semi-permeable sealing of the epithelial and endothelial paracellular 
space (Furuse et al., 1999; Turksen and Troy, 2004). Claudin-5 was reported to be the 
endothelial-specifi c member of the claudin family (Morita et al., 1999a; Morita et al., 1999b). 
In addition to claudins, TJ strands are thought to contain occludin, a second type of four 
pass transmembrane protein. Both claudins and occludin are associated with an intracellular 
protein, ZO-1, that links them to α-catenin, spectrin and the actin cytoskeleton (Furuse et 
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al., 1994; Itoh et al., 1999). ZO-1 is a member of a family of membane-associated guanylate 
kinases (MAGUKs) comprising ZO-1,-2 and -3 that are thought to play an important role in 
formation of both AJs and TJs (Umeda et al., 2006). The presence of the interactive PDZ, 
Src homology 3 (SH3) and guanylate kinase (GUK) domains, indicate a central role for ZO 
family members in regulation of TJ complexes (Gonzales-Mariscal et al., 2000).

Gap junctions are transmembrane channels with a diameter of approximately 2 nm 
that connect the cytoplasms of adjacent cells, thus allowing ions and intercellular signalling 
molecules to pass freely between cells. They may play an indirect role in endothelial 
permeability via regulation of NO production (Liao et al., 2001). In addition, gap-
junction dependent communication between endothelium and neutrophils may modulate 
transendothelial migration (Zahler et al., 2003). However, evidence for a more direct role in 
endothelial barrier formation is lacking.   

Passage of plasma constituents over the endothelium can either take place via 
transcellular or paracellular routes and is highly regulated to meet local demands. The 
vast majority of plasma-carried solutes have low molecular weights and are at higher 

Figure 2. Structure of tight junctions. (A) Electron microscopic image of two adjacent endothelial cells in the 
aorta vessel wall. Part of the intercellular cleft is obscured by electron-dense junctional structures (arrows). (B) 
Freeze-fracture replica images of contact planes of epithelial cells. Tight junctions appear as a set of continuous, 
anastomosing intramembranous particle strands or fi brils (arrowheads) with complementary vacant grooves 
(arrows). (C) Schematic drawing of the three-dimensional structure of tight junctions. Each tight-junction strand 
within a plasma membrane associates laterally with another tight-junction strand in the apposed membrane of an 
adjacent cell to form a paired tight-junction strand, obliterating the intercellular space (kissing point). Panel C  
adapted from Tsukita et al. Nat. Rev. Mol. Cell. Biol. 2001, with permission from MacMillan Publishers Ltd.

lumenA

B
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concentration in the plasma than in the interstitium. Therefore, passive diffusion, limited 
by endothelial intercellular junctions and, possibly, the extracellular matrix, is considered 
as the main gateway for ions and small molecules, with molecular radii up to between 3-4 
nm (Pappenheimer et al., 1951). This size-selectivity of non-activated endothelial barriers 
is crucial in maintenance of gradients of larger molecules, in particular proteins, that are 
required for the fl uid balance of tissues. However, proteins and water-insoluble molecules 
as fatty acids and hormones that require carrier proteins like albumin or apolipoproteins for 
their transport, can be effi ciently carried over the endothelium by means of transcytosis, a 
transport process associated  with the presence of caveolae (reviewed in Tuma and Hubbard, 
2003;  Cohen et al., 2004). Water may traverse the endothelial barrier via both the paracellular 
and transcellular route and, in addition, via specialized water-transporting channels formed 
by aquaporins (Verkman, 1998). 

In general, in undisturbed endothelium, transport of protein and liquid mainly occurs 
via transcellular pathways due to the restrictive properties of the paracellular space. In 
response to intrinsic and extrinsic stimuli, however, the balance between forces generated by 
endothelial cell-cell and cell-matrix interactions on one side and opposing contractile forces 
generated by actinomyosin molecular motors on the other side is changed in favour of the 
latter. This may lead to cell contraction and opening of the paracellular space, which results 
in increased paracellular permeabilitiy and loss of the restrictive properties of the endothelial 
barrier (reviewed in Mehta and Malik, 2006). 

  
1.3 Endothelial heterogeneity

The physiological processes that contribute to vascular homeostasis, as outlined 
in paragraph 1.2, are known to show considerable positional variation along the vascular 
tree. Endothelial cells display a remarkable heterogeneity in structure and function which 
refl ects their adaptation to different local environments (reviewed in Aird, 2006a and 2006b). 
Ultrastructural comparisons of endothelium derived from different parts of the vascular 
tree have contributed to the current understanding of heterogeneity in barrier properties by 
revealing local variations in e.g. structure of interendothelial junctions or caveolar density 
(Aird, 2006a).

More recently, the application of genomic tools to analyze endothelial cells from different 
vascular sites has provided the fi rst insights in differences in gene expression patterns that 
underlie endothelial heterogeneity. (Chi et al., 2003; Deng et al., 2006). Two principally 
different mechanisms may direct gene transcription patterns. First, epigenetic control of 
transcription is likely to occur during differentiation of specifi c types of endothelium from 
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their common precursor, the haemangioblast. Several mechanisms have been implicated in 
epigenetic control and include DNA- and histone methylation and histone acetylation. In 
general, these modifi cations are transmitted during the cell cycle in S-phase and are long-
lasting, although not completely irreversible. Evidence for epigenetic control of endothelial 
phenotypes is limited and is essentially inferred from maintenance of site-specifi c properties 
during culture of endothelial cells (Chi et al., 2003; Deng et al., 2006). Second, signals from 
the extracellular environment may contribute to endothelial heterogeneity. Environmental 
signals may be of biochemical or physical nature and include NO, growth factors, 
chemokines and shear stress. Via receptor activation and subsequent signal transduction, 
these environmental signals may control gene expression and thus, endothelial phenotypes. 
In contrast to epigenetic control, effects of environmental stimulation on gene expression are 
reversible and short-lived. A typical example of environmental determined adaptation of the 
endothelial phenotype can be found in the blood-brain barrier. Here, neural tissue is protected 
from fl uctuations in blood composition by, amongst others, well-developed endothelial tight 
junctions. The barrier characteristics of cerebral endothelial cells are partially lost  in culture 
but can be preserved by coculture with asterocytes or treatment with asterocyte conditioned 
medium (Wolburg 1994). Shear stress represents a physical environmental factor that 
determines the endothelial phenotype and, in particular, the responsiveness of endothelial 
cells to changes in their environment.

1.3.1 Shear stress as modulator of endothelial gene expression 
The fl ow of blood through the lumen of a vessel generates a frictional force on the 

endothelial cells in the vessel wall. This force, shear stress, is defi ned as the tangential 
force exerted in the fl ow direction on the luminal surface and is expressed in dyne/cm2.  
Mechanical signals imparted through this frictional force are essential for development of 
the cardiovascular system (Hove et al., 2003; Jones et al., 2004) and play a crucial role 
in vascular remodelling (Schaper, 2001; Eitenmuller et al., 2006). The endothelium plays 
a crucial role in these processes by sensing shear stress and mediating various processes 
that lead to adaptation of the vessel to the blood fl ow. A variety of sensory proteins and 
cellular structures localizing to different compartments of the endothelial cell have been 
put forward: integrins, PECAM, VE-cadherin in complex with VEGFR2, (unidentifi ed) ion 
channels, tyrosine kinase receptors, caveolae, G-proteins, the cytoskeleton and the glycocalyx 
(reviewed in Davies, 1995 and in Resnick et al., 2003). In vitro exposure of endothelial 
cells to fl ow revealed a plethora of responses that, when temporally grouped, result in a 
sequence of transient cellular responses that ultimately lead to a permanent adaptation of the 
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endothelium to fl ow. Subsequent stages that can be recognized are: 1. initiation of signalling 
(< 1 minute), 2. signalling cascades and onset of gene regulation (1 minute-1hour), 3. gene 
transcription and protein synthesis ( 1-6 hours), 4. adaptive responses (> 6 hours) (Davies, 
1995). Many of the observed responses however, both at the level of signal transduction 
and at the level of gene regulation, overlap with general stress responses as elicited by e.g. 
cytokines. Therefore, recognition of endothelial fl ow-specifi c responses requires extensive 
comparison of responses to fl ow with responses to multiple other stimuli. Among the early 
recognized vasoregulatory effects of shear stress is vasodilation as result of enhanced NO- 
and PGI2 production by the endothelium. Whereas initial studies of the effects of fl ow on 
endothelium in vitro were confi ned to particular traits or genes, a number of gene expression 
profi ling studies resulted in a more detailed insight in effects of fl ow on the endothelium and 
have substantiated an atheroprotective or anti-atherogenic effect of fl ow (Topper et al., 1996, 
Garcia-Cardena et al., 2001, Wasserman et al., 2002, McCormick et al., 2003). This, however, 
is highly dependent on the intrinsic properties of the fl ow encountered by the endothelium. In 
large arteries, shear stress values range between 10 and 40 dyne/cm2 and the pattern of blood 
fl ow is basically laminar, meaning that blood fl ows over the endothelium in parallel layers 
with minimal disruption between the layers. However, near irregular geometries of the artery, 
e.g. curvatures and bifurcations, blood fl ow may detach from the vessel wall and become 
turbulent, leading to local highly variable shear stress values. Such regions of the vessel wall 
are typically associated with a predisposition for the formation of atherosclerotic lesions 
whereas sites of undisturbed laminar fl ow seem protected from atherogenesis (Caro et al., 
1969, Friedman et al., 1975). Together with the outcome of in vitro fl ow experiments, these 
observations have led to the hypothesis that exposure of endothelial cells to uniform laminar 
shear stress evokes an atheroprotective gene expression pattern that in vivo counteracts 
systemic atherogenic risk factors as hypercholesterolemia, hyperglycemia and hypertension 
(Gimbrone et al., 2000).  

1.4 Endothelial dysfunction and atherosclerosis 

Together, ischemic heart disease and cerebrovascular disease are the leading cause of 
death in the Western world and are responsible for more than one-fi fth of all deads world-
wide (Lopez et al., 2006). The cause of these diseases is a loss of endothelial homeostasis, 
initiated by an accumulation of lipids in the vessel wall and chronic infl ammatory processes, 
which ultimately may result in ischemia and stroke. A major risk factor for the development 
of atherosclerosis is an elevated plasma level of low-density lipoprotein (LDL). In the 
bloodstream, LDL functions as major carrier of cholesteryl esters and phospholipids, but once 
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it passes the endothelial barrier in excessive amounts it accumulates in the intima. Here, it is 
enzymatically and oxidatively modifi ed, resulting in release of phospholipids that may activate 
the endothelium, preferentially at the described predisposed sites that are not protected by 
laminar fl ow stimulation of the endothelium (Lusis, 2000; Leitinger 2003). The endothelium 
then starts the described series of activation reactions that lead to extravasation of monocytes 
to the subendothelial tissue. In response to local macrophage colony-stimulating factor (M-
CSF) and other stimuli, monocytes differentiate to macrophages and start to express scavenger 
receptors and Toll-like receptors that mediate uptake of LDL-particles and production of 
pro-infl ammatory molecules (Hansson, 2005; Hansson and Libby, 2006). Pathologically, this 
stage is characterized by the occurrence of so-called fatty streaks, the earliest manifestations 
of atherogenesis. Fatty streaks are not clinically signifi cant; they may disappear with time but 
may also develop into more advanced lesion types when infl ammatory processes advance. 
Macrophages that accumulate cholesterol from oxidized LDL particles may transform into 
immobile foam cells. Antigens presented by dendritic cells and macrophages activate T-helper 
cells that subsequently produce Th1 cytokines. Among these cytokines is interferon-γ, that 
augments synthesis of the infl ammatory cytokines interleukin-1 (IL-1) and tumor necrosis 
factor (TNF) by macrophages, thus further promoting the infl ammatory process. Regulatory 
T cells modulate this process by production of e.g. antiinfl ammatory interleukin-10 and 
transforming growth factor β (TGF- β). Mature plaques, or atheromas, are characterized 
by accumulation of lipid-rich material in a core that is covered by a fi brous cap. This cap 
consists of smooth muscle cells, recruited from the media, and their extracellular matrix. 
Local activity of infl ammatory cells leads to the production of proteases, coagulation factors, 
radicals and vasoactive molecules that interfere with fi brous cap formation or destabilize the 
fi brous cap. This may result in acute physical disruption of the plaque which is generally 
accompanied by thrombotic events. Exposure of the atheroma interior leads to activation of 
pro-coagulants in the blood stream by macrophage- and foam cell-derived tissue factor. In 
addition, platelet aggregation and activation is locally enhanced as a result of exposure of 
adhesive matrix molecules (paragraph 1.3.1). The resulting platelet-rich thrombus may cause 
clinical manifestation of ischemic heart- and cerebrovascular disease. 

Already in the preclinical state, the onset of endothelial dysfunction can be derived from 
the observation of a lowered vasorelaxation response (decreased NO availability), enhanced 
platelet activation (increased WPB secretion) and diminished anticoagulant properties 
(decreased thrombomodulin). Thus, it has become clear that several endothelial functions 
that under non -pathological conditions direct vascular homeostasis, may play a major role in 
initiation and progression of atherosclerotic lesions. Although it is evident that environmental 
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factors may induce this dysfunction of the endothelium, the molecular mechanisms involved 
are, as yet, incompletely understood.

1.5 Outline of this thesis

The unique position of the endothelium at the dynamic interface between the 
bloodstream and very diverse adjacent organs and tissues requires a stable endothelial 
phenotype that is adapted to local demands. On the other hand, short-term variations in the 
endothelial environment, usually derived from the bloodstream, require fl exible responses 
of the endothelium in order to maintain vascular homeostasis. Hemostasis, vascular tone, 
leukocyte traffi cking and barrier function are the most prominent processes that are controlled 
by the endothelium to maintain homeostasis. Atherosclerosis represents a condition where 
vascular homeostasis may become disturbed beyond a manageable level, i.e. endothelial 
dysfunction. 

This thesis comprises a number of studies of the response of endothelial cells to both 
intrinsic and extrinsic stimuli along the following lines: cells are exposed to various stimuli 
and their response is monitored either by assessing particular cellular functions or by gene 
expression profi ling. The former approach is used in Chapter 2 to check for potentially 
adverse effects of immortalization on crucial endothelial functions and is by defi nition 
limited to a number of selected endothelial-specifi c properties. The latter approach is 
used in Chapters 3, 5 and 7, where endothelial cells are exposed to cytokine stimulation, 
shear stress and homotypic cell-cell contact, respectively. Here, transcriptional profi ling 
generates a huge amount of data on the transcriptional response of individual genes that, 
with the help of computational analyses, may provide insights in cellular responses in 
terms of functional adaptation, pathogenesis etc. In contrast to this essentially discovery-
driven approach, a hypothesis-driven approach is used in the Chapters 4, 6 and 7 where 
we describe functional analysis of individual genes that have emerged from transciptional 
profi ling experiments. Functions could be assigned to the gene products using computational 
analysis of amino-acid sequence homologies. These functions were then further studied in 
the context of the endothelial cell using gene- overexpression and -silencing approaches 
or, alternatively, functional blockade of the gene-product using antibody micro-injection.  
Effects were monitored using subcellular localization, ultrastructural studies and functional 
assays. In addition, aspects of transcriptional regulation of these genes were studied, using a 
combination of computational analyses and promoter-reporter assays. 

The outcome of these studies contributes to the understanding of endothelial function in 
normal and pathological conditions. Accumulating knowledge of, on one hand, endothelial 



General introduction

21

function in vascular homeostasis and, on the other hand, the mechanisms of endothelial 
responses to threats of homeostasis, will provide the rationales for prevention and treatment 
of vascular disease.                  
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ABSTRACT

Primary human vascular endothelial cells were immortalized by the integration of a 
single DNA copy of an amphotropic, replication-deficient retrovirus containing the E6/E7 
genes of human papilloma virus. To date the resulting cell lines, designated EC-RF7 and 
EC-RF24, have been cultured for more than 200 generations . The cell lines have retained a 
diploid karyotype, display no abnormalities and are able to grow in a polar mode. Analysis of 
the EC-RF cell lines by indirect immunofluorescence, using an extensive panel of monoclonal 
antibodies, showed expression of endothelial cell-specific soluble (von Willebrand factor) 
and surface-bound antigens (endoglin, PECAM) indistinguishable from that of primary cells. 
In addition, the expression of the markers CD9, CD13, CD14, CD29, CD36, CD40, CD51 
and CD 55 that are not restricted to endothelial cells, was also similar for the immortalized 
and the pimary endothelial cells.  Immortalization did not alter  the expression of the surface 
adhesion molecules  E-selectin, VCAM-1 and ICAM-1 nor transmigration of neutrophils. 
The regulation of extracellular proteolytic activity by EC-RF24 was established by measuring 
both the induction of functional tissue factor (promotion of Factor Xa generation) and the 
functional deposition of plasminogen activator inhibitor 1 in the subendothelial matrix (SDS-
resistant complex formation with thrombin). Finally, the biosynthesis of endothelial cell-
specific von Willebrand factor was studied in detail in the EC-RF24 cell line and the data 
were compared with those of primary endothelial cells.
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were compared with those of primary endothelial cells.
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INTRODUCTION

Endothelial cells are of mesodermal origin and form the lining of the vasculature, 
thereby separating the bloodstream in the vessel and the surrounding tissue. The endothelium 
actively participates in many physiological and pathophysiological processes that occur 
either at the luminal or the abluminal side. Consequently, endothelial cells are an important 
subject in studies on e.g. haemostasis, thrombosis, atherosclerosis and infl ammatory disorders 
(reviewed in Nachman, 1992; DiCorleto and Soyombo, 1993; Springer, 1990). For these 
studies, culturing of primary endothelial cells from human umbilical veins is a frequently 
used and well established  technique (Jaffe et al., 1973; Maciag et al., 1981). The main 
drawback of this approach is, however, the limited life span of these cells. Accordingly, 
studies of endothelial cell-specifi c biological processes by directed introduction of stable 
genetic modifi cation (“double knock out”) are not feasible, since those manipulations require 
prolonged growth and multiple rounds of cloning (Capecchi, 1989; te Riele et al., 1990).

A number of groups have reported on the generation of human endothelial cell lines 
either by spontaneous transformation (Takahashi et al., 1990) or by the introduction of 
oncogenic viral DNA (Gimbrone and Fareed, 1976; Sasaguri et al., 1991; Faller et al., 1988; 
Ades et al., 1992; Fickling et al., 1992). However, in most cases either the morphology of 
the cells deviated from primary endothelial cells or the cell lines displayed aneuploidy or 
polyploidy in karyotypic analysis. Obviously, the latter feature renders such cells unsuitable 
to study endothelial cell-specifi c processes by targeted gene disruption, since this approach is 
virtually only feasible in diploid cells.

Recently, Perez-Ryes et al. (1992), reported on a method for the immortalization of 
human primary smooth muscle cells, using the E6/E7 open reading frames (ORF) of the 
human papilloma virus 16 (HPV16), while maintaining the diploid karyotype of the cells. 
In this paper, we describe the generation of human endothelial cell lines that have been 
obtained by infection with an amphotrophic recombinant retrovirus construct containing 
the E6/E7 open reading frames of HPV 16. The resulting cell lines have been extensively 
characterized with regard to morphology, endothelial cell-specifi c expression of surface 
antigens, heamostatic and fi brinolytic properties and their interaction with leukocytes.
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MATERIALS AND METHODS

Cell culture and infection. Primary human umbilical cord endothelial cells were isolated as descibed (Jaffe et 

al., 1973) with some minor modifi cations (Willems et al., 1982). The endothelial cells were cultured in a medium, 

consisting of equal volumes of RPMI 1640 and M 199 (Gibco, Paisley, Scotland) containing 20% (v/v) heat-

inactivated human serum, 2mM glutamine (Merck, Darmstadt, Germany), penicllin (100U/ml), streptomycin (100 

U/ml) and fungizone (2.5 μg/ml) (Gibco, Paisley, Scotland). The amphotrophic helper-free retrovirus pLXSN16E6/

E7 (Halbert et al., 1991)  was kindly provided by dr. T. Compton (University of Wisconsin, Medical School). This 

replication-defective retrovirus contains the gene encoding neomycin resistance (neor) under control of the Simian 

virus 40 “early” promoter and the HPV16 E6/E7 open reading frames downstream of the 5’ long terminal repeat 

promoter-enhancer sequences of Molony leukemia virus (Halbert et al., 1991).  Retroviral infection was performed 

in serum-free medium containing 4 μg/ml polybrene (Sigma St. Louis, MO) by an 8 h incubation of  second passage 

primary cells, grown to near-confl uency in 80 cm2 fl asks. Twenty-four h after infection, cells were treated with 

trypsin and replated. After splitting of the cells, followed by culturing for 24 h, selection was initiated by the addition 

of the neomycin analogue G418 to a fi nal concentration of 100 μg/ml (Gibco, Paisley, Scotland). After 10 days of 

selection, 24 neor clones were taken and further expanded to cultures of several millions of cells. At this stage, part 

of the culture was stored by cryopreservation and another part was used for long-term propagation. During culturing 

of cells at low densities, the medium was supplemendted wit 12 μg/ml endothelial-cell growth factor (ECGF) and 

90 μg/ml heparin (Sigma).

Immunofl uorescence. Primary endothelial cells or immortalized endothelial cell lines were grown on coverslips 

coated with gelatin, subsequently washed with serum-free medium and fi xed for 10 min. at room temperature in 

methanol. After fi xation, the cells were washed twice with phosphate- buffered saline (PBS) and incubated for 1 h 

with the indicated monoclonal or polyclonal antibodies in PBS supplemented with 3% (w/v) bovine serum albumin 

(Organon Technika, Boxtel, The Netherlands). Then, the coverslips were washed twice in PBS and incubated for 1 

h with fl uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibodies or with FITC-conjugated goat anti-

mouse antibodies (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The 

Netherlands), diluted 100-fold in PBS containing 3% (w/v) bovine serum albumin. After washing, the coverslips 

were mounted in PBS, containing 80% (v/v) glycerol, 1 mg/ml o-phenylene diamine (Sigma, St. Louis, MO) and 

viewed with a Leitz Ortholux II fl uorescence microscope.

Analysis of provirus DNA. High molecular weight cellular DNA was isolated according to Old and Higgs, 1983, 

digested with EcoRI (BRL, Bethesda, MD), subjected to electrophoresis on a 0.5% (w/v)  agarose gel and blotted 

onto nitrocellulose. Hybridization  was performed with a 32P- labeled fragment of HPV16 E6/E7 that comprises the 

HPV16 nucleotides 64 till 875 (Seedorf et al., 1985).
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Flow cytometric analysis of DNA content of  cells. Immortalized endothelial cells were suspended as described 

in the paragraph “Immunofl uorescence fl ow cytometry” and fi xed with cold ethanol at a fi nal concentration of 75% 

(v/v). After sedimentation, the cells were suspended  in 0.1 M TRIS-HCL (pH 7.5), 0.1 M NaCl, 5 mM EDTA, 1 

mg/ml RNase A, 25 μg/ml propidium iodide, 0.1 mg/ml saponin, 1 μg/ml Triton-X-100 and incubated for 20 min 

at 37 °C. Subsequently, the fl uorescence of 30 000 cells was analyzed by fl ow cytometry. As a reference for diploid 

cells, freshly isolated human leukocytes were treated identical to the immortalized cells and analyzed in parallel.

Fluorescence in situ hybridization. Fluorescence in situ hybridization experiments were carried out on interphase 

nuclei of EC-RF24 cells with a centromere probe for chromosome 12 (pα12H8) using standard techniques (Lichter 

et al., 1990). The fl uorescence signal was scored by two independent observers.

Polar secretion. Primary and immortalized endothelial cells were grown to confl uency on fi bronectin-coated 

polycarbonate fi lters (Costar, Cambridge, MA; 4.7 cm2, pore size 0.4 μm). The integrity of the monolayer was 

verifi ed by measuring the trans endothelial electrical resistance (TEER). The medium was replaced every two days 

and after fi ve days of culturing 20 ng/ml tumor necosis factor (TNF-α) was added and the cells were grown for 

another 24 h. The content of interleukin 6 (IL-6) was determined in both the apical compartment (0.65 ml) and the 

basolateral compartment (2.35 ml) by using an ELISA-kit (Central Laboratory of the Blood Transfusion Service, 

Amsterdam, The Netherlands).

Immunofl uorescence fl ow cytometry. Primary and immortalized endothelial cells were grown to confl uency on 

fi bronectin-coated fl asks. The monolayers were then incubated for 3.5 and 20 h with medium, either in the presence 

or absence of 10 U/ml interleukin-1β (IL-1 β). After IL-1 β stimulation, the cells were non-enzymatically detached 

in 20 mM HEPES, 132 mM NaCl, 6 mM KCl and 1.2 mM potassium phosphate (HBS), supplemented wit 1.5 mM 

EDTA. The subsequent incubations with a monoclonal antibody and, subsequently, with FITC-conjugated goat 

anti-mouse antibodies were done for 30 min at room temperature in HBS containing 1 mM MgSO4, 1 mM CaCL2 
and 0.5% (w/v) bovine serum albumin. The incubations with antibodies were followed by extensive washing with 

HBS. Binding of the monoclonal antibody was quantifi ed for 10 000 cells with a FACScan fl ow cytometer (Becton 

Dickinson, Mountain View, CA).

Neutrophil adhesion and transmigration assays. The adhesion and transmigration of 51Cr-labeled neutrophils 

through either primary- or immortalized endothelial cells was determined as described (Kuijpers et al., 1992).

Tissue factor activation. Tissue factor (TF) expression on monolayers of either resting or phorbol-ester (PMA)-

treated cells was measured as TF/Factor VIIa-dependent activation of Factor X as described (Brinkman et 

al.,1994).
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Functional deposition of plasminogen activator inhibitor (PAI-1) in the endothelial cell matrix. The preparation 

of matrices of primary endothelial cells and of immortalized endothelial cell lines and the subsequent complex 

formation between PAI-1 present in the matrices and 125I-labeled thrombin was performed as described before 

(Ehrlich et al., 1991).

 

Metabolic labeling of cultured cells. Primary endothelial cells or immortalized endothelial cells were grown on 

fi bronectin-coated dishes to near-confl uency. The cells were then washed twice with RPMI 1640 (devoid of methionine) 

and, susequently starved for 1 h in the same medium supplemented with 0.5% (w/v) human serum albumin (Central 

Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam , The Netherlands). The cells were 

pulse-labeled for 1 h in RPMI-1640 medium, supplemented with 0.5%  (w/v) human serum albumin and 70 μCi/ml 
35S-methionine (specifi c radioactivity 1000 Ci/mmol, The Radiochemical Centre, Amersham, U.K.), followed by a 

chase period of 4 h with an excess of unlabeled methionine. The medium was collected and centrifuged for 5 min at 

350 x g. Cell extracts were made by lysing the cells in 10 mM Tris-HCl (pH7.8), 150 mM NaCl, 5 mM EDTA, 1% 

(v/v) Nonidet P-40, 10 mM benzamidine, 5 mM N-ethylmaleimide and 1 mM phenylmethylsulfonyl fl uoride (IPB). 

Conditioned medium and cell extracts from metabolically labeled cells were stored at –80 °C.

Immunoprecipitation and analysis of subunit composition of von Willebrand factor (vWF).

Conditioned medium from metabolically labeled cells was adjusted with a 5-fold concentrated IPB solution to a fi nal 

concentration of 1x IPB. Preclearing of cell extracts and of conditioned medium was performed by incubating twice 

with gelatin-Sepharose beads and, subsequently, with preformed complexes of rabbit pre-immune serum coupled to 

protein A-sepharose beads. Radiolabeled vWF was immunoprecipitated by incubation of the precleared material with 

preformed complexes of an immunoglobulin preparation, derived from rabbit anti-human vWF serum (Dakopatts, 

Glostrup, Denmark), coupled to protein A-Sepharose beads. Immunoprecipitates were extensively washed with IPB 

and pelleted through a discontinuous, 10 to 20% (w/v) sucrose gradient, dissolved in IPB supplementd with 0.5% 

(w/v) deoxycholate and 10 mM Tris-HCL (pH 7.8). The fi nal precipitate was analyzed by electrophoresis on a 5% 

(w/v) SDS polyacrylamide gel (SDS-PAGE) (Leammli, 1970).

Analysis of multimeric composition of vWF. Confl uent layers of cells were washed twice with PBS and then grown 

for 20 h in serum-free medium supplemented with 0.5% (w/v) human serum albumin. The conditioned medium 

was centrifuged for 10 min at 350 x g, adjusted to a fi nal concentration of 0.5x IPB and, fi nally, concentrated by 

Centricon-30 fi ltration (Amicon, Danvers, MA). Approximately 8 ng of the concentrated material was analyzed by 

discontinuous SDS-agarose gel electrophoresis as described (Ruggeri and Zimmerman, 1981). An affi nity purifi ed, 
125I-labeled rabbit anti-human vWF immunoglobulin preparation was used for staining of the gel.
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RESULTS AND DISCUSSION

Generation of human endothelial cell lines by infection with amphotrophic, 
replication defi cient pLXSN16 E6/E7 retrovirus. It has been shown that integration of 
DNA encoding the HPV16 E6/E7 proteins into the genome of different types of cultured 
primary human cells leads to high effi ciency immortalization (Perez-Reyes et al., 1992; 
Halbert et al., 1991). The underlying mechanism of this process is not entirely understood, 
although indications are at hand that suggest an interaction between E6/E7 oncoproteins 
and the cellular tumor suppressor proteins p53 and the retinoblastma gene product. These 
interactions would then result in disturbance of the normal cell cycle control, ultimately leading 
to the immortalized phenotype (reviewed by Vousden, 1993). We introduced E6/E7 DNA in 
the genome of human primary umbilical vein endothelial cells (HUVEC) by infection with 
the amphotrophic, replication defi cient retrovirus pLXSN16 E6/E7 that encodes neomycin  
resistance (neor). After infection, the cells were grown for 10 days in a selective medium, 
containing G418, allowing the formation of  neor clones. Twenty four of these clones were 
isolated by local trypsinization and further expanded, yielding 15 viable clones that were 
used for long term culturing by serial passage in 10 cm2 tissue culture clusters. During this 
procedure, 13 of these clones exhibited growth retardation, morphological abbarancies 
and, fi nally, became completely senescent. Two clones, designated EC-RF7 and EC-RF24, 
displayed little or no growth retardation and have been kept in culture for approximately 
200 generations without exhibiting growth abnormalities. We consider these clones to be 
immortalized human endothelial cells and, consequently, they were chosen for further 
studies. The resulting neor endothelial-cell clones do not produce intact virus, according to the 
observation that conditioned medium is not able to confer neor to primary endothelial cells. 
It should be noted that each of the 15 clones, used for long term propagation, harbours the 
complete E6/E7 DNA sequences as evidenced by polymerase chain reaction (PCR) analysis 
(data not shown). This observation indicates that the mere presence of these sequences, 
although supporting a considerable prolongation of the life span, does not necessarily lead 
to immortalization of endothelial cells. Apparently, the nature of the recipient cell is a major 
determinant in the ultimate cellular transformation, since integration of the E6/E7 ORF DNA 
into the genome of human foreskin epithelial cells fully results in immortalization (Halbert 
et al., 1991). 

Genomic DNA of the EC-RF7 and EC-RF24 cell lines was subjected to Southern blot 
analysis to determine the number of integrated provirus copies. To that end, high molecular 
weight DNA was isolated and digested with EcoRI. This restriction enzyme has a unique 
cleavage site near the 5’end of the retroviral vector (Halbert et al., 1991), allowing a 
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convenient assessment of genomic fragments that hybridize with a radiolabeled E6/E7 DNA 
probe. The DNAs of EC-RF7 and EC-RF 24 revealed single hybridizing fragments of 3.4 
and 6.6 kb, respectively (Figure 1). Clearly, each cell line has arisen by a single integration 
event of pLXSN16 E6/E7 DNA that had occured at distinct integration sites in EC-RF7 and 
EC-RF24. 

Fluorescence in situ hybridization with EC-RF24 nuclei and determination of DNA 
content of EC-RF24 cells. As indicated before, we intend to employ the human endothelial 
cell lines for the construction of  “double knock-outs”, in particular to eliminate the vWF 
genes. For this purpose, it is desirable that EC-RF-24 cells are diploid for the vWF alleles. 
The human vWF gene is located on chromosome 12 (Verweij et al., 1985; Ginsburg et al., 
1985). Consequently, we used fl uorescence in situ hybrization with a chromosome 12-specifi c 
centromere probe (pα12h8) to determine the number of chromosomes 12 per EC-RF24 cell. 
Of a total of 560 interphase nuclei, we scored after hybridization with fl uorescent pα12H8 
DNA that 82% of the nuclei had two spots, while 12% had four spots and in 6% of the nuclei 
three spots were detected. We conclude that the vast majority of the cells are diploid for 
chromosome 12.

Flow-cytometric analyses of the EC-RF24 cell line revealed a cell population that is 
highly homogenous with regard to DNA content. A comparison of the DNA content of EC-
RF24  cells with that of freshly isolated human leukocytes did not show signifi cant differences. 
From these observations we tentatively conclude that the immortalized cells have retained 
the diploid karyotype.

23.1

9.4

6.6

4.4

2.3

2.0

1 2 3 4 Figure 1. Southern blot analysis of cell lines for E6/E7 specifi c 
DNA sequencces. High molecular weight cellular DNA, digested 
with EcoRI, was subjected to electrophoresis on a 0.5% (w/v) 
agarose gel, blotted onto nitrocellulose and hybridized with a 
32P-labeled fragment containing E6/E7 nucleotides 64-875. Lane 
1, HUVEC DNA (isolate A); Lane 2, HUVEC DNA (isolate 2); 
Lane 3, EC-RF7 DNA; Lane 4, EC-RF24 DNA. The length of the 
fragments is indicated (kbp).
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Phenotypical comparison between the human endothelial cell line EC-RF24 
and HUVEC. The morphology of the endothelial cell lines was compared with that of  
HUVEC. The results of analyses performed with EC-RF24 are presented. Virtually identical 
observations were obtained with EC-RF7. The observations for EC-RF24 were made with 
cells that were grown for approximately 30 generations. First, inspection of the morphology 
by phase-contrast microscopy unambiguously showed that the typical cobblestone 
morphology of HUVEC is retained by EC-RF24. Second, growth of the EC-RF24  cell line is 
contact inhibited and anchorage dependent, corresponding to the characteristics of HUVEC. 
Immortalized cells, however, are able to grow to a higher cell density than nonimmortalized 
cells. Third, we determined whether the immortalized endothelial cells had retained the 
property of primary endothelial cells to secrete proteins in a polar fashion. To that end, 
the TNF-α-induced secretion of IL-6 was analyzed. Both for primary cells and EC-RF24 
cells a preferentially basolateral secretion of IL-6 was observed, indicating a conservation 
of polarized routing in the immortalized cells (data not shown). Fourth, we examined the 
expression of the endothelial surface proteins PECAM-1, endoglin, and the intracellular 

1 2

3 4
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Figure 2. Immunofl uorescence of endothelial 
specifi c markers expressed by EC-RF24. 
Indirect immunofl uorescence either with primary 
endothelial cells or with the immortalized cells was 
performed as described in Materials and Methods. 
Panels 1, 3 and 5 are primary human umbilical vein 
endothelial cells (HUVEC), whereas panels 2, 4 
and 6 are immortalized EC-RF24 cells. Staining 
with specifi c mono- or polyclonal antibodies was 
carried out for the following proteins: panels 1 and 
2, vWF; panels 3 and 4, CD31, panels 5 and 6, 
endoglin. The magnifi cation for panels 1 and 2 is 
250 fold, whereas the magnifi cation is 340 fold for 
panels 3, 4, 5 and 6
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von Willebrand factor (vWF) (Figure 2). The fl uorescence patterns of these markers were 
indistinguishable from those of HUVEC: PECAM-1 and endoglin revealed typical surface-
localized staining, (Albeda et al., 1991; van Mourik et al., 1985; Gougos and Letarte, 1990), 
whereas vWF displays a characteristic, particulate staining due to vWF-storage organelles, 
i.e., the Weibel-Palade bodies (Weibel and Palade, 1964). The phenotypical analysis was 
extended for a number of additional surface antigens. For that purpose, we used several 
monoclonal antibodies, representative for clusters of differentiation, for which the vast 
majority of the antibodies belonging to that cluster have been shown to be reactive with 
primary endothelial cells (Favaloro et al., 1990). Hence, we determined the presence of CD9, 
CD13, CD29, CD51 and CD55 both in the EC-RF24 cell line and in HUVEC. Finally, we 
examined the surface expression of CD14, CD36 and CD40, markers which are known to be 
expressed on microvascular endothelium but not on HUVEC (Swerlick et al., 1992; Knapp et 
al., 1989). We conclude that, in addition to the expression of the endothelial-specifi c surface 
and intracellular proteins (Figure 2), no qualitative differences are encountered for the 
expression of these latter antigens by EC-RF24 and HUVEC. From these results we deduce 
that infection of primary endothelial cells with the retrovirus pLXSN16 E6/E7 does not alter 
the differentiated phenotype.

Regulation of gene expression in EC-RF24 in infl ammation and atherogenesis. 
Adhesion of leukocytes to endothelial cells, and subsequent transmigration to the intima, 
are key events during infl ammatory reactions and atherosclerosis (Ross, 1993). A number 
of surface molecules on endothelial cells, involved in the interaction with leukocytes, have 
been extensively studied and are suitable as markers to assess the functional properties of 
the immortalized cells in these processes. In this regard, we have studied the expression of 
the adhesion molecules E-selectin, VCAM-1 and ICAM-1. The expression of E-selectin on 
the luminal surface of endothelial cells is strictly dependent on treatment of the cells with  
infl ammatory cytokines such as IL-1β or tumor necrosis factor α (TNF-α). Optimal expression 
of E-selectin occurs 4 to 6 h after administration of the cytokine and declines to basal levels 
after 12 to 24 h (Bevilacqua et al., 1987; Bevilacqua et al., 1989). The kinetics of expression 
have been found to parallel the adhesive capacity of the endothelial cells for neutrophils 
(Bevilacqua et al., 1987). VCAM-1 and ICAM-1 are members of the immunoglobulin 
superfamily and their expression is strongly induced by infl ammatory cytokines (Dustin et 
al., 1986; Osborn et al., 1989). The kinetics of induced expression differs from that of E-
selectin: optimal expression is reached only 6 to 12 h after induction. 

We studied the regulation of expression of these adhesion molecules on the surface 
of EC-RF24 as compared to that in HUVEC. For that purpose, confl uent monolayers were 
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treated with IL-1β for 3.5 and 20 h or mock treated (controls). Subsequently, the cells were 
stained, incubated with appropriate monoclonal antibodies and analyzed by fl ow cytometry. 
The result of the fl owcytometric analysis is depicted in Figure 3. Resting EC-RF24 cells 
show no expression of E-selectin, whereas induction for 3.5 h with IL-1β reveals marked 
E-selectin surface expression. The rate of E-selectin induction of the EC-RF24 cells is 
comparable to that found for primary endothelial cells (data not shown). Basal levels of 
surface expression of EC-RF24 cells were observed for VCAM-1 and ICAM-1, although 
somehat lower than that of primary endothelial cells. Signifi cantly, after 20 h of induction 
with IL-1β, the expression of these surface antigens vastly increased, comparable to that 
observed for primary cells (Figure 3). 

Functional expression of these adhesion molecules was assessed by measuring 
transmigration of neutrophils. For that purpose, a two compartment system was employed 
that contains a monolayer of either HUVEC or EC-RF24 cells. Adhesion and subsequent 
transmigration of 51Cr-labeled neutrophils was promoted by a chemotactic gradient of 
formyl-methionyl-leucyl-phenylalanine (FMLP) (Kuijpers et al., 1992). In addition, the 
effect of IL-1β on these processes was studied (Table 1). The results are consistent with those 
of fl ow cytometric experiments: the kinetics and extent of expression of adhesive molecules 
on the immortalized cells corresponds with that of primary endothelial cells. Finally, the 
identical transmigration rates measures for primary and immortalized endothelial cells after 
IL-1β stimulation indicate that, in addition to the adhesive functions, the immortalized cells 
maintain expression of mediators of diapedesis.

Figure 3. Flow cytometric analysis of EC-RF24 for non-induced and IL-1β induced expression of adhesion 
molecules. (a) E-selectin, resting EC-RF24 (dotted line) and EC-RF24 after 3.5 h stimulation with 10U/ml IL-1β  
(solid line). (B) VCAM-1 , resting EC-RF24 (dotted line) and EC-RF24 after 20 h stimulation with 10U/ml IL-1β  
(solid line). (C) ICAM-1, resting EC-RF24 (dotted line) and EC-RF24 after 20 h stimulation with 10U/ml IL-1β  
(solid line).



EC-RF24: an endothelial cell line

37

Performance of the human endothelial cell line EC-RF24 in proteolytic cascade 
systems. Induction of tissue factor (TF), at the surface of endothelial cells, is considered to 
contribute to the initiation of the coagulation cascade in the extrinsic coagulation pathway. 
The TF-Factor VIIa complex activates Factor X, allowing the formation of the Factor Xa/
FactorVa  prothrombinase complex, which in turn generates thrombin (reviewed in Nemerson, 
1988). De novo synthesis of TF on endothelial cells requires induction by infl ammatory 
agents, such as TNF-α, IL-1β, as well as by endotoxin or phorbol esters (PMA) (Scarpati 
and Sadler, 1989). Here, we have assessed the functional expression of TF under resting and 
under induced conditions both on EC-RF24 and on HUVEC (Table 2). 

Clearly, without PMA treatment of either the primary or the immortalized cells, no TF 
expression was detected as measured by the absence of Factor Xa generation. PMA-induced 
expression of TF by EC-RF24 cells was higher than that found on two independent isolates 

Table 1. Interaction of EC-RF24 with 51Cr-labeled neutrophils. The interaction of 51Cr-labeled neutrophils was 
compared in a two compartment system under various conditions for EC-RF24 and for HUVECs. Cells were either 
treated with IL-1β (10U/ml) for 4 h or not treated before the addition of 51Cr-labeled cells. In another experiment, 
0.1 nM FMLP was added to the basal compartment immediately before 51Cr-labeled neutrophils were added to the 
upper compartment. Adherence was determined as radioactivity associated with the endothelial-cell monolayers 
and migration was monitored as radioactivity detected in the lower compartment. The results are expressed as 
percentage of total radioactivity added. The values are the mean of duplicate experiments.

cells addition adherence 
(%)

transmigration 
(%)

HUVEC - 7.0 0.1 
HUVEC FMLP 20.0 19.0 
HUVEC IL-1ß 48.0 17.0 
EC-RF24 - 6.9 5.0 
EC-RF24 FMLP 33.0 27.0 
EC-RF24 IL-1ß 48.0 17.0 

Table 2. Expression of tissue factor. Tissue factor expression on non-stimulated or PMA-stimulated cells was 
compared for C-RF24 and for two independent isolates of HUVEC (denoted 381 and 382). Cells were stimulalted 
with 50 ng/l PMA during 6 h after which TF expression was measured as factor VII dependent factor X generation. 
Rates of factor X activation are expressed per 105 cells. 

Endothelial cells Rate of Factor Xa generation 
(fmol/min/105 cells) 

HUVEC 381 nonstimulated 3 
HUVEC 381 PMA-stimulated 160 
HUVEC 382 nonstimulated 0 
HUVEC 382 PMA-stimulated 155 
EC-RF24 nonstimulated 0 
EC-Rf24 PMA-stimulated 568 
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of HUVEC. It should be noted, however, that for other isolates of HUVECs higher rates of 
TF-dependent Factor X activation were found (Brinkman et al., 1994). 

Another example of endothelial cell-mediated regulation of proteolytic activity is 
the deposition of plasminogen activator-inhibitor 1 (PAI-1) in the subendothelial matrix. 
This protein is the physiological inhibitor of  both tissue-type (t-PA) and urokinase-type 
plasminogen activator (u-PA), forming equimolar, SDS-resistant complexes (reviewed by 
Loskutoff et al., 1989). It has been demonstrated that PAI-1 is encountered in the subendothelial 
matrix as a complex with vitronectin (Declerck et al., 1988; Mimuro and Loskutoff, 1989). 
Moreover, we have recently reported that in the presence of vitronectin (or high molecular 
weight heparin) PAI-1 is endowed with additional thrombin-inhibitory properties (Ehrlich 
et al., 1990; Ehrlich et al., 1991). These observations are particularly relevant with respect 
to regulation of the mitogenic properties of thrombin (Carney et al., 1992). Consequently, 
we examined whether PAI-1, deposited in the matrices both of primary and of immortalized 
endothelial cells, forms complexes with exogenously added thrombin. Accordingly, 125I-
labeled thrombin was added to subendothelial matrices for 1 h and the eluted material was 
analyzed by SDS-PAGE (Figure 4). Evidently, matrices of either immortalized or of primary 
cells form an SDS-resistant complex with an apparent molecular weight of about 80 000. 
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Figure 4. Formation of SDS-stable complexes 
between 125I-labeled thrombin and PAI-1 associated 
with matrices of EC-RF24 and HUVEC and the effect 
of monoclonal PAI-1 antibodies on formation of the 
complexes. Matrices were incubated with antibodies 
against PAI-1. After 15 min, 125I-labeled thrombin 
was added and the incubation was continued for 60 
min. The supernatants were analyzed by 10% SDS-
PAGE under non-reducing conditions. (A) Matrices 
of EC-RF24; lane 1, anti-PAI-1 monoclonal MAI-12 
(inhibitory); Lane 2, Anti-PAI-1 monoclonal CLB-
1B10 (non-inhibitory); Lane3, Anti-PAI-1 monoclonal 
CLB-1C3 (non-inhibitory); lane 4, no monoclonal 
antibody. Matrices of HUVEC; Lane 1, MAI-12; Lane 
2, CLB-1B10; lane 3, CLB-1C3; lane 4, no antibody. 
Apparent molecular weights are indicated (kD). The 
arrows indicate the position of equimolar thrombin-
PAI-1 complexes. 
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This complex consists of thrombin and PAI-1, since preincubation of the matrices with a 
monoclonal antibody (MAI-12) that blocks PAI-1 activity fully prevents complex formation. 
In contrast, anti PAI-1 monoclonal antibodies that do not prevent PAI-1 inhibitory activity 
(CLB-1B10 and CLB-1C3) do not alter complex formation between thrombin and PAI-1. 
From these results, we conclude that immortalized endothelial cells synthesize and deposit 
functional PAI-1 in the subendothelial  matrix.    

Biosynthesis of von Willebrand factor (vWF) by the human endothelial cell line 
EC-RF24. Von Willebrand factor (vWF), synthesized by vascular endothelial cells plays an 
important role in the formation of the heamostatic plug by mediating adhesion of platelets to 
exposed subendothelium (Tschopp et al., 1974; Sakariassen et al., 1979). The vWF involved 
in this process is secreted either from resting endothelial cells via the constitutive route or 
is released from endothelial-specifi c storage organelles, the so-called Weibel Palade bodies 
(Wagner and Marder, 1984), upon stimulation of the cells with activators of protein kinase 
C (regulated secretory pahtway) (Loesberg et al., 1983). The composition of vWF, secreted 
via either one of these two routes, substantially differs: the regulated pathway delivers vWF 
molecules that are fully proteolytically processed and highly multimerized, whereas those 
from the constitutive route are partially processed and multimerized to a lower degree. 
Signifi cantly, high molecular multimers are particularly potent mediators for the adhesion 
of  platelets to the subendothelium (reviewed by Girma et al., 1987). First, we compared 
vWF synthesis and proteolytic processing by the EC-RF24  cell line and by HUVECs. To 
that end, immunoprecipitation of conditioned media and cell extracts was perfomed and 
the material was subsequently analyzed by SDS-PAGE under reducing conditions. The 
data demonstrate that the level of vWF synthesis, the extent of proteolytic processing, 
and, ultimately, the amount of constitutively secreted vWF does not signifi cantly differ 
between the immortalized and the primary cells (Figure 5). Inspection of these cells by 
immunofl uorescence after stimulation of the protein kinase C pathway with phorbol ester 
(PMA) revealed a disappearance of the Weibel-Palade bodies and a concomitant increase 
of the amount of vWF antigen in the conditioned medium as measured by ELISA (data not 
shown). Second, the multimeric composition of the secreted vWF was determined on an 
SDS-agarose gel under non-reducing conditions, followed by staining with 125I-labeled anti-
vWF polyclonal antibodies (Figure 6). Clearly, a similar multimeric pattern is observed for 
EC-RF24 and for the primary endothelial cells.

Aging of the human endothelial cell line EC-RF24. The experiments described in the 
previous paragraphs with the immortalized endothelial cell line EC-RF24 were performed 
with cultures that were grown for about 30 generations. In general, the characteristics of the 
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EC-RF24 cell line remain unaltered after prolonged growth. Nevertheless, we observed that 
the extent of induction of TF expression by PMA stimulation decreases after an extended 
period of culturing. Specifi cally, TF-Factor VII-dependent Factor Xa production amounted 
568 fmol/ml/min/105 cells, grown for 33 generations (Table 1), wheras 26 fmol/min was 
detected for 105 cells, grown for 190 generations. However, if should be noted that optimal 
TF induction occurs in an narrow span and, consequently, conclusions on differences in TF 
induction can only be drawn if the kinetics of induction are identical (Busso et al., 1991). 
Finally, both for EC-RF24 cells and primary cells the induction of TF expression fully 
relied on treatment with PMA, irrespective of the generation number. Furthermore, we also 
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Figure 5. Subunit composition of intracellular 
and secreted vWF compared for HUVEC and 
EC-RF24. Cells were metabolically labelled 
with 35S-methionine and radiolabelled vWF 
was immunopurifi ed from cell extracts and 
conditioned medium. Subsequently, the purifi ed 
material was analyzed by 5% (w/v) SDS-PAGE. 
Lane 1, conditioned medium of HUVEC; lane 2, 
conditioned medium of EC-RF24; Lane 3, cell 
extract of HUVEC; Lane 4, cell extract of EC-
RF24. Apparent molecular weights are indicated 
(kD).

1 2 3 4
Figure 6. Multimeric composition of vWF, constitutively 
secreted by EC-RF24 and HUVEC. Conditioned medium 
was harvested and concentrated as described in Materials and 
Methods. Subsequently, the concentrated material was analyzed 
on a 1.6% (w/v) SDS agarose gel . Lane 1, normal plasma; Lane 
2, HUVEC; Lane 3, EC-RF24. Lane 4, EC-RF7. The arrow 
indicates the top of the separating gel.
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observed that the constitutive secretion of vWF decreased upon extended propagation of 
EC-RF24 cells. In view of the similarity of both the expression of surface antigens and of 
soluble proteins of the relatively “early” generations of the cell line and of the primary cells, 
we conclude that a decrease of a few functions is not due to immortalization perse, but may 
result from prolonged culturing.
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ABSTRACT

Activation and dysfunction of endothelial cells play a prominent role in patho-
physiological processes such as atherosclerosis. We describe the identification by differential 
display of 106 cytokine-responsive gene fragments from endothelial cells, activated by 
monocyte conditioned medium or tumor necrosis factor-α. A minority of the fragments 
(22/106) represent known genes involved in various processes, including leukocyte 
trafficking, vesicular transport, cell cycle control, apoptosis, and cellular protection against 
oxidative stress. Full-length cDNA clones were obtained for five novel transcripts that 
were induced or repressed more than 10-fold in vitro. These novel human cDNAs CA2_1, 
CG12_1, GG10_2, AG8_1, and GG2_1 encode inhibitor of apoptosis protein-1 (hIAP-1), 
homologues of apolipoprotein-L, mouse rabkinesin-6, rat stannin, and a novel  188 amino 
acid protein, respectively. Expression of 4 novel transcripts is shown by in situ hybridization 
on healthy and atherosclerotic vascular tissue, using monocyte chemotactic protein-1  as a 
marker for inflammation. CA2_1 (hIAP-1) and AG8_1 are expressed by endothelial cells and 
macrophage foam cells of the inflamed vascular wall. CG12_1 (apolipoprotein-L like) was 
specifically expressed in endothelial cells lining the normal and atherosclerotic iliac artery 
and aorta. These results substantiate the complex change in the gene expression pattern of 
vascular endothelial cells, which accompanies the inflammatory reaction of atherosclerotic 
lesions.
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Chapter 3

INTRODUCTION

Endothelial cells play a central communicative role between the blood in the lumen of the 
vessel and the surrounding vascular tissue (Cines et al., 1998; Ross, 1993). These cells form 
the nonthrombogenic lining of the vessel and play an active role in maintaining the hemostatic 
balance, eg, via the expression of the anticoagulant cofactor thrombomodulin, the secretion of 
the profi brinolytic tissue-type plasminogen activator, and the production of prostanoids that 
attenuate platelet activation. Invasion of the vessel wall by circulating monocytes and other 
blood-borne cells is actively promoted by the endothelial cells via the regulated expression 
of adhesion molecules. On the abluminal side there is constant communication between the 
endothelial cells and the underlying smooth muscle cells, causing them to contract or relax 
in response to altering blood pressure and fl ow via the production of signaling molecules 
such as prostanoids, endothelins, and nitric oxide. As a result of these functions, activation 
and dysfunction of endothelial cells play a crucial role during the initiation and progression 
of atherosclerosis (Cines et al., 1998; Ross, 1993). Furthermore, activation of endothelial 
cells plays a defi nitive role in many other processes, such as tumor-induced angiogenesis, 
allergic infl ammation, adult respiratory distress syndrome, and a variety of infl ammatory 
and allergic disease states (Mazzuchelli et al, 1996, Miller et al., 1996.,Weinberger et al., 
1996). The altered properties of the endothelial cells results from altered patterns of gene 
expression, eg, invasion of the vessel wall by leukocytes can only occur after the induced 
expression by the endothelial cells of adhesion molecules such as E-Selectin and vascular 
cell adhesion molecule-1 (VCAM-1) (Cines et al., 1998; Konstantopoulos et al., 1997). Only 
a small percentage of the total human gene repertoire will be subject to change in a given 
pathological situation, because the majority of genes plays a more basal housekeeping role 
within any given cell type. Many genes and proteins have been implicated in atherosclerosis, 
based on studies of single specifi c genes and proteins (Ross, 1993). However, the mere fact 
that specifi c functions have been assigned to only 5% to 10% of the estimated total of 50,000 
to 100,000 human genes indicates that a full understanding of the atherosclerotic process is 
far from established, because it is conceivable that many of the presently unknown genes 
might also play a prominent role in this disease (Nowak, 1995, Adams et al., 1995). 

The identifi cation and characterization of these novel atherogenesis related genes is the 
goal of our studies to defi ne the difference between a resting (nonatherogenic) and an activated 
(atherogenic) endothelial cell at the level of gene expression. Next, the specifi c functional roles 
of the corresponding gene-products in atherosclerosis will increase our knowledge about the 
pathophysiology of the atherosclerotic vascular wall and may identify targets for noninvasive 
early diagnosis and/or therapeutic agents. The infi ltration of the vessel wall by monocytes 
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is a hallmark of the initiation and progression of atherosclerosis. Activated monocytes and 
their resulting macrophage foam cells will secrete a complex mixture of cytokines (Wilcox 
et al., 1993; Sporn et al., 1990; Mazzuchelli et al., 1996) including tumor necrosis factor-α 
(TNF- α), which greatly affects endothelial cell function (Lukacs et al., 1995). Indeed, one 
of the cellular mediators of the TNF- α response, NF-kB, has recently been identifi ed in 
atherosclerotic lesions (Brand et al., 1996). The secretion products of monocytes, including 
TNF- α, are known to have a profound infl uence on the expression levels of certain endothelial 
cell genes, of which the adhesion molecules E-selectin, VCAM-1, and intercellular adhesion 
molecule-1 (ICAM-1) have been studied in great detail (Cines et al., 1998; Ross, 1993). 
Little is known about other cytokine responsive genes, although some important ones have 
been studied with respect to the infl uence of endothelial cells on the hemostatic balance, such 
as tissue factor, plasminogen activator inhibitor-1, tissuetype plasminogen activator, and 
thrombomodulin (Cines et al., 1998). We have set out to expand our knowledge of changes 
in endothelial cell gene expression patterns in response to monocyte stimulation to describe 
the role of endothelium in initiation and progression of atherosclerosis at the molecular level. 
Unfortunately, the composition and architecture of atherosclerotic lesions are extremely 
diverse: these lesions have greatly varying cell-type composition and occur in many different 
vessels, which are embedded in different tissues with cells derived from different embryonic 
origin. Therefore, we have taken an unbiased approach to identify candidate atherogenesis-
involved known and novel genes in pure cell cultures. Next, in vivo signifi cance is tested by 
studying expression of these genes in a variety of atherosclerotic lesions. The differential 
display of gene expression technique by random-primed reverse transcriptase-polymerase 
chain reaction (DD/RT-PCR) (Liang and Pardee, 1992; Bauer et al., 1993) was used to detect 
variations of mRNA levels upon activation of cultured endothelial cells. This method allowed 
us to identify genes that are either induced or repressed by a given stimulus. Furthermore, the 
isolation of total RNA from resting and cytokine-stimulated endothelial cells at various time 
points enabled us to identify genes of different temporal kinetics, ie, immediate early, delayed 
early, and late genes. In this report, we describe the identifi cation, in an unbiased way, of a 
large panel of candidate genes that are potentially involved in atherosclerosis by mimicking 
infl ammatory conditions in vitro. The full-length cDNAfor 5 novel genes is reported, and we 
started the localization of gene expression for these novel genes in vascular endothelial cells 
by in situ hybridization on human healthy and diseased vascular material.
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 MATERIALS AND METHODS

Cell culture and fl uorescence-activated cell sorting (FACS) analysis.  Endothelial cells were isolated from 

nontraumatized human umbilical veins as described Jaffe et al., 1973). These human umbilical vein endothelial cells 

(HUVEC) were cultured in gelatin-coated tissue-culture fl asks (Nunc, Roskilde, Denmark) in medium composed 

of equal parts of Medium- 199 and RPMI-1640 (GIBCO-BRL, Paisley, Scotland), supplemented with 20% (vol/

vol) heat-inactivated, pooled human serum, 2 mmol/L glutamine, and a 1/100 dilution of antibiotic/antimyotic mix 

(GIBCO-BRL; fi nal concentrations: 100 U/mL penicillin, 100 U/mL streptomycin, and 2.5 mg/mL fungizone) at 

37°C in a 5% CO2 humidifi ed air incubator. HUVEC were passaged once with trypsin/ EDTA (GIBCO-BRL) 

and only secondary cultures, which had been confl uent for 2 or 3 days, were used for all experiments described 

in this report. Identity of the HUVEC was confi rmed by their cobblestone morphology and positive staining for 

von Willebrand factor. Primary human monocytes were isolated from fresh buffy coats (Central Laboratory of 

the Netherlands Blood Transfusion Service, Amsterdam, The Netherlands) by Ficoll gradient centrifugation and 

attachment to tissue-culture plastics. The monocytes (± 106 cells per fl ask) were washed twice with serum-free 

Iscove’s modifi ed Dulbecco’s modifi ed Eagle’s medium (DMEM; GIBCO-BRL) and were cultured overnight at 

37°C in a humidifi ed, 5% CO2/air incubator in 8 mL of Iscove’s supplemented with 2% human albumin, insulin/

transferin/selenite growth supplement (Sigma, St Louis, MO), and antibiotic/antimyotic. The conditioned medium 

was collected after 16 hours and stored in aliquots at -70°C. HUVEC received fresh full-growth medium 16 

hours before the beginning of the activation experiment. Human recombinant  was lot no. DOE 247/91 (Bayer 

AG,Wuppertal, Germany). Stimulation was performed either with TNF-α added to the full growth medium (20% 

human serum) or with serial dilutions of the monocyte conditioned medium in serum-free medium. At different time 

points the cells were washed with phosphate-buffered saline (PBS) and trypsinized for fl ow cytometric analysis. 

Suspended cells were washed twice in cold PBS and subsequently fi xed in ice-cold PBS containing 1% bovine 

serum albumin (BSA), 0.3 mmol/L EDTA, 0.01% (wt/vol) sodium azide, and 0.1% (wt/vol) p-formaldehyde at a 

fi nal concentration of  5x106 cells/mL. The primary antibodies used were directed against tissue factor and ICAM-

1, respectively. After the addition of the primary monoclonal antibody to the suspension, the cells were incubated 

for 30 minutes at 4°C and washed twice in cold PBS containing 1% (wt/vol) BSA, 0.3 mmol/L EDTA, and 0.01% 

(wt/vol) sodium azide. Subsequently, R-phycoerythrin (RPE)-conjugated F(ab)2 fragments of rabbit-antimouse Igs 

(R 0439; Dako A/S, Glostrup, Denmark) were added, and cells were incubated for another 30 minutes at 4°C. After 

two washes, HUVEC were gated by forward scatter and side scatter using a FACScan (Becton Dickinson, Cowley, 

Oxford, UK) and 5,000 cells were counted. This established that maximal stimulation, as evidenced by maximal 

fl uorescence shift, was obtained for both tissue factor and ICAM-1 at concentrations of 12 nmol/L TNF-α and the 

1/10 diluted monocyte-conditioned medium. 

RNA isolation and DD/RT-PCR. Total RNA was isolated from resting and activated cells with TRIZOL (GIBCO-

BRL) with a typical yield of 80 μg/8x106 cells and stored at -70°C. The DD/RT-PCR reactions were performed 



TNF responsive vascular endothelial cells

51

with 12 different anchored primers (T11XY; X=A, C, or G;Y5A, C, G, or T) and arbitrary decamers no. 1 through 

12 as described (Bauer et al., 1993). In brief, 0.2 μg total RNA was reverse transcribed with 20 U Superscript-

RTII (GIBCO-BRL) in the presence of 2.5 μmol/L anchored primer and a dNTP concentration of 20 μmol/L in 

a volume of 20 μL fi rst-strand buffer. After the addition of 10 μL water, 2 μL of fi rst-strand cDNA was subjected 

to DD/RT-PCR in a Perkin- Elmer 9600 thermocycler (Perkin Elmer, Norwalk, CT) using Gene- Amp tubes in a 

total volume of 20 μL under the following conditions: 1x PCR-II buffer, 1.5 mmol/L MgCl2, 2 μmol/L dNTPs, 1 

μmol/L anchored primer, 0.5 μmol/L decamer, 2 μCi (60 nmol/L) α-33P-dATP (Redivue, Amersham, UK), and 1 U 

AmpliTaq (Perkin Elmer) for 40 cycles of 30 seconds at 94°C, 2 minutes at 40°C, and 30 seconds at 72°C, followed 

by 10 minutes at 72°C. After completion of the reaction, 14 μL loading mix (90% [vol/vol] formamide, 1 mmol/L 

EDTA, Xylene cyanol, and BromoPhenol Blue) was added and a 2- to 5-μL sample was analyzed by standard 6% 

sequencing polyacrylamide gel electrophoresis (PAGE; 8 mol/L urea) at 70W. Subsequently, the gel was transferred 

to Whatman paper (Whatman, Maidstone, UK) and vacuum-dried without prior fi xation. The gel was marked at the 4 

corners with radioactive ink and analyzed by autoradiography after exposure for 16 to 72 hours at room temperature 

to BioMax fi lm (Eastman Kodak, Rochester, NY). Maximal comparability of the reactions that were to be analyzed 

in concert was ensured by using core mixes for both RT-reactions and DD/RT-PCR reactions and performing all 

reactions in concert in 96-well format for a single anchored primer, all 12 decamers, and the 10 individual RNA 

preparations. These RNAs were isolated from unstimulated HUVEC (0 and 20 hours) and HUVEC exposed to TNF-

α or monocyte-conditioned medium for 3, 6, or 20 hours each. 

Cloning and sequencing of DD/RT-PCR fragments. DD/RT-PCR fragments of interest were recovered from 

sequencing gels and reamplifi ed by the DD/RT-PCR protocol at a dNTP concentration of 40 μmol/L. Reactions were 

analyzed on 1.5% agarose gel using the 100-bp marker  (GIBCO-BRL), and the bands of appropriate length were 

excised and purifi ed using QIAEX (Qiagen GmbH, Hilden, Germany). These inserts were TA-cloned by ligation 

to either the pCR-II vector (Invitrogen, Carlsbad, CA) or pGEM-T (Promega, Madison, WI) according to the 

manufacturer’s instructions. Sequencing of DD/RT-PCR fragment clones was performed on purifi ed plasmid DNA 

using the AutoRead Sequencing- kit and Cy5-labeled T7 or SP6 oligonucleotides and analyzed on the ALF-express 

automatic sequencer (materials and protocol: Pharmacia, Uppsala, Sweden). Sequence fi les from the ALF-express 

were exported in GCG-format and analyzed and stored using the GCG-program (Wisconsin Package Version 

9.1, Genetics Computer Group [GCG], Madison, WI) run on a mainframe UNIX computer. A GCG database was 

constructed using DATASET and all sequences were crossanalyzed by the FASTA algorithm. Sequence identity was 

confi rmed by BLAST searches on the combined Genbank/EMBL nonredundant (nr) and expressed sequence tag 

libraries (dbEST), accessed through the National Center for Biotechnology Information homepage (http://

www.ncbi.nlm.nih.gov./). Protein homologies were traced using the Blitz algorithm run at the EMBL/European 

Bioinformatics Institute (http://www.ebi.ac.uk), and functional protein domains were traced using the BLOCKS 

WWW-server (http://www.blocks.fhcrc.org/). Multiple protein sequence alignments were performed using the 
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ClustalW service at EBI. 

Northern blotting analysis. Formamide and heat-denatured 10 μg total RNA was electroforesed on a standard 

formaldehyde 1% agarose gel and blotted to Hybond-N nylon membranes (Amersham, Amersham, UK) according 

to the manufacturer’s protocol. Filters were prehybridized in 5x SSPE (20x SSPE is 3.6 mol/L NaCl, 0.2 mol/L 

sodium phosphate, pH 7.7, 0.02 mol/L EDTA), 0.5% sodium dodecyl sulfate (SDS; wt/vol), 5x Dennhardts’ (100x 

Denhardts’ solution is 2% [wt/vol] BSA, 2% [wt/vol] Ficoll, and 2% [wt/vol] polyvinylpyrrolidone), and 50% (vol/

vol) deionized formamide at 42°C in a hybridization oven for at least 4 hours. Hybridizations were performed at 

greater than 1x106 cpm/mL for 16 to 24 hours at 42°C in a solution of 5x SSPE, 0.5% SDS (wt/vol), 10% dextrane-

sulfate (wt/vol), and 50% (vol/vol) deionized formamide. As probes, we used agarose-purifi ed restriction fragments 

corresponding to the original DD/RT-PCR fragment or IMAGE-clones labeled to high specifi c radioactivity using 

the random oligo labeling kit (GIBCO-BRL) and a-32P- dATP (Redivue; Amersham); unincorporated nucleotides 

were removed by the Qiaquick nucleotide removal kit (Qiagen GmbH). Filters were washed for 15 minutes in 2x 

SSPE at room temperature, followed by 30 minutes in 1x SSPE at 65°C and twice for 10 minutes in 0.2x SSPE 

at 65°C. Filters were analyzed by autoradiography after exposure to Xomat-R fi lms (Eastman Kodak) for various 

periods at -70°C using intensifying screens. Radioactivity was quantifi ed using a PhosphorImager  Molecular 

Dynamics, Sunnyvale, CA). 

Construction and screening of an activated EC cDNA library. Total RNA was isolated with Trizol from HUVEC 

that had been stimulated for 6 hours with the conditioned medium from elutriated monocytes that had been activated 

overnight with limitedly oxidized human low density lipoprotein (LDL) (Sigma). First-strand cDNA synthesis 

was performed with 10 μg of total RNA, using Superscript RT-II reverse transcriptase and oligo-dT. The second-

strand synthesis was performed by the modifi ed procedure of Gubler and Hoffmann (Gubler and Hoffmann, 1983) 

Subsequently, the cDNA was treated with T4 DNA polymerase and ligated to an excess of nonpalindromic BstXI-

linkers. Finally, the cDNA was size fractionated on a low melting type agarose gel and cDNA exceeding 600 bp was 

divided in two pools of sizes less than 1,500 bp and greater than 1,500 bp. Both pools were separately ligated into 

the BstXI sites of the vector prcCMV (Invitrogen). Ligation mixtures were electroporated into Escherichia coli strain 

MC 1061/P3 and the cDNAlibrary was plated as 1x105 and 6x104 independent colonies for sizes less than 1,500 bp 

and greater than 1,500 bp, respectively. The cDNA library was screened by colony hybridization using radioactive 

probes, identical to those used for Northern blotting analysis (see above). Hybridization of the probe was performed 

at 65°C for 16 hours in the presence of 0.1% (wt/vol) SDS, 5x Denhardts’ solution, 0.1 mg/mL herring sperm DNA, 

and 6x SSC (20x SSC is 3 mol/L NaCl, 0.3 mol/L sodium citrate). The Hybond-N membranes were washed with 

increasing stringency down to 0.2x SSC. IMAGE Consortium (LLNL) cDNA-clones (Lennon et al., 1996) (http://

wwwbio. llnl.gov/image/) were obtained from the American Type Culture Collection (ATCC; Rockville, MD; http://

www.atcc.org/) and their identity was confi rmed by resequencing of purifi ed plasmid from individual colonies.
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Vascular tissue collection, morphological analysis, and immunohistochemistry. Human vascular tissue 

specimens displaying various stages of atherosclerosis were collected after obtaining informed consent during 

organ transplantations from multiorgan donors who did not have a prior history of vascular disease (approved by 

the AMC Medical Ethical Committee #95/146). Tissues were fi xed in saline, 3.8% (wt/vol) p-formaldehyde, or 

formalin within 5 minutes after resection and subsequently paraffi n-embedded. Paraffi n sections (5 μm) of vascular 

tissue were mounted on 3-aminopropyl-triethoxysilane– coated slides. Morphological analysis was performed by 

using the Masson Trichrome staining. Cell-type specifi c staining was performed using Ulex europaeus lectin for 

endothelial cells and antibodies 1A4 or HAM-56 (DAKO) directed against smooth muscle cell specifi c a-actin 

or monocytes/macrophages, respectively. Counterstaining was performed with haematoxylin/eosin according to 

standard procedures. 

In situ hybridization. Riboprobes for various gene transcripts, synthesized as described below, contained the 

following sequences: human von Willebrand factor: 8239-8442 (192 bp; GB: X04385); monocyte chemotactic 

protein-1 (MCP-1): 6-741 (656 bp; GB: M24545); ferritin: 302-451 (149 bp; GB: M97164); CA2_1: 2331-3317 

(996 bp; this study; corresponding to 303-1289 of MIHC/hIAP-1 GB: U37546.); GG2_1: 151-868 (718 bp; this 

study); GG10_2: 2375-2945 (571 bp; this study); AG8_1: 194-845 (652 bp; this study); and  CG12_1: 1687-2298 

(611 bp; this study). Riboprobes were synthesized by in vitro transcription of cDNA fragments cloned in various 

pGEM vectors (Promega), containing T7 and SP6 RNA polymerase transcription initiation sites. In brief, the 

constructs were linearized and riboprobes were synthesized for 1 hour at 37°C in RNA polymerase buffer according 

to the manufacturer’s instructions for SP6 RNA polymerase (Promega) or T7 RNA polymerase (Stratagene, La 

Jolla, CA) and labeled with [35S]-UTP (Amersham). Paraffi n sections (5 μm) of vascular tissue were mounted 

on 3-aminopropyl-triethoxysilane–coated slides. In situ hybridization was performed as described (Wilkinson and 

Green, 1990), with minor modifi cations. The sections were pretreated with proteinase K (20 μg/mL) for 5 minutes, 

refi xed in 4% (wt/vol) p-formaldehyde, and treated for 10 minutes with 0.25% (wt/vol) acetic anhydride in 0.1 mol/L 

triethanolamine (pH 8.0). The riboprobes were added to and stored in hybridization mixture, which consisted of 40% 

(vol/vol) formamide, 8% (wt/vol) dextrane sulfate, 0.83 Dennhardts’, 0.5 mg/mL yeast tRNA, 4 mmol/L EDTA, 16 

mmol/L Tris-HCl (pH 8.0), and 0.24 mol/L NaCl. Hybridizations were performed overnight at 50°C in 8 μL (0.5 μCi 

probe) per section under a coverslip in a moist chamber. After hybridization, coverslips were removed in 5x SSC, 

10 mmol/L dithiothreitol (DTT) at 50°C (30 to 60 minutes), followed by a high stringency wash for 30 minutes at 

65°C in 50% (vol/vol) formamide, 23 SSC, 10 mmol/L DTT. RNAse A digestion (20 μg/mL) was performed for 30 

minutes at 37°C in 10 mmol/L Tris- Cl (pH 8.0), 5 mmol/L EDTA, 500 mmol/L NaCl. The high stringency wash 

was repeated, followed by washing for 15 minutes with 2x SSC. After dehydration, autoradiography emulsion was 

applied  as a 1:1 dilution of  Ilford G5 emulsion (Ilford, Paramus, NJ) with 2% (vol/vol) glycerol. After an exposure 

of 1 to 6 weeks, slides were developed in Kodak D19 (Eastman Kodak), fi xed in Kodak UNIFIX (Eastman Kodak), 
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and counterstained with haematoxylin and eosin. 

RESULTS

Endothelial cell model system. Cultured primary endothelial cells from the human 
umbilical vein (HUVEC) were chosen as model cells to identify cytokine-responsive vascular 
endothelial cell genes. To mimic the situation in the fatty streak, the earliest detectable onset 
of atheromas where monocytes have entered the vessel wall and start to accumulate lipid, 
we have incubated HUVEC with the conditioned medium from activated human primary 
monocytes, containing a complex mixture of cytokines and chemokines (Wilcox, 1994; 
Sporn et al., 1990; Mazzuchelli et al.,  1996). As a second, independent activator, we used 
purifi ed, recombinant human TNF-α, a cytokine released from activated monocytes and 
macrophages, which is believed to play an important role during infl ammatory processes 
including atherogenesis (reviewed in Sherry and Cerami, 1988). Titration of these stimuli 
was performed by FACScan analysis of the expression of an immediate early gene (tissue 
factor) and a late gene (ICAM-1) at different dilutions of either TNF-α or the conditioned 
medium from activated monocytes. A uniform activation of the total population of cells, 
necessary for unambiguous DD/RT-PCR interpretation, was obtained at 12 nmol/L TNF- α 
or the 1/10 dilution of the conditioned medium of adherence-activated monocytes (Sporn et 
al., 1990) as shown in Figure 1.

 Differential display of gene expression. An effi cient and reproducible protocol for 
DD/RT-PCR was established, based on published methods. (Liang and Pardee, 1992; Bauer 
et al., 1993). This protocol enabled the simultaneous identifi cation of genes that are either 
induced or repressed. Furthermore, by using RNA samples isolated at appropriate time 
points, immediate early, delayed  early, and late genes were identifi ed in a single experiment. 
Therefore, total RNA was isolated from resting cells (0 and 20 hours) and from cells activated 
by either monocyte supernatant or purifi ed human recombinant TNF-α for various time periods 
(1.5, 3, 6, and 20 hours). The quality and suitability of each RNA preparation was assessed 
by Northern blotting using specifi c probes for tissue factor, an early induced protein, and for 
thrombomodulin, expression of which is repressed by TNF-α (not shown). Isolated total RNA 
was subjected to DD/RT-PCR and analyzed. The specifi c set of 144 oligonucleotides we used  
(Bauer et al. 1993) is expected to display approximately 80% of the different mRNA species 
that are  expressed in a single cell based on statistical grounds. Each primer combination 
yielded 50 to greater than 150 visible bands on gel for each RNA sample, and differentially 
expressed bands were distributed randomly over the different primer combinations, with an 
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average of 16 (range, 8 to 23) for each anchored primer with 12 arbitrary decamers (Bauer 
et al. 1993). Differentially displayed bands were identifi ed by rigorous selection to prevent 
inclusion of false positives, a problem frequently encountered during DD/RT-PCR analyses 
(Figure 2). 

Sequence analysis of DD/RT-PCR fragments. The gene fragments that showed 
differential expression in a consistent and reproducible way after stimulation of HUVEC by 
both TNF-α (193 bands) and monocyte-conditioned medium (122 bands) were cloned and 
sequenced in triplicate,  totalling 119 fragments, 9 of which represented repressed genes. The 
sequences obtained from DD/RT-PCR fragments were crossanalyzed to trace redundancy: 
indeed, on 3 occasions a sequence appeared 3 times, whereas duplication was traced 6 times. 
In all cases, fragments of identical length and sequence had been amplifi ed by different 
anchored primers but identical arbitrary decamer, with the exception of tissue factor, which 
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Figure 1. Flow cytometric analysis of cytokine activated HUVEC. HUVEC were continuously exposed to 12 nmol/
L TNF-α (A and B) or the 1/10 diluted conditioned medium from activated human monocytes (C and D), and at 
various timepoints aliquots of the cells were analyzed by fl ow cytometry as described in Materials and Methods. 
In each case, 5,000 cells were counted (y-axis) and fl uorescence intensity is exponentially plotted starting from 
100 (x-axis). Indicated are the FACscan readouts for the immediate response gene tissue factor (TF; A and C),and 
ICAM-1 (B and D), a late induced gene that is also present at low amounts on nonstimulated cells. (C) and (D) 
show nonactivated HUVEC (non stim.) or HUVEC activated by conditioned medium from  monocytes activated 
by adherence to plastic tissue culture fl asks with the addition of growth medium without additions (adherent) or 
supplemented with 50 mg/mL of minimally modifi ed LDL  (mmLDL) or oxidized LDL (oxLDL).
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was amplifi ed with the anchored primer only (Table 1). Only in 5 of 119 cases did we observe 
colonies of different sequence, indicating contamination of the differentially displayed band 
by other display products of the same length, whereas in only 3 of 119 cases the sequence 
of the DD/RT-PCR fragment proved identical to mitochondrial DNA. The resulting 106 
unique sequences were compared with the nonredundant Genbank/ EMBL database at NCBI 
and EBI, using BLAST and FASTA algorithms, showing that 22 of 106 gene fragments 
represented mRNAs that encode known proteins (listed in Table 1). The remaining 84 
sequences, representing novel genes, were compared with the Expressed Sequence Tag-
libraries at the National Center for Biotechnology Information (dbEST) and The Institute for 
Genomic Research (TIGR-HCI). We found that 33 of our novel sequences were represented 
in these databases. The remainder of 51 DD-fragments represent sequences not previously 
described. 
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Figure 2. DD/RT-PCR reproducibly identifi es 
cytokine-responsive genes in HUVEC. (A) and (B) 
show differential display patterns for the primer sets 
T11GA with decamer 11 (A) and decamer 7 (B). These 
represent the selection criteria we used to exclude 
false-positives by only pursuing bands that show 
reproducible differential expression on DD/RT-PCR 
gels. (A) and (B) show enlargements for bands that 
are reproducibly induced at 3, 6, and 20 hours by both 
TNF-α and monocyte-conditioned medium, whereas 
they are not detectable in unstimulated cells. After 
cloning and sequencing, these bands were shown 
to represent Mn-SOD and GM-CSF, respectively. 
(A) also shows an unknown gene fragment that is 
specifi cally induced by TNF-α but not by monocyte-
conditioned medium (unlabeled arrow) and was 
excluded from our analysis. (C) shows  confi rmation 
of differential expression of GM-CSF using the DD-
fragment as probe and a Northern blotting analysis of 
the same RNA sample as used for the DD/RT-PCR. 
The insert shows the specifi c hybridization signal for 
GAPDH as internal control for equal RNA loading.
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1Expression kinetics are indicated as follows: (E) Early genes show peak expression at 1.5-3 h (L) Expression 
of delayed early (3-6h) and late genes (6-20h). (REG) Genes that are expressed relatively abundantly in resting 
cells, but are upregulated 2 to 4-fold. (R) Repressed genes. 2Genbank accession number for obtaining full name, 
sequence and references to published papers. 3Primer pair represents the combination of anchored primer (letters) 
and decamer (number) that identifi ed this gene during DD/RT-PCR, as described in Fig 2 and Bauer et al.,1993.

Table 1. Affected functions of cytokine-stimulated HUVEC identified by DD/RT-PCR 

Gene product    Expression1 Accession no2. Primer pair3

Leukocyte trafficking 

MCP-1 (Small inducible cytokine A2)  (E)  GB:X14768 AG3,CT3,GT3  
GM-CSF (CSF2)    (L) GB:M11220 AG7,GA7 
Interleukin-8     (E)  GB:M28130 GC3  
RANTES (Small inducible cytokine A5) (L)  GB:M21121 AC6 
PCTA-1     (L)  GB:L78132 CC12 

Apoptosis / Cell proliferation 

A20:  TNF--inducible transcriptional factor  (E) GB:M59465 AA4,AG4
Novel transcript CA2_1 (hIAP-1, U45878)   (E)   this study AC2,CA2,GC2 
Novel cDNA AG8_1 (stannin)    (E) this study AG8 
BTG-1 antiproliferative protein    (E)  GB:H70177 CG11
GSPT1 G to S phase transition   (R)  GB:X17644 AT7 
RGS-5 Regulator of G-protein signalling  (R)  GB:AB008109 CA2 

Protection against oxidative damage 

Manganese Superoxide Dismutase   (L) GB:X07834 GA12 
Ferritin Heavy-chain     (REG)  GB:M97164 CC5 

Signaling/Regulation of transcription 

GBP-2 Interferon-induced   (L)  GB:M55542 CC10 
SUPT4H       (L)  GB:U43923 CG11 
Fibrillarin      (REG) GB:X56597 GA4 
TRIP7      (E) GB:L40357 CT8 

Cell shape/ cytoskeleton 

Myosin light chain (alkali isoform)   (E)   GB:M22919 AA6 
GRAVIN      (REG)  GB:AB003476 GG11 

Vesicular transport 

Annexin-XI     (REG) GB:L19605 GG1 
RAC1      (L)    GB:M29870 GG9
Novel cDNA GG10_2 (Rabkinesin-6)  (R)  this study GG10

Thrombosis/Haemostasis 

Tissue Factor    (E)  GB:M27436 CACA 
TFPI-2(PP5)      (L)  GB:L27624 GG12 

Unassigned 

COX-2 (Prostaglandin G/H Synthase)   (REG) GB:D28235 GG11 
Ribosomal Protein S11    (REG)  GB:X06617 GA2 
Novel cDNA GG2_1 (E)  this study  GG2 
Novel cDNA CG12_1(APOL-like)   (L)  this study  CG12 
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Verifi cation of differential expression by Northern blotting analysis. The fragments 
that were identifi ed by differential display were analyzed by Northern blotting analysis. We 
produced a series of 20 identical fi lters loaded with 10 μg of total RNA per lane of HUVEC 
stimulated for 0, 0, 1.5, 3, 6, or 20 hours with 12 nmol/L human recombinant  TNF-α. Filters 
were probed with highly radiolabelled purifi ed DD/RT-PCR fragments, showing that all of 
the DD-fragments corresponding to known mRNAs and most of the novel DD-fragments 
corresponding to ESTs gave a signal on Northern blot. Only in 2 cases did fragments turn 
out to be nondifferential, whereas others showed induction or repression of threefold to 
greater than 10-fold. None of the novel, non-EST transcripts could be detected in this way; 
these await further analysis with more sensitive methods. This is not unexpected, because 
most average abundant transcripts should at present be represented in dbEST (NCBI). 
Furthermore, it should be emphasized that DD/RT-PCR fragments do not constitute optimal 
probes for Northern blotting analysis, because they are derived from the 3’-UTR of mRNAs, 
which are rich in repetitive sequences and secondary structure. Figure 3 shows the results of 
Northern blotting analysis for 5 novel transcripts that are represented in dbEST (NCBI) and 
for which the full-length mRNA was isolated as described below. Four probes were chosen 
that showed greater than 10-fold induction by Northern blotting analysis, whereas the fi fth 
probe represented a gene that was totally repressed by 20 hours (Figure 3).

TNF (h) - 0     0   1.5    3     6    20

CA2_1

GG10-2

GG2_1

CG12_1

AG8_1

GAPDH

Figure 3. Northern blotting analysis for the expression of 
5 novel cytokine-responsive genes in resting and TNF-
α–activated HUVEC. Northern blotting analysis of 10 
μg HUVEC total RNA with probes from DD-fragments 
or corresponding EST-clones was performed as described 
in Materials and Methods. Time periods of continuous 
stimulation by TNF-α are indicated, and GAPDH analysis 
is given as control for equal loading. The approximate 
length of the transcripts was determined from the position 
of 28S, 18S, and 5S ribosomal RNA at the following: 
CA2_1: an abundant band of 5.2 kb and two minor bands 
of 6 and 4.4 kb, respectively; GG10_2: 2.8 kb; GG2_1: 
1.8 kb; CG12_1: 2.3 kb; and AG8_1: 3.2 kb. A detailed 
analysis of these 5 transcripts is given in the text and in Fig 
4. In the case of CA2_1, identical patterns and intensities 
were found with radiolabelled probes from bases 639-
1032 (DD-fragment) and 2331-3317 (hIAP-1) from the 
full-length sequence. The other probes that were used 
represent the following parts of the full-length sequences: 
GG10_2: 2697-2883; GG2_1: 670-1882; CG12_1, 1690-
2298; AG8_1: 2880- 3289; and GAPDH: 360-1070 (GB: 
M33197). 
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Cloning and analysis of 5 novel cytokine-responsive transcripts. Specifi c details of 
each gene transcript can only be shown by full-length cDNAs, despite the rapidly increasing 
information on overlapping EST sequences at Unigene (NCBI). The IMAGE Consortium 
cDNA Clones (Lennon et al., 1996) from which EST sequences were derived can be obtained 
through various distributors, but usually represent partial cDNAs as a result of their average 
sizes ranging from 0.5 to 2 kb. Therefore, a cDNA library was constructed from the mRNA 
isolated from HUVEC that had been activated for 6 hours by monocyte-conditioned medium. 
Next, differential  display probes or corresponding IMAGE-clones were used to screen 
this cDNA library for the 5 mRNAs represented in Figure 3, resulting in the isolation of 
several full-length and partial clones. Full-length sequences for these fi ve cDNAs can be 
obtained through their Genbank accession numbers.  Novel transcript CA2_1 (5,212 bp, 
GB: AF070674) contained the identical DD/RT-PCR fragments CA2_1_3, AC2_1_4, and 
GC2_1_5 (397 bp) at position 639- 1032, which resulted from oligo-dT priming at a  27-bp 
polyA stretch in the 5’-UTR of the full-length message, rather than at the genuine polyA-
site at the 3΄-end. A mRNA length of 5.4 kb has been extensively documented for hIAP-1, 
but only partial cDNA sequences had been deposited in Genbank. The sole open reading 
frame (ORF) encodes the known protein human inhibitor of apoptosis protein-1 (hIAP-1; 
GB: U45878), also known by the names MIHC (GB: U37546) and cIAP-2. This protein 
blocks TNF-α receptor- mediated cellular apoptosis by direct inhibition of various caspases 
(Quinn et al., 1998). The novel cDNA GG10_2 (2,872 bp, GB: AF070672) contains DD/RT-
PCR fragment GG10_2 (188 bp) at position 2697-2872 and represents a TNF-α–repressed 
mRNA. The full-length sequence was constructed from the largest partial cDNA obtained 
from our cDNA library (1.5 kb) and the overlapping IMAGE  consortium (LLNL) cDNA 
Clone (clone ID: 613195) (Lennon et al., 48). The predicted 890 amino acid sequence is 86% 
identical (91% homologous; Figure 4A) to the recently described murine protein Rabkinesin-
6 (GB: Y09632); therefore, this cDNA represents the human homolog (Echard et al., 1998). 
The novel cDNA AG8_1 (3,295 bp, GB:AF070673) contains DD/RT-PCR fragment AG8_1 
(403 bp) at position 2880-3289.We have isolated a partial cDNA of 2.0 kb from our activated 
HUVEC library and completed the sequence with the overlapping IMAGE Consortium 
cDNA Clone (clone ID: 0969636). The predicted ORF (Figure 4B) encodes the human 
homolog of rat stannin (Toggas et al., 1992; Thompson et al., 1996) (GB: M81639). The 
novel cDNA CG12_1 (2,298 bp, GB: AF070675) contains DD/RT-PCR fragment CG12_1 
(180 bp) at the extreme 38-end at position 2127-2298. The full-length cDNA sequence (2,298 
bp) showed it to encode a 331 amino acid protein that is 70% homologous (50% identical) to 
the recently described human apolipoprotein- L, an HDL-associated lipoprotein produced by 



60

Chapter 3

the pancreas (Duchateau et al., 1997) (Figure 4C). Finally, the novel cDNA GG2_1 (1,889 
bp, GB: AF070671) contained DD/RT-PCR fragment GG2_1_2 (303 bp) at the very 38-
end at position 1595-1889. The cDNA encodes an 188 amino acid protein and shows no 
homology at either the nucleotide, amino acid, or structural level with any protein or gene 
present in the combined NCBI and EMBL databases. Therefore, we are at present unable to 
assign a function to this gene. 

Figure 4. Amino-acid sequence homology for 3 novel full-length human cDNAs obtained from an activated 
HUVEC cDNA library. Amino acid sequences from the coding sequence of 3 novel human cDNAs were compared 
to known proteins using the ClustalW algorithm for (A) the novel human cDNA GG10_2 and murine Rabkinesin-6 
(Ermert et al., 1996); (B) the novel human cDNA AG8_1 and rat stannin (Cooper et al., 1996); and (C) the novel 
human cDNA CG12_1 and the human apolipoprotein-L (Nelimarkka et al., 1997).
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In situ hybridization on human vascular tissue. The isolation of candidate genes 
as described so far gives detailed information about the response of cultured HUVEC to 
cytokine stimulation. To determine whether this approach resulted in the isolation of novel 
genes that are actually expressed in arterial vascular endothelial cells, we performed in situ 
hybridization studies on human vascular tissue. Endothelial cells are thought to play an 
essential role, especially during the onset of lesion formation. Therefore, vascular specimens 
displaying early stages of infl ammatory lesion formation were obtained from organ donors 
who did not have a prior history of vascular disease. A series of vascular specimens was 
analyzed by (immuno)histochemical staining and selected for displaying either normal 
vascular wall or early and advanced lesions. Integrity of the endothelial lining and its mRNA 
was substantiated by using probes for human von Willebrand factor, being solely expressed  in 
the endothelial cells (Figure 5). Cytokine activation of the endothelial lining was checked by 
a probe for MCP-1, a cytokine-responsive gene that was identifi ed in our differential display 
approach and extensively described as a marker for endothelial cell activation (Wilcox et 
al.,1994; Mazzuchelli et al., 1996; Yu et al., 1992; Kilgore et al., 1997). MCP-1 is shown to be 
an excellent marker both for endothelial cell activation and more generally for infl ammation 
of the vessel wall by virtue of its high expression in macrophages (Figure 5). Expression 
by arterial endothelial cells is exclusively observed when macrophages are present close 
to the endothelium (Figure 5), whereas macrophages that have deeply infi ltrated into the 
vessel wall do not elicit such expression in endothelial cells (not shown). Next, we tested 
expression of our 5 novel genes. Expression of CA2_1 (hIAP-1) could be readily detected 
only in the endothelial lining of atherosclerotic aorta and iliac arteries, coinciding with MCP-
1 expression, whereas we never detected hIAP-1 in normal arteries or in arteries that did not 
display substantial monocyte/macrophage infi ltrates. Subsequently, we determined in vivo 
expression of CG12_1, which shows low expression in unstimulated cultured cells but is 
induced approximately 20- fold upon cytokine activation in vitro (Figure 3). The mRNA for 
this apolipoprotein-L–like protein can be readily detected in the normal endothelial lining 
of nonatherosclerotic iliac artery (Figure 5). In addition, expression is seen in capillaries 
in the adventitia but not in smooth muscle cells. Also, in atherosclerotic vascular material, 
expression is only seen in endothelial cells and not in macrophages. This indicates that the 
expression of this novel gene seems limited to endothelial cells in the tissues examined so 
far. The novel human cDNA AG8_1 (stannin), expressed at low levels in cultured cells, 
is detected in the endothelial cells and in intimal macrophages of atherosclerotic lesions, 
but was undetectable in the normal vessel wall (Figure 5). Interestingly, GG2_1, which is  
expressed at high levels both in unstimulated and cytokine-activated cultured cells (Figure 
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3), can be detected only with great diffi culty in the arterial vascular material screened so far 
(Figure 5). The novel cDNA gene GG10_2 (Rabkinesin-6), being constitutively expressed 
in HUVEC and repressed by TNF-α in vitro, could not be detected in the vessel wall so far, 
indicating low steady- state mRNA levels in vivo.
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DISCUSSION

We have identifi ed 106 nonredundant HUVEC gene fragments that are differentially 
expressed upon cytokine stimulation of these cells. In a substantial number of cases, 
differential expression was observed with TNF-α (193 fragments) but not with monocyte 
supernatant (119 fragments), as  exemplifi ed in Figure 2. These results strongly suggest the 
presence of counteracting cytokines in the more complex mixture, eg, interleukin-4 (IL-4), 
IL-10, and IL-13 are well known to attenuate gene induction by TNF-α, whereas interferon-
γ (IFN-γ) can act synergistically (Marfaing-Koka et al., 1995). Even for a single function 
as prostacyclin production by endothelial cells, different combinations of cytokines have 

Figure 5 (previous page). Pattern of in situ hybridization of mRNA expression in human vascular tissue. In situ 
hybridization and immuno-histochemical staining was performed on serial sections (5 μm) of formaline-fi xed and 
paraffi n-embedded vascular tissue as described in Materials and Methods. Tissues were derived from the normal 
iliac artery of a 12-year-old male (A through D), 0.5 cm past the aortic bifurcation and the abdominal aorta of 
a 49-year-old woman (E through H), or a 39-year- old woman (I through T), both 1 cm before the bifurcation. 
(A) Masson Trichrome staining showing an overview through the iliac artery with the lumen on top, endothelial 
cells lining the vessel wall, the internal elastic lamina, the smooth muscle cell-containing media, and the spongy- 
appearing adventitia. (B) Specifi c staining of smooth muscle cells, using an antibody directed against SMC-specifi c 
α-actin (1A4). (C) Autoradiographic image of the specifi c hybridization of an antisense probe for the endothelial 
cell specifi c protein von Willebrand factor, showing the integrity of endothelial cell mRNA and specifi city of 
hybridization conditions. (D) Expression of novel DNA CG12_1 is restricted to endothelial cells lining the vessel 
and the capillaries of the adventitia, identical to von Willebrand factor (C). (E) Masson Trichrome staining showing 
an overview  through the aorta with the lumen on top, endothelial cells lining the vessel wall, a fi brous neo-intima 
(blue), the internal elastic lamina, the smooth muscle cell-containing media (purple), and the spongy-appearing 
adventitia. The boxed area is represented in (F) through (H). (F)  Immunohistochemical staining using a monocyte/
macrophage-specifi c antibody (HAM-56), showing the presence of extensive infi ltration of the neointimal layer 
of the vessel wall, indicative of an infl ammatory lesion. (G) Specifi c expression of MCP-1 by both macrophages 
and endothelial cells in this infl amed vessel wall. (H) Specifi c expression of ferritin by monocytes/macrophages 
and endothelial cells. (I) Masson Trichrome staining showing an overview through the aorta with the lumen on 
top, endothelial cells lining the vessel wall, a fi brous neo-intima (gray), the internal elastic lamina, the smooth 
muscle cell-containing media (blue/purple), and the spongy-appearing adventitia. The boxed area is represented in 
(J). (J) Immunostaining for macrophages (HAM-56) in this aorta section showing infl ammation of the intima; the 
boxed area is represented in the in situ hybridizations shown in (K) through (N). (K) Expression pattern of MCP-
1 in endothelial cells and macrophage/foam cells. (L) Specifi c expression of CA2_1 (hIAP-1) by the endothelial 
cells. (M)  Expression of novel cDNA GG2_1 by endothelial cells. (M) and (N) are a darkfi eld representation of 
the autoradiographic images for greater clarity of hybridization of radiolabeled probes for sense mRNA for novel 
cDNA GG2_1 (M) and, as control for specifi city, for antisense GG2_1 (N). (O) Masson Trichrome staining showing 
an overview through the aorta with the lumen on top,endothelial cells lining the vessel wall, a fi brous neo-intima 
(gray), the internal elastic lamina, the smooth muscle cell-containing media (blue/purple), and the spongy-appearing 
adventitia. (P) The integrity of the endothelial cell lining is shown with the specifi c lectin from Ulex europaeus, and 
specifi c expression of novel cDNA AG8_1 (stannin) is detected in endothelial cells (Q, darkfi eld  representation). 
A more heavily infl amed area of the same aorta is shown by Masson Trichrome (R) and in the boxed area by 
immunostaining for macrophages (S) and expression of AG8_1 (T) in both endothelial cells and macrophages. 
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differential effects on cells of different vascular origin (Ristimaki and Viinikka, 1992). The 
minority of our panel of cytokine-responsive genes (22/106) represents mRNAs for known 
proteins, most of which have been shown previously to be induced by cytokines. Many of 
the corresponding proteins have been implicated in atherogenesis (Ross, 1993), showing the 
specifi city of our approach. It seems remarkable that the transcripts for adhesion molecules 
VCAM-1 and ICAM-1, purported for their role in atherogenesis, were not among the 106 
genes identifi ed (Table 1), although FACScan and Northern blotting analysis showed them 
to be induced by both monocyte CM and TNF-α (Figure 1 and data not shown). However, it 
should be noted that, by defi nition, DD/RT-PCR uses a statistically defi ned set of arbitrary 
primers, and the identifi cation of specifi c transcripts is merely a chance process (Bauer et 
al., 1993). This is in fact the main asset of this approach, because it ensures an unbiased 
sampling of induced and repressed known and novel genes of both low and high abundance 
in any given situation. Therefore, we limited our primer set to 144 combinations to ensure 
an unbiased sampling of activation sensitive genes especially to fi nd novel genes, although 
statistics predict that a portion of transcripts will then be missed. Nevertheless, many expected 
transcripts for known genes were identifi ed, as shown in Table 1. The corresponding gene 
products are involved in a variety of  intercellular and intracellular processes (Table 1). As 
expected, we fi nd induced expression of a number of proinfl ammatory (proatherogenesis) 
genes, such as PTGS2 (Cox2) and several genes involved in leukocyte traffi cking, such as IL-
8, RANTES, granulocyte-monocyte colony- stimulating factor (GM-CSF), and the recently 
described galectin PCTA-1. In addition, the endothelial cell shows induced expression of a 
number of protective (antiatherogenesis) genes. Protection against oxidative stress, which 
accompanies many infl ammatory processes as a result of monocyte/ macrophage activation, 
(Kilgore et al., 1997) is accomplished by the increased expression of ferritin and manganese 
superoxide dismutase, an enzyme essential in withstanding the intracellular oxidative burst 
that accompanies TNF-α activation (Balla et al., 1992; Wong et al., 1989). Identifi cation 
of ferritin as a TNF-α responsive gene shows the sensitivity of our DD/RT-PCR approach, 
which did not identify only strongly induced genes. Like PTGS-2, ferritin expression is 
easily detected in unstimulated cells and is increased only threefold after stimulation. The 
signifi cance of identifying moderately regulated genes is underscored by the fact that increased 
ferritin expression  has been documented for both human and rabbit aortic atherosclerotic 
lesions (Pang et al., 1996), as confi rmed in Figure 5. TNF-α is known for its ability to induce 
apoptosis in many cell types under certain conditions through activation of its cognate receptor 
subtype I (Fraser and Evan, 1996; Clem and Duckett, 1997. Apparently, the endothelial cell 
protects itself very effi ciently against TNF-α–induced apoptosis (Clem and Duckett, 1997 
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Lindner et al., 1997) by expressing hIAP-1, a protein that is able to block cellular apoptosis 
(Quinn et al., 1998; Clem and Duckett, 1997; Chu, 1997). In addition, the antiapoptotic A20 
protein, which was previously identifi ed from a similar screen of differential endothelial cell 
gene expression in response to TNF-α, is expressed (Dixit et al., 1990). The latter protein 
has recently been shown to attenuate TNF-α– induced endothelial cell activation by blocking 
NF-κB–dependent mechanisms (Cooper et al., 1996) In our study, yet another gene (AG8_1) 
was identifi ed, encoding an 88 amino acid residue protein that is the human homolog of rat 
stannin. Stannin is a protein that is essential for a sensitive apoptotic response by  neuronal 
cells to organo-tin compounds. The exact functional role of this protein in this cytotoxic 
process has not yet been established (Toggas et al., 1992; Thompson et al., 1996). Although 
apoptosis seems to be counteracted effi ciently, proliferation appears to be shut down. This is 
apparently accomplished by repressing two genes involved in cell cycle initiation (GSPT1, 
RGS5) and the upregulation of an antiproliferative protein (BTG1). Endothelial cells function 
as an important selective barrier to separate the blood in the lumen of the vessel from the 
surrounding tissue. Transport of nutrients and other plasma constituents is actively regulated 
by the endothelium. Changes in cell shape, one of the affected functions described in Table 
1, could greatly compromise this barrier function, similar to observations in lung tissue, 
where lung fl uid balance is greatly disturbed by actin rearrangements in the endothelial cells 
(Ermert et al., 1996). Indeed, the most striking visual effect of TNF-α activation of HUVEC 
is the gross change of cell morphology from cobblestone to spindle shape, a welldocumented 
phenomenon (Nelimarkka et al., 1997) that we also observed upon incubation with monocyte-
conditioned medium. Furthermore, several proteins involved in vesicular transport show 
cytokine responsive regulation, including the novel human cDNA GG10_2. As shown in 
Figure 4, GG10_2 represents the human homologue for the recently described murine protein 
Rabkinesin-6 (Y09632), a kinesin-like protein involved in intra-Golgi vesicle transport via 
micro-tubuli, that is regulated by the GTPase Rab-6.23 

The remaining 84 of the DD/RT-PCR fragments represent genes of presently unknown 
function, but in 33 cases (including our 5 novel transcripts) their identity as genuine human 
transcripts is verifi ed by their presence in Expressed Sequence Tag (EST) libraries (Adams 
et al., 1995). These EST libraries contain at present more than 1,000,000 partial sequences 
of human cDNA clones, mostly from the IMAGE consortium (Lennon et al., 1996) or TIGR 
(Adams et al., 1995), together with information about tissue- or disease- specifi c expression 
data and possible functional data based on sequence homologies with known genes (Unigene; 
NCBI). In addition, a chromosomal location has been determined to aid genetic analysis, 
complementary to the human genome project (SCIENCE Map of the Human Genome; NCBI). 
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Most of the ESTs that we have identifi ed using DD/RT-PCR have been described in activated 
or fetal tissues: DD/RT-PCR fragment CA2_1 was identifi ed by ESTs from adult  parathyroid 
tumor (GB: W32947), adenomatransformed lung cell-line (GB: U54711), and ulcerative 
Colitis Mucosa (GB: AA190195). The full-length cDNA CA2_1 (5.2 kb) is shown to encode 
hIAP1, a protein that blocks TNF-α receptor-mediated cellular apoptosis (Clem and Duckett, 
1997; Lindner et al., 1997), a function that is indeed expected to be found preferentially in 
tumor or infl amed tissues. Similarly, expression of GG2_1 is found in EST libraries from 
adult multiple sclerosis lesions and HeLa carcinoma, CG12_1 in fetal tissues and ovarian 
cancer, and AG8_1 in neuroepithelium, fetal heart,  and multiple sclerosis lesions. Similar 
expression profi les were found for the remaining DD- fragments corresponding to ESTs; 
only rarely has expression been observed in resting tissue- specifi c libraries such as pancreas, 
brain, or retina. This is remarkable given the fact that the large majority of ESTs has been 
obtained from resting tissue, although this is rapidly changing. This bias towards activated 
tissue expression in vivo, in combination with our in vitro Northern blots, strongly suggests 
an in vivo role in EC activation of the ESTs that remain to be studied in more detail. 

Excessively long untranslated regions were found in the 4 TNF-α–induced novel 
transcripts. This is in remarkable contrast to the relatively short UTRs of the constitutively 
expressed GG10_2 (Rabkinesin-6). Long untranslated regions are frequently found in the 3’-
UTR of induced transcripts, as exemplifi ed by our novel human cDNA AG8_1, which, like 
the rat mRNA for stannin, contains almost 3 kb of 3’-UTR. Interestingly, the 4-kb message for 
PCTA1 (GB: L78132), identifi ed as a differentially expressed mRNA in prostate carcinoma 
(and Table 1), has the same coding sequence as galactin-8 (GB: X91790), an mRNA from 
normal tissue of only 1.1 kb. Remarkably, the untranslated region of the CA2_1 (hIAP-1) 
transcript was located in the 5’-UTR rather than in the 3’-UTR. The functional signifi cance 
of this unusually long 5’-UTR (2,750 bp) remains to be established. The DD/RT-PCR initially 
identifi ed these as novel transcripts, whereas the coding sequence has already been described. 
At present, we cannot exclude the possibility that some of our novel sequences will turn out 
to represent novel transcripts for known genes, because many alternate mRNAs are already  
appearing in dbEST and Unigene, showing that the sequences deposited in Genbank for 
known mRNAs usually represent but one of several (possibly cell-type specifi c) transcripts. 

The in vivo signifi cance of any one of the candidate genes we identifi ed in vitro obviously 
relies on in situ expression in the endothelial lining of the vascular bed. Using aorta and iliac 
arteries obtained during organ transplantations, our in situ hybridization approach confi rms 
that expression of MCP-1 is a reliable marker for infl amed vascular lesions (Figure 5), as 
has been described (Wilcox et al.,1994; Mazzuchelli et al., 1996; Yu et al;., 1992; Kilgore 
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et al., 1997). Furthermore, to our knowledge, we are the fi rst to show in vivo expression of 
the antiapoptotic hIAP-1 (CA2_1), which we detected in endothelial cells overlying lesions 
heavily infi ltrated by monocytes and foam cells (Figure 5). So, despite the fact that hIAP-1 
(CA2_1) is an immediate early gene in culture, it can be detected during a chronic disease 
such as atherosclerosis, stressing the fact that its molecular processes are of an episodal 
nature. Expression of AG8_1 (stannin), expressed at low levels in cultured cells, could be 
confi rmed in vivo, but does not seem to be absolutely specifi c for the endothelial cells, 
because occasionally monocytes/macrophages of the atherosclerotic lesions express this gene 
(Figure 5). Expression in vivo of GG10_2 (Rabkinesin-6), being one of the few constitutively 
expressed and cytokine-repressed genes in vitro has not yet been established, probably due 
to a low steady-state mRNA level, and awaits confi rmation by an immuno- histochemical 
approach. 

Two interesting novel genes are not yet assigned to a gene panel in Table 1. The novel 
cDNA fragment GG2_1 encodes an 188 amino acid protein that shows no sequence or structural 
homology with any protein in the EMBL databases. No structural or functional protein 
motifs/domains could be determined using PROSITE and Blocks, indicating that it seems 
to represent a totally novel protein. Although this greatly complicates its functional study, 
exactly these kind of proteins will be the most signifi cant outcome of unbiased approaches 
such as DD/RT-PCR, because they will lead the way to more fundamental knowledge on basic 
processes. Interestingly, expression of GG2_1, which is expressed at relatively high levels 
both in unstimulated and cytokine-activated cultured cells, could be detected in the arterial 
vascular material screened so far only with great diffi culty, although it seems restricted to 
arterial lesion endothelial cells (Figure 5). This might indicate that its expression level in 
vivo is quite low and is markedly induced by culturing the cells in vitro, something that has 
been documented for other genes as well (Shima et al., 1995). We cannot speculate about 
the signifi cance of this at present, because its protein sequence does not yield clues about 
a possible function of this novel protein. Equally signifi cant is the novel cDNA CG12_1, 
which represents an endothelial cell-specifi c, 331 amino acid protein. We determined in vivo 
expression of CG12_1, for which we detected low expression in unstimulated cultured cells 
(Figure 3), that was upregulated approximately 20-fold. The mRNAfor this apolipoprotein-
L–like protein can be detected readily in the normal endothelial lining of nonatherosclerotic 
iliac artery and aorta (Figure 5). In addition, expression is seen in capillary endothelial cells 
in the adventitia, but not in smooth muscle cells. Also, in atherosclerotic vascular material, 
expression was restricted to endothelial cells, indicating that the expression of this novel gene 
seems limited to endothelial cells in all tissues examined so far. Interestingly, the deduced 
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amino acid sequence for CG12_1 is 70% homologous (50% identical) to the recently 
described human apolipoprotein-L, an HDL-associated lipoprotein produced by the pancreas 
(Duchateau et al., 1997). The fact that CG12_1 is highly homologous to an HDL-associated 
protein and seems to be expressed in the vessel wall in an endothelial cell-specifi c way might 
indicate a role for the vessel wall in lipoprotein homeostasis. 

The next stage of our studies will embody the analysis of the expression of our panel 
of 106 EC genes in a quantitative way in healthy and diseased vascular tissue to confi rm 
which gene or gene panels play a dominant in vivo role during atherosclerosis. A thorough 
mapping of gene expression patterns in various (patho-)physiological situations will give  
indispensable information concerning alterations in functional properties related to altered 
gene expression patterns. Prescreening of the total human gene repertoire for potential 
candidate genes will greatly accelerate gene expression mapping of cellular anomalies that 
are characteristic for a  specifi c disease (Nowak, 1995; Adams et al., 1995). The results from 
the present study on cytokine-responsive genes may then be combined with data from other 
differential screening procedures on vascular endothelial cells in a  variety of processes, 
such as hemodynamic forces (Topper et al., 1996), hyperhomocysteinemia (Kokame et al., 
1996), endothelial differentiation (Shima et al., 1995), endothelial cell proliferation (Kozian 
and Augustin, 1995), and IL-1 (Introna et al., 1993) or angiotensin II (Feener et al., 1995) 
stimulation of endothelium. This will yield detailed information on the exact nature of what 
distinguishes an activated or dysfunctional endothelial cell at the gene expression level 
from a healthy or resting cell, information needed to describe the patho-physiology of the 
atherosclerotic vessel wall at the molecular level. The 5 novel cDNAs that we described in 
this report illustrate that many genes potentially related to these molecular processes remain 
to be identifi ed. 
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ABSTRACT

Several members of the kinesin superfamily are known to play a prominent role in the 
motor-driven transport processes that occur in mitotic cells. Here we describe a new mitotic 
human kinesin-like protein Rabkinesin6 (RB6K), distantly related to MKLP-1. Expression 
of RB6K is regulated during the cell cycle at both the mRNA- and protein level and, similar 
to cyclin B, shows a maximum during M phase. Isolation of the RB6K promotor allowed 
identification of a CDE/CHR element and promotor activity was shown to be maximal during 
M phase. Immunofluorescence microscopy using antibodies raised against RB6K showed a 
weak signal in interphase Golgi but a 10-fold higher signal in prophase nuclei. During M 
phase, the newly synthesized RB6K does not colocalize with Rab6. In later stages of mitosis 
RB6K localized to the spindle midzone and appeared on the midbodies during cytokinesis. 
The functional significance of this localization during M phase was revealed by antibody 
microinjection studies which resulted exclusively in binucleate cells, showing a complete 
failure of cytokinesis. These results substantiate a crucial role for RB6K in late anaphase-B 
and/or cytokinesis, clearly distinct from MKLP-1.
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INTRODUCTION

Recently, we described the isolation of a new human cDNA (GB: AF070672) encoding 
a protein that has all the characteristics of a kinesin-like protein (KLP) (Horrevoets et al., 
1999). Its sequence is 86% identical to murine Rabkinesin6, (GB: Y09632), and because the 
differences in amino acids were randomly scattered throughout the sequence in structural 
rather than functional regions, we assumed it to be the human homolog. Murine RB6K 
was identifi ed as a Golgi-localized KLP that, upon interaction with GTP-bound forms of 
Rab6, may be involved in retrograde vesicular traffi c between the Golgi apparatus and the 
endoplasmic reticulum (Echard et al., 1998; White et al.,  1999). The human RB6K showed 
differential levels of expression in cytokine stimulated human umbilical vein endothelial cells 
(Horrevoets et al, 1999). Downregulation of human RB6K upon cytokine stimulation was a 
late response, but did not correlate with changes in Golgi architecture. Comparable to RB6K, 
GSPT1 and RGS5, two genes involved in cell cycle initiation, were found to be repressed, 
whereas the antiproliverative BTG1 gene was upregulated by TNF-α (Horrevoets et al., 
1999). Serum starvation, leading to entry of the cells into G0, also resulted in downregulation 
of RB6K. In a recent paper the sequence of the human gene RAB6KIFL, encoding RB6K, 
was described (Lai et al., 2000). The gene is located on chromosome 5 in a region containing 
several cell cycle genes, including cdc25. In adult tissue the mRNA for RB6K is almost 
exclusively expressed in tissues with high proliferation rates (thymus, bone marrow and 
testis), which suggests a role in the cell cycle. 

Sequence conservation within the extensive KLP family is mainly restricted to the 
catalytic motor domain, which typically comprises approximately 350 amino acids and is 
involved in microtubule binding and ATP hydrolysis. (Barton et al., 1996; Goldstein and 
Philp, 1999; Greene and Henikoff, http://howard.fhcrc.org.kinesin/). The phylogenetic tree 
of kinesins shows that both human and mouse RB6K are related to the MKLP1 subfamily, 
based on homology within the motordomain (52% homology , 34% identity) whereas the C-
termini lack any discernable  homology (website of Green and Henikoff). 

MKLP1  has been reported  to play a role in assembly of the mitotic spindle and 
separation of spindle poles during anaphase B based on its ability to cross link and slide 
antiparallel microtubuli past each other in vitro (Nislow et al., 1990). Like MKLP1, RB6K 
has been shown to be able to bind microtubules both with its N- and C-terminus (Echard et 
al., 1998). Knowledge on cargo binding and control of motoractivity of KLPs is still rather 
limited. Interestingly, regulation at the level of expression has been suggested for MKLP1 
but no supporting data were provided (Lee et al., 1995). Intracellular levels of CENP-E 
were reported to be regulated by steady synthesis throughout the cell cycle, combined with 
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stabilisation during S- and G2 phase and rapid proteolytic degradation at the end of mitosis 
(Brown et al., 1994; Schaar et al., 1997). As cells proceed through the cell cycle, activity 
of different members of the KLP-family is required. The interphase microtubule network 
supports motor-driven transport of e.g. vesicles and organelles by members of the KHC-, 
Unc-104- and KRP85/95 subfamilies. Motility events during M phase include centrosome 
separation, chromosome positioning on the metaphase plate, chromosome movement, force 
generation in the mitotic spindle and, fi nally, cytokinesis. In these processes, members of the 
BimC-, C-terminal-, MKLP1- and chromokinesin subfamilies have been implicated (Barton 
and Goldstein, 1996; Goldstein and Philp,1999). Regulation of KLP expression and function 
could therefore be an important means by which cells generate and regulate the required 
transport capacity. The study presented here was undertaken to establish a possible role of the 
novel human KLP RB6K in mitosis. We provide evidence that RB6K is maximally expressed 
during M phase, specifi cally localizes to the spindle midzone and midbody, and plays an 
obligatory role during cytokinesis.



76

Chapter 4

MATERIALS AND METHODS

Cell culture and immunofl uorescence. HeLa cells were cultured in Iscove’s modifi ed minimal medium, 

supplemented with penicillin (100U/ml), streptomycin (100U/ml) and 10% (v/v) fetal bovine serum. EC-RF24 

cells were cultured as described (Fontijn et al., 1995). The medium was composed of equal parts of medium 199 

and RPMI-1640, supplemented with 20% (v/v) heat-inactivated, pooled human serum, 2 mM glutamine, and a 

1:100 dilution of antibiotic/antimycotic mix (Life Technologies: fi nal concentrations: 100 U/ml penicilin, 100 U/ml 

streptomycin and 2.5 mg/ml fungizone).

Primary endothelial cells or EC-RF24 cells were grown on gelatin-coated coverslips for at least 24 h. Cells were 

then washed with serum-free medium and fi xed for 10 min with methanol at room temperature. After fi xation, cells 

were washed twice with PBS and incubated for 1 h with rabbit anti-murine RB6K antibodies (Echard et al., 1998) 

in PBS supplemented with 1% (w/v) BSA (Organon Technika, Boxtel, The Netherlands). Then, the coverslips were 

washed twice with PBS and incubated during 1 h with affi nity-purifi ed Cy3-conjugated goat-anti-rabbit antibodies 

(Jackson Immunoresearch, West Grove, Pennsylvania) in PBS with 1% (w/v) bovine serum albumin. Nuclei were 

counterstained during 10 min in a dilution of 100 ng/ml Hoechst 33258 in PBS. After washing three times in 

PBS, the coverslips were mounted in Mowiol (Calbiochem, La Jolla, CA) and viewed with a Zeiss  AxioplanII 

microscope. Confocal laser scanning microscopy  was performed using a Leica CLSM (Leica Microsystems, 

Heidelberg, Germany) equipped with an Argon-Krypton laser. Images were collected with a fi xed setting for the 

laserpower (excitation:568nm, detection: 580nm dichroid mirror and LP610nm). A 40/1.30 NPL Fluotar objective 

was used together with a pinhole setting giving a optical thickness of approximately 1 μm and images were adjusted 

to the full dynamic range of the system (8 bit). The amount of Cy3 fl uorescence as found in either the nucleus or the 

Golgi for individual cells in the confocal stack was determined with the Leica Qwin image analysis software (Leica 

Cambridge). The values for each cell were corrected for background (the amount of fl uorescence outside of the cells) 

and photomultiplier settings.

In situ hybridization. EC-RF24 cells were grown on gelatin-coated glass slides for at least 24 h. Cells were washed 

with serum-free medium and fi xed in 4% (w/v) paraformaldehyde in PBS. Slides were dehydrated by passing 

them successively through 30%-50%-75%-85%-95% and 100% ethanol. A riboprope was synthesized by in vitro 

transcription of a cDNA fragment spanning RB6K nucleotides 1190-1426 cloned in pGEM-4Z. The construct 

was linearised and RNA was synthesized with T7 RNA polymerase (Stratagene, La Jolla, CA), according to the 

manufacturer’s instructions, using 35S –UTP (Amersham, Amersham, U.K.) as  label. Unincorporated nucleotides 

were removed on a G50 Sephadex spin column. The riboprobe was added to and stored in hybridization mixture, 

consisting of 40% (v/v) formamide, 8% (w/v) dextrane sulphate, 0.8x Denhardts’ , 0.5 mg/ml yeast tRNA , 4mM 

EDTA , 16 mM Tris-HCl (pH8.0) and 0.24 mol/l NaCl. In situ hybridization was performed as described (Wilkinson 

and Green, 1990) with minor modifi cations. The slides with fi xed cells were rehydrated and treated for 10 min with 

0.25% (w/v) acetic anhydride in 0.1 M triethanolamnine (pH 8.0). After washing and dehydration, approximately 0.1 
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μCi per cm2 of fi xed cells was added and hybridization was performed overnight at 50ºC under a coverslip in a moist 

chamber. After hybridization, coverslips were removed in 5x SSC, 10 mM DTT at 50ºC (30 to 60 min), followed 

by a high stringency wash for 30 min at 65ºC in 50% (v/v) formamide, 2x SSC, 10mM DTT. RNAse A (20 µg/ml) 

digestion was performed for 30 min at 37ºC in 10 mM Tris-HCL (pH 8.0), 5 mM EDTA, 500 mM NaCl. The high 

stringency wash was repeated, followed by washing for 15 min in 2x SSC. After dehydration, slides were prepared 

for autoradiography by dipping in a 1:0.4 (v/v) dilution of Ilford G5 photographic emulsion (Ilford, Paramus, NJ) 

with 2% glycerol. After an exposure of 4 weeks, slides were developed in Kodak D19 and fi xed in Kodak UNIFIX 

(Kodak-Pathe, Paris, France). Finally, developed slides were counterstained with heamatoxilin and eosin.

Cell cycle arrest, synchronization, and fl ow cytometry . Cells were arrested in different stages of the cell cycle 

by addition of one of the following drugs to the medium: hydroxyurea, 2 mM or nocodazole, 0.17 mM. Twenty 

hours after addition of the drug, cells were harvested for analysis. To synchronize cells, near-confl uent cultures 

were blocked at the G1/early S stage by addition of  hydroxyurea to the medium to a fi nal concentration of 2 mM. 

After 20 h, cells were released from the block by washing them three times with serum-free medium and growing 

them on complete medium. For monitoring synchrony by fl ow cytometry, cells were briefl y trypsinised, pelleted 

by centrifugation at 200x g and resuspended in 2 ml PBS. While gently mixing on a vortex, ethanol was added 

to a fi nal concentration of 75%. Shortly before fl ow cytometry, propidium iodide staining was performed. Cells 

were centrifuged at 200x g and carefully resuspended in 0.25ml PBS. The actual staining was performed during 

30 min at 37ºC in 1 ml PBS containing 0.025 mg/ml propidium iodide, 0.01 % (w/v) saponin and 1 mg/ml RNAse 

A. Subsequently, cell cycle distribution of the cells was determined by analyzing their DNA-content on a Becton 

Dickinson FACSVantage SE fl ow cytometer. Data were analysed using WinMDI 2.8 software (Dr. J. Trotter, Scripps 

Research Institute, La Jolla, CA).

RNA isolation and Northern blot analysis. RNA was isolated from synchronized cultures and analysed by Northern 

blotting  as described previously (Horrevoets et al., 1999). As probes we used agarose-purifi ed restriction fragments 

containing RB6K cDNA nucleotides 1712-2972 or cyclin B as an insert of approximately 1.5 kb from IMAGE clone 

549825 (Lennon et al., 1996). The fragments were labeled to high specifi c radioactivity using the random primers 

DNA labeling system (Life Technologies) and [α-32P]-dATP (Redivue, Amersham). Unincorporated nucleotides 

were removed by the Qiaquick nucleotide removal kit ( Qiagen, Germany). Radioactivity was quantifi ed using a 

STORM and ImageQuant software (Molecular Dynamics, Sunnyvale, CA). 

Cell lysates and Immunoblotting. Cells were washed in PBS and lysed in a buffer containing 150 mM NaCl, 

10 mmol /l EDTA, 1%  (v/v) Triton X-100, 25 mM  Tris-HCl (pH 8.0), and a 1:10 dilution of a protease and 

phosphatase inhibitor cocktail (Sigma P8340, St. Louis, MO). Insoluble material was pelleted by a centrifugation 

at 15.000 x g during 5 min. Protein content of the lysate was measured using a micro BCA protein assay ( Pierce, 
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Rockford, Ill ). Fifteen microgram total protein was used for electrophoresis on a 8% (w/v) SDS-polyacrylamide 

gel under reducing conditions (Laemmli, 1970) and subsequently transferred to a 0.45 μm nitrocellulose membrane 

(Schleicher and Schuell, Dassel, Germany). Filters were blocked by incubation with 2% (w/v) BSA in TBS and 

incubated with affi nity-purifi ed rabbit imunnoglobulins, raised against RB6K (Echard et al., 1998) 1:1000 diluted in 

TBS containing 0.4% bovine serum albumin. After three washes in TBS, the blot was developed using the ProtoBlot 

II AP system (Promega, Madison, WI), according to the manufacturer's instructions. As control for equal loading the 

fi lters were reprobed using antibodies against α-tubulin (Cedarlane, Ontario, Canada) and an ECL western blotting 

detection system (Amersham Pharmacia Biotech, Uppsala, Sweden). 

Microinjection. Fourty hours before microinjection, HeLa cells were seeded onto microinjection grids. Twenty 

hours before injection, cells were arrested in G1/S by addition of 2 mM hydroxyurea. Needles were pulled using a 

PB-7 micropipette puller (Narishage Co., Tokyo, Japan) and back-fi lled with affi nity-purifi ed polyclonal antibodies 

preparations (Echarde et al., 1998) containing 1.5 mg/ml Ig in 0.5 x PBS. Cells were released from the block 

by transferring the grids to fresh medium and injected into the cytoplasm with the appropriate immunoglobulin 

preparation. After injection, cells were washed and incubated in complete medium for 20 h to allow at least one 

passage through the cell cycle. Subsequently, cells were washed in PBS, fi xed in methanol during 15 min at room 

temperature and prepared for inspection by imunnofl uorescence, using Cy3-conjugated anti-rabbit Ig antibodies to 

detect injected cells. 

RB6K-EGFP, RB6K 5’UTR, RB6K-5’ upstream sequences: isolation, constructs and functional analyses. The 

5’UTR of RB6K was extended by 5’-RACE using human placenta Marathon-Ready cDNA and the Marathon cDNA 

amplifi cation kit (Clontech, Palo Alto, CA.). The nested gene-specifi c primers used, corresponded to nucleotides 

121-145 and 151-175 of the RB6K cDNA (GB:AF070672). PCR-amplifi cation products were cloned in the pGEM-

T vector (Promega) for sequence analysis.

pRB6K-EGFP encodes RB6K  with its C-terminus fused in frame to EGFP cDNA.  A fragment of RB6K cDNA 

with a XmaI site replacing the stopcodon was generated by PCR and cloned in frame with EGFP in the pEGFP-N2 

expression vector (Clontech). 

Genomic sequences, 5’ upstream of the RB6K cDNA were PCR-amplifi ed from the human PAC clone 

DJ0309D19 (GB:AC004826) using Advantage cDNA polymerase mix (Clontech) and synthetic oligonucleotides 

5’ATCACCAGTGACCGGGGTACC3’  and 5’ATGGAAGATCTCCGAAGACGTGCCACTTGCTCC3’ as forward 

and reverse primer, respectively. The amplifi ed fragment was cloned in the pGL3-Basic luciferase reporter plasmid 

(Promega) using Kpn1 and BglII sites. Thus, the resulting plasmid, referred to as pGL3 RB6K-5’, comprises 7 

nucleotides of the 5’ UTR and 1342 nucleotides upstream of the originally published RB6K cDNA .

Transfection of ECRF-24 cells (Fontijn et al., 1995) or HeLa cells with RB6K constructs were performed using 

Superfect (Qiagen), essentially according to the manufacturer’s instructions. pRB6K-EGFP transfected cells were 
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analyzed after fi xation in 4% (w/v) paraformaldehyde in PBS and mounted for microscopy as mentioned under 

cell culture and immunofl uorescence. Cells transfected with pGL3RB6K-5’ were analyzed for luciferase activity, 

using the Luciferase Assay System (Promega). Transfection effi ciencies in these experiments were monitored by 

measuring β-galactosidase activity expressed from the cotransfected pSV-β-Galactosidase Vector (Promega) using 

the Galacto-light chemiluminiscent reporter assay (Tropix, Bedford, MA). Both assays were performed on a Luminat 

LB 9501 illuminometer.

Primer extension analysis was performed according to standard methods (Sambrook et al., 1989), using 

5 µg total RNA isolated from ECRF-24 cells. Ten pmol of a Cy3-5’ labeled synthetic oligonucleotide 

5’CCGAAGACGTGCCACTTGCTCCTCCTGGGATACTGGC3’ was used to initiate fi rst-strand synthesis and 

resulting products were analyzed on a  High Resolution gel on an ALF-express automatic sequence analyzer ( 

Amersham Pharmacia Biotech). 

RESULTS

RB6K is a mitotic kinesin like protein. As the observation that RB6K is repressed by 
cytokine incubation was initially made in human umbilical vein endothelial cells (HUVEC), 
we chose to study its subcellular localization in either HUVEC or EC-RF24, a cell line derived 
from HUVEC and previously characterized as a reliable model for studying endothelial-cell 
functions (Fontijn et al., 1995). The affi nity-purifi ed anti-mouse RB6K antibodies that we 
used in this study were previously described (Echard et al., 1998). The reactivity of these 
antibodies with human RB6K and specifi city of the antibodies in lysates of the cell types that 
we used in this study were tested on Western blot. For this purpose we performed in vitro 
transcription-translation of human RB6K cDNA and Triton X-100 extracts of EC-RF24 cells 
were made. Samples were electrophoresed under reducing conditions on SDS-PAGE and 
blotted onto nitrocellulose. Immunostaining with anti-mouse RB6K antibodies detected a 
major band of approximately 98 kD, the expected size for human RB6K (SwissProt: O95235) 
(Figure 1). In the samples of the in vitro transcription-translation material some bands with 
slightly lower molecular weights were observed, probably resulting from leaky scanning 
for translation initiation sites. An additional band at approximately 200 kD is probably a 
remainder of the dimer conformation.

Next, we investigated expression of RB6K by immunofl uorescence microscopy. The vast 
majority of the cells showed a perinuclear stain that has previously been localized to the medial 
Golgi compartment  by colocalisation with CTR 433 (Echard et al., 1998). Remarkably, in a 
minor part of the cell population different staining patterns with a relatively high fl uorescence 
intensity  were observed. Co-staining of DNA with the Hoechst 33258 dye revealed that these 
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patterns were associated with various stages of mitosis (Figure 2 A). A higher resolution 
localization during cell cycle progression is shown and discussed in relation to Figure 6 (vide 
infra). Strikingly, the appearance of fl uorescence signal in prophase nuclei was apparently 
neither accompanied by loss of signal from the Golgi apparatus nor by loss of integrity of the 
Golgi structure, prompting us to make a quantitative assessment of the fl uorescence at these 
sites, using CLSM (confocal laser scanning microscopy). As RB6K fl uorescence in nuclei 
of prophase cells and in Golgi structures in interphase cells was spatially well defi ned due to 
compartmentalization (cf. Figure 2C panel 1 and 2) we chose to use these compartments for 
further quantitative analysis. The mean integral fl uorescence (standard deviation) measured 
in prophase nuclei, 1,244 (322) arbitrary units, was ~ one order of magnitude higher than that 
in interphase Golgi, 117 (60) arbitrary units. To further substantiate the nuclear targeting of 
RB6K, transfection experiments were performed. Expression from a constitutive promoter 
of native, untagged human RB6K resulted in the accumulation of the excess protein in the 
nucleus as detected by anti-RB6K antibodies and a FITC conjugate.  (Figure 2C panel 3). 
As a second approach, independent of the use of antibodies, we transfected EC-RF24 cells 
with a construct in which the C-terminus of RB6K, devoid of its stop codon, was fused in-
frame to enhanced green fl uorescent protein (EGFP) in the pEGFP-N2 vector. Again, the 
EGFP-tagged RB6K localized predominantly to the nucleus in all transfected cells (Figure 
2C, panels 4 and 5) . Thus, nuclear targeting of endogenous RB6K in prophase cells was 
confi rmed by two independent approaches. Typically, the nuclei contain several nucleoli, 
indicating that the cells are indeed in G1 phase (Figure 2C panels 3 and 5). Not only do 
these observations confi rm targeting of RB6K to the nucleus, they also imply that when 
expression is driven from a constitutive promotor, entrance of (GFP-tagged) RB6K into the 
nucleus is independent from cell cycle progression. Thus, it is conceivable that cell cycle 
induced increase of synthesis of the endogenous RB6K in prophase cells saturates the Golgi 
localisation machinery and leads to the observed nuclear localisation. 

200

98
68

43

29

1 2 3
Figure 1. Reactivity of affi nity-purifi ed anti-mouseRB6K polyclonal 
antibodies. Samples were electrophoresed under reducing conditions on an 8% 
(w/v) polyacrylamide gel and transferred to a Protran membrane which was 
subsequently probed with anti-RB6K antibodies. Lane 1, product of coupled in 
in vitro transcription-translation: reticulocyte lysate programmed with hRB6K 
cDNA cloned in pGEM4Z.Lane 2, control, reticulocyte lysate without plasmid 
added. Lane 3, lysate of EC-RF24 cells. Molecular weight markers are indicated 
at the right side of the fi gure.
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In cells showing overexpression of either native or GFP-tagged RB6K, fl uorescence 
also localized to the microtubuli  which then obtained an abnormal, bundled appearance 
(Figure 2C panels 3 and 4, [arrows]). Cells constitutively overexpressing RB6K-EGFP did 
not enter mitosis and died within 48 h after transfection. Essentially the same observations 
were made using the native, untagged, construct whereas cells transfected with the non-fused 
EGFP construct did maintain their proliferative capacity (data not shown). 

These results suggest that the constitutive overexpression of  RB6K, either native or 
as moiety of an EGFP-tagged fusion protein is detrimental to the cells. No fl uorescence of 
de novo synthesized RB6K on the Golgi was observed, neither for wild-type nor for EGFP-

prophaseinterphase RB6K-
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RB6K-
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interphase anaphasemetaphase cytokinesisprophase

A

B

C
1 2 53 4

RB6K
untagged

Figure 2. Expression of RB6K protein and mRNA during the cell cycle in non-synchronously growing cells. (A): 
Immunofl uorescence of RB6K. Cells were fi xed with methanol and incubated with anti-RB6K polyclonal antibodies 
followed by incubation with Cy3-conjugated goat anti-rabbit immunoglobulins (red). DNA was stained using 
Hoechst 33258 (blue). (B): In situ hybridisation of paraformaldehyde-fi xed EC-RF24 cells with a RB6K anti-sense 
riboprobe. (C): Details of subcellular localisation.1 and 2: 1 μm CLSM sections of RB6K immunofl uorescence in 
interphase (1) and prophase (2) cells. 3: Fluorescence of EC-RF24 cells transiently transfected with RB6K cDNA 
and stained with anti-RB6K polyclonal antibodies followed by incubation with FITC-conjugated goat anti-rabbit 
immunoglobulins (green). 4: fl uorescence of EC-RF24 cells transiently transfected with  RB6K-EGFP cDNA. In 
3 and 4, arrows indicate localisation of RB6K to the microtubuli. 5:  fl uorescence of EC-RF24 cells transiently 
transfected with  RB6K-EGFP cDNA,  the Golgi apparatus is stained using antibodies against Giantin and a Cy3 
conjugate (red). Bars:A, B and C1-2: 15 μm, C 3-5 20 μm.  
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tagged RB6K, which may be due to high levels of fl uorescence of RB6K(-EGFP) in the 
nucleus and on the microtubules, that  hamper detection of the signal of a much smaller pool 
of the protein  localising to the Golgi. Integrity of the Golgi during RB6K-overexpression, 
was substantiated by co-staining with the Golgi-specifi c marker Giantin  (Figure 2C panel 5 
[red stain]).

RB6K expression is upregulated in mitosis. In a culture of growing cells, at any 
timepoint, a minor fraction of the population will be in mitosis. In fact, the relative number 
of cells in a certain stage of the cell cycle can be considered to refl ect the timespan in 
which individual cells pass that particular stage of the cell cycle. As duration of M phase 
is short relative to interphase, mitotic cells are underrepresented in non-synchronized 
cultures, hampering analysis of expression regulation around M phase . Here, we used two 
different approaches to further study cell cycle-dependency of RB6K expression. First, in 
situ hybridization of non-synchronized ECRF24 cells with an anti-sense RB6K riboprobe 
was performed to examine mRNA expression related to different stages of the cell cycle 
and, more specifi cally, throughout different stages of mitosis. Indeed, expression of RB6K 
mRNA was almost exclusively observed in cells that could be characterized as mitotic cells, 
based on heamatoxilin and eosin counterstaining that was applied after visualizing the in situ 
hybridization signals by autoradiography (Figure 2B). Control hybridizations run in parallel 
with an antisense probe for the constitutively expressed vWF mRNA showed no changes 
in mRNA signal during the cell cycle thus indicating that the observed changes for RB6K 
were indeed cell cycle-dependent and excluding that the typical change in morphology of 
mitotic cells, due to partial detachment from the matrix, had infl uenced interpretation  (data 
not shown).      

Second, ECRF24 cells were synchronized by a hydroxyurea block and subsequent 
release in fresh medium.  With two-hour intervals, cells were harvested for further analysis. 
For each timepoint, three parameters were analyzed. First, synchrony of the cell population 
was monitored by fl ow cytometric analysis of propidium iodide-stained cells.  Second, lysates 
were prepared and used for making Western blots that were subsequently stained with anti-
RB6K antiserum. Third, RNA was isolated and analyzed on Northern blot by hybridization 
with a hRB6K probe and, as a control, a cyclin B probe.

Arrest of cultures by incubation with hydroxyurea, an inhibitor of DNA replication, 
caused an effi cient, reversible arrest at late G1/early S phase. Upon release, the degree of 
synchronization was suffi cient to allow reliable analysis of regulation of  RB6K mRNA and 
protein in the subsequent S and G2/M phases. Two hour after release, the majority of the 
cells was in S phase, and subsequently shifted to G2/M phase at 6 h. The net distribution over 
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the phases did not change during the next 2 h period, which we interpret as a refl ection of 
the duration of the G2 phase. Then, at 10 h after release, a strong shift from G2/M  to G1/G0 
occurred, indicating that at this point a maximum in the number of M phase cells was reached. 
At 14 h, 86% of the cells again entered the G1 phase that lasted at least another 7 h, leading to 
loss of synchronization (Figure 3A). Changes in RB6K protein levels after release from the 
G1/early S stage were assessed by analyzing equal amounts of total cellular protein, isolated 
with two hour intervals, on Western blot with an affi nity-purifi ed anti-RB6K preparation. 

Combination of the data from Western blot with fl ow cytometric analyses shows 
that a slight increase of the RB6K protein level occurred at 6 h and 8 h after release when 
the majority of the cells passed through G2. Then, at 10 h after release, the protein level 
showed a further increase when cells passed M phase. In early G1, at 12 h and 14 h after 
release, a gradual decrease of protein level was observed. During the subsequent G1 phase 
there is a further decline of RB6K to a level comparable to that at the time of release from 
the hydroxyurea block as can be inferred from the control non-synchronised cultures that 
contain mainly cells randomly distributed over the G1 phase (fi gure 3A and B). The level 
of RB6K mRNA was measured with intervals of 2 h after release from the hydroxyurea 
block by probing a Northern blot of total RNA, isolated at the respective timepoints, with 
a RB6K cDNA probe. In order to show the validity of synchronization of ECRF24 cultures 
and subsequent mRNA quantifi cation as a method to assess cell cycle-dependency of RB6K 
expression, we hybridized identical blots with a cyclin B cDNA probe. Using a comparable 
approach for synchronized HeLa cells, a fourfold increase of the cyclin B mRNA in G2/M 
populations has been reported (Pines and Hunter 1989). Obviously, the levels of RB6K and 
cyclin B mRNA showed nearly identical temporal changes in the synchronized cultures. 
After 20 h of hydroxyureum incubation, signal levels of both mRNAs were at a minimum. 
Upon release from the block, the levels of both mRNAs increased, showed a maximum at 10 
h after release, and subsequently started to decrease at 12 h and 14 h after release, the decline 
for RB6K mRNA being somewhat slower than that for cyclin B mRNA (Figure 3C). Thus, 
the maximal mRNA levels for both RB6K and cyclin B occur at the timepoint (10 h) where 
the synchronized cultures are maximally enriched in cells that are in- or near M phase as 
can be deduced from the large fl ux of cells from the G2/M- to the G1/G0 population that was 
observed in fl ow cytometry. 

 Structure and promotor activity of  the 5’ upstream region of  the RB6K gene. To 
investigate whether an increased transcriptional activity of the RB6K promotor contributes 
to the observed increase in RB6K mRNA levels in M phase, we isolated the 5’ upstream 
sequences of the RB6K gene. The 5’UTR of the RB6K cDNA (GB:AF070672 ) comprised 
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Figure 3. Expression of RB6K mRNA and protein in synchronized cultures. (A), Synchrony of cultures. Cells 
were synchronized as described in Materials and Methods. During progression through the cell cycle, cultures were 
harvested with two hour intervals and the distribution of the cells over the stages of the cell cycle was determined 
by analyzing DNA contents using fl ow cytometry. X-axis: time in hours after release from the hydroxyurea block. 
White: G2/M population, black: S population, grey: G1/G0 population. (B), RB6K protein expression. In parallel 
with A, cell-free extracts were prepared and total protein was determined. Equal amounts were electrophoresed 
on an 8% (w/v) polyacrylamide gel under denaturing conditions and transferred to a Protran membrane, which 
was subsequently probed with anti-RB6K antibodies. As a control for equal loading the blot was reprobed with 
antibodies against α-tubulin. (C), RB6K mRNA-levels and comparison to cyclin B. In parallel with A, RNA was 
isolated. Ten microgram of total RNA was denatured, electrophoresed and blotted to Hybond-N fi lters. Filters were 
hybridized with  radiolabelled probes for RB6K and cyclin B. After autoradiography and quantifi cation, blots were 
stripped and re-probed for 28S RNA to allow normalization of the signals. X-axis: time in h after release from the 
hydroxyurea block. White bars: RB6K, black bars: cyclin B. N.S.: non-synchronized.
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only 27 nucleotides and was therefore unlikely to represent the complete 5’UTR of the 
transcript. Therefore we completed the cDNA by 5’- RACE. The longest transcript we 
obtained extended the 5’ UTR with 64 nucleotides. BLAST searches on the high throughput 
genomic sequence database revealed that RB6K cDNA sequences matched to a contig from 
PAC DJ0309D19, (GB:AC004826). This contig comprises 17.3 Kb upstream of our cDNA, 
therefore it is conceivable that it contains RB6K promotor sequences.

By analysis of RNA from EC-RF24 cells using a primer extension assay, two potential 
transcription start sites were mapped respectively 25 and 38 nucleotides upstream of the 
longest transcript that we isolated in 5’-RACE (Figure 4A and 4C). These initiation sites will 
be referred to as position 1 and –13, respectively.

To test the upstream sequences for cell cycle-dependent promotor activity, we placed 

CCCTATCTGATTGGCCGAACGAACGCAGCGCGTAATTTAAAATA

TTGTATCTGTAACAAAGCTGCACCTCGTGGGCGGAGTTGTGCTC

TGTGGCTGCGAAAGTCCAGCTTCGGCGACTAGGTGTGAGTGAGC

CAGTATCCCAGGAGGAGCAAGTGGCACGTCTTCGG intron 457n

ACCTAGGCTGCCCCTGCCGTCATGTCGCAAGGGATCCTTTCTCC

RB6K
PLK
cyclin B
cdc25C
cyclin A
cdc2

CGCGG

-47
- 6
-13
-18
-37
-24

GCAGCGCGTAATTTAAAATA
CCAGCGCCGCGTTTGAATTC
GCAGTGCGGGGTTTAAATCT
CTGGCGGAAGGTTTGAATGG
GTCGCGGGATACTTGAACTG
AGCGCGGTGAGTTTGAAACT

-28
+14
+ 7
+ 1
-18
- 5

TTGAA
CDE CHR

G

A

B c

ACGT-+

Figure 4. RB6K 5’ upstream sequence. (A), The sequence shown corresponds to nucleotides 102787-103454 
from GB:AC004826. Indicated are: transcription initiation sites (horizontal arrows), the longest cDNA isolated 
by 5’RACE (vertical arrow), the open reading frame (bold, underlined) and the CDE /CHR element (box). (B), 
Alignment of CDE/CHR element sequences from cell cycle-regulated genes. The consensus sequence as originally 
described for cdc2, cyclin A and cdc 25C (35) is shown in boxes. (C), Primer extention mapping of the transcription 
initiation site. Sequence analysis and primer extention assay were performed using a Cy5-labeled oligonucleotide 
primer. The reaction products were analysed on a ALF-express sequence analyzer. Lanes A,C,G and T: sequence 
ladder. Lanes – and +: primer extention reactions using 5 μg  total RNA isolated from EC-RF24 cells without- and 
with reverse transcriptase added. 
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a fragment containing nucleotides  –1253 to +96 into a luciferase reporter vector, pGL3-
basic and transfected the construct, pGL3RB6K-5’, into HeLa cells. As controls, the pGL3-
basic vector or the pGL3 vector containing the strong, constitutive CMV promotor were 
transfected. In all transfections, a pSV-β-galactosidase vector was cotransfected to allow 
for normalization. Twenty four hours after transfection, cells were treated during 20 h with 
hydroxyurea or nocodazole to arrest them in late G1/early S phase and M phase, respectively.  
Cells were then either lysed and used for determination of luciferase activity or prepared 
for fl ow-cytometric analysis of the DNA content. As the half-life of luciferase protein is 
approximately 3 h (Thompson et al., 1991), this approach allowed us to specifi cally compare 
promotor activity  between G1/S- and M phase cells. First, the luciferase activity measured 
in extracts of  pGL3RB6K-5’ transfected cells was typically found to be increased by almost 
three orders of magnitude as compared  to the pGL3 transfected controls. Second, as shown 
in Figure 5, the luciferase expression driven by the CMV promotor did not vary between M 
phase- and G1/S phase-arrested cells whereas expression driven by the RB6K promotor in 
M phase-arrested cells showed a 3.5-fold increase as compared to G1/S phase cells. Taken 
together, these observations show that a sequence spanning nucleotides –1253 to +96 relative 
to the RB6K transcription start does not only provide promotor activity but also confers cell 
cycle-dependent variation to the expression of the luciferase reporter gene and is therefore 
likely to contain sequences responsible for the observed cell cycle-dependent expression of 
RB6K in cultured cells (Figure 4B).
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Figure 5. Cell cycle-dependency of activity of the RB6K 
promotor. (A), HeLa cells were transiently cotransfected 
with the pGL3RB6K-5’- and pSV-β-galactosidase 
plasmids. Control co-transfections were performed with 
the pGL3 basic and pGL3CMV plasmids. Twenty-four 
hours after transfection, cultures were cell cycle-arrested 
during 20 h as described in Materials and Methods. Cells 
were then harvested and the distribution of the cells over the 
stages of the cell cycle was determined by fl ow cytometry. 
White: G2/M population, black: S population, grey: G1/G0 
population. (B), In paralel with A, cells were lysed and 
luciferase- and β-galactosidase activities were measured 
in the lysates. Luciferase values were normalized for β-
galactosidase activities and are given relative to luciferase 
activity measured in G1/S (hydroxyurea)-arrested cells. 
Grey bars: G1/S (hydroxyurea) arrested cells, white bars: 
G2/M (nocodazole)-arrested cells.  
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RB6K plays a crucial role in cytokinesis. To further delineate the mechanistic function 
of RB6K, a detailed confocal imaging was performed of cells, at various stages of mitosis, 
costained with an anti-RB6K antibody (red) and an anti-tubulin antibody (green). It was 
observed that a dominant nuclear staining appears at prophase while in metaphase the 
staining becomes dispersed throughout the cytoplasm surrounding the mitotic spindle. In 
the subsequent stages of anaphase and telophase, concomittant with the onset of cytokinesis, 
RB6K accumulates throughout the equatorial region of the cell, thus colocalising with 
the spindle midzone and the area of the contracting  cleavage furrow. In the end stage of 
cytokinesis, RB6K becomes sharply concentrated on the midbodies (Figure 6A). RB6K was 
previously shown to interact with the GTPase Rab6 in interphase cells (Echard et al.,1998). 
Figure 6B shows HeLa cells stably expressing Rab6-GFP (White 1999) in early anaphase 
where RB6K (red) becomes concentrated in the equatorial zone, whereas Rab6-GFP (green) 
is dispersed throughout the cytoplasm, localising to dispersed Golgi fragments (Tatsumoto et 
al., 1999). Cells in telophase show a clear concentration of RB6K on the forming cytoplasmic 
bridge, and only a small fraction of RB6K colocalizes with Rab6 at the centrosomes of the 
two daughter cells (Figure 6B, arrows), where the Golgi stacks are being re-formed. Rab6 
also localizes adjacent to the cytoplasmic bridge (Figure 6B) as do other Golgi markers, 
such as mannosidase II or galactosyl-transferase (data not shown). From the above data, it 
can be inferred that most of the RB6K in M phase cells shows a behavior that is likely not 
compatible with a role related to the Golgi apparatus. 

To test the functional signifi cance of the observed subcellular localization of RB6K,  
we performed microinjection of synchronized cell cultures with anti-RB6K antibodies. For 
these studies we used HeLa cells as the passage of these cells through the cell cycle after 
control injections with buffer or inert antibody preparations was less affected than that of 
ECRF-24 cells. Control immunofl uorescence microscopy showed that the RB6K expression 
patterns in HeLa cells during the cell cycle were identical to those observed in ECRF-24 cells 
(Figure 6B). Cells were grown on grids to facilitate evaluation of the effects of injection. 
Twenty hours after seeding, near-confl uent cultures were incubated for 20 h with 2mM 
hydroxyurea. Cells were then washed to completely remove the hydroxyurea, released in 
fresh medium and injected in the cytoplasm with an affi nity-purifi ed polyclonal anti-RB6K 
antibody preparation. As a control, cells were injected with identical amounts of affi nity-
purifi ed polyclonal antibodies against von Willebrand factor, a secretory protein that does 
not have a role in the cell cycle. The injections were either clustered (all cells in one grid, 
approximately 100 cells) or scattered (9 cells per grid) allowing the examination of the 
phenotype and a possible effect on mitosis, respectively. Following microinjection, the cells 
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Figure 6 (A) Subcellular localisation of RB6K during the cell cycle. Endogenous RB6K was detected in EC-RF24 
cells using an affi nity-purifi ed anti-RB6K preparation and Cy3-conjugated goat anti-rabbit immunoglobulins (red). 
Microtubuli were stained using anti-α-tubulin antibodies and a FITC-labelled conjugate (green). Shown is a series 
of the subsequent stages of the cell cycle as brightest point projections of confocal sections taken every 1.0 μm. 
Bar: 20 μm. (B) Subcellular localisation of RB6K during the cell cycle. Endogenous RB6K was detected in HeLa 
cells stably expressing Rab6-GFP using an affi nity-purifi ed anti-RB6K preparation and Texas red-conjugated goat 
anti-rabbit immunoglobulins (red).
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were grown for another 20 hours, in principle allowing at least one passage through the cell 
cycle. The grids were then fi xed and the microinjected cells were detected by staining the 
injected antibodies with a Cy3-coupled anti-rabbit Ig preparation. Using immunofl uorescence 
microscopy the grids were then screened for the following categories of injected cells: (i), 
single cells that were mononucleate and therefore had not passed mitosis, (ii), pairs of cells 
that were mononucleate indicating  succesfull completion of mitosis and (iii), any phenotype 
indicative for arrest in M phase. Figure 7A shows that injection of anti-RB6K antibodies 
specifi cally and reproducibly results in cells showing a double nucleus and an increased cell 
size (Figure 7B). This phenotype shows that injection of anti-RB6K antibodies results in a 
failure of cytokinesis. Mitosis is not disturbed by the microinjected anti-RB6K antibodies 
before completion of anaphase A, as can be inferred from the presence of two apparantly 
normal nuclei. RB6K-injected cells that fail to undergo cytokinesis typically show close 
spacing of the two nuclei and an apparent lack of a functional cleavage furrow, suggesting 
that the RB6K antibodies interfere with processes during anaphase B or cytokinesis that are 
essential for completion of M phase.

DISCUSSION

The novel human protein RB6K is shown to be a mitotic KLP that has a distinct function 
in the fi nal stages of the cell cycle. Its expression is highly regulated to peak during M phase, 
with low intracellular mRNA and protein concentrations during G1 and S phase (Figure 2 
and 3 ). This being highly similar to the expression kinetics of cyclin B, a protein of which 
the expression has been extensively studied in relation to regulation of the cell cycle (Pines 
and Hunter, 1989; Pines, 1996). The observed fl uctuations of the mRNA levels are at least 
in part based on cell cycle-dependent promotor regulation (Figure 4 and 5). Similar to the 
cell cycle-regulated promotors of  cdc25C, cyclin A, cdc2, and plk genes (Lucibello et al., 
1995, Uchiumi et al., 1997; Zwicker et al., 1995), the RB6K promoter contains a CDE/CHR  
element (Figure 4B) that is known to induce repression of transcription during G1 (Uchiumi et 
al., 1997; Zwicker et al., 1995). In contrast to typical cell-cycle regulatory proteins of which 
the intracellular concentrations are regulated by ubiquitin-mediated proteolysis (Koepp et 
al., 1999; King et al., 1996; Zachariae, 1999), RB6K protein shows a rather gradual decline, 
that continues in early G1 (Figure 3B). Indeed, no consensus sequences for ubiquitination 
were found and no changes in molecular weight indicative for ubiquitination were observed 
(Figure 3B and data not shown). The importance of correctly tuned de novo synthesis 
and proteolysis of RB6K are illustrated by the fi nding that constitutive overexpression of 
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RB6K in interphase cells leads to cell death, probably caused by a bundling of interphase 
microtubuli (Figure 2C panels 3 and 4). This microtubule binding was not observed for the 
endogenous RB6K in interphase cells. Therefore, incorrectly regulated expression of RB6K 
might directly interfere with interphase microtubule function. The observed tight expression 
regulation of RB6K during the cell cycle represents a means by which the cell can adapt its 
transport capacity to the specifi c requirements of the various stages of the cell cycle. 

Human RB6K showed 91% homology and 86% identity  to mouse RB6K (Horrevoets et 
al., 1999) and was therefore considered as its human equivalent. Murine RB6K was initially 
isolated and characterised as a protein tightly binding the Golgi-localized GTP-ase Rab6. 
Overexpression in HeLa cells of GFP-tagged murine RB6K caused dispersion of the Golgi 
apparatus, suggesting a role for murine RB6K in Golgi dynamics (Echard et al., 1998). Like 
murine RB6K, the human RB6K is able to bind Rab6 in a two hybrid assay (A. Echard and B. 
Goud, unpublished results) and is localized to the Golgi apparatus in interphase cells (Figure 
6A). Our study, however, also covered M phase during which we found RB6K to be expressed 
at levels considerably higher than that in interphase cells. Concomitantly, RB6K does no 
longer localize exclusively to the Golgi but appears in the prophase nucleus. This localisation 
is in good agreement with a PSORT-II prediction (60.9% nuclear versus 17.4% cytoplasmic). 
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Figure 7. The effects of microinjection of anti-
RB6K antibodies on the cell cycle. HeLa cells 
were synchronized and injected as described in 
Materials and Methods with either affi nity-purifi ed 
anti-RB6K antibodies or, as a negative control, 
anti-von Willebrand Factor antibodies at identical 
concentrations. Injected cells were visualized after 
20 h by immunofl uorescent staining of the injected 
antibodies. (A), Result of four independent injection 
procedures. In each procedure 9 cells per grid were 
injected with a total of approximately 100 cells 
(scattered protocol). In the injected population, 
frequencies of occurrence of the following events 
were counted and expressed as percentage of the 
total number of immunofl uorescence-positive 
cells: 1. Single cells, no signs of mitosis (black). 
2. Doubled cells, after mitosis (white). 3. Cells 
containing double nuclei, failure of cytokinesis 
(light grey). 4. Cells in any stage of mitosis (dark 
grey). (B), Result of clustered injection with anti-
von Willebrand factor polyclonal antibodies, and 
affi nity purifi ed anti-RB6K polyclonal antibodies . 
Bars: 20 μm.
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For MKLP-1, it was suggested that sequestration in the nucleus prevents undesirable binding 
to the interphase microtubuli and only after dispersal of the nuclear envelope after prophase, 
the KLP is released and allowed to interact with the then formed mitotic spindle (Nislow et 
al., 1992). For RB6K, an explanation should concern both the function of RB6K in interphase 
Golgi and the function in M phase. The relatively small RB6K pool on the interphase Golgi 
is involved in retrograde transport, and is regulated by the effector GTPase Rab6. However, 
Figure 6B shows that localization of most of the M phase induced RB6K is independent of 
Rab6, which seemingly contradicts a function related to the mitotic Golgi apparatus (Shima 
et al., 1998). Rather, taking into consideration that several proteins that are critically involved 
in cytokinesis initially localize to the prophase nucleus (Tatsumoto et al., 1999; Terada at 
al., 1998), it can be hypothesized that localization to the nucleus of the RB6K pool that is 
synthesized at the onset of M phase, is instrumental in binding cargo and / or modulation of 
RB6K function by regulatory proteins. This hypothesis will require an unbiased search for 
proteins that interact with RB6K in various stages of  the cell cycle.

Concomitant with the onset of cytokinesis during anaphase, RB6K concentrates in  the 
equatorial zone of the cell. Consistent with this localization, effects of interference with 
RB6K function by injection of specifi c antibodies is restricted to cytokinesis. Phylogenetic 
analysis of the motordomain sequences has been used to classify most of the kinesin-like 
proteins into 8-10 subfamilies that, in addition to having related motordomain sequences, 
usually have a related domain structure and show similarity with regard to motility behaviour 
and cellular functions (Barton and Goldstein, 1996; Goldstein and Philp, 1999; website of 
Green and Henikoff).

Detailed information on the function of  members of the MKLP-1 family has been 
derived from mutant analysis in the case of the Drosophila gene pavaroti (Adams et al., 1998) 
and the C. Elegans gene zen-4 (Raich et al., 1998) or from antibody microinjection studies 
of the MKLP-1/CHO1 protein in mammalian cells (Nislow et al., 1990). When antibodies 
raised against the CHO1 protein are injected in mammalian cells before onset of anaphase, 
cells are arrested in metaphase showing partially impaired congression of chromosomes and 
a disorganized spindle, indicating that the antibodies interfere in a stage preceding anaphase 
A. Injection after onset of anaphase has little effect on completion of cell division (Nislow 
et al., 1990). In contrast, RB6K antibody microinjection does not affect mitosis before 
anaphase B, indicating that its function temporally follows that of MKLP1 rather than being 
redundant with it. As RB6K, like the other MKLP-1 family members, has the ability to cross-
link antiparallel microtubules, our microinjection results might indicate interference with 
dynamics of midzone microtubules in anaphase B. It should be noted, however, that RB6K is 
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only distantly related to MKLP-1, PAV-KLP and ZEN-4, as sequence homology is confi ned 
to the motordomain.

Presently, the combined databases do not contain KLPs from other species that could 
be considered as functional equivalents of human and mouse RB6K by showing even distant 
homology to the C-terminal 350 residues. Still, the phenotype resulting from microinjection 
of anti-RB6K antibodies is comparable to that of  zen-4, polo and pav mutants  (Adams 
et al., 1998; Carmena et al., 1998; Raich et al., 1998), suggesting that RB6K may fulfi ll a 
separate but comparable role in cytokinesis. In mammalian cells, Polo-like kinase has been 
shown to colocalize and interact with MKLP1 in vivo and to phosphorylate MKLP1 in vitro 
(Lee et al., 1995). ZEN-4 and PAV-KLP, show 50% and 58 % overall homology to MKLP-1, 
including the C-terminus that is supposed to be involved in cargo binding. In both cases, it 
was speculated that, in addition to a role in spindle function, the KLPs may also contribute 
to cytokinesis by transporting PLK and Polo, respectively (Adams et al., 1998; Raich et al., 
1998). Indeed, several studies, both in Drosophila and in cultured cells (Cao and Wang, 
1996; Giansanti et al., 1998), have established that the spindle midzone provides stimuli for 
cytokinesis. Although the underlying molecular mechanisms are only partially understood, 
relocation of several proteins along microtubuli seems to be involved (Cao and Wang, 1996; 
Wheatly et al., 1998). Based on these observations, we can speculate that RB6K is possibly 
involved in transport of one of the many essential components of the cleavage furrow that 
are currently emerging (Carmena et al., 1998; Glover et al., 1998; Madaule et al., 1998; 
Tatsumoto et al., 1999).

The failure of cytokinesis that we observed after anti-RB6K antibody microinjection is 
compatible with both a function for RB6K on the spindle midzone and a function more related 
to the cleavage furrow, since both processes are intimately linked as evidenced by Giansanti 
et. al (Giansanti et al., 1998). These authors showed the cooperative interaction between 
the contractile ring and the spindle midzone and if either of these stuctures is perturbed, the 
assembly of the other is disrupted. A more detailed understanding of RB6K function therefore 
requires knowledge of RB6K interacting proteins. At present, our data provide evidence for a 
tight cell cycle regulated expression of RB6K and show that it is an essential, non-redundant 
component of the cell cycle that is required for successful completion of cytokinesis. 
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ABSTRACT

The endothelium expresses a large repertoire of genes that is under apparent transcriptional 
control of biomechanical forces, many of which are neither cell-type nor flow-specific. We 
set out to identify genes that are uniquely flow-responsive in human vascular endothelial 
cells. Transcriptional profiling using commercial DNA micro-arrays identified 12 out of 
18,000 genes that were modulated at least 5-fold after 24 hours of steady laminar flow (25 
dyne/cm2). After a 7 day exposure to unidirectional pulsatile flow (19±12 dyne/cm2), only 
3/12 remained elevated at least 5-fold. A custom micro-array of ~300 vascular cell-related 
gene fragments was constructed and expression analysis revealed that many flow-induced 
genes are also induced by at least one of the following agents: tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL1-β), transforming growth factor-β, vascular endothelial growth 
factor, or thrombin, indicating a more general role in adaptive or stress responses. Most flow-
induced genes were also induced by TNF-α but not IL1-β, suggesting the involvement of 
reactive oxygen species. A limited panel of genes that are unique for flow-exposed cultures 
was identified, including lung Krüppel-like factor (LKLF/KLF2) and cytochrome P450 1B1 
(CYP1B1). In marked contrast, both these genes were substantially repressed by TNF-α. 
LKLF but not CYP1B1 mRNA was exclusively detected in the vascular endothelium of 
healthy human aorta by in situ hybridization, and appeared to be flow-regulated. To date 
LKLF is the first endothelial transcription factor that is uniquely induced by flow and might 
therefore be at the molecular basis of the physiological healthy, flow-exposed state of the 
endothelial cell.
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control of biomechanical forces, many of which are neither cell-type nor flow-specific. We 
set out to identify genes that are uniquely flow-responsive in human vascular endothelial 
cells. Transcriptional profiling using commercial DNA micro-arrays identified 12 out of 
18,000 genes that were modulated at least 5-fold after 24 hours of steady laminar flow (25 
dyne/cm2). After a 7 day exposure to unidirectional pulsatile flow (19±12 dyne/cm2), only 
3/12 remained elevated at least 5-fold. A custom micro-array of ~300 vascular cell-related 
gene fragments was constructed and expression analysis revealed that many flow-induced 
genes are also induced by at least one of the following agents: tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL1-β), transforming growth factor-β, vascular endothelial growth 
factor, or thrombin, indicating a more general role in adaptive or stress responses. Most flow-
induced genes were also induced by TNF-α but not IL1-β, suggesting the involvement of 
reactive oxygen species. A limited panel of genes that are unique for flow-exposed cultures 
was identified, including lung Krüppel-like factor (LKLF/KLF2) and cytochrome P450 1B1 
(CYP1B1). In marked contrast, both these genes were substantially repressed by TNF-α. 
LKLF but not CYP1B1 mRNA was exclusively detected in the vascular endothelium of 
healthy human aorta by in situ hybridization, and appeared to be flow-regulated. To date 
LKLF is the first endothelial transcription factor that is uniquely induced by flow and might 
therefore be at the molecular basis of the physiological healthy, flow-exposed state of the 
endothelial cell.
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INTRODUCTION

Atherosclerosis is a chronic multi-factorial disease of the arteries that initiates and 
develops from young age until it manifests itself clinically later in human life. Although 
the risk factors for atherosclerosis are of a systemic nature, the localization of lesions is 
confi ned to specifi c and reproducible positions in the arterial tree. The hypothesis that this 
focality of atherosclerosis is caused by local blood fl ow turbulence at vessel bifurcations and 
curvatures has been fi rmly supported over the last decades (Friedmann et al., 1975; Topper 
and Gimbrone, 1999). Lowering of the shear stress on the vascular endothelium at sites of fl ow 
turbulence, creating steep shear stress gradients (DePaola et al., 1999), is now believed to be 
one of the initiating factors in atherogenesis. Consequently, the ability of the atheroprotective 
force of shear stress to modulate the transcription of genes that are expressed by endothelial 
cells, denoted endothelial genes, has triggered ample research effort on the identifi cation of 
shear stress-regulated genes (Topper et al., 1999; Davies, 1995). In contrast to the protective 
function of shear stress, the cytokine Tumor Necrosis Factor-α (TNF-α) is an important 
mediator of the infl ammatory process that occurs during the progression of atherosclerosis 
(Ross, 1993). Produced by macrophages that have infi ltrated the lesion, cytokines like TNF-α 
are known to induce the expression of many endothelial genes that contribute to the complex 
processes that are involved in atherogenesis (Horrevoets et al., 1999). In contrast to shear 
stress, cytokines are therefore mostly considered to be pro-atherogenic factors (Ross, 1993).

Several studies have aimed at the identifi cation of endothelial genes that are regulated by 
arterial levels of shear stress (Topper et al., 1996; Garcia-Cardena et al., 2001). These studies 
have typically focussed on the identifi cation of genes that are selectively induced by laminar, 
but not by turbulent fl ow. Well-known examples include the transcriptional regulation of 
various adhesion molecules like VCAM-1 and ICAM-1, and several athero-protective genes 
involved in for instance handling oxidative stresses, e.g. superoxide dismutases (Topper et 
al., 1996; Sampath et al., 1995; Inoue et al., 1996). Most of these genes can be considered 
as atheroprotective solely on the basis of their function, and thus would be signifi cant in a 
physiological context. Their regulation patterns, however, reveal that they are expressed in a 
variety of cell-types and are also induced in response to various cytokines that are believed 
to be primarily atherogenic, including TNF-α (Horrevoets et al., 1999).

In this study, we took an alternative approach to identify genes that are consistently 
expressed in endothelial cells exposed to prolonged laminar fl ow, and not in static cultures. 
Thus, we aimed at identifying those genes that are truly discriminative for the physiological 
long-term fl ow-exposed state of the endothelial cell, and potentially lie at the basis of the 
phenotypic changes induced by laminar fl ow. This rationale is essentially based on the 
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contrasting difference between the in vivo protective effect of shear stress and the atherogenic 
potential of infl ammatory cytokines exclusively at sites of fl ow turbulence, in healthy and 
atherosclerotic tissue, respectively. Our stringent selection scheme consisted of preselecting 
fl ow-regulated candidate genes and focus on genes that are still induced after exposing 
endothelial cells to fl ow for 7 days. Absence of a transcriptional response to a variety of 
atherosclerosis-related stimuli was taken as a fi nal criterion. Our results confi rm the existence 
of a set of highly fl ow-induced, fl ow- and endothelial-specifi c genes and demonstrate that the 
expression of one such gene, the transcription factor lung Krüppel-like factor (LKLF), occurs 
only with prolonged shear stress in vitro and in vivo.



100

Chapter 5

MATERIALS AND METHODS

Cell Culture and Shear Stress Experiments. Human umbilical vein endothelial cells (HUVEC) were isolated as 

described (Horrevoets et al., 1999; Jaffe et al., 1973) and cultured in Medium-199 (GIBCO-BRL, Paisley, Scotland), 

supplemented with 20% (v/v) fetal bovine serum, 50 µg/ml heparin (Sigma, St. Louis, MO), 6-25 µg/ml Endothelial 

Cell Growth Supplement (ECGS) (Sigma), 100 U/ml penicillin/streptomycin (GIBCO-BRL). Cells at passage level 

1-2 were plated on fi bronectin-coated Thermanox coverslips (NUNC, Napierville, IL) in growth medium containing 

6 µg/ml ECGS, 24 hours before the exposure to shear stress. Shear stress was applied in a parallel plate-type 

fl ow chamber as described with either steady fl ow (Sakariassen et al., 1983) (25 dyne/cm2) or pulsatile fl ow (12 

± 7 dynes/cm2), using a CellMax Quad positive-displacement pump (Cellco Inc., Germantown, MD). Afterwards, 

total RNA was isolated using TRIZOL (GIBCO-BRL), according to the manufacturer’s instructions. Alternatively, 

HUVEC were seeded into fi bronectin-coated artifi cial capillary cartridges (Polypropylene 70, Cat. No. 400-025; 

Cellco) in medium containing 8 µg/ml ECGS (Ott et al., 1995). Using the CellMax Quad pump system, fl ow was 

gradually increased to correspond to a pulsatile shear stress of 19 ± 12 dynes/cm2, which was maintained over the 

next 7 days with intermediary medium changes. Flow pulsatility was assessed using a T206 Transonic fl ow meter 

(Transonic Systems Inc., Ithaca, NY). Simultaneously, inlet pressure of the culture chambers was measured by a 

dome-type pressure transducer connected to a Nihon-Kohden AP-621G bridge amplifi er. Both signals were digitized 

at a sampling rate of 40 Hz, using Powerlab equipment. HL-60 and HeLa cells were cultured as described (Drayson 

et al., 2001; Fontijn et al., 2001).

Cytokine Stimulation. Media on confl uent HUVEC cultures (passage 1-2) were replaced with fresh full-growth 

medium containing 6 µg/ml ECGS 24 hours before cytokine stimulation. The human cytokines/growth factors 

TNF-α (50 ng/ml), IL-1β (15 ng/ml), TGF-β1 (10 ng/ml) (R&D Systems, Minneapolis, MN), VEGF (50 ng/ml) 

(PeproTech, Rocky Hill, NJ), or α-thrombin (5 U/ml) (Sigma) were added directly to the culture medium. Total RNA 

was isolated using TRIZOL after incubation times of 2, 6 and 24 hours.

RNA Amplifi cation. Total RNA (~4 µg) from shear stress-exposed and static HUVEC cultures was amplifi ed 

essentially as described (Van Gelder et al., 1990). Double-stranded cDNA was prepared using the SuperScript 

Plasmid System for cDNA Synthesis (GIBCO-BRL) with a T7(dT)15 primer. The cDNA was transcribed using the 

AmpliScribe T7 Transcription Kit (Epicentre Technologies, Madison, WI). The yield and size distribution of the 

resulting amplifi ed anti-sense RNA (aRNA) were determined by measuring A260 and by electrophoresis on a 1% 

(w/v) agarose gel.

Probe Synthesis and cDNA Array Hybridizations. For the 4 hour fl ow experiments, probes labeled with α-33P-

dCTP (Amersham) were directly reverse transcribed from 4 µg aRNA using 3 µg random hexamers. Probes of the 24 

hour fl ow experiments were transcribed from unlabelled fi rst-strand cDNA (transcribed from 4 µg aRNA using 3 µg 
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random hexamers) using 1 µg T7(dT)15 primer and SuperScript II RT (GIBCO-BRL). These fi rst and second-strand 

cDNA probes, respectively, were hybridized for 60 hours to the fi lter-based Gene Discovery Array (GDA) I Version 

1.3 (Incyte Genomics, Palo Alto, CA), according to the manufacturer’s instructions. The fi lters were imaged on a 

Storm PhosphorImager (Molecular Dynamics, Sunnyvale, CA), scanned with 50 micron resolution and quantifi ed at 

Incyte Genomics. Selected differential clones were obtained from Incyte Genomics Inc., and sequence verifi ed. 

Construction of Custom Micro-Arrays. A custom cardiovascular glass-based micro-array was constructed 

containing a comprehensive set of prominent endothelial genes and general vascular genes from previous studies, 

e.g. genes encoding various proteoglycans, factors involved in thrombosis/fi brinolysis, cell shape and vesicular 

transport/transcytosis, and control genes for normalization purposes (Horrevoets et al., 1999; Topper et al., 1996; 

Davies, 1995; de Vries et al., 2000). PCR-amplifi ed gene-specifi c fragments of these genes, deprived of any 

repetitive or highly homologous sequences, were spotted on glass microscope slides in triplicate and hybridized 

with fl uorescent cDNA probes using the methods previously described by Brown and coworkers (detailed protocols 

taken from the web-site http://cmgm.stanford.edu/pbrown/protocols/index.html) ((Shalon et al., 1996). Arrays were 

scanned on a ScanArray 3000 micro-array scanner (GSI Lumonics, Bedford, MA) and fl uorescence signals were 

background corrected and normalized for GAPDH. All analyzes were performed with the Eisen software package: 

Scanalyze, Cluster and TreeView, as described Eisen et al., 1998).  

Semi-Quantitative Real-Time RT-PCR. Reverse transcription of 3 µg of total RNA was performed with 1 µg (dT)12-

18 primer (GIBCO-BRL) using SuperScript II. Real-time RT-PCR reactions were performed using the FastStart DNA 

Master SYBR Green I kit (Roche, Mannheim, Germany) in the LightCycler System (Roche). Primers were: LKLF, 

(forward) 5'-GCACGCACACAGGTGAGAAG-3' and (reverse) 5'-ACCAGTCACAGTTTGGGAGGG-3'; CYP1B1, 

(forward) 5'-CTCCTCCTCTTCACCAGGTATCC-3' and (reverse) 5'-AACCACAGTGTCCTTGGGAATG-3'. The 

PCR effi ciency, determined for each primer pair separately using a series of cDNA dilutions, was used to calculate 

relative differences between samples, which were expressed as ratios compared to the static controls.

Non-Radioactive mRNA In Situ Hybridization. Vascular tissues were fi xed, paraffi n embedded as described 

(Horrevoets et al., 1999) and 16 µm sections were mounted onto SuperFrost Plus microscope slides (Menzel-

Gläser, Braunschweig, Germany). The in situ hybridizations were performed as described (Moorman et al., 2001). 

Riboprobes were derived from the following cDNA fragments: 460 bp BstNI-BstNI fragment of the LKLF cDNA 

(GenBank: H28611), entire 1350 bp insert of a human claudin-5 cDNA clone (GenBank: R60153), entire 1790 bp 

insert of a CYP1B1 cDNA clone (GenBank: N72909), 192 bp fragment of human von Willebrand factor cDNA: 

8239-8442 (GenBank: X04385). All cDNA clones were obtained from either Incyte Genomics (Palo Alto, CA) or as 

IMAGE-consortium cDNA clones (Lennon et al., 1996) from the UK Human Genome Mapping Project Resource 

Centre (Cambridge, U.K.).
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RESULTS

Identifi cation of Shear Stress-Responsive Endothelial Genes. We fi rst set out to 
identify endothelial genes that are highly shear stress-regulated. For that purpose we have 
performed transcriptional profi ling using commercially available cDNA arrays containing 
approximately 18,000 cDNA clones. Primary HUVEC were subjected to laminar fl ow in 
a parallel plate-type perfusion chamber, generating a shear stress of 25 dyne/cm2. For use 
as controls, HUVEC were cultured in parallel under static conditions. Cells were exposed 
to fl ow for 4 or 24 hours to evaluate early responses versus the effect of longer-term fl ow-
exposures. Subsequently, total RNA was isolated and amplifi ed in one round of T7 RNA 
Polymerase-based amplifi cation yielding anti-sense RNA (aRNA) (Van Gelder et al., 1990). 
Reverse transcription of the aRNA was performed to obtain 33P-labeled cDNA probes, which 
were hybridized with the cDNA arrays. The hybridized arrays were quantifi ed, background 
corrected and normalized. A plot was constructed comparing the signal intensities of all spots 
in the shear-exposed situation to the static cultures (Figure 1A). This plot shows that the 
vast majority of the genes present on the array is only marginally modulated after a 24-hour 
fl ow-exposure, i.e. lie between the 5-fold up/down regulation lines. Approximately 4,000 out 
of 18,000 genes (~20%) were signifi cantly expressed, of which about 230 (~5.7%) appeared 
more than 2-fold induced or repressed. Next, for each gene on the array the ratios were 
calculated of the hybridization signal intensities of the 4 and 24-hour shear experiments over 
their corresponding static controls. Two stringent selection criteria were used to score genes 
as signifi cantly shear stress-regulated. First, genes had to be at least 5-fold differentially 
expressed, i.e. ratios >5 or <0.2. Second, background corrected hybridization signals had to 
be above the selected intensity threshold in either the shear-exposed or static conditions, i.e. 
>1.5·104 for the 4 hour and >5·103 for the 24 hour shear experiments (outside the gray area in 
Figure 1A).  Out of 18,000 GDA-fi lter array clones, only 29 met these criteria. As the GDA-
arrays contain non-sequence verifi ed clones, with an estimated 30% incorrect annotations, all 
29 clones were ordered, their identity established by resequencing and PCR-fragments were 
analyzed by fi lter-based spot blot analysis. Thus we could confi rm shear-responsiveness for 
12 of these genes, of which the expression kinetics are shown in Figure 1B-D. Three different 
kinetic classes of gene regulation can be distinguished: genes that are quickly induced and 
reach a maximum response within 6 hours (Figure 1B), genes with a delayed response that 
continue to increase in a linear fashion beyond 24 hours of shear stress-exposure (Figure 1C), 
and the down-regulated gene claudin-5 (Figure 1D).
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Gene Transcription Levels After Long-Term Adaptation to Flow. Currently, no 
conclusive data is available on the time required for endothelial cells to fully adapt to fl ow 
in vitro. Life-long exposure of the endothelium to fl ow in vivo inhibits proliferation and 
lowers the metabolic rate, which is consistent with a resting phenotype (Caplan et al., 1973). 
Therefore, sustained fl ow-regulated expression of the 12 fl ow-responsive and additional 
vascular genes was studied in an artifi cial capillary fl ow system using custom-made 

Figure 1. Gene expression profi le of laminar 
fl ow-exposed HUVEC determined by cDNA 
array hybridization. (A) The plot shows a log-log 
comparison of the 24-hour shear stress-exposed versus 
static cultures of background corrected and normalized 
hybridization signals of all ~18,000 cDNAs on the 
array. Diagonal lines represent: dashed line, unity line 
with equal expression in both conditions; +5/-5 and 
+10/-10 labeled lines, 5 and 10-fold up- and down-
regulation. Gray boxes represent hybridization signals 
that are below the limits of signifi cant expression, i.e. 
>5·103. Clones over 5-fold differentially expressed 
were picked, re-arrayed on a custom micro-array, 
checked for reproducibility of induction (panels 
B-D), and sequence verifi ed. (B-D) The kinetics 
of transcriptional regulation by steady laminar 
fl ow (25 dyne/cm2) for 0, 2, 6 and 24 hours were 
determined for the 12 highly shear stress-responsive 
genes (Table I). (B) Late fl ow-responsive genes: 
DIA4 (diaphorase), SAT (spermidine/spermine N(1)-
acetyltransferase), FTL (ferritin light polypeptide), 
TXNRD1 (thioredoxin reductase 1), AF1Q (ALL1-
fused gene from chromosome 1q), SLC7A11 (solute 
carrier family 7), and GenBank: T80319 (hypothetical 
protein).  (C)  Immediate-early induced genes: KLF2 
(LKLF), CYP1B1 (cytochrome P450 1B1), CDKN1A 
(cyclin-dependent kinase inhibitor 1A [p21]), and 
GJA5 (connexin-40).(D) Down regulated gene CLDN5 
(claudin-5). Hybridization signals shown are the mean 
± SD of duplo spots and expressed as percentage of 
the GAPDH signal.
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cardiovascular micro-arrays. This fl ow system allows culturing of endothelial cells under 
continuous unidirectional pulsatile laminar fl ow for long periods of time (Ott et al., 1995). 
In addition, cells are grown in a polar fashion on the luminal surface of permeable hollow 
fi bers, which are in contact with a separate extracapillary (subendothelial) compartment. 
Thus, a more physiological model system is created compared to endothelial cells cultured 
on fl at, solid supports. The time-dependent change of fl ow in the system was accurately 
measured and revealed a pulsatile, unidirectional fl ow profi le generating a minimal, maximal 
and mean wall shear stress of 8, 32 and 19 dynes/cm2 (19 ± 12 dynes/cm2), respectively 
(Figure 2). The capillaries were seeded with primary HUVEC and exposed to fl ow for 7 
days after a 24 hour period of gradual fl ow increase, allowing cell attachment and growth. 
Next, total RNA was extracted and used in hybridization experiments with custom micro-
arrays (construction and content is described in the Methods section and footnotes of Table 
I). These arrays comprise a selection of ~300 genes, facilitating a simultaneous quantitative 
analysis of the expression of the 12 shear stress-responsive genes identifi ed in this study and 
various additional genes/pathways that play prominent roles in endothelial cell biology. Table 
I shows the expression ratios calculated from 3 independent sustained-fl ow experiments and 
their control static cultures only for the 68 genes whose expression level exceeded that of 
5% of the hybridization signal of GAPDH in at least the fl ow or static condition. Overall, 

Figure 2. Characterization of unidirectional pulsatile fl ow in the artifi cial capillary fl ow system and parallel plate 
fl ow chamber. The time-dependent change in fl ow was measured in the artifi cial capillary fl ow system (solid line) 
and parallel plate-type fl ow chamber (dashed line) as described in the Methods section, revealing a unidirectional 
sinusoidal pulsatile fl ow profi le. Flow is expressed in ml/min and was used to calculate the corresponding wall 
shear stress in the artifi cial capillaries (330 µm diameter) and parallel plate chamber (550 µm height; 0.98 cm wide) 
expressed in dyne/cm2 on two separate axes. Calculated mean, minimal and maximal shear stresses were 19, 8 and 
32 dyne/cm2, respectively, for the artifi cial capillaries and 12, 6 and 19 dyne/cm2, respectively, for the parallel plate 
fl ow device.



fl ow-specifi c endothelial gene expression

105

the expression of 9 genes out of the ~300 genes that are present on the array was increased 
at least 3-fold by sustained fl ow compared to static cultures. These expression analyses also 
show that 3 out of the 12 genes, which were identifi ed in this study after a 24 hour exposure 

Table 1. Genes expressed by endothelial cells and their transcriptional regulation by prolonged unidirectional 
pulsatile fl ow.

Protein name Gene name GenBank* Ratio±SEM# Cat.¶ Protein function 


-Actin ACTB NM_001101 1.1 ± 0.07 F Cytoskeletal protein 
Activin A INHBA NM_002192 3.1 ± 1.29 E Vascular growth factor 
ALL1-fused gene from chromosome 1q AF1Q NM_006818 1.4 ± 0.43 A unknown 
Amyloid  A4 precursor protein  APP NM_000484 2.3 ± 0.49 D Alzheimer disease/hemostasis 
Annexin II ANXA2 NM_004039 1.2 ± 0.06 D Membrane-binding protein 
Annexin V ANXA5 NM_001154 2.2 ± 0.14 D Anticoagulant protein 
ApoL1 APOL1 NM_003661 2.0 ± 0.19 C HDL-associated plasma protein 
ApoL2 APOL2 NM_030882 1.7 ± 0.42 C Homolog of ApoL1 
ApoL3 (CG12_1) APOL3 NM_014349 3.9 ± 1.40 C Homolog of ApoL1 
AT7_4_3 No match 0.4 ± 0.10 C unknown 
Biglycan BGN NM_001711 1.3 ± 0.41 D Extracellular matrix constituent 
Caveolin 1 CAV1 NM_01753 0.6 ± 0.13 D Main component of caveolae 
Claudin 5 CLDN5 NM_003277 2.1 ± 0.43 A Tight junction protein 
Cockayne syndrome, type I CKN1 NM_000082 5.7 ± 2.35 C RNA polymerase II transcription 
Connexin 40 GJA5 NM_005266  3.2 ± 0.93 A Gap junction protein 
Cyclin-dependent kinase inhibitor 1A (p21) CDKN1A NM_000389 1.7 ± 0.62 A Cell cycle regulation 
Cytochrome P450 1B1 CYP1B1 NM_000104 26.9 ± 0.08 A Hormone metabolism 
Dermatan sulphate proteoglycan 3 DSPG3 NM_004950 0.7 ± 0.05 D Extracellular matrix constituent 
Diaphorase DIA4/NQO1 NM_000903 10.9 ± 5.93 A Detoxification/nitric oxide synthesis 
DKFZp564F053 cDNA clone AA166719 3.7 ± 1.24 C unknown 
Early growth response 1 EGR1 NM_001964 1.2 ± 0.17 B/D Transcription factor 
Endothelial protein C receptor PROCR NM_006404 1.1 ± 0.24 D Anticoagulation 
eNOS NOS3 NM_000603 4.0 ± 0.73 B/D Nitric oxide synthesis 
EST 15 R96525 1.7 ± 0.25 C unknown 
EST 23 AI632668 1.2 ± 0.30 C unknown 
EST 35 AA455259 1.8 ± 0.21 C unknown 
EST 41 AI140281 1.7 ± 0.42 C unknown 
Ferritin, heavy polypeptide FTH1 NM_002032 2.5 ± 0.48 C Intracellular iron storage 
Ferritin, light polypeptide FTL NM_000146 2.0 ± 0.12 A Intracellular iron storage 
Fibronectin 1 FN1 X02761 3.9 ± 0.59 D Extracellular matrix protein 
G1 to S phase transition 1 GSPT1 NM_002094 0.5 ± 0.08 C Cell cycle regulation 
Galectin 8 LGALS8 NM_006499 4.3 ± 0.73 C Carbohydrate binding protein 
GAPDH GAPD NM_002046 1.0 ± 0.00 F Carbohydrate metabolism 
Hypothetical protein NM_014108 2.3 ± 1.00 E unknown 
Hypothetical protein FLJ23514 NM_021827 0.6 ± 0.09 C unknown 
Hypothetical protein FLJ20003 N47844 1.8 ± 0.30 C unknown 
Hypothetical protein T80319 2.9 ± 0.58 A unknown 
Hypothetical protein BC004930 0.4 ± 0.23 C unknown 
Interleukin 8 IL8 M28130 1.0 ± 0.16 D/E Inflammatory cytokine 
LOX-1 OLR1 NM_079167 1.0 ± 0.45 D Oxidized LDL internalization 
Lung Krüppel-like factor KLF2 NM_016270 4.9 ± 1.74 A Transcription factor 
Matrix Gla protein MGP NM_000900 3.7 ± 1.21 E Inhibits extracellular matrix calcification 
MnSOD SOD2 NM_000636 1.1 ± 0.61 B/D Free radical scavenging  
Multimerin MMRN NM_007351 2.0 ± 0.54 D Hemostasis 
PAI-1 SERPINE1 NM_000602 1.4 ± 0.71 D Fibrinolysis/proliferation/migration 
PECAM-1 PECAM1 NM_000442 2.1 ± 0.37 D (Leukocyte) adhesion receptor 
Prefoldin 2 PFDN2 NM_012394 2.2 ± 0.44 C Membrane-binding protein/autoantigen 
Protease nexin 1 GDN M17783 6.4 ± 3.18 D Serine protease inhibitor 
Rabkinesin 6 RAB6KIFL NM_005733 3.0 ± 0.55 C Intracellular transport/cell division 
Ras-related C3 botulinum toxin substrate 3 RAC3 NM_005052 1.6 ± 0.07 C Ras-related GTPase 
Regulator of G protein signaling RGS5 R38334 1.4 ± 0.77 C GTPase activator 
28S ribosomal RNA M11167 0.9 ± 0.19 F Translation 
Ribosomal protein L30 RPL30 NM_000989 1.1 ± 0.16 F Translation 
Ribosomal protein S11 RPS11 NM_001015 0.7 ± 0.13 C Translation 
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to fl ow, were no longer signifi cantly ‘differential’ after chronic fl ow-exposure. The induction 
levels of 6 genes had dropped to between 2 and 5-fold, but the expression of three genes 
remained elevated at least 5-fold after prolonged fl ow, i.e. lung Krüppel-like factor (LKLF/
KLF2), cytochrome P450 1B1 (CYP1B1) and diaphorase 4 (DIA4/NQO1). 

Endothelial cells differentially respond to a panel of atherosclerosis-related stimuli. 
The qualifi cation of the three genes KLF2, CYP1B1 and DIA4 as being highly responsive 
to prolonged shear stress proned us to study the stimulus and cell-type specifi city of their 
transcriptional regulation. Therefore, the custom micro-arrays were used to study the effect 
under static conditions of a set of established modulators of endothelial gene expression, 
including the cytokines/growth factors TNF-α, interleukin-1β (IL-1β), transforming growth 
factor-β (TGF-β), vascular endothelial growth factor (VEGF), as well as thrombin, on the 
expression of the selected endothelial genes and fl ow-responsive genes identifi ed in this 
study. To that end, HUVEC were cultured in the continuous presence of these agents for 2, 6 
and 24 hours to allow identifi cation of early and late induced genes, whereas non-stimulated 
controls were taken at 0 and 24 hours. The human cell-lines HL-60 (myelomonocytic) and 
HeLa (cervical carcinoma) were included in the analysis, to provide additional information 

Solute carrier family 7, member 11 SLC7A11 NM_014331 2.1 ± 0.06 A Amino acid transporter 
Spermidine/spermine N1-acetyltransferase SAT NM_002970 1.0 ± 0.12 A Polyamine metabolism 
Stromal cell-derived factor 2 SDF2 AA343837 2.4 ± 0.20 C Secretory protein 
Thioredoxin reductase 1 TXNRD1 NM_003330 2.0 ± 0.08 A Intracellular redox control 
Thrombin receptor 1 F2R NM_001992 2.0 ± 0.18 D Mitogenic signaling 
Thrombomodulin THBD NM_000361 2.3 ± 0.11 B/D Anticoagulation 
Thyroid hormone receptor interactor 7 TRIP7 L40357 2.5 ± 0.67 C Thyroid hormone signal transduction 
Tissue factor F3 NM_001993 0.4 ± 0.03 B/D Extrinsic coagulation 
Tissue factor pathway inhibitor 1 TFPI NM_006287 1.8 ± 0.77 D Extrinsic coagulation 
Translation elongation factor 1  2 EEF1A2 NM_001958 1.1 ± 0.05 F Translation 
-Tubulin TUBA3 NM_006009 1.2 ± 0.04 F Intracellular transport 
VCAM VCAM1 NM_001078 0.6 ± 0.02 B/D Leukocyte adhesion receptor 
Vinculin VCL NM_003373 1.6 ± 0.63 D Cytoskeletal/adherens junction protein 
Von Willebrand Factor VWF NM_000552 2.4 ± 0.18 D Platelet adhesion (hemostasis) 

Table 1 (continued). Genes expressed by endothelial cells and their transcriptional regulation by prolonged 
unidirectional pulsatile fl ow.

  *  GenBank accession numbers for access to mRNA sequence or spotted cDNA fragment.
  #  Ratios of the expression level in fl ow-exposed cultures over static cultures, as determined by micro-array  
hybridization, are expressed as the mean of three independent 7 day shear stress experiments ± SEM.
  ¶  Genes on the custom micro array are organized in the following categories (Cat.): (A) 12 shear stress-responsive 
genes identifi ed in this study; (B) 10 established shear stress-responsive genes (Topper et al., 1996; Davies, 1995); 
(C) 106 TNF-α-responsive genes (Horrevoets et al., 1999); (D) prominent endothelial(-specifi c) genes; (E) 40 
smooth muscle activation-specifi c genes (de Vries et al., 2000); (F) control genes for normalization purposes. The 
sets of TNF-α-responsive endothelial genes and activated-SMC genes were identifi ed in previous studies from our 
group using differential display RT-PCR (DD/RT-PCR) (Horrevoets et al., 1999; de Vries et al., 2000). The recently 
available UCSC draft version of the human genome was used to annotate those DD-fragments that had not yet been 
mapped to a named gene (Mc Pherson et al., 2001).
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on cell-type specifi c expression. Total RNA was isolated from these cultures and enriched 
for polyA+, which was then used to produce Cy3-labeled cDNA probes that were hybridized 
to the arrays. The fl uorescence intensities were quantifi ed for each individual gene under 
the various conditions and medians of the triplicates were used to automatically exclude 
infrequent spotting artifacts as medians were in most cases close to the mean of the triplicate 
signals. Subsequently, stringent data-fi ltering was applied by only including those genes in 
the analysis that had hybridization signals above 10% of the GAPDH signal with at least one 
of the stimuli used. Filtered expression data were median centered and genes were arranged 
using a self organizing map (Eisen et al., 1998). Finally, these results were subjected to 
complete linkage clustering with uncentered correlation to produce a hierarchical tree (Figure 
3A) (Eisen et al., 1998).

Thus, the comprehensive series of expression data obtained by the micro-array analyses 
organizes into various clusters of which three reveal a particularly interesting trend, i.e. 
genes predominantly induced by shear stress (Figure 3B), genes induced by TNF-α and IL-
1β (Figure 3C), and genes induced by TNF-α and shear stress, but not by IL-1β (Figure 3D). 
Furthermore, this analysis showed that the expression of 10 out of the 12 fl ow-modulated 
genes identifi ed in this study was substantially increased by at least one of the applied stimuli. 
Two genes in the shear-specifi c cluster, LKLF (KLF2) and cytochrome P450 1B1 (CYP1B1), 
were only expressed at high levels in endothelial cells exposed to prolonged pulsatile fl ow and 
not induced by TNF-α or any of the other agents tested. Furthermore, as for static HUVEC 
cultures, the expression level of LKLF in HL-60 and HeLa cells was around or below the 
detection limit of the micro-array experiments. In marked contrast, substantial expression 
of CYP1B1 was also found in HL-60 cells and moderate expression in HeLa cells, whereas 
DIA4 was expressed vice versa.

Kinetics of LKLF and CYP1B1 induction by fl ow and inverse regulation by TNF-
alpha. Semi-quantitative real-time RT-PCR was used to verify the micro-array expression 
data, more accurately determine the induction/repression levels and to determine the 
expression kinetics of LKLF and CYP1B1 that both have low basal expression levels in 
cultured cells. Pulsatile fl ow experiments (12 ± 7 dynes/cm2; see Figure 2 for fl ow profi le), 
using a parallel-plate fl ow chamber, and separate TNF-α stimulations were performed on 
HUVEC for 2, 4, 6, 12 and 24 hours, with static non-stimulated controls taken at 0, 6 and 24 
hours. In addition, HUVEC were exposed to a steady laminar fl ow for 2, 6, and 24 hours (25 
dyne/cm2). Relative expression levels of LKLF and CYP1B1 were determined using real-
time RT-PCR, and expressed as ratios over the controls (Figure 4). LKLF and CYP1B1 were 
induced by fl ow to maximum levels within 6 and 12 h, respectively. Interestingly, compared 
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Figure 3. One-way complete linkage clustering of micro-array data. The custom micro-array expression data of 
endothelial cells exposed to a variety of modulators was clustered on the basis of similar regulation patterns using 
GeneCluster/TreeView (Eisen at al., 1998). HUVEC were exposed to a pulsatile shear stress of 19 ± 12 dyne/cm2 
in an artifi cial capillary system. Static cultures were stimulated with TNF-α, IL-1β, TGF-β, VEGF, or thrombin 
for 2, 6, and 24 hours. Expression profi les for HL-60, HeLa and SMC cells were included after normalization to 
GAPDH. (A) The self organizing map and hierarchical tree show the total cluster of all genes after data-fi ltering, 
i.e. only including genes in the analysis that had hybridization signals above 10% of the GAPDH signal with at least 
one of the stimuli/conditions used. The 12 fl ow-responsive genes identifi ed in this study are shown in blue. Specifi c 
clusters shown are: genes induced exclusively by shear stress (B), genes induced by IL-1β and TNF-α (C), and genes 
induced by TNF-α and shear stress (D). Clusters shown in panels B-D are headed by a single row of colored squares 
representing the general trend of the cluster. Colors of the squares represent the relative expression of the genes in 
the condition given in the column heading as established after median centering of normalized hybridization signals. 
Red and green represent higher and lower expression than the median for that particular gene, respectively. Color 
intensity is related to the difference with the median (black).
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to steady laminar fl ow, pulsatile fl ow resulted in an additional 3-fold increase in LKLF 
expression. These expression levels were sustained well beyond 24 hours of fl ow exposure. 
In contrast, both LKLF and CYP1B1 were signifi cantly down-regulated by TNF-α within 
6 hours. LKLF expression remained at levels that were still 2.5-fold lower than in static 
cultures, whereas repression of CYP1B1 by TNF-α was sustained.

Human vascular expression of LKLF, cytochrome P450 1B1 and claudin-5. The 
micro-array data have aided us in limiting the extensive (endothelial) gene collection to a set 
of three genes with interesting vascular cell-type specifi city and patterns of transcriptional 
regulation by various stimuli. In contrast to all other genes tested, up-regulation of both LKLF 
and CYP1B1 was largely endothelial specifi c, whereas LKLF was exclusively expressed in 
endothelial cells under fl ow. In contrast, claudin-5 (CLDN5) was the only gene that was 
found to be considerably down-regulated after 24 hours of exposure to laminar fl ow, but its 
expression was induced by TNF-α (Figure 1D and 3D). We therefore studied the expression 
of these genes in human vascular tissue. Non-radioactive mRNA in situ hybridizations 
were performed on various sections from our human vascular tissue collection (Horrevoets 
et al., 1999; de Vies et al., 2000). Figure 5 shows the results obtained with the thoracic 
aorta taken from a 13-year-old female donor. In this tissue, no neointima was present and 
infl ammatory processes in the vessel wall were absent. Expression of LKLF was restricted 

Figure 4. Kinetics of LKLF and CYP1B1 
differential expression as determined by real-
time semi-quantitative RT-PCR. In a parallel 
plate-type fl ow chamber, HUVEC were either 
exposed to steady laminar fl ow generating a 
shear stress of 25 dyne/cm2 (open circles), 
or unidirectional pulsatile laminar fl ow 
generating a shear stress of 12 ± 7 dyne/cm2 
(fi lled circles) for various time intervals. 
Static HUVEC cultured in parallel were 
treated with 50 ng/ml TNF-α (fi lled squares). 
Ratios of the relative expression levels for 
LKLF (A) and CYP1B1 (B) determined by 
semi-quantitative real-time RT-PCR, over 
static cultures were calculated and expressed 
as fold induction or fold repression. 
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to the endothelium and continuous throughout all the endothelial cells of the aorta itself 
(Figure 5A, B). In the small branch, however, substantial differences in LKLF expression 
were observed (Figure 5D, E). Whereas the endothelial LKLF expression at the opposite 
wall of the branching point was comparable to that in the aorta (Figure 5D), no LKLF mRNA 
was detected in the endothelium covering the area where the branch physically disconnects 
from the larger aorta (Figure 5E). In contrast, expression of claudin-5 was also restricted to 
the endothelium, but was not signifi cantly differential at this branching point, in accordance 
with the observation that in vitro its transient down regulation at 24 hours (Figure 1D) returns 
to baseline levels after 7 days (Table I) exposure to pulsatile shear (Figure 5H). Remarkably, 
in contrast to its high level of expression under fl ow in vitro (150% of GAPDH), the level 
of CYP1B1 mRNA detected in vivo was not signifi cantly above background (Figure 5I), 
confi rming earlier histochemical reports on the tissue distribution of CYP1B1 expression 
(Baron et al., 1999; Murray et al., 1997; Murray et al., 2001; ). As a positive control for the 
integrity of both the endothelial cell lining and the mRNA at this site, in situ hybridizations 
for von Willebrand Factor (vWF) mRNA were performed on consecutive sections (Figure 
5C, F, G). There was a strong and uniform signal for vWF demonstrating the presence of 
a continuous layer of endothelium and the good RNA quality in these tissues as well as 
confi rming the endothelium-specifi c expression of LKLF and claudin-5.

DISCUSSION

Presently, the only cell types known to exhibit a physiologically signifi cant response 
to fl ow are endothelial cells and osteocytes (Weinbaum et al., 1994). Adaptation of these 
cells to continuous fl ow during their entire life span is crucial for a correct functioning in 
their respective physiological contexts. A change of this biomechanical force likely leads 
to dysfunction of those processes that are specifi c for these cell types, and are specifi cally 
under the control of fl ow. Studies with novel screening techniques such as DNA micro-array 
hybridizations and differential display have shown that TNF-α and hemodynamic forces like 
shear stress regulate the transcription of a large and diverse set of endothelial genes in vitro 
(Horrevoets et al., 1999; Topper et al., 1996; Garcia-Cardena et al., 2001). This extensive, 
though not yet fully known gene set, however, includes many genes that are general stress 
responsive or involved in handling oxidative stress. Moreover, the tissue and cell type-specifi c 
expression of these genes and their transcriptional regulation reveals that most of them are not 
involved in processes that are specifi c for the endothelium nor in the atheroprotective force of 
shear stress. Also, in vivo verifi cation of the endothelial expression has only been performed 
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Figure 5. Endothelial-specifi c expression of LKLF and claudin-5 in the normal human aorta. (A) Overview of 

a section of the thoracic aorta of a 13-year-old female stained with nuclear fast red. Non-radioactive mRNA in 

situ hybridizations were performed on consecutive sections, using anti-sense riboprobes of LKLF (B, D, E), 

claudin-5 (H), cytochrome P450 1B1 (I) and the endothelial-specifi c marker von Willebrand Factor (vWF) (C, F, 

G). The detection of the mRNA-probe hybrid results in a blue color associated with the nuclei. Panels E and G 

show no signifi cant detection of the LKLF mRNA, whereas vWF is consistently and specifi cally expressed in the 

endothelium of the entire specimen. Stacks of nuclei are visible due to the thickness of the sections (16 µm) and 

conical shape of the branching artery. Claudin-5 was specifi cally expressed in the endothelium (H), but detection of 

the cytochrome P450 1B1 mRNA was to close to background hybridization levels (I).
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for a few of these targets. In this study, we therefore aimed to extract candidates from the 
large set of shear stress-responsive genes that determine the endothelium’s unique capacity to 
modulate its phenotype in accordance with local hemodynamic factors. The results described 
here demonstrate that the vast majority of the genes, identifi ed in this study and by others, is 
also induced by various other (atherogenic) stimuli and/or is expressed in other cell-types. 

The kinetics of steady laminar fl ow-induced genes identifi ed in this study can be divided 
into two different classes, i.e. genes that are up-regulated to steady levels within 6 hours and 
genes that have a delayed response increasing beyond 24 hours of fl ow exposure. In contrast 
to the immediate-early induced genes, the induction of the late genes likely requires de novo 
protein synthesis, i.e. fl ow-induced transcription/translation of transcription factors. Up until 
now, a panel of transcription factors has been demonstrated to be modestly regulated by 
fl ow and their response elements have been identifi ed (Resnick et al., 1993; Nagel et al., 
1999; Bao et al., 1999). However, the wide patterns of expression of the transcription factors 
early growth response-1 (Egr-1), nuclear factor-κB (NF-κB), c-fos, and c-jun, show that they 
are neither endothelium-specifi c nor exclusively regulated by sustained fl ow. This view is 
further substantiated by the involvement of reactive oxygen species, which can be produced 
by endothelial cells under fl ow, in the activation of c-fos, AP1 and NF-κB (Lan et al., 1994; 
Barchowsky et al., 1995). Coordinately expressed genes, which are under the control of similar 
combinations of transcription factors, can be detected by clustering analysis. The clustering 
analysis of the micro-array data from our study on a variety of modulators of endothelial cell 
gene expression arranged the panel of vascular genes in various clusters of which three are 
particularly interesting, i.e. genes induced predominantly by shear stress (Figure 3B), genes 
induced by TNF-α and IL1-β but not by shear stress (Figure 3C) and genes induced both by 
shear stress and TNF-α (Figure 3D). The latter two panels show that genes that are induced 
by TNF-α but not by shear are also likely induced by IL1-β, whereas genes induced by 
shear and TNF-α are not likely to be induced by IL1-β as well. This implies the existence of 
some distinct overlap between the transcriptional pathways of shear stress and TNF-α on one 
side, and TNF-α and IL1-β on the other. The involvement of the TNF-α-related transcription 
factor NF-κB in activating transcription from a previously identifi ed shear stress-response 
element (SSRE) (Resnick et al., 1993) is in agreement with these fi ndings and might be at 
the basis of the apparent cross-talk between shear stress and TNF-α signaling pathways. The 
indirect activation of NF-κB by fl ow, together with the presence of the NF-κB-binding SSRE 
in the gene promoters, is a potential source for this overlapping transcriptional response 
to fl ow and to TNF-α of the majority of fl ow-regulated genes identifi ed in this study and 
by others. However, although we found up to three SSREs in a few of the 12 highly fl ow-
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responsive genes, no conclusions can be drawn on this subject without performing systematic 
promoter studies. Nevertheless, the large overlap between fl ow- and TNF-α-induced gene 
regulation patterns is presumably related to the observed increase of intracellular oxidative 
stress in endothelial cells that occurs both by TNF-α activation (Hsieh et al., 1998; Bauerle 
and Henkel, 1994), and under unidirectional pulsatile, but not oscillatory or steady fl ow 
(Schmidt et al., 1995). The involvement of reactive oxygen species is further substantiated 
by the induction of many protective fl ow-induced genes that handle oxidative stress, which 
are neither stimulus nor cell-type specifi c. In this respect, the regulation of Mn and Cu/Zn-
superoxide dismutases by fl ow (Topper et al., 1996; Inoue et al., 1996; Sillaci et al., 2001) 
and their expression in various cell-types can be complemented with the fl ow responsiveness 
of thioredoxin reductase and ferritin, identifi ed in this study. 

The long-term exposure of endothelial cells to fl ow in this study shows that the regulation 
of most of the shear stress-responsive genes identifi ed in this study and by others is transient. 
Although still elevated at 24 hours, they return to basal levels after a 7-day exposure to fl ow. 
CYP1B1 proved to be one of the few highly fl ow-specifi c and non-transiently expressed 
endothelial genes involved in metabolic processes. The high CYP1B1 levels found in the 
HL-60 cell line confi rm reports that this is the major cytochrome P450 isoform in human 
blood monocytes (Baron et al., 1999). Also, the expression in HeLa cells is in agreement 
with the high CYP1B1 expression levels that are observed in many human tumors (Murray 
et al., 2001). The lack of expression in healthy human vascular tissue suggests that its strong 
transcriptional induction by fl ow, also noted by others (Garcia-Cardena), seems restricted to 
the conditions in in vitro model systems, whereas its expression in vivo is regulated in a more 
complex manner. It can be assumed that transient effects of fl ow on gene expression are more 
generally observed for a wide variety of stimuli, and are therefore general stress responses. 
The continuous, life-long exposure of the endothelium to fl ow in vivo raises the question 
whether in vitro general stress-responsive, and in particular, transiently fl ow-modulated 
genes would indeed be induced in a physiological context. In this view, the transient fl ow 
responsiveness of claudin-5 and connexin-40, which was found in this study, demonstrates 
its possible in vivo triviality, although a plausible rationale is at hand. Both claudin-5 and 
connexin-40 are involved in mediating endothelial cell-cell contacts in tight-junctions and 
gap-junctions, respectively. The process of fl ow-induced reorganization of endothelial cells 
to their stretched shape might require the transient transcriptional modulation of these genes 
due to the temporary relief of cell-cell contacts (Noria et al., 1998). In addition, in situ 
hybridization for claudin-5 indeed showed its continuous presence in the endothelial lining 
of all human vessels tested so far. Our results with both claudin-5 and CYP1B1 stress the 
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fact that in vitro data, especially when dealing with the transient application of a normally 
continuous force or activator, need to be backed up with in vivo confi rmation. 

The most notable panel from our clustering analysis identifi es the small set of genes 
whose expression seems almost exclusively regulated by fl ow in vitro. The most remarkable 
exponent of this set is lung Krüppel-like factor (KLF2). Also, the difference in transcriptional 
response of LKLF to steady laminar versus unidirectional pulsatile fl ow is noteworthy. 
Exposure of HUVEC to pulsatile fl ow for 24 hours up to 7 days induced LKLF expression 
continuously as much as 20-fold, whereas steady fl ow induced LKLF less than 5-fold with 
a peak around 4 hours. In contrast to its induction by fl ow, the expression of LKLF in vitro 
was actually repressed by TNF-α and not affected by any other stimulus tested. Next, we 
show for the fi rst time the endothelial-specifi c expression of LKLF in adult human vascular 
tissue. Thus far, the expression of LKLF had been described exclusively in mice and was 
found to be restricted to endothelial cells and naïve T-cells (Kuo et al., 1997a; Kuo et al., 
1997b). The fl ow-specifi c response of LKLF in vitro suggests that the substantial differences 
in LKLF expression that were found at a small vessel bifurcation of the thoracic aorta are also 
fl ow-mediated. However, a more detailed correlation between the magnitude of local shear 
stress and expression of LKLF in such tissues will require an elaborate future effort. The 
endothelium-specifi c expression of LKLF during murine embryogenesis was implicated in 
vasculogenesis, based on the phenotype of LKLF knockout mice (Kuo et al., 1997b). LKLF-

/- mice died in utero around embryonic day 13 due to severe vessel wall anomalies. Apparent 
changes in the endothelial lineage itself were not observed, nor did any other tissue or organ 
appear damaged. Restriction of high LKLF expression to endothelium exposed to (pulsatile) 
laminar fl ow implies the ability of shear stress to transcriptionally regulate the target genes of 
LKLF that are involved in the mechanisms behind these vessel abnormalities. However, none 
of the fl ow-responsive genes identifi ed in our study fi t the observed phenotype in LKLF-

/- mice. This includes CYP1B1, since no apparent defects were observed in CYP1B1-null 
mice, excluding a crucial involvement in vasculogenesis (Buters et al., 1999). Furthermore, 
we found insignifi cant expression in the vascular tissues tested thus far, in accordance with 
published results (Murray et al., 1997; Murray et al., 2001). Therefore, the factors that are 
under transcriptional control of LKLF, and thus responsible for the observed phenotype, 
remain unidentifi ed. To our knowledge, LKLF is the only transcription factor known to date 
that is specifi cally expressed by endothelial cells in vivo and exclusively induced by fl ow. 
The Krüppel-like factor family members typically function as transcriptional switches in 
differentiation/activation processes in many cell-types (Philipsen and Suske, 1999). Recently, 
the involvement of yet two other Krüppel-like factors, GKLF and BTEB2, was demonstrated in 
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mediating TGF-β regulated SMC differentiation (Adam et al., 2000). Therefore, an interesting 
role for the Krüppel-like factors in vascular biology is implicated. Additional studies will 
have to be performed to reveal the down-stream target genes of LKLF and promoter elements 
that are responsible for the fl ow-specifi c transcriptional induction of LKLF. 

In conclusion, this study on the transcriptional regulation of an extensive collection of 
atherosclerosis-related genes by a variety of (anti-)atherogenic stimuli demonstrates that only 
a very limited set of endothelial genes is more or less exclusively regulated by fl ow and is 
cell-type specifi c. Furthermore, the induction of the majority of fl ow-regulated endothelial 
genes both by fl ow and by cytokines likely results from potential cross talk between fl ow- 
and infl ammatory-mediated down-stream signaling mechanisms. The endothelial-specifi c 
transcription factor LKLF was identifi ed as a promising target to aid the further elucidation 
of the molecular basis of the fl ow-mediated vascular protection from atherosclerosis.
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ABSTRACT

Members of the claudin-family are involved in formation of barriers that control access 
of the paracellular space of epithelium. Likewise, endothelium-specific claudin-5 is involved 
in the function of the blood-brain-barrier (BBB). Here, we assessed the role of claudin-5 
in non-BBB endothelial barriers using lentiviral-driven overexpression and silencing of 
claudin-5 in its native environment of primary vascular endothelial cells (EC). Effects were 
monitored using macromolecular tracers between 342 Da and 40 kDa. Measurements were 
made both in absence and presence of transmigrating leukocytes. Freeze-fracture preparations 
were analyzed for effects at the ultrastructural level. We show that overexpression of 
claudin-5 leads to formation of elaborate networks of junction strands, which are absent in 
untransduced endothelial cells. Concomitantly, a modest, non-size selective enhancement 
of the barrier function was observed. In contrast, silencing of endogenous claudin-5 does 
not influence barrier function. The efficient sealing of endothelium during diapedesis of 
monocytes or granulocytes is also claudin-5 independent. Collectively, these data provide 
evidence for a limited contribution of claudin-5 to the barrier function of HUVEC, implying 
that, unlike selective barriers in epithelium, the barrier of non-BBB endothelium seems 
largely independent of claudin-directed tight junction structures.   

ABSTRACT

Members of the claudin-family are involved in formation of barriers that control access 
of the paracellular space of epithelium. Likewise, endothelium-specific claudin-5 is involved 
in the function of the blood-brain-barrier (BBB). Here, we assessed the role of claudin-5 
in non-BBB endothelial barriers using lentiviral-driven overexpression and silencing of 
claudin-5 in its native environment of primary vascular endothelial cells (EC). Effects were 
monitored using macromolecular tracers between 342 Da and 40 kDa. Measurements were 
made both in absence and presence of transmigrating leukocytes. Freeze-fracture preparations 
were analyzed for effects at the ultrastructural level. We show that overexpression of 
claudin-5 leads to formation of elaborate networks of junction strands, which are absent in 
untransduced endothelial cells. Concomitantly, a modest, non-size selective enhancement 
of the barrier function was observed. In contrast, silencing of endogenous claudin-5 does 
not influence barrier function. The efficient sealing of endothelium during diapedesis of 
monocytes or granulocytes is also claudin-5 independent. Collectively, these data provide 
evidence for a limited contribution of claudin-5 to the barrier function of HUVEC, implying 
that, unlike selective barriers in epithelium, the barrier of non-BBB endothelium seems 
largely independent of claudin-directed tight junction structures.   
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INTRODUCTION

Epithelial and endothelial cell monolayers form barriers that regulate access of water and 
solutes to the paracellular space, thus allowing formation and maintenance of compartments 
that differ in fl uid and solute composition.

 Studies on structure and regulation of the paracellular barrier have strongly focused on 
tight junctions in epithelial cells. Many of the resulting fi ndings seem applicable to endothelial 
barriers. In particular,  the well-developed tight junctions found in the endothelium of the 
blood-brain barrier (BBB)  contain many of the structural proteins that were initially described 
in epithelial models, including an endothelial-specifi c member of the claudin family; claudin-
5 (Morita et al., 1999b; Wolburg and Lippoldt, 2002). Indeed, BBB endothelial cells display 
structural and functional properties closely resembling epithelium.  

Related to specifi c local requirements, barrier properties of the endothelium show a 
wide variation along the vascular tree, ranging from highly restrictive in the BBB to highly 
permissive in postcapillary venules. This variation is a result of heterogeneity and segmental 
variation in the expression and activity of cellular structures involved in the two principle 
pathways that control passage over the endothelium, the transcellular and paracellular route 
(Bazzoni and Dejana, 2004; Simionescu et al., 2002). Systematic ultrastructural analysis of 
freeze-fracture preparations of vessels derived from different positions in the vascular tree, 
revealed an almost continuous presence of junction strands. Although complexity of the strands 
varied with their exact position, discontinuities were limited to venules, suggesting effi cient 
sealing of the vessel wall, in particular in larger vessels, by junction strands (Simionescu et 
al., 1975; Simionescu et al., 1976). However, study of in vivo permeability, in combination 
with ultrastructural analysis have shown that in aorta endothelium, where junction strands 
are relatively well-developed, non-widened intercellular clefts are permeable to tracers up to 
the size of horseradish peroxidase (HRP) (Chen et al., 1995; Chen et al., 1997; Huang et al., 
1992; Okuda and Yamamoto, 1983). This is in marked contrast to the high stringency of the 
BBB and the barriers found in many epithelia.

From both in vivo and in vitro studies of epithelial cells, evidence is accumulating 
that members of the claudin family of 4-pass transmembrane proteins are not only a major 
structural component of tight junction strands but also are a major determinant in the barrier 
characteristics of the resulting tight junctions (Furuse et al., 1998; Furuse et al., 2001; Morita 
et al., 1999a; Simon et al., 1999; Van Itallie et al., 2001; Yu et al., 2003).  Claudin-5 was 
detected specifi cally in endothelial cells, suggesting a role in the control of the endothelial 
barrier (Morita et al., 1999a; Morita et al., 1999b). Indeed, mice defi cient in claudin-5 
showed barrier failure, which was, however, size-selective and limited to the endothelium 
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of the BBB (Nitta et al., 2003). These observations leave questions as to the signifi cance of 
claudin-5 expression in non-BBB endothelium unanswered and may indicate the presence of 
alternative, claudin-5 independent, barriers.

Here, we studied the contribution of claudin-5 to the barrier function of non-BBB 
endothelial cells in an in vitro model. In primary endothelial cells claudin 5 levels were 
manipulated by lentivirus-driven overexpression or silencing and effects on paracellular 
permeability were monitored in a two-compartment system using macromolecular tracers 
ranging from 342 Da to 40 kDa. Measurements were performed both in the absence and 
presence of transmigrating infl ammatory cells. In addition, freeze-fracture preparations were 
analyzed for effects at the ultrastructural level.
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MATERIALS AND METHODS

Cell culture.  Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as described (Horrevoets 

et al., 1999; Jaffe et al., 1973). The culture medium was composed of medium 199 (Invitrogen, Paisley, Scotland), 

supplemented with 20% (v/v) fetal bovine serum, 50 µg/ml heparin (Sigma, St. Louis, MO), 12.5 µg/ml endothelial 

cell growth supplement (Sigma) and 100 U/ml penicillin/streptomycin (Invitrogen). All culture surfaces were 

fi bronectin-coated.

Semi-quantitative real-time reverse transcription (RT)-polymerase chain reaction (PCR). Real-time RT-PCR 

was performed on total RNA isolated using the Absolutely RNA RT-PCR miniprep kit (Stratagene, La Jolla, CA), 

according to the manufacturer’s instructions. Gene-specifi c primers for human claudin-5, VE-cadherin, ZO-1 and 

β-actin were designed using Primer3 (Rozen and Skaletsky, 2000). β-actin levels were used to normalize levels of 

the assayed mRNAs. Primer sequences: Claudin-5: (forward) 5’-CCC AGA GGC TCC TGC TGA C-3’, (reverse) 

5’-GCA GAT TCT TAG CCT TCC CAC TCC-3’. VE-cadherin: (forward) 5’-AAG TGT GTG AGA ACG CTG 

TCC-3’, (reverse) 5’-AGG AAG TGG ACC TTG GTA TGC-3’. ZO-1: (forward) 5’-TAA GCC AGC AAC TTT 

CAG ACC-3’, (reverse) 5’-TCG GGC AGA ACT TGT ATA TGG-3’.

β-actin (forward) GGG AAA TCG TGC GTG ACA TTA AG, (reverse) TGT GTT GGC GTA AG GTC TTT G.

Electrophoresis and immunoblotting. Cell lysates were made in a buffer containing 50 mM Tris-Cl pH 7.6, 1% 

(v/v) Triton X-100, 60 mM octyl β-D-glucopyranoside (Sigma), 150 mM NaCl and supplemented with mammalian 

protease inhibitor cocktail (Sigma). Equal amounts of protein were used for SDS-PAGE followed by transfer to 

nitrocellulose for immuno-blot analysis. Incubation- and wash buffer contained 10 mM Tris-Cl pH 7.4, 150 mM 

NaCl, 0.05% (v/v) Tween-20 (TBS-T) and was supplemented with 5% (w/v) non-fat dry milk during blocking of the 

fi lter and incubation with antibodies. Primary antibodies were diluted according to the manufacturer’s instructions. 

The following antibodies were used: anti-claudin-5 polyclonal antibody (Zymed, South San Francisco, CA), anti-

ZO-1- and anti-VE-cadherin monoclonal antibodies (BD Biosciences, San Diego, CA). Signals were visualized 

using HRP-conjugated secondary antibodies (Bio-Rad, Hercules, CA) in combination with a chemiluminiscent 

substrate (ECL, Amersham Biosciences, U.K).  Quantifi cation of signals was performed using ImagQuant software 

(Amersham Biosciences, U.K.)

Immunofl uorescence. Primary endothelial cells were grown on fi bronectin-coated coverslips or fi lters. Cells were 

washed with serum-free medium at 37°C and fi xed for 15 min. with methanol at room temperature. PBS was used 

as incubation- and wash buffer and was supplemented with 1% (w/v) BSA during antibody incubations. Antibodies 

(see previous section) were diluted according to the manufacturer’s instructions. Signals were detected using anti-

mouse Alexa-488 (green) and anti-rabbit Alexa-568 (red). Coverslips were mounted in Mowiol (Calbiochem, La 

Jolla, CA) and images were recorded using a Bio-Rad MRC 1024 confocal laser scanning microscope (CLSM).
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Lentiviral claudin-5 overexpression. The entire human claudin-5 open reading frame cDNA was obtained by 

RT-PCR, cloned behind the CMV promoter of the pRRL-cPPT-CMV-X2-PRE-SIN-IRES-eGFP vector (kindly 

provided by Dr. J. Seppen, department of Experimental Hepatology, Academic Medical Center, Amsterdam, The 

Netherlands), and verifi ed by sequencing. Lentiviruses were generated in HEK293T cells as described (Naldini et 

al., 1996; Zufferey et al., 1998) and virus-containing supernatants were titrated on HUVEC to determine the titers 

needed to transduce >90% of the cells. The otherwise identical vector, but without claudin-5 cDNA, was used to 

generate mock viruses for control transductions. Freshly isolated or fi rst passage HUVEC cultures were transduced 

in normal growth medium at approximately 80% confl uency during 24 h after which they were used for further 

experimentation. 

RNA Interference. Stable partial silencing of the claudin-5 mRNA was achieved by lentiviral delivery of expression 

cassettes encoding siRNA directed against several target sequences that were selected as optimal using the Whitehead 

Institute (Cambridge, MA) siRNA selection program (Yuan et al., 2004). The siRNA expression cassette was obtained 

by PCR amplifi cation of the RNA polymerase III H1 promoter from the pSUPER vector (Brummelkamp et al., 2002), 

using the forward T3 primer and a reverse primer  The reverse primer comprises respectively (5’-3’) CTGTCTAGAC: 

XbaI with spacing nucleotides, AAAAA: RNA polymerase III termination signal, GAATCTGCTTAGTAAATGG: 

shRNA sense 19 nucleotide strand, TCTCTTGAA: loop sequence, CCATTTACTAAGCAGATTC: shRNA antisense 

19 nucleotide strand, GGGGATCTGTGGTCTCATACA: H1 promoter sequence. Underscored sequence: shRNA 

15. Sense strand sequences of shRNA 2: CTAAGAATCTGCTTAGTAA, shRNA 3: TAAATGGTTTGAACTCTCA, 

shRNA 7: CACATGCAGTGCAAAGTGT, shRNA 12: GAAGAACTACGTCTGAGGG. The PCR product was 

cloned into the pGEM-T easy vector (Promega, Madison, WI), digested with XbaI and SpeI restriction enzymes, and 

ligated into an NheI site of the lentiviral vector LV-CMV-GFP(dU3/NheI) (kindly provided by Dr. N.A. Kootstra, 

Sanquin Research at CLB, Amsterdam, The Netherlands) (Naldini et al., 1996; Tiscornia et al., 2003; Zufferey et 

al., 1998). Viral constructs were packaged and transduced into HUVEC as described in the previous section. The 

otherwise identical lentiviral vector, lacking the siRNA expression cassette, was used as a control. Freshly isolated 

or fi rst passage HUVEC cultures were transduced at approximately 80% confl uency for 24 h after which they were 

used for further experimentation.

Permeability assays. After transduction, confl uent cell layers were trypsinized and re-seeded at the same density 

in multiwell dishes (Costar Corning, NY) on fi bronectin-coated Transwell polycarbonate fi lters, (pore size 3 

µm, diameter 6.4 mm or 23.1 mm). The larger size (23.1 mm) fi lters were exclusively used when quantifying 

transmigration of leukocytes. Monolayers were used 4 days after seeding (van Nieuw Amerongen et al. 1998). 

For permeability assays, M199 supplemented with100 U/ml penicillin/streptomycin and 1% (w/v) human serum 

albumin was used in all stages. Cells were washed once and equilibrated for 1 h at 37°C or 45 min at 37°C followed 
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by 15 min on ice if measurements were to be made at 4°C. Medium from the upper chamber was then replaced 

by an equal volume of medium, at the appropriate temperature, containing tracers: 14C sucrose, 0.02 MBq/ml, 3H 

inulin 0.02 MBq/ml (Amersham Biosciences, UK), and 10 µg/ml HRP (Sigma). When permeability was measured 

under conditions of transmigration, 0.5 to 1.0x106 monocytes or granulocytes, freshly isolated as described 

in Hilkens et al. (1997), were added per ml medium. For monocyte transmigration, the chemoattractant CCL2 

(R&D systems, Minneapolis, MN)  was added to the lower compartment to a fi nal concentration of 1x10-8 M. For 

granulocytes, CXCL8 (Peprotech, Rocky Hill, NJ) was used at a fi nal concentration of 3x10-8 M. The cells were 

then incubated for 1 h at the appropriate temperature after which transwell inserts were removed. Tracers were 

quantifi ed by two-channel liquid scintillation counting. HRP was quantifi ed in a microtiter plate assay with 3,3’,5,5’-

tetramethylbenzidine as chromogenic substrate. Leukocytes were quantifi ed using either a counting chamber or the 

Cy-quant assay (Molecular Probes, Leiden, The Netherlands). 

Statistical analysis. Data are reported as mean ± standard deviation (SD). Differences in mean values were analyzed 

using Student’s t test. Differences were considered signifi cant at the P<0.05 level.           

Freeze fracture electron microscopy. Cells cultured on polycarbonate-fi lters were fi xed in McDowell’s fi xative 

(4 % (w/v) paraformaldehyde and 1 % (v/v) glutaraldehyde in 0.1 M PBS pH 7.4), rinsed  in the same buffer and 

subsequently cryoprotected with 2.3 M sucrose in 0.1 M PBS (pH 7.4). Samples were frozen in liquid ethane at 90 

°K. Freeze-fracturing was performed in a BAF300 (BAL-TEC, Balzers, Liechtenstein) at a vacuum of <10-5 Pa. 

Cells were fractured at a temperature of 150 °K, replicated with 2 nm platinum at an angle of 45o, and 20 nm carbon 

was deposited at an angle of 90o to strengthen the replica. Samples were cleaned with commercial regular bleach, 

rinsed with distilled water and mounted on bare 300 mesh copper grids. The replicas were studied in a Philips EM-

420 transmission electron microscope (Philips, Eindhoven, The Netherlands) operated at 100kV and equipped with 

a SIS MegaviewII camera. To evaluate the presence and relative amounts of tight junctions of the different cell types 

at least 15 grid holes, fully covered by fracture faces of endothelial membrane, were scanned. The area of 1 grid hole 

of a 300 mesh grid equals approximately 2000 μm2. 

RESULTS

Endogenous claudin-5 is induced in post-confl uent cultures of human umbilical 
vein endothelial cells (HUVEC). In order to study the functional consequences of claudin-5 
overexpression or claudin-5 silencing, we chose to use a native, vascular cell type in which 
claudin-5 expression levels can be manipulated in a continuous background of accessory 
junction proteins. We examined in HUVEC the endogenous expression and localization of 
claudin-5. In addition, we examined expression of ZO-1, a cytoplasmic protein connecting 
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multiple transmembrane junction proteins to the actin cytoskeleton (Bazzoni et al., 2000b; 
Fanning et al., 1998; Furuse et al., 1994; Itoh et al., 1999), and VE-cadherin, a transmembrane 
component of endothelial adherens junctions (Lampugnani et al., 1992; Lampugnani et al., 
1995). Cells, grown to different densities or as a confl uent monolayer for different periods of 
time, were harvested for further analysis. First, RNA was isolated and expression of claudin-
5, VE-cadherin and ZO-1 mRNA was assessed using semi-quantitative RT-PCR. Second, 
lysates were prepared for Western blots that were subsequently stained with either anti-
claudin-5, anti-VE-cadherin or anti-ZO-1 antibodies. For RNA levels, the combined result of 
three independent isolates is shown in Figure 1A.  Protein levels of a single, representative 
isolate are shown in Figure 1B. 

The error bars in Figure 1A indicate a considerable variation between individual 
isolates, probably resulting from different growth rates, combined with the lack of a sharp 
criterion for confl uency. During culture, expression of ZO-1 mRNA and protein remained at 
a relatively constant level whereas VE-cadherin, although expressed at considerable levels 
in subconfl uent cells, showed a gradual increase at both the RNA-and protein level when 
layers reached confl uency. In contrast, claudin-5 protein was not detected earlier than one 

Figure 1. Expression of adherens- and tight junction 
genes as function of HUVEC monolayer confl uency. 
Sparse: HUVEC were seeded at 1x104 per cm2 and 
grown for 24 h. 0, 24 and 72 h: cells were seeded at 
3x104 and grown to confl uency after which growth was 
continued for the times indicated before either RNA 
or lysates were harvested. (A) mRNA as measured 
using semi-quantitative RT-PCR. Results were 
normalized for ß-actin and expressed as percentage of 
the maximum value measured for the specifi c mRNA. 
Means ± SD from three independent HUVEC isolates 
are shown. Signifi cant (P <0.05) increase of mRNA 
levels relative to sparse cultures is indicated (*).  (B) 
Protein detected by Western blotting. Equal amounts 
of total protein were loaded on SDS-PAGE gels that 
were subsequently used for immunoblotting with ZO-
1-, VE-cadherin- and claudin-5-specifi c antibodies. 
Equal loading was confi rmed by a second incubation 
with anti-alpha-tubulin antibodies.
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day after cells had formed a confl uent monolayer. In good agreement, a sharp increase in 
claudin-5 mRNA was observed at the time point at which cells reach confl uency. These 
observations indicate a tight transcriptional control of claudin-5, conceivably associated with 
contact inhibition. Although the process of junction assembly in endothelium is far from 
being understood (Bazzoni and Dejana, 2004), the observed temporal expression of these 
junctional components is consistent with a coordinated expression of essential adherens- and 
tight junction constituents in HUVEC under the applied culture conditions.     

Using immunofl uorescence microscopy, we examined the localization of claudin-5 in 
HUVEC in comparison to ZO-1 and VE-cadherin. ZO-1 was described to localize to the tight 
junction in a variety of epithelia and endothelium (Stevenson et al., 1986).  VE-cadherin can 
be expected to localize in very close proximity to tight junctions as ultrastructural studies 
have shown that tight- and adherens junctions are intermingled along the intercellular cleft 
of endothelial cells (Simionescu, 2000). Indeed, Figure 2 shows that the signal of claudin-5 
colocalized with both VE-cadherin and ZO-1, in the areas of cell-cell contact. Taken together, 
these data show that expression of junction-related genes and the correct targeting of their 
gene products are conserved in early passage cultured HUVEC. This allows a functional 
study of claudin-5 in a native type of primary vascular endothelial cell. 

claudin-5

claudin-5

ZO-1 merge

mergeVE-cadherin

Figure 2. Endogenous claudin-5 colocalizes with VE-cadherin and ZO-1. HUVEC were grown in a two-compartment 
system during 4 days. Cells were fi xed with methanol and stained with anti-claudin-5 polyclonal antibody combined 
with either an anti-VE-cadherin or an anti-ZO-1 monoclonal antibody. For detection, anti-mouse Alexa-488 (green) 
and anti-rabbit Alexa-568 (red) were used. Recordings were made using CLSM. A single 0.5 μm Z-section is shown. 
Bar, 30 μm.
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 Lentiviral-mediated claudin-5 overexpression and silencing in HUVEC. The 
system used to introduce and express claudin-5 mRNA or silencing/short hairpin (sh)RNA 
should meet two criteria. First, as it is assumed that a claudin-dependent barrier function 
involves interaction of claudins on adjacent cells, a high transfection-effi ciency is required. 
Second, gene transfer should not interfere with the formation of closed cellular sheets 
and accompanying barrier formation. As non-viral techniques do not meet these criteria, 
we introduced claudin-5 cDNA in HUVEC by lentiviral transduction (Naldini et al., 1996; 
Zufferey et al., 1998). Claudin-5 transcription was under control of the constitutive CMV 
promoter. Five days after transduction, cell lysates were prepared, and used for Western 
blotting. Immunostaining using claudin-5 antibodies detected a major band of 23 kDa, the 
predicted size for claudin-5 (Swiss Prot. No. O00501). Massive overexpression was detected 
in claudin-5 transduced cells as compared to mock-transduced cells (Figure 3A). Fig. 3B 
serves to illustrate the effects of claudin-5 overexpression at the cellular level. To allow not 
only a qualitative- but also a (semi-)quantitative appreciation of these effects, the  settings 
of the CLSM were optimized such that the dynamic range of the image covers the range of 
signal intensities in claudin-5 overexpressing cells and were kept constant when recording 
endogenous claudin-5 in mock-transduced cells. We observed a considerable increase of 
claudin-5 signal both in the cytoplasm, in particular near the nucleus, and at the areas of 
cell-cell contact, indicating correct targeting of the exogenously expressed claudin-5. This is 
further confi rmed by colocalization of claudin-5 and VE-cadherin signals, both at the lateral 
membrane and in a limited number of the cytoplasmic structures (Figure 3C). Nevertheless, 
the size and abundance of the observed claudin-5 positive cytoplasmic structures may indicate 
that a part of the exogenously expressed claudin-5 is retained intracellular and therefore does 
not participate in cell-cell interaction. No signs of adverse effects of lentiviral transduction 
on integrity of the monolayer were observed. 

Five shRNA encoding sequences, downstream of the H1 promoter on a lentiviral vector, 
were tested for their effectiveness to reduce claudin-5 mRNA.  Four days after transduction, 
RNA was isolated and used for semi-quantitative RT-PCR to assess the amount of claudin-5 
mRNA. In parallel, lysates were prepared and used for Western blots that were developed 
using claudin-5 antibodies. Three out of fi ve shRNA were found to affect claudin-5 expression.  
Relative to mock-transduced cells, shRNAs 2 and 15 induced a 3- to 4-fold decrease in 
claudin-5 mRNA levels whereas effects of shRNA 3 were limited (Figure 4A). Effects at 
the protein level were consistent with mRNA determinations (Figure 4B). Quantifi cation of 
Western blots showed a reduction of claudin-5 protein levels to 28% (shRNA 2) and 25% 
(shRNA15) of mock-transduced controls.  Fig. 4C semi-quantitatively illustrates effects of 
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claudin-5 silencing at the cellular level. Here, settings of the CLSM  were optimized such that 
the dynamic range of the image covers the range of signal intensities of endogenous claudin-
5 and were kept constant when recording sh-15 transduced cells.  An uniform disappearance 
of the claudin-5 signal from the cell-cell contacts was observed. Surprisingly, combined 
transduction of shRNAs 2 and 15 did not result in further reduction of the claudin-5 mRNA 
level, suggesting a limiting step in siRNA downstream effector mechanisms (data not shown). 
Taken together, these data show that lentiviral transduction of claudin-5 cDNA or claudin-5 
specifi c shRNA-encoding constructs is a highly effi cient approach to manipulate claudin-5 
levels in HUVEC without adverse effects on the integrity of the monolayers.  

claudin-5 mergeVE-cadherinC

20

HUVE
C

M
OCK

CLA
UDIN

-5

A mock claudin-5B

25

actin

Figure 3. Lentiviral overexpression of claudin-5 in HUVEC.  (A) Claudin-5 protein detected by Western blotting. 
Four days after transduction of HUVEC, lysates were prepared and analyzed by immunoblotting with claudin-
5- specifi c antibodies. HUVEC: non-transduced control. Mock: transduced with virus containing vector without 
claudin-5 cDNA insert. Claudin-5: transduction with virus containing claudin-5 cDNA under control of the CMV 
promotor. Molecular weight (kDa) is indicated at the right side of the fi gure. Equal loading was confi rmed by 
a second incubation with anti-actin antibodies. (B) Effect on claudin-5 immunofl uorescence. After transduction, 
cells were seeded on fi bronectin-coated glass coverslips and grown for 4 days. Cells were fi xed with methanol and 
stained with a primary antibody against claudin-5 and an Cy-3-conjugated secondary antibody. Immunofl uorescent 
recordings were made using  CLSM with settings optimized for claudin-5 transduced cells. Subsequently, mock-
transduced cells were recorded with identical settings. Bar: 30 μm. (C) Colocalization of overexpressed claudin-5 
with VE-cadherin. After transduction, cells were seeded on fi bronectin-coated glass coverslips and grown for 4 days. 
Cells were fi xed with methanol and stained with anti-claudin-5 polyclonal antibody, combined with an anti-VE-
cadherin monoclonal antibody. For detection, anti-mouse Alexa-488 (green) and anti-rabbit Alexa-568 (red) were 
used. Immunofl uorescent recordings were made using CLSM. A single 0.5 μm Z-section is shown. Bar: 10 μm.
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Overexpression of claudin-5 enhances barrier function in a size-independent 
manner, but silencing of claudin-5 has no signifi cant effect. A potential role of claudin-5 
in paracellular permeability was assessed in a two-chamber system. Monolayers of HUVEC 
transduced with lentiviruses that induced either overexpression or silencing of claudin-5 were 
grown on Transwell fi lters as described in Materials and Methods and were tested for their 
permeability for sucrose (342 Da), inulin (5kDa) and HRP (40 kDa). To exclude possible 
contributions of a vesicle-dependent transcellular pathway, measurements were made at both 
37°C and 4°C. Figure 5A illustrates the barrier properties of monolayers of mock-transduced 
cells from 6 different HUVEC isolates that were used in the overexpression- and silencing 
experiments that are reported in this paper. At 37°C, the total tracer passage decreased with 
an increase of the molecular weight of the tracers used. At 4°C, a comparable trend was 
observed as vesicle-independent tracer passage decreased from 8.2±1.8 % for sucrose via 
5.8±2.1 % for inulin to 1.7±1.2 % for HRP. The low passage of HRP indicates the presence of 
well-developed intercellular connections (Chen et al., 1995; Chen et al., 1997; Huang et al., 
1992; Okuda and Yamamoto, 1983).  Opening of the paracellular space, by incubation of the 

Figure 4. Silencing of endogenous claudin-5 expression in 
HUVEC. Effects of three different short hairpin (sh)RNAs 
(2, 3 and 15), directed against claudin-5, expressed by 
using the H1 promotor and transduced on a lentiviral 
vector, were tested. (A) Effect on claudin-5 mRNA levels.  
Four days after transduction and approximately three 
days after reaching confl uency, total RNA was isolated 
and claudin-5 mRNA levels were determined using 
semi-quantitative RT- PCR. Results were normalized for 
ß-actin and expressed as percentage of the value of the 
mock transduction. (B) Effect on claudin-5 protein.  Four 
days after transduction and approximately three days 
after reaching confl uency, lysates were made and equal 
amounts of protein were analyzed on a 12% (w/v) SDS-
PAGE. Subsequently, immunoblotting with claudin-5-
specifi c antibodies was performed. Equal loading was 
confi rmed by a second incubation with anti-α-tubulin 
antibodies. M: mock transduction. (C) Effect on claudin-
5 immunofl uorescence.  After transduction, cells were 
seeded on glass coverslips coated with, successively, 
gelatin and fi bronectin  and grown for 4 days. Cells 
were fi xed with methanol and stained with a primary 
antibody against claudin-5 and a Cy-3-conjugated 
secondary antibody. Immunofl uorescent recordings were 
made using  CLSM with settings optimized for mock-
transduced cells. Subsequently, sh15-transduced cells 
were recorded with identical settings. Bar: 60 μm.
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monolayers with 1 U/ml thrombin (Rabiet et al., 1996; van Nieuw Amerongen et al., 1998), 
induced an approximately 3-fold permeability increase for sucrose and inulin whereas HRP 
passage was increased 10-fold as compared to non-stimulated controls,  thus confi rming the 
presence of a functional barrier in non-stimulated mock-transduced cells. (Figure 5B). 

The standard deviations in fi gure 5 illustrate variation in basal permeability between 
different isolates of primary HUVEC used in our experiments. To more accurately analyze the 
effects of claudin-5 overexpression or silencing on permeability, we have chosen to express 
the results relative, as a percentage of mock-transduced cells. Permeability is thus normalized, 
allowing  combination of data obtained with different isolates. In addition, differences in 
permeability resulting from alterations in claudin-5 expression levels can be discerned from 
variations in basal permeability between isolates.   Lentiviral overexpression of claudin-5 
induced a modest but signifi cant (P<0.001) decrease in permeability, independent of the size 
of the tracer and the temperature of the incubation (Figures 6A and 6B). 

Together with the observed increase of claudin-5 signal at the cell-cell contacts upon its 
overexpression, these data suggest that the overexpressed claudin-5 enhances the paracellular 
barrier function. In contrast, lentiviral directed silencing of endogenous claudin-5 did not 
affect tracer passage (Figures 6C and 6D), notwithstanding the fact that a signifi cant reduction 
of claudin-5 at the RNA- and protein level was observed (Figures 4A and 4B), as well as a 

Figure  5. Barrier properties of HUVEC monolayers in a 
two-compartment system.  (A) Permeability for inert tracers. 
Cells were grown as described in materials and methods. 14C 
sucrose (342 Da), 3H inulin (5 kDa) and HRP (40 kDa) were 
added to the upper compartment and diffusion was allowed 
during 1 h at the indicated temperatures after which tracer 
passage to the lower compartment was measured. Tracer 
passage was expressed as percentage of the tracer added to the 
upper compartment (input). Means ± SD of mock-transduced 
cells from 6 independent HUVEC isolates are shown. Tracer 
passage is not signifi cantly different for sucrose as compared 
to inulin, both at 37°C and 4 °C (P 0.06 and 0.05, respectively). 
Signifi cant differences (P<0.01) in tracer passage between 
HRP and both sucrose and inulin are indicated (**). (B) 
Effect of thrombin on the paracellular barrier of HUVEC. 
Measurements were performed as described under (A). 
Monolayers were incubated at 37°C with tracers in the 
presence of 1u/ml thrombin. Tracer passage was expressed 
as percentage of the tracer added to the upper compartment 
(input). Means ± SD measured in a single HUVEC isolate 
are shown. Relative to controls, thrombin incubation causes 
a highly signifi cant (P<0.001) increase in permeability for 
sucrose, inulin and HRP (indicated by ***).
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nearly complete absence of fl uorescence at the lateral membrane (Figure 4C).  
Claudin-5 does not contribute to endothelial barrier function during diapedesis 

of infl ammatory cells. Based on the physiological signifi cance of the endothelium in 
infl ammatory processes, it might be envisioned that claudin-5 has a function in the sealing 
of the paracellular space during diapedesis of infl ammatory cells (Muller, 2003). To examine 
this possibility, we measured the effect of claudin-5 overexpression and claudin-5 silencing 
on both the rate of diapedesis of either granulocytes or monocytes and the passage of tracers 
during diapedesis of these infl ammatory cells in the two compartment system. Compared to 
mock-infected cells, cells overexpressing claudin-5 allowed identical rates of transmigration 
of either granulocytes or monocytes, indicating that access of infl ammatory cells to the 
paracellular space is not affected by claudin-5 overexpression. (Figure 7A). 

Figure 6. Effects of claudin-5 overexpression or claudin-5 partial silencing on barrier properties of HUVEC 
monolayers. (A, B) Effect of claudin-5 overexpression. 24 h after lentiviral transduction of claudin-5, HUVEC 
were seeded in a two compartment system and grown for 4 days. 14C sucrose (342 Da), 3H inulin (5 kDa) and HRP 
(40 kDa) were added to the upper compartment and diffusion was allowed during 1 h at the indicated temperatures 
after which tracer passage to the lower compartment was measured. Tracer passage was expressed relative to 
mock-transduced cells. Means ± SD from 3 independent HUVEC isolates are shown. Highly signifi cant differences 
(P<0.001) between mock- and claudin-5 transduced cells are indicated (***). (C, D) Effect of partial silencing of 
endogenous claudin-5. 24 h after lentiviral transduction of shRNA 15, HUVEC were seeded in a two compartment 
system and grown for 4 days. The procedure performed is identical to that described in (A, B). Tracer passage was 
expressed relative to mock-transduced cells. Means ± SD from 3 independent HUVEC isolates are shown. 
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Accordingly, also silencing of endogenous claudin-5 did not affect transmigration 
rates (Figure 7C).  The permeability of mock-transfected HUVEC monolayers for the 
smallest tracer, 14C sucrose, was hardly infl uenced by transmigration of either granulocytes 
or monocytes (mock transductions in Figures 7B and 7D), suggesting an effi cient sealing 
of the paracellular space in mock-transduced cells during diapedesis. Claudin-5 does not 
play a role in these sealing mechanisms as claudin-5 silencing did not affect 14C sucrose 
permeability (Figure 7D). The barrier for macromolecular tracers that results from claudin-5 
overexpression was not affected under conditions of diapedesis (Figure 7B). Essentially the 

Figure 7. Transmigration of leukocytes through monolayers of HUVEC with overexpressed or silenced claudin-5. 
24h after lentiviral transduction of either claudin-5 or shRNA 15, HUVEC were seeded in a two compartment system 
and grown for 4 days. 0.5x106 to 1.0x106 per ml of freshly isolated human leukocytes were added to the upper 
compartment and a chemo attractant, CCL2 for monocytes and CXCL8 for granulocytes was added to the lower 
compartment to fi nal concentrations of 1x10-8 M and 3x10-8  M, respectively. (A) Effect of claudin-5 overexpression 
on transmigration of monocytes and granulocytes. Claudin-5 overexpressing monolayers were incubated with either 
monocytes or granulocytes during 1 h and 30 min, respectively. Cells that transmigrated to the lower compartment 
were counted and re-calculated to a 1 h period.  Transmigration was expressed as percentage of number of cells 
added to the upper compartment (input). Means ± SD are shown. (B)  Effect of claudin-5 overexpression on HUVEC 
barrier for 14C sucrose (342 Da) during transmigration of monocytes or granulocytes. The tracer was added to the 
upper compartment together with the indicated number of leukocytes and diffusion was allowed during 1 h at 37°C. 
After this period tracer passage to the lower compartment was measured. Tracer passage is expressed as percentage 
of the tracer added to the upper compartment (input). Means ± SD are shown. (C) Effect of partial claudin-5 silencing 
on transmigration of monocytes and granulocytes. The procedure performed is identical to that described in (A). (D) 
Effect of partial claudin-5 silencing on HUVEC barrier for 14C sucrose (342 Da) during transmigration of monocytes 
or granulocytes. The procedure performed is identical to that described in (B). 
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same results were obtained when 1x10-8 M FMLP was used as a chemoattractant (data not 
shown).

Barrier properties of claudin-5 are dependent on the formation of macromolecular 
junction strands.  The fi nding that overexpression of claudin-5 resulted in a non-size 
selective enhancement of the barrier function for tracers between 342 Da and 40 kDa, 
whereas partial silencing of the endogenous claudin-5 did not result in an opposite effect, 
may seem paradoxical. This prompted us to hypothesize that the molecular context in which 
overexpressed claudin-5 is functioning is different from that of the endogenous claudin-5 and 
thus may affect the outcome of the permeability-assays. To test this option, freeze-fracture 
electron microscopy was performed to analyze occurrence and type of tight junction strands 
in untransduced- and both mock- and claudin-5-transduced- HUVEC monolayers. Scanning 
of at least 30x103 μm2 of e- or p-fracture faces of either HUVEC or mock-transduced 
HUVEC that had formed a functional barrier by criterion of a low permeability for HRP, 
did not reveal strand structures, with the exception of one single isolated tight junctional 
complex that contained a number of unconnected strands of ill-aligned beads that were 
located on smooth ridges of the p-face (Figure 8).  Apparently, the barrier properties of native 
HUVEC and the mock-transduced cells are not associated with the occurrence of typical 
junctional strands. In contrast, in freeze-fracture preparations of claudin-5 overexpressing 
cells, tight junction structures were readily detected. Junctions were sometimes observed 
as isolated strands, but in most cases they formed elaborate networks, up to 5 μm in width, 
of small continuous beads embedded in the p-fracture face with a corresponding network 
of imprints on the e-fracture face (Figure 8). We fi nd formation of these junction strands 
to be associated with a decrease in permeability (Figures 6A and 6B). In mock-transduced 
cells, where junction strands are lacking, we fi nd no effects on tracer permeability upon 
partial silencing of endogenous claudin-5 (Figures 6C and 6D). These fi ndings show that 
a contribution to endothelial barrier function by claudin-5, as measured by passage of inert 
tracers, is dependent on its organization in strand structures.

DISCUSSION

In this report, we provide evidence that in non-BBB endothelium the selective barrier 
function of EC is largely independent from claudin-5-directed tight junctions.

We studied the effects of manipulation of claudin-5 levels by effi cient lentiviral 
transduction in a native, vascular endothelial environment.  We show that expression of 
accessory junction proteins in early passage cultures of HUVEC is maintained, thus providing 
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an appropriate background. Using CLSM, we observed that endogenously expressed claudin-
5 concentrates in lineair patterns in the areas of cell-cell contact and colocalizes not only 
with VE-cadherin but also with ZO-1,  indicating interaction between claudin-5 and adapter 
proteins of the junctional plaque (Itoh et al., 1999, Bazzoni and Dejana, 2004).  In freeze-
fracture replicas of native or mock-transduced HUVEC these lineair structures did not give 
rise to formation of typical tight junction strands. In principle, tight junctions are defi ned 
by electron microscopy as specializations of the plasma membrane that appear as points of 
tight contact between the plasma membrane of adjacent cells in thin sections or as strand 
structures in freeze-fracture preparations (Tsukita et al., 2001). Our observations point at the 
presence, in native HUVEC, of intermediate junction structures that display the characteristic 
composition and localization of junction strands but that do not support the formation of 
specialized plasma membrane structures. For these membrane structures to form, increased 
levels of claudin-5 are essential, as evidenced by our fi nding that overexpression of claudin-
5 is both necessary and suffi cient to allow detection of tight junction strands in freeze-
fraction electron microscopy. Overexpression of claudin-5 resulted in a 33% decrease of the 
paracellular permeability which was independent of the size of the tracers in a range between 
342 Da and 40 kDa. Typically, freeze-fracture preparations of claudin-5 overexpressing 
HUVEC displayed networks of tight junction strands. The high frequency of occurrence of 
these networks indicates that they may very well circumscribe individual cells. In view of 
the current paradigm that explains passage of macromolecules by junction strand dynamic 
behavior (Anderson et al., 2004; Sasaki et al., 2003), our data indicate that temporal gaps 
associated with strand breaking and reformation are suffi ciently large to allow passage of 
molecules of at least the size of HRP. Therefore, these gaps behave size-indiscriminative in 
our experimental set up, where HRP is the largest tracer examined. In effect, the accessible 
surface of the paracellular space is reduced to the same extent for all three tracers used.

Earlier studies that assessed claudin-5 function by overexpression in heterologous NIH/
3T3 fi broblasts and IB3.1 airway epithelial cells (Coyne et al., 2003) or MDCK II cells 
(Wen et al., 2004) show confl icting results. However, two intrinsic properties of claudins 
have to be considered in relation to the host cell type. First, claudins spontaneously form 
paired strand-like structures when overexpressed in cells that do not display endogenous tight 
junctions (Furuse et al., 1998). Although such cells have proven useful in structural studies 
of claudin-based strands (Furuse et al., 1998; Furuse et al., 1999; Sasaki et al., 2003), the 
value of functional studies in this type of cells is limited by the absence of components of 
the junctional complex that may affect claudin function (Bazzoni and Dejana, 2004; Itoh et 
al., 1999). Second, distinct species of claudins may interact, both within- and between tight 
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junction strands (Furuse et al., 1999). This implies that when a given claudin is overexpressed 
in cells that produce other claudin species, no clear distinction can be made between functional 
effects resulting from interference of the overexpressed claudin with endogenous strands 
and effects that refl ect intrinsic properties of strands mainly consisting of the overexpressed 
claudin. Using a rat lung endothelial cell line in which ZO-1 and ZO-2, but not claudin-1, 
claudin-5 and claudin-12, are expressed, Soma et al. (2004) showed that induction of claudin-
5 results in a reduced permeability for inulin (5 kDa) but not for mannitol (182 Da). However, 
when phosphorylation of Thr207 on the claudin-5 cytoplasmic C-terminus was blocked, the 
permeability for both tracers showed a reduction. Consequently, claudin-5 overexpression 
using an in vitro model of native, vascular endothelial cells is likely to provide the best 
approximation of the physiological situation. 

Despite the absence of TJ strands, mock-transduced HUVEC monolayers were found 
to possess substantial paracellular barrier properties.   We measured a low permeability for 
HRP, indicating that the monolayers display structural and functional barrier properties, 
resembling those found in vivo (Chen et al., 1995; Chen et al., 1997; Huang et al., 1992; 

Figure 8. Freeze-fracture replica images of cell-cell contact planes of mock-transduced- and claudin-5-overexpressing 
HUVEC.  Mock: one single pronounced p-face associated junctional complex containing a number of abortive 
strands. No other junction structures were found in approximately 30x103 μm2.   Claudin-5: networks of tight 
junction particles, for a large part embedded in the p-face and complementary e-fracture associated imprints. 
c: cytoplasm, e: e-face, p: p-face, t: tight junction complex. Scale bar in mock image: 500nm, scale bar in clauin-5 
Image: 250nm. 
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Okuda and Yamamoto, 1983). Thrombin stimulation of the monolayers induced a dramatic 
increase in permeability, thus confi rming the presence of a paracellular barrier in the non-
stimulated situation. An 4-fold downregulation of endogenous claudin-5 did not affect 
paracellular permeability, indicating that these barriers are claudin-5 independent.

We did not fi nd evidence for a role of claudin-5 in transmigration of infl ammatory 
cells. In agreement with previous reports, (Huang et al., 1988; Huang et al., 1993), our 
results indicate that in our HUVEC model, at the applied endothelial cell : leukocyte ratios, 
effects of leukocyte traffi c on paracellular leakage are virtually absent. Neither claudin-5 
overexpression nor claudin-5 silencing interfered with effi ciency of leukocyte transmigration 
or endothelial barrier function during leukocyte transmigration. Together, these fi ndings 
indicate the presence of barrier mechanisms that are independent of claudin-5 or tight 
junction strands. Members of the JAM family and VE-cadherin localize to the paracellular 
cleft, undergo homotypic interactions and were reported to contribute to the paracellular 
barrier (Bazzoni et al., 2000a; Corada et al., 1999; Liu et al., 2000; Mandell et al., 2004) It 
has remained unclear, however, whether this contribution is either direct or via facilitation 
of TJ strands. Our results raise the possibility that JAM proteins, VE-cadherin and possibly 
other, as yet unknown, adhesive proteins that concentrate at the intercellular cleft contribute 
signifi cantly to the endothelial barrier, independent of tight junction structures.

Nitta et al., (2003) reported that claudin 5-/- mice showed no signs of edema or vascular 
leakage. However, a size-selective failure of the endothelium was manifested in the BBB, 
which showed an increased leakage of tracers smaller than approximately 800 Da. In our 
experiments, we do not observe any size-selective effect in a range between 342 Da and 
40 kDa when claudin-5 is overexpressed. It should be noted here, that in the claudin 5-
/- BBB, tight junction structures do persist, probably based on the abundantly expressed 
claudin-12 (Nitta et al., 2003). Therefore, the observed size-selectivity should be regarded 
as an intrinsic property of claudin-12 based strands that developed in the absence of claudin-
5. In contrast, in our in vitro model, non-size selective tight junction strands are induced 
upon overexpression of claudin-5 in the absence of substantial amounts of other claudins, 
which can be inferred from the absence of tight junction strands in native or mock-transduced 
HUVEC. Indeed, we found that HUVEC do not express claudin-1, the archetype claudin, that 
shows a wide tissue and cell-line distribution (Tsukita et al., 2001, Turksen and Troy, 2004) 
(data not shown). Nevertheless, a contribution of minor amounts of other claudin species to 
the observed barrier properties can not be excluded.

In conclusion, our data provide evidence that barriers induced by overexpression of 
claudin-5 are associated with tight junction strands and show no size-selectivity.  Furthermore, 
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we show that in endothelium both claudin-5-dependent and claudin-5- independent barrier 
mechanisms are operative. 

For the in vivo situation these fi ndings imply that in considerable areas of the vascular 
tree a signifi cant contribution of tight junction independent mechanisms to the endothelial 
barrier can be expected.
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ABSTRACT 

Members of the claudin family constitute tight junction strands and are major 
determinants in specificity and selectivity of paracellular barriers. Transcriptional control 
of claudin gene expression is essential to establish individual claudin expression patterns 
and barrier properties. Using full genome expression profiling we now identify SRY (sex 
determining region Y)-box 18 (SOX18), a member of  the SOX family of high mobility 
group (HMG) box transcription factors, as one of the most differentially induced genes 
during establishment of the endothelial barrier. We show that overexpression of SOX-18 
and a dominant negative mutant thereof, as well as SOX18 silencing, greatly affects levels 
of claudin-5 (CLDN5). The relevance of an evolutionary conserved SOX-binding site in the 
CLDN5 promoter is shown using sequential promoter deletions as well as point mutations. 
Furthermore, SOX18 silencing abrogates endothelial barrier function as measured by 
Electric Cell-Substrate Impedance Sensing (ECIS). Thus, an obligatory role for SOX-18 
in the regulation of CLDN5 gene expression in an endothelial-specific and cell-density 
dependent manner is established, as well as a crucial, non-redundant role for specifically 
SOX-18 in formation of the endothelial barrier.   
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determinants in specificity and selectivity of paracellular barriers. Transcriptional control 
of claudin gene expression is essential to establish individual claudin expression patterns 
and barrier properties. Using full genome expression profiling we now identify SRY (sex 
determining region Y)-box 18 (SOX18), a member of  the SOX family of high mobility 
group (HMG) box transcription factors, as one of the most differentially induced genes 
during establishment of the endothelial barrier. We show that overexpression of SOX-18 
and a dominant negative mutant thereof, as well as SOX18 silencing, greatly affects levels 
of claudin-5 (CLDN5). The relevance of an evolutionary conserved SOX-binding site in the 
CLDN5 promoter is shown using sequential promoter deletions as well as point mutations. 
Furthermore, SOX18 silencing abrogates endothelial barrier function as measured by 
Electric Cell-Substrate Impedance Sensing (ECIS). Thus, an obligatory role for SOX-18 
in the regulation of CLDN5 gene expression in an endothelial-specific and cell-density 
dependent manner is established, as well as a crucial, non-redundant role for specifically 
SOX-18 in formation of the endothelial barrier.   
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INTRODUCTION 

In multicellular organisms, epithelial and endothelial cell layers exert specifi c and 
selective control over the passage of water and solutes, thus allowing formation and 
maintenance of compartments that differ in fl uid and solute composition. The paracellular 
aspect of this control is mainly attributed to tight junction strands which require members 
of the claudin family of 4-pass transmembrane proteins for their formation (Furuse et al., 
1998).  Both in vivo and in vitro studies have provided  evidence that claudins are major 
determinants in selectivity of epithelial and endothelial tight junctions  (Furuse et al., 2001; 
Simon et al., 1999; van Itallie et al., 2001; Yu et al., 2003).  Several claudins were found to 
exhibit specifi c expression patterns in vivo (Gow et al., 1999; Morita et al., 1999a; Morita 
et al., 1999b; Simon et al., 1999) whereas expression of other claudins is more ubiquitous 
(Morita et al., 1999; review in Turksen and Troy, 2000). In addition, junction strands 
generally contain multiple claudin species that may interact in homo- and heterophilic ways 
both within and between junction strands (Furuse et al., 1999). Thus, the view emerges that 
claudin expression patterns could  account for the diverse functional characteristics of the 
resulting  barriers. This paradigm implies an important role for mechanisms that establish 
and maintain correct spatial distribution and local concentration of claudins. Indeed, several 
reports provide evidence that functional mutations in claudin-encoding genes or knock-out of 
individual claudin genes result in specifi c pathologies  as a consequence of localized barrier 
dysfunction (Furuse et al., 2002; Gow et al., 1999; Nitta et al., 2003; Simon et al., 1999). 
The contribution of transcriptional control to regulation of claudin gene expression under 
normal and pathological conditions has been subject of an, as yet, limited number of reports 
(Ikenouchi et al., 2003; Lui et al., 2007; Miwa et al., 2000; Niimi et al., 2001; Sakaguchi et 
al., 2002). 

Claudin-5 was reported to be an endothelial-specifi c member of the claudin-family  
(Morita et al., 1999a; Morita et al., 1999b).  Expression levels were found to vary among 
specifi c parts of the vasculature, being particularly high in lung and brain. Accordingly, the 
relative contribution of claudin-5 to the overall barrier of  endothelium seems to vary (Fontijn 
et al., 2006; Nitta et al., 2003). We reported that in cultured endothelial cells, expression of 
claudin-5 occurs only after cells have reached confl uency, which seemed relevant in relation 
to control of junction formation  (Fontijn et al., 2006).

Here, we present a comparative analysis of transcriptomes from sparse and post-confl uent 
endothelial cell cultures that was performed to search for genes relevant in endothelial cell 
barrier formation. SOX18, an endothelial-specifi c transcription factor shows strong induction 
in post-confl uent cells. In silico analysis of the CLDN5 promoter reveals an evolutionary 
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conserved SOX consensus binding site. Overexpression of  SOX-18 and a dominant negative 
mutant thereof as well as SOX18 silencing affects levels of claudin-5. Using a newly 
developed lentiviral promoter-reporter system we dissect the CLDN5 promoter and show the 
relevance of SOX-18 expression and an SOX consensus binding site in endothelial-specifi c 
regulation and timing of expression of the CLDN5 gene. Impedance measurements show that 
the barrier function of SOX18-silenced endothelial cells is impaired. The data presented here, 
point at a non-redundant function of SOX-18 in controlling endothelial barrier formation.
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MATERIALS AND METHODS

Cell culture.  Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as described (Horrevoets 

et al., 1999; Jaffe et al., 1973). The culture medium was composed of medium 199 (Invitrogen, Paisley, Scotland), 

supplemented with 20% (v/v) fetal bovine serum, 50 µg/ml heparin (Sigma, St. Louis, MO), 12.5 µg/ml endothelial 

cell growth supplement (Sigma) and 100 U/ml penicillin/streptomycin (Invitrogen). All culture surfaces were 

fi bronectin-coated.

Microarray probe synthesis and hybridization procedures. Total RNA was isolated using the Trizol reagent 

(Invitrogen, Paisley, Scotland) and enriched for polyA+ RNA using the Oligotex mRNA Minikit (Qiagen, Hilden, 

Germany). Aminoallyl (AA)-labeled fi rst strand cDNA probes were synthesized from 0.5 µg polyA+ RNA using 

SuperSript II (Invitrogen) wih a molecular ratio of aminoallyl-dUTP (Sigma,St Louis, MO) to dUTp of 4:1. 

Labeled cDNA was purifi ed using the QIAquick PCR purifi cation kit (Qiagen), and Cy3 or Cy5 mono-reactive 

dyes (Amersham Biosciences, Piscataway, NJ) were coupled according to the manufacturer’s instructions. 

Purifi ed Cy3- and Cy5-labeled cDNAs were hybridized to the microarrays for 20 hours at 40ºC in Microarray 

Hybridization Solution (Amersham) and 35% (v/v) formamide (Sigma). Microarrays were glass-based containing 

60-mer oligonucleotide sequences (Sigma/Compugen Library) which represents 18 650 human genes (Micro Array 

Department, Swammerdam Institute of Life Sciences, Amsterdam, the Netherlands). Microarray probe synthesis 

and hybridization procedures were performed in triplicate, using a dye-swap procedure. Images were acquired 

using the Agilent-II scanner (Agilent Technologies, Palo Alto, CA) and processed by ArrayVision 8.0 software 

(Imaging Research, St Catharines, ON, Canada). Background-substracted intensities were Loess Normalized 

(Limma Package, Bioconductor Software, (http://www.bioconductor.org) and imported into the Rosetta Resolver 

database and analysis software (Rosetta Biosoftware, Seattle, WA).   Data are available at http://www.ncbi.nlm.nih.

gov/projects/geo accession number GSE 9334.

Semi-quantitative real-time reverse transcription (RT)-polymerase chain reaction (PCR). Total RNA was 

isolated using the Absolutely RNA RT-PCR miniprep kit (Stratagene, La Jolla, CA), according to the manufacturer’s 

instructions. 0.5 µg of total RNA was used for reversed transcription on (dT)12-18  primer using Superscript II 

(Invitrogen) according to the maufacturer’s instructions. PCR reactions were performed in 15µl reactions on an 

iCycler system (Biorad Laboratories, Veenendaal, The Netherlands).  β-actin levels were used to normalize levels 

of the assayed mRNAs. Primer sequences: CLDN5: (forward) 5’-CCC AGA GGC TCC TGC TGA C-3’, (reverse) 

5’-GCA GAT TCT TAG CCT TCC CAC TCC-3’. VE-cadherin (CDH5): (forward) 5’-CGT GAG CAT CCA GGC 

AGT GGT AGC-3’, (reverse) 5’-GAG CCG CCG CCG CAG GAA G-3’. Zonula ocludens 1 (ZO-1): (forward) 

5’-CCC GAA GGA GTT GAG CAG GAA ATC-3’, (reverse) 5’-CCA CAG GCT TCA GGA ACT TGA GG-3’. 

β-actin (forward) GGG AAA TCG TGC GTG ACA TTA AG, (reverse) TGT GTT GGC GTA AG GTC TTT G. 

ELK3: (forward) 5’-GAG CAG CCT TAG TCC AGT TG-3’, (reverse) 5’-TGA GAG TTT GAA GAA AGC AGT 
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AC-3’. SOX18: (forward) 5’-TTC GAC CAG TAC CTC AAC TGC-3’, (reverse) 5’-GAC ATG GAA CCA AAC 

ATA CAC G-3’.

Lentiviral SOX18 overexpression. The entire human SOX18 open reading frame (ORF) cDNA was obtained by 

RT-PCR from full-length image clone 5589289 (Geneservice Ltd., Cambridge, UK) using primers (forward) 5’-

AACTGCAGCCCAGCTGGAATGCAGAGATC-3’ and (reverse) 5’-CGAATTCCTAGCCGGAGATGCACGCGC-

3’, incorporating PstI and EcoRI  restriction sites (underlined). The resulting amplicon was subcloned in pGEM-T 

Easy vector (Promega, Madison, WI), and then transferred, using PstI- EcoRI sites, to  the pRRL-cPPT-CMV-X2-

PRE-SIN-IRES-eGFP vector (kindly provided by Dr. J. Seppen, department of Experimental Hepatology, Academic 

Medical Center, Amsterdam, The Netherlands) and verifi ed by sequencing. Likewise, an C-terminal truncated 

variant, similar to the ragged opossum (Raop ) mutant of the mouse orthologue was constructed by introducing an 

LEU266TER mutation, using 5’-CGAATTCCTAGGGAGCCCCGTAGCAACCGCC-3’ as reverse primer in PCR. 

Lentiviruses were generated in HEK293T cells as described (Naldini et al., 1996; Zufferey et al., 1998) and virus-

containing supernatants were titrated on HUVEC to determine the titers needed to transduce >90% of the cells. The 

otherwise identical vector, but without SOX-18 cDNA, was used to generate mock viruses for control transductions. 

Freshly isolated- or fi rst passage HUVEC cultures were transduced in normal growth medium at approximately 80% 

confl uency during 24 h after which they were used for further experimentation. 

Immunofl uorescence. Primary endothelial cells were grown on fi bronectin-coated coverslips. Cells were washed 

with serum-free medium at 37°C and fi xed for 15 min. with methanol at room temperature. Phosphate buffered 

saline (PBS) was used as incubation- and wash buffer and was supplemented with 1% (w/v) bovine serum albumin 

(BSA) during antibody incubations. Antibodies  were diluted according to the manufacturer’s instructions. Anti-

VE-cadherin: BD Biosciences, Erembodegem, Belgium, anti-ZO-1 and anti claudin-5: Invirogen, Paisley, Scotland. 

Signals were detected using anti-rabbit Cy3 (Jackson Immuno Research West Grove, PA). Coverslips were mounted 

in Mowiol (Calbiochem, La Jolla, CA) and images were recorded using a Zeiss axioplan2 microscope and Image-

Pro software (CyberMedia, Silver Spring, MD).

Electrophoresis and immunoblotting. Cells were harvested by scraping in a buffer containing 50 mM Tris-Cl 

pH 7.6, 1% (v/v) Triton X-100, 60 mM octyl β-D-glucopyranoside (Sigma), 150 mM NaCl and supplemented 

with mammalian protease inhibitor cocktail (Sigma). Samples were denatured by boiling in sample buffer in 

the presence of 1% (w/v) SDS.  Equal amounts of protein were used for SDS-PAGE  followed by transfer to 

nitrocellulose for immuno-blot analysis. Incubation- and wash buffer contained 10 mM Tris-Cl pH 7.4, 150 mM 

NaCl, 0.05% (v/v) Tween-20 (TBS-T) and was supplemented with 5% (w/v) non-fat dry milk during blocking of the 

fi lter and incubation with antibodies. Primary antibodies were diluted according to the manufacturer’s instructions. 

The following antibodies were used: anti-claudin-5 polyclonal antibody (Invitrogen) and anti-Sox18 polyclonal 
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antibody (Sigma). Signals were visualized using horseradish peroxidase -conjugated secondary antibodies (Bio-

Rad, Hercules, CA) in combination with a chemiluminiscent substrate (ECL, General Electric, U.K).  Quantifi cation 

of signals was performed using ImagQuant software (Amersham Biosciences, U.K.).

RNA silencing. Silencing of the SOX18 mRNA was achieved by  delivery of annealed silencer RNA  (siRNA) 

5’-GGGUUACAUUUUUGAAGCA-3’  (Ambion, Silencer Pre-designed siRNA # 109098), using oligofectamine 

(Invitrogen) according to the manufacturer’s instructions. 5’-CAGUCGCGUUUGCGACUGG-3’ was used as non-

specifi c control.

Promoter-reporter constructs. CLDN5 promoter fragments were amplifi ed from HUVEC chromosomal DNA 

using standard PCR procedures. Sequences of primers used for amplifi cation, their position relative to the CLDN5 

transcription start site and their chromosomal localization can be found in Supplementary Table 2.  The resulting 

amplicons were cloned in pGL3-basic (Promega) using KpnI-XhoI restriction sites and sequence verifi ed.  

The lentiviral vector  pRRL-cPPT-CMV-X2-PRE-SIN (kindly provided by Dr. J. Seppen, department of Experimental 

Hepatology, Academic Medical Center, Amsterdam, The Netherlands) was modifi ed for use as carrier of promoter-

reporter cassettes as follows: a unique NotI restriction site was eliminated by cleaving with NotI, fi lling of the 

overhangs and re-ligation. Next, a NheI-ClaI fragment containing the cytomegalovirus (CMV) promoter and the 

multiple cloning site were replaced by a new, synthetic multiple cloning site. The resulting lentiviral vector was then 

used  to accommodate promoter-reporter cassettes, excised from existing plasmids.

First, a cassette containing Renilla luciferase under control of the constitutive herpes simplex virus thymidine 

kinase (HSV-TK) promoter was cloned. Second, CLDN5 promoter-reporter cassettes were transferred from pGL3-

basic (Promega) as NotI-Sal fragments containing succesively a synthetic pA/transcriptional pause site, a CLDN5 

promoter fragment, the Firefl y luciferase reporter gene and the simian virus 40 (SV40) (late) pA signal. The resulting 

lentiviral CLDN5 promoter-Firefl y luciferase reporter vector was then packaged, in the presence of a small amount 

(5% w/w) of the HSV-TK Renilla luciferase vector, using HEK293T cells as described (Naldini et al., 1996; Zufferey 

et al., 1998). Virus-containing supernatants were used for transductions and luciferase activities were measured after 

at least three days, using the dual luciferase system (Promega).  Renilla luciferase activities were used to normalize 

Firefl y luciferase activity.

Electric cell impedance sensing. Confl uent HUVEC layers were monitored by electrical cell impedance sensing 

(ECIS) (Giaever and Keese, 1991). HUVEC were cultured on gold electrodes (type 8W10E+, Applied Biophysics, 

Troy, NY, USA) coated with fi bronectin. One day after seeding, when the layers were near confl uence, siRNA 

transfections were performed and impedence measurements were initiated at 4 kHz.

Statistical analysis. Data are reported as mean ± standard deviation (SD). Differences in mean values were analyzed 
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using Student’s t test. Differences were considered signifi cant at the P<0.05 level.

RESULTS

Genes induced in post-confl uent cultures of human umbilical vein endothelial 
cells (HUVEC). In an attempt to select genes that, analogous to CLDN5, are specifi cally 
expressed in post-confl uent endothelial monolayers and encode gene products that, based on 
further in silico analysis, may be involved in junction formation, we compared microarray 
mRNA expression profi les of sparse- and post-confl uent monolayers of primary human 
endothelial cells. Previously, we have shown that under the applied culture conditions 
claudin-5 was not detectable in sparse cells and showed induction only after cells had 
reached confl uency.  VE-cadherin, a transmembrane component of endothelial adherens 
junctions (Lampugnani et al., 1992) and ZO-1, a cytoplasmic protein connecting multiple 
transmembrane junction proteins to the actin cytoskeleton (Furuse et al., 1994; Itoh et al., 
1999)  both showed  basal expression under sparse conditions and a moderate increase, 
as compared to claudin-5, when cells became confl uent (Fontijn et al., 2006). Microarray 
data from three different isolates of  HUVEC were analyzed by unpaired Cyber-T statistical 
analysis and corrected for false discovery rate by the Benjamini-Hochberg method (Baldi 
and Long, 2001). Comparison between sparse cultures and post-confl uent cultures revealed 
a large set (N=511) of reproducibly differential genes at statistical signifi cance p<0.05. In 
addition to established endothelial cell-specifi c markers as endoglin (ENG), endothelin 1 
(EDN1), von Willebrand factor (VWF) and plasminogen inactivator 1 (SERPIN1), this set 
contains several genes encoding proteins involved in junction formation; platelet/endothelial 
cell adhesion molecule (PECAM1), tight junction protein 1/ zona occludens 1 (TJP1/ ZO-1) 
and VE-cadherin (CDH5), thus showing consistency with our earlier fi ndings (Fontijn et al., 
2006). The corresponding list of genes  is given in Supplementary Table 1. We validated the 
analysis by performing a semi-quantitative RT-PCR assay  in which PCR reaction products 
were gel-analyzed at intervals of fi ve amplifi cation cycles. In addition to the three well-
described genes ZO-1, CDH5 and CLDN5, we tested 10 additional genes, with microarray 
p-values ranging from 1.14E-2 to 1.19E-3. From these genes, 9 out of 10 showed specifi c 
cell density-dependent induction, thus independently confi rming the result of our microarray 
analysis (Supplementary Figure1).

Interestingly, in our set of differentially expressed genes, signals of SOX18 and ELK3  
show the highest confl uent/sparse signal ratios. PCR analysis suggests an on/off type of 
switch, rather than gradual differences in expression levels, as observed for all other genes 
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tested. This was further confi rmed by semi-quantitative real-time RT-PCR (Figure 1). SOX18 
is a member of the SOX  gene family that shows endothelial expression in nascent blood 
vessels and hair follicles. Mutations in SOX18 are associated with ragged phenotypes in 
mice and hypotrichosis-lymphedema-telangiectasia (HLTS) in humans. In both cases, defects 
in vascular (lymphatic) development are accompanied by diffuse (lymph) edema (Irrthum et 
al., 2003; Pennisi et al., 2000). ELK3 is an ETS ternary complex transcription factor that, like 
many other members of the ETS family, is expressed in the endothelium of the developing 
vasculature (Ayadi et al., 2001a; Ayadi et al., 2001b). An inter-species comparative analysis 
of the CLDN5 promoter revealed the presence of a single evolutionary conserved SOX 
consensus transcription factor binding site between position  -183 and -167 relative to the 
CLDN5 transcription initiation site. Like many other endothelial-specifi c genes, the CLDN5 
promoter contains multiple conserved ETS consensus sites, i.e. 4 sites between position -
165 and -74 relative to the CLDN5 transcription initiation site  (Supplementary Table 2). 
The importance of ETS transcription factors in endothelial biology is well-established and 
comprises junction formation via regulation of CDH5 (Lelièvre et al., 2000). Here, we tested 
the hypothesis that SOX-18 is involved in  timing and endothelial specifi city of the CLDN5 
promoter.
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Figure 1. Expression of CLDN5, SOX18 and ELK3 as function of HUVEC density.. Sparse: HUVEC were 
seeded at 1x104 per cm2 and grown for 24 h. Confl uent: cells were seeded at 3x104 per cm2 and grown to 
confl uency after which culture was continued for 48 hours before RNA was harvested. Specifi c mRNAs were 
measured using semi-quantitative RT-PCR. Results were normalized for ß-actin and expressed as percentage of 
the maximum value measured for the specifi c mRNA. CLDN5, SOX18 and ELK3 were signifi cantly upregulated 
in confl uent cells as compared to sparse cells. Means ± SD from four HUVEC isolates are shown
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Endothelial specifi city of the CLDN5 promoter and SOX18  expression. 
Endothelial-specifi c expression of claudin-5 has been described in tissue of mouse- and 
human origin (Liebner et al., 2000; Morita et al., 2000a; Morita et al., 2000b; Nitta et al., 
2003). We examined  whether transcriptional regulation is involved in endothelial specifi city 
and whether this regulation can be studied under in vitro conditions. We developed a 
lentivirus-based system that allowed highly effi cient transduction of CLDN5-promoter-
reporter constructs in virtually any celltype, thus making long-term stable expression from a 
chromosomal environment in both homologous and heterologous cell types possible. Based 
on in silico analysis, an evolutionary conserved hypothetical core promoter comprising 300 
bp upstream of the CLDN5 transcription start site and including the conserved SOX binding 
site was defi ned (Supplementary Table 2). This fragment was cloned upstream of the fi refl y 
luciferase gene in a viral vector and virus particles were packaged  for transduction of several 
types of primary cells and cell-lines as described in materials and methods. In HUVEC, 
the hypothetical CLDN5 core promoter increased luciferase activity 42-fold, relative to a 
promoterless luciferase control virus. As shown in Figure 2a, the CLDN5 core promoter 
induced transcriptional activity at a considerably higher rate in HUVEC as compared to 
primary arterial smooth muscle cells as well as CaCo-, HeLa- and HEK293 cell lines.

Next, we examined cell-specifi city of SOX18 gene expression by measuring its mRNA 
levels in different cell types, using real time semi-quantitative RT-PCR, and compared its 
actin-normalized relative mRNA expression to that of CDH5 and CLDN5, two established 
endothelial-specifi c junction components, ELK3, of unknown cellular specifi city, and ZO-
1, an ubiquitously expressed component of the junctional plaque. As shown in Figure 2b,  
SOX18 is exclusively expressed in endothelial cells. ELK3 expression is preferentially in 
endothelial cells and ZO-1 shows preferred expression in endothelial/epithelial cell types. 
Together, these data point at cell-specifi c transcriptional control of CLDN5 expression under 
culture conditions and may suggest a role for SOX-18 in this control. 

SOX-18 specifi cally  increases claudin-5 expression at the mRNA- and protein 
level. We examined possible effects of SOX-18 on claudin-5 expression levels by lentiviral 
transduction of human SOX-18 encoding cDNA into a native, human vascular cell type (7). 
In addition, we tested SOX-18ΔCt which was analogous to the dominant-negative ragged 
opossum (Raop ) mutant of the mouse orthologue (James et al., 2003; Pennisi et al., 2000). 
SOX-18 ΔCt was constructed by introducing a LEU266TER mutation, resulting in a truncated 
SOX-18 protein. In Raop a frameshift at this position leads to missense coding and premature 
truncation. SOX18- and SOX18ΔCt cDNA was cloned into a lentiviral vector under control 
of the CMV promoter and infectious virus particles were produced and titrated as described 
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in materials and methods. At the RNA level, SOX18 expression was typically between 15 and 
25-fold increased (data not shown). Immunostaining on Western blot detected SOX-18 and 
SOX-18ΔCt at 46 kDa and between 34- and 40 kDa, respectively (Figure 3a). Comparison to  
predicted sizes of 41 kDa (Swiss Prot. No. p35713) and 30 kDa, suggests post-translational 
modifi cation of, as yet, unknown nature. Using immunofl uorescence microscopy, we 
examined expression and localization of wild-type SOX-18 and SOX-18ΔCt, as well as 
their possible effects on claudin-5, VE-cadherin and ZO-1 expression in HUVEC. Figure 
3b shows that both overexpressed wild-type- and C-terminally truncated SOX-18 localize 
to the nucleus, as does endogenous SOX-18. SOX-18ΔCt signals are slightly higher and 
show less variation in signal intensity compared to overexpressed wild-type SOX-18. In 
both cases, signals are considerably higher than that observed for endogenous SOX-18 and 
nuclear localization seems more pronounced. Relative to vector- and SOX-18ΔCt transduced 
cells, signals of claudin-5 are increased in SOX-18 transduced cells. As expected, claudin-5 
fl uorescence concentrates at the areas of cell-cell contact. Neither VE-cadherin- nor ZO-1 
expression seems affected by SOX-18 or SOX-18ΔCt. Next, we examined effects of SOX-18 
overexpression on mRNA levels of CLDN5, ZO-1 and CDH5 by real-time semi-quantitative 

Figure 2. Endothelial specifi city of 
claudin-5 promoter activity and SOX18 
expression. (A) An evolutionary conserved 
fragment of 300 bp upstream of the CLDN5 
transcription start site was cloned upstream 
of the Firefl y luciferase reporter gene in an 
lentiviral vector which was then packaged 
into lentiviral particles. During packaging, 
a small amount of a similar vector carrying 
the constitutive HSV-TK promoter in front 
of the Renilla luciferase reporter gene was 
spiked for normalization. Both types of 
luciferase were measured after at least 48 
hours. Ratios of Firefl y luciferase over 
Renilla luciferase are plotted relative to 
ratios in HUVEC. (B) Approximately 48 
hours after the cells had reached confl uency, 
RNA was harvested and SOX18, ELK3, 
CLDN5, CDH5 and ZO-1 mRNA was 
measured by semi-quantitative RT- PCR. 
Values were normalized for β-actin mRNA 
and are expressed relative to HUVEC.
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Figure 3 (continued). Lentiviral overexpression of SOX-
18 and SOX-18dCt in HUVEC. (B) Effect of SOX18 
and SOX18dCt overexpression on fl uorescence patterns 
of SOX-18, claudin-5, VE-cadherin and ZO-1. After 
transduction with either mock-, SOX18-dCt or SOX18 
virus (rows), cells were seeded on fi bronectin-coated 
glass coverslips and grown for 4 days. Cells were fi xed 
and stained with antibodies against SOX-18, claudin-5, 
VE-cadherin and ZO-1 (columns) and an Cy-3-conjugated 
secondary antibody. Recordings were made using  an Zeiss 
axioplan2 microscope with settings optimized for SOX18 

transduced cells. Subsequently, mock- and SOX18dCt transduced cells were recorded with identical settings. 
SOX18 transduced cells show increased fl uorescence of claudin-5 as compared to mock- and SOX18dCt-transduced 
cells. VE-cadherin and ZO-1 fl uorescence are not affected by SOX-18. Bar: 60 μm. (C) Effect of overexpression 
of SOX-18 on mRNA levels of ZO-1, CDH5 (VE-cadherin) and CLDN5 (claudin-5) under sparse (black bars) and 
confl uent (grey bars) conditions. Cells were transduced with virus containing the SOX18 ORF under control of the 
CMV promoter. As control, transductions with virus containing vector without insert were performed (mock). Three 
days after transduction, growth was either continued (confl uent) or cells were re-seeded at a fi vefold lower density 
(sparse). Cells were then grown another twenty-four hours before harvest. mRNA levels were determined using real-
time semi-quantitative RT-PCR. Values were normalized for β-actin and plotted as value relative to mock. SOX18 
transduced cells show signifi cantly increased levels of CLDN5 mRNA under confl uent conditions but not under 
sparse conditions. Means ± SD from 3 (ZO-1 and CDH5) or 6 (CLDN5) HUVEC isolates are shown. Signifi cant 
differences with mock transductions are indicated. * P<0.05.

SOX18 SOX18dCt

--tubulin

mock

A

ZO-1 CDH5 CLDN5

re
la

tiv
e 

ex
pr

es
si

on
 (v

ec
to

r c
on

tro
ls

=1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

*

*
C

Figure 3. Lentiviral overexpression of SOX-18 and SOX-18dCt in HUVEC.  
(A) SOX-18 overexpression detected by Western blotting. Four days after 
lentiviral transduction of HUVEC, lysates were analyzed by immunoblotting 
with SOX-18 antibodies. Mock: transduced with virus containing vector 
without SOX18 insert. SOX18: transduction with virus containing the 
SOX18 ORF under control of the CMV promoter. SOX18dCt: transduction 
with virus encoding an (Leu266Ter) SOX-18 mutant under control of the 
CMV promoter. Equal loading was confi rmed with anti-α tubulin antibodies.
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RT-PCR in both post-confl uent cells and sparse cells, i.e., in the absence and presence of 
endogenous SOX-18, respectively. As shown in Figure 3c, in post-confl uent cells, CLDN5 
mRNA expression is signifi cantly increased as compared to mock-transduced cells, whereas 
ZO-1 and CDH5 mRNA levels remain unaltered, thus confi rming, at the RNA level, the 
observations made by  immunofl uorescence microscopy. Under sparse conditions, SOX-18 
overexpression does not have an effect on any of the mRNA levels measured. The effects of 
sox18ΔCt on CLDN5 mRNA expression were limited; a small decrease (n=6, mean value 
relative to control 0.75,  p-value 0.03) was observed, likely due to a dominant negative 
effect on endogenous transcriptional activity from Sox F family members. Finally, we 
quantifi ed claudin-5 protein levels of SOX-18-, SOX-18ΔCt- and mock- transduced cells on 
Western blot (Figure 4). We could detect signifi cantly increased claudin-5 levels in SOX-18 
overexpressing cells whereas claudin-5 levels were signifi cantly decreased in SOX-18ΔCt  
cells, thus substantiating our results obtained by immunofl uorescence and semi-quantitative 
PCR. Together, the fi nding that SOX-18 overexpression enhances CLDN5 gene expression, 
and the observed endothelial specifi city of SOX18 expression support the view that SOX-18 
is an important determinant in endothelial-specifi c expression of CLDN5.
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Figure 4. Effect of lentiviral 
overexpression of SOX-18 and SOX-
18dCt on claudin-5 expression in 
HUVEC.  (A) Claudin-5 protein detected 
by Western blotting. Four days after 
lentiviral transduction of HUVEC, 
lysates were analyzed by immunoblotting 
with claudin-5 antibodies. SOX18: 
transduction with virus containing the 
SOX18 ORF under control of the CMV 
promoter. SOX18dCt: transduction with 
virus encoding an (Leu266Ter) SOX-
18 mutant under control of the CMV 
promoter. Mock: transduced with virus 
containing vector without insert. Equal 
loading was confi rmed with anti-α tubulin 
antibodies. (B) Quantitative representation 
of the experiment shown under A. SOX-
18 values are normalized on α tubulin. 
SOX-18 induces an increase in claudin-5 
protein levels, whereas SOX-18dCt has 
the opposite effect. Means ± SD from 6 
HUVEC isolates are shown. Signifi cant 
differences with mock transductions are 
indicated. * P<0.05, ** P<0.01.
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A SOX  consensus binding site in the CLDN5 promoter is required for SOX-18 
enhanced transcriptional activity. We tested whether the SOX-18 induced increase in 
claudin-5 expression was due to increased transcriptional activity from the CLDN5 promoter. 
To this purpose, the 300 bp hypothetical core promoter that was used to establish endothelial-
specifi city of CLDN5 promoter activity (fi gure 2) was now tested in either the presence or 
absence of  SOX18 or SOX18ΔCt overexpression. In addition, a larger fragment comprising 
1000 bp upstream of the CLDN5 transcription start was tested. These fragments were cloned 
in a lentiviral reporter vector and transduced into HUVEC as described in materials and 
methods. Twenty-four hours after this transduction, cells were transduced with SOX18-, 
SOX18ΔCt- or mock virus. Three days after the second transduction, lysates were prepared 
for measurement of reporter activity.  As shown in Figure 5, the effects of SOX-18 and 
SOX-18ΔCt overexpression on reporter activity are essentially the same as observed earlier 
for claudin-5 mRNA and protein, indicating that SOX-18 enhances claudin-5 expression via 
transcriptional activation of the CLDN5 promoter. In addition, the viral promoter-reporter 
system reliably refl ects the behavior of the endogenous CLDN5 promoter in response to 
SOX-18 or SOX-18ΔCt.
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Figure 5. Overexpression of SOX-18 enhances transcription directed by the CLDN5 promoter. (A) 1000 bp and 300 
bp fragments upstream of the CLDN5 transcription start site were cloned upstream of a Firefl y luciferase reporter 
gene on a lentiviral vector which was then packaged into lentiviral particles. During packaging, a small amount of a 
similar vector carrying the constitutive HSV-TK promoter in front of the Renilla luciferase reporter gene was spiked 
for normalization. Resulting virus was used to transduce HUVEC. In a subsequent second round of transduction, 
SOX18 or SOX18dCt under control of the CMV promoter were introduced. As a control, virus containing the viral 
expression vector without insert was transduced (mock). After three days, cells were lysed and luciferase activities 
were measured. Normalized promoter activity was plotted relative to mock transduced cells. SOX-18 enhances 
transcriptional activity of the CLDN5 promoter. Means and  ± SD from 4 HUVEC isolates are shown. Signifi cant 
differences with mock transductions are indicated. *P<0.05.
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We then further fragmented the CLDN5 promoter along lines of evolutionary conservation 
(Figure 6a and Supplementary Table 2 ). Immediately upstream of the transcription start 
site, the well-conserved 300 bp hypothetical core promoter was identifi ed, whereas overall 
sequence conservation shows a sharp decline further upstream as well as downstream of the 
transcription start. Within the conserved 300 bp core promoter fragment (designated -300), 
we identifi ed three clusters of conserved transcription factor binding sites (Figure 6b and 
Supplementary Table 2). A promoter-deletion analysis was performed in which these clusters 
were covered by  fragments -300, -230, -148 and control (empty reporter vector). Two 
additional short sequences that each contain two overlapping transcription factor binding 
sites are located in the -490 and -362 fragments. Reporter constructs were transduced into 
HUVEC, which was followed after 24 hours by  transduction with either SOX18- or mock 
virus. Reporter activity was measured after three days. As can be inferred from Figure 6b, 
both basal (endogenous) and SOX-18-enhanced transcriptional activity  are maintained in the 
consecutive promoter fragments -490, -362, -300 and -230. However, a signifi cant decrease 
in both basal- and SOX-18 enhanced reporter activity is observed upon deletion of the -230 
to -149 fragment, which contains, amongst others, the conserved SOX consensus binding 
site. The importance of this site was confi rmed by testing the effect of local point mutations. 
In the 300 bp reporter construct, we converted the SOX core sequence CAAT to either TGAT 
or TGTG and measured the effect on reporter activity after transduction of either SOX-18 or 
mock-virus. Figure 6c shows that both under conditions of SOX-18 overexpression and under 
control (mock) conditions, point mutations in the core SOX binding site cause a signifi cant 
decrease in reporter activity. These fi ndings imply that the SOX site is not only involved 

Figure 6 (next page). Stimulation of the CLDN5 promoter by SOX-18 is critically dependent on an evolutionary 
conserved SOX-binding site. (A) Evolutionary conservation of the CLDN5 locus. Pre-aligned genome sequences 
for CLDN5 from human, mouse, rat and dog were analyzed for evolutionary conservation of regulatory sequences 
using the VISTA browser (http://genome.llbl.gov/vista) The boxed plot represents organization and evolutionary 
conservation (human versus mouse) of the CLDN5 locus using an 50 bp sliding window. Next, the Genomatix suite 
(http://www.genomatix.com) was used to identify conserved potential transcription factor binding sites within the 
conserved regions. Potential SOX, ETS and LEF binding sites are indicated, for a complete overview of conserved 
transcription factor binding sites, see Supplementary Table 2. (B) Progressive 5’deletion of the CLDN5 promoter. 
Deletion fragments of the CLDN5 promoter were generated by PCR (Supplementary Table 2). The resulting 
fragments were cloned upstream of the Firefl y luciferase reporter gene on a lentiviral vector which was then 
packaged into lentiviral particles. During packaging, a small amount of a similar vector carrying the constitutive 
HSV-TK promoter in front of the Renilla luciferase reporter gene was spiked for normalization. Resulting virus 
was used to transduce HUVEC. In a second round of transduction, SOX18 under control of the CMV promoter was 
introduced. As a control, virus containing the viral expression vector without insert was transduced (mock). After 
three days, cells were lysed and luciferase activities were measured. Normalized values of Firefl y luciferase activity 
(Ffl uc) over Renilla luciferase activity (Rluc) are plotted. The region -230 to – 147 is critical in both basal and SOX-
18-induced CLDN5 transcription. Means ± SD from 3 HUVEC isolates are shown. Signifi cant differences between 
SOX18- and mock transductions are indicated. * P<0.05, ** P<0.01.
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in the enhanced transcriptional activity from the CLDN5 promoter upon overexpression of 
SOX-18 but also in basal, endogenously directed transcription of the CLDN5 gene.

Figure 6 (continued). Stimulation of the CLDN5 promoter by SOX-18 is critically dependent on an evolutionary 
conserved SOX-binding site. (C) In the –300 CLDN5 upstream fragment, mutations in the core CAAT sequence 
of an evolutionary conserved SOX-binding site were introduced using PCR. The resulting 300 bp TGAT and 300 
bpTGTG fragments were cloned and tested for their promoter activity in presence and absence of overexpressed 
SOX-18, described under (B). Normalized values of Firefl y luciferase activity (Ffl uc) over Renilla luciferase activity 
(Rluc) are plotted. Means ± SD from 3 HUVEC isolates are shown. Signifi cant differences with the 300 bp CAAT 
fragment are indicated. * P<0.05   

ratio Fluc/Rluc

0 1 2 3 4 5

SOX18
MOCK 

*

**

Fluc

Fluc

Fluc

Fluc

Fluc

Fluc

- 490

- 362

- 300

- 230

- 148

S

*

**
CLDN5

A

L

ratio Fluc/Rluc

0 1 2 3 4 5

SOX18 
MOCK 

*

Fluc- 300

Fluc- 300

Fluc- 300

Fluc

CAAT

TGAT

TGTG
*

**

*
*

C

B
E E E

LEFF

SOX

ETS

100%

50%

promoter



158

Chapter 7

RNA-silencing of SOX18 expression specifi cally reduces basal, endogenous 
transcription from the CLDN5 promoter. Our fi ndings from the previous section are 
consistent with the hypothesized role of SOX-18 in regulation of the CLDN5 promoter. 
However, given the fact that members of the SOX family tend to bind to a common consensus 
site (Lefebvre et al., 2007; Mertin et al., 1990), the question as to which particular SOX 
protein is involved in basal CLDN5 expression still has to be answered conclusively. In 
particular members of the SOX-F subfamily  (SOX-18,-17 and -7) that are thought to display 
functional redundancy  in endothelial cells (Matsui et al., 2006; Sakamoto et al., 2007) are 
candidates. Inspection of our microarray data revealed that in addition to the SOX18 gene, 
SOX17, -2, -3 and -6 genes are expressed. In contrast to SOX18, expression of none of the 
other SOX-genes mentioned showed signifi cant dependence on cell density.

We specifi cally targeted SOX18 expression by transfecting double stranded SOX18-
siRNAs into HUVEC and monitored their effect by measuring mRNA levels for SOX18 and 
its potential target, CLDN5, by real time semi-quantitative RT-PCR. As a negative control, 
we examined expression of ZO-1, which we had found not to be affected by overexpression 
of SOX-18. Compared to control siRNA, we observed that SOX18-siRNA induced effi cient 
silencing of SOX18, accompanied by a profound decrease of CLDN5 mRNA levels, whereas 
ZO-1 mRNA levels remained unchanged (Figure 7a). These data support the view that SOX-
18 is the specifi c member of the sox family involved in transcriptional control of CLDN5. 
Western blotting of cell lysates from non-sense- and SOX18 siRNA treated cells (Figure 7b) 
further substantiated these results. Strikingly, the decrease of CLDN5 at the protein level 
is more pronounced than at the mRNA level. Our CLDN5 real time RT-PCR has proven 
to accurately measure CLDN5 mRNA expression in a wide dynamic range, (Figure 1 and 
Fontijn et al., 2006). We speculate that stability of claudin-5 protein is decreased upon SOX18 
silencing. A decrease of claudin-5 concentration in the cell membrane may result in a lower 
degree of claudin strand formation and, hence, in lower stability. Thus, specifi c silencing of  
SOX18 expression reveals a non-redundant and obligatory role for SOX-18 in the control of 
CLDN5 expression.

RNA-silencing of SOX18 expression results in impairment of endothelial barrier 
function as measured by ECIS. To investigate whether SOX18 regulates integrity of 
HUVEC barriers, transendothelial electrical resistance (TEER) of confl uent endothelial 
monolayers was measured in time using ECIS (Giaever and Keese, 1991). Two days after 
transfection with SOX18 siRNA, cell shape became elongated but monolayers remained 
intact as observed by phase-contrast microscopy (Figure 7c). Sixty hours after transfection, 
resistance was signifi cantly reduced in SOX18 siRNA cells as compared to control treated 
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cells and had dropped to levels observed in non-matured monolayers (Figure 7d). The 
complete ECIS timecourse graph is available as Supplementary Figure 2.

Figure 7. Effects of SOX18 silencing in HUVEC. (A) Effects of SOX18 silencing on SOX18, CLDN5 and ZO-1 
mRNA. HUVEC cultures were treated with complexes of oligofectamine and either SOX-18 Si- or control double 
stranded RNA oligonucleotides. Two days after transfection, RNA was isolated and SOX18, CLDN5 and ZO-1 
mRNA levels were determined using real-time semi-quantitative RT-PCR. Values were normalized for β-actin 
and are plotted relative to control double-stranded RNA. SOX18 and CLDN5 mRNAs are signifi cantly reduced 
wheras ZO-1 mRNA is not affected. Means ± SD from 3 HUVEC isolates are shown. Signifi cant differences 
with control double-stranded RNA are indicated. ** P<0.01.  (B) Claudin-5 protein detected by Western blotting. 
HUVEC cultures were treated with complexes of oligofectamine and either SOX18 Si- or control double stranded 
RNA oligonucleotides, indicated  as Si and C, respectively. Two days after transfection, lysates were analyzed by 
immunoblotting with claudin-5 antibodies. Equal loading was confi rmed with anti-α tubulin antibodies. SOX18 Si 
transfected cells show decreased levels of claudin-5 protein. (C) Phase contrast microscopy of  HUVEC 48h after 
SOX18- Si RNA (Si) or control (C) transfections. (D) ECIS measurement of  SOX18-silenced HUVEC. Cultures 
were treated as under (B) and development of barrier function was monitored using ECIS. Resistance measured 
at 4KHz at the times indicated is plotted as percentage of the mean resistance, 100% corresponds to 1196 Ohm. 
Signifi cant differences with control double stranded RNA are indicated. * P<0.05.
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DISCUSSION 
Previously, we have reported the transcriptional upregulation of several genes involved 

in endothelial barrier formation during maturation of endothelial monolayers (Fontijn et al., 
2006). In the present study, SOX18 emerged as one of the most strongly induced genes in 
an analysis of transcriptomes from sparse versus post-confl uent endothelial cells. A role for 
SOX18 in control of endothelial barriers was suggested by reports on SOX18 mutations 
in vascular anomalies in ragged (Ra) mice (James et al., 2003; Pennisi et al., 2000) and 
in the human hypotrichosis-lymphedema-telangiectasia (HLTS) syndrome (Irrthum et al., 
2003). The associated pathologies are characterized by coat defects, chylous ascites, edema 
and cardiovascular dysfunction. All four described mouse mutations and one out of three 
mutations described for HLTS have in common that they encode truncated versions of the 
SOX-18 protein with impaired trans-activation activity. These truncated SOX-18 proteins 
are thought to interfere, in a dominant negative fashion with other members of the Sox F 
subfamily (James et al., 2003; Matsui et al., 2006; Pennisi et al., 2000; Sakamoto et al., 
2007).

Here, we observed that of several cell types tested, only HUVEC expressed SOX18. 
Overexpression of SOX-18 and a dominant negative derivative thereof, SOX-18ΔCt, induce 
an increase and decrease of claudin-5 expression, respectively. We observed that the human 
CLDN5 promoter displayed cell-specifi c activity and identifi ed a potential SOX binding 
site. Controlled deletion analysis of the CLDN5 promoter as well as mutational analysis of 
the potential SOX binding site showed that the latter is required for both basal- and SOX-
18 overexpression driven CLDN5 expression. Finally, silencing of SOX18 showed that 
endogenous SOX-18 is essential for basal CLDN5 transcription. These fi ndings identify the 
CLDN5 gene as an important SOX-18 target.

SOX18 is a member of the SOX gene family that share a conserved high-mobility-group 
domain. Individual members are responsible for regulation of cell fate and differentiation 
processes (review in Lefebvre et al., 2007) and show characteristic spatiotemporal expression 
patterns during development and adulthood. SOX-18 was found in endothelial cells of pre- 
and post natal developing vasculature in mice (Hosking et al., 2001; Matsui et al., 2006; 
Pennisi et al., 2000). These observations are consistent with our view that SOX-18 regulation 
of the CLDN5 promoter contributes to endothelial-cell specifi city of CLDN5 expression.

Here, one may speculate that CLDN5, being a target of SOX-18, may be involved 
in pathologies associated with HLTS in humans and ragged mutations in mice, as these 
result from dominant negative SOX-18 mutants. The phenotype of cldn5-/- mice, however, 
shows no overlap with the ragged phenotype: cldn5-/-  mice have a normally developed 
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vasculature, do not show edema or vascular leakage but only display partial failure of the 
BBB (blood-brain barrier) (Nitta et al., 2003). Indeed, the importance of claudin-5 in non-
BBB endothelium seems limited (Fontijn et al., 2006; Nitta et al., 2003). Thus, despite the 
fact that we identify CLDN5 as SOX-18 target gene, it seems unlikely that CLDN5 is a 
major effector gene in pathologies associated with HLTS or ragged phenotypes. However, 
ECIS measurements applied to SOX18-silenced HUVEC monolayers show impaired 
barrier function, which is in marked contrast to the lack of a barrier-related phenotype in 
SOX18-/- mice (Pennisi et al., 2000). Apparently,  masking of effects resulting from the 
loss of SOX18 function by redundant activity of other members of the Sox F subfamily, as 
observed in mouse knock-out models (Matsui et al., 2006; Pennisi et al., 2000; Sakamoto et 
al., 2007), does not occur under our culture conditions. Thus, we show that loss of SOX18 
function results in a severly compromised endothelial barrier function. A future inventory of 
SOX18-downstream genes might identify potential effector genes. 

At the subcellular level, claudins are functionally associated with tight junction complexes 
via interaction with ZO-proteins (Itoh et al., 1999). In epithelial cells, this interaction plays a 
role in spatiotemporal control of tight junction formation (Umeda et al., 2006). Initially, ZO-
1 and ZO-2 accumulate on primordial adherence junctions between adjacent cells. In a later 
stage, claudins are recruited to these structures where their polymerization into functional 
strands is facilitated (Adams et al., 1996; Ando-Akatsuka et al., 1999; Umeda et al., 2006). 
Therefore, it may be speculated that claudin genes are subject to regulatory mechanisms that 
exert temporal control during junction formation. Consistent with earlier fi ndings (Fontijn 
et al., 2006), our data reveal tight control of SOX-18 over CLDN5 transcription, which is 
dependent on cell-density and thus coincides with junction formation. Under sparse conditions, 
when endogenously expressed SOX-18 is absent, we observed no signifi cant effect of SOX-18 
overexpression on CLDN5 mRNA levels, suggesting that additional, obligatory transcription 
factors are lacking. Alternatively, the CLDN5 promoter may be actively repressed under 
sparse conditions. Under confl uent conditions the response of the CLDN5 gene to SOX-18 
overexpression is limited, likely due to the background of endogenous SOX-18. Silencing of 
endogenous SOX18 in post-confl uent cells revealed an essential and non-redundant role for 
SOX-18 in CLDN5 gene expression. This observation, together with the observed induction 
of SOX18 in post-confl uent cells reveals a potent mechanism for temporal control of CLDN5 
during junction formation. These fi ndings are consistent with the paradigm that sox family 
members are key regulators in spatiotemporal control of gene expression (Lefebvre te al., 
2007). 

Recent studies have shown that the regulation of claudin gene expression seems to 
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have diverged greatly, in marked contrast to the highly conserved sequence- and structural 
homology of the claudin proteins, thus allowing a specifi c regulation of local barrier 
functions. Promoters of mouse claudin-3, -4 and -7 genes were repressed by Snail during 
epithelial-to-mesenchyme transition (Ikenouchi et al., 2003). Tcf4 binding elements in the 
5’ fl anking region of the claudin-1 gene were found to be responsible for regulation by the 
β-catenin/Tcf-complex in colorectal cancers (Miwa et al., 2000). Overlapping GATA/NF-Y 
binding sites were found to be responsible for dual transcriptional control of CLDN11 in the 
blood-testis barrier (Lui et al., 2007). Tissue-specifi c regulation was described for CLDN18 
in lung by T/EBP/NKX2.1 homeodomain transcription factor (Niimi et al., 2001). Sakaguchi 
et al reported on the role of two intestine-specifi c Caudal-type homeobox proteins, CDX1 
and CDX2, and a member of the POU homeodomain family, TCF1 (HNF-1α), in regulation 
of the CLDN2 gene in  intestine and liver (Sakaguchi et al., 2002). In the present study 
we now identify SOX-18 as an essential regulator of endothelial claudin-5 expression as 
well as barrier function, supporting the view that individual claudin genes are controlled by 
unique transcriptional regulatory mechanims to achieve correct tissue-specifi c and temporal 
expression.  

Acknowledgment: This study was supported by Molecular Cardiology Grant M93.007 
from the Netherlands Heart Foundation, The Hague, The Netherlands and NWO-Genomics 
grant 050-110-1014 from the Netherlands Organization for Scientifi c Research, The Hague, 
The Netherlands.

REFERENCES

Adams CL, Nelson WJ, Smith S. Quantitative analysis of cadherin-catenin-actin 
reorganization during development of cell-cell adhesion. J Cell Biol 135: 1899-1911, 1996.
Ando-Akatsuka Y, Yonemura S, Itoh M, Furuse M, Tsukita S. Differential behaviour of E-
cadherin and occludin in their colocalization with ZO-1 during the establishment of epithelial 
cell polarity. J Cell Physiol 179: 115-125, 1999.
Ayadi A, Suelves M, Dollé P, Wasylyk B. Net, an Ets ternary complex transcription factor, 
is expressed in sites of vasculogenesis, angiogenesis, and chondrogenesis during mouse 
development. Mech Dev 102: 205-208, 2001a.
Ayadi A, Zheng H, Sobieszczuk P, Buchwalter G, Moerman P, Alitalo K, Wasylyk B. Net-
targeted mutant mice develop a vascular penotype and upregualte egr-1. EMBO J 20: 5139-
5152, 2001b. 



SOX-18 regulates expression of CLDN5

163

Baldi P and Long AD. A Bayesian framework for the analysis of microarray expression data: 
regularized t-test and statistical inferences of gene changes. Bioinformatics 17: 509-519, 
2001.
Dekker RJ, Boon RA, Rondaij MG, Kragt A, Volger OL, Elderkamp YW, Meijers JCM, 
Voorberg J, Pannekoek H, Horrevoets AJG. KLF2 provokes a gene expression pattern that 
establishes functional quiescent differentiation of the endothelium. Blood 107: 4354-4363, 
2006.
Fontijn RD, Rohlena J, van Marle J, Pannekoek H, Horrevoets AJG. Limited contribution 
of claudin-5 dependent tight junction strands to endothelial barrier function. Eur J Cell Biol 
85: 1131-1144, 2006.
Furuse M, Itoh M, Hirase T, Nagasuchi A, Yonemura S, Tsukita S. Direct association of 
occludin with ZO-1 and its possible involvement in the localization of occludin at the tight 
junction. J Cell Biol 127: 1617-1626, 1994.
Furuse M, Sasaki H, Fujimoto K, Tsukita S. A single gene product, claudin-1 or -2, 
reconstitutes tight junction strands and recruits occludin in fi broblasts. J Cell Biol 143: 391-
401, 1998.
Furuse M, Sasaki H, Tsukita S. Manner of interaction of heterogenous claudin species within 
and between tight junction strands. J Cell Biol 147: 891-903, 1999.
Furuse M, Furuse K, Sasaki H, Tsukita S. Conversion of zonulea occludentes from tight to 
leaky stand type by introducing claudin-2 into Madin-Darby canine kidney I cells. J Cell Biol 
153: 263-272, 2001. 
Furuse M, Hata M, Furuse K, Yoshida Y, Haratake A, Sugitani Y, Noda T, Kubo A, Tsukita 
S. Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson 
from claudin-1- defi cient mice. J Cell Biol 156: 1099-10111, 2002.
Giaever I and Keese CR. Micromotion of mammalian cells measured electrically. Proc Nat 
Acad Sci USA 88: 7896-7900, 1991.
Gow A, Southwood CM, Li JS, Pariali M, Riordan GP, Brodie SE, Danias J, Bronstein JM, 
Kachar B, Lazzarani RA. CNS myelin and sertoli cell tight junction strands are absent in 
Osp/claudin-11 null mice. Cell  99: 649-659, 1999.
Horrevoets AJG, Fontijn RD, van Zonneveld A-J, de Vries CJM, ten Cate J-W, Pannekoek 
H. Vascular endothelial genes that are responsive to Tumor Necrosis Factor-α in vitro are 
expressed in atherosclerotic lesions, including inhibitor of apoptosis protein-1, stannin, and 
two novel genes. Blood 93: 3418–3431, 1999.
Hosking BM, Wyeth JR, Pennisi DJ, Wang S-C, Koopman P, Muscat GEO. Cloning and 
functional analysis of the Sry-related HMG box gene, Sox18. Gene 262: 239-247, 2001.



164

Chapter 7

Ikenouchi J, Matsuda M, Furuse M, Tsukita, S. Regulation of tight junctions during 
epithelium-mesenchyme transition: direct repression of claudins/occludin by Snail. J Cell 
Sci 116: 1959-1967, 2003.
Irrthum A, Devriendt K, Chitayat D, Matthijs G, Glade C, Steijlen PM, Fryns JP, VanSteensel 
MA, Vikkula M. Mutations in the transcription factor gene SOX18 underlie recessive and 
dominant forms of hypotrichosis-lympedema-telangiectasia. Am J Hum Genet 2001: 34-38, 
2003.
Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S. Direct binding of three tight 
junction-associated MAGUKs, ZO-1, ZO-2 and ZO-3, with the COOH termini of claudins. J 
Cell Biol 147: 1351-1363, 1999.
Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of human endothelial cells derived 
from umbilical veins. Identifi cation by morphologic and immunologic criteria. J Clin Invest 
52: 2745-2756, 1973.
James K, Hosking B, Gardner J, Muscat GEO, Koopman P. Sox18 mutations in the ragged 
mouse alleles ragged-like and opossum. Genesis 36: 1-3, 2003.
Lampugnani MG, Resnati M, Raiteri M, Pigott R, Pisacane A, Houen G, Ruco LP, Dejana 
E. A novel endothelial-specifi c membrane protein is a marker of cell-cell contacts. J Cell Biol 
118: 1511-1522, 1992.
Lefebvre V, Dumitriu B, Penzo-Méndez A, Han Y, Pallavi B. Control of cell fate and 
differentiation by Sry-related high-mobility-group box (Sox) transcription factors. Int J 
Biochem Cell Biol 39: 2195-2214, 2007.
Lelièvre E, Mattot V, Huber P, Vandenbunder B, Soncin F. Ets lowers capillary endothelial 
cell density at confl uence and induces the expression of VE-cadherin. Oncogene 19: 2438-
2446, 2000.
Liebner S, Fischmann A, Rascher G, Duffner F, Grote E-H, Kalbacher H, Wolburg H. 
Claudin-1 and claudin-5 expression and tigth junction morphology in blood vessels of human 
glioblastoma multiforme. Acta neuropathol. 100: 323-331, 2000.
Lui W-Y, Wong EWP, Guan Y, Lee WM. Dual transcriptional control of claudin-11 via an 
overlapping GATA/NF-Y motif: positive regulation through the interaction of GATA, NF-YA, 
and CREB and negative regulation through the interaction of Smad, HDAC1 and mSin3A. J 
Cell Physiol 211: 638-648, 2007.
Matsui T, Kanai-Azuma M, Hara K, Matoba S, Hiramatsu R, Kawakami H, Kurohmaru M, 
Koopman P, Kanai Y. Redundant roles of Sox17 and Sox18 in postnatal angiogensis in mice. 
J Cell Sci 119: 3513-3526, 2006.
Mertin S, McDowall SG, Harley VR. The DNA-binding specifi city of SOX9 and other SOX 



SOX-18 regulates expression of CLDN5

165

proteins. Nuc Acids Res 27: 1359-1364, 1990.
Miwa N, Furuse M, Tsukita S, Niikawa N, Nakamura Y, Furukawa Y. Involvement of claudin-
1 in the β-catenin/Tcf signalling pathway and its frequent upregulation in human colorectal 
cancers. Oncol Res 12: 469-476, 2000.
Morita K, Furuse M, Fujimoto K, Tsukita S. Claudin multigene family encoding four-
transmembrane domain protein components of tight junction strands. Proc Natl Acad Sci 
USA 96: 511-516, 1999a.
Morita K, Sasaki H, Furuse M, Tsukita S. Endothelial claudin: claudin-5/TMVCF constitutes 
tight junction strands in endothelial cells. J Cell Biol 147: 185-194, 1999b.
Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D. In vivo 
gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science 272: 
263-267, 1996.
Niimi T, Nagashima K, Ward JM, Minoo P, Zimonjic DB, Popescu NC, Kimura S. Claudin-
18, a novel downstream target gene for the T/EBP/NKX2.1 homeodomain transcription 
factor, encodes lung- and stomach-specifi c isoforms through alternative splicing. Mol Cell 
Biol 21: 7380-7390, 2001.
Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse M, Tsukita S. Size-selective 
loosening of the blood-brain barrier in claudin-5 defi cient mice. J Cell Biol 161: 653-660, 
2003.
Pennisi D, Gardner J, Chambers D, Hosking B, Peters J, Muscat G, Abbot C, Koopman P. 
Mutations in Sox18 underlie cardiovascular and hair follicle defects in ragged mice. Nat 
Genet 28: 1473-1480, 2000.
Sakaguchi T, Gu X, Golden HM, Suh E, Rhoads DB, Reinecker HC. Cloning of the human 
claudin-2 5’ fl anking region revealed a TATA-less promoter with conserved binding sites in 
mouse and human for caudal-related homeodomain proteins and hepatocyte nuclear factor-
1α. J Biol Chem 277: 21361-21370, 2002.
Sakamoto Y, Hara K, Kanai-Azuma M, Matsui T, Miura Y, Tsunekawa N, Kurohmaru M, 
Saijoh Y, Koopman P, Kanai Y. Redundant roles of Sox17 and Sox18 in early cardiovascular 
development of mouse embryos. Biochem Biophys Res Commun 360: 539-544, 2007.
Simon DB, Lu Y, Choate KA, Velazques H, Al-Sabban E, Praga M, Casari G, Bettinelli A, 
Colussi G, Rodriguez-Soriano J, McCredie D, Milford D, Sanjad S, Lifton RP. Paracellin-1, 
a renal tight junction protein required for paracellular Mg2+ resorption. Science 285: 103-
106, 1999.
Turksen K, Troy TC. Bariers built on claudins. J Cell Sci 117: 2435-2447, 2000.
Umeda K, Ikenouchi J, Katahira-Tayama S, Furuse K, Sasaki H, Nakayama M, MatsuiT, 



166

Chapter 7

Tsukita S, Furuse M, Tsukita S. ZO-1 and ZO-2 independently determine where claudins are 
polymerized in tight-junction strand formation. Cell 126: 741-754, 2006.
Van Itallie C, Rahner C, Anderson JM. Regulated expression of claudin-4 decreases 
paracellular conductance through a selective decrease in sodium permeablity. J Clin Invest 
107: 1319-1327, 2001.
Yu ASL, Enck AH, Wayne IL, Schneeberger E. Claudin-8 expression in Madin-Darby canine 
kidney cells augments the paracellular barrier to cation permeation. J Biol Chem 278: 17350-
17359, 2003.
Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, Trono D. Self-inactivating 
lentivirus vector for safe and effi cient in vivo gene delivery. J Virol 72: 9873-9880, 1998.

 SUPPLEMENTARY  MATERIAL

Supplementary table 1: the reader is referred to http://ajpheart.physiology.org/cgi/content/full/01248.2007/DC1

number of cycles

25    I 30 I 35
s     c      s     c     s    c

EDG1

ALCAM

CDH5

EPAS1

CLDN5

NOTCH
PCDH1

PECAM1

TJP1

C1QR

control (actin)

ELK3
SOX18

control (actin)

DKK

Supplementary fi gure 1. Validation of a 
microarray comparison of transcriptomes 
from sparse- versus confl uent HUVEC 
using semi-quantitative RT-PCR. 
Reverse-transcribed RNA from sparse 
HUVEC (S) and confl uent HUVEC (C) 
was amplifi ed using primersets specifi c 
for the genes indicated. PCR reaction 
products were gel-analyzed at intervals 
of fi ve amplifi cation cycles. In addition 
to the three well-described genes TJP-1, 
CDH5 and CLDN5, specifi c cell density-
dependent induction is shown for C1QR, 
EPAS, EDG1, NOTCH, PCDH1, ELK3, 
and SOX18. DKK is repressed, whereas 
ALCAM does not show regulation
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Supplementary table 2. The CLDN5 promoter. Evolutionary conserved transcription factor binding sites (TFBs) 
with their position relative to the transcription start site, polarity and sequence. Bold: primers used for generation 
fragements for promoter-reporter assays, their position relative to the transcription start site,  polarity, sequence 
and position on chromosome 22. All forward (fwd.) primers were used in combination with a single reverse (rev.) 
primer. Underlined in forward primers: additional sequences, introducing an KpnI site for cloning in pGL3-basic, 
underlined in reverse primers: additional sequences, introducing an XhoI site for cloning in pGL3-basic.

PCR primer 
TFB

position 5' of 
transcription start (bp.) strand sequence (core in capitals) position chr.22

490 fwd. 490-471 m cga ggt acc cca gga ggg aga aag tca tc 17893331  17893350 
AP4R 466-450 p ggtcaCAGAtgtgggag 
RP58 464-452 m cccaCATCtgtga 

362 fwd. 362-342 m cgg ggt acc tca gtc cag ggc ctg gag ttc 17893202  17893222 
FKHD 336-320 m ttactggaAACAaaggg
NFAT 334-316 m actGGAAacaaaggggccg 
LEFF 333-317 m ctggaaaCAAAggggcc

300 fwd. 300-279 m cga ggt acc aga act act aga aag ggg ctg g 17893139  17893160 
HESF 254-240 p ggggCACGcggctcc 
HESF 253-239 m gagccgcGTGCcccc 
EGRF 249-233 p tcaggTGGGggcacgcg 
PLAG 248-228 p GAGGctcaggtgggggcacgc 
HEN1 247-227 p tgaggctCAGGtgggggcacg 
ZBPF 247-225 m cgtgcccCCCAcctgagcctcagg 
ZFHX 243-231 m cccccACCTgagc 
HESF 243-229 m cccccaCCTGagcct 
AP2F 235-221 m tgaGCCTcagggggc 

230 fwd. 230-210 m cga ggt acc ctc agg ggg ccc gga gtg tcc 17893070  17893090 
MOKF 211-191 m ccacaccagtggaCCTTtcga 
RORA 208-190 p ctcgaAAGGtccactggtg 
HEAT 204-180 p ccagccatttctCGAAaggtccact
HEAT 203-179 m gtggacctttCGAGaaatggctggg
BCL6 200-184 p ccaTTTCtcgaaaggtc 
YY1F 197-179 p cccagCCATttctcgaaag 
SORY 183-167 p tctgcaCAATggcccag 
TEAF 170-158 p gggCATTcttctg 
STAT 168-150 p ggatTTCCgggcattcttc 
P53F 167-147 m aagAATGcccggaaatcccgc 
HICF 167-155 m aagaaTGCCcgga 
STAT 166-148 m agaaTGCCcggaaatcccg 
ETSF 165-145 m gaatgcccGGAAatcccgcgc 
NFKB 158-146 p cgcgggatTTCCg 

148 fwd. 148-128 m cga ggt acc gcg cct ccc tcc tcc agc aag 17892988  17893008 
GCMF 128-118 p agCCCCcatcc 
ETSF 125-105 p ggccaggaGGAAgagcccca 
NFKB 124-112 m gggggctcTTCCt 
ZF35 121-109 p aggaggAAGAgcc 
XBBF 112-94 m tcctggccagGAAActcca
ETSF 111-91 m cctggccAGGAaactccaagt 
NFKB 104-92 p cttggagtTTCCt 
MYT1 97-85 m tccAAGTtggctt
ETSF 95-74 p caccctccGGAAgccaacttg 
EKLF 86-70 m ttccggaGGGTggcctg 
PLAG 81-61 m GAGGgtggcctgggggctggg 
RREB 81-67 p cCCCAggccaccctc 
AP2F 77-63 m gtgGCCTgggggctg 
SP1F 72-58 m ctggGGGCtggggtg 

rev. 22-1 p a gtc ctc gag aaa ggg aca cgg agg ggc 
tgt g 17892861  17892882 
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8 GENERAL DISCUSSION

The endothelium plays a pivotal role in maintenance of vascular homeostasis, directly 
related to its unique localization at the interface between the bloodstream and the adjacent 
tissues. The endothelium constantly senses its environment, mainly in a receptor-dependent 
way, and reacts to environmental changes by activation of internal cell-signalling pathways 
that may result in various cellular responses as secretion, changes in cell shape and 
alterations in gene expression. These responses primarily serve to keep the consequences of 
environmental changes within tolerable limits. However, in case of excessive and/or chronic 
activation, endothelial responses may be inadequate, leading to dysfunctional endothelium and 
pathogenesis. Here we describe an approach in which careful disturbance of the endothelial 
homeostatic balance by controlled environmental or intracellular (genetic) perturbations is 
followed by monitoring its effects on both gene expression and specifi c functions. 

8.1 Gene transcription profi ling.

At the basis of endothelial-specifi c regulatory mechanisms lies the expression of a 
unique repertoire of basal, constitutively expressed genes that is complemented with a set of 
differentially expressed genes, i.e. genes whose expression is induced or modulated in response 
to specifi c environmental changes. It should be emphasized that it is this full complement 
of transcripts and proteins, rather than a limited number of lineage-specifi c proteins that 
determines the endothelial phenotype. To understand the adaptation of endothelial cells to 
their environment in terms of gene expression, a number of studies presented in this thesis 
used transcriptional profi ling of cultured endothelial cells that were exposed to infl ammatory 
stimuli, shear stress or homotypic cell-cell contact (chapters 3, 5 and 7). This approach resulted 
in collections of differentially expressed genes that show considerable functional diversity, 
illustrating the complexity of the endothelial response to even single stimuli. Thus, it became 
of importance to discriminate between genes that respond specifi cally to the applied stimulus 
and genes that show a more general response. In addition, it was of interest to distinguish 
between genes that orchestrate or drive the cellular response and genes encoding effector 
molecules. Publicly available data from, amongst others, the human genome project on gene 
structure, gene expression and protein structure, have rapidly expanded over the last decade. 
These data were used to select specifi c genes for detailed study (chapters 4, 6 and 7). 

Another important means of evaluation of the results from the transcriptional profi ling 
studies was the verifi cation of in vitro observed differential gene expression on ex vivo material 
using in situ hybridization (chapters 3 and 5). The higher complexity of the environment in 
which the endothelial cell functions in vivo is likely to affect both basal and regulated gene 
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transcription. Therefore, expression of relevant genes was compared in multiple specimens 
of vascular tissue that represented both resting and activated (atherosclerotic) situations. In 
addition to information on differential expression, valuable information on in vivo endothelial 
specifi city was obtained.

This general approach, an initial gene expression profi ling under controlled in vitro 
conditions, followed by verifi cation in ex vivo material, has recently been complemented 
by a reverse approach. Current laser microbeam micro-dissection technology, together with 
the recent development of sensitive amplifi cation- and detection techniques, allows direct 
transcriptional profi ling of minute amounts of ex vivo endothelial RNA. In a recent study, 
Volger et al. sampled endothelium from sections of human vascular tissue and made a pairwise 
comparison of transcriptomes of endothelium overlying lesional- and unaffected areas of the 
vessel wall. Thus, distinct genome expression profi les of endothelium overlying early versus 
advanced atherosclerotic plaques could be distinguished (Volger et al., 2007). When further 
developed for application in mice, this inventory approach can be used to monitor the in vivo 
transcriptional effects of induced controlled perturbations of vascular homeostasis.      

8.2 Transcriptome modulation

In chapter four, LKLF (KLF2) is identifi ed as a shear-responsive, endothelial-specifi c 
transcription factor by a detailed comparison of genes induced by prolonged shear to those 
induced by a panel of other modulators of endothelial gene expression. It was speculated 
that KLF2 might act as an important modulator of the well-described atheroprotective 
effect of shear stress. Indeed, subsequent studies have revealed an important role for KLF2 
in regulation of endothelial-specifi c gene expression and have implicated KLF2 in several 
atheroprotective mechanisms (SenBanerjee et al., 2004; Dekker et al., 2005; Lin et al., 
2005; Bhattacharya et al., 2005; Dekker et al., 2005; Parmar et al., 2006; Dekker et al., 
2006; Boon et al., 2007; Fledderus et al., 2007). Inactivation of the KLF2 gene in mice 
caused embryonal lethality at around day 13, due to severe vessel wall anomalies (Kuo et 
al., 1997). Smooth muscle cells failed to organize in a compact tunica media and deposition 
of extracellular matrix was decreased. As KLF2 expression was limited to endothelial cells, 
it was hypothesized that KLF2 defi nes a transcriptional pathway in which endothelial cells 
regulate the assembly of the vascular tunica media and concomitant stabilization of the vessel 
wall during embryogenesis. Together, these data provide evidence for an important role of 
KLF2 in vascular remodelling as well as in the relay of biomechanical environmental forces 
into a gene transcription profi le that makes up the endothelial phenotype in response to shear 
stress. 
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In addition to KLF2, several other transcription factors have been reported to be involved 
in the transcriptional regulation of vascular development and endothelial-cell differentiation 
(reviewed in Dejana et al., 2007; Minami and Aird, 2005). The emerging picture is that 
endothelial-specifi c gene expression is regulated by combinatorial interaction between non-
cell-type specifi c transcription factors. In particular, members of the Fox and Ets families 
of transcription factors have been implicated in modulation of endothelial differentiation, 
growth and apoptosis (Dejana et al., 2007; Lelièvre et al., 2001). In spite of the fact that 
none of these factors are endothelial specifi c, genetic inactivation has, in many cases, led to 
a vascular phenotype.

In chapter 7, transcriptional profi ling revealed that SOX18, a member of the SRY 
(sex-determining regionY)-box (SOX) family, is one of the most strongly induced genes 
when endothelial cells are grown from a sparse culture to a fully confl uent monolayer. This 
induction temporally coincides with the development of intercellular tight junctions which 
requires induction of claudin-5 expression. Indeed, using SOX-18 overexpression and SOX18 
gene-silencing, we could show that SOX-18 positively regulates claudin-5 expression. This 
regulation required SOX-18 binding to a SOX-consensus binding site in the CLDN5 promoter. 
As both SOX-18 and claudin-5 are highly endothelial-specifi c, this regulatory mechanism 
seems to represent one of the few known cases in which expression of both transcription 
factor and target gene are restricted to the endothelial cell type. Furthermore, transendothelial 
electric resistance (TEER) measurements showed that SOX18 silencing abrogates endothelial 
barrier function which was accompanied by a marked change in morphology of the SOX-
18-silenced cells. As the contribution of claudin-5 to the endothelial barrier was found to be 
limited (chapter 6), these fi ndings suggest that the transcriptional control exerted by SOX-18 
extends beyond induction of  CLDN5 and may include genes that are otherwise involved 
in endothelial barrier function and/or contribute to the endothelial phenotype. A new round 
of analysis focussed at studying the genome-wide effects of SOX-18 overexpression and 
silencing would enable dissection of the specifi c downstream repertoire of this intriguing 
novel endothelial transcription factor.

Acting complementary to transcription factors, multiple transcription factor binding 
sites (TFBSs) constitute the promoter of individual (endothelial) genes. Hence, most of 
the information directing transcriptional regulation of a particular gene lies concealed in 
its promoter region. The completion of the human genome sequence has made promoter 
sequences readily accessible for analysis. Association of particular TFBSs with endothelial 
regulatory functions is becoming increasingly apparent (Viemann et al., 2004; Minami and 
Aird, 2005, Dejana et al., 2007; Fledderus et al., 2007). However, due to combinatorial 
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promoter usage by complexes of both process-specifi c and more general acting transcription 
factors, insights in possible relations between promoter organization and the transcriptional 
control exerted are limited. In addition, short and ambiguous consensus nucleotide sequences 
of TFBSs hamper the actual detection of TFBSs as well as the analysis of their relative 
order and spacing in particular promoters. In chapter 7, an analysis of TFBS conservation 
between orthologues promoter sequences is used to defi ne the human CLDN5 promoter. 
Subsequent mutation of an evolutionary conserved SOX consensus binding site confi rmed its 
relevance in transcriptional control of this particular promoter. In chapter 3, a combined cell-
cycle dependent element (CDE) and cell-cycle genes homology region (CHE), commonly 
present in genes with a function in mitosis, is identifi ed in RB6K-upstream sequences. 
Indeed, promoter-reporter assays in cell-cycle-arrested cell populations showed an increased 
transcriptional activity of the RB6K promoter in G2/M-enriched populations relative to G1/
G0-enriched populations. These CDE/CHE elements form a typical example of promoter 
regulatory sequences that underlie temporally coordinated transcription of genes that are 
functionally linked in a particular cellular process, in this example mitosis.    

A more detailed prediction of individual gene regulation and profound understanding 
of transcription-regulatory networks underlying coordinated endothelial gene expression 
in response to disturbances of vascular homeostasis will require an ongoing effort in 
bioinformatic analysis of data obtained from functional genomics.                  

8.3 The endothelial barrier

We show in chapter 5 that relative to static conditions, the application of shear stress 
affects expression levels of CLDN5. Although the CLDN5 signal initially decreased upon 
application of short-term (<24 hours) shear stress, the transcript turned out to be increased 
when cells are exposed to prolonged shear stress (seven days). Upon exposure to shear stress, 
endothelial cells undergo a dramatic change in cell shape and orientation, i.e. a change from 
cobble stone morphology to a more elongated form that aligns in the direction of the fl ow. 
It was shown that this is accompanied by major rearrangements of the cytoskeleton and 
requires reorganization of cell-cell junctions and cell-matrix adhesive structures (McCue et 
al., 2004; Noria et al., 1999). It may be speculated that the observed temporal downregulation 
of CLDN5 upon exposure to shear stress is associated with reorganization of junctional 
structures. This would be consistent with the observation, described in chapter 6, that CLDN5 
expression is induced in a cell density-dependent manner. In addition to a structural role in 
barrier formation and cell adherence, tight- and adherence junctions participate in signal 
transduction mechanisms and gene regulatory events that control proliferation, differentiation 
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and morphogenesis (Dejana, 2004; McCue et al., 2004; Matter et al., 2007). Thus, it would be 
interesting to test a possible involvement of the developing junction structures in regulation 
of CLDN5 expression by interfering with junction formation, for example by antibody-
mediated blocking of an early and essential event; the formation of adherence junctions by 
VE-cadherin. A possible CLDN5 gene-regulatory mechanism linked to signals originating 
from junction structures is suggested by the presence of a Tcf-LEF consensus binding site in 
the CLDN5 promoter (chapter 7). Several cytoplasmic members of the adherence junction 
complex, including β-catenin, p120 and plakoglobin are able to translocate to the nucleus 
where they form complexes with, amongst others, Tcf-LEF. β-catenin/Tcf-LEF complexes 
regulate expression of genes of the Wnt/wingless pathway (reviewed in Goodwin and 
d’Amore, 2002). This pathway has been extensively studied in early embryogenesis and 
tumorigenesis, where it generally activates numerous genes involved in proliferation and 
differentiation. Interestingly, expression of both CLDN1 and CLDN2 genes is enhanced by 
β-catenin-LEF compexes and requires Tcf-LEF binding sites in the respective promoters 
(Miwa et al., 2001; Mankertz et al., 2004).

In chapter 6, the endothelial barrier function is tested by measuring the diffusion of 
inert tracer molecules over endothelial monolayers in a static two compartment (Transwell) 
system. We show that in this system effects of major disturbances of the paracellular barrier 
as induced by thrombin stimulation can be measured as well as relatively small improvements 
of the barrier by claudin-5 overexpression. However, the static conditions in this set up 
represent a condition that in vivo is associated with dysfunction of the endothelium, which is, 
amongst others, characterized by increased permeability. 

Transcriptional profi ling of sparse versus confl uent cells revealed an increase in 
transcription of several adherence- and tight junction components, with CLDN5 as most 
explicit example (chapter 7). Apart from increased levels of CLDN5 expression, the 
transcriptional profi ling of endothelial cells under static- versus shear conditions did not 
suggest major quantitative changes in expression of structural junction components, which 
is in agreement with earlier observations, at the protein level, for VE-cadherin, α-catenin 
and β-catenin (Noria et al., 1999). However, it seems likely that after fl ow-induced cellular 
reorganization, these junction components function in a cellular context that differs from 
the original static situation. Indeed, most junction associated proteins are subject to post-
transcriptional modifi cations, which are likely to affect their organization and functionality 
(reviewed in Bazzoni and Dejana, 2004 and Ogunrinade et al., 2002). 

Therefore, measurements under long-term fl ow conditions remain an important goal in 
the study of endothelial barrier function. Artifi cial capillary fl ow systems have proven to be 



General Discussion

175

useful for growth of endothelial cells under conditions of shear stress (chapter 5). Modifi ed 
versions of this system, provided with a double set of electrodes that measure resistance over 
the endothelial monolayer growing on the capillary wall have so far failed to show consistent 
endothelial resistance when seeded with human umbilical vein endothelial cells (HUVEC). 
In contrast, Electric Cell-Substrate Impedance Sensing (ECIS, Giaever and Keese, 1991) has 
successfully been applied to show effects of SOX18 silencing on HUVEC barrier function 
(chapter 7), be it under static conditions. However, the same principle of measuring can be 
applied in a modifi ed version that allows long-term artifi cial fl ow conditions. The concept of 
multiple measurement points of only limited size, with cells directly overlying the electrode 
makes the system less vulnerable to imperfections in the endothelial monolayer. This concept 
seems to make measurements feasible of endothelial barrier function under shear stress 
conditions.

8.4 Concluding remarks

In this thesis, the adaptation of endothelial cells to specifi c environmental stimuli at the 
transcriptional level is described. The observed changes in transcription profi le are generally 
broad and involve a functionally diverse set of genes, many of which are responsive to 
multiple stimuli. At fi rst sight, this approach generates data rather than insights, especially in 
the pre-genome era, when extensive cloning and sequencing approaches had to be followed 
to identify potentially interesting genes (chapter 3, 4). During the work described in this 
thesis, however, the publication of the human genome sequence and the emergence of 
many databases on expression and function allowed much faster progress in interpreting the 
potential consequences of differential gene expression (chapter 5-7). Collectively, we show 
that a careful selection of stimuli and functions to be studied, combined with ever expanding 
database knowledge on genomes from many species truly is able to identify crucial genes in 
the endothelial response to external stimuli. As a fi rst example, the results presented in chapter 
5 suggest a key position for KLF2 in the relay of mechanical stimuli to an atheroprotective 
gene expression profi le. As a second example, the results presented in chapter 8 point at 
multiple roles for SOX18 in formation and function of the endothelial barrier. 

Transcriptome profi ling monitors only one aspect, i.e. transcriptional regulation, 
of the endothelial response to external stimuli. Many other signalling and functional 
responses are restricted to the protein level and include protein modifi cation, translocation 
and conformational changes. Therefore, it is perhaps not surprising that mRNA expression 
profi ling identifi ed transcription factors like KLF2 and SOX18, which seem to control the 
transcriptional aspect of the cellular response. Especially in complex multigenic diseases as 
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atherosclerosis, a profound knowledge of the transcriptional response of endothelial cells to 
environmental stimuli that either maintain or disturb homeostasis will provide rationales for 
prevention and intervention. As stated in the fi rst paragraph of this chapter, this transcriptional 
response to the environment is necessarily preceded by inward signalling events and results 
in diverse outward responses, thus allowing intervention in multiple stages of the process. 
This requires integration of data from genomic approaches with insight in signalling events 
and information on structure and function of effector molecules. The recent explosion of 
knowledge on multiple genomes, gene expression in a variety of animal models and their 
disturbances in various patient cohorts indeed needs to be complemented by functional 
studies on individual genes and their corresponding signalling/effector pathways, within 
their specifi c contexts. Thus, these approaches will move forward from discovery-driven 
inventories to functional genomic insights. Only then, these insights will truly yield new 
avenues for interventions in complex diseases of the vasculature.
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  SUMMARY

Chapter one introduces endothelial cells as the inner lining of the vascular tree. At this 
interface between the bloodstream and surrounding tissues, endothelial cells act as main 
regulators of vascular homeostasis. Haemostasis, leukocyte traffi cking, vascular tone and 
permeability of the vessel wall are among the most prominent vascular processes that are 
regulated by the endothelium. To this purpose, endothelial cells constantly monitor the 
environment for biochemical or physical signals and elicit responses to these stimuli, such 
that vascular function and integrity is maintained. Failure of this control may lead to an 
unstable situation, i.e. loss of homeostasis, and vascular disease with atherosclerosis being 
the most prominent example. Responses of endothelial cells may involve both long- and 
short-term modifi cations of their gene-expression repertoire. Therefore, both monitoring of 
changes in endothelial transcription profi les due to atherogenic- or atheroprotective stimuli 
and functional study of genes that are part of these profi les, provide insight in molecular 
mechanisms that underlie vascular homeostasis and disturbance thereof. 

               
Chapter two describes the generation of an endothelial cell line, EC-RF24. In vitro 

studies of biological processes often require cultured cells, bringing with it the choice of a 
suited model cell. In general, primary cells often maintain a differentiated phenotype, but are 
diffi cult to obtain in large amounts, show considerable donor-dependent genetic variation 
and have a limited life span in culture. The latter property precludes the use of primary 
cells for stable genetic modifi cations as these often require lengthy selection procedures for 
resistance-markers. Cell lines usually lack certain differentiation characteristics but provide a 
constant genetic background and can be obtained in large amounts as they can in principle be 
expanded indefi nitely. For highly differentiated celltypes as endothelial cells, bona fi de cell 
lines are scarce or even absent. Using an amphotrophic, replication-defi cient retrovirus, the 
E6/E7 genes of human papilloma virus were introduced in primary vascular endothelial cells. 
The resulting endothelial cell line, EC-RF24 was extensively characterized and was shown to 
maintain all endothelial-specifi c properties that were tested for.

Chapter three describes the identifi cation of 106 differential cytokine-responsive 
gene fragments in endothelial cells. During formation of atherosclerotic lesions, activated 
monocytes and macrophages in the (neo)intima will secrete several infl ammatory cytokines, 
including tumor necrosis factor-alpha (TNF-α), which greatly affect the function of the 
overlying endothelium. Differential display of gene expression was used to monitor variation 
in mRNA levels of cultured endothelial cells that were exposed to monocyte conditioned 
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medium or TNF-α during 3, 6 and 20 hours.  Full-length cDNAs were isolated for fi ve 
transcripts that showed more than 10-fold induction or repression and include inhibitor of 
apoptosis-1, rabkinesin-6, stannin, apolipoprotein-L3 and a cDNA of unknown identity. 
In addition, expression of four novel transcripts was examined by in situ hybridization on 
healthy and atherosclerotic vascular tissue. IAP-1 and stannin were found to be expressed 
by endothelial cells as well as foam cells of the infl amed vessel wall. Apolipoprotein-L3 was 
specifi cally expressed in endothelial cells of the normal and atherosclerotic illiac artery and 
aorta. The data revealed a broad and complex change in the transcriptome of endothelial cells 
exposed to mediators of infl ammation associated with atherosclerosis.

In chapter four, Rabkinesin 6 (RB6K), one of the cytokine responsive genes that emerged 
in the differential display described in chapter 3, is further examined. This motorprotein 
was previously reported to be associated with GTP-bound forms of Rab6 and was thus 
thought to play a role in directional vesicular traffi c. However, we observed that expression 
of RB6K is regulated during the cell cycle and peaks during M-phase. The RB6K promoter 
contains a CDE-CHR element that is typically associated with cell-cycle regulated genes, 
causing  their transcriptional repression during G0/G1 phase. In line with its cell-cycle 
regulated expression, we found that RB6K localizes to the nucleus in prophase, accumulates 
throughout the equatorial region of the cell during anaphase and concentrates at the midbodies 
in telophase. Antibody microinjection indeed showed that RB6K is a motorprotein essential 
for cytokinesis.

Chapter fi ve describes a search for endothelial genes that are uniquely fl ow responsive 
and may thus contribute to the atheroprotective effects of laminar shear stress. Transcriptional 
profi ling of endothelial cells exposed to steady laminar shear stress for 24 hours or unidirectional 
pulsatile shear stress during seven days was performed. Comparison with profi les derived 
from endothelial cells treated with various cytokines showed that many shear responsive 
genes also respond to cytokines, in particular TNF-α. Multiple genes showed a transient 
response to shear stress, including the junction protein claudin-5. Only a limited number of 
genes was identifi ed, however, that are unique for prolonged fl ow exposure, including lung 
Krüppel-like factor (LKLF, KLF2). Using in situ hybridization it could be confi rmed that 
KLF2 is indeed regulated by fl ow in vivo. The hypothesis was put forward that KLF2 is at 
the basis of a physiological healthy, fl ow-exposed state of the endothelium.

In chapter six, the function of one of the transient shear stress-responsive genes, 
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claudin-5, is assessed. Claudin-5 is an endothelial-specifi c member of the claudin family of 
tight junction proteins and was hypothesized to play a role in endothelial barrier function. 
As a study of endothelial barrier function requires prolonged, stable expression of ectopic 
genes, a novel lentiviral system for endothelial transduction was implemented, enabling 
stable integration of either transgenes or silencers in the endothelial genome.  Effects of 
lentivirus-mediated claudin-5- overexpression and silencing on endothelial barrier function 
were tested, in presence and absence of infl ammatory cells, using tracers of various sizes. In 
addition, effects were studied at the ultrastructural level using electron microscopy. Claudin-
5 overexpression induced formation of networks of TJ strands, but barrier function showed 
only a modest non-size-selective improvement. The data indicated a limited contribution of 
claudin-5 to the barrier function of non-BBB endothelium.  

Chapter seven elaborates on the observation that claudin-5 is expressed in confl uent- 
but not in sparse cells. This indicated that some proteins involved in the endothelial barrier 
function are also regulated at the transcriptional level during barrier formation. Genome-
wide expression profi ling of sparse- versus confl uent endothelial cells was performed and 
one of the most strongly induced genes was found to encode the transcription factor SOX-18. 
A role for SOX-18 in control of the endothelial barrier was suggested by other groups that 
reported on association of mutations in the SOX18 gene with vascular anomalies in both 
mice and humans. We found that overexpression of SOX-18 and a dominant negative mutant 
thereof, as well as SOX18 silencing, affected claudin-5 expression. Using a newly developed 
lentiviral promoter-reporter system we could show that SOX-18 enhances transcription 
from the CLDN5 promoter. Thus we identifi ed the CLDN5 gene as an important SOX-18 
target gene. Furthermore, we could show that SOX18 silencing abrogates endothelial barrier 
function, indicating an important role for SOX18 in endothelial barrier formation.

Chapter eight discusses some of the recurrent themes from the preceding chapters 
i.e. transcriptional profi ling, endothelial transcriptome modulation and its underlying 
mechanisms, the endothelial barrier and the effects of shear stress. Finally, developments in 
functional genomics over the past decade and upcoming novel technologies are discussed in 
relation to the work presented in this thesis. 
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SAMENVATTING

In hoofdstuk 1 worden endotheelcellen geïntroduceerd als cellen die de binnenwand 
van bloedvaten bekleden. Op dit grensvlak tussen de bloedstroom en omringende weefsels 
functioneren endotheelcellen als de belangrijkste regulatoren van vaathomeostase. Hemostase, 
het bewegen van leukocyten, vaatwandspanning en doorlaatbaarheid van de vaatwand zijn 
de belangrijkste processen die gecontroleerd worden door het endotheel. Hiertoe nemen 
endotheelcellen constant hun omgeving waar en reageren dusdanig op biochemische 
of fysische veranderingen dat het functioneren en de integriteit van de bloedvaten wordt 
gewaarborgd. Wanneer deze controle tekort schiet ontstaat een onstabiele situatie, dat 
wil zeggen een verlies van homeostase, waarbij vasculaire ziekten, met als belangrijkste 
voorbeeld atherosclerose, kunnen ontstaan. De response van endotheelcellen kan bestaan 
uit zowel lange- als korte- termijn veranderingen in het genexpressie repertoire. Derhalve 
leidt het bestuderen van veranderingen in endotheliale transcriptieprofi elen als gevolg 
van atherogene of beschermende stimuli èn het bestuderen van individuele genen die deel 
uitmaken van dergelijke profi elen tot  inzicht in de moleculaire achtergronden van homeostase 
en verstoringen daarvan.    

Hoofdstuk 2 beschrijft het maken en karakteriseren van een endotheel cellijn, EC-
RF24. Het bestuderen van biologische processen in gekweekte cellen houdt in dat een keuze 
gemaakt moet worden met betrekking tot het te gebruiken celtype. In het algemeen kan gesteld 
worden dat primaire cellen vaak nog een gedifferentieerd fenotype bezitten maar moeilijk te 
verkrijgen zijn in grote hoeveelheden en aanzienlijke donor-afhankelijke genetische variatie 
vertonen. Bovendien is de levensduur van deze cellen beperkt onder kweekcondities, wat 
het gebruik van primaire cellen voor het introduceren van stabiele genetische veranderingen 
uitsluit omdat hierbij vaak langdurig geselecteerd moet worden voor resistentie markers. 
Stabiele cellijnen missen vaak bepaalde differentiatie eigenschappen maar bieden een 
constante genetische achtergrond en kunnen in grote hoeveelheden gekweekt worden omdat 
ze in principe onbeperkt kunnen worden geëxpandeerd. Voor sterk gedifferentieerde cellen 
als endotheelcellen waren weinig of geen betrouwbare cellijnen beschikbaar. Door middel 
van infectie met een amphotroof, replicatie-defi cient retrovirus werden de E6/E7 genen van 
humaan papillomavirus ingebracht in primaire vasculaire endotheelcellen. De resulterende 
endotheel cellijn, EC-RF24 werd uitvoerig gekarakteriseerd en bleek alle geteste endotheel-
specifi eke eigenschappen te hebben behouden. 

Hoofdstuk drie beschrijft de identifi catie van 106 differentieel tot expressie komende 
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cytokine-geactiveerde genfragmenten in endotheelcellen. Gedurende vorming van 
atherosclerotische plaques scheiden geactiveerde monocyten en macrofagen verschillende 
stoffen uit die ontstekingsreacties opwekken, zogenaamde cytokines, waaronder tumor 
necrose factor-alfa (TNF-α). Deze stoffen beïnvloeden het functioneren van het bovenliggende 
endotheel in hoge mate. Om veranderingen in mRNA niveaus in endotheelcellen als gevolg 
van blootstelling aan monocyt-geconditioneerd medium of TNF-α gedurende 3, 6 en 20 
uur te bestuderen, werd gebruik gemaakt van differential display (een techniek waarbij het 
voorkomen van genfragmenten in geactiveerde cellen vergeleken wordt met het voorkomen 
van dezelfde fragmenten in niet-geactiveerde cellen). Het complete cDNA werd geïsoleerd 
van vijf verschillende transcripten die een inductie of repressie vertoonden in de differential 
display van meer dan 10 keer. Het betrof inhibitor of apoptosis-1 (IAP-1), rabkinesin-6, 
stannin, apolipoprotein-L en een onbekend cDNA. Tevens werd de expressie van vier van deze 
transcripten bestudeerd met in situ hybridisatie op gezond en atherosclerotisch vaatweefsel. 
IAP-1 en stannin bleken tot expressie te komen in zowel endotheelcellen als in foam cells. 
Apolipoprotein-L kwam specifi ek tot expressie in endotheelcellen in zowel de normale- als 
atherosclerotische iliaca en aorta. De uitkomsten van deze experimenten laten een brede en 
complexe verandering zien in het transcriptoom van endotheelcellen die zijn blootgesteld aan 
ontstekings-mediatoren die geassocieerd zijn met atherosclerose.

In hoofdstuk vier, wordt Rabkinesin 6 (RB6K), een van de cytokine-responsieve genen 
die gedetecteerd werden in de differential display uit hoofdstuk drie, nader bestudeerd. RB6K 
is een motoreiwit waarvan bekend is dat het geassocieerd is met GTP-gebonden vormen van 
Rab6 waardoor vermoed werd dat het een rol zou spelen in directioneel vesiculair transport. 
We vonden echter dat expressie van RB6K gereguleerd werd gedurende de celcyclus en 
maximaal was gedurende M-fase. De promoter van RB6K bevat een zogenaamd CDE-CHR 
element dat typerend is voor celcyclus-gereguleerde genen en dat verantwoordelijk is voor 
repressie van transcriptie gedurende G0/ G1 fase. Geheel in overeenstemming met deze 
celcyclus gereguleerde expressie, vonden we dat RB6K voorkomt in de celkern in profase, 
zich bevindt in het equatoriale vlak van de cel gedurende anafase en zich concentreert op 
de zogenaamde midbodies gedurende telofase. Micro-injectie van specifi eke antistoffen 
bevestigde dat RB6K een motoreiwit is dat essentieel is voor cytokinese. 

Het is bekend dat de mechanische kracht van laminair stromend bloed de vaatwand 
beschermt tegen het ontstaan van atherosclerose. Hoofdstuk vijf beschrijft een genexpressie 
studie waarin gezocht werd naar genen waarvan expressie uitsluitend gereguleerd wordt 
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door laminaire stromingskrachten zodat de moleculaire basis van het beschermende effect 
van laminaire stroming kan worden begrepen. Genexpressie profi elen werden bepaald 
voor endotheelcellen die 24 uur waren blootgesteld aan niet-pulserende stroming en voor 
endotheelcellen die waren blootgesteld aan unidirectionele, pulserende stroming gedurende 7 
dagen. Vergelijking met genexpresssie profi elen van endotheelcellen die waren behandeld met 
verschillende cytokinen liet zien dat meerdere stromingsgereguleerde genen ook gereguleerd 
werden door cytokinen, in het bijzonder TNF-α. Meerdere genen, waaronder claudine-5, 
lieten een regulatie van expressieniveau gedurende een beperkte tijd zien. Er werd slechts 
een beperkt aantal genen geïdentifi ceerd dat uniek was voor langdurige fl ow, waaronder 
long Krüppel-like factor (KLF2). Met gebruik van in situ hybridisatie kon worden bevestigd 
dat KLF2 gereguleerd wordt door stroming in vivo. Dit resulteerde in de hypothese dat 
KLF2 de moleculaire grondslag vormt voor fysiologisch gezond, aan stroming blootgesteld 
endotheel. 

In hoofdstuk zes wordt de functie van een gen, claudine-5, waarvan expressie tijdelijk 
gemoduleerd werd door laminaire stroming, nader onderzocht. Claudine-5 is een endotheel-
specifi ek lid van de claudine familie van tight junction eiwitten. De hypothese dat claudine-5 
een rol speelt in de endotheliale barrière functie werd getoetst. Omdat functionele studie 
van de endotheliale barrière een langdurige stabiele expressie van ectopische genen 
vereist, werd een nieuw lentiviraal systeem geïmplementeerd dat stabiele integratie van 
transgenen of silencers in het endotheel genoom mogelijk maakt.  Met behulp van “tracer” 
moleculen van verschillende grootte werden effecten gemeten van lentivirale claudine-
5- overexpressie en silencing (uitschakelen) op de endotheliale barrièrefunctie, in aan- en 
afwezigheid van ontstekingscellen. Daarnaast werden effecten bestudeerd met behulp van 
electronenmicroscopie. Claudine-5 overexpressie leidde tot de vorming van netwerken 
van zogenaamde tight-junction strengen, en de endotheliale barrièrefunctie liet een kleine 
verbetering zien, onafhankelijk van de grootte van de tracer moleculen. Deze resultaten 
duidden op een beperkte bijdrage van claudine-5 aan de endotheliale barrière functie.

Uitgangspunt voor hoofdstuk zeven is de observatie, beschreven in hoofdstuk zes, dat 
claudine-5 pas tot expressie komt als endotheelcellen onderling contacten hebben gevormd 
in een gesloten (confl uente) cellaag. Dit suggereert dat bepaalde eiwitten die betrokken zijn 
bij de barrièrefunctie gereguleerd worden op transcriptieniveau gedurende vorming van 
de barrière. Een genoom-brede genexpressie studie, waarin geïsoleerd liggende (sparse) 
endotheelcellen werden vergeleken met confl uente endotheelcellen, liet zien dat één van de 
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sterkst geïnduceerde genen codeert voor de transcriptie factor SOX-18. Een rol voor SOX18 
in de endotheliale barrière werd gesuggereerd in eerdere publicaties waarin de associatie 
van mutaties in het SOX18 gen met vasculaire afwijkingen in zowel muis als mens werd 
beschreven. We vonden dat overexpressie van SOX-18 of een SOX-18 dominant-negatieve 
mutant, evenals SOX18 silencing effect had op claudine-5 expressie. Gebruik makend van 
een nieuw-ontwikkeld lentiviraal promoter-reporter systeem konden we aantonen dat SOX-
18 de transcriptieactiviteit vanaf de claudine-5 promoter verhoogt. Uit deze observaties werd 
de conclusie getrokken dat SOX-18 het claudine-5 gen (mede) aanstuurt. Tevens kon worden 
aangetoond dat het “silencen” (uitschakelen) van SOX18 een negatief effect heeft op de 
endotheliale barrière functie. Dit resulteerde in de hypothese dat SOX18 een belangrijke rol 
speelt in de vorming van de endotheliale barrière. 

In hoofdstuk acht wordt ingegaan op een aantal thema’s uit de voorgaande hoofdstukken, 
te weten genexpressie studies, modulatie van genexpressie in endotheelcellen door 
transcriptiefactoren, de endotheliale barrière en de effecten van shear stress. Tot slot worden 
de ontwikkelingen in genomics en gerelateerde, nieuwe technieken bediscussieerd in relatie 
tot het werk dat in dit proefschrift wordt gepresenteerd.      
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Als laatste geschreven, als eerste gelezen, jawel: het dankwoord. Ook dit proefschrift, of 
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waarin het AMC verruild is voor de VU en er (deels) een nieuwe start moet worden gemaakt. 
Nieuwe uitdagingen dus! 
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dagelijks werk, de koffi e, de borrels en de uitstapjes veraangenaamden. Annette, Duco en 
Romana, gezamelijk de spil van de afdeling: dank voor jullie hulp in de afgelopen jaren.
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Lieve, lieve Els, met het voltooien van dit boekje slaan we een bladzijde om. Ik hoop 
dat er nog vele volgen.   
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